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Abstract

Background The choice of de novo assembler for high-throughput sequencing (HTS) data remains a pivotal fac-
tor in the HTS-based discovery of viral pathogens. This study assessed de novo assemblers, namely Trinity, SPAdes,
and MEGAHIT for HTS datasets generated on the lllumina platform from 23 apple samples, representing 15 exotic
and indigenous apple varieties and a rootstock. The assemblers were compared based on assembly quality metrics,
including the largest contig, total assembly length, genome coverage, and N50.

Results MEGAHIT was most efficient assembler according to the metrics evaluated in this study. By using multi-
ple assemblers, near-complete genome sequences of citrus concave gum-associated virus (CCGaV), apple rubbery
wood virus 1 (ARWV-1), ARWV-2, apple necrotic mosaic virus (ApNMV), apple mosaic virus, apple stem pitting virus,
apple stem grooving virus, apple chlorotic leaf spot virus, apple hammerhead viroid and apple scar skin viroid were
reconstructed. These viruses were further confirmed through Sanger sequencing in different apple cultivars. Among
them, CCGaV, ARWV-1 and ARWV-2 were recorded from apples in India for the first time. The analysis of virus richness
revealed that ApNMV was dominant, followed by ARWV-1 and CCGaV. Moreover, MEGAHIT identified novel single-
nucleotide variants.

Conclusions Our analyses highlight the crucial role of assembly methods in reconstructing near-complete apple
virus genomes from the lllumina reads. This study emphasizes the significance of employing multiple assemblers
for de novo virus genome assembly in vegetatively propagated perennial fruit crops.
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Background

Apple (Malus domestica) is an economically impor-
tant fruit crop grown in temperate regions of the world,
including India. India is the 5™ largest apple producing
country in the world and produced 2,589,000 metric tons
of apples from a 315,000 ha area in 2021-2022 (https://
agriwelfare.gov.in/en/StatHortEst, Department of Agri-
culture and Farmers Welfare, Ministry of Agriculture
and Farmers Welfare, Government of India). Jammu
and Kashmir and Himachal Pradesh are the major apple
growing states of India.

Globally, over twenty viruses and viroids infecting
apple trees have been documented [1, 2]. Apple mosaic
virus (ApMYV), apple necrotic mosaic virus (ApNMYV),
apple chlorotic leaf spot virus (ACLSV), apple stem
grooving virus (ASGV), apple stem pitting virus (ASPV),
apple rubbery wood virus 1 (ARWV-1), ARWV-2, citrus
concave gum-associated virus (CCGaV), apple scar skin
viroid (ASSVd) and apple hammerhead viroid (AHVd)
are of possible economic importance [1, 2]. Apple trees
are vegetatively propagated that allows the transmission
and accumulation of viruses through cuttings and graft-
ing practices. The latent viruses such as ASGV, ASPV
and ACLSV don’t produce symptoms in most commer-
cially grown apple cultivars [3, 4]. In susceptible varieties,
however, these viruses produce various symptoms, such
as stem grooving, malformation of young leaves, leaf epi-
nasty or deformation at top grafting unions. Leaf mosaic
and dappled fruit symptoms are caused by ApNMYV and
ASSVd in apple cultivars, respectively [5, 6].

During infection, RNA viruses naturally accumulate
random genetic variants due to their mutation rates being
up to a million times higher than those of their hosts [7].
This high mutation rate increases their pathogenicity and
ability to evolve into new species, leading to quasispe-
cies diversity [8, 9]. The viral quasispecies, a collection
of various variants, determine the properties of the viral
population [10]. High-throughput sequencing (HTS) can
identify unknown or novel viruses using de novo assem-
blers and study the virus variants. Virome studies rely on
de novo assembly methods because of uncharacterized
viral sequences and the absence of a universal marker
gene. Metagenomic assemblers use de Bruijn graph
(DBG) approaches to efficiently handle complex datasets,
however, microbial metagenomes present challenges
that can complicate DBG assembly processes, leading to
fragmentation and misassembling [11, 12]. Virome data
includes viral genomes with abundant repeat regions,

hypervariable regions associated with host interactions,
and high mutation rates, causing increased metagenomic
complexity and strain diversity [13].

The extent of variations in assembly quality among dif-
ferent assemblers has not been previously documented
for plant viruses infecting vegetatively propagated peren-
nial fruit crops. The present study provides a thorough
analysis of the effectiveness of three de novo assemblers
for virus genome assembly using 23 paired-end Illumina
datasets generated from apple trees and nursery plants.
We employed various assembly quality metrics, such as
the largest contig, overall assembly length, genome cov-
erage percentage and N50, to compare assemblers. It was
found that the number of variants in contigs retrieved
using different assemblers varies significantly, and that
there were differences in variants between assemblers for
the same sample. For the first time, we report the identifi-
cation and detection of CCGaV, ARWV-1, and ARWV-2
from apple trees in India. Additionally, we identified
several other viruses and viroids infecting apple plants,
including ASPV, ASGV, ACLSV, ApNMYV, ApMYV,
ASSVd, and AHVd.

Results

Sample preparation, library construction and RNA
sequencing

To study virus infection in apple trees, twenty-three sam-
ples from 15 cultivars were examined. Ten apple samples
showed mosaic symptoms, while the remaining samples
were asymptomatic (Table 1). The statistical HTS data-
sets, including raw sequence reads, high-quality reads,
host unaligned reads, Q20, Q30 and GC percentage are
detailed in Table 2.

Performance of different de novo assemblers

Assembly quality

To assess assembly quality across various assemblers,
two de novo transcriptome assemblers (Trinity and
SPAdes) and a de novo metagenome assembler (MEG-
AHIT) were selected (Table S1). The BLASTn results
showed the identification of near-complete genome of
ACLSV, ASGV, ASPV, ApNMV, CCGaV, ApMV, ARWV-
1, ARWV-2, AHVd and ASSVd using all three assem-
blers. MEGAHIT produced the largest number of contigs
(183,901), whereas SPAdes generated the fewest (10,332),
indicating a substantial 17-fold difference (Table S1).
The recovery of genome fractions varied greatly among
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Table 1 List of symptomatic and asymptomatic apple samples of different cultivars with their HTS code collected from Himachal
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Pradesh and Jammu and Kashmir

