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A plant-infecting subviral RNA associated with poleroviruses 
produces a subgenomic RNA which resists exonuclease XRN1 
in vitro

A.J. Campbella,*, John R. Andersonb, Jeffrey Wiluszb

aDepartment of Microbiology and Molecular Genetics, University of California, Davis, CA, 95616, 
USA

bDepartment of Microbiology, Immunology and Pathology, Colorado State University, Fort Collins, 
CO, 80523, USA

Abstract

Subviral agents are nucleic acids which lack the features for classification as a virus. Tombusvirus-

like associated RNAs (tlaRNAs) are subviral positive-sense, single-stranded RNAs that replicate 

autonomously, yet depend on a coinfecting virus for encapsidation and transmission. TlaRNAs 

produce abundant subgenomic RNA (sgRNA) upon infection. Here, we investigate how the 

well-studied tlaRNA, ST9, produces sgRNA and its function. We found ST9 is a noncoding 

RNA, due to its lack of protein coding capacity. We used resistance assays with eukaryotic 

Exoribonuclease-1 (XRN1) to investigate sgRNA production via incomplete degradation of 

genomic RNA. The ST9 3’ untranslated region stalled XRN1 very near the 5’ sgRNA end. Thus, 

the XRN family of enzymes drives sgRNA accumulation in ST9-infected tissue by incomplete 

degradation of ST9 RNA. This work suggests tlaRNAs are not just parasites of viruses with 

compatible capsids, but also mutually beneficial partners that influence host cell RNA biology.
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1. Introduction

Tombusvirus-like associated RNAs (tlaRNAs) are autonomously replicating + ssRNAs of 

about 2.8 kb that are most closely related to viruses of the family Tombusviridae (Campbell 

et al., 2020). Encoding only an RNA dependent RNA polymerase (RdRp) which enables 

their independent replication, tlaRNAs rely on one or more co-infecting viruses, typically 

poleroviruses, for systemic movement and for aphid transmission. TlaRNAs gain these 

functions by utilizing the coat proteins produced by the co-infecting virus for their own 

encapsidation (Chin et al., 1993; Passmore et al., 1993). In coinfections with umbraviruses, 

tlaRNAs can gain systemic movement, but cannot be transmitted by aphids without a 

coinfecting polerovirus to supply coat proteins to the mixed infection (Passmore et al., 

1993; Taliansky et al., 2003). TlaRNAs produce an abundant subgenomic RNA (sgRNA) 

of roughly 470 nucleotides that accumulates as both positive and negative sense RNA 

during infection (Campbell et al., 2020). The function of this sgRNA in infection and the 

mechanism underlying its production remain to be elucidated.

Subgenomic RNAs have been shown to play various critical roles in viral infections, from 

encoding proteins as messenger sgRNAs, fulfilling regulatory functions in replication and 

transcription, and aiding in suppression of host immune responses (Sztuba-Solińska et al., 

2011; Shen and Miller, 2004; Pompon et al., 2017). Discovering the function of virally 

produced sgRNAs is key to a holistic understanding of the infection process of a virus, 

and in understanding how one virus or subviral agent may interact with another during 

co-infections. Viral satellites and subviral entities have been noted to exert an influence on 

the ecological and evolutionary dynamics of the viruses they associate with, with effects 

ranging from synergism to antagonism (Moreno and López-Moya, 2020). In the case of 

tlaRNAs, including the most well-studied, designated ST9, increases in symptom severity 

have been observed in co-infections with poleroviruses in some host plants (Peng et al., 

2021; Sanger et al., 1994; Falk and Duffus, 1984). Interestingly, increased symptom severity 

upon co-infection of tlaRNAs and poleroviruses has been observed to be host-dependent 

(unpublished observations).

Accumulation of a large amount of the sgRNA produced by ST9 and other tlaRNAs during 

infections underscores the potential importance of this sgRNA and led to investigations into 

their potential as a messenger sgRNA or its function as a noncoding RNA. Synthesis of 

sgRNAs has been extensively studied in plant systems, and different mechanisms for their 

generation have been proposed (Sztuba-Solińska et al., 2011). Two confirmed methods for 

sgRNA production in plant viruses are internal initiation of transcription on the negative 

strand and premature termination during transcription of the negative strand (Miller and 

White, 2006). A third method for sgRNA production, described most extensively for 

production of noncoding sgRNAs, is incomplete degradation of the viral genomic RNA 

by a host exonuclease (Tycowski et al., 2015).

