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Abstract: Cap-independent translation of plus-strand RNA plant viruses frequently depends on 3ʹ 9 
structures to attract translation initiation factors that bind ribosomal subunits or bind directly to 10 
ribosomes. Umbraviruses are excellent models for studying 3ʹ cap-independent translation enhanc- 11 
ers (3ʹCITEs), as umbraviruses can have different 3ʹCITEs in the central region of their lengthy  12 
3ʹUTRs, and also contain a particular 3ʹCITE (the T-shaped structure or 3ʹTSS) near their 3ʹ ends. We 13 
discovered a novel hairpin just upstream of the centrally located (known or putative) 3ʹCITEs in all 14 
14 umbraviruses. These CITE-associated structures (CAS) have conserved sequences in their apical 15 
loops and at the stem base and adjacent positions. In 11 umbraviruses, CAS are preceded by two 16 
small hairpins joined by a putative kissing-loop interaction (KL). Mutations in the CAS apical loop 17 
in opium poppy mosaic virus (OPMV) and pea enation mosaic virus 2 (PEMV2) enhanced transla- 18 
tion of genomic (g)RNA, but not subgenomic (sg)RNA reporter constructs, and significantly re- 19 
pressed virus accumulation in Nicotiana benthamiana. Other mutations throughout OPMV CAS also 20 
repressed virus accumulation and enhanced sgRNA reporter translation, while mutations in the 21 
lower stem repressed gRNA reporter translation.  Similar mutations in the PEMV2 CAS also re- 22 
pressed accumulation but did not significantly affect gRNA or sgRNA reporter translation with the 23 
exception of deletion of the entire hairpin, which only reduced translation of the gRNA reporter. 24 
OPMV CAS mutations had little effect on the downstream BTE 3ʹCITE or upstream KL element 25 
while PEMV2 CAS mutations significantly altered KL structures.  These results introduce an addi- 26 
tional element associated with cap-independent translation that differentially affects the structure 27 
and translation of different umbraviruses. 28 
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1. Introduction 30 
Unlike eukaryotic mRNAs that nearly invariantly contain a 5ʹ m7GpppN cap and a 31 

3ʹ poly-A tail for efficient translation, plus-strand (+)RNA virus genomes translated in 32 
eukaryotic cells frequently require non-canonical mechanisms to outcompete cellular 33 
translation or to allow for translation when cap-dependent translation is suppressed [1,2]. 34 
Non-canonical translation frequently requires specific structures at the 5ʹ and/or 3ʹ ends 35 
of the genome to attract the translational machinery in the absence of a 5ʹ cap. For (+)RNA 36 
viruses infecting plants, two types of cis-structures/elements have been identified that 37 
support cap-independent translation; internal ribosome entry sites (IRES), which are more 38 
commonly found in animal viruses, and 3ʹ cap-independent translation enhancers 39 
(3ʹCITEs). Plant virus IRES are normally located either near the 5ʹ end of the virus genome 40 
or proximal to internal ORFs, and can either be large complex structures as found in po- 41 
tyvirus triticum mosaic virus, or simple structures as found in turnip mosaic virus [3–5]. 42 
IRES can also be unstructured, non-specific sequences such as the turnip crinkle virus 43 
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(TCV) IRES upstream of the 3ʹ-proximal coat protein ORF [6]. Plant virus IRES are larger 44 
and generally more complex than the short, A-rich IRES that are in cellular mRNAs me- 45 
diating immune response against pathogens when biotic stress inhibits canonical transla- 46 
tion [7].  47 

3ʹCITEs are located either within the viral 3ʹUTR or can extend into the upstream 48 
ORF [1]. First identified in satellite tobacco necrosis virus, 3ʹCITEs facilitate viral RNA 49 
translation from the 5ʹ end of the genomic (g)RNA or subgenomic (sg)RNA by binding to 50 
eukaryotic translation initiation factors (eIFs) that subsequently recruit ribosomal subu- 51 
nits, or by binding directly to ribosomal subunits [1,8]. The initiation complex, which as- 52 
sembles at the 3ʹ end of the viral genome, must be transferred to the 5ʹ end, which is usu- 53 
ally accomplished by a long-distance RNA:RNA interaction involving an unpaired se- 54 
quence within the 3ʹCITE and an unpaired sequence at or near the 5ʹ end [8,9]. Using in 55 
vitro translation assays, the long-distance interaction was found to enhance the number of 56 
templates translated and not the rate of initiation or the number of ribosomes occupying 57 
the template [10]. Using high-throughput bi-cistronic translation assays, 3ʹCITEs have also 58 
been identified in human RNA viruses and cellular mRNAs, highlighting their conserva- 59 
tion and importance [11]. 60 
 Plant virus 3ʹCITEs have been organized into at least eight distinct classes, based on 61 
conserved sequences and secondary structure, and their ability to interact with specific 62 
translation factors [1]. 3ʹCITEs appear to be modular units that have exchanged between 63 
viruses and then evolved independently, optimizing their functions according to the host- 64 
virus environment. Evidence for modular 3ʹCITEs was first reported for melon necrotic 65 
spot virus (MNSV; family Tombusviridae), which gained a second 3ʹCITE through recom- 66 
bination with an unrelated virus, thus allowing MNSV to bypass host resistance associ- 67 
ated with the original CITE [12–14]. In addition, members of a single genus (e.g., car- 68 
movirus and umbravirus) can have different 3ʹCITEs occupying near identical locations 69 
[1].  70 

Among the best characterized 3ʹCITEs are the barley yellow dwarf virus-like trans- 71 
lation element (BTE) [8,15], the panicum mosaic virus-like translational enhancer (PTE) 72 
[16,17], and the T-shaped structure (TSS) that was first identified in carmoviruses [18]. 73 
BTEs are characterized by a signature 17-nt motif that forms a short stem-loop (SL) impli- 74 
cated (with other sequences) in the binding of eukaryotic initiation factor (eIF)4G. BTEs, 75 
which have been found in members of several genera within the Tombusviridae, were re- 76 
cently divided into three subclasses based on the number of apical SLs (at least two) and 77 
other conserved sub-class-specific features and motifs [8]. The PTE 3ʹCITE contains a Y- 78 
shaped secondary structure composed of a three-way junction with two upper SLs, a sup- 79 
porting stem of 6 to 7 bp, a large G-rich asymmetric loop, and a lower supporting stem of 80 
different sizes [1]. The G-rich sequence forms a critical pseudoknot (PK) with C-rich se- 81 
quence between the two SLs and is implicated in the binding of eIF4E [19]. PTEs were 82 
recently divided into two subclasses depending on the existence of an additional up- 83 
stream hairpin that engages in a kissing-loop interaction (KL) with the 3ʹ SL, an interaction 84 
that is required for efficient formation of the PK [17]. Many PTEs (and BTEs) contain the 85 
motif 5ʹ UGCCA or its complement in the apical loop of their 5ʹ SL, which participates in 86 
the long-distance RNA:RNA interaction with a 5ʹ proximal hairpin apical loop or other 87 
unpaired sequence [20]. The PTE of pea enation mosaic virus 2 (PEMV2; umbravirus) is 88 
an exception by having a hairpin within an upstream 3ʹCITE (the adjacent “kissing loop 89 
T-shaped structure” [Kl-TSS]) engage in the long-distance interaction with the apical loop 90 
of a 5ʹ proximal, coding region hairpin. The 3ʹTSS, found near the 3ʹ end of several car- 91 
moviruses and umbraviruses, forms a tRNA-like structure [18] that directly interacts with 92 
ribosomes and 60S ribosomal subunits [21–23]. The connection between the 3ʹTSS and the 93 
5ʹ end remains uncertain, but has been proposed to involve bringing together 5ʹUTR- 94 
bound 40S subunits with 60S-bound 3ʹTSS [22,23].  95 
 3ʹCITEs in members of the Tombusviridae are usually found near the 3ʹ end of the 96 
gRNA and thus likely contain elements with secondary functions in initiation of minus- 97 
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strand synthesis [24,25]. For example, tobacco necrosis virus D (TNV-D) and red clover 98 
necrotic mosaic virus RNA1 contain novel purine-rich sequences just upstream of their 99 
BTE 3ʹCITE, which are important for both virus accumulation and translation [26,27]. In 100 
TCV, the 3ʹTSS 3ʹCITE is proposed to transit between alternative conformations when the 101 
genome is engaged in translation or replication, as binding of the RNA-dependent RNA 102 
polymerase (RdRp) to a location near the 3ʹTSS promoted a conformational shift that in- 103 
hibited 3ʹTSS formation, causing a decrease in viral translation [24]. The TCV 3ʹTSS also 104 
serves as a scaffold for different interactions with surrounding elements, depending upon 105 
whether the region is bound by ribosomes or the RdRp [25,28].  106 
 Umbraviruses are unique within the Tombusviridae in having unusually long  107 
3ʹUTRs (600 to 700 nt) containing several noncontiguous 3ʹCITEs in both the central region 108 
and proximal to the 3ʹ end [29]. Umbraviruses have a single, (+)gRNA with four ORFs 109 
(Figure 1A); ORFs 1 and 2 are translated from the gRNA, and ORFs 3 and 4 are translated 110 
from a sgRNA. ORF 1 codes for a replication-related protein and ORF 2 encodes the RdRp, 111 
which is generated by a -1 ribosome frameshifting event near the end of ORF1. ORF 3 112 
codes for an unstructured long-distance movement protein that also protects the sgRNA 113 
(and many cellular mRNAs) from nonsense-mediated decay [30]. ORF 4, which nearly 114 
completely overlaps with ORF 3, codes for a cell-to-cell movement protein in the 30K class 115 
of movement-related proteins [31]. For at least some umbraviruses, a second sgRNA is 116 
generated from the gRNA by a 5ʹ to 3ʹ exonuclease, which in opium poppy mosaic virus 117 
(OPMV) codes for an extension product of ORF 4 [8]. Umbraviruses do not encode a cap- 118 
sid protein or silencing suppressor and while they can independently infect some hosts, 119 
they depend upon a helper virus for vector transmission [30,32,33].  120 

