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Abstract: Post-transcriptional gene silencing (PTGS) is an evolutionarily conserved plant defense
mechanism against viruses. This paper aimed to evaluate a dsDNA construct (77 bp) as a template
for in vitro production of virus-derived artificial small hairpin RNAs (shRNAs) and test for their
potential to trigger the RNAi mechanism in Nicotiana benthamiana plants against CMV after their
foliar infiltration. This approach allowed for the production of significant amounts of shRNAs
(60-mers) quickly and easily. The gene silencing was confirmed using polymerase chain reaction
(PCR), immunological-based assays, and real-time PCR (qPCR). The highest levels of gene silencing
were recorded for mRNAs coding for replication protein (ORF1a), the viral suppressor of RNA
silencing (ORF2b), and the capsid protein (ORF3b), with 98, 94, and 70% of total transcript silenc-
ing, respectively. This protocol provides an alternative to producing significant shRNAs that can
effectively trigger the RNAi mechanism against CMV.

Keywords: CMV; capsid protein; Nicotiana benthamiana; gene silencing; shRNA

1. Introduction

Cucumber mosaic virus (CMV) was identified in 1916 as the causal agent of plant
disease in cucumber and muskmelon in the United States [1]. CMV, widely spread world-
wide [2], is a member of the genus Cucumovirus, belongs to the Bromoviridae family [3].
This virus is well known to generate severe damage and significant agronomic losses in
many crops. It has been registered in more than 1300 species belonging to more than
100 botanical families, including monocots and dicots [4], making it one of the most studied
plant viruses [5]. CMV virions appear as icosahedral particles of about 30 nm in diameter,
composed of 180 subunits of a single capsid protein (CP) and 18% RNA [6]. The genome of
this plant virus is composed of three single-stranded positive (+) sense RNAs that encode
for five proteins [7]. Two protein subunits related to replicase and the movement protein are
translated directly from the genomic RNAs. In contrast, CP and 2b proteins are translated
from subgenomic RNAs 4 and 4A [8].

The CMV control usually relies on insecticides and integrated pest management
techniques that target their specific biological vectors [9]. The frequent occurrence of
pesticide-resistant insect populations and a general concern related to potential health
risks for either farmers or consumers are associated with pesticides and their effects on
beneficial insects [10]. These not wanted effects demonstrate the need to design and
evaluate alternative protection methods against plant viruses attacks.

RNA interference (RNAi) technology has produced promising results by down-regulating
the expression of viral genes and endogenous plant genes [11]. Post-transcriptional gene silenc-
ing (PTGS) in plants is well known as an evolutionarily conserved defense mechanism against
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pathogens, especially against viruses [12]. PTGS can be triggered either by self-complementary
hairpin structures produced during the virus replication or by double-stranded RNA (dsRNA)
containing the homologous sequence to that of the target gene [13]. The plant machinery
processes silencing—inducing molecules into single-stranded small-interfering RNA (siRNA)
molecules that are then incorporated into an RNA-induced silencing complex (RISC) that
subsequently degrades the homologous RNA in a sequence-specific manner [12]. As new
research on gene silencing continues to appear, it is even more evident and proven that hairpin
RNA (hpRNA)-induced silencing represents a valuable and powerful biotechnological tool to
develop resistance against plant viruses [14,15]. Recently, several studies provided evidence
that exogenous application of dsRNAs on plant tissues induced RNAi-mediated silencing
of the targeted genes [16–19]. This paper presents the design, synthesis, and gene silencing
effect triggered by artificial small hairpins (shRNAs), targeting four CMV genes that play
roles in genome replication (ORF1a and ORF2a), encapsidation (ORF3b), and counter defense
(ORF2b). The size and how the shRNAs were synthesized, in addition to their infiltration
as naked and non-conjugated forms used in this approach, proves that this is a valuable
and alternative strategy to evaluate the potential of shRNAs in triggering the RNA silencing
mechanism against plant viruses.

2. Results
2.1. Synthesis, Quality, and Yield of ShRNAs

Equimolar amounts of the reverse complementary DNA oligos designed for the four
open reading frames present in the positive (+) genomic RNA segments of CMV, containing
a complementary 25-base pairs (bp) long region, the T7 promoter region, and a seven-
nucleotide loop were annealed using a process of heating and cooling. The designed
final DNA construct (77 bp) proved to be suitable for synthesizing shRNAs, yielding
hairpin molecules of about 60 mers in length (Figure 1). When using just 8 µg of template
DNA, about 300 µg shRNA (with a concentration approx. of 10 µg/µL) were obtained
in a 30 µL final reaction volume. Synthesis results, using this approach, show that it is
possible to obtain 10 mg of artificial shRNA using just 130 µg of each DNA oligo before
the hybridization protocol. This total amount of synthesized shRNA was then used as a
biotechnological tool to trigger the plant RNA silencing mechanism against the cucumber
mosaic virus.
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Figure 1. Schematic diagram representing the annealing reaction of two single-stranded DNA
oligonucleotides with complementary sequences to form a shRNA. Heat at 95 ◦C for 5 min disrupts
any secondary structure, and slow cooling facilitates hybridization between the complementary
oligo sequences.

