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ABSTRACT

Arabidopsis thaliana serves as an appealing model for viroid research, though prior infection trials have largely failed. Previous
studies have shown that mature circular RNAs of certain viroids can be synthesised in A. thaliana via transgenic methods. Here,
we confirm this by introducing a transgene encoding the dimeric cDNA of hop stunt viroid (HSVd) genome and explore the poten-
tial of HSVd-expressing transgenic A. thaliana in viroid research. Mature HSVd circular genome RNA was detected in transgenic
plants but accumulated to relatively low levels. Small RNA (sRNA) sequencing revealed minimal production of HSVd-derived
sRNAs, suggesting inefficient replication. This finding highlights the importance of double-stranded replication intermediates as
the primary source of viroid sSRNAs. Moreover, the low replication efficiency increases the likelihood of identifying viroid-binding
host factors involved in early molecular interactions using transgenic A. thaliana. Transcriptome analysis indicated that HSVd
expression significantly altered the expression of thousands of A. thaliana genes, with enrichment in metabolic pathways, bio-
synthesis, plant hormone signalling, plant-pathogen interactions and MAPK signalling pathways. Interestingly, these pathways
align with those observed in cucumber systemically infected with HSVd, suggesting that transgenic A. thaliana mimics systemic
viroid infections and offers a promising model for studying viroid-host interactions. Thus, despite the challenges of establishing

systemic infection, HSVd-expressing transgenic A. thaliana represents a valuable tool for advancing viroid research.

1 | Introduction

Viroids are small, single-stranded, circular RNAs that infect
higher plants. These naked RNA molecules, with genomes
under 450 nucleotides, lack protein-coding capacity, relying
entirely on host machinery for their replication and life cycle
(Navarro et al. 2021). Viroids can cause severe diseases in sus-
ceptible plants, yet the molecular mechanisms underlying vi-
roid-host interactions remain poorly understood.

Due to its short life cycle, well-annotated genome, and ex-
tensive mutant library, Arabidopsis thaliana has been

widely used to study virus-host interactions (Somerville and
Koornneef 2002). However, its application in viroid research
is limited, as most inoculation attempts have failed (Daros
and Flores 2004). For instance, several pospiviroids were un-
detectable in systemic leaves after agroinfiltration, probably
due to inefficient replication or impaired movement (Daros
and Flores 2004). Interestingly, a recent study demonstrated
that A. thaliana could be systemically infected by hop latent
viroid (HLVd) via mechanical inoculation, resulting in stunt-
ing and chlorosis symptoms (Atallah et al. 2024), suggesting
that systemic viroid infection in A. thaliana is achievable
under specific conditions.
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Arabidopsis thaliana supports critical steps in viroid replication,
including cleavage and ligation. Transgenes encoding dimeric
viroid genomes have successfully produced mature circular vi-
roid RNAs and replication intermediates in A. thaliana (Daros
and Flores 2004). This transgenic approach has been instru-
mental in uncovering the molecular mechanisms of viroid
replication and identifying host ligases involved in the process
(Gas et al. 2007; Nohales et al. 2012). However, the broader host
responses to viroid expression in A. thaliana and the utility of
transgenic lines for studying viroid-plant interactions remain
underexplored.

In this study, we generated transgenic A. thaliana expressing
hop stunt viroid (HSVd) circular genome RNA. Transcriptome
analysis revealed that HSVd expression significantly affects
gene expression, particularly in pathways related to plant
metabolism, hormone signalling, pathogen interactions and
MAPK signalling. These changes closely resemble responses
in HSVd-infected cucumber, indicating that transgenic A.
thaliana could serve as a viable model for studying viroid-
host interactions. Additionally, small RNA (sRNA) profiling
showed minimal HSVd-derived sRNAs, suggesting inefficient
viroid replication. Finally, crosses between HSVd-expressing
plants and DICER-LIKE proteins (DCL) (dcl2, dcl3, dcl4,
dcl2/3, dcl2/4, dcl3/4 and dcl2/3/4) mutants demonstrated the
complex roles of DCL proteins in viroid accumulation and
defence.