Umbravirus PEMV2 has three 3ʹCITEs; in the central portion of the 3ʹUTR is a PTE 121 
and upstream adjacent Kl-TSS, and a 3ʹTSS is proximal to the 3ʹ end [9,34]. Using reporter 122 
constructs, the PEMV2 sgRNA was determined to require all three 3ʹCITEs for efficient 123 
translation in vivo, while gRNA constructs only required the Kl-TSS and PTE [21]. In con- 124 
trast, OPMV contains two 3ʹCITEs, a centrally located BTE and the 3ʹ proximal TSS [8], 125 
with only the BTE used by both gRNA and sgRNA2 reporter constructs for translation in 126 
vivo [8]. 127 
 The presence of the PEMV2 PTE/Kl-TSS and the OPMV BTE in similar internal loca- 128 
tions within their 3ʹUTRs led us to examine if other umbraviruses have known CITEs or 129 
“CITE-like” structures in the same location. Here, we report that such structures were not 130 
only evident, but nearly all umbraviruses contain their known or putative 3ʹCITE atop 131 
stem scaffolds just downstream from a very similar small hairpin with an internal loop 132 
and conserved sequence at the base and in the apical loop. Virtually all mutations in this 133 
"CITE-associated structure" (CAS) in OPMV and PEMV2 significantly reduced virus ac- 134 
cumulation in Nicotiana benthamiana and many affected translation of cognate gRNA and 135 
sgRNA reporter construct, supporting an important function for the element in transla- 136 
tion. Mutations in CAS did not substantially affect the structure of the adjacent 3ʹCITE but 137 
PEMV2 mutations significantly altered an upstream element conserved in 11 of 14 umbra- 138 
viruses including OPMV. These results identify the CAS as a new, centrally located  139 
3ʹUTR structure just upstream of different 3ʹCITEs that is critical for accumulation of um- 140 
braviruses and has differing effects on translation, suggesting the possibility that these 141 
umbravirus structures have evolved different functionalities.  142 
 143 
2. Materials and Methods 144 
 145 
2.1. Constructs 146 

Plasmids pUC19-OPMV and pUC19-PEMV2 contain full-length OPMV and PEMV2 147 
genomes, respectively, along with a T7 promoter upstream of the viral genome [8,35]. 148 
Similarly, in Agrobacterium tumefaciens binary vector pCB301, full-length OPMV and 149 
PEMV2 genomes were cloned downstream of the cauliflower mosaic virus 35S promoter, 150 
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and transformed into A. tumefaciens. Luciferase reporter constructs for OPMV gRNA 151 
(5ʹ38+U) and sgRNA2 (5ʹ69+U), and PEMV2 gRNA (5ʹ89+U) and sgRNA and (5ʹ128+U) 152 
were previously described [8,35]. Mutations in OPMV and PEMV2 constructs were intro- 153 
duced by QuikChange one-step site-directed mutagenesis [36] and were confirmed by se- 154 
quencing (Eurofins Genomics).  155 

 156 
2.2. In vitro transcription of full-length viral genomes 157 

Restriction enzymes, SmaI and PvuII (New England BioLabs) were used to linearize 158 
pUC19-OPMV and pUC19-PEMV2, respectively, and OPMV and PEMV2 luciferase re- 159 
porter constructs were linearized with SspI, followed by in vitro transcription using T7 160 
RNA polymerase. In vitro transcribed RNAs were purified by lithium chloride precipita- 161 
tion. Transcripts were quantified using a DeNovix DS-11 FX spectrophotometer and qual- 162 
ity was assessed by ethidium bromide-stained agarose gel electrophoresis. 163 

 164 
2.3. RNA folding and SHAPE modification of RNA  165 

As previously described [17], RNA transcripts (12 pmol) were denatured at 65 °C for 166 
3 min and then cooled on ice for 2 min. RNA was incubated in folding buffer [80 mM Tris– 167 
HCl (pH 8.0), 11 mM Mg(CH3COO)2, and 160 mM NH4Cl] for 10 min at 37 °C, and then 168 
divided into two equal portions. A final concentration of 15 mM of N-methylisatoic anhy- 169 
dride (NMIA) dissolved in dimethyl sulfoxide (DMSO) was added to the (+) folded RNA, 170 
while an equal volume of DMSO was added to the folded (–) negative modification con- 171 
trol. (+) and (–) RNAs were incubated for 30 min at 37° C, ethanol precipitated and then 172 
resuspended in 11 µl ddH20 for reverse transcription.  173 

 174 
2.4. Reverse transcription of modified RNA 175 

 Primers used for SHAPE probing were: OPMV_R1: 5′-GGATGGGAGTGACCAC- 176 
CAC (positions 4235 – 4217), OPMV_R2: 5′-CAGAACCCTCAGTTTGACTAC (positions 177 
4008 – 3988), PEMV2_R1: 5′-AGGAAACAGCTATGACC (positions 4319 to 4302), 178 
PEMV2_R2: 5′-CGCGTTTGTGATCTTTTTGG (positions 3959 to 3940). For primer exten- 179 
sion reactions, 2.5 µM of PET-labeled and 6-carboxyfluorescein (FAM)-labeled oligonu- 180 
cleotides were used with 6 pmoles of unmodified RNA (for sequencing reactions) or 181 
NMIA- and DMSO-treated RNA (sample reactions). SuperScript III reverse transcriptase 182 
(Invitrogen) was used for reverse transcription reactions as previously described [37,38]. 183 
To perform fragment analysis, cDNA products with ladders generated by Sanger se- 184 
quencing were sent to Genewiz. Files related to fragment analyses were processed and 185 
analyzed using QuShape [39]. To verify that QuShape correctly subtracted the back- 186 
ground from the corresponding peak positions, manual adjustments were implemented. 187 
RNA secondary structures were initially obtained using mFold [40] and modified by phy- 188 
logenetic comparisons.  189 

 190 
2.5. Agroinfiltration and RNA gel blot analysis  191 

OPMV and PEMV2 binary vector constructs were transformed into A. tumefaciens 192 
strain GV3101 and cultured in the presence of antibiotics. Cells were harvested and resus- 193 
pended in resuspension buffer (10 mM MgCl2, pH 5.7, and 100 µM acetosyringone). For 194 
infiltrations of OPMV/PEMV2 WT and mutant constructs, an OD600 of 0.6 was mixed with 195 
the pothos latent virus p14 silencing suppressor construct [8] at an OD600 of 0.2 and infil- 196 
trated into two fully expanded leaves of N. benthamiana. After 72 h, agroinfiltrated leaves 197 
were harvested, and TRIzol (Invitrogen) was used to isolate total RNA. For RNA gel blot 198 
analysis, RNA was subjected to electrophoresis through 2% agarose gels and transferred 199 
to a charged nylon membrane by capillary action in 4X SSC (1X SSC is 0.15 M NaCl plus 200 
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0.015 M sodium citrate) buffer. After UV cross-linking, membranes were hybridized with 201 
a mixture of three [α-32] dATP-labeled DNA oligonucleotides complementary to OPMV 202 
positions 3591 to 3630, 3634 to 3672, and 3676 to 3715. For PEMV2, a mixture of three [α- 203 
32] dATP-labeled DNA oligonucleotides complementary to positions 2731 to 2771, 2969 to 204 
3004, and 3229 to 3270 were used. After incubation and washing, nylon membranes were 205 
exposed to a phosphorimager screen and scanned using an Amersham Typhoon Bio- 206 
molecular Imager. Raw images were processed using ImageJ software to produce gel im- 207 
ages and to quantify band intensities. 208 

 209 
2.6. Protoplast transfection and in vivo luciferase assays  210 

Protoplasts prepared from callus cultures of Arabidopsis thaliana were transfected 211 
with luciferase reporter transcripts using a polyethylene glycol-mediated transformation 212 
protocol as previously described [35]. Briefly, 5 x 106 protoplasts were transfected with 20 213 
µg of OPMV/PEMV2 luciferase reporter transcripts and incubated under constant light 214 
for 18 h at 22 °C. Cells were lysed at 18 h post-transfection, and luciferase activity was 215 
assayed with a dual-luciferase reporter assay system (Promega) using a Modulus micro- 216 
plate multimode reader (Turner BioSystems). 217 

 218 
2.7. RNA structure drawing 219 

All RNA structures were generated using the on-line RNA2Drawer web app 220 
(https://rna2drawer.app) [41]. 221 

 222 
3. Results 223 
 224 
3.1. All umbraviruses contain a conserved hairpin in their 3′UTR located upstream of known or 225 
putative 3′CITEs 226 

Sequences upstream of internally located, previously defined 3ʹCITEs were aligned 227 
to identify any nearby conserved elements that might also play a role in translation. Just 228 
upstream (7 to 15 nt) from the base of a putative scaffold supporting known BTE 3ʹCITEs 229 
was a region with three discontinuous conserved motifs capable of folding into a small 230 
hairpin with an internal loop (Figures 1B top, 2). All hairpins contained one of the con- 231 
served motifs fully or partially in the apical loop, with the other conserved sequences lo- 232 
cated at the base of the stem extending into flanking sequences on both sides. Analysis of 233 
the same region in non-BTE containing umbraviruses revealed that the same conserved 234 
sequences were present (Figure 1B, bottom), which for PEMV2 were similarly located just 235 
upstream from a putative scaffold containing its PTE and Kl-TSS 3ʹCITEs (Figure 3). The 236 
four umbraviruses without known 3ʹCITEs (PasUV1, CMoMV, RCUV, and CMoV) were 237 
predicted to have “CITE-like” structures atop scaffolds in identical locations downstream 238 
from the conserved hairpin (Figures 1B bottom, and 3). This positionally and partial se- 239 
quence-conserved hairpin has been designated as the CITE-associated structure or CAS. 240 

In addition, a second structurally conserved element was found 0 or 1 nt upstream 241 
of CAS in all BTE-containing umbraviruses and two non-BTE umbraviruses (PEMV2 and 242 
RCUV). This element consists of two similar-sized stem-loops (SLX and SLY) separated 243 
by 6 to 11 nt. SLX and SLY apical loops contain 3 to 6 residues capable of canonical base- 244 
pairing, thus forming a KL between the two stem-loops (Figures 1C, 2 and 3). For three 245 
umbraviruses, the KL included the motifs “GCCA” and “UGGC”, previously identified 246 
as common tertiary interacting motifs in umbraviruses and carmoviruses [20,35]. SLX, 247 
SLY and the putative KL are referred to as the “KL element” in this report. 248 

