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Abstract

In the present study, cDNA from a papaya leaf sample infected with Papaya Ringspot Virus (PRSV) was used for the amplification of the HC-
Pro gene, which yielded an expected amplicon size of ~1350 bp. The partial coding sequence of HC-Pro was used to design a hairpin RNA
(hpRNA) construct, which included a cowpea spliceosomal intron (148 bp) inserted between the hpRNA arms (ihpRNA HC-Pro). The
potential siRNAs and Virus Induced Gene Silencing (VIGS) sequence predicted by integrated bioinformatics tools (siDirect 2.0 and
pssRNAit) identified the best region of 201 bp (557-757 bp). The designed intron hairpin RNA (ihpRNA) HC-Pro was synthesized and cloned
into the plant expression vector (pBl121) and the resulting recombinant plasmids (pBI121::CaMV35s::ihpRNA-HC-Pro::NOS) were
subsequently transformed into Agrobacterium tumefaciens (LBA4404) followed by co-cultivation in N. benthamiana,a model plant.
Molecular confirmation of the T, lines via PCR indicated that three out of four plants were contaminated with Agrobacteriumin the
apoplast. A single line that was positive for ihpRNA HC-Pro amplification and negative for VirG, was forwarded to the T, generation. Six out
of ten T lines were amplified for ihpRNA HC-Pro. Single copy insertions were confirmed by southern blotting. Bioassay and gene
expression tests in T, transgenic plants showed lower levels of NbPOD, NbAPX, NbCAT and HcPro, like healthy plants, suggesting that
PRSV resistance was successfully achieved through ihpRNA-mediated gene silencing.
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Introduction has a positive sense. The approximately 10.8 kb pair viral
genome encodes a single large polyprotein, which is auto
processed into ten mature proteins. HC-Pro (52k), P1 protease
(63k), Nlb (59k), P3 protease (46k), Cl (72k), Nla (48k) and CP
(35k) are essential proteins that span from 5' to 3' (1-5).
Common papaya symptoms include chlorosis and mosaic on
the leaf lamina, petiole and upper trunk; oil streaks that have
been absorbed in water and other similar lesions. Rapid
transmission of this disease can infect an entire orchard in as
little as three to seven months, causing output losses of 100 %
(6). It attacks papaya trees at any stage of development and
spreads quickly. The vectors that spread PRSV are aphids.
Aphids may eat for as little as 15 sec on healthy papaya before
they bite into the diseased fruit (7). Management of PRSV and
the vector can be achieved using discrete cultural techniques,
such as aphid population suppression, virus transmission
prevention and systemic roughening of infected plants.
However, these treatments have their limitations and are not
sustainable in the long run. Two variants, rainbow and sunup
have been produced and commercially released and modern
methods like genetic engineering are also used for PRSV
management, with CP-mediated Pathogen Derived Resistance
(PDR) being a common strategy (8). Nevertheless, there have

One of the most destructive viruses that affect cucumber and
papaya crops in tropical and subtropical areas is PRSV, which
belongs to the Potyvirus family and is of the genus Potyvirus.
Two types of PRSV exist: PRSV-P, which can infect cucumbers
and other cucurbits and PRSV-W, which can only infect
cucumbers and not papaya. Unlike cucumbers and papayas,
PRSV does not have a strong impact on cucumbers. The main
host plant for PRSV-P is papaya, which exhibits severe
symptoms such as mosaic patterns, distorted leaves, greasy
streaks on stems and greatly deformed and yield-reducing
fruits. Mosaic patterns, mottling of the leaves and a little
reduction in fruit quality are often the less severe symptoms
displayed by cucumbers infected with PRSV (especially the
PRSV-W strain). Aside from its diminutive size (between 760 and
800 nm and 12 nm in diameter), the virus is defined by its
filamentous form and monocistronic positive-sense single-
stranded RNA. Ten distinct mature proteins are encoded by its
10.8 kb genome. These include P1 protease (59 kb), NIb (63 kb),
Nla (48 kb), HC-Pro (52 kb), P3 protease (46 kb), Cl (72 kb), Coat
Protein (CP) (35 kb) and nuclear inclusion protein a (Nla, 48 kb).
The virus is made up of one strand of RNA and has a diameter
of 12 nm and a length of 760-800 nm. It is monocistronic and
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been reports of papaya's CP-mediated PDR breaking down (9);
therefore, new approaches to managing PRSV illness are
required.

