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Biogenesis of viral replication organelles (VROs) is critical for repli-
cation of positive-strand RNA viruses. In this work, we demonstrate
that tomato bushy stunt virus (TBSV) and the closely related carna-
tion Italian ringspot virus (CIRV) hijack the retromer to facilitate
building VROs in the surrogate host yeast and in plants. Depletion
of retromer proteins, which are needed for biogenesis of endosomal
tubular transport carriers, strongly inhibits the peroxisome-associ-
ated TBSV and the mitochondria-associated CIRV replication in yeast
and in planta. In vitro reconstitution revealed the need for the ret-
romer for the full activity of the viral replicase. The viral p33 repli-
cation protein interacts with the retromer complex, including Vps26,
Vps29, and Vps35. We demonstrate that TBSV p33-driven retarget-
ing of the retromer into VROs results in delivery of critical retromer
cargoes, such as 1) Psd2 phosphatidylserine decarboxylase, 2) Vps34
phosphatidylinositol 3-kinase (PI3K), and 3) phosphatidylinositol 4-
kinase (Pl4Ka-like). The recruitment of these cellular enzymes by the
co-opted retromer is critical for de novo production and enrichment
of phosphatidylethanolamine phospholipid, phosphatidylinositol-3-
phosphate [PI(3)P], and phosphatidylinositol-4-phosphate [PI(4)P]
phosphoinositides within the VROs. Co-opting cellular enzymes re-
quired for lipid biosynthesis and lipid modifications suggest that
tombusviruses could create an optimized lipid/membrane microen-
vironment for efficient VRO assembly and protection of the viral
RNAs during virus replication. We propose that compartmentaliza-
tion of these lipid enzymes within VROs helps tombusviruses repli-
cate in an efficient milieu. In summary, tombusviruses target a major
crossroad in the secretory and recycling pathways via coopting the
retromer complex and the tubular endosomal network to build
VROs in infected cells.

virus-host interaction | virus replication | retromer complex | viral
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Viruses are intracellular parasites which co-opt cellular re-
sources to produce abundant viral progeny. Positive-strand
(+)RNA viruses replicate on subcellular membranes by forming
viral replication organelles (VROs) (1-5). VROs sequester the
viral proteins and viral RNAs together with co-opted host factors
to provide an optimal subcellular environment for the assembly of
numerous viral replicase complexes (VRCs), which are then re-
sponsible for robust viral RNA replication. VROs also spatially
and temporally organize viral replication. Importantly, the VROs
hide the viral RNAs from cellular defense mechanisms as well (5,
6). VROs consist of extensively remodeled membranes with
unique lipid composition. How viruses achieve these membrane
remodeling and lipid modifications and lipid enrichment is in-
completely understood. Therefore, currently, there is a major
ongoing effort to dissect the VRC assembly process and to un-
derstand the roles of viral and host factors in driving the biogen-
esis of VRO:s (1, 3, 7).

Tomato bushy stunt virus (TBSV), a plant-infecting tombus-
virus, has been shown to induce complex rearrangements of
cellular membranes and alterations in lipid and other metabolic
processes during infections (8-10). The VROs formed during
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TBSV infections include extensive membrane contact sites (VMCSs)
and harbor numerous spherules (containing VRCs), which are
vesicle-like invaginations in the peroxisomal membranes (8, 11-13).
A major gap in our understanding of the biogenesis of VROs, in-
cluding vMCSs and VRCs, is how the cellular lipid-modifying en-
zymes are recruited to the sites of viral replication.

Tombusviruses belong to the large Flavivirus-like supergroup
that includes important human, animal, and plant pathogens.
Tombusviruses have a small single-component (+)RNA genome
of ~4.8 kb that codes for five proteins. Among those, there are
two essential replication proteins, namely p33 and p92P°. the
latter of which is the RdRp protein and it is translated from the
genomic RNA via readthrough of the translational stop codon in
p33 open reading frame (14). The smaller p33 replication pro-
tein is an RNA chaperone, which mediates the selection of the
viral (+)RNA for replication (14-16). Altogether, p33 is the master
regulator of VRO biogenesis (3). We utilize a TBSV replicon (rep)
RNA, which contains four noncontiguous segments from the ge-
nomic RNA, and it can efficiently replicate in yeast and plant cells
expressing p33 and p92P° (14, 17).

Tombusviruses hijack various cellular compartments and path-
ways for VRO biogenesis (18). These include peroxisomes by
TBSV or mitochondria (in the case of the closely related carnation
Italian ringspot virus [CIRV]), the endoplasmic reticulum (ER)
network, Rabl-positive COPII vesicles, and the Rab5-positive
endosomes (8, 19-23). Tombusviruses also induce membrane
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proliferation, new lipid synthesis, and enrichment of lipids, most
importantly phosphatidylethanolamine (PE), sterols, phospha-
tidylinositol-4-phosphate [PI(4)P], and phosphatidylinositol-3-
phosphate [PI(3)P] phosphoinositides in peroxisomal or mito-
chondrial membranes for different tombusviruses (13, 24-27).
This raised the question that how TBSV could hijack lipid syn-
thesis enzymes from other subcellular locations that leads to en-
richment of critical lipids in the large VROs in model yeast and
plant hosts.

The endosomal network (i.e., early, late, and recycling endo-
somes) is a collection of pleomorphic organelles which sort
membrane-bound proteins and lipids either for vacuolar/lysosomal
degradation or recycling to other organelles. With the help of the
so-called retromer complex, tubular transport carriers formed
from the endosomes recycle cargoes to the Golgi and ER or to the
plasma membrane (28-31). The core retromer complex consists of
three conserved proteins, Vps26, Vps29, and Vps35, which are
involved in cargo sorting and selection. The retromer complex
affects several cellular processes, including autophagy through the
maturation of lysosomes (32), neurodegenerative diseases (33),
plant root hair growth (34), and plant immunity (35).

The cellular retromer is important for several pathogen—host
interactions. For example, the retromer is targeted by Brucella,
Salmonella, and Legionella bacteria (36-39) and the rice blast
fungus (40). The retromer is also involved in the intracellular
transport of the Shigella and Cholera toxins and the plant ricin
toxin. The NS5A replication protein of hepatitis C virus (HCV)
interacts with Vps35 and this interaction is important for HCV
replication in human cells (41). The cytoplasmic tail of the Env
protein of HIV-1 binds to the retromer components Vps35 and
Vps26, which is required for Env trafficking and infectious HIV-
1 morphogenesis (42). Moreover, the retromer complex affects
the morphogenesis of vaccinia virus (43) and HPV16 human
papillomavirus entry and delivery to the trans-Golgi network
(44). Despite the importance of the retromer in pathogen—host
interactions, the mechanistic insights are far from complete.

