

Supporting information S2: Examples of High Throughput Sequencing (HTS) tests for the detection and identification of viruses and viroids


1. Introduction 

[bookmark: _Hlk172025422]The lack of a gold standard for virus and viroid detection and/or identification has resulted in development of a broad range of HTS tests. Various nucleic acid extraction and library preparation kits and different sequencing platforms are available on the market and numerous bioinformatic analysis tools and pipelines have been developed for HTS (Bester et al., 2021; Malapi-Wight et al., 2021; Gaafar et al., 2020; Javaran et al., 2023). The diversity of tests available, combined with the continuous improvement of the technologies and bioinformatic tools, may slow down the implementation of HTS in diagnostic laboratories, particularly for small laboratories with limited resources. The aim of this supporting document is to provide examples of tests that have been validated for the detection and/or identification of viruses and viroids and can be used for diagnostic purposes. Through these examples, guidance is provided on how to perform and validate an HTS test for the detection and identification of molecularly characterized viruses and viroids i.e.,. viruses for which the complete coding sequence of the genome is available, or viroids for which the complete genome is available. Users of this supporting document can choose and/or adapt the test that best fits their needs and resources.

Table S1 provides an overview of the HTS tests described in this supporting document. Two of them are based on Illumina technology, i.e., the HTS tests developed at NIVIP (Annex S1) and Fera (Annex S2), respectively, and one test based on nanopore sequencing technology, i.e., an HTS test developed by NIB (Annex S3). Detailed information of the different tests is given in the appendices
. 

All the tests described in this supporting document use total RNA depleted of ribosomal RNA (rRNA-depleted totRNA) for sequencing. This allows detection of all the different types of DNA and RNA viruses. Samples are prepared from individual symptomatic or asymptomatic plants, or from pooled samples from more than one plant. Nucleic acids are extracted with appropriate commercial kits. Tests described in this document use RNeasy Plant Mini Kit (Qiagen). Library preparation and sequencing is outsourced or done in-house. Different commercial library preparation kits are used, based on the chosen sequencing platform. These can be either short-read (e.g., Illumina) or long-read (e.g., Oxford Nanopore Technologies) HTS platforms. For some tests, it is possible to multiplex samples (pool libraries) by indexing (barcoding) during library preparation. For the bioinformatic analysis different approaches are used that include a de novo assembly approach and/or a direct read mapping approach. For species identification local or/and public reference databases are used. 

Other nucleic acid types (e.g., small RNAs, virion associated nucleic acids, double stranded RNAs), together with other nucleic acid extraction and library preparation kits, sequencing platforms, and bioinformatic analysis tools may be used, provided that appropriate validation or verification (see PM 7/98) is carried out.

It should be noted that the tests described in this supporting document may be used for a much broader range of (molecularly uncharacterized) viruses and viroids. Therefore, each time a test is performed, the laboratory using the HTS test should verify that the obtained data can be used for species identification in the diagnostic context. 

When preparing samples for an HTS test, it is best practice to use symptomatic material, but to avoid necrotic tissue. Preferably, plant tissue should be used that is expected/known to have the highest virus concentration. For asymptomatic plants, actively-growing tissue (e.g., young leaves) should be sampled. Seeds, flowers or fruits may also be used. Plant material from different parts of the plant can be analysed together (as one sample). Contextual information on the samples and results of visual examination, such as host, symptoms, growth stage of the plant , integrity of material (e.g., presence of secondary infections by bacteria and fungi), non-virus related symptoms, (such as, genetic or physiological responses) should be documented to help determine or refine the interpretation of the results in the diagnostic context. It is recommended to prepare two similar samples, one for immediate RNA extraction and another as a backup, which should be stored at -80 °C.

Cross-contamination can occur at different steps in an HTS test, i.e., during sampling, RNA extraction, library preparation, and sequencing. Therefore, special caution needs to be taken to avoid cross-contamination during sampling and handling of the sample, (e.g., by using disposable gloves, consumables and tools). Some viruses spread easily and are very stable. For these viruses it is especially important to avoid cross-contamination and to carefully interpret HTS results when these viruses are found. 
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Table S1: Overview of the tests described in this supporting document.

	Annex
(Laboratory)
	Plant material
	Pooled/individual sample
	Nucleic acid extraction
	Library preparation and sequencing protocol
	Platform
	Database
	Bioinformatic pipeline

	Annex 1
(NIVIP)
	Symptomatic (leaves, fruits, flowers)
	Individual and pooled
	RNeasy
	rRNA-depleted totRNA

cDNA seq

	Illumina NovaSeq or NextSeq 
	NCBI database (non-redundant nucleotide collection (nr/nt), non-redundant protein collection (nr)) locally installed (updated every 6 months), InterProScan protein family domain (pFam) database for selection of candidate viral contigs

Online NCBI non-redundant nucleotide (nr/nt) database for verification of putative identity
	CLC genomics workbench + custom scripts

	Annex 2 (Fera)
	Symptomatic and asymptomatic (leaves, fruits or seeds)
	Individual and pooled
	RNeasy, difficult matrix: CTAB
	rRNA-depleted totRNA

cDNA seq
	Illumina MiSeq

	NCBI databases locally installed (updated regularly): whole NCBI nucleotide collection (nr/nt), whole NCBI nonredundant protein sequences (nr), clustered version of the nr database, where non-viral sequences are clustered to reduce the overall database size.
	Angua 

	Annex 3 (NIB)
	Symptomatic (leaves or fruits)
	Individual and pooled
	RNeasy
	rRNA-depleted totRNA

cDNA seq
	Oxford Nanopore Technologies MinION (flowcells) 
	Reference database created for selected quarantine viruses; other viruses: extended local NCBI viral RefSeq database (updated regularly)

Online NCBI nucleotide collection (nt) database for verification of putative identity
	Custom scripts using bioinformatic tools for analysis of nanopore sequencing data + CLC Genomics Workbench 




Annex 1. VirDisc HTS test (NIVIP, unpublished)

The test below is described as it was carried out to generate the validation data provided in section 4. Other equipment, kits or reagents may be used provided that a verification (see PM 7/98) is carried out.