 249 
3.2. SHAPE RNA structure probing of OPMV gRNA and sgRNA CAS region 250 

 To investigate if the predicted structures of the CAS and KL element are present in  251 
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 252 

Figure 1. Novel conserved structures in the 3ʹUTR of umbraviruses. A. Umbravirus ge- 253 
nome organization. Replication-required proteins are in blue and movement proteins are 254 
in yellow. A second, slightly larger sgRNA is present in some umbraviruses including 255 
OPMV. 3ʹCITEs are shown along with the long-distance interaction (dashed line) connect- 256 
ing some 3ʹCITEs to the 5ʹ end. B. Sequence alignment in CAS region. Conserved residues 257 
are in red. Residues in the CAS apical loop are shaded green and residues in the lower 258 
stem are shaded yellow. C. Conserved structures just upstream of CAS in 11 umbravi- 259 
ruses. Two hairpins (SLX and SLY) are denoted with stem sequences in yellow and apical 260 
loops in green. Putative kissing loop sequences are in orange. OPMV, opium poppy mo- 261 
saic virus; ETBTV, Ethiopian tobacco bushy top virus; TBTV, tobacco bushy top virus; 262 
PaMMoV, patrinia mild mottle virus; GRV, groundnut rosette virus; PiUV, picris umbra- 263 
virus 1; IxYMoV2, ixeridium yellow mottle virus; Changjiang3, Changjiang tombus-like 264 
virus 3; PSCYV, paederia scandens chlorosis yellow virus; PEMV2, pea enation mosaic 265 
virus 2; RCUV, red clover umbravirus; PasUV1, Paederia scandens chlorosis yellow um- 266 
bravirus; CMoMV; carrot mottle mimic virus; CMoV, carrot mottle virus. 267 
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Figure 2. Predicted structures in the central region of umbraviruses containing BTE 268 
3ʹCITEs. Conserved CAS sequences are in red. KL sequences are in orange.  Each dot of 269 
the BTE represents a nucleotide.  270 

 271 

OPMV transcripts, full-length gRNA and sgRNA2 transcripts were synthesized in vitro, 272 
denatured by heat and renatured by cooling, and then subjected to Selective 2′ Hydroxyl 273 
Acylation analyzed by Primer Extension (SHAPE) RNA structure probing (Figure 4). 274 
SHAPE reports on the flexibility of residues, with unpaired residues usually being more 275 
flexible and thus more capable of assuming a conformation necessary for interaction with 276 
SHAPE reagents. SHAPE reactivities for both OPMV gRNA and sgRNA2 residues were 277 
similar in the CAS and BTE region and consistent with the presence of SLX, SLY and the 278 
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Figure 3. Predicted structures in the central region of umbraviruses containing non-BTE 279 
3ʹCITEs. Conserved CAS sequences are in red. KL sequences are in orange. Putative 280 
3ʹCITEs are denoted by a question mark. 281 

 282 

KL. However, the lower CAS stems in both gRNA and sgRNA2 transcripts were not sup- 283 
ported by SHAPE data, as both contained similar SHAPE-reactive residues on the 5ʹ side 284 
(Figure 4). In contrast, the BTE structures for both gRNA and sgRNA were well supported 285 
by SHAPE data, as was previously shown for the gRNA [8], with similar SHAPE-reactive 286 
residues mainly in unpaired regions. One prominent exception was the base of the BTE 287 
scaffold, with three residues on the 5′ side and 2 on the 3′ side being reactive with the 288 
SHAPE reagent.   289 

 290 
3.3. OPMV CAS is important for viral accumulation in vivo 291 

To test for the importance of the phylogenetically conserved OPMV CAS structure, 292 
deletions and base modifications were introduced into base-paired and apical and internal 293 
bulge loop CAS sequences (Figure 5A). WT and mutant gRNA accumulation was assessed 294 
by RNA gel blots following Agrobacterium tumefaciens-mediated infiltration of expression 295 
constructs into N. benthamiana. Conversion of the conserved CAS 6 nt apical loop into a 296 
UNCG-type tetraloop (mC1) decreased virus accumulation by 7-fold (Figure 5B). Deletion 297 
of the upper portion of CAS, including the internal bulge (mC2), or alteration of three  298 

 299 
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Figure 4. SHAPE RNA structure probing of the OPMV CAS region in full-length gRNA 300 
and sgRNA2 transcripts. A. SHAPE was conducted using fluorescently-labeled primers, 301 
which differed experimentally from previous SHAPE probing of gRNA OPMV 3ʹUTR (8) 302 
but generated similar results. Individual residue “dots” are colored according to NMIA 303 
reactivity, from purple (most reactive) to black (least reactive). gRNA structures are la- 304 
beled for clarity. B. SHAPE data for the CAS region in full-length OPMV sgRNA2 tran- 305 
scripts.  306 

 307 

residues on the 3ʹ side of the bulge (mC3) reduced virus accumulation to near undetecta- 308 
ble levels. Surprisingly, deletion of the entire CAS (mC4) was not as detrimental, with the 309 
gRNA reaching 11% of WT levels. To address the presence of the CAS hairpin structure, 310 
single and compensatory mutations were introduced into the lower stem. Single muta- 311 
tions mC5 and mC6 were both detrimental, reducing virus accumulation to 17 and 50% of 312 
WT levels, respectively. mC5+mC6, which should reestablish the lower stem, restored vi- 313 
rus accumulation to greater than WT levels. Altogether, these results strongly support the 314 
phylogenetically conserved CAS structure and the importance of the element for efficient 315 
accumulation of OPMV in N. benthamiana.  316 

3.4. OPMV CAS is required for efficient translation of gRNA and sgRNA2 reporter constructs in 317 
vivo 318 

 The conserved location of CAS hairpins just upstream of known or putative 3ʹCITEs 319 
in all umbraviruses suggested a possible conserved function in translation mediated by 320 
the adjacent 3ʹCITE. To begin testing this hypothesis, CAS deletions and base alterations 321 

 322 
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 323 

Figure 5. CAS is important for OPMV accumulation in N. benthamiana and efficient trans- 324 
lation of reporter constructs. A. CAS nucleotide alterations and deletions. Names of mu- 325 
tations are in brackets. Red lines help define some of the mutations and deletions. B. RNA 326 
gel blot analysis of total RNA extracted from systemically infected N. benthamiana follow- 327 
ing agroinfiltration with either WT or mutant OPMV. Ethidium bromide-stained 26S 328 
rRNA was used as the loading control. Standard error is shown for three independent 329 
experiments. C. Relative translation of OPMV gRNA and sgRNA reporter transcripts con- 330 
taining full-length 3ʹUTR, and 5ʹ terminal sequences [non-coding (gray) and coding (blue)] 331 
necessary for efficient translation as previously described (8). gRNA construct; 5ʹ terminal 332 
38 nt (5ʹ38+U). sgRNA2 construct; 5ʹ terminal 69 nt (5ʹ69+U). Luciferase activity was as- 333 
sayed 18 h following protoplast transfection. Error bars denote standard deviation for 334 
three independent assays. ‘*’ Denotes statistical difference with P < 0.05. D. SHAPE RNA 335 
structure probing of selected OPMV gRNA and sgRNA full-length CAS mutant tran- 336 
scripts. Colors denote changes in mutant nucleotide reactivity relative to WT. Black dots, 337 
< 2-fold change; light green, 2- to 3-fold reduction; dark green; > 3-fold reduction; orange, 338 
2- to 3-fold increase; red, >3-fold increase. Pink star denotes location of alteration. CAS 339 
deletion is boxed in magenta. SHAPE data averaged from at least 3 independent repli- 340 
cates. 341 
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were introduced into firefly luciferase reporter constructs previously used to analyze se- 342 
quences involved in translation of the gRNA and sgRNA2 (Figure 5C). Both constructs 343 
contain the full-length 3ʹUTR along with 5ʹ sequences sufficient for efficient translation, 344 
which includes the BTE long-distance interacting motif. This required that the gRNA con- 345 
struct include the gRNA 5ʹ terminal 38 nt (5ʹ38+U) and the sgRNA2 construct include the 346 
sgRNA 5ʹ terminal 69 nt (5ʹ69+U). Transcripts were transformed into A. thaliana proto- 347 
plasts, and luciferase activity was measured 18-hours later. CAS apical loop mutation 348 
mC1 increased 5ʹ38+U luciferase activity by 1.8-fold but did not significantly affect trans- 349 
lation of 5ʹ69+U (Figure 5C). Removal of the top half of the CAS (mC2) or mutations in the 350 
bulge (mC3) enhanced translation of 5ʹ38+U by nearly 50% (although this increase was not 351 
considered significant). Translation of 5ʹ69+U increased by 2.1- and 2.4-fold, respectively, 352 
suggesting that the upper portion of CAS contains a translation repressor. In contrast, 353 
complete removal of CAS (mC4) caused a 2-fold decrease in translation of both 5ʹ38+U 354 
and 5ʹ69+U. Disruption of the lower CAS stem (mC5 and mC6) had contrasting effects for 355 
the gRNA and sgRNA constructs, decreasing luciferase activity by ~2-fold in 5ʹ38+U while 356 
increasing luciferase activity by 1.6- and 1.8- fold in 5ʹ69+U. Reestablishing the lower stem 357 
(mC5+mC6) reversed the effects of the single mutations, increasing translation of 5ʹ38+U 358 
to a level greater than WT and decreasing translation of 5ʹ69+U. These results support an 359 
important but differential role for CAS in translation of the gRNA and sgRNA constructs 360 
associated with specific 5ʹ-proximal sequences, the only difference between the two con- 361 
structs. 362 

