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ABSTRACT Opium poppy mosaic virus (OPMV) is a recently discovered umbravirus in the
family Tombusviridae. OPMV has a plus-sense genomic RNA (gRNA) of 4,241nucleotides
(nt) from which replication protein p35 and p35 extension product p98, the RNA-depend-
ent RNA polymerase (RdRp), are expressed. Movement proteins p27 (long distance) and
p28 (cell to cell) are expressed from a 1,440-nt subgenomic RNA (sgRNA2). A highly con-
served structure was identified just upstream from the sgRNA2 transcription start site in
all umbraviruses, which includes a carmovirus consensus sequence, denoting generation
by an RdRp-mediated mechanism. OPMV also has a second sgRNA of 1,554nt (sgRNA1)
that starts just downstream of a canonical exoribonuclease-resistant sequence (xrRNAD).
sgRNA1 codes for a 30-kDa protein in vitro that is in frame with p28 and cannot be syn-
thesized in other umbraviruses. Eliminating sgRNA1 or truncating the p30 open reading
frame (ORF) without affecting p28 substantially reduced accumulation of OPMV gRNA,
suggesting a functional role for the protein. The 652-nt 39 untranslated region of OPMV
contains two 39 cap-independent translation enhancers (39 CITEs), a T-shaped structure
(TSS) near its 39 end, and a Barley yellow dwarf virus-like translation element (BTE) in the
central region. Only the BTE is functional in luciferase reporter constructs containing gRNA
or sgRNA2 59 sequences in vivo, which differs from how umbravirus 39 CITEs were used
in a previous study. Similarly to most 39 CITEs, the OPMV BTE links to the 59 end via a
long-distance RNA-RNA interaction. Analysis of 14 BTEs revealed additional conserved
sequences and structural features beyond the previously identified 17-nt conserved
sequence.

IMPORTANCE Opium poppy mosaic virus (OPMV) is an umbravirus in the family
Tombusviridae. We determined that OPMV accumulates two similarly sized subge-
nomic RNAs (sgRNAs), with the smaller known to code for proteins expressed from
overlapping open reading frames. The slightly larger sgRNA1 has a 59 end just
upstream from a previously predicted xrRNAD site, identifying this sgRNA as an
unusually long product produced by exoribonuclease trimming. Although four
umbraviruses have similar predicted xrRNAD sites, only sgRNA1 of OPMV can code
for a protein that is an extension product of umbravirus ORF4. Inability to generate
the sgRNA or translate this protein was associated with reduced gRNA accumulation
in vivo. We also characterized the OPMV BTE structure, a 39 cap-independent transla-
tion enhancer (39 CITE). Comparisons of 13 BTEs with the OPMV BTE revealed addi-
tional stretches of sequence similarity beyond the 17-nt signature sequence, as well
as conserved structural features not previously recognized in these 39 CITEs.

KEYWORDS 39 CITE, BTE, cap-independent translation enhancer, exoribonuclease-
resistant sites, umbravirus, Xrn1, subgenomic RNA

All assigned and likely members of the genus umbravirus (family Tombusviridae)
(see Fig. 1 for a phylogenetic comparison) have a single, positive-sense genomic
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RNA (gRNA) of 4.0 to 4.3 kb with four open reading frames (ORFs). ORF1 encodes a rep-
lication-required protein in related viruses, and ORF2 encodes the RNA-dependent
RNA polymerase (RdRp), which is synthesized following a programmed 21 ribosomal
frameshift (21 PRF) just upstream of the ORF1 termination codon (1, 2). ORF3 codes
for a multifunctional, nucleocapsid-like long-distance movement protein that interacts
with fibrillarin in the nucleus and coats the viral RNA protecting it from RNases and
possibly RNA interference (RNAi) (3). In addition, ORF3 confers protection against non-
sense-mediated decay (NMD), a cellular process that targets translated RNAs with long
39 untranslated regions (UTRs) (4, 5). ORF4, which overlaps with ORF3, codes for the
cell-to-cell movement protein (Fig. 2A) (1). Umbraviruses do not encode their own cap-
sid protein or silencing suppressor and require coinfection with a helper virus for natu-
ral infections. In contrast, some umbraviruses are able to unilaterally infect laboratory
hosts, including Nicotiana benthamiana, following mechanical inoculation or agrobac-
teria infiltration (6, 7).

Umbravirus translation has only been studied in detail for Pea enation mosaic virus
2 (PEMV2) and, to a lesser extent, for Tobacco bushy top virus (TBTV). PEMV2 gRNA
expresses ORF1 and ORF2, and ORF3 and ORF4 are translated from a 39 coterminal sub-
genomic RNA (sgRNA) by an unusual mechanism that does not involve leaky scanning
(8, 9). Umbraviruses lack a 59 cap and 39 poly(A) tail, and like many uncapped plant viral
RNAs, they harbor at least one cap-independent translation enhancer (CITE) in their 39
UTR (2, 10–13). 39 CITEs identified so far in plant plus-strand RNA viruses have been di-
vided into seven distinct classes based on their sequences and secondary structures,
with little discernible relationship among the classes (14–16). 39 CITEs interact with one
or more components required for translation initiation, and nearly all contain a
sequence, usually found in the apical loop of a short hairpin, that is known or predicted
to base pair with complementary sequence in or near the 59 UTR. This long-distance

FIG 1 Maximum-likelihood analysis of the umbravirus genus based on 37 full-length umbravirus gRNA sequences available in GenBank. Viruses are
highlighted in different colors. GenBank accession numbers are indicated. The percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test (1,000 replicates) are shown next to each branch. Vertical branches are arbitrary, and horizontal branches are proportional to
calculated mutation distances. The tree is rooted at the midpoint. CMoMV, Carrot mottle mosaic virus; CMoV, Carrot mottle virus; ETBTV, Ethiopian tobacco
bushy top virus; GRV, Groundnut rosette virus; IxYMoV2, Ixeridium yellow mottle-associated virus 2; OPMV, Opium poppy mosaic virus; PEMV2, Pea enation
mosaic virus 2; PatMMoV, Patrinia mild mottle virus; RCUV, Red clover umbravirus; TBTV, Tobacco bushy top virus.
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interaction ensures that translation initiation complexes that organize at the 39 end are
relocated to the 59 end, where translation initiates (17). Long-distance interactions con-
necting 39 CITEs with the 59 ends of gRNAs and/or sgRNAs have been confirmed for
the Barley yellow dwarf virus-like translation element (BTE) of Barley yellow dwarf virus
(BYDV), which interacts with translation initiation factor eIF4G (18, 19); Panicum mosaic
virus-like translational enhancer (PTE) (20, 21), which interacts with eIF4E (22); TED of
Pelargonium line pattern virus (23), which interacts with eIF4F (24); Y-shaped structure
(YSS) of Carnation Italian ringspot virus (25, 26) and Tomato bushy stunt virus (27), which
interact with eIF4F (25); I-shaped structure (ISS) of Maize necrotic streak virus (28), which
interacts with eIF4F (29); and the kissing-loop T-shaped structure (kl-TSS) of PEMV2,
which interacts with ribosomal subunits (12, 13).