2 | Results
2.1 | Inoculation of A. thaliana With Viroids

To evaluate the infectivity of HLVd in A. thaliana (Atallah
et al. 2024), A. thaliana (ecotype Col-0) plants were inoculated
with Agrobacterium tumefaciens cultures carrying binary
plasmids expressing dimeric HLVd RNAs or mechanically
inoculated with in vitro-transcribed dimeric HLVd RNAs.
Buffer-inoculated plants served as controls. Hemp seedlings
were simultaneously inoculated using the same methods.
Reverse transcription (RT)-PCR and northern blot hybridisa-
tion analysis of upper uninoculated A. thaliana leaves revealed
that all inoculated and control plants remained HLVd-
negative until 28 days post-inoculation (dpi) (Figure S1 and
Table S1). In contrast, HLVd was readily detected in the upper
uninoculated leaves of inoculated hemp plants by RT-PCR and
northern blot hybridisation (Table S1), with consistent results
across two additional repetitions. The failure to infect A. thali-
ana with HLVd (MZ090890) might be attributed to differences
in HLVd variants (NC_003611) (Atallah et al. 2024) or plant
growth conditions.

Similarly, A. thaliana plants were inoculated with HSVd and po-
tato spindle tuber viroid (PSTVd). RT-PCR analysis and north-
ern blot hybridisation of upper uninoculated leaves showed no
detectable viroids in A. thaliana up to 35 dpi (Figure S1 and
Table S1). These findings are consistent with previous reports
(Daros and Flores 2004). However, northern blot hybridisation
confirmed viroid presence in HSVd-inoculated cucumber plants
and PSTVd-inoculated tomato plants (Table S1). These results

suggest that systemic viroid infection in A. thaliana remains
unresolved.

2.2 | Transgenic A. thaliana Expressing HSVd

Viroids and noninfectious viroid mutants can establish
systemic infections in non-natural hosts through trans-
genesis (Gomez and Pallas 2006; Wassenegger et al. 1994;
Steinbachova et al. 2021; Yamaya et al. 1989). Additionally,
dimeric RNA transcripts of viroids like HSVd are efficiently
processed into mature circular RNAs and can initiate auton-
omous replication with low efficiency in transgenic A. thali-
ana (Daros and Flores 2004). To investigate HSVd infectivity
in A. thaliana, a dimeric head-to-tail HSVd ¢cDNA (X00009)
(Figure la) was transformed into A. thaliana. Of 24 puta-
tive transformants selected based on hygromycin resistance
and genotyping (Figure S2), seven showed single-copy inser-
tion verified by segregation ratios (~3:1) on hygromycin B-
containing plates (Tabe S2). RT-quantitative PCR (RT-qPCR)
analysis revealed higher HSVd accumulation levels in line 7
and line 10 (Figure 1b), which were selected for further ex-
periments. No phenotypic differences were observed between
transgenic and wild-type plants (Figure 1c).

Northern blot hybridisation following denaturing agarose gel
electrophoresis detected HSVd in lines 7 and 10 (Figure 1d). The
HSVd accumulation levels in transgenic A. thaliana were lower
than those in HSVd-infected cucumber plants. However, the
signal band sizes were comparable, suggesting that the dimeric
HSVd transcripts in transgenic A. thaliana were correctly pro-
cessed, as in cucumber. Attempts to detect circular and linear
HSVd RNAs using northern blot hybridisation with denaturing
PAGE failed despite repeated trials.

To confirm the presence of mature circular HSVd RNAs,
RT-PCR was performed on RNAs treated with RNase R,
which specifically degrades linear RNAs (Liu et al. 2023;
Ye et al. 2015). Controls included A. thaliana circular RNA
(chr2:13037381113038219) and the ACTIN2 gene (Chen
et al. 2017; Zhang et al. 2020). Divergent primers successfully
amplified chr2:13037381113038219 in cDNA but not in genomic
DNA, whereas convergent primers amplified both (Figure S3a).
Untreated RNAs allowed amplification of both circular and lin-
ear forms of chr2:13037381113038219. Following RNase R treat-
ment, divergent primers amplified only circular RNA, while
linear ACTIN2 was not amplified, confirming linear RNA diges-
tion. Under these conditions, HSVd was amplified using diver-
gent primers (Figure 1le and Figure S3b), verifying the presence
of circular HSVd RNAs in transgenic plants.

