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Abstract  As very limited information is avail-
able on viruses and viroids infecting plum in India, 
virome analysis was undertaken to determine the 
virus and viroid spectrum infecting plum. High 
throughput sequencing (HTS) analysis of five plum 
samples (PM1-PM5) revealed the presence of near 
complete genome sequences of prunus necrotic 
ringspot virus (PNRSV), American plum line pat-
tern virus (APLPV), apple chlorotic leaf spot virus 
(ACLSV) and hop stunt viroid (HSVd) in PM1; 

little cherry virus 1 (LChV-1), plum bark necrosis 
stem pitting-associated virus (PBNSPaV), ACLSV 
and HSVd in PM2. No virus or viroid sequence was 
obtained in PM3, PM4 and PM5. Near complete 
genome sequences of these viruses were obtained 
using different assemblers. APLPV, LChV-1, 
PBNSPaV and HSVd are being reported here for the 
first time from plum in India. The presence of these 
viruses was also confirmed by reverse transcription 
polymerase chain reaction and Sanger sequencing in 
HTS samples as well as in additional 36 plum sam-
ples (PM6-PM41) collected from the same orchard 
from where PM1 and PM2 samples were obtained. 
The validation test in an additional 36 samples 
indicated predominance of APLPV and PNRSV 
which were detected in all the samples, while other 
viruses were present only  in some of the samples. 
Moreover, fragments per kilobase of transcript per 
million reads mapped and virus accumulation stud-
ies showed dominance of PNRSV RNA3 in PM1 
and LChV-1 in PM2. Analysis of single nucleotide 
variants (SNVs) showed that PNRSV RNA3 had the 
highest SNVs (99) and PBNSPaV had the lowest 
SNVs (1). The phylogenetic analysis revealed that 
these viruses are phylogenetically related to viruses 
from different countries. These findings advance 
our knowledge of the viral pathogens of plum, and 
would help in virus indexing and certification of 
clean plant for commercial plum cultivars.
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Introduction

Plum (Prunus domestica) is a stone fruit cultivated 
in temperate regions such as Jammu & Kashmir, 
Himachal Pradesh, and Uttarakhand states of India. 
These regions contribute 77% of total plum pro-
duction in India. During 2020–21, India produced 
84,000 Metric Tonnes of plum from 24,000 Ha.

(https://​agriw​elfare.​gov.​in/​Docum​ents/​Horti​cultu​
ral_​Stati​stics_​at_​Glance_​2021.​pdf) Horticulture 
Statistics Division, Department of Agriculture & 
Farmers Welfare, Ministry of Agriculture & Farm-
ers Welfare, Government of India).

Globally several viruses viz. American plum line 
pattern virus (APLPV) (Paulsen & Fulton, 1968), 
prunus necrotic ringspot virus (PNRSV) (Chandel 
et  al., 2011), plum pox virus (PPV) (García et  al., 
2014), plum bark necrosis stem pitting-associated 
virus (PBNSPaV) (Amenduni et  al., 2005), apple 
chlorotic leaf spot virus (ACLSV) (Rana et al., 2010), 

little cherry virus-1 (LChV-1), peach virus D (PeVD), 
peach leaf pitting-associated virus (PLPaV) (Jo et al., 
2020) and a viroid namely hop stunt viroid (HSVd) 
(Jo et al., 2017, 2020) have been reported from plum. 
In India, only PNRSV and ACLSV have been pre-
viously reported (Chandel et  al., 2013; Rana et  al., 
2010). PPV is the most damaging virus of plum and 
belongs to the genus Potyvirus and consists of a sin-
gle stranded (ss) RNA (+) genome (García et  al., 
2014). PNRSV and APLPV are members of the genus 
Ilarvirus having three positive sense ss RNAs namely 
RNA1, RNA2 and RNA3 (Alayasa et al., 2003; Wang 
et  al., 2018). PBNSPaV and LChV-1 belongs to the 
genera Ampelovirus and Velarivirus of family Clos-
teroviridae, respectively, consisting of positive sense 
ss RNA genomes (Katsiani et  al., 2018; Qu et  al., 
2014). PLPaV is a member of the genus Fabavirus 
and has a bipartite positive sense ss  RNA genome. 
PeVD and ACLSV belongs to genera Marafivirus and 
Trichovirus, respectively (Igori et  al., 2017). HSVd 
belongs to the genus Hostuviroid, which has a circu-
lar ss RNA genome (Marquez-Molins et al., 2021).

The majority of the commercial plum varieties 
are clonally propagated through cuttings and graft-
ing which can result in the transmission of viruses 

https://agriwelfare.gov.in/Documents/Horticultural_Statistics_at_Glance_2021.pdf
https://agriwelfare.gov.in/Documents/Horticultural_Statistics_at_Glance_2021.pdf
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and viroids from infected plants to the healthy 
plants (Jo et al., 2020). Early detection and eradica-
tion of viruses in orchards and nurseries can help 
to prevent virus spread and result in virus-free plant 
material. Targeted detection using enzyme-linked 
immunosorbent assay (ELISA), polymerase chain 
reaction (PCR/reverse transcription-PCR) includ-
ing different variants and gene-editing (clustered 
regularly interspaced short palindromic repeats/
CRISPR  associated  protein 12a: CRISPR/Cas12a) 
has been developed for the identification of viruses 
in perennial fruit crops (Jeong et  al., 2014; Jiao 
et  al., 2021; Kim et  al., 2018; Komorowska et  al., 
2010; Menzel et  al., 2002). However, these meth-
ods have limitations and require either antibodies 
or prior knowledge of the sequence of the pathogen. 
To circumvent these constraints, high-throughput 
sequencing (HTS) technology can be used to detect 
novel or unknown viruses in unbiased manner and 
has been used to unravel the virome in perennial 
fruit crops including apple, grapevine, pear, peach 
and plum (Jo et  al., 2018, 2020; Kim et  al., 2021; 
Nabi et  al., 2022; Noda et  al., 2017; Sidharthan 
et al., 2020; Wang et al., 2022).