Location

ICAR-
IARI,
Shimla,
Himachal
Pradesh,
India

ICAR-
CITH,
Srinagar,
Jammu
and
Kashmir,
India

HTS code and
apple cultivar

Al, Golden
Delicious

A2, Red Fuji

A3, Royal
Delicious

A4, Red
Gravenstein

A5, Gala Mast

A6,
Gala Mast

A7, Spartan

A8, Spartan

A9, Gala Red
Lum

A10, Ambri

All, Ambri

Al12, Coe Red
Fuji

2 NA not available

Symptoms

Mosaic

Mosaic

Mosaic

Mosaic

Mosaic

Asymptomatic

Mosaic

Asymptomatic

Asymptomatic

Asymptomatic

Mosaic

Asymptomatic

Leaf sample

Location

ICAR-
CITH,
Srinagar,
Jammu
and
Kashmir,
India

SKUAST,
Srinagar,
Jammu
and
Kashmir,
India

Nursery,
Kulgam,
Jammu
and
Kashmir,
India

HTS code
and apple
cultivar
Al3,
Starkrimson

Al4, Oregon
Spur

Al5, Oregon
Spur

Al16, M9
rootstock

Al17, Golden
Delicious

A18, Golden
Delicious

Al9,
American
Apirouge

A20, Coe Red
Fuji

A21, Gala
SchniCo Red

A22, King
Roat

A23,Z1

Symptoms

Asymptomatic

Asymptomatic

Mosaic

Asymptomatic

Mosaic

Asymptomatic

Mosaic

Asymptomatic

Asymptomatic

Asymptomatic

Asymptomatic
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Leaf sample
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Fig. 1 Comparison of de novo assemblers (Trinity, SPAdes and MEGAHIT) for the reconstruction of virus and viroid genome sequences. A Fraction
of virus and viroid genome assembly by three assemblers. B Alignment of longest virus and viroid contigs assembled by diffrerent assmblers. ACLSY,
apple chlorotic leaf spot virus; ASGV, apple stem grooving virus; ASPV, apple stem pitting virus; AbNMV, apple necrotic mosaic virus; CCGaV, citrus

concave gum-associated virus; AHVd, apple hammerhead viroid

assemblers (Fig. 1a and Fig. S1). MEGAHIT recovered a
large fraction (>99%) of ACLSV, ASGV, ASPV, ApNMYV,
and CCGaV genomes in 10, 10, 14, 6, and 5 libraries,
respectively (Fig. 1a and Table S2). Conversely, SPAdes
assembled a substantial genome fraction (>99%) in 3, 5,
5, 3, and 2 libraries for ACLSV, ASGV, ASPV, ApNMYV,
and CCGaV, respectively (Fig. 1a and Table S2). On the
other hand, Trinity achieved a larger genome fraction
(>99%) of ACLSV, ASGV, ASPV, ApNMYV, and CCGaV
genomes in 2, 9, 2, 1, and 5 libraries, respectively (Fig. 1a
and Table S2). Trinity, MEGAHIT, and SPAdes success-
fully reconstructed a substantial portion (100%) of the
AHVd genome in 11, 7, and 1 library, respectively, among
the 15 HTS libraries where AHVd contigs were identi-
fied (Fig. 1a and Table S2). ARWV-1 and ASSVd con-
tigs appeared in two HTS datasets, whereas ApMV and
ARWV-2 contigs were found in just one. ApMV showed
a genome fraction (>99%) from SPAdes and MEGAHIT

assembly, while MEGAHIT achieved a large fraction
recovery (>99%) of ARWV-2. For ARWYV-1, Trinity and
SPAdes assembled a large fraction (>99%), and Trinity
alongside MEGAHIT assembled large fraction (100%) of
ASSVd genome (Fig. S1a and Table S2).

MEGAHIT achieved genome recovery rates of 71%
(10/14) for ACLSV, 83% (10/12) for ASGV, 77.8% (14/18)
for ASPV, 50% (6/12) for ApNMYV, and 55.6% (5/9) for
CCGaV, all with genome coverage exceeding 99% by a
single contig. Similarly, Trinity demonstrated genome
recovery rates of 14.3% (2/14) for ACLSV, 75% (9/12) for
ASGV, 11.1% (2/18) for ASPV, 8.3% (1/12) for ApNMYV,
and 55.6% (5/9) for CCGaV, with genome coverage sur-
passing 99% through a single contig. SPAdes, on the other
hand, exhibited genome recovery rates of 21.4% (3/14) for
ACLSV, 41.7% (5/12) for ASGYV, 27.8% (5/18) for ASPYV,
25% (3/12) for ApNMYV, and 22.2% (2/9) for CCGaV, all
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through a single contig while achieving genome coverage
exceeding 99% (Table S2).

MEGAHIT was more efficient in assembling ACLSYV,
ASGV, ASPV, ApNMV, ApMV and ARWV-2 contigs,
while all three assemblers were complementary in
assembling CCGaV, ARWV-1, AHVd and ASSVd con-
tigs (Fig. 1b, Fig. S1b and Table S3).

Quality matrices

The N50 values ranged from 305 to 1,118 (Fig. S2 and
Table S1). The smallest N50 value (305) was identified
in the A21 HTS dataset assembled by Trinity, while the
largest N50 value (1,118) was identified in the A4 HTS
dataset assembled by MEGAHIT. Specifically, Trinity
N50 values ranged from 305 in the A21 HTS dataset
to 553 in the A23 HTS dataset. SPAdes N50 values
ranged from 389 in the A6 HTS dataset to 840 in the
A2 HTS dataset. MEGAHIT provided better N50 val-
ues which ranged from 849 in the A21 HTS dataset to
1,118 in the A4 HTS dataset (Fig. S2 and Table S1).
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Virus/viroid genome coverage

The virus and viroid contigs assembled by Trinity, SPAdes
and MEGAHIT were compared in 23 HTS datasets.
While MEGAHIT successfully achieved greater genome
coverage and longer contig lengths of ASGV, ACLSYV,
ASPV, ApNMYV, CCGaV, ApMV, and AHV4, it encoun-
tered challenges in assembling ASSVd, CCGaV RNAI,
and ARWV-1 segment S in a single apple HTS sample
(Table S4).

Perceived viral richness

The impact of different assemblers on virus copy num-
bers and fragments per kilobase of transcript per million
mapped reads (FPKM) values was assessed using three
sets of HTS data (Fig. 2a and b). The virus contigs identi-
fied from Trinity, SPAdes, or MEGAHIT were employed
as reference genomes for read mapping. The mapped
reads were then utilized to calculate virus abundance
within the HTS datasets. In most instances, the choice of
assemblers had no significant effect on virus copy num-
bers. However, in few cases, both SPAdes and MEGAHIT
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Fig. 2 Comparision of virus copy numbers (A) and FPKM (B) in three apple HTS smaples. The virus contigs assembled throguh three different
assembles including Trinity, SPAdes and MEGAHIT were used as reference to calculate individual virus copies and FPKM in each apple samples.
ACLSV, apple chlorotic leafspot virus; ASGV, apple stem grooving virus; ASPV, apple stem pitting virus; AbNMV, apple necrotic mosaic virus; ApMY,

apple mosaic virus; CCGaV, citrus concave gum-associated virus
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assembled contigs exhibited higher viral copy numbers
compared to those assembled by Trinity. Notably, the
MEGAHIT assembly of the ASGV contig in the A2 HTS
dataset displayed the highest copy numbers (Fig. 2a). In
contrast, the Trinity-assembled CCGaV RNA1 in the A3
HTS dataset showed the highest FPKM values (Fig. 2b).
Furthermore, among the 23 apple HTS datasets, ApNMV
RNA1 exhibited the highest copies (15,446.55) and
FPKM values (345,656.26) in A20 and A19, respectively
for viruses, while AHVd displayed the highest copies
(78,992.41) and FPKM values (2,301,912.81) in A5 and
A12, respectively for viroids (Table S5).

