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ABSTRACT Positive-strand RNA viruses induce the biogenesis of unique membranous
organelles called viral replication organelles (VROs), which perform virus replication in
infected cells. Tombusviruses have been shown to rewire cellular trafficking and meta-
bolic pathways, remodel host membranes, and recruit multiple host factors to support
viral replication. In this work, we demonstrate that tomato bushy stunt virus (TBSV)
and the closely related carnation Italian ringspot virus (CIRV) usurp Rab7 small GTPase
to facilitate building VROs in the surrogate host yeast and in plants. Depletion of Rab7
small GTPase, which is needed for late endosome and retromer biogenesis, strongly
inhibits TBSV and CIRV replication in yeast and in planta. The viral p33 replication pro-
tein interacts with Rab7 small GTPase, which results in the relocalization of Rab7 into
the large VROs. Similar to the depletion of Rab7, the deletion of either MON1 or CCZ1
heterodimeric GEFs (guanine nucleotide exchange factors) of Rab7 inhibited TBSV RNA
replication in yeast. This suggests that the activated Rab7 has proviral functions. We
show that the proviral function of Rab7 is to facilitate the recruitment of the retromer
complex and the endosomal sorting nexin-BAR proteins into VROs. We demonstrate
that TBSV p33-driven retargeting of Rab7 into VROs results in the delivery of several
retromer cargos with proviral functions. These proteins include lipid enzymes, such as
Vps34 PI3K (phosphatidylinositol 3-kinase), PI4Ka-like Stt4 phosphatidylinositol 4-ki-
nase, and Psd2 phosphatidylserine decarboxylase. In summary, based on these and
previous findings, we propose that subversion of Rab7 into VROs allows tombusviruses
to reroute endocytic and recycling trafficking to support virus replication.

IMPORTANCE The replication of positive-strand RNA viruses depends on the biogenesis
of viral replication organelles (VROs). However, the formation of membranous VROs is
not well understood yet. Using tombusviruses and the model host yeast, we discov-
ered that the endosomal Rab7 small GTPase is critical for the formation of VROs.
Interaction between Rab7 and the TBSV p33 replication protein leads to the recruit-
ment of Rab7 into VROs. TBSV-driven usurping of Rab7 has proviral functions through
facilitating the delivery of the co-opted retromer complex, sorting nexin-BAR proteins,
and lipid enzymes into VROs to create an optimal milieu for virus replication. These
results open up the possibility that controlling cellular Rab7 activities in infected cells
could be a target for new antiviral strategies.

KEYWORDS endosome, lipid enzymes, plant, replicase complex, replication, retromer,
tombusvirus, virus-host interactions, vps34, yeast

Positive-strand RNA [(1)RNA] viruses co-opt cellular resources to produce viral prog-
eny through a replication process on subcellular membranes. Virus-induced special-

ized structures are formed, which are called virus replication factories or viral replication
organelles (VROs) (1–8). The VROs not only contain the viral proteins and viral RNAs but
also sequester subverted host factors into a membranous environment. Importantly, an
optimal protein and lipid composition of VROs is required for the assembly of numerous
viral replicase complexes (VRCs), which produce the viral (1)RNA progeny. VROs have to
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spatially and temporally organize the viral replication process. In addition, the VROs
must protect the viral RNAs from cellular defense mechanisms as well (1, 3, 5, 9, 10).

In the last decade, major progress was made in our understanding of the virus-induced
complex rearrangements of cellular membranes and alterations in metabolic processes
using tomato bushy stunt virus (TBSV) (11–13). Notably, TBSV exploits co-opted protein
chaperones, translation elongation factors, DEAD box helicases, glycolytic enzymes, the
actin network, and cellular membrane remodeling ESCRT (endosomal sorting complex
required for transport) machinery for replication (3, 12, 14–16). Similar to many other (1)
RNA viruses, TBSV induces spherules, which are vesicle-like invaginations in subcellular
membranes (11, 17–21).

Tombusviruses belong to the large flavivirus-like supergroup that includes important
human, animal, and plant pathogens. The small single-component (1)RNA genome of
TBSV codes for five proteins, and two of these are essential replication proteins. p92pol is
the RNA-dependent RNA polymerase (RdRp) protein, and it is translated from the
genomic RNA (gRNA) via readthrough of the translational stop codon of the smaller p33
open reading frame (ORF) (22). The p33 replication protein is multifunctional: p33 is the
master regulator of VRO biogenesis, functions as an RNA chaperone, and selects the viral
(1)RNA for replication (22–24). Notably, TBSV replication proteins are also functional in
in vitro assays and when expressed in the yeast model host Saccharomyces cerevisiae
(25–27).

VRO biogenesis involves peroxisomes for TBSV or mitochondria for the closely
related carnation Italian ringspot virus (CIRV). These viruses also usurp subdomains of
the endoplasmic reticulum (ER) network, Rab1-positive COPII vesicles, and Rab5-posi-
tive endosomes (11, 28–32). Notably, TBSV induces and stabilizes the formation of
membrane contact sites (MCSs) between the ER and peroxisomes, which are used for
sterol enrichment within VROs (17, 33). Altogether, major remodeling of membranes
takes place within VROs, including membrane proliferation, new lipid synthesis, and
the enrichment of lipids such as phosphatidylethanolamine (PE), sterols, PI(4)P, and PI
(3)P phosphoinositides (19, 34–36).

Previous studies with tombusviruses (29, 34) demonstrated that several compo-
nents of the endosome-mediated trafficking pathway are recruited into viral replica-
tion in host cells. In addition to the Rab5-positive early endosomal compartments,
TBSV also co-opts Vps34 PI3K (phosphatidylinositol 3-kinase), endosomal sorting
nexin-BAR proteins, the retromer complex, and retromer tubular transport carriers (34,
37, 38). These findings suggested that the endosomal trafficking compartment seems
to be crucial for TBSV replication.

The endosomal network, which includes early, late, and recycling endosomes, is a
collection of pleomorphic organelles. The endosomes either sort membrane-bound
proteins and lipids for vacuolar/lysosomal degradation or recycle cargos to other or-
ganelles, such as the Golgi apparatus or the plasma membrane. The highly conserved
Rab7 small GTPase plays multiple roles in endosomal trafficking, late endosome (LE)
maturation, LE fusion with the vacuole/lysosome, and vacuole biogenesis (39). The
Rab7-positive LE acts as a central hub in the endocytic pathway and functions as a sort-
ing station. In addition, the retromer complex is recruited to the endosomes via the
activated GTP-bound Rab7 (Ypt7 in yeast) small GTPase (40, 41). In addition, Rab7
GTPase is a major player in several degradation processes, including autophagy,
mitophagy, and lipophagy (39, 42, 43). Together with the retromer, Rab7 also affects
mTORC1 signaling (44). Rab7 is involved in interactions between the late endosome
and the ER to facilitate lipid transfer (45). Rab7 regulates lipid droplet dynamics and mi-
tochondrial fission (46, 47).

Because Rab7 small GTPase is a major regulator of the endosomal/vacuolar traffick-
ing pathway (48), we targeted the putative role of the Rab7 small GTPase in TBSV repli-
cation in this work. We find that TBSV co-opts Rab7 small GTPase and its heterodimeric
GEF (guanine nucleotide exchange factor) cofactors into VROs via interaction between
the p33 replication protein and Rab7 in yeast and plant cells. Usurping Rab7 helps
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TBSV to co-opt Rab7 effectors and Rab7-positive membranes into VROs. These results
open up the possibility that controlling cellular Rab7 activities in infected cells could
be a target for new antiviral strategies.