Each synthesized shRNA was observed as a clear band around the expected size
(60-mers long) in the agarose gel electrophoresis. The ORF2b translated respectively into
viral suppressor of RNA silencing was much better synthesized in vitro (Figure 2). The
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synthesized shRNAs were not degraded when they were treated with either DNase or
RNase A, revealing a resistant hairpin-type RNA secondary structure (Figure 2).
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Figure 2. Produced virus-derived artificial shRNAs of CMV as revealed by 1.5% agarose gel elec-
trophoresis. MM. 100-bp DNA ladder (New England Biolabs, Ipswich, MA, USA). A. shRNA-1;
B. shRNA-2a; C. shRNA-2b; D. shRNA-3b; E1. shRNA-1 digested with DNase. E2. shRNA-1 digested
with RNase A.

2.2. Primer Efficiency and Specificity

Primer efficiency (E%) values ranged between 92.76 and 110%, and correlation coef-
ficients (R2) had values above 0.955 (Table 1). RT-qPCR products were confirmed by the
presence of a single peak in melting curve analyses and visualized in a 1.5% agarose gel.

Table 1. Primer sequences of target and reference genes used in RT-qPCR analysis.

Genes Sequences (5′-3′) Amplicon Size (bp) E (%) R2

Replication (1a) F: GCGTTATCCACGCTGGTATT
R: AAATCCGCACTGTTTTCCAC 165 110.00 0.996

Replication (2a) F: TGGATGTCAGCGAGAGTGTC
R: ATACGCATGGGTTTGACCAT 172 103.36 0.981

Suppressor of silencing
(2b)

F: CAAAAGTCCCAGCGAGAGAG
R: GGCGAACCAATCTGTATCGT 190 94.85 0.955

Capsid (3b) F: AACCAGTGCTGGTCGTAACC
R: GCGTTCACTCCCTACAAAGG 172 92.92 0.995

F-Box (Reference gene) F: GGCACTCACAAACGTCTATTTC
R: ACCTGGGAGGCATCCTGCTTAT 127 92.76 0.994

2.3. Effect of Virus-Derived Artificial ShRNAs on CMV Infection

Control and shRNAs-treated N. benthamiana plants were initially infiltrated with a
mix containing each virus-derived artificial shRNAs shRNA (200 ng/µL of each specific
shRNA) and were inoculated with CMV a day later to assess the capability of these small
hairpin RNAs to inhibit CMV infection. This protocol resulted in 100% of negative control
and shRNA-treated plants being free of symptoms and appearing resistant to CMV after
15 dpi (Figure 3a). Mild chlorosis was observed in shRNA-treated plants after 15 dpi
(Figure 3c). On the other hand, 66% of the positive control (H2O/CMV) seedlings showed
chlorosis and leaf curling at 10 dpi, and 100% of these seedlings showed similar symptoms
just five days later (Figure 3b). Overall, symptoms detected on leaves after infiltration and
inoculation treatments were consistent with ImmunoStrip® results at 7 dpi (Figure 3a–c).
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Figure 3. Effects on disease incidence of CMV on N. benthamiana plants at 15 dpi of virus-derived
artificial shRNA, ImmunoStrips® test results by treatment at 7 dpi and PCR results of positive control
for four CMV genes. (a) Negative control showing just one line in test strip and plant without
symptoms (H2O/H2O-treated plants); (b) Positive control showing two lines in test strip and plant
with typical viral mosaic symptoms (H2O/CMV-treated plants); (c) shRNA/CMV-treated plants
showing one strong and another mild line in test strip, and a plant with mild chlorosis. CMVBars
scale = 1 cm. d. RT-PCR amplification of CMV replication (1a, 2a), suppressor of silencing (2b) and
capsid protein (3b) (d) PCR analysis of four CMV genes (H2O/CMV-treated plants).

2.4. Immunological-Based Assays for Specific Detection of CMV

To estimate virus accumulation in treated leaves, besides the visual inspection of
foliar symptoms, both dot-blot and ELISA, focused on CMV-capsid protein (CP) detection,
were performed in foliar tissue samples from treated leaves collected at 10 and 2–3 dpi,
respectively. Interestingly, plants challenged with CMV 1 day after being infiltrated with
shRNA showed a delay of two weeks in the appearance of viral symptoms when compared
to the positive control (H2O/CMV-treated plants). Besides, these plants also showed a
lower capsid protein expression (CP) than positive control plants, as shown in the dot-blot
immunological assay performed 10 days after CMV inoculation (Figure 4).

ELISA results indicate that at 2 dpi, the CMV-antigen (CP) accumulated higher in
positive control plants (1.82 OD/mg of protein). This immunological assay failed to
detect CMV capsid protein (CP) in shRNA/CMV-treated plants simultaneously (Figure 5a).
However, ELISA immunoassay was able to detect 0.35 OD/mg of protein in shRNA/CMV-
treated plants at three dpi when compared to its control treatment (1.32 OD/mg of protein)
(Figure 5b). It is essential to point out that all the asymptomatic plants were ELISA negative
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under our assay conditions. In contrast, the N. benthamiana plants with apparent symptoms
of CMV infection were ELISA positive (data not shown).
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Figure 4. Dot blot for CMV-capsid protein (CP) detection on treated leaves at 10 dpi. (a) Positive
control (H2O/CMV-treated plants); (b) shRNA/CMV-treated plants (this image represents one of
three replicates used in this assay).
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Figure 5. Effect of the knockdown of the CMV-capsid protein (CP) gene on the protein expression in
N. benthamiana foliar tissue measured by direct ELISA. (a) Evaluation at 2 dpi; (b) Evaluation at 3 dpi.
Values are shown as the mean and standard errors (±SE) of three biological replicates, each with
three technical replicates. Different letters (a, b) represent significant differences at p-value < 0.05
according to the Kruskal–Wallis test.

