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Abstract
Background  Chilli (Capsicum annuum L.), an important spice crop, is susceptible to diverse viral infections. 
Traditional detection methods including PCR and its variants had difficulty in identifying the complete spectrum 
of viruses, especially in mixed infections. High-throughput sequencing (HTS) has emerged as a successful tool for 
comprehensive virome analyses, enabling the identification of the known and novel viruses in the infected samples. 
Using HTS, we investigated virome analyses to identify known and novel viruses in chilli.

Methods  In 2021–22, 19 leaf samples were collected from chili plants in farmer fields in Karnataka, India, showing 
symptoms such as leaf curling, vein banding, mosaic, mottling, filiform, leathery, dull-colored, and bunchy leaves. 
Total RNA was extracted, pooled at equimolar concentrations, and subjected to virome profiling. rRNA-depleted 
RNA was used to prepare mRNA and sRNA libraries, which were sequenced on the Illumina NovaSeq 6000 platform. 
Bioinformatics tools were used to analyze the sequencing data and identify plant viruses.

Results  Viral disease incidences varied from 26.6 to 47.5% in the farmer fields surveyed. Virome analyses revealed 
complete/ near-complete genomes of six different viruses: chilli leaf curl virus (ChiLCV), cucumber mosaic virus (CMV), 
groundnut bud necrosis orthotospovirus (GBNV), pepper cryptic virus-2 (PCV-2), pepper vein yellows virus (PeVYV) 
and bell pepper alphaendornavirus (BPEV). The viral copy number of ChiLCV was found to be the highest (45.36%) 
and had the least mutational frequency (SNPs) and was also associated with five satellites. Recombination breakpoints 
were observed in ChiLCV (coat protein and AC4 regions), CMV RNA2 (2a protein) and PeVYV (P0, P3 and P5 proteins), 
indicating their origins from intra- and interspecific recombination events. Identified viruses in the pooled RNA 
sample were confirmed by PCR. Further, novel loop-mediated isothermal amplification (LAMP) diagnostic assays were 
developed for diagnosing the identified viruses for future use. Among the six viruses identified in chilli, PeVYV and 
BPEV are the first reports from India.
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Introduction
Chilli (Capsicum annuum L.) is a widely cultivated eth-
nopharmacological spice crop, thriving across tropi-
cal and subtropical zones globally [1]. In India, it plays 
a crucial role as a cash crop, supporting both domestic 
markets and international exports [2]. Green chilli is par-
ticularly valued for its high vitamin C content, as well 
as its significant contributions of vitamins A and B. It 
also contains trace amounts of proteins, fats, carbohy-
drates, and essential minerals such as phosphorus, iron, 
and calcium [3, 4]. Despite India’s contribution of 30% 
to the global chilli production, the crop faces increas-
ing challenges due to viral infections, which are respon-
sible for substantial economic losses [5, 6]. Chilli plants 
are vulnerable to a diverse range of DNA and RNA plant 
viruses, with the number of viral infections rising sharply 
over the past decade [7]. Currently, around 75 viruses are 
recognized to infect chilli worldwide, 37 of which have 
been classified by the International Committee on Tax-
onomy of Viruses (ICTV), while six others remain as ten-
tative species [5, 8].

In India, several chilli viral diseases are characterized 
based on their symptomatology, host range, particle 
morphology, and molecular detection techniques such 
as serology and nucleic acid-based assays. These include 
chilli leaf curl virus (ChiLCV), chilli veinal mottle virus 
(ChiVMV), cucumber mosaic virus (CMV), capsicum 
chlorosis virus (CaCV), tobacco mosaic virus (TMV), 
potato virus Y (PVY), groundnut bud necrosis virus 
(GBNV), and tobacco streak virus (TSV) [9–14]. Further-
more, a variety of other viruses have been reported to 
infect chilli in India and different global regions, includ-
ing Begomoviruses, Potyviruses, Cucumoviruses, Tospo-
viruses, Poleroviruses, Criniviruses, Alfamoviruses, 
Tobamoviruses, Tymoviruses, Ilarviruses, Tombusvirus, 
Cryptoviruses, Nepoviruses, and Endornaviruses [7] 
(Table 1).

Earlier, the identification of plant viruses relied on con-
ventional diagnostic methods, including symptomatol-
ogy, biological assays, electron microscopy, nucleic acid 
hybridization, and serological and molecular techniques 
such as ELISA (enzyme-linked immunosorbent assay) 
and PCR (polymerase chain reaction) with its various 
adaptations [15–17]. However, these traditional methods, 
such as ELISA and PCR, are limited to detecting only 
known viruses, leaving the identification of unknown 
or novel viruses unaddressed due to their dependence 
on prior viral knowledge [18, 19]. In field conditions, 

the synergistic interactions between multiple viruses in 
mixed infections can generate a broad spectrum of symp-
tom phenotypes or even lead to the emergence of new 
viral strains [20]. Symptoms may include leaf curling, 
mosaic patterns, chlorosis, vein banding, leaf crumpling, 
reduced leaf size, leaf distortion, stunting, mottling, and 
vein swelling [7]. These complexities make it challeng-
ing for traditional diagnostic methods to capture the full 
array of viruses present in plants [21]. Therefore, to com-
prehensively identify all viruses both known and novel it 
is essential to study the virome, the total viral population 
associated with infected plant samples [22].

Recent advancements in high-throughput sequencing 
(HTS) technology have revolutionized the identification 
of a wide array of viruses across diverse ecosystems, pro-
viding valuable insights into viral diversity, interactions, 
evolution, and epidemiology [23]. HTS methods offer a 
comprehensive snapshot of the virome in infected plants 
without the need for prior knowledge of the viruses pres-
ent, enabling the detection of both known and novel 
viruses [24]. HTS has been successfully applied to virome 
sequencing in numerous plant species, including grapes 
[25, 26], sweet potato [27], tomato [28], garlic [29], apple 
[30], pepper [31], citrus [32], and various forest plants.