Single nucleotide variants (SNVs)

To explore unique variants specific to each assembler, a
comparison of the variants identified by the three assem-
blers was conducted. We analysed the impact of assem-
blers on virus SN'Vs in five apple HTS datasets. ApNMV
RNA1 contigs assembled through Trinity, SPAdes and
MEGAHIT were selected. In two sets of HTS data, a con-
sistent number of variants across all three assemblers
was observed. However, unique SN'Vs were identified in
two HTS samples when SPAdes and MEGAHIT were
utilized. In one of the HTS datasets, unique SN'Vs were

nnnnn

a
LG S VU B N B N

b MEGAHIT MEGAHIT MEGAHIT
A1 A2 A3
ApNMV RNA1
T

A1

A3

A4

T

A5
s

M
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specifically observed when the MEGAHIT assembler was
used (Fig. 3a). Trinity, SPAdes and MEGAHIT identified
207 and 28 SNVs in ApNMV RNALI in the A2 and A3
HTS datasets, respectively (Fig. 3a). In the A1 HTS data-
set, two distinct SNVs (G>C and G>C) were detected
exclusively when employing the MEGAHIT assembler. In
the A4 HTS dataset, the use of both SPAdes and MEGA-
HIT revealed three unique SNVs (T>A, T>A, and G > A)
(Fig. 3b). Additionally, in the A5 HTS dataset, SPAdes
and MEGAHIT identified an additional 16 and 18 SN'Vs,
respectively (Fig. 3a and b). Moreover, among the 23
apple HTS datasets, ASPV exhibited highest number of
SNVs (813) in Al (Table S5).

Phylogenetic analysis

Phylogenetic analysis showed that the CCGaV identified
in A3, A5, A9, and A21 HTS data shared a close genetic
relationship with CCGaV previously reported in apples
from Brazil. In contrast, the CCGaV identified in A17
and A23 HTS data exhibited a close relationship with the
CCGaV reported in apples from Italy (Fig. 4a). ARWV-1
identified in the present study in A13 HTS data grouped
together with Belgium isolate of ARWV-1 (OK398019)
(Fig. 4b). Further, the ApNMYV found in 11 HTS datasets

7m| |mes
\ i
Nt o
MEGRHIT

MEGARIT
A4 A5

YV VY

T>A T5A G>A
il

§29%

T>A T>A G>A
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AGA460HL6>84%L 50

A4 458845 %628
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T7797709772999%

W

Fig. 3 Genomic variants discrepancies among three de novo assemblers (Trinity, SPAdes and MEGAHIT). A Unique and overlap of variants of apple
necrotic mosaic virus (ApNMV) RNAT among Trinity, SPAdes and MEGAHIT assemblies in five apple HTS smples including single nucleotide
variants (SNVs). B Identification of common and novel SNVs in ApNMV RNAT from five apple HTS datasets. Unique SNVs are highlighted in boxes
along with their corresponding nucleotide substitutions. Grey filled box shows ApNMV RNAT genome and brown bars represent SNVs. T, Trinity; S,

Spades; M, MEGAHIT
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MK940541 CCGaV RNAT RdRp Apple Mishima Brati
OP547337 CCGaV RNAT RdRp Apple Brazil
ORB01698 CCGaV RNA1 RdRp Apple Gala Mast India
99 OR832286 CCGaV RNAT RdRp Apple Gala Red Lum India
MK40540 CCGaV RNAT RdRp Apple Gala Brazil
91 OR889830 CCGaV RNA1 RdRp Apple Gala SchniCo Red India
OR763051 CCGaV RARP RNAT Apple Royal Delicious India
85M2926713 CCGaV RNAT RdRp Apple China
MW281502 CCGaV RNAT RARp Apple USA
MH038042 CCGaV RNAT RARp Apple USA
8 MW334941 CCGaV RNAT RARp Malus species USA
. OR839837 CCGaV RNA1 RARp Apple Z1 India
199 5889811 CCGaV RNA1 RdRp Apple Golden Delicious India
OK495690 CCGaV RNAT RdRp Apple Fuii laly
88 MG764563 CCGaV RNAT RdRp Citrus sinensis ltaly
47/ MH137740 CCGaV RNA1 RARp Gitrus China
100 KX960112 CCGaV RNA1 RdRp Citrus ltaly
NC 035758 CCGaV RNAT RdRp Citrus sinensis laly
MW148457 CiVA RNAT RARp Gitrus Greece

g/ 09QRT34969 ASPV RARP Apple Red Fuii ndia
ORE2278 ASPY RARP Appl Spartan India
MW561491 ASPV RdRp Apple Chi

of
7700~ LCATS1S0 ASBY RoRp Pyus pyriolia Souih Korea
KU308398 ASPV RdRp Pear Chin:

S NC 003462 ASPV RdRp Pear Germany
54 FRESMEE ASPV RdRp Apple Ind\a
9% \SPV RdRp Appl

522472 ASPV RaRp Appl Red Ful China

i AS ¢ Gala Brazi
5 MNGSTS52 ASPY Raip Apple Oregan Spur ndia
100 ORB17716 ASPV RdRp Apple Red Gravenstein India
100 quKzanes ASPV RdRp Apple China
039 ASPV RdRp Appl China
KEA1S056 ASPY Rofes A &
5 ORBB9B17 ASPV Rdp Apple Goldon Delious ncia
Tho  OR8B880D ASPV RaRtp Apple Oregon Spur
n MZ148073 ASPV RdRp Apple Canada
100 OR889836 ASPV RdRp Apple Z1 Indla
oo ABD4SSTT ASPY Rao Appl Japan
Lt

Japan
100 MK923755 ASPV RdRp App\e Mishima Brazi
MN131073 ASPV RdRp Pear
10§65 ORB832291 ASPV RdRp Avvll Suvkrvmson India
OR880834 ASPY RaRp Apple King Roat incia

MZ148052 ASPV RdRp Apple Can:
10000~ OR734SE2 ASPY ReRp Apple ‘Golden Doiious ndia
50

OR889804 ASPV RdRp Apple Oregon Spur India
o6 ORTG304S ASPY RARp Apl Royal Dolcious India
KF321967 ASPV RdRp Apple Germany