These results confirmed that dimeric viroid transcripts could be
correctly processed into the circular (+) monomers by A. thali-
ana RNase and RNA ligase (Daros and Flores 2004). Cloning
and sequencing of RNase R-treated HSVd amplification prod-
ucts showed that most sequences (33/36) were identical to the
original cDNA insert, with only three containing minor mu-
tations (Figure S4). These results imply that HSVd replication
efficiency in A. thaliana is low, consistent with previous obser-
vations (Daros and Flores 2004).
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sent in transgenic Arabidopsis thaliana plants. (a) Schematic representation

of the pCAM1305-HSVd construct used for A. thaliana transformation. (b) HSVd expression levels in different transgenic lines, measured by re-
verse transcription (RT)-quantitative PCR and normalised to ACTIN8 and SAND expression levels. Data are shown relative to line 6. Error bars
represent the standard deviation of three biological replicates. Statistically significant differences compared to the control are indicated by asterisks
(***p<0.001, ****p <0.0001, Student's ¢ test). (c) Representative images of Col-0 plants and transgenic A. thaliana lines 7 and 10. (d) Northern blot
analysis of HSVd in transgenic A. thaliana plants. HSVd-infected cucumber serves as a positive control (PC), while wild-type Col-0 is the negative
control (NC). (e) Detection of circular HSVd RNAs in transgenic line 7 using RT-PCR following RNase R treatment. Back-to-back triangle primers
(divergent) and opposing triangle primers (convergent) were used for validation. Circular RNA of chr2:13037381113,038,219 and ACTIN2 serve as

controls.

2.3 | Viroid Expression Alters the Expression
of Thousands of A. thaliana Genes

To investigate the impact of HSVd expression on A. thaliana
gene expression, transcriptome analysis was conducted on
transgenic A. thaliana lines 7 and 10, along with wild-type
Col-0 plants, using three biological replicates per group. RNA
sequencing generated over 38 million reads per library, with
Q20 and Q30 scores of 98.9% and 96.8%, respectively, con-
firming high-quality sequencing data (Table S3). Principal
component analysis (PCA) based on gene expression patterns
clearly separated the three groups (Figure S5a), demonstrat-
ing the biological replicates’ consistency and the HSVd trans-
gene's specific effects. Differentially expressed genes (DEGs)
were identified using the criteria log,(fold change)>I1l and

adjusted p-value (padj)S0.0S (Figure 2 and Table S3). The
results were partially validated through RT-qPCR analysis
of eight key RNA silencing pathway genes (Figure S5b,c and
Table S3) using EFlx as a reference.

Transgenic lines 7 and 10 exhibited 6517 and 6378 DEGs, re-
spectively, compared to Col-0 (Figure 2a,b). DEGs accounted
for over 25% of detected genes, a higher proportion than the
16% reported in HSVd-infected cucumber (Xia et al. 2017). In
addition, transgenic lines 7 and 10 shared more than a half of
both the up- and downregulated DEGs (Figure 2c), indicat-
ing the consistency of the effect of the HSVd transgene on A.
thaliana gene expression. These findings indicate that HSVd
expression substantially influences the global transcriptome
of A. thaliana.
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Gene Ontology (GO) analysis (corrected p <0.05) revealed en-
riched biological processes (BP), cellular components (CC), and
molecular functions (MF) among DEGs (Table S4). Upregulated
DEGs were associated with cellular responses to oxygen levels,
metabolic processes, plasma membranes, cell walls, and bind-
ing/catalytic activities. Downregulated DEGs were primarily
linked to photosynthesis, thylakoid components, and chloroplast
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structures. These enriched terms largely overlap with those
observed in HSVd-infected cucumber (Marquez-Molins
et al. 2023; Xia et al. 2017), highlighting similarities in viroid-
induced host responses. KEGG pathway analysis (corrected
p<0.05) (Table S5) identified enriched pathways in plant me-
tabolism, hormone signalling, pathogen interactions and MAPK
signalling (Figure 3a,b), further aligning with results from
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Differential gene expression analysis. (a) Volcano plot depicting differentially expressed genes (DEGs) between HSVd-expressing line

