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ABSTRACT Positive-strand RNA viruses build large viral replication organelles (VROs)
with the help of coopted host factors. Previous works on tomato bushy stunt virus (TBSV)
showed that the p33 replication protein subverts the actin cytoskeleton by sequestering
the actin depolymerization factor, cofilin, to reduce actin filament disassembly and stabi-
lize the actin filaments. Then, TBSV utilizes the stable actin filaments as “trafficking high-
ways” to deliver proviral host factors into the protective VROs. In this work, we show that
the cellular intrinsic restriction factors (CIRFs) also use the actin network to reach VROs
and inhibit viral replication. Disruption of the actin filaments by expression of the
Legionella RavK protease inhibited the recruitment of plant CIRFs, including the CypA-like
Roc1 and Roc2 cyclophilins, and the antiviral DDX17-like RH30 DEAD box helicase into
VROs. Conversely, temperature-sensitive actin and cofilin mutant yeasts with stabilized
actin filaments reduced the levels of copurified CIRFs, including cyclophilins Cpr1, CypA,
Cyp40-like Cpr7, cochaperones Sgt2, the Hop-like Sti1, and the RH30 helicase in viral repli-
case preparations. Dependence of the recruitment of both proviral and antiviral host fac-
tors into VROs on the actin network suggests that there is a race going on between
TBSV and its host to exploit the actin network and ultimately to gain the upper hand dur-
ing infection. We propose that, in the highly susceptible plants, tombusviruses efficiently
subvert the actin network for rapid delivery of proviral host factors into VROs and ulti-
mately overcome host restriction factors via winning the recruitment race and over-
whelming cellular defenses.

IMPORTANCE Replication of positive-strand RNA viruses is affected by the recruitment
of host components, which provide either proviral or antiviral functions during virus
invasion of infected cells. The delivery of these host factors into the viral replication
organelles (VROs), which represent the sites of viral RNA replication, depends on the
cellular actin network. Using TBSV, we uncover a race between the virus and its host
with the actin network as the central player. We find that in susceptible plants, tom-
busviruses exploit the actin network for rapid delivery of proviral host factors into
VROs and ultimately overcome host restriction factors. In summary, this work dem-
onstrates that the actin network plays a major role in determining the outcome of
viral infections in plants.

KEYWORDS DEAD box RNA helicase, cochaperone, cyclophilin, host factor, plant,
replication, restriction factor, tomato bushy stunt virus, viral replicase, virus-host
interaction, yeast

ositive-strand (+)RNA viruses are intracellular parasites that exploit host cellular
resources to replicate inside the infected cells. (+)RNA viruses are the largest and
most widespread plant viruses, causing important economic losses in crop production.
However, plants have evolved strategies to restrict viral infections, including innate
immunity, RNA silencing/RNA interference, translational repression, dominant viral
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resistance, ubiquitin- and autophagy-mediated degradation, and the use of cell-
intrinsic restriction factors (CIRFs) (1-11). As a counter response, RNA viruses have also
evolved to suppress and manipulate the plant defenses and host cellular components
to promote viral replication. The dynamics of virus-host interaction networks will help
us to better understand plant resistance responses and develop better plant crops re-
sistant to viruses (12-15).

Tomato bushy stunt virus (TBSV) has emerged as a highly suitable virus to study viral
RNA replication and virus-host interactions. Translation of the 5" overlapping open reading
frames (ORFs) of the single TBSV genomic RNA (gRNA) results in two replication proteins,
termed p33 and p92r°. The abundant p33 RNA chaperone has multiple functions, including
the recruitment of viral RNA template for replication and the assembly of the membrane-
bound viral replicase complexes (VRCs) (16-21). The translational readthrough product of
the p33 ORF is p92r°, which is the RNA-dependent RNA polymerase (RdRp) (18, 22, 23).
Both replication proteins are essential components of the tombusvirus VRCs (23-27).

A comparative pathosystem approach was used on two tombusviruses in a yeast
(Saccharomyces cerevisiae) model host and plants to identify CIRFs (28-36). Genome-
and proteome-wide studies of virus-host interactions using yeast mutant libraries and
TBSV have identified 73 genes that reduce viral replication, possibly acting as CIRFs
(29, 37-39). Most of these identified CIRFs have known orthologs in plants (40).
Interestingly, in the protein-protein interaction network, multiple components of the
actin cytoskeleton have emerged that either promote or restrict TBSV replication and
affect TBSV recombination (29, 37, 41-44). During tombusvirus infection, the TBSV p33
replication protein subverts the actin cytoskeleton by sequestering the actin depoly-
merization factor, cofilin (ADF in plants), to reduce actin filament disassembly and
stabilize the actin filaments/cables. Then, TBSV utilizes the stable actin filaments as
“trafficking highways” to facilitate the recruitment of proviral host factors to build viral
replication organelles (VRO) (42, 45).

We wanted to learn if the host cells might also use the actin filaments to deliver
selected CIRFs into VROs to inhibit TBSV replication. We selected previously character-
ized TBSV restriction factors, such as cyclophilins (yeast Cpr1 and Cpr7, Arabidopsis
Roc1 and Roc2, and human CypA) (38, 46). Cyclophilins are a highly conserved protein
family with prolyl isomerase activity that catalyzes the cis-trans isomerization of the
peptidyl-prolyl bonds and are involved in the assembly of multidomain proteins and in
protein refolding after trafficking through cellular membranes, thus altering the struc-
ture, function, or localization of the so-called client proteins (47, 48). The yeast Cpr7
and Cpr1, the Arabidopsis AtRoc1 (Cyp18-3) and AtRoc2 (Cyp19-3), or the human ortho-
log CypA reduces TBSV replication by (i) inhibiting the recruitment of viral RNA by p33
replication protein, (ii) inhibiting VRC assembly, and (iii) blocking viral RNA synthesis
(38, 46, 49-51).

Additional CIRFs selected for this work are the heat shock protein cochaperones
(Sgt2 and Sti1), and a plant-specific host DEAD box RNA helicase (RH30). The host
Cpr7, Sgt2, and Sti1 are tetratricopeptide repeat (TPR) domain-containing cellular pro-
teins, which inhibit tombusvirus replication via binding and interfering with p33 repli-
cation protein functions (38, 46, 51-53). Interestingly, here, we found that the presence
of all of the CIRFs tested was lower within the viral replication complexes in cofilin and
actin temperature-sensitive mutant yeasts with stable actin filaments. This is in contrast
with the more efficient recruitment of several proviral host factors into VROs in the
same yeast mutants (41, 42, 54). By expressing the RavK effector of the Legionella pneu-
mophila bacterium, which destroys the actin filaments, we show highly reduced
recruitment of the CIRFs into VROs, demonstrating that dependence of CIRF functions
on the actin network. Based on our findings, we suggest that there is a race between
TBSV and the host for delivering both proviral and antiviral restriction factors via actin
filaments into VROs. The stabilized actin filaments help TBSV with supporting rapid
VRO assembly, while restricting the delivery of the restriction factors into VROs. Thus,
the rapid speed of VRO assembly assisted by the subverted actin network is one of the
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ways TBSV might outrace and ultimately overwhelm cellular defenses during infection
of susceptible hosts.