 363 
3.5. Effect of OPMV CAS mutations on BTE and KL structures 364 

To address how CAS might be impacting translation, and assess its direct or indirect 365 
connection (if any) with the upstream KL element and downstream BTE, full-length 366 
OPMV gRNA transcripts containing a subset of the CAS mutations were subjected to 367 
SHAPE structure probing (Figure 5D). Data is color coded for individual residues, with 368 
orange and red representing SHAPE reactivity increases of 2- fold or >2-fold, respectively, 369 
and light green and dark green representing reactivity decreases of 2- fold or >2-fold, re- 370 
spectively.  371 

Altering the CAS apical loop (mC1) did not significantly change residue reactivity in 372 
the KL element (i.e., less than a 2-fold change), suggesting that the KL element is not in- 373 
teracting with the conserved CAS apical loop. In contrast, residues on the 5ʹ side of the 374 
BTE scaffold lower stem that were normally reactive by SHAPE (see Figure 4A) had sig- 375 
nificantly reduced reactivity, as did two residues in the upper portion of the BTE that are 376 
part of a conserved BTE motif [8]. The remainder of the BTE was virtually unchanged, 377 
suggesting that the conserved apical loop was likely not directly interacting with the 378 
3ʹCITE.  379 

CAS interior bulge mutation (mC3) caused a substantial increase in reactivity of res- 380 
idues at the mutation site, suggesting that this bulge sequence is paired in the WT gRNA 381 
transcript (Figure 5D). Additionally, residues that were normally SHAPE reactive in the 382 
CAS lower stem showed a significant reduction in reactivity, suggesting that CAS was 383 
now assuming its phylogenetically conserved hairpin structure. The single reactive resi- 384 
due in the stem of SLY in WT transcripts was also significantly less reactive, suggesting 385 
stabilization of the SLY stem-loop. Only a single BTE residue (in the large bulge loop near 386 
the base) showed enhanced reactivity, suggesting that the WT bulge loop sequence was 387 
not interacting with the BTE.   388 

Deletion of the entire CAS hairpin (mC4) caused similar reductions in reactivity in 389 
the BTE lower stem and upper conserved motif as mC1, likely a consequence of removing 390 
the conserved CAS apical loop sequence (Figure 5D). Four additional scattered residues 391 
in the BTE displayed reactivity changes due to the CAS deletion. The single residue in 392 
SLY that showed reactivity reduction for mC3 was similarly reduced in mC4 transcripts, 393 
suggesting a similar consequence associated with loss of these CAS bulge loop sequences.  394 



Viruses 2022, 14, x FOR PEER REVIEW 12 of 22 
 

 

 When sgRNA2 transcripts with the CAS deletion (mC4) were subjected to SHAPE 395 
structure probing, both similar and unique changes in residue reactivity were evident. In 396 
the BTE, very similar reactivity reductions were found at the base of the BTE and in the 397 
upper conserved motif, suggesting that loss of the CAS apical loop sequences in the 398 
sgRNA had similar BTE structural consequences. Two additional bulge loop regions in 399 
the BTE were uniquely altered: the upper bulge (and closing base-pair) had 3 of 7 residues 400 
with reduced reactivity while the large bulge near the BTE base had 4 residues with en- 401 
hanced reactivity. In the KL element, one residue in the loops of the SLX and SLY hairpins 402 
had reduced reactivity along with two residues between the two hairpins. Since gRNA 403 
and sgRNA2 share identical sequences in this location, these results suggest that this lo- 404 
cation does not constitute a structurally separate domain in gRNA and sgRNA2 tran- 405 
scripts, but is interacting with sequences in the gRNA that are missing in the sgRNA2 or 406 
that assume a different conformation. 407 
 408 
3.6. Examination of conserved CAS flanking sequence and a complementary sequence in the BTE 409 
17-nt signature motif 410 

As shown in Figures 1B, 2 and 3, sequence flanking both sides of the CAS are strongly 411 
conserved in all umbraviruses. Curiously, the upstream flanking sequence, 5ʹGA C/U CC, 412 
is complementary to sequence at the 5ʹ end of the 17-nt conserved motif in 7 of 9 umbra- 413 
virus BTEs (5ʹGG G/A UCCUGGUAAACAGG), including a covariant change in OPMV 414 
when compared with other umbraviruses (Figure 6A). To determine if there is a direct 415 
interaction between the CAS and BTE mediated by these sequences, single mutations were 416 
individually generated in the two motifs, converting them into the same sequence found 417 
in the majority of BTE-containing umbraviruses (5ʹGACCC:GGGUC to 418 
5ʹGAUCC:GGAUC). The BTE mutation G3808A, which should disrupt the putative inter- 419 
action while maintaining a consensus 17-nt BTE signature sequence, reduced OPMV ac- 420 
cumulation in N. benthamiana to near undetectable levels (Figure 6B). In contrast, the cor- 421 
responding mutation upstream of the CAS (C3726U), which maintains the conserved con- 422 
sensus sequence while disrupting the putative CAS-BTE interaction, had no effect on 423 
OPMV accumulation in N. benthamiana. When present together in the same transcript, 424 
OPMV levels were enhanced nearly 6-fold compared with G3808A alone, suggesting a 425 
possible slight compensatory effect. However, the mutant OPMV still accumulated poorly 426 
(23% of WT) despite containing the more conserved versions of the two motifs.   427 
 Since mutagenesis assays did not conclusively rule in (or out) an interaction between 428 
the two conserved motifs, transcripts containing the single and double mutations were 429 
subjected to SHAPE structure probing. Our reasoning was that disruption of an interac- 430 
tion between the two motifs should cause structural changes in the partner sequence that 431 
might be reduced by the compensatory mutations. C3726U caused enhanced reactivity at 432 
the mutation site upstream of CAS, suggesting that this sequence is normally paired (Fig- 433 
ure 6C). However, no reactivity changes were evident in the proposed interacting BTE 434 
motif although several BTE residues showed reduced reactivity. BTE mutation G3808A 435 
both enhanced and reduced reactivity of residues at the mutation site and at several other 436 
sites in the BTE, but not in the corresponding motif upstream of CAS. Transcripts contain- 437 
ing both C3762U and G3808A showed an additive effect of the changes due to the indi- 438 
vidual mutations, as well as a substantial number of additional reactivity changes in the 439 
BTE and other sequences in the region (Figure 6C). Therefore, SHAPE data do not support 440 
a direct interaction between the two conserved motifs in the initial structure assumed by 441 
these transcripts. 442 
 443 
3.7. Disrupting the KL between SLX and SLY does not affect accumulation in N. benthamiana 444 

Eleven of 14 umbraviruses have a similarly positioned KL element (Figure 1C, 2 and 445 
3). To test for the presence and importance of the KL interaction in accumulation of OPMV 446 
in N. benthamiana, single and compensatory mutations were generated and levels were 447 
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 448 
Figure 6. Direct interaction between CAS- and BTE-conserved sequences is not supported 449 
by SHAPE. A. Location of the alterations and Table showing conserved sequence just up- 450 
stream of CAS that can potentially pair with conserved sequence in the BTE. OPMV con- 451 
tains a covariant change not present in other umbraviruses. B. RNA gel blot analysis of 452 
total RNA extracted from systemically infected N. benthamiana following agroinfiltration 453 
with either WT OPMV or CAS/BTE mutants. Ethidium bromide-stained 26S rRNA was 454 
used as a loading control. Standard error is shown from three independent experiments. 455 
C. SHAPE probing of OPMV gRNA mutants. Colors represent changes in nucleotides re- 456 
activity relative to WT. See legend to Figure 5. Star indicates location of alterations. 457 
SHAPE data was averaged from at least 3 independent replicates. 458 
 459 
determined by RNA gel blots (Figure 7). gRNAs containing single and double mutations 460 
accumulated between 81 and 84% of WT OPMV, a decrease that was not significant. The 461 
purpose of this putative KL interaction conserved in the majority of umbraviruses thus 462 
remains unknown. 463 

 464 
3.8. SHAPE RNA structure probing of the PEMV2 gRNA and sgRNA3ʹUTR  465 

To examine if CAS alternations in other umbraviruses lead to similar effects on virus 466 
accumulation, translation, and structural alterations in the 3ʹCITE region, the CAS of 467 
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PEMV2 with its upstream KL element and downstream PTE/Kl-TSS 3ʹCITEs was also in- 468 
vestigated. Figure 8A shows that full-length gRNA and sgRNA transcripts have similar 469 
SHAPE structure profiles in this region. However, unlike SHAPE data for the OPMV CAS, 470 
PEMV2 SHAPE data was consistent with the presence of the CAS structure in both gRNA 471 
and sgRNA transcripts (Figure 9B). Also, unlike OPMV, SLX was not supported in the 472 
gRNA transcripts and neither SLX nor SLY were supported in the sgRNA transcripts. 473 
These data suggest that different umbraviruses may assume different conformations in 474 
this region.  475 

 476 
Figure 7. Disruption of the putative KL between SLX and SLY does not affect accumula- 477 
tion of OPMV in infiltrated leaves. A. C3687G and G3714C (indicated by red circles) were 478 
introduced to disrupt a KL. B. RNA gel blot analysis of total RNA extracted from system- 479 
ically infected N. benthamiana following agroinfiltration with either WT OPMV, or OPMV 480 
containing either single or double mutations. Ethidium bromide-stained 26S rRNA was 481 
used as a loading control. 482 

 483 
3.9. CAS is required for efficient accumulation of PEMV2 in vivo 484 

 Mutations similar to those used to investigate the OPMV CAS were introduced into 485 
PEMV2 CAS and effect on viral accumulation was similarly assessed by RNA gel blot 486 
analysis following A. tumefaciens-mediated infiltration of expression constructs in N. ben- 487 
thamiana (Figure 9A). Similar to OPMV CAS, converting the apical loop sequence into a 488 
UNCG tetraloop (PCm1), deletion of the upper portion of CAS (PCm2), alteration of resi- 489 
dues in the internal loop (PCm3), or complete CAS deletion (PCm4) all reduced PEMV2 490 
accumulation below the level of detection (Figure 9B). Single residue changes near the 491 
base of the stem (PCm5 and PCm6) reduced accumulation to 68% and below the level of 492 
detection, respectively, and similar to OPMV, the compensatory mutations together en- 493 
hanced accumulation to greater than WT levels. These results confirm an important func- 494 
tion for CAS in umbraviruses with different 3ʹCITEs. 495 
 496 
3.10. PEMV2 CAS is required for efficient translation of gRNA but not sgRNA reporter constructs 497 
in vivo 498 