Umbraviruses have a variety of known or putative 39 CITEs in their 39 UTRs, located
both distally and proximally to the 39 end. Three 39 CITEs have been identified in the 39
UTR of PEMV2, as follows: (i) a PTE that is not capable of an independent long-distance
interaction; (ii) a kl-TSS adjacent to the PTE that forms the bridge with the 59 end (12,
13); and (iii) a T-shaped structure (TSS), which folds into a form similar to tRNAs (11, 30,
31) and binds 60S ribosomal subunits (32). PEMV2 requires all three 39 CITEs for transla-
tion of sgRNA reporter constructs in vivo, but only uses the kl-TSS and PTE for similar
translation of gRNA reporter constructs (9, 33).

FIG 2 Basic properties of OPMV. (A) Genome organization of umbraviruses. Sizes of OPMV-encoded products are in
parentheses. (B) Two N. benthamiana plants infected with OPMV and its uncharacterized helper virus showing mild leaf
curling and yellowing. Mock, plant treated with inoculation buffer. (C) 59 UTRs of OPMV and closely related
umbraviruses. RCUV is not included, as a 59 UTR sequence was not available. Carmovirus consensus sequence is in
green and the ORF1 start codon is in red. OPMV*, previously reported OPMV 59 UTR sequence. TBTV 59 UTR starts with
either G or A, depending on the isolate. (D) Northern blot of total RNA isolated from systemically infected N.
benthamiana leaves following agroinfiltration with OPMV. Mock, infiltrated with empty binary vector. Ethidium
bromide-stained 28S rRNA was used as a loading control.
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TBTV contains a BTE in a similar location as the kl-TSS and PTE of PEMV2 (10). In addi-
tion to umbraviruses, BTEs are also found in dianthoviruses, alphanecroviruses, and betane-
croviruses in the family Tombusviridae and luteoviruses in the family Luteoviridae (15, 34).
BTEs have three to six helices protruding from a central hub and can be recognized by an
essential 17-nt conserved sequence, GAUCCCUGGGAAACAGG, that forms stem-loop 1
(SL1) by pairing the underlined bases (15). Around the hub are a number of nonconserved
bases proposed to link the radiating helices (15, 18). Nucleotide changes outside the TBTV
BTE caused structural changes in the BTE, resulting in reduced pathogenesis and indicating
that CITE-surrounding regions are also important for enhancer efficiency (10).

Exoribonuclease-resistant RNAs (xrRNAs), which are discrete structures that can
generate sgRNAs by blocking the progression of 59 to 39 cellular exoribonucleases,
have been found in viruses from the Flaviviridae, Luteoviridae, and Tombusviridae fami-
lies (35–42). Several umbraviruses were recently identified as containing one of the
known exoribonuclease-resistant RNA consensus structures (xrRNAD) in two locations
(intergenic and 39 UTR) (35, 39). xrRNAD sites are located upstream of the known
sgRNA transcription start site in Opium poppy mosaic virus (OPMV), Carrot mottle mimic
virus (CMoMV), and TBTV, but not Groundnut rosette virus (GRV), which was previously
identified as having two similarly sized, uncharacterized sgRNAs (1, 7). Production of
lengthy sgRNAs by exoribonuclease trimming would be unusual, and has led to specu-
lation that such sgRNAs may be templates for translation and not simply function as
noncoding RNAs (34). For this report, we developed OPMV as an additional system to
study umbravirus sgRNAs and translation. We determined that OPMV accumulates two
prominent, similarly sized sgRNAs. sgRNA2, the most prevalent sgRNA, codes for p27
and p28 movement proteins and is the orthologue of the sgRNA previously character-
ized in PEMV2. The slightly larger sgRNA1 has a 59 end just upstream from the xrRNAD

site, identifying this sgRNA as an exoribonuclease-resistant product. sgRNA1 expressed
a p28 extension protein in vitro (p30) that cannot be synthesized by other umbravi-
ruses, and inability to translate this protein was associated with reduced gRNA accu-
mulation in vivo. OPMV has both a BTE 39 CITE and the elements necessary to form a 39
proximal TSS. Efficient translation of OPMV gRNA and sgRNA2 reporter constructs
required a long-distance interaction between the BTE and 59 UTR sequences.
Mutational analysis indicated that, unlike PEMV2, only the BTE, and not the TSS, func-
tions as a translation enhancer for both gRNA and sgRNA reporter constructs trans-
lated in vivo. Comparisons of 13 BTEs with the OPMV BTE revealed additional stretches
of sequence similarity beyond the 17-nt signature sequence, as well as conserved
structural features not previously recognized in these 39 CITEs.

RESULTS AND DISCUSSION
Production of an infectious clone of OPMV. Leaf sap from a native poppy plant

infected with OPMV and its uncharacterized helper virus (kindly provided under permit
by Joe Tang, Plant Health and Environment Laboratory, Auckland, New Zealand) was
mechanically inoculated to N. benthamiana leaves, and mild curling and yellowing of
leaves was observed after 2 weeks (Fig. 2B). Total RNA isolated from infected plants
along with OPMV primers specific for sequences at the 59 and 39 ends (from the full-
length genomic sequence [GenBank accession number EU151723]) were used to syn-
thesize full-length OPMV cDNA by reverse transcriptase PCR (RT-PCR). The cDNA was
cloned downstream of the CaMV 35S promoter in an Agrobacterium tumefaciens binary
vector, producing construct pCB301-OPMV*. Agroinfiltration of pCB301-OPMV* into N.
benthamiana did not induce any visible symptoms, and OPMV gRNA and sgRNA could
not be detected by Northern blots of total RNA extracted from infiltrated leaves (data
not shown).

Sequence analysis of some closely related umbraviruses (GRV, PEMV2, TBTV, and
Ethiopian tobacco bushy top virus [ETBTV]), revealed that most of their gRNA 59 UTRs
begin with a carmovirus consensus sequence (CCS) (G1–3A/U3–9; most commonly starts
with three guanylates [43]). CCS are found at the 59 ends of nearly all alphacarmovirus,
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betacarmovirus, and gammacarmovirus gRNA and sgRNAs, as well as those of many
other members of the Tombusviridae, but was absent from the reported full-length
OPMV sequence (Fig. 2C). To determine if OPMV in the sap-inoculated plants had a dif-
ferent 59 end sequence from the one reported, 59 rapid amplification of cDNA ends (59
RACE) was carried out on RNA isolated from the originally infected N. benthamiana
plants. The RACE-derived sequence had both different and missing residues at the 59
end (Fig. 2C), and included a canonical CCS. When the RACE-derived sequence was
incorporated into the binary vector construct, followed by agroinfiltration into N. ben-
thamiana, OPMV gRNA was detected 3 days later in infiltrated leaves by Northern blot-
ting analysis of total extracted RNA (Fig. 2D). The sequence of the infectious OPMV
construct is available in GenBank under accession number MG182693.