Another strategy used to manage viral diseases is
Posttranscriptional Gene Silencing (PTGS). This method
reduces viral gene expression via RNA interference (RNAi) by
destroying viral RNA when a small molecule of double-
stranded RNA (dsRNA) triggers direct homology-dependent
control of gene activity. Another strategy used to control viral
diseases is PTGS. Direct homology-dependent control of gene
activity causes viral RNA degradation by the action of a tiny
dsRNA molecule. A viral gene's expression is decreased by this
technique using RNAI. To create highly efficient and specific
siRNAs, it is necessary to identify many target regions for
potential siRNAs inside viral genes, as the success of RNAi relies
on the specific interactions between siRNAs and messenger
RNAs (10). Previous research found that ihpRNAs, a specific
type of hpRNA that encodes a spliceosomal intron interspersed
between hpRNA arms, were able to induce PTGS against RNA
viruses with an effectiveness of nearly 100 % (11).

The PRSV HC-Pro gene is part of a family of proteins
called cysteine-type proteinases and works as a multifunctional
protein that acts on itself. Aphid transmission requires the N-
terminal domain, which contains amino acids (aa) 1-100. The
central area, which contains regions 101-299 aa, is responsible
for RNA silencing suppression and other functions. The C-
terminal domain, which contains regions 300-459 aa, contains
the proteolytic activity of HC-Pro (12-14). To improve host
antiviral silencing activity, it is anticipated that silencing this
protein will lead to the downregulation of viral RNAs.

Here, we aimed to develop genetically modified N.
benthamiana plants that would resist PRSV by using ihpRNA-
HC-Pro gene constructs to target the HC-Pro gene.

Materials and Methods

Total RNA extraction, cDNA synthesis and amplification of
HC-Pro genes

The papaya leaf samples exhibiting mosaic patterns, leaf
distortion and curling, oily streaks and shoe-string leaves
symptoms of PRSV collected from the GKVK, Department of
Plant Biotechnology, Bangalore, University of Agriculture
Sciences were used for total RNA isolation via the lithium
chloride (LiCl) method as described earlier (15). The total RNA
extracted was used as the template for reverse transcriptase
(RT)-PCR. First-strand cDNA was synthesized from total RNA in
a 20 pL reaction using a gene-specific reverse primer “(HC-Pro
RP: 5°GC AAG CTT GTT GCG CAT ACC CAG GAG AGA GTG 3’)".
After 5 min at 65 °C, 5 min at 4 °C, 60 min of incubation at 42 °C
and lastly 5 min at 85 °C, the reverse transcription process was
performed. Hc-Pro gene-specific primers “(RP 5'GC AAG CTT
GTT GCG CAT ACC CAG GAG AGA GTG 3')” and “(FP 5'GC GGA
TCC ATG TCC AAA AAT GAA GCT GTG GAT 3')” were used for
Polymerase Chain Reaction (PCR) amplification of first-strand
cDNA generated by reverse transcription. The following
conditions were used to conduct the PCR: 5 min of initial
denaturation at 94 °C, 30 sec of denaturation at 94 °C with 32
cycles, 45 sec of annealing at 60 °C, 90 sec of extension at 72 °C
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and finally, 7 min of final extension at 72 °C. A GeneJET Gel
Extraction Kit (Cat. No. K0691; Thermo Fisher Scientific) was
used to elute the gel after a meticulous extraction of the
amplified product.

Sequencing and bioinformatic analysis

Prior to incubation at 22 °C for 16 hr, the eluted PCR product was
ligated to the T/A cloning vector pTZ57R/T using 5 U of T4 DNA
ligase and ligation buffer (16). We used the thermal shock
method to transform the ligated products into E. coli DH5a,
maintaining a temperature of 42 °C for precisely 90 sec (17). Blue-
white screening and PCR were used to confirm the
transformation of consecutive transformants. Chromus Biotech
of Bangalore, India, sequenced the recombinant pTZ57R/T
carrying the HC-Pro gene and deposited the sequence at NCBI.