NG 20560 POV Rephiae Pramia persica USA

g7 ORT34975 ApMV RNAT Replicase Apple Red Fuji India
77 KY965061 ApMY RNAT Replicase Apple Canada
430 KY985059 ADMV RNAT Repicase Applo Ganada
MINB22137 ApMV RNAT Replicase Apple Golden Delicous India
56 HES74162 ApMV RNA1 Replicase Apple India
6957 NC 003464 ApMV RNA1 Replicase Apple Golden Delicious USA
KY965060 ApMV RNAI Replicase Apple Canada
KY883318 ApMV RNAT Replicase Prunus Australia
ON165235 ApMV RNAT Replicase Rose Mexico
Ll 0Q674156 ApMV RNA1 Replicase China rose China
i MZ320193 ApMV RNA1 Replicasee Strawberry USA
b MZ320194 ApMV RNA1 Replicase Strawberry USA
MZ320192 ApMV RNA1 Replicase Strawberry USA
MZ451026 PNRSV RNAT Replicase Prunus Ganada

b

NC 055390 ARWV-1 Segment L RdRp Apple Canada
9%

5oMFO62136 ARWV-1 Segment L RdRp Apple Canada
95 OK398019 ARWV-1 Segment L RdRp Apple Belgium
ob OROE9795 ARWV-1 Segment L RRp Apple Starkrimson india
MWS507818 ARWV-1 Segment L RdRp Apple China

100

MK936227 ARWV-1 Segment L RdRp Apple Mishima Brazil
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67 MG924896 ApNMV RNA1 Replicase Apple China
k. KYB08391 ADNMY RNA1 Replicase Apple China
KYB08385 ADNMV RNA1 Replicase Apple China
& MG924894 APNMV RNA1 Replicase Crabapple China
99 MN023210 ApNMV RNAT Replicase Apple China
85 MN656198 ApNMV RNAT Replicase Hawthom China
NC 040469 ADNMV RNA1 Replicase Apple Japan
08 KY808388 ADNMV RNA1 Replicase Apple China
@ OP19626 ADNMY RNAT Replicase Apple China
0 0d<Y808379 AGNMV RNAT Replicase Apple China
KY808376 ADNMV RNA1 Replicase Apple China
MG924395 ApNMV RNA1 Replicase Apple China
OR734972 ApNMV RNA1 Replicase Apple Red Fuji India
OR763048 ApNMV RNA1 Replicase Apple Royal Delicious India
1004PR734965 ApNMV RNA1 Replicase Apple Golden Delicious India
| "ORBB9827 ApNMV RNA1 Replicase Apple Coe Red Fuji India
7%~ OR889823 ApNMV RNA1 Replicase Apple American Apirouge India
99 OR889818 APNMV RNA1 Replicase Apple Golden Delicious India

SF KY808382 ApNMV RNA1 Replicase Apple China

MF062130 ARWV-1 Segment L RdRp Apple Canada

MK936230 ARWV-2 Segment L RdRp Apple Gala Brazil

010 ORB889803 ASGV ORF1 Apple Oregon Spur India
MZ126532 ASGV ORF 1 Apple Canada
100 MK481977 ASGV ORF1 Apple China
e MK481981 ASGV ORF1 Apple China f

61 ORB889826 ASGV ORF1 Apple Coe Red Fuji India
gA OR832279 ASGV ORF1 Apple Spartan India
MZ126541 ASGV ORF1 Apple Canada
63 OR734964 ASGV ORF1 Apple Golden Delicious India
'OR832288 ASGV ORF1 Apple M9 root stock India
'OR889798 ASGV ORF1 Apple Oregon Spur India
MZ126527 ASGV ORF1 Apple Canada
Sﬁ MW592375 ASGV ORF1 Apple China
MK929791 ASGV ORF1 Apple Mishima Brazil
99 OR889832 ASGV ORF1 Apple King Roat India
of OP535345 ASGV ORF1 Apple Fuji Brazil
OP535346 ASGV ORF1 Apple Gala Brazil
99 9g8MK923757 ASGV ORF1 Apple Gala Brazil
12127820 ASGV ORF1 Apple Maharaji
100 OR734970 ASGV ORF1 Apple Red Fuji India
67 JX080201 ASGV ORF1 Apple Germany
LT160740 ASGV ORF1 Apple India
OR832289 ASGV ORF1 Apple Starkrimson India
s LC475148 ASGV ORF1 Pear South Korea
99 100 OR763046 ASGV ORF1 Apple Royal Delicious India
99 ORB01696 ASGV ORF1 Apple Gala Mast India
99/ NC 001749 ASGV ORF1 Apple Japan
OP535347 ASGV ORF1 Apple Brazil
99 KR185346 ASGV ORF1 Pear China
KU198289 ASGV ORF1 Pear China
MW328738 Breadiuit capillovirus 1 ORF1 Artocarpus altis Argentina

8

0.050
97 OR889801 AHVd Apple Oregon Spur India

WZ344575 ARG Apple Canada
78 MZ344574 AHVd Apple Canada
a9 ORB01694 AHV Apple Coe Red Fujindia
s OPB20576 AHVA Apple Gala Bra:
45 OR832292 AHVA Apple Starkrimson India
ME402938 AUV Appl Pacic Gala Carada
g MT127884 AHVd Apple Chin
ON56420 AHVG Apple Sampion Gzech Republic
9% MH049331 AHVA Apple Spain
78 MH049330 AHVd Apple ltaly
85 OR832285 AHVA Apple Gala Red Lum India
ORB01693 AHVd Apple Ambri India
53 AHVd Apple Royal Delicious India
52 L.C579906 AHVd Apple China
7§ Opsasass AHva Appe ezl
570R832281 AHVA. partan India
Yoo Rod Ful India
lgium
68 g MN786529 AHVd Apple Golden Delicious India
100 OR889802 AHVd Apple Oregon Spur India
1Vd Apple Oregan Spur India
ORB01695 AHVd Apple Gala Mast India
OR817722 AHVd Apple Spartan India
OR817721 AHVd Apple Gala Mast India
MG770884 GLVd Grapevine Htaly

0.050
010

84~ OR832262 APNMV RNAT Replicase Apple Spartan India
98- MN832844 ADNMV RNAT Replicase Apple Oregon Spur India
74jPR801699 ADNMV RNA1 Replicase Apple Gala Mast India
10889805 APNMV RNAT Replicase Apple Oregon Spur India
100ORB89814 ApNMV RNA1 Replicase Apple Ambri India
OR817718 ApNMV RNA1 Replicase Apple Red Gravenstein India
MZ451029 PNRSV RNA1 Replicase Prunus Canada