RESULTS

The dynamic actin filaments play a key role in affecting the recruitment of
cellular cyclophilin restriction factors into tombusvirus VROs in yeast. To study if
actin network dynamics affect the delivery of host restriction factors into TBSV VRCs, we
utilized temperature-sensitive (ts) ACTT and COFT mutant haploid yeast strains (55). These
yeast strains form more stable actin filaments than wild-type (WT) yeast, which has
dynamic actin network with actin patches (i.e., branched actin filaments) and longer fila-
ments (56). Both act1* and cof1® yeasts support higher level of TBSV replication due to
the stable actin-filament-assisted rapid VRO assembly (41, 42, 54). Yeasts were grown at
permissive (23°C) and semipermissive (32°C) temperatures, and an intermediate tempera-
ture (29°C) and TBSV replicon RNA (repRNA) replication was started by coexpressing
repRNA, Flag-tagged p33 and Flag-p92 replication proteins, and one of the His,-tagged
restriction factors. We found that Hiss-Cpr1 was poorly copurified with the Flag-p33/Flag-
p92r°, representing the tombusvirus replicase (VRC) from membrane fraction of act1® or
cof1® yeasts cultured at the semipermissive temperature (i.e., 32°C) compared with the
WT yeast (Fig. 1A and B, lane 8 versus lane 7). However, Cpr1 was as efficiently copurified
with the tombusvirus replicase from act1® yeast cultured at the permissive temperature
(i.e,, 23°C) as from WT yeast (Fig. 1A and B, lane 2 versus 1). Yeasts act1' or cof1* strains
cultured at the intermediate temperature showed reduced levels of copurified Cpr1 in
the replicase preparations but not as much as was found for the semi-permissive samples
(Fig. 1A, lane 5 versus 4). We performed comparable replicase purification experiments
using CypA, the mammalian ortholog of the yeast Cpr1, from act1® and cof1® yeasts
(Fig. 1C and D). Interestingly, the data obtained with CypA were comparable to the above
Cpr1 data, showing a greatly reduced amount of co-purified cyclophilins from yeast
mutants with the stabilized actin filaments (Fig. 1E).

Copurification of the Cyp40-like His,-Cpr7 with the tombusvirus replicase from
act1® and cof1® yeasts cultured at the semipermissive temperature was also much
lower than that from WT yeast (Fig. 2A and B). A similar picture was observed when we
expressed only either the TPR®7 domain (Fig. 2C and D) or Cyp"” domain (Fig. 2F),
resulting in poor copurification with the viral replicase from act1t and cof1% yeasts cul-
tured at the semipermissive temperature. Both domains of Cpr7 (Fig. 2E) interact with
p33 and p92r°, but the TPR®” domain is the most effective restriction factor (51).
Altogether, the obtained data support a model that the stabilized actin filaments in
act1® and cof1% yeasts assist TBSV replication by reducing the recruitment of different
cyclophilin restriction factors into TBSV VROs.

The dynamic actin filaments also affect the recruitment of other restriction
factors into tombusvirus VROs in yeast. To learn whether the above findings with the
host cyclophilins and the role of actin filaments might be a more general phenomenon
during TBSV replication, we tested additional host CIRF factors. First, the cytoplasmic
cochaperone Sgt2, which contains a TPR domain and inhibits tombusvirus replication (50),
was tested. We found that His,-Sgt2 and the His,-TPR*9®> domain were poorly copurified
with the Flag-p33/Flag-p92r°' replicase from the membrane fraction of act1® or cof1®
yeasts cultured at the semipermissive temperature in comparison with those of the WT
yeast (Fig. 3A). However, Hiss-Sgt2 and His,-TPR*9'2 with 70 to 110% efficiency were copuri-
fied with the tombusvirus replicase from act1® or cof1' yeasts cultured at the permissive
temperature as from WT yeast (Fig. 3A).

Second, the role of the dynamic actin network in recruitment of another effective
CIRF against TBSV, namely, the Arabidopsis RH30 DEAD box helicase (52), was also
tested. We observed a 70 to 80% reduced level of copurification of Hiss-RH30 helicase
with the Flag-p33/Flag-p92r°' replicase from the membrane fraction of act1® or cof1*
yeasts cultured at the semipermissive temperature compared with that of the WT yeast
(Fig. 3B). This was in contrast with the relatively efficient copurification of His,-RH30
with the tombusvirus replicase from act1® or cof1* yeasts cultured at the permissive
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FIG 1 Temperature-sensitive actin and cofilin mutant yeasts affect the recruitment of cyclophilins into TBSV VRC. (A) The amounts of
copurified yeast Cpr1 cyclophilin in the p33/p92 replicase preparations were reduced in act1-121® mutant yeast cultured at the
semipermissive temperature (32°C). The Flag-tagged p33 and p92P° viral replication proteins and the viral (+)repRNA together with
Hisc-tagged Cpr1 were expressed in WT (BY4741) and act1-121® mutant yeasts, followed by Flag affinity purification from the
detergent-solubilized membrane fraction of yeasts. Expression of the His,;tagged p33 and p92P°' viral replication proteins were used as
a control. (Top row) Western blot analysis shows the copurified levels of His,-Cpr1 in WT and act1-121%. Cpr1 protein was detected
with anti-His antibody. (Second row) Western blot of the purified viral Flag-p33 and Flag-p92*° detected with anti-FLAG antibodly.
(Third row) Western blot analysis of the His,-Cpr1 levels in the total protein extracts from yeasts. (Fourth row) Western blot analysis of
the Hisg-p33 protein levels in the total protein extract. (Fifth row) Coomassie blue-stained SDS-PAGE of the total protein levels. (B) The
copurified levels of Cpr1 were reduced in cof1-8® mutant yeasts cultured at the semipermissive temperature. See further details in
panel A. (C to D) The copurified levels of CypA were reduced in actin and cofilin mutant yeasts cultured at the semipermissive
temperature. Flag-p33 and Flag p92°°' were coexpressed with His,-tagged CypA. See further details in panel A. (E) Each experiment was
repeated three times, and the bar plot graphic represents the average levels of co-purified Cpr1 and CypA in the viral replicase
preparations in WT, act1-121%, and cof1-8®. Error bars represent the standard error of the mean (SEM).

temperature (Fig. 3B). Thus, in addition to cyclophilins, a cochaperone, and an antiviral
DEAD box helicase, recruitment also depends on the actin network.