After obtaining the nucleotide sequences, they were
compared using the BLAST tool, which is based on sequence
homology, to other PRSV HcPro sequences that are already in
the NCBI database. We used the ClustalW software in BioEdit
(v7.2) and Multiple Sequence Alignment (MSA) tools to match
sixteen HC-Pro sequences so we could analyze their similarities
(18).

Using the maximum likelihood method with 1000
bootstrap repeats, the phylogenetic tree was generated using
MEGA-X tools. We chose the Tamura-Nei model of evolution
(19) when building the phylogenetic tree.

ihpRNA construction

In silico analysis for the identification of potential siRNAs and
selection of VIGS sequences

The PRSV-P HC-Pro gene was studied with siDirect 2.0 and
pssRNAiIt to find possible siRNAs and VIGS targets (20-25). The
chosen candidates are displayed in Fig. 1 using bioinformatics
tools.

Screening of off target effects of siRNAs in N. benthamiana

To find likely off-target sites and very close matches with N.
benthamiana mRNA sequences in the NCBI database, we used
BLAST and pssRNAit. We filtered out siRNAs with substantial off
-target effects to boost the validity percentage. We used a
minimum off-target effect to select a sequence or fragment of
the HC-Pro gene for the construction of the ihpRNA HC-Pro
construct.

Development of the ihpRNA HC-Pro construct

A combination of off target analysis and anticipated siRNA
technologies allowed for the optimal region selection. The
Department of Biochemistry, IARI, New Delhi, generously
provided the cloned cowpea intron (300 bp). The intron hairpin
loop was designed and constructed using just partial
sequences, using the CA-AG eukaryotic splicing rule. We
produced the ihpRNA HC-Pro construct by considering and
inserting the plant splice site (CA-AG) into the intron sequence.
Generation of transgenic N. benthamiana expressing the ihpRNA
HC-Pro construct

Subcloning pUC57-ihpRNA-HCPro into pBl121 added it to the
plant binary vector. Initially, Sacl and BamHI enzymes double
digested pUC57 strains with ihpRNA-HCPro and pBI121. We
achieved heat inactivation by incubating the reaction mixture
at 37 °C for 75 min and 65 °C for 20 min. After separating the
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Fig. 1. Schematic overview of the approach adopted in the present study for ihnpRNA HC-Pro construction.

DNA on a gel, the ihpRNA-HCPro gene and pBI121 vector were
joined together in a 1:3 ratio and introduced into E. coli DH5a
cells (26).

To confirm that the recombinant E. coli DH5a cells
contained pBI121:ihpRNA-HC-Pro, we used colony PCR with
specific primers.

Forward: “GGATCCCTCTTACATGTGATAATCAATTGGACA” and
“Oligo 4 (EcoRI)” Reverse: “GAATTCTTCTGGATA” The clones
were moved to Agrobacterium tumefaciens strain LBA4404
using a freeze-thaw method and the modified pBI121::ihpRNA-
HC-Pro plasmid was found using PCR (27). Co-cultivation was
performed with Agrobacterium tumefaciens tobacco leaf
explants obtained from 3-week-old invitro grown seedlings
and used for Agrobacterium-mediated transformation (28). Co-
cultivation was followed by three subcultures at 15-day
intervals. Regenerated shoots were transferred to rooting
media for 15 days, then acclimatized in hardening media for
another 15 days. To plants were moved to the polyhouse, where
they grew vegetatively for 2-3 weeks, flowered in 5-7 weeks and
produced seeds in 3-4 weeks. Tiseeds germinated and
developed within 3-4 weeks.