0050

0.050

100 OR832280 ACLSV Replicase Apple Spartan India
100~ OR817717 ACLSV Replicase Apple Red Gravenstein India
OR832290 ACLSV Replicase Apple Starkrimson India
MK368736 ACLSV Replicase Apple China
LC533838 ACLSV Replicase Apple Japan
OR889833 ACLSV Replicase Apple King Roat India
0Q731902 ACLSV Replicase Malus sylvestris Germany

100 OP547330 ACLSV Replicase Apple Fuji Brazil

MK929794 ACLSV Replicase Apple Gala Brazil
ORB889821 ACLSV Replicase Apple American Apirouge India
KC847061 ACLSV Replicase Apple China
ORB889799 ACLSV Replicase Apple Oregon Spur India
MZ126497 ACLSV Replicase Apple Canada
MN872427 ACLSV Repiicase Apple Fuii Aztec India
OR734963 ACLSV Replicase Apple Golden Delicious India
100 MZ126513 ACLSV Replicase Apple Canada
MZ126506 ACLSV Replicase Apple Canada
MZ126489 ACLSV Replicase Apple Canada
OR801697 ACLSV Replicase Apple Gala Mast India
100 OK340219 ACLSV Replicase Malus sylvestris Germany
2126491 ACLSV Replicase Apple Canada
MK929796 ACLSV Replicase Apple Braeburn Brazil
OR734971 ACLSV Replicase Apple Red Fuj India
KX506849 ACLSV Replicase Apple South Korea
OR763047 ACLSV Replicase Apple Royal Delicious India
100 MZ126479 ACLSV Repiicase Cherry Canada
100 M2126478 ACLSV Replicase Cherry Canada
105 MF069041 ACLSV Replicase Cherry Czech Republic
00 LC522977 ACLSV Replicase Prunus avium Australia
69 LC522979 ACLSV Replcase Prunus avium Australia
LC522976 ACLSV Replicase Prunus avium Australia
M2221029 PeMV Replicase Peach Canada

62 EUB25613 ASSVd Apple Sauth Korea
LC276943 ASSVd Apple South Korea
FM208141 ASSVd Apple India
FM176285 ASSVd Apple India
EU031464 ASSVd Apple China
NC 001340 ASSV Apple Guoguang China
GQ249349. ASSVd Apple Royal Gala Greece
58 1974069 ASSVd Sweet cherry Greece
£4F 1974065 ASSVd Cherry Greece
74, FM208139 ASSVA Apple India
OK505005 ASSVd Apple South Korea
MZ148098 ASSVd Apple Canada
FJ974004 ASSVA Pear Gresce.
68 MW315909 ASSVA Apple China
MW297141 ASSVd Apple Fuj China
AY872082 ASSVd Apple Rals Janet China
OR734968 ASSV Applo Golden Delicious India
OR734978 ASSVd Apple Red FujiIndia
MZ202348 ASSVd Appls laly
DQ362907 ASSVd Apple Fuji China
MG770884 GLVd Grapevine Haly

Fig. 4 Phylogenetic trees showing the relationship of (A) RdRp of CCGaV, (B) RdRp of ARWV-1, (C) replicase of AobNMYV, (D) RdRp of ASPV, (E) RdRp
of ASGV, (F) replicase of ACLSV, (G) replicase of ApMV, (H) AHVd and (I) ASSVd, under study (bold fonts) with other isolates of CCGaV, ARWV-1,
ApNMV, ASPV, ASGV, ACLSV, ApMV, AHVd and ASSVd. Evolutionary distances were computed using the Maximum Composite Likelihood method,
and the evolutionary tree was constructed using the Neighbor-Joining method in MEGA11. Bootstrap scores, derived from 1000 replicates, are
displayed at each node. CCGaV, citrus concave gum-associated virus; ARWV-1, apple rubbery wood virus 1; AbNMV, apple necrotic mosaic virus;
ASPV, apple stem pitting virus; ASGV, apple stem grooving virus; ACLSV, ApMV, apple mosaic virus; AHVd, apple hammerhead virus; ASSVd, apple
scar skin viroid; CiVA, citrus virus A; ARWV-2, apple rubbery wood virus 2; PNRSV, prunus necrotic ringspot virus, PCMV, peach chlorotic mottle virus;
PcMV, peach mosaic virus; GLVd, grapevine latent viroid; RdRp, RNA dependent RNA polymerase

exhibited a close genetic relationship with ApNMV
previously reported in apples from India (MN832844)
(Fig. 4c). The ASPV sequences identified in 14 HTS data-
sets were associated with various isolates of ASPV of
apple from Brazil, Canada, China, Germany, and Japan
(Fig. 4d). The ASGYV sequences detected in 11 HTS data-
sets shared genetic similarities with different isolates of
ASGV reported in apple from Brazil, Canada, Germany,
Japan, and South Korea (Fig. 4e). Among the 10 HTS
datasets containing ACLSV, nine were linked to various
isolates of ACLSV of apple from Canada, China, Ger-
many, India, Japan, and South Korea. Interestingly, one
HTS dataset contained an ACLSV variant that shared

genetic resemblance with ACLSV reported in cherry and
Prunus avium from Australia, Canada, and the Czech
Republic (Fig. 4f). Moreover, ApMV identified in this
study clustered together with ApMV isolate (KY965061)
infecting apple in Canada (Fig. 4g).

Thirteen AHVd genome sequences identified in this
study exhibited close genetic similarities with various
isolates of AHVd from apples reported in Belgium, Bra-
zil, Canada, China, India and Italy (Fig. 4h). The AHVd
sequences (OR763053) identified from Shimla (Himachal
Pradesh) clustered together with AHVd (LC579906)
reported in China, while the AHVd reported from Jammu
and Kashmir grouped with different AHVd isolates from
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Belgium, Brazil, Canada, India and Italy (Fig. 4h). The
AHVd (OR889802) reported from the Oregon Spur cul-
tivar of apple exhibited closest similarities to the AHVd
previously reported from the same cultivar in Jammu
and Kashmir, India. In addition, the phylogenetic analysis
of two ASSVd genome sequences in this study revealed
a close genetic relationship with ASSVd (MZ202348) in
apple from Italy (Fig. 4i).

Confirmation of HTS-identified viruses using RT-PCR

RT-PCR following Sanger sequencing of cloned viral
fragments was performed to confirm the presence of
virus contigs detected through HTS (Table S6). RT-PCR
results showed the presence of CCGaV and ApNMV in
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all 20 apple samples (A3-A23) collected from Jammu
and Kashmir (Fig. 5 and Table S6). ARWV-1, ASPV,
ASGV and ACLSV were detected in 18, 18, 17 and 10
apple samples of Jammu and Kashmir, respectively
(Fig. 5). Moreover, RT-PCR results of 10 apple samples
obtained from Himachal Pradesh indicated the pres-
ence of CCGaV, ApNMYV, ASPV, ASGV and ACLSYV,
each at varying frequencies (Fig. S3).

