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Abstract: Virus coat protein (CP)-mediated resistance is considered an effective antiviral defense strat-
egy that has been used to develop robust resistance to viral infection. Rice stripe virus (RSV) causes
significant losses in rice production in eastern Asia. We previously showed that the overexpression
of RSV CP in Arabidopsis plants results in immunity to RSV infection, using the RSV-Arabidopsis
pathosystem, and this CP-mediated viral resistance depends on the function of DCLs and is mostly
involved in RNA silencing. However, the special role of DCLs in producing t-siRNAs in CP trans-
genic Arabidopsis plants is not fully understood. In this study, we show that RSV CP transgenic
Arabidopsis plants with the dcl2 mutant background exhibited similar virus susceptibility to non-
transgenic plants and were accompanied by the absence of transgene-derived small interfering
RNAs (t-siRNAs) from the CP region. The dcl2 mutation eliminated the accumulation of CP-derived
t-siRNAs, including those generated by other DCL enzymes. In contrast, we also developed RSV
CP transgenic Arabidopsis plants with the dcl4 mutant background, and these CP transgenic plants
showed immunity to virus infection and accumulated comparable amounts of CP-derived t-siRNAs
to CP transgenic Arabidopsis plants with the wild-type background except for a significant increase
in the abundance of 22 nt t-siRNA reads. Overall, our data indicate that DCL2 plays an essential, as
opposed to redundant, role in CP-derived t-siRNA production and induces virus resistance in RSV
CP transgenic Arabidopsis plants.

Keywords: DCL2; DCL4; rice stripe virus; CP-mediated resistance; RNA silencing; small RNA
deep sequence

1. Introduction

Plants have evolved different strategies to defend against viral invasion. Among
these strategies, RNA silencing or RNA interference (RNAi) is considered the fundamental
antiviral defense mechanism that has been used to increase resistance to viral infections [1].
In this process, virus-derived double-stranded (ds)RNA is generated as a viral genome
replicative intermediate or by host RNA-dependent RNA polymerase (RDR) acting on aber-
rant viral single-strand RNA [2,3]. Subsequently, Dicer-like ribonucleases (DCLs) in plants
recognize and convert these dsRNAs into 21–24-nucleotide viral small interfering RNAs
(vsiRNAs) [4–6]. Eventually, one strand of the visRNAs is incorporated into Argonaute
(AGO) proteins to form RNA-induced silencing complexes (RISCs). Antiviral RISCs are
able to cleave or translationally suppress the targeted viral RNA through complementarity
between the vsiRNA and the viral RNA [7,8]. In Arabidopsis thaliana, there are four types
of DCLs that have all been associated with virus RNA silencing [5,6]. DCL1 primarily
processes hairpin RNA into the 21 nt microRNA (miRNA) that is involved in plant growth,
development and stress response [3]. Among vsiRNAs, the 21 nt vsiRNAs produced by
DCL4 are the most dominant species and are involved in the canonical antiviral defense
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mechanism [5,9,10]. DCL2 generates 22 nt vsiRNAs that repress target viral RNA at the
translational level and trigger the amplification of silencing signals more efficiently than
21 nt vsiRNAs [1,11,12]. DCL3 produces 24 nt vsiRNAs that direct transcriptional gene si-
lencing by means of RNA-directed DNA methylation (RdDM) to suppress the transcription
of DNA viruses [13,14]. In Arabidopsis plants, AGO1, AGO2, AGO4, AGO7, and AGO10
are associated with antiviral defense against various viruses by sorting vsiRNAs based on
their 5′ terminal nucleotide [15–18].

Rice stripe virus (RSV) is the type species of the genus Tenuivirus and causes significant
losses in rice production in eastern Asia [19–21]. In nature, RSV is transmitted from
plant to plant by the small brown planthopper (SBPH) (Laodelphax striatellus Fallén) in
a circulative and propagative manner [19,22]. Under laboratory conditions, RSV can
be transmitted to Arabidopsis plants by means of viruliferous SBPH inoculation and
causes severe disease symptoms, such as yellow stripes on leaves, severe stunting and
even death [23,24]. The RSV genome contains four single-stranded negative-sense RNA
segments, named RNA1, RNA2, RNA3 and RNA4, which encode seven open-reading
frames (ORFs) using a negative or ambisense coding strategy [25]. RNA1 encodes an
RNA-dependent RNA polymerase (RdRP) protein in the viral-complementary sense [26].
The other three segments are all bicistronic and ambisense, and each encodes two ORFs
on the viral RNA and viral complementary strand (vcRNA). RNA2 encodes a weak RNA
silencing suppressor NS2 [27] and a putative membrane glycoprotein Nsvc2 [28]. RNA3
encodes an RNA silencing suppressor NS3 [29] and a coat protein (CP) from vcRNA [30].
A disease-specific protein (SP) and a movement protein (NSvc4) are encoded by RNA4
from viral RNA and vcRNA, respectively [20,31]. To control the rice stripe disease caused
by RSV, RNA silencing-associated resistance in transgenic plants has been shown to be a
promising antiviral strategy. Transgenic rice plants expressing RNA silencing constructs
targeting the SP, and CP genes of RSV conferred strong resistance to viral infection [32]. The
overexpression of RSV CP or NSvc4 in transgenic rice plants provided resistance against
the virus [33,34].

In a previous report, using the RSV-Arabidopsis pathosystem, we demonstrated that
the overexpression of translatable and non-translatable RSV CP in Arabidopsis plants
provided immunity to virus infection. Moreover, RSV CP-mediated virus resistance was
associated with transgene-derived siRNAs (t-siRNAs) and depended on the function of
endogenous DCLs [35]. However, which DCL genes are required for t-siRNA biosynthe-
sis and virus resistance in CP transgenic Arabidopsis plants remains unknown. In the
present study, we further investigated the roles of Arabidopsis DCL2 and DCL4 in RSV
CP-mediated virus resistance. We developed RSV CP transgenic Arabidopsis plants with
a dcl2 or dcl4 mutant background and found that DCL2 but not DLC4 was required for
the accumulation of t-siRNAs and CP-mediated virus resistance. With the dcl2 mutant
background, the RSV CP transgenic plants showed the same susceptibility to virus infec-
tion as non-transgenic plants and a complete absence of accumulation of t-siRNA from
CP loci. However, RSV CP transgenic plants in dcl4 mutants exhibited immunity to RSV
infection and accumulated high levels of transgene-siRNA (t-siRNA) (2.78% of total small
RNA) with dominant sizes of 21 nt (37.92%) and 22 nt (49.68%). Collectively, our results
demonstrate that Arabidopsis DCL2 plays a critical role in RSV CP-mediated antiviral
defense by regulating the biogenesis of t-siRNAs.

2. Materials and Methods
2.1. Sources of Virus, Vectors, and Plant Materials

RSV-infected rice plants were collected from Jiangsu Province in China in 2019. Non-
viruliferous planthoppers (Laodelphax striatellus) reared on Oryza sativa (Wuyujing No. 3)
plants were collected and allowed an acquisition access period of at least 7 d on RSV-
infected rice plants, following which planthoppers were transferred to rice plants. The
viruliferous planthoppers were confirmed via RT-PCR assay [23].
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Arabidopsis thaliana (Col-0) and Col-0;FMCP transgene seeds were described pre-
viously [35]. Seeds of Arabidopsis thaliana mutants dcl2-1 (SALK_064627) and dcl4-2e
(CS6954) were provided by ABRC. Arabidopsis plants were grown in potting soil in a
growth chamber at 23 ◦C under 200 µmol m−2 s−1 illumination and 16 h light/8 h dark
cycle conditions.