Mapping the 59 ends of OPMV sgRNAs. Two prominent OPMV sgRNAs were also
present along with the gRNA, which were labeled sgRNA1 and sgRNA2 (Fig. 2D). To
map the transcription start sites of the two OPMV sgRNAs, total RNA was isolated from
upper systemic leaves of N. benthamiana inoculated with sap of the original dried
leaves. The RNA was used as the template for primer extension using a primer comple-
mentary to positions 2849 to 2865 of OPMV gRNA. As shown in Fig. 3A, reverse tran-
scription reactions generated two strong-stop products. One extension product termi-
nated with the cytidylate at position 2679, corresponding to a 39 coterminal sgRNA of
1,554 nt (sgRNA1), and the second terminated with the guanylate at position 2791, cor-
responding to a 39 coterminal sgRNA of 1,440 nt (sgRNA2).

The 59 end sgRNA1, located in the intergenic region (IR) between the end of the
RdRp ORF and the movement protein ORFs, was positioned two residues upstream of
a canonical xrRNAD site that was predicted previously based on the presence of con-
sensus sequences and structures (39). xrRNAD sites and other identified sites in animals
and plants restrict movement of the 59-to-39 exoribonuclease Xrn1 (in mammals) or
presumably Xrn4 (in plants) (44), which generates sgRNAs that function beneficially in
virus accumulation, movement, and pathogenicity (41, 45–47). As shown in Fig. 3B, the
OPMV xrRNAD structure contains the two required hairpins, the critical pseudoknot,
and all highly conserved residues. The only difference between the OPMV xrRNAD and
the consensus structure (39) is that the OPMV element has a 3 bp lower stem in the 59
hairpin instead of the conserved 5 bp stem. Selective 29-hydroxyl acylation analyzed by
primer extension (SHAPE) RNA structure mapping of the IR in full-length OPMV addi-
tionally supported the presence of xrRNAD (Fig. 3B). Other umbraviruses with a similarly
placed, previously predicted xrRNAD are TBTV, CMoMV, and Ixeridium yellow mottle-
associated virus 2 (IxYMaV2) (39) (Fig. 4).

Curiously, GRV, the only other umbravirus identified with two closely spaced
sgRNAs (1, 7), did not have a predicted xrRNAD in its IR. To determine if any sequences
and/or structures are conserved in the IR of umbraviruses without xrRNAD sites that
might correspond to a different exonuclease-resistant site, an IR alignment was gener-
ated for all umbraviruses (Fig. 5). IR length among umbraviruses was highly variable,
ranging from 130 nt (Patrina mild mottle virus [PatMMoV]) to 337 nt (Red clover umbra-
virus [RCUV]). Some of the size variability stemmed from duplication and triplication of
segments of less than 40 nt in length, with many IRs sharing common sequence
stretches. Interestingly, all duplications and all shared sequence stretches (indicated by
the horizontal arrows) were in umbraviruses that lacked a predicted xrRNAD element.
The most striking feature found in these other umbravirus IRs was the scattered pres-
ence of similar hairpins with 5- or 6-base-pair stems (underlined in red) and “AAUHGA”
(H =A or C or U) in the apical loop (highlighted in yellow) or UGGCU (highlighted in or-
ange). All duplicated sequences included one of these hairpins, suggesting that extra
copies of this element have a beneficial function. These hairpins and repeated sequen-
ces may comprise part of an alternative exonuclease-resistant sequence, as similarly
sized small hairpin repeats were determined to be responsible for generation of some
of the exoribonuclease-resistant subgenomic flaviviral RNAs (sfRNAs) in flaviviruses
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FIG 3 sgRNAs of OPMV and their encoded products. (A) Primer extension assay to map the transcription start sites of OPMV sgRNAs. Total RNA isolated
from N. benthamiana that was either infected with OPMV (and its uncharacterized helper virus) or treated with transfection buffer (mock) was used. The
first four lanes (U, C, G, and A) are sequencing ladders. Positions of the extension products are given. (B) Sequence and structure of a portion of the
intergenic region of OPMV showing 59 ends of the sgRNAs and their encoded products. Mutations used in panels B, C, and D are indicated, with construct
names in brackets. Start codons for p27, p28, and p30 are shaded red. Bases are colored according to their N-methylisatoic anhydride (NMIA) reactivity in

(Continued on next page)
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(48). Interestingly, the presence or absence of an xrRNAD element in an umbravirus is
independent of their relationship within the phylogenetic tree shown in Fig. 1.

All umbraviruses have a CCS (shaded green) in positions comparable to OPMV posi-
tion 2791, which corresponds to the 59 end of known or putative sgRNA2 (8) (Fig. 5).
Just upstream of each CCS was a structurally conserved hairpin consisting of two stems
separated by an asymmetric interior loop, with the lower stem encompassing part of
the CCS (Fig. 6). The upper portion of the hairpin and apical loop exhibited significant
sequence conservation in 7 umbraviruses, including OPMV, with related PatMMoV and
IxYMaV2 hairpins also sharing similar sequences in the upper stem. sgRNAs with 59
CCS are thought to be generated by RdRp initiation on truncated minus-strand tem-
plates (49, 50), strongly suggesting that the two closely spaced sgRNAs in OPMV (and
in likely GRV) are produced by different mechanisms.

Proteins translated by the OPMV sgRNAs in vitro. In PEMV2, the sgRNA corre-
sponding to OPMV sgRNA2 is the bicistronic template for translation of ORF3 (p26)
and ORF4 (p27) (8, 9). Since the positions and spacing of the start codons are highly
conserved in umbraviruses (8), OPMV sgRNA2 should be the template for p27 and p28.
OPMV sgRNA1 has a possible AUG translation initiation codon in a very good Kozak
context located 86 nt downstream of its 59 end (Fig. 5B). If ribosomes initiate transla-
tion at this AUG, a 30-kDa protein would be produced that contains a 17-amino-acid
N-terminal extension of p28 (Fig. 5C).