Molecular analysis of transgenic plants
PCR amplification

The genomic DNA was extracted from the putative transgenic

plants (T, and T; plants) via the C-TAB method (29). The PCR
mixture comprised 50 ng of template DNA, 0.8 pl of 2 mM
dNTPs, 0.5 ul of 1 U of Taq DNA Polymerase, 1 ul of 10X PCR
buffer and 1 ul of Oligo 1 or Oligo 4, each with a total volume of
10 pl. The amplification was carried out at 94 °C for 30 sec, 94 °C
for 4 min, 54 °C for 40 sec, 72 °C for 30 sec and 72 °C for 7 min in
a thermocycler. The PCR products were analyzed via 1 %
agarose gel electrophoresis and documented.

Southern blot analysis

We used Southern blot hybridization to characterize the
integration location and transgene copy quantity in plants that
tested positive according to the PCR assays. A specific HC-Pro
biotin probe (CTCTTACATGTGATAATCAATTGGACAGGAATG)
was used to transfer 30 g of genomic DNA onto a Biodyne®B
membrane after cutting it with Hindlll and separating it using
0.8 % agarose gel electrophoresis.

Bioassay and expression analysis

The PSRV inoculum, which is a pure culture was given to both
genetically modified (T1) and regular N. benthamiana plants,
ideally those that were one month old and grown in a
greenhouse, using the sap inoculation method (6). Researchers
regularly monitored PRSV symptoms, including when they first
appeared and how severe they became, up until 28 days after
inoculation (dpi). The RNA was extracted from the leaf samples
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taken at 14- and 28-days post-injection using a Qiagen RNeasy
Mini Kit (Cat. No. 74106). Using SYBR Green (Agilent
Technologies, Brilliant Il SYBR Green qPCR master mix, USA)
and a Stratagene mx3005P instrument (Agilent Technologies,
USA), the expression levels of the chosen genes, APX, CAT, SOD,
POD and ihpRNA HC-Pro, were examined. The amplification
conditions included an initial denaturation at 95 °C for 10 min,
followed by 40 cycles of 95 °C for 30 sec and 60 °C for 30 sec.
After amplifying the specific primers, the dissociation curve was
checked at these temperatures and times: 95 °C for 1 min, 55 °C
for 30 sec, increasing the temperature by 0.2 °C each second and
finally, 95 °C (fluorescence was continuously recorded from 55 °C
to 95 °C). To determine the relative expression level of genes, the
mean Ctvalue of the technical replicates was utilized.

Results

Isolation, identification and sequencing of the HC-Pro gene
of PRSV-P

We successfully made copies of a specific gene by creating
cDNA from a papaya leaf sample that showed signs of
shoestring leaves, using the MMuLV-RT enzyme and HC-Pro
reverse primers. The PRSV HC-Pro gene had an amplicon size of
1.3 kb, as shown in Fig. 2a, based on the gel electrophoresis of
the amplified products. To sequence the amplified product, it
was cloned again and placed into pTZ57R/T (Supplementary
Fig. 1a and 1b). The 1.3 kb pair was annotated with the
accession number MF481203 and added to the NCBI database.
The isolated gene sequence is identified as PRSV HcPro
because it closely matches other PRSV HcPro sequences found
in the NCBI database (Supplementary Fig. 2a, 2b). Among these
sequences, it showed the highest similarity of 97 % with the WB
-1 PRSV-P isolate (accession ID: KC149504.1).

The differences among these HcPro gene sequences
were analyzed using the ClustalW tool in BioEdit software,
which looks at how similar these sequences are to each other.
MSA yielded an average of 4.95 % SNPs when aligning the HC-
Pro genes (Supplementary Fig. 3). The Indore MP (KC149503)
had the highest number of SNPs at 6.05 %, while the Bengaluru
-1 (MN103525) gene had the lowest amount at 2.33 %
(Supplementary Table 1). Also, as shown in Supplementary Fig.
4, the HC-Pro protein showed an average amino acid variation
of 3.3 % when aligned. The HC-Pro gene of Delhi-1 (ATZ76589)
showed the lowest amount of variance at 2.33 %, while the
genes of Dhaward and Indore MP showed the highest amount
of variation at 6.05 % (Supplementary Table 1). Since there
were differences in the isolates' SNP and AAP genotypes, it will
be difficult to downregulate or delete a specific gene area.