RESULTS
Rab7 small GTPase is required for tombusvirus replication. Our previous finding

that the host retromer complex and the retromer tubular transport carriers are hijacked
by tombusviruses to deliver host lipid enzymes for making the tombusvirus VROs (37)
has opened up the question of whether the regulatory Rab small GTPases are also
involved in this process. Naturally, the retromer complex is recruited to the endosomes
through the activated GTP-bound Rab7 (Ypt7 in yeast) small GTPase (40, 41, 49). In
addition, we have previously identified a couple of Ypt7 effectors, including the Vps35
retromer component and the Vps41 subunit of the homotypic fusion and vacuole pro-
tein sorting (HOPS) tethering complex, which were required for TBSV replication in
yeast (37, 50). Therefore, cellular Rab7 might be needed for TBSV replication by affect-
ing retromer complex recruitment to endosomes or other processes. This was tested in
haploid ypt7D yeast, which lacks Rab7 GTPase. Northern blotting demonstrated that
TBSV replicon (rep) RNA replicated only at an ;25% level in the absence of Ypt7 pro-
tein (Fig. 1A). Interestingly, as previously observed with retromer knockout yeast
mutants (37), the p33 replication protein level decreased in ypt7D yeast (Fig. 1A).
Complementation with wild-type (WT) Ypt7p expressed from a plasmid in ypt7D yeast
led to the recovery of TBSV repRNA replication and p33 accumulation to almost WT
levels (Fig. 1A, lanes 10 to 12). The overexpression of Flag-Ypt7p in WT yeast did not
result in increased TBSV repRNA accumulation (Fig. 1A). Altogether, the yeast-based
experiments suggest a proviral role for the Rab7 small GTPase in TBSV replication in
yeast.

Comparable experiments with CIRV, a closely related tombusvirus, which, unlike
TBSV, associates with mitochondrial membranes for replication (51, 52), showed an
;5-fold reduction in ypt7D yeast (Fig. 1B). Notably, the accumulation of the p36 repli-
cation protein is decreased in ypt7D yeast (Fig. 1B). Deletion of YPT7 in yeast did not
result in changes in replication or replication protein expression of Flock House virus
(FHV), an unrelated (1)RNA virus (Fig. 1C), suggesting that general cellular perturba-
tions caused by the lack of Ypt7p are not the main reason for the observed reduction
of tombusvirus replication in ypt7D yeast.

Similar to other Rab GTPase protein family members, Ypt7p (Rab7) GTPase activa-
tion depends on GEFs (guanine nucleotide exchange factors), which stimulate the
exchange of bound GDP for GTP. The Ypt7p GEF consists of the heterodimeric complex
of Mon1p and Ccz1p proteins in yeast (42) and GEF orthologs in plants (53). The dele-
tion of either MON1 or CCZ1 inhibited TBSV repRNA replication by ;6-fold and
reduced the accumulation of the p33 replication protein in yeast (Fig. 1D and E). The
similar inhibitory effects of YPT7 deletion and the absence of Ypt7p GEFs on TBSV repli-
cation indicate that the activated Rab7 GTPase is required for TBSV replication in yeast.
Altogether, the Rab7 small GTPase and its GEFs seem to provide proviral functions for
both the peroxisome-associated TBSV and the mitochondrion-associated CIRV.

We also knocked down Nicotiana benthamiana RabG3f, the homolog of Arabidopsis
Rab7B (54) and yeast Ypt7, to validate the above-described yeast data. Silencing of
RabG3f (Rab7) via the tobacco rattle virus (TRV)-mediated virus-induced gene silencing
(VIGS) approach had no obvious phenotype in N. benthamiana (Fig. 2A). However, the
accumulation of TBSV gRNA decreased by ;7-fold in leaves of RabG3f-silenced plants
(Fig. 2A). Also, the typical necrotic symptoms caused by TBSV in young N. benthamiana
leaves were ameliorated in RabG3f-silenced plants (Fig. 2A). Silencing of the Mon1 GEF
of Rab7 resulted in reduced TBSV RNA accumulation by ;5-fold and only mild TBSV-
induced symptoms in N. benthamiana leaves (Fig. 2B). Thus, similar to the yeast findings
described above, the active RabG3f (Rab7) is a proviral host factor. We note, however,
that plants have many Rab GTPases, and the knockdown of Mon1 might also affect the
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function of other Rab GTPases, not solely RabG3f (55). Comparable experiments with the
mitochondrion-associated CIRV showed an ;8-fold reduction in RabG3f (Rab7) knock-
down N. benthamiana leaves (Fig. 2C).

Real-time quantitative PCR (RT-qPCR) analysis revealed an ;12-fold upregulation of
the RabG3f mRNA level in the systemically infected leaves of N. benthamiana due to
TBSV infection (Fig. 2D). This finding further supports the need for the usurped Rab7 to

FIG 1 Ypt7 small GTPase is an essential host factor for tombusvirus replication in yeast. Deletion of YPT7 inhibits TBSV replication in
yeast. (A, top) Northern blot analysis showing decreased TBSV (1)repRNA accumulation in the ypt7D versus WT yeast strains. Ypt7p
was expressed from the CUP1 promoter from a plasmid. Viral proteins His6-p33 and His6-p92 were expressed from plasmids from the
galactose-inducible GAL1 promoter, while DI-72 (1)repRNA was expressed from the GAL10 promoter. The accumulation level of (1)
repRNA was normalized based on 18S rRNA levels (second panel). (Bottom) The accumulation of His6-p33, His6-p92, and Flag-Ypt7
was measured by Western blotting with either anti-His or anti-Flag antibodies. Statistics were performed using an unpaired two-
tailed t test, comparing the ypt7D strain to the WT for repRNA levels (P , 0.01). (B, top) Northern blot analysis showing reduced
CIRV (1)repRNA accumulation in the ypt7D yeast strain. For further details, see the legend of panel A above. (Bottom) The
accumulation of Strep-p36 and Flag-Ypt7 was measured by Western blotting with either anti-Strep or anti-Flag antibodies. Statistics
were performed using an unpaired two-tailed t test, comparing the ypt7D strain to the WT for repRNA levels (P , 0.01). (C) Ypt7
small GTPase is not required for FHV replication in yeast. (Top) Northern blot analysis showing FHV RNA1 and subgenomic RNA3
accumulation in the WT and ypt7D yeast strains. (Bottom) The accumulation of HA-protein A was measured by Western blotting with
anti-HA antibody. Statistics were performed using an unpaired two-tailed t test, comparing the ypt7D strain to the WT for FHV RNA1
levels (P . 0.05). (D, top) Northern blot analysis showing decreased TBSV (1)repRNA accumulation in the mon1D yeast strain.
(Bottom) The accumulation of His6-p33 was measured by Western blotting and anti-His antibody. Statistics were performed using an
unpaired two-tailed t test, comparing the mon1D strain to the WT for repRNA levels (P , 0.01). (E, top) Northern blot analysis
showing decreased TBSV (1)repRNA accumulation in the ccz1D yeast strain. Ccz1p was expressed from the constitutive TEF1
promoter from a plasmid. (Bottom) The accumulation of His6-p33 and Flag-Ccz1 was measured by Western blotting with anti-His or
anti-Flag antibodies. Statistics were performed using an unpaired two-tailed t test, comparing the ccz1D strain to the WT for repRNA
levels (P , 0.01). Each experiment was repeated twice.
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support intensive TBSV replication in plants. The putative effects of TBSV on other
Rab7 family members in N. benthamiana will need future studies.

