JOURNAL OF VIROLOGY, Oct. 2008, p. 10162-10174
0022-538X/08/$08.00+0 doi:10.1128/JV1.01027-08

Vol. 82, No. 20

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

A Viral Noncoding RNA Generated by cis-Element-Mediated

Protection against 5'—3’ RNA Decay Represses both
Cap-Independent and Cap-Dependent Translation”

Hiro-oki Iwakawa, Hiroyuki Mizumoto, Hideaki Nagano, Yuka Imoto, Kazuma Takigawa,
Siriruk Sarawaneeyaruk, Masanori Kaido, Kazuyuki Mise, and Tetsuro Okuno*

Laboratory of Plant Pathology, Graduate School of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan

Received 15 May 2008/Accepted 5 August 2008

Positive-strand RNA viruses use diverse mechanisms to regulate viral and host gene expression for ensuring
their efficient proliferation or persistence in the host. We found that a small viral noncoding RNA (0.4 kb),
named SR1f, accumulated in Red clover necrotic mosaic virus (RCNMYV)-infected plants and protoplasts and was
packaged into virions. The genome of RCNMYV consists of two positive-strand RNAs, RNA1 and RNA2. SR1f
was generated from the 3’ untranslated region (UTR) of RNA1, which contains RNA elements essential for
both cap-independent translation and negative-strand RNA synthesis. A 58-nucleotide sequence in the 3’ UTR
of RNA1 (Seq1f58) was necessary and sufficient for the generation of SR1f. SR1f was neither a subgenomic
RNA nor a defective RNA replicon but a stable degradation product generated by Seq1f58-mediated protection
against 5'—3’ decay. SRI1f efficiently suppressed both cap-independent and cap-dependent translation both in
vitro and in vivo. SR1f frans inhibited negative-strand RNA synthesis of RCNMYV genomic RNAs via repression
of replicase protein production but not via competition of replicase proteins in vitro. RCNMYV seems to use
cellular enzymes to generate SR1f that might play a regulatory role in RCNMYV infection. Our results also
suggest that Seq1f58 is an RNA element that protects the 3’-side RNA sequences against 5'—3' decay in plant

cells as reported for the poly(G) tract and stable stem-loop structure in Saccharomyces cerevisiae.

Many lines of recent evidence indicate that noncoding
RNAs including microRNAs and small interfering RNAs play
an important role in the control of gene expression in diverse
cellular processes and in defense responses against molecular
parasites such as viruses and transposons. Viruses also use
many different types of RNAs in frans for regulating the ex-
pression of their own genomes or host genomes temporally and
spatially to ensure efficient virus proliferation and/or latency in
host cells. These RNAs include subgenomic RNAs (sgRNAs),
viral genomic RNA itself, and many types of noncoding viral
RNAs.

For example, the adenovirus virus-associated RNAs (VA
RNAs) (23) are small noncoding RNA transcripts. They inhibit
the activation of RNA-induced protein kinase and thereby
interfere with the activation of the interferon-induced cellular
antiviral defense systems (38). VA RNAs also interfere with
RNA interference pathways by acting as substrates for Dicer
and suppressing the activity of Dicer probably involved in cel-
lular antiviral mechanisms (2, 55). Epstein-Barr virus-encoded
RNAs (EBERs) (56) inhibit RNA-induced protein kinase as
VA RNAs (38). They also are known to encode microRNAs,
which are thought to work for persistent infection (28). On the
other hand, recently, EBERs have been reported to be recog-
nized by RIG-I, a cytosolic protein with a DexD/H box RNA
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helicase domain that recognizes viral RNA in mammalian
cells, and to activate signaling to induce type I interferon (35).
Thus, associations of viral small RNAs with virus infection are
complicated.

sgRNAs also function as riboregulators in viral gene expres-
sion in addition to their original roles as mRNAs used for
protein production. For example, a Flock house virus sgRNA
trans activates the replication of genomic RNA (9). In Barley
yellow dwarf virus (BYDV), sgRNA2 encoding a small open
reading frame (ORF) of unknown function acts in trans to
suppress the translation of replicase genes from genomic RNA
but permits the translation of structural genes from sgRNA1
(40). Furthermore, Red clover necrotic mosaic virus (RCNMV)
genomic RNAZ2 is required in trans for the synthesis of sgRNA
from genomic RNAL1 (42).

RCNMYV is a member of the genus Dianthovirus in the
family Tombusviridae. Its genome is divided into two RNA
molecules, RNA1 and RNA2 (Fig. 1A) (11, 12, 30), each of
which has no cap structure at the 5" end and no poly(A) tail at
the 3" end (21, 25). RNA2 is a monocistronic RNA that en-
codes a 35-kDa protein required for viral cell-to-cell move-
ment in plants (21, 51). RNA1 encodes putative RNA replicase
components, a 27-kDa protein (p27), and an 88-kDa protein
(p88). p88, containing an RNA-dependent RNA polymerase
motif (19), is produced by programmed —1 ribosomal frame-
shifting (16, 17, 52) and is required in cis for the replication of
RNALI (29). RNALI also encodes a 37-kDa coat protein (CP)
that is expressed from CP sgRNA (57). The transcription of CP
sgRNA requires intermolecular interaction between RNA1
and RNA2 as described above. The 3" UTR of RNA1 contains
RNA elements (3'TE-DR1) essential for cap-independent
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FIG. 1. A small RNA is generated from the 3’-proximal region of
RNAT1 and packaged into virions in RCNMV-infected cells. (A) Sche-
matic representation of viral RNAs of RCNMV. The genome is shown
as horizontal lines with coding regions depicted as open boxes with the
assigned viral protein designated. CP sgRNA and a small RNA (SR1f)
are shown as thick horizontal lines below the genome diagram. The
gray boxes indicate 3'TE-DR1. The regions covered by RNA probes
are shown as thin arrows. MP, movement protein. (B) Accumulations
of RNAI1, CP sgRNA, and a small RNA (SR1f) in BY-2 protoplasts.
Inoculated protoplasts were incubated at 17°C for the indicated times.
Total RNAs extracted from protoplasts and purified virions were sep-
arated by gel electrophoresis and blotted onto a membrane. The top
left, top right, and bottom panels show membranes hybridized with the
DIG-labeled RNA probes specific for the 5" UTR, middle region, and
3’ region, respectively. hpi, hours postinfection. (C) Accumulations of
negative-strand RNA1 and CP sgRNA in BY-2 protoplasts. The same
set of membranes shown in the bottom panel in panel B was hybridized
with the DIG-labeled RNA probe specific for negative-strand RNAL.

translation (27) and also contains the promoter for negative-
strand RNA synthesis (14).

We noticed that a large amount of small viral RNAs (0.4 kb)
accumulated in RCNMV-infected plants and protoplasts dur-
ing our RCNMV study. Here, we analyzed the origin, gener-
ation mechanisms, and possible functions of this small RNA in
vivo and in vitro. Our results show that (i) the small RNA
(defined here as SR1f) consists of nearly the entire 3’ UTR of
RNAL; (ii) SR1f is not an sgRNA but a degradation interme-
diate generated by cis-RNA element-mediated protection
against 5'—3’ decay, and a 58-nucleotide (nt) sequence
(Seq1f58) is necessary and sufficient for protection against
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5'—3" decay; and (iii) SR1f frans inhibits both cap/poly(A)-
dependent and 3'TE-DR1-mediated cap-independent transla-
tion in vivo and in vitro, resulting in a decrease in negative-
strand RNA synthesis of RCNMYV genomic RNAs. Our results
also suggest that SeqlfS8 is a cis-acting RNA element that
confers resistance to RNA against 5'—3" decay in plant cells as
the poly(G) tract and stable stem-loop structures reported in
Saccharomyces cerevisiae RNAs.