To determine the in vitro translation products of OPMV gRNA, sgRNA1 and sgRNA2,
in vitro synthesized gRNA and sgRNAs were subjected to translation in wheat germ
extracts (WGE). As with PEMV2, OPMV gRNA was the template for ORF1 (p35), and
additional slower-migrating products, including one that likely corresponds to ORF2
(p98), the 21 PRF product (Fig. 3C). OPMV sgRNA2 was unexpectedly the template for
three major products. To determine which of these products corresponds to p27 and
p28, both initiation codons were separately altered to AAG in sgRNA2 (Fig. 3B), fol-
lowed by in vitro translation. When the p27 start codon was changed to AAG (U2801A),
the slowest-migrating product was absent, defining this product as p27. When the p28
start codon was changed to AAG (U2817A), the fastest-migrating product was missing.
This indicates that, as with PEMV2 (8), the products of OPMV ORF3 and ORF4 migrate
aberrantly on SDS-PAGE gels following translation in WGE. Since neither mutation dis-
rupted translation of the middle product, this product is not simply a processed vari-
ant. One possibility is that it represents initiation from an AUG located 23 nt down-
stream of the p28 start codon, in the same frame as p27, the slower migrating protein.
An initiation codon at this location is not found in other umbraviruses, and thus the
importance of this truncated product, if any, is unknown.

Translation of sgRNA1 in WGE produced a single product that migrated between
p27 and p28, similar in location to the unknown product of sgRNA2 (Fig. 3C). When
the p30 start codon was changed to AAG (U2766A), high levels of p30 were no longer
generated, and very low levels of p27, p28, and either the unknown product or p30
were detected. The second AUG from the 59 end of sgRNA1 is out of frame with both
ORF3 and ORF4, and translation from this AUG would terminate after 6 codons and
would not be detected on these gels. Analysis of all other umbravirus sequences in
this region revealed that none are capable of coding for a similar ORF4 extension prod-
uct as in-frame stop codons are located just upstream of all other ORF4 initiation

FIG 3 Legend (Continued)
selective 29-hydroxyl acylation analyzed by primer extension (SHAPE) structure probing, with red being the most reactive and black being the least
reactive. Structure was determined using SHAPE probing data and phylogenetic comparisons (see Fig. 4 and 6). Dark blue and light blue asterisks denote
conserved residues (.90% or .75%, respectively) in xrRNAD elements (39). A dashed line connects residues (shaded gray) involved in a critical pseudoknot
(noted with dark blue asterisk). The structure just upstream from the sgRNA2 transcription start site is conserved in all umbraviruses (see Fig. 6).
Carmovirus consensus sequence (CCS) is shaded green. (C) SDS-PAGE gels of in vitro translated OPMV gRNA (left) or wild-type (WT) and mutant sgRNAs
(right). Note that p27 and p28 migrate aberrantly in these gels. (D and E) Northern blots of total RNA isolated from N. benthamiana infiltrated with either
wild-type (WT) or mutant OPMV with alterations in either the xrRNAD site (D) or the p30 initiation codon (E). i2797C is a single-base insert that terminates
p30 translation at the adjacent downstream UGA. 28S rRNA served as a loading control. RNA bands intensities were measured using ImageJ. Data are from
three experiments, and standard deviations are shown.

OPMV Xrn-Resistant Translated sgRNA and BTE 39 CITE Journal of Virology

May 2021 Volume 95 Issue 9 e02109-20 jvi.asm.org 7

 on April 18, 2021 at U
N

IV O
F M

AR
YLAN

D
http://jvi.asm

.org/
D

ow
nloaded from

 

https://jvi.asm.org
http://jvi.asm.org/


FIG 4 xrRNAD structures in umbraviruses. (A) xrRNAD structures in the intergenic region (IR) of four umbraviruses. Conserved bases are in red,
and less conserved bases are in orange (39). A critical pseudoknot formed between residues shaded gray is shown by a dashed line. Start sites
for the sgRNAs and some of their encoded products are shown for the OPMV structure. (B) OPMV and TBTV are the only umbraviruses with a
second xrRNAD structure near the 59 end of their 39 UTR. ORF4 termination codon is shaded green.
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codons (Fig. 5C). These results suggest that OPMV sgRNA1 may encode a unique trans-
lation product and, unlike sgRNA2, that it is not an efficient template for p27 and p28.

Biological significance of sgRNA1 in planta. To determine the importance of
sgRNA1 for accumulation of OPMV in planta, three separate alterations were generated
that disrupt highly conserved xrRNAD sequences (mutant G2695C) and/or the con-
served pseudoknot (mutants GUG2696CAC and CGC2720GUG) (Fig. 3B). Full-length
OPMV gRNA was delivered to N. benthamiana by agroinfiltration, and total RNA was
isolated 72-h later. All mutations substantially reduced both sgRNA1 and gRNA levels,
suggesting that sgRNA1 and/or its encoded product is important for OPMV replication
or stability (Fig. 3D).

FIG 5 Umbravirus (assigned and unassigned) intergenic region (IR) alignment. (A) The numbers of isolates included in the alignment are given in
parentheses. Degenerate nucleotide codes are as follows: Y (C or U), R (A or G), W (A or U), K (U or G), M (C or A), and H (A or C or U). Start sites of OPMV
sgRNA1 and sgRNA2 are indicated. CCS at the beginning of OPMV sgRNA2 and equivalent sgRNAs are shaded green. Start codons of ORF3 and p30 are
shaded red and blue, respectively. Stem regions of putative hairpins are underlined in red, and a highly conserved motif found in many apical loops
(AAUHGA) is highlighted in yellow. A second conserved loop motif (UGGCU) is highlighted in orange. Other conserved sequences are colored alike.
Duplicated stretches within the IR are denoted by arrows. The xrRNAD structure in four umbraviruses is denoted. The conserved sequence/structure in the
vicinity of the sgRNA2 transcription start site is labeled, and structures are shown in Fig. 6. (B). Translation context of p30 initiation codon (blue). Critical
purine at 23 and guanylate at 14 are present. (C) N-terminal sequence of p30, which is in frame with downstream ORF4. All other umbraviruses have an
in-frame termination codon (in red) just upstream of ORF4 and thus cannot produce an N-terminal extended version of the ORF4 product.
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To help determine if the encoded product is important for OPMV viability, the p30
initiation codon was altered in wild-type (WT) OPMV by changing A2765 to U
(A2765U). A2765U reduced OPMV gRNA levels by 5-fold and sgRNA1 levels by only
60% (Fig. 3E). However, sgRNA2 levels were reduced by 20-fold, suggesting that
A2765U may be affecting transcription of sgRNA2 by virtue of its location within the
conserved element upstream of the sgRNA2 transcription start site (Fig. 3B). Since
sgRNA2 encodes p27, which is necessary for efficient gRNA accumulation due to its
blockage of NMD (5), reduced gRNA levels could result from decreasing the level of
sgRNA2. To attempt to alter the initiation codon without negatively impacting the con-
served structure that may be required for sgRNA2 synthesis, we used the observation
that all other umbraviruses except for IxYMaV2 have a C:G pair located at the base of
the 6-bp upper stem (Fig. 6). In OPMV, the “U” of the AUG initiation codon is paired
with the G at this location. When this U was changed to a C, creating a C:G base pair at
the base of the upper stem (U2766C), or to an A, creating an A-G mismatch (U2766A),
accumulation of both OPMV gRNA and the sgRNAs decreased to near background lev-
els (Fig. 3E). This result strongly suggests that a weak base pair is required at this loca-
tion in OPMV for synthesis of sgRNA2. From these results, it cannot be determined if
p30 is important for OPMV accumulation.