To further test the role of the actin network in CIRF recruitment, we used carnation
Italian ringspot virus CIRV, which is closely related to TBSV, but it replicates in a different
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FIG 2 Temperature-sensitive actin and cofilin mutant yeasts affect the recruitment of Cyp40-like Cpr7 and its Cyp and TPR domains
into TBSV VRC. (A) The amounts of copurified yeast Cpr7 cyclophilin in the p33/p92 replicase preparations were reduced in act-121*
mutant yeast cultured at the semipermissive temperature (32°C). The Flag-tagged p33 and p92P° viral replication proteins and the
viral (+)repRNA together with His,-tagged Cpr7 were expressed in WT (BY4741) and act1-121"* mutant yeasts, followed by Flag
affinity purification from the detergent-solubilized membrane fraction of yeasts. Expression of the His,tagged p33 and p92°° viral
replication proteins were used as a control. (Top row) Western blot analysis shows the copurified levels of His,-Cpr7 in WT and act-
121% yeasts detected with anti-His antibody. (Second row) Western blot of the purified viral Flag-p33 and Flag-p92P°' detected with
anti-FLAG antibody. (Third row) Western blot analysis of the His,-Cpr7 levels in the total protein extracts from yeasts. (Fourth row)
Western blot analysis of the His,-p33 protein levels in the total protein extract. (Fifth row) Coomassie blue-stained SDS-PAGE of the
total protein levels. (B) The copurified levels of Cpr7 were reduced in cof1-8® mutant yeasts cultured at semipermissive temperature.
See further details in panel A. (C to D) The copurified levels of His,-TPR®” (only the TPR domain of Cpr7 was expressed) were
reduced in actin and cofilin mutant yeasts cultured at the semipermissive temperature. Flag-p33 and Flag p92P°' were coexpressed
with His;-TPR®"”. See further details in panel A. (E) The domain structure of the Cyp40-like Cpr7. (F) Each experiment was repeated
three times, and the bar plot graphic represents the average levels of copurified full-length Cpr7, TPR®”, and CYP*”, respectively, in
the viral replicase preparations in WT, act1-121%, and cof1-8%. Error bars represent the standard error.
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FIG 3 The recruitment of the Sgt2 cochaperone and the RH30 helicase into TBSV VRC depends on
the actin network. (A and B) Graphic representation of the average levels of copurified full-length
Sgt2, TPR*92, and RH30 DEAD box helicase, respectively, in the viral replicase preparations in WT,
act1-121%, and cof1-8%. The experiments were performed as described in the legend to Fig. 1. Each
experiment was repeated three times. Error bars represent the standard error.

milieu, utilizing the outer surface of aggregated mitochondria (21, 57). The CIRF tested
was the Hop1-like Sti1 cochaperone, which specifically restricts the replication of CIRV,
but not the peroxisome-associated TBSV replication in yeast (58). We found a 60 to 70%
reduction in the copurified Hiss-Sti1 cochaperone with the CIRV Flag-p36/Flag-p95r°
replicase from the membrane fraction of act1® or cof1® yeasts cultured at the semiper-
missive temperature compared with that of the WT yeast (Fig. 4). Conversely, the His,-
Sti1 cochaperone was efficiently copurified with the CIRV replicase from both act1* and
cof1® yeasts cultured at the permissive temperature (Fig. 4C). Altogether, the emerging
theme is that the stabilized actin filaments in act1® and cof1% yeasts lead to reduction of
the recruitment of different CIRFs into TBSV or CIRV VROs.

For comparison, we have tested the recruitment of several proviral host factors into the
tombusvirus VROs in the above yeast mutants. As expected, copurified Osh6 and Vap27-1
proteins, which are part of the virus-induced membrane contact sites (vMCS), were slightly
more abundant in the TBSV Flag-p33/Flag-p92r' replicase preparations in cof1® yeast (Table
1) and CIRV Flag-p36/Flag-p95r°' replicase preparations in act1® yeast cultured at the semiper-
missive temperature compared with those in the WT yeast (Table 2). The amounts of copuri-
fied proviral Pop2 and Vps23 ESCRT-l protein in the TBSV and CIRV replicase preparations
were comparable in cof1® or act1® yeasts cultured at the semipermissive temperature com-
pared with those in the WT yeast (Tables 1 and 2) (42). Thus, the yeast mutants with stabilized
actin filaments supported reduced recruitment of the antiviral CIRFs into VROs, whereas the
same yeast mutants showed enhanced subversion of a set of proviral host factors.

Dynamic actin filaments affect the recruitment of cellular restriction factors
into tombusvirus VROs in Nicotiana benthamiana. To study the role of the actin net-
work in CIRF recruitment into TBSV VROs in N. benthamiana, we applied a new
approach based on a Legionella bacterium effector, namely, RavK protease, which
cleaves off actin monomers from the actin filaments not at the canonical position. The
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replication proteins and the viral (+)repRNA together with His,-tagged Sti1 were expressed in WT (BY4741) and mutant yeasts,
followed by Flag affinity purification from the detergent-solubilized membrane fraction of yeasts. See further details in the legend
to Fig. 1. (C) Graphic representation of the average levels of copurified full-length Sti1 in the CIRV replicase preparations in WT,
act1-121%, and cof1-8" yeasts. Each experiment was repeated three times. Error bars represent the standard error.

RavK activity thus leads to the destruction of most of the actin filaments in cells (59).
RavK was found to inhibit TBSV replication in yeast based on a high-throughput screen
(60). We found that low-level transient expression of Legionella RavK in N. benthamiana
leaves infected with TBSV resulted in the formation of only small VROs decorated with
p33-BFP and RFP-SKL (peroxisomal luminal marker) (Fig. 5A). This is in contrast with
the characteristic large TBSV VROs consisting of aggregated peroxisomes in the ab-
sence of RavK expression (Fig. 5A). RavK expression led to small actin patches and
mostly eliminated the actin filaments in N. benthamiana leaves (Fig. 5B and C), whereas
the actin filaments were abundant in TBSV-infected cells (Fig. 5B) (42). The combina-
tion of RavK expression and TBSV infection seems to be not enough to restore the
actin filaments, suggesting that the effect of RavK is dominant over the p33-cofilin-
driven stabilization of actin filaments and actin cables. Nevertheless, the p33 replica-
tion protein was still localized to the peroxisomes, which did not show extensive
aggregation in TBSV-infected cells also expressing RavK (Fig. 5A and B) (61).