Phylogenetic analysis

Phylogenetic analysis was performed for both the HcPro
nucleotide and the deduced amino acid sequences with
Tobacco etch virus and the HC-Pro gene as the one outgroup.
The phylogenetic analysis of nucleotide sequences revealed
two major and distinctly branched clusters: cluster 1 and
cluster 2 (Fig. 2b). The present isolate was clustered in
subcluster 2 alongside other Bangalore isolates with high
bootstrap support. Similar observations were made with the
phylogenetic tree of the amino acid sequence, in which two
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major clusters, cluster 1 and cluster 2 (Fig. 2c), were observed,
with the present isolate clustered alongside the Delhi and
Bangalore isolates.

In silico design of the intron-containing hairpin RNA
(ihpRNA) construct of the HC-Pro gene of PSRV-P

To locate possible siRNA areas, the full 1350 bp HC-Pro gene
sequence was utilized. After submitting the sequence, we used
the online software pssiRNAit to identify 201 bp long (557-757)
siRNA candidates. Using the whole gene sequence and the
siDirect (version 2.0) online tool, 49 potential effective siRNAs
were found (Supplementary Table 2). A total of 69 VIGS
candidates were found by looking at possible siRNA sequences
that target the PRSV-P HC-Pro gene, using the whole gene
sequence with the pssiRNAit online tool (Supplementary Table
3). Based on the results acquired from these online tools, a 201
bp single nucleotide sequence was chosen from locations 557-
757 bp. Through siDirect and pssiRNAit software, 14 efficient
siRNA candidates were found (Table 1).

The i-Score designer program identified 180 siRNA
sequences from the 201 bp (557-757 bp) HC-Pro gene
sequence. Out of all the candidates, ten siRNAs were chosen
based on their ranks (1-10) across various scores, including the |
-Score, DSIR ands-Biopredsi score (Supplementary Table 4). A
range of 96.8- 92.5 % for the DSIR score, a range of 0.874- 0.858
for the s-Biopredsi score and an i score of 80.6- 74.6 % were all
used to determine if the HC-Pro gene was inhibited. The 558-
base pair sequence of ihpRNA HC-Pro is provided in Appendix
1.

Screening of off target effects of siRNAs in N. benthamiana

Off-target prediction in N. benthamiana was done using NCBI-
BLAST and psRNAIt. The results of the BLAST analysis, which
did not show any significant similarities between the 201 bp
(557-757) individual 14-siRNAs (Supplementary Table 5,
Supplementary Fig. 5). Consistent with the pssRNAit web tool,
the 14-siRNA sequence had an E value between 0.047 and 0.74
and a query coverage of 76 % to 100 %.

Forward and reverse sequences of the ihpRNA HC-Pro
construct

We constructed the ihpRNA HC-Pro construct using the forward
and reverse sequences, along with the introns of the HC-Pro
gene. The hairpin loop of the ihpRNA construct was made using
a 148 bp nucleotide sequence from the cowpea intron. The
ihpRNA construct utilized a forward sequence of 201 bp (557-
757), with the inverted version serving as the reverse sequence.
A simpler version of the ihpRNA HC-Pro gene-building cassette,
along with how siRNA is made and expressed is shown in Fig. 3.

Molecular characterization of transformed N. benthamiana
plants and bioassays

The pBI121::CaMV35s::ihpRNA-HC-Pro::NOS  recombinants
were transformed via Agrobacterium-mediated transformation
into N. benthamiana to develop PRSV resistant transgenic lines.
The ihpRNA-HC-Pro piece was inserted into the pBI121 vector
(Fig. 4a, 4b) and put into N. benthamiana leaves
(Supplementary Fig. 6). PCR analysis of To and T, generations
confirmed ihpRNA-HC-Pro presence. Genomic DNA from four T,
plants showed VirG amplification in all but HCP3, which also
confirmed construct integration (Fig. 5a). Seeds from HCP3
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Fig. 2. Molecular and phylogenetic characterization of the Hc-Pro gene of PRSV.