The same mutations used to study effects of OPMV CAS on translation were intro- 499 
duced into PEMV2 gRNA and sgRNA luciferase constructs (Figure 9C). Both constructs 500 
contained the complete 703 nt PEMV2 3ʹUTR, with the gRNA construct containing the 5ʹ 501 
89 nt of the gRNA (5ʹ89+U) and the sgRNA construct containing the 5ʹ 128 nt of the sgRNA 502 
(5ʹ128+U) to accommodate the Kl-TSS long-distance RNA:RNA interacting sequences.  503 
Similar to OPMV, PmC1 increased luciferase activity of the gRNA construct by 1.7-fold 504 
relative to WT and did not significantly affect sgRNA luciferase activity, suggesting a pos- 505 
sible related function for the conserved CAS apical loop as a translation repressor in the 506 
gRNA (Figure 9C). In contrast with OPMV, PmC2 and PmC3 did not significantly 507 
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 508 
Figure 8. SHAPE probing of the CAS region in full-length PEMV2 gRNA and sgRNA. A. 509 
SHAPE reactivity of gRNA residues. Dots are colored according to SHAPE NMIA reac- 510 
tivity. See legend to Figure 4. B. SHAPE reactivity of sgRNA residues.  511 

 512 
affect translation of either the gRNA or sgRNA reporter constructs. Deletion of CAS 513 
(PmC4) decreased gRNA luciferase activity 5-fold relative to WT, but unlike OPMV did 514 
not similarly affect translation of the sgRNA construct. PmC5, PmC6, and PmC5+PmC6 515 
had little effect on translation of the PEMV2 gRNA and sgRNA constructs, unlike the dif- 516 
ferential effects of the analogous OPMV mutations. These results suggest that, with the 517 
exception of the apical loop, PEMV2 CAS is functioning differently from OPMV CAS in 518 
supporting and repressing translation of gRNA and sgRNA constructs.  519 

  520 
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 521 
 522 

Figure 9.  PEMV2 CAS is important for virus accumulation and efficient translation 523 
of gRNA reporter construct. A. Locations of mutations in the CAS hairpin. Names of mu- 524 
tations are bracketed. Red lines indicate some of the nucleotides that were altered or 525 
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deleted. B. RNA gel blot analysis of total RNA extracted from systemically infected N. 526 
benthamiana leaves following agroinfiltration with either PEMV2 WT or derived CAS 527 
mutants. Ethidium bromide-stained 26S rRNA was used as a loading control. C. PEMV2 528 
reporter constructs containing complete 3ʹUTR and 5ʹ end non-coding (orange) and cod- 529 
ing (blue) sequences as previously described (35). Relative luciferase activity of constructs 530 
was assayed in protoplasts. Error bars denote standard deviation for three independent 531 
assays. D. SHAPE RNA structure probing of PEMV2 gRNA and sgRNA CAS mutants. 532 
Dot colors represent changes in nucleotides reactivity in the mutant construct relative to 533 
WT (see legend to Figure 5). Star indicates position of the mutation.  534 
 535 
 536 
3.11. PEMV2 CAS mutations affect the structure of upstream sequences 537 

 To determine the effects of CAS mutations on the structure of the PEMV2 3ʹCITEs 538 
and upstream KL element, full-length gRNA transcripts containing PCm3 and PCm4 were 539 
analyzed by SHAPE structure probing (Figure 9D). Unlike OPMV Cm3, PCm3 caused 540 
significant reactivity changes in CAS and surrounding regions, including: (1) enhanced 541 
reactivity in the SLX and SLY stems; (2) enhancement and reduction of residue reactivity 542 
between SLX and SLY; (3) substantially enhanced reactivity of the conserved “GAUC” 543 
adjacent to CAS; and (4) reactivity differences throughout CAS, including reduced reac- 544 
tivity of 5 of 7 residues in the apical loop; and (5) reduced reactivity of the sequence be- 545 
tween CAS and the 3ʹCITE structure. Similar to OPMV CAS Cm3, only scattered differ- 546 
ences were found within the downstream 3ʹCITE structure, including two consecutive 547 
residues in the base stem, and none within the Kl-TSS and PTE 3ʹCITEs.  548 
 Deletion of CAS (PCm4) also caused a number of SHAPE reactivity changes both 549 
upstream and downstream of the deletion. Most prominent reactivity changes were en- 550 
hanced reactivity in SLX stem residues, and similar to PCm3, reduced reactivity of resi- 551 
dues between the CAS and the 3ʹCITE structure and enhanced reactivity of the same two 552 
residues in the base stem of the 3ʹCITE structure (Figure 9D). Deletion of CAS also caused 553 
reactivity changes in the bulge loop of the PTE, a critical region that forms a required 554 
pseudoknot within the CITE. Since deletion of CAS gave very different outcomes for 555 
translation of the gRNA and sgRNA reporter constructs, sgRNA PCm4 transcripts were 556 
also subjected to SHAPE probing. Whereas CAS deletion in the sgRNA caused similar 557 
changes in SLX and in the sequence between the CAS and the 3ʹCITE structure as found 558 
for the gRNA, a substantial number of differences were present likely due to the existence 559 
of additional sequence and/or different structures outside of this region between the 560 
gRNA and sgRNA transcripts. These results strongly suggest that PEMV2 CAS, unlike 561 
OPMV CAS, has a direct or indirect structural connection with the upstream KL element 562 
and sequences between the CAS and the 3ʹCITE structure. Overall, our results support 563 
CAS as a critical new translation element in umbraviruses, whose overall mode of action 564 
likely differs depending on the virus and whether the template is gRNA or sgRNA.  565 
 566 

4. Discussion 567 
Many plus-strand RNA plant viruses follow unconventional translational pathways 568 

often mediated by 3′CITEs present near the 3′ end of viral genomes [24–26]. Umbraviruses 569 
are unusual in having extended 3′ UTRs that contain multiple, 3′CITEs with different us- 570 
ages for translation of gRNA and sgRNA [21]. In this report, we identify an additional 571 
critical umbravirus element, the CAS, located just upstream of all centrally located 572 
3′CITEs. All umbravirus CAS share conserved features including highly conserved resi- 573 
dues in their apical loops and at the base of the stem extending into flanking sequences, 574 
along with an internal bulge loop that can be symmetrical or asymmetrical. The 3′CITEs 575 
just downstream of the CAS are predicted to be perched atop extended supporting stems 576 
(with the exception of PiUV), placing CAS a short distance upstream from the base 577 
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 578 
Figure 10. Maximum likelihood phylogenetic tree of umbraviruses based on 3ʹ UTR nu- 579 
cleotide sequences. Values above each branch indicate bootstrap support in the percent- 580 
age out of 1000 bootstraps. The bottom scale bar indicates nucleotide substitutions per 581 
site. The blue and red boxes next to the virus's name indicate the presence of CITE and the 582 
KL element, respectively. The bootstrap support for the branch containing closely related 583 
umbraviruses possessing the conserved KL element is highlighted in brown.  584 

 585 
 586 

of the 3′CITE supporting stem (Figures 2 and 3). Umbraviruses without identified 3′CITEs 587 
in this central location (CMoMV, CMoV, PasUV1, and RCUV) are predicted to have sim- 588 
ilar structured elements atop extended stems just downstream of their CAS that likely 589 
constitute novel classes of 3′CITEs deserving further attention. The positioning of putative 590 
3′CITEs on extended stems may be advantageous for connecting the CITE to the 5′ end by 591 
long-distance RNA:RNA interactions, which are required for translation enhancer activ- 592 
ity. 593 

Eleven of 14 CAS have an additional element 0 to 1 nt upstream from conserved CAS 594 
flanking sequence, which consists of simple hairpins SLX and SLY with apical loops con- 595 
nected by a putative KL of 3 to 5 residues (Figure 1C). Unlike CAS, there is no conservation 596 
of sequences among all elements, although several KL contain the common umbravirus 597 
and carmovirus tertiary interaction sequence “GCCA”/”UGGC”. In addition, umbravi- 598 
ruses that are more closely related, e.g., TBTV, OPMV, Changjiang3, PEMV2, and RCUV 599 
(Figure 10) have similar or identical loop sequences with several co-variant residues in the 600 
stems and poorly conserved sequence between the hairpins, suggesting a greater im- 601 
portance for maintaining the loop sequence in the KL element. Disruption of the KL inter- 602 
action in OPMV had no discernable effect on virus accumulation in N. benthamiana cells 603 
(Figure 7), suggesting that the KL element in OPMV has a function that does not impact 604 
virus accumulation in single cells. While this report identifies the CAS as an important 605 
element for umbravirus accumulation, sequences further upstream of the KL element 606 
likely also play important roles; as found for umbravirus TBTV, alterations in a sequence 607 
upstream of the KL element decreased translation of ORF 1, which correlated with a de- 608 
crease in viral accumulation and structural changes in BTE apical loops [42].  609 

Many residues in both OPMV and PEMV2 CAS were critical for virus accumulation 610 
and altering some of these residues differentially regulated translation of gRNA and 611 
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sgRNA reporter constructs. For both OPMV and PEMV2, mutating the conserved apical 612 
loop significantly enhanced translation of gRNA but not sgRNA constructs (Figure 5C 613 
and Figure 9C), suggesting a conserved function in repressing translation in these umbra- 614 
viruses. For OPMV, altering or deleting residues in the upper portion of CAS enhanced 615 
translation of sgRNA but not gRNA reporter constructs. Disrupting the base of the CAS 616 
stem also enhanced translation of the sgRNA, suggesting that CAS has an overall repres- 617 
sive effect on OPMV sgRNA reporter construct translation. In contrast, disrupting the 618 
base of the CAS stem reduced translation of the gRNA construct, suggesting that the lower 619 
portion of the CAS structure is important for gRNA translation (Figure 5C). The lack of 620 
good candidate 5ʹ sequences that might directly interact with unpaired (or paired) OPMV 621 
CAS sequences suggests either that CAS may interact indirectly or through non-canonical 622 
pairings with 5ʹ sequences or that CAS binds proteins in trans to support functionality. 623 
CAS was also critical for PEMV2 accumulation, but unlike OPMV, most mutations in 624 
PEMV2 CAS (outside of the apical loop discussed above) had little, if any effect on trans- 625 
lation of gRNA or sgRNA reporter constructs. The one exception was deletion of CAS 626 
(PmC4), which significantly reduced gRNA reporter levels without affecting sgRNA lev- 627 
els (Figure 9C). Since translation of the reporter constructs was not significantly affected 628 
by CAS mutations that reduced or eliminated detectable accumulation in infiltrated 629 
plants, it is possible that the PEMV2 reporter constructs were not accurately mimicking 630 
translational requirements for the virus.  631 

