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Abstract

:

Wheat (Triticum aestivum L.) is one of the most important staple crops in the world, along with maize and rice. More than 50 plant viruses are known to infect wheat worldwide. To date, there are no studies on the identification of viruses infecting wheat in Korea. Therefore, we investigated virome in wheat from three different geographical regions where wheat is mainly cultivated in Korea using Oxford Nanopore Technology (ONT) sequencing and Illumina sequencing. Five viral species, including those known to infect wheat, were identified using high-throughput sequencing strategies. Of these, barley virus G (BVG) and Hordeum vulgare endornavirus (HvEV) were consistently present in all libraries. Sugarcane yellow leaf virus (SCYLV) and wheat leaf yellowing-associated virus (WLYaV) were first identified in Korean wheat samples. The viruses identified by ONT and Illumina sequencing were compared using a heatmap. Though the ONT sequencing approach is less sensitive, the analysis results were similar to those of Illumina sequencing in our study. Both platforms served as reliable and powerful tools for detecting and identifying wheat viruses, achieving a balance between practicality and performance. The findings of this study will provide deeper insights into the wheat virosphere and further help improve disease management strategies.
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1. Introduction


Wheat (Triticum aestivum L.) grows well even in dry and barren environments and does not require much labor, making it easier to cultivate widely. It contains various bioactive compounds, making it one of the most important cereal crops in the world, in addition to maize and rice [1,2]. In Korea, per capita wheat consumption is 34.2 kg per year, which relies on imports for more than 95% of the requirement since the self-sufficiency rate is very low [3]. However, consumer preference for domestic wheat is increasing due to the development of new varieties and an increase in domestic wheat flour-derived food products [4].



Plant viruses are among the pathogens that infect wheat, and more than 50 plant viruses are known to infect wheat worldwide [5,6]. Symptoms of viral infection in wheat include discolored leaves, leaf mosaics, stunted plants, dwarfism, chlorosis, and leaf lesions. Further, yield loss in wheat is caused by reduced stands and decreased root development, water–use efficiency, plant vigor, and nutrient uptake [7,8]. Wheat stripe mosaic virus (WSMV), barley yellow dwarf virus (BYDV), cereal yellow dwarf virus (CYDV), soilborne wheat mosaic virus, and wheat spindle streak mosaic virus are known as economically important plant viruses infecting wheat worldwide [7,9,10,11]. These viruses were reported to reduce wheat yields by an average of 7–10% annually. In addition, WSMV is known to cause significant economic damage by causing up to 100% losses [12,13]. BYDV and CYDV cause yellow dwarf disease, among the most critical plant viruses worldwide. These viruses are transmitted persistently by aphids and are classified into ten different species, belonging to the genera Luteovirus (CYDV-RPS, and BYDV-RPV, -RMV), Polerovirus (BYDV-PAV, -PAS, -MAV, -kerII, and -ker III) or in the as-yet-unclassified genera (BYDV-GPV and BYDV-SGV) [7,14,15]. Despite the potential damage caused by plant viruses in wheat production, no comprehensive study has been conducted on the incidences and diversity of wheat viruses in Korea.



Various serological and molecular methods are commonly used to detect and diagnose plant viruses. However, since these approaches can only detect known target viruses, it is still a challenge to identify non-target or novel unknown viruses [16,17]. The limitations can be overcome by high-throughput sequencing (HTS) techniques combined with metagenomic analysis. HTS is a very powerful technology to accurately identify viral entities in plant samples, including viruses and viroids in symptomatic as well as asymptomatic plants without any prior knowledge [18,19]. HTS approaches have been utilized for discovery, diagnostic, and evolutionary studies over the past two decades. Several HTS platforms have been launched in the past few years, including second-generation platforms SOLiD, Roche 454, Illumina, and Ion Torrent, and third-generation platforms PacBio and Nanopore with longer reads [20,21,22].



The Illumina sequencing platform has taken a leading position as the most frequently applied HTS technology in plant virology research, including virus detection, discovery, or diversity studies and whole genome sequencing, due to its highest accuracy (>99.9%) and high throughput (from 2 to 750 Gb) [21,23]. Though the “high throughput” is not sufficient for virus diagnosis, high-end computer equipment and appropriate bioinformatics tools are also required to process hundreds of gigabases of massive output data consisting of short reads (from 50 bp to 300 bp) for de novo assembly and sequence alignment [24,25].