1. General Information
1.1. This test can be used for the untargeted detection and identification of molecularly characterized ssRNA(+), ssRNA(-), dsRNA, cssRNA, dsDNA(-RT), ssDNA viruses and viroids in symptomatic plant samples. The HTS test has been fully validated by using tomato brown rugose fruit virus (ToBRFV) infected tomato leaf material (see Section 4. Performance characteristics available below). 
1.2. This test was developed and validated at the Netherlands Institute for Vectors, Invasive plants and Plant health (NIVP).
1.3. The test is based on total RNA extraction from plant samples followed by the production of at least 2 Gigabases (Gb) 150 paired-end rRNA depleted RNA whole genome shotgun Illumina sequence data per sample. Sequence data is de novo assembled and from the metagenomic assembly, relevant putative viral contigs are selected for further analysis. Assemblies of relevant putative viral contigs are visually assessed and used for manual verification of viral species identity. 
1.4. Targets of this test are consensus sequences of (near) complete genomes of (regulated) plant viruses and viroids. 
1.5. Analyses are performed with CLC Genomics Workbench software (Qiagen) combined with custom scripts incorporated in CLC Genomics Workbench (i.e. external applications) in a Microsoft Azure Cloud environment. Upon activation of the bioinformatic pipeline, analyses are performed on one of five processing servers to allow parallel analysis of diagnostic samples. The processing server has 8 cores available of a 2.35Ghz AMD EPYCTM 7452 processor with 64GB RAM and performs the bioinformatic pipeline in approximately 18 hours. Sequence data and analysis results are saved on a 16 Tb SSD drive. Technical documentation and an installation manual can be found at https://github.com/NPPO-NL/VirDisc-pipeline. 

2. Methods

2.1. Sample preparation 
2.1.1. Typically, up to 1.0 g of plant material (leaves, fruits, flowers) in which the viral and/or viroid load is expected to be highest. Preferably young plant parts and plant parts showing symptoms are combined in a sample.
2.1.2. For total RNA extraction, samples may consist of material from individual plants or of material from multiple plants of the same species from a single consignment, providing appropriate verification is performed. For example, for ToBRFV, based on the analytical sensitivity of the test (see Section 4), samples of up to 50 different plants may be combined. 
2.1.3. Material is placed into a grinding bag (Bioreba). 
2.1.4. A back-up sample of the original plant material is stored at –80°C to allow test repetition or to perform additional analyses. 

2.2. Nucleic Acid Extraction and Purification 
2.2.1. Plant material is ground in 3.5 mL GH+ buffer (6 M guanidine hydrochloride, 0.2 M sodium acetate pH 5.2, 25 mM EDTA, and 2.5% PVP-10) with a handheld (Bioreba) homogenizer. A 1 mL aliquot is incubated for 10 min at 65°C. 
2.2.2. After centrifugation at 12 000g for 2 min, 500 µL of supernatant is loaded on the QIAshredder spin column and centrifuged. Thereafter, total RNA is extracted with the RNeasy Plant Mini Kit (Qiagen) following the Purification of Total RNA from Plant Cells and Tissues and Filamentous Fungi protocol.
2.2.3. Total RNA is eluted in 40 μL molecular grade water and used as input for library preparation. Additional DNase treatment is not required.
2.2.4. RNA should preferably be stored at approximately -20°C for short term storage (less than one month) or at approximately -80°C for long term storage.
2.2.5. For each batch of RNA extraction, a negative isolation control (NIC) is included (i.e. GH+ buffer which is processed as a regular sample). This control sample is stored for future reference but is not routinely included in the library preparation and/or subsequent steps. 
 
2.3. Library preparation 
The preparation of rRNA depleted sequence libraries from total RNA requires specific equipment and expertise. Hence, this step is often outsourced to commercial sequence providers. Alien controls are included in each library preparation and sequence batch to ensure the quality of the libraries and datasets generated. Document which samples are combined in a single library preparation run to enable analysis in the context of the sample batch and the detection of potential contamination. The steps that are performed by the commercial sequence provider or when the sequence libraries are produced in-house include: 
2.3.1. [bookmark: _heading=h.gjdgxs]Determine the RNA concentration and quality (RNA integrity number: RIN, or RNA quality number: RQN, or equivalent) using a Bio-analyzer, Tapestation, or Fragment analyzer (Agilent). RNA extracts with a concentration of 10 – 250 ng/μL and a RIN/RQN ≥ 3 pass the initial quality criteria. However, samples that do not meet these criteria have also shown to produce reliable libraries and RNAseq data allowing virus and viroid detection and identification, and may also be used.
2.3.2. Ribosomal RNA is depleted from the total RNA using the RiboZero Plant rRNA removal kit (Illumina) or FastSelect – rRNA plant kit (Qiagen). 
2.3.3. Unique dual indexed sequence libraries are prepared from the rRNA depleted RNA using NEBNext Ultra II Directional RNA Library Prep (New England Biolabs) following manufacturer’s instructions. 
2.3.4. The quality and yield of the individual libraries are determined with a Bio-analyzer, Tapestation, or Fragment analyzer (Agilent). Libraries with expected size (broad peak between 300-500 bp) and ≥ 0.9 nM (NovaSeq6000) or ≥ 2 nM (Illumina NextSeq1000 and NextSeq2000) yield are used for pooling following manufacturer’s instructions.
2.3.5. Pool libraries in equimolar amount prior to sequencing.
2.3.6. During each library preparation batch an alien control (total RNA extract of virus-free Nicotiana benthamiana spiked with ERCC RNA spike-in mix (ThermoFischer)[footnoteRef:2] is included as a separate sample to ensure library preparation and pooling quality. [2:  Control that was developed by the External RNA Controls Consortium (ERCC).] 


2.4. Sequencing 
Sequencing of rRNA depleted sequence libraries requires specific equipment and expertise. Hence, this step is often outsourced to commercial sequence providers. Alien controls are included in sequence batches to ensure the quality of the libraries and datasets generated. It is important to document which samples are combined in a single flow cell to enable analysis in the context of the sequence batch and the detection of potential contamination. The steps that are performed by the commercial sequence provider or when the sequence libraries are produced in-house include:
2.4.1. Pooled libraries are loaded onto an Illumina cartridge suitable for sequencing on a NextSeq or NovaSeq (Illumina) platform. The number of samples in the pooled library, the cartridge size and efficiency of pooling determine the output per sample.
2.4.2. Sequence runs are performed to obtain 150 paired-end whole genome shotgun sequence data.
2.4.3. Datasets per sample are demultiplexed from total sequence data allowing 1 mismatch in the barcode sequence.
2.4.4. Minimal output per sample is 2 Gb of sequence data with ≥80% PHRED 30.

