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Abstract 

Double‑stranded RNA (dsRNA)‑induced RNA interference is a promising agricultural technology for crop protec‑
tion against various pathogens. Recent advances in this field have enhanced the overall efficiency with which this 
approach inhibits pathogenic viruses. Our previous study verified that treatment of Nicotiana benthamiana plants 
with dsRNAs targeting helper component‑proteinase (HC-Pro) and nuclear inclusion b (NIb) genes protected the plant 
from pepper mottle virus (PepMoV) infection. The aim of this study was to improve the inhibitory efficacy of dsRNAs 
by optimizing the target sequences and their length and by targeting multiple genes via co‑treatment of dsRNAs. 
Each of the two targeting dsRNAs were divided into three shorter compartments and we found that HC-Pro:mid‑
1st and NIb:mid‑3rd showed significantly superior antiviral potency than the other fragments, including the parent 
dsRNA. In addition, we confirmed that the co‑treatment of two dsRNAs targeting HC-Pro and NIb produced a greater 
inhibition of PepMoV replication than that obtained from individual dsRNA treatment. Complementing our previous 
study, this study will provide future directions for designing dsRNAs and enhancing their efficiency in dsRNA‑medi‑
ated RNA interference technologies.
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Introduction
RNA interference (RNAi) is necessary to modulate the 
proper growth and development of plants while medi-
ating stress responses, including biotic and abiotic/
environmental stresses. RNAi requires a 20 ~ 22-nucleo-
tide-long small interfering RNA (siRNA) that gets incor-
porated into an Argonaute protein and assembled into 

an RNA-induced silencing complex, which inhibits the 
expression of specific transcripts that are complementary 
in sequence to the siRNA [1, 2]. These siRNAs usually 
originate from double-stranded RNA (dsRNA) via the 
action of Dicer-like (DCL) proteins, such as DCL2/3/4. 
Based on their source, siRNAs exhibit different roles 
and targets. When dsRNA comes from an endogenous 
plant pathway, the processed siRNA targets specific tran-
scripts in cis or trans. On the other hand, when dsRNA 
originates from exogenous sources like a viral genome, 
the processed siRNA targets viral genes and can inhibit 
their replication: a common antiviral defense response in 
plants.
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Exogenous treatment of dsRNA can also induce 
RNAi in plants [3–5], opening up new applications 
of dsRNAs in protecting crops from plant pathogens 
and pests [6–10]. Since dsRNA-based RNAi technol-
ogy does not require the host genome to be modified, 
it is free from issues surrounding genetically modified 
organisms. Moreover, it provides an excellent alterna-
tive to protect crops that are less pliable to clustered 
regularly interspaced short palindromic repeats/Cas9-
based genome editing. This technology has previously 
been applied to protect plants from pathogenic viruses 
[4, 11–14], fungal pathogens [15–17], and insects [3, 
18–22]. However, though there have been advances 
in large-scale dsRNA production processes during 
decades [23, 24], the overall cost for field application 
of dsRNA with agronomic purpose is still expensive 
compared to other pest control strategy, which is an 
obstacle for its practical utilization. To overcome the 
economic challenge, numerous studies tested and 
optimized the length and sequences of dsRNAs [25], 
or developed efficient delivery/treatment strategy to 
improve cost-effectiveness of dsRNA-based techniques 
[12, 26].

Pepper mottle virus (PepMoV) is a devastating plant 
pathogen that infects most Capsicum species and 
causes deleterious economic losses. PepMoV has a sin-
gle-stranded positive-sense RNA genome, nearly 10 kb 
in length [27]. It encodes a single large polyprotein, 
which is further processed into smaller mature pro-
teins inside the host [28, 29]. In our previous study, we 
verified that dsRNAs targeting two genes of PepMoV, 
helper component-proteinase (HC-Pro) and nuclear 
inclusion b (NIb), efficiently suppressed PepMoV pro-
liferation in tobacco plants [4]. Moreover, we traced 
the effective location and sequence of the RNA that is 
key to the RNAi mechanism. We also established that 
the naked dsRNAs lasted 8–10  days inside the host. 
These findings posed the question whether a more 
optimized sequence could be found to improve the 
overall silencing efficiency.

