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Abstract

Positive-strand RNA viruses build extensive membranous replication compartments to sup-

port replication and protect the virus from antiviral responses by the host. These viruses

require host factors and various lipids to form viral replication complexes (VRCs). The

VRCs built by Tomato bushy stunt virus (TBSV) are enriched with phosphatidylethanol-

amine (PE) through a previously unknown pathway. To unravel the mechanism of PE

enrichment within the TBSV replication compartment, in this paper, the authors demon-

strate that TBSV co-opts the guanosine triphosphate (GTP)-bound active form of the endo-

somal Rab5 small GTPase via direct interaction with the viral replication protein. Deletion of

Rab5 orthologs in a yeast model host or expression of dominant negative mutants of plant

Rab5 greatly decreases TBSV replication and prevents the redistribution of PE to the sites

of viral replication. We also show that enrichment of PE in the viral replication compartment

is assisted by actin filaments. Interestingly, the closely related Carnation Italian ringspot

virus, which replicates on the boundary membrane of mitochondria, uses a similar strategy

to the peroxisomal TBSV to hijack the Rab5-positive endosomes into the viral replication

compartments. Altogether, usurping the GTP-Rab5–positive endosomes allows TBSV to

build a PE-enriched viral replication compartment, which is needed to support peak-level

replication. Thus, the Rab family of small GTPases includes critical host factors assisting

VRC assembly and genesis of the viral replication compartment.

Author Summary

Plants, animals, and humans are threatened by positive-strandedRNA viruses, which are
one of the major groups of intracellular pathogens. To support robust virus replication,
these viruses subvert intracellular membranes and co-opt host proteins into virus-induced
replication compartments. Tomato bushy stunt virus (TBSV) is a model virus used in
yeast to dissect the roles of lipids and proteins in virus replication. In this work, the
authors show that one of the two TBSV replication proteins interacts with the guanosine
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triphosphate (GTP)-bound Rab5 small GTPase, which allows the virus to take advantage
of phosphatidylethanolamine (PE)-rich endosomes to build viral replication compart-
ments consisting of peroxisomes. Peak level of TBSV replication depends on the co-opted
abundant PE-rich Rab5-positivemembranes in plants, too.

Introduction

All RNA viruses with positive-strand genomes replicate in close association with subcellular
membranes in plant or animal cells. The virus-inducedmembranous structures representing
the viral replication compartment help sequester viral proteins, viral RNAs, and co-opted host
factors in confined areas for efficient viral replication complex (VRC) assembly and robust
viral RNA replication, while also protecting the viral RNA from cellular defense mechanisms.
Many viruses orchestrate membrane deformations, leading to generation of vesicle-like mem-
brane invaginations with narrow openings towards the cytosol that harbor VRCs [1,2]. Cur-
rent virology research is aimed at gaining deeper insights into the formation of viral
replication compartments (frequently called replication organelles), which depends on inter-
action of viral replication proteins with subcellularmembranes, lipids, and various co-opted
host factors.

The fascinating new picture emerging with tombusviruses is the complex rearrangements of
cellular membranes, alteration of metabolic processes, and recruitment of a surprisingly large
number of host proteins for novel proviral functions. Tomato bushy stunt virus (TBSV) usurps
cellular membrane remodeling proteins, including the endosomal sorting complex required for
transport (ESCRT) machinery [3–5], sterols, and phospholipids, to induce an elaborate mem-
branous replication compartment harboring numerous vesicle-like structures in peroxisomal
boundarymembranes that support robust tombusvirus replication in a protective microenvi-
ronment [6].

Genome-wide screens in connectionwith proteome-wide studies and lipidomics have
revealed the possible roles of hundreds of host proteins in tombusvirus replication [7–10]. In
addition to the recruitment of host proteins, tombusviruses also take advantage of various cel-
lular lipids for VRC assembly and regulation of virus replication [11]. For example, phosphati-
dylethanolamine (PE) is essential for the formation of VRCs in an in vitro replicase assembly
assay [12] and affects tombusvirus replication in vitro, in yeast and plant cells. PE and phos-
phatidylcholine (PC) are also important for the replication protein-driven recruitment of viral
RNA into membranous VRCs and for the activation of the RdRp function of viral p92 replica-
tion protein [12,13].

Previous high throughput screens revealed that Rab5 (Ypt52, Ypt53, and Vps21 in yeast)
and associated proteins, such as Gdi1 (Rab GTPase-binding protein) and Vps41 (a member
of the HOPS complex), affected TBSV replication in yeast [10,14,15]. Rab5/Vps21 is a key
regulator of early endosomal biogenesis, maturation, and homotypic and heterotypic fusions.
The early endosomes obtain their cargoes, such as endocytic vesicles, from the Trans-Golgi
network or from the plasma membrane [16]. Activation of Rab5 requires binding to the tar-
get membrane (endosomal vesicles and early endosome) via its prenyl anchor and interaction
with guanine nucleotide exchange factor (GEF) [17], which promotes nucleotide exchange
from guanosine diphosphate (GDP) to GTP. The activated GTP-loaded form of Rab5 then
recruits effectors, which promote the formation of late endosomes (also calledmultivesicular
bodies) via fusions and generation of intraluminar vesicles. The model plant Arabidopsis
thaliana has three Rab5 orthologs. AtRab5A (RHA1) and AtRab5B (ARA7) show similar
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domain organization and C-terminal prenylation with the human Rab5C and the yeast
Vps21, whereas AtRab5C (ARA6) is unusual, with N-terminal palmitoylation and N-myris-
toylation [18,19].

Among the many open questions regarding tombusvirus replication is the pathway/mecha-
nism of efficient PE enrichment at the sites of replication. A previous study based on a genetic
approach in yeast indicated that the PE-synthesizing enzymes could be separately deleted with-
out detrimental effects on tombusvirus replication [12]. Therefore, these enzymes might play
overlapping roles, or PE enrichment depends on intracellular redistribution of PE in cells.

In this paper, we have discovered an unexpected connection between the Rab5-positive
endosomes and tombusvirus replication. Specifically, tombusviruses interact with Rab5 small
GTPase that results in recruitment of endosomal lipids, most importantly PE, to peroxisomes
or mitochondria for different tombusviruses. Altogether, this work demonstrates a new critical
proviral function for Rab5 in generation of PE-enriched viral replication compartments.

Results

Tombusviruses Recruit the Endosomal Rab5 Small GTPase into the

Viral Replication Compartment in Yeast Cells

To gain insight into the putative role of Rab5 small GTPase in TBSV replication, we co-
expressed red fluorescent protein (RFP)-taggedVps21 (the major Rab5 protein in yeast) [20]
with blue fluorescent protein (BFP)-tagged p33 replication protein in wild-type (wt) yeast cells,
followed by confocal imaging. These experiments revealed partial co-localization of p33 and
Vps21 (Fig 1A). Similar experiments with the closely related Carnation Italian ringspot virus
(CIRV, which replicates on the outer mitochondrial membranes) p36 replication protein also
showed partial co-localizationwith RFP-Vps21 in yeast cells (Fig 1A).

Because the above experiments indicated that Rab5might be recruited to the viral replica-
tion compartment, we tested interaction between the replication proteins and the yeast Vps21p
using membrane yeast two-hybrid (MYTH) assay [21]. Interestingly, strong interaction was
detected between the p33 replication protein and a mutant Vps21Q66L that is locked into the
active (GTP-bound) stage [22], while the wt Vps21p or a mutant Vps21S21L that is locked into
the inactive (GDP-bound) form showed reduced interaction with p33 in the MYTH assay (Fig
1B). The experiments with the CIRV p36 replication protein showed comparable results, dem-
onstrating strong interaction with the constantly active Vps21Q66L mutant (Fig 1B). Pull-
down experiments with purified recombinant replication proteins also supported direct inter-
action between the C-terminal, cytosol-exposedregion of the tombusvirus replication proteins,
and Vps21p (Fig 1C, lanes 2–3). Altogether, these data support a model that the tombusvirus
replication proteins directly interact with the active form of Rab5/Vps21p.

Deletion of Rab5 Inhibits Viral Replication in Yeast

To test if Rab5 provides an important function during tombusvirus replication, we generated a
yeast strain lacking all three Rab5 genes (vps21Δ ypt52Δ ypt53Δ) [23] and measured TBSV or
CIRV repRNA levels by northern blotting. These experiments demonstrated that tombus-
viruses replicated only at a ~15% level in the absence of Rab5 proteins (Fig 1D and 1E, lanes
3–4 versus 1–2). Complementation of tombusvirus replication by expression of wt Vps21p in
vps21Δypt52Δypt53Δyeast supported almost wt level of viral RNA accumulation (Fig 1D and
1E, lanes 5–6), demonstrating that a single Rab5 gene provides enough proviral function for
viral replication. Interestingly, expression of the active GTP-bound form Vps21Q66L in vps21Δ
ypt52Δ ypt53Δ yeast also complemented the proviral function (Fig 1D and 1E, lanes 9–10),
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Fig 1. Interaction between p33 replication protein and yeast Rab5 ortholog Vps21p. (A) Confocal laser

microscopy images show the partial co-localization of TBSV BFP-tagged p33 or the CIRV BFP-tagged p36

replication proteins with the RFP-tagged Vps21p protein in wt yeast cells. Differential interference contrast

(DIC) images are shown on the right. Scale bars represent 2 μm. (B) The split ubiquitin assay was used to

test binding between TBSV p33 or CIRV p36 and Vps21p in wt (NMY51) yeast. The bait p33/p36 was co-

expressed with the shown prey proteins. The mutant Vps21Q66L is locked into the active GTP-bound stage,

whereas the mutant Vps21S21L is locked into the inactive GDP-bound form. SSA1 (HSP70 chaperone) and

the empty prey vector (NubG) were used as positive and negative controls, respectively. The left panel

shows p33:Vps21p interactions; the right panel demonstrates that comparable amounts of yeasts were used

for these experiments. (C) Pull-down assay including the 10xHis-tagged yeast Vps21 and the Arabidopsis

Rab5B proteins with the C-terminal (soluble) portion of the TBSV p33 (T33C) and CIRV p36 (C36C)

replication proteins. Top panel: western blot analysis of the captured cellular proteins with the maltose-

binding protein (MBP)-affinity purified p33C/p36C was performed with anti-His antibody. The negative

control was MBP. Lane 7 shows molecular weight markers. Bottom panel: comassie blue-staining of protein

gel with the purified MBP-p33C (the C-terminal soluble portion of TBSV p33), MBP-p36C (the C-terminal

soluble portion), and MBP. (D) Decreased TBSV repRNA accumulation in vps21Δypt52Δypt53Δ yeast. To

launch TBSV repRNA replication, we expressed His6-p33 and His6-p92 from the galactose-inducible GAL1

promoter, and DI-72(+) repRNA from the galactose-inducible GAL10 promoter in the parental (BY4741) and

in vps21Δypt52Δypt53Δ yeast strains. FLAG-tagged Vps21 or its mutants were expressed from the copper-

inducible CUP1 promoter. The yeast cells were pre-cultured for 12 h at 29˚C in 2% glucose SC minimal

media, and then for 22 h at 23˚C in 2% galactose SC minimal media supplemented with 50 μM CuSO4.