In the case of tombusviruses, enrichment of PE and PI(3)P
within VROs is facilitated by co-opting the endosomal Rab5 small
GTPase and Vps34 PI3K (20, 24), suggesting that the endosome-
mediated trafficking pathway might be involved in viral replication
in host cells. However, the actual mechanism of how tombusvi-
ruses exploit the endosomal/endocytic pathway and induce lipid
enrichment within VROs is not yet dissected. Therefore, in this
work, we targeted the retromer complex, based on previous ge-
nome-wide screens using yeast gene-deletion libraries, which led
to the identification of VPS29 and VPS35 as host genes affecting
TBSV replication and recombination, respectively (45, 46). These
proteins are components of the retromer complex (28-31). We
found TBSV and the closely related CIRV co-opt the retromer
complex for the biogenesis of VROs in yeast and plants. We ob-
served that depletion of retromer proteins strongly inhibited
TBSV and CIRV replication. The recruitment of the retromer is
driven by the viral p33 replication protein, which interacts with
Vps26, Vps29, and Vps35 retromer proteins. We show that the
retromer helps delivering critical cargo proteins, such as Psd2
phosphatidylserine decarboxylase, Vps34 phosphatidylinositol
3-kinase (PI3K), and Stt4 phosphatidylinositol 4-kinase (PI4Ko-
like). These co-opted cellular enzymes are then involved in de novo
production and enrichment of PE phospholipid, PI(3)P, and PI(4)
P phosphoinositides within the VROs. Altogether, these virus-
driven activities create an optimized membrane microenvironment
within VROs to support efficient tombusvirus replication.

Results

Deletion of the Components of the Retromer Complex Inhibits
Tombusvirus Replication in Yeast Cells. To characterize the puta-
tive role of the retromer complex in tombusvirus replication, we
tested if TBSV replication in yeast cells depends on the Vps35p
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retromer component, which is a major cargo binding protein in
the endosomes. TBSV replication was induced by expressing the
p33 and p92P°! replication proteins and the TBSV repRNA from
plasmids in a vps35A yeast strain, followed by measuring TBSV
repRNA accumulation by Northern blotting. These experiments
showed that TBSV replication was reduced to a ~20% level in
the absence of Vps35p when compared to the replication level
observed in the wild-type (WT) yeast (Fig. 14, lanes 10-12 versus
1-3). We also observed the reduced accumulation of the viral
p33 replication protein in vps35A yeast (Fig. 14), suggesting
decreased stability of p33. Complementation with a plasmid-borne
WT Vps35p resulted in the recovery of tombusvirus replication to
WT level in vps35A yeast (Fig. 14, lanes 13-15). Interestingly,
plasmid-borne expression of a Vps35p mutant (RggA/LggP), which
is defective in the interaction with Vps26p (47), in vps35A yeast
did not complement TBSV replication (Fig. 14, lanes 16-18),
suggesting that the formation of Vps35p—Vps26p complex is re-
quired for the proviral function of the retromer complex. More-
over, the expression of the Vps35 mutant (RggA/LooP) led to an
approximately fourfold inhibition of TBSV repRNA accumulation
in WT yeast (Fig. 14, lanes 7-9 versus 1-3), likely due to the
dominant-negative effect of the mutated Vps35p on the retromer
functions. We also observed that the accumulation level of Vps35p
was increased by 60% from its native promoter and original chro-
mosomal location upon TBSV replication in WT yeast (Fig. 1B),
suggesting that tombusvirus replication induces Vps35 messenger
RNA (mRNA) expression in yeast.

To test if the closely related CIRV, which replicates on the
outer membranes of mitochondria, also requires Vps35p, we
compared CIRV replication in vps35A versus WT yeasts. The
accumulation of repRNA in yeast decreased by approximately
sevenfold in the absence of Vps35p (Fig. 1C, lanes 10-12),
confirming the proviral function of Vps35 in CIRV replication.
The accumulation level of p36, unlike that of p95P' replication
protein, decreased in vps35A versus WT yeasts, suggesting re-
duced stability of the p36 replication protein in the absence of
Vps35p (Fig. 1C). Expression of the plasmid-borne WT Vps35p
in vps35A yeast increased repRNA accumulation by 50% in com-
parison with WT yeast (Fig. 1C, lanes 13-15). The RgsA/LgoP
mutant of Vps35p, which is defective in binding to Vps26, had a
dominant-negative feature in viral replication when expressed in
WT yeast (Fig. 1C, lanes 1-3). The RogA/LoP mutant of Vps35p
did not complement CIRV replication in vps35A yeast (Fig. 1C,
lanes 16-18), confirming that the formation of the retromer
complex is also needed for CIRYV replication in yeast. Overall, we
suggest that the retromer component Vps35p plays a critical pro-
viral function both in the peroxisomal TBSV and the mitochon-
drial CIRYV replication in yeast cells.

One function of Vps35p and the retromer could be the main-
tenance of the stability of TBSV p33 or CIRV p36 replication
proteins in yeasts. To test if there is a direct proviral function of
Vps35p, we used an in vitro TBSV replicase reconstitution assay,
which included comparable amounts of purified recombinant p33
and p92P°! replication proteins and yeast cell-free extracts (CFEs)
(48) prepared from either WT or vps35A yeasts. The CFEs were
programmed with the TBSV template repRNA. We found a ~70%
reduction in the newly made (+)repRNA progeny in CFEs pre-
pared from vps35A yeast (Fig. 1D). The accumulation of the
TBSV double-stranded RNA (dsRNA) replication intermediate,
consisting of (—) and (+)RNAs (49), was also decreased by ~50%
(Fig. 1D), indicating that the Vps35p retromer component has
a direct function supporting the assembly of the tombusvirus
replicase complex in vitro.

To test if the other components of the retromer complex are
also required for TBSV replication, we measured TBSV repli-
cation in vps26A and vps29A yeasts versus WT yeast. Deletion of
these retromer genes resulted in an approximately four- to
fivefold decrease in TBSV accumulation when compared with
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Proviral role of the Vps35 retromer protein in tombusvirus replication in yeast. (A, Top) Northern blot analysis demonstrates decreased TBSV (+)