2.5. Bioinformatic analysis 
2.5.1. For the installation (including all dependencies) and implementation of the CLC Genomics Workbench bio-informatic pipeline, technical documentation and custom scripts are available on GitHub (https://github.com/NPPO-NL/VirDisc-pipeline).
2.5.2. The bio-informatic pipeline uses ≥2 Gb of rRNA depleted WGS data which is de novo assembled. From the assembly, contigs with ≥10x mean read depth and ≥100 nt are BLAST (megablast) analysed to produce a putative identity to distinguish viral and viroid contigs from other organisms. Contigs without BLAST hit are subjected to DIAMOND. In addition, protein family domains (Pfam) are predicted on the contigs to allow assessment of the presence of putative viral domains. BLAST output is visualized in Krona and putative plant contigs and putative viral contigs are shown in separate reports. Based on the putative identity, relevant contigs are selected and visually assessed to determine their quality. Selected consensus sequences are then further analysed using online databases to allow viral/viroid species identification. The bio-informatic pipeline is run with 100% and 1% of the data to overcome assembly difficulties and to facilitate the identification of possible contamination. Several control steps are employed to determine the quality and usability of the obtained data (see table S2).
2.5.3. Specific settings for the individual analysis steps and underlying databases are detailed in the technical documentation on GitHub (https://github.com/NPPO-NL/VirDisc-pipeline) and can be used to operate the bio-informatic pipeline.
2.5.4. The bio-informatic pipeline produces output essential for the quality assessment and analysis of putative viral and viroid contigs, but also output used for troubleshooting. Essential output includes ERCC statistics, Krona reports with BLAST output for plant rbcL and non-plant contigs, Pfam domains, de novo assembly with read mapping, and chunked (i.e. size selected) multifasta files. For troubleshooting, BLAST tables, taxa filtered (multi) fasta files, Krona with plant contig BLAST hits, and non-size selected multifasta files can be used.
2.5.5. Table S2 details how and in which order to analyse and interpret the output data. The alien control sample is analysed prior to the diagnostic samples. Data are analysed in the context of samples from the same sequence batch to identify potential contamination.
2.5.6. The relevance of putative viral and viroid contigs which are selected for further analysis is based on the diagnostic question in relation to host, symptoms and suspected causal agent. 
2.5.7. Identification and confirmation of the viral/viroid species is performed using the visually assessed consensus sequences (table S2) that are selected based on their relevance to the diagnostic question. To properly identify viral/viroid species, the (near) complete genome needs to be recovered, containing the expected genome segment(s) and genetic elements (ORFs). When all ORFs are recovered, the viral genome is considered (near) complete. Otherwise, the genome is considered partial. The following steps are performed:
· Verify that all expected genome segments are detected and that the sequence length is as expected. If not, re-analysis of the output is needed to establish if a genome segment is truly missing or escaped detection. When incomplete genome sequences are obtained as a result of fragmented de novo assembly, an iterative approach can be applied to scaffold the contigs. Publicly available annotated (near complete) viral genome sequences can be used as reference in a reference assembly with RNAseq data or the obtained visually assessed consensus sequences. This is typically done after a first BLAST-based analysis. Visual assessment of the reference assembly is essential to determine the reliability of the obtained consensus sequences.
· For each genome segment of a viral species, a BLAST analysis is performed in the online NCBI database (megablast or BLASTn) using the non-redundant nucleotide collection. Assess clustering of the BLAST output and determine if species-specific clustering is obtained. 
· Determine the presence of the expected functional genetic elements for the genome segment(s) using a Find ORF tool in, e.g., CLC Genomics Workbench or Geneious Prime and compare the ORF content with expected ORF presence as defined by the International Committee on Taxonomy of Viruses (ICTV, Release 2020, https://talk.ictvonline.org/taxonomy/) or Viralzone. 
· Determine species identity (or any other relevant taxonomical level) using the demarcation criteria listed by ICTV.
Table S2. Guide to Analyse and Interpret Output Data: Methods and Sequential Steps

	[bookmark: _Hlk150768009]Sample
	Output
	File type
	What is it?
	What to do with it?

	Alien control sample
	All output
	various
	Essential output and output for troubleshooting 
	Ensure that the bio-informatic pipeline functioned as expected and all essential output and output for troubleshooting is generated (see 2.5.4)

	
	_rRNA_ERCC_statistics
	table
	Library prep control for rRNA depletion efficiency
Library prep control 
	1. Document mapped reads of rRNA and determine number of rRNA reads in dataset (pass/fail criterion: readstotal – readsrRNA ≥1.8 Gb)
2. Assess mean read depth for ERCCs -00019, -00053, -00078 and 00084 (pass/fail criterion: ≥10x)

	
	_Plant_rbcL_Krona_control.html
	Html file
	BLAST output for the host identity control based on cpDNA rbcL sequences
	1. Verify taxonomic identity of the host (pass/fail criterion: Genus level identity = Nicotiana)

	Diagnostic sample
	_rRNA_ERCC_statistics
	table
	Library prep control for rRNA depletion efficiency
Contamination control
	[bookmark: _heading=h.30j0zll]1. Document mapped reads of rRNA and determine number of rRNA reads in dataset (pass/fail criterion: readstotal – readsrRNA ≥1.8 Gb)
2. Assess number of mapped reads to ERCC-0130 (pass/fail criterion: <10 reads)

	
	_Plant_rbcL_Krona_control.html
	Html file
	BLAST output for the host identity control based on cpDNA rbcL sequences
	1. Verify taxonomic identity of the host (pass/fail criterion: Family or genus level identity as expected based on material sampled and analysed)

	
	_Virus-Viroid_Krona.html
	Html file
	BLAST (=BLASTn) and DIAMOND (=BLASTx) output of non-plant contigs in the metagenomic assembly from the analysis with all data and the analysis with 1% of all data (= sampled)
	1. Document putative viral and viroid species from the nonfiltered_BLASTn and BLASTx output. These represent the contigs assembled with all data.
2. Document putative viral and viroid species from the sampled_nonfiltered_BLASTn and sampled_BLASTx output. These represent the contigs assembled with 1% of all data.
3. Identify all contigs of relevant putative viral and viroid species in relation to the diagnostic question for further analysis by selecting the corresponding section in the Krona chart. 

	
	_Pfam results
	table
	Overview of Pfam domains identified in the metagenomic assembly (all data and sampled)
	1. Identify contigs with putative viral Pfam domains by filtering the output using for instance “vir”, “coat” and “movement”. Retrovirus domains can be ignored as these are typically incorporated in the host genome.
2. Cross check contigs with putative viral Pfam domains with all putative viral and viroid contigs selected from _Virus-Viroid_Krona.html to identify putative viral contigs not represented in the current sequence database.

	
	_(sampled) assembly
	Assembly
	De novo assembly with read mapping generated from all data and sampled data
	1. Assess the quality of the de novo assembly for the putative viral and viroid sequences selected for further analysis, for instance:
a. quality of read coverage: forward and reverse oriented paired reads
b. dips in read coverage resulting in unreliable consensus sequences
c. nonspecific mapping of single reads
d. presence of multiple genotypes represented by partial nucleotide polymorphisms
e. incorrect scaffolding of contigs producing a chimeric consensus sequence
2. Document sequence length and mean read depth for each contig of the selected putative viral and viroid species, taking into account the expected number of genomic sequences and expected sequence length for that particular species. ICTV (https://ictv.global) and ViralZone (https://viralzone.expasy.org) can be used to determine the expected number of genomic fragments.