During internal initiation of transcription, the viral RdRp binds to a non-terminal nucleotide 

sequence on the negative (non-genome) RNA strand and begins transcription at this internal 

locus, thus generating subgenomic RNAs. A key feature underlying this mechanism for 

sgRNA production is a subgenomic promoter, the nucleotide sequence that is recognized and 
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bound by the RdRp for initiation (Miller and Koev, 2000; Siegel et al., 1997). The promoter 

can be located either upstream or downstream of the sgRNA 5’ end, although most known 

subgenomic promoters map to a region just upstream of the 5’ end of the sgRNA and may 

proceed a handful of nucleotides downstream into the sgRNA sequence itself (Levis et al., 

1990; Van der Vossen et al., 1995; Johnston and Rochon, 1995). Premature termination can 

occur during transcription of negative strand RNA by the viral RdRp, resulting in negative 

sense sgRNAs with 5’ ends coterminal with the genomic 3’ end. These RNAs can then be 

used as templates for transcription into positive sense sgRNAs and can serve as subgenomic 

mRNAs (Sztuba-Solińska et al., 2011; White, 2002; Choi and Andrew White, 2002).

Incomplete degradation of viral genomes by host nucleases can lead to sgRNA production. 

Many + ssRNA viruses replicate in the cytoplasm and lack features such as 5’ caps and 

poly(A) tails which shield RNAs from endogenous decay, thus these viruses must find 

ways to evade the host RNA decay machinery (Dickson and Wilusz, 2011). The primary 

exonuclease responsible for RNA decay in the cytoplasm is XRN1 (in plants, XRN4 is the 

homolog of XRN1), which requires its substrates to possess a monophosphate at the 5’ end 

in order to initiate decay, and proceeds in a 5’ to 3’ direction, reducing its substrates to 

mononucleotides (Slonchak and Khromykh, 2018). XRN1’s processing activity is powerful; 

it has been shown to degrade highly structured RNAs such as internal ribosome entry sites 

(IRES) and ribosomal RNA (Pijlman et al., 2008). Viral resistance to XRN1 has been 

studied most thoroughly for members of the genus Flavivirus, and the crystal structure of the 

RNA elements responsible for stalling XRN1 was determined for Murray Valley encephalitis 

virus and Zika virus (Chapman et al., 2014; Akiyama et al., 2016). RNA secondary and 

tertiary structures generate a conformation which physically blocks and stalls the enzyme 

(Chapman et al., 2014; Kieft et al., 2015; Steckelberg et al., 2018a). Multiple viral families 

have been found to contain elements capable of stalling the enzyme (Steckelberg et al., 

2018b; Charley et al., 2018), suggesting that many viruses share the strategy of stalling 

XRN1 as an inherent part of their biology. Recently, the umbravirus Opiumpoppy mosaic 
virus (OPMV) was found to generate a translated sgRNA via XRN’s exonucleolytic activity 

(Ilyas et al., 2021). In addition to stalling XRN1, many of the small RNAs produced by the 

enzyme’s decay activity have been shown to play important roles in defense against the host 

immune system, thereby creating a more favorable environment for viral infection (Pompon 

et al., 2017; Schuessler et al., 2012).

As members of the family Tombusviridae, tlaRNAs fall into the group of +ssRNAs 

especially susceptible to host RNA decay since they possess neither 5’ caps nor poly(A) 

tails (Miller et al., 2002). Recent work has demonstrated a number of plant-infecting RNA 

viruses possess structured RNA elements which resist degradation by XRN1 and thus 

lead to accumulation of decay intermediates during infection (Steckelberg et al., 2018b; 

Gunawardene et al., 2019; Dilweg et al., 2019). In the current work, the mechanism of 

sgRNA generation of the tlaRNA ST9 was examined using mutational analyses and in vitro 
XRN1 resistance assays. The function of the sgRNA was investigated using mutational 

analysis to determine whether a protein might be produced from the sgRNA. The results of 

our study provide strong evidence that the ST9 sgRNA is a noncoding RNA not produced 

via the action of a subgenomic promoter but through incomplete degradation of the genomic 

RNA by XRN1.
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2. Materials and methods

2.1. Plant infections and RNA extractions

To assess both wild type ST9 and generated mutants’ dynamics in planta, the Agrobacterium 
tumefaciens (now known as Rhizobium radiobacter, but referred to in this report as 

A. tumefaciens) strain GV3101 was used to infect plants with an infectious clone 

of ST9 designated JL89:ST9 and JL89:ST9-derived mutants (Campbell et al., 2020). 

Bacteria were transformed, cultured, and resuspended to an A600 of 0.8 (Lindbo, 2007). 