The cloned fragments of CCGaV, ApNMV, ARWV-1,
ASPV, ASGV and ACLSV shared maximum of 99.8%,
96.94%, 99.3%, 98.42%, 99.75% and 98.4% sequence identities
with CCGaV (MK940540), ApNMV (MN832844), ARW V-1
(MF062138), ASPV (KF735118), ASGV (OK338684) and
ACLSV (OK340219), respectively.

12 13 14

-ve] M1 13 14 15 16 17 18 19 20 -ve
=

CCGaV

13 14 15 16 17 18 19 20 -ve
ApNMV

13 14 15 16 17 18 19 20 -ve
ARWV-1

s 4 15 16 18 19 20 -ve |
ASPV

13 14 15 16 18 19 20 -ve
ASGV
ACLSV

Fig. 5 RT-PCR results showing amplification of partial genomic region of RdRp of CCGaV, replicase of AbNMV, and CP of ARWV-1, ASPV, ASGV

and ACLSV from 20 apple samples namely A4 to A23 (lane 1-20) collected from Jammu and Kashmir, using specific primer pairs mentioned

in Table S7. Lane M, 100 bp DNA ladder; lane M1: 1 kb DNA ladder, -ve, negative control. CCGaV, citrus concave gum-associated virus; ApNMV, apple
necrotic mosaic virus; ARWV-1, apple rubbery wood virus 1; ASPV, apple stem pitting virus; ASGV, apple stem grooving virus; ACLSV, apple chlorotic

leaf spot virus; RdRp, RNA dependent RNA polymerase; CP, coat protein
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Discussion

Comparing de novo assemblers involves assessing their
performance and characteristics in reconstructing accu-
rate and complete genomic sequences from raw sequenc-
ing data. This evaluation is crucial for choosing the most
suitable assembler for a particular dataset. Numer-
ous studies have compared metagenomic assemblies
from bacterial, human and animal sources, highlight-
ing the substantial influence of assembler selection on
downstream analysis and the accuracy of reconstructed
metagenomes [13-17]. This observation is equally per-
tinent to the plant viral metagenomes, emphasizing the
critical significance of precise and comprehensive assem-
blies. The assembly step is particularly crucial in virome
studies, which face numerous challenges. In this study,
we conducted a performance comparison of the Trin-
ity, SPAdes and MEGAHIT assemblers in the context of
plant viral metagenomics utilizing 23 apple HTS data-
sets. Trinity specializes in de novo transcriptome assem-
bly, while SPAdes excel in assembling sequences from
both single-cell and multi-cell datasets. MEGAHIT, by
contrast, is distinguished by its exceptional speed and
memory efficiency, specifically optimized for short-read
metagenomic assembly [18—20]. Our comparative analy-
sis provided insights into the strengths and weaknesses of
each assembler in handling plant viral metagenomic data,
thereby guiding the selection of the most suitable tool for
future studies in this domain.

Fragmented assemblies of individual genomes within
microbial communities pose obstacles to subsequent
analysis and constrain the inferences that can be drawn
from metagenomic data, including assessments of taxo-
nomic and functional profiles [21]. To address these
challenges, we evaluated several metrics, including per-
centage genome coverage, genome recovery rates, the
generation of larger continuous alignments via single
contigs, and N50 values for each assembler. Our analysis
revealed that MEGAHIT demonstrated superior perfor-
mance in several key areas. It produced the longest viral
contigs, recovered a higher fraction of the viral genome,
achieved a greater genome recovery rate, and obtained
higher N50 values compared to Trinity and SPAdes.
Additionally, MEGAHIT captured greater viral richness,
as indicated by copy number and FPKM, and identified
novel SNVs more effectively. These findings are consist-
ent with observations from the SARS-CoV-2 genome
assembly study, where metagenomic assemblers (MEGA-
HIT and metaSPAdes) outperformed other assemblers
[15]. By providing a detailed comparison of these met-
rics, our study highlights the efficacy of MEGAHIT in
the context of plant viral metagenomics, suggesting its
potential as the assembler of choice for similar datasets
in future research.
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In our analysis of HTS datasets, we detected SNVs,
providing insights into the mutation frequency within
virus contigs. We found unique SN'Vs in apple HTS sam-
ples using SPAdes and MEGAHIT. This parallels with
the observations in the SARS-CoV-2 genome assembly,
where MEGAHIT and metaSPAdes also detected unique
SNVs [15]. The presence of SNVs and short InDels varies
among assemblers, potentially linked to the assembler’s
‘aggressiveness’ [22]. Variations introduced by assem-
blers can affect downstream comparative genomics, such
as pan-genome comparisons and phylogenetic tree con-
struction using de novo genome assemblies [15].

The N50 value represents the shortest contig length
required to cover 50% of the genome. We observed con-
siderable disparities in N50 values among the different
assemblers. MEGAHIT consistently exhibited the highest
N50 values in comparison to Trinity and SPAdes across
all samples. MEGAHIT also assembled longer single con-
tigs in terms of length compared to SPAdes and Trinity.
However, our study demonstrated that relying on a single
de novo assembler results in an inability to assemble the
complete sequences of all viruses or viroids present in the
sample.

Apple is a perennial fruit crop of significant economic
importance. It is susceptible to various pathogens,
with more than twenty viruses and viroids known to
infect apple trees worldwide [1]. In this study, the near-
complete genome of ASPV, ASGV, ACLSV, ApNMYV,
ApMYV, CCGaV, ARWV-1, ARWV-2, ASSVd and AHVd
were obtained and among them CCGaV, ARWV-1, and
ARWYV-2 have been identified in apple for the first time
in India. Our study provides a comprehensive virome
profile compared to a previous study done in apple in
India [23]. ASGV, ASPV, and ACLSV are considered
latent infections, often not causing visible symptoms in
most commercially cultivated apple varieties [24, 25].
These viruses lack known natural vectors for transmis-
sion, and their spread within apple orchards or nurseries
primarily occurs through grafting. Since apple trees are
frequently propagated vegetatively through techniques
like cuttings and grafting, this can facilitate the transmis-
sion and accumulation of viruses [1, 26, 27]. Early detec-
tion and eradication of viruses in nurseries and orchards
are essential measures to halt their propagation and
ensure the production of virus-free planting material. In
our HTS analysis, all the apple cultivars exhibiting either
mosaic symptoms or those that were asymptomatic
showed the presence of viruses and/or viroids. Specifi-
cally, ApNMV was detected in apple cultivars displaying
mosaic symptoms, such as Golden Delicious (A1), Red
Fuji (A2), Royal Delicious (A3), Red Gravenstein (A4),
Gala Mast (A5), Spartan (A7), Ambri (A11), Oregon Spur
(A15), and American Apirouge (A19). However, Golden
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Delicious (A17) displaying mosaic symptoms did not
contain ApNMV contigs, while asymptomatic apple cul-
tivars like Golden Delicious (A18), Oregon Spur (Al4),
and a nursery apple cultivar, Coe Red Fuji (A20), showed
the presence of ApNMV contigs. This indicates the
importance of HTS-based detection of viruses in plants
with or without symptoms.

