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Summary

¢ In plants, exoribonuclease-resistant RNAs (xrRNAs) are produced by many viruses. Whereas
xrRNAs contribute to the pathogenicity of these viruses, the role of xrRNAs in the virus infec-
tious cycle remains elusive.

e Here, we show that xrRNAs produced by a benyvirus (a multipartite RNA virus with four
genomic segments) in plants are involved in the formation of monocistronic coat protein
(CP)-encoding chimeric RNAs. Naturally occurring chimeric RNAs, we discovered, are com-
posed of 5'-end of RNA 2 and 3’-end of either RNA 3 or RNA 4 bearing conservative
exoribonuclease-resistant ‘coremin’ region.

¢ Using computational tools and site-directed mutagenesis, we show that de novo formation
of chimeric RNAs requires intermolecular base-pairing interaction between ‘coremin’ and
3’-proximal part of the CP gene of RNA 2 as well as a stem-loop structure immediately
adjacent to the CP gene. Moreover, knockdown of the expression of the XRN4 gene,
encoding 5’ —3’ exoribonuclease, inhibits biogenesis of both xrRNAs and chimeric RNAs.

e Our findings suggest a novel mechanism involving a unique tropology of the intermolecular
base-pairing complex between xrRNAs and RNA2 to promote formation of chimeric RNAs in
plants. XrRNAs, essential for chimeric RNA biogenesis, are generated through the action of

cytoplasmic Xrn 4 5’ -3’ exoribonuclease conserved in all plant species.

Introduction

Most cellular and viral RNAs fold into distinctive and complex
3D structures that are essential for various biological processes.
The inherent property of RNA as flexible and dynamic molecule
makes it an ideal platform for alteration of 3D structure in
response to diverse cellular conditions (Ganser er al, 2019).
Many RNA viruses actively explore this property to regulate
expression of their genomes, to suppress host defence mechan-
isms, and even to co-opt cellular RNA decay machinery to pro-
duce exoribonuclease-resistant RNAs (xrRNAs; Pijlman ez al,
2008; Moon et al., 2012; Peltier er al., 2012; Schuessler ez al.,
2012; Schnettler et al., 2012; Bidet et al., 2014; Liu et al., 2014;
Roby et al., 2014; Manokaran et al., 2015; Moon et al., 2015a,b;
Akiyama et al., 2016; Flobinus ez al., 2016; Charley et al., 2018;
Steckelberg ez al, 2018a,b). Moreover, viral RNAs can be
engaged in various intramolecular and intermolecular base-
pairing interaction leading to template switching during virus
replication cycles and, subsequently, formation of various aber-
rant and defective RNAs (D-RNAs), among which defective
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interfering RNAs (DI-RNAs) are the most well studied class
of these molecules (Pathak & Nagy, 2009; Lukhovitskaya ez 4/,
2013).

Beet soilborne mosaic virus (BSBMV) and beet necrotic yellow
vein virus (BNYVV), both positive-sense single-stranded RNA
(+ssRNA) viruses, belong to the genus Benyvirus (family Benyvir-
idae). The BSBMV has four-partite genome, whereas BNYVV
has four- or five-partite genome depending on the virus isolate
with RNA 5 as an additional genomic component (Koenig
et al., 1997). Following cell entry, the genome is translated into
six proteins in addition to the synthesis of subgenomic RNAs
(sgRNAs) that encode another four to six accessory proteins
(Niehl ez al, 2021). Collectively, these proteins enable viral repli-
cation, cell-to-cell movement, assembly, and transmission in soil
by a plasmodiophorid vector Polymyxa betae (Niehl et al., 2021).

Both viruses have similar genome organisation (Niehl er 4l,
2021). High levels of sequence conservation and sequence iden-
tity between BSBMV and BNYVV suggest functional similarity
of the corresponding genes in both viruses. Furthermore, the
genomic components can be exchanged between two viruses
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resulting in viable reassortants (Lee ez /., 2001; Ratti ez a/., 2009;
Gil ez al., 2018). The RNA1 encodes a viral replicase harbouring
motifs for methyltransferase, helicase, papain-like protease and
RNA-dependent RNA polymerase. The RNA2 encodes a coat
protein (CP), a longer version of CP with a readthrough domain
(CP-RTD) involved in vector transmission, the triple gene block
(TGB) of movement proteins and a zinc-finger protein (P14), a
viral suppressor of RNA silencing (Tamada & Kusume, 1991;
Gilmer et al., 1992; Chiba et al., 2013). The BNYVV RNA3 is
needed for long-distance movement of the virus in Bez species
(Lauber et al, 1998) and encodes the P25 virulence factor
responsible for development of rhizomania syndrome in sugar
beet (Tamada et al, 1999). Likewise, BSBMV RNA3 is also
involved in long-distance movement of the virus, but encodes a
29kDa protein (P29) that shares only a 23% amino acid
sequence identity with the P25 virulence factor (Ratti
et al., 2009). The P31 and P32 proteins encoded by RNA4 of
BNYVV and BSBMV, respectively, are required for efficient
transmission of the viruses by P. betae vector (Tamada &
Abe, 1989; D’Alonzo et al., 2012).

Several types of D-RNAs and DI-RNAs associated with beny-
virus infections (Wang et al., 2011). Moreover, BNYVV RNA 3
employs structures located in its 3’-untranslated region (UTR) to
stall 5'—3’ exoribonuclease (Xrn; Flobinus et a/, 2018). This
process results in the production of xrRNA or so-called noncod-
ing RNA 3 (ncRNA3) that participates (together with the P14
protein) in suppression of RNA silencing, the host antiviral
defence mechanism (Flobinus ez 4/, 2016). The studies of ‘core’
sequence providing Xrn resistance led to identification of the
20 nt-long ‘coremin’ motif conserved in all benyviruses and some
cucumoviruses (Peltier et al, 2012). ncRNA3 achieves Xrnl
resistance through formation of two proximal hairpins separated
by a short spacer sequence (Dilweg er al., 2019).

D’Alonzo et al. (2012) described accumulation of noncoding
aberrant (chimeric) RNA consisting of partial sequences of RNA 3
and RNA 4 of BNYVV. Although, nothing is known about bio-
genesis of this particular RNA or whether it is produced de novo
during virus replication cycles, the aberrant RNA remained stable
even after 20 serial manual passage of the virus in Chenopodium
quinoa (D’Alonzo et al., 2012). Furthermore, in other viruses, some
novel types of RNAs have been reported, including tandem dupli-
cations of 3'-termini and even generation of dimeric viral RNA spe-
cies (Bertran er al, 2016; Blum ez al,, 2017). Noticeably, in both
cases the duplications were arranged in a head-to-tail array. The
molecular mechanism hypothesised to give rise to such molecules
relies on the assumption that, during replication, template switch-
ing occurs presumably on intermolecular base-pairing complexes.
Indeed, 77 silico analysis showed that intermolecular base-pairing
interaction could be widespread and common among multipartite
RNA viruses (Gilmer et al., 2018).

These discoveries suggest that the network of base-pairing
interactions in viruses can be more complex than previously
anticipated. Moreover, upon virus replication, these interactions
might give rise to novel, yet uncharacterised or overlooked RNA
species. Indeed, in this study, we report a discovery of novel
monocistronic CP-encoding chimeric RNA species associated
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with benyvirus infections. Our work revealed three principal fea-
tures — namely: a stem-loop (SL) region immediately adjacent to
the CP cistron of RNA 2; a intermolecular base-pairing region
formed between 3’-proximal part of the CP cistron of RNA2 and
the ‘coremin’ region of RNA 3 or RNA 4; and xrRNAs — regulat-
ing formation of chRNAs. We also identified ‘coremin’ sequence
conserved in many viruses as a pivotal element controlling bio-
genesis of chRNAs. Remarkably, our data also provide evidence
for dual role of ‘coremin’ in virus infection cycle: first as a folded
RNA motif that blocks processive Xrn and second as an element
involved in intramolecular base-pairing with the genomic RNA2
leading to chRNA formation through template switching during
virus replication. Our results suggest an additional level of organisa-
tion and expression of viral RNA genomes — formation of func-
tional chRNAs — beyond classical genomic and sgRNA species.