2.2. RSV Inoculation Assay

Viral inoculations were performed as described previously [35]. The Arabidopsis
plants were infected at the 2-week stage with viruliferous planthoppers. After 4 days, the
planthoppers were sprayed with insecticide, and the inoculated plants were placed in the
growth chamber at 23 ◦C.

2.3. DNA Constructs and Transgenic Plants

The Arabidopsis transgene vector pBA-FM-CP was generated as described previ-
ously [35]. Arabidopsis dcl2-1 and dcl4-2e plants were transformed with Agrobacterium
tumefaciens ABI carrying pBA-FM-CP to generate RSV CP transformants using a floral
dip method as described previously [36,37]. In the T1 and T2 generations, CP transgenic
Arabidopsis plants were selected on standard MS medium containing 10 mg/L glufosinate
ammonium (Sigma-Aldrich, St. Louis, MO, USA).

2.4. PCR Genotyping for Mutants

For homozygous dcl2-1 genotyping, the T-DNA primers LB1.3, dcl2-1-LP and dcl2-1-
RP, were designed on the website T-DNA Primer Design (http://signal-genet.salk.edu/
tdnaprimers.2.html, accessed on 7 October 2022). Then, a PCR with these primers amplified
genomic DNA from homozygous dcl2-1 and wild-type Arabidopsis plants. Genotyping for
homozygous dcl4-2e was performed as described previously [38], and PCR products were
then sequenced using the sanger method.

2.5. Western Blot Assay

Plant total protein extraction and western blot analysis were performed as described
previously [35]. Briefly, proteins were separated by 12% SDS-PAGE and transferred to
PVDF membranes. The membranes were probed with primary anti-RSV SP (provided by
Jianxiang Wu, Zhejiang University, Hangzhou, China), anti-Rubisco-L (Sangon Biotech,
Shanghai, China), and anti-myc (Sigma-Aldrich, St. Louis, MO, USA), which was fol-
lowed by the corresponding secondary antibodies conjugated to horseradish peroxidase
(Beyotime Biotechnology, Shanghai, China). The blotted signal was visualized using ECL
buffer (Vazyme, Nanjing, China) and recorded with a Tanon 5200 Luminescent Imaging
Workstation according to the manufacturer’s manual (Tanon, Shanghai, China).

2.6. Quantitative Reverse-Transcription PCR (qRT-PCR)

Total RNA was extracted from Arabidopsis leaves with RNAiso Plus reagent (Takara,
Dalian, China). For reverse transcription, 1 µg of RNA was used to synthesize cDNA
using an iScriptTM cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). qRT-PCR was then
performed on a Bio-Rad iQ5 Real-Time PCR system (Bio-Rad, Hercules, CA, USA) with
SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA) with gene-specific primers
(Supplementary Table S1). EF1α was used as an internal control, and each experiment
included three independent biological replicates and three technical replicates.

2.7. Small RNA Deep Sequencing and Analysis

Total RNA samples were extracted from Col-0;FMCP, dcl2-1::FMCP and dcl4-2e::FMCP
leaves using RNAiso Plus reagent (Takara, Dalian, China). Single-end mRNA libraries were
generated using a Small RNA Sample Pre Kit (Illumina, San Diego, CA, USA) according
to the manufacturer’s recommendations and were sequenced on an Illumina HiSeq SE50
platform at Novogene Corporation Inc. (Novogene, Tianjing, China). The quality of clean

http://signal-genet.salk.edu/tdnaprimers.2.html
http://signal-genet.salk.edu/tdnaprimers.2.html
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reads was checked using the FastQC program (v0.11.3). Then, clean data were mapped
to the RSV CP (NCBI accession numbers: NC_003776.1) using Bowtie (v1.1.2), allowing
up to one mismatch. Reads showing matches with the RSV CP sequences were retained
and further analyzed using the CLC Genomics Workbench program (QIAGEN, Hilden,
Germany), Perl scripts and Excel tools. The total small RNA reads mentioned in this study
were the redundant reads. Small RNA-seq data were deposited in the National Genomics
Data Center (part of the China National Center for Bioinformation) BioProject database
with accession code PRJCA020309.

3. Results
3.1. Generation of RSV CP Transgenic Arabidopsis Plants with the dcl2 or dcl4
Mutant Background

Our previous study indicated that RSV CP-mediated viral immunity in Arabidopsis
plants depended on the function of endogenous DCLs [35]. To identify which DCL genes
are required for RSV CP-mediated virus resistance, we generated RSV CP transgenic
plants with the dcl2-1 or dcl4-2e background using the pBA-FM-CP vector as described
previously [35]. The dcl2-1 mutant lines were null mutants generated by means of T-DNA
insertion in DCL2 (At3g03300) [39], and our genotyping PCR and sequence analysis results
also confirmed that the dcl2-1 mutants were homozygous (Figure 1A, Supplementary Table S2).
The dcl4-2e mutant lines had point mutations in the DCL4 helicase domain that greatly
reduced the accumulation of the 21 nt species of ta-siRNAs [38]. The genotyping PCR
sequencing results of dcl4-2e mutants also indicated that there was a point mutation in
DCL4 that converts glutamic acid at position 583 to lysine, and the dcl4-2e mutants used
in this study were homozygous (Figure 1B). To avoid transcriptional silencing induced
by T-DNA insertion mutations, the T2 generation of RSV CP with Flag-Myc4 epitope
transgenic plants on dcl2-1 mutants was examined via western blot analysis. As shown in
Figure 1C, relatively high levels of RSV CP expression were measured in transgenic plants,
indicating that RSV CP loci were not transcriptionally silenced by T-DNA insertion in dcl2-1
mutants. Transcriptional silencing was not a problem in the dcl4-2e mutant lines, which
were not T-DNA insertion mutants. The expression of Flag-Myc4-CP was detected only in
transgenic plants with the dcl4-2e background with an anti-Myc antibody (Figure 1D).

3.2. Plant DCL2 Is Indispensable for CP-Mediated RSV Resistance in Arabidopsis

To elucidate the function of DCL2 in RSV CP-mediated virus resistance, RSV CP
transgenic Arabidopsis plants with the dcl2-1 background were challenged with RSV
infection by means of inoculation via viruliferous small brown planthoppers. Wild-type
Col-0 and dcl2-1 mutant plants were used as controls. In two independent experiments, RSV
CP transgenic plants with the dcl2-1 background (dcl2-1;FMCP) showed severe stunting
disease symptoms similar to those of non-transgenic dcl2-1 and Col-0 plants (Figure 2A). We
assessed the extent of RSV SP mRNA transcripts using quantitative reverse-transcription
PCR (qRT-PCR) and the abundance of RSV SP protein using western blot analysis. RSV SP
mRNA and protein both accumulated at comparable levels in the dcl2-1;FMCP transgenic
plants versus non-transgenic dcl2-1 mutant and Col-0 plants (Figure 2B,C). Thus, DCL2
plays a primary role in the RSV CP-mediated virus resistance pathway. Considering that
DCL2 is conserved in crop plants (Supplementary Figure S1), DCL2 may play an important
role in crop plants-viruses interactions.