Bacterial suspensions were syringe infiltrated into transgenic Nicotiana benthamiana (N. 
benthamiana) plants constitutively expressing the turnip mosaic virus silencing suppressor 

protein HC-Pro to increase viral RNA and protein accumulation, as done previously (Wang 

et al., 2009; Qiao and Falk, 2018; Qiao et al., 2018). 0.1g of infiltrated tissue was harvested 

4 days post inoculation (dpi) and flash frozen with liquid nitrogen. RNA was extracted with 

TRIzol as per manufacturer’s protocol (Thermo Fisher Scientific, Waltham MA).

2.2. Northern blot hybridizations

Northern blotting was performed to assess RNA production and accumulation. Creation 

of radioactive probes and northern blotting procedures were done as published previously 

(Matsumura et al., 2019). All hybridizations were performed at 65°C overnight, with a probe 

concentration of 2 × 106cpm/ml. Primers used in probe creation are listed in Supplementary 

Table 1.

2.3. Mutational analyses

Mutants were created to investigate involvement of a potential subgenomic promoter in 

sgRNA production, as well as to examine the protein coding capacity of the P4 ORF. 

Constructs were created using mutagenic primers listed in Supplementary Table 1 using the 

NEBuilder HiFi Cloning method with the JL89:ST9 infectious clone as the template (New 

England Biolabs, Ipswich, MA). Agroinfiltrations and RNA extractions were performed 

as above, and tissue was harvested from infiltrated areas at 4 dpi. RNA extracts were 

analyzed by northern hybridization as described above. To ensure that mutations were 

maintained throughout the duration of the experiments, aliquots of the RNA used in 

the northern hybridizations were treated with RNAse-free DNAse I (Qiagen) and column-

cleaned with the Zymo RNA Clean and Concentrator kit (Zymo). Treated RNAs were 

normalized to the same concentration and cDNAs were created using the High Capacity 

RT reverse transcriptase kit (Applied Biosystems, Waltham, MA). cDNAs and mock cDNA 

preparations incubated without reverse transcriptase were submitted to PCR reactions with 

primers flanking the mutation/deletion sites. Products were both analyzed in 1% agarose 

gels and sent for sequencing.

2.4. XRN1 in vitro decay assays

To test whether ST9 could resist XRN1 degradation, a region of ST9 sequence (nucleotides 

2151–2563) beginning just upstream of the 3’ UTR and spanning to downstream of the 

sgRNA 5’ end was directly subjected to challenge by the enzyme in vitro. The XRN1 

in vitro decay assays were conducted as published previously (Moon et al., 2012, 2015). 
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Templates used for in vitro transcription were either synthesized by Integrated DNA 

Technologies (IDT, Coralville, Iowa) or have been previously described (Moon et al., 2012). 

Samples of the decay reactions were collected at the time points indicated, decay products 

were separated in 5% denaturing PAGE gels containing 7 M urea, and visualized via 

phosphorimaging as described (Moon et al., 2012). The sequences of the DNA templates for 

in vitro transcription and subsequent decay assays are listed in Supplementary Table 2.

3. Results

3.1. Characterization of the tlaRNA 3’ UTR and sgRNA

All studied tlaRNAs have been observed to produce an abundant, similarly sized sgRNA in 

both positive and negative RNA polarities (Campbell et al., 2020). This sgRNA is highly 

abundant in the positive sense upon infection, and previous work indicated it is likely to 

be coterminal with the 3’ end of the genomic RNA (Campbell et al., 2020). There are no 

predicted open reading frames (ORFs) in tlaRNAs after the one encoding the RdRp, called 

ORF 1b, thus the remainder of the genome is expected to constitute the 3’ untranslated 

region (UTR) (Fig. 1A). This is intriguing in that the 3’ UTR is then quite long, comprising 

roughly 17% of the genome (compare to the 3’ UTR of tomato bushy stunt virus, the type 

member of the Tombusviridae, which comprises only ~ 7% of the genome) (Na et al., 2006). 

Viral 3’ UTRs are known to play key roles in replication, mRNA stability and translation. 

In order to elucidate the role that this long 3’ UTR and sgRNA play in tlaRNA infection, 

we first characterized the sgRNA produced by the ST9 and other tlaRNAs. The 5’ end of 

the sgRNAs produced by ST9 and three other isolates representing two distinct tlaRNA 

subclades were determined via 5’ Rapid Amplification of cDNA Ends (RACE). As seen in 

Table 1, the sgRNAs were shown to be comprised of nearly the entire 3’ UTR and to be 

~467–517 nucleotides long.