Materials and Methods

Sample material and RNA isolation

Sugar beet (Beta vulgaris L. ssp. vulgaris) plants were sown and
kept in a quarantine glasshouse at DLF Beet Seed AB (Land-
skrona, Sweden). One-week-old plants were transferred to 0.51
pots supplied with sieved soils containing resting spores of Poly-
myxa betae carrying BSBMV (BSBMV-infested soil).

Nicotiana benthamiana Domin and Beta vulgaris L. ssp. macro-
carpa (Guss.) Thell. plants were grown under long-day condi-
tions (16h:8h, light:dark) with minimum daytime
temperature of 22°C and night-time temperature of 18°C. Four-
week-old N. benthamiana and B. wvulgaris ssp. macrocarpa
plants were used for agroinoculation of BSBMYV infectious clones
(Laufer et al., 2018) and chimeric RNA clones.

For RNA extraction, root (sugar beet) and leaf samples
(N. benthamiana and B. vulgaris ssp. macrocarpa) were collected
4wk after inoculation. Total RNA was extracted using the
MagJET RNA Purification Kit (Thermo Fisher Scientific,
Uppsala, Sweden) according to the manufacturer’s instructions,
including DNase treatment.

Northern blot analysis

For Northern blot analysis, 3 g of total RNA preparations
was separated by formaldehyde gel electrophoresis, transferred
to nylon membranes (Hybond-N; Amersham Biosciences,
Buckinghamshire, UK), cross-linked and hybridised as described
(Sambrook ez al, 1989). Antisense random-primed
Digoxigenin-dUTP-labelled (Sigma-Aldrich) RNA3 3’-UTR-
and RNA4 3'-UTR-specific RNA probes were synthesised with
T7 RNA polymerase (Promega).

Construction of plasmids

Standard recombinant DNA procedures were followed by use of
a combination of PCR, site-directed mutagenesis and ‘Gibson
assembly’ (Gibson et al., 2009). For cloning purposes, RT reac-
tions were performed using Superscript III reverse transcriptase
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(Thermo Fisher Scientific) supplemented with 1x RT reaction
buffer (50 mM Tris—-HCI pH 8.3, 75 mM KCI, 3 mM MgCl2,
1 mM DTT), 2.5 uM reverse primer, 0.5 mM dNTPs and 1 U
RiboLock RNase inhibitor (Thermo Fisher Scientific). Full-
length cDNAs of BSBMV RNA components were PCR ampli-
fied with Phusion High-Fidelity DNA Polymerase (Thermo
Fisher Scientific). Two additional PCR products (2.0 and 1.2 kb)
were cloned into a binary vector pCB302 (KX510272.1) using
In-fusion HD Cloning Kit (Takara Bio Inc., Kyoto, Japan) fol-
lowing the instructions of the manufacturer. The forward and
reverse primers (Supporting Information Table S1) were
designed to generate PCR products containing 5'-ends with
20 bp of sequence identity to the linearised pCB302 vector. The
vector was linearised using 35S-pCB and HDV-pCB primers.
The amplified PCR products and the amplified linearised vector
(opened pCB302)
In-fusion-HD cloning reaction. The reactions were then trans-
formed into Stellar competent cells (Takara Bio Inc.). The puri-
fied plasmids were verified with restriction digestion followed by

were spin-column purified before an

sequencing (Macrogen Europe, Amsterdam, the Netherlands).

To obtain R2R3-BNCP, R2R4-BNCP, R2R3-mRFP and
R2R4-mRFP constructs, BNYVV CP and mRFP genes were
amplified with specific primers (Table S1) and cloned into
pCB302-R2R3 and pCB302-R2R4 full-length infectious agro-
clones engendered previously (see a paragraph above). To this
end, pCB302-R2R3 and pCB302-R2R were PCR-opened using
specific primers (Table S1) and recombined with corresponding
BNYVV CP and mRFP PCR products using In-fusion HD
Cloning Kit, replacing BSBMV CP gene, respectively.

To obtain No-SL1, No-cor-inter, R3-flop-coremin and R4-
flop-coremin constructs, a PCR-based mutagenesis was employed
using infectious full-length R2R3 and R2R4 clones (pCB302-
R2R3 and pCB302-R2R4 plasmids) as a backbone. Specific pri-
mers introducing point mutations are listed in Table S1. PCR
products with introduced mutations were recombined into
pCB302-R2R3 and pCB302-R2R4 plasmids using In-fusion
HD Cloning Kit replacing wt sequences. In the R3-flop-coremin
and R4-flop-coremin constructs, the ‘coremin’ region was
replaced with its reverse complement sequence.

In vitro transcription

Templates for in vitro transcription were generated by PCRs per-
formed on infectious full-length cDNA clones of BSBMV (Laufer
et al., 2018) using specific primers (Table S1). /n vitro transcripts
of BSBMV RNA2, RNA3 and RNA4 were produced with the T7
RiboMAX™ Express Large Scale RNA Production System (Pro-
mega) according to the manufacturer’s instructions. Transcripts
were gel purified with the NucleoSpin Gel and PCR Clean-up
(Macherey-Nagel) according to the manufacturer’s instructions.
Purified transcripts were quantified in a NanoDrop (DeNovix,
Wilmington, DE, USA). Each RNA (100 ng) was subjected to
cDNA synthesis alone and in a mixture with all RNAs using Super-
Script III Reverse Transcriptase (Invitrogen). Potental chimeric
RNAs were detected with specific primers using Phusion™ High-
Fidelity DNA Polymerase (Thermo Fisher Scientific).
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RT-PCR and analysis of stability of introduced mutations

One-microgram aliquots of total RNA samples were used for
oligo(dT)-primed cDNA synthesis with Superscript III reverse
transcriptase (Thermo Fisher Scientific). The obtained ¢cDNAs
were used as templates for a PCR with Phusion High-Fidelity
DNA Polymerase (Thermo Fisher Scientific) and BSBMV-
specific primers, or gene-specific primers (NbEFIo), or BSBMV-
specific plus poly(T) primer (chimeric RNA detection).

The stability of the introduced mutations (see above) was veri-
fied with RT-PCR using the primers detailed in Table S1. The
amplified PCR product was purified using the GeneJET PCR
Purification Kit (Thermo Fisher Scientific) and sequenced
(Macrogen).

Quantification of BSBMV genomic and chimeric RNAs by
RT-qPCR

For qPCR, iScript cDNA synthesis kit (Bio-Rad) was used accord-
ing to the manufacturer’s instructions, followed by qPCR using
DyNAmo Flash SYBR Green qPCR Kit (Thermo Fisher Scienti-
fic). One-microgram aliquots of total RNA were used for cDNA
synthesis in all cases. For quantification of BSBMV genomic and
chimeric RNA, an absolute quantification by RT-qPCR was per-
formed by using plasmids containing each of the BSBMV genomic
RNA components and/or chimeric RNAs (R2R3 and R2R4,
respectively) for standard curve estimation (10-fold serial dilution
starting from 100 pgpl ™" to 1 fg ul™"). The total copy number was
estimated using the formula: copy number=(ng x 6.0221 x
1023)/(length x 660 x 1 x 10%) (Olmos et al, 2005). Primers used
for RT-qPCRes are given in Table S1. At least three biological repli-
cates were used in the experiments with three technical replicates
per each biological replicate.

Analysis of RNA-Seq data

BSBMV RNA-Seq data were published previously (Gil
et al., 2020). Reads that did not map to the sugar beet genome were
used to identify the presence of the reads corresponding to chimeric
RNAs. These reads were mapped against BSBMV genome and chi-
meric RNA sequences using BOWTIE2. Files were sorted and dupli-
cates were removed using SAMTOOLS. The files were then indexed
and visualised in IGV software (Integrative Genomic Viewer
http://software.broadinstitute.org/software/igv). Reads spanning
the junction site of the chimeric RNAs were extracted using Sam-
TOOLS. Reads mapping to the chimeric RNAs were plotted in R.

Agroinoculation

Agroinoculation of N. benthamiana and B. vulgaris ssp. macrocarpa
leaves was conducted by pressure infiltration as described previously
(Laufer et al., 2018). Agrobacterium tumefaciens strains delivering
the full-length infectious cDNA clones of BSBMV genomic RNAs,
chimeric RNAs and their mutant derivatives were adjusted to an
ODygqq of 0.5 each, mixed in desired combinations and infiltrated
onto leaves using a syringe without a needle.
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ELISA

A double antibody sandwich enzyme-linked immunosorbent
assay (DAS-ELISA) was conducted to analyse the virus content
of BNYVV and BSBMYV in leaf tissue of N. benthamiana (100—
150 mg). Antibodies specific for BNYVV CP (AS-0737) or
BSBMYV CP (RT-1035) were obtained from the Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). The Precellys 24 tissue homogeniser
(Bertin Instruments) was used to grind the leaf material in sample
buffer (1 :20, w/v) for 45 s at 1400 g. The ELISA was conducted
according to the manufacturer’s instructions. Raw absorbance
values measured at 405 nm were corrected by subtraction of

blank and buffer control.