MATERIALS AND METHODS

Plasmid constructions. pUCR1 and pRC2|G are full-length cDNA clones of
RNA1 and RNA2 of the RCNMV Australian strain, respectively (44, 54).
pCR-R1 and pSC-R1 are full-length cDNA clones of RNA1 of Carnation ring
spot virus (CRSV) (41) and Sweet clover necrotic mosaic virus (SCNMV) (10),
respectively, which were kindly provided by S. A. Lommel (North Carolina State
University) and C. Hiruki (University of Alberta), respectively. Constructs de-
scribed previously that were used in this study include the following: pUCRI1-
ACP (44), pUCRI1-d3'SLA (14), pUCR1-d3'SLB (14), pUCR1-d3'SLC (14),
pUCRI1-d3'SLD (14), pUCR1-d3'SLE (14), pUCR1-d3'SLF (14), pR1-5'-XbS
(27), and pLUCpAG0 (27). Escherichia coli DH5a was used for the construction
of all plasmids, except for pSSL-luc. All constructs were verified by sequencing.
The primers used are listed in Table 1.

(i) pUCR1-p27fs. pUCR1 was cut at an EcoRlI site in the p27 ORF, end filled
with T4 DNA polymerase, and relegated.

(ii) pUCR1-d3'SLA-L. Two DNA fragments were amplified from pUCR1
using two primer pairs, A1+3380 plus d3’-2ii— and M4 plus d3'-2ii+. Then, a
PCR fragment was amplified from a mixture of these two fragments using the
primer pair A1+3380 plus M4, digested with Mlul and Smal, and inserted into
the corresponding region in the 3" UTR of pUCRI.

(iii) pUCR1-m1, pUCR1-m2, pUCR1-m3, pUCR1-m4, pUCR1-m5, pUCRI1-
m6, pUCR1-m7, pUCR1-m8, pUCR1-m9, pUCR1-m10, pUCR1-m11, pUCRI1-
m12, pUCR1-m13, pUCR1-m14, and pUCR1-m1/m3. DNA fragments were am-
plified by PCR from pUCRI. The primer pairs used were AC1+3036 plus one
each of the following: m1—, m2—, m3—, m4—, m5—, m6—, m7—, m8—, m9—,
ml10—, m11—, m12—, m13—, m14—, and m1/m3—. Another primer, 3'R/C1, was
used together with one each of the following: m1+, m2+, m3+, m4+, m5+,
m6+, m7+, m8+, m9+, m10+, m11+, m12+, m13+, ml14+, and m1/m3+.
Each recombinant PCR product was amplified with the primer pair AC1+3036
and 3'R/C1, digested with Mlul and Smal, and inserted into the corresponding
region in the 3" UTR of pUCRI.

(iv) pUCR1-m1/d3’SLF. Two DNA fragments were amplified from pUCRI1-
d3’SLF using two primer pairs, AC1+3115 plus m1— and Aus4291— plus m1+.
Then, a PCR fragment was amplified from a mixture of these two fragments
using the primer pair AC1+3115 plus Aus4291—, digested with Mlul and Smal,
and inserted into the corresponding region in the 3’ UTR of pUCRI.

(v) pAl-R-Luc-Al. Two DNA fragments were amplified by PCR from pR1-
5'-XbS using two primer pairs, Sacl/T7 plus 5’'A1/R-Luc/L and R-Luc/3'A1/R
plus 3'Alend/L. Other DNA fragments were amplified from pSP64-RLUC (27)
using the primer pair 5'A1/R-Luc/R and R-Luc/3’Al1/L. These amplified DNA
fragments were mixed and further amplified by PCR using the primer pair
Sacl/T7 plus 3'Alend/L. The amplified DNA fragment was digested with Sacl
and SaclI and used to replace the corresponding region of pR1-5'-XbS.

(vi) pAR/1f/FA and pAR/m1/FA. DNA fragments were amplified by PCR from
pAl-RLuc-Al, and the primer pairs used were Sacl/T7 plus one each of the
following: R-1f— and R-m1—, respectively. Another primer, 1fNcol—, was used
together with one each of the following: R-1f+ and R-m1+, respectively. These
recombinant PCR products were amplified with the primer pair Sacl/T7/R plus
1fNcol—, digested with Sacl and Ncol, and used to replace the corresponding
region of pR1-5'-XbS, respectively.

(vii) pR/1f/F and pR/m1/F. To construct pR/1f/F and pR/m1/F, DNA frag-
ments were amplified by PCR using the primer pairs pR/1f/F+ plus pR/1f/F—
from pAR/1f/FA and pAR/m1/FA, respectively. These fragments were digested
with HindIII and Accl and used to replace the corresponding region of p3’'-8
(27), respectively.

(viii) p1f-Luc and pml-Luc. To construct plf-Luc and pm1-Luc, DNA frag-
ments were amplified from pUCR1 using two primer pairs, 1fNcol— plus T7/
TC5" and 1fNcol— plus 1fm1+, respectively. These amplified fragments were
digested with SacI and Ncol and used to replace the corresponding region of
pR1-5'-XbS.
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TABLE 1. List of primers and their sequences used for PCR to generate constructs described in the text