On the other hand, MinION, implemented by Oxford Nanopore Technologies (ONT), is a portable single-molecule sequencer designed for laboratories with limited resources and is being used as an efficient tool for plant virus diagnosis and identification [25,26,27]. Nanopore technology enables the sequencing of long-length reads (approximately 300 kb) in real-time by measuring information on voltage changes induced as a nucleic acid strand anchored by a molecular motor protein passes through a biological nanopore [28]. Earlier, the MinION used had an error rate of up to 15%; however, since the base-calling algorithm has been improved, a consensus accuracy of over 99.9% has been reported recently [29,30]. The flongle flow cells (up to 2.8 Gb of data per run) accessed using the flongle adapter to the MinION have relatively low performance, but their cost-effectiveness and portability make them a particularly attractive platform for low-throughput applications [31].



In this study, two methods from the HTS platform and a bioinformatics pipeline were used to detect and identify various plant viruses infecting wheat.




2. Results


2.1. Virus Identification by ONT Sequencing


The ONT sequencing was performed on libraries from three regions (Jeonbuk; JN, Jeonnam; JB, and Gyeonnam; GN), with 772,355 raw reads in the JN-ONT library, 490,030 raw reads in the JB-ONT library, and 1,177,844 raw reads in the GN-ONT library. The average read length for each library was 412.8 bp (JN-ONT library), 340.1 bp (JB-ONT library), and 325.1 bp (GN-ONT library) on average, with a maximum read length of 8222 bp (JN-ONT library), 12,301 bp (JB-ONT library), and 78,921 bp (GN-ONT library). Adapter trimming and quality filtering (>Q7) were performed on the raw reads, obtaining 761,277, 485,491, and 1,160,201 trimmed reads in the JN-ONT, JB-ONT, and GN-ONT libraries, respectively (Table 1).



Virus identification using the WIMP workflow from the trimmed reads obtained from the three libraries led to the identification of barley virus G (BVG) (27 reads), Hordeum vulgare endornavirus (HvEV) (258 reads), and sugarcane yellow leaf virus (ScYLV) (436 reads) from JN-ONT library, BVG (1864 reads), BYDV-PAV (3686 reads), and BYDV-PAS (2759 reads) from JB-ONT library, and BVG (6 reads), BYDV-PAV (20,721 reads), BYDV-PAS (448 reads), HvEV (55 reads), and ScYLV (845 reads) from GN-ONT library (Figure 1).




2.2. Virus Identification by Illumina Sequencing


HTS of the three libraries generated 5,478,870,712 bp (JN-Ill library), 5,931,982,150 bp (JB-Ill library), and 5,327,334,360 bp (GN-Ill library) raw paired-end reads. The number of virus-associated reads in the raw reads was 19,138 (JN-Ill library), 220,452 (JB-Ill library), and 120,742 (GN-Ill library). In addition, 21 (JN-Ill library), 38 (JB-Ill library), and 46 (GN-Ill library) virus-annotated contigs (Rank1, e-value ≤ 1 × 10−5) were obtained (Table 1).



BLASTN identified plant viruses with contigs from each library. BVG (JN-Ill library; 3614 reads, JB-Ill library; 9541 reads, and GN-Ill library; 826,563 reads), BYDV-PAS (JN-Ill library; 123 reads, JB-Ill library; 726,252 reads, and GN-Ill library; 154,902 reads), BYDV-PAV (JN-Ill library; 98 reads, JB-Ill library; 506,120 reads, and GN-Ill library; 155,769 reads), and HvEV (JN-Ill library; 9735 reads, JB-Ill library; 77,653 reads, and GN-Ill library; 4719 reads) were classified as common from all libraries in three regions. In addition, ScYLV (17,014 reads) from the JN-Ill library and ScYLV (19,219 reads) and WLYaV (14,577 reads) from the GN-Ill library were identified (Figure 1).




2.3. Genome Assembly


Genome assembly was performed from the reference genomes of all viruses identified by ONT sequencing (Supplementary Figure S1) and Illumina sequencing in wheat. Five viruses identified from the JN-Ill library had coverage of 46.7% (ScYLV) to 100% (HvEV) and identity of 91.3% (BYDV-PAV) to 98.5% (BVG). Four viruses identified from the JB-Ill library had coverage of 99.8% (BVG) to 100% (BYDV-PAS, BYDV-PAV, and HvEV) and identity of 94.7% (BYDV-PAV) to 98.9% (BVG). Next, the six viruses identified from the GN-Ill library had coverage of 51.1% (WLYaV) to 100% (BVG, BYDV-PAS, and BYDV-PAV) and identity of 89.1% (HvEV) to 98.97% (BVG) (Figure 1 and Figure 2). The consensus sequence of the virus coat protein (CP) identified through Illumina sequencing was deposited at the NCBI database to obtain accession numbers (Figure 1).