TABLE 1 Copurified host proteins with TBSV p33 from cof1-8 yeast (32°C)“

Protein Percentage®
Osh6 ORP 120 = 11
Pbp2 RNA binding 987
Vap27-1 (Scs2-like) 122 =10
Vps23 ESCRT | 88 *7

aCopurification of the given host protein with p33 from WT yeast was taken as 100%.
bPercentage of the given host protein co-purified with p33 from WT yeast grown at the same temperature.
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TABLE 2 Copurified host proteins with CIRV p36 from act1-132 yeast (32°C)?

Protein Percentage®
Ded1 helicase 979
Osh6 ORP 160 = 21
Pbp2 RNA binding 95 £ 11
Vap27-1 (Scs2-like) 130 =13
Vps4 AAA+ ATPase 63*+8
Vps23 ESCRT | 110 =8

aCopurification of the given host protein with p36 from WT yeast was taken as 100%.
bPercentage of the given host protein co-purified with p33 from WT yeast grown at the same temperature.

To confirm the inhibitory role of RavK-based destruction of actin filaments on TBSV RNA
synthesis within VROs, we used a double-stranded RNA (dsRNA) sensor, which can detect the
dsRNA replication intermediates during TBSV replication in plants (52, 62). We observed poor
accumulation of dsRNA within the TBSV p33-BFP and RFP-SKL-decorated TBSV VROs in N. ben-
thamiana leaves expressing RavK (Fig. 6A). This is in contrast with the high accumulation of
TBSV dsRNA within VROs in control plants (Fig. 6A, bottom). In addition, we also utilized a
modified (+)repRNA carrying an single-stranded RNA (ssRNA) sensor (21). This ssRNA sensor
consists of six repeats of a hairpin RNA from MS2 bacteriophage, which is specifically recog-
nized by the MS2 coat protein (MS2-CP) (52, 63, 64). Coexpression of the TBSV p33-BFP with
RavK and the RFP-tagged MS2-CP revealed the inefficient production of the new (+)repRNA
product within the active VROs (Fig. 6B, top). In the control experiments, in the absence of
RavK expression, abundant new (+)repRNA product within the active VROs were detected
(Fig. 6B, middle). In the presence of only the TBSV repRNA and p33-BFP (no replication due to

A. N. benthamiana | RavK / 3D C

p33-BFP RFP-SKL merged RFP-SKL merged

Control

Illl&‘f"s

B. 3D images RavK

ASal
SNJIA ou

vector

p33-BFP

RFP-SKL

FIG 5 Transient expression of the Legionella RavK effector affects the architecture of the actin network and TBSV VROs in GFP-mTalin N. benthamiana
transgenic plants. (A, top row) Transgenic N. benthamiana plants expressing GFP-mTalin actin-binding protein and coexpressing p33-BFP and RFP-SKL
peroxisomal luminal marker (to visualize TBSV VROs). (Second row) GFP-mTalin N. benthamiana plants expressing p33-BFP, RFP-SKL, and the RavK effector
were visualized via confocal microscopy. The plants were infected with TBSV. All of the plants were inoculated with TBSV 16 h after agroinfiltration. Plant
samples were analyzed using confocal microscopy 36 h postinfection. (B) Merged three-dimensional (3D) image of plant leaves expressing the tagged-
proteins as shown. See details in panel A. (C) Control transgenic N. benthamiana plants expressing GFP-mTalin and coexpressing RFP-SKL without (top) or
with (bottom) expressing RavK effector. The plants were mock-inoculated. The scale bar is 10 um.
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FIG 6 Transient expression of the Legionella RavK effector inhibits the production of dsRNA
replication intermediate and (+)ssRNA progeny in TBSV VROs in N. benthamiana plants. (A) Reduced

(Continued on next page)
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the absence of the closely related cucumber necrosis virus (CNV) helper infection), the
RFP-MS2-CP was located in the nucleus with or without RavK expression (Fig. 6B, bottom).
Therefore, we conclude that disruption of actin filaments by RavK greatly inhibits tombusvirus
replication. In summary, the plant-based experiments confirmed that the actin filaments play
an important role in tombusvirus replication. We suggest that RavK expression inhibits TBSV
VRO formation via destruction of the actin filaments.

Based on the above results, we tested how the actin dynamics affect the recruitment of
the CIRFs into VROs in plants. To do so, we performed a bimolecular fluorescence comple-
mentation (BiFC) assay in N. benthamiana leaves transiently expressing the RavK actin-
cleavage effector. In addition, we also coexpressed AtRoc1 (Cyp18-3) or AtRoc2 (Cyp19-3)
cyclophilins, which are plant orthologs of the yeast Cpr1 (65-67), in N. benthamiana leaves
together with TBSV p33 replication protein. The plants were infected with TBSV. The BiFC
assay data showed the lack of interaction between p33 replication protein and AtRoc1 or
AtRoc2 cyclophilin proteins within VROs marked by RFP-SKL peroxisomal marker in N. ben-
thamiana leaves transiently expressing RavK (Fig. 7A and C). This is in contrast with the
strong interaction between p33 replication protein and either AtRoc1 or AtRoc2 cyclophilin
proteins within VROs in the control N. benthamiana leaves not expressing RavK (Fig. 7A
and Q). Additional control experiments showed that the peroxisomes are not affected by
RavK expression in plants (Fig. 7B and D), which indicates that RavK is not affecting protein
translation under the conditions used.

Next, we confirmed the above findings using CIRV replication proteins. We found,
via BiFC assay, the lack of interaction between the CIRV p36 replication protein and
AtRoc1 or AtRoc2 cyclophilin proteins within VROs marked by RFP-Tim21 mitochon-
drial marker in N. benthamiana leaves transiently expressing RavK (Fig. 7E and F). As
was the case with TBSV, we also observed strong interaction between the CIRV p36
replication protein and either AtRoc1 or AtRoc2 cyclophilin proteins within VROs in the
control N. benthamiana leaves not expressing RavK (Fig. 7E and F).

Finally, we extended our BiFC analysis for the RH30 DEAD box helicase, which is a
strong cytosolic restriction factor against TBSV and CIRV (52, 53). Whereas BiFC assays
revealed a strong interaction between AtRH30 and TBSV p33 (Fig. 8A) or CIRV p36 rep-
lication proteins (Fig. 8C) within VROs, coexpression of RavK strongly inhibited the
interaction between RH30 and TBSV p33 or CIRV p36 replication proteins (Fig. 8A and
C; see also Fig. 8B for BiFC assay-negative controls). Altogether, these data suggest that
disruption of the actin filaments by RavK effector inhibits the actin network-based
delivery of cyclophilins and DEAD box helicase restriction factors into TBSV and CIRV
VROs. The lack of the protein-protein interaction between the plant CIRFs Roc1, Roc2,
and RH30 and TBSV p33 and CIRV p36 replication proteins when RavK is coexpressed is
likely due to physical separation of these proteins in plant cells.