Primer Nucleotide position® Sequence”
A1+3380 3361-3377 TGCAGTTTTCAGGTTCC
d3'-ii— 3469-3428 delta 3459-3447 GAGGCTACACTTAACCAAGTATGAAAGTG
M4 * GTTTTCCCAGTCACGAC
d3'-ii+ 3434-3477 delta 3447-3459 CATACTTGGTTAAGTGTAGCCTCCACCCGAG
AC1+3036 3036-3055 GAAGTCGAGTTCAAAGGACC
ml— 3481-3446 GCAACTCGGGTGGAGCAACGTCTTAAAAGAACCAAT
m2— 3489-3455 CCCCTCTTGCAACTCCCCACGAGGCTACACTTAAA
m3— 3497-3463 TGCGTGTTCCCCTCTACATCGTCGGGTGGAGGCTA
m4— 3509-3472 GGTCGGCGAGACTGCCACAAGGGCTCTTGCAACTCGGG
m5— 3516-3480 CCAACAGGGTCGGCGTCTGACGETGTTCCCCTCTTGC
mb6— 3522-3488 TGTTTGCCAACAGGGAACCGGAGACTGCGTGTTCC
m7— 3526-3494 TTACTGTTTGCCAACTCCGTCGGCGAGACTGCG
m8— 3532-3498 GCAATTTTACTGTTTCGGCTCAGGGTCGGCGAGAC
m9— 3538-3503 TTTTTTGCAATTTTACACAAAGCCAACAGGGTCGGC
ml10— 3540-3508 TATTTTTTGCAATTTACGTGTTTGCCAACAGGG
mll— 3544-3511 ACTCTATTTTTTGCATAAATACTGTTTGCCAACA
ml2— 3547-3535 AGCACTCTATTTTTTCATATTTTACTGTTTGCC
ml3— 3554-3518 TACTCCTAGCACTCTTAAAAAAGCAATTTTACTGTTT
ml4— 3561-3525 CGGGAACTACTCCTACGTGAGAATTTTTTGCAATTTT
ml/m3— 3491-3457 CCTCTACATCGTCGGGTGGAGCAACGTCTTAAAAG
3'R/C1 o TACCCGGG GTACCTAGCCGTTATAC
ml+ 3446-3481 ATTGGTTCTTTTAAGACGTTGCTCCACCCGAGTTGC
m2+ 3455-3489 TTTAAGTGTAGCCTCGTGGGGAGTTGCAAGAGGGG
m3+ 3462-3497 GTAGCCTCCACCCGACGATGTAGAGGGGAACACGCA
m4+ 3471-3509 ACCCGAGTTGCAAGAGCCCTTGTGGCAGTCTCGCCGACC
m5+ 3480-3516 GCAAGAGGGGAACACCGTGAGACGCCGACCCTGTTGCG
mo6-+ 3488-3522 GGAACACGCAGTCTCCGGTTCCCTGTTGGCAAACA
m7+ 3494-3526 CGCAGTCTCGCCGACGGAGTTGGCAAACAGTAA
m8+ 3498-3532 GTCTCGCCGACCCTGAGCCGAAACAGTAAAATTGC
m9+ 3503-3537 GCCGACCCTGTTGGCTTTGTGTAAAATTGCAAAAA
m10+ 3508-3540 CCCTGTTGGCAAACACGTAAATTGCAAAAAATA
mll+ 3511-3544 TGTTGGCAAACAGTATTTATGCAAAAAATAGAGT
ml2+ 3515-3547 GGCAAACAGTAAAATATGAAAAAATAGAGTGCT
ml3+ 3518-3554 AAACAGTAAAATTGCTTTTTTAAGAGTGCTAGGAGTA
ml4+ 3525-3561 AAAATTGCAAAAAATTCTGACGTAGGAGTAGTTCCCG
ml/m3+ 3456-3492 TTAAGACGTTGCTCCACCCGACGATGTAGAGGGGAAC
Aus3115+ 3096-3115 CTCGGTGGGACACTCACTTC
Ausd291— ok ATTTAGAGCTTGACGGGGAAAG
Sacl/T7 GCGAGCTC TAATACGACTCACTATA
5'Al1/R-Luc/L CATAAACTTTCGAAGTCATGACTGGTACGAAAAGTAG
5'A1/R-Luc/R CTACTTTTCGTACCAGTCATGACTTCGAAAGTTTATGAT
R-Luc/3'Al/L GCTACACTTAAAAGAACCAATTATTGTTCATTTTTG
R-Luc/3'A1/R CAAAAATGAACAATAATTGGTTCTTTTAAGTGTAGC
3'Alend/L TCTAGAGGATCCCCGGG GTACCTAGCCGTTATAC
R-1f— GAGGCTACACGGATCCTTATTGTTCATTTTTGAGAAC
R-ml1— GAGCAACGTCGGATCCTTATTGTTCATTTTTGAGAAC
1fNcol— CATGCCATGG GCCAACAGGGTCGGCGAGAC
R-1f+ TGAACAATAAGGATCCGTGTAGCCTCCACCCGAGTTG
R-ml1+ TGAACAATAAGGATCCGACGTTGCTCCACCCGAGTTGCAAGAGG
pR/If/F+ CCCAAGCTT CCACCATGACTTCGAAAGTTTATGATC
pR/1/F— TTTGTCTAC TTACACGGCGATCTTTCCGC
T7/TCS’ GCGAGCTC TAATACGACTCACTATAGTGTAGCCTCCACCCGAG
1f-m1(+) GCGAGCTC TAATACGACTCACTATAGACGTTGCTCCACCCGAGTTGCAAG
SSL/A1/R GGTCCACCACGGCCGATATC ACGGCCGTGGTGGACCGCACAAACGTTTT
T7/9/SSL/R GCGAGCTC TAATACGACTCACTATAGCAACAACAAGCGGTCCACCACGG
A1/SSL/2L ACCACGGCCGTGATATC GGCCGTGGTGGACCGCGACTGGTACGAAAAGT
SSL/14/Luc/2R ATCACGGCCGTGGTGGACCGCAACAACAACAACAAATGGAAGACGCCAA
T7NSR+ GCGAGCTC TAATACGACTCACTATAGTTATTGTTCATTTTTGAGAAC
RSmal— TCCCCCGGG ATGACTTCGGTTCTTGATTC
AS5'RACE-3621 3621-3594 CTGTTTCCCAGGGTCCGATGCCGGTTCG

“ Nucleotide positions relative to the complete sequence of RCNMV RNAL. * and ***, primers specific for the vector sequences (pUC118). **, primer with an Smal

site and reverse-complement sequences of RNA1 from the 3’ end to nt 3871.

® The altered sequences are underlined, and restriction enzyme sites are in bold and italics.

(ix) pSSL/R1-5'-XbS. A DNA fragment was amplified from pR1-5'-XbS using
the primer pair SSL/A1/R plus 3'R/C1. To complete the DNA fragments con-
taining the T7 promoter and the Sacl site, this DNA fragment was amplified by
PCR again with the primer pair T7/9/SSL/R plus 3'R/C1. The final amplified

product was digested with Sacl and Sacll and used to replace the corresponding
region of pR1-5'-XbS.

(x) pSSL-Luc. Two DNA fragments of the 5" UTR of RCNMV RNAI with a
stable stem-loop structure and Luc ORF with the 3'UTR of RNAI1 were ampli-
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fied by PCR from pR1-5'-XbS using two primer pairs, Sacl/T7 plus A1/SSL/2L
and SSL/14/Luc/2R plus 3'R/C1, respectively. Both DNA fragments were used as
a template for the PCR and were amplified using primers Sacl/T7 and 3'R/C1.
The final amplified product was digested by EcoRV and Sacll and used to
replace the corresponding region of pSSL/R1-5'-XbS. Because we failed to
construct this plasmid with the expected sequences in the stable stem-loop site
using the E. coli DH5a strain, this plasmid was amplified in the E. coli stbl4 strain
(Invitrogen ElectroMAX Stbl4 cells). E. coli was cultured in a Tris-borate me-
dium at 30°C.

(xi) pSR1f and pSR1f/TE-Lm1. DNA fragments were amplified from pUCR1
and pRCImLI1 (27) by using the primer pair T7/TCS5’ plus M4. The PCR prod-
ucts were digested with Sacl and Smal and used to replace the corresponding
regions of pUC118.

(xii) pSR1f-m1. A DNA fragment was amplified from pUCRI by using the
primer pair 1b-m1(+) plus M4. The PCR product was digested with Sacl and
Smal and used to replace the corresponding region of pUC118.

(xiii) pBSRC1/5'P. pBSRC1/5'P was generated by ligating the SacI/Xhol frag-
ment of pUCRI into EcoRV/Xhol-digested pBluescript IT KS(+) (Stratagene,
La Jolla, CA) in antisense orientation behind the T3 promoter. DNA fragments
with incompatible ends were ligated after blunting with T4 DNA polymerase.

(xiv) pBSRC1/midP. pBSRC1/midP was generated by ligating the Pstl/Xhol
fragment of pUCRI into Pstl/Xhol-digested pBluescript IT KS(+) (Stratagene)
in antisense orientation behind the T7 promoter.

(xv) pBSCRI1P. pBSCR1P was generated by ligating the HindIII/BamHI frag-
ment of pCR-R1 into HindITI/BamHI-digested pBluescript IT KS(+).

(xvi) pR-lucN. A PCR fragment was amplified from pAl-R-luc-Al by using
the primer pair TTNSR+ plus RSmal—. The PCR product was digested with
SacI and Smal and used to replace the corresponding region of pUC118.

RNA preparation. All RNA transcripts except for CRSV RNA1, R/1{/F, and
R/m1/F were synthesized in vitro from Xmal-linearized plasmids with T7 RNA
polymerase. CRSV RNA1 was synthesized from HindIII-linearized pCR-R1
with T7 polymerase. R/1f/F and R/m1/F were synthesized from Accl-linearized
plasmids with T7 polymerase. All transcripts were purified with a Sephadex G-50
fine column (GE Healthcare UK, Ltd., Buckinghamshire, United Kingdom). The
RNA concentration was determined spectrophotometrically and its integrity
verified by 1% agarose gel electrophoresis. All transcripts are named for their
parent plasmids minus the “pUC,” “p,” or “pLUC” prefix. Capped transcripts
were prepared using the ScriptCap m’G capping system (Epicentre Biotechnol-
ogies, Madison, WI) to achieve efficient capping rates.