repRNA accumulation in vps354 yeast strain. The viral replication proteins Hisg-p33 and Hisg-p92, together with the (+)repRNA were expressed from plasmids
to support TBSV replication in yeast. Flag-tagged Vps35p and its dominant negative (DN) mutant were expressed from the constitutive TEFT promoter from a
plasmid. The accumulation level of repRNA after 24-h replication was normalized based on 18S ribosomal RNA (rRNA) levels using Northern blotting (second
panel). (A, Bottom) the accumulation of Hisg-p33, Hisg-p92, and Flag-Vps35 is measured by Western blotting and anti-His or anti-Flag antibodies. (B) Tom-
busvirus-induced expression of 3xHA-tagged Vps35p expressed from its natural chromosomal location and natural promoter in yeast after 24-h TBSV rep-
lication was detected by Western blotting with anti-HA antibody. (C) The replication of the mitochondrial membrane-associated CIRV in vps35A versus WT
yeast strains was measured by Northern blotting. The p36 and p95 replication proteins of CIRV were tagged with a Strep tag and expressed from plasmids. See
further details in A. (D) In vitro reconstitution of the TBSV replicase using purified recombinant MBP-p33 and MBP-p92P°' and in vitro transcribed TBSV DI-72
(+)repRNA. The CFEs used for supporting the assembly of TBSV replicase complexes were prepared from the shown yeast strains. Nondenaturing poly-
acrylamide gel electrophoresis analysis shows the 32P-labeled TBSV (+)repRNA progeny and the dsRNA replication intermediate, produced by the recon-
stituted replicase. The (+)repRNA progeny produced in WT CFE was chosen as 100. (E) The inhibitory effect of the Legionella RidL effector, which blocks
retromer functions, on TBSV repRNA accumulation was measured by Northern blot 16 h after initiation of TBSV replication in vps354 versus WT (BY4741)
yeast strains. The accumulation level of repRNA was normalized based on the rRNA. Second panel: ethidium bromide—stained gel with rRNA, as a loading

control. Each experiment was performed three times.

WT yeast (SI Appendix, Fig. S14, lanes 4-6 and 16-18 versus
10-12). Altogether, the level of reduction of TBSV replication
was comparable in yeasts with deletion of each of the three
retromer components (Fig. 14 and SI Appendix, Fig. S14), sug-
gesting that these retromer proteins likely work together as a
complex to support TBSV replication in yeast. We were able to
complement TBSV replication with plasmid-borne WT Vps26p
and Vps29p in vps26A and vps29A yeasts, respectively, to vali-
date the role of these proteins in TBSV replication (SI Appendix,
Fig. S14, lanes 1-3 and 19-21). Another similarity among vps35A,
vps26A, and vps29A yeasts is the reduced accumulation of the
TBSV p33 replication protein (Fig. 14 and SI Appendix, Fig. S14),
indicating a crucial role of the retromer complex in p33 stability in
yeast. Similar findings were observed with the mitochondrial
CIRYV replication and stability of the p36 replication protein in
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vps26A and vps29A yeasts (SI Appendix, Fig. S1B). Therefore, all
these data suggest that the whole retromer complex plays proviral
functions during TBSV and CIRYV replication in yeast.

To obtain additional evidence for the proviral function of the
cellular retromer complex, we took advantage of the known
antiretromer effect of a Legionella effector, namely RidL.
Legionella secretes RidL to specifically bind to Vps29 and to
block the retromer-based trafficking (39, 50). We expressed the
full-length RidL in WT yeast replicating TBSV repRNA and
showed an ~80% reduction in tombusvirus replication (Fig. 1E).
As shown above with the retromer knockout mutants of yeast,
the TBSV replication proteins accumulated to a reduced level in
yeast expressing RidL (Fig. 1E). Therefore, we conclude that the
cellular retromer complex plays a proviral role in tombusvirus
replication.
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The Cellular Retromer Complex Has Proviral Functions in Plants. To
explore if tombusviruses depend on the retromer complex in
plants, first we knocked down Vps35 expression based on to-
bacco rattle virus (TRV)-induced gene silencing (VIGS) in Ni-
cotiana benthamiana plants (51, 52). Knockdown of Vps35 level
in N. benthamiana resulted in an approximately sixfold reduction
of the peroxisomal TBSV genomic (g)RNA and an approxi-
mately fourfold reduction in the mitochondrial CIRV RNA ac-
cumulation, respectively (Fig. 2 4 and C, lanes 4-6). These
findings demonstrated the proviral function of the plant Vps35 in
tombusvirus replication. Knockdown of Vps35 delayed the
symptom development and necrosis in systemic leaves infected
with TBSV or CIRV (Fig. 2 B and D).

Comparable knockdown studies with the plant Vps26 and
Vps29 retromer components via VIGS-based silencing in N.
benthamiana plants revealed the dramatic reduction of TBSV
and CIRV RNA accumulation (Fig. 2 E and G). An RT-PCR
approach has confirmed the gene silencing of both Vps26 and
Vps29 mRNAs in the corresponding N. benthamiana plants
(Fig. 2E). The disease symptom formation and necrosis in sys-
temic leaves caused by TBSV or CIRV infections were delayed
upon knockdown of either Vps26 or Vps29 (Fig. 2 F and H).

Since viral RNA levels could also depend on viral cell-to-cell
movement in whole plants, we also tested TBSV accumulation in
the absence of virus spread using protoplasts (plant single cells
lacking cell walls) isolated from Vps35-, Vps29-, and Vps26-si-
lenced N. benthamiana plants, respectively. Comparable num-
bers of plant protoplasts were transfected with in vitro TBSV
gRNA transcripts, followed by measuring TBSV RNA accumu-
lation by Northern blotting 24 h later (Fig. 2I). The results
showed ~10% accumulation level of TBSV RNAs in protoplasts
obtained from the retromer knockdown plants in comparison
with the control plants (Fig. 2I). Based on the obtained data, we
conclude that, similar to the results with the yeast host, the
retromer complex acts as a crucial proviral factor in tombusvirus
replication in plants.

We analyzed Vps35 mRNA levels in TBSV-infected or CIRV-
infected versus mock-treated N. benthamiana leaves using RT-
PCR. This revealed the up-regulation of Vps35 mRNA level in
both TBSV-infected and CIRV-infected leaves (Fig. 27). Thus,
similar to yeast, tombusviruses can induce Vps35 mRNA ex-
pression in a plant host.

Tombusviruses Recruit the Retromer Complex into the VROs in Yeast
and Plant Cells. To gain insights into the proviral function of the
retromer complex, we tested the intracellular localization of the
retromer components during tombusvirus replication. Confocal
laser microscopy assays were performed after coexpressing blue
fluorescent protein (BFP)-tagged p33 replication protein with
green fluorescent protein (GFP)-tagged retromer components in
N. benthamiana cells infected with TBSV. We found that Vps26,
Vps29, and Vps35, respectively, were efficiently recruited into
the large VROs marked by p33-BFP and the red fluorescent
protein (RFP)-SKL peroxisomal marker protein (Fig. 34). We
observed a similar relocalization for the three retromer compo-
nents, suggesting that they are co-opted as a complex into tom-
busvirus VROs. We extended this conclusion for CIRV infection,
since the colocalization between the CIRV p36 replication protein
and retromer components also supported the robust recruitment
of the retromer complex into CIRV VROs (marked by CoxIV-
RFP mitochondrial marker, Fig. 3B). On the contrary, coex-
pression of the retromer components with either RFP-SKL or
CoxIV-RFP marker proteins did not show colocalization in
plant cells in the absence of tombusvirus infections (S Appendix,
Fig. S2).