In addition to clear differences in how CAS affected translation of reporter constructs 632 
in the two umbraviruses, WT OPMV and PEMV2 gRNA transcripts differed in whether 633 
SHAPE data supported the CAS and KL element structures. For OPMV, the 3′CITE and 634 
KL element were well supported, but neither the gRNA nor sgRNA SHAPE profile sup- 635 
ported the CAS structure. In contrast, PEMV2 gRNA and sgRNA transcript SHAPE data 636 
supported their CAS structures, but not the structures of SLX (gRNA) or SLX and SLY 637 
(sgRNA). Since these hairpins are phylogenetically conserved, and since compensatory 638 
mutations at the base of the CAS stem restored gRNA levels in vivo for both OPMV (Fig- 639 
ure 5B) and PEMV2 (Figure 9B), lack of support for CAS from SHAPE probing of OPMV 640 
transcripts could reflect additional RNA conformations in the region, or an unintended 641 
consequence of the artificially folded transcripts (i.e., transcripts were not folded co-tran- 642 
scriptionally as would occur in vivo).  643 

Mutations and deletion of OPMV and PEMV2 CAS also differentially affected the 644 
RNA structure of regional sequences. For OPMV, few SHAPE reactivity changes were 645 
found upstream of CAS whereas the same mutations in PEMV2 CAS significantly affected 646 
the structure of the KL element. SHAPE profiles did not reveal any obvious direct inter- 647 
actions between CAS and the adjacent 3′CITEs for either virus, and thus how CAS affects 648 
translation remains unknown. 649 

 650 
5. Conclusions 651 

Our study identifies the novel, conserved CAS element that is critical for umbravirus 652 
accumulation and, with the exception of the apical loop, differentially affects translation 653 
of different umbraviruses. A search for hairpins with CAS-conserved features upstream 654 
of 3′CITEs in virus members of other genera in the Tombusviridae (e.g., BYDV) did not 655 
reveal the existence of hairpins with similar conserved features, suggesting that CAS may 656 
be uniquely associated with umbraviruses, possibly because of their multiple 3′CITEs. 657 
Other hairpins upstream of 3′-proximal CITEs have been found in betanecroviruses TNV- 658 
D and beet black scorch virus [26] but their function remains enigmatic. Mutations in one 659 
hairpin in TNV-D reduced viral translation in wheat germ extracts but had no effect on 660 
accumulation in protoplasts, while similar mutations in a second hairpin reduced accu- 661 
mulation in protoplasts but had no significant effect on in vitro translation. Based on our 662 
results and this study, translation of (+)RNA plants viruses is likely far more complex than 663 
previously thought. 664 

. 665 



Viruses 2022, 14, x FOR PEER REVIEW 20 of 22 
 

 

Author Contributions: Conceptualization, SB, MI and AES; SB; formal analysis, SB, MI and AES; 666 
investigation, SB, MI and AAM; resources, AES.; writing—original draft preparation, SB; writing— 667 
review and editing, SB and AES; supervision, AES; project administration, AES; funding acquisition, 668 
AES. All authors have read and agreed to the published version of the manuscript. 669 

Funding: This work was supported by National Science Foundation grants MCB-1411836 and MCB- 670 
1818229 to A.E.S.  671 

Institutional Review Board Statement: Not applicable. 672 

Informed Consent Statement: Not applicable. 673 
Data Availability Statement: Not applicable. 674 

Acknowledgments: We thank Lwar Naing for his assistance with this work 675 

Conflicts of Interest: The authors declare no conflict of interest. 676 

 677 

References 678 
1.  Simon, A.E.; Miller, W.A. 3′ Cap-independent translation enhancers of plant viruses. Annu. Rev. Microbiol. 2013, 67, 21– 679 

42. 680 
2.  Truniger, V.; Miras, M.; Aranda, M.A. Structural and functional diversity of plant virus 3′-cap-independent translation 681 

enhancers (3′-CITEs). Front. Plant Sci. 2017, 8, 1–14. 682 
3.  Geng, G.; Yu, C.; Li, X.; Yuan, X. A unique internal ribosome entry site representing a dynamic equilibrium state of rna 683 

tertiary structure in the 5′-UTR of wheat yellow mosaic virus RNA1. Nucleic Acids Res. 2020, 48, 390–404. 684 
4.  Jaramillo-Mesa, H.; Gannon, M.; Holshbach, E.; Zhang, J.; Roberts, R.; Buettner, M.; Rakotondrafaraa, A.M. The triticum 685 

mosaic virus internal ribosome entry site relies on a picornavirus-like YX-AUG motif to designate the preferred translation 686 
initiation site and to likely target the 18S rRNA. J. Virol. 2019, 93, e01705-18. 687 

5.  Basso, J.; Dallaire, L.P.; Charest, P.J.; Devantier, Y.; Laliberte, J.F. Evidence for an internal ribosome entry site within the 688 
5’ non-translated region of turnip mosaic potyvirus RNA. J. Gen. Virol. 1994, 75, 3157–3165. 689 

6.  May, J.; Johnson, P.; Saleem, H.; Simon, A.E. A Sequence-independent, unstructured internal ribosome entry site is 690 
responsible for internal expression of the coat protein of turnip crinkle virus. J. Virol. 2017, 91, 1–16. 691 

7.  Wang, J.; Zhang, X.; Greene, G.H.; Xu, G.; Wang, J.; Zhang, X.; Greene, G.H.; Xu, G.; Dong, X. PABP/purine-rich motif 692 
as an initiation module for cap-independent translation in pattern-triggered immunity. Cell 2022, 185, 1–15. 693 

8.  Ilyas, M.; Du, Z.; Simon, A.E. Opium poppy mosaic virus has an Xrn-resistant, translated subgenomic rna and a BTE 3′ 694 
CITE. J. Virol. 2021, 95, 1–21. 695 

9.  Gao, F.; Kasprzak, W.K.; Szarko, C.; Shapiro, B.A.; Simon, A.E. The 3′ untranslated region of pea enation mosaic virus 696 
contains two T-shaped, ribosome-binding, cap-independent translation enhancers. J. Virol. 2014, 88, 11696–11712. 697 

10.  Du, Z.; Alekhina, O.M.; Vassilenko, K.S.; Simon, A.E. Concerted action of two 3′cap-independent translation enhancers 698 
increases the competitive strength of translated viral genomes. Nucleic Acids Res. 2017, 45, 9558–9572. 699 

11.  Weingarten-Gabbay, S.; Elias-Kirma, S.; Nir, R.; Gritsenko, A.A.; Stern-Ginossar, N.; Yakhini, Z.; Weinberger, A.; Segal, 700 
E. Comparative genetics: systematic discovery of cap-independent translation sequences in human and viral genomes. 701 
Science. 2016, 351(6270):aad4939. 702 

12.  Nieto, C.; Rodríguez-Moreno, L.; Rodríguez-Hernández, A.M.; Aranda, M.A.; Truniger, V. Nicotiana benthamiana 703 
resistance to non-adapted melon necrotic spot virus results from an incompatible interaction between virus rna and 704 
translation initiation factor 4E. Plant J. 2011, 66, 492–501. 705 

13.  Truniger, V.; Nieto, C.; González-Ibeas, D.; Aranda, M. Mechanism of Plant EIF4E-Mediated Resistance against a 706 
Carmovirus (Tombusviridae): Cap-independent translation of a viral RNA controlled in cis by a virulence determinant. 707 
Plant J. 2008, 56, 716–727. 708 

14.  Miras, M.; Sempere, R.N.; Kraft, J.J.; Miller, W.A.; Aranda, M.A.; Truniger, V. Interfamilial recombination between viruses 709 



Viruses 2022, 14, x FOR PEER REVIEW 21 of 22 
 

 

led to acquisition of a novel translation-enhancing RNA element that allows resistance breaking. New Phytol. 2014, 202, 710 
233–246. 711 

15.  Treder, K.; Pettit Kneller, E.L.; Allen, E.M.; Wang, Z.; Browning, K.S.; Miller, W.A. The 3′ cap-independent translation 712 
element of barley yellow dwarf virus binds eIF4F via the eIF4G subunit to initiate translation. RNA 2008, 14, 134–147. 713 

16.  Wang, Z.; Treder, K.; Miller, W.A. Structure of a viral cap-independent translation element that functions via high affinity 714 
binding to the eIF4E Subunit of eIF4F. J. Biol. Chem. 2009, 284, 14189–14202. 715 

17.  Johnson, P.Z.; Kasprzak, W.K.; Shapiro, B.A.; Simon, A.E. Structural characterization of a new subclass of panicum mosaic 716 
virus-like 3′cap-independent translation enhancer. Nucleic Acids Res. 2022, 50, 1601–1619. 717 

18.  Zuo, X.; Wang, J.; Yu, P.; Eyler, D.; Xu, H.; Starich, M.R.; Tiede, D.M.; Simon, A.E.; Kasprzak, W.; Schwieters, C.D.; et 718 
al. Solution structure of the cap-independent translational enhancer and ribosome-binding element in the 3′ UTR of turnip 719 
crinkle virus. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 1385–1390. 720 

19.  Wang, Z.; Parisien, M.; Scheets, K.; Miller, W.A. The cap-binding translation initiation factor, eIF4E, binds a pseudoknot 721 
in a viral cap-independent translation element. Structure 2011, 19, 868–880. 722 

20.  Chattopadhyay, M.; Shi, K.; Yuan, X.; Simon, A.E. Long-distance kissing loop interactions between a 3’ proximal Y-shaped 723 
structure and apical loops of 5’ hairpins enhance translation of saguaro cactus virus. Virology 2011, 417, 113–125. 724 