Herein, we considered further optimization of Pep-
MoV-targeting dsRNAs and their treatment strate-
gies to improve efficiencies and cost-effectiveness. To 
do this, we examined the PepMoV inhibitory effect of 
dsRNAs which are shortened by dividing previously 
defined dsRNA sequences into three compartments. 
In addition, we examined the inhibitory efficacy of two 
different dsRNA treatment strategies, and observed 
the improvement of PepMoV inhibitory effects by tar-
geting multiple viral genes through the co-treatment 
of HC-Pro and NIb dsRNAs.

Materials and methods
Preparation of plant and virus inoculum
Tobacco plants (Nicotiana benthamiana) were used in 
this study. Three-week-old N. benthamiana plants were 
inoculated with dsRNA and PepMoV. They were grown 
in a growth chamber under a 16 h/8 h light/dark cycle at 
25 ℃. An infectious full-length cDNA clone of PepMoV 
isolate 134 (pPepMoV:GFP-134) was used as described in 
a previous study [4]. pPepMoV:GFP-134 was transformed 
into Agrobacterium tumefaciens strain GV3101 for use in 
agro-infiltration.

Design and synthesis of PepMoV‑targeting dsRNA
Sequences of HC-Pro:mid (530 bp) and NIb:mid (555 bp) 
were used as described in our previous study [4]. Short 
compartments of HC-Pro:mid and NIb:mid were 
designed by dividing them into three fragments, each 
about 210–223  bp long, respectively (Additional file  1: 
Table  S1). dsRNA sequences, 500  bp long, from the 
Renilla luciferase gene, were used as a negative control.

To synthesize dsRNAs, primers containing the T7 
promoter sequence (5′-TAA TAC GAC TCA CAT ATA 
AGA GAG -3′) at their 5′ end and specific sequences 
complementary to each template DNA were used (Addi-
tional file  2: Table  S2). dsDNA templates for in  vitro 
transcription were amplified using primers and dsRNA-
corresponding sequences. dsRNAs were synthesized 
by in  vitro transcription with T7 promoter-containing 
DNA template and the MEGAscript RNAi kit (Thermo 
Fisher Scientific, Waltham, USA), according to the manu-
facturer’s instruction. After purification, the quality of 
synthesized dsRNAs was confirmed by 1% agarose gel 
electrophoresis.

Inoculation of virus and dsRNA into the plants
The virus was inoculated as previously described 
[4]. Briefly, Agrobacterium strains containing the 
pPepMoV:GFP-134 clone were added to yeast extract 
beef broth containing kanamycin and rifampicin. After 
24 h, acetosyringone was added and incubated for 16 h. 
Cell cultures were collected, suspended, and diluted in 
MMA buffer.

To inoculate the synthesized dsRNAs into N. bentha-
miana, 30  µg of each dsRNA was prepared and diluted 
in RNase-free water to obtain a final concentration of 
7.5 µg/mL. For the co-treatment experiment, 15 µg each 
of HC-Pro:mid-1st and NIb:mid-3rd dsRNAs were mixed 
in RNase-free water to obtain a final total dsRNA con-
centration of 7.5 µg/mL.

Each dsRNA was inoculated using syringes into the 
fully expanded leaves of 3-week-old plants through their 
abaxial side. To provide time for dsRNA to be processed 
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inside the plants, infectious pPepMoV:GFP-134 clone-
containing Agrobacterium cells were inoculated 48  h 
after dsRNA treatment.

Measuring GFP expression
GFP signals from infiltrated leaves were captured under 
a blue light lamp (Dark Reader Hand Lamp HL32T, 
Thermo Fisher Scientific, Waltham, USA) with a digi-
tal camera (Nikon 7200, Tokyo, Japan) equipped with a 
longpass filter (495  nm) combined with a green filter 
(G(X1), Hoya, Japan).