We also observed a similar relocalization pattern for the RFP-
tagged Vps35p retromer component into the tombusviral VROs
in yeast cells when either the GFP-tagged TBSV p33 or the
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CIRV GFP-p36 replication proteins were expressed in WT yeast
cells (Fig. 3 C and D). The RFP-Vps35p localization pattern was
different in the absence of viral components by showing small
punctate distribution in yeast (SI Appendix, Fig. S2C). Based on
these experiments, we conclude that the retromer complex is
efficiently co-opted and retargeted by tombusvirus replication
proteins into the large tombusvirus VROs in both plant and
yeast cells.

Tombusvirus Replication Protein Interacts with Components of the
Host Retromer Complex. To confirm that the host retromer com-
plex is recruited into VROs through the interaction with the
TBSV p33 replication proteins, we performed copurification ex-
periments from yeast coexpressing Flag-Vps35p and TBSV Hisg-
p33 replication protein and replicating repRNA. The isolated
membrane fraction of yeast cells was solubilized with a detergent
and the Flag-Vps35p was affinity-purified, followed by Western
blot analysis. We found that the Hisg-p33 replication protein was
efficiently copurified with Flag-Vps35p (Fig. 44). In contrast,
Hisg-p33 was not detected in the control samples (Fig. 44).

In the reciprocal copurification experiments, we expressed
Vps35-3xHA from its natural promoter and the original chro-
mosomal location in WT yeast. Then, the membrane fraction
was solubilized and Flag-p33 was affinity-purified and detected
by Western blotting. The purified Flag-p33 preparations con-
tained Vps35-3xHA, confirming interaction between p33 and
Vps35p in yeast membranes (Fig. 4B).

We performed similar copurification experiments using N.
benthamiana plants. After coexpression of AtVps35-Flag with
myc-tagged p33 replication protein in N. benthamiana leaves by
agroinfiltration, and inoculation of the agroinfiltrated leaves with
TBSV virions, we purified AtVps35-Flag from the detergent-sol-
ubilized membrane fraction. Western blotting resulted in detection
of AtVps35-Flag and the copurified p33-myc replication protein
via anti-myc antibody (Fig. 4C). Expression and purification of the
Flag-tagged GFP was used as negative control (Fig. 4C).

To demonstrate if p33 could directly interact with the retro-
mer components, we performed pull-down assays with purified
recombinant MBP-tagged p33 replication protein and GST-
tagged retromer components from Escherichia coli. We found
that the MBP-p33 bound to amylose beads was able to capture
the yeast Vps35, Vps26, and Vps29 retromer components and
the plant AtVps35 (Fig. 4D). Thus, these data suggest direct
interaction takes place between the tombusvirus p33 replication
protein and the retromer components.

We also tested the interaction between AtVps29 and TBSV
p33 replication protein via bimolecular fluorescence complemen-
tation (BiFC) in N. benthamiana plants infected with TBSV.
Confocal images showed the interaction between AtVps29 and
TBSV p33 occurred in VROs consisting of aggregated peroxi-
somes as visualized by RFP-SKL peroxisomal marker (Fig. 4E and
SI Appendix, Fig. S3B). Similarly, the BiFC assay demonstrated
the interaction between AtVps29 and CIRV p36, which occurred
in VROs consisting of aggregated mitochondria (S Appendix, Fig.
S3). Altogether, our results confirmed the recruitment of the
retromer complex into VROs both in yeast and plant cells.

The Co-Opted Retromer Facilitates the Recruitment of the
Phosphatidylserine Decarboxylase (Psd2) Enzyme and Enrichment of
PE Phospholipid within VROs. After providing evidence on the
proviral roles of the retromer, we addressed the actual proviral
functions of the retromer in TBSV replication. We have previ-
ously shown that TBSV induces the production and remarkable
enrichment of PE within membranes of VROs (13). The PE
enrichment depends on co-opting Rab5 GTPase-decorated endo-
somes, although the actual mechanism has not yet been revealed (20).

Based on the enrichment of PE within the tombusvirus VROs, we
assumed that the TBSV-driven recruitment of the endosome-derived
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Fig. 2. Proviral roles of the retromer proteins in tombusvirus replication in plants. (A) VIGS-based knockdown of Vps35 mRNA level inhibits the accumulation
of TBSV genomic RNA in N. benthamiana. (Top) 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 systemically silenced upper leaves were inoculated with TBSV virions on the 12th day
after VIGS. The control experiments included the TRV2-cGFP vector. Second panel: ethidium bromide-stained gel indicates ribosomal RNA level. (Middle and
Bottom) The semiquantitative RT-PCR analyses of Vps35 mRNA and tubulin mRNA (control) levels, respectively, in the VIGS plants. (B) A moderate stunting
phenotype is observed in Vps35 knockdown N. benthamiana. The enlarged images show the less severe symptoms caused by TBSV infection in the Vps35-
silenced plants. The picture was taken 5 dpi. (Scale bars, 2 cm.) (C) VIGS-based knockdown of Vps35 inhibits the accumulation of CIRV genomic RNA in N.
benthamiana. Samples for RNA extractions were taken 2.5 dpi from the inoculated leaves. See further details in A. (D) Ameliorating effect of Vps35
knockdown on symptoms caused by CIRV infection in N. benthamiana. (Scale bar, 5 cm.) (E and G) VIGS-based knockdown of Vps26 and Vps29 mRNA levels
inhibit the accumulation of TBSV and CIRV gRNAs, respectively, in N. benthamiana. (F and H) Reduced symptom intensity in Vps26 and Vps29 knockdown
plants caused by either TBSV or CIRV infections. See further details in B. (Scale bar, 5 cm.) (/) Northern blot analysis of TBSV gRNA accumulation in protoplasts
obtained from the shown knockdown N. benthamiana plants. (J) Semiquantitative RT-PCR analyses of Vps35 mRNA and tubulin mRNA levels in TBSV or CIRV-
infected versus mock-inoculated N. benthamiana. Samples for RNA extractions were taken 2.5 d after inoculation from the inoculated leaves.