Rab7 small GTPase is co-opted into VROs. To gain insight into the role of Rab7
small GTPase in TBSV replication, we tested the localization of Ypt7p in yeast replicat-
ing TBSV. Confocal microscopy analysis revealed partial colocalization of red fluores-
cent protein (RFP)-Ypt7 with green fluorescent protein (GFP)-p33, which marks VROs in
yeast (Fig. 3A). We also tested the localization of Rab7B in N. benthamiana plants
infected with TBSV. Interestingly, RFP-tagged Rab7B from Arabidopsis is efficiently relo-
calized into the large VROs decorated with the blue fluorescent protein (BFP)-tagged

FIG 2 Plant Rab7 small GTPase is required for tombusvirus replication. (A) VIGS-based knockdown (KD) of the NbRab7(G3f) mRNA level inhibits the
accumulation of TBSV RNAs in N. benthamiana. (Top left) The accumulation of TBSV gRNA and subgenomic RNAs (sgRNAs) was measured using Northern
blot analysis of total RNA samples obtained from N. benthamiana leaves at 2 dpi. The upper, systemically silenced leaves were inoculated with TBSV virions
on the 12th day after VIGS. The control experiments included the TRV2-cGFP (C-terminal fragment of green fluorescent protein) vector. (Bottom left)
Northern blot showing rRNA levels. (Middle) Delayed development of symptoms caused by TBSV infection in the Rab7(G3f)-silenced plants. (Right)
Quantitative real-time PCR analyses of NbRab7(G3f) mRNA levels. Tubulin mRNA was used as an internal control in the VIGS plants. **, P , 0.01. (B) VIGS-
based knockdown of the NbMon1 mRNA level inhibits the accumulation of TBSV RNAs in N. benthamiana. (Top left) The accumulation of TBSV gRNA and
sgRNAs was measured using Northern blot analysis of total RNA samples obtained from N. benthamiana leaves at 2 dpi. The upper, systemically silenced
leaves were inoculated with TBSV virions on the 12th day after VIGS. (Bottom left) Ethidium bromide-stained gel showing rRNA levels. (Middle) Delayed
development of symptoms caused by TBSV infection in the Mon1-silenced plants. (Right) Quantitative real-time PCR analyses of NbMon1 mRNA levels.
Tubulin mRNA was used as an internal control in the VIGS plants. **, P , 0.01. (C) VIGS-based knockdown of the NbRab7(G3f) mRNA level inhibits the
accumulation of CIRV RNAs in N. benthamiana. (Left) The accumulation of CIRV gRNA and sgRNAs was measured using Northern blot analysis of total RNA
samples obtained from N. benthamiana leaves at 2.5 dpi. For further details, see the legend of panel A above. (Second panel) Ethidium bromide-stained gel
showing rRNA levels. (D) Quantitative RT-PCR analyses showing increased NbRab7(G3f) mRNA levels in inoculated leaves and leaves systemically infected
with TBSV. **, P , 0.01; “ns,” statistically not significant (P . 0.05). Each experiment was repeated three times.
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FIG 3 Recruitment of Rab7 small GTPase by the tombusviral replication proteins into VROs. (A) Confocal laser microscopy images showing the
partial colocalization of the TBSV GFP-tagged p33 replication protein with the RFP-tagged Ypt7p protein in ypt7D yeast cells replicating TBSV
repRNA. The arrow points to the VRO in a yeast cell. Images on the bottom show the cellular distribution of Ypt7 in the absence of viral
components. DIC, differential interference contrast. (B) Confocal microscopy images showing the colocalization of TBSV p33-BFP replication
protein and RFP-AtRab7B in N. benthamiana plant cells. The large replication compartment was visualized via the expression of the GFP-SKL
peroxisomal matrix marker protein. The expression of the above-described proteins from the 35S promoter was done after coagroinfiltration
into N. benthamiana leaves. (C) Absence of colocalization of RFP-AtRab7B with GFP-SKL without viral components. For further details, see the
legend of panel B above. (D) A BiFC assay was used to detect interactions between the p33 replication protein and the Rab7B protein in
planta. TBSV p33-cYFP (C-terminal fragment of yellow fluorescent protein) or glutathione S-transferase (GST)-cYFP and nYFP (N-terminal
fragment of YFP)-AtRab7B proteins were coexpressed from the 35S promoter after coagroinfiltration into N. benthamiana leaves. Note that the
plants were not infected with TBSV. The colocalization of RFP-SKL (peroxisomal luminal marker) with the BiFC signal (see the merged image)
demonstrates that the interaction between p33 and Rab7B proteins occurs in the VRO-like structures. (E) Confocal microscopy images
showing the colocalization of CIRV p36-BFP replication protein and RFP-AtRab7B in plants. The large replication compartment was visualized
via the expression of the CoxIV-RFP mitochondrial marker protein. (F) Absence of colocalization of RFP-AtRab7B with CoxIV-GFP without viral
components. (G) A BiFC assay was used to detect the interaction between the CIRV p36 replication protein and the Rab7B protein in planta.
CIRV p36-cYFP or GST-cYFP and nYFP-AtRab7B proteins were coexpressed from the 35S promoter after coagroinfiltration into N. benthamiana
leaves. (H) A BiFC assay was used to detect the interaction between the p33 replication protein and the Mon1 protein in planta. TBSV

(Continued on next page)
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p33 replication protein and the GFP-SKL peroxisome marker in N. benthamiana leaves
(Fig. 3B). Rab7B was not associated with the peroxisomes, and it was more dispersed
throughout the plant cells in the absence of TBSV replication (Fig. 3C). A bimolecular
fluorescence complementation (BiFC) assay in N. benthamiana plants demonstrated
that the interaction between Rab7B and the p33 replication protein occurred in VROs
consisting of the aggregated peroxisomes (marked by the RFP-SKL peroxisomal
marker) (Fig. 3D). Comparable experiments with CIRV also revealed the recruitment of
Rab7B into VROs consisting of aggregated mitochondria in N. benthamiana (Fig. 3E
and F). BiFC experiments further supported the relocalization of Rab7B into CIRV VROs
and the interaction between Rab7B and the CIRV p36 replication protein in N. ben-
thamiana (Fig. 3G). BiFC experiments also showed the relocalization of the Mon1 GEF
of Rab7B into TBSV VROs and the interaction between Mon1 and the TBSV p33 replica-
tion protein in N. benthamiana (Fig. 3H).

TBSV replicase purification experiments from the detergent-solubilized membrane
fraction of yeast showed the presence of copurified p33 and Ypt7p in Western blots
(Fig. 3I). Altogether, these data firmly demonstrated that Rab7/Ypt7 is bound by the
TBSV p33 and the CIRV p36 replication proteins, resulting in the recruitment of Rab7/
Ypt7 into the VROs to support tombusvirus replication.

Rab7 requires PI(4)P-rich microdomains to initiate the recruitment of the retromer
components to the endosomes (56). To sequester PI(4)P minor lipid species inside the
yeast cells, we expressed the DrrA effector of Legionella pneumophila, which binds
exceptionally strongly to PI(4)P (57). Accordingly, Legionella infection disrupts endo-
cytic trafficking through inhibition of Rab7 and retromer functions in human cells (58,
59). The expression of the DrrA effector in leaves of N. benthamiana changed the local-
ization pattern of Rab7B (Fig. 4A). Moreover, the p33-BFP replication protein did not
colocalize with RFP-Rab7B (Fig. 4A), suggesting that TBSV failed to recruit Rab7-positive
endosomal compartments to the site of replication in the presence of the DrrA effec-
tor. This is in contrast to the efficient recruitment of Rab7B into the p33-positive VROs
in TBSV-infected leaves of N. benthamiana (Fig. 3B and Fig. 4B). These data indicate
that TBSV targets Rab7 in specific PI(4)P-rich microdomains in the endosomes to hijack
Rab7 and downstream effectors, as shown below.