	
	(sampled)_chunked
	multifasta
	Consensus sequences extracted from the de novo assembly for all data and sampled data
	1. Create a new sequence list of consensus sequences of selected putative viral and viroid sequences that are deemed reliable for further analysis based on the visual assessment of the de novo assembly.



[bookmark: _heading=h.1fob9te]
3. Essential Procedural Information 
3.1. Controls 
[bookmark: _Hlk157092349]For a reliable test result to be obtained, the following (external) controls should be included for each series of nucleic acid extraction and sequencing of the target organism and target nucleic acid, respectively. In the HTS test, a single alien control sample is used to monitor both positive and negative control steps. In addition, the bio-informatic pipeline produces output for diagnostic samples that are used as positive and negative control steps. The alien control sample consists of Nicotiana benthamiana RNA extract (20 ng/µL) spiked with ERCC RNA Spike-In Mix (Thermo Fischer Scientific, cat. 4456740) at a v:v ratio of N. benthamiana: ERCC of 99:1. Analysis of virus and viroid content in the alien control and diagnostic sample, in the context of the library preparation and sequence batch, is used to detect potential contamination.
 
· Negative control steps for the alien control: 
· The alien control serves as negative control for virus/viroid content as no viruses or viroids are expected to be present.
· Negative control steps for the diagnostic samples: 
· ERCC-00130, which is present at a high concentration in the alien control, is monitored in datasets generated for the diagnostic samples to identify potential contamination during library preparation and sequencing.

· Positive control steps for the alien control: 
· Low level target detection is monitored with ERCCs -00019, -00053, -00078 and 00084 present in the alien control sample
· The plant rbcL gene is used for host species verification
· [bookmark: _heading=h.3znysh7]Control of rRNA depletion efficiency
· Positive control steps for the diagnostic samples: 
· The plant rbcL gene is used for host species verification
· Control of rRNA depletion efficiency

Summary of the controls used to ensure the technical performance of the test

	Step in the procedure
	Alien control and diagnostic samples
	ERCC

	
	rbcL
	% plant rRNA
	

	Sample preparation
	x
	
	

	Nucleic Acid Extraction and Purification
	x
	
	

	Library preparation 
	
	x (incl. Ribosomal RNA depletion)
	x (no Ribosomal RNA depletion)

	Sequencing
	
	x
	x

	Bioinformatic analysis
	x
	x
	x



· When (near) complete virus and viroid sequences from the same species are obtained in more than one sample from the same sequence batch, several steps can be taken to assess if these are expected to be truly present in the diagnostic sample or if they are the result of contamination.
· The identified viral/viroid species is in agreement with the contextual information (e.g. virus – host combination, epidemiological information)
· Expected mean read depth of the viral/viroid genome in relation to the material sampled
· Sequence similarity and mean read depth differences of virus/viroid genomes among the different samples

3.2. Interpretation of results: in order to assigning results from HTS-based test the following criteria should be followed:

Verification of the controls for the alien control sample
· ERCCs -00019, -00053, -00078 and 00084 present at ≥10x mean read depth
· Free from virus and viroid sequences
· Host species verification with the rbcL gene at least at genus level
· readstotal – readsrRNA ≥1.8 Gb

Verification of the controls for the diagnostic sample
· ERCC-00130 in datasets of diagnostic samples ≤ 10 reads
· Host species verification with the rbcL gene at family or genus level
· readstotal – readsrRNA ≥1.8 Gb

When these conditions are met:
· Clustering analysis of the structurally annotated (near) complete virus and viroid sequences is used for (species) identification.
· Tests should be repeated if any contradictory or unclear results are obtained, or end-users have to justify why the obtained results can still be used for detection and identification of the virus or viroid species.

4. Performance characteristics available
The HTS test for virus and viroid detection and identification has been validated by using tomato brown rugose fruit virus (ToBRFV) infected tomato leaf material as a model system. Performance criteria were determined using PM7/98. The test appeared fit for purpose using the model system and a broader application of the test was substantiated by previous data which shows the detection and identification of 158 viruses and 2 viroids with both DNA and RNA genomes in a variety of hosts at NIVIP since 2016.

The test may have been adapted further and validated or verified using other critical reagents, instruments and/or other modifications. If so, the corresponding test descriptions and validation data can be found in the EPPO database on diagnostic expertise (section validation data https://dc.eppo.int/validation_data/validationlist ).

4.1. Analytical sensitivity 
Analytical sensitivity was determined by preparing and testing a serial 10 times dilution (10-2 to 10-7) of infected S. lycopersicum homogenate in healthy S. lycopersicum homogenate in triplicate. HTS test results show that there is a correlation between the dilution and the mean read depth, i.e. a 10 times dilution of the virus in the plant homogenate resulting in approximately 10 times fewer viral-sequence reads. As the threshold is set at 10 times read coverage to obtain consensus sequences, no coverage was obtained by de novo assembly at dilution 106 and 107. At a 104 dilution, (near) complete ToBRFV genomes were recovered and at 105 partial (fragmented) genomes were obtained. For subsequent virus species -host combinations, the LOD was calculated based on the hypothetical dilution at which (near) complete genomes could still be obtained. The table below indicates the analytical sensitivity of the VirDisc HTS test for the detection and identification of ToBRFV relative to other diagnostic tests.

	Dilution
	Bioassay
Nicotiana
glutinosa 
	DAS-ELISA antisera DSMZ (ToBRFV batch 7099)
	End-point RT-PCR Alkowni et al. 2019
	VirDisc HTS test
	End-point RT-PCR
Loewe
	End-point RT-PCR Rodriquez-Mendosza et al. (2019)
	Real-time RT-PCR ISF,
NVWA1

	Real-time RT-PCR ISF,
Valitest2
	Real-time RT-PCR Menzel and Winter (2021)1

	10-2
	ND
	+
	+
	+
	+
	+
	+
	+
	+

	10-3
	+
	+
	+
	+
	+
	+
	+
	+
	+

	10-4
	+
	+
	+
	+
	+
	+
	+
	+
	+

	10-5
	-
	-
	-
	+
	+
	+
	+
	+
	+

	10-6
	-
	-
	-
	-
	+
	+
	+
	+
	+

	10-7
	-
	-
	-
	-
	+
	+
	+
	+
	+

	10-8
	ND
	ND
	-
	ND
	-
	+
	+
	+
	+

	10-9
	ND
	ND
	-
	ND
	-
	-
	+
	+
	+

	10-10
	ND
	ND
	-
	ND
	-
	-
	-
	+
	+

	10-11
	ND
	ND
	-
	ND
	-
	-
	-
	-
	-

	10-12
	ND
	ND
	-
	ND
	-
	-
	-
	-
	-

	10-13
	ND
	ND
	-
	ND
	-
	-
	-
	-
	-

	LOD
	10-4
	10-4
	10-4
	10-5
	10-7
	10-8
	10-9
	10-10
	10-10


1. Automatic threshold, Ct cut-off 35; 2. Threshold at 200 RFU, Ct cut-off 35

4.2. Analytical specificity 
The HTS test was successfully applied for the following virus/viroid host combinations, including but not limited to:

	Host
	Genus
	Species
	Other (confirmatory) test(s)

	Buddleia davidii
	Cucumovirus
	Cucumber mosaic virus
	Bioassay Nicotiana occidentalis P1 ++, N. benthamiana -+, N. tabacum ‘White burley’ +-

	Capsicum sp.
	Cucumovirus
	Cucumber mosaic virus
	ELISA CMV +

	Capsicum sp.
	Potyvirus
	Potato virus Y - O
	ELISA PVY +

	Capsicum sp.
	Orthotospovirus
	Tomato chlorotic spot virus
	RT-PCR-Sequencing generic orthotospovirus TCSV+

	Citrus
	Closterovirus
	Citrus tristeza virus
	ELISA CTV +

	Cucumis sativus
	Tobamovirus
	Cucumber green mottle mosaic virus
	ELISA CGMMV +

	Lavatera 
	Begomovirus
	Cotton leaf curl Gezira virus
	RT-PCR-Sequencing generic begomovirus +

	Rosmarinus
	Nepovirus
	Tobacco ringspot virus
	ELISA TRSV +

	Rubus idaeus
	Stralarivirus
	Strawberry latent ringspot virus
	ELISA SLRSV +

	Sambucus nigra
	Nepovirus
	Cherry leafroll virus
	ELISA CLRV +

	Solanum lycopersicum
	Potexvirus
	Pepino mosaic virus
	ELISA PepMV +

	Solanum lycopersicum
	Tobamovirus
	Tomato brown rugose fruit virus
	real-time RT-PCR specific ToBRFV +

	Vicia faba
	Potyvirus
	Bean yellow mosaic virus
	RT-PCR-Sequencing generic potyvirus +




4.3. Selectivity
Selectivity was determined by diluting RNA from ToBRFV infected plant material in RNA extracts of several species within the Rosaceae family (i.e. Fragaria sp. and Rosa sp.) that did not contain ToBRFV and by comparing the obtained results to dilutions of ToBRFV RNA prepared in RNA extracts of N. benthamiana and S. lycopersicum. Rosacea species are known to contain inhibitors that negatively influence conventional and real-time RT-PCRs. Coverage of the ToBRFV genome assembled in the background of N. benthamiana appeared to be up to four times higher than in the background of other matrices. This difference could not be explained by the percentage of rRNA reads. Despite lower read coverage of the ToBRFV genomes was obtained in matrices other than N. benthamiana, identical ToBRFV genomes were obtained for all hosts, which could be used for positive identification. Even in the worst-case host species, the analytical sensitivity of the VirDisc HTS test was not negatively affected.

4.4. Repeatability and Reproducibility
The repeatability and reproducibility of the test was investigated with biological material. From each dilution 102-105 three identical plant homogenate subsamples were made. RNA extraction of two of those subsamples was performed by one person at the same moment and the RNA was sequenced in the same batch (repeatability). The RNA of the third subsample was extracted by another person and sequenced at a different moment (reproducibility). The obtained sequence data were analysed by three qualified assessors independently. At low and medium dilutions (102-104) the ToBRFV genome was assembled in a single contiguous sequence representing the (near) complete genome with a sequence length between 6379-6353 nt and 100% identical sequence.

4.5. [bookmark: _Hlk157084421]Additional information
[bookmark: _Hlk157084604]The test was used to detect and identify other viruses and viroids (see the validation report deposited in EPPO database on diagnostic expertise: section validation data https://dc.eppo.int/validation_data/validationlist).


Annex 2. HTS test (Fera Science Ltd., Fox et al, 2015; Fox et al 2018; Fowkes et al., 2021)

The test below described as it was carried out to generate the validation data provided in section 4. Other equipment, kits or reagents may be used provided that a verification (see PM 7/98) is carried out. 

1. General Information
1.1. This test can be used for the untargeted detection, identification (and given the context, confirmation) of molecularly characterized ssRNA(+), ssRNA(-), dsRNA viruses and viroids. In addition, this test can be used for the detection of ssDNA, dsDNA(-RT) viruses. The HTS test was validated on a limited range of viral species and hosts (see Section 4. Performance characteristics available below).
1.2. This test was developed and validated at Fera Science Ltd. (GB).
1.3. The test is based on total RNA extraction from plant samples followed by the production of 15 Gb 300 paired-end rRNA depleted RNA shotgun Illumina sequence data per sequencing run. Sequence data is de novo assembled and from the metatranscriptomic assembly, relevant putative viral contigs are selected for further analysis. Assemblies of relevant putative viral contigs are visually assessed and used for manual verification of viral species identity.
1.4. Targets of this test are consensus sequences of (near) complete genomes of (regulated) plant viruses and viroids.
1.5. Bioinformatic analyses were performed using the Angua pipeline, which is maintained within a Conda environment, allowing for easy software version control, environment portability and program management. From within this environment, the Angua python script can be run, which automates directory structure, trimming, assembling, contig filtering, clustering, BLASTx/BLASTn execution and MEGAN file creation. An experimental version of this pipeline, along with the Conda environment setup file is publicly available and can be found at: https://github.com/SamMcGreig/Angua3.
2.  Methods
2.1. Sample preparation
2.1.1. For total RNA extraction, samples may consist of material from individual plants or pooled from multiple plants. For the latter, up to 120 leaves may be combined using a cork borer (Fowkes et al 2021). The level of pooling depends on the scope of the test and has to be verified.
2.1.2. Typically, samples consist of up to 100 mg of plant material (individual plant) or equivalent amount from homogenate (see 2.2.1 and 2.2.2) for pooled samples (leaf material) and seeds.
2.1.3. A back-up sample of the original plant material is stored at –80 °C to allow test repetition or to perform additional analyses.