Modelling of RNA structures

RNA structural elements were modelled using Mfold (http://www.
unafold.org/mfold/applications/rna-folding-form-v2.php; ~ Zuker,
2003), pKiss (https://bibiserv.cebitec.uni-bielefeld.de/pkiss; Janssen
& Giegerich, 2015) and CentroidFold (http://rtools.cbre.jp/
centroidfold/; Sato et al, 2009), using default parameters. RNA
structures were visualised using RNA structures drawing program
(https://rna2drawer.app/; Johnson et al., 2019).

RNA quantification in N. benthamiana plants inoculated
with the mutant derivatives of RNA3 and RNA4

Total RNA was extracted from 100 mg of leaf tissue as described
previously (Onate-Sanchez & Vicente-Carbajosa, 2008). One
microgram of total RNA was used for the reverse transcription
with iScript cDNA Synthesis Kit according to the manufacturer’s
instruction (Bio-Rad). The cDNA samples were diluted 10 times
and 4 pl aliquots were used as a template for qPCR. Accumula-
tion of both chimeric RNAs and coremin-depleted chimeric
RNAs was measured by RT-qPCR as described above. Primers
used for RT-qPCR quantification of chimeric RNAs are given in
Table S1. At least three biological replicates were used in the
experiments with three technical replicates per each biological
replicate.

xrRNA quantification

Stem-loop reverse transcription primers were designed as
described previously (Kalyandurg ez 4/, 2019). To quantify the
accumulation of minus strand of the xrRNAs, 1 g of isolated
total RNA was used for SL RT using RevertAid Reverse Tran-
scriptase (Thermo Fisher Scientific) with SL RT primer and
NbPP2A reference gene reverse primer (Table S1) according to
the manufacturer’s instructions. Real-time PCR was performed
using Dynamo Flash SYBR Green (Thermo Fisher Scientific).
The C, values of noncoding RNA accumulation were normalised
to the C values of the N6PP2A reference gene.

For direct quantification of xrRNA accumulation, SL qPCR
was performed on reverse-transcribed RNAs. One microgram of
total  RNA preparations was reverse transcribed using
New Phytologist (2024) 241: 861-877
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SuperScript™ IV Reverse Transcriptase (Thermo Fisher Scienti-
fic) and oligo(dT) primer followed by an RNAse H treatment
(Thermo Fisher Scientific). The cDNA was extracted with TRI-
z0l® (Thermo Fisher Scientific) regent and washed with ethanol
according to the manufacturer’s instructions. The cDNAs were
annealed with the SL RT primer followed by filling in the 5’
overhangs using Klenow Fragment (Thermo Fisher Scientific).

The RT-qPCR was performed as described above.

Virus-induced gene silencing

To obtain TRV:Xrn4 silencing construct, a 600-bp fragment of
NbXRN4 (Accession no. KY402212.1) was amplified by PCR
using cDNA as a template and cloned in an antisense orientation
into tobacco ratde virus (TRV) construct pTRV:00 (Liu
et al., 2002) digested with Xhol and EcoRl. The resulting construct
was transformed into A. tumefaciens strain C58C1. N. benthamiana
plants were co-infiltrated with TRV RNAL1 construct pTRV1.
Agrobacterium strains delivering pTRV:00 (TRV2) were used as a
control. Two weeks postinfiltration, total RNA was isolated for
RT-qPCR to assess NOXRN4 accumulation. Two weeks postinfil-
tration, TRV:XRN4 and TRV:00 control plants were agroinocu-
lated with BSBMV full-length cDNA clones on the second leaf
above previously infiltrated as described above to assay BSBMV
genomic RNAs, chRNAs and noncoding xrRNAs accumulation in
the VbXRN4-silenced plants. One hundred milligram samples for
RNA extraction were collected from the third leaf above inoculated
14 d postinoculation with BSBMV.

Results

Discovery, identification and characterisation of the
chimeric RNAs associated with BSBMV infections in plants

An effort to engineer a full-length BSBMV RNA 2 cDNA from
BSBMV-infected sugar beet roots led to amplification of a PCR
product of the expected size (c. 4.6 kb) and two additional predo-
minant PCR products (¢. 2.0 and 1.2 kb), whereas RT-PCR per-
formed to amplify a full-length RNAI resulted only in a single
PCR product of the expected size (c. 6.7 kb; Fig. 1a). The addi-
tional PCR products were cloned and sequenced. Sequence ana-
lysis of 20 randomly selected clones revealed that the 1.2-kb PCR
fragment is heterogeneous in sequence and corresponds to three
novel major classes of RNA molecules: a defective RNA encom-
passing the 5'-terminal 791 nucleotides (nt) and 3’-terminal
372 nt of RNA2; a chimeric RNA encompassing the 5'-terminal
721 nt of RNA 2 and 3/-terminal 486 nts of RNA 3 (referred to
as R2R3; Fig. Sla); a chimeric RNA encompassing the 5'-
terminal 721 nts of RNA 2 and 3'-terminal 429 nts of RNA 4
(referred to as R2R4; Fig. S1b). Thus, these novel chimeric RNAs
(chRNAs) represent monocistronic CP-encoding RNAs, in
which intact CP OREF is followed by a conservative 21-nt-long
‘coremin’ region (Figs 1b, S1).

To assess chRNA accumulation, we quantified R2R3 and
R2R4 as well as genomic RNA 2, RNA 3 and RNA 4 in the
roots of sugar beet plants grown in the soil infested with BSBMV.
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Fig. 1 Identification and characterisation of the chimeric RNAs associated with beet soilborne mosaic virus (BSBMV) infections in Beta vulgaris ssp.
vulgaris. (a) RT-PCR of cDNA of sugar beet roots grown in BSBMV-infested soil to amplify full-length cDNA of RNA 1 and RNA2 using a genomic RNA-
specific (forward) and poly(T) (reverse) primers. An additional amplification product corresponding to chimeric RNAs is indicated with an asterisk. The
nucleotide length (in kb) of marker DNAs (m) is shown on the left. (b) Schematic of the BSBMV genomic RNAs (RNA2, RNA3 and RNA4) and the chimeric
RNAs: R2R3 and R2R4. The lengths of the chimeric RNAs (1207 and 1150 nt, respectively) without poly(A) tail are indicated. Rectangles denote ORFs.
Small black rectangles denote conserved ‘coremin’ region. (c) Quantification of the accumulation of BSBMV genomic (RNA2, RNA3 and RNA4) and chi-
meric RNAs by absolute RT-gPCR in roots of sugar beet plants grown in BSBMV-infested soil. Data are means =+ SD; n = 3. (d) RNA-Seq assembly plots
showing the distribution of the reads across the sequences of R2R3 (left) and R2R4 (right) schematically shown above the plots. Plots for three biological
replicates for each RNA are presented. The dashed lines indicate the RNA2/RNA3 and RNA2/RNA4 junction points, respectively. (e) Northern blot analyses
depicting the accumulation of chimeric and exoribonuclease-resistant (xr) RNAs in the roots sugar beet plants infected with BSBMV. The membranes were
hybridised with probes complementary to the 3'-untranslated region (UTRs) of BSBMV RNA3 and RNA4, respectively. The nucleotide length of marker
RNAs is shown on the left. gRNA3 and gRNA4, genomic RNA3 and RNA4, respectively. sgRNA, putative subgenomic RNA. (A),, poly A tail.