The objective of our study was to characterize the 
virome associated with the chilli crop in Karnataka, India, 
with the aim of identifying both known and unknown 
viruses. In addition, we developed loop-mediated iso-
thermal amplification (LAMP) diagnostic assays for the 
viruses identified in chilli, facilitating rapid and specific 
detection.

Materials and methods
Collection of plant samples with viral disease symptom 
phenotypes
A survey was conducted in 2021-22 to assess the preva-
lence of viral diseases in chilli crops across key growing 
regions in Bengaluru (Mavallipura and Muthagadahalli) 
and Kolar (Rajakallahalli, Madderi Mallandahalli) dis-
tricts of Karnataka, India (Fig.  1a). The incidence of 
viral diseases was quantified using the percentage of dis-
ease incidence (PDI) method [12]. PDI was calculated 
by dividing the number of plants exhibiting virus-like 
symptoms by the total number of plants assessed, then 
multiplying the result by 100 to express it as a percent-
age (PDI = Number of symptomatic plants / Total plants 
× 100). A total of 19 chilli leaf samples showing a range 
of virus-like symptoms (Supplementary Table S1) were 

Conclusions  This study presents the first virome profiling of chili using HTS and identified known and previously 
unreported viruses in farmer fields of Karnataka, India. Understanding viral diversity provides insights for developing 
diagnostic tools and effective management strategies.
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collected from all surveyed locations for virome analysis 
(Fig.  1b). The samples were immediately snap-frozen in 
liquid nitrogen in the field and stored at -80ºC for further 
processing.

High-throughput sequencing (HTS)
Total RNA was extracted from the 19 chilli leaf samples 
using the phenol-chloroform and lithium-chloride (LiCl) 
method [33, 34]. The RNA was then quantified using a 
Nanodrop (Thermo Fisher Scientific, USA) and assessed 
for purity and integrity with an Agilent 4150 Tapesta-
tion system. The total RNA from the 19 leaf samples, 
collected from all surveyed locations, was pooled at equi-
molar concentrations to create two representative RNA 
samples. One pooled sample was used to construct an 
mRNA library, while the other was used for constructing 
an sRNA library. Ribosomal RNA (rRNA) was removed 
from both pooled samples using the Ribo-Zero rRNA 
removal kit (Illumina, San Diego, CA, USA). mRNA 
and sRNA libraries were then prepared using the Illu-
mina TrueSeq stranded mRNA library preparation kit 
(Illumina, San Diego, CA, USA) and TruSeq small RNA 
sample preparation protocol, respectively. Library quan-
tification was performed using a Qubit 4.0 fluorometer 
(Thermo Fisher Scientific, USA) with a DNA HS assay kit 
(Thermo Fisher Scientific, USA). The insert sizes of the 
libraries were verified using D1000 ScreenTapes (Agilent) 
on the Tapestation 4150 system (Agilent). Finally, the 
libraries were sequenced on an Illumina NovaSeq 6000 
platform by the Neuberg Center for Genomic Medicine, 
Ahmedabad, India, to generate 150-bp paired-end reads.

De Novo assembly
The quality of the raw sequencing reads was assessed 
using the FastQC Version 0.11.9 tool [35]. Sequence 
adapters and low-quality reads were trimmed using Trim 
Galore version 0.6.5, applying a Phred quality score 30 
[36]. High-quality mRNA and sRNA reads were selected 
for de novo assembly. A novel approach was employed 
to comprehensively characterize the chilli virome, incor-
porating individual assembly steps for both mRNA and 
sRNA reads. First, de novo assembly of mRNA reads was 
performed using Trinity version 2.13.2 [37] with default 
parameters, followed by a separate de novo assembly 
of sRNA reads using Velvet version 1.2.10 [38]. Subse-
quently, the mRNA and sRNA reads were combined for 
a unified de novo assembly using SPAdes version 3.13.1 
[39]. The resulting contigs from each individual assembly 
were clustered using the cdhit-est version 4.7 tool [40] to 
eliminate redundant sequences, ensuring the retention of 
only the unique contigs.

Identification of viruses
The unique contigs generated from the individual de 
novo assemblies were subjected to homology search 
using standalone blastn version 2.12.0 [41] to identify 
closely related sequences (MEGABLAST) with an e-value 
threshold of 1e-5 and a query coverage of ≥ 90% in the 
virus database, which includes complete viral reference 
sequences from the National Center for Biotechnology 
Information (NCBI) GenBank. Only contigs longer than 
200 nucleotides (for mRNA and whole transcriptome 
(mRNA + sRNA) data) and 50 nucleotides (for sRNA) 
were included in the homology search. Virus species were 
identified and named in accordance with the latest clas-
sification guidelines from the International Committee 

Table 1  List of viruses identified in Chilli in India compared with viruses identified in Chilli world wide
Country Virus name Reference
India Chili leaf curl Joydebpur virus, chili leaf curl Palampur virus, chilli leaf curl vellanad virus, pep-

per cryptic virus-2, pepper mild mottle virus and large cardamom chirke virus
 [78–81]

