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RNA degradation, together with RNA synthesis, controls the steady-state level of viral RNAs in infected cells.
The endoribonucleolytic cleavage of viral RNA is important not only for viral RNA degradation but for RNA
recombination as well, due to the participation of some RNA degradation products in the RNA recombination
process. To identify host endoribonucleases involved in degradation of Tomato bushy stunt virus (TBSV) in a
Saccharomyces cerevisiae model host, we tested eight known endoribonucleases. Here we report that downregu-
lation of SNM1, encoding a component of the RNase MRP, and a temperature-sensitive mutation in the NME1
gene, coding for the RNA component of RNase MRP, lead to reduced production of the endoribonucleolytically
cleaved TBSV RNA in yeast. We also show that the highly purified yeast RNase MRP cleaves the TBSV RNA
in vitro, resulting in TBSV RNA degradation products similar in size to those observed in yeast cells. Knocking
down the NME1 homolog in Nicotiana benthamiana also led to decreased production of the cleaved TBSV RNA,
suggesting that in plants, RNase MRP is involved in TBSV RNA degradation. Altogether, this work suggests
a role for the host endoribonuclease RNase MRP in viral RNA degradation and recombination.

Many RNA viruses evolve rapidly due to a high frequency of
mutations and genetic recombination as well as reassortment
of genomic components (1, 52). Comparison of viral RNA
genomes has revealed that recombination has shaped the evo-
lution of many RNA viruses (52). RNA recombination is the
process that joins two or more noncontiguous segments of the
same RNA or two separate RNAs together (32). Recombina-
tion events can have small or dramatic effects on viral genomes
by introducing insertions or duplications, combining new se-
quences, or leading to deletions or rearrangements. RNA re-
combination also functions to repair truncated or damaged
viral RNA molecules (16, 17, 30, 37). The repair function of
RNA recombination might compensate viruses for their high
mutation rate, which could introduce detrimental mutations
into the viral genomes and thus reduce the fitness of viral
populations (38, 39). Therefore, depending on the nature of
recombining RNAs, the locations of the recombinant junction
sites, and the outcome of the recombination events, RNA
recombination can guard the infectivity of the viral genome or
can increase genome variability. Altogether, RNA recombina-
tion is a probabilistic event that can affect the population of
viruses, contribute to virus variability, and function in genome
repair that maintains the infectivity of RNA viruses (32, 39).

In addition to the roles of the viral replicase and the viral
RNA (31, 32), host proteins are likely involved in viral RNA
recombination as well. Accordingly, recent genome-wide ap-
proaches with Tomato bushy stunt virus (TBSV), a tombusvirus
infecting plants, and with the model host Saccharomyces cer-
evisiae have led to the identification of more than 30 host genes
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affecting viral RNA recombination (20, 21, 27, 45, 46). De-
tailed analysis of a few host factors revealed that they could
affect the properties/activities of the viral replicase; an example
is the Pmr1 Ca®>*/Mn** pump that controls the Mn** level in
the cytosol (20). A high Mn?* level in the absence of Pmrl
leads to high-frequency RNA recombination in yeast or plant
cells as well as in a cell-free TBSV replication assay (20).

Studies on the role of host factors in TBSV RNA recombi-
nation also revealed the roles of the RNA degradation path-
ways. For example, a critical identified host factor was the
cytosolic Xrnlp 5'-3" exoribonuclease (called Xrn4 in plants),
which suppresses TBSV recombination (5, 6, 19). Several partially
cleaved TBSV replicon RNAs (repRNAs), termed degRNAs,
were detected in xrnlA yeast or in plants silenced for XRN4,
demonstrating that Xrnlp in yeast and Xrn4p in plants play an
active role in TBSV RNA degradation (5, 6, 19). The profile of
the degRNAs in xrnlA yeast or XRN4 knockdown plants sug-
gested the existence of an endoribonuclease activity (or activ-
ities) (5, 6, 19, 23). Thus, this early work indicated that both
exo- and endoribonucleases are involved in degradation of
TBSV RNA, which is uncapped and lacks a 3’ poly(A) tail
(51). Interestingly, several of the degRNAs actively participate
in RNA recombination events, serving as recombination inter-
mediates (6, 46). In the absence of Xrnlp, these recombination
intermediates accumulate to high levels (Fig. 1), thus promot-
ing recombination events. These findings invited attention to
the role of RNA degradation in viral RNA accumulation as
well as in RNA recombination (29).

There are several different RNA degradation pathways in
yeast. The general RNA degradation pathway includes
mostly exoribonuclease activities, starting with shortening of
the poly(A) tail, followed by decapping/5’-3" exoribonuclease
activities in one pathway and by the exosome with 3’-5" activ-
ities in the other pathway (7, 33). The specialized RNA deg-
radation pathways include nonsense-mediated mRNA decay
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FIG. 1. Model of the roles of endo- and exoribonucleases in tombusvirus RNA degradation and recombination. During or after replication of
TBSV DI-72 repRNA, a host endoribonuclease cleaves some of the viral RNAs (at places marked by arrows), producing 5'Fr and 3'Fr degRNAs.
These cleaved repRNA products are then rapidly removed by the host Xrnlp 5’-3" exoribonuclease. The rapid removal of the recombination
substrates inhibits viral RNA recombination. The not-yet-degraded 3'Fr RNAs can participate in replicase-driven recombination events. Note that
5'Fr lacks important cis-acting replication sequences and does not seem to participate in RNA recombination.