RT-qPCR data showed that the chRNAs accumulate at levels
higher than those of the genomic RNA2, RNA3 and RNA4
(Fig. 1¢). To resolve whether chRNAs are borne de novo during
virus replication cycles, as an inoculum, we employed full-length
infectious cDNA clones of BSBMV (RNA 1+ RNA 2+ RNA
3+ RNA 4) that did not contain chimeric RNAs. To monitor
chRNA emergence, we assessed R2R3 and R2R4 accumulation
in upper systemically infected leaves of Beta vulgaris ssp. macro-
carpa and Nicotiana benthamiana plants inoculated with the
infectious cDNA clones of BSBMV. Quantification of RNA 2,
R2R3 and R2R4 at 28 d postinoculation (dpi) showed that, in
these two hosts, the chRNAs accumulated at the total levels
(R2R3 + R2R4) higher than those of the reference genomic
RNA2, although the levels of R2R3 were higher in Beta
vulgaris ssp. macrocarpa, whereas R2R4 accumulated higher in
N. benthamiana, suggesting dependence of the accumulation on
the host (Fig. S2). Thus, we concluded that chRNAs are gener-
ated de novo during virus infection process and can be readily
detectable in upper systemically infected leaves.

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

We sought to test whether chRNAs could be artefacts of
RT-PCR amplification and whether the production
of chRNAs requires virus replication. To this end, RT-PCRs
were performed on full-length iz vitro generated BSBMV tran-
scripts, on RNA transcripts supplemented with xrRNAs
transcripts and on total RNA isolated from leaves infiltrated
with BSBMV full-length infectious ¢cDNA clones in the
absence of RNA 1 (which provides a replication function).
The results revealed a lack of chRNA production (Fig. S3).
Therefore, we concluded that the biogenesis of chRNAs
requires virus replication and that chRNAs are not artefacts of
RT-PCR amplification.

We subsequendy profiled the transcriptomes (RNA-Seq) of
sugar beet roots infected with BSBMV (Gil ez af, 2018) and identi-
fied reads spanning the RNA2/RNA3 and RNA2/RNA4 junction
sites of the chRNAs (Fig. 1d). Additionally, this analysis revealed
some heterogeneity at the junction site characterised by slightly dif-
ferent number of nts between CP ORF and ‘coremin’, but this
variability did not affect overall structure of chRNAs (Fig. S4).
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Additionally, the emergence of chRNAs was monitored by
northern blot analysis of RNA from systemically infected leaves
of N. benthamiana with probes targeting the viral 3'UTR of
either RNA 3 or RNA 4 (Fig. le). Besides full-length genomic
RNA 3 and RNA 4, in each case, additional faster-migrating
molecules could be detected. The sizes of these molecules corre-
sponded to the expected sizes of R2R3 (1207 nts), R2R4 (1150
nts), a putative sgRNA (probably for the expression of the second
OREF of RNA4) and corresponding xrRNAs (predicted sizes are
of 485 and 427 nt, respectively; Fig. 1e).

Chimeric RNAs can move systemically and can be
translated to yield CP

Having determined that chRNAs are produced during BSBMV
replication cycles, we set up experiments to evaluate whether
these peculiar RNAs are biologically active. To this end, we took
advantage of two characteristic properties of BSBMV: the ability
of BSBMV RNA 1+RNA 2 to move systemically in
N. benthamiana plants (Gil et al., 2018; Laufer et al., 2018) in
the absence of RNA 3 and RNA 4; and high similarity between
BSBMV and BNYYV genomic components, which can be
exchanged between the viruses as they can be #rans-replicated and
trans-encapsidated (heterologous encapsidation; Gil ez al., 2018;
Laufer et al., 2018).

To address the question of whether chRNAs can move from
the inoculated to the upper leaves in the presence of RNA 1 and
RNA 2, which provide the replication and movement functions,
as well as CP and CP-RTD encoded directly by RNA2, respec-
tively, three inocula were assembled comprising RNA1 +RNA2
(BS12 control inoculum), RNA 1+RNA 2+R2R3 (BS12+
R2R3), and RNA 1+ RNA 2+ R2R4 (BS12 + R2R4) and inocu-
lated on leaves of N. benthamiana plants. Since RNA 3 is
required for BSBMV systemic movement in B. wulgaris ssp.
macrocarpa plants, three additional inocula were assembled com-
prising RNA1+RNA2+RNA3 (BS123 control inoculum),
RNA 1+RNA 2+RNA 3+R2R3 (BS123+R2R3) and RNA
1+ RNA 2+RNA 3+ R2R4 (BS123 + R2R4) and inoculated on
leaves of B. vulgaris ssp. macrocarpa plants. Compared with BS12-
infected V. benthamiana plants, which showed typical viral symp-
toms (Fig. 2a), plants systemically infected with BS12+R2R3 or
BS12 + R2R3 exhibited slightly more severe symptoms (Fig. 2a),
whereas there was not much difference in the symptoms appearance
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in B. wvulgaris ssp. macrocarpa infected leaves characterised by
mild chlorosis and leaf malformation 21 dpi (Fig. 2b). At 21 dpi,
RT-qPCR data determined accumulation of both R2R3 and R2R4
in upper systemically infected leaves (Fig. 2¢). The results show that
chRNAs are fully competent in replication and long-distance
movement even when they are not produced de novo (since RNA 3
and RNA 4 were absent from the inoculum for N. benthamiana,
and RNA 4, but not RNA 3, was absent from the inoculum for
B. vulgaris ssp. macrocarpa).

To determine whether CP is translated from chRNAs we per-
formed infection experiments with recombinant viruses, in which
CP OREF in the BSBMV chRNAs was replaced with that of
BNYVV (R2R3-BN-CP and R2R4-BN-CP constructs, respec-
tively). To inoculate the leaves of N. benthamiana plants, five dif-
ferent inocula were assembled, each comprising BSBMV RNA
1+RNA 2, and chRNAs (R2R3 or R2R4, respectively) or their
recombinant BNYVV derivatives (R2ZR3-BN-CP or R2R4-BN-
CP, respectively). Foliar symptoms on N. benthamiana plants
produce by these five inocula in the upper leaves were similar,
with typical development of yellow mosaic and leaf malforma-
tions (Fig. 2d). The ELISAs performed on extracts prepared from
upper leaves of the infected plants 21 dpi clearly showed that
BNYVV CP translated from chRNAs could be readily detected
(Fig. 2¢). Moreover, when CP ORF in chRNAs was replaced
with a gene for red fluorescent protein (mRFP), red fluorescent
infection loci could be readily detectable by microscopy in the
inoculated leaves (Fig. S5). However, the mRFP constructs did
not move systemically as no mRFP fluorescence was detected in
upper systemically infected leaves. These data support the notion
that chRNAs with the intact CP gene are transported systemi-
cally, whereas the virus does not support systemic movement of
chRNAs in which CP gene is replaced with ‘foreign” mRFP sug-
gesting that the sequence of CP ORF might be cis-acting and
important for the systemic movement of CP-encoding RNAs
(RNA 2 and chRNAEs), the phenomenon requires further investi-
gation, but is beyond the scope of this paper.

The role of RNA structural elements in chRNA biogenesis

Since both BSBMV and BNYVV share identical ‘coremin’
sequence, next we sought to explore whether chRNA production
accompanies infections established from the inoculum in which

genomic RNA 3 of BSBMYV is replaced with that of BNYVV. To

Fig.2 Chimeric RNAs can move from lower inoculated leaves to upper noninoculated systemically infected leaves of Nicotiana benthamiana and Beta
vulgaris ssp. macrocarpa, and coat protein (CP) translated from chimeric RNAs is incorporated into virus particles. (a) Appearance of the symptoms induced
by beet soilborne mosaic virus (BSBMV) RNA1 +RNA2 (BS12) and by BS12 supplemented with chimeric RNAs in N. benthamiana 21 dpi. (b) Foliar
symptoms on B. vulgaris ssp. macrocarpa produced by BSBMV RNA1 + RNA2 + RNA3 (BS123) and by BS123 supplemented with chimeric RNAs in upper
leaves 21 dpi. (c) Quantification of the accumulation of BSBMV genomic (RNA2) and chimeric RNAs by absolute RT-qPCR in the systemically infected
leaves of N. benthamiana and B. vulgaris ssp. macrocarpa. Data are means =+ SD; n=3. Type of the inoculum is indicated below the graph. Notice that
inoculum for B. vulgaris ssp. macrocarpa was supplemented with RNA 3 for efficient virus movement in this particular host. (d) Appearance of the symp-
toms induced by BS12 and BS12 supplemented with chimeric RNAs and their derivatives on the fifth leaf above inoculated 21 dpi. (e) Detection of BSBMV
and beet necrotic yellow vein virus (BNYVV) CP antigens by enzyme-linked immunosorbent assay (ELISA) as indicated by absorbance values at 405 nm.
Plant extracts were prepared from upper systemically infected leaves at 21 dpi. Type of the inoculum is indicated below the graph. BS12, BSBMV