Total RNA isolation, reverse transcription, and quantitative 
PCR
Sampling was performed after screening the GFP expres-
sion level. Total RNA was extracted using RiboEX 
(GeneAll, South Korea), according to the manufacturer’s 
protocol, and its quality and quantity were confirmed on 
NanoDrop (Thermo Scientific, United States). For elimi-
nating residual DNA, the extracted RNA was treated with 
Recombinant DNase I (Takara Bio, Japan). cDNA was 
synthesized from total RNA using PrimeScript reverse 
transcriptase (Takara Bio, Japan). Quantitative real-time 
PCR with a SYBR Green detector was performed using 
cDNA and gene-specific primers described in the previ-
ous study [4]. The GFP expression level was measured 
by the  2−ΔΔCT method using L23 as a reference gene 
(Additional file 3: Table S3) [30, 31]. The significance of 
GFP transcript level differences measured by qRT-PCR 
was tested by the Student’s t-test (*P < 0.05; **P < 0.01; 
***P < 0.001).

Results
Short dsRNA compartments of HC‑Pro and NIb are 
sufficient to suppress PepMoV infection
In our previous study, we divided the sequence of two 
target genes, HC-Pro and NIb, into three compartments 
having similar lengths and examined the PepMoV inhibi-
tory effect exerted by dsRNAs synthesized for each 
compartment. We found that the central dsRNA com-
partment from both genes suppressed PepMoV most 
significantly [4]. This finding suggests that there are 
specific regions which are optimal for dsRNA-mediated 
inhibition. It is known that the overall inhibitory effect 
of exogenous dsRNA can be determined by sequence 
and length which affect uptake and process required for 
RNAi mechanism [7], In addition, the inhibitory effect 
can vary depending on pathogen types and genes tar-
geted by dsRNAs [32]. The known range of dsRNA length 
for pronounced effect on virus in plants is about 200 bp 
to 2  kb [6], suggesting that the length of our previous 
dsRNA could be shortened while their inhibitory effica-
cies are maintained or improved by precisely targeting 

a core region of virus genes. To confirm this, we further 
narrowed down the effective dsRNA region. The central 
dsRNA compartment of each target gene was divided 
into three shorter compartments, ~ 220  bp in length, 
while maintaining the overall treatment dosage (Fig.  1). 
Their antiviral effects were assayed using GFP-tagged 
PepMoV.

In the case of HC-Pro-targeting dsRNAs, the strong-
est viral suppression was observed in local leaves of 
8-days-post-inoculation (dpi) plants inoculated with 
HC-Pro:mid-1st dsRNA, the compartment located near 
the 5′ end of HC-Pro:mid. Its effect was stronger than 
that elicited by the other two compartments as well as 
HC-Pro:mid itself (Fig.  2). In addition, during the tran-
sition from 5-dpi to 8-dpi, the increase in GFP signal 
in HC-Pro:mid-1st-treated plants was only limited to 
local leaves. Like plants treated with HC-Pro:mid, those 
treated with HC-Pro:mid-1st also exhibited only a mild 
increase in GFP signal, indicating that PepMoV prolifera-
tion was successfully delayed by dsRNA treatment. On 
the other hand, HC-Pro:mid-2nd- and HC-Pro:mid-3rd-
treated plants showed severe increases in GFP signals 
in both local and systemic leaves, highlighting the inef-
ficiency of these dsRNAs in inhibiting virus proliferation 
(Fig. 3). Consistently, plant growth phenotypes observed 
on 12 dpi revealed a better antiviral efficacy offered by 
HC-Pro:mid-1st compared with HC-Pro:mid-2nd and 
HC-Pro:mid-3rd (Fig.  2). Quantitative PCR results from 
local leaves of 8-dpi plants also reflected the superior 
antiviral potency of HC-Pro:mid-1st dsRNA compared 
with the entire HC-Pro:mid dsRNA at a molecular level 
(Fig.  3). HC-Pro:mid-2nd and HC-Pro:mid-3rd dsRNAs 
exhibited similar levels of PepMoV suppression to the 
entire HC-Pro:mid dsRNA; however, plants inoculated 
with HC-Pro:mid-2nd and HC-Pro:mid-3rd dsRNAs 
were severely infected at 8 dpi compared with those 
inoculated with HC-Pro:mid whole dsRNA. These results 
suggest that HC-Pro:mid-1st contains sequences that are 
effective in suppressing PepMoV proliferation.