Northern blot analysis was used to detect DI-72(+) repRNA accumulation. The accumulation level of DI-72

(+) repRNA was normalized based on 18S rRNA levels (second panel from top). Bottom panels: western blot

analysis of the accumulation level of His6-tagged p33, His6-p92, and FLAG-Vps21 proteins using anti-His

and anti-FLAG antibodies, respectively. Note that FLAG-Vps21 forms a double band due to prenylation (a

lipidation type of posttranslational modification) that is required for binding to the endosomal membrane. The
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whereas expression of the GDP-bound form Vps21S21L could not provide the missing function
(lanes 7–8). The lack of complementation was also observedwhen Vps21S21L was expressed to
a high level from a high copy plasmid (S1A and S1B Fig), confirming that, unlike the active
GTP-bound form Vps21Q66L, the GDP-bound form Vps21S21L cannot complement TBSV or
CIRV replication in vps21Δypt52Δypt53Δ yeast. Expression of other small GTPases, such as the
Ypt7p (Rab7 homolog, affecting late endosome to vacuole transport), Ypt6p (Rab6 homolog,
involved in early endosome to Golgi retrograde transport), or Ypt32p (Rab11 homolog, medi-
ating budding of post-Golgi vesicles from the trans-Golgi) [24], could not complement Rab5
proviral function in vps21Δypt52Δypt53Δyeast (S2 Fig). Thus, Rab5 seems to have specific pro-
tombusvirus function.

Similar to other GTPases, Rab5 also requires GEFs for activation, which are provided by
Vps9p and Muk1p in yeast [17]. Testing of tombusvirus replication in vps9Δmuk1Δ yeast
revealed poor repRNA replication for both TBSV and CIRV (Fig 1F and 1G, lanes 4–6 versus
1–3). Similar to the situation observed in vps21Δypt52Δypt53Δ yeast, the accumulation level of
both replication proteins of TBSV and CIRV was reduced in vps9Δmuk1Δ yeast. Altogether,
these data support the model that tombusviruses co-opt the active GTP-bound form of Rab5
for proviral function.

Testing the activity of the in vitro assembled tombusvirus replicase based on purified recom-
binant replication proteins in yeast cell-free extracts (CFEs) revealed similar activities for wt or
vps21Δypt52Δypt53ΔCFEs (Fig 1H), including the membrane fractions (Fig 1I). The results
likely reflect the differences in cell-based and cell-free assays, because the latter performs only a
single full round of replication [25]. In contrast, cells support multiple rounds of tombusvirus
replication during a 22 h incubation period. Therefore, we suggest that the proviral function of
the co-opted Rab5 is required at the peak time (late stage) of tombusvirus replication, although
it might not be limiting at the early stage of replication, which is in line with the ~15% level of
replication in yeast lacking Rab5 orthologs (Fig 1D and 1E).

Rab5 Has a Proviral Function in Plants

To test if Rab5 is co-localizedwith the tombusvirus replication proteins in plant cells, we co-
expressed them inNicotiana benthamiana leaves. Interestingly, the green fluorescent protein
(GFP)-taggedArabidopsis Rab5B is partly co-localizedwith both the TBSV p33 (Fig 2A top
panels and S1 Video) and the CIRV p36 (Fig 2A, bottom panels), which are known to form
large viral replication compartments in the peroxisomal boundarymembrane and the mito-
chondrial outer membranes, respectively (Fig 2A) [26,27]. These experiments confirmed that
the expression of either TBSV p33 or CIRV p36 is enough to recruit Rab5 into the replication
compartment in the absence of additional viral components.

faster migrating band represents the prenylated form of Vps21 (depicted by an arrow), whereas the

unmodified form is depicted by an open arrowhead. The total protein samples were stained with coomassie

blue. Each experiment was performed three times. (E) Decreased CIRV repRNA accumulation in

vps21Δypt52Δypt53Δ yeast. See further details in panel D. (F) Decreased TBSV repRNA accumulation in

vps9Δmuk1Δ yeast. See further details in panel D. (G) Decreased CIRV repRNA accumulation in

vps9Δmuk1Δ yeast. See further details in panel D. (H) Comparable activities of the tombusvirus replicases

assembled in cell-free extracts (CFEs) prepared from either wt or from vps21Δypt52Δypt53Δ yeast.

Denaturing PAGE analysis of in vitro tombusvirus replicase activity in the CFEs. Note that this image shows

the repRNAs made by a full cycle of replicase activity, producing both (-) and (+)-strands in vitro. The CFEs

contained the same amount of total yeast proteins. Each experiment was performed three times. (I)

Comparable activities of the tombusvirus replicases assembled in CFE membrane fractions prepared from

either wt or from vps21Δypt52Δypt53Δ yeast. Note that the supernatant fraction was obtained from wt yeast

CFE in each sample. See further details in panel H.

doi:10.1371/journal.pbio.2000128.g001
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Fig 2. Recruitment of Arabidopsis Rab5 into the tombusvirus replication compartment in N.

benthamiana. (A) Confocal laser microscopy shows partial co-localization of TBSV RFP-tagged p33

replication protein or CIRV RFP-tagged p36 with the GFP-AtRab5B protein in N. benthamiana cells.

Expression of the above proteins from the 35S promoter was achieved after agro-infiltration into N.

benthamiana leaves. Scale bars represent 20 μm. (B) Partial re-localization of RFP-AtRab5B protein to the

peroxisomes (marked by GFP-SKL) in N. benthamiana cells infected with either TBSV or CNV. The bottom

image shows the absence of re-localization of RFP-AtRab5B protein to the peroxisome in the mock-infected

plant leaves. Scale bars represent 20 μm. (C) Partial re-localization of RFP-AtRab5B protein to the

mitochondria (marked by mito-EGFP) in N. benthamiana cells infected with CIRV. The bottom image shows the

absence of re-localization of RFP-AtRab5B protein to the mitochondria in the mock-infected plant leaves. Scale

bars represent 20 μm. (D) TBSV infection induces membrane proliferation, which is occasionally visualized as

aggregated circle-like structures. These membranous structures are enriched in PE in plant cells. The confocal

laser microscopy image shows the enrichment of PE and its co-localization with the TBSV p33/p92 replication

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment
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To study if the recruitment of Rab5 into the replication compartment is comparable in case
of a full TBSV infection of N. benthamiana plants, we observed the subcellular distribution of
RFP-AtRab5B by confocal microscopy. Interestingly, we found that AtRab5B was intensely co-
localizedwith the peroxisomal marker (GFP-SKL, matrix targeted), which showed the charac-
teristic TBSV-induced aggregated forms of peroxisomes (Fig 2B, top). AtRab5-containing
membranes frequently formed circles around the peroxisomal matrix (Fig 2B, second panel
from the top). Similar structures, including peroxisome-localizedRab5B-containingmem-
branes, were visible whenN. benthamiana plants were infected with Cucumber necrosis virus
(CNV, a very close relative of TBSV) (Fig 2B). As expected, uninfectedN. benthamiana plants
did not show co-localization of the peroxisomal GFP-SKL and the early endosomal AtRab5b
and also lacked aggregated peroxisomes (Fig 2B, the lowest panel). CIRV-infected N. benthami-
ana plants showed the intensive co-localization of AtRab5B and the mitochondrial marker
(mito-EGFP) (Fig 2C), including areas showing the characteristic CIRV-induced aggregated
mitochondria. UninfectedN. benthamiana plants did not show localization of AtRab5b to the
mitochondria and also lacked aggregatedmitochondria (Fig 2C, the lowest panel). Thus, all
these in planta experiments showed the robust recruitment of AtRab5B into the viral replica-
tion compartments. In addition, the aggregated round-shaped membranous structures visible
in TBSV or CNV-infected plant cells (Fig 2B) are similar to those detectedwhen p33 is visual-
ized with antibody and PE is detectedwith biotinylated duramycin (which specifically interacts
with PE, Fig 2D), suggesting that these structures are extensive virus-inducedmembrane defor-
mations that contain co-opted Rab5. The enrichment of PE at replication sites during TBSV or
CIRV replication is based on a specific process and is not due to condensation of membranes
[12]. Indeed, PC detected by fluorescently labeledmonoclonal antibody was not enriched at
replication sites during TBSV or CIRV replication (S3 Fig).

To confirm that plant Rab5 is recruited into the viral replication compartment via the inter-
action with the p33 or p36 replication proteins, we have performed bimolecular fluorescence
complementation (BiFC) experiments in N. benthamiana leaves. The confocal microscopic
images revealed the localization of p33-AtRab5B complex (detected via BiFC) in the replication
compartment (detected via RFP-p33) (Fig 2E). As expected, the large replication compart-
ments contained the viral dsRNA and the peroxisomal marker (RFP-SKL) as well (Fig 2E,
lower panels). We have obtained comparable BiFC results with the CIRV p36-AtRab5B com-
plex, which is present in the replication compartments formed at the mitochondria (Fig 2F).
Pull-down experiments with purified recombinant replication proteins further supported
direct interaction of TBSV p33 and CIRV p36 with AtRab5B (Fig 1C, lanes 5–6). Altogether,
the data from yeast and plant cells strongly support the model that Rab5 is recruited by the
viral replication proteins into the viral replication compartments in peroxisomes and mito-
chondria, respectively, during TBSV and CIRV replication.

proteins, which were detected with p33-specific primary antibody and secondary antibody conjugated with

Alexa Fluor488. Localization of PE is detected by using biotinylated duramycin peptide and streptavidin

conjugated with Alexa Fluor 405. DIC images are shown on the right. Scale bars represent 20 μm. (E) Top

image: In planta interaction between TBSV p33-cYFP replication protein and the nYFP-AtRab5B protein.

Expression of the above proteins from the 35S promoter was done after agro-infiltration into N. benthamiana

leaves. Note that p33-cYFP and the nYFP-AtRab5B protein were detected by bimolecular fluorescence

complementation (BiFC). Control BiFC experiments included nYFP-MBP protein. Bottom images: The

interaction between p33 replication protein and AtRab5B occurs in the replication compartment decorated by

RFP-p33. As expected, the enlarged replication compartment (highlighted via RFP-SKL) also contained the

viral dsRNA replication intermediate only in TBSV-infected cells (second panel form the bottom) but not in the

mock-inoculated cells (bottom panel). Scale bars represent 20 μm. (F) The corresponding experiments with the

CIRV p36 protein and AtRab5B (see panel E for details). Scale bars represent 20 μm.

doi:10.1371/journal.pbio.2000128.g002
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Rab5 Is Required for the Enrichment of PE in the Viral Replication

Compartment in Yeast and Plants

To test the proviral functions of Rab5 during tombusvirus replication, we measured the half-
life of the p33 and p92pol replication proteins, which accumulated to only low levels in
vps21Δypt52Δypt53Δ(Fig 1D) or vps9Δmuk1Δ yeasts (Fig 1F). These experiments revealed sig-
nificantly reduced half-life of p33 and p92pol replication proteins in vps21Δypt52Δypt53Δ yeast
in comparison with the wt yeast (S4 Fig).

We previously observeddecreased stability for p33 and p92pol replication proteins in yeasts
defective in PE synthesis [12]. Therefore, we have tested if PE is enriched in the tombusvirus
replication compartments in vps21Δypt52Δypt53Δ yeast. Interestingly, in comparison with wt
yeast, the distribution of PE changed dramatically in vps21Δypt52Δypt53Δyeast, and PE was
not enriched in the viral replication compartment, as visualized by the GFP-p33 decorated
large punctate structures (Fig 3A versus 3B and S5 Fig). This indicated that Rab5might be
involved in enrichment of PE in the replication compartment.