Protoplast experiments. Tobacco BY-2 protoplast experiments were per-
formed as previously described (14). Briefly, RNA1 (1.1 pmol) with or without
RNAZ2 (2.9 pmol) was suspended in 0.2 ml cold morpholineethanesulfonic acid
buffer and mixed with 0.6 ml of BY-2 protoplast solution (1.67 X 10° cells/ml)
before electroporation using a Pulse Controller Plus (Bio-Rad). Protoplasts were
incubated at 17°C for 18 h in the dark. Total RNAs were subjected to Northern
blot analysis, as previously described (14). In the SR1f competition assay, ap-
proximately 8 pmol of R1-5"-XbS or pA60(+) was electroporated with an eight-
fold molar excess of SR1f or SR1f/TE-Lm1 into BY-2 protoplasts. The proto-
plasts were incubated at 17°C in the dark for 6 h. The cells were lysed in passive
lysis buffer (Promega) and subjected to one freeze-thaw cycle. Aliquots of the cell
lysate were assayed with the luciferase reporter assay system (Promega).

Evacuolated BY-2 protoplast lysate (BYL) experiments. Preparation of the
cell extracts of evacuolated BY-2 protoplasts and the in vitro translation/repli-
cation reaction were described previously (14, 18). In the luciferase assays,
aliquots of samples were diluted with 100-fold passive lysis buffer (Promega), and
aliquots of these samples were assayed with the luciferase reporter assay system
(Promega). See the figure legends for more information on each experiment.

Inoculation of Nicotiana benthamiana plants. The inoculation of N. benthami-
ana plants was performed as previously described (25), except for using un-
capped transcripts.

Northern and Western blot analysis. Total RNAs extracted from N. benthami-
ana plants, BY-2 protoplasts, and BYL were subjected to Northern blot analysis,
as previously described (14, 25). The digoxigenin (DIG)-labeled RNA probes
specific to the 3" UTRs of RCNMV RNA1 (RNA1/3'P), the negative-strand
RNAs of RCNMV RNALI, the 3" UTRs of RCNMV RNAZ2, the negative-strand
RNAs of RCNMV RNA2, and the firefly luciferase ORF (F-Luc probe) have
been described previously (14, 25-27). The DIG-labeled RNA probes specific to
the 5" region of RCNMV RNA1 (RNA1/5'P) and the middle region of RCNMV
RNA1 (RNA1/MidP) were transcribed from Smal-linearized pBSRC1/5'P with
T3 RNA polymerase and from Xhol-linearized pBSRC1/midP with T7 RNA
polymerase, respectively. The DIG-labeled RNA probe for the Renilla luciferase
ORF (R-Luc probe) was transcribed from Smal-linearized pR-lucN with T7
RNA polymerase. The DIG-labeled RNA probe for the region between nt 3673
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and the 3’ end (nt 3890) of RCNMV RNA1 (3" UTR short probe) was tran-
scribed from BstPI-linearized pSRT1 (27) with T7 RNA polymerase. The DIG-
labeled RNA probe for CRSV RNAL1 was transcribed from BamHI-linearized
pBSCRIP with T7 RNA polymerase. The RNA signals were detected with a
luminescent image analyzer (LAS 1000 Plus; Fuji Photo Film, Japan).

Western blot analysis was performed as described previously (44). The signals
were detected with a luminescent-image analyzer (LAS 1000 Plus; Fuji Photo
Film, Japan), and the signal intensities were quantified with the Image Gauge
program (Fuji Photo Film, Japan).

Determination of the 5" and 3'ends of SR1f by primer extension and 3'-RACE.
The purification of RCNMV SRI1f by electrophoresis through a denaturing
polyacrylamide gel was performed as described previously (36). Oligonucleotide
primer A5’'RACE-3621 was used for 5’-end sequencing of SRI1f. Sequencing
reactions and treatment of the primer extension products with terminal deoxy-
nucleotidyl transferase were performed as described previously (1), except for
using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA). The 3'-
rapid amplification of cDNA ends (RACE) was done as described previously
(25).

RESULTS

A small RNA is generated from the 3’-proximal region of
RNAL1 and packaged into virions in RCNMV-infected cells.
Northern blot analysis using a probe complementary to the 3’
region of RCNMV RNALI revealed that infected plants and
protoplasts contain a large amount of a 400-base RNA (termed
SR1f) in addition to the viral genomic and sgRNAs (Fig. 1B).
To identify SR1f and to study the biological roles of SR1f, we
first investigated whether SR1f might contain any regions other
than the 3" UTR of RNAI1. Tobacco BY-2 protoplasts were
inoculated with in vitro transcripts of RCNMV RNA1 and
RNAZ2, or RNA1 alone, and total RNA was analyzed by North-
ern blotting using RNA probes that specifically hybridized to
the 5'-proximal (RNA1/5'P), the middle (RNA1/MidP), or the
3’-proximal regions (RNA1/3'P) of RNA1 (Fig. 1A). SR1f was
detected only with RNA1/3'P (Fig. 1B), suggesting that SR1f
consists mainly of the 3’-proximal region of RNA1. SR1f, un-
like CP sgRNA, accumulated in protoplasts inoculated with
RNAL alone (Fig. 1B), indicating no requirement for RNA2 in
its generation. This suggests that the mechanism that generates
SRI1f is different from the mechanism that generates CP
sgRNA, which requires an intermolecular interaction between
RNAL1 and RNAZ2 (42, 46). Time course experiments consis-
tently showed that SR1f started to accumulate after the initial
detection of RNA1 or CP sgRNA. It is noteworthy that a small
RNA similar in size to SR1f was detected in purified virions,
whereas CP sgRNA was not (Fig. 1B), suggesting that SR1f is
packaged into virions. To determine the precise 5" and 3’ ends
of SR1f, we used a primer extension analysis and a 3'-RACE
analysis, respectively. Because purified RCNMYV virions con-
tain a small RNA that is probably identical to SR1f, as shown
in Fig. 1B, we used virion RNAs directly or after separation on
a 5% polyacrylamide gel containing 8 M urea as the template
for the analysis. These analyses indicated that SR1f had a 3’
end coterminal with RNAI1 consisting of 431 nt (data not
shown). These results also suggested that SR1f is unlikely to be
an RNA replicon.

Negative-strand RNAs of SRI1f are not detected in BY-2
protoplasts. Next, we analyzed the accumulation of negative-
strand viral RNAs using full-length genomic RNA1 as a probe.
Negative-strand RNAs corresponding to RNA1 or CP sgRNA
were detected in protoplasts inoculated with RNA1 and RNA2
(Fig. 1C), supporting a model involving the premature termi-
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FIG. 2. SR1f is not a transcript but a degradation intermediate of
RNAL. Time course analysis of the accumulations of viral replicase
proteins (p27) and viral RNAs in BYL incubated with RNA1 and
R1-p27fs. RNAL1 or R1-p27fs (2 pmol) was incubated in 110 pl of BYL
translation reaction mixture at 17°C. At different times after incuba-
tion, 10-pl aliquots were used for Northern and Western blotting,
respectively.

nation mechanism that generates CP sgRNA (42). In contrast,
no negative-strand RNA corresponding to the small RNA was
detected. Thus, SR1f could be a transcript synthesized from
negative-strand RNA1 by an internal initiation mechanism
(24) or a degradation intermediate generated by self-cleavage
or cleavage by endo- or exoribonucleases.

SR1f is not a transcript but a degradation intermediate of
RNAL. To investigate the mechanism that generates SR1f, we
used BYL, which were initially developed for the study of
tobamovirus translation and replication (18). BYL is a power-
ful tool for analysis of the translation and replication mecha-
nisms of RCNMV (14, 26, 29). BYL reflects the cap-indepen-
dent translation activity of RCNMV RNAI1 with a series of
mutations in the 3" UTR in BY-2 protoplasts (14, 26). Fur-
thermore, in BYL, several RNA viruses can replicate (18), and
negative-strand RNAs of RCNMYV are easily detected follow-
ing the translation of viral replication proteins (14, 29). There-
fore, we used BYL to investigate the timing of the accumula-
tion of SR1f and the generation mechanism of SR1f. First, we
incubated uncapped RNAI1 in BYL and analyzed the accumu-
lations of p27, positive- and negative-strand RNA1, and SR1f
at different time points after incubation, using Western and
Northern blotting, respectively. p27 started to be detected 30
min after incubation, and negative-strand RNA1 started to be
detected at 120 min (Fig. 2). Surprisingly, SR1f was detected 5
min after incubation or earlier (Fig. 2; data not shown). This
suggested no link between viral RNA replication and the gen-
eration of SR1f. To test this, we used an RNAI mutant (R1-
p27fs) that does not produce functional replication proteins.
SR1f accumulated with the incubation of R1-p27fs to a level
similar to that after the incubation of wild-type RNA1 in BYL
(Fig. 2). The stability of R1-p27fs was not significantly different
from that of RNA1 (Fig. 2). These results indicated that viral
replication proteins were not necessary for the generation of
SR1f. Thus, SR1f is not a transcript but a degradation inter-
mediate of RNAL.