CCGaV is being reported in apple from India for
the first time. It was first reported from Italy in citrus
trees and belongs to the genus Coguvirus of the family
Phenuiviridae. It has a bipartite genome consisting of one
negative-strand RNA (RNA1) and one ambisense RNA
(RNA2). RNA1 encodes the RdRp, while RNA2 encodes
the movement protein (MP) and the nucleocapsid protein
(NP) [28]. Recently, CCGaV has been identified in apple
trees from China, Italy and the USA [29-31]. ARWV-1
and ARWV-2 are members of the genus Rubodvirus in
the family Phenuiviridae and have a tripartite single-
stranded negative-sense RNA genome with L, M, and S
segments encoding RdRp, MP, and NP, respectively. Both
are associated with rubbery wood disease in apple trees.
ARWYV-1 was first reported in 2018 from Germany and
USA and was later identified in apple trees from China
[32, 33]. ARWV-2 has been found in apple trees exhib-
iting decline disease in the United States, as well as in
symptomless trees from a global apple collection, and
apple trees cultivated in China [31, 34].

Various diagnostic methods have been employed to
detect viruses linked to diverse crop diseases. Common
methods for virus detection include serological tech-
niques like enzyme-linked immunosorbent assay, molec-
ular methods such as PCR and RT-PCR, isothermal
approaches like recombinase polymerase amplification,
and the application of CRISPR/Casl2a [35-39]. How-
ever, these techniques necessitate the use of polyclonal/
monoclonal antibodies and prior knowledge of the tar-
geted virus sequences. Since apple trees are perennial
and can be susceptible to multiple pathogens simultane-
ously, there is a need for a diagnostic approach capable
of detecting all potential pathogens in a single analysis.
To address these challenges, HTS technology emerges as
a valuable tool for the detection of both known and novel
viruses. Our study revealed the comprehensive virome
profile of apple and identified new viruses, including
CCGaV, ARWV-1, and ARWV-2, which were not previ-
ously reported in India.

Finally, the confirmation of the identified viruses was
achieved through RT-PCR and Sanger sequencing, and
with minor exceptions, the results aligned with those
inferred from the HTS datasets. RT-PCR-based assays
showed a clear dominance of CCGaV and ApNMYV, pre-
sent in almost every sample tested through RT-PCR fol-
lowed by ARWV-1, ASPV, ASGV and ACLSV. In some
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cases, we detected additional viruses through RT-PCR
that were not identified using HTS. This discrepancy
could be attributed to differences in sensitivity in the
two detection techniques [40]. Despite several attempts,
we could not confirm the presence of ARWV-2, ApMYV,
AHVd and ASSVd in the apple sample using RT-PCR.
While HTS is generally assumed to be more sensi-
tive than RT-PCR, our study showed that RT-PCR can
uncover additional viruses not found in HTS datasets.
An earlier study showed that HTS was less sensitive than
real-time RT-PCR for the detection of human respiratory
viral pathogens including bocavirus and enterovirus [41].
The advantages of HTS over RT-PCR are its ability to
provide immediate virus-typing information and identify
unknown viruses. RT-PCR is suitable for targeted gene
analysis and detecting very low-abundance targets, while
HTS is ideal for comprehensive virome analysis.

Conclusions

In conclusion, our analysis of 23 apple HTS datasets
using three de novo assemblers demonstrated that
MEGAHIT outperformed Trinity and SPAdes in han-
dling plant viral metagenomic data, producing longer
viral contigs, higher genome recovery rates, and superior
N50 values. The HTS analysis revealed the identifica-
tion of near-complete genome sequences of eight viruses
and two viroids, with CCGaV, ARWV-1, and ARWV-2
identified in apple for the first time in India. Most of the
reported viruses were confirmed through RT-PCR and
Sanger sequencing. RT-PCR screening results showed
CCGaV and ApNMV dominance, followed by ARWV-
1, ASPV, ASGV and ACLSV. Virus accumulation stud-
ies indicated that ApNMV exhibited the highest copy
numbers, followed by ARWV-1 and CCGaV. The phylo-
genetic analysis showed that the viruses identified in the
present study are closely related to viruses found in other
countries. Study confirmed the predominance of CCGaV
and ApNMYV, both of which were present in all samples,
while other viruses were detected in varying numbers
among the samples tested. Our study emphasizes the
pivotal role of assembly methods in constructing apple
virus genomes from Illumina reads and their influence on
reconstructing nearly complete viral genomes. This study
assists in choosing the best assembler for viral genome
assembly in perennial fruit crops.

Methods

Sample collection

Leaves from the symptomatic apple (M. domestica)
plants showing mosaic and necrotic symptoms, as well
as asymptomatic apple plants, were collected from the
experimental field of ICAR-Central Institute of Tem-
perate Horticulture (CITH; 33.98427° N, 74.80209° E),
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Sher-e-Kashmir University of Agricultural Sciences and
Technology (SKUAST, 34.14941° N, 74.88407° E), Srina-
gar, Jammu and Kashmir, a nursery in Kulgam district of
Jammu and Kashmir, India and ICAR-Indian Agricultural
Research Institute Regional Station, Dhanda (31.10589°
N, 77.11737° E), Shimla, Himachal Pradesh, India during
May 2022 (Table 1).

RNA extraction, library preparation and RNA sequencing

Total RNA was extracted from 10 symptomatic and 13
asymptomatic plant leaves of 15 apple varieties, com-
prising of both exotic and indigenous types, as well as
one rootstock, using a Spectrum’" Plant Total RNA Kit
(Sigma, USA) according to the manufacturer’s guidelines.
The quality of RNA was checked using a NanoDrop'
One Microvolume UV-Vis Spectrophotometer (Thermo
Scientific, USA). The integrity and quality of the RNA
were assessed using an Agilent 4150 TapeStation System
(Agilent, USA) and a Qubit 4 Fluorometer (Invitrogen,
USA). The rRNA depletion was done using Pan-Plant
riboPOOL kit (siTOOLs BIOTECH, Germany) as per
the manufacturer’s protocol. RNA with an RNA integrity
number greater than 5 and a DV200 score above 85% was
subjected to library construction. RNA-seq library prepa-
ration was done using a NebNext® Ultra™ I RNA Library
Prep Kit for Illumina® (NEB, USA), following the manu-
facturer’s protocol. Additionally, the library’s quality and

RNA-sequencing
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quantity were evaluated using an Agilent 4150 TapeSta-
tion and a Qubit 4 Fluorometer (Invitrogen, USA).
High-quality total RNA-Seq libraries were subjected to
paired-end sequencing (2% 150 bp) on a NovaSeq 6000
Sequencing System V1.5 (Illumina, USA). The details of
the experimental studies and bioinformatics pipelines are
outlined in Fig. 6.