7 and Col-0. The x-axis represents the log,(fold change), and the y-axis shows the negative logarithm of the adjusted p-value (_1°g10[Padj])- Points
above the threshold lines indicate DEGs with significant changes, with upregulated genes shown in red and downregulated genes in green. Genes
with non-significant changes are shown in grey. (b) Volcano plot depicting DEGs between HSVd-expressing line 10 and Col-0. (c) Venn diagram il-
lustrating the overlap of upregulated DEGs (DEGs-up) and downregulated DEGs (DEGs-down) in line 7 and line 10. Each circle represents the set of
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HSVd-infected cucumber systems (Marquez-Molins et al. 2023,
Xia et al. 2017).

2.4 | Loss-Of-Function of DCLs Reduces HSVd
Expression Levels in Transgenic A. thaliana

Transgenic A. thaliana expressing HSVd serves as a valuable
model for exploring viroid-host interactions by crossing with
mutant lines. Transgenic lines 7 and 10 were crossed with A.
thaliana mutants deficient in DCL genes (dcl2/3, dcl2/4 and
dcl2/3/4). Self-fertilisation of F, populations and genotyping
of F, generations produced single, double and triple DCL mu-
tant lines expressing HSVd. These mutants exhibited pheno-
types consistent with their respective parental DCL mutants
(Figure S6a). Northern blot hybridisation detected HSVd only
in transgenic A. thaliana but not in DCL mutant lines, sug-
gesting that HSVd accumulation in these mutants is extremely
low or undetectable. RT-qPCR confirmed these observations
(Figure S6b). This contrasts with previous findings that loss-
of-function or downregulation of DCL genes enhances viroid
accumulation (Katsarou et al. 2016; Suzuki et al. 2019; Zhang
et al. 2024).

2.5 | Transgenic A. thaliana Produces Minimal
Viroid-Derived Small RNAs

The low replication efficiency of viroids in transgenic A. thali-
ana (Daros and Flores 2004) may explain the reduced HSVd
accumulation in DCL mutants. Low replication efficiency prob-
ably results in fewer double-stranded RNA intermediates, lim-
iting the production of viroid-derived small RNAs (SRNAs) and
attenuating RNA silencing activation.

To quantify HSVd-derived sRNAs, sRNA sequencing was per-
formed on transgenic lines 7 and 10 and wild-type plants. The
sequencing generated over 10 million reads per library, with
Q20 and Q30 scores of 99.4% and 97.8% (Table S6), respectively,
confirming high-quality sequencing data. Only several HSVd-
derived SRNAs were obtained in wild-type plants, which should
be occasionally generated from the A. thaliana genome. In con-
trast, the 21-24 nucleotide (nt) sSRNAs that perfectly matched the
HSVd genome (X00009) were detected in transgenic lines with
169-1178 total reads (Table S6). These SRNAs were dominated
by 21nt and 22nt, followed by 24 nt. The similar size distribu-
tion of HSVd-derived sSRNA with previous observations (Gomez
and Pallas 2010; Navarro et al. 2009; Zhang et al. 2020) sup-
ports the reliability of SRNA-sequencing and the biosynthesis of
HSVd-derived sRNA in transgenic A. thaliana. Although HSVd-
derived sRNAs were synthesised in transgenic A. thaliana, the
amount (16-99 reads per million) was markedly lower than that
in HSVd-infected cucumber, hop and grapevine (Gomez and
Pallas 2010; Marquez-Molins et al. 2023; Navarro et al. 2009;
Zhang et al. 2020).