As very limited information on viruses affecting 
plum in India was available, HTS was used for the 
identification of viruses and viroids in asymptomatic/
symptomatic plum plants collected from Jammu & 
Kashmir and Himachal Pradesh states of India and 
the results of the same has been analysed and pre-
sented here.

Materials and methods

Sample collection, RNA isolation, library preparation 
and RNA sequencing

P. domestica cv. Stanley and P. domestica cv. Santa 
Rosa plant leaves showing mosaic and necrosis 
symptoms (Fig. S1) were collected from experimen-
tal fields of the ICAR-Central Institute of Temperate 
Horticulture (ICAR-CITH; 33.98427° N, 74.80209° 
E) and Sher-e-Kashmir University of Agricultural 
Sciences and Technology (SKUAST, 34.14941° N, 
74.88407° E), Srinagar, Jammu and Kashmir, India, 
during May 2022. Similarly, asymptomatic plum 
leaves (P. salicina) were collected in May 2022 
from the ICAR-National Bureau of Plant Genetic 

Resources (NBPGR), Regional Station (31.09768° 
N, 77.16031° E), Phagli, Shimla, Himachal Pradesh, 
India. Two symptomatic samples (100 mg of leaves) 
from ICAR-CITH and SKUAST and asymptomatic 
sample from ICAR-NBPGR designated as PM1, PM2 
and PM3, respectively, were used for RNA extrac-
tion. During September and November 2022, asymp-
tomatic plum samples were collected from Srinagar 
and Shimla named as PM4 and PM5, respectively. 
Total RNA from five samples was extracted using 
the Spectrum™ Plant Total RNA Kit (Sigma, USA) 
according to the manufacturer’s instructions. The 
RNA was tested for quality and integrity check using 
a NanoDrop™ One Microvolume UV-Vis Spectro-
photometer (Thermo Scientific, USA), an Agilent 
4150 TapeStation (Agilent, USA) and a Qubit 4 Fluo-
rometer (Invitrogen, USA). Ribozero treatment was 
given to deplete rRNA using the Pan-Plant riboPOOL 
kit (siTOOLs BIOTECH, Germany) according to the 
manufacturer’s protocol. The NebNext Ultra II RNA 
Library Prep Kit for Illumina (NEB, USA) was used 
to prepare RNA-seq libraries following the manu-
facturer’s instructions. The quality and quantity of 
the libraries were evaluated using the Agilent 4150 
TapeStation (Agilent, USA) and the Qubit 4 Fluorom-
eter (Invitrogen, USA). On the NovaSeq 6000 V1.5 
(Illumine, USA), high quality total RNA-Seq libraries 
were paired end sequenced (2 × 150 bp).

De novo assembly and bioinformatics analysis

Each sample’s paired end raw data (FastQ files) 
were quality checked and pre-processed with the 
fastp (0.20.1) (Chen et al., 2018). To align clean fil-
tered sequencing reads to the P. domestica genome 
(https://​www.​rosac​eae.​org/​speci​es/​prunus_​domes​
tica/​genome_​v1.0.​a1), the Bowtie2 (2.4.5) was used 
(Langdon, 2015). Trinity v.2.8.5, SPAdes v.1.3.3 and 
MEGAHIT v.1.2.9 were used to de novo assemble 
the host unaligned sequence reads (Bankevich et al., 
2012; Grabherr et al., 2011; Li et al., 2015). The non-
human virus database was downloaded from NCBI 
(https://​www.​ncbi.​nlm.​nih.​gov/​labs/​virus/​vssi/#/) on 
October 29, 2022, and used to annotate the assembled 
contigs. The virus genome’s ORFs were identified 
using the ORF finder (https://​www.​ncbi.​nlm.​nih.​gov/​
orffi​nder/). The assembled contigs representing virus 
and viroid associated genome sequences viz. PNRSV, 

https://www.rosaceae.org/species/prunus_domestica/genome_v1.0.a1
https://www.rosaceae.org/species/prunus_domestica/genome_v1.0.a1
https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/
https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
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APLPV, LChV-1, PBNSPaV, ACLSV and HSVd 
were submitted to GenBank.

Single‑nucleotide variants (SNVs), genome mapping, 
depth of coverage and fragments per kilobase 
of transcript per million reads mapped (FPKM) 
determination

The genomic variants such as SNVs, insertions and 
deletions (InDels) of each virus was identified using 
HaplotypeCaller tool (Ren et  al., 2018). To map 
sequence data with the reference virus and viroid 
genomes, BWA-MEM algorithm was used (Li, 2013). 
Host unmapped filtered reads from individual sam-
ples were aligned with the reference virus and viroid 
genome sequences. From sequence alignment map 
(SAM) files, the virus and viroid specific reads were 
extracted, and theses reads were further used for the 
computation of virus/viroid accumulation, depth of 
coverage, and fragments per kilobase of transcript per 
million reads mapped (FPKM) as described by Khan 
et al. (2023).