To study if the plant Rab5 might play similar role in tombusvirus-driven PE enrichment in
the replication compartment, we expressed dominant negative AtRab5B and Rab5Cmutants
inN. benthamiana leaves replicating TBSV (Fig 3C). Expression of various combinations of
Rab5mutants inhibited TBSV RNA accumulation by up to 80%, demonstrating that Rab5 is
also critical for TBSV replication in plants. Unlike in control leaves, in which p33 was localized
to areas enriched for PE (Fig 3E and S6B Fig) [12], plant cells expressing dominant negative
AtRab5 mutants did not show PE enrichment in p33-containing areas (Fig 3D and S6A Fig).
Comparable results were obtained with CIRV. Indeed, expression of dominant negative Rab5B
mutant inhibited CIRV replication by ~80% (Fig 3F) and interfered with the enrichment of PE
at the mitochondrial replication compartments (Fig 3G versus 3H and S6C and S6D Fig).
Thus, these data highlighted the involvement of Rab5 in PE enrichment at either peroxisomal
or mitochondrial replication sites.

To examine if Rab5 is localized in PE-enriched compartments in the presence of tombus-
virus replication proteins, we co-expressed GFP-AtRab5B with p33-RFP and detected PE in
the same plant cells. We found that the TBSV replication compartment decorated by p33-RFP
showed highly enriched PE content and co-localizedwith AtRab5B (Fig 4A and S7A Fig) and
peroxisomal marker (GFP-SKL or AtPex13-GFP) (Fig 4B and S7B Fig). As expected, the perox-
isomal marker was not localized in PE-rich areas in the absence of viral replication proteins
(Fig 4C and S7C Fig). Comparable results were obtained with CIRV p36 replication protein,
which co-localizedwith GFP-AtRab5B (Fig 4D and S7D Fig) and the AtTim21-GFP mitochon-
drial marker (Fig 4E and S7E Fig) within highly PE-enriched compartments, seen as large
punctate structures. The AtTim21-GFP mitochondrial marker was not localized in PE-rich
areas in the absence of viral replication protein (Fig 4F and S7F Fig). These results are in agree-
ment that a major proviral function of the co-opted Rab5 is to facilitate PE enrichment within
the replication compartments regardless of whether those are formed in the aggregated peroxi-
somal or mitochondrialmembranes.

Because the membrane of the early (Rab5-positive) endosome is rich in PE [28], recruitment
of the GTP-bound Rab5 by tombusvirusesmight lead to enrichment of PE in the viral replica-
tion compartment. To test if PE level is high in the Rab5-positive endosomes in yeast and plant
cells, we examined the subcellular distribution of PE with RFP-Vps21 in yeast and AtRab5B in
plant cells lacking viral components. Interestingly, Vps21 (Fig 5A and S8A Fig) and AtRab5B
(Fig 5B and S8B Fig) were localized in PE-enrichedmembranes in yeast and plant cells.
BecauseVps21 and Rab5B are early endosomal proteins, these data support the concept that
the Rab5-positive endosomalmembranes are rich in PE, although some other subcellular

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment
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Fig 3. Rab5 is required for the tombusvirus-driven PE enrichment in the tombusvirus replication compartment in yeast and

plants. (A) Confocal laser microscopy images show the lack of enrichment of PE at peroxisomal sites of TBSV GFP-p33 accumulation in

vps21Δypt52Δypt53Δ yeast. (B) PE enrichment at replication sites in wt yeast. See further details in Fig 2D. Scale bars represent 2 μm. (C)

Inhibition of TBSV RNA accumulation in plants by co-expression of two dominant negative mutants of AtRab5 proteins. Co-expression of

the AtRab5 proteins was done from the 35S promoter in N. benthamiana leaves, which were co-infiltrated with Agrobacterium, and then

sap-inoculated with TBSV at 1.75 dpi. The control samples were obtained from leaves expressing no AtRab5 proteins (lanes 1–4). Total

RNA was extracted from leaves 3 d after sap-inoculation with TBSV. The accumulation of TBSV RNAs in N. benthamiana leaves was

analyzed by northern blot. The rRNA, visualized by ethidium-bromide staining, was used as a loading control. Each experiment was

performed three times. (D) Lack of PE enrichment at TBSV replication sites in plant cells co-expression of two dominant negative mutants

of AtRab5 proteins. Confocal laser microscopy images show PE localization is different than the subcellular locations of the RFP-tagged

TBSV p33 expressed from 35S promoter. DIC images are shown on the right. Scale bars represent 20 μm. (E) The image shows the partial

co-localization and enrichment of PE in the p33-RFP decorated replication sites in the absence of the two dominant negative mutants of

AtRab5 proteins. Scale bars represent 20 μm. (F) Inhibition of CIRV RNA accumulation in plants by co-expression of two dominant

negative mutants of AtRab5 proteins. CIRV infection was launched via agro-infiltration 1 d after expression of AtRab5 mutants via agro-

infiltration. See further details in panel C. (G) Lack of PE enrichment at the mitochondrial CIRV replication sites in plant cells co-expression

of two dominant negative mutants of AtRab5 proteins. See further details in panel D. Scale bars represent 20 μm. (H) A confocal

microscopy image shows the partial co-localization and enrichment of PE in the CIRV p36-RFP decorated replication sites in the absence

of the two dominant negative mutants of AtRab5 proteins. Scale bars represent 20 μm.

doi:10.1371/journal.pbio.2000128.g003
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Fig 4. Rab5 is partly co-localized with PE-enriched tombusvirus replication compartment in plant

cells. (A) Confocal laser microscopy images show the co-localization of GFP-AtRab5B with the TBSV

p33-RFP replication protein in subcellular areas enriched with PE in N. benthamiana protoplasts. Scale bars

represent 20 μm in each panel. (B) Confocal laser microscopy images confirm that these subcellular areas

are derived from aggregated peroxisomes based on co-localization with either Pex13-GFP peroxisomal

membrane marker protein or GFP-SKL peroxisomal luminal marker protein. (C) Control images show the

lack of PE enrichment in peroxisomes in the absence of viral components. Note the absence of aggregated

peroxisomes in these cells. (D) Confocal laser microscopy images show the co-localization of GFP-AtRab5B

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment
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membranes are also rich in PE based on PE distribution in the virus-free yeast and plant cells
(Fig 5A and 5B and S8A and S8B Fig). The trans-Golgi network marker, Tlg1p (Fig 5A, bottom
panel and S8A Fig), the peroxisomal marker (Fig 4C and S7C Fig), or the mitochondrial
marker (Fig 4F and S7F Fig), however, did not co-localizewith PE-rich membranes, suggesting
that PE is not distributed evenly within the cellular endomembrane and organellar systems.

Addition of the fluorescent NBD-PE to the yeast culture media resulted in the highest
enrichment of NBD-PE in the Rab5-positive endosomes (see comparison with RFP-Vps21
endosomalmarker) (Fig 5C and S8C Fig), while NBD-PE was not enriched in the Trans-Golgi
network based on the Tlg1 marker protein (Fig 5D and S8D Fig). Thus, these data also support
that the Rab5-positive endosomalmembranes have high PE content in the absence of tombus-
viral components.

with the CIRV p36-RFP replication protein in subcellular areas enriched with PE. (E) Confocal laser

microscopy images confirm that these subcellular areas are derived from aggregated mitochondria based on

co-localization with Tim21-GFP marker protein. (F) Control images show the lack of PE enrichment in

mitochondria in the absence of viral components. Note the absence of aggregated mitochondria in these

cells.

doi:10.1371/journal.pbio.2000128.g004

Fig 5. The early endosomal membranes are enriched with PE in yeast and plant cells. (A) Confocal laser microscopy images show the

enrichment of PE and its co-localization with the early endosomal RFP-tagged Vps21p expressed from TEF1 promoter in the absence of

tombusviral components in wt yeast cells (top two images). DIC images are shown on the right. Localization of PE is detected by using

biotinylated duramycin peptide and streptavidin conjugated with Alexa Fluor 405. The bottom image shows the lack of PE enrichment in trans-

Golgi network marked by RFP-Tlg1. Scale bars represent 2 μm. (B) Confocal laser microscopy images show the enrichment of PE with the

endosomal GFP-tagged AtRab5B expressed from 35S promoter in the absence of tombusviral components in N. benthamiana cells. Scale

bars represent 20 μm. (C) Enrichment of exogenous PE in early endosomes labeled with RFP-Vps21 protein in wt yeast cells. Yeast cells

were cultured (initial 0.3 OD600) with 80 μM NBD-PE for 12–14 h. Scale bars represent 2 μm. (D) The control panel shows minimal level of

NBD-PE enrichment in the trans-Golgi network labeled with RFP-Tlg1 in wt yeast cells. Scale bars represent 2 μm.

doi:10.1371/journal.pbio.2000128.g005
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The enrichment of the endogenous PE or the exogenous NBD-PE in the tombusvirus-
induced replication compartment [12] versus their high-level, Rab5-positive endosomal distri-
bution in the absence of viral components (Figs 4C and 4F and 5) suggests that tombusviruses
recruit the Rab5-positive endosomes to the sites of replication. Accordingly, this is supported
by the direct interaction between the viral replication proteins and the active GTP-Rab5 (Fig
1), which is localized to the endosomalmembranes via its prenylated C-terminus [16]. More-
over, expression of AtRab5B-Q69L GTP-locked active form shows co-localizationwith the
mitochondrial marker AtTim21 in plant cells infected with CIRV (Fig 6A and 6B). To obtain
further evidence of the recruitment of Rab5-positive endosomes to the sites of tombusvirus
replication, we observed the distribution of the low abundant phosphatidylinositol 3-phos-
phate (PI3P) lipid, which is a well-characterized endocytic compartment marker [29]. We
found partial co-localization of p33-decorated viral replication compartments with PI3P
(detected via the GFP-2xFYVE PI3P sensor) in N. benthamiana cells (S9 Fig). As expected,
PI3P co-localizedwith Rab5B but not with the peroxisomal marker in plant cells lacking viral
components (S9B and S9C Fig). We confirmed the partial recruitment of PI3P to the mito-
chondrial replication compartment in the presence of CIRV p36 replication protein (S9D Fig).
Altogether, these data further support the recruitment of a significant portion of Rab5-positive
endosomes to the tombusvirus replication compartments.

PE is synthesized by phosphatidylserine (PS) decarboxylase (Psd1p or Psd2p, involved in de
novo synthesis of PE from PS) or by using ethanolamine by Ept1p and Cpt1p [30]. Among
these enzymes, only Psd2p is present in the endosomalmembranes. However, deletion of PSD2
does not affect TBSV replication in yeast, likely due to the complementing effects of the other
PE-producing enzymes/pathways (S10 Fig). To test in more detail if deletion of the PE-synthe-
sizing enzymes/pathways could affect TBSV replication, we grew psd1Δ and psd2Δ yeasts with-
out ethanolamine in the culture media [31]. We found that TBSV repRNA accumulation was
two times higher in psd1Δ yeast than in psd2Δ yeast (S10 Fig lanes 5–8 versus 9–12). Similarly,
psd1Δept1Δcpt1Δ yeast (cultured without ethanolamine), which could produce PE only via the
endosomal Psd2p, supported TBSV replication by ~2.5x higher efficiency than the control
yeast strains (S10 Fig lanes 17–20). Therefore, TBSVmight be able to recruit PE more effi-
ciently when PE is only synthesized in the endosomes by Psd2, although this enzyme is not
fully required, likely due to the rapid transfer of PE in the cells via the endosomal pathway
from other subcellular compartments (see also the NBD-PE distribution, Fig 5C).