(NMD), nonstop mRNA decay (NSD), and no-go decay
(NGD), which serve to degrade aberrant mRNAs (7, 33). The
decay of some mRNAs also includes specific endoribonucle-
ases recognizing sequence elements, such as ARE-mediated
decay based on AU-rich instability sequences in the 3'-
untranslated region (3'-UTR) (26, 33). Plants also have
these conserved RNA degradation pathways, plus they have
the RNA interference (RNAi)-based pathway based on dicer
and AGO proteins (7). Several other endoribonucleases oper-
ate in mammalian cells, such as the viral-induced RNase L, the
polysomal nuclease 1, and aldolase C (26). The components of
the RNA silencing pathway have been shown to affect recom-
bination of TBSV and a fungal RNA virus, suggesting that
ribonucleases might contribute to the evolution of a range of
RNA viruses (25, 48, 53).

Since generation of the internally cleaved TBSV RNA prod-
ucts, which are easily detectable in xrnIA yeast or in XRN4
knockdown plants, is likely due to cleavages by endoribonucle-
ases present in yeast and plants, in this work we tested the
effects of several endoribonucleases on the profile of TBSV
RNA degradation products in yeast. We identified RNase
MRP (RNase mitochondrial RNA processing) as one of the
endoribonucleases cleaving the TBSV RNA both in vitro and
in yeast, and possibly in plants. RNase MRP is a ribonucleo-
protein endoribonuclease found in the nucleus, cytoplasm, and
mitochondria (14, 28, 44). In yeast, RNase MRP is an essential
enzyme involved in processing the rRNA precursor to the
mature 5.8S rRNA (43). In the cytoplasm, RNase MRP has
been shown to cleave the mRNA for CIb2 cyclin during mitosis
(15); cleavage of this mRNA by RNase MRP is followed by
rapid degradation of the mRNA by the Xrnl exonuclease.
Mutations in the gene for the RNA component of human

RNase MRP cause short-limb dwarfism and immunodeficiency
(18, 49). The yeast RNase MRP consists of a single RNA
(encoded by the NMEI gene) and 10 proteins (Poplp, Pop3-
8p, Rpplp, Snmlp, and Rmplp). Eight of these proteins in
RNase MRP are shared with the yeast RNase P, which is a
closely related ribonucleoprotein endoribonuclease that pro-
cesses tRNA precursors (28, 40). The RNA component of
RNase MRP is also closely related to the RNA component of
RNase P.

Here we show that downregulation of SNM1, encoding a
component of the RNase MRP, and a temperature-sensitive
mutation in the NMEI gene, coding for the RNA component,
lead to reduced production of the cleaved TBSV RNA in yeast.
We also show that the highly purified yeast RNase MRP
cleaves the TBSV RNA in vitro, resulting in endonucleolyti-
cally processed TBSV RNAs similar in size to those observed
in yeast cells. Virus-induced gene silencing (VIGS) of the
NMEI1 homolog in Nicotiana benthamiana also led to de-
creased production of the cleaved TBSV RNA, suggesting that
plant RNase MRP is involved in TBSV RNA degradation.
Altogether, this work opens up the possibility that host endori-

bonuclease RNase MRP might be involved in viral RNA deg-
radation and recombination.

MATERIALS AND METHODS

Yeast strains and expression plasmids. S. cerevisiae strain BY4741 (MATa
his3AI leu2A0 met15A0 ura3A0), titratable yTHC yeast strains (TET::Snm1 and
TET::Rmpl), and YKO deletion strains (HbsIA, NgI2A, IrelA, Ysh1A, Dom34A,
NglIA, NgI3A, and RnyIA strains) were obtained from Open Biosystems. Gene
disruption of MET22 (met22::hphNTI) was done by homologous recombination
in the indicated yeast strains. For this purpose, we amplified the hphNTI
marker of pFA6-hphNT1 (Euroscarf) (22) with primers 2581 (TGTATGGT
GCAGATGGAGAGAGCTCGGACACATATGCGGCGTACGCTGCAGG
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TCGACGG) and 2590 (AGTAAAATATATGTTATTTAGGCGTTTCTTGA
CTGAATGACATCGATGAATTCGAGCTCG). The recombinant yeast strains
were grown on yeast extract-peptone-dextrose (YPD) plates containing 200
pg/ml hygromycin B, and correct gene disruptions were confirmed by PCR, using
primers 2591 (CTTGGATGGGAAGTCCAAGA) and 2501 (ATCCACGCCC
TCCTACATC).

Yeast strains MES101 (MATa/MATo his3-A200/his3-A200 leu2-3,112/leu2-
3,112 ura3-52/ura3-52 trpl-Aljtrpl-Al ADE2/ade2-1 LYS2/lys2-801), MES111
(MAT« his3-A200 leu2-3,112 ura3-52 trpl-Al ade2 nmel-A2::TRPI pMES127
[CEN URA3 NMEI]), MES111-140 (MATo his3-A200 leu2-3,112 ura3-52 trp1-Al
ade2 nmel-A2::TRP1 pMES140 [CEN LEU2 NMEI]), MES111-P6 (MAT«a
his3-A200 leu2-3,112 ura3-52 trpl-Al ade2 nmel-A2:TRPI pMES140-P6
[CEN LEU2 nmel-P6]), TLG105 (MATo his3-A200 leu2-3,112 ura3-52 trp1-Al ade2
nmel-A2::TRPI xrml-Al::KanMX4 pMES127 [CEN URA3 NMEI]), TLG105-140
(MATo his3-A200 leu2-3,112 ura3-52 trpl-Al ade2 nmel-A2:TRPI1 xrml-Al:
KanMX4 pMES140 [CEN LEU2 NMEI]), TLG105-P6 (MATco his3-A200 leu2-3,112
ura3-52 trpl-Al ade2 nmel-A2::TRPI xrnl-Al::KanMX4 pMES140-P6 [CEN LEU2
nmel-P6]), and YSW1 (MATa POP4::TAPTAG::TRPIlks pep4::LEU2 nucl::LEU2
sepl::URA3 tipl-1 his3-11,15 can-100 ura3-1 leu2-3,112) were described earlier
(15, 42).