retromer tubular transport carriers might be involved in PE en-  yeast strains replicating TBSV repRNA. Partial colocalization be-
richment within VROs. To test this hypothesis, we coexpressed  tween p33 and Psd2p was visualized by confocal microscropy in WT
RFP-tagged Psd2 phosphatidylserine decarboxylase, which produces  yeast (Fig. 54). In contrast, no significant overlap between p33 and
PE from phosphatidylserine (PS), with GFP-p33 in WT and vps35A  Psd2p was captured in the vps35A yeast strain (Fig. 54). Thus, these
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Fig. 3. Recruitment of the retromer proteins into VROs in plant cells in-
fected with tombusviruses. (A) Colocalization of TBSV p33-BFP with the GFP-
tagged Vps35, Vps29, and Vps26 proteins in N. benthamiana leaves infected
with TBSV is detected by confocal microscopy. The VROs consisting of ag-
gregated peroxisomes is marked with RFP-SKL peroxisomal luminar marker.
(Scale bars, 10 pm.) (B) Colocalization of CIRV p36-BFP with the GFP-tagged
Vps35, Vps29, and Vps26 proteins in N. benthamiana leaves infected with
CIRV is detected by confocal microscopy. The VROs consisting of aggregated
mitochondria are marked with CoxIV-RFP mitochondrial marker. (Scale bars,
10 um.) (C and D) Recruitment of Vps35 into the VROs induced by either
TBSV or CIRV replication proteins in WT yeast replicating TBSV repRNA.
(Scale bars, 5 pm.) Each experiment was performed three times.
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results imply that the retromer is involved in targeting of Psd2p
phosphatidylserine decarboxylase into VROs, which in turn could
contribute to local PE production in VRO:s.

To further determine the function of the retromer complex in
PE enrichment within VROs, we tested PE distribution in yeast
strains lacking one of the retromer components. Subcellular lo-
calization of PE is detected by using biotinylated duramycin
peptide and streptavidin conjugated with Alexa Fluor 405. PE
enrichment was not observed within VROs in vps35A, vps26A, or
vps29A yeasts (Fig. 5C). In contrast, PE was highly enriched
within VROs in WT yeast (Fig. 5C), as observed before (13).

To validate the yeast-based data in plants, we knocked down
the Vps35 level in N. benthamiana plants, followed by proto-
plasts isolation. We observed the lack of PE enrichment within
the p33-containing punctate structures (representing VROs) in
Vps35 knockdown plant cells, suggesting that TBSV could not
induce efficient PE enrichment in VROs when Vps35 retromer
component was low in plant cells (Fig. 5B). In addition, we also
observed that p33 did not induce the formation of the large
aggregated structures in Vps35-silenced plant cells in compari-
son with the control plant cells. Collectively, these data support a
central role for the retromer in Psd2 targeting and PE enrich-
ment within the tombusviral VROs.

The Hijacked Retromer Transports Vps34 PI3K into the Tombusviral
VROs for PI(3)P Enrichment. We have previously shown that TBSV
co-opts the endosomal lipid kinase, Vps34 PI3K, which produces
PI(3)P from PI phospholipid (24). This then leads to PI(3)P
enrichment within VROs. The PI(3)P-enriched microenviron-
ment is essential for optimal TBSV replication (24). However,
the mode of recruitment of Vps34 PI3K into VROs is not known.
Here, we have tested if the co-opted retromer-based tubular
vesicles are involved in retargeting of Vps34 PI3K into VROs.
Accordingly, we found that Vps34 PI3K was part of the hijacked
retromer complex as shown via BiFC within VROs induced by
TBSV or CIRV in N. benthamiana plants (Fig. 6 A and B).

To further understand the role of the retromer in Vps34 PI3K
retargeting into VROs, we used deletion mutants of yeast ret-
romer components. We observed the lack of efficient recruit-
ment of Vps34p into VROs in vps35A, vps26A, or vps29A yeast
strains (Fig. 6C). Therefore, the retromer is likely involved in the
recruitment of the proviral Vps34 PI3K into VROs in yeast cells.
Importantly, PI(3)P production and enrichment within VROs
was not observed in vps35A, vps26A, or vps29A yeast strains
(Fig. 6D). Immunofluorescence analysis with a PI3P antibody
was also performed in plant protoplasts with a silenced Vps35
retromer component (Fig. 6F). Knocking down Vps35 level
largely restricted PI(3)P enrichment within VROs detected via
expression of p33-BFP. This conclusion is further supported by
the intensity profile of additional images (SI Appendix, Fig. S4).
Altogether, these findings imply that the co-opted retromer is
required for delivering Vps34 PI3K to VROs and the local
production and enrichment of PI(3)P within VROs, which are
needed to support tombusvirus replication.

The Host PI4K Is Transported to the Tombusviral VROs for PI(4)P
Production by the Co-Opted Retromer. Another important en-
zyme which might be co-opted with the help of the retromer
tubular carriers is the yeast Stt4p PI4P kinase (PI4K) (53). PI4K
has been shown to affect TBSV replication likely through pro-
viding PI(4)P for VRO assembly in yeast cells (27). PI(4)P is
required for sterol and possibly PS enrichment within VROs.
Accordingly, we observed the recruitment of Stt4p into VROs in
WT yeast cells via confocal laser microscopy (Fig. 74). On the
contrary, Stt4p PI4K was not efficiently recruited into VROs in
vps35A, vps26A, or vps29A yeast strains (Fig. 74). Immunoflu-
orescence analysis with a PI(4)P antibody was also performed in
vps35A and vps29A yeast strains (Fig. 7B). Unlike in WT yeast,
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Fig. 4. Interaction between p33 replication protein and the retromer proteins. (A) Interaction between the yeast Vps35p and p33 replication protein in yeast
based on copurification experiments. Top and second panels: Western blot analysis of purified Flag-tagged Vps35p and the copurified Hisg-p33 from the
solubilized membrane fraction of yeast. Flag-Vps35p and Hisg-p33 were detected with anti-Flag and anti-His antibodies, respectively. The yeast samples were
either cross-linked with formaldehyde or not cross-linked. Bottom panel: Western blots of Flag-Vps35 and Hise-p33 proteins in the total yeast extracts using
anti-Flag and anti-His antibodies, respectively. (B) Copurification of the yeast Vps35-3xHA with the VRC. The viral replicase was affinity-purified via Flag
column from solubilized membrane fraction of yeast. The yeast expressed Vps35-3xHA from the native promoter from the chromosome. See further details in
A. (C) Copurification of the myc-tagged p33 replication protein with the Flag-tagged Vps35 from detergent-solubilized membrane fraction of N. ben-
thamiana plant cells. The proteins were coexpressed from plasmids based on agroinfiltration of N. benthamiana leaves. The plants were also infected with
TBSV. The bottom shows the Coomassie blue-stained polyacrylamide gel electrophoresis of the total protein extracts. (D) A pull-down assay to test direct
binding between the MBP-p33 replication protein and the shown GST-tagged retromer proteins expressed in E. coli. The MBP-tagged p33 was immobilized on
beads, followed by addition of the affinity-purified GST-tagged retromer proteins. MBP was used as a negative control. The bound or input proteins were
detected via Western blot analysis with the shown antibodies. Each experiment was repeated three times. (E) BiFC assay to detect interaction between p33
replication protein and the Vps29 protein in planta. TBSV p33-cYFP and nYFP-Vps29 proteins were coexpressed from the 35S promoter after coagroinfil-
tration into N. benthamiana leaves. Note that the plants were infected with TBSV to induce VROs in cells. Colocalization of RFP-SKL with the BiFC signal

indicates that the interaction between p33 and Vps29 proteins takes place within VROs. (Scale bars, 10 pm.)