The Role of the Actin Network in Recruitment of Rab5-Positive

Endosomes into the Viral Replication Compartment

The above data support the recruitment of Rab5-positive endosomes to the replication com-
partment. But how can the tombusvirus recruit the endosomes to aggregated peroxisomes (in
case of TBSV) or aggregatedmitochondria (in case of CIRV)? Interestingly, co-expression of
AtRab5B-Q69L GTP-locked active form with the mitochondrialmarker AtTim21 in plant cells
infected with CIRV frequently visualized actin-like filamentous distribution (Fig 6A and 6B).
To test if the actin filaments play roles in recruitment of Rab5-positive endosomes to the repli-
cation compartments, we used transgenicN. benthamiana plants expressing GFP-tagged mTa-
lin, which binds to actin filaments [32]. Video images of plant cells (S2 and S3 Videos)
expressing either TBSV or CIRV BFP-tagged replication proteins show the rapid recruitment
of the RFP-AtRab5B decorated endosomes along the actin cables into the peroxisomal (Fig 6D
and 6E and S2 Video) or mitochondrial (Fig 6F and 6G and S3 Video) replication compart-
ments. These data are in agreement with the model that tombusviruses actively recruit Rab5-
positive endosomes into the replication compartments via using the stable actin filaments.
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Discussion

(+)RNA viruses build large replication compartments or organelles during the infection pro-
cess to support viral replication in a protected subcellular environment [33–36]. Although
building of the replication compartments is driven by viral replication proteins, viruses have to
co-opt an unknown number of host proteins, cellular membranes, and lipids, and even alter
cellular metabolism to accomplish these large and intricate subcellular structures. Tombus-
viruses and yeast serve as simple model systems to identify the host factors involved and to dis-
sect the mechanisms required for building the viral replication compartments. The use of two
different tombusviruses, TBSV utilizing primarily the peroxisomal membranes while CIRV
usurps the mitochondrial outer membranes, allows for studying the similarities in building the
replication compartments in different subcellular niches.

In this work, we have found a major role for Rab5 small GTPase in the formation of tom-
busvirus replication compartment. The observeddirect interaction between the viral

Fig 6. The role of actin filaments in recruitment of Rab5-positive endosomes to the large tombusviral replication

compartments in plant cells. (A–B) Confocal laser microscopy images of CIRV-infected N. benthamiana cells expressing

AtTim21-GFP mitochondrial marker and the RFP-tagged active GTP-locked AtRab5B mutant. Note the large aggregated

mitochondria-containing area (marked by a white arrowhead) and the actin-like filamentous structure (pointed at by a white arrow).

Scale bars represent 20 μm. (C) An enlarged subcellular area showing the aggregated mitochondria and the RFP-AtRab5 mutant.

Scale bar represents 5 μm. (D–G) Still images from a movie taken from plant cells co-expressing RFP-AtRab5B with TBSV

p33-BFP (D–E) or CIRV p36-BFP (F–G) in transgenic plants expressing GFP-mTalin (an actin filament marker). Scale bars

represent 20 μm. (D and F) All three channels from 0s are shown. White arrow depicts the direction of Rab5-positive endosomes

(red) moving towards the replication compartment (blue) via actin filaments (green). (E and G) Merged images of RFP-AtRab5B and

p33-BFP/p36-BFP. White arrow shows the movement of Rab5-positive endosomes. Scale bars represent 20 μm. See S2 and S3

Videos.

doi:10.1371/journal.pbio.2000128.g006
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replication proteins (either TBSV p33 or CIRV p36) and the active GTP-bound form of Rab5
allows tombusviruses to co-opt Rab5 to the replication compartments, which is required for
robust replication. Accordingly, we observed little tombusvirus replication in the absence of
the three Rab5 orthologs in yeast (Fig 1) or when dominant negative forms of plant Rab5 were
expressed inN. benthamiana (Fig 3). Co-opting of the endosome-localizedGTP-bound Rab5
by tombusviruses facilitates the recruitment of endosomes, as indicated by capturing of the
endosomal PI3P lipid in the replication compartment (S9 Fig). Although we have not charac-
terized this in detail, PI3P might have a role in TBSV replication. Furthermore, the endosomal
compartment contains ESCRT proteins/complexes, which might also facilitate their recruit-
ment into TBSV replication [37]. The endosomalmembrane also contains Psd2p PS decarbox-
ylase involved in de novo synthesis of PE from PS [30], which could possibly further enrich PE
in the replication compartment. Indeed, increased PE synthesis has been shown in yeast or
plants replicating tombusviruses [12]. Altogether, the tombusviral replication organelles have
similar components with Rab5-positive endosomes, including high PE content, ESCRT pro-
teins, Rab5 GTPase, and PI3P. Moreover, the TBSV replication organelles show multivesicular
body (MVB)-like structures, which are morphologically similar to late endosomes/MVBs
formed from Rab5-positive endosomes [38,39].

The presented data reveal that one major benefit for tombusviruses to recruit the Rab5-posi-
tive endosomes via replication protein–Rab5 interaction is the surplus of PE-rich endosomal
membrane utilized to build the large PE-enriched replication compartment. Accordingly, in
vitro, yeast-based and plant works have shown the great dependence of tombusviruses on high
enrichment of PE in VRCs [12]. The high PE level likely facilitates the stable formation of
spherules due to the known feature of PE to induce negative membrane curvature [40,41] and
the activation of the tombusvirus RdRp [13].

Our results also reveal that both the peroxisomal TBSV and the mitochondrial CIRV use
similar strategies with high efficiency to hijack the Rab5-positive endosomes into the viral rep-
lication compartments. Tombusviruses utilize the actin network to accomplish this feat in
plant cells (Fig 6 and S2 and S3 Videos). It is known that tombusvirusesmanipulate the actin
network via blocking the function of Cof1p (cofilin/ADF),which is an actin filament depoly-
merizing factor [42]. Due to the p33-driven inhibition of Cof1p activity [32,43], the actin fila-
ments are stabilized during tombusvirus replication, facilitating the efficient transport of
cargoes to the replication compartments. Accordingly, the large replication compartments are
located at the crossroads of actin filaments [32]. Based on these observations, we propose that
one of the major functions of the (virus-mediated) stabilized actin filaments is to deliver the
Rab5-positive endosomes captured via replication protein–GTP-Rab5 interaction to the sites
of replication to build the large and protective replication compartment that is initially formed
on either peroxisomal (in case of TBSV) or mitochondrial membranes (in case of CIRV). Thus,
the replication protein–GTP-Rab5 interactionmight be neededmostly during the peak replica-
tion period that coincides with the appearance of large replication compartments [44]. Indeed,
the role of Rab5 was minimal during cell-free replication, which consists of only one full cycle
of RNA synthesis (Fig 1). Altogether, our current model predicts that, after the assembly of a
limited number of tombusvirus VRCs at peroxisomal or mitochondrialmembranes to support
initial replication, tombusviruses recruit the Rab5-positive endosomes to channel large amount
of PE-rich membranes for new VRC assembly, leading to the formation of MVB-like replica-
tion organelles at the latter stage of replication. Thus, hijacking Rab5-positive endosomes is
critical for tombusvirus replication to reach to peak level by providing additional PE-rich
membranes and possibly other host factors (Fig 7).

It is known that other (+)RNA viruses co-opt small cytosolic GTPases to boost virus replica-
tion. For example, enteroviruses co-opt Arf1 small GTPase and its guanine nucleotide
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exchange factor GBF1 to recruit downstream effectors [45,46]. One of these effectors is phos-
phatidylinositol-4-kinase IIIbeta, which generates PI4P-rich membranes that are needed for
recruitment of the viral RdRp and the formation of the viral replication organelle. Some entero-
viruses also co-opt the recycling endosomal compartment through Rab11 small GTPase to
enrich sterols in the viral replication organelles [47].

RNAi-based down-regulation of Rab5A and Rab7L1 inhibited Hepatitis C virus (HCV) rep-
lication, suggesting that these small GTPases are host factors for HCV [48]. Moreover, HCV
recruits Rab5 and Rab7 into foci containing the NS4B replication protein, which remodels host
membranes to form HCV replication complexes. Expression of dominant negative mutant of
Rab5 inhibited the NS4B foci formation [49]. HCV replication also depends on Rab27a, which
controls membrane trafficking,microvesicle transport pathways [50], and Rab1, which is
recruited to lipid droplets by the NS5A replication protein to promote viral replication [51].
Similarly, Dengue virus (DENV) takes advantage of Rab18, which facilitates the recruitment of
fatty acid synthase and NS3 replication protein to lipid droplets, probably to facilitate sufficient
lipid supply for membrane proliferation needed for DENV replication [52].

Although the proviral functions of plant Rab small GTPases have not yet been defined in
detail, the role of the Golgi-localizedNbRABG3f is important for Bamboo mosaic virus

Fig 7. A model on the roles of p33-mediated recruitment of Rab5-positive endosomes in the formation of large tombusviral

replication compartments. At the early stage of tombusvirus replication, TBSV-induced spherule formation may take place in the

existing peroxisomal membranes. At the peak time of replication, occurring at a late stage at which point the viral components are

much more abundant due to ongoing translation of viral RNAs, however, a portion of p33 molecules co-opt the PE-rich

Rab5-positive endosomes via p33–GTP-Rab5 interaction using the actin cables. These processes lead to the formation of large

replication compartments containing aggregated peroxisomes fused with PE-rich Rab5-positive endosomes, providing the suitable

microenvironment for building numerous spherules harboring the active tombusvirus VRCs. We envision similar early and peak/late

stages with CIRV, except the involvement of mitochondria in building the viral replication compartment.

doi:10.1371/journal.pbio.2000128.g007
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replication [53]. Also, Arf1 small GTPase binds to the p27 replication protein of Red clover
necrotic mosaic virus, and inhibition of Arf1 activity disrupted VRC assembly [54]. Small
GTPases of the secretory pathway also affect the replication of potyviruses [55]. Thus, the
emerging view is that replication of both animal and plant RNA viruses greatly depends on a
subset of small GTPases of the secretory/endocyticpathways, likely offering targets for future
antiviral interventions.

Summary

In this work, we demonstrate that tombusviruses subvert Rab5-positive endosomes to build
complex replication compartments involving either peroxisomes or mitochondria. These
events supply the proviral PE to facilitate the membranous microenvironment during peak-
level viral replication. This hijacked cellular pathway for supporting PE enrichment in the viral
replication compartment might provide an intriguing target for disease control.

Material and Methods

Yeast Strains and Expression Plasmids

The yeast strains and plasmids and their constructions are described in S1 Text.

Analysis of TBSV or CIRV repRNA Replication in Yeast

To measure the effects of deletion of specific host genes on replication of TBSV or CIRV, yeast
strains BY4741, vps21Δypt52Δypt53Δ,and vps9Δmuk1Δ, respectively, were transformed with
plasmids pESC-T33/DI72 and pYES-T92 for TBSV replication [56] or pESC-C36/DI1 and
pYES-C95 for CIRV replication [57]. Tombusvirus repRNA replication was induced by cultur-
ing cells in synthetic complete medium lacking urea, leucine, and histidine, with 2% galactose
medium after overnight culture in synthetic complete medium lacking urea, leucine, and histi-
dine with 2% glucose, and then yeast was grown for 22 h at 23°C.

For overexpression and complementation studies, plasmids expressing Vps21 and its
mutants (low copy number plasmids pRS315-pCUP1-Flag-Vps21, pRS315-pCUP1-Flag-
Vps21-S21L, or pRS315-pCUP1-Flag-Vps21-Q66L) were transformed into yeast strains
BY4741 or vps21Δypt52Δypt53Δ,together with plasmids expressing viral components (see
above). Culturing condition for yeast was performed as described above, except that 50 μM cop-
per sulfate was added into in synthetic complete medium lacking urea, leucine, and histidine,
with 2% galactosemedium after overnight culture to induce Flag-taggedVps21 expression.