Viruses 2023, 15, 2239 5 of 14

Viruses 2023, 15, x FOR PEER REVIEW  4  of  13 
 

 

Illumina HiSeq SE50 platform at Novogene Corporation Inc. (Novogene, Tianjing, China). 

The quality of clean reads was checked using the FastQC program (v0.11.3). Then, clean 

data were mapped to the RSV CP (NCBI accession numbers: NC_003776.1) using Bowtie 

(v1.1.2),  allowing  up  to  one mismatch. Reads  showing matches with  the RSV CP  se-

quences were retained and further analyzed using the CLC Genomics Workbench pro-

gram  (QIAGEN, Hilden, Germany), Perl  scripts and Excel  tools. The  total  small RNA 

reads mentioned in this study were the redundant reads. Small RNA-seq data were de-

posited in the National Genomics Data Center (part of the China National Center for Bio-

information) BioProject database with accession code PRJCA020309. 

3. Results 

3.1. Generation of RSV CP Transgenic Arabidopsis Plants with the dcl2 or dcl4 Mutant Back‐

ground 

Our previous study indicated that RSV CP-mediated viral immunity in Arabidopsis 

plants depended on the function of endogenous DCLs [35]. To identify which DCL genes 

are  required  for RSV CP-mediated  virus  resistance, we  generated RSV CP  transgenic 

plants with the dcl2‐1 or dcl4‐2e background using the pBA-FM-CP vector as described 

previously [35]. The dcl2‐1 mutant lines were null mutants generated by means of T-DNA 

insertion in DCL2 (At3g03300) [39], and our genotyping PCR and sequence analysis results 

also confirmed that the dcl2‐1 mutants were homozygous (Figure 1A, Supplementary Ta-

ble S2). The dcl4‐2e mutant lines had point mutations in the DCL4 helicase domain that 

greatly reduced the accumulation of the 21 nt species of ta-siRNAs [38]. The genotyping 

PCR sequencing results of dcl4‐2e mutants also indicated that there was a point mutation 

in DCL4 that converts glutamic acid at position 583 to lysine, and the dcl4‐2e mutants used 

in this study were homozygous (Figure 1B). To avoid transcriptional silencing induced by 

T-DNA insertion mutations, the T2 generation of RSV CP with Flag-Myc4 epitope trans-

genic plants on dcl2‐1 mutants was examined via western blot analysis. As shown in Fig-

ure 1C, relatively high levels of RSV CP expression were measured in transgenic plants, 

indicating that RSV CP loci were not transcriptionally silenced by T-DNA insertion in dcl2‐

1 mutants. Transcriptional silencing was not a problem in the dcl4‐2e mutant lines, which 

were not T-DNA insertion mutants. The expression of Flag-Myc4-CP was detected only 

in transgenic plants with the dcl4‐2e background with an anti-Myc antibody (Figure 1D). 

 
Figure 1. Molecular characterization of RSV CP transgenic Arabidopsis plants with a dcl2 or dcl4
mutant background. (A) Genotyping of dcl2-1 T-DNA insertion mutant Arabidopsis plants. (B) DNA
sequence analysis of dcl4 mutated alleles identified from cloned PCR fragments of dcl4-2e mutant
plants. (C) Western blot analysis of RSV CP protein accumulation in CP transgenic Arabidopsis plants
with the dcl2 mutant background using a myc-specific antibody. The Rubisco-L protein level served
as a loading control. (D) Western blot analysis of RSV CP protein accumulation in CP transgenic
Arabidopsis plants with the dcl4 mutant background using a myc-specific antibody. The Rubisco-L
protein level served as a loading control.
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transgenic plants with the dcl2-1 mutant background (dcl2-1;FMCP-3, dcl2-1;FMCP-15, dcl2-1;FMCP-
17) and dcl2-1 and Col-0 Arabidopsis plants. Photographs were taken at 4 weeks post-inoculation.
(B) Western blot analysis of RSV-encoded SP protein accumulation in RSV-infected CP transgenic
plants with the dcl2-1 mutant background (dcl2-1;FMCP-3, dcl2-1;FMCP-15, dcl2-1;FMCP-17) and
dcl2-1 and Col-0 Arabidopsis plants using an SP-specific antibody. The Rubisco-L protein level served
as a loading control. Arabidopsis plants were all collected at 28 dpi. (C) qRT-PCR analysis of RSV SP
mRNA transcription levels in RSV-infected CP transgenic plants with the dcl2-1 mutant background
(dcl2-1;FMCP-3, dcl2-1;FMCP-15, dcl2-1;FMCP-17) and dcl2-1 and Col-0 Arabidopsis plants. Signal
intensities for each transcript were normalized to those for EF1-α. Values are means ± SD (n = 3).
The experiment was repeated twice with similar results.

3.3. RSV CP Transgenic Arabidopsis Plants with the dcl4-2e Background Show Immunity to
RSV Infection

To further explore the roles of DCL4 in the RSV CP-mediated virus immunity pathway,
we tested the antiviral responses of the RSV CP transgenic Arabidopsis plants with the dcl4-
2e background (dcl4-2e;FMCP) by inoculating seedlings with RSV, using dcl4-2e, wild-type
Col-0 as the virus susceptible control and CP transgenic plants with the Col-0 background
(Col-0;FMCP) as the virus resistance control. In two independent trials, no RSV symptoms
were observed in the dcl4-2e;FMCP and Col-0;FMCP transgenic Arabidopsis plants in con-
trast with the severe stunting symptoms in dcl4-2e and Col-0 plants (Figure 3A). Consistent
with these observations, the accumulation of viral SP protein was nearly eliminated in the
dcl4-2e;FMCP transgenic plants by means of western blot (Figure 3B), and the abundance
of SP mRNA decreased in dcl4-2e;FMCP transgenic plants compared with that in dcl4-2e
and Col-0 plants (Figure 3C). These results suggest that RSV CP induces viral resistance in
the plants with the dcl4-2e background and that impairing DCL4 activity does not affect
RSV CP-mediated viral resistance.

Viruses 2023, 15, x FOR PEER REVIEW  6  of  13 
 

 

served as a loading control. Arabidopsis plants were all collected at 28 dpi. (C) qRT-PCR analysis of 

RSV SP mRNA  transcription  levels  in RSV-infected CP  transgenic plants with  the dcl2‐1 mutant 

background  (dcl2‐1;FMCP-3,  dcl2‐1;FMCP-15,  dcl2‐1;FMCP-17)  and  dcl2‐1  and Col-0 Arabidopsis 

plants. Signal intensities for each transcript were normalized to those for EF1‐α. Values are means ± 

SD (n = 3). The experiment was repeated twice with similar results. 