2.2. Nucleic Acid Extraction and Purification
2.2.1. For each sample, 100 mg of plant material is ground with liquid nitrogen in a clean mortar with a pestle. In the case of pooled samples or seeds, samples are ground in a Bioreba bag.
2.2.2. Add 450 µL RLT buffer from the RNeasy Plant Mini Kit (Qiagen). For the individual samples, mix the buffer with the fine powder using the pestle.
2.2.3. Subsequently, the mix is pipetted into the QIAshredder spin column and centrifuged, following the RNeasy Plant Mini Kit (Qiagen) Purification of Total RNA from Plant Cells and Tissues and Filamentous Fungi protocol. Additional on-column DNase digestion with the RNase-Free DNase Set, described in Appendix D (page 82 RNeasy Mini Handbook) is required.
2.2.4. Total RNA is eluted in 50 μL molecular grade water and used as input for library preparation.
2.2.5. RNA should preferably be stored at approximately -20 °C for short term (less than one month) or at approximately -80°C for long term storage.
2.2.6. For each batch of RNA extraction, a healthy control (NIC) is included (healthy Nicotiana tabacum leaf which is processed as a regular sample), which acts also as a positive isolation control (PIC) during the nucleic acid extraction. This control sample is included in the library preparation and in subsequent steps where it will act as an internal positive control (as it will be spiked with 1 μL ERCC RNA Spike-In Mix (Thermo Fischer Scientific) as well as a negative control (NIC).
2.3. Library preparation
The preparation of rRNA depleted sequence libraries from total RNA is performed using the Illumina TruSeq Stranded Total RNA Library Prep Plant Kit as follows:
2.3.1. 	Determine the RNA concentration and purity (ratio of absorbance at 260 nm and 280 nm) using NanoDrop One spectrophotometer (Thermo Fisher Scientific). Typically, RNA extracts with a concentration ≥ 10 ng/μL and 260/280 ratio of 2 pass the initial quality criteria. However, samples that do not meet these criteria have shown to produce reliable libraries and RNAseq data allowing virus and viroid detection and identification.
2.3.2. 	The input concentration for the TruSeq Stranded Total RNA Kit (Illumina) is 0.1-1 µg in 10 µL. Samples are diluted using molecular grade water if required.
2.3.3. 	rRNA is depleted from the total RNA following manufacturer’s instructions of the TruSeq Stranded Total RNA Kit (Illumina). 
2.3.4. 	Unique dual indexed sequence libraries are prepared from the rRNA depleted RNA using IDT for Illumina TruSeq RNA UD Indexes following the manufacturer’s instructions.
2.3.5. 	Following library preparation, the quality and yield of the individual libraries are determined with the QubitTM (Thermo Fisher Scientific). Libraries should have a concentration above 5 ng/µL.
2.3.6. 	Libraries are pooled in equimolar amounts prior to sequencing, creating a 20 nM pool. The pool is then quantified using the Qubit high sensitivity dsDNA assay (Thermo Fisher Scientific) TM. Subsequently, the TapeStation (Agilent) is used to check the quality of the pool, expecting to have a 200-800 bp size. The NIC, a sample with a high concentration and a sample with a low concentration are also run on the TapeStation (Agilent). The quantitation data is discussed with a second member of the team.
2.3.7. 	The pool is then diluted to obtain a 4 nM pool.
2.3.8. 	PhiX Control v3 (Illumina FC-110-3001) is added to the pool at 5%.
2.3.9. 	During the library preparation, the RNA extract from N. tabacum (previously NIC) is spiked with 1 µL ERCC RNA Spike-In Mix  (1 in 10 dilution; Thermo Fisher Scientific, cat. 4456740). The sample will be diluted as in 2.3.2 but 1 µL of water is replaced by the ERCC. A negative control (NAC) is also included to trace contamination (10 µL of molecular grade water). The NAC concentration should be below 10% of the mean of samples concentration; the volume of NAC added to the pool is equal to the average sample volume.

2.4. Sequencing
A sample sheet, containing information about the sequencing, the adapters and the barcodes for each sample, is prepared before the sequencing. A control (PhiX) is included in each sequencing batch to ensure the quality of the libraries and datasets generated.
2.4.1. 	Pooled libraries are loaded onto an Illumina cartridge suitable for sequencing on a MiSeq (Illumina) platform. The number of samples in the pooled library, the cartridge size and efficiency of pooling determine the output per sample.
2.4.2. 	Sequence runs are performed to obtain 300 nucleotides of paired-end sequence data.
2.4.3. 	Machine blanks (4), index sets not used in library preparation are included in the run (sample sheet) to track any index hopping.
2.4.4. 	Datasets per sample are demultiplexed from total sequence data, following Illumina settings.

2.5. Bioinformatic analysis
All the installation (including all dependencies) and implementation of the bioinformatic pipeline, technical documentation and custom scripts are available on GitHub (https://github.com/SamMcGreig/Angua3).
2.5.1. 	The quality control of the sequenced reads is based on PHRED score (10), trimming of poor quality and removal of short sequences. 
2.5.2. Data are de novo assembled using Trinity.
2.5.3. Contigs produced are then filtered into two subsets depending on contig length. Contigs with a length equal to or greater than 200 nucleotides (nt) are subject to a BLASTn+ search against the complete NCBI GenBank nt database, and contigs with a length equal to or greater than 1000 nt are subject to a BLASTx+ search against either the complete NCBI GenBank nr database, or a custom-built non-virus clustered version of the nr database.
2.5.4. Before contigs are subject to a search with BLASTx, contigs are clustered at 95% with Mmseqs2.
2.5.5. A mapping of the reads to the contigs is performed to estimate the contigs coverage. This is performed with Samtools, the python library Pysam and bamtocov.
2.5.6. Viral reads are then extracted using MEGAN community edition.
2.5.7. Relevance of putative viral and viroid contigs is based on the diagnostic question in relation to host, symptoms and suspected causal agent.


3. Essential Procedural Information
3.1. Controls

For a reliable test result to be obtained, the following (external) controls should be included for each series of nucleic acid extractions, library preparation, and sequencing, respectively. In the HTS test, positive and negative control samples are used to monitor the different steps. In addition, the bioinformatic pipeline produces output for diagnostic samples that are used as positive and negative controls.
During the RNA extraction a healthy control (N. tabacum leaves) is included and used as a negative control for viral/viroid RNA extraction (NIC) but also as a positive control to check that (plant) RNA extraction has worked (see 2.3.1). For the library preparation, the alien control sample consisting of N. tabacum RNA extract spiked with ERCC RNA Spike-In Mix (Thermo Fisher, cat. 4456740) is used as negative and positive control and a molecular grade water sample processed along other samples during the library preparation step is used as negative amplification control (NAC). Analysis of virus and viroid content in the controls and diagnostic samples, in the context of the sequence batch (i.e. RNA extraction, library preparation and sequence run), is used to detect potential contamination.
Machine blanks (4) are included in the sample sheet, linked to indexes that have not been used during the library preparation, to track any potential index hopping.