(@) 1 % gel electrophoresis of PCR amplicons Lane 1: PCR amplicon from infected leaf tissue of papaya showing ~1350 bp of the HcPro
amplified product. Lane 2: Healthy control; (b) Phylogenetic tree (cladogram) constructed based on the HC-Pronucleotide sequences of PRSV-
P isolates; (c) Phylogenetic tree (cladogram) constructed on the basis of the HC-Prodeduced amino acid sequences of PRSV isolates
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Fig. 3. Diagrammatic representation of the ihpRNA construct, its expression and the formation of siRNAs.

Table 1. List of potential siRNA sequences targeting the PRSV-P HC-Pro gene from the 557-757 bp region

Sr. No. Target sequence*
1 AUUGAUUAUCACAUGUAAGAG
2 CACCCCAUAAGAAAUUGCCAU
3 UAUUGCCUCUCACCCCAUAAG
4 UUUGGCGUGGUAUUGCCUCUC
5 CAAAGAAUCUUUUGGCGUGGU
6 AAAUAGUUGGCAAAGAAUCUU
7 ACUGUGAUCAAUUUUCUCAAA
8 CAUAACCCUUACUGUGAUCAA
9 CUGUAGUGCUCAUAACCCUUA
10 AUUCUGGUGUUGACUGUAGUG
11 CACCAUUUGGAUUCUGGUGUU
12 UACUUUUCUGACACCAUUUGG
13 AAAUUGCCAAUGGCUACUUUU
14 UCCAAAUUUGUUGAAAAUAUC

~350 bp
~350 bp

Fig. 4. Cloning of ihpRNA-HCPro into pBI121 and immobilization to Agrobacterium tumefaciens.

(a) PCR amplification of the recombinant pBI121::ihpRNA-HCPro plasmid isolated from E. coli DH5a via ihpRNA-HCPro primers revealed an
amplicon size of ~350 bp; (b) PCR amplification of the recombinant pBI121::ihpRNA-HCPro plasmid isolated from Agrobacterium tumefaciens
via ihpRNA-HCPro primers revealed an expected amplicon size of ~350 bp
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produced ten T; plants; four showed strong amplification, two
showed weak amplification and controls showed none.
Southern blot analysis verified single-copy insertions in
transgenic lines. Bioassay showed transgenic seedlings resisted
PRSV, unlike symptomatic control plants at 28 dpi (Fig. 6).

Gene expression analysis of putative T lines via qRT-PCR

Gene expression study of the NbAPX, NbSOD, NbPOD, NbCAT
and PRSV ihpRNA HC-Pro genes was performed on the verified
Tiline at 14 and 28 dpi. Control and transgenic lines with and
without PRSV infection were treated at 14 and 28 dpi. The
tubulin gene was utilized as a housekeeping gene to normalize
gene expression investigations. The housekeeping gene level

was used to standardize mRNA expression. The fold change
over the control sample was determined from the test sample
Ct values. The test samples have elevated HC-Pro, NbPOD,
NbAPX and NbCAT genes compared to transgenic T1P1-28 dpi
samples (Supplementary Fig. 7). CI1-28 dpi infected samples
had 2.83-fold higher HC-Pro gene expression than T1P1-28 dpi
samples (Fig. 7). NbSOD gene expression levels in test samples
CP1and TIP1-28 dpi did not differ significantly in fold change.

Discussion

In this study, we used the ihpRNA method to create transgenic

20000 bp

10000 bp
7000 bp

3000bp
2000 bp
1500 bp

(a)

350 bp

Fig. 5. PCR analysis and confirmation of the integration of ihp-HCPro in transgenic plants.