3.3. RSV CP Transgenic Arabidopsis Plants with the dcl4‐2e Background Show Immunity to 

RSV Infection 

To further explore the roles of DCL4 in the RSV CP-mediated virus immunity path-

way, we tested the antiviral responses of the RSV CP transgenic Arabidopsis plants with 

the dcl4‐2e background (dcl4‐2e;FMCP) by inoculating seedlings with RSV, using dcl4‐2e, 

wild-type Col-0 as the virus susceptible control and CP transgenic plants with the Col-0 

background (Col-0;FMCP) as the virus resistance control. In two independent trials, no 

RSV symptoms were observed in the dcl4‐2e;FMCP and Col-0;FMCP transgenic Arabidop-

sis plants in contrast with the severe stunting symptoms in dcl4‐2e and Col-0 plants (Figure 

3A). Consistent with these observations, the accumulation of viral SP protein was nearly 

eliminated in the dcl4‐2e;FMCP transgenic plants by means of western blot (Figure 3B), 

and the abundance of SP mRNA decreased in dcl4‐2e;FMCP transgenic plants compared 

with that in dcl4‐2e and Col-0 plants (Figure 3C). These results suggest that RSV CP in-

duces viral resistance in the plants with the dcl4‐2e background and that impairing DCL4 

activity does not affect RSV CP-mediated viral resistance. 

 

Figure 3. Examination of rice strip virus (RSV) resistance of RSV CP transgenic Arabidopsis plants 

with the dcl4 mutant background. (A) Disease symptoms of mock-inoculated and RSV-infected CP 

transgenic  plants  with  the  dcl4‐2e  mutant  background  (dcl4‐2e;FMCP-1,  dcl4‐2e;FMCP-2,  dcl4‐

2e;FMCP-15) or wild-type background (Col;FMCP) and non-transgenic dcl4‐2e and Col-0 Arabidop-

sis plants. Photographs were taken at 4 weeks post-inoculation. (B) Western blot analysis of RSV-

encoded SP protein accumulation  in RSV-infected CP  transgenic plants with  the dcl4‐2e mutant 

Figure 3. Examination of rice strip virus (RSV) resistance of RSV CP transgenic Arabidopsis plants
with the dcl4 mutant background. (A) Disease symptoms of mock-inoculated and RSV-infected CP



Viruses 2023, 15, 2239 7 of 14

transgenic plants with the dcl4-2e mutant background (dcl4-2e;FMCP-1, dcl4-2e;FMCP-2, dcl4-2e;FMCP-
15) or wild-type background (Col;FMCP) and non-transgenic dcl4-2e and Col-0 Arabidopsis plants.
Photographs were taken at 4 weeks post-inoculation. (B) Western blot analysis of RSV-encoded
SP protein accumulation in RSV-infected CP transgenic plants with the dcl4-2e mutant background
(dcl4-2e;FMCP-1, dcl4-2e;FMCP-2, dcl4-2e;FMCP-15) or wild-type background (Col;FMCP) and non-
transgenic dcl4-2e and Col-0 Arabidopsis plants using a SP-specific antibody. The Rubisco-L protein
level served as a loading control. Arabidopsis plants were all collected at 28 dpi. (C) qRT-PCR
analysis for RSV SP mRNA transcription levels in RSV-infected CP transgenic plants with the dcl4-2e
mutant background (dcl4-2e;FMCP-1, dcl4-2e;FMCP-2, dcl4-2e;FMCP-15) or wild-type background
(Col;FMCP) and non-transgenic dcl4-2e and Col-0 Arabidopsis plants. Signal intensities for each
transcript were normalized to those for EF1-α. Values are means ± SDs (n = 3). * p ≤ 0.05 (Student’s
t-test). The experiment was repeated twice with similar results.

3.4. Deep Sequencing of Small RNA from RSV CP Transgenic Plants with dcl2-1, dcl4-2e and
Wild-Type Backgrounds

We previously showed that RSV CP-mediated virus resistance was associated with
transgene-derived 21–24 nt small RNAs on CP loci (t-siRNAs) [35]. To further explore the
function of DCL2 and DLC4 in regulating CP-derived t-siRNAs, we conducted small RNA
deep sequencing with total RNA prepared from dcl2-1;FMCP and dcl4-2e;FMCP transgenic
plants using Col-0;FMCP as a control. Each sample generated 11–14 million clean reads
ranging from 18 to 30 nt (Table 1). Within the dcl2-1;FMCP and Col-0;FMCP samples, the
size distributions of total small RNAs were similar; the dominant size was 21 nt, which was
followed by 24 nt and 22 nt (Figure 4A,B). However, in dcl4-2e;FMCP, the most dominant
sizes of total small RNAs were 21 nt, followed by 22 nt, and the number of 24 nt small
RNAs was reduced, while the number of 22 nt small RNAs was increased compared to
those in dcl2-1;FMCP and Col-0;FMCP plants (Figure 4C). These results indicate that when
DCL4 function was impaired, endogenous 22 nt small RNAs were excessively produced
by DCL2.

Furthermore, we mapped clean small RNA (18–30 nt) reads to the CP transgenic
sequence and obtained CP-derived siRNAs. In Col-0;FMCP and dcl4-2e;FMCP transgenic
plants, we identified 82,012 and 271,849 CP-derived t-siRNAs, accounting for 0.84% and
2.78% of the total, respectively, whereas only 221 reads matched the CP sequence in dcl2-
1;FMCP plants (Table 1). The sequencing results indicate that the dcl2 mutation eliminated
the accumulation of CP-derived t-siRNAs from transgenic sequences, while in contrast,
mutations in DCL4 promoted the production of CP-derived t-siRNAs to a certain extent.
Size distribution analysis showed that CP-derived t-siRNAs were predominantly 21 and
22 nt, accounting for 83.76% and 11.00% of the total, respectively, in Col-0;FMCP plants
(Figure 4D). However, in dcl4-2e;FMCP transgenic plants, the dominant sizes were 22 nt and
21 nt, accounting for 49.68% and 37.92% of the total, respectively (Figure 4E), suggesting that
mutations in DCL4 promoted a dramatic shift in the production of CP-derived t-siRNAs
from 21 to 22 nt.

Table 1. Three libraries constructed with small RNAs from RSV CP transgenic Arabidopsis plants
with the wild-type background (Col;FMCP), with the dcl2-1 mutant background (dcl2-1;FMCP) and
with the dcl4-2e mutant background (dcl4-2e;FMCP).

Library Clean Reads Total 18–30 nt
Reads

Number of
Reads on CP

Percentage of
CP Reads (%)

Col-0;FMCP 12,742,300 9,770,500 82,012 0.84
dcl2-1;FMCP 14,707,016 9,295,105 221 0.00
dcl4-2e;FMCP 11,574,998 9,770,500 271,849 2.78
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To further decipher the regulatory functions of t-siRNAs, we further compared the
canonical 21–24 nt t-siRNAs from the CP transgenic sequence generated from Col-0;FMCP
and dcl4-2e;FMCP transgenic plants. The 21–24 nt CP-derived t-siRNA reads were mapped
to the CP sequence to explore their origin. As shown in Figure 5A, in Col-0;FMCP plants,
the proportions of CP t-siRNAs from both polarities were almost continuous, but some
genomic regions exhibited higher mapping frequencies. Similarly, dcl4-2e;FMCP plants also
showed a very similar profile of CP t-siRNAs with peaks in the same position, although
the t-siRNA peak read number was much higher than that of Col-0;FMCP (Figure 5A).
The size distributions of CP t-siRNAs showed that 21 nt was the most dominant size,
representing 80% of the total t-siRNAs in Col-0;FMCP plants (Figure 5B). However, in
dcl4-2e;FMCP plants, 22 nt and 21 nt were the most dominant sizes, representing 50% and
37% of the total, respectively (Figure 5B). To investigate the origin of CP t-siRNAs, we
analyzed the strand specificity and locations of CP t-siRNAs. As shown in Figure 5A,B,
Col-0;FMCP and dcl4-2e;FMCP plants both showed similar CP t-siRNA distribution profiles,
producing almost equivalent proportions of sense and antisense t-siRNAs. The 5′ terminal
nucleotides were characterized for 21–24 nt CP t-siRNAs. The U/A were the most abundant
5′ nucleotides in all four sizes of both Col-0;FMCP and dcl4-2e;FMCP transgenic plants
(Figure 5C). The characterization of CP t-siRNAs in CP transgenic Arabidopsis plants with
the dcl2-1 or dcl4-2e mutant backgrounds indicates that the accumulation of CP-derived
t-siRNAs requires DCL2 but not DCL4, providing evidence that DCL2 plays an essential
role in CP-mediated virus resistance.
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4. Discussion