Gap filling was performed to obtain the complete consensus sequence of CP in BYDV-PAS and BYDV-PAV identified from the JN-Ill library (data not shown).




2.4. Phylogenetic Analyses of Identified Viruses


Phylogenetic tree analysis was performed on the complete CP consensus sequences of BVG, BYDV-PAS, BYDV-PAV, and ScYLV identified by Illumina sequencing (Figure 3). The maximum likelihood method based on BVG and ScYLV was divided into one larger clade (clade 1) and one smaller clade (clade 2). Further, BYDV-PAS and BYDV-PAV were divided into two larger clades (clades 1 and 2) and one smaller clade (clade 3).



The phylogenetic tree for BVG showed that all three isolates belonged to clade 1. The isolate (LC657842) from the JN-Ill library was close to France isolate (ON419454) from H. vulgare, the isolate (LC746088) from JB-Ill library was close to the South Korean isolates (LC259081 and LC159487) from Proso millet, and the isolate (LC746089) from GN-Ill library was closely related to France isolate (ON419455) from H. vulgare (Figure 3A).



The phylogenetic tree for BYDV-PAS and BYDV-PAV showed that six isolates belonged to clades 1, 2, and 3, respectively. BYDV-PAS (LC746087) and BYDV-PAV (LC746084) isolates from GN-Ill library belonged to clade 1 and were close to the USA isolate (DQ631855) from Elymus multisetus. BYDV-PAS (LC746085) and BYDV-PAV (LC746082) isolates from the JN-Ill library are divided into only two isolates in clade 2. BYDV-PAS isolate (LC746086) from JB-Ill library was close to the South Korean isolate (LC592174) from Avena sativa, and BYDV-PAV isolate (LC746083) was also closely related to the other South Korean isolate (LC589962) from Avena sativa (Figure 3B).



The phylogenetic tree for ScYLV showed that two isolates (LC746081 and LC746080) from JN-Ill and GN-Ill libraries were distant from other isolates (clade 1) and divided into clade 2 (Figure 3C).




2.5. Validation of the Identified Virus by RT-PCR


RT-PCR was performed using gene-specific primer sets to confirm the presence of viruses identified by Illumina sequencing (Figure 4). All viruses identified in the three libraries through Illumina sequencing confirmed the expected amplicon size in RT-PCR, and the cereals reference genome was also amplified.





3. Discussion


Wheat (Triticum aestivum L.) is widely grown as a crop with high economic value. Wheat viruses continue to pose a major threat to wheat production and global food security [32]. Recently, various HTS platforms have been utilized for detecting undocumented or newly putative viruses and for complete virome analysis in wheat [32,33,34,35,36,37,38]. However, no studies have been reported identifying wheat-infecting viruses in Korea; therefore, we aimed to determine the composition of the wheat virome by utilizing field samples from three major domestic wheat-producing regions through two HTS platforms. The HTS platform is considered one of the most exciting technologies for plant virus diagnostics in integrated disease management programs, as it facilitates the highly sensitive identification and characterization of viruses [39]. Previous studies using HTS revealed the infection of novel viruses in wheat, such as wheat virus Q, wheat yellow stunt-associated betaflexivirus, and the first umbra-like associated RNA viruses named wheat umbra-like virus [32,34,35]. In most studies utilizing the HTS platform, WSMV has been identified as the most critical virus worldwide; however, it was not identified in the current study. This study identified the presence of five viruses, namely BVG, HvEV, BYDV-PAS, BYDV-PAV, ScYLV, and WLYaV, through wheat virome analysis.