The amount of sSRNA from the plus and the minus strand was
similar (Figure 4a and Table S6), indicating that HSVd minus-
strand was synthesised in transgenic A. thaliana and double-
stranded replication intermediates should also be synthesised
and processed into SRNA. These results support the viroid

replication in transgenic A. thaliana (Daros and Flores 2004).
Distribution patterns of both plus and minus sRNA along
the HSVd genome were similar in the two transgenic lines
(Figure 4b). However, they are not completely consistent with
previous observations (Gomez and Pallas 2010, Marquez-
Molins et al. 2023, Navarro et al. 2009, Zhang et al. 2020),
especially hotspots, for example, at the position of 230. The
differences in plant and viroid variant may cause this dis-
crepancy. Together, these results indicate inefficient synthe-
sis of double-stranded replication intermediates, suggesting
extremely low viroid replication efficiency. The possibility of
rapid degradation of HSVd-derived sRNAs, though unlikely,
cannot be completely excluded.

3 | Discussion

The model plant A. thaliana is an appealing system for viroid
research. Although most attempts to inoculate viroids into A.
thaliana have failed (Daros and Flores 2004; Ma 2022), sys-
temic infection by HLVd has been reported in A. thaliana
(Atallah et al. 2024), keeping the question open. In this study,
both mechanical and agroinfiltration methods were used to
inoculate HLVd, HSVd and PSTVd into A. thaliana (Col-0
type). Despite repeating the experiments three times for each
viroid, systemic infection was not achieved. Similarly, PSTVd
failed to establish systemic infection even in eight A. thaliana
mutants (dcl2-1, dcl4-2t, dcl2-1/dcl3-1, dcl3-1/dcl4-2t, rdr2-2,
rdr6-15, ago2-1, sgs3-14) involved in the RNA silencing path-
way (Ma 2022). Although environmental conditions (e.g., hu-
midity, temperature and light) varied slightly between trials,
the failure of infection suggests that if systemic viroid infec-
tion in A. thaliana is possible, the required conditions must
be highly stringent. Overall, establishing systemic infection in
A. thaliana remains a significant challenge, limiting its direct
use for viroid studies.

Despite these limitations, the transgenic expression of viroids
in A. thaliana can, to some extent, mimic systemic infection.
Previous studies demonstrated that the dimeric cDNA of sev-
eral pospiviroids, when genetically transformed into A. thali-
ana, was transcribed and efficiently processed into mature
circular genome RNAs (Daros and Flores 2004). Our findings
corroborate this observation, showing that HSVd transgene
(Figure 1) expression was easily detected in A. thaliana via
northern blotting using a DIG-labelled complementary ri-
boprobe. This supports the potential of viroid-expressing A.
thaliana as a model system for viroid research. Indeed, this
approach has been successfully used to elucidate molecular
mechanisms of viroid replication (Gas et al. 2007; Nohales
et al. 2012).

Furthermore, transcriptomic analysis revealed that HSVd ex-
pression altered the expression of approximately 25% of A. thali-
ana genes, affecting pathways related to metabolism, hormone
signalling, defence responses and RNA silencing (Figure 2 and
Table S3). These changes mirror responses observed in HSVd-
infected cucumber (Marquez-Molins et al. 2023; Xia et al. 2017)
and other viroid-infected plants (Joubert et al. 2022). Pathway
enrichment analysis identified similarities in plant metabolism,
biosynthesis, hormone signalling, plant-pathogen interactions,
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and MAPK signalling (Figure 3). This resemblance underscores
the value of viroid-expressing A. thaliana for studying viroid-
host interactions.

This system is particularly advantageous for identifying viroid-
binding host factors. Viroids lack protein-coding capacity and
depend entirely on host factors for replication, movement and
pathogenicity. In systems with systemic viroid infection, many
viroid-binding proteins are probably associated with replication.
However, in A. thaliana, inefficient viroid replication (Daros
and Flores 2004) minimises the involvement of replication-
associated factors. Although longer-than-unit antisense viroid
RNAs were detected (Daros and Flores 2004), HSVd-derived
sRNAs were produced in only limited amounts (Figure 4 and
Table S6). This suggests that double-stranded RNA interme-
diates required for efficient replication are either synthesised
at extremely low levels or not at all in transgenic A. thaliana.
Additionally, viroid systemic movement seems to be restricted
in A. thaliana (Daros and Flores 2004). This partial uncoupling
of replication and movement in transgenic A. thaliana provides

an opportunity to investigate host factors that influence viroid
accumulation and processing.