Plant viruses cause yield losses in agricultural crops worldwide, affecting the progress
toward global food security. Therefore, there is an urgent need to seek environmentally
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friendly and effective virus control strategies that are easier to deploy to control viral
diseases. Since the first discovery in the late 1980s that tobacco mosaic virus (TMV) coat
protein (CP) confers resistance to the cognate virus in transgenic tobacco plants, a new
avenue for virus disease control has been provided [40]. Virus CP-mediated resistance
has been found to be highly effective for many different plants against several different
viruses [41]. Subsequent studies have shown that the mechanisms underlying CP-mediated
virus resistance could differ from one plant virus system to another. However, it is believed
that CP-mediated virus resistance is often due to an RNA silencing resistance mecha-
nism [42]. CP transgene integration events result in sufficient quantities of double-strand
RNAs (dsRNAs), which are processed by a DCL enzyme into small RNAs. These small
RNAs program AGO proteins in RISCs to target and degrade viral genomic RNA. However,
due to the presence of multiple copies of the DCL and AGO proteins in plants, the detailed
molecular mechanisms underlying CP-mediated virus resistance are not fully understood.
In this study, we showed that Arabidopsis DCL2, rather than DCL4, plays a primary role in
RSV CP-mediated resistance. First, we generated RSV CP transgenic Arabidopsis with a
dcl2 or dcl4 mutant background. Second, a viral infection assay indicated that RSV CP trans-
genic plants in dcl2 mutants (dcl2-1;FMCP) exhibited similar sensitivity to virus infection
when compared to non-transgenic plants; nevertheless, CP overexpression in dcl4 mutants
(dcl4-2e;FMCP) provided immunity to viral infection. Third, by using deep sequencing
analysis, accumulation of t-siRNA from CP loci was eliminated in dcl2-1;FMCP transgenic
plants, and dcl4-2e;FMCP plants promoted the production of 22 nt t-siRNAs from CP loci.
Our results strongly indicate that DCL2 but not DCL4 is required for RSV CP-mediated
resistance and the accumulation of CP-derived small RNAs in Arabidopsis.

In Arabidopsis plants, there are four DCL genes that cleave stem-loop or double-
stranded (ds) RNA precursors into 21–24 nt small RNAs [1]. DCL1 primarily processes
hairpin RNA into a 21 nt miRNA that is typically involved in regulating developmental
genes at the post-transcriptional level [43]. The main activity of DCL3 is processing long
dsRNA into 24 nt siRNAs that guide the RNA-directed DNA methylation (RdDM) path-
way [44]. DCL4 and DCL2 produce 21 nt and 22 nt siRNAs from RDR6-dependent dsRNA
involved in transgene PTGS and resistance against the virus pathway. Importantly, DCL2
generates 22 nt siRNAs, especially from NIA1/2, which is involved in plant adaptation to
environmental stress [45]. Furthermore, our genetic analysis described here uncovers the
crucial role of DCL2 in the virus CP-mediated resistance pathway.

In general, it is widely accepted that virus CP-mediated resistance is similar to sense
transgene-induced silencing with regard to its mechanism [42]. Although there is a signif-
icant difference between these two types of RNA silencing, such as the high level of CP
protein accumulation detected in our CP-mediated resistance system (Figure 1C,D), the
accumulation of transgene mRNA or protein is very low in the sense transgene-induced
silencing system [46]. RNA silencing pathways have shown that DCL2, DCL3 and DCL4
can compete for the same dsRNA substrates [4,47]. Our results show that in wild-type
plants, the majority of CP-derived t-siRNAs were 21 nt in size (Figure 4), suggesting that
DCL4 appears to be the most active enzyme on the dsRNA substrates produced by CP
transgenes. This finding is further illustrated by the fact that in dcl4 mutant plants, the
22 nt CP-derived t-siRNAs were significantly increased (Figure 4). Our results are in line
with the previous findings that in the sense transgene-induced silencing system, the action
of DCL2 is counteracted when a functional DCL4 is present [11,48]. Transgenic studies
have also demonstrated that DCL2 plays an essential role in sense transgene-induced
silencing [11,48]. We reached similar conclusions using the RSV CP-mediated virus system.
Indeed, CP transgenic plants in the dcl2 mutant background showed similar virus suscepti-
bility to non-transgenic plants and the concomitant absence of CP-derived t-siRNAs of all
sizes (Figure 2, Table 1). This suggests that DCL2 or the 22 nt class of t-siRNAs it produces
is necessary for the participation of DCL4 and other DCL enzymes in the generation of
t-siRNAs on dsRNA from the CP transgene. In fact, 22 nt siRNAs rather than 21 nt siRNAs
trigger secondary siRNA production by recruiting a dsRNA binding protein, SGS3, and
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an RNA-dependent RNA polymerase (RDR) protein [1]. These results indicate that the
amount of 21 nt primary t-siRNAs generated by DCL4 is insufficient to achieve virus
resistance in CP transgenic plants and that sufficient 21 nt secondary t-siRNAs triggered by
22 nt t-siRNAs are required to achieve the complete degradation of target virus genomic
RNAs. In conclusion, the present work and previous studies all demonstrate that DCL2
plays an essential, as opposed to redundant, role in RSV CP-mediated resistance and sense
transgene-induced silencing in Arabidopsis [11,48].

Based on small RNA-Seq, our present work also showed that the amount of CP-
derived 21 nt t-siRNAs was not significantly different in the dcl4-2e plant compared with
the wild type (Figure 4D,E, Table 1), which is consistent with an earlier report for sense
transgene-mediated silencing [49]. This result indicates that with the inactivation of DCL4,
DCL1 activity-dependent 21 nt t-siRNA biogenesis was enhanced. In antiviral immunity,
all four DCLs are involved in the production of virus-derived siRNAs (vsiRNAs). The
accumulation of 21 nt viRNAs was detected in the dcl2/dcl3/dcl4 mutant plants infected
with viruses, indicating the role of DCL1 in viRNA generation. Specifically, DCL1 produces
21 nt v-siRNAs from the leader region of cauliflower mosaic virus (CaMV), suggesting that
DCL1 may be involved in small RNA-mediated defense [4]. Further studies are needed to
elucidate the role of Arabidopsis DCL1 in CP-mediated virus resistance.