Rab7 small GTPase is needed for TBSV to hijack the retromer and the endosomal
sorting nexin-BAR proteins into VROs. The retromer complex and the retromer tubu-
lar carriers are hijacked by tombusviruses to deliver critical proviral host proteins,
including the positive membrane curvature-sensing endosomal sorting nexin-BAR pro-
teins and lipid enzymes, into VROs (37). The formation of the retromer complex
depends on Rab7 (48, 54); therefore, we have tested if Rab7 is involved in co-opting
the retromer into VROs. Coexpression experiments in N. benthamiana plants revealed
that the retromer components Vps35, Vps26, and Vps29 and Rab7B GTPase were co-
opted simultaneously into the tombusvirus VROs (Fig. 5A). In the absence of TBSV
infection, the coexpression of RFP-Rab7B and the individual retromer components
revealed partial colocalization in N. benthamiana plants, but these proteins were not
part of large aggregates, unlike in TBSV-infected plant cells (Fig. 5B). The proposed pro-
viral role of Rab7 in the subversion of the retromer complex by TBSV was tested via
conducting BiFC experiments in N. benthamiana plants. The Vps29 retromer complex
protein did not detectably interact with the p33 replication protein within VROs when
RabG3f (Rab7) was knocked down by VIGS in N. benthamiana (Fig. 5C). As documented
previously (37), Vps29 interacted with p33 and relocalized into VROs in control N. ben-
thamiana plants (Fig. 5C).

FIG 3 Legend (Continued)
p33-cYFP or GST-cYFP and nYFP-AtMon1 proteins were coexpressed after coagroinfiltration into N. benthamiana leaves. Note that the plants
were infected with TBSV. (I) Copurification of yeast Ypt7p with the TBSV VRCs. (Top) Western blot analysis of copurified His-tagged p33 with Flag
affinity-purified Ypt7 from the membrane fraction of yeasts replicating TBSV repRNA. The negative control was purified from yeast extracts using
a Flag affinity column (lanes 1 and 3). The yeast samples were either cross-linked with formaldehyde or not cross-linked. (Second panel) Western
blotting of purified Flag-Ypt7 detected with anti-Flag antibody (AB). (Bottom panels) Western blotting of Flag-Ypt7 and His6-p33 proteins in the
total yeast extracts using anti-Flag and anti-His antibodies, respectively. Each experiment was repeated three times.
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The endosomal sorting nexin-BAR proteins, namely, Vps5p in yeast and the ortholo-
gous Snx1 and Snx2a/b in plants, are recruited into TBSV VROs (38). Rab7 might assist
p33 replication protein to subvert these sorting nexins. Accordingly, the recruitment of
Vps5p sorting nexin into VROs was inefficient in ypt7D yeast, in contrast to the efficient

FIG 4 Expression of the Legionella DrrA effector inhibits the recruitment of Rab7 into VROs in plants.
(A) Coexpression of the Legionella DrrA effector with RFP-Rab7B, p33-BFP, and GFP-SKL was done
after agroinfiltration in N. benthamiana leaves, which were inoculated with TBSV sap 1.5 days later.
Confocal images were taken 2.5 days after agroinfiltration. Arrows point to p33-positive VROs in cells.
Bars, 10 mm. (B) Control experiments were performed in the same manner except omitting DrrA
effector expression. Bars, 10 mm. Each experiment was performed twice.

FIG 5 Rab7 small GTPase is needed for TBSV to hijack the retromer proteins into VROs. (A) Colocalization of
p33-BFP and RFP-AtRab7B with Vps35-GFP, Vps26-GFP, and Vps29-GFP retromer complex proteins within VROs
in N. benthamiana leaves infected with TBSV. (B) Colocalization of Rab7B with the retromer proteins in the
absence of TBSV infection. For further details, see the legend of panel A above. (C) BiFC assay showing reduced
levels of interaction between TBSV p33 and Vps29 retromer protein in NbRab7(G3f)-silenced N. benthamiana
leaves. RFP-SKL was expressed as a peroxisomal marker to identify VROs. Note that the plants were infected
with TBSV. Each experiment was repeated three times.
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relocalization of Vps5p into VROs in WT yeast (Fig. 6A). To test if Rab7 performs similar
functions in plants, we silenced the RabG3f (Rab7) level, which dramatically reduced
the BiFC signal between the Snx1 sorting nexin and the p33 replication protein com-
pared with the BiFC signal detected in control N. benthamiana plants (Fig. 6B).
Furthermore, the endosomal Snx1 and Snx2b sorting nexins were relocalized with RFP-
Rab7B and p33 replication protein into VROs (Fig. 6C). Most of the Snx1 and Snx2a/b
proteins are likely transported to VROs via the hijacked retromer tubular transport car-
riers (38). Indeed, we observed the colocalization of the Vps29 retromer component
and Snx2b in the TBSV-induced VROs in N. benthamiana cells (Fig. 6D). Thus, Rab7/
Ypt7p is involved in the recruitment of both the retromer complex and the sorting
nexin-BAR proteins into TBSV VROs.

The retromer does not deliver co-opted lipid enzymes into VROs when Rab7 is
depleted. The retromer tubular carriers are hijacked by tombusviruses to deliver critical
lipid enzymes into VROs to modify the co-opted membranes’ lipid composition (37). To
further demonstrate the functional significance of Rab7 during TBSV replication, we tested
if cellular lipid enzymes were co-opted into VROs when Rab7 was depleted. We have previ-
ously shown that TBSV co-opts the cellular lipid kinase Vps34 PI3K (phosphatidylinositol 3-
kinase) (34). The subverted Vps34 then produces PI(3)P phosphoinositide from PI phospho-
lipid, resulting in PI(3)P enrichment within VROs for optimal TBSV replication (34). PI(3)P
phosphoinositide is bound by the co-opted sorting nexin-BAR proteins, which is critical for
VRC structure/stability and protection of the viral RNA from host RNases (25, 38). We have
deleted the YPT7 gene from a yeast strain in which Vps34p was tagged with a 3�HA (he-
magglutinin) tag in its original chromosomal location. After the expression of Flag-p33,
Flag-p92pol, and the TBSV repRNA in yeast, Flag-p33 and Flag-p92pol were affinity purified

FIG 6 Rab7 small GTPase is required for TBSV to co-opt the endosomal sorting nexin-BAR proteins into VROs. (A) Confocal
laser microscopy images showing the lack of colocalization of Vps5 sorting nexin protein with TBSV p33 replication proteins
in ypt7D yeast. Partial colocalization of Vps5 with the TBSV p33 replication proteins was observed in WT yeast. Note that
yeasts also expressed p92pol and the TBSV repRNA. (B) BiFC assay showing decreased levels of interaction between p33 and
Snx1 sorting nexin-BAR protein in NbRab7(G3f)-silenced N. benthamiana leaves. TBSV p33-cYFP and nYFP-Snx1 proteins
were coexpressed after coagroinfiltration into N. benthamiana leaves. RFP-SKL was expressed as a peroxisomal marker to
identify VROs. Note that the plants were infected with TBSV. (C) Colocalization of p33-BFP and RFP-AtRab7B with GFP-
tagged Snx1 and Snx2b within VROs in N. benthamiana leaves infected with TBSV. (D) Colocalization of p33-BFP and RFP-
Snx2b with Vps29-GFP within VROs in N. benthamiana leaves infected with TBSV.
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from the detergent-solubilized membrane fraction, followed by Western blot analysis. We
found that the absence of Ypt7p in this yeast strain led to a reduced amount of copurified
Vps34p in the viral replicase preparation, in comparison with the control yeast (Fig. 7A).
This finding suggests that Ypt7p (Rab7) is essential for the targeting of Vps34 PI3K to