2.5. RT-PCR and RT-QPCR

shRNAs containing 25 nt of uninterrupted RNA duplex were synthesized to four
target ORFs present in the three single-stranded positive (+) genomic RNA segments of
CMV to determine if small hairpins (<30 nt) can trigger the RNA silencing mechanism
against CMV. Artificial small hairpin effectiveness in silencing CMV gene expression was
analyzed at the transcript level by monitoring foliar mRNA accumulation of target genes
by regular RT-PCR and RT-qPCR. RT-PCR specific primers allowed the amplification of
gene fragments related to target ORFs in samples from the positive control treatment
(H2O/CMV-treated plants) (Figure 3d). Besides, a lower amount of RT-PCR product was
generated when RNA samples from silencing treatments were used as template. However,
it was impossible to obtain RT-PCR amplification from negative control samples (data
not shown). RT-qPCR experiments showed a lower CMV gene expression of all target
genes in N. benthamiana seedlings treated with shRNAs when compared to control samples
(Figure 6). However, it is important to mention that high levels of gene silencing were
recorded for mRNAs coding for replication protein (ORF1a), the viral suppressor of RNA
silencing (ORF2b), and the capsid protein (ORF3b), with 98, 94, and 70% of total transcript
silencing, respectively (Figure 6a,c,d). A significant reduction of transcript expression was
also recorded for the replication gene (ORF2a), with 50% of complete transcript silencing
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(Figure 6b). Together, these results show that relative expression levels of the evaluated
target genes correlate with ImmunoStrip® tests results and the intensity of the observed
symptoms in challenged plants.
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Figure 6. Relative transcript levels of four CMV genes evaluated in N. benthamiana foliar tissue by
RT-qPCR at 3 days of virus-derived artificial shRNA exposure. (a) Gene 1a; (b) Gene 2a; (c) Gene 2b;
(d) Gene 3b. Values are shown as the mean and standard errors (±SE) of three biological repli-
cates, each with three technical replicates. Different letters (a, b) represent significant differences at
p-value < 0.05, according to the Kruskal–Wallis test.

3. Discussion

During the last years, many research studies have been focused on controlling the
multiplication and the spreading of the cucumber mosaic virus, especially considering its
great potential to generate substantial damage to agronomically important crops, leading
to significant economic losses. The most durable and traditional method that can be used
to introduce resistance genes into host plants is through classical breeding, which is usually
very time-consuming. Progress on the implementation (manipulation, harnessing, etc.)
of the post-transcriptional gene silencing mechanism shows that plant resistance to in-
fection caused by a virus can be obtained using this way. RNA silencing is considered
an evolutionarily conserved mechanism that plays a crucial role in controlling gene regu-
lation in eukaryotes and a natural defense mechanism against viruses and transposable
elements [20]. Plant antiviral defense is proposed to be a biological reason for the evolution-
ary development of the RNAi mechanism in plants [21]. Through this natural mechanism,
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the plant RNAi machinery can successfully limit viral infection, thus controlling the fi-
nal accumulation of viral RNA by converting viral dsRNAs into small interfering RNAs
(siRNAs). It is well known that hairpin RNA constructs sharing homology to viruses and
viroids have been evaluated for their potential to confer virus plant resistance [22]. This
study used the RNAi mechanism to knock down the expression of four genes present in
the three single-stranded positives (+) genomic RNA segments of CMV, using shRNAs
synthesized in a rapid and straightforward protocol. In this approach, 4 µg of each of the
two reverse complementary DNA oligos targeting four of the five ORFs present throughout
genomic single-stranded (+)-RNA segments of CMV, containing a complementary region
of 25 base pairs (bp) long, a seven-nucleotide loop, and the T7 promoter region, were
successfully annealed. The final dsDNA construct (77 bp) was finally used as the DNA
template for in vitro transcription protocol to produce about 300 µg of shRNAs (60-mers).
Conventional production of small interfering RNA (siRNA) usually relies on recombinant
DNA technology by constructing DNA-based vectors that can express hairpins, targeting
specific viral genes [23–25]. This procedure usually requires several rounds of restriction
and ligation reactions, making it tedious and time-consuming. An alternative synthesis
method was successfully applied to generate significant amounts of shRNAs in a fast
way, as revealed by 1.5% agarose gel electrophoresis, without the need of considering
the traditional methodological approaches associated with recombinant DNA technology.
Multiple studies have reported down-regulation in gene expression of specific viral genes
via RNA interference (RNAi) after external application of RNA molecules [16,18,26–28],
leading to a substantial induction of plant resistance against this kind of pathogen. In all
those studies, reducing mRNA levels of target genes was possible due to the exogenous
application of double-stranded RNA molecules. However, recent studies have reported
plant viral resistance after external application of hpRNAs, targeting essential genes of the
plant pathogen [29,30]. In those studies, the induction of gene silencing was achieved using
viral-based hpRNAs from crude nucleic acid extracts produced by hpRNA-expressing bac-
terial strains. This study performed an in vitro method that uses a synthetic DNA construct,
containing inverted repeats of CMV-specific sequences as a helpful template for producing
virus-derived artificial shRNAs. This method does not require methodological approaches
associated with recombinant DNA technology, such as constructing DNA-based vectors or
regular PCR, except when large amounts of hpRNAs are needed. Results also show that
the structure of the resulting transcripts favors the rapid formation of stable shRNA-type
molecules that can trigger positive RNAi silencing responses in N. benthamiana plants, as
demonstrated by immunological-based assays, RT-PCR, and RT-qPCR. DNA-based nanos-
tructures conjugated to sRNAs were recently used to facilitate the delivery of 21 nt Green
Fluorescent Protein (GFP) sRNAs into infiltrated N. benthamiana leaves [31]. This research
work showed that sRNAs tethered to 3D nanostructures exhibited mRNA degradation of
the GFP. Interestingly, results show that it is possible to maintain the plant protection effect
for at least 15 dpi using just a unique 25 µg dose of the synthetic virus-derived artificial
shRNA. In this study, the direct infiltration of naked and non-conjugated shRNAs has
been shown to effectively trigger RNA silencing mechanisms against CMV, placing the
N. benthamiana plants in an advantageous position to fight against this kind of pathogen.
It is essential to point out that, although carrier-like compounds greatly facilitate RNA
delivery into plant cells, they are also expensive and challenging to synthesize. The findings
show that our approach can successfully be used to produce interesting amounts of shRNA
that can effectively trigger virus gene silencing in preliminary plant RNAi-based experi-
ments, without being immersed in expensive and time-consuming protocols that rely on
the DNA-based vectors and in subsequent cell-based transformation. If necessary, synthesis
of the dsDNA template and the synthesis of shRNAs can be escalated up to produce higher
amounts of specific hairpins. Further studies such as the dose of shRNA, sequence length,
and persistence on the leaves should be performed before making practical the use of
shRNAs for field application.
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We believe that direct infiltration of naked and non-conjugated shRNAs produced
using this approach could be used to evaluate their potential to knock down the gene func-
tion of several viral and pathogen-related genes. We strongly believe that our laboratory
protocol makes specific shRNAs with high quality, significant yield, and low cost.