To suppress expression of p30 without changing the putative sgRNA2 promoter, a
single base was inserted upstream of the p27 ORF start site (i2797C), introducing an in-
frame translation termination codon that generates a truncated p30 but should not
affect translation of p27 or p28 (Fig. 3B). OPMV containing i2797C decreased gRNA lev-
els by 69% (compared with undetectable levels of gRNA when mutations disrupted
the critical xnRNAD hairpin) and only had a modest effect on sgRNA2 levels (Fig. 3E).

FIG 6 Proposed structure just upstream of the start site of umbravirus sgRNA2. Similar sequences are colored alike. CCS is shaded green and ORF3 start
codon is shaded red.
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Together, these results suggest that p30, despite its absence from other umbraviruses,
may have a beneficial role in accumulation of OPMV gRNA in cells, and that sgRNA1
may have an additional beneficial function in virus replication or stability besides that
of encoding p30.

OPMV gRNA and sgRNA reporter constructs. To identify translation elements in
OPMV gRNA and sgRNA2, luciferase reporter constructs were generated for translation
in Arabidopsis thaliana protoplasts. The initial gRNA reporter construct (592013U) con-
tained the OPMV 59 UTR (20 nt) upstream of firefly luciferase (FLuc), followed by the
full-length 39 UTR (652 nt) (Fig. 7). 592013U luciferase activity was approximately 40%
of that produced by a previously studied PEMV2 reporter construct containing the
gRNA 59 89 nt (the 20-nt 59 UTR plus 69 coding nt) and the 39 UTR (construct PEMV2-
598913U); this construct includes all elements necessary for the long-distance RNA-
RNA interaction between the kl-TSS 39 CITE and the 59 end (13) (Fig. 7B). When the 59
UTR of 592013U was replaced by 18 random nucleotides (construct 5DU13U), lucifer-
ase activity was reduced by 5.7-fold, suggesting that at least one important element is
likely partially or fully within the OPMV 59 UTR (Fig. 7C). To determine if additional
downstream coding residues improve translation efficiency, constructs containing 38,
98, and 130 gRNA 59 residues were generated and tested in protoplasts. Translation ef-
ficiency of 593813U was similar to that of PEMV2-598913U, and additional sequences
did not further improve translation efficiency. Therefore, 593813U was selected as the
gRNA parental construct for further study.

For the sgRNA2 reporter constructs, the 59 27, 48, and 69 nucleotides were tested
along with the full-length 39 UTR (Fig. 7C). Luciferase activity produced by 592713U in
protoplasts was approximately 40% of PEMV2 598913U (Fig. 7D). Additional down-
stream residues improved translational efficiency, with 596913U activity similar to that
of PEMV2 598913U. Thus, 596913U was selected as the parental sgRNA construct for
further study.

Translation of OPMV gRNA and sgRNA reporter constructs depends on a BTE 39
CITE and a long-distance RNA-RNA interaction with sequences proximal to the 59
ends. SHAPE RNA structure probing combined with phylogenetic analyses were used
to predict the structure of the 39 terminal 652 nt in the 39 UTR of OPMV (Fig. 8A). Key
features of the structure include (i) a centrally located BTE 39 CITE in a similar location
as that of the PEMV2 PTE and kl-TSS 39 CITEs and the TBTV BTE, (ii) a 39 proximal TSS in
the same location as the TSS in PEMV2 and several other umbraviruses composed of
three hairpins (H4a, H4b, and H5) and two pseudoknots (c 2 and c 3) (Fig. 9), (iii) a pseu-
doknot (c 1) connecting one of the TSS hairpins (H5) with 39 terminal sequences, which
is also conserved in carmoviruses (51) and tombusviruses (52), and (4) a 39 terminal
hairpin, denoted the PR, which is structurally conserved in most umbraviruses and car-
moviruses (11, 53). The TSS 39 CITE, first characterized for carmovirus TCV (30, 32), is an
unusual 39 CITE in that it is missing an associated long-distance interacting sequence
(54). The PEMV2 TSS was determined to function as a 39 CITE for translation of sgRNA
reporter constructs (11), and analogous hairpins and pseudoknots are found in OPMV,
Carrot mottle virus (CMoV), PatMMoV, and TBTV (Fig. 9). As with PEMV2 and other
umbraviruses, sequence in the apical loop of the PR is complementary to sequence in
an asymmetric loop of a structure (the recoding stimulatory element [RSE]) just down-
stream from the 21 PRF site in all umbraviruses (2). This long-distance interaction is
critical for efficient21 PRF.

The OPMV BTE contains three stem-loops (SL1, SL2, and SL3), which radiate from a
central hub atop a basal stem. The BTE has the canonical 17-nt BTE consensus
sequence (GGGUCCUGGUAAACAGG) encompassing SL1, the hallmark of these 39 CITEs
(15, 55) (Fig. 8A). SL3 contains the sequence CUGCCAA in its apical loop, and the
underlined sequence is frequently found in 59 or 39 sequences engaged in long-dis-
tance RNA-RNA interactions in carmoviruses and umbraviruses (15). The apical loop of
the OPMV gRNA 59-proximal hairpin (gH1) contains the sequence AUGGCA (Fig. 8A);
therefore, these sequences likely represent the pairing partners that bring the BTE in
proximity with the gRNA 59 end. To support this prediction, the gRNA parental
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luciferase reporter construct 593813U was mutated at a single site in the apical loops
of BTE SL3 (mSL3) and gH1 (mgH1) such that combining the two mutations would be
compensatory (Fig. 8A). Translation assays in protoplasts showed that both constructs
with individual mutations produced 63% less luciferase than the parental construct
(Fig. 8B). Combining the two mutations, which should reestablish the long-distance
interaction, enhanced reporter activity to 98% of 593813U levels. These results
strongly suggest that the long-distance interaction between the OPMV BTE and the 59
end of the gRNA is with the gRNA 59 proximal hairpin.sgRNA2 also has a putative 59
proximal hairpin with the apical loop sequence AUGGCA (Fig. 8A). To determine if the
BTE similarly connects with this sequence in sgRNA2 (and possible sgRNA1), a mutation
that would be complementary with BTE mutation mSL3 was generated in sgRNA pa-
rental construct 596913U (msgH1) (Fig. 8A). BTE mutation mSL3 reduced translation of
the sgRNA construct by 66%, and msgH1 reduced luciferase activity by 72% compared
with the parental 596913U. Combining the two mutations increased activity to 118%
of parental levels (Fig. 8B). These results identify the components of the long-distance
RNA-RNA interaction between the BTE and the 59 ends of both sgRNA and sgRNA2,
which are required for efficient translation of the two templates.