The expression plasmids pGAD-His92/CUP1 (containing the Cucumber ne-
crosis virus [CNV] p92P°! gene behind the CUPI promoter), pGBK-His33/CUP1/
DI-72/GALL1 (coexpressing 6XHis-tagged p33 from the CUPI promoter and
DI-72 repRNA from the GALI promoter), pGBK-His33/DI172/CUP1 (coex-
pressing 6 X His-tagged p33 from the ADHI promoter and DI-72 repRNA from
the CUPI promoter), and pCM189-TET-His92 (expressing 6 X His-tagged CNV
p92 under the control of a doxycycline-regulatable promoter) have been de-
scribed previously (20, 27, 35).

pTRV1 and pTRV2 VIGS vectors were obtained from S. P. Dinesh-Kumar
(10). To generate pTRV2-NmeNb, primers 3232 (GGCGGAATTCCAGGAA
AGTCCCCGGGCC) and 3235 (GGCGTCTAGAGTAAGCCCCGTTCAG
TTA) were designed according to the sequence of tobacco 7-2/MRP RNA (24).
The reverse transcription-PCR (RT-PCR) product amplified from N. benthami-
ana total RNA was digested with EcoRI/Xbal and ligated to EcoRI/Xbal-
linearized pTRV2. The plasmids pTRV2-Xrn4Nb, pGD-CNV, and pGD-DI72
have been described previously (2, 19).

Yeast cultivation. Yeast cells were cotransformed with the indicated plasmids
or PCR products by using the lithium acetate-single-stranded DNA (ssDNA)-
polyethylene glycol method (13), and transformants were selected by comple-
mentation of auxotrophic markers. The met22A/TET::snm1, met22A/TET:rmp1,
and double deletion strains were cotransformed with pGBK-His33/CUP1/DI-72/
GALL1 and pGAD-His92/CUPI1. The transformed yeast strains were grown at
23°C in SC-UHL (synthetic complete medium without uracil, histidine, and
leucine) medium containing 2% galactose with 50 pM CuSO, to launch TBSV
repRNA replication and containing 10 pg/ml doxycycline to downregulate gene
expression in the yTHC (TET:) strains. After 7 h, the yeast cultures were
resuspended in SC-UHL with glucose containing 50 pM CuSO, and 10 pg/ml
doxycycline for the yTHC strains. The yeast cultures were grown for an addi-
tional 18 h before being collected for RNA (Northern) analyses. Yeast strains
MES111-140, MES111-P6, TLG105-140, and TLG105-P6 were cotransformed
with pGBK-His33/DI72/CUP1 and pCM189-TET-His92. The transformed yeast
strains were pregrown at 23°C for 12 h and then shifted to the indicated tem-
perature in SC-UHL—glucose medium containing 50 pM CuSO, for 48 h.

In vitro TBSV RNA cleavage assay with purified RNase MRP. Purification of
RNase MRP and the RNase MRP cleavage assay were performed as previously
described (4, 15), with some modifications in order to make sure that all of the
RNase P was removed from the preparation (28). The TBSV DI-72(+) RNA
template and its derivatives were obtained by in vitro transcription with T7 RNA
polymerase and, if indicated, labeled with [a->’P]JUTP (36). The cleavage reac-
tion was performed at 37°C for 60 min in buffer A (0.3 ml of 1 M HEPES-KOH,
pH 7.4, 1 ml of 1 M potassium acetate, 0.02 ml of 1 M magnesium acetate, 0.1
M dithiothreitol [DTT], 10 U RNase inhibitor). After phenol-chloroform extrac-
tion and ammonium acetate-isopropanol precipitation, the [a-**P]JUTP-labeled
products were analyzed in a denaturing 5% PAGE-8 M urea gel, followed by
phosphorimager analysis.

Primer extension. The cleavage assay with purified RNase MRP was per-
formed and RNA was purified as described above. Primer extension was carried
out as previously described (40a), using oligonucleotides (labeled on the 5’ end
with [y-*?P]ATP and polynucleotide kinase) that hybridize to three different
positions in TBSV, namely, primers 313 (position 3820) (CCCAACAAGAGTA
ACCTGTATGCTATGCCA), 1160 (position 1510) (TTCTCTGCTTTTACGA
AGGTAGT), and 4074 (position 708) (TAATACGACTCACTATAGGAGAC
AATCTGTCGCTTCTCT). After phenol-chloroform extraction and ammonium
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acetate-isopropanol precipitation, the [y->>P]JATP-labeled cDNA products were
analyzed in a denaturing 5% PAGE-8 M urea gel, followed by phosphorimager
analysis.