The percentage of reads per virus/viroid was calcu-
lated after retrieving the number of reads associated 
with each virus/viroid from the SAM file. The per-
centage was calculated by dividing each virus/viroid’s 
reads by the total number of reads from all viruses 
and viroids and multiplying by 100. FPKM was deter-
mined by multiplying individual virus/viroid reads 
with 109 and divide by total accumulated virus and 
viroid reads multiplied by virus/viroid length (Khan 
et al., 2023).

Phylogenetic analyses and taxonomic classification

For phylogenetic analysis, complete sequences of 
viruses including LChV-1 and PBNSPaV, and coat 
protein (CP) of APLPV and PNRSV which shared 
highest nucleotide sequence identity and query cov-
erage with the HTS identified virus contigs, were 
retrieved from GenBank and subjected to multiple 
sequence alignment using ClustalW. Phylogenetic 
trees were prepared using Neighbor-Joining method 
in Molecular Evolutionary Genetic Analysis (MEGA) 
version 11 (Tamura et al., 2021). Further, the viruses 
identified in PM1 and PM2 HTS data were validated 
with Kraken 2 which is a taxonomic classification 
system based on exact k-mer matches (Wood et  al., 
2019). Kraken 2 results were visualised with Krona 

that displays hierarchical data in multilayered pie 
charts (Ondov et al., 2011).

Validation of viruses/viroids through RT‑PCR and 
sanger sequencing

Total RNA was isolated from symptomatic and 
asymptomatic plum samples using IRIS method 
(Ghawana et  al., 2011). The quality and quantity of 
the RNA were measured using the NanoDrop™ One 
Microvolume UV-Vis Spectrophotometer (Thermo 
Scientific, USA). First strand cDNA synthesis was 
done using the FIRE Script® RT cDNA synthesis 
kit (Solis BioDyne, Estonia) as per manufacturer’s 
instructions. The PCR was performed using 10  μM 
virus/viroid specific primers (Table  1), 50  ng of 
cDNA, and 1X Dream Taq PCR Master Mix (Thermo 
Scientific, USA). The PCR cycle conditions included 
an initial denaturation at 94 °C for 4 min followed by 
35 cycles of denaturation at 94 °C for 45 s, annealing 
at 50–60 °C for 45 s (depending on the specific primer 
pair) and extension at 72  °C for 30–45  s (depend-
ing on the specific primer pair) and final extension 
at 72  °C for 10  min (Table  1). PCR amplicon was 
stained with EtBr and visualised using the Gel docu-
mentation system (BIO-RAD, USA). The amplified 
DNA fragments were cloned into pGEM®-T Easy 
Vector (Promega, USA) and sequenced using Sanger 
technology. Leaf samples were collected from 36 
plum trees namely PM6 to PM25 in June 2023 and 
PM26 to PM41 in May 2024 from the same field of 
Srinagar, Jammu & Kashmir, from where the original 
PM1 and PM2 HTS samples were collected to vali-
date the viruses and viroid in plum trees.

Data availability

The SRR23529962, SRR23530428, SRR23531015, 
SRR25501240 and SRR25500943 SRA acces-
sion numbers in the NCBI correspond to the raw 
sequence reads of PM1, PM2, PM3, PM4 and PM5, 
respectively. The genome sequences of viruses and 
viroid were submitted in NCBI with the accession 
numbers OQ513265 (PNRSV RNA1), OQ513266 
(PNRSV RNA2), OQ513267 (PNRSV RNA3), 
OQ513268 (APLPV RNA1), OQ513269 (APLPV 
RNA2), OQ513270 (APLPV RNA3), OQ513271 
(ACLSV), OQ513272 (HSVd), OQ513273 (ACLSV), 



Eur J Plant Pathol	

1 3
Vol.: (0123456789)

Table 1   List of primers used for the detection of viruses in plum

a PNRSV, prunus necrotic ringspot virus, APLPV, American plum line pattern virus, ACLSV, apple chlorotic leaf spot virus, LChV-
1, little cherry virus 1, PBNSPaV, plum bark necrosis stem pitting-associated virus, HSVd, Hop stunt viroid
b CP, coat protein, RdRp, RNA dependent RNA polymerase

Virus and viroida Primer name Sequence of 
primers (5′ to 3′)

Target geneb PCR 
amplicon 
(bp)

Annealing 
temperature 
(°C)

Extension 
time (S)

References

PNRSV PNRSV CP For ACT​CAG​GGC​
TCA​ACA​AAG​
GG

CP 450 60 45 This study

PNRSV CP Rev GTA​CGC​GCA​
AAA​GTG​TCG​
AA

APLPV APLPV CP For CAC​CAC​TCA​
GTT​CGC​TCA​
AC

CP 309 60 45 This study

APLPV CP Rev GAT​GCG​CAG​
AGT​ACG​GTC​
AT

LChV-1 LCV1 RdRp For GTC​TGG​TGT​
CTC​CGA​ATA​
TTCAC​

RdRp 728 58 45 This study

LCV1 RdRP Rev CAC​GGA​GTA​
AAG​TGG​GAT​
GC

PBNSPaV PBNSPaV CP For AAA​ACG​CGT​
TGT​CCT​TCA​
GC

CP 457 60 45 This study

PBNSPaV CP 
Rev

CCA​CCG​GAC​
TGA​TTA​CCA​
CC

ACLSV ACLSV CP For CAG​ACC​CCT​
TCA​TGG​AAA​
GACAG​

CP 645 50 45 (Kumar et al. 
2014)

ACLSV CP Rev TGA​CTC​TTT​
ATA​CTC​TTT​
CAT​GGG​TTC​

HSVd HSVd_FP ACC​TGA​GAA​
AGG​AGC​CCC​
GGG​

178 62 30 This study

HSVd_RP GGC​ATC​ACC​
TCT​CGG​TTC​
GT

HSVd-78 FP AAC​CCG​GGG​
CAA​CTC​TTC​
TC

307 55 30 (Zhang et al., 
2009)

HSVd-98 RP AAC​CCG​GGG​
CTC​CTT​TCT​
CA

Nad5-s FP GAT​GCT​TCT​
TGG​GGC​TTC​
TTGTT​

Plant Mitochon-
drial Nad5 
gene

181 58 30 (Menzel et al., 
2002)

Nad5-as RP CTC​CAG​TCA​
CCA​ACA​TTG​
GCA​TAA​
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OQ513274 (PBNSPaV), OQ513275 (LChV-1) and 
OQ513276 (HSVd).