4. Materials and Methods
4.1. Design and Synthesis of ShRNAs

Two reverse complementary DNA oligos for each of four open reading frames (ORF)
present in the three single-stranded positive (+) genomic RNA segments of CMV (NCBI ac-
cessions: NC_002034.1; NC_002035.1, and NC_001440.1) were designed to contain a comple-
mentary region 25 base pairs (bp) long, a seven-nucleotide loop (5′-TCAAGAG-3′), and the
T7 promoter region (TAATACGACTCACTATAGGG) at the 5′ end (Table 2). Three thymine
nucleotides (TTT) were added at the 3′ ends of each oligo to stabilize synthetic shRNA
better, as described by [32]. The secondary hairpin structure was confirmed using the
RNA Secondary Structure platform (https://rna.urmc.rochester.edu/RNAstructureWeb/
Servers/Predict1/Predict1.html (accessed on 1 March 2021)) and the designed oligos sent
for synthesis to Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA). The two single-
stranded DNA (ssDNA) oligonucleotides (100 µM) with complementary sequences were
subject to an annealing protocol. Briefly, each oligonucleotide was dissolved in 10 mM
Tris, pH 7.5 containing 50 mM NaCl and 1 mM EDTA, mixed in a PCR tube at equal
equimolar concentrations, and incubated at 95 ◦C for 5 min. Microtubes were allowed
to cool down to room temperature to facilitate oligos hybridization slowly. The resulting
duplex oligonucleotide was stored at −20 ◦C until used as templates for in vitro synthesis
of shRNAs using the HiScribeTM T7 High Yield RNA Synthesis Kit (Cat. E2040S, New
England Biolabs, Ipswich, MA, USA) (Figure 1).

Table 2. Reverse complementary DNA oligos (77 bp) designed to synthesize virus-derived artificial
shRNA of CMV.

Oligo Strand Sequences (5′3′) Gene Function

shRNA1a
Sense TAATACGACTCACTATAGGGTATTGTTTATTCTGTCGGTTAT

tcaagagATAACCGACAGAATAAACAATACCCTTT Replication
(ORF1a/RNA1)Antisense AAAGGGTATTGTTTATTCTGTCGGTTATctcttgaATAAC-

CGACAGAATAAACAATACCCTATAGTGAGTCGTATTA

shRNA2a
Sense

TAATACGACTCACTATAGGGTCCATTTTTGG-
TACCCGTGAAGtcaagagCTTCACGGGTAC-

CAAAAATGGACCCTTT Replication
(ORF2a/RNA2)

Antisense AAAGGGTCCATTTTTGGTACCGTGAAGctcttgaCTTCACGGGG-
TACCAAAAATGGACCCTATAGTGAGTCGTATTA

shRNA2b
Sense TAATACGACTCACTATAGGGTCATGCCGCCATGTGAAC-

GTGGtcaagagCCACGTTCACATGGCGGCATGACCCTTT Silencing suppressor
(ORF2b/RNA2)Antisense AAAGGGTCATGCCGCCATGTGAACGTGGctcttgaCCAC-

GTTCACATGGCGGCATGACCCTATAGTGAGTCGTATTA

shRNA3b
Sense

TAATACGACTCACTATAGGGTACAC-
GTTCACATCTATTACCCtcaagagGGGTAA-

TAGATGTGAACGTGTACCCTTT Capsid
(ORF3b/RNA3)

Antisense AAAGGGTACACGTTCACATCTATTACCCctcttgaGGGTAAT-
AGATGTGAACGTGTACCCTATAGTGAGTCGTATTA

Each oligo contains the T7 promoter region (bold and underlined nucleotides) at the 5′ end, a complementary
region of 25 base pairs (bp) long, separated by a seven-nucleotide loop (lowercase nucleotides), and three thymine
nucleotides at the 3′ end (underlined nucleotides).