The BTE, but not the TSS, contributes to translation of the gRNA and sgRNA
reporter constructs in vivo. In PEMV2, all three 39 CITEs were required for translation
of sgRNA reporter constructs in vivo, whereas only the kl-TSS and PTE were required

FIG 7 OPMV gRNA and sgRNA 59 sequences necessary for efficient translation in vivo. (A) Constructs used to
examine gRNA 59 sequences required for efficient translation. PEMV2 control construct containing the PEMV2
59 89 nt and 39 UTR (598913U) was previously described (13). All OPMV constructs contain a full-length OPMV
39 UTR. Blue box denotes OPMV coding region sequences. 5DU13U contains 18 random nucleotides at the 59
end. (B). Relative luciferase activity of constructs assayed in Arabidopsis thaliana protoplasts. Error bars denote
standard deviation for three replicate assays. (C). Constructs used to assay OPMV sgRNA2 59 sequences
required for efficient translation. All constructs contain a full-length OPMV 39 UTR. Blue box denotes coding
region sequences. (D) Relative luciferase activity of constructs assayed in protoplasts. Error bars denote
standard deviation for three replicate assays.
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FIG 8 OPMV has a BTE 39 CITE that connects with the gRNA and sgRNA2 59 ends through a long-distance RNA-RNA interaction. (A) Proposed secondary
structure of the 39 UTR of OPMV. Residues are colored according to SHAPE NMIA reactivity, with purple being the most reactive and black being the least
reactive. BTE and TSS 39 CITEs are labeled. A red line denotes the BTE 17-nt signature sequence. Potential long-distance RNA-RNA interactions between the
BTE and 59 proximal hairpins in the gRNA (gH1) and sgRNA2 (sgH1) are denoted by dashed lines, with the signature motifs commonly found in carmovirus
and umbravirus long-distance interactions shaded light blue. Alterations generated to assay for the interactions are shown with construct names in
parentheses. Gray shaded sequences connected by dashed lines denote local tertiary interactions in the TSS and between the TSS and 39 terminal
sequences that are conserved in a subset of carmoviruses and umbraviruses (see Fig. 9). Hairpins and pseudoknots are labeled as previously described (11,
30). Sequence in the apical loop of the 39 terminal hairpin that engages in the conserved interaction with a hairpin just downstream from the 21 PRF site
is shaded tan. End points for DBTE and DTSS deletions in the parental gRNA luciferase construct 593813U (generating 59381DBTE and 59381DTSS) and
parental sgRNA construct 596913U (generating 59691DBTE and 59691DTSS) are indicated. (B) Relative luciferase activity of constructs assayed in
protoplasts. Error bars denote standard deviation for three independent assays.
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FIG 9 Conserved structures near the 39 end of OPMV and some umbraviruses. Structure presented was confirmed by mutagenesis
for PEMV2 (11). See legend to Fig. 8.
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for translation of the gRNA reporter constructs (9, 33). To determine if both BTE and
TSS are necessary for translation of the comparable OPMV gRNA and sgRNA reporter
constructs, the upper portion of the BTE was deleted in gRNA construct 593813U
(59381DBTE) and sgRNA2 construct 596913U (59691DBTE). 59381DBTE produced
28% of the luciferase activity of the parental construct (Fig. 8B), which was slightly
below the luciferase activity in the absence of the long-distance interaction.
Translation was also reduced in sgRNA construct 59691DBTE to a similar 32%. When
the TSS was deleted in the gRNA construct (59381DTSS), luciferase activity was 21%
higher than that of the parental construct. Similarly, deletion of the TSS in the sgRNA
construct (59691DTSS) increased translation by a similar 24% over that of the parental
construct. Results using these reporter constructs indicate that only the BTE is contrib-
uting to efficient translation of OPMV.

Comparative analyses of BTEs reveal additional structural and sequence
similarities. In addition to OPMV and TBTV, GRV, ETBTV, PatMMoV, and IxYMaV2 all
contain an element with the BTE 17-nt conserved sequence (Fig. 10). To identify addi-
tional conserved sequences and structures in BTE, a comparison was made between
the umbraviral BTE and 7 additional BTE from viruses in the Tombusviridae and
Luteoviridae (Fig. 10). As previously reported (15), there are three subclasses of BTE,
which we have labeled subclasses A, B, and C. Subclass A are BTEs with three stem-
loops (SLs), subclass B BTEs have two SLs, and subclass C BTEs have 5 SLs.

All BTEs contain the signature 17-nt sequence that forms SL1 (56). However, when repre-
sented with similar triangular 3-way junctions, a number of additional conserved BTE fea-
tures, within and among the subclasses, became evident. For subclass A, these include: (i)
the location of SL2, which is nearly always found (6 of 7 times) 2 nt downstream of SL1; (ii)
the sequence G/AUAANNUCGGG is conserved just downstream of SL2, with the underlined
guanylates forming the 59 side base of SL3; and (iii) the sequence CCG U/C/A CGCAUCAC is
conserved just downstream of SL3, with the underlined cytidylates forming the 39 side base
of SL3. In addition, just upstream of the 17-nt conserved sequence are 2 to 4 residues con-
nected to a 6- or 7-nt base-paired stem. Little sequence or structural similarity is found
below this stem region or within SL2 or SL3, with the exception of the base of SL3, as noted
above. For subclass B, (i) UUUAACGGG is the conserved connector sequence between SL2
and SL3, with the underlined guanylates paired in the lower stem of SL2; (ii) just down-
stream of SL2 is the same conserved sequence (CCG U/A CGCAUCAC) as that found in sub-
group A, with the underlined cytidylates again forming the lower stem of adjacent SL. The
stem supporting the conserved upper portion of the BTE is more variable than that in sub-
group A, consisting of 4 to 9bp. Subgroup C, which is only found in the dianthovirus genus,
contains the sequence “UCGGG” at the 59 base of SL3 and “CCGUCG,” with the pairing part-
ners underlined, which are a subset of the conserved sequences in subgroup A.

The BYDV BTE binds with high affinity to eIF4G (18), the initiation factor that, along
with eIF4E, is a component of the eIF4F cap-binding complex. Footprinting revealed
residues protected by eIF4G binding, and these residues in the BYDV BTE and TNV-D
BTE (subclasses A and B, respectively) are all within conserved sequences at the base
of the hairpins (Fig. 10, boxes) (18). Since adoption of a compact native structure for
the BYDV BTE required the presence of physiological concentrations of Mg21 (18), it is
likely that conserved residues connected to the upper supporting stem and drawn as
unpaired in the BTE structures in Fig. 10, participate in noncanonical base pairings to
stabilize the active structure and promote eIF4G binding.