Results

Identification of viruses and viroid from plum HTS 
data

Raw reads, high quality filtered reads and host 
unmapped reads are presented in Table  2. Host 
unmapped reads of PM1, PM2, PM3, PM4 and PM5 
were 16,369,070, 16,320,851, 21,038,690,10,601,100 
and 11,906,241, respectively (Table  2). The host 
unmapped reads were assembled with Trinity into 
25,384, 22,294,19,317, 265,326 and 352,179 con-
tigs of >200 bp for PM1, PM2, PM3, PM4 and PM5, 
respectively (Table S1). The contigs assembled with 
SPAdes for PM1, PM2, PM3, PM4 and PM5 were 
27,942, 20,222, 17,796, 183,744 and 256,724, respec-
tively (Table S2). MEGAHIT assembled 73,658, 
93,907, 70,149, 841,520 and 42,900 contigs for PM1, 
PM2, PM3, PM4 and PM5, respectively (Table S3). 
N50 values ranged between 306 and 1200 (Table 
S1-S3).

BLAST annotation results showed the presence of 
PNRSV, APLPV, ACLSV, HSVd in PM1 and LChV-
1, PBNSPaV, ACLSV, HSVd in PM2. While no 
virus or viroid was detected in PM3, PM4 and PM5 
(Table 3). ACLSV and HSVd were identified in both 
PM1 and PM2 samples. Near complete genome of 
PNRSV (RNA1, RNA2 and RNA3), APLPV (RNA1, 
RNA2 and RNA3), LChV-1 and HSVd were recov-
ered using Trinity. Partial genomic sequences of 
PBNSPaV and ACLSV were also identified through 
Trinity and SPAdes. Near complete genome of 
ACLSV and PBNSPaV were recovered when MEG-
AHIT assembler was used (Table S4).

PNRSV RNA1, PNRSV RNA2, PNRSV RNA3, 
APLPV RNA1, APLPV RNA2, APLPV RNA3, ACLSV 
and HSVd of PM1 showed 99.4%, 99.3%, 97.2%, 99.1%, 
98%, 98.4% and 82.4% nucleotide sequence identity 
with PNRSV RNA1 (MF069044), PNRSV RNA2 
(OL800570), PNRSV RNA3 (OP357944), APLPV 
RNA1 (KY883315), APLPV RNA2 (NC_003452), 
APLPV RNA3 (NC_003453), ACLSV (OR640150) 
and HSVd (KF534763) sequences available at Gen-
Bank, respectively. Viruses and viroid sequences includ-
ing PBNSPaV, LChV-1, ACLSV and HSVd identified Ta
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Table 3   Viruses and viroid identified through high throughput sequencing and their validation in plum leaves using RT-PCR

Plum Symptoms Viruses and 
viroids identified 

through HTS1

Validation 
through RT-PCR

Plum Symptoms Viruses and 
viroids 

identified 
through HTS

Validation 
through 
RT-PCR

PM1 APLPV, 

PNRSV,ACLSV, 

HSVd

PNRSV, APLPV, 

ACLSV

PM22 NP APLPV, 

PNRSV, 

LChV-1, 

ACLSV

PM2 LChV-1, 

PBNSPaV, 

ACLSV, HSVd

LChV-1, 

PBNSPaV, 

ACLSV

PM23 NP APLPV, 

PNRSV, 

PBNSPaV

PM3 No viruses and 

viroids detected

No viruses and 

viroids detected

PM24 NP APLPV, 

PNRSV, 

PBNSPaV

PM4 No viruses and 

viroids detected

No viruses and 

viroids detected

PM25 NP APLPV, 

PNRSV, 

PBNSPaV

PM5 No viruses and 

viroids detected

No viruses and 

viroids detected

PM26 NP APLPV, 

PNRSV, 

PBNSPaV

PM6 NP2 APLPV, PNRSV, 

LChV-1, 

PBNSPaV

PM27 NP PNRSV,

LChV-1, 

PBNSPaV

PM7 NP APLPV, PNRSV, 

LChV-1, ACLSV

PM28 NP APLPV, 

PNRSV, 

PBNSPaV

PM8 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV, 

ACLSV

PM29 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM9 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV, 

ACLSV

PM30 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM10 NP APLPV, PNRSV, 

PBNSPaV, 

ACLSV

PM31 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV
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Table 3   (continued)
PM11 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV, 

ACLSV

PM32 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM12 NP APLPV, PNRSV, 

PBNSPaV, 

ACLSV

PM33 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM13 NP APLPV, PNRSV, 

PBNSPaV, 

ACLSV

PM34 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM14 NP APLPV, PNRSV, 

PBNSPaV

PM35 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM15 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV

PM36 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM16 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV

PM37 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM17 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV

PM38 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM18 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV

PM39 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM19 NP APLPV, PNRSV, 

LChV-1

PM40 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM20 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV

PM41 NP APLPV, 

PNRSV, 

LChV-1, 

PBNSPaV

PM21 NP APLPV, PNRSV, 

LChV-1, 

PBNSPaV

a APLPV, American plum line pattern virus, PNRSV, prunus necrotic ringspot virus, LChV-1, little cherry virus 1, PBNSPaV, plum 
bark necrosis stem pitting-associated virus, ACLSV, apple chlorotic leaf spot virus, HSVd, hop stunt viroid
b NP, not performed
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in PM2 exhibited 97.6%, 94.5%, 82.3% and 99% nucleo-
tide sequence identity with PBNSPaV (LC523034), 
LChV-1 (KR080325), ACLSV (KC847061) and HSVd 
(EF523825) sequences present in GenBank, respectively.