Total RNA was extracted from yeast cells and subjected for repRNA detection using north-
ern blotting, as describedpreviously [58]. Total proteins were extracted to detect 6xHis-tagged
tombusvirus replication proteins and Flag-taggedVps21 or its mutants expression using west-
ern blotting and primary anti-His antibody and anti-Flag antibody, respectively, followed by
secondary anti-mouse antibodies conjugated with alkaline phosphatase.

Confocal Microscopic Analysis of Plant Epidermal Cells

To analyze the subcellular localization of host proteins in the presence or absence of viral com-
ponents in N. benthamiana leaves, agro-infiltrationwas used to express recombinant proteins
tagged with either GFP or RFP from 35S promoter using Agrobacterium cultures (OD600 value
of 0.5). Infiltrated leaves were harvested at 2 dpi, and they were immediately subjected to con-
focal microscopic analysis using 488-nm laser for GFP, 543-nm for RFP, or 405-nm for BFP in
an Olympus FV1000 confocal laser scanningmicroscope. The movies were created by OLYM-
PUS FLUOVIEW software.
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Viral double strand RNA (dsRNA) generated during tombusvirus replication was visualized
by a dsRNA binding-dependent fluorescence complementation assay [59]. The dsRNA sensor
YN-B2 and YC-VP35 plasmids were agro-infiltrated into N. benthamiana leaves at OD600 of
0.15, respectively, together with either RFP-SKL (peroxisomemarker) or mito-RFP (mitochon-
dria marker) at OD600 of 0.5. TBSV was sap-inoculated 20 min after agro-infiltration of dsRNA
sensor and RFP-SKL, while CIRV infectionwas initiated via agro-infiltration (OD600 of 0.15)
together with dsRNA sensor and mito-RFP. Leaves were harvested and then immediately sub-
jected to confocal microscopic analysis 2 d after agro-infiltration. The fluorescence complemen-
tation was detected via the GFP channel (excitation/emission: 488 nm/500–530 nm).

To detect interaction of AtRab5B with TBSV p33 or CIRV p36 replication proteins using
fluorescence complementation assay, pGD-nYFP-AtRab5B (or pGD-nYFP-MBP as a negative
control) was agro-infiltratedwith pGD-p33-cYFP or pGD-p36-cYFP (OD600 0.4, each). To
detect subcellular location of the interaction, pGD-T33-RFP or pGD-C36-RFP expressing
RFP-tagged TBSV p33 or CIRV p36 were coagro-infiltrated (OD600 0.4, each) with the above
combinations. Infiltrated leaves were harvested and then subjected to confocal microscopic
analysis 2 d after agro-infiltration. The fluorescence complementation was detected using the
GFP channel.

Protoplasts Preparation from Plant Leaves and Confocal Microscopic

Analysis of PE and PC Distribution

Proteins were transiently expressed inN. benthamiana leaves using agro-bacterium–mediated
transient expression. Infiltrated leaves were harvested at 2 dpi and used for releasing of meso-
phyll protoplasts based on the Sheen lab's method [60], with minor modifications. Briefly,
leaves were sliced into 0.5–1 mm strips and digested with 1.5% (w/v) Cellulase and 0.4%
Macerozyme in Protoplast IncubationMedium (PIM) (1 L of medium contains 4.4 g Mura-
shige-Skoog Salts, 34.2 g sucrose, 0.58 g MES, 90.1 g mannitol, and 0.56 g CaCl2, pH 5.8).
Digested protoplasts were passed through sieve set (SciencewareMini-SieveMicrosieve Set
from Fisher cat# 14-306A). Collectedprotoplasts were pelleted by centrifugation at 120x g for
10 min and washed once with 0.5 Mmannitol buffer (0.5 M mannitol, 15 mMMgCl2, and 4
mMMES, pH 5.7), once withW5 solution (154 mMNaCl, 125 mMCaCl2, 5 mMKCl, 2 mM
MES pH5.7), and re-suspended in 0.5 Mmannitol buffer. Then, 0.55 M sucrose was layered
under the 0.5 Mmannitol solution with protoplast and centrifuged at 160x g for 10 min.
Digested protoplast were recovered from the interface between 0.55 M sucrose and 0.5 Mman-
nitol layers. Recovered protoplasts were pelleted and resuspended into 0.5 Mmannitol buffer
and subjected to PE staining and confocal microscopic analysis according to the methods
describedpreviously [12]. PE imaging for plant or yeast cells were performed as describedpre-
viously [12]. PC imaging was similar to PE imaging, except that PC was detected using a mono-
clonal anti-PC antibody (JE-1) [61] and anti-mouse secondary antibody conjugated with Alexa
Fluor 488. ImageJ software was used to show the distribution of PE and of PC in the replication
compartment.

Supporting Information

S1 Fig. Complementation of tombusvirus replication by Vps21 in yeast lacking the three
Rab5 orthologous genes. (A) TBSV repRNA accumulation is measured in vps21Δypt52-
Δypt53Δ yeast expressing His6-p33 and His6-p92 from the galactose-inducibleGAL1 promoter,
and DI-72(+) repRNA from the galactose-inducibleGAL10 promoter. FLAG-taggedVps21 or
its mutants were expressed from the copper-inducible CUP1 promoter based on high copy
number plasmids. The yeast cells were pre-cultured for 12 hours at 29°C in 2% glucose SC
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minimal media, and then for 22 h at 23°C in 2% galactose SC minimal media supplemented
with 50 μM CuSO4. Northern blot analysis was used to detect DI-72(+) repRNA accumulation.
The accumulation level of DI-72(+) repRNA was normalized based on 18S rRNA levels (sec-
ond panel from top). Bottom panels: Western blot analysis of the accumulation level of His6-
tagged p33, His6-p92 and FLAG-Vps21 proteins using anti-His and anti-FLAG antibodies,
respectively. Note that FLAG-Vps21 forms a double band due to prenylation (a lipidation type
of posttranslational modification) that is required for binding to the endosomalmembrane.
The faster migrating band represents the prenylated form of Vps21 (depicted by an arrow),
while the unmodified form is depicted by an open arrowhead. The total protein samples were
stained with coomassie blue. Each experiment was performed three times. (B) Complementa-
tion of CIRV repRNA accumulation in vps21Δypt52Δypt53Δ yeast expressing Vps21p or its
mutants. See further details in panel A.
(TIF)

S2 Fig. Lack of complementation of tombusvirus replication by various yeast Rab GTPases
in yeast lacking the three Rab5 orthologous genes. TBSV repRNA accumulation is measured
in vps21Δypt52Δypt53Δyeast expressing His6-p33 and His6-p92 from the galactose-inducible
GAL1 promoter, and DI-72(+) repRNA from the galactose-inducibleGAL10 promoter. FLAG-
tagged Vps21, Ypt6, Ypt7 and Ypt32, respectively, were expressed from the copper-inducible
CUP1 promoter based on low copy number plasmids. The yeast cells were pre-cultured for 12
hours at 29°C in 2% glucose SC minimal media, and then for 22 h at 23°C in 2% galactose SC
minimal media supplemented with 50 μM CuSO4. Northern blot analysis was used to detect
DI-72(+) repRNA accumulation. The accumulation level of DI-72(+) repRNA was normalized
based on 18S rRNA levels (second panel from top). Bottom panels: Western blot analysis of the
accumulation level of His6-tagged p33, His6-p92 and FLAG-Vps21, Ypt6, Ypt7 and Ypt32 pro-
teins using anti-His and anti-FLAG antibodies, respectively. Note that FLAG-Vps21, Ypt6, and
Ypt7 form a double band due to prenylation (a lipidation type of posttranslational modifica-
tion) that is required for binding to the subcellularmembrane. The faster migrating band rep-
resents the prenylated forms (depicted by an arrow), while the unmodified form is depicted by
an open arrowhead. The total protein samples were stained with coomassie blue. Each experi-
ment was performed three times.
(TIF)

S3 Fig. Lack of PC enrichmentwithin tombusvirus replication compartment in plant cells.
(A-B) The TBSV or CIRV-induced replication compartments are visualized by confocal laser
microscopy images. p33-RFP or p36-RFP were expressed based on Agro-infiltration of N.
benthamiana leaves. PC distribution was visualized by monoclonal antibody JE-1 and second-
ary antibody conjugated with Alexa Fluor488. DIC (differential interference contrast) images
are shown on the right. Scale bars represent 20 mm. Panels on the right: ImageJ software was
used to show the lack of enrichment of PC (green line) in the replication compartment (red
line).
(TIF)

S4 Fig. Decreasedstability of TBSV replication proteins in yeast lacking the three Rab5
orthologous genes. Expression of 6xHis-tagged p33 and 6xHis-p92 in vps21Δypt52Δypt53Δ
and wt yeasts was repressed from theGAL1 promoter and via the addition of 100 μg/ml cyclo-
heximide to block new protein synthesis. The total yeast protein samples were analyzed by
SDS/PAGE andWestern blotting with anti-His antibody to measure the accumulation level of
6xHis-tagged p33 and 6xHis-p92 at the shown time points.
(TIF)

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment

PLOS Biology | DOI:10.1371/journal.pbio.2000128 October 19, 2016 18 / 24

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s003
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s004


S5 Fig. Lack of enrichment of PE at TBSV replication sites in vps21Δypt52Δypt53Δyeast.
(A) Panels on the left: ImageJ software was used to show the lack of enrichment of PE (blue
line) in the replication compartment (green line). Confocal laser microscopy images on the
right show PE and TBSV GFP-p33 distribution in vps21Δypt52Δypt53Δyeast. (B) PE distribu-
tion at replication sites in wt yeast. See details in panel A and Fig 3A and 3B.
(TIF)

S6 Fig. Measuring PE enrichment at TBSV replication sites in N. benthamiana cells
expressing dominant negative mutants of AtRab5 proteins. (A-D) Panels on the left: ImageJ
software was used to show the enrichment of PE (blue line) in the replication compartment
(red line). Confocal laser microscopy images on the right show PE and TBSV p33-RFP and
CIRV p36-RFP distribution. See further details in Fig 3D–3H.
(TIF)

S7 Fig. Measuring Rab5 colocalizationwith PE enrichedTBSV replication compartment in
N. benthamiana cells. (A-F) Panels on the left: ImageJ software was used to show the enrich-
ment of PE (blue line), AtRab5 (green line) in the replication compartment (red line). Confocal
laser microscopy images on the right show GFP-AtRab5, PE detected by duramycin, and TBSV
p33-RFP or CIRV p36-RFP distribution. See further details in Fig 4A–4F.
(TIF)

S8 Fig. Measuring PE-richness of Rab5-positive endosomes in the absence of tombus-
viruses in yeast and N. benthamiana cells. (A) Panels on the left: ImageJ software was used to
show the enrichment of PE (blue line) on Vps21 (Rab5)-positive (red line) endosomalmem-
branes in yeast. Confocal laser microscopy images on the right show RFP-Vps21 (or RFP-Tlg1,
lower panel), and PE detected by duramycin. See further details in Fig 5A. (B) Panels on the
left: ImageJ software was used to show the enrichment of PE (blue line) on AtRab5-positive
(green line) endosomalmembranes inN. benthamiana cells. Confocal laser microscopy images
on the right show GFP-AtRab5 and PE detected by duramycin. See further details in Fig 5B.
(C-D) Panels on the left: ImageJ software was used to show the enrichment of exogenous PE
(green line) on Vps21 (Rab5)-positive (red line) endosomalmembranes, but not in the late
Golgi in yeast. Confocal laser microscopy images on the right show RFP-Vps21 (or RFP-Tlg1,
panel D) and NBD-PE.
(TIF)