RNA1 +RNA2. Note that BNYVV and BSBMV ELISA data were plotted on the same graph for better visualisation, but not for comparison between BNYVV

and BSBMV. Data are means + SD; n = 3. dpi, days postinoculation.
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(a) N. benthamiana

(b) B. vulgaris ssp. macrocarpa

Mock BS123

BS123+R2R3 BS123+R2R4

BS12+R2R3

Mock BS12

BS12+R2R4 BS12+R2R3-BN-CP BS12+R2R4-BN-CP

this end, RNA 1 and RNA 2 of BSBMV were co-inoculated with
BNYVV RNA 3 on the leaves of B. wulgaris ssp. macrocarpa
plants. Twenty-one days postinoculation RT-PCR amplification,
cloning and sequencing revealed a chRNA that was similar in
structure to the previously characterised BSBMV R2R3 (Fig. S6).
As expected, this particular chRNA encompassed the 5'-terminal

© 2023 The Authors
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BS12+R2R3
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724 nt of BSBMV RNA 2 and 3'-terminal 545 nts of BNYVV
RNA 3 including ‘coremin’ (Fig. S6).

Given the results above as well as the presence of ‘coremin’ in
all chRNAs we discovered in this study, we reasoned that ‘core-
min’ is absolutely essential for chRNA biogenesis. Therefore, we
hypothesised that base-pairing interactions between RNA 2 and
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Fig. 3 Models of the secondary structure of SL1 and the intermolecular base-pairing complex with ‘coremin’. (a) Predicted stem-loop structure (SL1) in
RNA2 of benyviruses, and predicted base-pairing interaction between RNA 2 and ‘coremin’. Numbering refers to nucleotide positions in the plus strand of
full-length genomic RNAs of various benyviruses. ‘Coremin’ sequence is shown in black script. RNA2 sequence is shown in bold green script, whereas
RNA3 of both beet soilborne mosaic virus (BSBMV) and beet necrotic yellow vein virus (BNYVV), and RNA5 of BNYVV sequences are shown in brown and
in blue scripts, respectively. Arrowhead indicates junction site in chimeric RNAs. (b) A phylogenetic tree inferred by the neighbour-joining (NJ) method from
multiple sequence alignments of the isolated SL1 sequences. The percentages (> 70%) of replicate trees in which the associated sequences clustered
together in the bootstrap test (3000 replicates) are shown next to the branches. (c) Sequence alignment of BSBMV and BNYVV RNA2 fragments annotated
to show the boundaries of predicted structural elements. Nucleotides are numbered at 10-nucleotide intervals, and the termination codons of the BSBMV

and BNYVV CP ORF are shown in bold script.

either RNA 3/RNA 4 or xrRNAs involving ‘coremin’ might
mediate template switching from RNA 3/RNA 4 to RNA 2 dur-
ing minus-strand synthesis of virus replication, ultimately, result-
ing in chRNA formation. We tested this hypothesis by
combining computational predictions, manual inspection of the

New Phytologist (2024) 241: 861-877
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sequences and mutagenesis. Indeed, manual inspection and
the RNAfold algorithm predicted base-pairing interactions
between 3'-proximal part of the CP ORF (nt 700-723) and ‘cor-
emin’. Additionally, a long SL structure immediately 3'-adjacent
to the CP ORF was predicted as well. Fig. 3a shows an RNAfold-
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Fig. 4 Effect of SL1 mutations and mutations disrupting a putative base-pairing interaction between coremin and RNA2 on the accumulation chimeric
RNAs in Nicotiana benthamiana. (a) Predicted stem-loop structure (SL1) in the beet soilborne mosaic virus (BSBMV) RNA2, and predicted base-pairing
interaction between RNA 2 and RNA3/RNA4 involving ‘coremin’ (boxed). Numbering refers to nucleotide positions in the plus strand of full-length RNA2,
RNA3 or RNA4, respectively. Silent mutations introduced to test SL1 and intermolecular base-pairing interaction requirements for chimeric RNA production
are shown in blue script. Coramin sequence is shown in black script. RNA2 sequence that is incorporated into chimeric RNAs is shown in bold green script,
whereas RNA3 and RNA4 sequences incorporated into chimeric RNAs are shown in brown and in magenta, respectively. The free energy refers to SL1. (b)
Quantification of the accumulation of BSBMV RNA2 and chimeric RNAs by absolute RT-qPCR in the systemically infected leaves of N. benthamiana 21
dpi. Data are means + SD; n=3. Type of the mutant RNA replacing the corresponding RNA in the inoculum (RNA1 +RNA2 + RNA3 + RNA4, wt) is indi-
cated below the graph. Asterisks indicate that the RNA accumulation values were significantly different compared with wt (P <0.05, Student's two-tailed

t-test). dpi, days postinoculation.

predicted stem-loop SL1 comprising two arms, nt 724—743 and
nt 747766, respectively.

Moreover, a structure similar to SL1 and the base-pairing
interactions with ‘coremin’ were predicted when the RNAfold
algorithm was applied to the plus strand of the genomic RNAs of
BNYVV (RNA 2, RNA 3 and RNA 5, respectively) and two
other benyviruses, burdock mottle virus (BuMV) and rice stripe
necrosis virus (RSMV), suggesting conservation of these features
in the genus Benmyvirus (Fig. 3). Compared with ‘coremin’-
bearing BSBMV RNA 3 and RNA 4, BNYVV genomic compo-
nents harbouring ‘coremin’ are represented by RNA 3 and RNA 5
(Fig. 3a).

To address the direct role of SL1 in chRNA production and
validate our predictions, we introduced 12 silent point mutations
into nt 724 to nt 768 of the CP-RTD ORF (Fig. 4a), and the
obtained mutant was named No-SLI. To assess stability of
the introduced mutations upon virus inoculation, 28 dpi total
RNA was extracted from upper leaves, reverse transcribed, PCR

© 2023 The Authors
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amplified and sequenced. Interestingly, in most of the plants (13
out 17), No-SL1 mutant reverted back to wt (Table S2). How-
ever, stability of the introduced mutations was confirmed for 4
out of the 17 inoculated pants (Table S2). RT-qPCR analysis
performed on total RNA preparations recovered from the sam-
ples of leaves systemically infected with No-SL1 with confirmed
stable mutations revealed significant reduction in chRNA accu-
mulation (Fig. 4b), although the accumulation of the genomic
RNA 2 was also reduced ¢. 5.2-fold as compared to wt it accumu-
lated at the readily detectable levels (Fig. 4b, upper panel). Thus,
we concluded that point mutations disrupting SL1 inhibit
chRNA production. The data are in agreement with our compu-
tational prediction of SL1 in the plus strand.

To specifically address the role of base-pairing between ‘core-
min’ and RNA2 in ¢hRNA production, three mutants, No-cor-
int, R3-flop-cor and R4-flop-cor, were derived from RNA 2,
RNA 3 and RNA 4 cDNA, respectively, by mutagenesis. Eight

silent point mutations were engineered into 3’-proximal part of
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the mutant RNA replacing the

corresponding RNA in the inoculum

(RNA1 +RNA2 +RNA3 + RNA4, wt) is
indicated below the image of the

leaf and below the graph. Duo,

RNA1 +RNA2 +R2R3 + R2R4. Detection of
BSBMYV CP antigen by enzyme-linked
immunosorbent assay (ELISA) as indicated by
absorbance values at 405 nm (right panels).
Plant extracts were prepared from fifth

(9 dpi), sixth (13 dpi) and seventh (23 dpi)
leaf above inoculated, respectively, as shown
in the left panel. Type of the inoculum is
indicated below the graph. Data are means +

the CP ORF (nt 697-722) to create the mutant No-cor-int, in
which the potential interaction of 3’-end of the CP cistron of
RNA 2 with ‘coremin’ was disrupted (Fig. 4a). In R3-flop-cor
and R4-flop-cor mutants, the sequence of ‘coremin’ was replaced
by its reverse sequence (Fig. 4a). Subsequently, these mutants
were inoculated on N. benthamiana leaves. All three inocula gave
rise to viruses that were fully competent in long-distance move-
ment, and viral RNAs were detected in upper noninoculated leaves
(Fig. 4b). As before, stability of the mutations was confirmed by
sequencing (Table S2), and only samples with stable mutations
were taken for further analysis. RT-qPCR analysis performed on
RNA isolated from the leaves of the plants systemically infected
with No-cor-int, R3-flop-cor or R4-flop-cor revealed significant
reduction in chRNA accumulation compared with the plants
infected with wt virus (Fig. 4b). These results, therefore, indicate
that potential partner sequences involving ‘coremin’ and 3’-end of
the CP cistron of RNA 2 are required for the production
of chRNA:s.
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SD (n=9). Asterisks indicate that the RNA
accumulation values were significantly
different compared with wt (*, P<0.05; ***,
P <0.01, Student's two-tailed t-test). dpi,
days postinoculation.