In the present study, virus infection was monitored using the Flongle flow cell of the ONT platform for rapid diagnosis of wheat viruses. HTS sequencing with the ONT platform of three different field samples (Jeonnam, Jeonbuk, and Gyeongnam) revealed the identification of three viruses (BVG, HvEV, and ScYLV) from JN-ONT library, four viruses (BVG, BYDV-PAS, BYDV-PAV, and HvEV) from JB-ONT library, and five viruses (BVG, BYDV-PAS, BYDV-PAV, HvEV, and ScYLV) from GN-ONT library. When genome mapping was performed based on the data obtained from the ONT platform, the average coverage was high (84.6%), while the sequence identity was relatively low (76.3%). These results can be attributed to the low sequence data throughput and high error rate (approximately 10%) of the flow cell, which are the biggest drawbacks of the ONT platform to date [28]. Notwithstanding, for users with limited bioinformatics knowledge, the EPI2ME workflow provided by the ONT platform is an attractive tool for plant virus diagnosis. The taxonomic classification was performed using the “What’s in my pot?” application, which is one of the additional options available in EPI2ME. This feature allows for the diagnosis of plant viruses without the need for software through a computer command-line interface [40]. In addition, the new version 10 flow cell provides up to 99.99% base-calling accuracy, and several algorithms can further improve raw read accuracy by upwards of 3% using the Guppy toolkit [31,40]. Therefore, we applied the ONT platform to detect viruses infecting wheat rapidly and showed that it is a promising strategy for wheat virus identification.



As mentioned above, the wheat viruses analyzed by the ONT platform exhibited low sequence identity. We further analyzed wheat viruses using the Illumina platform to verify this finding. Using the Illumina platform, we detected five viruses (BVG, BYDV-PAS, BYDV-PAV, HvEV, and ScYLV) in JN-Ill, four viruses (BVG, BYDV-PAS, BYDV-PAV, and HvEV) in JB-lII, and six viruses (BVG, BYDV-PAS, BYDV-PAV, HvEV, ScYLV, and WLYaV) in GN-Ill, including viruses identified on the ONT platform. The Illumina platform identified more viral species than the ONT platform. This detection difference could be attributed to the higher total read numbers obtained on the Illumina platform (ranging from 490,030 to 1,177,844 reads), as well as the lower base-calling accuracy of the ONT platform (Figure 1).



BVG and HvEV were consistently present in all libraries obtained from the HTS-based platform. BVG was first detected and reported in barley plants that exhibited viral symptoms similar to those caused by BYDV in domestic barley. BVG infection has also been reported in other plant species, including proso millet (Panicum miliaceum) and foxtail millet (Setaria italica) [41,42,43,44]. HvEV is an endornavirus identified in various organisms, including plants, fungi, and oomycetes. This virus is generally considered non-pathogenic and exhibits a persistent lifestyle. HvEv has recently been reported to infect barley in Korea [45,46,47].



BYDV is transmitted by the bird cherry-oat aphid (Rhopalosiphum padi) and is the most devastating cereal crop virus causing ~11 to 33% of yield loss in wheat fields worldwide [48]. BYDV infections have been reported in barley, oats, and wheat in Korea [43,49]. Our study identified infections with the BYDV strains PAS and PAV, while other strains, such as CYDV, were not detected. Interestingly, BYDV-PAS and BYDV-PAV were only identified in the JN-Ill library, not in the JN-ONT library, suggesting that the ONT approach may not be efficient in detecting viruses at low titers (i.e., BYDV-PAS with 123 reads and BYDV-PAV with 98 reads) (Figure 1).



ScYLV is one of the most prevalent viruses causing huge economic losses to sugarcane production worldwide [50]. In the current study, it was identified in JN and GN libraries. ScYLV has been artificially inoculated into wheat (Triticum spp.) according to previous studies, but it has never been detected in natural occurrence [50,51]. The ScYLV identified in this study exhibited low coverage and sequence identity and formed a distinct clade from other isolates in the phylogenetic tree analysis (Figure 1 and Figure 3C). The presence of ScYLV was confirmed by RT-PCR (Figure 4). Therefore, this is the first report on the natural infection of ScYLV in wheat.



WLYaV was exclusively identified in the GN-Ill library with 95.39% sequence identity and 63.6% coverage (Figure 1). Previous studies have shown that WLYaV is closely related to ScYLV regarding sequence identity and phylogenetic relationships [52]. Notably, WLYaV was not detected in the GN-ONT library, possibly due to the inability of the ONT platform to differentiate between WLYaV and ScYLV.



In summary, six different plant viruses were identified in wheat samples from three geographically different regions in Korea using the ONT and Illumina platforms. The ONT platform was comparable to the commonly used Illumina platform in viral species detection in wheat samples, though it may not accurately identify viruses with low titers. Despite this limitation, the ONT platform is an attractive tool for efficiently monitoring plant viruses due to its fast running time, portability, and low cost. Although the HTS approach identified ScYLV in wheat for the first time, further studies are required to characterize it.