S9 Fig. PI3P is partly co-localizedwith the tombusvirus replication compartment in plant
cells. (A)Confocal laser microscopy images show the co-localization of GFP-2xFYVE (PI3P-
binding motif)with the TBSV p33-RFP replication protein in subcellular areas inN. benthami-
ana cells. Note the large replication compartment (representing aggregated peroxisomes) in
these cells. (B) Confocal laser microscopy images confirm the localization of PI3P with the
Rab5-positive endosomes in the absence of tombusvirus proteins. (C)Confocal laser micros-
copy images confirm the separate localization of PI3P from GFP-SKL peroxisomal luminal
marker protein in the absence of tombusvirus proteins. (D) Confocal laser microscopy images
show the co-localization of GFP-2xFYVE (PI3P-binding motif)with the CIRV p36-RFP repli-
cation protein in subcellular areas in N. benthamiana cells. Note the large replication compart-
ment (representing aggregatedmitochondria) in these cells.
(TIF)

S10 Fig. Altered TBSV replication in PE synthesis pathway deletion yeast strains.Replica-
tion of TBSV in yeast deletion strains grown in media without ethanolamine. Upper Panel:
Northern blot of TBSV repRNA and 18S ribosomal RNA. Lower Panel: Western blot of total
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proteins extracted from different strains tested. TBSV p33 and p92 taggedwith His6-tag were
detectedwith an anti-HIS antibody. Total proteins were stained with Ponceau S on PVDF
membrane after transfer. Each experiment was repeated.
(TIF)

S1 Text. Materials and Methods.
(DOCX)

S1 Data. Data file.
(XLSX)

S1 Video. Recruitment of Arabidopsis Rab5B into the tombusvirus replication compart-
ment in N. benthamiana.
(MOV)

S2 Video. Recruitment of Arabidopsis Rab5-positive endosomes into the TBSV replication
compartment through actin filaments in N. benthamiana.
(MOV)

S3 Video. Recruitment of Arabidopsis Rab5-positive endosomes into the CIRV replication
compartment through actin filaments in N. benthamiana.
(MOV)

Acknowledgments

The authors thank the anti-p33 primary antibody (a gift from Dr. Herman B. Scholthof, Texas
A&M) and the dsRNA binding-dependent fluorescence complementation assay from Dr. Aim-
ingWang (University of Western Ontario, Canada). In addition, the authors are grateful for
Dr. Nihal Altan-Bonnet (NIH) and Brett Tyler (Oregon State University) for providing the
GFP-FYVE construct. The authors thank Drs. Yuji Hara and Masato Umeda (Kyoto Univer-
sity) for the anti-PC antibody.

Author Contributions

Conceptualization:KX PDN.

Data curation:KX PDN.

Formal analysis:KX PDN.

Funding acquisition: PDN.

Investigation: KX.

Methodology:KX.

Project administration:PDN.

Resources:KX.

Supervision:PDN.

Visualization: PDN.

Writing – original draft:KX.

Writing – review& editing: PDN.

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment

PLOS Biology | DOI:10.1371/journal.pbio.2000128 October 19, 2016 20 / 24

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s011
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s012
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s013
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.2000128.s015


References
1. Wang A. Dissecting the Molecular Network of Virus-Plant Interactions: The Complex Roles of Host

Factors. Annu Rev Phytopathol. 2015; 53:45–66. Epub 2015/05/06. doi: 10.1146/annurev-phyto-

080614-120001 PMID: 25938276.

2. Romero-Brey I, Bartenschlager R. Membranous replication factories induced by plus-strand RNA

viruses. Viruses. 2014; 6(7):2826–57. Epub 2014/07/24. doi: v6072826 [pii] doi: 10.3390/v6072826

PMID: 25054883; PubMed Central PMCID: PMC4113795.

3. Barajas D, Martin IF, Pogany J, Risco C, Nagy PD. Noncanonical Role for the Host Vps4 AAA+

ATPase ESCRT Protein in the Formation of Tomato Bushy Stunt Virus Replicase. PLoS Pathog. 2014;

10(4):e1004087. Epub 2014/04/26. doi: 10.1371/journal.ppat.1004087 PPATHOGENS-D-14-00123

[pii]. PMID: 24763736.

4. Barajas D, Jiang Y, Nagy PD. A unique role for the host ESCRT proteins in replication of Tomato

bushy stunt virus. PLoS Pathog. 2009; 5(12):e1000705. Epub 2009/12/31. doi: 10.1371/journal.ppat.

1000705 PMID: 20041173; PubMed Central PMCID: PMC2791863.

5. Kovalev N, Martin IF, Pogany J, Barajas D, Pathak K, Risco C, et al. The role of viral RNA and co-

opted cellular ESCRT-I and ESCRT-III factors in formation of tombusvirus spherules harboring the

tombusvirus replicase. J Virol. 2016. Epub 2016/01/23. doi: JVI.02775-15 [pii] doi: 10.1128/JVI.02775-

15 PMID: 26792735.

6. Barajas D, Xu K, de Castro Martin IF, Sasvari Z, Brandizzi F, Risco C, et al. Co-opted Oxysterol-Bind-

ing ORP and VAP Proteins Channel Sterols to RNA Virus Replication Sites via Membrane Contact

Sites. PLoS Pathog. 2014; 10(10):e1004388. Epub 2014/10/21. doi: 10.1371/journal.ppat.1004388

PPATHOGENS-D-14-01011 [pii]. PMID: 25329172.

7. Nagy PD, Pogany J, Lin JY. How yeast can be used as a genetic platform to explore virus-host interac-

tions: from ’omics’ to functional studies. Trends Microbiol. 2014; 22(6):309–16. Epub 2014/03/22. doi:

S0966-842X(14)00026-2 [pii] doi: 10.1016/j.tim.2014.02.003 PMID: 24647076.

8. Nagy PD, Pogany J. Global genomics and proteomics approaches to identify host factors as targets to

induce resistance against Tomato bushy stunt virus. Adv Virus Res. 2010; 76:123–77. Epub 2010/10/

23. doi: S0065-3527(10)76004-8 [pii] doi: 10.1016/S0065-3527(10)76004-8 PMID: 20965073.

9. Serviene E, Shapka N, Cheng CP, Panavas T, Phuangrat B, Baker J, et al. Genome-wide screen iden-

tifies host genes affecting viral RNA recombination. Proc Natl Acad Sci U S A. 2005; 102(30):10545–

50. Epub 2005/07/20. doi: 0504844102 [pii] doi: 10.1073/pnas.0504844102 PMID: 16027361; PubMed

Central PMCID: PMC1180806.

10. Panavas T, Serviene E, Brasher J, Nagy PD. Yeast genome-wide screen reveals dissimilar sets of

host genes affecting replication of RNA viruses. Proc Natl Acad Sci U S A. 2005; 102(20):7326–31.

Epub 2005/05/11. doi: 0502604102 [pii] doi: 10.1073/pnas.0502604102 PMID: 15883361; PubMed

Central PMCID: PMC1129141.

11. Nagy PD, Pogany J, Xu K. Cell-Free and Cell-Based Approaches to Explore the Roles of Host Mem-

branes and Lipids in the Formation of Viral Replication Compartment Induced by Tombusviruses.

Viruses. 2016; 8(3). Epub 2016/03/08. doi: v8030068 [pii] doi: 10.3390/v8030068 PMID: 26950140.

12. Xu K, Nagy PD. RNA virus replication depends on enrichment of phosphatidylethanolamine at replica-

tion sites in subcellular membranes. Proc Natl Acad Sci U S A. 2015; 112(14):E1782–E91. Epub 2015/

03/27. 1418971112 [pii] doi: 10.1073/pnas.1418971112 PMID: 25810252.

13. Pogany J, Nagy PD. Activation of Tomato Bushy Stunt Virus RNA-Dependent RNA Polymerase by

Cellular Heat Shock Protein 70 Is Enhanced by Phospholipids In Vitro. J Virol. 2015; 89(10):5714–23.

Epub 2015/03/13. doi: JVI.03711-14 [pii] doi: 10.1128/JVI.03711-14 PMID: 25762742.

14. Shah Nawaz-Ul-Rehman M, Reddisiva Prasanth K, Baker J, Nagy PD. Yeast screens for host factors

in positive-strand RNA virus replication based on a library of temperature-sensitive mutants. Methods.

2013; 59(2):207–16. Epub 2012/11/14. doi: S1046-2023(12)00279-4 [pii] doi: 10.1016/j.ymeth.2012.

11.001 PMID: 23147170.

15. Shah Nawaz-Ul-Rehman M, Martinez-Ochoa N, Pascal H, Sasvari Z, Herbst C, Xu K, et al. Proteome-

wide overexpression of host proteins for identification of factors affecting tombusvirus RNA replication:

an inhibitory role of protein kinase C. J Virol. 2012; 86(17):9384–95. Epub 2012/06/22. doi: JVI.00019-

12 [pii] doi: 10.1128/JVI.00019-12 PMID: 22718827.

16. Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell Biol. 2009; 10(8):513–

25. Epub 2009/07/16. doi: nrm2728 [pii] doi: 10.1038/nrm2728 PMID: 19603039.

17. Paulsel AL, Merz AJ, Nickerson DP. Vps9 family protein Muk1 is the second Rab5 guanosine nucleo-

tide exchange factor in budding yeast. J Biol Chem. 2013; 288(25):18162–71. Epub 2013/04/25. doi:

M113.457069 [pii] doi: 10.1074/jbc.M113.457069 PMID: 23612966; PubMed Central PMCID:

PMC3689959.

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment

PLOS Biology | DOI:10.1371/journal.pbio.2000128 October 19, 2016 21 / 24

http://dx.doi.org/10.1146/annurev-phyto-080614-120001
http://dx.doi.org/10.1146/annurev-phyto-080614-120001
http://www.ncbi.nlm.nih.gov/pubmed/25938276
http://dx.doi.org/10.3390/v6072826
http://www.ncbi.nlm.nih.gov/pubmed/25054883
http://dx.doi.org/10.1371/journal.ppat.1004087
http://www.ncbi.nlm.nih.gov/pubmed/24763736
http://dx.doi.org/10.1371/journal.ppat.1000705
http://dx.doi.org/10.1371/journal.ppat.1000705
http://www.ncbi.nlm.nih.gov/pubmed/20041173
http://dx.doi.org/10.1128/JVI.02775-15
http://dx.doi.org/10.1128/JVI.02775-15
http://www.ncbi.nlm.nih.gov/pubmed/26792735
http://dx.doi.org/10.1371/journal.ppat.1004388
http://www.ncbi.nlm.nih.gov/pubmed/25329172
http://dx.doi.org/10.1016/j.tim.2014.02.003
http://www.ncbi.nlm.nih.gov/pubmed/24647076
http://dx.doi.org/10.1016/S0065-3527(10)76004-8
http://www.ncbi.nlm.nih.gov/pubmed/20965073
http://dx.doi.org/10.1073/pnas.0504844102
http://www.ncbi.nlm.nih.gov/pubmed/16027361
http://dx.doi.org/10.1073/pnas.0502604102
http://www.ncbi.nlm.nih.gov/pubmed/15883361
http://dx.doi.org/10.3390/v8030068
http://www.ncbi.nlm.nih.gov/pubmed/26950140
http://dx.doi.org/10.1073/pnas.1418971112
http://www.ncbi.nlm.nih.gov/pubmed/25810252
http://dx.doi.org/10.1128/JVI.03711-14
http://www.ncbi.nlm.nih.gov/pubmed/25762742
http://dx.doi.org/10.1016/j.ymeth.2012.11.001
http://dx.doi.org/10.1016/j.ymeth.2012.11.001
http://www.ncbi.nlm.nih.gov/pubmed/23147170
http://dx.doi.org/10.1128/JVI.00019-12
http://www.ncbi.nlm.nih.gov/pubmed/22718827
http://dx.doi.org/10.1038/nrm2728
http://www.ncbi.nlm.nih.gov/pubmed/19603039
http://dx.doi.org/10.1074/jbc.M113.457069
http://www.ncbi.nlm.nih.gov/pubmed/23612966


18. Uemura T, Ueda T. Plant vacuolar trafficking driven by RAB and SNARE proteins. Curr Opin Plant

Biol. 2014; 22:116–21. Epub 2014/12/03. doi: S1369-5266(14)00136-8 [pii] doi: 10.1016/j.pbi.2014.10.

