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Next-generation sequencing-based detection reveals Erysiphe necator-
associated virus 1 in okra plants
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Feb. 17, 2024 Erysiphe necator _is a devastating fungal _ph_ytopathqgen that h_as
caused powdery mildew on several genera within the Vitaceae family
worldwide. In the current investigation, next-generation sequencing
Accepted: of RNA extracted from the okra crop, besides the bioinformatics
analysis, was operated to examine the virome associated with the

Mar. 12,2024 | okra crop. Although E. necator fungus was not identified in the okra
tissues, the mycovirus-related sequence of Erysiphe necator-
Published: associated virus 1 was detected. This mycovirus sequence showed a

high similarity ranging between 80.38-93.48% and 100% coverage
Mar. 18,2024 | with the four distinct global isolates of the Erysiphe necator-
associated virus 1. This genomic data postulates comprehension of
the existence of the mycoviruses in plant hosts without their primary
host, the fungus. To our knowledge, this is the first identification of
Erysiphe necator-associated virus 1 in Iraq.
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Introduction

Fungal viruses, also known as mycoviruses, are viruses that may infect fungi or
replicate inside fungal cells. Since the first recorded identification of a mycovirus in
1962 [1], various mycoviruses have been detected across various fungal species, in-
cluding some important in plant pathology [2]. Mycoviruses typically consist of dou-
ble-stranded RNA (dsRNA). However, some may have positive single-stranded RNA
(+ssRNA), negative single-stranded RNA (-ssRNA), or circular single-stranded DNA
genomes [3]. Mycoviruses are classified into 13 families, with double-stranded RNA-
containing viruses falling into five families and single-stranded RNA-containing vi-
ruses falling into six families. Viruses with RNA reverse-transcribing genomes may
be categorized into two distinct families, while viruses having single-stranded circu-
lar genomes are classified under the Genomoviridae family [4]. Several mycovirus-
associated double-stranded RNAs remain unclassified within any known family. The
examination of dsRNA obtained from fungal tissue is a prevalent technique employed
to identify and describe mycoviruses. This 1s because single-stranded RNA viruses
generate dsSRNA replicative intermediates as part of their life cycle, but fungal tissue
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usually lacks large dsRNA molecules [5].

Erysiphe necator Schw. (formerly known as Unicinula necator (Schw.) Burr.) is a
notable plant pathogen that causes powdery mildew disease in plants of the Vitaceae
family, such as grapevines (genus Vitis) [6]. The existence of this may lead to signifi-
cant reductions in grape production and quality. Specifically, the V. vinifera species is
highly susceptible to this fungus. Mycoviruses that cause hypovirulence in E. necator
may provide viable options for reducing dependence on chemical fungicides [7].
Viruses have been detected by the utilization of enzyme-linked immunosorbent as-
says (ELISA) and/or reverse-transcription polymerase chain reaction (RT-PCR). RT-
PCR has greater sensitivity compared to ELISA, which increases the probability of
underestimating the viral load in wild plants when primarily depending on ELISA [8].
Nevertheless, the efficacy of RT-PCR is limited by the prerequisite of prior acquaint-
ance with viral sequences [9]. The absence of established techniques further compli-
cates the detection of viruses in plants using RT-PCR and ELISA. In conjunction
with bioinformatics, next-generation sequencing (NGS) methods enable concurrently
identification of both recognized and unrecognized viruses and mycoviruses in crops.
This methodology has been effectively utilized in diverse research endeavors and has
the potential for identifying mycoviral sequences in plant specimens[10, 11, 12].

This study aimed to investigate okra viral infection in Iraq. Advanced genetic se-
quencing technology, namely high-throughput sequencing (HTS) (sometimes referred
to as next-generation sequencing (NGS)), in conjunction with bioinformatic analysis,
was applied to discover virome associated with okra crop.

Materials and Methods
Plant samples

A survey was conducted during the 2022-2023 season at different okra fields in
Baghdad province, Iraq. The goal was to collect samples of okra plants displaying
signs of viral infection. Thirty afflicted okra plants were chosen at random for har-
vest. Randomly collected leaf samples were obtained from many okra plants in each
field. The samples were conserved and sent in RNAprotect Tissue Reagent (Qiagen,

Germany) for further analysis using next-generation sequencing (Total RNA-seq)
[13,14].