Stabilized actin filaments reduce the recruitment of cyclophilin restriction
factors into tombusvirus VROs in plants. To further study the role of the actin net-
work in CIRF recruitment into TBSV VROs in plants, we transiently expressed the
Legionella VipA effector in N. benthamiana leaves. VipA is a known actin nucleator,

FIG 6 Legend (Continued)

production of the viral double-stranded RNA replication intermediate in N. benthamiana leaves
infected with TBSV and expressing RavK effector. The TBSV dsRNA was detected via a dsRNA detector
assay based on dsRNA binding-dependent fluorescence complementation. (Top) Viral dsRNA is poorly
visualized within the VRO, which is marked by p33-BFP and RFP-SKL. (Bottom) TBSV dsRNA is
detected in VROs in the absence of RavK expression in the control samples. Expression of the above
proteins from 35S promoter was done after coagroinfiltration into N. benthamiana leaves. RavK
effector was expressed in N. benthamiana leaves, and 16 h later plant leaves were inoculated with
TBSV. Plant samples were collected 1.5 days postinfection (dpi). Scale bars represent 10 um. Each
experiment was repeated three times. (B) Reduced production of the viral (+)RNA products in N.
benthamiana leaves expressing TBSV repRNA carrying MS2 hairpins and the RFP-MS2CP sensor. The
plants were infected with CNV and expressed RavK effector as shown. The TBSV (+)RNA was
detected via an RFP-MS2CP using confocal microscopy. Bottom images show the control images of
plants with or without RavK expression and in the absence of TBSV repRNA(+)MS2hp when RFP-MS2-
CP is targeted to the nucleus in the absence of cytosolic targets. Scale bars represent 10 um. Each
experiment was repeated three times.

Month YYYY Volume XX Issue XX

Journal of Virology

10.1128/jvi.00168-21

10

Downloaded from https://journals.asm.org/journal/jvi on 13 June 2022 by 128.163.2.206.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00168-21

Actin-Assisted Biogenesis of Replication Organelles Journal of Virology

A. N. benthamiana | RavK B
RFP-SKL merged DIC RFP-SKL merged DIC
©° — -
E g - -
38 5
(&)
» <
< é
X X @
& 3
12
C D
RFP-SKL merged DIC RFP-SKL merged DIC
3 —
= e i
< €
2 o
o LS " -
o o iom 1
& <
< c
*
s X
< ©
© o
E F RFP-Tim21 merged DIC
9
-
c
38
o = 9]
2 z
| - <
X
>
©
12

FIG 7 Disruption of the plant actin filaments by RavK expression inhibits the recruitment of plant cyclophilin restrictions factors into VROs during TBSV
replication. (A, top row) Bimolecular fluorescence complementation (BiFC) analysis shows the interaction between the plant cyclophilin nYFP-Roc1 and
TBSV replication protein p33-cYFP within VROs marked by RFP-SKL in control N. benthamiana. (Second row) On the contrary, BiFC analysis of plants also
expressing RavK indicates the lack of interaction between nYFP-Roc1 and p33-cYFP within VROs. Plants were inoculated with TBSV 16 h after
agroinfiltration, followed by BiFC 36 hpi. (B) Negative control experiments were performed as in panel A. (C) BiFC analysis shows the interaction between
the plant cyclophilin nYFP-Roc2 and TBSV replication protein p33-cYFP within VROs marked by RFP-SKL in N. benthamiana not expressing and expressing
RavK, respectively. Experiments were performed as in panel A. (D) Negative control experiments were performed as in panel A. (E to F) BiFC analysis shows
the interaction between the plant cyclophilin nYFP-Roc1 or nYFP-Roc2 and the CIRV replication protein p36-cYFP within VROs marked by RFP-Tim21 in N.
benthamiana not expressing and expressing RavkK, respectively. Experiments were performed as in panel A, except the plant samples were visualized with
confocal microscope 50 h after infection.

which promotes the formation of stable actin filaments (68), also in N. benthamiana
(61). We have shown previously that VipA expression enhances TBSV and CIRV replica-
tion in yeast and in N. benthamiana (60, 61). Here, we have used BiFC assay, which
showed weaker interactions between the TBSV p33 replication protein and AtRoc1 or
AtRoc2 cyclophilin proteins within VROs in N. benthamiana leaves transiently express-
ing VipA (Fig. 9A and B). Compared with the control samples, we found ~2-fold less
BiFC signals within VROs in cells expressing VipA (Fig. 9A and B).

The strong restriction functions of both AtRoc1 and AtRoc2 cyclophilin proteins
on tombusvirus replication were mostly diminished in N. benthamiana leaves tran-
siently expressing VipA (Table 3). All of these data support that the stabilized actin
filaments do not favor the recruitment of these antiviral cyclophilins into tombusvi-
rus VROs.
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FIG 8 Inhibition of the recruitment of the antiviral RH30 DEAD box helicase into VROs via disruption
of the plant actin network by RavK expression during TBSV replication. (A, top row) BiFC analysis
shows the interaction between the plant nYFP-RH30 helicase and TBSV p33-cYFP replication protein
within VROs marked by RFP-SKL in control N. benthamiana. (Second row) Comparable BiFC analysis of
plants also expressing RavK indicates the lack of interaction between nYFP-RH30 and p33-cYFP within
VROs. Plants were inoculated with TBSV 16 h after agroinfiltration followed by BiFC 36 hpi. (B)
Negative control experiments were performed as in panel A. (C) BiFC analysis shows the interaction
between the nYFP-RH30 helicase and the CIRV p36-cYFP within VROs marked by RFP-Tim21 in N.
benthamiana not expressing and expressing RavkK, respectively. Experiments were performed as in
panel A, except the plant samples were visualized with confocal microscope 50 h after infection. Each
experiment was repeated three times.
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DISCUSSION