In Arabidopsis, AGO1 and AGO2 have been shown to play roles in antivirus de-
fense [7] and bind small RNAs that display uridine and adenosine at their 5′ ends, respec-
tively [50]. Additionally, hypomorphic ago1 mutants, deficient in the sense transgene, me-
diate silencing and are hypersusceptible to infection by cucumber mosaic virus (CMV) [51],
indicating that AGO1 plays crucial roles in sensing transgene-mediated silencing and virus
defense. We also observed the preferential occurrence of uridine or adenosine residues at
the 5′ terminus in CP-derived t-siRNAs (Figure 5C), showing the conserved AGO com-
plexes binding t-siRNA for RNA silencing and virus defense. Clearly, the function of AGO1
and AGO2 in RSV CP-mediated virus resistance needs to be further investigated.

Finally, our genetic and small RNA-seq analysis described here demonstrates that
DCL2 plays a crucial role in RSV CP-mediated virus resistance. We anticipate that the
identification and characterization of DCL2′s function in RSV CP-mediated virus resistance
developed here will help in the development of a deep understanding of RNA-based
antiviral immunity in RSV-Arabidopsis interactions.
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DCL2 full-length amino acid sequences from the Arabidopsis and some agriculturally important crops.
The Arabidopsis DCL4 full-length sequences were included as an outgroup. The dendrogram image
was constructed by TBtools software using the Neighbor-Joining (NJ) method with 5000 bootstrap
numbers. All the protein sequences were downloaded from NCBI (National Center for Biotechnology
Information). Table S1. Primer sequences used for genotyping and testing the viral infection.
Table S2. PCR products sequences for dcl2-1 mutants genotyping.

Author Contributions: F.S. and B.Z. conceived and designed the experiments. F.S., L.C. and Y.L.
conducted the experiments. S.L., Y.J., F.S. and B.Z. analyzed the data. F.S. and B.Z. wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Natural Science Foundation of Jiangsu Province (grant
no. BK20231386), the Jiangsu Agricultural Science and Technology Independent Innovation Fund
(grant no. CX[21]1011) and the National Natural Science Foundation of China (grant no. 32072506).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

https://www.mdpi.com/article/10.3390/v15112239/s1
https://www.mdpi.com/article/10.3390/v15112239/s1


Viruses 2023, 15, 2239 12 of 14

Acknowledgments: We are grateful to Xiuren Zhang at Texas A&M University for providing the
pBA-Flag-Myc4-DC vector and to Jianxiang Wu at Zhejiang University, China for providing the RSV
SP antibody. We also thank Zeyang Ma at China Agricultural University, China and Di Sun at Nanjing
Agricultural University, China for fruitful discussions.

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

References
1. Baulcombe, D.C. The role of viruses in identifying and analyzing RNA silencing. Annu. Rev. Virol. 2022, 9, 353–373. [CrossRef]

[PubMed]
2. Pumplin, N.; Voinnet, O. RNA silencing suppression by plant pathogens: Defence, counter-defence and counter-counter-defence.

Nat. Rev. Microbiol. 2013, 11, 745–760. [CrossRef]
3. Guo, Z.; Li, Y.; Ding, S.W. Small RNA-based antimicrobial immunity. Nat. Rev. Immunol. 2019, 19, 31–44. [CrossRef]
4. Blevins, T.; Rajeswaran, R.; Shivaprasad, P.V.; Beknazariants, D.; Si-Ammour, A.; Park, H.S.; Vazquez, F.; Robertson, D.; Meins, F.J.;

Hohn, T.; et al. Four plant Dicers mediate viral small RNA biogenesis and DNA virus induced silencing. Nucleic Acids Res. 2006,
34, 6233–6246. [CrossRef]

5. Deleris, A.; Gallego-Bartolome, J.; Bao, J.; Kasschau, K.D.; Carrington, J.C.; Voinnet, O. Hierarchical action and inhibition of plant
Dicer-like proteins in antiviral defense. Science 2006, 313, 68–71. [CrossRef]

6. Moissiard, G.; Voinnet, O. RNA silencing of host transcripts by cauliflower mosaic virus requires coordinated action of the
four Arabidopsis Dicer-like proteins. Proc. Natl. Acad. Sci. USA 2006, 103, 19593–19598. [CrossRef]

7. Carbonell, A.; Carrington, J.C. Antiviral roles of plant ARGONAUTES. Curr. Opin. Plant Biol. 2015, 27, 111–117. [CrossRef]
8. Fang, X.; Qi, Y. RNAi in plants: An argonaute-centered view. Plant Cell 2016, 28, 272–285. [CrossRef]
9. Wang, X.B.; Wu, Q.; Ito, T.; Cillo, F.; Li, W.X.; Chen, X.; Yu, J.L.; Ding, S.W. RNAi-mediated viral immunity requires amplification

of virus-derived siRNAs in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 2010, 107, 484–489. [CrossRef]
10. Seo, J.K.; Wu, J.; Lii, Y.; Li, Y.; Jin, H. Contribution of small RNA pathway components in plant immunity. Mol. Plant Microbe

Interact. 2013, 26, 617–625. [CrossRef]
11. Parent, J.S.; Bouteiller, N.; Elmayan, T.; Vaucheret, H. Respective contributions of Arabidopsis DCL2 and DCL4 to RNA silencing.

Plant J. 2015, 81, 223–232. [CrossRef]
12. Wang, T.; Deng, Z.; Zhang, X.; Wang, H.; Wang, Y.; Liu, X.; Liu, S.; Xu, F.; Li, T.; Fu, D.; et al. Tomato DCL2b is required for the

biosynthesis of 22-nt small RNAs, the resulting secondary siRNAs, and the host defense against ToMV. Hortic. Res. 2018, 5, 62.
[CrossRef] [PubMed]

13. Raja, P.; Sanville, B.C.; Buchmann, R.C.; Bisaro, D.M. Viral genome methylation as an epigenetic defense against geminiviruses.
J. Virol. 2008, 82, 8997–9007. [CrossRef]

14. Jackel, J.N.; Storer, J.M.; Coursey, T.; Bisaro, D.M. Arabidopsis RNA polymerases IV and V are required to establish H3K9
methylation, but not cytosine methylation, on geminivirus chromatin. J. Virol. 2016, 90, 7529–7540. [CrossRef]

15. Qu, F.; Ye, X.; Morris, T.J. Arabidopsis DRB4, AGO1, AGO7, and RDR6 participate in a DCL4-initiated antiviral RNA silencing
pathway negatively regulated by DCL1. Proc. Natl. Acad. Sci. USA 2008, 105, 7–12. [CrossRef]

16. Harvey, J.J.W.; Lewsey, M.G.; Patel, K.; Westwood, J.; Heimstädt, S.; Carr, J.P.; Baulcombe, D.C. An antiviral defense role of AGO2
in plants. PLoS ONE 2011, 6, e14639. [CrossRef]

17. Carbonell, A.; Fahlgren, N.; Garcia-Ruiz, H.; Gilbert, K.B.; Montgomery, T.A.; Nguyen, T.; Cuperus, J.T.; Carrington, J.C. Functional
analysis of three Arabidopsis ARGONAUTES using slicer-defective mutants. Plant Cell 2012, 24, 3613–3629. [CrossRef]

18. Brosseau, C.; El Oirdi, M.; Adurogbangba, A.; Ma, X.; Moffett, P. Antiviral defense involves AGO4 in an Arabidopsis–potexvirus
interaction. Mol. Plant Microbe Interact. 2016, 29, 878–888. [CrossRef] [PubMed]