Virus Sequencing, Assembly, and Annotation

The RNeasy Plant Mini Kit (Qiagen, Hilden, North Rhine-Westphalia, Germany)
isolated total RNA from 100 mg of symptomatic leaf tissue. After extracting RNA,
ribosomal RNA was removed using the Ribo-Zero Plant kit. Following that, cDNA
libraries were produced with Illumina's TruSeq Stranded whole RNA kit, and se-
quencing was carried out on an Illumina HiSeq 4000 platform, producing pair-ended
reads (2 x 150 bp) at Macrogen Inc. (Teheran-ro, Gangnam-gu, Seoul, Republic of
Korea). The raw readings were subjected to preprocessing using BBDuk adapt-
er/quality trimming tool version 38.84 to remove adapters and low-quality reads.
Those sequences aligned with the okra genome (4belmoschus esculentus; GCA 0350
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48815.1). The unmapped reads were built using the Velvet assembler version 1.2.10
in Geneious Prime® 2023.2.1 [15]. The contigs underwent BLAST searches against
an adapted viral sequences database (obtained from NCBI in January 2024) and the
whole NCBI non-redundant protein sequences (nr) database. All viral genomes, in-
cluding their associated terminal sequences, were assembled using Geneious Prime
2023.0.1 [16]. Additionally, the unmapped reads were aligned in the reference-based
assembly method with the 11 chromosome sequences of Erysiphe necator
(CM045619.1 to CM045629.1) operating Geneious Prime 2023.0.1.
Phylogenetic Analysis

Phylogenetic studies employed RNA-dependent RNA polymerase (RdRp) sequenc-
es from recently discovered and previously recorded mycoviruses from different gen-
era obtained from the NCBI GenBank. The MUSCLE method was used to perform
alignments of nucleotide and amino acid sequences. The phylogenetic connections
were determined using the neighbor-joining (NJ) technique in MEGA X, using 1,000
bootstrap replications [17].

Results and Discussion
High throughput sequencing and detection of mycovirus-related sequences

The sequence datasets obtained included 25,461,526 and 28,781,862 high-quality
short-read sequences after trimming. The unmapped sequences were subjected to
constructing contigs using de novo assembly, producing 55,704 contigs. Although
there were no contigs similar to the chromosomes of E. necator, the BLASTn and
BLASTx investigations identified contigs that closely resembled sequences of Ery-
siphe necator virus species (EnVSs). The BLASTn analysis of the Iraqi sequence dis-
played high identity ranging between 80.38 to 93.48% with sequences of EnVSs spe-
cies 1,3,4 and 5 (Table 1). However, it was most similar to Erysiphe necator-
associated virus 1 species, with percentage identity and query cover reaching 93.48%
and 100%, respectively.

Table (1): Sequence and similarity analysis of the Iraqi Erysiphe necator associ-
ated virus 1 isolate Iraq-1 sequence with the other related EnVSs sequences

Description Query | Percentage Accession
Cover | identification Number
Erysiphe necator associated virus 1
isolate PMS13 DN222, complete ge- 100% 93.48% MNG611681.1
nome
Erysiphe necator associated virus 4
isolate PMS4 DN1011, complete ge- 100% 84.13% MN611684.1
nome

Erysiphe necator associated virus 3

Y 0
isolate PMS2 97, complete genome 100% 81.53% MNG611683.1
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Erysiphe necator associated virus 5

isolate PMS5 DN3225, complete ge- 100% 80.38% MNG611685.1
nome
Riboviria sp. solate 100% 79.88% MN033318.1

H2 Bulk 36 scaffold 6157 sequence

Riboviria sp. isolate
H1 Rhizo 26 FD scaffold 24795 93% 79.37% MNO032694.1
sequence

Additionally, the Iraqi Erysiphe necator-associated virus was further examined for
open reading frames (ORFSs), revealing a single extensive ORF that may encode pro-
teins consisting of 209 amino acids (aa). Comparative searches of the NCBI database
using the BLASTx program revealed that the proteins produced by this large open
reading frame (ORFs) encode the RNA-dependent RNA polymerase (RdRp), showed
sequence similarities ranging from 66.51% to 99.04% with RdRp of RNA viruses be-
longing to the five species of EnVSs (EnVS 1, EnVS 2, EnVS 3 EnVS 4, and EnVS
5; Table 2). Therefore, the obtained sequence was deposited into the GenBank data-
base under accession number PP352232.1.