Viral population and SNVs analysis

Each HTS data had a different number of sequenced 
reads associated with identified viruses and viroids. 
The number of ACLSV reads in PM1 and PM2 was 
342 and 113, respectively (Table  4). The accumula-
tion of individual virus in each HTS data was cal-
culated by dividing individual virus reads with total 
virus-associated reads and multiplying them by 100. 
PNRSV RNA3 (34.5%) was the dominant genome 
segment, followed by APLPV RNA3 (31.4%), 
APLPV RNA1 (12.9%), PNRSV RNA1 (7.9%), 
PNRSV RNA2 (7%), APLPV RNA 2 (6.2%) and 
ACLSV (0.06%) in PM1 (Table 4, Fig. S2). The accu-
mulation of HSVd in PM1 was extremely low. In 

PM2, LChV-1 was predominant having 97% accumu-
lation and ACLSV showed the lowest (0.5%) accumu-
lation (Table 4, Fig. S2).

We used the FPKM method to determine the viral 
and viroid RNA in PM1 and PM2 HTS data. RNA3 
of both PNRSV and APLPV shared highest FPKM 
177581.16 and 152,848.22, respectively compared 
to RNA1 and RNA2 (Table  4). Among the viruses 
minimum FPKM was recorded for ACLSV. HSVd 
exhibited 72.98 and 116.67 FPKM for PM1 and PM2 
respectively (Table  4). Additionally, to estimate the 
richness of RNA3 (5′ UTR and movement protein: 
MP) and subgenomic RNA4 (CP and 3′ UTR), we 
separately mapped these two sequences of PNRSV 
and APLPV RNA3. The results indicated that 
PNRSV CP had 1.2-fold higher accumulation than 
PNRSV MP, while APLPV CP had 0.1-fold lower 
accumulation than that of APLPV MP.

Furthermore, SNVs of PNRSV, APLPV, LChV-1, 
ACLSV and PBNSPaV were analysed in PM1 and 
PM2 samples. In PM1, PNRSV had the most SNVs, 

Table 4   Virus and viroid reads, depth of coverage, FPKM and single nucleotide variants of individual virus and viroid identified in 
HTS data of plum samples

a PNRSV, prunus necrotic ring spot virus, APLPV, American plum line pattern virus, ACLSV, apple chlorotic leaf spot virus, LChV-
1, little cherry virus 1, PBNSPaV, plum bark necrosis stem pitting-associated virus, HSVd, hop stunt viroid
b FPKM, fragments per kilobase of transcript per million reads mapped
c SNVs, single nucleotide variants
d NP, not present

Plum Samples Viruses and viroida Virus/viroid reads Length (bp) Virus/viroid 
accumulation 
(%)

Depth of coverage FPKMb SNVsc

PM1 PNRSV RNA1 40,155 3352 7.91 11,898.31 23,604.34 32
PNRSV RNA2 35,780 2591 7.05 11,553.45 27,210.04 25
PNRSV RNA3 175,111 1943 34.50 17,227.16 177,581.16 99
APLPV RNA1 65,593 3303 12.92 12,271.42 39,129.58 3
APLPV RNA2 31,262 2404 6.16 9991.21 25,623.51 9
APLPV RNA3 159,255 2053 31.38 18,125.74 152,848.22 5
ACLSV 342 7555 0.07 639.70 89.20 8
HSVd 11 297 0.002 334.81 72.98 0

PM2 LChV-1 21,425 16,931 96.96 5159.67 189.81 14
PBNSPaV 328 14,214 1.45 607.83 3.46 1
ACLSV 113 7555 0.51 401.42 2.25 7
HSVd 231 297 1.05 2984.86 116.67 12

PM3 NPd

PM4 NP
PM5 NP
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followed by APLPV and ACLSV. The majority of 
the SNVs in PM2 were found in LChV-1, followed 
by ACLSV and PBNSPaV (Table  4). In PNRSV 
RNA1, 26 SNVs were found in the replicase region, 
and 6 SNVs were located in the 3′ untranslated region 
(UTR). In PNRSV RNA2, 25 SNVs were identified 
in the polymerase region. For PNRSV RNA3, 1, 47, 
45, and 6 SNVs were found in the 5′ UTR, move-
ment protein (MP), CP, and 3′ UTR, respectively. In 
the APLPV genome, RNA1 had 3 SNVs in the repli-
case region, while RNA2 contained 5 and 4 SNVs in 
the polymerase and 3′ UTR, respectively. In APLPV 
RNA3, 1, 2, 1, and 1 SNVs were found in the 5′ UTR, 
MP, CP, and 3′ UTR, respectively. ACLSV’s repli-
case region had 8 SNVs. In the LChV-1 genome, 5, 
2, 1, 4, and 2 SNVs were identified in the polyprotein, 
viral HSP90, CP, CP minor, and hypothetical protein 
regions, respectively. ACLSV’s replicase region con-
tained 7 SNVs, while PBNSPaV’s polyprotein had 1 
SNV.