Fifty-eight nucleotides in the 3’ UTR of RNA1 are necessary
and sufficient for the generation and accumulation of SR1f. To
define the nucleotide sequences required for the generation
and accumulation of SR1f, RNA1 mutants with deletions or
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nucleotide substitutions (Fig. 3A and C) were incubated in
BYL and the accumulation of SR1f was analyzed by Northern
blotting (Fig. 3B and D). Nucleotide sequences from nt 3460 to
3503 in RNAI, except for five nucleotides from nt 3470 to
3474, were essential for the accumulation of SR1f (Fig. 3). We
will refer below to the 58 nt from nt 3460 to 3517 of RNA1 as
Seq1£58; this is a core nucleotide sequence required for SR1f
generation (Fig. 4A).

In addition, we examined whether the 5'-proximal stem
structure predicted in Seqlf58 (Fig. 4A) is important for the
generation of SR1f by introducing compensatory mutations
into R1-m1. This RNA1 mutant, R1-m1/m3, with the stem
structure restored, failed to accumulate SRI1f (data not
shown). This suggested that nucleotide sequences in the stem
rather than the predicted structure might be important for the
generation of SRIf.

Next, to examine whether Seq1f58 would be sufficient for the
generation and accumulation of its downstream nonviral RNA
fragments containing Seq1f58, we designed a dicistronic RNA
(R/1{/F), in which Seq1f58 was inserted between two different
ORFs encoding Renilla luciferase (R-Luc) and firefly lucifer-
ase (F-Luc), respectively (Fig. 4B). If Seq1f58 works, an RNA
fragment of 1,715 nt, which contains both Seqlf58 and the
F-luc ORF, should be detected. As a control, we used R/m1/F,
which has an m1 mutation in Seqlf58 (Fig. 3C and Fig. 4A).
This mutation in RNA1 caused a loss of ability to accumulate
SR1f (Fig. 3D and 4A). As expected, RNA fragments with a
size of 1,715 nt were detected on incubation with R/1f/F but
not after incubation with R/m1/F in BYL using a probe for the
F-Luc ORF (Fig. 4C). On the other hand, degradation inter-
mediates (962 nt) were not detectable using a probe for the
R-Luc ORF on the inoculation of R/1f/F (Fig. 4C). These
results indicated that Seq1f58 is sufficient for the accumulation
of the 3’ portion of the transcript, suggesting that Seq1f58
protects its downstream nucleotide sequences from 5'—3’
decay.

Seq1f58 protects its downstream nucleotide sequences from
5'—3’ decay. If Seqlf58 could protect its downstream nucleo-
tide sequences from 5'—3’ decay, then SR1f must be more
stable than SR1f derivatives with mutations in Seq1f58. To test
this, we compared the stabilities of in vitro-transcribed SR1f
and SR1f-m1 that had the m1 mutation in Seq1f58. The half-
life of SR1f was longer than 240 min, whereas that of SR1f/m1
was shorter than 15 min (Fig. SA). This result suggested that
wild-type Seqlf58 stabilizes SR1f by protecting against 5'—3’
exoribonucleases.

To further confirm that Seq1f58 stabilizes its downstream RNA
sequences, we compared the stabilities of RNAs with different
RNA structures in the 5" UTR but with the same 3'UTR (Fig.
5B). R1-5'-XbS was a reporter Luc mRNA with the 5’ and 3’
UTRs of RNA1 (27). SSL-luc had a stable stem-loop structure in
the 5" UTR. 1f-luc and m1-luc had Seqlf58 with or without the
m1 mutation as the 5" UTR, respectively. Uncapped transcripts of
these four RNAs and capped R1-5'-XbS were incubated in BYL,
and accumulations of full-length transcripts were monitored by
Northern blotting using a probe specific to the 3" UTR of RNAT.
1f-luc was the most stable (half-life, 30 min) among the uncapped
transcripts tested, although the stability was less than that of
capped R1-5'-XbS (half-life, 60 min) (Fig. 5B). These results
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FIG. 3. Essential regions required for the generation of SR1f. (A) Schematic representation of deleted regions in the CP ORF and the 3’ UTR
of RCNMV RNAL. The boldface lines indicate virus-derived sequences with the nucleotide numbers at the 5" and 3’ ends. The bent lines indicate
deleted regions. The Gs in the open boxes show the nucleotide residue in the 5" end of SR1f. (B) Accumulation of small RNAs (SR1f) generated
from RNAL1 deletion mutants in BYL at 0.2 and 60 min after incubation. Genome RNAs and small RNAs (SR1f) were detected by RNA1/3'P.
(C) Schematic representation of nucleotide substitution mutations in the 3" UTR of RNAI. Italics in the open boxes show altered sequences.
(D) Accumulation of small RNAs (SR1f) generated from RNAI mutants in BYL at 0.2 and 60 min after incubation. Genome RNAs and small

RNAs (SR1f) were detected by the 3" UTR short probe.

indicated that Seqlf58 at the 5’ end confers stability to the 3’
portion of the transcript.

Next, to examine whether the 5'-proximal Seq1£58 would stall
5'—3’" exoribonucleases and consequently decrease the accumu-
lation of 3’-proximal RNA fragments, we used an RNA with two
Seq1f58 sequences (AR/1f/FA) (Fig. 5C). As expected, the accu-
mulation of 3'-proximal RNA fragments was lower in AR/1{/FA
than in AR/m1/FA, which had the m1 mutation in the 5’-proximal
Seq1£58 (Fig. 5C).

In addition, the accumulation of SR1f was lower with the in-

cubation of capped RNAI1 than with uncapped RNAI in BYL
(data not shown). This suggested that the presence of either cap
structure or Seqlf58 at the upstream region of the second
Seq1f58 decreased the generation of SR1f from the downstream
Seq1£58. Therefore, we concluded that Seq1£58 protects its down-
stream RNA sequences from degradation by 5'—3’ exoribonucle-
ases. SR1f is likely a leftover of the activity of 5'—3’ exoribo-
nucleases.

SR1f-like small RNAs are generated from the 3’ UTR of
other dianthovirus RNAIL. To investigate whether SR1f-like
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FIG. 4. Seqlf58 is sufficient for the accumulation of its downstream
nonviral RNA fragments. (A) Schematic representation of the essen-
tial nucleotide sequences required for the accumulation of SRI1f
(Seq1£58). The G’s in the open boxes indicate the nucleotide residue at
the 5" end of SR1f. The nucleotide sequence in the gray shaded box
indicates the essential nucleotide sequence required for the accumu-
lation of SRIf. A secondary structure of Seqlf58 was predicted by
using mfold (version 2.3) (50, 58) at 17°C. (B) Schematic representa-
tion of dicistronic mRNA. Seq1f58 was inserted between two different
reporter ORFs, Renilla luciferase and firefly luciferase (R/1{/F). R/1{/F
is 2,677 nt in length. The number of nucleotide residues from the 5’
end to just before the first guanine residue in the Seq1f58 is 962, and
the number from the first guanine residue in the Seq1£58 to the 3" end
is 1,715. The filled and open triangles show Seq1f58 and Seq1f58 with
the m1 mutation (Seq1f58-m1), respectively. The regions covered by
RNA probes are shown as thin arrows. (C) Accumulation of degrada-
tion intermediates derived from R/1f/F or R/m1/F in BYL at 0.2 and 60
min after incubation. R/m1/F has the m1 mutation in Seq1f58. R/1{/F
or R/m1/F (0.55 pmol) was incubated in 50 pwl BYL at 17°C. Total
RNA was extracted at 0.2 min and 60 min after incubation and used for
Northern blotting with DIG-labeled RNA probes specific for the F-
Luc ORF and R-Luc ORF. The sizes of the bands are indicated on the
right or the left side. The asterisks indicate an unexpected band which
was detected by both the R-Luc and F-Luc probes at 0.2 or 60 min
after incubation.