19. Falk, B.W.; Tsai, J.H. Biology and molecular biology of viruses in the genus Tenuivirus. Annu. Rev. Phytopathol. 1998, 36, 139–163.
[CrossRef]

20. Xiong, R.; Wu, J.; Zhou, Y.; Zhou, X. Identification of a movement protein of the tenuivirus rice stripe virus. J. Virol. 2008, 82,
12304–12311. [CrossRef]

21. Xu, Y.; Fu, S.; Tao, X.; Zhou, X. Rice stripe virus: Exploring molecular weapons in the arsenal of a negative-sense RNA virus.
Annu. Rev. Phytopathol. 2021, 59, 351–371. [CrossRef]

22. Li, S.; Wang, S.; Wang, X.; Li, X.; Zi, J.; Ge, S.; Cheng, Z.; Zhou, T.; Ji, Y.; Deng, J.; et al. Rice stripe virus affects the viability of its
vector offspring by changing developmental gene expression in embryos. Sci. Rep. 2015, 5, 7883. [CrossRef]

23. Sun, F.; Yuan, X.; Zhou, T.; Fan, Y.; Zhou, Y. Arabidopsis is susceptible to rice stripe virus infections. J. Phytopathol. 2011, 159,
767–772. [CrossRef]

24. Sun, F.; Fang, P.; Li, J.; Du, L.; Lan, Y.; Zhou, T.; Fan, Y.; Shen, W.; Zhou, Y. RNA-seq-based digital gene expression analysis reveals
modification of host defense responses by rice stripe virus during disease symptom development in Arabidopsis. Virol. J. 2016,
13, 202. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev-virology-091919-064218
https://www.ncbi.nlm.nih.gov/pubmed/35655339
https://doi.org/10.1038/nrmicro3120
https://doi.org/10.1038/s41577-018-0071-x
https://doi.org/10.1093/nar/gkl886
https://doi.org/10.1126/science.1128214
https://doi.org/10.1073/pnas.0604627103
https://doi.org/10.1016/j.pbi.2015.06.013
https://doi.org/10.1105/tpc.15.00920
https://doi.org/10.1073/pnas.0904086107
https://doi.org/10.1094/MPMI-10-12-0255-IA
https://doi.org/10.1111/tpj.12720
https://doi.org/10.1038/s41438-018-0073-7
https://www.ncbi.nlm.nih.gov/pubmed/30181890
https://doi.org/10.1128/JVI.00719-08
https://doi.org/10.1128/JVI.00656-16
https://doi.org/10.1073/pnas.0805760105
https://doi.org/10.1371/journal.pone.0014639
https://doi.org/10.1105/tpc.112.099945
https://doi.org/10.1094/MPMI-09-16-0188-R
https://www.ncbi.nlm.nih.gov/pubmed/27762650
https://doi.org/10.1146/annurev.phyto.36.1.139
https://doi.org/10.1128/JVI.01696-08
https://doi.org/10.1146/annurev-phyto-020620-113020
https://doi.org/10.1038/srep07883
https://doi.org/10.1111/j.1439-0434.2011.01840.x
https://doi.org/10.1186/s12985-016-0663-7
https://www.ncbi.nlm.nih.gov/pubmed/27912765


Viruses 2023, 15, 2239 13 of 14

25. Toriyama, S.; Watanabe, Y. Characterization of single- and double-stranded RNAs in particles of rice stripe virus. J. Gen. Virol.
1989, 70, 505–511. [CrossRef]

26. Barbier, P.; Takahashi, M.; Nakamura, I.; Toriyama, S.; Ishihama, A. Solubilization and promoter analysis of RNA polymerase
from rice stripe virus. J. Virol. 1992, 66, 6171–6174. [CrossRef]

27. Du, Z.; Xiao, D.; Wu, J.; Jia, D.; Yuan, Z.; Liu, Y.; Hu, L.; Han, Z.; Wei, T.; Lin, Q.; et al. p2 of rice stripe virus (RSV) interacts with
OsSGS3 and is a silencing suppressor. Mol. Plant Pathol. 2011, 12, 808–814. [CrossRef]

28. Yao, M.; Liu, X.; Li, S.; Xu, Y.; Zhou, Y.; Zhou, X.; Tao, X. Rice stripe tenuivirus NSvc2 glycoproteins targeted to the golgi body by
the N-terminal transmembrane domain and adjacent cytosolic 24 amino acids via the COP I-and COP II-dependent secretion
pathway. J. Virol. 2014, 88, 3223–3234. [CrossRef]

29. Xiong, R.; Wu, J.; Zhou, Y.; Zhou, X. Characterization and subcellular localization of an RNA silencing suppressor encoded by
rice stripe tenuivirus. Virology 2009, 387, 29–40. [CrossRef]

30. Zhao, W.; Wang, L.; Li, L.; Zhou, T.; Yan, F.; Zhang, H.; Zhu, Y.; Andika, I.B.; Sun, L. Coat protein of rice stripe virus enhances
autophagy activity through interaction with cytosolic glyceraldehyde-3-phosphate dehydrogenases, a negative regulator of plant
autophagy. Stress Biol. 2023, 23, 3. [CrossRef]

31. Kong, L.; Wu, J.; Lu, L.; Xu, Y.; Zhou, X. Interaction between rice stripe virus disease-specific protein and host PsbP enhances
virus symptoms. Mol. Plant 2014, 7, 691–708. [CrossRef] [PubMed]

32. Ma, J.; Song, Y.; Wu, B.; Jiang, M.; Li, K.; Zhu, C.; Wen, F. Production of transgenic rice new germplasm with strong resistance
against two isolations of rice stripe virus by RNA interference. Transgenic Res. 2011, 20, 1367–1377. [CrossRef] [PubMed]

33. Shimizu, T.; Nakazono-Nagaoka, E.; Uehara-Ichiki, T.; Sasaya, T.; Omura, T. Targeting specific genes for RNA interference is
crucial to the development of strong resistance to rice stripe virus. Plant Biotechnol. J. 2011, 9, 503–512. [CrossRef]

34. Sasaya, T.; Nakazono-Nagaoka, E.; Saika, H.; Aoki, H.; Hiraguri, A.; Netsu, O.; Uehara-Ichiki, T.; Onuki, M.; Toki, S.; Saito, K.;
et al. Transgenic strategies to confer resistance against viruses in rice plants. Front. Microbiol. 2014, 4, 409. [CrossRef]

35. Sun, F.; Hu, P.; Wang, W.; Lan, Y.; Du, L.; Zhou, Y.; Zhou, T. Rice stripe virus coat protein-mediated virus resistance is associated
with RNA silencing in Arabidopsis. Front. Microbiol. 2020, 11, 591619. [CrossRef]

36. Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant
J. 1998, 16, 735–743. [CrossRef]

37. Zhang, X.; Henriques, R.; Lin, S.S.; Niu, Q.W.; Chua, N.H. Agrobacterium-mediated transformation of Arabidopsis thaliana using
the floral dip method. Nat. Protoc. 2006, 1, 641–646. [CrossRef]

38. Yoshikawa, M.; Peragine, A.; Park, M.Y.; Poethig, R.S. A pathway for the biogenesis of trans-acting siRNAs in Arabidopsis. Genes
Dev. 2005, 15, 2164–2175. [CrossRef]

39. Xie, Z.; Johansen, L.K.; Gustafson, A.M.; Kasschau, K.D.; Lellis, A.D.; Zilberman, D.; Jacobsen, S.E.; Carrington, J.C. Genetic and
functional diversification of small RNA pathways in plants. PLoS Biol. 2004, 2, E104. [CrossRef]

40. Abel, P.P.; Nelson, R.S.; De, B.; Hoffmann, N.; Rogers, S.G.; Fraley, R.T.; Beachy, R.N. Delay of disease development in transgenic
plants that express the tobacco mosaic virus coat protein gene. Science 1986, 232, 738–743. [CrossRef]

41. Narayanan, Z.; Glick, B.R. Biotechnologically engineered plants. Biology 2023, 12, 601. [CrossRef] [PubMed]
42. Lindbo, J.A.; Falk, B.W. The impact of “Coat Protein-Mediated Virus Resistance” in applied plant pathology and basic research.