To assess the effect of the chimeric RNAs on virus pathogeni-
city, the inocula containing the mutants were assembled as
described above and inoculated on N. benthamiana leaves. An
additional inoculum was assembled comprising RNA 1+ RNA
2+ R3-flop-cor + R4-flop-cor (named Duo). Development of
BSBMV symptoms on upper noninoculated leaves was moni-
tored at 8, 9, 13 and 23 dpi, whereas accumulation of BSBMV
CP antigen was examined at 9, 13 and 23 dpi. First typical
BSBMV symptoms were observed in upper N. benthamiana
leaves as early as 8 dpi in all plants (two experiments, 12 plants in
total) inoculated with wt virus, whereas all plants inoculated with
the mutants remained symptomless (Fig. S7).

Nine days postinoculation some mild symptoms could be
observed on upper leaves of the plants inoculated with the
mutants, whereas plants inoculated with wt virus developed
severe symptoms (Fig. 5a). The ELISAs performed on extracts
prepared from the fifth leaf above inoculated 9 dpi clearly showed
the differences in accumulation of the CP antigen (Fig. 5a, right
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panel), as four mutants accumulated significantly less CP antigen
(P<0.05) compared with wt and No-cor-int mutant, which
rapidly reverted back to wt (Table S2). Moreover, similar trend
was also observed at 13 dpi when ELISAs were performed on
extracts prepared from six leaves above the inoculated (Fig. 5b,
right panel). At this time point, plants infected with the mutants
showed the symptoms similar to wt (Fig. 5b, left panel), with the
exception of plants infected with No-SL1 mutant, which
remained symptomless (Fig. 5b, left panel). The levels of CP
accumulation were significantly lower in plants infected with No-
SL1, R4-flop-cor and R3-flop-cor + R4-flop-cor (Duo) mutants
as compared to wt (Fig. 5b, right panel), whereas CP accumu-
lated at the levels similar to wt in plants infected with No-cor-int
and R3-flop-cor mutants (Fig. 5b, right panel), which reverted
back to wt by 13 dpi.

Twenty-three days postinoculation, the symptoms in all
infected plants and the levels of CP accumulation were undistin-
guishable from wt (Fig. 5c). Notably, the levels of CP accumula-
tion were significantly lower in plants infected with No-SL1
mutant than those in wt owing to severe necrotisation of leaf tis-
sue (Fig. 5¢). Overall, our results show that BSBMV infection is
delayed, less symptoms are induced and less CP accumulates if
mutations disrupt formation of chimeric RNAs.

NbXRN4 knockdown inhibits biogenesis of both xrRNAs
and chimeric RNAs

Having determined that a base-pairing between ‘coremin’ and
RNA 2 is needed for chRNA production, we next wanted to resolve
whether interaction of RNA 2 with ‘coremin’ of genomic RNAs
(i.e. RNA 3 and RNA 4) or with ‘coremin’ of noncoding xrRNAs
is required for chRNA production. To this end, we used virus-
induced gene silencing (VIGS) to knockdown the expression of
NbXRN4, a gene encoding Xrn4 5'—3' exoribonuclease essential for
production of noncoding xrRNAs of BNYVV (Flobinus
et al., 2018). Considering that both BNYVV and BSBMV have
identical ‘coremin’ sequence we assumed that, similar to BNYVV,
in BSBMV ‘coremin’ and its adjacent sequence (Dilweg
et al, 2019) could stall Xrn4 (Flobinus et al, 2018) leading to
xrRNA production. We validated the down-regulation of N6XRN4
by RT-qPCR 14 dpi (Fig. 6a). Moreover, knockdown of N6XRN4
expression led to a severe developmental phenotype characterised
by overall stunting of the NbXRN4silenced plants (Fig. 6b).
NbXRN4-silenced and control plants were inoculated with BSBMV
and the accumulation of genomic RNA 2, RNA 3 and RNA 4, as
well as the noncoding xrRNAs and chRNAs was monitored by
RT-qPCR in systemically infected upper leaves 21 dpi.

We used quantification of the plus- and minus strand of
xrRNAs as a read-out for xrtRNA accumulation. To this end, we
developed a quantitative stem-loop RT-qPCR (Fig. S8), the
method initially developed for quantification of miRNAs and
siRNAs  (Varkonyi-Gasic & Hellens, 2011; Kalyandurg
et al., 2019). RT-qPCR data showed the accumulation of both
xrRNAs (both of plus and minus strands) and chRNAs in upper
leaves of the plants silenced for V6XRN4 was decreased markedly

as compared to control plants (Fig. 6c—¢), whereas the
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accumulation of the viral genomic RNAs dramatically increased
(up to 2.9-fold for RNA 2, up to 11.3-fold for RNA 3 and up to
1.9-fold for RNA 4; Fig. 6¢). Interestingly, the increase in CP
accumulation in the VAXRN4 knockdown plants was not as dra-
matic as an increase in viral RNA levels, probably due to a signifi-
cant decrease in CP-encoding chimeric RNAs (Fig. 6f). Hence,
collectively, the results show that knockdown NAXRN4 expression
led to inhibition of chRNA production. Moreover, decrease in the
chRNA production correlated with lower levels of xrRNAs accu-

mulation.

Discussion

General features of chimeric RNAs

We present several observations documenting new aspects of the
functioning of viral RNA genomes. In this paper, novel naturally
occurring viral RNA species derived from BSBMV RNA 2 and
RNA 3/RNA 4 were discovered and characterised and the poten-
tial mechanism of their biogenesis was addressed. The evidence
suggests that the novel RNA species, the chRNAs, are most likely
the products of template switching on a putative intermolecular
base-pairing complex between RNA 2 and xrRNAs, RNA
structure-dependent exoribonuclease-resistant noncoding deriva-
tives of RNA 3 and RNA 4. These findings establish chRNAs as
a distinct functional class of viral RNAs and suggest that ‘core-
min’ of xrRNAs can be involved in intermolecular base-pairing
interactions, which, followed by replication, can lead to produc-
tion of chRNA species.

To the best of our knowledge, this is the first report of naturally
occurring functional (CP-encoding and moving systemically)
chRNA; however, chRNAs consisting of partial sequences of RNA
3 and RNA 4 were previously detected after serial mechanical pas-
sages of BNYVV, a virus related to BSBMV (D’Alonzo
et al., 2012). Hence, by contrast to our study, it is currently unclear
whether RNA 3/RNA 4 derived chRNAs exist within the natural
population of BNYVV or just represent another class of aberrant
RNA molecules generated by serial mechanical passages of a virus
in the laboratory. Two forms of viral D-RNAs designated as a D-
RNA-A (2082 nt) and a D-RNA-B (1802 nt) associated with the
potato yellow vein virus (PYVV; genus Crinivirus, family Clostero-
viridae) infections (Eliasco ez al, 2006). Both D-RNAs are A/U-
rich and characterised by the presence of the 5'-termini originating
from the 5'-end of RNA 1 (85% identity) and the 3'-termini com-
ing from the 3’-UTR of RNA 3 (92% identity) and were suggested
to represent erroneous products of genetic recombination (Eliasco
et al., 2006). Formally, capped mRNA molecules produced during
transcription of viruses with negative-sense RNA genomes can be
considered chRNA as well because viruses of Orthomyxoviridae
(infecting humans and animals) and of the order of Bunyavirales
including family Tospoviridae (infecting plants) acquire the 5'-end
from capped cellular mRNAs through cap-snatching mechanism,
which involves endonucleolytic cleavage of cellular mRNAs several
bases downstream of the cap structure to generate genetic hybrids
of host and virus mRNAs (De Vlugt er al, 2018; Olschewski
et al,, 2020).
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Mechanism of chRNA biogenesis