RNA would be generated from RNAIls of other dianthovi-
ruses, we incubated in vitro-transcribed RNA1s of CRSV and
SCNMV in BYL. SR1f-like RNAs were detected using probes
specific to their 3" UTRs (Fig. 6A). These small RNAs were
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also detected in N. benthamiana and cowpea protoplasts in-
fected with these viruses (data not shown). Comparing the
essential sequences in Seqlf58 with the corresponding se-
quences of CRSV and SCNMYV, 28 out of 43 nt (65%) were
identical (Fig. 6B). These results suggest that the SR1f-like
RNAs detected after the incubation of CRSV and SCNMV
RNAL are also degradation intermediates like SR1f.

SRI1f trans inhibits both cap-independent and cap-poly(A)-de-
pendent translation in vitro and in vivo. SR1f does not contain
any protein-coding regions but contains RNA elements re-
quired for both cap-independent translation (14, 27) and neg-
ative-strand RNA synthesis (14). These RNA elements con-
tained in SR1f may function as riboregulators of translation
and RNA synthesis. First, we investigated the effects of SR1f
on 3'TE-DR1-mediated cap-independent translation in vitro
using R1-5'-XbS (see Fig. 5). The addition of in vitro-tran-
scribed SR1f suppressed the translational activity of R1-5'-XbS
in BYL (Fig. 7A). However, SR1f/TE-Lm1, which possesses a
defective 3'TE-DR1, did not effectively inhibit the transla-
tional activity of R1-5'-XbS (Fig. 7A). This inhibition was
dependent on the concentrations of SR1f added. A fivefold
molar excess of SRI1f inhibited the translational activity of
R1-5"-XbS by 50% (Fig. 7A), whereas the same molar excess
of SRIf/TE-Lm1 did not inhibit but rather upregulated the
translational activity of R1-5'-XbS (Fig. 7A). We also tested
whether SR1f affects cap-dependent translation using capped
mRNA with poly(A) pA60(+) in BYL (Fig. 7B). A fourfold
molar excess of SRI1f inhibited the translational activity of
pA60(+) by 95%, while the same molar excess of SR1{/TE-
Lml did not effectively inhibit the translational activity of
pA60(+) (Fig. 7B).

Next, to investigate whether SR1f would frans inhibit trans-
lation in vivo, BY-2 protoplasts were inoculated with R1-5'-
XbS or pA60(+) together with eightfold molar excesses of
SR1f or SR1f/TE-Lm1. SR1f inhibited the translational activity
of R1-5'-XbS and pA60(+) by 40% and 60%, respectively,
whereas SR1{/TE-Lm1 did not effectively inhibit the trans-
lational activity of either R1-5'-XbS or pA60(+) (Fig. 7C
and D).

Together, these results indicated that SR1f, which has a
functional 3'TE-DRI1, suppressed both 3'TE-DR1-mediated
cap-independent translation and cap/poly(A)-dependent ca-
nonical translation in vitro and in vivo. Interestingly, the results
also suggest that SR1f suppresses cap-poly(A)-dependent ca-
nonical translation more efficiently than that of 3'TE-DR1-
mediated cap-independent translation (Fig. 7).

SRIf trans inhibits negative-strand RNA synthesis via the
repression of replicase protein production but not via the
competition of replicase proteins for cis elements in vitro.
Next, we tested the ability of SRI1f to inhibit negative-strand
RNA synthesis of RCNMV genomic RNAs, RNA1 and
RNAZ2, in BYL. To distinguish the effects of SR1f supplied in
trans from those of SR1f generated de novo from RNAI1 dur-
ing incubation, we used R1-m1 that generates no SR1f (Fig. 3C
and 4A) in place of wild-type RNA1. Note that R1-m1 trans-
lated p27 efficiently and accumulated similar levels of negative-
strand RNAs as wild-type RNA1 in BYL (data not shown).
R1-m1 and RNA2 were incubated with a fivefold molar excess
of SR1f or SRIf/TE-Lm1 in BYL. SR1f decreased the accu-
mulation of p27 by approximately 30% and inhibited the neg-
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FIG. 5. Seqlf58 protects its downstream nucleotide sequences from 5'—3’ decay. (A) Stability of SR1f and mutant SR1f (SR1f-m1) in BYL. The filled and
open triangles with bold lines indicate SR1f and SR1f-m1, respectively. SR1f or SR1f-m1 (4.3 pmol) was incubated in 100 pl of BYL at 17°C. Total RNA was
extracted at the indicated times and used for Northern blotting with the 3" UTR short probe. The signal intensities were quantified with the Image Gauge
program (Fuji Photo Film, Japan). RNA half-life (t 1/2) was calculated with Microsoft Excel. (B) Stability of mRNAs with different RNA structures at the 5’
UTRs in BYL. mRNAs (0.53 pmol) were incubated in 30 pl of BYL at 17°C. Total RNA was extracted at the indicated times after incubation and used for
Northern blotting with RNA1/3'P. For other conditions, refer to the legend of panel A. (C) Accumulations of degradation intermediates from AR/1f/FA and
AR/m1/FA. RNAs were extracted at the indicated times and subjected to Northern blotting with the 3’ UTR short probe. Schematic representations of RNAs
with Seq1f58 and its mutant (AR/1f/FA and AR/m1/FA) are shown above. AR/1f/FA is an R/If/F derivative with the 5" and 3" UTRs of RCNMV RNALI.

AR/m1/FA has an m1 mutation in Seq1f58. The filled and open triangles indicate

Seq1f58 and Seq1f58-m1, respectively. The bold gray lines indicate nonviral

sequences. The bold dark lines show the 5" and 3’ UTRs of RCNMV RNAL. The rectangles with broken lines show the R-luc and F-luc ORFs.

ative-strand RNA synthesis of RNA1 and RNA2 by 60% and
80%, respectively (Fig. 8). SR1f/TE-Lm1 did not inhibit p27
accumulation, whereas it decreased the accumulation of neg-
ative-strand RNA of both RNA1 and RNA2 by 40% (Fig. 8).

Therefore, these results also suggested that SR1f might com-
pete with RNA1 and RNAZ2 for negative-strand RNA synthe-
sis, because SR1f contains promoter sequences in the 3’ end
conserved between RNA1 and RNA2, which are essential for
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FIG. 6. SR1f-like RNAs are generated from the 3’ UTRs of other
dianthoviruses. (A) Accumulations of SR1f and SR1f-like small RNAs
generated from RCNMYV, CRSV, and SCNMV RNALI in BYL at 0.2
and 60 min after incubation. Genome RNAs and small RNAs were
detected by mixed probes, which are specific to the 3" UTRs of RNA1
of these viruses. (B) Comparison of the essential sequences for the
accumulation of SR1f in RCNMV RNA1 with the corresponding se-
quences of two other dianthoviruses.

negative-strand RNA synthesis (14, 48; M. An, H.-O. Iwakawa,
and T. Okuno, unpublished data). These elements could re-
cruit viral or host proteins required for negative-strand RNA
synthesis, although p88 is required in cis for the replication of
RNAL1 (14). To examine whether SR1f would trans inhibit
negative-strand RNA synthesis of RCNMV genomic RNAs by
the competition of replicase proteins via these RNA elements,
we separated the replication phase from the translation phase
in BYL and analyzed the effects of SR1f on negative-strand
RNA synthesis. First, an RNA1 mutant (R1-m1/d3’'SLF) that
lacks RNA elements required for SR1f generation and nega-
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FIG. 7. Effects of SR1f on cap-dependent and cap-independent
translation in BYL and BY-2 protoplasts. (A and B) SR1f trans inhib-
ited cap-independent and cap-dependent translation in BYL. R1-5'-
XbS (2.7 pmol) and pA60(+) (2.5 pmol) were incubated with the
indicated amount of SR1f or SR1{/TE-Lm1 in 25 pl of BYL at 17°C for
120 min. The luciferase activity of R1-5'-XbS or pA60(+) with no
competitor was defined as 100%. The error bars indicate standard
deviations. (C and D) BY-2 protoplasts were inoculated with R1-5'-
XbS (8 pmol) and pA60(+) (8 pmol) with an eightfold molar excess of
SR1f or SRIf/TE-Lm1. The luciferase activities of R1-5-XbS and
PA60(+) without competitor were defined as 100%, respectively. The
error bars indicate standard deviations.