Tombusvirus RNA analysis. TBSV RNA was analyzed using total RNA prep-
arations from yeast, plants, or in vitro reaction mixtures, and Northern blot
analyses were performed as described previously (5, 6). For Northern blot de-
tection of various regions of TBSV DI-72 repRNA, degRNAs, or recRNAs, we
prepared a->?P-labeled probes by T7 transcription from PCR products obtained
with the following primers: for TBSV region I, primers 20 (GGAAATTCTCC
AGGATTTCTC) and 15 (GTAATACGACTCACTATAGGGCATGTCGCTT
GTTTGTTGG); for TBSV region II, primers 1164 (AGAAACGGGAAGCTC
GCTCGCACT) and 14 (GTAATACGACTCACTATAGGGTTCTCTGCTTT
TACGAAG); for TBSV region III, primers 1165 (AGCGAGTAAGACAGAC
TCTTCA) and 23 (GTAATACGACTCACTATAGGGACCCAACAAGAGTA
ACCTG); for TBSV region 1V, primers 1166 (ATTCCTGTTTACGAAAGTT
AGGT) and 22 (GTAATACGACTCACTATAGGGCTGCATTTCTGCAATG
TTCC); for CNV region 1V, primers 312 (GCTGTCAGTCTAGTGGA) and 22
(GTAATACGACTCACTATAGGGCTGCATTTCTGCAATGTTCC). North-
ern blots were imaged with a Typhoon imager (GE Healthcare) and were ana-
lyzed by the ImageQuant program.

Virus-induced silencing of Nicotiana benthamiana plants. The VIGS assay was
described previously (19, 50). After 9 days of VIGS, the upper leaves were
coagroinfiltrated with pGD-CNV and pGD-DI72. Leaf samples were collected
from the coagroinfiltrated upper leaves 4 days after the second infiltration. Total
RNA was extracted by grinding same-sized leaf samples in liquid nitrogen. After
being grinded, the sample was resuspended in RNA extraction buffer (50 mM
sodium acetate, pH 5.2, 10 mM EDTA, 1% SDS) and phenol and incubated for
5 min at 65°C in 96-deep-well plates. After another phenol-chloroform extraction
and ethanol precipitation, the total RNA was dissolved in water, separated in a
denaturing 5% PAGE-8 M urea gel, and electroblotted onto a nylon filter
(Hybond N), and Northern blotting was performed with the indicated probes.

RESULTS

Downregulation of SNM1 expression decreases the accumu-
lation of partially degraded TBSV repRNAs in yeast cells.
Previous work with TBSV revealed a connection between RNA
degradation pathways and RNA recombination (6, 19, 46).
Analysis of the recombination junctions in TBSV recombinant
RNAs (recRNAs) and sequences at the ends of partially de-
graded TBSV RNA products suggested that the 3" degradation
products (3'Fr degRNAs) likely serve as recombination inter-
mediates promoting template-switching events (Fig. 1). These
partially degraded degRNAs are easily detectable when the
Xrnlp 5'-to-3" exoribonuclease is inactivated, as in xrnIA or
met22A yeast strains (6, 21a, 46).

To identify host endoribonucleases involved in generation of
TBSV degRNAs, we created a set of 6 double-knockout yeast
strains missing known endoribonuclease genes, such as NGL1,
NGL2, NGL3, IRE1, DOM34, and RNTI, and 2 strains with
downregulatable essential endoribonuclease genes (YSHI and
SNM1) (26) in combination with a met22A mutation. Deletion
of MET?22 in these yeast strains helped to detect the generation
of degRNAs, likely due to reduced Xrnlp activity (21a).

After launching TBSV repRNA replication from the GALI
promoter by addition of galactose to the medium, we analyzed
the accumulating TBSV repRNAs in the above double-knock-
out or downregulatable yeast strains. We found that none of
the double-knockout yeast strains accumulated fewer degRNAs
than the met22A strain used as a control (not shown). However,
downregulation of expression of the SNMI gene inhibited the
accumulation of degRNAs ~2-fold (Fig. 2A, lanes 4 to 6).
These data suggest that Snmlp could be involved in TBSV
repRNA degradation, while the other endoribonucleases tested
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FIG. 2. Downregulation of Snmlp level inhibits the accumulation
of TBSV degRNA in yeast lacking Met22p bisphosphate-3'-nucleoti-
dase. The met22A yeast strain shows decreased Xrnlp activity, facili-
tating the detection of endoribonucleolytically cleaved TBSV repRNA
products. (A) Northern blot analysis for detection of plus strands of
TBSV DI-72 repRNA and the newly formed degRNAs and recRNAs
from met22A yeast strains. The accumulating repRNA, degRNA, and
recRNA are shown with arrows. The numbers at the bottom of the
panel show percentages of degRNA?2 accumulation normalized to the
level of DI-72 repRNA (100% in each sample). The various 5'-to-3’
sequences present in the repRNA and the generated recRNAs and
degRNAs are shown on the right. The data were obtained from 24
independent yeast streaks. (B) Ethidium bromide-stained gel image
showing partial processing of 5.8S rRNA in yeast with downregulated
Snmlp. (C) Western blot image showing reduced expression level of
p33 replication protein in yeast with downregulated Snm1p.

N \—

play no role or their functions are redundant in repRNA deg-
radation in yeast.