Following the manufacturer’s instructions, the synthesized shRNAs were purified
using the RNeasy Mini Kit (Cat. 74104, Qiagen, Valencia, CA, USA) and then quantified
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). To determine the stability of the synthesized shRNAs, the product was digested with
DNAse I (Cat# M0303, New England Biolabs, Ipswich, MA, USA) and RNase (Cat# M0245S,

https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html
https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html
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New England Biolabs, Ipswich, MA, USA) following the manufacturer’s instructions. After
digestion, their purity and integrity were evaluated by 1.5% agarose gel electrophoresis.

4.2. Plants, Virus Maintenance, and ShRNA Infiltration

Nicotiana benthamiana plants were used as the propagative CMV host for all experi-
ments. Seeds were initially submerged in water for three days under constant light condi-
tions as a pre-germination stage. After germination, seedlings were kept in sterile sand and
soil (1:2) in 10 cm wide pots at 25 ◦C, 65–70% humidity, and 18 h/6 h light/dark cycle. The
CMV viral isolate was provided by Dr. Wilmer Cuellar, Virology Unit of the International
Center for Tropical Agriculture-CIAT (Palmira, Colombia) as freeze-dried leaf samples and
then propagated in N. benthamiana. Negative control (H2O/H2O-treated plants), positive
control (H2O/CMV-treated plants), and shRNA-treated plants were subjected to mechani-
cal transmission of CMV virus. In this case, plant leaves (two leaves/plant) with a diameter
between 1.5–2.0 cm were rubbed with 50 µL of fresh sap, which was prepared using 100 mg
of CMV-infected leaf samples macerated at 4 ◦C with 1.5 mL of sterile distilled water.
Twenty-four hours before challenging, the shRNA molecules were applied together, via
infiltration, using a mix of 100 µL containing each shRNA (200 ng/µL of each specific
shRNA) to N. benthamiana leaves. Control and shRNA-treated leaves were harvested 24 h
after CMV inoculation and flash-frozen in liquid nitrogen, and then were stored at −80 ◦C
until their use in RNA extraction for antibody-based assays and qPCR analysis. All plants
were grown in the conditions mentioned above and showed symptoms monitored daily
until 25 days post inoculation (dpi). Forty-five plants were used in two bio-assays for all
analyses (Figure S1).

4.3. Protein Extraction and Quantitation

Total protein was extracted from control and shRNA-treated N. benthamiana foliar
tissue challenged with CMV using the MinuteTM commercial kit Total Protein Extraction
Kit for Plant Tissues (Cat. SD-008/SN-009, Invent Biotechnologies, Plymouth, MN, USA)
and following the instructions given by the manufacturer. The Pierce ™ BCA Protein Assay
Kit (Cat. 23227, Thermo Fisher Scientific, Waltham, MA, USA) was used for quantitation
of total soluble protein. Bovine serum albumin (BSA) was used as a control protein. A
calibration curve was generated using BSA concentrations of 25, 50, 200, 400, 800, and
1600 µg/mL. Protein in each standard solution was calculated by triplicate.

4.4. Immunological-Based Assays for Specific Detection of CMV

In addition to common plant symptoms, the effectiveness of the CMV inoculation was
confirmed by using the ImmunoStrip® CMV-specific kit (Agdia Inc., Elkhart, IN, USA)
following the manufacturer’s protocol. For all gene silencing evaluations in treated leaves
(in situ), we performed the dot-blot technique and enzyme-linked immunosorbent assay
(ELISA) (Agdia Inc., Elkhart, IN, USA). For dot-blot analyses, aliquots of foliar tissue
samples containing an equal amount of protein were manually spotted on the nitrocellulose
membrane (Cat. #162-0116, Bio-Rad, Hercules, CA, USA) previously wetted with 20%
methanol for 30 min. As the samples dried, the nitrocellulose membrane was blocked for
2 h at room temperature using 10 mL of a nonfat dry milk solution (4%) (Cat. 1706404,
Bio-Rad, Hercules, CA, USA) diluted in phosphate-buffered saline (PBS) (Cat. 1610780,
Bio-Rad, Hercules, CA, USA). The nitrocellulose membrane was incubated for 2 h with the
CMV primary capture antibody (Cat. 44501/0500, Agdia Inc., Elkhart, IN, USA), washed
three times for 10 min with PBS solution (0.5% Tween, pH 7.4), and incubated for 1 h with
the secondary anti-rabbit IgG-Peroxidase antibody (Cat. 6154, Millipore Sigma, St. Louis,
MO, USA). Secondary antibody was diluted 1:5000 in 4% nonfat milk/PBS. After regular
washing steps, the reactive proteins on the nitrocellulose membrane were incubated at room
temperature for 30 min with the horseradish peroxidase substrate (Cat. 170-8235, Bio-Rad,
Hercules, CA, USA), following the manufacturer’s protocol. The final reaction was stopped
washing the membrane with pure water and letting it dry out at room temperature.
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Protein samples from control and shRNA-treated foliar tissue were also evaluated
by ELISA (SRA 44501/0500, Agdia Inc., Elkhart, IN, USA), using polyclonal antibodies to
capture the CP particles of the CMV and monoclonal antibodies conjugated with alkaline
phosphatase for final detection. The absorbance at 405 nm was measured after 45 min of
incubation with the substrate using an ELISA SmartReader 96 microplate reader (Accuris
instruments, Edison, NJ, USA).

The dot-blot test included three independent biological replicates, while the ELISA
test included six (Figure S1). In all cases we included three technical replicates.