Phylogenetic analyses of viruses identified in HTS 
data and Kraken taxonomic classification

We chose CP of PNRSV and APLPV for the con-
struction of phylogenetic tree. Phylogenetic analy-
sis revealed that the PNRSV and APLPV identified 
in PM1 HTS data closely related to PNRSV and 
APLPV reported from Czech Republic (AF170158) 
and Italy (EF494407 and EF503724), respectively 
(Fig.  1a). Both the viruses represent two separate 
clades in the tree. Further, LChV-1 identified in 
present study grouped together with South Korean 
isolate of LChV-1 (KR080325) in dendrogram 
(Fig.  1b). PBNSPaV identified in this study clus-
tered together with PBNSPaV isolate (LC503034) 
infecting P. domestica in Australia (Fig. 1c). Kraken 
2 was used to perform taxonomic classification on 
all reads of PM1, PM2, PM3, PM4 and PM5. The 
samples contained a varied range of viral, bacterial, 
and archaeal populations. A taxonomic classification 

Fig. 1   Phylogenetic dendrograms showing the relationship of 
a) CP of APLPV (OQ513270) and PNRSV (OQ513267), and 
complete genome of b) LChV-1 (OQ513275) and c) PBNSPaV 
(OQ513274) of this study (highlighted) with other isolates of 
APLPV, PNRSV, LChV-1 and PBNSPaV retrieved from Gen-
Bank. The evolutionary distances were calculated using the 
Maximum Composite Likelihood method, and the evolution-
ary history was estimated using Neighbor-Joining method in 

MEGA11. At each node, the percentage of bootstrap scores 
from 1000 replicates is indicated. APLPV, American plum line 
pattern virus; PNRSV, prunus necrotic ringspot virus; LChV-1, 
little cherry virus 1; PBNSPaV, plum bark necrosis stem pit-
ting-associated virus; BIShV, blueberry shock virus; SPCSV, 
sweet potato chlorotic stunt virus; AiPoV1, air potato virus 1; 
CP, coat protein
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obtained from PM1 revealed a dominance of bacteria 
(80.76%), followed by viruses (11.46%) and archaea 
(0.73%). In PM2 bacteria predominated (94.01%) fol-
lowed by archaea (1.36%) and viruses (0.15%). Simi-
lar patterns were observed in PM3, PM4 and PM5as 
of PM2 while the virus percentage was very low (0.02 
to 0.06%). Among plant viral communities, APLPV 
was found to be dominant over the PNRSV in the 
PM1 (Fig. S3). PBNSPaV dominated over LChV-1 
and ACLSV in PM2 (Fig. S4). No plant viruses and 
viroids were detected in PM3, PM4 and PM5 (Fig. 
S5, S6, S7).

Confirmation of viruses by RT‑PCR and Sanger 
sequencing

RT-PCR and Sanger sequencing of cloned viral frag-
ments was done to validate the presence of virus and 
viroid contigs identified through HTS. ACLSV was 
detected in PM1, PM2 and three other plum samples 
of the same orchard from where PM1 and PM2 HTS 
data were obtained (Fig.  2a, Table  3). PNRSV was 
identified in all three PM1 samples while APLPV 
was detected only two PM1 plum sample (Fig.  2b, 
c, Table 3). In PM2, PBNSPaV was confirmed in all 

three plum samples while LChV-1 was identified in 
two plum sample (Fig. 2d, e, Table 3). RT-PCR of a 
housekeeping gene using Nad5-s and Nad5-as prim-
ers showed equal expression of Nad5 gene in all plum 
samples (Fig.  2f). Upon several attempts we could 
not validate the presence of HSVd in both PM1 and 
PM2 using RT-PCR. In addition, the infection of 
PNRSV, APLPV, LChV-1, PBNSPaV and ACLSV 
was confirmed by Sanger sequencing results. The 
cloned viral fragments of PNRSV, APLPV, LChV-1, 
PBNSPaV and ACLSV showed maximum 87.53%, 
85.11%, 82.85%, 85.56% and 92.30% sequence 
identity with PNRSV (MK392166; Bulgaria; sweet 
cherry), APLPV (EF494413; Lebanon; Prunus 
avium), LChV-1 (KR080325; South Korea; peach), 
PBNSPaV (LC523037; Australia; Prunus avium) and 
ACLSV (KX579123; Germany; apple), respectively.

The validation work was carried out using 
additional samples, namely PM6 to PM25, col-
lected in June 2023 and PM26 to PM41 collected 
in May 2024 in the same field of Srinagar, Jammu 
& Kashmir from where the original PM1 and PM2 
HTS samples were collected (Table  3). RT-PCR 
was performed for APLPV, PNRSV, LChV-1,  
PBNSPaV, ACLSV and HSVd. RT-PCR results  

Fig. 2   Results of RT-PCR showing amplification of par-
tial fragments of a) CP of ACLSV, b) CP of PNRSV, c) CP 
of APLPV, d) CP of PBNSPaV, e) RdRp of LChV-1CP and 
f) nad5 as internal control, from plum samples using specific 
primer pairs mentioned in Table 1. Lane M, 100 bp DNAlad-
der, lane M1, 1  kb DNA ladder; lane 1, PM1; lane 2, PM2; 
lane 3, PM3; lane 4 and 5, other samples from same orchard 

of PM1; lane 6 and 7, other samples from same orchard of 
PM2; lane 8, PM4; lane 9, PM5 and lane 10, negative con-
trol. APLPV, American plum line pattern virus; PNRSV, 
prunus necrotic ringspot virus; LChV-1, little cherry virus 1; 
PBNSPaV, plum bark necrosis stem pitting-associated virus; 
ACLSV, apple chlorotic leaf spot virus; CP, coat protein; 
RdRp, RNA dependent RNA polymerase
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revealed that APLPV, PNRSV, LChV-1, PBNSPaV 
and ACLSV were present in varying frequencies 
in 36 plum samples (Fig. 3a-e, Table 3). Out of 36 
plum samples, 35 were positive for APLPV and all 