Summary of the controls used to ensure the technical performance of the tests
	Step in the procedure
	Healthy N. tabacum leaves (A)
	(A) spiked with ERCC
	Molecular grade water
	Machine blanks

	Sample preparation
	
	
	
	

	Nucleic Acid Extraction and Purification
	
	
	
	

	Library preparation 
	
	
	
	

	Sequencing
	
	
	
	

	Bioinformatic analysis
	
	
	
	



When (near) complete virus and viroid sequences from the same species are obtained in more than one sample from the same sequence batch, several steps can be taken to assess if these are expected to be truly present in the diagnostic sample or if they are the result of contamination.
· The identified viral/viroid species correlates with the contextual information (e.g. virus – host combination, epidemiological information).
· Sequence similarity and coverage of virus/viroid genomes among the different samples.
· For critical cases, confirmation by a secondary independent test such as real time RT-PCR, ELISA, conventional RT-PCR.
 
3.2. Interpretation of results: in order to assign results from HTS-based tests the following criteria should be followed:
 
Verification of the controls for the alien control sample
· ERCCs 00019, -00053, -00078 and 00084 present.
· ERCC error rate, calculated by the MiSeq Reporter software using the resequencing workflow. It is a measure of how well the positive control nucleic acid sample passed through the complete workflow. Values above 5% trigger a review.
· Free from viruses and viroids sequences.

Verification of the controls for the negative control
· Free from virus reads.

Verification of the machine blanks
· No assigned reads.

When these conditions are met:
· Clustering analysis of the structurally annotated (near) complete virus and viroid sequences is used for species identification, according to the ICTV demarcation criteria.
· Tests should be repeated if any contradictory or unclear results are obtained, or end-users have to justify why the obtained results can still be used for detection and identification of the virus or viroid species. 

4. Performance characteristics available
The HTS test for virus and viroid detection and identification has been partially validated using potato virus Y (PVY) artificially infected Nicotiana tabacum plants, and potato spindle tuber viroid (PSTVd), Columnea latent viroid (CLVd) and pepino mosaic virus (PepMV) infected tomato seed samples. Performance criteria were determined using PM 7/98. The test was regarded as fit for purpose using the model system and a broader application of the test was substantiated by subsequent data.
The test may have been adapted further and validated or verified using other critical reagents, instruments and/or other modifications. If so, the corresponding test descriptions and validation data can be found in the EPPO database on diagnostic expertise (section validation data ).

4.1. Analytical sensitivity data
To determine the analytical sensitivity, a serial 5 times dilution (1/5 to 1/15625) of PVY-infected homogenate in healthy homogenate (from N. tabacum) were made in triplicate. In addition, the RNA from homogenates representing neat, 1/10 and 1/100 serial dilutions from seeds of Solanum lycopersicum L. infected with CLVd and PSTVd homogenised in healthy homogenate from a commercial source were also evaluated. Seeds infected with CLVd were obtained from the seed lot associated with outbreaks in the United Kingdom of CLVd, and PSTVd-infected seeds were obtained from artificially inoculated tomato plants. HTS test results show that there is a correlation between the dilution and the RPKM (reads per kilobase per million mapped reads). The limit of detection for the model system was set at a 1/3125 dilution for detection and identification of PVY; 1/100 for CLVd and 1/10 for PSTVd. Comparison with real time RT-PCR was performed in both cases. Real time RT-PCR was more sensitive, detecting CLVd in 1/1000 dilution and PSTVd in 1/10000 dilution.

4.2. Analytical specificity data
The HTS test was successfully applied for the differentiation of different PVY strains (PVY-C, PVY-NTN) and other closely-related potyviruses within the same sample (potato virus A and potato virus V). Subsequent work revealed that the HTS test was successfully applied for further virus host combinations, including but not limited to: 
	[bookmark: RANGE!A1]Host
	Viruses detected and identified
	References

	Daucus carota
	Carrot red leaf virus (CtRLV), carrot yellow leaf virus (CYLV), carrot closterovirus 1 (CtCV-1), carrot mottle virus (CMoV), parsnip yellow fleck virus (PYFV)
	Adams et al., 2014

	Narcissus sp.
	Snowdrop virus Y (SNY), turnip yellows virus (TuYV) 
	Forde et al., 2023

	Pisum sativum
	Turnip yellows virus (TuYV), pea enation mosaic virus-1 (PEMV-1), pea enation mosaic virus-2, (PEMV-2), pea seed borne mosaic virus (PSbMV), pea necrotic yellow dwarf virus (PNYDV)
	Fowkes et al., 2023; Fowkes et al., 2021

	Pittosporum tobria
	Eggplant mottled dwarf virus (EMDV)
	Frew et al., 2023

	Rosa sp.
	Arabis mosaic virus (ArMV), strawberry latent ringspot virus (SLRSV), prunus necrotic ringspot virus (PNRSV), rose spring dwarf-associated virus (RSDaV)
	Vazquez-Iglesias, 2021; Vazquez-Iglesias et al., 2019; Vazquez-Iglesias et al., 2023; Vazquez-Iglesias et al., 2020

	Solanum lycopersicum (seeds)
	Columnea latent viroid (CLVd), potato spindle tuber viroid (PSTVd), pepino mosaic virus (PepMV), cucumber mosaic virus (CMV), potato leafroll virus (PLRV), tomato bushy stunt virus (TBSV), tobacco mosaic virus (TMV)
	Fox et al., 2015

	Solanum lycopersicum (leaves)
	Tomato brown rugose fruit virus (ToBRFV), tomato mottle mosaic virus (ToMMV), spinach latent virus (SpLV)
	Fowkes et al., 2022; Skelton et al., 2019; Ward et al., 2022

	Solanum tuberosum
	Potato virus Y (PVY; including straings PVY-C and PVY-NTN), potato virus A (PVA), potato virus V (PVV), potato virus X (PVX).
	Fuentes et al., 2021a; Fuentes et al., 2021b; Fuentes et al., 2021c; Jones et al., 2021; Pecman et al., 2017

	Vitis sp.
	Grapevine red globe virus (GRGV)
	Dixon et al., 2022


The detection and identification of the above mentioned viruses and viroids was confirmed by a secondary test (see references)

4.3. Data on Repeatability and Reproducibility
The repeatability and reproducibility of the test was investigated with biological material. For the PVY model system, the process was repeated at the LOD, including PVY and CLVd infected material. Reproducibility was proven by performing the test with two different operators, using two platforms (one of them external), and the bioinformatic analysis by running the same sequence dataset through different servers. The repeatability and reproducibility experiments were 100%, and PVY and CLVd were detected in all experiments.



Annex 3 – HTS test (Pecman et al., 2022a and Pecman et al., 2024 )

The test below is described as it was carried out to generate the validation data provided in section 4. Other equipment, kits or reagents may be used provided that a verification (see PM 7/98) is carried out. 