Our observation that HSVd-expressing A. thaliana produces a
similar number of plus- and minus-strand HSVd-derived SRNAs
per plant (Figure 4 and Table S6) offers insights into the bio-
synthesis of viroid sSRNAs. In addition to double-stranded RNAs
synthesised during replication by Pol I or during RNA interfer-
ence (RNAi)-mediated defence by RNA-dependent RNA poly-
merase (RDR) (Di Serio et al. 2023, 2009; Navarro et al. 2021,
2009), mature viroid genomic RNAs that fold into stem-loop
structures similar to microRNA precursors (Itaya et al. 2007)
are recognised to be a template for viroid SRNAs. In our study,
mature HSVd genomic RNAs were synthesised (Figure 1e), but
the amount of plus-strand HSVd-derived sSRNAs was similar to,
rather than higher than, that of minus-strand sRNAs. These
findings suggest that mature HSVd genomic RNAs are subop-
timal substrates for A. thaliana DCLs, whereas double-stranded
replication intermediates are the primary source of viroid-
derived SRNAs (Gomez and Pallas 2007; Gomez et al. 2009).

6 of 9

Molecular Plant Pathology, 2025



4 | Experimental Procedures
4.1 | Viroid and Plant Materials

Plants (A. thaliana, tomato cv. Rutgers, cucumber cv. Suyo,
and hemp) were grown in a controlled environment with a 16-h
light/8-h dark photoperiod at 22°C under 80% relative humid-
ity. Fully expanded cotyledons of tomato, cucumber and hemp
seedlings, 1 or 2 weeks old, and the 8th to 10th rosette leaves
of A. thaliana were inoculated by viroid. Mechanical inocu-
lation used the inoculum generated via in vitro transcription
(Xia et al. 2017) of dimeric cDNAs of HSVd (X00009), PSTVd
(MK303581) and HLVd (MZ090890) cloned into the pGEM-T
vector (TaKaRa). Additionally, dimeric cDNAs of HSVd were
cloned into the binary plasmid pCAM1305.1, while PSTVd
and HLVd were cloned into the binary plasmid pCAM1300 for
agroinfiltration (Zhang et al. 2024).

4.2 | Transgenesis of HSVd in A. thaliana
and Crosses With DCL-Deficient Mutants

Dimeric cDNAs of HSVd cloned into the binary plasmid
pCAM1305.1 for transgenesis in A. thaliana (Col-0). The recom-
binant plasmid pCAM1305-HSVd (Figure 1a) was transformed
into A. tumefaciens GV3101 and introduced into A. thaliana
using the floral dip method (Clough and Bent 1998). T, gener-
ation transgene seeds were screened by PCR (Table S7). Two
HSVd-expressing A. thaliana parental lines, line 7 and line 10,
were selected based on high HSVd accumulation levels and used
for crosses with A. thaliana mutants deficient in DCL genes
(dcl2/3, dcl2/4, dcl3/4, and dcl2/3/4) generated by T-DNA inser-
tion (SALK_064627 for dcl2-1; WiscDsLox245A05 for dcl3-2;
GABI_160G05 for dcl4-2) in the Col-0 background. Crosses
were performed by emasculating flowers of the female parent to
remove anthers, followed by careful transfer of pollen from the
male parent to the stigma. F, seeds were screened for hygromy-
cin resistance and genotyped.

4.3 | RNA Extraction, RT-PCR, Cloning,
and Sequencing

Total RNA was extracted from upper non-inoculated leaves (14,
28 and 35 dpi) using TRIzol reagent (TransGen Biotech) accord-
ing to the manufacturer's protocol. RNA quality was evaluated
by agarose gel electrophoresis and quantified using the Nano300
spectrophotometer (Allsheng). First-strand cDNA synthesis
was performed with M-MLV reverse transcriptase (Promega)
and random hexamer primers. PCR amplification of the HSVd
genome was conducted using Taq or Pfu DNA polymerase
(Vazyme Biotech) (Table S7). PCR products were cloned into the
pTOPO vector for sequencing.