Reducing the Snmlp level in yeast reduced the accumula-
tion level of the p33 replication protein (down to 33%) (Fig.
2C) and also decreased the level of the smaller 5.8S rRNA (by
40%) in this yeast strain (Fig. 2B, lanes 4 to 6) (3). The low p33
level is likely responsible for the 50% reduction in the TBSV
repRNA accumulation level (21). Overall, Snm1p may affect
TBSV repRNA degradation directly by leading to the cleavage
of the TBSV repRNA, while inhibition of TBSV repRNA
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FIG. 3. Increased accumulation of TBSV recRNAs in yeast over-
expressing plasmid-borne NMEI RNA. (A) Northern blot analysis
of total RNA samples obtained from the shown yeast strains over-
expressing wt NMEI RNA from a plasmid. The accumulating
repRNA, degRNA, and recRNAs are shown with arrows. The num-
bers at the bottom of the panel show percentages of degRNA2,
recRNA1, and recRNA2 accumulation normalized to the level of
DI-72 repRNA (100% in each sample). The various sequences
present in the (+)repRNA and the newly formed recRNAs are
shown schematically on the right. (B) Northern blot analysis of total
RNA samples obtained from yeast strain BY4741, with a normal
level of NME1 RNA expression from the chromosome (lane 1) or
overexpressing wt NMEI RNA from a plasmid and from the chro-
mosome (lanes 2 to 4).

accumulation could be due to an indirect effect on the p33
level.

Overexpression of NVIE], the RNA component of the RNase
MRP, increases RNA recombination and the accumulation of
partially degraded TBSV repRNAs in yeast cells. Since Snm1p
is a component of the essential RNase MRP endoribonuclease
complex, it is possible that RNase MRP is responsible for the
endonucleolytic cleavage of the TBSV repRNA in yeast. To
test this idea, we overexpressed NME1, which is the essential
RNA component of the RNase MRP complex (47), from a
plasmid in the wild-type (wt) MES101 and mutant MES111
(nmelA) yeast strains. The level of recRNAs increased ~20- to
100-fold in yeast expressing the plasmid-borne wt NMEI (Fig.
3A, lanes 2 to 8) compared with the level in wt yeast expressing
a normal level of wt NME] (lane 1). As expected, the degRNA
levels were also increased, up to ~8-fold, in yeast overexpress-
ing plasmid-borne wt NME1 (Fig. 3A). A similar trend of
increased levels of recRNAs and degRNAs was also observed
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FIG. 4. Reduced accumulation of TBSV degRNA in yeast express-
ing nmel" RNA from a plasmid. (A) Northern blot analysis of total
RNA samples obtained from nmel A yeast expressing plasmid-borne wt
NME]I RNA or a temperature-sensitive nmel" RNA at the semiper-
missive temperature of 25°C. The accumulating repRNA, degRNA,
and recRNAs are shown with arrows. The numbers at the bottom of
the panel show percentages of degRNA2, recRNA1, and recRNA2
accumulation normalized to the level of DI-72 repRNA (100% in
each sample). The various sequences present in the (+)repRNA
and the newly formed recRNAs are shown schematically on the
right. (B) Ethidium bromide-stained gel image showing the accu-
mulation of repRNA. (C) Western blot image showing the expres-
sion level of p33 replication protein in the above yeast strains.

when we tested yeast strain BY4741, expressing plasmid-borne
wt NME1 (Fig. 3B, lanes 2 to 4). Overall, these data suggest
that the NMET RNA is involved in endonucleolytic cleavage of
TBSV repRNA and that overexpression of NME! RNA stim-
ulates TBSV RNA recombination in yeast.

Expression of a temperature-sensitive mutant of NME1
decreases the accumulation of partially degraded TBSV
repRNAs in yeast cells grown at a semipermissive temper-
ature. To further test the significance of NMEI RNA in en-
donucleolytic cleavage of TBSV repRNA, we expressed a tem-
perature-sensitive mutant of NMEI (nmel®) from a plasmid in
an nmelA yeast strain. After launching TBSV repRNA repli-
cation, yeast cells were grown at various permissive and semi-
permissive temperatures, and TBSV repRNA accumulation
was tested. Interestingly, TBSV degRNA accumulated at a
2-fold reduced level in the nmel" yeast compared with that in
yeast expressing the plasmid-borne wt NMEI RNA at the
semipermissive temperature of 25°C (Fig. 4A). Indeed, nmel*-
containing RNase MRP was partially defective in processing
the 5.8S rRNA at 25°C (Fig. 4B).

To test the effect of nmel"™ on TBSV RNA degradation at a
higher semipermissive temperature, we used 34°C during yeast
growth, followed by testing of TBSV RNAs via Northern blot-
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FIG. 5. Increased accumulation of TBSV repRNA and decreased
level of degRNAs in yeast expressing NME1 or nmel™ RNA from a
plasmid at the semipermissive temperature of 34°C. (A) Northern blot
analysis of total RNA samples obtained from nmelA yeast cultured at
34°C. The yeast cells expressed plasmid-borne wt NMEI or nmel®
RNA. The accumulating repRNA and degRNA-RI were detected with
an RI probe that does not detect recRNAs. The numbers at the bottom
of the panel show percentages of repRNA and degRNA-RI accumu-
lation (the latter was normalized to the level of DI-72 repRNA).
(B) Northern blot analysis of the above total RNA samples, using an
RIII/RIV probe that also detects recRNAs, in addition to repRNA and
degRNAs. The bottom image shows a Northern blot of the above total
RNA samples, using a 5S rRNA probe as a loading control. Note that
the level of repRNA was normalized based on the loading control.
(C) Western blot image showing expression level of the p33 replication
protein in the above yeast strains.

ting (Fig. 5). We found that accumulation of degRNA-RI and
degRNAZ2 decreased ~20- and ~10-fold, respectively, in yeast
expressing nmel" versus yeast with plasmid-borne wt NME]
RNA (Fig. 5A and B, lanes 6 to 10 versus lanes 1 to 5). Also,
the accumulation of repRNA increased ~4-fold in the yeast
strain with plasmid-borne nmel" versus that with plasmid-
borne wt NME] RNA (Fig. 5A, lanes 6 to 10 versus lanes 1 to
5). Overall, our results are consistent with the model that
NMET RNA is involved in TBSV repRNA degradation. Since
both Snmlp and NMEI RNA are essential parts of the yeast
RNase MRP, we suggest that the whole RNase MRP complex
is involved in TBSV repRNA degradation as well as in viral
RNA recombination in yeast.