In the case of NIb-targeting dsRNAs, NIb:mid-2nd 
and NIb:mid-3rd successfully suppressed systemic leaf 
infection in 8-dpi plants to an extent similar to that in 
NIb:mid-treated plants (Fig.  2). Quantitative PCR dem-
onstrated that NIb:mid-3rd produced the most substan-
tial level of suppression, whereas NIb:mid-2nd induced 
inconsistent suppression between replicates (Fig.  3). 
These results suggest that NIb:mid-3rd is the most effec-
tive region for suppressing PepMoV among the three 
compartments of NIb:mid.

Overall, these findings show that specific, short dsRNA 
compartments, 210 ~ 230  bp long, are sufficient to sup-
press PepMoV proliferation in tobacco plants to a level 
similar to or higher than the parent dsRNAs.
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Additional dsRNA treatment after PepMoV infection delays 
PepMoV proliferation
Since we previously observed inhibitory effects when 
dsRNA was treated prior to PepMoV infection [4], we 
examined whether supplementing dsRNA with PepMoV 
infection could prolong viral suppression. We inoculated 
plants additionally with dsRNAs at 3 dpi and 5 dpi, and 
recorded their GFP signals and growth phenotypes. We 
observed attenuated GFP signals in 8-dpi plants addi-
tionally treated with HC-Pro:mid-1st at 3 dpi. On the 
other hand, no notable differences could be observed 
between plants treated with HC-Pro:mid-1st once and 
those additionally treated with HC-Pro:mid-1st at 5 dpi 
(Fig. 4). In case of NIb-targeting dsRNA, additional treat-
ment did not show any significant differences on sys-
temic leaves compared with the single-treatment in 8-dpi 
plants (Fig.  4). These results suggest that enhancement 
of PepMoV inhibitory effect by supplementary dsRNA 
treatment may depend on targeted genes, and interval 
between the first and additional dsRNA treatment.

Co‑treatment of dsRNA molecules can effectively inhibit 
PepMoV
Replication, movement, transmission, and encapsidation 
are crucial steps in viral infection cycle [33]. Inhibiting 
even one of these steps will abrogate viral infection. HC-
Pro and NIb are crucial genes for these steps. HC-Pro is 
essential for transmission of virus while NIb is vital for 
replication [34, 35]. Therefore, we hypothesized that co-
silencing both of the genes would enhance viral inhibi-
tion. Also, considering that plant microorganisms express 
multiple genes during infection, simultaneous treatment 
with dsRNAs targeting different viral genes may produce 
a better inhibitory effect. The promising effect elicited by 
the supplementary treatment of dsRNAs further justifies 
our co-treatment strategy. To examine this idea, we pre-
pared a 1:1 mixture of HC-Pro:mid-1st and NIb:mid-3rd 
and compared their inhibitory effects with those pro-
duced by each dsRNA molecule alone.

Systemic leaves of all PepMoV-infected plants, includ-
ing those treated with the individual dsRNAs, showed 
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Fig. 1 Design of short dsRNA compartments targeting HC-Pro and NIb. a Double‑stranded RNA (dsRNA) design targeting the central region of 
HC-Pro. Regions that were 530 bp in length were divided into three compartments, 220‑bp‑long with an overlap of 80 bp. b dsRNA design targeting 
the central region of NIb. Regions that were 555 bp in length were divided into three compartments, 223‑bp‑long with an overlap of 57 bp
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significant GFP signals at 10 dpi, suggesting that dsRNA’s 
inhibitory effect was not retained until this later time-
point. However, we observed a significant attenuation in 
GFP signal in 10-dpi plants treated with the dsRNA mix-
ture compared with non-treated plants or those treated 
with individual dsRNAs (Fig.  5a). Quantitative PCR on 

the GFP transcript also consistently supported this find-
ing (Fig. 5b). Since the total dosage of dsRNA was main-
tained constant at 30 µg across all the treatments, these 
results suggest that, even though the individual dose of 
each dsRNA decreased, their overall inhibitory effect was 
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Fig. 2 PepMoV inhibitory efficacy of HC-Pro‑ and NIb‑targeting short dsRNA compartments. Pepper mottle virus (PepMoV) infection status and 
growth phenotypes of HC-Pro‑ and NIb‑targeting dsRNA‑treated plants at 5‑/8‑/12‑days post‑inoculation (dpi). Green fluorescent protein (GFP) 
signals (bright‑green colors in images of 5‑dpi and 8‑dpi plants) represent the infectious PepMoV clones inside the plants
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more pronounced and prolonged when multiple PepMoV 
genes were targeted.