the absence of either Vps35p or Vps29p retromer components
prevented the enrichment of PI(4)P within VROs decorated by
p33-BFP. These findings strongly indicate that the co-opted
retromer is required for retargeting of the yeast Stt4p PI4P ki-
nase into VROs, which in turn is needed for the de novo pro-
duction and enrichment of PI(4)P within VROs in yeast cells.
Plants have the Stt4-like PI4Ka and the Pikl1-like PI4Kf with
lipid kinase activity (54, 55). First, we have tested their mRNA
levels upon infection of N. benthamiana plants with TBSV. qRT-
PCR analysis showed ~9- and ~17-fold induction of PI4Ka and
PI4Kp mRNA levels, respectively, in TBSV-infected leaves (Fig.
7C). Subsequent work on PI4Ka with confocal microscopy dem-
onstrated that PI4Ka was efficiently retargeted into the VROs
induced by either TBSV or CIRV in N. benthamiana plants (Fig.
7D). Interestingly, knocking down Vps29 or Vps35 levels pre-
vented the recruitment of PI4Ka into VROs induced by TBSV
(Fig. 7F). Expression of the TBSV p33 replication protein alone
induces VRO-like structure formation in N. benthamiana plants
(SI Appendix, Fig. S54). However, knocking down Vps35 levels
prevented the recruitment of PI4Ka into the p33-induced VRO-
like structure (SI Appendix, Fig. S54). The overall level of GFP-
PI4Ka within VROs is greatly diminished in Vps29 or Vps35
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knockdown plants in comparison with the control plants (cGFP;
Fig. 7F and SI Appendix, Fig. S54). As expected based on the above
data, colocalization experiments revealed the efficient retargeting of
GFP-PI4Ka and Vps29-RFP into the p33-BFP-decorated VROs in
plants infected with TBSV (SI Appendix, Fig. S5B).
Immunofluorescence analysis with a PI(4)P antibody con-
firmed that knocking down Vps35 retromer component in N.
benthamiana protoplasts prevented the enrichment of PI(4)P
within VROs decrorated by p33-BFP (Fig. 7E). This is in con-
trast with the efficient enrichment of PI(4)P in the control N.
benthamiana protoplasts (Fig. 7E). This conclusion is further
supported by the intensity profile of additional images (SI Ap-
pendix, Fig. S6). Altogether, these findings strongly indicate that
the co-opted retromer is required for retargeting of the PI4Ka
kinase into VROs, which in turn is needed for the in situ pro-
duction and enrichment of PI(4)P within VROs in plant cells.
To confirm that the co-opted PI4Ks have pro-TBSV functions
in plants, we measured TBSV gRNA accumulation in PI4Ka- and
PI4Kp-silenced plants via Northern blotting. The dual silencing of
PI4Ka and PI4K§ resulted in 10-fold less accumulation of TBSV
RNAs in N. benthamiana plants in comparison with the control
plants (Fig. 7G). Note that individual silencing of PI4Ka led to
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Fig. 5. Colocalization of TBSV p33 with Psd2 and enrichment of PE within
VROs depend on the retromer in yeast and in N. benthamiana. (A) Confocal
laser microscopy images show the lack of colocalization of TBSV GFP-p33
replication protein with the RFP-Psd2 protein in vps35A yeast versus their
colocalization in WT yeast cells. DIC (differential interference contrast) im-
ages are shown. (Scale bars, 5 pm.) (B) VIGS-based knockdown of Vps35 level
inhibits the enrichment of PE within TBSV VROs. The nonspecific VIGS con-
trol was a TRV vector carrying 3’ sequences of GFP (cGFP). Protoplasts were
obtained from N. benthamiana leaves, followed by detection of PE distri-
bution with biotinylated duramycin peptide and streptavidin conjugated
with Alexa Fluor 405 and confocal microscopy. Each experiment was re-
peated three times. (Scale bars, 10 pm.) (C) Confocal laser microscopy images
show the lack of PE enrichment and the lack of PE colocalization with the
TBSV p33 replication protein in vps354, vps26A, and vps29A yeasts. PE dis-
tribution was detected as described in B. (Scale bars, 5 pm.)

severe growth defects of N. benthamiana plants; therefore, we
have not tested TBSV replication under this condition. Based on
these results, we conclude that, with the assistance of the co-opted
retromer, tombusviruses efficiently recruit PI4Ks into VROs in N.
benthamiana plants to support local PI(4)P production.

Discussion

One of the emerging themes in RNA virus replication is that (+)
RNA viruses rewire cellular pathways and extensively co-opt host

80of 12 | PNAS
https://doi.org/10.1073/pnas.2016066118

proteins, intracellular membranes, and lipids to build large VROs,
representing the sites of viral replication, inside the cytosol of the
infected cells (5, 7, 10, 56-58). The membranous VROs also
provide a protected subcellular environment for the viral RNAs,
including the dsRNA replication intermediates against the host
antiviral surveillance system (5, 6). A small number of viral rep-
lication proteins drives the formation of VROs by recruiting the
host components (1, 59-65). However, the actual mechanism of
building the VROs and remodeling of hijacked subcellular
membranes by viruses is incompletely understood.

This major gap in knowledge is addressed with TBSV, which
hijacks host components that lead to the biogenesis of large VROs
consisting of aggregated peroxisomes and associated subdomains
of the ER membranes (11, 19, 21). TBSV also exploits the
endosomal network to enhance membrane surfaces for replication
and induces phospholipid synthesis and modifies the lipid com-
position of VROs (13, 20, 24). However, it was not known how
TBSV could accomplish these alterations in infected cells. In the
current study, we have discovered that TBSV usurps the retromer
complex and the tubular endosomal network to facilitate the de-
livery of a group of co-opted host factors, such as lipid enzymes,
into tombusvirus VROs (Fig. 8). The retromer tubular transport
carriers and their cargoes are likely needed to generate a pro-
tective microenvironment at the early replicase assembly/activation
step. This is because we found that the synthesis of the TBSV
dsRNA replication intermediate was inhibited in CFEs prepared
from vps35A yeast. Whether the retromer components have ad-
ditional direct roles in TBSV replication is currently not known.