21.  Gao, F.; Simon, A.E. Differential use of 3’CITEs by the subgenomic rna of pea enation mosaic virus 2. Virology 2017, 510, 725 
194–204. 726 

22.  McCormack, J.C.; Yuan, X.; Yingling, Y.G.; Kasprzak, W.; Zamora, R.E.; Shapiro, B.A.; Simon, A.E. Structural domains 727 
within the 3′untranslated region of turnip crinkle virus. J. Virol. 2008, 82, 8706–8720. 728 

23.  Stupina, V.A.; Meskauskas, A.; Mccormack, J.C.; Yingling, Y.G.; Shapiro, B.A.; Dinman, J.D.; Simon, A.E. The 3′ 729 
proximal translational enhancer of turnip crinkle virus binds to 60S ribosomal subunits. RNA 2008, 14, 2379–2393. 730 

24.  Le, M.T.; Kasprzak, W.K.; Kim, T.; Gao, F.; Young, M.Y.L.; Yuan, X.; Shapiro, B.A.; Seog, J.; Simon, A.E. Folding 731 
behavior of a T-shaped, ribosome-binding translation enhancer implicated in a wide-spread conformational switch. eLife 732 
2017, 6, 1–24. 733 

25.  Yuan, X.; Shi, K.; Simon, A.E. A Local, Interactive network of 3′ RNA elements supports translation and replication of 734 
turnip crinkle virus. J. Virol. 2012, 86, 4065–4081. 735 

26.  Newburn, L.R.; Wu, B.; Andrew White, K. Investigation of novel RNA elements in the 3’UTR of tobacco necrosis virus- 736 
D. Viruses 2020, 12, 1–12. 737 

27.  Iwakawa, H.; Tajima, Y.; Taniguchi, T.; Kaido, M.; Mise, K.; Tomari, Y.; Taniguchi, H.; Okuno, T. Poly(A)-binding protein 738 
facilitates translation of an uncapped/nonpolyadenylated viral RNA by binding to the 3′untranslated region. J. Virol. 2012, 739 
86, 7836–7849. 740 

28.  Yuan, X.; Shi, K.; Meskauskas, A.; Simon, A.E. The 3′ end of turnip crinkle virus contains a highly interactive structure 741 
including a translational enhancer that is disrupted by binding to the RNA-dependent RNA polymerase. RNA 2009, 15, 742 
1849–1864. 743 

29.  Ryabov, E.; Taliansky, M.E.; Robinson, D.; Waterhouse, P.; Murant, A.F.; de Zoeten, G.; Falk, B.; Vetten, H.; Gibbs, M. 744 
Genus Umbravirus. In: King, A. M. Q., Adams, M.J., Carstens, E., & Lefkowitz, E. J. (Eds.) Virus Taxonomy: Ninth Report 745 
of the International Committee on Taxonomy of Viruses. Elsevier Sci. 2012, 1191–1195. 746 

30.  May, J.P.; Yuan, X.; Sawicki, E.; Simon, A.E. RNA virus evasion of nonsense-mediated decay. PLoS Pathog. 2018, 14, 1– 747 
22. 748 

31.  Gao, F.; Alekhina, O.M.; Vassilenko, K.S.; Simon, A.E. Unusual dicistronic expression from closely spaced initiation 749 
codons in an umbravirus subgenomic RNA. Nucleic Acids Res. 2018, 46, 11726–11742. 750 

32.  Bera, S.; Blundell, R.; Liang, D.; Crowder, D.W.; Casteel, C.L. The oxylipin signaling pathway is required for increased 751 



Viruses 2022, 14, x FOR PEER REVIEW 22 of 22 
 

 

aphid attraction and retention on virus-infected plants. J. Chem. Ecol. 2020, 46, 771–781. 752 
33.  May, J.P.; Johnson, P.Z.; Ilyas, M.; Gao, F.; Simon, E. The multifunctional long-distance movement protein of pea enation 753 

mosaic virus 2 protects viral and host transcripts from nonsense-mediated decay. MBio 2020, 11, 1–16. 754 
34.  Gao, F.; Gulay, S.P.; Kasprzak, W.; Dinman, J.D.; Shapiro, B.A.; Simon, A.E. The kissing-loop T-shaped structure 755 

translational enhancer of pea enation mosaic virus can bind simultaneously to ribosomes and a 5′proximal hairpin. J. Virol. 756 
2013, 87, 11987-12002. 757 

35.  Gao, F.; Kasprzak, W.; Stupina, V.A.; Shapiro, B.A.; Simon, A.E. A ribosome-binding, 3’ translational enhancer has a T- 758 
shaped structure and engages in a long-distance RNA-RNA interaction. J. Virol. 2012, 86, 9828–9842. 759 

36.  Liu, H.; Naismith, J.H. An efficient one-step site-directed deletion, insertion, single and multiple-site plasmid mutagenesis 760 
protocol. BMC Biotechnol. 2008, 8, 91. 761 

37.  Wilkinson, K.A.; Merino, E.J.; Weeks, K.M. Selective 2′-Hydroxyl Acylation Analyzed by Primer Extension (SHAPE): 762 
Quantitative RNA structure analysis at single nucleotide resolution. Nat. Protoc. 2006, 1, 1610–1616. 763 

38.  Liu, J.; Carino, E.; Bera, S.; Gao, F.; May, J.P.; Simon, A.E. Structural analysis and whole genome mapping of a new type 764 
of plant virus subviral RNA : umbravirus-like associated RNAs. Viruses 2021, 13. 765 

39.  Zuker, M. Mfold Web Server for Nucleic Acid Folding and Hybridization Prediction. Nucleic Acids Res. 2003, 31, 3406– 766 
3415. 767 

40.  Karabiber, F.; McGinnis, J.L.; Favorov, O. V.; Weeks, K.M. QuShape: Rapid, accurate, and best-practices quantification of 768 
nucleic acid probing information, resolved by capillary electrophoresis. RNA 2013, 19, 63–73. 769 

41.  Johnson, P.Z.; Kasprzak, W.K.; Shapiro, B.A.; Simon, A.E. RNA2Drawer: Geometrically strict drawing of nucleic acid 770 
structures with graphical structure editing and highlighting of complementary subsequences. RNA Biol. 2019, 16, 1667– 771 
1671. 772 

42.  Wang, D.; Yu, C.; Liu, S.; Wang, G.; Shi, K.; Li, X.; Yuan, X. Structural alteration of a BYDV-like translation element 773 
(BTE) that attenuates p35 expression in three mild tobacco bushy top virus isolates. Sci. Rep. 2017, 7, 1–10. 774 