Conclusions.We have developed OPMV as an additional umbravirus system for study-
ing translation, revealing new information about sgRNAs generated by xrRNAD sites and
BTE translation enhancers. A growing number of plant viruses, including dianthoviruses,
benyviruses, cucumoviruses, sobemoviruses, machlomoviruses, tombusviruses, polerovi-
ruses, and umbraviruses contain xrRNAD-like structures or other elements that terminate
Xrn4 59-to-39 exoribonuclease activity in vivo and/or in vitro, leading to the generation of
sgRNAs (37–39, 57). With the exception of umbraviruses and poleroviruses, all such struc-
tures are located in 39 UTRs generating noncoding, functional sgRNAs similar to those
found in animal flaviviruses (46, 58). Our results confirm that the OPMV xrRNAD structure
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FIG 10 Comparative analysis of BTE structures. Proposed subclass A (three hairpins) includes BYDV, ETBTV, GRV, OPMV, Rose spring dwarf-associated virus
(RSDaV), Soybean dwarf virus (SbDV), and TBTV. Subclass B (two hairpins) includes Beet black scorch virus (BBSV), IxYMaV2, OLV, PatMMoV, TNA-A, and
TNVD. Subclass C (five hairpins) includes Red clover necrotic mosaic virus (RCNMV). All BTEs contain the 17-nt signature sequence (green), and the orange
sequence is conserved in subclasses A and B. The red sequence connecting SL2 and SL3 in subclass A and SL2 and SL3 in subclass B is conserved within
the subclasses. Bases that differ from consensus sequences within these motifs are in black. Additional base pairings for BYDV BTE are indicated, and these
pairings are conserved for multiple BYDV isolates (18, 68). Boxed residues are protected by eIF4G binding from chemical modification (18). Apical loop
residues known or predicted to be involved in the long-distance interactions with the 59 end are shaded light blue (10, 13, 56, 69, 70).
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FIG 10 (Continued)
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that was previously predicted (39) leads to the generation of an sgRNA (sgRNA1) in vivo.
Curiously, only four of the 11 known or putative umbraviruses (OPMV, TBTV, CMoMV, and
IxYMaV2) have an xrRNAD site at this IR location (Fig. 4A), and only two (OPMV and TBTV)
have an additional xrRNAD site near the 59 end of their 39 UTR (Fig. 4B). Six of the remaining
seven umbraviruses, including GRV, which is reported to also have two similarly sized
sgRNAs (1, 7), contain various related sequence stretches and duplications near the same
IR location, leading to the presence of between one and four versions of a similar hairpin
with a conserved loop sequence (Fig. 4). It is reasonable to speculate that an unrelated
structure exists in these umbraviruses that fulfills the same function as the xrRNAD site by
terminating the degradation of the gRNA and producing an additional sgRNA.

Based on the location of an AUG in good context 87nt downstream from the 59 end,
the OPMV Xrn4-generated sgRNA encodes a 30-kDa, N-terminal extension of the cell-to-
cell movement protein p27 in WGE (Fig. 3). OPMV accumulation was significantly reduced
in protoplasts when mutations disrupted either critical xrRNAD-conserved sequences or
translation of p30, suggesting that p30 may contribute to OPMV replication or stability in
single cells. However, all other umbraviruses have in-frame termination codons just
upstream of their ORF3 initiation codons, and thus if p30 is required for efficient accumula-
tion of OPMV, this requirement is not shared by other umbraviruses. It is possible that
sgRNA2, whose upstream hairpin and CCS is reminiscent of sgRNAs produced by TCV
RdRp on truncated minus-strand templates (50, 59), is derived from sgRNA1 and not from
the gRNA. However, mutations designed to disrupt a functional xrRNAD site did not elimi-
nate detection of sgRNA2 (Fig. 3D). Further investigation will be needed to determine the
role of sgRNA1 in the umbravirus infection cycle.

OPMV differs from PEMV2 by having a BTE 39 CITE instead of a PTE/kl-TSS, but is
similar by having a similar putative TSS near its 39 end. Our results suggest that OPMV
and PEMV2 differ in how they utilize the TSS for translation. Comparable sgRNA re-
porter constructs for PEMV2 required the TSS for efficient translation using 59 sequen-
ces (9) whereas OPMV did not. One possibility is that insufficient sgRNA 59 sequences
were present in the sgRNA construct to allow for TSS use by the sgRNA reporter con-
structs. However, translation was still robust and comparable to translation of PEMV2
constructs in the absence of additional sequences (Fig. 7).

Finally, we have used this opportunity to examine all known BTE structures, which
previously were thought to only share the conserved 17-nt signature sequence (15). By
normalizing the structural depiction of BTEs, we have discovered an additional 12-nt
conserved sequence in subclasses A and B that contain residues previously found to
be protected by eIF4G (18), and additional conserved sequences within a particular
subclass. The identification of these conserved sequences should assist in determining
common structural and functional features within this important class of 39 CITEs.

MATERIALS ANDMETHODS
Phylogenetic analysis of umbraviruses. For phylogenetic analysis of OPMV and other umbravi-

ruses, full-length genome sequences of all available umbraviruses sequences in GenBank were aligned
by MUSCLE (60). Using RAxML version 8.1 (61) and a GTR (general time-reversible) model, maximum-like-
lihood estimations were carried out with 1,000 bootstrap samples. A consensus phylogenetic tree was
produced and edited in FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and Inkscape
version 1.0beta (https://inkscape.org).