The complete list of cellular proteins and lipids usurped by
TBSV via hijacking the retromer and the tubular endosomal
network is not yet fully defined. However, here we provide evi-
dence that the retromer is needed for the delivery of three critical
co-opted host factors to the VROs. Indeed, the lipid products of
these hijacked cellular enzymes are key for the biogenesis of the
TBSV VROs. First, we show that Psd2, which converts PS to PE,
is co-opted into the VROs via the retromer. In the absence of
TBSV, Psd2 is localized in the Golgi and vacuolar membranes (66,
67). The retargeting of Psd2 into the VROs may further facilitate
the local production of PE, leading to PE enrichment needed for
efficient TBSV replication. Indeed, depletion of retromer com-
ponents inhibited PE enrichment within the VROs in both yeast
and plant cells. The membranes of the tubular endosomal network
are also likely used by TBSV and CIRYV to increase the suitable
membrane surfaces for viral replication within VROs. Overall, the
highly PE-enriched membranes are crucial for virus replication
in vitro in yeast and plant cells (13, 20).

Second, we show that the retromer facilitates the recruitment
of Vps34 PI3K into the VROs. Vps34 produces PI(3)P phos-
phoinositide, which is an important signaling lipid in eukaryotic
cells through interacting with many cellular proteins (68-70).
PI(3)P is the signature lipid of the endosomal network in the
cellular milieu. In the absence of the functional retromer, TBSV
cannot enrich PI(3)P phosphoinositide within the VROs. We
propose that the retromer-driven recruitment of Vps34 PI3K
into the VROs facilitates in situ PI(3)P production. PI(3)P in
turn likely facilitates additional recruitment of cellular enzymes
into VROs.

The third lipid-modifying enzyme co-opted by TBSV with the
help of the retromer tubular network is the yeast Stt4 PI4K and
the plant PI4Ka. Stt4 and PI4Ka produce PI(4)P, which is
needed by oxysterol binding proteins (OSBP in mammals) to
exchange for sterols and allows the transfer of sterols and pos-
sibly PS phospholipid at the virus-induced membrane contact
sites (vMCS) (27). The in situ productions of PI(3)P and PI(4)P
minor structural lipids by the co-opted cellular PI3K and PI4K in
the hijacked cellular membranes seem to be critical for proper
VRO assembly and function. It is also possible that the local
productions of PI(4)P and PI(3)P might allow tombusviruses to
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Fig. 6. Enrichment of PI(3)P phosphoinositide within VROs depends on the retromer proteins. (A) Interaction between Vps34 PI3K and Vps29 retromer

protein within VROs is detected via BiFC in N. benthamiana infected with TBSV. The VROs were marked with p33-BFP and RFP-SKL expressed via agro-
infiltration. Second panel: Vps34 PI3K interacts with Vps29 retromer protein in the absence of TBSV infection. However, the interaction does not take place in
the peroxisomal membranes. (Scale bars, 10 um.) (B) CIRV infection of N. benthamiana also results in the relocalization of Vps34 PI3K and Vps29 retromer
protein into VROs. The CIRV VROs are marked with CoxIV-RFP, showing the characteristic aggregated mitochondria representing the site of CIRV replica-
tion. (Scale bars, 10 um.) (C) The lack of recruitment of Vps34-RFP PI3K into VROs in vps35A, vps26A, and vps29A yeasts. The TBSV VROs were marked with
GFP-p33. (Scale bars, 5 pm.) (D) The absence of local PI(3)P enrichment within VROs in vps354, vps26A, and vps29A yeasts. PI(3)P was detected with anti-PI(3)P
antibody. (Scale bars, 5 pm.) (E) VIGS-based knockdown of Vps35 inhibits the PI(3)P enrichment within TBSV VROs. The nonspecific VIGS control was a
TRV-cGFP. Protoplasts were obtained from N. benthamiana leaves, followed by detection of PI(3)P distribution with anti-PI(3)P antibody and confocal

microscopy. The TBSV VROs are marked with p33-BFP. (Scale bars, 10 pm.) Each experiment was repeated three times.

create membrane subdomains within the VROs that support
different proviral functions (e.g., the formation of vMCSs versus
VRC structures).

Altogether, we propose that TBSV hijacks the retromer
complex-decorated tubular transport carriers in order to deliver
the endosomal Psd2, Vps34 PI3K, and Stt4 PI4K and the PE-rich
endosomal membranes into VROs for robust replication (Fig. 8).
This co-opted function of the retromer is critical for the localized
enrichment of PE phospholipid and PI(3)P and PI(4)P phos-
phoinositides within the VROs. The recruitment of the above
endosomal enzymes to VROs likely facilitates the local de novo
production of PI(3)P, PI(4)P, and PE from PS phospholipid. The
in situ production and use of these critical lipids within subverted
membranes likely allows tombusviruses to control spatially and
temporally the replication and possibly the virion assembly steps
within VROs. Moreover, co-opting enzymes required for lipid
biosynthesis (i.e., PE) and lipid modifications [PI(3)P and PI(4)P]
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suggests that tombusviruses “force” the infected cells to create
an optimal lipid/membrane microenvironment for efficient
VRO assembly and protection of the viral RNAs during virus
replication.