002 PMID: 25460076.

19. Ebine K, Fujimoto M, Okatani Y, Nishiyama T, Goh T, Ito E, et al. A membrane trafficking pathway reg-

ulated by the plant-specific RAB GTPase ARA6. Nat Cell Biol. 2011; 13(7):853–9. Epub 2011/06/15.

doi: ncb2270 [pii] doi: 10.1038/ncb2270 PMID: 21666683.

20. Horazdovsky BF, Busch GR, Emr SD. VPS21 encodes a rab5-like GTP binding protein that is required

for the sorting of yeast vacuolar proteins. EMBO J. 1994; 13(6):1297–309. Epub 1994/03/15. PMID:

8137814; PubMed Central PMCID: PMC394945.

21. Mendu V, Chiu M, Barajas D, Li Z, Nagy PD. Cpr1 cyclophilin and Ess1 parvulin prolyl isomerases

interact with the tombusvirus replication protein and inhibit viral replication in yeast model host. Virol-

ogy. 2010; 406(2):342–51. Epub 2010/08/17. doi: S0042-6822(10)00475-7 [pii] doi: 10.1016/j.virol.

2010.07.022 PMID: 20709345.

22. Lo SY, Brett CL, Plemel RL, Vignali M, Fields S, Gonen T, et al. Intrinsic tethering activity of endosomal

Rab proteins. Nat Struct Mol Biol. 2012; 19(1):40–7. Epub 2011/12/14. doi: nsmb.2162 [pii] doi: 10.

1038/nsmb.2162 PMID: 22157956; PubMed Central PMCID: PMC3252480.

23. Singer-Kruger B, Stenmark H, Dusterhoft A, Philippsen P, Yoo JS, Gallwitz D, et al. Role of three rab5-

like GTPases, Ypt51p, Ypt52p, and Ypt53p, in the endocytic and vacuolar protein sorting pathways of

yeast. J Cell Biol. 1994; 125(2):283–98. Epub 1994/04/01. PMID: 8163546; PubMed Central PMCID:

PMC2120022.

24. Zhen Y, Stenmark H. Cellular functions of Rab GTPases at a glance. J Cell Sci. 2015; 128(17):3171–

6. Epub 2015/08/15. doi: jcs.166074 [pii] doi: 10.1242/jcs.166074 PMID: 26272922.

25. Pogany J, Stork J, Li Z, Nagy PD. In vitro assembly of the Tomato bushy stunt virus replicase requires

the host Heat shock protein 70. Proc Natl Acad Sci U S A. 2008; 105(50):19956–61. Epub 2008/12/09.

doi: 0810851105 [pii] doi: 10.1073/pnas.0810851105 PMID: 19060219; PubMed Central PMCID:

PMC2604936.

26. McCartney AW, Greenwood JS, Fabian MR, White KA, Mullen RT. Localization of the tomato bushy

stunt virus replication protein p33 reveals a peroxisome-to-endoplasmic reticulum sorting pathway.

Plant Cell. 2005; 17(12):3513–31. Epub 2005/11/15. doi: tpc.105.036350 [pii] doi: 10.1105/tpc.105.

036350 PMID: 16284309; PubMed Central PMCID: PMC1315385.

27. Weber-Lotfi F, Dietrich A, Russo M, Rubino L. Mitochondrial targeting and membrane anchoring of a

viral replicase in plant and yeast cells. J Virol. 2002; 76(20):10485–96. Epub 2002/09/20. PMID:

12239325; PubMed Central PMCID: PMC136569. doi: 10.1128/JVI.76.20.10485-10496.2002

28. Kobayashi T, Stang E, Fang KS, de Moerloose P, Parton RG, Gruenberg J. A lipid associated with the

antiphospholipid syndrome regulates endosome structure and function. Nature. 1998; 392(6672):193–

7. Epub 1998/03/27. doi: 10.1038/32440 PMID: 9515966.

29. Balla T. Phosphoinositides: tiny lipids with giant impact on cell regulation. Physiol Rev. 2013; 93

(3):1019–137. Epub 2013/08/01. doi: 93/3/1019 [pii] doi: 10.1152/physrev.00028.2012 PMID:

23899561; PubMed Central PMCID: PMC3962547.

30. Kannan M, Riekhof WR, Voelker DR. Transport of phosphatidylserine from the endoplasmic reticulum

to the site of phosphatidylserine decarboxylase2 in yeast. Traffic. 2015; 16(2):123–34. Epub 2014/10/

31. doi: 10.1111/tra.12236 PMID: 25355612.

31. Birner R, Burgermeister M, Schneiter R, Daum G. Roles of phosphatidylethanolamine and of its sev-

eral biosynthetic pathways in Saccharomyces cerevisiae. Mol Biol Cell. 2001; 12(4):997–1007. Epub

2001/04/11. PMID: 11294902; PubMed Central PMCID: PMC32282.

32. Nawaz-Ul-Rehman MS, Prasanth KR, Xu K, Sasvari Z, Kovalev N, de Castro Martin IF, et al. Viral Rep-

lication Protein Inhibits Cellular Cofilin Actin Depolymerization Factor to Regulate the Actin Network

and Promote Viral Replicase Assembly. PLoS Pathog. 2016; 12(2):e1005440. Epub 2016/02/11. doi:

10.1371/journal.ppat.1005440 PPATHOGENS-D-15-01915 [pii]. PMID: 26863541.

33. de Castro IF, Volonte L, Risco C. Virus factories: biogenesis and structural design. Cell Microbiol.

2013; 15(1):24–34. Epub 2012/09/18. doi: 10.1111/cmi.12029 PMID: 22978691.

34. Belov GA, van Kuppeveld FJ. (+)RNA viruses rewire cellular pathways to build replication organelles.

Curr Opin Virol. 2012; 2(6):740–7. Epub 2012/10/06. doi: S1879-6257(12)00141-1 [pii] doi: 10.1016/j.

coviro.2012.09.006 PMID: 23036609.

35. den Boon JA, Ahlquist P. Organelle-like membrane compartmentalization of positive-strand RNA virus

replication factories. Annu Rev Microbiol. 2010; 64:241–56. Epub 2010/09/10. doi: 10.1146/annurev.

micro.112408.134012 PMID: 20825348.

36. Nagy PD, Pogany J. The dependence of viral RNA replication on co-opted host factors. Nature

Reviews Microbiology. 2012; 10(2):137–49. doi: 10.1038/Nrmicro2692. ISI:000299115000013. PMID:

22183253

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment

PLOS Biology | DOI:10.1371/journal.pbio.2000128 October 19, 2016 22 / 24

http://dx.doi.org/10.1016/j.pbi.2014.10.002
http://dx.doi.org/10.1016/j.pbi.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25460076
http://dx.doi.org/10.1038/ncb2270
http://www.ncbi.nlm.nih.gov/pubmed/21666683
http://www.ncbi.nlm.nih.gov/pubmed/8137814
http://dx.doi.org/10.1016/j.virol.2010.07.022
http://dx.doi.org/10.1016/j.virol.2010.07.022
http://www.ncbi.nlm.nih.gov/pubmed/20709345
http://dx.doi.org/10.1038/nsmb.2162
http://dx.doi.org/10.1038/nsmb.2162
http://www.ncbi.nlm.nih.gov/pubmed/22157956
http://www.ncbi.nlm.nih.gov/pubmed/8163546
http://dx.doi.org/10.1242/jcs.166074
http://www.ncbi.nlm.nih.gov/pubmed/26272922
http://dx.doi.org/10.1073/pnas.0810851105
http://www.ncbi.nlm.nih.gov/pubmed/19060219
http://dx.doi.org/10.1105/tpc.105.036350
http://dx.doi.org/10.1105/tpc.105.036350
http://www.ncbi.nlm.nih.gov/pubmed/16284309
http://www.ncbi.nlm.nih.gov/pubmed/12239325
http://dx.doi.org/10.1128/JVI.76.20.10485-10496.2002
http://dx.doi.org/10.1038/32440
http://www.ncbi.nlm.nih.gov/pubmed/9515966
http://dx.doi.org/10.1152/physrev.00028.2012
http://www.ncbi.nlm.nih.gov/pubmed/23899561
http://dx.doi.org/10.1111/tra.12236
http://www.ncbi.nlm.nih.gov/pubmed/25355612
http://www.ncbi.nlm.nih.gov/pubmed/11294902
http://dx.doi.org/10.1371/journal.ppat.1005440
http://www.ncbi.nlm.nih.gov/pubmed/26863541
http://dx.doi.org/10.1111/cmi.12029
http://www.ncbi.nlm.nih.gov/pubmed/22978691
http://dx.doi.org/10.1016/j.coviro.2012.09.006
http://dx.doi.org/10.1016/j.coviro.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23036609
http://dx.doi.org/10.1146/annurev.micro.112408.134012
http://dx.doi.org/10.1146/annurev.micro.112408.134012
http://www.ncbi.nlm.nih.gov/pubmed/20825348
http://dx.doi.org/10.1038/Nrmicro2692
http://www.ncbi.nlm.nih.gov/pubmed/22183253


37. Kovalev N, de Castro Martin IF, Pogany J, Barajas D, Pathak K, Risco C, et al. Role of Viral RNA and

Co-opted Cellular ESCRT-I and ESCRT-III Factors in Formation of Tombusvirus Spherules Harboring

the Tombusvirus Replicase. J Virol. 2016; 90(7):3611–26. Epub 2016/01/23. doi: JVI.02775-15 [pii]

doi: 10.1128/JVI.02775-15 PMID: 26792735.

38. Tse YC, Mo B, Hillmer S, Zhao M, Lo SW, Robinson DG, et al. Identification of multivesicular bodies as

prevacuolar compartments in Nicotiana tabacum BY-2 cells. Plant Cell. 2004; 16(3):672–93. Epub

2004/02/20. doi: 10.1105/tpc.019703 tpc.019703 [pii]. PMID: 14973159; PubMed Central PMCID:

PMC385280.

39. Burgyan J, Rubino L, Russo M. The 5’-terminal region of a tombusvirus genome determines the origin

of multivesicular bodies. J Gen Virol. 1996; 77 (Pt 8):1967–74. Epub 1996/08/01. doi: 10.1099/0022-

1317-77-8-1967 PMID: 8760449.

40. Chukkapalli V, Heaton NS, Randall G. Lipids at the interface of virus-host interactions. Curr Opin

Microbiol. 2012; 15(4):512–8. Epub 2012/06/12. doi: S1369-5274(12)00067-7 [pii] doi: 10.1016/j.mib.