Table (2): Similarity of the RdRp protein sequence of the Iraqi Erysiphe ne-
cator-associated virus compared with other identical protein sequences

Description Query | Percentage Accession
Cover | identification| Number
RNA-dependent RNA polymerase | 15500 | 100000 | QKI79983.1
[Erysiphe necator associated virus 1]
RNA-dependent RNA polymerase 150/ | 84970, | QKI79987.1
[Erysiphe necator associated virus 5]
RNA-dependent RNA polymerase o o
[Erysiphe necator associated virus 4] 100% 84.91% QK179986.1
RNA-dependent RNA polymerase | 5500 | g4 970, | QKI79985.1
[Erysiphe necator associated virus 3]
RNA-dependent RNA polymerase 0 o
[Erysiphe necator associated virus 2] 9% 60.04% QKI79984.1
RNA'dep?ﬁ?ﬁ?iﬁjﬁ‘pp]"lymerase 90% 5585% | QDHB6582.1
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OKI79988.1_RNAdependent_RNA_polymerase_[Erysiphe_necator_associated_virus_4]
OKI79985.1_RNAdependent_RNA_polymerase_[Erysiphe_necator_associated_virus_3]
JQKI79887.1_RNAdependent_RNA_polymerase_[Erysiphe_necator_associated_virus_5]
The_raqi_RMAdependent_RNA_polymerase_[Erysiphe_necator_associated_virus] . Pairwise identity (%)
QKI79982.1_RNAdependent_RNA_polymerase_[Erysiphe_necator_associated_virus_1]
JQKI79884.1_RNAdependent_RNA_polymerase_[Erysiphe_necator_associated_virus_2]
JQDH85582.1_MAG__RNAdependent_ RNA_polymerase_[Riboviria_sp.]
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Figure (1): The similarity percentage among the RdRp protein sequence of the Iraqi
EnVS (indicated with a black dot) compared with other identical protein sequences of
related viruses. This figure was built using the Sequence Demarcation Tool version
1.2.

Phylogenetic analysis

The amino acid sequence of the putative RdRp from the virus linked to Iraqi
EnVS was compared to analogous sequences from five additional Erysiphe necator-
associated viruses discovered in GenBank. A phylogenetic tree was created using the
NJ technique based on this multiple-sequence alignment. Figure 2 demonstrates the
strong relationship between the Iraqi EnVS and Erysiphe necator-associated virus 1
(QKI79986.1). Within that group, they also clustered with other species of Erysiphe
necator-associated virus 5, 3, and 4 (QKI79987.1, QKI79985.1, and QKI79986.1 re-
spectively). This outcome strongly suggests that the Iraqi mycovirus belongs to the
species Erysiphe necator-associated virus 1.
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Figure (2): Phylogenetic analysis of the Iraqi EnVS (indicated with a black dot). A
phylogenetic tree was built based on the RdRp amino acid sequences of Erysiphe ne-
cator viruses.

In the last 15 years, high-throughput sequencing (HTS) has been applied success-
fully to detect viruses in many hosts, including filamentous fungi [18, 19, 20]. In the
current study, HTS was combined with bioinformatics analysis to investigate the oc-
currence of virome sequences associated with okra crops. This method enabled a
comprehensive analysis of mycoviral sequences linked to the okra plant. Although
previous reports discovered the existence of dsSRNA and virus-like particles within
the E. necator fungus [21, 22], comprehensive analyses regarding the mycoviruses
within fungi are very limited, particularly in Iraq. However, the current investigation
showed the presence of uncharacterized mycovirus-related sequences, assigned as
Erysiphe necator virus sequences 1. The specific terminal nucleotides of these se-
quences were not determined. However, based on the size and characteristics of the
open reading frame (ORF) that encodes RdRp sequences, it may be deduced that
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these sequences are almost entirely intact. Further investigation will be required to
confirm the accurate end nucleotides of these sequences.

E. necator was not identified in the current investigation as a fungus associated
with the okra crop. However, EnVS 1 was detected independently of its fungal host,
presenting a potential discrepancy in the results. Nevertheless, a study [23] has
demonstrated the capacity of mycoviruses to reproduce within plant cells, hence car-
rying significant evolutionary consequences. The study provides experimental data
demonstrating that some mycoviruses, particularly those classified under the Partiti-
viridae and Totiviridae families, can reproduce within plant cells without altering
their nucleotide sequence or indications of adapting to the host. The study also noted
that the Partitivirus PaPV1, which could only replicate in specific plant cells, signifi-
cantly increased RNA accumulation in BY?2 cells, indicating host specificity.

This study demonstrates the presence of mycoviruses in okra plants, even in the
absence of its typical fungus host, E. necator. This finding improves our understand-
ing of the range of mycoviruses present in this economically significant host. The ac-
quired insights might play a crucial role in predicting viral disease outbreaks in dif-
ferent crops and the transmission of viruses and their possible alternate hosts, includ-
ing fungi. Additional research is required to clarify the connection between the my-
covirus discovered in this study, the E. necator fungus, and the okra crop.
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