De novo assembly, annotation and comparison of de

novo assemblers for the reconstruction of near-complete
genome sequences of viruses and viroids

The raw paired-end data (FastQ files) from each sam-
ple underwent quality assessment and preprocessing
using fastp (version 0.20.1) [42]. We used Bowtie2 (ver-
sion 2.4.5) to align the clean and filtered sequencing
reads to the M. domestica genome (ASM211411v1) [43].
For de novo assembly of the host’s unaligned sequence
reads, Trinity (version 2.8.5), SPAdes (version 1.3.3), and
MEGAHIT (version 1.2.9) were used with default param-
eters [18-20] (Fig. 6). To annotate the assembled con-
tigs, nonhuman virus sequences were downloaded from
NCBI (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/)
on October 29, 2022. For identification of potential pro-
tein coding genes in virus contigs, open reading frames
(OREFs) finder (https://www.ncbi.nlm.nih.gov/orffinder/)
was used. Virus and viroid contigs assembled through
different de novo assemblers in 23 apple HTS datasets

Bioinformatics pipelines

e N s
Raw sequence reads
Total RNA isolation —> Filtering and adaptor removal
(fastp 0.20.1)
. J N

High quality reads

~
—_
J
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Fig. 6 lllustration of RNA sequencing and bioinformatic workflows for apple virome analysis
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were compared. De novo assembled contigs representing
near-complete genome sequences of CCGaV, ApNMYV,
ApMYV, ASPV, ASGV, ACLSV, ARWV-1, AHVd, and
ASSVd were submitted to GenBank.

Comparing de novo assemblers for genome mapping,
variant calling, depth of coverage and virus richness

of assembled contigs

For the alignment of sequence data to the reference
virus and viroid genomes, the BWA-MEM algorithm
was employed [44]. Host-unmapped, filtered reads from
each individual sample were aligned against the reference
sequences of viruses and viroids. Virus and viroid specific
reads were then extracted from the resulting sequence
alignment map (SAM) files. These reads were used to
determine virus/viroid accumulation, depth of coverage,
copy number and FPKM. SAMtools was used to process
the aligned reads, generating an mpileup file for variants
calling. VarScan was used to identify SN'Vs and insertions
and deletions (InDels) from SAMtools mpileup data [45].
Variant calls (SN'Vs and InDels) were extracted from the
VCE file using bcftools with default parameters.

After obtaining the read count for each virus/viroid
from the SAM file, the percentage of reads per virus/
viroid was computed. This was achieved by dividing the
reads attributed to each specific virus/viroid by the total
reads encompassing all viruses and viroids, and then
multiplying by 100. The number of virus-associated reads
was multiplied by 150 bp and divided by the length of
each virus’ genome to get the copy number. The calcu-
lation of FPKM involved multiplying the read count for
each individual virus/viroid by 10° and dividing the result
by the total accumulated virus and viroid reads, which
were further multiplied by the length of the respective
virus/viroid [46].

The impact of different assemblers on virus copy num-
bers, FPKM values, and SN'Vs was assessed and com-
pared. The performance of de novo assemblers was
evaluated for genome coverage percentage, contig align-
ment length, and variant calling using the assembled
virus and viroid contigs as reference sequences.

Phylogenetic analysis

We selected RNA dependent RNA polymerase (RdRp)
gene of CCGaV, ARWV-1 and ASPV, replicase gene of
ApNMYV, ApMV and ACLSYV, and polyprotein gene of
ASGYV, and complete nucleotide sequences of AHVd
and ASSVd for the construction of phylogenetic den-
drogram. These nucleotide sequences were retrieved
from GenBank separately. These sequences along with
the virus and viroid contigs of present study under-
went multiple sequence alignment using ClustalW.
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Subsequently, phylogenetic trees were constructed using
Neighbor-Joining method with a bootstrap test (1000
replicates) and evolutionary distances were calculated
using the Maximum Composite Likelihood method,
expressed as base substitutions per site, in Molecular
Evolutionary Genetic Analysis version 11 [47].

Confirmation of viruses

To confirm the presence of HTS identified virus contigs
in the apple plant samples, RT-PCR was performed using
the same RNA employed for HTS and additional apple
leaf samples. Total RNA was isolated from apple plant
leaves using a Spectrum'" Plant Total RNA Kit (Sigma,
USA) following manufacturer’s instructions. RNA was
checked on non-denaturing agarose gel electrophoresis.
The quality and quantity of RNA were assessed using the
NanoDrop"" One Microvolume UV-Vis Spectrophotom-
eter (Thermo Scientific, USA). For first-strand ¢cDNA
synthesis, the FIREScript® RT cDNA synthesis kit (Solis
BioDyne, Estonia) was employed, following the manu-
facturer’s protocol. Subsequently, PCR was carried out
using 10 uM of each primer set (Table S7), 50 ng cDNA,
and 1X DreamTaq PCR Master Mix (Thermo Scientific,
USA). The PCR cycle conditions comprised an initial
denaturation at 94 °C for 4 min followed by 35 cycles of
denaturation at 94 °C for 45 s, annealing at 50-61 °C for
45 s (depending on the specific primer pairs) and exten-
sion at 72 °C for 30-45 s (depending on specific primer
pairs) and a final extension at 72 °C for 10 min (Table S7).
The amplified DNA was subjected to electrophoresis on a
1.6% agarose gel, stained with EtBr, and visualized using
a gel documentation system (Bio-Rad, USA). To further
analyze, the PCR amplicons were cloned into pGEM®-T
Easy Vector (Promega, USA), and 5, 8, 4, 7, 8 and 3 bac-
terial colonies of different samples having genomic frag-
ments of CCGaV, ApNMV, ARWV-1, ASPV, ASGV and
ACLSV were sequenced using Sanger sequencing tech-
nology. The sequences of the cloned fragments were then
checked using BLASTn.

Abbreviations

ACLSV Apple chlorotic leaf spot virus

AHVd Apple hammerhead viroid

ApMV Apple mosaic virus

ApNMV Apple necrotic mosaic virus

ARWV-1 Apple rubbery wood virus 1

ARWV-2  Apple rubbery wood virus 2

ASGV Apple stem grooving virus

ASPV Apple stem pitting virus

ASSVd Apple scar skin viroid

CCGav Citrus concave gum-associated virus
FPKM Fragments per kilobase of transcript per million mapped reads

HTS High-throughput sequencing
RT-PCR Reverse transcription polymerase chain reaction
SNVs Single nucleotide variants
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