FIG 7 Co-opted Rab7 small GTPase is needed to deliver Vps34 phosphatidylinositol 3-kinase and Psd2 phosphatidylserine
decarboxylase into VROs. (A) Reduced level of copurified Vps34p with Flag affinity-purified TBSV p33 from subcellular membranes of
the ypt7D yeast strain replicating TBSV repRNA. The top two panels show copurified Vps34-3�HA with the viral replicase using
Flag-based purification from the detergent-solubilized membrane fraction. The bottom panels show Western blot analysis of Vps34-
3�HA and Flag-p33 in the total yeast lysates with anti-HA and anti-Flag antibodies, respectively. (B) Confocal laser microscopy
images showing the lack of colocalization of TBSV GFP-p33 replication protein with the Vps34-RFP protein in ypt7D yeast cells
versus their colocalization in WT yeast cells. (C) Confocal laser microscopy images showing the lack of enrichment of PI(3)P
phosphoinositide within VROs in ypt7D yeast cells versus their partial colocalization in WT yeast cells. The PI(3)P distribution was
visualized via PI(3)P-specific antibody. Two sets of images are shown to document reproducibility. (D) Confocal laser microscopy
images showing the lack of colocalization of TBSV GFP-p33 replication protein with the RFP-Psd2 protein in ypt7D yeast cells versus
their colocalization in WT yeast cells. (E) Confocal laser microscopy images showing the lack of enrichment of PE phospholipid
within VROs in ypt7D yeast cells versus their colocalization in WT yeast cells. The PE distribution was determined by using
biotinylated duramycin peptide and streptavidin conjugated with Alexa Fluor 405. Each experiment was repeated three times.
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VROs. This conclusion was further supported by the lack of colocalization of GFP-p33 and
Vps34-RFP in ypt7D yeast (Fig. 7B). Accordingly, we also noted the lack of enrichment of
the critical PI(3)P phosphoinositide within VROs in ypt7D yeast (Fig. 7C). Rab7 is known to
stimulate the lipid kinase activity of Vps34 to produce PI(3)P-rich microdomains.

Another co-opted lipid enzyme is Psd2 phosphatidylserine decarboxylase, which
produces phosphatidylethanolamine (PE) within VROs (37). PE is a critical phospholipid
for proper VRC functions during viral RNA synthesis (19, 25, 60). The deletion of YPT7
inhibited the relocalization of Psd2p into VROs (Fig. 7D) and reduced PE enrichment
within VROs in yeast (Fig. 7E).

We also tested the subversion of PI4Ka-like Stt4 phosphatidylinositol 4-kinase,
which produces PI(4)P phosphoinositide within VROs (37, 61). PI(4)P phosphoinositide
has a crucial function in sterol enrichment within VROs, needed for protecting viral
RNAs from host RNases (25, 61). The deletion of YPT7 interfered with the targeting of
Stt4p into VROs (Fig. 8A) and inhibited PI(4)P enrichment within VROs in yeast (Fig. 8B).
PI4Ka and Rab7B are colocalized with either TBSV or CIRV replication proteins within
VROs in N. benthamiana plants (Fig. 8C). In addition, silencing of RabG3f (Rab7) resulted
in reduced PI(4)P enrichment within the p33-positive VROs in N. benthamiana proto-
plasts compared with the PI(4)P distribution in the control protoplasts (Fig. 8D).
Altogether, the yeast- and plant-based experiments showed that Rab7/Ypt7p is
required for the subversion of proviral host lipid enzymes and the enrichment of phos-
phoinositides and PE phospholipid within tombusvirus VROs.

The Rab7 small GTPase is not required for subversion of Rab5-positive early
endosomes into VROs. Tombusviruses subvert the Rab5-positive early endosomes
into VROs to increase lipids and membrane surfaces that support viral replication. This
is achieved via binding of the small p33/p36 replication protein to Rab5 small GTPase

FIG 8 Co-opted Rab7 small GTPase is needed to transport phosphatidylinositol 4-kinase (PI4Ka-like)
into VROs. (A) Confocal laser microscopy images showing the absence of colocalization of the TBSV
GFP-p33 replication protein with the yeast PI4Ka-like RFP-Stt4 protein in ypt7D yeast cells versus
their colocalization in WT yeast cells. (B) Confocal laser microscopy images showing the lack of
enrichment of PI(4)P within VROs in ypt7D yeast cells versus their colocalization in WT yeast cells. The
PI(4)P distribution was visualized via PI(4)P-specific antibody in fixed cells. (C) Colocalization of RFP-
AtRab7B with GFP-PI4Ka within VROs in N. benthamiana leaves infected with either TBSV or CIRV. (D)
Confocal laser microscopy images showing the lack of enrichment of PI(4)P phosphoinositide within
VROs in NbRab7(G3f)-silenced plant leaves. The PI(4)P distribution was visualized via PI(4)P-specific
antibody. Each experiment was repeated three times.
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(29). Indeed, we found that GFP-Rab5B and RFP-Rab7B are relocalized to the p33-deco-
rated VROs in N. benthamiana plants (Fig. 9A).

Knockdown of the RabG3f (Rab7) level in N. benthamiana plants did not visibly in-
hibit the interaction between the p33 replication protein and Rab5B, based on BiFC
(Fig. 9B). The recruitment of Rab5B via the p33 replication protein in plants with
RabG3f (Rab7) depleted suggests that TBSV can hijack the Rab5-decorated early endo-
somes independently of Rab7. However, we observed smaller VROs frequently in Rab7
knockdown plants compared with the control plants (Fig. 7B). These data suggest that
Rab5 and Rab7 small GTPases do not play complementary roles in TBSV replication.

DISCUSSION

The replication of (1)RNA viruses requires the subversion of intracellular organelles
and vesicles that form VROs inside the cytosol of the infected cells (5, 6, 10, 13, 62–66).
The extensive membrane surfaces within the VROs serve as a protective barrier against
the host antiviral surveillance system (5, 9) and concentrate the viral RNA and the repli-
cation machinery (1, 67–73).

TBSV VROs consist of aggregated peroxisomes and associated subdomains of the
ER membranes (17, 28, 30). TBSV has been shown to target the endosomal network to
enhance membrane surfaces and modify the lipid composition of VROs (19, 29, 34).
However, not all critical host factors usurped by TBSV are known yet. In the current
study, we show evidence that TBSV targets Rab7 small GTPase, which functions at im-
portant crossroads of cellular trafficking. The interaction between the TBSV p33 replica-
tion protein and Rab7 leads to the recruitment of Rab7 into VROs. Although the hijack-
ing of Rab7 by TBSV would likely affect the roles of Rab7 in late endosome/vacuolar
trafficking or the autophagy process, in this paper, we demonstrate the critical role of
the subverted Rab7 in the biogenesis of tombusvirus VROs. We find that TBSV exploits
Rab7 function connected with the retromer complex, the retromer tubular transport
carriers, and the endosomal sorting nexin-BAR proteins, which are efficiently recruited
into VROs. The depletion of Rab7 in yeast or plants inhibited the replication of TBSV
and the closely related CIRV by reducing the delivery of lipid enzymes, such as Vps34
PI3K, Psd2, and Stt4 PI4K, into VROs. We have shown previously that the lipid products
of these co-opted enzymes are required for making up the optimal microenvironment

FIG 9 Subversion of Rab5-positive early endosomes into VROs is not dependent on Rab7 small GTPase. (A)
Colocalization of RFP-AtRab7B with GFP-AtRab5B within VROs labeled with p33-BFP in N. benthamiana leaves.
(B) BiFC assay showing similar intensities of the interaction between p33 and Rab5B small GTPase protein in
NbRab7(G3f)-silenced N. benthamiana leaves and TRV2-cGFP control leaves. TBSV p33-cYFP and nYFP-AtRab5B
proteins were coexpressed after coagroinfiltration into N. benthamiana leaves. RFP-SKL was expressed as a
peroxisomal marker to identify VROs. Note that the plants were infected with TBSV. Each experiment was
repeated three times.