China Chilli ringspot virus and paprika mild mottle virus  [82, 83]
Costa Rica Tomato chlorosis virus  [84]
Cuba Tomato chlorotic spot virus  [85]
Czech Republic Broad bean wilt virus-2  [86]
Dominican Republic Tomato spotted wilt virus  [87]
Italy Pepper vein yellows virus  [88]
Korea Tobacco mild green mosaic virus  [89]
Mali Pepper veinal mottle virus  [90]
Mexico Chitelpin yellow mosaic virus  [91]
Pakistan Chilli leaf curl Multan virus and pepper leaf curl Lahore virus  [92]
Republic of Macedonia Alfalfa mosaic virus  [93]
Saudi Arabia Pepper leaf roll chlorosis virus  [94]
Slovakia Bell pepper alphaendornavirus  [95]
Spain Broad bean wilt virus-1 and parietaria mottle virus  [96, 97]
Srilanka Chilli leaf curl Sri Lanka virus  [98]
United States Pepper cryptic virus-1, pepper cryptic virus-2 and moroccan pepper virus  [99, 100]
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Fig. 1  a. Map showing the sampling locations in Karnataka, India. The collection sites included were Bangalore Urban and Kolar districts in Karnataka, 
India. The samples were collected from Mavallipura (one location, four samples) and Muthagada halli (two locations, three samples per colaction) villages 
from Bnagalore Urban district and Rajakallahalli (one location, six samples) and Madderi Malllandahalli (one location, three samples) from Kolar districts. 
b. Chilli plants showing different viral disease symptoms under natural conditions. Symptoms observed in each sample are as follows. C1) leaf curling 
and mosaic, C2) leaf curling, mosaic and bunchy appearance of leaves, C3) mottling and dark green vein banding, C4) leathery leaves and vein banding, 
D1) leaf curling, D2) leaf curling and mosaic, D3) mottling and mosaic of leaves, E1) leaf curling and mosaic, E2) mosaic and rat tailed leaves, E3) mosaic, 
F1) leaf curling, mottling and vein banding, F2) mottling and vein banding, F3) vein banding, F4) mosaic, F5) mottling and mosaic, F6) mottling and vein 
banding, G1) leaf curling and vein banding, G2) leaf curling and small leaves and G3) mottling, mosaic and dull coloured leaves
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on Taxonomy of Viruses (ICTV) [42], which incorporate 
nucleotide and amino acid identity thresholds for species 
and strain demarcation, as detailed in the ICTV guide-
lines (Supplementary Table S2).

Reconstruction of viral genomes
Longer contigs (ChiLCV, CMV, PCV-2, PeVYV, and 
BPEV, > 1000 nucleotides; GBNV, > 200 nucleotides), 
assembled by SPAdes and Trinity, were compared to 
the sequences from the NCBI-designated virus data-
base. The best-hit sequence was selected as the reference 
seed sequence. Using this reference seed sequence and 
the contigs of varying lengths, multiple sequence align-
ment was performed using Clustal X version 2.0 [43] to 
identify overlapping regions and extend the fragmented 
virome. Further reconstruction of the virome with maxi-
mum coverage was accomplished using BioEdit version 
7.2 [44]. From the assembled complete or near-complete 
viral genomes, all predicted open reading frames (ORFs) 
were identified using the NCBI ORF Finder.

Viral copy number Estimation and single nucleotide 
polymorphism (SNP) analysis
The copy number of the identified viruses was assessed 
using two methods. The first approach involved deter-
mining the total number of virus-associated contigs 
by performing BLAST analysis of the assembled reads 
against the viral database. In the second approach, the 
full-length or near-full-length viral genomes were used 
as reference sequences, and the raw reads were mapped 
to these genomes. The number of Fragments Per Kilobase 
of transcript per Million (FPKM) was then calculated to 
quantify the reads mapping to each viral genome. Single 
nucleotide polymorphisms (SNPs) in complete or near-
complete viral genomes were identified by mapping raw 
reads to the assembled virome sequences using the BWA 
aligner [45] with default parameters. The resulting Binary 
Alignment Map (BAM) files were indexed and visualized 
using the Tablet program [46] to detect the presence of 
SNPs.

Sequence comparison, phylogenetic and recombination 
analyses
The assembled complete or near-complete genomes of 
the identified viruses, along with their respective refer-
ence genomes retrieved from NCBI GenBank, were uti-
lized for sequence comparison, phylogenetic analysis, 
and recombination detection (Supplementary Tables 
S19-S26). Pairwise sequence identity scores were calcu-
lated by aligning the assembled viral genomes with ref-
erence sequences from NCBI using ClustalW within 
the Sequence Demarcation Tool (SDT) version 1.2 [47]. 
Phylogenetic trees were constructed using the Neighbor-
Joining (NJ) method with the Kimura 2-parameter (K2P) 

model with 1000 bootstrap replicates in MEGA 11 [48]. 
Recombination analysis was performed using RDP5 [49], 
which integrates six algorithms: Recombination Detec-
tion Program (RDP), GENECONV, MaxChi, Chimaera, 
SiScan, and 3Seq.  Recombination events detected by 
at least three of these algorithms in the assembled viral 
genomes were considered significant. The overall work-
flow for virome analysis in chilli is depicted in Fig. 2.

Confirmation of HTS results
The presence of the identified viruses was validated 
through PCR assays. Specific primers targeting the coat 
protein (for ChiLCV, CMV, PCV-2, and PeVYV), move-
ment protein (for GBNV), and polyprotein (for BPEV) 
genes were designed (Supplementary Table S3).

PCR
DNA was extracted from the 19 leaf samples using the 
CTAB method and pooled into a single representative 
sample to confirm the presence of DNA viruses. PCR 
assays were carried out with an initial denaturation step 
at 94 °C for 5 min, followed by 35 cycles of denaturation 
at 94 °C for 30 s, annealing at 50 °C for 30 s, and exten-
sion at 72 °C for 45 s, with a final extension step at 72 °C 
for 10 min. PCR reactions were performed on a ProFlex 
PCR system (Applied Biosystems, Thermo Fisher Scien-
tific, USA), in a 20 µL reaction volume containing 2 µL of 
DNA (50 ng/µL) or 5 µL of cDNA (20 ng/µL) template, 
10 µL of EmeraldAmp® GT PCR Master Mix (Takara 
Bio, USA), and 1 µL (10 µM) of each forward and reverse 
primer. Amplification products were resolved on a 1% 
agarose gel (electrophoresed at 80 V for 1 h), stained with 
ethidium bromide (10 mg/mL), and visualized using the 
Gel Doc XR Imaging System (Bio-Rad, USA).