Tombusviruses coopt many host factors to assemble VROs for efficient virus replica-
tion (50, 69). Previous works have demonstrated that TBSV replication depends on the
subversion of the actin network in infected cells. The TBSV p33 replication protein
actively inhibits actin dynamics in order to efficiently recruit proviral host proteins, vari-
ous lipids/membranes, and viral components to VROs, representing the replication
sites (42, 54). During infection, tombusviruses remodel and stabilize the actin filaments
by sequestering cofilin actin depolymerization factor (42). This leads to the stabilization
of actin filaments and cables in cells. Then, TBSV utilizes the stable actin filaments to
coopt proviral host factors into the rapidly forming VROs. The actin filament-assisted
recruited proviral host factors include the DDX3-like Ded1 DEAD box helicase (RH20 in
plants) (41), oxysterol binding proteins (OSBP-like Osh proteins), and VAP proteins
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FIG 9 Inhibition of the recruitment of the antiviral CIRFs into VROs via stabilization of the plant actin
filaments by VipA expression during tombusvirus replication in N. benthamiana. (A, top row) BiFC analysis
shows the interaction between the plant nYFP-Roc1 cyclophilin and TBSV p33-cYFP replication protein
within VROs in control N. benthamiana. (Second row) Comparable BiFC analysis of plants also expressing
VipA effector indicates the reduced interaction between nYFP-Roc1 and p33-cYFP within VROs. Plants
were inoculated with CNV via agroinfiltration, followed by BiFC 48 hpi. Arrows point at the VROs. The
BiFC signal intensity was measured by image J. The same confocal laser microscopy setting was used in
these experiments. Scale bars represent 20 wm. Each experiment was repeated three times. (B, top row)
BiFC analysis shows the interaction between the plant nYFP-Roc2 cyclophilin and TBSV p33-cYFP
replication protein within VROs in control N. benthamiana. (Second row) Comparable BiFC analysis of
plants also expressing VipA effector indicates the reduced interaction between nYFP-Roc2 and p33-cYFP
within VROs. See further details in panel A.

(VAMP-associated proteins) to stabilize the virus-induced membrane contact sites
(VMCSs) between the endoplasmic reticulum (ER) and the peroxisome (42). The subver-
sion of a selected group of proviral host factors into VROs was higher when the actin
filaments were stable due to mutations in ACTT or COFT genes in yeast, leading to
more efficient TBSV replication. Coopted proviral glycolytic and fermentation enzymes
and the Rpn11 cofactor are also more efficiently recruited into tombusvirus VROs in
yeast expressing the VipA effector (61).

However, the stabilized actin filaments might also facilitate the delivery of the numerous
host CIRF proteins into VROs, possibly leading to inhibition of TBSV replication. Accordingly,
numerous CIRFs have emerged as strong inhibitors of tombusvirus replication, raising the
question of how TBSV overcomes these restrictions on viral replication (50). Indeed, in this
work, we obtained evidence that the actin network plays a role in delivering CIRFs into tom-
busvirus VROs. We demonstrated that disruption of the actin filaments by expression of the
Legionella RavK protease in N. benthamiana inhibited the recruitment of the plant CIRFs,
including the CypA-like Roc1 and Roc2 cyclophilins, and the antiviral RH30 DEAD box heli-
case into VROs. Thus, similar to the selected group of proviral host factors, the recruitment

TABLE 3 Accumulation of CNV RNA in N. benthamiana expressing the shown protein(s)®

Empty vector +Roc1 +VipA +Roc1+VipA
100 £9 14+3 233 = 38 199 * 31
Empty vector +Roc2 +VipA +Roc2+VipA
100 £ 11 216 264 = 31 221 = 39

aEach experiment was repeated three times. The empty pGD vector treatment was taken as 100%.
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FIG 10 A model on the role of the actin network in the race to deliver restriction factors into tombusvirus VROs. (A) Disruption of the actin
filaments (by RavK expression) leads to poor recruitment of both selected proviral and restriction factors into VROs. This leads to low level
of replication and inhibition of VRO formation due to the unsatisfactory amounts of recruited proviral host factors. (B) During normal
replication, for example in WT yeast or N. benthamiana plants, tombusviruses stabilize the actin filaments via sequestering cofilins with p33
replication proteins. Then, the stable actin filaments are utilized to deliver proviral host factors and also restriction factors into VROs. This is
a race driven by p33 among the host factors: in these susceptible hosts, tombusviruses are capable of delivering the proviral factors more
efficiently to VROs than the combined inhibitory effects provided by the recruited host restriction factors. This results in robust TBSV
replication in these hosts. (C) When the host has a stabilized actin network, for example due to given mutations in actin or cofilin or
expression of VipA actin nucleator, then tombusviruses easily outcompete the restriction factors via enhanced recruitment of the p33
proviral host factor complexes into VROs. Altogether, this is a race for/against VRO biogenesis between proviral and antiviral factors
depending on the availability of these cellular factors and the ability of tombusviruses to subvert the host actin network in the infected
hosts.

of antiviral CIRFs also depends on the existence of the dynamic actin network in cells (Fig.
10A). Dependence of the recruitment of both proviral and antiviral host factors into VROs
on the actin network suggests that there is a race going on between TBSV and its host to
exploit the actin network and ultimately to gain the upper hand during infection. This seems
to apply to both the peroxisome-associated TBSV and the closely related mitochondria-
associated CIRV. Thus, regardless of the subcellular localization of replication sites of these
viruses, they depend on the actin network for VRO biogenesis.

Temperature-sensitive act1 and cofilin (cof1) mutant yeasts with stabilized actin fila-
ments showed higher accumulation of TBSV repRNA (42). Furthermore, copurification
experiments of host factors with the tombusvirus replicase suggest that TBSV is winning
the race by delivering proviral host factors and viral components into VROs more effi-
ciently than CIRFs, at least in yeast and N. benthamiana plants (Fig. 10A to C) (42).
Accordingly, the levels of copurified CIRFs, including cyclophilins Cpr1, CypA, the Cyp40-
like Cpr7, and the TPRP7 and Cyp“P7 domains; cochaperones Sgt2, TPR*9%, and the Hop1-
like Sti1; and the antiviral DDX17-like RH30 DEAD box helicase, were lower in the actin
and cofilin mutant yeasts at the semipermissive temperature, which stabilizes actin fila-
ments (55, 70). These data indicate the less efficient recruitment of antiviral host factors,
when compared with the p33 replication protein, into the VROs when the actin filaments
are stabilized. Similar to yeast, we also observed the reduced recruitment of the Cyp1-like
Roc1 and Roc2 cyclophilins into VROs in N. benthamiana with stabilized actin filaments
(due to expression of VipA effector) (Fig. 9). This correlates with the diminished antiviral
effect Roc1 and Roc2 cyclophilins in VipA-expressing plants. It is possible that actin dy-
namics affect the time and/or the intracellular location available for interactions between
the CIRFs and the viral replication components. It seems that more rapid assembly of the
VROs with the help of stabilized actin filaments limits the recruitment of the antiviral host
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factors into the VROs, thus reducing the defense response of the host against the virus.
However, in hosts with a WT actin network, tombusviruses need time and have to “sacri-
fice” viral resources (i.e, numerous p33 molecules) to sequester the cellular cofilin actin
depolymerization factor in order to stabilize the actin filaments to produce efficient VRO
biogenesis (Fig. 10B). In contrast, the actin filaments are already stable in the actin and
cofilin mutant yeasts at the semipermissive temperature or in N. benthamiana expressing
the VipA effector, which actin filaments then can be readily subverted by p33 to support
rapid VRO formation (Fig. 10C). The stable actin filaments also facilitate the recruitment of
several proviral host factors into VROs more efficiently in the above yeast strains at the
semipermissive temperature (41, 42) (see also Tables 1 and 2) or in N. benthamiana plants
expressing the VipA effector (61). Overall, stable actin filaments favor the recruitment of
several proviral factors while they disfavor the recruitment of several restriction factors
into VROs. Thus, actin filament stabilizing factors shift the balance toward a more favor-
able cellular environment that leads to higher level of tombusvirus replication.