 775 


	1. Introduction
	Unlike eukaryotic mRNAs that nearly invariantly contain a ﻿5ʹ m7GpppN cap and a 3ʹ poly-A tail for efficient translation, plus-strand (+)RNA virus genomes translated in eukaryotic cells frequently require non-canonical mechanisms to outcompete cellula...
	3ʹCITEs are located either within the viral 3ʹUTR or can extend into the upstream ORF [1]. First identified in satellite ﻿tobacco necrosis virus, 3ʹCITEs facilitate viral RNA translation from the 5ʹ end of the genomic (g)RNA or subgenomic (sg)RNA by b...
	Plant virus 3ʹCITEs have been organized into at least eight distinct classes, based on conserved sequences and secondary structure, and their ability to interact with specific translation factors [1]. 3ʹCITEs appear to be modular units that have exch...
	Among the best characterized 3ʹCITEs are the barley yellow dwarf virus-like translation element (BTE) [8,15], the panicum mosaic virus-like translational enhancer (PTE) [16,17], and the T-shaped structure (TSS) that was first identified in carmoviruse...
	3ʹCITEs in members of the Tombusviridae are usually found near the 3ʹ end of the gRNA and thus likely contain elements with secondary functions in initiation of minus-strand synthesis [24,25]. For example, tobacco necrosis virus D (TNV-D) and red clo...
	Umbraviruses are unique within the Tombusviridae in having unusually long  3ʹUTRs (600 to 700 nt) containing several noncontiguous 3ʹCITEs in both the central region and proximal to the 3ʹ end [29]. Umbraviruses have a single, (+)gRNA with four ORFs ...
	Umbravirus PEMV2 has three 3ʹCITEs; in the central portion of the 3ʹUTR is a PTE and upstream adjacent Kl-TSS, and a 3ʹTSS is proximal to the 3ʹ end [9,34]. Using reporter constructs, the PEMV2 sgRNA was determined to require all three 3ʹCITEs for eff...
	The presence of the PEMV2 PTE/Kl-TSS and the OPMV BTE in similar internal locations within their 3ʹUTRs led us to examine if other umbraviruses have known CITEs or “CITE-like” structures in the same location. Here, we report that such structures were...
	2. Materials and Methods
	2.1. Constructs
	Plasmids pUC19-OPMV and pUC19-PEMV2 contain full-length OPMV and PEMV2 genomes, respectively, along with a T7 promoter upstream of the viral genome [8,35]. Similarly, in Agrobacterium tumefaciens binary vector pCB301, full-length OPMV and PEMV2 genome...
	﻿2.2. In vitro transcription of full-length viral genomes
	Restriction enzymes, SmaI and PvuII (New England BioLabs) were used to linearize pUC19-OPMV and pUC19-PEMV2, respectively, and OPMV and PEMV2 luciferase reporter constructs were linearized with SspI, followed by in vitro transcription using T7 RNA pol...
	﻿2.3. RNA folding and SHAPE modification of RNA
	As previously described [17], RNA transcripts (12 pmol) were denatured at 65 (C for 3 min and then cooled on ice for 2 min. RNA was incubated in folding buffer [80 mM Tris–HCl (pH 8.0), 11 mM Mg(CH3COO)2, and 160 mM NH4Cl] for 10 min at 37 (C, and the...
	﻿2.4. Reverse transcription of modified RNA
	﻿ Primers used for SHAPE probing were: OPMV_R1: 5(-GGATGGGAGTGACCACCAC (positions 4235 – 4217), OPMV_R2: 5(-CAGAACCCTCAGTTTGACTAC (positions 4008 – 3988), PEMV2_R1: 5(-AGGAAACAGCTATGACC (positions 4319 to 4302), PEMV2_R2: 5(-CGCGTTTGTGATCTTTTTGG (posi...
	﻿2.5. Agroinfiltration and RNA gel blot analysis
	OPMV and PEMV2 binary vector constructs were transformed into A. tumefaciens strain GV3101 and cultured in the presence of antibiotics. Cells were harvested and resuspended in resuspension buffer (10 mM MgCl2, pH 5.7, and 100 (M acetosyringone). For i...
	﻿2.6. Protoplast transfection and in vivo luciferase assays
	Protoplasts prepared from callus cultures of Arabidopsis thaliana were transfected with luciferase reporter transcripts using a polyethylene glycol-mediated transformation protocol as previously described [35]. Briefly, 5 x 106 protoplasts were transf...
	﻿2.7. RNA structure drawing
	All RNA structures were generated using the on-line RNA2Drawer web app (https://rna2drawer.app) [41].
	3. Results
	3.1. All umbraviruses contain a conserved hairpin in their 3′UTR located upstream of known or putative 3′CITEs
	Sequences upstream of internally located, previously defined 3ʹCITEs were aligned to identify any nearby conserved elements that might also play a role in translation. Just upstream (7 to 15 nt) from the base of a putative scaffold supporting known BT...
	In addition, a second structurally conserved element was found 0 or 1 nt upstream of CAS in all BTE-containing umbraviruses and two non-BTE umbraviruses (PEMV2 and RCUV). This element consists of two similar-sized stem-loops (SLX and SLY) separated by...
	3.2. SHAPE RNA structure probing of OPMV gRNA and sgRNA CAS region
	To investigate if the predicted structures of the CAS and KL element are present in
	Figure 1. Novel conserved structures in the 3ʹUTR of umbraviruses. A. ﻿Umbravirus genome organization. Replication-required proteins are in blue and movement proteins are in yellow. A second, slightly larger sgRNA is present in some umbraviruses inclu...
	Figure 2. Predicted structures in the central region of umbraviruses containing BTE 3ʹCITEs. Conserved CAS sequences are in red. KL sequences are in orange.  Each dot of the BTE represents a nucleotide.
	OPMV transcripts, full-length gRNA and sgRNA2 transcripts were synthesized in vitro, denatured by heat and renatured by cooling, and then subjected to Selective 2′ Hydroxyl Acylation analyzed by Primer Extension (SHAPE) RNA structure probing (Figure 4...
	Figure 3. Predicted structures in the central region of umbraviruses containing non-BTE 3ʹCITEs. Conserved CAS sequences are in red. KL sequences are in orange. Putative 3ʹCITEs are denoted by a question mark.
	KL. However, the lower CAS stems in both gRNA and sgRNA2 transcripts were not supported by SHAPE data, as both contained similar SHAPE-reactive residues on the 5ʹ side (Figure 4). In contrast, the BTE structures for both gRNA and sgRNA were well suppo...
	3.3. OPMV CAS is important for viral accumulation in vivo
	To test for the importance of the phylogenetically conserved OPMV CAS structure, deletions and base modifications were introduced into base-paired and apical and internal bulge loop CAS sequences (Figure 5A). WT and mutant gRNA accumulation was assess...
	Figure 4. SHAPE RNA structure probing of the OPMV CAS region in full-length gRNA and sgRNA2 transcripts. A. SHAPE was conducted using fluorescently-labeled primers, which differed experimentally from previous SHAPE probing of gRNA OPMV 3ʹUTR (8) but g...
	residues on the 3ʹ side of the bulge (mC3) reduced virus accumulation to near undetectable levels. Surprisingly, deletion of the entire CAS (mC4) was not as detrimental, with the gRNA reaching 11% of WT levels. To address the presence of the CAS hairp...
	3.4. OPMV CAS is required for efficient translation of gRNA and sgRNA2 reporter constructs in vivo
	The conserved location of CAS hairpins just upstream of known or putative 3ʹCITEs in all umbraviruses suggested a possible conserved function in translation mediated by the adjacent 3ʹCITE. To begin testing this hypothesis, CAS deletions and base alt...
	Figure 5. CAS is important for OPMV accumulation in N. benthamiana and efficient translation of reporter constructs. A. CAS nucleotide alterations and deletions. Names of mutations are in brackets. Red lines help define some of the mutations and delet...
	were introduced into firefly luciferase reporter constructs previously used to analyze sequences involved in translation of the gRNA and sgRNA2 (Figure 5C). Both constructs contain the full-length 3ʹUTR along with 5ʹ sequences sufficient for efficient...
	3.5. Effect of OPMV CAS mutations on BTE and KL structures
	To address how CAS might be impacting translation, and assess its direct or indirect connection (if any) with the upstream KL element and downstream BTE, full-length OPMV gRNA transcripts containing a subset of the CAS mutations were subjected to SHAP...
	Altering the CAS apical loop (mC1) did not significantly change residue reactivity in the KL element (i.e., less than a 2-fold change), suggesting that the KL element is not interacting with the conserved CAS apical loop. In contrast, residues on the ...
	CAS interior bulge mutation (mC3) caused a substantial increase in reactivity of residues at the mutation site, suggesting that this bulge sequence is paired in the WT gRNA transcript (Figure 5D). Additionally, residues that were normally SHAPE reacti...
	Deletion of the entire CAS hairpin (mC4) caused similar reductions in reactivity in the BTE lower stem and upper conserved motif as mC1, likely a consequence of removing the conserved CAS apical loop sequence (Figure 5D). Four additional scattered res...
	When sgRNA2 transcripts with the CAS deletion (mC4) were subjected to SHAPE structure probing, both similar and unique changes in residue reactivity were evident. In the BTE, very similar reactivity reductions were found at the base of the BTE and in...
	3.6. Examination of conserved CAS flanking sequence and a complementary sequence in the BTE 17-nt signature motif
	As shown in Figures 1B, 2 and 3, sequence flanking both sides of the CAS are strongly conserved in all umbraviruses. Curiously, the upstream flanking sequence, 5ʹGA C/U CC, is complementary to sequence at the 5ʹ end of the 17-nt conserved motif in 7 o...
	Since mutagenesis assays did not conclusively rule in (or out) an interaction between the two conserved motifs, transcripts containing the single and double mutations were subjected to SHAPE structure probing. Our reasoning was that disruption of an ...
	3.7. Disrupting the KL between SLX and SLY does not affect accumulation in N. benthamiana
	Eleven of 14 umbraviruses have a similarly positioned KL element (Figure 1C, 2 and 3). To test for the presence and importance of the KL interaction in accumulation of OPMV in N. benthamiana, single and compensatory mutations were generated and levels...
	Figure 6. Direct interaction between CAS- and BTE-conserved sequences is not supported by SHAPE. A. Location of the alterations and Table showing conserved sequence just upstream of CAS that can potentially pair with conserved sequence in the BTE. OPM...
	determined by RNA gel blots (Figure 7). gRNAs containing single and double mutations accumulated between 81 and 84% of WT OPMV, a decrease that was not significant. The purpose of this putative KL interaction conserved in the majority of umbraviruses ...
	3.8. SHAPE RNA structure probing of the PEMV2 gRNA and sgRNA3ʹUTR
	To examine if CAS alternations in other umbraviruses lead to similar effects on virus accumulation, translation, and structural alterations in the 3ʹCITE region, the CAS of PEMV2 with its upstream KL element and downstream PTE/Kl-TSS 3ʹCITEs was also ...
	Figure 7. Disruption of the putative KL between SLX and SLY does not affect accumulation of OPMV in infiltrated leaves. A. C3687G and G3714C (indicated by red circles) were introduced to disrupt a KL. B. RNA gel blot analysis of total RNA extracted fr...
	3.9. CAS is required for efficient accumulation of PEMV2 in vivo
	Mutations similar to those used to investigate the OPMV CAS were introduced into PEMV2 CAS and effect on viral accumulation was similarly assessed by RNA gel blot analysis following A. tumefaciens-mediated infiltration of expression constructs in N. ...
	3.10. PEMV2 CAS is required for efficient translation of gRNA but not sgRNA reporter constructs in vivo
	The same mutations used to study effects of OPMV CAS on translation were introduced into PEMV2 gRNA and sgRNA luciferase constructs (Figure 9C). Both constructs contained the complete 703 nt PEMV2 3ʹUTR, with the gRNA construct containing the 5ʹ 89 nt...
	Figure 8. SHAPE probing of the CAS region in full-length PEMV2 gRNA and sgRNA. A. SHAPE reactivity of gRNA residues. ﻿Dots are colored according to SHAPE NMIA reactivity. See legend to Figure 4. B. SHAPE reactivity of sgRNA residues.
	affect translation of either the gRNA or sgRNA reporter constructs. Deletion of CAS (PmC4) decreased gRNA luciferase activity 5-fold relative to WT, but unlike OPMV did not similarly affect translation of the sgRNA construct. PmC5, PmC6, and PmC5+PmC6...
	Figure 9.  PEMV2 CAS is important for virus accumulation and efficient translation of ﻿gRNA reporter construct. A. ﻿Locations of mutations in the CAS hairpin. Names of mutations are bracketed. Red lines indicate some of the nucleotides that were alter...
	3.11. PEMV2 CAS mutations affect the structure of upstream sequences
	To determine the effects of CAS mutations on the structure of the PEMV2 3ʹCITEs and upstream KL element, full-length gRNA transcripts containing PCm3 and PCm4 were analyzed by SHAPE structure probing (Figure 9D). Unlike OPMV Cm3, PCm3 caused signific...
	Deletion of CAS (PCm4) also caused a number of SHAPE reactivity changes both upstream and downstream of the deletion. Most prominent reactivity changes were enhanced reactivity in SLX stem residues, and similar to PCm3, reduced reactivity of residues...
	4. Discussion
	Many plus-strand RNA plant viruses follow unconventional translational pathways often mediated by 3′CITEs present near the 3′ end of viral genomes [24–26]. Umbraviruses are unusual in having extended 3′ UTRs that contain multiple, 3′CITEs with differe...
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