As a verification that the lower molecular weight RNA species seen in northern 

hybridizations of ST9 RNA was indeed the sgRNA, RNA transcripts corresponding to the 3’ 

467 nucleotides of ST9 were generated in vitro. A previously described infectious clone of 

ST9, termed JL89:ST9 was agroinfiltrated into Nicotiana benthamiana (N. benthamiana) 
plants and infiltrated tissue was harvested four days later and used in hybridizations 

alongside the in vitro transcribed RNA (Campbell et al., 2020). The RNA transcripts and the 

sgRNA of ST9 migrated to the same position in the gel, confirming the sgRNA size (Fig. 

1B). To confirm the genomic location the sgRNA is derived from, six probes of between 

340 and 400 nucleotides each were designed to span the length of the ST9 genome. When 

northern blot hybridizations of ST9 RNA derived from the infected tissue were performed 

with these probes, only the 3’-most probe was able to hybridize with the sgRNA, while 

all six probes hybridized with the genomic RNA (Fig. 1C). Therefore we conclude that, in 

agreement with previous results (Campbell et al., 2020), the ST9 sgRNA is 3’ coterminal 

with the genomic RNA.

3.2. The ST9 sgRNA is likely a noncoding transcript

Examination of the 3’ UTR of ST9 revealed one short ORF of ~3.4 kDa, termed P4. 

In an effort to explore the function of the ST9 sgRNA and decipher whether it was a 
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messenger sgRNA or served another purpose during infection or coinfection, the P4 ORF 

was investigated for protein expression. Firstly, the sequence context surrounding the P4 

start codon was compared to the modified Kozak context for optimal initiation of translation 

in plants, which is R(A/C)NaugGC where R is a purine and N is any nucleotide (Hernández 

et al., 2019; Gupta et al., 2016). The most important positions for translation initiation are 

−3, the purine, and +4 G. The P4 start codon context is CAUaugGU, which maintains only 

one of the two critical positions and is thus less than optimal for translation initiation.

Next, a mutant was designed to interfere with protein expression from the P4 ORF by 

eliminating its start codon (Fig. 2). The mutant was inoculated into N. benthamiana plants 

and in agreement with previous observations that tlaRNAs in the absence of a coinfecting 

virus don’t induce symptoms, infected plants were indistinguishable from wild type. RNA 

was extracted from infected plants, used in northern hybridizations, and sequencing results 

confirmed all mutations were maintained throughout the duration of the experiment. The 

mutant yielded genomic and subgenomic RNA accumulations indistinguishable from wild 

type ST9. The results of the mutational analysis indicate that a hypothetical protein derived 

from the P4 ORF has no essential function related to the replication, infection, or sgRNA 

production of ST9 (Fig. 2).

3.3. Subgenomic promoter-driven expression of the ST9 tlaRNA sgRNA is unlikely

To investigate internal initiation of transcription as a potential mechanism underlying 

production of the ST9 sgRNA, experiments targeting the function of a potential subgenomic 

promoter were undertaken. In many virus species, the promoters responsible for mediating 

sgRNA generation have been shown to require strict sequence specificity. For example, in 

TMV, individual substitution mutations in the 5 nucleotides before and after the transcription 

start site of the I2 sgRNA impacted the production of the sgRNA, including abolishing 

it or reducing its accumulation to around 5% of wild type levels (Grdzelishvili et al., 

2000). Thus, mutations in the genome sequence surrounding the 5’ end of the ST9 sgRNA 

were engineered to disable or alter the function of a potential subgenomic promoter. 

A series of one, two, and three nucleotide substitution mutants, with the substitutions 

in the genomic RNA sequence occurring within four nucleotides of the 5’ terminus of 

the sgRNA were generated (Fig. 3). In some of these the 5’ terminal nucleotide of the 

sgRNA was altered, and in some mutants, guanine bases were specifically targeted for 

substitution because previous studies, examining barley yellow dwarf virus and flock house 

virus respectively, had successfully eliminated sgRNA production employing these methods 

(Koev and Miller, 2000; Eckerle and Ball, 2002). The constructs were agroinfiltrated into 