Discussion
When we examined the inhibitory efficacy of each short 
dsRNA compartment, we maintained the treatment 
dosage at 30  μg. As dsRNA became shorter, its molar 
concentration would increase. Therefore, expecting 
enhanced inhibitory effects from all three short dsRNA 
compartments seemed reasonable. However, only one 
dsRNA compartment each for both of the genes sup-
pressed PepMoV infection to a higher extent than the 
corresponding parent strands, suggesting two possibili-
ties: (i) those particular dsRNA compartments include 

sequences preferred during the RNAi mechanism, such 
as efficient siRNA biogenesis, preferential Argonaute 
loading, and less off-target effects, or (ii) those sequences 

could be recognized by plants as pathogen-associated 
molecular patterns (PAMPs). Viral dsRNA is capable of 
inducing PAMP-triggered immunity responses [36–38]. 
If a specific dsRNA compartment acts as a PAMP but 
others do not, removing the non-PAMP sequences while 
maintaining the total dsRNA dosage would lead to an 
increased concentration of PAMP-dsRNA, triggering 
enhanced immune responses compared with those by 
whole dsRNA fragments, contributing to the antiviral 
defense of plants. In addition, if the length of exogenous 
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the local leaves. GFP signals (bright‑green colors in images of 5‑dpi and 8‑dpi plants) represent infectious PepMoV clones inside the plants
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dsRNA is designed to be shorter, its synthesis would be 
more efficient than that of relatively longer dsRNAs.

Although we injected dsRNAs 2  days before PepMoV 
infection, they would be continuously consumed through 
the DCL-mediated siRNA biogenesis pathway. On the 
other hand, the expression of HC-Pro (encoding RNA 
silencing suppressor protein) would increase due to the 
replication of PepMoV genome, and this may lead to sup-
pression of dsRNA-mediated RNAi in plants. This might 
be the reason why additional dsRNA treatment at 5 dpi 
did not work well compared with that at 3 dpi, because 
at that time, the copy-number of PepMoV genomes and 
the amount of HC-Pro proteins would be high enough to 
suppress RNAi machinery. Moreover, additional dsRNA 
was injected into the same place as the first dose of 
dsRNA and the virus, and PepMoV was already actively 
replicating by that time. Our previous study supports 
this by showing that the inhibitory effect of dsRNAs was 
significantly decreased when they were treated with Pep-
MoV at the same time or after PepMoV infections [4].

Most trials for developing effective antiviral or anti-
pest dsRNAs focus on examining the efficacy of single 
target genes. However, our study proves that targeting 
multiple genes through the co-treatment of two dsR-
NAs is a more promising strategy with an improved 
overall inhibitory efficacy. A similar trial was con-
ducted against vesicular stomatitis virus: two dsRNA 
sequences, each targeting a different gene, were com-
bined into a single dsRNA molecule and its potency 
was examined in mammalian cells [39]. The amount 
of the target proteins and the viral titer, both, were 
successfully suppressed, demonstrating the antiviral 

validity of this approach. The efficacy of these multiple 
gene-targeting strategies might depend on the num-
bers and combinations of these genes as well as their 
biological impacts on the proliferation of viruses, which 
requires in-depth, systematic knowledge of each target 
virus. For example, more enhanced inhibition of Pep-
MoV could be expected if, together with HC-Pro and 
NIb, other genes such as CI or P3N-PIPO, responsible 
for virus replication and intercellular movement, were 
also silenced [27]. Through further investigation of fac-
tors and the target organism’s biology, multiple gene-
targeting is expected to be a mainstay in dsRNA-based 
plant antivirus control.
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