RT-PCR
For RNA viruses, RNA was extracted from the same 19 
leaf samples, as described earlier, and similarly pooled 
into one representative sample. cDNA synthesis was per-
formed on 1000 ng of pooled RNA using 10 µM of virus-
specific reverse primers for each reconstructed RNA 
virus and RevertAid Reverse Transcriptase (Thermo 
Fisher Scientific, USA) according to the manufacturer’s 
instructions. PCR assays were carried out with an ini-
tial denaturation step at 94 °C for 5 min, followed by 35 
cycles of denaturation at 94 °C for 30 s, annealing at 50 °C 
for 30 s, and extension at 72 °C for 45 s, with a final exten-
sion step at 72  °C for 10  min. PCR reactions were per-
formed on a ProFlex PCR system (Applied Biosystems, 
Thermo Fisher Scientific, USA), in a 20 µL reaction vol-
ume containing 5 µL of cDNA (20 ng/µL) template, 10 µL 
of EmeraldAmp® GT PCR Master Mix (Takara Bio, USA), 
and 1 µL (10 µM) of each forward and reverse primer. 
Amplification products were resolved on a 1% agarose gel 
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Fig. 2  Virome analyses workflow in chilli. Chilli leaf samples showing varied disease symptoms were collected for virome profiling. Total RNA extracted 
from each sample was pooled and used for mRNA and sRNA libraries preparation. Libraries of mRNA and sRNA were sequenced through next-generation 
sequencing (NGS) platforms and obtained raw data was pre-processed. Good quality mRNA and sRNA data was de novo assembled, and obtained as-
sembled contigs were used for identification of viruses
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(electrophoresed at 80 V for 1 h), stained with ethidium 
bromide (10  mg/mL), and visualized using the Gel Doc 
XR Imaging System (Bio-Rad, USA).

Development of LAMP diagnostic assays for identified 
viruses
LAMP diagnostic assays were developed for the identi-
fied viruses for future use in screening. LAMP primers 
were designed targeting specific genes, including coat 
protein (ChiLCV, CMV, PCV-2 and PeVYV), movement 
protein (GBNV) and poly protein (BPEV) using primer 
Explorer V5 (https://primerexplorer.jp/e/) (Table 2). The 

LAMP assays were performed with 25 µL LAMP reaction 
mixture containing 2 µL of DNA/cDNA (50 ng/µL) tem-
plate, 1 µL (10 µM) of F3, B3, 2 µL (10 µM) of each FIP, 
BIP, LF and LB primers, 1.5µL of 10 mM dNTPs, 1.0 µL 
of 5  M betaine, 6.5 µL of sterile double- distilled water, 
2.5 µL of 1X ThermoPol Reaction buffer (20 mM Tris–
HCl, 10mM (NH4)SO4, 10 mM KCl, 2 mM MgSO4, 0.1% 
Triton X-100, pH 8.8 @ 25 °C), 0.5 µL of 100 mM MgSO4, 
and 1.0 µL of 8U Bst DNA Polymerase (New England 
Biologicals, USA). The reaction mixture was incubated 
in a hot water bath at 60  °C for 1  h followed by 80  °C 
for 10  min to terminate the reaction. LAMP reaction 

Table 2  Details of LAMP and RT-LAMP primers synthesized from genes of identified viruses from the virome analyses of chilli
Virus Species new 

name
Primer Sequence (5’-3’) Gene used 

for primer 
synthesis

Reac-
tion 
per-
formed

ChiLCV Begomovirus 
chillicapsici

ChiLCV-F3 CAAGATTTTGGAGAGGTGTT Coat protein 
(CP)

LAMP
ChiLCV-B3 ATTTACCAGCTTCCTGCT
ChiLCV-FIP CCTCAAAACCTGATAACGATCTCT-CAACATGTTTGACAACGAGC
ChiLCV-BIP CAACGGTTACTGGTGGACAGT-CACAACATAATTATTAACCCTAACG
ChiLCV-LF CTTCACAGTGGCAGTGCTAG
ChiLCV-LB CGTCCAAGGAACAGGCATTAGTT

CMV Cucumovirus CMV CMV-F3 GCAAAGTTCCTGCCTCCTC Coat protein 
(CP)

RT-
LAMPCMV-B3 GGTGCTCAATGTCGACATGA

CMV-FIP ACGCCAGATGCAGCATACTGAT-CCGCCATCTCTGCTATGTTC
CMV-BIP TTCAGCGATGCGCGCTGATA-CGTCTCGAGTGCATCGTC
CMV-LF TACTGGTGAGGCTCCGTCCG
CMV-LB CGCCGTGCTCGTGTATTC

GBNV Orthotospovirus 
arachinecrosis

GBNV-F3 GCAGCTCAATTTAACTAGTGAT Movement 
protein (MP)

RT-
LAMPGBNV-B3 GATATCTGTTTCCCACCAATT

GBNV-FIP TGGTATTTTCAGCAGCTATAGGAGT-GGAGTCAGCTTTGCTTCAG
GBNV-BIP GATGTAGTTCCCATCAACAGAGC-CCTTTGGGTATCATTAATTTGCA
GBNV-LF AGTTCTTGACCCAGGAATACATGA
GBNV-LB TAAAGTCATTCAATCTGCAGCTCTG

PCV-2 Deltapartitivirus 
duocapsici

PCV2-F3 TTAGTGACACACCAACTACA Coat protein 
(CP)

RT-
LAMPPCV2-B3 TGAATAAAGCTTGCGTCCT

PCV2-FIP GGCTTTTGCGTTATAGGGGG-GTCTACACAAGACAAGACTGA
PCV2-BIP TCCGAGATTTCAAGAATCGCCG-TTCTATGCTTGGGTGGAC
PCV2-LF CGTAGCTGCCGGTAATTGG
PCV2-LB ACTACCTCGCCGATGATTACGAG

PeVYV Polerovirus 
PeVYV2

PeVYV-F3 GGAACCGAAGAAGCCGAAAT Coat protein 
(CP)

RT-
LAMPPeVYV-B3 CGCTGTGGAAGAGGATTCAC

PeVYV-FIP AGGTGACAGCTCCTGAGGAACT-GTCGAGCAACAGCGAGAC
PeVYV-BIP ATCAGAGAGCATCGCGCTTTCA-ACGAAGCGTATGTTGACCAT
PeVYV-LF GATTGAGTCCTTGTTGAAGACGAAA
PeVYV-LB GGTGGAGTTCTCAAAGCCTACC