4.5. RNA Isolation and CDNA Synthesis

Total RNA was extracted from 0.1 g of N. benthamiana leaf tissue using the RNeasy
Mini Kit (Cat. 74104, Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol,
and then stored at −80 ◦C until use. The RNA integrity was assessed through 1.5% (m/v)
agarose gel electrophoresis, and its concentration was estimated on a NanoDrop 1000
(Thermo Fisher Scientific, Waltham, MA, USA). cDNAs were synthesized from 1000 ng of
total RNA with specific primers using the Maxima H Minus First Strand cDNA Synthesis
Kit (Cat. K1651, Thermo Fisher Scientific, Waltham, MA, USA). After synthesis, cDNA
samples were diluted (1:5) before being used in either PCR or qPCR.

4.6. PCR, Quantitative Real-Time PCR (qPCR) and Primer Efficiency Test

Primers were designed using the OligoPerfect Primer Designer (Thermo Fisher Scien-
tific, Waltham, MA, USA) and validated by analysis of their PCR amplification efficiencies
(E%) and correlation coefficients (R2). The length for all qPCR products was kept between
120–190 bp. Efficiency (E%) of all primers were calculated according to the equation:
E = (10[−1/slope] − 1) × 100. Relative standard curves were generated with serial di-
lutions of positive control cDNA (1/3, 1/9, 1/27, and 1/81). The qPCR protocol was
performed with SsoAdvanced Universal SYBR® Green Supermix (Cat. 1725271, Bio-Rad,
Hercules, CA, USA) on a StepOne Real-Time PCR System (Applied Biosystems Inc., Foster
City, CA, USA). The master mix (30 µL) contained 15 µL SYBR green, 6 µL diluted (1:5)
cDNA, 1.5 µL (10 µM) primers (F + R), and 7.5 µL of nuclease-free water. The qPCR was
run at 95 ◦C for 3 min (holding stage), followed by 95 ◦C for 30 s, then 60 ◦C for 30 s (cycling
stage). A melting curve was also generated to confirm the presence of a single amplification
peak and to rule out the possibility of primer dimers’ formation. F-Box gene amplification
was used as the reference gene. Three independent biological (Figure S1) and technical
replicates were included in all cases in each qPCR run.

4.7. Statistical Analysis

Data from ELISA and RT-qPCR assays were analyzed using non-parametric Kruskal–
Wallis analyses, with p < 0.05 as the significance level; while the comparative 2−∆∆CT

method [33] was used to calculate the relative expression level of the target genes as
compared to control treatment in RT-qPCR assays.

All statistical analyses were performed with the statistical software Infostat (ver. 2008).

5. Conclusions

Virus-derived artificial small shRNAs can trigger the RNAi mechanism in N. benthami-
ana plants when applied using foliar infiltration.

shRNA-triggered events can lead to detectable levels of gene silencing, thus negatively
affecting the gene expression of target genes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23094938/s1.

Author Contributions: Conceptualization, B.V.-E. and A.V.-J.; methodology, A.V.-J.; software, M.A.S.;
validation, B.V.-E. and M.A.S.; formal analysis, B.V.-E. and A.V.-J.; investigation, B.V.-E. and M.A.S.;
resources, B.V.-E.; data curation, B.V.-E. and A.V.-J.; writing—original draft preparation, B.V.-E. and

https://www.mdpi.com/article/10.3390/ijms23094938/s1
https://www.mdpi.com/article/10.3390/ijms23094938/s1


Int. J. Mol. Sci. 2022, 23, 4938 11 of 12

A.V.-J.; writing—review and editing, B.V.-E. and A.V.-J.; visualization, A.V.-J.; supervision, A.V.-J.;
project administration, A.V.-J.; funding acquisition, B.V.-E. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Ministerio de Ciencia, Tecnología e Innovación de Colombia-
MINCIENCIAS, scholarship code: 265-2017 and by the Research and Postgraduate Vice-Rectory of
Universidad de Caldas, project code: 0178917. However, these organizations had no part in the study
design, data collection and analysis, publication decisions, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank Wilmer Cuellar and his colleagues of Virology
Unit of the International Center for Tropical Agriculture-CIAT by facilitate the CMV viral isolate.

Conflicts of Interest: The authors declare no conflict of interest regarding this article.

References
1. Doolittle, S.P. A new infectious mosaic disease of cucumber. Phytopathology 1916, 6, 145–147.
2. Kenyon, L.; Kumar, S.; Tsai, W.S.; Hughes, J.D.A. Chapter Six—Virus diseases of peppers (Capsicum spp.) and their control. In

Advances in Virus Research; Loebenstein, G., Katis, N., Eds.; Academic Press: Waltham, MA, USA, 2014; Volume 90, pp. 297–354.
[CrossRef]

3. Bujarski, J.; Gallitelli, D.; García-Arenal, F.; Pallás, V.; Palukaitis, P.; Reddy, M.K.; Wang, A. ICTV Report Consortium 2019. ICTV
Virus Taxonomy Profile: Bromoviridae. J. Gen. Virol. 2019, 100, 1206–1207. [CrossRef] [PubMed]

4. García-Arenal, F.; Palukaitis, P. Cucumber Mosaic Virus. In Encyclopedia of Virology, 3rd ed.; Mahy, B.W.J., van Regenmortel, M.H.V., Eds.;
Academic Press: Oxford, UK, 2008; pp. 614–619. [CrossRef]

5. Scholthof, K.B.; Adkins, S.; Czosnek, H.; Palukaitis, P.; Jacquot, E.; Hohn, T.; Hohn, B.; Saunders, K.; Candresse, T.;
Ahlquist, P.; et al. Top 10 plant viruses in molecular plant pathology. Mol. Plant Pathol. 2011, 12, 938–954. [CrossRef] [PubMed]

6. Jacquemond, M. Cucumber mosaic virus. Adv. Virus Res. 2012, 84, 439–504. [CrossRef]
7. Watters, K.E.; Choudhary, K.; Aviran, S.; Lucks, J.B.; Perry, K.L.; Thompson, J.R. Probing of RNA structures in a positive sense

RNA virus reveals selection pressures for structural elements. Nucleic Acids Res. 2018, 46, 2573–2584. [CrossRef]
8. Ding, S.W.; Anderson, B.J.; Haase, H.R.; Symons, R.H. New overlapping gene encoded by the cucumber mosaic virus genome.