N. benthamiana plants and RNA extracted from infiltrated tissue was analyzed via northern 

blot hybridization for both positive and negative sense RNAs. Sequencing results confirmed 

all mutations were maintained throughout the duration of the experiment. For all mutants 

genomic and subgenomic RNA accumulation was indistinguishable from wild type, in both 

positive and negative RNA polarities (Fig. 3). These results show that the genome sequence 

immediately surrounding the 5’ end of the sgRNA is tolerant of minor changes and that the 

identity of the 5’ terminal nucleotide itself is not critical for sgRNA synthesis.
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In light of minor changes to the nucleotide sequence surrounding the 5’ end of the sgRNA 

having no observable effect on ST9, two deletion mutants were created in a further attempt 

to disable any potential subgenomic promoter driving transcription of the sgRNA. Deletions 

of 15 and 45 nucleotides respectively were introduced into the genomic RNA immediately 

upstream of the sgRNA 5’ terminus (Fig. 4). Northern blot hybridization analysis using 

RNA extracted from plants agroinfiltrated with the deletion mutant constructs showed that 

neither deletion had any measurable effect on genomic or sgRNA accumulation in either 

positive or negative RNA polarity (Fig. 4). These results indicate that no sequence or 

structure in the genomic RNA within 45 nucleotides upstream of the 5’ end of the sgRNA is 

critical for replication of ST9, or production of its sgRNA. This is an unusual finding for the 

region upstream of a sgRNA produced by internal initiation of transcription, since the core 

sequence of most subgenomic promotors lies directly upstream of the 5’ end of the sgRNA. 

The results presented here strongly suggest that no subgenomic promoter is involved in the 

production of ST9’s sgRNA and, by extension, that internal initiation of transcription is 

unlikely to be the mechanism underlying sgRNA generation.

3.4. The 3’ UTR of ST9 stalls XRN1 processive decay near the 5’ end of the sgRNA

Since experiments intended to abolish sgRNA production through disabling a potential 

subgenomic promoter failed to eliminate sgRNA production, the possibility that the major 

host RNA decay enzyme XRN1 might play a role in accumulation of the ST9 sgRNA as a 

stable decay intermediate was investigated. We performed in vitro decay assays in which the 

proximal region of the 3’ UTR of ST9 was cloned into a reporter construct, transcribed into 

5’ monophosphorylated RNA using radioactively labeled UTP, and incubated with XRN1 

(Fig. 5A).

The reporter construct used in these assays contained the ST9 sequence in its 5’ portion 

while the 3’ end of the reporter construct contained a 58 nucleotide long portion of the 

dengue virus-2 (DENV) 3’ UTR that forms a three helix junction (THJ) structure that has 

been shown previously to strongly inhibit and stall XRN1 (Fig. 5A) (Moon et al., 2012, 

2015). The DENV-derived structure at the 3’ end serves as an internal control; if nothing 

preceding it stalls XRN1, a degradation readout product of roughly 58 nucleotides will be 

present, indicating the exonuclease successfully moved through the body of the RNA but 

could still be stalled by a known structural element in the 3’ portion of the reporter. RNA 

reaction products were separated by PAGE and imaged via phosphorimaging.

To assess whether the ST9 3’ UTR was capable of stalling XRN1, 413 nucleotides of 

ST9 sequence were inserted into the degradation assay reporter construct. This insert 

encompassed 228 nucleotides upstream and 185 nucleotides downstream of the sgRNA 5’ 

end. The construct was transcribed in vitro into RNA and subjected to XRN1 degradation 

(Fig. 5). Samples of the reaction were collected over consecutive timepoints to observe the 

decay process over time. A positive control consisted of a reporter construct containing a 

larger portion of the wild type DENV-2 3’ UTR which includes the THJ sequence at its 

3’ end. As the negative control, additional minimally structured sequence derived from the 

pGEM4 plasmid (Promega) was inserted upstream of the DENV THJ sequence (Moon et al., 

2012) (Fig. 5A).
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Over the course of the incubation, a decay intermediate from the ST9 3’ UTR proximal 

sequence insert was clearly produced (Fig. 5B). Imaging analysis comparing the decay 

intermediate with the most proximal band of the ladder estimated the decay intermediate 

to be ~230 nucleotides, placing the XRN1 stall site within roughly 14 nucleotides of the 

sgRNA start site as determined through 5’ RACE. The assay was similarly performed in 

HeLa cell cytoplasmic extracts which have been frequently used in XRN1 decay assays 

due to their high level of enzymatic activity (Boehm et al., 2016; Michalski et al., 2019). 

The XRN1 degradation assays using HeLa cytoplasmic extracts yielded the same results 

as the assay with recombinant XRN1 derived from yeast (Fig. 5C). These results clearly 

demonstrate that a sequence in the 3’ UTR near or at the 5’ end of the sgRNA can efficiently 

stall XRN1 in vitro. This suggests that a similar phenomenon likely takes place in planta 
and that the sgRNA generated by ST9 during infection is produced by exonucleolytic decay 

enacted on the genomic RNA.