BPEV Alphaendornavi-
rus capsici

BPEV-F3 TCGTATGGTTACAAAGCCAT Poly protein RT-
LAMPBPEV-B3 ATATCAATCACCTCCAACATG

BPEV-FIP CCTTCAGTTTCGTCTAATAACCACA-GGAATTGCCAAATGTAGAAGC
BPEV-BIP TGACTAAGTCAAGATGTGGAGTCT-CATAATGCATTCAGGCATCA
BPEV-LF ACACGAACACGTCATCGCT
BPEV-LB GTTTGCAACCGCTATTGGTTAGA

ChiLCV- Chilli leaf curl virus, CMV- Cucumber mosaic virus, GBNV- Groundnut bud necrosis orthotospovirus, PCV-2- Pepper cryptic virus-2, PeVYV- Pepper vein 
yellows virus and BPEV- Bell pepper alphaendornavirus

https://primerexplorer.jp/e/
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products were analyzed on 2% agarose gels (65 V for 3 h) 
stained with ethidium bromide (10 mg/mL) and viewed 
on Gel Doc XR imaging system (BioRad, USA). For the 
visual detection of LAMP reaction products, nucleic 
acid staining dyes VeriPCR dye (Chromus Biotech PVT 
Ltd, Bengaluru, India) and hydroxynaphthol blue (HNB) 
(Sigma Aldrich, USA) were used. 5 µL of 1X VeriPCR 
dye was added to the PCR reaction mixture after ampli-
fication, whereas 0.2 µL of 20 mM HNB was added to 
the LAMP master mix prior to amplification for visual 
inspection of the reaction products. Positive result with 
VeriPCR dye shows green fluorescence and HNB shows a 
colour change from violet to sky blue.

Results
Symptomatology
Viral disease-like symptoms were observed in chili crops 
surveyed across several regions in Bengaluru Urban 
(Mavallipura and Muthagadahalli) and Kolar (Rajakalla-
halli, Madderi, and Mallandahalli) districts of Karnataka, 
India. The incidence of viral diseases in the surveyed 
areas ranged from 26.6 to 47.5%, with the highest disease 
prevalence recorded in Mavallipura, Bengaluru (47.5%) 
(Supplementary Table S1). A total of 19 leaf samples were 
collected from infected chili plants, displaying a variety 
of viral disease symptoms, including leaf curling, vein 
banding, mosaic patterns, mottling, shoestring/rat-tail/
filiform/leathery leaf morphology, dull coloration, and a 
bunchy leaf appearance (Fig. 1b).

Identification of viruses
Illumina sequencing generated 15.8  million (5.70 GB) 
and 31.6 million (4.70 GB) raw sequences for the mRNA 
and sRNA libraries, respectively. De novo assembly of the 
mRNA reads using Trinity, sRNA reads with Velvet, and 
whole transcriptome (WT) reads with SPAdes yielded 
38,262, 8,773, and 41,383 total contigs, respectively. 
MEGABLAST analysis of the assembled contigs against 
complete viral reference sequences from NCBI GenBank 
identified both RNA and DNA viruses, as well as their 
associated satellite viruses (Supplementary Tables S4-
S6). MEGABLAST analysis identified six distinct viruses 
in the pooled 19 leaf samples, including Begomovirus 
chillicapsici (Geminiviridae: Begomovirus), Cucumo-
virus CMV (Bromoviridae: Cucumovirus), Orthotospo-
virus arachinecrosis (Tospoviridae: Orthotospovirus), 
Deltapartitivirus duocapsici (Partitiviridae: Deltaparti-
tivirus), Polerovirus PeVYV2 (Solemoviridae: Polerovi-
rus), and Alphaendornavirus capsici (Endornaviridae: 
Alphaendornavirus). All six viruses chilli leaf curl virus 
(ChiLCV), cucumber mosaic virus (CMV), pepper cryp-
tic virus-2 (PCV-2), groundnut bud necrosis orthotospo-
virus (GBNV), pepper vein yellows virus (PeVYV), and 
bell pepper alphaendornavirus (BPEV)—were detected 

in both the mRNA and whole transcriptome libraries, 
while only five viruses (ChiLCV, CMV, PCV-2, PeVYV, 
and BPEV) were identified in the sRNA library (Supple-
mentary Table S7A). Additionally, five satellites associ-
ated with ChiLCV were detected, including tomato leaf 
curl Bangladesh betasatellite (ToLCBDB), tomato leaf 
curl Anand alphasatellite (ToLCAA), croton yellow vein 
mosaic alphasatellite (CYVMA), ageratum yellow vein 
Singapore alphasatellite (AYVSA), and tomato leaf curl 
Virudhunagar alphasatellite strain severe (ToLCVirA) 
(Supplementary Table S7B). Among the DNA satel-
lites of begomoviruses, ToLCBDB was identified in all 
three datasets, ToLCAA in the sRNA and WT libraries, 
CYVMA in the mRNA and sRNA libraries, and AYVSA 
and ToLCVirA only in the sRNA library (Supplementary 
Table S7B). Notably, PeVYV and BPEV represent the first 
reports of these viruses in Indian chilli.

Assembling viral genomes
Virus-associated contigs were extracted from the total 
contigs of mRNA, sRNA, and whole transcriptome librar-
ies and subsequently assembled into complete or near-
complete viral genomes (Table 3; Fig. 3). Mapping these 
virus-associated contigs to NCBI-designated reference 
virus genomes resulted in five complete or near-complete 
viral genome sequences (> 90% coverage), including chilli 
leaf curl virus (ChiLCV), cucumber mosaic virus (CMV), 
pepper cryptic virus-2 (PCV-2), pepper vein yellow virus 
(PeVYV), and bell pepper alphaendornavirus (BPEV) 
(Table  3). However, for groundnut bud necrosis virus 
(GBNV), the viral contigs could not be assembled into a 
complete genome.