Since early work indicated that both exo- and endoribo-
nucleases are involved in TBSV RNA degradation, we utilized
a yeast strain lacking XRN1 and expressing nmel® (nmel®
xrnlA). While yeast cells expressing wt Xrnlp and NMEI RNA
from a chromosomal location do not accumulate TBSV
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temperature of 20°C or the semipermissive temperature of 34°C (gray bars). A comparable analysis was performed with degRNAs in nmel A xrnlA
yeast expressing the plasmid-borne wt NMEI RNA, which is not temperature sensitive (black bars). The measurements are based on Northern blot
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lacks Xrnlp exoribonuclease to facilitate the detection of endoribonucleolytically cleaved degRNAs. (B) Relative accumulation of TBSV DI-72
repRNA in nmelA xmlA yeast expressing plasmid-borne wt or nmel™ (TS) RNA. The yeast cells were cultured at either the permissive
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total RNA samples obtained from the above nmelA xrnlA yeast with an RIV probe. Note that the level of repRNA was normalized based on the

5S rRNA probe as a loading control.

degRNAs at a detectable level (46), double mutant yeast cells
at the permissive temperature of 20°C (Fig. 5A) accumulated
three degRNAs in easily detectable amounts, together reach-
ing as much as ~70% of the repRNA level (Fig. 6A). On the
other hand, partial inactivation of nmel® in yeast (nmel®
xrn1A) at 34°C reduced the total degRNA level to ~20% of the
repRNA level (Fig. 6A). The accumulation of repRNA was
increased to an ~10-fold higher level in nmel® xmlIA yeast
than in xn]A yeast at the semipermissive temperature of 34°C
(Fig. 6B). These data further strengthen the model that RNase
MRP is involved in TBSV RNA degradation in yeast.

Purified RNase MRP cleaves TBSV repRNA in vitro. The
above data suggested that the RNase MRP could be respon-
sible for the endonucleolytic cleavage of TBSV repRNA in
yeast cells. To test this directly, we used highly purified RNase
MRP and **P-labeled TBSV (+)repRNA in an in vitro cleav-
age assay. PAGE analysis of the products revealed that RNase
MRP can cleave the TBSV repRNA in vitro and that the most
abundant cleavage products have cleavage sites in the portion
of the repRNA that is also cleaved in yeast cells, i.e., in the
vicinity of the RI-RII border in DI-72 repRNA (Fig. 7A).
Indeed, Northern blot analysis of the RNase MRP-treated
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FIG. 7. In vitro endoribonucleolytic cleavage of TBSV DI-72
(+)repRNA by RNase MRP. (A) Increasing amounts of highly puri-
fied RNase MRP were added to internally labeled DI-72 RNA, fol-
lowed by denaturing PAGE analysis. The bands likely representing
DI-ARI and RI, which are due to endoribonucleolytic cleavage of the
internally labeled DI-72 RNA, are marked. To test the origins of the
different endoribonucleolytic cleavage products, we used RI (B) and
RIV (C) probes and unlabeled repRNAs. Note that in addition to the
full-length DI-72 RNA, we also used truncated derivatives lacking one
of the four regions of DI-72, as indicated by the name of the given
RNA. Asterisks indicate the input-sized RNAs (not visible are those
input RNAs which had deletion of the region targeted by the probe),
while the endoribonucleolytic cleavage product representing RI is
marked with a filled arrowhead.
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repRNA and its deletion versions with RI and RIV probes
confirmed that the one or two major cleavage sites are located
in the vicinity of the RI-RII border (Fig. 7B and C). Thus, the
in vitro cleavage data are consistent with the in vivo cleavage
pattern (6), suggesting that RNase MRP could participate di-
rectly in partial degradation of TBSV repRNA.

We also tested the cleavage sites in the 4,800-nucleotide
TBSV genomic RNA (gRNA) in vitro (Fig. 8). RNase MRP
was found to show endonuclease activity on TBSV gRNA as
well, resulting in many discrete products in a reverse transcrip-
tion-extension assay. Based on this in vitro result, we predict
that the TBSV gRNA is also sensitive to RNase MRP-medi-
ated endonucleolytic cleavage.

Knockdown of expression of the plant homolog of NME1
also reduces the accumulation of TBSV degRNAs. The RNase
MRP is an essential and conserved endoribonuclease in plants
and animals (24). To obtain evidence that the RNase MRP
also plays a role in TBSV RNA degradation in plants, we
cloned the homolog of the yeast NME1 gene, called 7-2 RNA
(24), into a Tobacco rattle virus (TRV)-based silencing vector.
Knockdown of the 7-2 RNA level in N. benthamiana plants
resulted in a moderately stunting phenotype (Fig. 9A, left
panel). Inoculation of 7-2 RNA knockdown plants with CNV
helper tombusvirus resulted in more severe symptoms, fol-
lowed by the death of plants 2 to 3 days earlier than the death
of CNV-infected control plants (Fig. 9A, right panels). The
severe phenotype correlated with the increased accumulation
of CNV RNA (1.7-fold) in the 7-2 RNA knockdown plants
(Fig. 9B, lanes 7 to 12 versus lanes 1 to 6). To test for TBSV
replicon RNA degradation in the 7-2 RNA knockdown plants,
we combined the TBSV DI-72 RNA with the CNV helper virus
in the inoculum, followed by testing the accumulation of TBSV
degRNA:s in plants. This assay showed an almost 2-fold reduc-
tion in degRNA accumulation (specifically that of degRNA-
RI), from 17% to 10%, in the control plants (Fig. 9C, lanes 7
to 12 versus lanes 1 to 6).