The detailed mechanism by which chRNAs are produced during
virus replication cycles remains to be discovered. However, sev-
eral observations emphasise the role of xrRNAs in chRNA
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biogenesis. In general, xrtRNAs are able to block various exoribo-
nucleases and, therefore, act as mechanical blocks to such
enzymes (MacFadden et al., 2018; Steckelberg et al., 2018a,b). In
plants, Xrn4 is a major cytoplasmic 5'—3’ exoribonuclease
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Fig. 6 NbXRN4 knockdown inhibits biogenesis of both exoribonuclease-resistant RNAs (xrRNAs) and chimeric RNAs in Nicotiana benthamiana. (a) Gene
silencing of NbXRN4 in TRV:XRN4-infected plants. Total RNAs were extracted from the upper leaves 14 dpi and were used for RT-qPCR. Data are

means =+ SD (n=16). NbF-BOX and NbPP2A were used as normalisation controls. (b) Phenotypes of the plants silenced for NbXRN4. (c) Relative fold accu-
mulation of beet soilborne mosaic virus (BSBMV) xrRNAs and genomic RNAs in plants silenced for NbXRN4 and normalised to the expression of NbPP2A.
Data are means + SD (n = 6). Asterisks indicate significant statistical difference relative to TRV:00 control; *, P <0.05; Student's two-tailed t-test. xrRNA3
and xrRNA4 were quantified by a stem-loop (SL) RT-qPCR. (d) Relative fold accumulation of minus strand of xrRNA3 and xrRNA4 as quantified by SL RT-
gPCR. NbPP2A was used as normalisation control. Data are means + SD (n = 3). Asterisks indicate significant statistical difference relative to TRV:00 con-
trol; *, P<0.05; Student's two-tailed ¢-test. (e) Quantification of the accumulation of BSBMV chimeric RNAs by absolute RT-qPCR in the upper leaves of
N. benthamiana plants infected with TRV:00 (control) or TRV:XRN4 (XRN4 knockdown) 21 dpi. Data are means + SD (n = 3). Asterisks indicate significant
statistical difference relative to TRV:00 control; *, P<0.05; Student's two-tailed ¢-test. (f) Detection of BSBMV CP antigen by enzyme-linked immunosor-
bent assay (ELISA) as indicated by absorbance values at 405 nm. Plant extracts were prepared from upper systemically infected leaves at 21 dpi. Type of
the inoculated plants is indicated below the graph. Data are means + SD (n=9). *, P <0.0001; Student's two-tailed ¢-test. dpi, days postinoculation.

belonging to the large family of eukaryotic XRN proteins (Nagar-
ajan et al., 2013). In this study, knockdown of XRN4 expression
resulted in inhibition of production of both xrRNAs and
chRNAs, thus emphasising the significance of Xrn4 activity (and
subsequently, xtRNAs) for chRNA biogenesis.

Collectively, the data suggest that all three features, namely,
intermolecular base-pairing interactions, a stem-loop structure
(SL1) in RNA 2 and Xrn-resistant noncoding RNAs (xrRNAs),
investigated in this study are essential for chRNA formation and
disruption of any of these features results in inhibition of chRNA
biogenesis. Additionally, the results pointed out to significance of
SL1 integrity for the virus infection cycle as the mutants, har-
bouring silent mutations that disrupt SL1, reverted back to wt in
most of the cases and the nonreverted mutants accumulated at
significantly lower levels compared to wt.

Interestingly, a putative intermolecular base-pairing interac-
tion complex between RNA 2 and xrRNAs and the stem-loop
structure (SL1) are located in extremely close proximity to each
other and, literally, separated by a single nucleotide residue.
While we have no direct assay to measure or visualise formation
of these structures yet and can thus not rule out other or addi-
tional mechanisms, our mutagenesis data reveal absolute

wt, RNA 2 interaction with ncxrRNAs, XRN4*

requirement of these putative aforementioned features for the
chRNA biogenesis. Computational predictions supported by
mutagenesis invite speculation that these unique topology (Figs 3,
7) acts as mechanical block to hinder viral RNA-dependent RNA
polymerase during synthesis of the minus strand on the xrRNA
template that base-pairs with RNA 2, and to facilitate subsequent
template switching from xrRNA to RNA2 (Fig. 7). We suspect
that the RNA polymerase can unwind base-pairing interaction of
xtRNA with RNA 2 mediated by ‘coremin’, but, immediately
after that, SL1 stalls the RNA polymerase (Fig. 7). We further
speculate that RNA polymerase stalling does not result in release
of the newly synthesised minus strand, instead, the RNA poly-
merase continues synthesis on the RNA 2 template (Fig. 7). In
general, viral RNA polymerases have high affinity to highly struc-
tured (harbouring SL structures) 3'- and 5'-temini of viral geno-
mic RNAs (Kawamura-Nagaya er al, 2014; Ishibashi &
Ishikawa, 2016); thus, it is possible that the RNA polymerase
binds to a 19-nt-long SL1 resulting in the RNA polymerase stal-
ling and template switching (Fig. 7). This model could explain
the requirements of SL1, base-pairing interaction between RNA
2 and ‘coremin’ for chRNA biogenesis (Fig. 7). Ultimately,
synthesis of the plus strand on the chimeric minus strand

3 3 3
’ 4 4
s 4
’ ’
4 4 4
3 (-) strand
— —- _>
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. 4
4 L4
s 4
5 [ 5
: ]
. . I . l .
3 573 T3 Chlmenc RNA
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through base-pairing

interactions involving

‘coremin’

RdRp stalls or binds to SL1

RdRp continues synthesis
on the RNA 2 strand

Fig.7 A model for chimeric RNA biogenesis. RNA 2 is indicated in green, noncoding exoribonuclease-resistant RNAs (xrRNA) is shown in magenta, ‘core-
min' is indicated in black. Slanted black lines indicate complementarity between RNA 2 and ‘coremin’. Viral RNA-dependent RNA polymerase is represented
by a dark blue ellipsoid. SL1, stem-loom structure. ncxrRNA, noncoding exoribonuclease-resistant RNA.
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generates a biologically active smaller CP-encoding chRNAs cap-
able of long-distance movement and active translation to yield
viral CP for encapsidation. Potentially, base-pairing interaction
mediated by ‘coremin’ can be formed between full-length RNA 2
and RNA 3/RNA 4, but we suspect that the template switching
from RNA 3/RNA 4 to RNA 2 does not occur in here because
RNA polymerase does not need to dissociate from the RNA 3/
RNA 4 template after unwinding the base-pairing interaction of
RNA 3/RNA 4 with RNA 2 mediated by ‘coremin’ and just con-
tinues the synthesis (Fig. S9). This speculation is supported by
the lack of chRNA formation (and accumulation of xrRNAs) in
the XRN4 knockdown plants infected with BSBMV, in which
only full-length BSBMV genomic RNAs, but not xrRNAs, can
be readily detected.

The mechanism of chRNA production suggested in this study
somewhat resembles discontinuous RNA synthesis in the order
Nidovirales including coronaviruses (van Vliet ez al., 2002; Sola
et al., 2015; Kim et al., 2020). This process of sgRNA synthesis is
unique to the order Nidovirales and is characterised by the pre-
sence of the common ‘leader’ sequence of 65-95 nt residues in
different coronaviruses fused to the downstream ‘body’ sequence
3'-coterminal with virus genome (Kim et 4/, 2020). The prevail-
ing model implies that leader-to-body fusion occurs during
synthesis of the negative-strand RNA at short motifs called
transcription-regulatory sequences (TRSs) that precede each viral
gene. Each TRS contains a conserved 6-7 nt core sequence (CS)
surrounded by variable sequences. During negative-strand synth-
esis, viral RNA polymerase pauses when it crosses a TRS in the
body (TRS-B) and switches the template to the TRS in the leader
(TRS-L) through base-pairing between the CS of the leader and
the complementary CS of the body. This results in discontinuous
transcription leading to a set leader-body fused negative-strand
sgRNAs, which subsequently serve as templates for the synthesis
of numerous copies of sgRNA. This discontinuous transcription
mechanism bear a resemblance to high-frequency, similarity-
assisted copy-choice RNA recombination that requires sequence
identity between donor and acceptor RNAs and hairpin struc-
tures present in the acceptor RNA (Nagy & Simon, 1997).
Hence, the TRS-L forming hairpin would act as an acceptor
for the complimentary TRS-B donor sequence. The sequences
and secondary structures of the RNA motifs involved in these
long-distance interactions are conserved among coronaviruses
suggesting a functional similarity during sgRNA synthesis (Kim
et al., 2020). Similarly, in this study, chRNAs are synthesised
by fusion of noncontiguous sequences, the 5'-end of RNA 2
(including complete CP ORF) and 3’-UTR of either RNA 3 or
RNA 4. Moreover, base-pairing interaction of ‘coremin’ with the
3’-proximal part of the CP cistron resembles the base-pairing
between the CS of the leader and the complementary CS of
the body (see above), whereas SLI serves as a facilitator of the
template switching.