Assembly using Trinity for mRNA and SPAdes for 
whole transcriptome libraries generated longer con-
tigs compared to Velvet’s assembly of the sRNA library. 
Complete or near-complete genomes for ChiLCV, CMV 
(RNA1, RNA2, and RNA3), PCV-2 (RNA1), BPEV, and 
PeVYV were assembled using contigs from SPAdes, 
achieving over 90% genome coverage, with the excep-
tion of GBNV L and M segments, which exhibited 
low genome coverage of 9.1% and 20.2%, respectively 
(Table  3). Notably, the PeVYV and BPEV genomes 
were assembled with maximum coverages of 99.5% and 
99.9%, respectively. The genomes for PCV-2 RNA2 and 
GBNV S segment were assembled using Trinity, result-
ing in genome coverage of 97.7% and 21.8%, respectively 
(Table  3). All anticipated open reading frames (ORFs) 
were identified in the assembled complete or near-com-
plete genomes of the identified viruses (Supplementary 
Table S8).
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Viral copy number and single nucleotide polymorphism 
(SNP) analysis
The abundance of viruses was quantified by calculating 
the number of virus-associated sequences and deter-
mining the FPKM values. Among the identified viruses, 
ChiLCV was the most abundant, comprising 45.36% of 
the viral copy number, followed by CMV RNA3 at 26.4% 
of the viral copy number (Table  3). Given the inherent 
genetic variability of viruses relative to other microorgan-
isms, the single nucleotide polymorphisms (SNPs) within 
the identified and assembled viral genomes were assessed 
by mapping the raw sequence reads against complete 
viral genomes. SNPs were then calculated to analyze 
genetic variation (Fig.  4). The highest number of SNPs 
was observed in PeVYV with 196 variants, followed by 
BPEV with 153 SNPs, CMV RNA1 with 139 SNPs, RNA3 
with 60 SNPs, RNA2 with 58 SNPs, PCV-2 RNA1 with 13 
SNPs, RNA2 with 9 SNPs, and ChiLCV with 2 SNPs.

Sequence comparison and phylogenetic analyses
The complete or near-complete genomes of ChiLCV, 
CMV, PCV-2, PeVYV, and BPEV were selected for further 
analysis. Sequence comparison and phylogenetic analysis 
were performed using these genomes and their respec-
tive reference sequences obtained from NCBI GenBank. 
The ChiLCV genome (DNA-A: 2510  bp, ON714166) 
exhibited a 99.28% nucleotide (nt) identity with the 
ChiLCV isolates from Ahmedabad (JN663846) and Rai-
chur (MK161454), both infecting chilli in India (Supple-
mentary Table S10 and Fig.  5A). For CMV, the three 
genomic segments (RNA1: 3313  bp, ON722351; RNA2: 
3016  bp, ON722352; RNA3: 2175  bp, ON722353) clus-
tered closely with isolates belonging to subgroup IB in the 
phylogenetic tree and showed the highest nt identity with 
Indian isolates such as BA (RNA1: MN340990; 98.13%), 
TNCR2-1 (RNA-2: MT422731; 98.11%), and KP (RNA-3: 
KM272276; 98.07%) (Supplementary Tables S11-S13 and 
Fig.  5B). For PCV-2, RNA1 (1609  bp, ON722354) dem-
onstrated 99.68% nt identity and 99.22% amino acid (aa) 
identity with the Chinese isolate CQ (RNA1, KX905077), 
while RNA2 (1525 bp, ON645206) shared 99.9% nt iden-
tity and 100% aa identity with the South Korean isolate 
SC10-2 (RNA-2, KY923704) (Supplementary Tables 
S14-S15 and Fig.  5C). The PeVYV sequence (5998  bp, 
ON961654) obtained in this study closely clustered with 
PeVYV isolates from NCBI, exhibiting the highest iden-
tity with the Israeli isolate Is (HM439608; 93.88% nt and 
89.54–97.78% aa identity) infecting chilli (Supplementary 
Tables S16-S17 and Fig.  5E). Lastly, the BPEV genome 
(14702  bp, ON722355) showed 99.97% nt identity with 
the Panamanian isolate (MZ127290), confirming it as a 
BPEV isolate infecting chilli (Supplementary Table S18 
and Fig. 5D).
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Fig. 3  Pie chart showing the number of contigs associated with each identified virus in A) mRNA, B) sRNA and C) WT library D) Graph showing the length 
of reconstructed viral genomes. Genome organization of reconstructed complete/near complete genomes
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Fig. 4  Genome organization and analysis of single nucleotide variations for identified viruses The SNPs were identified by mapping unmapped reads to 
individual viral genomes using the BWA aligner and SAMtools, and they were visualized using the tablet program. The red colour markings in the stacked 
contigs represent SNP regions

 



Page 12 of 19Netla et al. Virology Journal          (2025) 22:116 

Fig. 5 (See legend on next page.)
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Detection of recombinants among the identified viruses
Recombination breakpoints were identified in several 
regions of ChiLCV, CMV, and PeVYV. In ChiLCV, poten-
tial breakpoints were detected in the coat protein and 
AC4 regions of the DNA-A genome (ON714166), while 
in CMV, recombination breakpoints were observed in the 
RNA2 segment (ON722352) within the 2a protein region, 
and in PeVYV, breakpoints were found in the P0, P3, and 
P5 protein regions (ON961654). These breakpoints were 
consistently supported by at least three distinct recom-
bination detection algorithms, as shown in Fig.  5F-H. 
Additional recombination events were noted in CMV 
RNA3 (ON722353) and BPEV (ON722355) genomes, 
although these were not corroborated by three or more 
algorithms. Both intraspecific and interspecific recombi-
nation events were observed among ChiLCV, CMV, and 
PeVYV isolates. Notably, no recombination breakpoints 
were detected in CMV RNA1 (ON722351), PCV-2 RNA1 
(ON722354), or RNA2 (ON645206) genome segments 
(Supplementary Table S27).