2012.05.013 PMID: 22682978; PubMed Central PMCID: PMC3424344.

41. van Meer G, Voelker DR, Feigenson GW. Membrane lipids: where they are and how they behave. Nat

Rev Mol Cell Biol. 2008; 9(2):112–24. Epub 2008/01/25. doi: nrm2330 [pii] doi: 10.1038/nrm2330

PMID: 18216768; PubMed Central PMCID: PMC2642958.

42. Bernstein BW, Bamburg JR. ADF/cofilin: a functional node in cell biology. Trends Cell Biol. 2010; 20

(4):187–95. Epub 2010/02/06. doi: S0962-8924(10)00002-4 [pii] doi: 10.1016/j.tcb.2010.01.001 PMID:

20133134; PubMed Central PMCID: PMC2849908.

43. Prasanth KR, Kovalev N, de Castro Martin IF, Baker J, Nagy PD. Screening a yeast library of tempera-

ture-sensitive mutants reveals a role for actin in tombusvirus RNA recombination. Virology. 2016;

489:233–42. Epub 2016/01/17. doi: S0042-6822(15)00528-0 [pii] doi: 10.1016/j.virol.2015.12.007

PMID: 26773384.

44. Panavas T, Hawkins CM, Panaviene Z, Nagy PD. The role of the p33:p33/p92 interaction domain in

RNA replication and intracellular localization of p33 and p92 proteins of Cucumber necrosis tombus-

virus. Virology. 2005; 338(1):81–95. Epub 2005/06/07. doi: S0042-6822(05)00234-5 [pii] doi: 10.1016/

j.virol.2005.04.025 PMID: 15936051.

45. Hsu NY, Ilnytska O, Belov G, Santiana M, Chen YH, Takvorian PM, et al. Viral reorganization of the

secretory pathway generates distinct organelles for RNA replication. Cell. 2010; 141(5):799–811.

Epub 2010/06/01. doi: S0092-8674(10)00369-7 [pii] doi: 10.1016/j.cell.2010.03.050 PMID: 20510927;

PubMed Central PMCID: PMC2982146.

46. Belov GA, Fogg MH, Ehrenfeld E. Poliovirus proteins induce membrane association of GTPase ADP-

ribosylation factor. J Virol. 2005; 79(11):7207–16. Epub 2005/05/14. doi: 79/11/7207 [pii] doi: 10.1128/

JVI.79.11.7207-7216.2005 PMID: 15890959; PubMed Central PMCID: PMC1112117.

47. Ilnytska O, Santiana M, Hsu NY, Du WL, Chen YH, Viktorova EG, et al. Enteroviruses harness the cel-

lular endocytic machinery to remodel the host cell cholesterol landscape for effective viral replication.

Cell Host Microbe. 2013; 14(3):281–93. Epub 2013/09/17. doi: S1931-3128(13)00266-7 [pii] doi: 10.

1016/j.chom.2013.08.002 PMID: 24034614; PubMed Central PMCID: PMC3802520.

48. Berger KL, Cooper JD, Heaton NS, Yoon R, Oakland TE, Jordan TX, et al. Roles for endocytic traffick-

ing and phosphatidylinositol 4-kinase III alpha in hepatitis C virus replication. Proc Natl Acad Sci U S A.

2009; 106(18):7577–82. Epub 2009/04/21. doi: 0902693106 [pii] doi: 10.1073/pnas.0902693106

PMID: 19376974; PubMed Central PMCID: PMC2678598.

49. Manna D, Aligo J, Xu C, Park WS, Koc H, Heo WD, et al. Endocytic Rab proteins are required for hepa-

titis C virus replication complex formation. Virology. 2010; 398(1):21–37. Epub 2009/12/17. doi:

S0042-6822(09)00770-3 [pii] doi: 10.1016/j.virol.2009.11.034 PMID: 20005553; PubMed Central

PMCID: PMC2823978.

50. Chen TC, Hsieh CH, Sarnow P. Supporting Role for GTPase Rab27a in Hepatitis C Virus RNA Repli-

cation through a Novel miR-122-Mediated Effect. PLoS Pathog. 2015; 11(8):e1005116. Epub 2015/08/

26. doi: 10.1371/journal.ppat.1005116 [pii]. PMID: 26305877; PubMed Central PMCID: PMC4549268.

51. Nevo-Yassaf I, Yaffe Y, Asher M, Ravid O, Eizenberg S, Henis YI, et al. Role for TBC1D20 and Rab1

in hepatitis C virus replication via interaction with lipid droplet-bound nonstructural protein 5A. J Virol.

2012; 86(12):6491–502. Epub 2012/04/12. doi: JVI.00496-12 [pii] doi: 10.1128/JVI.00496-12 PMID:

22491470; PubMed Central PMCID: PMC3393552.

52. Tang WC, Lin RJ, Liao CL, Lin YL. Rab18 facilitates dengue virus infection by targeting fatty acid

synthase to sites of viral replication. J Virol. 2014; 88(12):6793–804. Epub 2014/04/04. doi: JVI.00045-

14 [pii] doi: 10.1128/JVI.00045-14 PMID: 24696471; PubMed Central PMCID: PMC4054357.

53. Huang YP, Jhuo JH, Tsai MS, Tsai CH, Chen HC, Lin NS, et al. NbRABG3f, a member of Rab

GTPase, is involved in Bamboo mosaic virus infection in Nicotiana benthamiana. Mol Plant Pathol.

2015. Epub 2015/09/30. doi: 10.1111/mpp.12325 PMID: 26416342.

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment

PLOS Biology | DOI:10.1371/journal.pbio.2000128 October 19, 2016 23 / 24

http://dx.doi.org/10.1128/JVI.02775-15
http://www.ncbi.nlm.nih.gov/pubmed/26792735
http://dx.doi.org/10.1105/tpc.019703
http://www.ncbi.nlm.nih.gov/pubmed/14973159
http://dx.doi.org/10.1099/0022-1317-77-8-1967
http://dx.doi.org/10.1099/0022-1317-77-8-1967
http://www.ncbi.nlm.nih.gov/pubmed/8760449
http://dx.doi.org/10.1016/j.mib.2012.05.013
http://dx.doi.org/10.1016/j.mib.2012.05.013
http://www.ncbi.nlm.nih.gov/pubmed/22682978
http://dx.doi.org/10.1038/nrm2330
http://www.ncbi.nlm.nih.gov/pubmed/18216768
http://dx.doi.org/10.1016/j.tcb.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20133134
http://dx.doi.org/10.1016/j.virol.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26773384
http://dx.doi.org/10.1016/j.virol.2005.04.025
http://dx.doi.org/10.1016/j.virol.2005.04.025
http://www.ncbi.nlm.nih.gov/pubmed/15936051
http://dx.doi.org/10.1016/j.cell.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20510927
http://dx.doi.org/10.1128/JVI.79.11.7207-7216.2005
http://dx.doi.org/10.1128/JVI.79.11.7207-7216.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890959
http://dx.doi.org/10.1016/j.chom.2013.08.002
http://dx.doi.org/10.1016/j.chom.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24034614
http://dx.doi.org/10.1073/pnas.0902693106
http://www.ncbi.nlm.nih.gov/pubmed/19376974
http://dx.doi.org/10.1016/j.virol.2009.11.034
http://www.ncbi.nlm.nih.gov/pubmed/20005553
http://dx.doi.org/10.1371/journal.ppat.1005116
http://www.ncbi.nlm.nih.gov/pubmed/26305877
http://dx.doi.org/10.1128/JVI.00496-12
http://www.ncbi.nlm.nih.gov/pubmed/22491470
http://dx.doi.org/10.1128/JVI.00045-14
http://www.ncbi.nlm.nih.gov/pubmed/24696471
http://dx.doi.org/10.1111/mpp.12325
http://www.ncbi.nlm.nih.gov/pubmed/26416342


54. Hyodo K, Mine A, Taniguchi T, Kaido M, Mise K, Taniguchi H, et al. ADP ribosylation factor 1 plays an

essential role in the replication of a plant RNA virus. J Virol. 2013; 87(1):163–76. Epub 2012/10/26.

doi: JVI.02383-12 [pii] doi: 10.1128/JVI.02383-12 PMID: 23097452; PubMed Central PMCID:

PMC3536388.

55. Wei T, Wang A. Biogenesis of cytoplasmic membranous vesicles for plant potyvirus replication occurs

at endoplasmic reticulum exit sites in a COPI- and COPII-dependent manner. J Virol. 2008; 82

(24):12252–64. Epub 2008/10/10. doi: JVI.01329-08 [pii] doi: 10.1128/JVI.01329-08 PMID: 18842721;

PubMed Central PMCID: PMC2593340.

56. Xu K, Huang TS, Nagy PD. Authentic in vitro replication of two tombusviruses in isolated mitochondrial

and endoplasmic reticulum membranes. Journal of virology. 2012; 86(23):12779–94. doi: 10.1128/JVI.

00973-12 PMID: 22973028; PubMed Central PMCID: PMC3497632.

57. Xu K, Lin JY, Nagy PD. The hop-like stress-induced protein 1 cochaperone is a novel cell-intrinsic

restriction factor for mitochondrial tombusvirus replication. Journal of virology. 2014; 88(16):9361–78.

doi: 10.1128/JVI.00561-14 PMID: 24920799; PubMed Central PMCID: PMC4136296.

58. Pogany J, Panavas T, Serviene E, Nawaz-ul-Rehman MS, P DN. A high-throughput approach for

studying virus replication in yeast. Curr Protoc Microbiol. 2010; Chapter 16:Unit16J 1. doi: 10.1002/

9780471729259.mc16j01s19 PMID: 21053256.

59. Cheng X, Deng P, Cui H, Wang A. Visualizing double-stranded RNA distribution and dynamics in living

cells by dsRNA binding-dependent fluorescence complementation. Virology. 2015; 485:439–51. doi:

10.1016/j.virol.2015.08.023 PMID: 26351203.

60. Yoo SD, Cho YH, Sheen J. Arabidopsis mesophyll protoplasts: a versatile cell system for transient

gene expression analysis. Nat Protoc. 2007; 2(7):1565–72. doi: 10.1038/nprot.2007.199 PMID:

17585298.

61. Nam KS, Igarashi K, Umeda M, Inoue K. Production and characterization of monoclonal antibodies

that specifically bind to phosphatidylcholine. Biochim Biophys Acta. 1990; 1046(1):89–96. Epub 1990/

08/28. doi: 0005-2760(90)90098-I [pii]. PMID: 1697768.

TBSV Co-opts Rab5-Positive Endosomes to Build Replication Compartment

PLOS Biology | DOI:10.1371/journal.pbio.2000128 October 19, 2016 24 / 24

http://dx.doi.org/10.1128/JVI.02383-12
http://www.ncbi.nlm.nih.gov/pubmed/23097452
http://dx.doi.org/10.1128/JVI.01329-08
http://www.ncbi.nlm.nih.gov/pubmed/18842721
http://dx.doi.org/10.1128/JVI.00973-12
http://dx.doi.org/10.1128/JVI.00973-12
http://www.ncbi.nlm.nih.gov/pubmed/22973028
http://dx.doi.org/10.1128/JVI.00561-14
http://www.ncbi.nlm.nih.gov/pubmed/24920799
http://dx.doi.org/10.1002/9780471729259.mc16j01s19
http://dx.doi.org/10.1002/9780471729259.mc16j01s19
http://www.ncbi.nlm.nih.gov/pubmed/21053256
http://dx.doi.org/10.1016/j.virol.2015.08.023
http://www.ncbi.nlm.nih.gov/pubmed/26351203
http://dx.doi.org/10.1038/nprot.2007.199
http://www.ncbi.nlm.nih.gov/pubmed/17585298
http://www.ncbi.nlm.nih.gov/pubmed/1697768