(a) PCR analysis of the putative T, transgenic line via the construction of specific primers. Lane M: 1 kb plus DNA ladder, Lanes 1-4: Transgenic
plant (HCP1 to HCP4 with VirG primers), Lane 5: Control Agrobacterium, Lanes 6-9: Transgenic plant (HCP1 to HCP4 with specific primers), Lane
10: Control plant (non transgenic); (b) PCR analysis of the putative T: transgenic line (HCP3 line progenies) via the construction of specific
primers. Lane M: 100 bp plus DNA ladder, Lanes 1-10: Transgenic plants (HCP3.1 -3.10), Lane 11: Control plant (non transgenic); (c) Southern
blot hybridization analysis of the ihpRNA HC-Pro copy number in the transgenic plant lines. M: 1 kb plus DNA ladder, Lanes 1-4: Transgenic

plant (HCP3.2, 3.3, 3.4 and 3.6)

Plant Science Today, ISSN 2348-1900 (online)



KHETAET AL

(a) Control

(b) Transgenic

Fig. 6. Bioassay of PRSV in transgenic N. benthamiana plants through mechanical sap inoculation (image after 28 dpi).

(a) Symptoms developed in control plants -Non transgenic; (b) No symptoms developed in HCP3.3 transgenic line T;
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Fig. 7. Relative gene expression data measured via gRT-PCR to examine the effects of PRSV infection on control, nontransgenic infected and

transgenic infected plants.

N. benthamiana plants that express a gene construct that is
resistant to PRSV via intron-hairpin RNA. When viruses invade
plants, they take over the host cell's transcription and
translation systems (30). Transgenic plants attach to viral
polycistronic genomic RNA at the complementary region
whenever they meet it in cells. These siRNAs are created by the
transgenic plants themselves. To stop the virus from moving
and its proteinase activity from happening, Dicer cleaves the
dsRNA that forms due to complementarity. This further limit

the formation of HcPro, the helper component proteinase.
Through the PTGS pathway, this siRNA imparts PRSV-P viral
resistance (31).

While CP-Mediated Resistance (CP-MR) was successful
in achieving PDR in papaya to PRSV in the 1990s, its resistance
has since broken down, making other PDR techniques crucial.
The current study started by isolating the viral HC-Pro gene
(~1350 kb) by PCR amplification after total RNA extraction.
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Gene lengths ranging from 1.35 kb to 1.37 kb were reported in
different global studies on the isolation and cloning of the
potyvirus HC-Pro gene (1,32,33). A large chunk of the viral
genome went unnoticed in earlier potyvirus biodiversity
studies conducted in India, which focused solely on the CP
gene (34). Based on the HC-Pro gene sequences of all sixteen
Indian isolates (plus one outgroup sequence), a phylogenetic
tree was constructed for the present study. Phylogenetic
examination of several PRSV genes, such as the P1, Hc-Pro and
NIb-CP sequences of several South Indian isolates, showed
variety with numerous groups in a previous (35).

Research has shown that ihpRNA, a type of dsRNA, is
more effective than single-stranded sense or antisense RNA
fragments or hpRNAs in plants at causing PTGS. Intron removal
from the spliceosome may facilitate duplex formation by
bringing the complementary hairpin arms into alignment, as
was seen with the spacer/intron fragment stabilizing the
inverted repeat sequences (36,37). The present study validated
the possible gene-silencing mechanism of an intron-mediated
hairpin construct of HC-pro in N. benthamiana. We utilized the
siDirect and pssiRNAit tools to identify the possible siRNA
regions in HC-Pro. Then, we used scores like the I-Score, DSIR
and s-Biopredsi to determine the effective target sites. The |
score, DSIR and s-Biopredsi were among the metrics used to
determine the threshold score, which indicates an inhibition
level of 70-90 % (38).

Two studies found that hpRNA downregulated genes
more effectively than other types of RNA. Multiple studies have
demonstrated that a 20-200 bp intron is superior for efficient
siRNA synthesis. The optimal size of the hairpin was found to be
100-300 bp, that it effectively downregulated the gene PVY-
resistant tobacco plants were produced by encoding a
spliceable intron-induced PTGS with 96 % efficiency using the
transgenic hpRNA of PVY-Nia protease (36-37). Subsequently,
hairpin constructions via PPV-P1 and PPV-Hc-Pro gene
sequences revealed, over 90 % of transgenic N. benthamiana
lines exhibited virus resistance (39). Also, transgenic tomato
plants have developed full resistance to TMV and CMV, plum
pox virus in N. benthamiana and Prunus domestica, Citrus
tristeza virus in Mexican lime and tomato yellow leaf curl virus
in transgenic tobacco plants (40-42). The expression of an
intron hairpin SMV NIb RNA gave substantial RNAi-mediated
resistance to various potyvirids. The present findings also
agreed with earlier research showing that the ihpRNA HC-Pro
gene construct conferred a significant degree of resistance to
PRSVin N. benthamiana (15).