36 samples tested positive for PNRSV respectively 
(Fig. 3a and Fig. 4a, Fig. 3b and Fig. 4b, Table 3). 
LChV-1 and PBNSPV were found in 27 and 33 
plum samples, respectively (Fig.  3c and Fig.  4c, 

Fig. 3   Results of RT-PCR showing amplification of partial 
fragments of a) CP of APLPV, b) CP of PNRSV, c) RdRp of 
LChV-1CP, d) CP of PBNSPaV, e) CP of ACLSV in 20 plum 
samples, namely PM6 to PM25 (Lane 1–20), collected in June 
2023 from Srinagar, Jammu & Kashmir. Lane M, 100 bp DNA 
ladder; Lane M1, 1 kbp DNA ladder; Lane 21, positive con-

trol; Lane 22, negative control. CP, coat protein; RdRp, RNA-
dependent RNA polymerase; APLPV, American plum line pat-
tern virus; PNRSV, prunus necrotic ringspot virus; LChV-1, 
little cherry virus 1; PBNSPaV, plum bark necrosis stem pit-
ting-associated virus; ACLSV, apple chlorotic leaf spot virus

Fig. 4   Results of RT-PCR showing amplification of partial 
fragments of a) CP of APLPV, b) CP of PNRSV, c) RdRp of 
LChV-1CP, d) CP of PBNSPaV, in 16 plum samples, namely 
PM26 to PM41 (Lane 1–16), collected in May 2024 from Sri-
nagar, Jammu & Kashmir. Lane M: 1Kb DNA ladder; Lane 17, 

positive control; Lane 18, negative control. CP, coat protein; 
RdRp, RNA-dependent RNA polymerase; APLPV, Ameri-
can plum line pattern virus; PNRSV, prunus necrotic ringspot 
virus; LChV-1, little cherry virus 1; PBNSPaV, plum bark 
necrosis stem pitting-associated virus
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Fig.  3d and Fig.  4d, Table  3), while ACLSV was 
detected only in 8 plum samples (Fig. 3e, Table 3). 
Despite several attempts HSVd could not be ampli-
fied in RT-PCR.

Discussion

Since plum trees are propagated vegetatively, cuttings 
and grafting may lead to the spread and accumulation 
of viruses. Several viruses have been reported from 
plum (Amenduni et  al., 2005; Chandel et  al., 2011; 
García et al., 2014; Jo et al., 2017, 2020; Rana et al., 
2010). The overall process of producing clean plant 
material must include virus detection and cleaning 
of viral pathogen. HTS is a better tool to determine 
the virus spectrum in the plant and once the whole 
virus spectrum is known, targeted virus detection by 
methods such as RT-PCR, ELISA, RPA and CRISPR/
Cas12a can be employed. Until now, the presence 
of ACLSV and PNRSV have been reported in plum 
from India (Chandel et al., 2013; Rana et al., 2010). 
However, HTS-based technology could identify 
near complete sequence of five viruses (PNRSV, 
APLPV, LChV-1, PBNSPaV and ACLSV) and one 
viroid (HSVd) and the presence of APLPV, LChV-1, 
PBNSPaV and HSVd is being reported for the first 
time in plum from India. Recently HTS identified 
six viruses namely ACLSV, LChV-1, PeVD, PLPaV, 
PNRSV, PBNSPaV and one viroid i.e. HSVd in 
plum cultivars from Korea (Jo et al., 2020). RT-PCR 
assessment of 36 plum samples showed the presence 
of APLPV, PNRSV, LChV-1, PBNSPaV and ACLSV 
in varying frequencies.

RNA isolation and Ribo-zero treatment for the 
removal of abundance of rRNA before library 
preparation is crucial for efficient virome analy-
sis in plants. Ribo-zero treatment facilitates the 
detection of low abundance transcripts (Petrova 
et  al., 2017). Our study clearly indicated the 
detection of near complete sequences of APLPV, 
PNRSV, LChV-1, PBNSPaV and ACLSV and a 
viroid namely HSVd in Ribo-zero treated librar-
ies. Despite obtaining near-complete genomes of 
PBNSPaV and HSVd, the coverage was very low. 
The virome (viral metagenomics) primarily relies 
on de novo assembly of short sequencing reads to 
recover compositional and functional information 
(Sutton et  al., 2019). To identify near complete 

sequences of known or unknown viruses from dis-
eased fruit crops, de novo assemblers are used now 
a days (Di Gaspero et  al., 2022; Jo et  al., 2015, 
2018; Sidharthan et  al., 2020). Trinity, SPAdes 
and MEGAHIT assemblers identified a similar 
number of viruses, but MEGAHIT had more virus 
sequence coverage than Trinity and SPAdes in our 
study. PBNSPaV and ACLSV were recovered par-
tially using Trinity and SPAdes while these viruses 
were nearly completely identified when MEGA-
HIT assembler was used. Using multiple assem-
blers has advantages because viruses that evade 
detection by one assembler may be detected by the 
other (Massart et al., 2019).