4. Discussion

In this work the generation and function of the ST9 sgRNA were investigated and the results 

strongly suggest that the sgRNA is noncoding and is not generated by internal initiation 

of transcription. Production of sgRNAs is a common phenomenon among + ssRNA 

viruses, and several studies have characterized their expression via subgenomic promoters 

(Grdzelishvili et al., 2000; Koev and Miller, 2000; Miller et al., 1985). Subgenomic 

promoters range in terms of the size of the core sequence needed for function from about 

24 to over 100 nucleotides, and are generally located immediately upstream of the 5’ 

end of the sgRNA in the genomic context (Miller and Koev, 2000). For example, in the 

carmovirus turnip crinkle virus (TCV), the minimal sequence required for subgenomic 

promoter function for the 1.45 kb sgRNA was mapped to a sequence comprising 90 bases 

upstream of the sgRNA 5’ end and only 6 bases downstream (Wang and Simon, 1997). 

The Sindbis virus subgenomic promoter was similarly shown to require at least the 18 

nucleotides upstream of the sgRNA transcription start site, while only the 5 nucleotides 

downstream were required to maintain activity (Levis et al., 1990). In the case of ST9, the 45 

nucleotides upstream of the 5’ end of the sgRNA were shown to be dispensable for sgRNA 

production. This result is rare for sgRNA expression mediated by an internal promoter and 

suggests another mechanism underlies production of the ST9 sgRNA.

This is further supported by the finding that the genome sequence immediately surrounding 

the 5’ end of the sgRNA is tolerant of substitutions. The seven nucleotide substitution 

mutants examined in this study had indiscernible effects on the accumulation of the sgRNA. 

This would be unexpected if the examined sequence was part of a subgenomic promoter 

since they usually have strict sequence specificity and minor changes have been shown 

to alter their function. For example, substitution of the first nucleotide of the sgRNA of 

Striped Jack nervous necrosis virus (family Nodavirus) in the genomic context resulted in 

the ablation of positive sense sgRNA, though the sgRNA accumulated in the negative sense 

(Iwamoto et al., 2005).

The in vitro degradation assays presented here demonstrate that a sequence within the ST9 

3’UTR, estimated to include the 5’ end of the sgRNA, is capable of resisting XRN1. Thus, 
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of the two mechanisms for sgRNA generation investigated here, there is strong evidence 

against internal initiation of transcription, while incomplete degradation of the genomic 

RNA by 5’-3’ exonucleases is likely to operate in the production of the ST9 sgRNA. 

It is probable that ST9 resists the homolog of XRN1, XRN4, in planta, and that this is 

responsible for the observed accumulation of the sgRNA.

The work presented here offers an intriguing insight into novel potential roles of ST9 in 

coinfections. The mutational analysis shown here provides evidence the ST9 sgRNA is 

likely not a messenger RNA, thus its role in infections is likely carried out as a noncoding 

RNA. It is also worth noting that other examined tlaRNAs lack ORFs similar to P4, which 

adds support for the hypothesis that the ORF in the ST9 sgRNA is nonfunctional.

In plants, where coinfections are common, the molecular mechanisms underlying 

interactions between viruses are receiving more attention. Synergistic interactions are 

noted in many coinfections with members of the potyvirus family, mediated in part 

by the role played by the helper component proteinase (HC-Pro) which acts as a 

potent post transcriptional gene silencing suppressor (Anandalakshmi et al., 1998). A 

mutualistic interaction is observed between umbraviruses, which lack coat proteins, and 

the members of the family Luteoviridae they associate with. Viruses in the Luteoviridae 
are normally phloem-restricted. However, in coinfections with umbraviruses, they achieve 

cell-cell movement via utilization of one of two umbravirus movement proteins, while 

the umbravirus gains encapsidation and thus aphid transmission (Taliansky et al., 2003; 

Taliansky and Robinson, 2003). Interestingly, one of the two sgRNAs of the umbravirus 