4.4 | RT-gPCR

Total RNA (1ug) was treated with DNase I to remove genomic
DNA and used as a template for cDNA synthesis using the HiScript
II 1st Strand cDNA Synthesis Kit (Vazyme) with random hexam-
ers following the manufacturer's instructions. Real-time qPCR

was performed with SYBR Green PCR Master Mix (TransGen).
Housekeeping genes, including ACTINS (AT1G49240), SAND
(AT3G28390) and EFla (AT5G60390) (Gao et al. 2018; Han
et al. 2013; Liu et al. 2022), were used for normalisation. RNA
silencing-related genes included AGOI (ATI1G48410), AGO2
(ATIG31280), RDR1 (ATIG14790), RDR6 (AT3G49500), DCLI
(AT1G01040), DCL2 (AT3G03300), DCL3 (AT3G43920) and DCL4
(AT5G20320) (Incarbone et al. 2023; Liu et al. 2022). Relative ex-
pression levels were calculated using the 2722t method (Livak
and Schmittgen 2001). All experiments were conducted in tripli-
cate. RT-qPCR primers are provided in Table S7.

4.5 | Northern Blot Hybridisation and Circular
RNA Determination

Northern blot analysis was conducted using a digoxigenin-labelled
complementary riboprobe, as previously described (Zhang
et al. 2023). Circular HSVd RNAs were detected via denaturing
polyacrylamide gel electrophoresis (PAGE) followed by northern
blot hybridisation (Daros and Flores 2004). Circular RNA detec-
tion was further validated by RT-PCR using divergent primers
(Table S7) combined with RNase R treatment (Beyotime), which
degrades linear RNAs (Liu et al. 2023; Ye et al. 2015). Total RNA
(1 ug) was treated with RNase R (3U) at 37°C for 40 min, followed
by inactivation at 72°C for 10min. ACTIN2 (AT3G18780) and a ref-
erence sequence within gene AT5G01920 (chr2:1303738/13038219)
were used as controls (Zhang et al. 2020).

4.6 | RNA And Small RNA Sequencing

Leaves from wild-type and HSVd-expressing A. thaliana
plants were collected at the full-flowering stage (approxi-
mately 45days after planting) for RNA extraction. Three bi-
ological replicates were prepared for each group. For RNA
sequencing, paired-end libraries were constructed and se-
quenced on the Illumina HiSeq 2000 platform (Novogene).
Raw reads were processed using fastp to remove adapter se-
quences, reads containing poly-N, and low-quality reads, re-
sulting in high-quality clean reads. Clean reads were mapped
to the A. thaliana reference genome (https://ftp.ensemblgen
omes.ebi.ac.uk/pub/plants/release-56), using HISAT2 v. 2.0.5
with default parameters (Goldstein et al. 2016). Gene expres-
sion levels were quantified using featureCounts (1.5.0-p3),
and differential gene expression analysis was performed using
DESeq2 v. 1.20.0 (Anders and Huber 2010), which applies a
negative binomial distribution model to determine DEGs. The
Benjamini and Hochberg method was used to adjust p-value
for controlling the false discovery rate, and genes with log,(-
fold change) > I1] and adjusted p-value (padj) <0.05 were con-
sidered differentially expressed (Anders and Huber 2010).

For sRNA sequencing, sSRNAs (18-50nt) were purified from
total RNA and used to construct a library with a TruSeq Small
RNA Library Prep Kit (Illumina). Sequencing was performed on
the Illumina HiSeq 2000 platform, generating 50bp single-end
reads. Adapter sequences were trimmed using Cutadapt, and
high-quality reads were aligned to the HSVd genome (X00009)
by Bowtie without mismatch to analyse their expression and dis-
tribution on the reference (Langmead et al. 2009).
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