Confirmation of HTS results and development of LAMP 
assay
The presence of the identified DNA ChiLCV and RNA 
(CMV, GBNV, PCV-2, PeVYV, and BPEV) viruses in the 
pooled samples was confirmed through PCR and RT-
PCR, respectively. PCR assays successfully amplified the 
target genes of the identified viruses, producing bands 
at the expected amplicon lengths, as demonstrated by 
1% agarose gel electrophoresis (Fig. 6A-F). Additionally, 
LAMP (Loop-mediated isothermal amplification) diag-
nostic assays were successfully developed for both DNA 
(ChiLCV) and RNA (CMV, GBNV, PCV-2, PeVYV, and 
BPEV) viruses. LAMP and RT-LAMP assays were per-
formed to detect the presence of DNA and RNA viruses, 
respectively, in the pooled samples. These assays yielded 
amplified products in a characteristic ladder-like pat-
tern on 2% agarose gel electrophoresis (Fig.  7A-F). Fur-
thermore, the LAMP assays enabled visual confirmation 
of the virus’s presence by staining with VeriPCR dye, 
which emitted green fluorescence, and with HNB dye, 
which caused a colour change from violet to sky blue 
(Fig. 7A-F).

Discussion
This study aimed to characterize the virome of chilli 
plants by identifying both known and previously unre-
ported viruses, as well as to develop diagnostic tools. 

We identified six distinct viruses in 19 pooled leaf sam-
ples, including four established viruses (ChiLCV, CMV, 
GBNV, and PCV-2) and novel viruses (PeVYV and BPEV) 
previously unrecorded in India. For these viruses, we suc-
cessfully developed LAMP-based diagnostic assays to 
facilitate detection.

Chilli plants exhibited a range of disease symptoms, 
including leaf curling, vein banding, mosaic, mottling, 
shoestring/rat-tail/filiform/leathery leaves, dull col-
oration, and a bunchy appearance. To enhance viral 
sequence detection sensitivity, viral nucleic acids were 
enriched from total RNA prior to library preparation 
[50]. Given that total RNA sequencing typically gener-
ates a high proportion of host rRNA reads (around 90%), 
which can obscure viral reads [51], rRNA depletion 
was performed in this study to improve viral detection. 
Paired-end raw reads were generated and subjected to 
de novo assembly using three approaches - mRNAome 
(Trinity), sRNAome (Velvet), and whole transcriptome 
(SPAdes) to profile the chilli virome and reduce false 
negatives comprehensively [52]. Previous studies have 
demonstrated the efficacy of these diverse tools in opti-
mizing results [53]. BLAST analysis of the assembled 
reads revealed the presence of six viruses (ChiLCV, CMV, 
GBNV, PCV-2, PeVYV, and BPEV) and five DNA satel-
lites (ToLCBDB, ToLCAA, CYVMA, AYVSA, and ToLC-
VirA). Of the six viruses, all were detected in the mRNA 
and whole transcriptome libraries, while five were iden-
tified in the sRNA library, excluding GBNV and PCV-
2, likely due to shorter sRNA contigs compared to the 
mRNA and whole transcriptome libraries [54]. Notably, 
PeVYV and BPEV are reported here for the first time in 
chilli plants from India.

The length of viral contigs plays a crucial role in 
accurate virus identification through high-throughput 
sequencing (HTS) data [55]. Shorter viral contigs can 
lead to false identifications during BLAST analysis [56]. 
To mitigate this, we mapped longer contigs generated 
by Trinity and SPAdes to NCBI virus genomes, as both 
assemblers outperformed Velvet, aiding in the recon-
struction of complete viral genomes [18]. Mapping these 
contigs to their respective reference sequences in the 
NCBI database resulted in the assembly of complete or 
near-complete genomes for five viruses - ChiLCV, CMV, 
PCV-2, PeVYV, and BPEV, as well as a partial genome 
for GBNV. The incomplete genome recovery of certain 
viruses may be attributed to several factors, including 
low virus titers, host-mediated viral silencing, poor RNA 

(See figure on previous page.)
Fig. 5  Phylogenetic tree from nucleotide sequences of reconstructed complete/near-complete viral genomes A) ChiLCV B) CMV C) PCV2 D) BPEV and E) 
PeVY2 with other selected respective reference viruses from NCBI using Neighbourhood Joining (NJ) method and Kimura 2- parameter (K2P) model with 
1000 bootstrap replicates in MEGA 11 programme. Recombination breakpoint analysis in reconstructed viral genomes. Recombinants were identified in 
F) ChiLCV, G) PeVYV and H) CMV RNA2. The recombinants were observed in AV1, AV2 (coat protein) and AC4 regions of ChiLCV, P0, P3 and P5 regions of 
PeVYV and 2a protein (RdRP) region of CMV RNA2
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quality, insufficient sequencing depth, or data analysis 
limitations [57]. Notably, although ChiLCV is an ssDNA 
virus, a complete genome was assembled from mRNA 
transcriptome data, which encompasses most regions of 
virus-encoded genes. This is consistent with findings by 

Jo et al. (2017) [31], who successfully identified gemini-
viruses and satellite DNAs from pepper viromes using 
mRNA data. Among the identified viruses, ChiLCV 
exhibited the highest viral copy number and the low-
est mutation frequency. This observation aligns with 

Fig. 6  Validation of identified viruses A) ChiLCV with PCR and B) CMV, C) GBNV, D) PCV-2, E) PeVYV and F) BPEV with RT-PCR assay. PCR/RT-PCR amplifica-
tion products were checked on 1% agarose gel. Lane M: 100 bp DNA ladder, Lane W: Water control, Lane H: Healthy sample and Lane P: Pooled DNA/RNA 
sample used for virome analyses. Coat protein gene was amplified in ChiLCV, CMV, PCV-2 and PeVYV, movement protein gene was amplified in GBNV, and 
polyprotein gene was amplified in BPEV
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Fig. 7  Development of LAMP diagnostic assays for identified viruses A) ChiLCV with LAMP and B) CMV, C) GBNV, D) PCV-2, E) PeVYV, F) BPEV with RT-
LAMP assays. (i) LAMP/RT-LAMP reaction products on 2% agarose gel (ii) Visual inspection with Veri PCR dye. Pooled DNA/RNA sample used for virome 
analyses showed green fluorescence, whereas in healthy sample and water control no fluorescence was observed. (iii) Visual inspection with hydroxy 
naphthol blue (HNB). Pooled DNA/RNA sample used for virome analyses showed change in colour from violet to sky blue, whereas in healthy sample and 
water control no change in violet colour was observed. Lane M: 100 bp DNA ladder, Lane W: Water control, Lane H: Healthy sample and Lane P: Pooled 
DNA/RNA sample used for virome analyses. Coat protein gene was amplified in ChiLCV, CMV, PCV-2 and PeVYV, movement protein gene was amplified in 
GBNV, and polyprotein gene was amplified in BPEV
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numerous studies that report lower variation in DNA 
viruses compared to RNA viruses [24, 58].