59 Rapid amplification of cDNA ends). 59 RACE of the OPMV gRNA was carried out as previously
described (62), with modifications. Briefly, total RNA from OPMV-infected N. benthamianawas used as the tem-
plate in a reverse transcription reaction consisting of 1mg of denatured RNA template, 1� first-strand buffer,
1mM deoxynucleoside triphosphates (dNTPs), 0.5mM OPMV-specific primer 1 (59-CGATTTGGTCGTAGCTCGGT-
39), 20 U placental RNase inhibitor, and 100 U of Superscript III reverse transcriptase (Invitrogen) in a total vol-
ume of 20ml. The reaction mixture was incubated at 42°C for 60 min. Following electrophoresis on a 1% aga-
rose gel, cDNA migrating at the correct position was extracted. Poly(A) tails were added to the 39 end of the
cDNA in a reaction mixture containing 1� terminal transferase buffer, 0.2mM dATP, and 10 U terminal trans-
ferase (New England Biolabs) in a total volume of 20ml, which was incubated at 37°C for 15min. PCR was per-
formed in 1� PCR buffer (B9027; New England Biolabs), 2mM dNTPs, 0.32mM (dT)17-adaptor primer
(59-AATGGATCCTCGAGCTCAAGCTTTTTTTTTTTTTTTTT-39), 0.64mM adaptor primer (59-AATGGATCCTCGAGCTCA-
AGC-39), 0.64mM OPMV-specific primer 2 (59-TTGAATTCGGGTGGATTGCTCCTCAGAC-39), and 2 U of Q5 DNA po-
lymerase (New England Biolabs) in a total reaction volume of 50ml, followed by cloning and sequencing of the
amplified DNA.
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Mapping sgRNA 59 ends. The 59 ends of OPMV sgRNAs were mapped by primer extension, as previ-
ously described (63). Briefly, 1mg of total RNA isolated from OPMV-infected N. benthamiana at 20 h post-
transfection was annealed to 0.5 pmol of 59-end-[g-32P] ATP-labeled primer complementary to OPMV
positions 2849 to 2865. In vitro synthesized transcripts of OPMV gRNA (3 pmol each dideoxynucleotide)
were used as the template to produce sequencing ladders. SuperScript III reverse transcriptase (25 U)
was added, and the reaction mixture was incubated at 52°C for 60min. cDNA samples were resolved on
8% denaturing acrylamide gels. The gel was dried and exposed to a Fuji phosphorimager screen for 3 h,
and the screen was scanned using an Amersham Typhoon fluorescent image analyzer.

Plasmid construction. Full-length OPMV gRNA and sgRNAs were PCR amplified using a T7 RNA po-
lymerase promoter-containing forward primer incorporating an EcoRI restriction site and a reverse
primer with a SmaI restriction site. The resulting PCR products were gel purified and cloned into pUC19,
which was digested at compatible restriction sites to generate pUC19-gRNA, pUC19-sgRNA1, and
pUC19-sgRNA2. OPMV cDNA was excised and cloned into Agrobacterium tumefaciens binary vector
pCB301 downstream of the Cauliflower mosaic virus (CaMV) 35S promoter. Luciferase reporter constructs
592013U, 593813U, 599813U, and 5913013U, containing the 59 end 20, 38, 98, and 130 nt of OPMV
gRNA, respectively, fused upstream of the firefly luciferase ORF, to which the OPMV full-length 39 UTR
was added downstream of the reporter ORF. Similarly, luciferase reporter constructs 592713U, 594813U,
and 596913U, containing the 59 end 27, 48, and 69 nt of OPMV sgRNA2, respectively, fused upstream of
the firefly luciferase ORF to which the OPMV full-length 39 UTR was added downstream of the reporter
ORF. Mutations were introduced using custom-designed oligonucleotide primers (Integrated DNA
Technologies) and QuikChange one-step site-directed mutagenesis (64). All constructs were confirmed
by sequencing (Eurofins Genomics).

Agroinfiltration and Northern blot analysis. A. tumefaciens strain GV3101 was transformed with
OPMV binary vector constructs and cultured in the presence of antibiotics. The cells were harvested and
resuspended in resuspension buffer (10mM MgCl2, 10mM morpholineethanesulfonic acid [MES]-K [pH
5.7], and 100mM acetosyringone). For all infiltrations of OPMV wild-type (WT) and mutant constructs, an
optical density at 600 nm (OD600) of 0.6 was mixed with the Pothos latent virus p14 silencing suppressor
construct at an OD600 of 0.2 and infiltrated into fully expanded leaves of N. benthamiana. After 72 h,
agroinfiltrated leaves were harvested, and TRIzol (Invitrogen) was used to isolate total RNA. For Northern
blotting, RNA was subjected to electrophoresis through 2% agarose gels and transferred to a charged
nylon membrane by capillary action in 4� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
buffer. After UV cross-linking, membranes were hybridized with the mixture of three [a232]dATP-labeled
DNA oligonucleotides complementary to the sequence of OPMV at positions 3591 to 3630, 3634 to
3672, and 3676 to 3715.

SHAPE structure probing. SHAPE (selective 29-hydroxyl acylation analyzed by primer extension)
structure probing was performed using in vitro transcribed OPMV gRNA following phenol-chloroform
extraction and ethanol precipitation. The resulting RNA was denatured at 65°C before being subjected
to folding in RNA folding buffer [80mM Tris-Cl (pH 8.0), 11mM Mg(CH3COO)2, and 160mM NH4Cl] at 37°
C for 20min. Folded RNA was treated with either 15mM N-methylisatoic anhydride (NMIA) dissolved in
dimethyl sulfoxide (DMSO) or with the same volume of DMSO. For primer extension reactions, PET-la-
beled and 6-carboxyfluorescein (FAM)-labeled oligonucleotides complementary to OPMV gRNA were
used in sequencing reactions (untreated gRNA) and sample reactions (NMIA- and DMSO-treated gRNA),
respectively. The resulting cDNA products, along with ladders generated by Sanger sequencing, were
sent to Macrogen, Inc., for fragment analysis. Trace files obtained from fragment analyses were proc-
essed and analyzed in QuShape (65). RNA secondary structures were initially predicted using mFold (66)
and modified by phylogenetic comparisons.

In vitro RNA transcription and translation. pUC19-gRNA constructs or luciferase reporter con-
structs were linearized with SmaI or SspI, respectively, and served as the templates for RNA transcription
using T7 RNA polymerase. For in vitro translation, 10-ml translation mixtures contained 5ml wheat germ
extract (Promega), 0.5 pmol RNA template, 0.8ml 1mM amino acids mix (without methionine), 100mM
potassium acetate, and 0.5ml [5 mCi] 35S-methionine. The translation mixture was incubated at 25°C for
45min and then resolved on a 10% SDS-PAGE gel. The gel was dried and exposed to Fuji
phosphorimager screen for 3 h. The screen was subsequently scanned by an Amersham Typhoon fluo-
rescent image analyzer. The intensity of radioactive bands was quantified using ImageQuant TL 8.1 (GE
Lifesciences). All experiments were repeated at least three times.

Protoplast transfection and in vivo luciferase assays. Arabidopsis thaliana protoplasts were pre-
pared from callus cultures and transfected using a polyethylene glycol-mediated transformation proto-
col as previously described (13). Briefly, 5� 106 protoplasts were transfected with 20mg of OPMV lucifer-
ase reporter transcripts and incubated under constant light for 20 h at 22°C. Cells were lysed at 18 h
posttransfection, and luciferase activity was assayed with a dual-luciferase reporter assay system
(Promega) using a Modulus microplate multimode reader (Turner BioSystems).

RNA structure drawing. All RNA structures were drawn using the RNA2Drawer online drawing tool
at https://rna2drawer.app/ (67).

Data availability. The sequence of the infectious OPMV construct was deposited in GenBank under
accession number MG182693.
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