Virology 1994, 198, 593–601. [CrossRef]
9. Rahman, M.S.; Ahmed, A.U.; Jahan, K.; Khatun, F. Management of Cucumber Mosaic Virus (CMV) infecting cucumber in

bangladesh. Bangladesh J. Agril. Res. 2020, 45, 65–76.
10. Florax, R.J.; Travisi, C.M.; Nijkamp, P.A. Meta-analysis of the willingness to pay for reductions in pesticide risk exposure. Eur.

Rev. Agric. Econ. 2005, 32, 441–467. [CrossRef]
11. Sharma, V.K.; Sanghera, G.S.; Kashyap, P.L.; Sharma, B.B.; Chandel, C. RNA interference: A novel tool for plant disease

management. Afr. J. Biotechnol. 2013, 12, 2303–2312. [CrossRef]
12. Csorba, T.; Kontra, L.; Burgyán, J. Viral silencing suppressors: Tools forged to fine-tune host-pathogen coexistence. Virology 2015,

479, 85–103. [CrossRef]
13. Sharp, P.A. RNA interference—2001. Genes Dev. 2001, 15, 485–490. [CrossRef] [PubMed]
14. Guo, J.; Gao, S.; Lin, Q.; Wang, H.; Que, Y.; Xu, L. Transgenic sugarcane resistant to Sorghum mosaic virus based on coat protein

gene silencing by RNA interference. BioMed Res. Int. 2015, 2015, 861907. [CrossRef] [PubMed]
15. Wang, F.; Li, W.; Zhu, J.; Fan, F.; Wang, J.; Zhong, W.; Wang, M.B.; Liu, Q.; Zhu, Q.H.; Zhou, T.; et al. Hairpin RNA Targeting

Multiple Viral Genes Confers Strong Resistance to Rice Black-Streaked Dwarf. Virus Int. J. Mol. Sci. 2016, 17, 705. [CrossRef]
16. Konakalla, N.C.; Kaldis, A.; Berbati, M.; Masarapu, H.; Voloudakis, A.E. Exogenous application of double-stranded RNA

molecules from TMV p126 and CP genes confers resistance against TMV in tobacco. Planta 2016, 244, 961–969. [CrossRef]
[PubMed]

17. Mitter, N.; Worrall, E.A.; Robinson, K.E.; Li, P.; Jain, R.G.; Taochy, C.; Fletcher, S.J.; Carroll, B.J.; Lu, G.Q.; Xu, Z.P. Clay nanosheets
for topical delivery of RNAi for sustained protection against plant viruses. Nat. Plants 2017, 3, 16207. [CrossRef] [PubMed]

18. Kaldis, A.; Berbati, M.; Melita, O.; Reppa, C.; Holeva, M.; Otten, P.; Voloudakis, A. Exogenously applied dsRNA molecules
deriving from the Zucchini yellow mosaic virus (ZYMV) genome move systemically and protect cucurbits against ZYMV. Mol. Plant
Pathol. 2018, 19, 883–895. [CrossRef]

19. Dubrovina, A.S.; Aleynova, O.A.; Kalachev, A.V.; Suprun, A.R.; Ogneva, Z.V.; Kiselev, K.V. Induction of Transgene Supression in
Plants via External Application of Synthetic dsRNA. Int. J. Mol. Sci. 2019, 20, 1585. [CrossRef]

20. Voinnet, O. Induction and suppression of RNA silencing: Insights from viral infections. Nat. Rev. Genet. 2005, 6, 206–220.
[CrossRef]

21. Wang, M.B.; Metzlaff, M. RNA silencing and antiviral defense in plants. Curr. Opin. Plant Biol. 2005, 8, 216–222. [CrossRef]

http://doi.org/10.1016/B978-0-12-801246-8.00006-8
http://doi.org/10.1099/jgv.0.001282
http://www.ncbi.nlm.nih.gov/pubmed/31192783
http://doi.org/10.1016/B978-012374410-4.00640-3
http://doi.org/10.1111/j.1364-3703.2011.00752.x
http://www.ncbi.nlm.nih.gov/pubmed/22017770
http://doi.org/10.1016/B978-0-12-394314-9.00013-0
http://doi.org/10.1093/nar/gkx1273
http://doi.org/10.1006/viro.1994.1071
http://doi.org/10.1093/erae/jbi025
http://doi.org/10.5897/AJB12.2791
http://doi.org/10.1016/j.virol.2015.02.028
http://doi.org/10.1101/gad.880001
http://www.ncbi.nlm.nih.gov/pubmed/11238371
http://doi.org/10.1155/2015/861907
http://www.ncbi.nlm.nih.gov/pubmed/25685813
http://doi.org/10.3390/ijms17050705
http://doi.org/10.1007/s00425-016-2567-6
http://www.ncbi.nlm.nih.gov/pubmed/27456838
http://doi.org/10.1038/nplants.2016.207
http://www.ncbi.nlm.nih.gov/pubmed/28067898
http://doi.org/10.1111/mpp.12572
http://doi.org/10.3390/ijms20071585
http://doi.org/10.1038/nrg1555
http://doi.org/10.1016/j.pbi.2005.01.006