The complete or near-complete genomes recovered 
from the data were subjected to sequence comparison, 
phylogenetic analysis, and recombination detection. The 
ChiLCV genome (ON714166) was confirmed as a vari-
ant of the Ahmedabad and Raichur isolates, in accor-
dance with the current species demarcation criteria for 
begomoviruses, which stipulate a nucleotide identity 
threshold of less than 91% for full-length monopartite 
genomes or full-length DNA-A for bipartite begomo-
viruses [59]. The CMV genomes (RNA1: ON722351, 
RNA2: ON722352, RNA3: ON722353) were classi-
fied under CMV subgroup IB and identified as variants, 
with more than 65% sequence identity across the whole 
genome, consistent with cucumovirus species criteria 
[60]. The PeVYV genome (ON961654) was identified as 
a variant of the Israeli PeVYV isolate infecting chilli, with 
less than a 10% amino acid sequence difference in any 
gene product [61]. In addition to symptomatic viruses, 
complete or near-complete genomes of asymptomatic 
viruses such as PCV-2 and BPEV were also recovered. 
The PCV-2 genome in this study is a variant of the South 
Korean and Chinese isolates infecting chilli, meeting the 
species demarcation criteria of more than 90% amino 
acid identity in RNA1 (ON722354; RdRP) and over 80% 
identity in RNA2 (ON645206; CP) for deltapartitivi-
ruses [62]. The BPEV genome (ON722355) exhibited a 
nucleotide identity of 99.9% with the BPEV isolate from 
Panama, confirming it as a variant of that isolate and 
meeting the 75% whole genome sequence identity crite-
rion for alphaendornaviruses [63]. The obtained partial 
genome of GBNV nucleocapsid (N) gene was compared 
with other orthotospovirus isolates showed 99.6% nucle-
otide identity with GBNV isolate from India: Kodigahalli 
(Supplementary Table S28), confirming it is variant of 
that isolate meeting the 90% nucleotide similarity in the 
nucleocapsid gene [64].

Recombination plays a pivotal role in viral emergence, 
facilitating the exchange or transfer of genomic frag-
ments between closely or distantly related viruses [65]. 
This process can result in the creation of novel recom-
binant genomes, which may confer advantages such as 
enhanced adaptation to new environments, expansion 
of host range, and/or the development of new symptoms 
[66]. Our recombination analysis revealed breakpoints 
in the coat protein and AC4 regions of ChiLCV, the P0, 
P3, and P5 protein regions of PeVYV, and the 2a protein 
region of CMV RNA2. In agreement with these findings, 
Mishra et al. (2020) [67] reported intragenic recombi-
nation in the coat protein (V1/AV1) region of ChiLCV 
infecting Osteospermum fruticosum (Cape Daisy). The 
recombination and mutation-driven re-emergence of 
begomovirus strains pose significant threats to the global 

sustainable cultivation of chilli [5]. PeVYV shares sub-
stantial nucleotide similarity with tobacco vein-distorting 
virus (TVDV) in the first half of its genome, suggest-
ing its emergence from a recombination event between 
TVDV and other poleroviruses [68]. Similarly, Bonnet et 
al. (2005) [69] highlighted the role of recombination in 
the evolution of CMV, noting intragenic recombination 
in all three RNA segments through an analysis of Spanish 
isolates collected between 1989 and 2002.

The presence of the identified viruses (ChiLCV, CMV, 
GBNV, PCV-2, PeVYV, and BPEV) in pooled samples was 
confirmed through PCR and RT-PCR assays. Molecular 
confirmation of these viruses strengthens virome studies 
conducted via high-throughput sequencing (HTS), pro-
viding further validation of viral detection. In this study, 
we also developed a loop-mediated isothermal amplifica-
tion (LAMP) diagnostic assay for these viruses, marking 
the first such application for future screening. The choice 
of LAMP was driven by its superior specificity and sensi-
tivity compared to traditional PCR assays [70–72]. LAMP 
reactions are performed at a constant temperature for 
approximately one hour, amplifying smaller gene seg-
ments [73, 74]. The major advantage of LAMP is the ease 
of visualizing the amplification products and its quicker 
turnaround time relative to PCR [75–77]. We success-
fully amplified the target genes for all identified viruses 
using both LAMP and RT-LAMP assays.

Conclusions
This study represents the first example of virome profil-
ing in chilli in India, underscoring the advantages of HTS 
over conventional virus detection methods, particularly 
during disease outbreaks where the causative agents 
were previously unknown. Virome analyses in chilli 
identified six distinct viruses including four previously 
reported (ChiLCV, CMV, PCV-2 and GBNV) and two 
newly reported (PeVYV and BPEV) viruses. These find-
ings underscore the critical importance of understanding 
viral diversity using HTS technologies and highlights the 
importance of continuous surveillance of viral landscape 
in agricultural crops. The identification of novel or pre-
viously unrecognized viruses offers valuable insights for 
strategic efforts in chilli breeding and cultivation, ulti-
mately mitigating the risk of future disease outbreaks. 
Virome profiling in agricultural ecosystems will provide 
a comprehensive understanding of the presence of both 
known and novel viruses, facilitating the development 
of targeted diagnostic assays and reducing the impact of 
viral diseases on food production.
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