Ultimately, the emerging theme is that tombusviruses do not seem to have enough
viral resources (i.e., enough p33 molecules per cell) to neutralize the restriction effects
of all of the CIRFs produced by a given host. Therefore, the strategy of these viruses is
to outrace the host restriction activities by transforming the actin network into a “rac-
ing speedway” in order to rapidly build large VROs. In turn, these VROs then protect
the viral replication machinery and the viral RNA products from degradation by cellular
degradative enzymes as shown before (71, 72). Thus, tombusviruses do not completely
exclude CIRFs from VROs but limit their amounts and effectiveness by rapidly overload-
ing the VROs with proviral host factors and viral components. This model explains the
successful tombusvirus infections in suitable hosts, such as yeast and N. benthamiana.
However, other hosts might have more powerful CIRF arsenals to combat tombusvi-
ruses, thus more effectively restricting tombusvirus replication and possibly even limit-
ing the host range of tombusviruses. Thus, this work presents a key role of the actin
dynamics to facilitate or restrict tombusvirus replication. Overall, the actin network and
the extent of the CIRF arsenal might be major determinants of success of tombusvi-
ruses to replicate in a given host. We propose that, in highly susceptible plants, such as
N. benthamiana, tombusviruses efficiently subvert the actin network for rapid delivery
of proviral host factors and viral replication components for VRO assembly. Thus, TBSV
seems to overcome host restriction factors in N. benthamiana via winning the race by
delivering more proviral than restriction factors to the replication sites (i.e., VROs).

Multiple animal viruses also exploit the actin network to infect the host cell (73-75).
Thus, to develop better and broader antiviral strategies, future research should deci-
pher how different viruses utilize the actin network for replication, cell-cell movement,
and systemic movement. The actin network is critical for the plant immune system and
has become a key target for plant pathogens to subvert actin functions and infect host
cells (15, 76-78). Understanding the role of the actin network in virus infection might
lead to improvement of plant disease resistance against viruses and other pathogens.

MATERIALS AND METHODS

Yeast strains and expression plasmids. Saccharomyces cerevisiae strain BY4741 (MATa his3-A1 leu2-
AO met15-A0 ura3-A0) was obtained from Open Biosystems (Huntsville, AL, USA). To generate the plant
expression plasmid pGD-2x35SL-FlagRavkK, the Legionella RavK sequence was PCR-amplified from the
Ipg0969 plasmid from the Legionella pneumophila library (79) using primers 7664 and 7665. The PCR
products were digested with BamHI and Xhol and inserted into pGD-2x35SL and pGD-2x35SL-RFP,
digested with BamHI and Sall. The yeast expression plasmids pGBK-FLAGp33-CUP1/DI72-GAL1, pGBK-
HISp33-CUP1/DI72-GAL1, pGAD-FLAGp92-CUP1 and pGAD-HISp92-CUP1, pYC-NT-CypA, pYES-NT-Cpr7,
PYES-NT-Cpr1, and pYES-NT-RH30 have been previously described (38, 46, 51, 52, 80). To create plasmids
PYES-NT-Cpr7-TPR and pYES-NT-Cpr7-Cyp, the TPR and CYP domains were PCR-amplified from the CPR7
gene with oligonucleotide pairs of numbers 3152 plus 4132 and 4131 plus 4116, respectively, followed
by digestion with BamHI and EcoRlI restriction enzymes and insertion into the pYES-NT vector previously
digested with BamHI and EcoRI. For yeast plasmids pYES-NT-Sti1 and pYC2-NT-Sgt2, the STIT gene was
PCR-amplified from the yeast genomic DNA with oligonucleotide numbers 2863 and 2864, and the SGT2
gene was PCR amplified from yeast genomic DNA with oligonucleotide numbers 4405 and 4406. Both
PCR products were digested with BamHI and Xhol restriction enzymes and cloned into the pYES-NT vec-
tor digested with BamHI and Xhol. pYC2-NT-Sgt2-TPR was provided by Ching-Kai Chuang. To make the
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plant expression plasmids pGDnYFP-Roc1 and pGDnYFP-Roc2, Arabidopsis thaliana cDNA preparation
was made using primer oligonucleotide-deoxyribosylthymine (dT) and Moloney murine leukemia virus
(MMLV) reverse transcriptase and 1st-strand ¢cDNA synthesis kit (Lucigen). The A. thaliana ROC1 and
ROC2 genes were cloned using oligonucleotides 3576 and 3492 or 3577 and 3578 for PCR amplifications.
The PCR-amplified fragments were digested with BamHI and Xhol restriction enzymes and inserted into
PGD-nYFP vector digested with BamHI and Sall (45).

Protein copurification assay using yeast. BY4741 (WT), act1-121%, or cof1-8® (55) yeast strains were
cotransformed with pGBK-CUP-Flagp33/Gal-DI72 and pGAD-Cup-Flagp92 and one of the following plasmids: pYC-
NT-CypA, pYES-NT-Cpr1, pYES-Cpr7, pYES-NT-Cpr7-TPR, pYES-NT-Cpr7-Cyp, pYES-NT-RH30, pYC-NT-Sgt2, or pYC-
NT-Sgt2-TPR. The control yeasts were transformed with pGBK-CUP-Hisp33/Gal-DI72 and pGAD-Cup-Hisp92 and
one of the following plasmids: pYC-NT-CypA, pYES-NT-Cpr1, pYES-Cpr7, pYES-NT-Cpr7-TPR, pYES-NT-Cpr7-Cyp,
PYES-NT-RH30, pYC-NT-Sgt2, or pYC-NT-Sgt2-TPR. Because the STI7 gene only affects CIRV replication, BY4741, act1-
121%, or cof1-8* was cotransformed with pGBK-CUP-Flagp36/Gal-DI72 and pGAD-Cup-Flagp95, pYES-NT-Sti1 or
HpESC-CUP-Hisp36/Gal-DI72, LpESC-Cup-Hisp95, or pYES-NT-Sti1 as a control.