Phytopathology 2017, 107, 624–634. [CrossRef] [PubMed]
43. Zhu, H.; Zhou, Y.; Castillo-González, C.; Lu, A.; Ge, C.; Zhao, Y.T.; Duan, L.; Li, Z.; Axtell, M.J.; Wang, X.J.; et al. Bidirectional

processing of pri-miRNAs with branched terminal loops by Arabidopsis Dicer-like1. Nat. Struct. Mol. Biol. 2013, 20, 1106–1115.
[CrossRef] [PubMed]

44. Blevins, T.; Podicheti, R.; Mishra, V.; Marasco, M.; Wang, J.; Rusch, D.; Tang, H.; Pikaard, C.S. Identification of Pol IV and
RDR2-dependent precursors of 24 nt siRNAs guiding de novo DNA methylation in Arabidopsis. Elife 2015, 4, e09591. [CrossRef]
[PubMed]

45. Wu, H.; Li, B.; Iwakawa, H.O.; Pan, Y.; Tang, X.; Ling-Hu, Q.; Liu, Y.; Sheng, S.; Feng, L.; Zhang, H.; et al. Plant 22-nt siRNAs
mediate translational repression and stress adaptation. Nature 2020, 581, 89–93. [CrossRef]

46. Bazin, J.; Elvira-Matelot, E.; Blein, T.; Jauvion, V.; Bouteiller, N.; Cao, J.; Crespi, M.D.; Vaucheret, H. Synergistic action of the
Arabidopsis spliceosome components PRP39a and SmD1b in promoting posttranscriptional transgene silencing. Plant Cell 2023,
35, 1917–1935. [CrossRef]

47. Henderson, I.R.; Zhang, X.; Lu, C.; Johnson, L.; Meyers, B.C.; Green, P.J.; Jacobsen, S.E. Dissecting Arabidopsis thaliana DICER
function in small RNA processing, gene silencing and DNA methylation patterning. Nat. Genet. 2006, 38, 721–725. [CrossRef]

48. Mlotshwa, S.; Pruss, G.J.; Peragine, A.; Endres, M.W.; Li, J.; Poethig, R.S.; Bowman, L.H.; Vance, V. DICER-LIKE2 plays a primary
role in transitive silencing of transgenes in Arabidopsis. PLoS ONE 2008, 3, e1755. [CrossRef]

49. Taochy, C.; Gursanscky, N.R.; Cao, J.; Fletcher, S.J.; Dressel, U.; Mitter, N.; Tucker, M.R.; Koltunow, A.M.G.; Bowman, J.L.;
Vaucheret, H.; et al. A genetic screen for impaired systemic RNAi highlights the crucial role of DICER-LIKE 2. Plant Physiol. 2017,
175, 1424–1437. [CrossRef]

https://doi.org/10.1099/0022-1317-70-3-505
https://doi.org/10.1128/jvi.66.10.6171-6174.1992
https://doi.org/10.1111/j.1364-3703.2011.00716.x
https://doi.org/10.1128/JVI.03006-13
https://doi.org/10.1016/j.virol.2009.01.045
https://doi.org/10.1007/s44154-023-00084-3
https://doi.org/10.1093/mp/sst158
https://www.ncbi.nlm.nih.gov/pubmed/24214893
https://doi.org/10.1007/s11248-011-9502-1
https://www.ncbi.nlm.nih.gov/pubmed/21533902
https://doi.org/10.1111/j.1467-7652.2010.00571.x
https://doi.org/10.3389/fmicb.2013.00409
https://doi.org/10.3389/fmicb.2020.591619
https://doi.org/10.1046/j.1365-313x.1998.00343.x
https://doi.org/10.1038/nprot.2006.97
https://doi.org/10.1101/gad.1352605
https://doi.org/10.1371/journal.pbio.0020104
https://doi.org/10.1126/science.3457472
https://doi.org/10.3390/biology12040601
https://www.ncbi.nlm.nih.gov/pubmed/37106801
https://doi.org/10.1094/PHYTO-12-16-0442-RVW
https://www.ncbi.nlm.nih.gov/pubmed/28409526
https://doi.org/10.1038/nsmb.2646
https://www.ncbi.nlm.nih.gov/pubmed/23934148
https://doi.org/10.7554/eLife.09591
https://www.ncbi.nlm.nih.gov/pubmed/26430765
https://doi.org/10.1038/s41586-020-2231-y
https://doi.org/10.1093/plcell/koad091
https://doi.org/10.1038/ng1804
https://doi.org/10.1371/journal.pone.0001755
https://doi.org/10.1104/pp.17.01181


Viruses 2023, 15, 2239 14 of 14

50. Mi, S.; Cai, T.; Hu, Y.; Chen, Y.; Hodges, E.; Ni, F.; Wu, L.; Li, S.; Zhou, H.; Long, C.; et al. Sorting of small RNAs into Arabidopsis
argonaute complexes is directed by the 5′ terminal nucleotide. Cell 2008, 133, 116–127. [CrossRef]

51. Morel, J.B.; Godon, C.; Mourrain, P.; Béclin, C.; Boutet, S.; Feuerbach, F.; Proux, F.; Vaucheret, H. Fertile hypomorphic ARG-
ONAUTE (ago1) mutants impaired in post-transcriptional gene silencing and virus resistance. Plant Cell 2002, 14, 629–639.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cell.2008.02.034
https://doi.org/10.1105/tpc.010358
https://www.ncbi.nlm.nih.gov/pubmed/11910010

	Introduction 
	Materials and Methods 
	Sources of Virus, Vectors, and Plant Materials 
	RSV Inoculation Assay 
	DNA Constructs and Transgenic Plants 
	PCR Genotyping for Mutants 
	Western Blot Assay 
	Quantitative Reverse-Transcription PCR (qRT-PCR) 
	Small RNA Deep Sequencing and Analysis 

	Results 
	Generation of RSV CP Transgenic Arabidopsis Plants with the dcl2 or dcl4 Mutant Background 
	Plant DCL2 Is Indispensable for CP-Mediated RSV Resistance in Arabidopsis 
	RSV CP Transgenic Arabidopsis Plants with the dcl4-2e Background Show Immunity to RSV Infection 
	Deep Sequencing of Small RNA from RSV CP Transgenic Plants with dcl2-1, dcl4-2e and Wild-Type Backgrounds 

	Discussion 
	References