Due to the absence of symptoms in transgenic N.
benthamiana plants, which were infected with PRSV-P, high
levels of PRSV-P inhibition were found. In contrast, mosaic
symptoms were observed in wild-type plants infected with
PRSV-P. The gPCR results also showed that the HC-Pro gene
was not highly expressed in the transgenic plants that were
infected. The current study's findings of elevated POD gene
expression in infected N. benthamiana (CP1-28 dpi) are
consistent. Plants infected with PRSV show an increased
defense response, which includes an upregulation of the genes
encoding NbAPX, NbPOD and NbCAT. This upregulation could
cause an increase in Reactive Oxygen Species (ROS), which in
turn could cause hypersensitivity in the infected area(s), PCD

and other symptoms of the disease. Infected transgenic plants
showed lower levels of NbAPX, NbPOD and NbCAT compared
to inoculated control plants. This study suggests that
suppressing the HC-Pro gene confers resistance to PRSV
infection in N. benthamiana through RNA-mediated defense,
like what is seen in noninfected control plants and resistant
varieties (43,44).

The role of ROS in stress-induced PCD regulation is
crucial. Both the cell's antioxidant capacity and the transcription
of genes involved in stress response are enhanced during an
oxidative burst. Enzymes such as Glutathione Reductase (GR),
Ascorbate Peroxidase (APX), Superoxide Dismutase (SOD),
Catalase (CAT) and Peroxidase (POD) metabolize ROS and
generate stress signals that activate defensive systems. While
ROS, particularly hydrogen peroxide (H,0,), are famous for
their involvement in plants' immune responses to bacterial and
fungal infections, their function in interactions between plants
and viruses has also been proven. Interestingly, ROS appear to
have a dual function: first, they provoke the targeted death or
limiting of pathogens and host plant cells. Secondly, they serve
as a signal that can be diffused and induce genes associated
with antioxidants and pathogenicity in neighboring plant
tissues (43-45).

Prolonged infection of peach leaves with Potyviridae
was associated with elevated APX activity and reduced SOD
levels in soluble fractions (46-47). The current investigation also
found that APX mRNA levels were higher and SOD levels were
lower (46). Nevertheless, the researchers found that APX, CAT
and POD activities were reduced in PPV-infected soluble
fractions of apricot leaves (47). Researchers studied how
antioxidant enzymes respond early in PPV infection, when H,0,
levels in chloroplasts go up and the enzymes that help get rid of
it (APX and POD activity) go down (48). But here we showed
that APX and POD mRNA levels were up in this study. When
Arabidopsis thaliana plants were infected with the Turnip
mosaic virus, POD activity increased (49). In contrast, elevated
SOD and CAT activity were observed in Sunflower chlorotic
mottle virus (SuUCMoV) only before symptom onset, the current
study found no change in SOD and CAT mRNA levels at 28 days
post-infection (50). The transgenic plants are able to block the
synthesis of HC-Pro by the generation of siRNAs. These siRNAs
attach to complementary sequences on the viral RNA, causing
Dicer to degrade it. Results like these point to incompatibility or
reduced viral load in transgenic plants as a result of HC-Pro
gene silencing.

Conclusion

This study concluded that the model crop N. benthamiana can
be used to produce transgenic lines with reduced or no PRSV
symptoms upon infection through the PTGS mechanism. The
transgenic lines were created using an ihpRNA construct of the
HC-Pro gene. Along with CP-MR, another PDR method may
help plants fight viral infections. Other crops that are severely
affected by potyviruses could potentially benefit from this
same approach. To create transgenic lines that are resistant to
PRSV infection, researchers may use multigene constructions
to suppress multiple viral genes in the future.
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