In summary, we have discovered that tombusviruses target a
major crossroad in the secretory and recycling pathways via co-
opting the retromer complex and the tubular endosomal network
to build the large VROs in infected cells. Our findings of virus-
mediated retargeting of the retromer complex should also be
useful to understand the complex cellular functions of the ret-
romer and identify potential cargoes of the tubular endosomal
network and their roles in disease states. Altogether, by hijacking
the retromer, tombusviruses co-opt cellular enzymes required
for lipid biosynthesis and lipid modifications that facilitate op-
timal membranous milieu for VRO assembly. Based on these
and previous findings, we propose that compartmentalization of
these lipid enzymes within VROs gives a key advantage for
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Fig. 7. Enrichment of PI(4)P phosphoinositide within VROs depends on the retromer proteins. (A) The lack of recruitment of RFP-Stt4p PI4K into VROs in
vps35A, vps26A, and vps29A yeasts replicating TBSV repRNA. The TBSV VROs were marked with GFP-p33. (Scale bars, 5 pm.) (B) The absence of local PI(4)P
enrichment within VROs in vps35A and vps29A yeasts, in contrast with the enrichment of PI(4)P within VROs in WT yeast. PI(4)P was detected with anti-PI(4)P
antibody. (Scale bars, 5 pm.) (C) gRT-PCR analyses of PI4Ka1 and PI4KB1 mRNAs in TBSV-infected versus mock-inoculated N. benthamiana. Samples for RNA
extractions were taken 5 d after inoculation from the systemic leaves. (D) Confocal images show the colocalization of either TBSV p33-BFP or CIRV p36-BFP
replication proteins with the GFP-PI4Ka1 protein in N. benthamiana plants, which were infected or mock-inoculated. The TBSV VROs were marked with p33-
BFP and RFP-SKL expressed via agroinfiltration, whereas CIRV VROs are marked with p36-BFP and CoxIV-RFP. DIC images are shown. (Scale bars, 10 um.) (E)
VIGS-based knockdown of Vps35 inhibits the enrichment of PI(4)P in TBSV VROs in N. benthamiana protoplasts. The TBSV VROs (pointed at by arrows) were
marked with p33-BFP. (Scale bars, 20 pm.) (F) VIGS-based knockdown of Vps35 or Vps29 inhibits the retargeting of GFP-PI4Ka1 into TBSV VROs in N. ben-
thamiana leaves. The nonspecific VIGS control was a TRV-cGFP. The TBSV VROs were marked with p33-BFP and RFP-SKL expressed via agroinfiltration and
visualized via confocal microscopy. Note that plants were infected with TBSV. (G) VIGS-based knockdown of both PI4Ka1 and PI4KB1 mRNAs inhibits the
accumulation of TBSV genomic RNA in N. benthamiana. (Top Left) The accumulation of TBSV gRNA was measured using Northern blot analysis of total RNA
samples obtained from N. benthamiana leaves at 2 dpi. The leaves were inoculated with TBSV virions on the 10th day after VIGS. (Middle Left) Ethidium
bromide-stained gel indicates ribosomal RNA level. Right also shows a moderate stunting phenotype is observed in Pl4Ka1 and PI4KB1 knockdown N.
benthamiana. The enlarged images (Bottom Right) show the less severe symptoms caused by TBSV infection in the Pl4Ka1 and PI4KpB1 silenced plants. The
picture was taken 5 dpi. Bottom Left shows qRT-PCR analyses of PI4Ka1 and PI4KB1 mRNAs in the VIGS plants. Each experiment was performed three times.
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Fig. 8. A model of the role of the retromer tubular transport carriers in the
biogenesis of tombusvirus VROs. We propose that the retromer-decorated
tubular transport carriers help delivering critical cargoes, such as the Psd2
phosphatidylserine decarboxylase, Vps34, PI3K, and Stt4 Pl4Ka-like into
VROs, which represent the sites of viral replication. These co-opted cellular
proteins are then involved in situ production and enrichment of PE phos-
pholipid, PI(3)P, and PI(4)P phosphoinositides within the VROs. Altogether,
these activities promote membrane-rich VRO biogenesis to support efficient
tombusvirus replication. ERES, ER exit site for COP-II vesicles; ERAS, ER arrival
site for COP-I vesicles; TGN, trans-Golgi network; EE, early endosome; LE, late
endosome; RidL is a Legionella effector blocking retromer function. Mem-
brane contact sites formed between part of the ER and VROs are shown with
dark blue stripes.

tombusviruses to replicate in an efficient environment and avoid
or delay the antiviral responses of the hosts.

Experimental Procedures

Yeast Strains. Parental yeast strain BY4741 (MATa his3A1 leu2A0 met15A0
ura3A0) and single-deletion strains vps35A, vps26A, and vps29A and were
purchased from Open Biosystems. Yeast strain (BY4741: Vps35-3xHA) with
chromosomal HA-tagged of VPS35 was created by using yeast toolbox
plasmids (71).

Plant and Yeast Expression Constructs. Plasmids and primers used in this study
are provided in S/ Appendix, Table S1.

Determination of Viral Replication in Yeast and Plant. To determine the
function of the yeast retromer complex in the replication of TBSV and CIRV,
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yeast strains BY4741, vps35A, vps26A, and vps29A were transformed with
plasmids pESC-His-p33/DI72, pYES-His-p92, and pRS315-cFlag or pRS315-Flag-
Vps35 or pRS315-Vps26-Flag or pRS315-Vps29-Flag for TBSV replication and
PESC-Strep-p36/DI72, pYES-Strep-p95, and pRS315-cFlag or pRS315-Flag-
Vps35 or pRS315-Vps26-Flag or pRS315-Vps29-Flag for CIRV replication.
The transformed yeast cells were pregrown in synthetic complete medium
lacking uracil, leucine, and histidine (SC-ULH™) supplemented with 2% glucose
at 29 °C for overnight. Then, tombusvirus repRNA replication was induced in
yeast by providing SC-ULH™ supplemented with 2% galactose at 23 °C for 24 h
for TBSV or 30 h for CIRV. Yeast total RNA and total protein were isolated and
determined by Northern blotting and Western blotting, respectively (24).

To determine the effect of plant retromer complex on tombusvirus rep-
lication, NbVps35, NbVps26, or NbVps29 gene fragments were separately
inserted into pTRV2 plasmid, and the corresponding gene expression was
silenced using TRV-mediated VIGS approach in N. benthamiana (72). In each
gene silencing experiment, the upper newly silenced leaves were inoculated
with TBSV or CIRV sap 12 d after agroinfiltration. The TRV-cGFP control
plants were treated in the same way. Plant leaf discs from inoculated leaves
were sampled for viral RNA analysis by Northern blotting.

To determine the effect of plant Pl4-kinases on tombusvirus replication,
NbPI14Ka1 or NbPI4KB1 gene fragments were separately inserted into pTRV2
plasmid as above. Cosilencing of NbPI4Ka1 and NbPI4KB1 was performed by
coagroinfiltration in a 1:1 ratio, and the upper newly silenced leaves were
inoculated with TBSV sap 10 d after agroinfiltration.

Plant protoplasts were isolated from NbVps35 or NbVps26 or Vps29-
silenced or cGFP-control N. benthamiana leaves (73). Equal amounts of pro-
toplasts were used for each transformation. About 5 x 10° protoplasts were
transfected with in vitro transcribed full-length TBSV genomic RNA, incu-
bated in 35- x 10-mm Petri dishes in the dark at room temperature for 24 h.
Total RNAs were isolated from these protoplasts, and viral RNAs level was
determined by Northern blotting using [o->2P]UTP radioactive-labeled
RNA probes.

PE, PI(3)P and PI(4)P Enrichment within Viral Replication Compartments in Plant
and Yeast. For PE enrichment analysis, plant protoplasts or yeast spheroplasts
were isolated and immunofluorescence analysis was performed by using
biotinylated duramycin peptide and streptavidin conjugated with Alexa Fluor
405 as described previously (13). For PI(3)P and PI(4)P enrichment analysis,
plant protoplasts or yeast spheroplasts were isolated and immunofluores-
cence was performed by using either anti-PI(3)P or anti-PI(4)P antibody and
secondary antibody conjugated with Alexa Fluor 568, as described previously
(24, 27).

Additional materials and methods description can be found in S/ Ap-
pendix, Supplementary Material.

Data Availability. All study data are included in the paper and S/ Appendix.
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