To prevent the risk of bioinformatics errors or experimental contamination in plant virus diagnosis based on HTS platforms, it is crucial to validate the findings with supplementary methods, such as RT-PCR and pathogenicity, using back inoculation (based on Koch’s postulates). While mechanical inoculation is the typical approach for conducting biological characterization of viruses, it is worth noting that many of the viruses identified in wheat are primarily transmitted by insect vectors, leading to practical limitations. Therefore, additional studies, such as an artificial inoculation system using infectious clones and insect vector-mediated inoculation, are required for biological validation.



These findings provide a preliminary understanding of wheat virus incidences and risk categories in Korea. Knowledge of the wheat virome helps to understand the complex interactions between different viruses and their hosts. This understanding allows for the development of integrated disease management strategies, including the selection of resistant cultivars, deployment of biological control agents, and implementation of cultural practices that limit viral spread. Wheat virome analysis can also help early detection of viral infections, even before visible symptoms appear. This early detection is crucial for implementing rapid response measures, such as quarantine, removal of infected plants, and preventive treatments to minimize the spread of viruses. In addition, wheat virome can provide insights into the transmission mechanisms of plant viruses, including vectors, such as insects and fungi. Understanding the transmission pathways helps in designing targeted control strategies that focus on interrupting the transmission cycle, such as insecticides. Overall, the current study’s outcomes would further help to prepare appropriate control measures.




4. Materials and Methods


4.1. Sample Preparation and RNA Extraction


Wheat (Triticum aestivum L. var. Baekkang) showing yellowing and mosaic symptoms were collected from three regions (Jeonbuk, Jeonnam, and Gyeonnam) in Korea in May 2022 (Figure 5A). Wheat samples were collected and pooled from 37 samples from Jeonbuk, 76 from Jeonnam, and 56 from Gyeonnam (Figure 5B). According to the manufacturer’s instructions, total RNA was extracted from wheat samples pooled for each region using the Beniprep® Super Plant RNA extraction kit (InVirusTech Co., Gwangju, Republic of Korea). The extracted total RNA was stored at −80 °C for subsequent library preparation after measuring RNA quality and concentration using a BioDrop spectrophotometer (Biochrom Ltd., Cambridge, UK).




4.2. Library Preparation for ONT Platform and Virus Identification


For library construction (Figure 5C), DNA contamination was removed from total RNA extracted using the RapidOut DNA Removal Kit (Thermo Fisher Scientific, Waltham, MA, USA). QIAseq FastSelect rRNA Plant Kit (Qiagen, Hilden, Germany) was used to remove wheat rRNA (ribodepletion) and purified with AMPure XP beads (Beckman Coulter, Brea, CA, USA). The purified RNA concentration was measured using a Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Libraries were prepared using the Direct cDNA Sequencing Kit (SQK-DCS109; Oxford Nanopore Technologies, Oxford, UK) following the manufacturer’s instructions and previous studies [31,53]. The prepared libraries were loaded on one Flongle Flow Cell (FLO-FLG001, R9.4.1; Oxford Nanopore Technologies, Oxford, UK) per sample, and the sequencing run was started on a MinION device with a Flongle adapter (Oxford Nanopore Technologies, Oxford, UK). Sequencing was performed for 24 h using MinKNOW software (version 21.11.7; Oxford Nanopore Technologies, Oxford, UK) and base-calling in High-accuracy mode with Guppy (version 5.1.12; Oxford Nanopore Technologies, Oxford, UK). Sequencing adapters were removed with Geneious Prime (version 21.1.1). Viruses were identified in ‘What’s in my Pot?’ (WIMP) workflow of EPI2ME Agent (version 3.4.2) and NCBI BLASTn using FASTQ files generated by the ONT platform.