Role of chRNAs in virus pathogenesis

Notably, both chimeric RNAs reported in this study possess a full-
length ORF encoding CP. Translation of these chimeric RNAs
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would yield extra copies of CP. Indeed, our experiments using
recombinant viruses show that CP can be translated from the chi-
meric RNA and is readily detectable by ELISA (Fig. 2¢). These
findings provide further evidence that the chimeric RNAs are trans-
lationally functional besides moving systemically. Adoption by
benyviruses of an alternative mechanism for CP synthesis through
the formation of monocistronic (vs polycistronic CP-encoding
genomic RNA 2) might therefore alter viral replication kinetics and
virus yield. Indeed, the time-course experiments show that muta-
tions disrupting the formation of chimeric RNA lead to a delay in
the establishment of the virus infection manifested as a delay in the
onset of the BSBMV-specific symptoms in the systemically infected
plants and lower accumulation of the CP antigen (Fig. 5). An
appealing hypothesis is that the short chimeric monocistronic RNA
is translated more efficiently than the long polycistronic genomic
RNA 2. Several mechanisms might contribute to that. Most eukar-
yotic mRNAs are translated via cap- and scanning-dependent
initiation mechanism (Sonenberg & Hinnebusch, 2009; Aitken &
Lorsch, 2012). The main scaffolding subunit elF4G of the 5’ cap-
bound eIF4F complex (cap-binding complex) recruits the ribosome
by binding eIF3 and circularises the mRNA by binding poly(A)-
binding proteins (Gingras ez 4/, 1999; Borden, 2016). Recent evi-
dence indicates that eukaryotic mRNAs are circularised, potentially
permitting terminating ribosomes to preferentially reinitiate on the
same RNA molecule (Rogers er al, 2017). By bringing the sites of
translational initiation and termination into close proximity
through circularisation of the mRNA, the closed-loop complex
allows ribosomes that have just finished translation to reinitiate on
the same mRNA template instead of returning to the cytoplasmic
pool. BSBMV genomic and sgRNAs have 5’ cap and poly(A)-tail
at the 3 ends suggesting that these features are also present at the
ends of chimeric RNAs. Circularisation of monocistronic chimeric
RNAs might make recycling of the ribosomes on the same template
easier compared with long polycistronic RNAs, thus promoting
translation on chimeric RNAs, which would yield more CP.
Absolute quantification of BSBMV RNAs revealed that chi-
meric RNAs are much more abundant compared to genomic
RNA2 (Figs 1c, S2) suggesting that besides being replicated (as
short molecules) more efficiently chimeric RNAs might escape or
might be not susceptible to a host defence mechanism targeting
virus genomic RNAs. The most obvious candidate for this role is
nonsense-mediated decay NMD. NMD is a host RNA quality
control pathway that recognises and destroys RNAs with internal
termination codons and long 3’-UTRs (Kervestin & Jacobson,
2012). NMD also serves as a general viral restriction
mechanism against positive-sense RNA viruses because genomes
of many viruses are organised into polycistronic mRNA with only
5'-proximal ORF being directly translated whereas the rest of the
sequence is expressed via production sgRNAs and, thus, can be
perceived by NMD machinery as a long 3’-UTR with stop
codons (Garcia et al., 2014; May et al., 2020). Viruses susceptible
to NMD targeting evolved various strategies to evade NMD that
include cis-acting RNA elements and zrans-acting viral proteins
(May ez al., 2018, 2020). We speculate that generation of chi-
meric RNAs might be another strategy to circumvent NMD tar-
geting of CP-encoding BSBMV RNA2 on the early stages of

© 2023 The Authors

New Phytologist © 2023 New Phytologist Foundation

85UB017 SUOLUWIOD 9AI1E.1D) 3[cfedt|dde U Aq peusenob e sl VO ‘8sn J0 sonl o} Akeiq 18Ul UO 8|1 O (SUORIPUOD-PUE-SWSILIOY™A8 | 1M Ale.q Ul |UO//Stny) SUORIPUOD pue swis | 8y} 88S *[7202/20/ST] Lo Akeiq18uliuo A8|IM ‘seoueids InNoLBY JO AISIBAIUN USIPOMS AQ 9pE6T UdU/TTTT 0T/10p/uod 48| im Ake.q 1 put|uo yduy/:sdny wos pepeojumoa 'z ‘v20z ‘LET869%T



New
Phytologist

virus infection, thus boosting CP production and facilitating
infection.

Conservation of ‘coremin’ sequence

Notably, both BNYVV and BSBMYV share identical ‘coremin’
sequences (Flobinus et al, 2016). Moreover, when applied to
BNYVV and two newly reported benyviruses BuMV and RSMV
(Kondo ez al., 2013; Bagayoko ez al., 2021), RNAfold algorithms
predict and overall topology (intermolecular base-pairing interac-
tions + adjacent SL1) similar to that of BSBMV (Fig. 3), suggest-
ing conservation of these folds at least in the genus Benyvirus.
Although, so far, RSMV and BuMV are reported to have bipar-
tite genome and do not have ‘coremin’-harbouring RNAs, inter-
actions between ‘coremin’ and 3’-proximal part of the CP cistron
can be predicted as well (Fig. 3).

Concluding remarks and further perspectives

Although chRNAs have not yet been found in other viruses
(with the exception of D-RNA-A and D-RNA-B of PYVV, see
above), this might be due to the limitation of the computa-
tional algorithms used nowadays for mining for viral sequences
in RNA-Seq data as the viral sequences are mostly mapped to
the virus reference genome. De novo assembly of the viral reads
or more recently introduced the nanopore-based direct RNA
sequencing (DRS) approach might resolve these issues and,
potentially, lead to discovery of chRNAs associated with other
viruses. When applied to characterisation of the coronavirus
transcriptome, DRS approach resulted in identification of
numerous unconventional RNA joining events (additional
unconventional sgRNAs) in addition to 10 canonical sgRNAs
(Kim ez al., 2020). To our knowledge, there are no other exam-
ples of intermolecular base-pairing complex formation leading
to the production of functional chRNAs, but our discovery sug-
gests that similar mechanisms may operate elsewhere.

Thus, this study implies that benyviruses usurp Xrn4
robust degradation activity as a part of elegant RNA matura-
tion pathway to generate monocistronic CP-encoding
chRNAs through intermolecular RNA-RNA interactions.
Involvement of xrRNAs in the intermolecular RNA-RNA
interactions may be a more common mechanism than antici-
pated so far, and recent studies have identified putative
xrRNAs and ‘coremin’-like sequences in several virus families,
including Betaflexiviridae, Tombusviridae, Secoviridae, Poty-
viridae and Virgaviridae (Steckelberg er al, 2018a,b; Dilweg
et al., 2019). Overall, our discoveries suggest that the roles of
xrRNAs in virus infection cycle might be more diverse than
previously appreciated.
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Fig. S2 Quantification of the accumulation of beet soilborne
mosaic virus genomic and chimeric RNAs by absolute RT-qPCR
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Fig. S3 RT-PCRs performed on full-length in vitro generated
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xrRNAs and on total RNA isolated from leaves infiltrated with
BSBMYV full-length infectious cDNA clones in the absence of
RNA 1.

Fig. S4 Schematic representation of the representative RNA-Seq
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in R2R3.

Fig. S5 Representative fluorescence microscopy images showing
RFP-fluorescence in infection loci upon expression of RFP from
R2R3 and R2R4, respectively.

Fig. S6 Complete sequence, translation and main features of the
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Fig. S8 Schematic representation of the stem-loop RT-qPCR
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