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this system, after the induction of the expression of both DCR1 and AGO1, the induced RNAi

pathway moderately inhibited viral RNA accumulation in wt yeast (Fig 1A, lanes 1–6), likely

due to the protection provided by the membranous VRCs. The accumulation of the expected

23 bp vsiRNA demonstrates the operation of the RNAi machinery in this yeast strains express-

ing either DCR1 alone or co-expressing DCR1 and AGO1 (S1B and S1C Fig).

Essential roles of the co-opted Vps23 ESCRT-I and Bro1 accessory

factor in protection of the tombusvirus RNA against the RNAi machinery

from Saccharomyces castellii in S. cerevisiae

TBSV recruits the cellular ESCRT machinery to deform membranes and build spherules con-

taining VRCs within the replication compartment [57,58]. First, the Vps23p ESCRT-I or

Bro1p ESCRT accessory protein are recruited via direct binding to p33 replication proteins,

followed by recruitment of the ESCRT-III proteins [38,58,59]. Then, Vps4p AAA ATPase is

bound by p33, which likely stabilizes the neck structure of the spherule, to prevent scission and

closure of the neck [57].

To test if cellular ESCRT factors required for TBSV-induced spherule formation are impor-

tant for protecting the viral RNAs from RNAi-based degradation, we launched TBSV replica-

tion in vps23Δbro1Δ yeast [58]. Since the co-opted ESCRT factors affect the absolute level of

TBSV replication in yeast [38,58,59], we calculated the extent of reduction in TBSV RNA pro-

tection level in the presence of the RNAi machinery based on the repRNA accumulation in the

corresponding yeast strain control, not expressing the RNAi machinery (100%). We found

that TBSV repRNA accumulation was inhibited by the RNAi machinery by almost three-times

more efficiently in vps23Δbro1Δ yeast when compared with wt yeast expressing the full-set of

the ESCRT components (Fig 1A, lanes 11–12 versus 5–6). Single expression of DCR1 had only

small effect on TBSV RNA accumulation in both yeast strains (Fig 1A). The expressions of

both DCR1 and AGO1 were comparable in vps23Δbro1Δ and wt yeasts (Fig 1A). Moreover,

the expression of the tombusvirus p33 and p92pol replication proteins in vps23Δbro1Δ or wt

yeasts was not affected by the co-expression of DCR1 and AGO1 (Fig 1A, bottom images), sug-

gesting that enhanced susceptibility of tombusviral RNA in vps23Δbro1Δ yeast was likely due

to the increased antiviral effect of the reconstituted S. castellii RNAi machinery on the viral

RNAs.

and FLAG-p33 and FLAG-p92 replication proteins were tested by Western blotting. Total protein level in different samples is shown on separate

SDS-PAGE. Each experiment was repeated twice. Ribosomal RNA is shown as a loading control. (B) Northern blot detection of vsiRNA(+) in

vps23Δbro1Δ and wt (BY4741) yeast strains replicating TBSV repRNA and expressing AGO1, DCR1 or co-expressing AGO1 and DCR1. 32P-labeled

TBSV DI-72 (-)RNA was used as a probe. Yeasts used for samples in lanes 1 and 5 lacked the RNAi components. (C) Northern blot detection of

repRNA(-) in vps23Δbro1Δ and wt (BY4741) yeast strains replicating TBSV repRNA and expressing DCR1. 32P-labeled TBSV DI-72 (+)RNA (region

III/IV) was used as a probe. (D) Northern blot detection of vsiRNA(-) in vps23Δbro1Δ and wt (BY4741) yeast strains replicating TBSV repRNA and

expressing DCR1 (as in panel C). 32P-labeled RIII/IV of TBSV DI-72 (+)RNA was used as a probe. (E) Non-denaturing PAGE analysis of the 32P-

labeled TBSV repRNA products obtained in the CFE-based assay. The CFEs were prepared from wt BY4741 or the double deletion vps23Δbro1Δ
yeast strains. Samples were treated with the ssRNA-specific RNase A and the dsRNA-specific RNase III at the end of the assay to target (+)RNA

products and dsRNA replication intermediates. Note that we loaded three times more samples from vps23Δbro1ΔCFE to facilitate the visualization of

the less abundant dsRNA. (F) Scheme of the CFE-based TBSV replication assay with in vitro reconstituted VRCs. MNase treatment (0.05 U/μl) was

performed for 20 min, as shown, followed by inactivation of the MNase with EGTA. Each CFE-based assay lasted for three hours to accomplish

maximum level of TBSV repRNA accumulation. (G) Increased sensitivity of viral dsRNA products to nuclease treatment in the vps23Δbro1ΔCFE-

based TBSV replication assay. Non-denaturing PAGE analysis of the 32P-labeled TBSV repRNA products obtained in the CFE-based assay

programmed with in vitro transcribed TBSV DI-72 (+)repRNA and purified recombinant MBP-p33 and MBP-p92pol replication proteins of TBSV. The