FIG. 8. SRIf frans inhibits negative-strand RNA synthesis of
RNAI and RNA2 in BYL. Accumulations of p27, positive-strand R1-
ml, SR1f or SRIf/TE-Lml, negative-strand R1-m1, positive-strand
RNA2, and negative-strand RNA2 in BYL (25 pl) incubated with
R1-m1, RNA2 (0.75 pmol), and a fivefold molar excess of SRI1f or
SR1f/TE-Lm1 at 17°C for 240 min (left panel). Total RNAs and pro-
teins were extracted at 240 min after incubation and used for Northern
and Western blotting, respectively. Quantification of the accumula-
tions of p27 and negative-strand RNAs of R1-m1 and RNA2 was
performed with the Image Gauge program (Fuji Photo Film, Tokyo,
Japan) (right panel). Accumulations of p27, the negative-strand RNAs
of R1-m1, and RNA2 in BYL incubated with R1-m1 and RNA2 were
defined as 100%. The error bars indicate standard deviations.

tive-strand RNA synthesis was incubated in BYL for 120 min
for the production of viral replicase proteins (p27 and p88).
Then, cycloheximide (CHX) and RNA2 with or without a
fivefold molar excess of SR1f were added and incubated for an
additional 120 min. The use of RNAZ2 allowed us to minimize
the possible effects of the interaction between translation fac-
tors and RNA2, because RNA2 does not function as an effec-
tive mRNA in BYL and in protoplasts unlike RNA1; the cap-
independent translation of RNAZ2 is strongly linked to RNA2
replication (26). The addition of SR1f did not decrease the
accumulation of negative-strand RNAs of RNA2 (Fig. 9), sug-
gesting that SR1f alone does not interact with replication fac-
tors and that the decrease in negative-strand RNA synthesis by
either SR1f or SRI{/TE-Lm1 (Fig. 8) was not caused by the
competition of replicase proteins (Fig. 8). The increase ob-
served in the accumulation of negative-strand RNA2 in the
presence of SR1f (Fig. 8 and 9C) could probably be attributed
to the stabilization of input RNA2 by SR1f. These results
suggest that SR1f frans inhibits negative-strand RNA synthesis
of RCNMYV via the repression of replicase protein production
but not via the competition of replicase proteins by its pro-
moter sequence.

In addition, SR1{/TE-Lm1 or both SR1f and SR1f/TE-Lm1
could also affect frameshift efficiency for p88 production, be-
cause accumulations of negative-strand RNAs in both RNA1
and RNA2 were lower than the control despite the same level
of p27 accumulation (Fig. 8).

SR1f is not essential for replication and cell-to-cell or long-
distance movement. To investigate the biological functions of
SR1f in RCNMYV infection, first we tested RNA1 mutants with
nucleotide substitutions between nt 3460 and 3495 in Seq1f58
(see Fig. 3) for the ability to replicate in single cells. To test
this, BY-2 protoplasts were inoculated with RNATs, and viral
RNA accumulation was analyzed at 18 h after inoculation. All
RNA1 mutants tested underwent replication but less efficiently
than wild-type RNA1 (Fig. 10). This indicated that SR1f was
not essential for the replication of RNAI1. In addition, we
failed to observe any associations between the accumulated
levels of viral genomic RNAs and the ability to generate viral
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FIG. 9. SR1f does not decrease the accumulation of negative-
strand RNA2 in BYL when the replication phase is separated from the
translation phase. (A) First, an RNA1 mutant (R1/m1/d3’SLF) that
lacks RNA elements required for negative-strand RNA synthesis and
SR1f generation was incubated in BYL at 17°C for 120 min for the
production of replicase proteins (thin horizontal arrow). Then, cyclo-
heximide (CHX) was added to shut off the translation of R1/m1/
d3’'SLF, and RNA2 was incubated with or without a fivefold molar
excess of SR1f in BYL at 17°C for an additional 120 min (bold hori-
zontal arrow). (B and C) Total RNA was extracted at the indicated
times and used for Northern blotting to detect positive- and negative-
strand RNA2. The time when CHX was added was defined as 0 min.
The Image Gauge program (Fuji Photo Film, Tokyo, Japan) was used
for the quantification of negative-strand RNA2. The error bars indi-
cate standard deviations.

RNA2 (-)

small RNAs. This result confirmed our previous results that
the 5'-proximal region including Seqlf58 in the 3" UTR of
RNA1 contains cis-acting RNA elements required for the ef-
ficient replication of RNAI (14).

Finally, to investigate the functions of SR1f in the infection
of plants, we inoculated N. benthamiana plants with several

RNAEERE-X % £ £ £ £ £ £ £ & £ £ £ ¥ |

FIG. 10. Accumulations of RNA1 mutants with nucleotide substi-
tutions in the 3’ UTR of RNA1 (Fig. 3C) in BY-2 protoplasts. Inoc-
ulated protoplasts were incubated at 17°C for 18 h. Total RNA was
extracted from protoplasts and used for Northern blotting with the 3’
UTR short probe. For other conditions, refer to the legend for Fig. 1.
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FIG. 11. Accumulations of RNA1, RNA2, and SRI1f in inoculated
(I) and uninoculated (U) upper leaves of N. benthamiana plants. The
plants were inoculated with in vitro RNA transcripts and maintained at
17°C for 10 days. For other conditions, refer to the legend for Fig. 1.

SR1f-deficient RNA1 mutants including R1-m1 together with
RNAZ2 and analyzed viral RNAs in inoculated and uninocu-
lated upper leaves by Northern blotting 10 days after inocula-
tion. Systemic mosaic symptoms were induced, and viral RNA1
and RNA2 accumulated in both the inoculated and uninocu-
lated upper leaves in the plants inoculated with SR1f-deficient
RNAT1 mutants, although the accumulated levels of viral RNA
were lower than those seen following inoculation with wild-
type RNAs (Fig. 11; data not shown). These results indicate
that SR1f is not essential for virus cell-to-cell and long-distance
movement in N. benthamiana.

DISCUSSION

Possible mechanisms for the generation of SR1f in the host
cell. Previously, we have predicted that SR1f would be an
sgRNA, because SR1f accumulates abundantly in host cells
following the accumulation of genomic RNAs during RCNMV
infection, although it is packaged into virions unlike CP
sgRNA. The present results show that SR1f is not an sgRNA
but a degradation intermediate of RNA1 (Fig. 2). As far as we
are aware, this is the first report of a virus-derived degradation
intermediate that accumulates abundantly in the host cells,
suppresses both cap-independent and cap-dependent transla-
tion, and is packaged into virions. Our results indicated that an
RNA fragment of 58-nt sequences (Seq1f58) in the 3" UTR of
RNAL plays an essential role in the generation and accumu-
lation of SR1f by conferring stability to its downstream nucle-
otide sequences (Fig. 4 and 5). The lack of generation of SR1f
from RNAL in the absence of plant extracts (BYL) or in boiled
BYL suggests the requirement of cellular proteins for the
generation of SR1f (H.-O. Iwakawa and T. Okuno, unpub-
lished results). Seq1f58 may protect its downstream nucleotide
sequences from 5'—3’ exoribonucleases, resulting in the accu-
mulation of SRIf (Fig. 5), although we cannot rule out the
possible involvement of endoribonucleases in the early step of
SR1f generation, followed by digestion of the 5’ portion of the
RNA with 3'—=5" or 5'—3" exoribonucleases or both. However,
we think that endoribonucleases are not mainly involved in the
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initial step of SRI1f generation, because the insertion of
Seq1£58 upstream of SR1f decreased the accumulation level of
SR1f (Fig. 5C).