Feng et al. Journal of Virology

November 2021 Volume 95 Issue 21 e01076-21 jvi.asm.org 12

https://jvi.asm.org


for viral replication within VROs (34, 37, 38, 74). The above-described co-opted lipid
enzymes are delivered via the hijacked retromer tubular transport carriers into VROs
(37, 74).

Inhibition of retromer functions by the depletion of Rab7 or the expression of
the Legionella DrrA effector in yeast resulted in decreased stability of the TBSV p33
or the CIRV p36 replication protein. Previously, we also observed reduced stability of
the TBSV p33 and CIRV p36 replication proteins when the lipid composition of selected
subcellular membranes was disturbed (18, 29, 34, 35). Therefore, it seems that usurped
Rab7 and the endosomal network are critical contributors to the biogenesis of VROs
with the proper lipid composition and also to the stabilization of the viral replication
proteins.

Altogether, our current work reveals that Rab7 small GTPase is a major cellular tar-
get for TBSV and CIRV. We propose that tombusviruses co-opt Rab7 small GTPase to
efficiently hijack the retromer complex, retromer tubular transport carriers, endosomal
sorting nexin-BAR proteins, and lipid enzymes to support VRO biogenesis (Fig. 10).
Rab7 might be an outstanding target for TBSV-driven subversion because the interac-
tion between Rab7 and the Vps35 retromer component is critical for the endosomal
recruitment of the retromer complex (75). Thus, usurping Rab7 might allow tombusvi-
ruses to gain access to Rab7-positive membranes, Rab7 effectors, and also the retromer
complex and retromer-selected cargos.

By retargeting Rab7 into the VROs, TBSV also likely affects the other major cellular
role of Rab7, which is to promote the fusion of the late endosomes (multivesicular
bodies) to the lysosomes/vacuoles (76). Indeed, the interaction between Rab7 and the
retromer leads to the separation of endosomal recycling from late endosome fusion
with the lysosome (40). Interestingly, TBSV also recruits Rab1 and Rab5 small GTPases
into VROs. Co-opting Rab1 helps TBSV to hijack the ER-derived COPII vesicles into VROs

FIG 10 Proposed role of Rab7 small GTPase in facilitating the delivery of Psd2 phosphatidylserine
decarboxylase, Vps34 PI3K, PI4Ka-like Stt4, and the endosomal sorting nexin-BAR proteins into TBSV
VROs via retromer tubular transport carriers for tombusvirus replication. Note that CIRV uses a similar
strategy for the recruitment of the above-mentioned host proteins into VROs formed from the
aggregated mitochondria. Question marks indicate the possible but not yet demonstrated effect of Rab7
retargeting to the VROs on the late endosome and vacuole fusion events. TGE, trans-Golgi network; EE,
early endosome; LE, late endosome; ERAS, ER arrival site subdomain in the endoplasmic reticulum.
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(32). Usurping Rab5 GTPase facilitates the exploitation of the early endosomal network
by TBSV (29). Overall, by hijacking several small GTPases of the Rab family, TBSV might
be able to control the spatiotemporal recruitment of specific vesicular/tubular trans-
port machineries of the host cells. Since Vps34 PI3K interacts with the yeast Rab1,
Rab5, and Rab7 proteins (77), TBSV might be able to efficiently control the PI(3)P distri-
bution in subcellular membranes by co-opting these small GTPases and Vps34p into
VRCs.

Rab7 small GTPase is emerging as a major cofactor for many viruses. For example,
hepatitis C virus (HCV) promotes virion secretion by modulating Rab7 activity (78). In
addition, HCV also inhibits autophagy by interfering with Rab7 functions (79). The
unconventional egress of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) can be blocked by a Rab7 GTPase competitive inhibitor (80). In addition, coronavirus
entry is inhibited by the loss of RAB7A, which leads to sequestering the ACE2 receptor
inside cells (81). The entry and egress of several animal viruses also depend on Rab7
functions (82, 83). Hepatitis B virus is degraded by autophagy in a Rab7-dependent
manner (79, 84).

In the case of plant viruses, bamboo mosaic potexvirus (BaMV) replication is
affected by a plant Rab7 ortholog, whereas the cell-to-cell movement of BaMV is de-
pendent on a Rab5 ortholog (85, 86). The cell-to-cell movement of turnip mosaic poty-
virus and cauliflower mosaic virus is also affected by Rab small GTPases (87, 88). In
addition to viruses, several bacterial and plant pathogens also disrupt the cellular func-
tions of Rab7 and other Rab small GTPases to promote pathogen multiplication (58,
59, 89, 90). Prions impair lysosomal degradation by targeting Rab7 activities (91). As a
regulator of autophagy, Rab7 is also a therapeutic target for neurological diseases (92).

In summary, we have discovered that tombusviruses target a major crossroad in the
endocytic and recycling pathway via co-opting Rab7 small GTPase to build large VROs
in infected cells. Altogether, Rab7 is co-opted by tombusviruses to produce an opti-
mized membrane microenvironment within VROs needed for efficient tombusvirus
replication. Whether other functions of Rab7 small GTPase are utilized to support TBSV
replication will need additional studies.

MATERIALS ANDMETHODS
Yeast strains. Parental yeast strain BY4741 (MATa his3D1 leu2D0 met15D0 ura3D0) and deletion

strains ypt7D, mon1D, and ccz1D were purchased from Open Biosystems. Yeast strain BY4741::Vps34-
3�HA ypt7D was created by the fusion of an HA tag to the Vps34 chromosomal location and the addi-
tional deletion of the YPT7 gene by using yeast toolbox plasmids (93).

Plant and yeast expression plasmids. Plasmids pRS315-Cup1-Flag-Ypt7, pYes-p92, pEsc-p33/DI72,
pYes-Strep-p95, pEsc-Strep-p36/DI72, pGD-p33-cYFP, and pEsc-GFP-p33/DI72 were described previously
(29). Plasmid pRS315-Vps34-RFP was described previously (34). Plasmids pRS315-RFP-Psd2, pGD-GFP-
AtPI4Ka, pRS315-RFP-Stt4, pGD-AtVps26-GFP, pGD-AtVps29-GFP, pGD-AtVps35-GFP, pRS315-RFP-Vps35,
and pGD-nYFP-AtVps29 were described previously (37). Plasmids pGD-AtSnx1-GFP, pGD-AtSnx2b-GFP,
pRS315-Vps5-Flag, and pGD-nYFP-AtSnx1 were described previously (38). Plasmids pGAD-Cup/FHV/
ProteinA/C-Term/HA/FLAG and pESC-GAL/FHV/RNA1/Frameshift/TRSV-RZ were described previously (94).