4.3. Library Preparation for Illumina Platform and Virus Identification


The total RNA was measured for quality and concentration using the Agilent 2100 bioanalyzer and RNA 6000 pico chip (Agilent Technologies, Palo Alto, CA, USA). Ribosomal RNA was removed using the Ribo-zero rRNA removal kit for plants (Illumina, San Diego, CA, USA) and purified using RNAClean XP beads (Beckman Coulter, Brea, CA, USA). According to the manufacturer’s instructions, libraries were constructed with the TruSeq stranded total RNA library prep kit (Illumina, San Diego, CA, USA). The sequencing was performed on an Illumina Hiseq 4000 (Illumina, San Diego, CA, USA) through a library clustering process to generate 151 bp paired-end reads. The raw reads were trimmed with base quality <30 and minimum length <50 bp using the Trim Galore (version 0.6.4) [54], and virus reads were classified with the Deconseq (version 0.4.3) [55] using the NCBI database. The trimmed reads were assembled using SPAdes assembler (version 3.14.1) [56], and read mapping was performed using BWA-MEM software (0.7.17-r1198-dirty) [57]. The obtained contigs were identified as plant viruses using NCBI BLASTn based on rank1, cut-off E-value of 1 × 10−5.




4.4. Genome Mapping of Viral Sequences


To confirm genome coverage and identity of plant viruses identified through the HTS platform, reads were mapped using Geneious Prime (version 21.1.1) ‘Map to Reference’ tool with default settings (Medium Sensitivity/Fast).




4.5. Phylogenetic Analysis


The phylogenetic analyses were performed using coat protein (CP) sequences of four species (BVG, BYDV-PAS, BYDV-PAV, and ScYLV) with isolates deposited in NCBI GenBank from the plant viruses identified through the Illumina platform. The CP nucleotide sequences were aligned using the BioEdit Sequence Alignment Editor with ClustalW Multiple alignments (version 7.0.5.3). Phylogenetic analysis was performed using the maximum-likelihood method by MEGA X (version 10.2.4) with the nucleotide substitutions selected Tamura-Nei model [58,59]. Bootstrap values were calculated using 1000 replicates.




4.6. Confirmation of the Identified Viruses by RT-PCR


The presence of viruses identified by the Illumina platform was confirmed using RT-PCR and Sanger sequencing. RT-PCR was performed with specific primer sets (Supplementary Table S1) and the Suprimescript RT-PCR premix (Genet Bio, Daejeon, Republic of Korea) according to the manufacturer’s instructions. In addition, RT-PCR products were individually cloned using the AccuRapid™ TA Cloning kit (Bioneer, Daejeon, Republic of Korea) and further sequenced and validated using BLASTN search.




4.7. Data Availability


The FASTQ files generated in this study have been deposited in the NCBI Sequence Read Archive (SRA) repository under accession numbers SRR22371364 (JN-ONT), SRR22371365 (JB-ONT), SRR22371366 (GN-ONT), SRR16774430 (JN-Ill), SRR16774429 (JB-Ill), and SRR16774428 (GN-Ill) in the NCBI BioProject database as PRJNA776691. Plant virus sequences identified on the Illumina platform have been deposited with individual accession numbers in NCBI GenBank.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants12122374/s1, Figure S1: The genome assembly of identified viruses by the ONT platform.; Table S1: Information on primer sets used for RT-PCR. Refs. [60,61,62,63] have been cited in Supplementary Materials.
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Figure 1. Heatmap comparing total reads, read number, coverage (%), and identity (%) data for ONT and Illumina platforms.—means no data. 
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Figure 2. Genome assembly of viral genomes identified by the Illumina platform. Genome mapping of five viruses from JN-Ill library (A), four viruses from JB-Ill library (B), and six viruses from GN-Ill library (C) identified in wheat. The genome structure of the virus and the blue graph is the mapping distribution of the reads. The black bar represents read. 
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Figure 3. The phylogenetic analysis calculated from the coat protein sequences of barley virus G (BVG) (A), barley yellow dwarf virus-PAS (BYDV-PAS) and barley yellow dwarf virus-PAV (BYDV-PAV) (B), and sugarcane yellow leaf virus (ScYLV) (C). The black circles indicate isolates identified from the JN-Ill library, black triangles from the JB-Ill library, and black diamonds from the GN-Ill library. 
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Figure 4. Confirmation of viruses identified by the Illumina platform using RT-PCR. RT-PCR was used to amplify the viruses from wheat samples using specific primer sets to viruses identified using the Illumina platform. The cereals RG was used as an internal control. M, DNA size 100 bp ladder; NTC, no template control. 
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Figure 5. Symptoms such as leaf mosaic, dwarfism, chlorosis, and discolored leaves of wheat (A), wheat collection location by region in Korea (B), and Workflow of the two HTS platforms (C). Created with Biorender (biorender.com (accessed on 2 June 2023)). 
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Table 1. Data summary from ONT and Illumina platforms.
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