APLPV was first reported in the United States 
(Paulsen & Fulton, 1968), and it was further 
recorded in Canada and several Mediterranean 
countries, including Italy, Tunisia, Albania, Leba-
non and Palestine (Alayasa et al., 2003; Myrta et al., 
2002). Recently APLPV has been reported from 
flowering cherry (P. serrulata) in Japan (Candresse 
et al., 2017). In our study, APLPV was confirmed in 
plum sample collected from ICAR-CITH, Srinagar 
and phylogenetic analysis showed its close resem-
blance with other APLPV reported from Italy in P. 
salicina. Similarly, LChV-1 and PBNSPaV were 
detected in plum samples of SKUAST, Srinagar. 
LChV-1 was first identified from Germany in sweet 
and sour cherry (Keim-Konrad & Jelkmann, 1996) 
and later it was detected in apricot, almond, plum 
and peach from other countries such as Italy, Czech 
Republic, Iran, Morocco and Chile, however, it was 
assumed that LChV-1 infection was latent (Fiore 
et  al., 2018; Matic et  al., 2007; Pourrahim & Far-
zadfar, 2018; Šafářová et  al., 2020, 2022; Tahzima 
et  al., 2019). The evolutionary study of LChV-1 
and PBNSPaV from India revealed close resem-
blance with LChV-1 and PBNSPaV reported from 
Peach in South Korea and P. domestica in Australia, 
respectively. APLPV, LChV-1 and PBNSPaV are 
known to be transmitted only by infected propagat-
ing materials (Marini et  al., 2002; Šafářová et  al., 
2022). It may be speculated that APLPV, LChV-1 
and PBNSPaV came to India through imported 
plant materials. Further, the taxonomic classifica-
tion by Kraken2 has shown the validation of the 
virus and viroid reads present in plum HTS data. 
Despite having limitations in terms of accuracy and 
sensitivity when counting the amount of plant viral 
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reads present, it was nevertheless able to recognise  
the plant viral species that were present in the 
HTS data. It has previously been determined that 
Kraken2’s performance is enough for identifying 
microorganisms (Bush et al., 2020; Hadzega et al., 
2021).

The mutation rate in RNA viruses is very high, 
up to a million times more frequently than their 
hosts, that enhances their virulence and make them 
capable of evolving into new species (Duffy, 2018). 
As a result of the mutation, quasispecies of vari-
ants are produced (Schneider & Roossinck, 2001). 
The characteristics of the viral population are influ-
enced by the viral quasispecies, which are a collec-
tion of diverse variants (Lauring & Andino, 2010). 
Viruses adapt to their environments by acquiring 
novel SNVs as well as recombination events such 
as insertions, deletions, and duplications (Wang 
et  al., 2022). SNV is a single nucleotide substitu-
tion for another, which can be common in one pop-
ulation but very rare in another population. SNV 
analyses revealed the mutation frequency for each 
virus contigs. The SNVs were more frequently 
found in PM1 and the highest SNVs were reported 
for RNA3 of PNRSV. Additionally, MP had more 
SNVs compared to CP. The lowest SNV i.e., 1 
was recorded for PBNSPaV in PM2. The exist-
ence of more variations in the PM1 sample may be 
the cause of the larger number of SNVs found in 
PNRSV RNA3. The broad host range and diverse 
cellular environments provide opportunities for 
plant viruses to adapt and accumulate SNVs, lead-
ing to the presence of multiple genetic variants of 
the same virus.

RNA3 segment of both the ilarviruses showed 
highest accumulation compared to other RNA frag-
ments such as RNA1 and RNA2 in PM1. RNA4 is 
a subgenomic RNA of RNA3 that encodes CP. The 
study showed that the higher accumulation of RNA3 
in PNRSV is due to the increased expression of CP 
from subgenomic RNA4. In contrast, for APLPV, 
the higher accumulation of RNA3 is due to the 
increased expression of MP transcribed by RNA3. 
Therefore, we cannot conclude that the higher accu-
mulation of RNA3 in PNRSV and APLPV RNA3 
in PM1 is solely due to the higher expression of CP 
from subgenomic RNA4. The virus CP’s primary 
function is to form the capsid, which protects the 
virus genome from degradation. This may be one 

of the reasons why CP is expressed more than other 
viral genes in infected plant cells. Earlier studies 
through small RNA sequencing revealed that CP 
transcription unit is not a hotspot for RNA silencing 
which can result in a very high accumulation of CP 
in infected cells (Akbergenov et al., 2006; Aregger 
et al., 2012).

Despite of several attempts we could not vali-
date the presence of HSVd in all the samples (PM1 
- PM41) using RT-PCR. This may be due to pres-
ence of low concentration of viroid in the samples. 
As the HTS on Illumina platform was performed at 
high depth of coverage, the viroids of low concen-
tration were recovered, which might not be detected 
in RT-PCR.

Finally, the study provides a comprehensive 
overview of viral diversity in plum in India and 
describes HTS-based virus detection in plum plants. 
APLPV, LChV-1 and PBNSPaV were reported for 
the first time from India in plum. Moreover, FPKM, 
SNVs and phylogenetic analysis contribute valu-
able knowledge on the virus richness, mutations and 
genetic diversity of plum viruses. The findings con-
tribute to our understanding of plum viral pathogens 
and will aid in virus indexing and certification for 
commercial plum cultivars. More research is needed 
to understand ecological virology and host-virus 
interactions to determine the virus pathogenicity in 
the host as well as other related fruit crops. Further 
studies are required to check whether these viruses 
are causing a decline in the quality and quantity of 
fruit production in these areas.
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