Since the plant cytosolic Xrn4p exoribonuclease, similar to
yeast Xrnlp, might quickly remove the partially degraded
TBSV degRNAs (19) in 7-2 RNA knockdown plants, we also
made Xrn4/7-2 RNA double-knockdown plants. We found that
the level of TBSV degRNA-RI decreased ~5-fold in the dou-
ble-knockdown plants (Fig. 9E, lanes 8 to 14 versus lanes 1 to
7), suggesting that the RNase MRP is involved in TBSV RNA
degradation in N. benthamiana. The effect of silencing of 7-2
RNA on viral RNA recombination was also measurable (de-
crease of ~60%) in the double-knockdown plants (Fig. 9D,
lanes 6 to 10 versus lanes 1 to 5). Overall, the obtained data
suggest that RNase MRP is also involved in TBSV RNA deg-
radation in plants, while its effect on TBSV RNA recombina-
tion seems to be moderate.

DISCUSSION

RNA degradation is an important process that, together
with RNA synthesis, controls the steady-state level of host (7)
and possibly viral RNAs in infected cells. It is thought that the
general and specialized RNA degradation pathways of the cell
also affect viral RNA levels in addition to RNAI, which is an
induced antiviral RNA degradation pathway in plants (8, 9,
11). Since S. cerevisiae lacks components of the RNAi machin-
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FIG. 8. In vitro endoribonucleolytic cleavage of TBSV genomic (+)RNA by RNase MRP. (A) Increasing amounts of highly purified RNase
MRP were added to unlabeled TBSV gRNA, followed by primer extension and denaturing PAGE analysis. The primer extension was performed
with labeled 708R primer. Bands representing mapped endoribonucleolytically cleaved products are marked with arrows. We used a 5'-
phosphorylated 100-bp ladder (NE Biolabs) and a 25-bp ladder (Gibco-BRL) as markers. (B) Similar cleavage-site mapping experiment to that
in panel A, except that the primer extension was performed with labeled RIII (3820) primer. (C) Locations of mapped endoribonucleolytic
cleavage sites in TBSV gRNA. Note that we show only the more frequent/repeatable endoribonucleolytic cleavage sites and their approximate

locations.

ery, it is suitable to test the involvement of other RNA degra-
dation pathways in TBSV RNA accumulation. Indeed, when
the major 5’-3' mRNA degradation pathway is debilitated by
deletion of the Xrnl exoribonuclease in yeast, many partial
TBSV RNA degradation products become detectable (6, 34).
This helped in the realization that yeast endoribonucleases are

also involved in TBSV RNA degradation (6). Testing of 8
different yeast endoribonucleases in this work led to the iden-
tification of the role of RNase MRP in TBSV RNA degrada-
tion (Fig. 2). The 10 known protein components in RNase
MRP, including Smnlp and the NMEI RNA, are essential for
yeast viability (28, 40). Therefore, instead of knockout strains,
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agroinfiltration. rRNA (not shown) was used as a loading control. The plant leaf samples were obtained from 5 separate experiments (total of 5 X
48 samples). (C) Decreased accumulation of TBSV degRNA-RI in 7-2 RNA/NME] knockdown N. benthamiana plants compared to that in the
control plants, which were agroinfiltrated with the TRV empty vector, 4 days after the second agroinfiltration. The accumulation level of
degRNA-RI was normalized to the level of DI-72 repRNA. Note that the RI probe was specific for the TBSV repRNA and that the helper CNV
gRNA or its degradation products were not detected. (D) Northern blot analysis of TBSV repRNA and newly formed recRNAs in agroinfiltrated
leaves of 7-2 RNA/NME1 XRN4 double-knockdown or XRN4 single-knockdown control N. benthamiana plants. The numbers at the bottom of the
panel show percentages of recRNA2 and recRNA3 accumulation normalized to the level of DI-72 repRNA (100% in each sample). rRNA (not
shown) was used as a loading control. Note that the RIV probe was specific for the TBSV repRNA and that the helper CNV gRNA or its
degradation products were not detected. (E) Decreased accumulation of TBSV degRNA-RI in 7-2 RNA/NME1 XRN4 double-knockdown plants

compared to that in the control XRN4 single-knockdown N. benthamiana plants. See further details above as described for panel C.

we used yeast strains that either downregulated the Smnlp
level or expressed a temperature-sensitive NMEI RNA. These
studies showed that both Smnlp and NME1 RNA, likely as
components of the RNase MRP, affect the amount of TBSV
degRNAs (Fig. 2 and 3). Indeed, a highly purified RNase MRP
showed endoribonuclease activity on TBSV repRNA in vitro
(Fig. 7), leading to the generation of endonucleolytically cleaved
products, including a cleavage close to the RI-RII border that
is frequently observed in degRNAs from yeast as well (6, 20,
23). Since the genomic RNA of TBSV is also a substrate of the
purified RNase MRP (Fig. 8), we propose that the TBSV RNA
in general is subject to endonucleolytic attack in cells.