OPMV is produced through XRN activity and is translated. Mutating the sequence 

responsible for XRN stalling dramatically reduced the accumulation of genomic and 

subgenomic RNA, suggesting a critical role for the sgRNA or its encoded protein in 

infection, facilitated by the host RNA decay system (Ilyas et al., 2021). Another group of 

coat protein-dependent subviral RNAs related to umbraviruses (ulaRNAs) and only slightly 

larger than tlaRNAs (2.7–4.6 kb) have recently been described (Liu et al., 2021). Similar 

to the tlaRNAs, ulaRNAs encode an RdRp for replication yet depend upon coinfection 

with a viral partner for encapsidation (Liu et al., 2021). Notably, ulaRNAs were shown 

to be protected against nonsense mediated decay (NMD), a key facet of the host mRNA 

surveillance and quality control system. NMD in plants is enacted by UPF1 upon detection 

of lengthy (>200 nts) 3’ UTRs, a feature both of aberrant mRNAs with premature 

termination codons, and many viruses or subviral RNAs (Kerényi et al., 2008; Kertész et 

al., 2006). An unspecified element near the 5’ end of the ulaRNA 3’UTR was shown to 

prevent NMD and represents a candidate molecular mechanism which may influence the 

interaction between ulaRNAs and coinfection partners (Liu et al., 2021). Collectively, these 

studies along with the work presented here demonstrate that subviral RNAs can interact with 

cellular RNA decay factors as a natural part of infection.

Intriguingly, coinfection of ST9 with the polerovirus beet western yellows virus (BWYV) 

has been shown to produce more severe symptoms and lead to higher accumulation of 

BWYV RNA than in single infections (11).While the molecular mechanisms underlying the 

increased symptom severity observed in coinfections of BWYV and tlaRNA ST9 have yet 

to be elucidated (Falk and Duffus, 1984), it is worth noting the stalling of XRN1 by ST9 
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RNAs could play a role. Given that the delay of XRN1’s decay activity while stalled on viral 

RNA structures has been shown to be sufficient to cause dysregulation of gene expression 

(Moon et al., 2015), an intriguing possibility is that by attracting and stalling XRN1, ST9 

genomic RNAs can act as ‘decoys’ to generally impair XRN1’s cytoplasmic function. The 

benefit yielded to ST9 by thus creating a more favorable environment for viral replication 

without having to avoid cytoplasmic 5’-3’ exonucleases, for all co-infecting viral partners, 

may outweigh the cost of producing ‘decoy genomes’ that ultimately will not be used in 

the infection cycle. While this effect would be derived from the genomic RNA, via the 3’ 

UTR, a role for the noncoding sgRNA that is produced also needs to be considered. The 

small RNAs produced upon XRN1 degradation of flavivirus genomes have been shown 

to be directly responsible for causing cytopathic effects, dysregulation of gene expression, 

and mortality in animal models (Schuessler et al., 2012; Moon et al., 2012; Michalski et 

al., 2019). The resistance of ulaRNAs against NMD and tlaRNAs against XRN1 offers 

an intriguing view into how subviral noncoding RNAs could significantly impact the viral 

partners they depend upon in coinfections through subversion of the host RNA decay system 

and perhaps other aspects of the RNA biology of the cell. The results presented here lay 

clear foundations for future research to address these enticing questions about the ways in 

which viruses and subviral RNAs can interact with one another upon coinfection.
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Fig. 1. 
Mapping of the ST9 subgenomic RNA. A) Diagram of the tlaRNA ST9 genome. ORFs 1a 

and 1b are shown in colored boxes; they produce the RdRp via translational readthrough 

of the UAG amber stop codon, indicated by a filled triangle. The sgRNA is shown beneath 

its corresponding genome location. B) Northern hybridization of ST9 RNA extracted from 

infected N. benthamiana, ST9, empty vector control, ev, and increasing concentrations of 

in vitro transcripts, Ivts, corresponding to the 3’ 467 nts of ST9. Transcript concentrations 

increase left to right 500 ng, 700 ng, 900 ng. The genomic RNA is indicated with a filled 

triangle, sgRNA is indicated with an asterisk. A positive sense probe was used to detect 

the negative sense RNA. The upper band seen in the Ivt lanes is presumed to be a dimer 

of the transcript. C) The genome of ST9 is shown with thick lines underneath to represent 

the location of each of the 6 probes used in the northern hybridizations. The exposures of 

blots using each probe are shown beneath their corresponding lines. Probes 4 and 5 are 

shown with overexposures, OX, to demonstrate no sgRNA was found using these more 3’ 

probes. The genomic RNA is indicated with a filled triangle, the sgRNA is indicated with an 

asterisk.
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Fig. 2. 
The P4 knock out mutant has no effect on ST9 replication or sgRNA production. The wild 

type (WT) ST9 P4 translated amino acid sequence is shown above, the amino acid sequence 

of the mutant is indicated below. The abbreviation for the mutant is listed next to its amino 

acid sequence. The stop sign symbol indicates an introduced stop codon. Below, northern 

hybridizations show the mutant in both positive (+) and negative (−) polarities, along with 