The VIGS vector pTRV2-NbRab7(RabG3f) was constructed via PCR amplification of the NbRabG3f
fragment with primer pair 8236 (CCGCTCGAGCATTTGTTGTGCTGGGAAAC) and 8237 (CGGGATCCAC
CACAAGAGATGCAAACAATA), followed by digestion with BamHI and XhoI and insertion into BamHI- and
XhoI-treated pTRV2 (95). pRS315-Flag-Ccz1 was constructed via PCR amplification of the Ccz1 fragment
using primers 8356 (CGGGATCCATGAGACTACACTATATTACGGTTTTTG) and 8357 (GCCGACGTCGAC
TTAAATTTCCCTGGATTCCCAC), followed by digestion with BamHI and SalI and insertion into BamHI- and
SalI-treated pRS315-Flag. pGD-RFP-AtRab7B was constructed via PCR amplification of the AtRab7B frag-
ment with primers 6538 (CGCGGATCCATGCCGTCCCGTAGACGTACC) and 6539 (ACGCGTCGACTTAGCAT
TCACACCCTGTAGACCTCTGTT), followed by digestion with BamHI and SalI and insertion into BamHI-
and SalI-treated pGD-RFP (96). pGD-nYFP-AtRab7B was constructed via PCR amplification of the
AtRab7B fragment with primers 6538 (CGCGGATCCATGCCGTCCCGTAGACGTACC) and 6539 (ACGCGT
CGACTTAGCATTCACACCCTGTAGACCTCTGTT), followed by digestion with BamHI and SalI and insertion
into BamHI- and SalI-treated pGD-nYFP (29). pGD-nYFP-AtMon1 was constructed via PCR amplification
of the AtMon1 fragment with primers 8448 (CGGGATCCATGGCGACTTCAGATTCGA) and 8449 (CCGCTC
GAGTCACCAAGAGAAAGGACTAGC), followed by digestion with BamHI and XhoI and insertion into
BamHI- and SalI-treated pGD-nYFP. pTRV2-NbMon1 was constructed via PCR amplification of the
NbMon1 fragment with primers 8377 (CCGCTCGAGCACATATTTAATATTGCTTACTACAAGTTCAG) and
8378 (CGGGATCCAGGGGATCAAATGCTGCAT), followed by digestion with BamHI and XhoI and insertion
into BamHI- and XhoI-treated pTRV2. pRS315-Cup1-RFP-Ypt7 was constructed via PCR amplification of
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the Ypt7 fragment with primers 5783 (CGCGGATCCATGTCTTCTAGAAAAAAAAATATTTTGAAAGTAATC)
and 5784 (CCGCTCGAGTCAACAGCTACAAGAATTATTTTCTCCATC), followed by digestion with BamHI and
XhoI and insertion into BamHI- and SalI-treated pRS315-Cup1-RFP (29).

Determination of viral replication in yeast and plants. To identify the function of yeast Ypt7p
small GTPase in the replication of TBSV or CIRV, yeast strains BY4741 and ypt7D were transformed with
plasmids pESC-His-p33/DI72, pYes-His-p92, and pRS315-Cup1-Flag or pRS315-Cup1-Flag-Ypt7 for TBSV
replication or plasmids pESC-Strep-p36/DI72, pYES-Strep-p95, and pRS315-Cup1-Flag or pRS315-Cup1-
Flag-Ypt7 for CIRV replication (29). The transformed yeast cells were pregrown in synthetic complete me-
dium lacking uracil, leucine, and histidine (ULH2) supplemented with 2% glucose and 100 mM BCS at
29°C overnight, and tombusviral repRNA replication was then launched by transferring the yeast to syn-
thetic complete medium (ULH2) supplemented with 2% galactose and 50 mM CuSO4 at 23°C for 24 h for
TBSV or 30 h for CIRV. Yeast total RNA and total protein were isolated and analyzed by Northern blotting
and Western blotting, respectively (16, 27).

To investigate the role of yeast Ypt7p GEFs Mon1 and Ccz1 in TBSV replication, yeast strains BY4741,
ccz1D, and mon1D were transformed with plasmids pEsc-His-p33/DI72, pYes-His-p92, and pRS315-Flag
(29). The transformed yeast cells were pregrown in synthetic complete medium (ULH2) supplemented
with 2% glucose at 29°C overnight, and tombusviral repRNA replication was then launched by transfer-
ring the yeast to synthetic complete medium (ULH2) supplemented with 2% galactose at 23°C for 24 h.
Yeast total RNAs and total proteins were isolated and analyzed as described above.

To study the roles of plant Rab7 and Mon1 in tombusvirus replication, gene expression of NbRab7 or
NbMon1 was downregulated with the tobacco rattle virus (TRV)-mediated virus-induced gene silencing
(VIGS) system in N. benthamiana (95). After 12 days postagroinfiltration, the upper NbRabG3f (Rab7)- or
NbMon1-silenced leaves were inoculated with TBSV or CIRV saps. The control plants were treated the
same way, except using TRV-cGFP (34). Plant leaf discs from inoculated leaves were sampled for total
RNA extraction and virus RNA detection. Real-time qPCR was conducted to confirm the gene knockdown
by using the cDNA from upper leaves without virus inoculation (34).

Protein colocalization assays in yeast cells. To analyze the subcellular localization of Ypt7p in yeast
cells, pYes-His-p92, pEsc-GFP-p33/DI72, and pRS315-Cup1-RFP-Ypt7 were transformed into the ypt7D
yeast strain. The transformed yeast cells were pregrown in synthetic complete medium (ULH2) supple-
mented with 2% glucose and 100 mM BCS (bathocuproine disulphonate) at 29°C overnight. Tombusviral
repRNA replication was induced by changing the medium to synthetic complete medium (ULH2) sup-
plemented with 2% galactose and 50 mM CuSO4 for 21 h at 23°C. Yeast cells were visualized by using a
488-nm laser for GFP and a 559-nm laser for RFP in Olympus FV1200 and FV3000 confocal laser scanning
microscopes.

To test the recruitment of Vps34p into viral replication compartments upon YPT7 deletion, pYes-His-
p92, pEsc-GFP-p33/DI72, and pRS315-Vps34-RFP were transformed into the BY4741 and ypt7D strains.
Yeast cells were cultured and visualized as described above. To study the recruitment of Psd2 into viral
replication compartments upon YPT7 deletion, pYes-His-p92, pEsc-GFP-p33/DI72, and pRS315-RFP-Psd2
were transformed into the BY4741 and ypt7D strains. Yeast cells were cultured and visualized as
described above. To test the recruitment of the yeast Stt4 into VROs upon YPT7 deletion, pYes-His-p92,
pEsc-GFP-p33/DI72, and pRS315-RFP-Stt4 were transformed into the BY4741 and ypt7D strains. Yeast
cells were cultured and visualized as described above. To explore the co-option of retromer Vps35 into
viral replication compartments upon YPT7 deletion, pYes-His-p92, pEsc-GFP-p33/DI72, and pRS315-RFP-
Vps35 were transformed into the BY4741 and ypt7D strains. Yeast cells were cultured and visualized as
described above. To explore the co-option of sorting nexin Vps5 into viral replication compartments
upon Ypt7 knockout, pYes-His-p92, pEsc-GFP-p33/DI72, and pRS315-Vps5-Flag were transformed into
the BY4741 and ypt7D strains. Yeast cells were cultured as described above. Immunofluorescence analy-
sis with anti-Flag monoclonal antibody was conducted as described previously (37).

Confocal microscopy analysis of plant cells. To examine the subcellular localization of Rab7 in
plants, N. benthamiana leaves were coinfiltrated with Agrobacterium carrying plasmids pGD-RFP-
AtRab7B, pGD-GFP-SKL, or pGD-GFP-CoxIV together with pGD-p33-BFP or pGD-p36-BFP (optical density
at 600 nm [OD600] of 0.3 each). The agroinfiltrated leaves were inoculated with TBSV or CIRV sap at 14 h
postagroinfiltration. After 2 days postinfection (dpi), the agroinfiltrated leaves were subjected to confo-
cal microscopy using a 405-nm laser for BFP, a 488-nm laser for GFP, and a 559-nm laser for RFP. Images
were captured successively and merged using FLUOVIEW software.

To determine the interaction between Rab7 and TBSV p33 or CIRV p36 replication proteins in plants,
a bimolecular fluorescence complementation (BiFC) assay was conducted in N. benthamiana (17). The
plasmids pGD-p33-cYFP, pGD-p36-cYFP, pGD-GST-cYFP, pGD-nYFP-AtRab7B, pGD-RFP-SKL, and pGD-
CoxIV-RFP were transformed into Agrobacterium strain C58C1 separately. The obtained Agrobacterium
transformants were coinfiltrated (OD600 of 0.3 each) into the leaves of 4-week-old N. benthamiana plants.
Agroinfiltrated leaves were subjected to confocal laser microscopy at 60 h postagroinfiltration, followed
by confocal microscopy analysis.