Int. J. Mol. Sci. 2022, 23, 4938 12 of 12

22. Schwind, N.; Zwiebel, M.; Itaya, A.; Ding, B.; Wang, M.B.; Krczal, G.; Wassenegger, M. RNAi-mediated resistance to Potato
spindle tuber viroid in transgenic tomato expressing a viroid hairpin RNA construct. Mol. Plant Pathol. 2009, 10, 459–469.
[CrossRef]

23. Tabassum, B.; Nasir, I.A.; Khan, A.; Aslam, U.; Tariq, M.; Shahid, N.; Husnain, T. Short hairpin RNA engineering: In planta gene
silencing of potato virus Y. Crop. Prot. 2016, 86, 1–8. [CrossRef]

24. Akbar, S.; Tahir, M.; Wang, M.B.; Liu, Q. Expression Analysis of Hairpin RNA Carrying Sugarcane mosaic virus (SCMV) Derived
Sequences and Transgenic Resistance Development in a Model Rice Plant. BioMed Res. Int. 2017, 2017, 1646140. [CrossRef]
[PubMed]

25. Aslam, U.; Tabassum, B.; Nasir, I.A.; Khan, A.; Husnain, T. A virus-derived short hairpin RNA confers resistance against
sugarcane mosaic virus in transgenic sugarcane. Transgenic. Res. 2018, 27, 203–210. [CrossRef] [PubMed]

26. Worrall, E.A.; Bravo-Cazar, A.; Nilon, A.T.; Fletcher, S.J.; Robinson, K.E.; Carr, J.P.; Mitter, N. Exogenous application of RNAi-
inducing double-stranded RNA inhibits aphid-mediated tansmission of a plant virus. Front. Plant Sci. 2019, 10, 265. [CrossRef]

27. Namgial, T.; Kaldis, A.; Chakraborty, S.; Voloudakis, A. Topical application of double-stranded RNA molecules containing
sequences of Tomato leaf curl virus and Cucumber mosaic virus confers protection against the cognate viruses. Physiol. Mol. Plant
Pathol. 2019, 108, 101432. [CrossRef]

28. Vadlamudi, T.; Patil, B.L.; Kaldis, A.; Gopal, D.V.; Mishra, R.; Berbati, M.; Voloudakis, A. DsRNA-mediated protection against two
isolates of Papaya ringspot virus through topical application of dsRNA in papaya. J. Virol. Methods 2020, 275, 113750. [CrossRef]

29. Lau, S.E.; Mazumdar, P.; Hee, T.W.; Song, A.L.A.; Othman, R.Y.; Harikrishna, J.A. Crude extracts of bacterially-expressed dsRNA
protect orchid plants against Cymbidium mosaic virus during transplantation from in vitro culture. J. Hortic. Sci. Biotechnol. 2014,
89, 569–576. [CrossRef]

30. Shen, W.; Yang, G.; Chen, Y.; Yan, P.; Tuo, D.; Li, X.; Zhou, P. Resistance of non-transgenic papaya plants to papaya ringspot virus
(PRSV) mediated by intron-containing hairpin dsRNAs expressed in bacteria. Acta Virol. 2014, 58, 261–266. [CrossRef]

31. Zhang, H.; Demirer, G.S.; Zhang, H.; Ye, T.; Goh, N.S.; Aditham, A.J.; Cunningham, F.J.; Fan, C.; Landry, M.P. DNA nanostructures
coordinate gene silencing in mature plants. Proc. Natl. Acad. Sci. USA 2019, 116, 7543–7548. [CrossRef]

32. Kim, N.Y.; Baek, J.Y.; Choi, H.S.; Chung, I.S.; Shin, S.; Lee, J.I.; Yang, J.M. Short-hairpin RNA-mediated gene expression interference
in Trichoplusia ni cells. J. Microbiol. Biotechnol. 2012, 22, 190–198. [CrossRef]

33. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1364-3703.2009.00546.x
http://doi.org/10.1016/j.cropro.2016.04.005
http://doi.org/10.1155/2017/1646140
http://www.ncbi.nlm.nih.gov/pubmed/28255554
http://doi.org/10.1007/s11248-018-0066-1
http://www.ncbi.nlm.nih.gov/pubmed/29492792
http://doi.org/10.3389/fpls.2019.00265
http://doi.org/10.1016/j.pmpp.2019.101432
http://doi.org/10.1016/j.jviromet.2019.113750
http://doi.org/10.1080/14620316.2014.11513122
http://doi.org/10.4149/av_2014_03_261
http://doi.org/10.1073/pnas.1818290116
http://doi.org/10.4014/jmb.1108.08045
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Synthesis, Quality, and Yield of ShRNAs 
	Primer Efficiency and Specificity 
	Effect of Virus-Derived Artificial ShRNAs on CMV Infection 
	Immunological-Based Assays for Specific Detection of CMV 
	RT-PCR and RT-QPCR 

	Discussion 
	Materials and Methods 
	Design and Synthesis of ShRNAs 
	Plants, Virus Maintenance, and ShRNA Infiltration 
	Protein Extraction and Quantitation 
	Immunological-Based Assays for Specific Detection of CMV 
	RNA Isolation and CDNA Synthesis 
	PCR, Quantitative Real-Time PCR (qPCR) and Primer Efficiency Test 
	Statistical Analysis 

	Conclusions 
	References