An important question is how Seqlf58 protects its down-
stream nucleotide sequences from degradation. In yeast,
poly(G) tracts or a highly stable RNA structure protects its
downstream nucleotide sequences from a 5'—3" exoribonucle-
ase (XRNl1p), resulting in the accumulation of the 3’ portion
of the RNA (31, 49). However, poly(G) tracts do not work
effectively as a 5'—3’ exoribonuclease stopper in higher eu-
karyotes, including plants, except for the interior of chloro-
plasts (7, 8, 15). Plant ribonucleases including XRNs may be
more robust than those of yeast, or additional proteins such as
RNA helicases might help those plant enzymes to function by
resolving the structures formed by poly(G) sequences so that
they can progress through the structure (15).

Unlike Seql£58, a stable stem-loop structure (AG = —47.88
kcal/mol at 17°C) did not stabilize RNA in BYL (Fig. 5B),
suggesting that strong secondary structures alone are insuffi-
cient to protect RNA from 5'—3’ exoribonucleases. The pre-
dicted secondary structure of Seqlf58 (Fig. 4A) was not as
strong (AG = —28.83 kcal/mol at 17°C). Furthermore, com-
pensatory mutations introduced into R1-m1 to restore the pre-
dicted stem structure failed to generate SR1f from the RNA1
mutant (R1-m1/m3). These results suggest that the strength of
the RNA secondary structures at the 5’ end is not a main factor
required for the Seqlf58-mediated stabilization of its down-
stream nucleotide sequences but rather that host factors, which
might bind to Seqlf58, are involved in the generation and
stabilization of its downstream nucleotide sequences. Thus,
our results suggest that Seq1f58 is a novel RNA cis element
that can stabilize its downstream nucleotide sequences in plant
cells similar to the poly(G) tract in yeast.

Possible functions of SR1f in RCNMYV infection. SR1f
started to accumulate later than the genomic and CP sgRNAs
in RCNMV-infected BY-2 protoplasts. This suggests a possible
role for SR1f in the later stage of virus infection. SR1f contains
no OREF initiated with an AUG start codon, suggesting that
SR1f does not function as mRNA. At present, we do not know
the real roles of SR1If in RCNMYV infection. However, the
present results obtained with protoplasts and BYL in vitro
systems present several possible functions of SR1f as a non-
coding RNA which may be involved in the regulation of viral
gene expression, because SR1f frans inhibited 3'TE-DR1-me-
diated cap-independent translation both in vivo and in vitro
(Fig. 7).

Translational control of virus gene expression by viral small
RNAs has been reported for BYDV. A small RNA transcript
referred to as sgRNA2, which contains a BYDV-like cap-
independent translation element (BTE) and a function-un-
known small OREF, is generated in BYDV-infected cells (39).
sgRNAZ2 is thought to be a riboregulator that functions as a
switch from the early to late stages of gene expression, because
sgRNAZ2 inhibits the translation of genomic RNA that encodes
replicase proteins much more strongly than the translation of
sgRNAL that encodes a structural protein (40). BTE interacts
specifically with the cap-binding initiation factor complexes
elF4F and elFiso4F in wheat germ extract (47). Interestingly,
RCNMYV 3'TE-DRI1 contains the same core 17-nt sequence as
BTE (27). This suggests that the inhibition of 3'TE-DR1-me-
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diated cap-independent translation by SR1f could likely result
from the sequestration of translation initiation factors such as
elF4F and elFiso4F. The inhibition of translation by sgRNA2
does not require the translation of a small ORF. Therefore,
sgRNA2 and SR1f may be functionally similar in that both
inhibit viral protein synthesis, although their mechanisms of
generation differ.

Interestingly, SR1f frans inhibited cap/poly(A)-dependent
translation more effectively than 3'TE-DR1-mediated cap-in-
dependent translation both in vivo and in vitro (Fig. 7). The
suppression of host protein synthesis may provide a favor-
able environment for RCNMYV in viral protein synthesis and
RNA replication in host cells as reported for many animal
viruses (3).

Viral RNA fragments are reported to accumulate in flavivi-
rus (West Nile virus and Japanese encephalitis virus)-infected
cells (20, 22, 37, 45). These RNAs are categorized into two
types: one type contains the 3’-end sequence of genomic RNA
(20, 37), and the other contains negative-sense RNA comple-
mentary to the 5'- and the 3'-end sequences of genomic RNA.
Although the generation mechanism of the former type of
positive-sense small RNA remains unclear, it is possible that
the small RNA is generated by cis-element-mediated protec-
tion against RNases as with RCNMV SR1f, because a stem-
loop structure predicted at the 5’ end of the small RNA may
protect RNA from 5'—3’ exoribonucleases in animal cells (20,
37). Because another stem-loop structure at the 3’ end of
flavivirus genomic RNA interacts with both viral and cellular
proteins, and is required for RNA replication (4-6, 43), the
small RNA of flavivirus may function as a negative regulator of
RNA replication.

Small RNAs similar to SR1f have been observed for other
dianthoviruses, including CRSV, SCNMYV, and the Canadian
strain of RCNMYV (Fig. 6; data not shown). Furthermore, the
cap-independent translation enhancer elements with the core
17 nt of RCNMYV are conserved among these dianthoviruses
(27, 34, 53; H. Nagano and T. Okuno, unpublished results).
These imply that the small RNAs are important for the survival
of dianthoviruses in nature. To survive and to evolve, viruses
must have long-term fitness in both current hosts and new
hosts. Moreover, they need the ability to be transmitted to
their hosts, the ability to compete or cooperate with other
viruses in mixed infections in the hosts, the ability to minimize
damage to the hosts, and the ability to replicate efficiently and
infect the host systemically (33). Therefore, these small RNAs
of dianthoviruses might play important roles in any of these
situations.

In addition to translational control, the presence of the small
RNAs in virions may imply some roles for the RNA in the
packaging of viral RNAs to form virions. Moreover, packaging
the small RNA may alter the physical properties of the virions,
which will affect virion stability and transmission efficiency
through either biological or nonbiological means, including
vectors for their survival in nature, although little information
is available on the transmission of dianthoviruses by vectors
(13). A correlation between the ability of satellite RNA to
stimulate the encapsidation of groundnut rosette umbravirus
(GRV) by groundnut rosette assistor luteovirus CP and its
capacity to promote aphid transmission of GRV has been
reported (32).
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Novel aspects of our results are as follows: (i) the RNA
fragment (SR1f) containing most of the 3’ UTR of RCNMV
RNA1 accumulates stably and is packaged into virions in
RCNM V-infected cells; (ii) SR1f is not an sgRNA but a deg-
radation intermediate generated by cis-RNA element-medi-
ated protection against 5'—3’ decay, and a 58-nt sequence
(Seq1£58) is necessary and sufficient for the protection against
5'—3" decay; (iii) SR1f trans inhibits both cap/poly(A)-depen-
dent and 3'TE-DR1-mediated cap-independent translation in
vivo and in vitro; and (iv) SR1f #rans inhibits negative-strand
RNA synthesis of RCNMV in vitro by repressing replicase
protein production but not by competing with RCNMV RNAs
for replicase proteins through cis-acting replication elements.

SR1f seems to play important roles in RCNMYV infection
and survival, although the precise roles of SR1f in RCNMV
infection in nature remains to be solved.
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