The following procedure was adapted from reference 42. Briefly, selected yeast transformants were
pregrown in 20 mL of SC-ULH™ medium supplemented with 2% glucose and bovine calf serum (BCS)
(copper chelator) for 16 h at 23°C. Then cultures were washed with water and grown in 40 mL of SC-
ULH™ medium supplemented with 2% galactose and BCS for 24 h at 23°C. Finally, cultures were washed
and induced in SC-ULH™ containing 2% galactose and 50 uM CuSO, for 6 h at 23°C, 29°C, or at 32°C. To
cross-link proteins, yeast cultures were diluted in 1x phosphate-buffered saline (PBS) pH 7.4 (137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,) with 1% formaldehyde and incubated on ice for 1 h.
The formaldehyde was quenched with 2.5 M glycine and placed on ice for 5 min. Yeast cultures were
washed with PBS buffer and stored at —80°C for further analysis.

The collected yeast pellets were resuspended in 1x volumes of high-salt TG buffer (50 mM Tris-HCI,
pH 7.5; 10% glycerol; 15 mM MgCl,; 10 mM KCI) with 0.1% yeast protease inhibitor (YPIC) (Sigma).
Ten microliters of the yeast suspension was used to extract the total proteins based on the NaOH
method (81). A total of 2.5 volumes of acid-washed glass beads were added, and the yeast cells were
broken in the Fast Prep homogenizer (4 x 20 s, speed 5.5). The cells were shaken five times, and each
time the tubes were placed on ice for 1 min. Yeast homogenates were centrifuged 500 x g for 5 min,
and supernatants were transferred into new Eppendorf tubes. Then, the tubes were centrifuged at high-
speed (35,000 x g) for 20 min, and the supernatants were discarded. The membrane fractions were solu-
bilized with solubilization buffer (high-salt TG buffer, 2% Triton, 0.1% YPIC). Tubes were rotated for 5 h
at 4°C, the solubilized yeasts were centrifuged at high-speed (35,000 x g) for 20 min, and supernatants
were loaded onto an equilibrated Bio-Rad Bio-Spin chromatography column containing FLAG-resin
(Sigma). The binding was done at 4°C for 6 h, and the columns were washed several times with high-salt
TG buffer. Finally, the proteins were eluted with SDS 1x loading buffer, and the samples were collected
by centrifugation 150 x g for 2 min; B-mercaptoethanol was added. To reverse the cross-linking, sam-
ples were boiled for 35 min. The purified and copurified proteins were analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (10% SDS gels) (44). The viral protein levels were detected and
normalized by Western blotting using anti-FLAG antibody, and the levels of copurified proteins were
detected with the anti-His antibody. To compare the protein levels, the polyvinylidene difluoride (PVDF)
membranes were scanned and quantified with ImageQuant software. The quantifications were analyzed
in Excel, and standard error was calculated. Each experiment was repeated three times.

Confocal microscopy analysis and BiFC analysis in N. benthamiana plants. To observe the distribu-
tion of the actin filaments in plant cells during tombusvirus replication when RavK was also coexpressed, trans-
genic N. benthamiana expressing green fluorescent protein (GFP)-mTalin plants were coagroinfiltrated with
pGD-2x35SL-FlagRavK (optical density at 600 nm [ODy,,), 0.5) and pGD-p19 (ODyy,, 0.2) or pGD-2x35SL-FlagRavK
(ODgyey 0.5), pGD-p19 (ODgy, 0.2), pGD-2x355L-cBFPp33 (0D, 0.2), and pGD-RFP-SKL (ODyy, 0.2). Plants were
also coagroinfiltrated with pGD-2x35SL vector (ODgy, 0.5), pGD-p19 (ODgy, 0.2), pGD-2x35SL-cBFPP33 (ODgy,
0.2), and pGD-RFP-SKL (ODyy,, 0.2). Sixteen hours after agroinfiltration, plant leaves were inoculated with TBSV.
Plant samples were visualized in the confocal laser scanning microscope (Olympus FV1000 and FV3000; Olympus
America) 36 h after infection (82).

The distribution of TBSV (+)ssRNA progeny and dsRNA replication intermediate was visualized using
RNA sensors expressed via agroinfiltration in N. benthamiana plants with a confocal laser scanning
microscope as described previously (52).

For the biomolecular fluorescence complementation (BiFC) assay (83), N. benthamiana plant leaves
were coagroinfiltrated with pGD-p33cYFP (ODg,, 0.2), pGD-RFP-SKL (ODyq,, 0.2), pGD-p19 (0D, 0.15),
pGD-2x35SL vector (ODgq,, 0.5), or pGD-RFP-SKL, pGD-p33cYFP, pGD-p19, pGD-2x35SL-RavK (ODg,, 0.5)
with one of the following plasmids: pGD-2x35SL-nYFPRoc1 (ODg,, 0.2), pGD-2x35SL-nYFPRoc2 (0D,
0.2), or pGD-2x35SL-nYFPRH30 (0D, 0.2), respectively. Sixteen hours after agroinfiltration, the leaves
were inoculated with TBSV, and 36 h postinfection (hpi), plant leaf samples were visualized with the con-
focal laser scanning microscope (83). To perform BiFC during CIRV infection, pGD-p36¢YFP (ODg,, 0.2),
PGD-Tim21 (ODgy, 0.2), pGD-2x355L vector (0D, 0.2), pGD-p19 (0D, 0.2), pGD-CIRV (OD,,, 0.2) or
PGD-p36cYFP (ODgyp, 0.2), pGD-Tim21 (ODyy,, 0.2), pGD-CIRV (ODyy, 0.2), pGD-p19 (ODgy,, 0.2), pGD-
2x35SL-RavK (ODgq,, 0.2) and one of the following vectors, pGD-nYFPRoc1 (ODyy,,0.2), pGD-nYFPRoc2
(ODggqr 0.2), or pGD-nYFPRH30 (0D, 0.2), were coagroinfiltrated into N. benthamiana plants. Samples
were visualized 50 h after agroinfiltration as described above. To perform BiFC in the absence or pres-
ence of Legionella VipA effector, agrobacterium C58C1 containing the following respective plasmids,
pPGD-p33cYFP (0D, 0.3), pGD-2x35SL vector (ODgq,, 0.3) or pGD-VipA (0D, 0.3), pGD-RFP-SKL (0D,
0.2), pGD-p19 (0D, 0.1), and pGD-CNV (20KSTOP) (ODgq,, 0.2), and pGD-nYFP-Roc1 (0D, 0.3) or pGD-
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nYFP-Roc2 (0D, 0.3) was coinfiltrated into N. benthamiana leaves. Samples were visualized 48 h after
agroinfiltration using the FluoView FV3000 confocal laser scanning microscope (Olympus).
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