the wild type ST9 and empty vector control, ev. The genomic RNA is indicated with a filled 

triangle, the sgRNA is indicated with an asterisk. The band intensities were quantified using 

the ImageJ software package, normalized against their loading controls, and the ratio of each 

band intensity to the wild type ST9 band intensity is shown above, for the genomic RNA, 

and below, for the sgRNA. Methylene blue staining of the 18S ribosomal RNA as loading 

control is shown at bottom, LC.
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Fig. 3. 
Nucleotide substitution mutations around the 5’ end of the sgRNA do not affect production 

of the sgRNA. RNA sequences of the 7 substitution mutants are shown above their 

corresponding northern blots. Mutants are labeled 1–7 as indicated, and the ST9 wild type 

sequence is shown at the left. The 5’ terminal nucleotide of the sgRNA is indicated in red 

type. Other substitution mutations are indicated in blue type. Positive (+) and negative (−) 

sense RNA is shown. Exposures for the (+) RNAs were between 2.5 and 6 h and exposures 

for the (−) RNAs were between 11 and 16 h. Genomic RNA designated by a filled triangle, 

sgRNA designated by a asterisk. Methylene blue stained 28S or 18S ribosomal RNA is 

shown as a loading control (LC) for the positive sense RNAs or negative sense RNAs, 

respectively.
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Fig. 4. 
Deletions upstream of the sgRNA start site do not affect sgRNA production or genome 

replication. The ST9 genome is diagrammed at the top, with a red arrow indicating the 5’ 

terminus of the sgRNA. A region upstream of the 5’ terminus is shown enlarged below. 

The overlapping locations of the 15 and 45 nucleotide deletions are shown by dashed and 

dotted lines respectively. Northern hybridizations for each deletion are shown below, with 

the wild type ST9 at right. The numbers 1 and 2 indicate samples from two individual plants 

agroinfiltrated with the construct indicated above the panel. Positive (+) and negative (−) 

sense RNA is shown, (+) RNAs were exposed for between 2 and 6 h and (−) RNAs were 

exposed for either 16 h or 4 days. A filled triangle indicates the genomic RNA, an askterisk 

indicates the sgRNA. Methylene blue stained 28S ribosomal RNA as loading controls are 

shown at the bottom, LC.
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Fig. 5. 
ST9 efficiently resists XRN1 degradation in vitro. A) Diagrams of the reporter constructs 

used in all XRN1 decay assays. The GEM4 nonstructured sequence to allow for efficient 

XRN1 loading is shown boxed; in the GEM4 negative control, all sequence between the 

SP6 promoter and DENV three helix junction (THJ) sequence is derived from the pGEM4 

plasmid. The DENV THJ sequence is indicated by a box; in the positive control a dashed 

line designates the 5’ end of the DENV THJ, since in this construct all sequence downstream 

of GEM4 is the wild type DENV-2 3’UTR. In the ST9 construct, 413 nts of ST9 sequence 

was inserted into the reporter and the 5’ terminus of the sgRNA is indicated with a 

vertical dash. The nucleotide lengths of each part of the constructs are shown below. B) 
XRN1 decay assays for the GEM negative control, ST9, and the DENV positive control. 

Samples of the reaction were collected at the times, in seconds, listed at top. The generated 

decay intermediates are designated with an arrow. The DENV THJ readout intermediate is 

indicated by a diamond. An increased exposure, IE, of the DENV THJ readout is shown 

below each panel. The RNA marker, M, loaded in each gel is shown at the left and the 

sizes of each product in the ladder are given in the panel at the far left. The marker shown 

next to each gel is the marker loaded in that gel; in the ST9 and DENV panels, the marker 

was moved to be closer to the sample lanes for ease of size comparison. The GEM and 

DENV markers are the same, as these reaction products were loaded into the same gel. C) 
XRN1 decay assays using the ST9 construct in reactions with HeLa cell cytoplasmic extract, 

left, and rXRN1 derived from yeast, right. Samples of the reactions were collected at times 

indicated at the top. ST9 decay intermediate denoted with an arrow, DENV THJ readout 

intermediate indicated with a diamond. The RNA marker, M, is shown at left with sizes as 

indicated.
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Table 1

tlaRNA sgRNA start site determination via 5’ RACE.

tlaRNA Subclade sgRNA
start site

No. clones with indicated
start site/total sequenced

sgRNA
length

ST9 II A2378 8/10 467 nts

Alpha I C2363 16/22 471 nts

Gamma I C2365 5/7 471 nts

Sigma I C2358 12/17 517 nts
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