Based on the experimental data presented in this paper, it is
not yet known if RNase MRP is the only endoribonuclease
capable of cleaving TBSV repRNA in yeast or whether other
endoribonucleases might also be involved or could play a par-
tially complementary function in TBSV repRNA degradation.
Accordingly, previous in vitro studies with purified Ngl2p en-

doribonuclease showed specific endoribonucleolytic cleavage
of TBSV repRNA (6), but deletion of NGL2 did not decrease
the amount of degRNAs in yeast (data not shown). Therefore,
it is not known if Ngl2p is involved in TBSV degradation in
yeast and its function is redundant due to the presence of other
similar endoribonucleases, such as Ngllp and Ngl3p. More-
over, Ngl2p may be localized to a location away from the
TBSV RNA, since it has been shown to be involved in rRNA
processing in the nucleolus. In contrast, RNase MRP and Xrn1
have clearly been shown to localize together in the cytoplasm
(15). Since RNase MRP is essential for yeast viability (and for
that of mammals and plants as well), we could not test the
degradation of TBSV repRNA in the complete absence of
functional RNase MRP in vivo. Downregulation of the Smnlp
level and inhibition of nmel" function by applying a semiper-
missive temperature likely caused only a partial reduction in
RNase MRP activity, as suggested by the mixture of long and
short 5.8S RNA species in the samples (Fig. 2B and 3B). The
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difference in the remaining RNase MRP activity in yeast when
the Smnlp level was downregulated or the function of nmel"
was inhibited could also explain why the accumulation of
TBSV repRNA was affected differently by these two approaches:
downregulation of the Smnlp level reduced repRNA accumu-
lation due to low levels of p33, while inactivation of the func-
tion of nmel"™ RNA increased the TBSV repRNA level, likely
due to a low level of viral RNA degradation. However, both
approaches led to reductions of the relative levels of degRNAs
(compared with the repRNA products), demonstrating that
the RNase MRP is involved in endoribonucleolytic cleavage
and degradation of the TBSV repRNA. Overall, the reduced
level of TBSV degRNAs in the above yeast strains could be
due to residual activity of the RNase MRP in yeast when the
Smn1p level was downregulated or the function of nmel" was
inhibited. Alternatively, the presence of some TBSV degRNAs
in these yeast strains could be due to additional endoribonucle-
ases, whose number is still undetermined for yeast and other
eukaryotic cells. Indeed, the number of known endoribonucle-
ases has increased even since the beginning of this work, for
example, by the recent discovery of an endoribonucleolytic ac-
tivity of the exosome, including its Dis3p subunit (41). Similarly,
the human PIN domain-containing SMG6 protein, an NMD
component, shows endoribonuclease activity (12). Therefore,
several as yet uncharacterized proteins/complexes could also
be involved in endoribonucleolytic cleavage of TBSV repRNA
in yeast, in addition to the characterized RNase MRP.

The endoribonucleolytic cleavage of TBSV RNAs seems to
occur not only in yeast but also in plant protoplasts and in
XRN4 knockdown whole plants as well (5, 6, 19). In addition,
the profiles of the generated degRNAs are similar in yeast and
plant cells, suggesting that comparable mechanisms of TBSV
RNA degradation exist in these organisms. Accordingly, we
showed previously that the cytosolic Xrn4p 5'-3" exoribonucle-
ase in N. benthamiana plays a comparable role to that of the
yeast Xrnlp 5'-3' exoribonuclease in TBSV RNA degradation
(5, 19). Moreover, silencing of 7-2 RNA, a homolog of yeast
NME]I RNA (24), in N. benthamiana led to accelerated devel-
opment of virus-induced symptoms, increased tombusvirus
gRNA accumulation, and decreased degRNA-RI accumula-
tion (Fig. 9A and B), indicating that degradation of tombusvi-
rus RNAs is inhibited in these plants with reduced RNase
MRP activity. The reduced level of TBSV repRNA degrada-
tion was especially easily detectable in the XRN4/7-2 RNA
double-knockdown plants, in which Xrn4p could not rapidly
degrade the small TBSV degRNAs (Fig. 9E). Future experi-
ments will address if the conserved POP factors or Rmpl1 that
are critical components of yeast and plant RNase MRP affect
tombusvirus RNA degradation. Also, in addition to the RNase
MRP, it is very likely that additional RNA degradation path-
ways are involved in TBSV RNA degradation, including the
inducible RNA silencing pathway (8).

The endoribonucleolytic cleavage of TBSV RNA is impor-
tant not only for viral RNA degradation but for RNA recom-
bination as well, due to the participation of some RNA deg-
radation products in the RNA recombination process (5, 19,
20, 23, 45, 46). In this work, we also obtained supporting
evidence for the role of endoribonucleolytic cleavage of TBSV
RNA, specifically by the RNase MRP, in TBSV RNA recom-
bination (Fig. 3). Overexpression of the NMEI RNA compo-
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nent of RNase MRP from a plasmid resulted in increased
levels of recRNA and degRNA accumulation (Fig. 3) com-
pared with those in yeast showing a normal expression level of
NME1 RNA from the regular chromosomal location. Also,
XRN4/7-2 RNA double-knockdown plants supported 5-fold
less degRNA and 2-fold less recRNA accumulation than did
XRN4 knockdown plants (Fig. 9D), suggesting that recombi-
nation is less robust when the RNase MRP is less active in
producing degRNAs. It is important that other RNA degrada-
tion pathways, such as 5'-3" degradation via Xrnlp (Xrn4p)
exoribonuclease, and the gene silencing pathways are also im-
plicated in tombusvirus recombination (5, 6, 19, 25). These
data firmly support the involvement of several RNA degrada-
tion pathways in tombusvirus RNA recombination.
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