CFEs were prepared from BY4741 or the mutant yeast strains. Note that we adjusted the sample loading from CFEs obtained from deletion strains to

facilitate the visualization of the less abundant dsRNA. Therefore, the untreated samples are taken as 100% for each CFE-based assays. The dsRNA

levels are calculated as % of ssRNA in the untreated samples (in dark gray box), whereas dsRNA levels are calculated as % of dsRNA in the untreated

samples (in light gray box, bottom). Each experiment was repeated three times and the data were used to calculate standard deviation.
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Detection of vsiRNA(+) abundance revealed reduced level in vps23Δbro1Δ yeast in compar-

ison with the wt yeast expressing DCR1 (Fig 1B). However, the reduction in vsiRNA(+) abun-

dance is likely due to the reduced target viral RNA level in vps23Δbro1Δ yeast, which supports

only ~20% TBSV repRNA level in comparison with the wt yeast (lacking the RNAi machinery)

[58]. Indeed, comparison of vsiRNA(-) level (generated by DCR1 from dsRNA replication

intermediate) revealed that vps23Δbro1Δ yeast generated almost as much vsiRNA(-) as the wt

yeast did (Fig 1D), whereas the repRNA(-) level (representing the dsRNA replication interme-

diate of the repRNA) in vps23Δbro1Δ yeast was half of the level of repRNA(-) detected in wt

yeast (Fig 1C).

To examine if the membranous VRCs in vps23Δbro1Δ yeast indeed provide less protection

to the viral RNAs, we used cell-free extract (CFE)-based assay in the presence or absence of

ribonucleases (the single-stranded ssRNA-specific RNase A and the dsRNA-specific RNase

III). The TBSV dsRNA was ~2-fold more sensitive to RNases when CFE was prepared from

vps23Δbro1Δ yeast in comparison with the CFE from wt yeast (Fig 1E). The TBSV ssRNAs,

which are continuously released from VRCs as replication goes on, were fully degraded in

both CFE assays.

In a second assay to test the level of protection provided by VRCs, we performed in vitro

replicase assembly with purified recombinant viral proteins and (+)repRNA transcripts as

schematically shown in Fig 1F, followed by viral RNA replication in the presence of micrococ-

cal nuclease (MNase) to destroy the unprotected viral RNAs. The MNase was added at differ-

ent time points (as shown) for 20 min and then it was inactivated by EGTA, followed by TBSV

repRNA replication on the protected TBSV repRNAs up to 3 hours (Fig 1F). When CFE was

prepared from wt yeast, then the VRC partially protected the viral dsRNA [produced by

minus-strand synthesis on the (+)RNA template] after 40 min, whereas the protection of viral

dsRNA was high after 60 min of incubation (Fig 1G, lanes 11 and 12 versus 9). In contrast, the

in vitro assembled VRC based on CFE prepared from vps23Δbro1Δ yeast did not provide any

detectable level of protection after 60 min of incubation. We also tested the VRCs assembled in

CFEs prepared from vps23Δ or bro1Δ yeasts. These MNase protection experiments revealed

poor dsRNA protection in CFEs from vps23Δ or bro1Δ yeasts at both 40 and 60 min time

points (Fig 1G). However, the protection of TBSV dsRNA in CFEs from vps23Δ or bro1Δ
yeasts were more significant at the 60 min time point than the lack of dsRNA protection pro-

vided in CFE prepared from vps23Δbro1Δ yeast (compare lanes 4 and 8 with 16, Fig 1G). These

data suggest that due to the partially overlapping roles of Vps23p and Bro1p in supporting the

formation of VRCs [58], the CFEs prepared from single deletion yeast strains provided better

dsRNA protection in vitro than the CFE from double-deletion yeast strain. Altogether, the

results from two separate in vitro replication assays with CFEs prepared from vps23Δbro1Δ
yeast showed that the TBSV dsRNA is not well protected from ribonucleases even after the

VRC assembly step, thus indicating that the dsRNA inside the VRCs in the absence of Vps23p

and Bro1p is continuously exposed to the RNAi machinery or ribonucleases, likely due to

incomplete VRC assembly.

The critical role of the co-opted ESCRT-III factors in protection of

tombusvirus RNA against the RNAi machinery

Formation of complete vesicle-like structures induced by TBSV in yeast and plants also

requires ESCRT-III factors [58]. In the absence of ESCRT-III factors, crescent-like membrane

invaginations are formed in yeast replicating TBSV repRNA [58]. To test if Snf7p and Vps20p

ESCRT-III factors are important for protecting the viral dsRNA from RNAi-based degrada-

tion, we launched TBSV replication either in snf7Δ or vps20Δ yeasts. We found that TBSV
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