To determine the interaction between Mon1 and TBSV p33 replication protein in plants, a BiFC assay
was conducted in N. benthamiana. The plasmids pGD-p33-cYFP, pGD-GST-cYFP, pGD-nYFP-AtMon1, and
pGD-RFP-SKL were transformed to Agrobacterium strain C58C1 separately. The obtained Agrobacterium
transformants were coinfiltrated (OD600 of 0.3 each) into the leaves of 4-week-old N. benthamiana plants.
Agroinfiltrated leaves were inoculated with TBSV sap at 14 h postagroinfiltration, and the plant samples
were subjected to confocal laser microscopy 48 h after sap inoculation.

To examine the colocalization between Rab7 and PI4K upon virus infection in plants, N. benthamiana
leaves were coinfiltrated with Agrobacterium carrying plasmids pGD-RFP-AtRab7B and pGD-GFP-AtPI4Ka
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together with pGD-p33-BFP or pGD-p36-BFP (OD600 of 0.3 each). The agroinfiltrated leaves were inocu-
lated with TBSV or CIRV sap at 14 h postagroinfiltration. After 2 dpi, the agroinfiltrated leaves were sub-
jected to confocal microscopy as described above.

To examine the colocalization of Rab7 with retromer components upon virus infection in plants, N.
benthamiana leaves were coinfiltrated with Agrobacterium carrying plasmid pGD-RFP-AtRab7B, pGD-
AtVps26-GFP, or pGD-AtVps29-GFP or pGD-AtVps35-GFP together with pGD-p33-BFP (OD600 of 0.3 each).
The agroinfiltrated leaves were inoculated with TBSV sap at 14 h postagroinfiltration. After 2 dpi, the
agroinfiltrated leaves were subjected to confocal microscopy as described above.

To examine the colocalization between Rab7 and Snx1 upon virus infection in plants, N. benthami-
ana leaves were coinfiltrated with Agrobacterium carrying plasmids pGD-RFP-AtRab7 and pGD-AtSnx1-
GFP together with pGD-p33-BFP (OD600 of 0.3 each). Samples were subjected to confocal microscopy as
described above. To determine the recruitment of retromer Vps29 into viral replication compartments
upon virus infection in RabG3f (Rab7)-silenced plants, N. benthamiana leaves were coinfiltrated with
Agrobacterium carrying plasmids pGD-p33-cYFP, pGD-nYFP-AtVps29, and pGD-RFP-SKL (OD600 of 0.3
each). The agroinfiltrated leaves were inoculated with TBSV sap at 14 h postagroinfiltration. After 2 dpi,
the agroinfiltrated leaves were subjected to confocal microscopy as described above.

To determine the recruitment of Snx1 into viral replication compartments upon virus infection in
RabG3f (Rab7)-silenced plants, N. benthamiana leaves were coinfiltrated with Agrobacterium carrying
plasmids pGD-p33-cYFP and pGD-nYFP-AtSnx1 together with pGD-RFP-SKL (OD600 of 0.1 each). The
agroinfiltrated leaves were inoculated with TBSV sap at 14 h postagroinfiltration. After 2 dpi, the agroin-
filtrated leaves were subjected to confocal microscopy as described above.

To determine the recruitment of Rab5 into viral replication compartments upon virus infection in
RabG3f (Rab7)-silenced plants, N. benthamiana leaves were coinfiltrated with Agrobacterium carrying
plasmids pGD-p33-cYFP and pGD-nYFP-AtRab5B together with pGD-RFP-SKL (OD600 of 0.3 each). The
agroinfiltrated leaves were inoculated with TBSV sap at 14 h postagroinfiltration. After 2 dpi, the agroin-
filtrated leaves were subjected to confocal microscopy as described above.

To determine the colocalization between Rab5 and Rab7 within viral replication compartments in
plants, N. benthamiana leaves were coinfiltrated with Agrobacterium carrying plasmids pGD-p33-BFP
and pGD-RFP-AtRab7B together with pGD-GFP-AtRab5B (OD600 of 0.3 each). The agroinfiltrated leaves
were subjected to confocal microscopy at 48 h postagroinfiltration.

Replicase copurification assay between p33 and Ypt7 in yeast. To analyze the interaction
between p33 and Ypt7 in yeast, pYes-His-p92, pEsc-p33/DI72, and pRS315-Cup1-Flag-Ypt7 or pRS315-
Cup1-Flag were transformed into BY4741. The transformed yeast cells were pregrown in synthetic com-
plete medium (ULH2) supplemented with 2% glucose and 100 mM BCS at 29°C overnight. Tombusviral
repRNA replication was induced by changing the medium to synthetic complete medium (ULH2) sup-
plemented with 2% galactose and 50 mM CuSO4 for 24 h at 23°C. Yeast cells were cross-linked by sus-
pending yeast pellets with 1� phosphate-buffered saline (PBS) buffer containing 1% formaldehyde for 1
h on ice. Next, glycine (to 0.1 M) was added to quench the extra formaldehyde, and the yeast cells were
washed and collected by centrifugation. Yeast cells were broken with glass beads, and the membrane
fraction was solubilized with 1% Triton X-100 followed by the purification of Flag-Ypt7 with anti-Flag M2
agarose (catalog number A2220; Sigma-Aldrich). The copurified protein p33 was detected by His
antibody.

To analyze the interaction between p33 and Vps34 in yeast in the absence of YPT7, pGad-Cup1-Flag-
p92, pGbk-Cup1-Flag-p33-Gal1-DI72, and pEsc-Ura were transformed into BY4741::Vps34-3�HA or
BY4741::Vps34-3�HA ypt7D. The transformed yeast cells were pregrown in synthetic complete medium
(ULH2) supplemented with 2% glucose and 100 mM BCS at 29°C overnight. This was followed by trans-
ferring the yeast cells to synthetic complete medium (ULH2) supplemented with 2% galactose and
100 mM BCS at 29°C for 24 h. Tombusviral repRNA replication was induced by changing the medium to
synthetic complete medium (ULH2) supplemented with 2% galactose and 50 mM CuSO4 for 6 h at 23°C.
A replicase copurification assay was performed as described above.

Analyses of PE, PI(3)P, and PI(4)P enrichment within VROs in plants and yeast cells. Plant cells
and yeast cells were fixed for immunofluorescence analysis to visualize the distribution of PE, PI(3)P, and
PI(4)P; detailed procedures have been described previously (19, 34, 61).

RT-qPCR. To monitor the gene expression of NbRabG3f and NbMon1, total RNAs were extracted
from plant leaves infected with TBSV or CIRV. cDNA was synthesized for real-time qPCR analysis by using
PowerUp SYBR green master mix (catalog number A25777; Thermo Fisher Scientific). Primers 8238
(CAGCAACCAGTACAAAGCAAC) and 8239 (GAACGCAACACCAAGACTTTG) were used for the detection of
NbRabG3f (Rab7) mRNA, and primers 8379 (CTATGCGGGTGAAAGAGGG) and 8380 (TGCACTTGAGAGTC
GGAAAC) were used for the detection of NbMon1 mRNA levels.

DrrA effector expression on Rab7 distribution in N. benthamiana. To observe the colocalization
of p33 and Rab7B in the presence or absence of the Legionella DrrA effector in N. benthamiana epider-
mal cells, pGD-p33-BFP, pGD-p19, pGD-GFP-SKL, pEarleyGate100-DrrA (32), and pGD-RFP-Rab7B were
agroinfiltrated into N. benthamiana leaves, and the infiltrated leaves were inoculated with TBSV 1.5 days
after agroinfiltration. The images were taken 2.5 days after infiltration.
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