1. General Information
1.1. This test can be used for the detection and identification of molecularly 
characterized viruses and viroids of regulatory concern using untargeted nanopore sequencing. 
1.2. The test was developed by the National Institute of Biology, Slovenia. A slightly modified wet lab procedure is published in Pecman et al. (2024). The bioinformatic pipeline is published in Pecman et al. (2022a). A detailed explanation of how to visualize and interpret similar data can be accessed online (https://gitlab.com/ilvo/phbn-wp2-training/-/tree/master/CLC_NIB_1). 
1.3. [bookmark: _heading=h.2et92p0]The protocol is based on sequencing on a MinION sequencer (Oxford Nanopore Technologies) using the cDNA-PCR protocol for sequencing ribosomal RNA-depleted total RNA. It includes read mapping based detection of selected known viruses and viroids of regulatory concern. 
1.4. Targets of this test are complete genomes of molecularly characterized plant viruses and viroids.
1.5. The test is performed using a MinION sequencer with corresponding flow cells and kits (Oxford Nanopore Technologies), a computer with installed MinKNOW™ program, and at least 1 Tb of free SSD disc space (connected with the MinION sequencer), a computer/server with sufficiently powerful GPU for basecalling and data storage, and a workstation with a Linux operation system for data analysis. The bioinformatics programs used for analysis are NanoStat, NanoQC, NanoFilt (De Coster et al., 2018) and Minimap2 (Li, 2018). For data visualisation, CLC Genomics Workbench (Qiagen, USA) is used.

2. Methods
2.1. Sample preparation 
2.1.1. The most appropriate material for determining the presence of viruses and viroids using nanopore sequencing are plant samples taken due to suspicion of virus/viroid infection. One sample combines at least 3 leaves from up to 10 plants from a single location. The sample may also contain symptomatic fruits of the sampled plants.
2.1.2. For testing, parts of the sample that show disease symptoms are used. If different disease symptoms are present in the sample, the whole spectrum of different disease symptoms should be selected. In case of fruits, the skin and adjacent tissue should be sampled; for fruits with calyces, the sepals should also be included in a sample. One piece of the sample is taken from all symptomatic leaves (and fruits).
2.1.3. At least two aliquots are prepared from the sample: one aliquot is used for RNA extraction (see 2.2), and the other is stored at -80 °C (this aliquot is used if confirmatory analysis is required – see 3.2).

2.2. Nucleic Acid Extraction and Purification 
2.2.1. 0.2-0.3 g of plant material is ground either:
· in liquid nitrogen using an iced mortar and pestle; the tissue powder is transferred into an RNase-free, liquid-nitrogen-cooled 2 mL microcentrifuge tube and 900 µL RLT buffer (Qiagen, included in the kit) are added;
· in a 2 mL tube containing 900 µL RLT buffer from the kit, using a tissue homogeniser, e.g. FastPrepR-24 with QuickPrepTM 24 x 2 mL adapter (MP Biomedicals) with garnet matrix and a ¼-inch. (6.35 mm) ceramic sphere (MP Biomedicals); centrifuge tubes before opening to prevent cross-contamination.
2.2.2. RNA is extracted using the RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions (note that there is no need to add 2-mercaptoethanol). Total RNA is eluted twice with 50 µL (total of 100 µL) of RNase-free water pre-warmed to 65°C. 
2.2.3. Up to six RNA samples can be analyzed in one pooled sample (to reduce the cost of analysis). The selection of RNA extracts to be included in the pooled sample may be based on various criteria, e.g., same type of matrix (e.g., tomato leaves), similar origin, or similar symptomatology. However, if a low level of the virus/viroid is expected, analysis of  single RNA samples may be preferable.
2.2.4. DNase digestion is performed, e.g., by using the RNase-Free DNase Set (Qiagen). 
2.2.5. Ribosomal RNA is depleted from the total RNA, e.g., by using the RiboMinusTM Plant Kit for RNA-Seq (Invitrogen).
2.2.6. [bookmark: _heading=h.tyjcwt]RNA extracts are concentrated, e.g., by using the RNA Clean & Concentrator-5 Kit (Zymo Research). The final elution volume of concentrated RNA should be ~ 20 µL. The concentration of rRNA-depleted total RNA is measured using a fluorimeter or spectrophotometer. It is recommended that the RNA sample has a 260/280 ratio of ~ 2.0 and a 260/230 ratio of ~ 2.0-2.2. If the 260/230 ratio is significantly lower (below ~ 1.8), the RNA may require additional purification as residues of various components may interfere in further steps.
2.2.7. Polyadenylation of RNAs is performed by using E. coli Poly(A) polymerase (NEB) and Mag-Bind TotalPure NGS beads (Omega Bio-tek), according to the manufacturer’s instructions, with a modified mixture incubation time: the mixture is incubated at 37 °C for 1.5 min and then immediately purified using magnetic beads to stop the reaction with elution volume of 12 µL.
2.2.8. 3’-polyadenylated RNA should be stored at -80°C (for long term storage) or at -20°C (for work to be continued in a few days) or proceeded immediately with library preparation (keep extracts on ice or freeze-cooling rack). 

2.3. Library preparation 
2.3.1.  Libraries are prepared using a cDNA-PCR Barcoding Kit according to the manufacturer's instructions, e.g., SQK-PCB111.24 (Oxford Nanopore Technologies) which includes the following steps: (i) Reverse transcription and strand-switching; (ii) PCR and barcoding; (iii) Adapter ligation; (iv) Priming and loading the flow cell. 
2.3.2.  With the cDNA-PCR Barcoding Kit SQK-PCB111.24, up to 24 samples can be multiplexed in one run. The level of multiplexing depends on the type of samples and the scope of the analysis. For example, for detection of selected known viruses and viroids of regulatory concern, 7 libraries were multiplexed on one flow cell: 5 pooled RNA extracts (see 2.2.3) and two alien controls, one with 
a high and one with a low concentration of target, i.e., Phaseolus vulgaris endornavirus (PvEV) and RNA Calibration Strand (RCS), respectively (see 3.1).
2.3.3.  Before pooling the prepared libraries, for each library the quantity of nucleic acids should be measured (e.g. with fluorimeter) and the average size of fragments estimated (e.g., with Bioanalyzer). Based on the calculated molarity, libraries are pooled in equimolar amounts to a final volume of 11 µL. The desired total amount according to manufacturer’s protocol SQK-PCB111.24 is 15 – 25 fmols. 

2.4. Sequencing 
2.4.1. Pooled libraries of acceptable molarity are loaded onto a Flow cell R.4.1 and MinION Mk1B sequencer (Oxford Nanopore Technologies). 
2.4.2.  When sequencing is finished, basecalling and demultiplexing is performed using the latest stable version of Guppy basecaller (Oxford Nanopore Technologies). 
2.4.3.  Read lengths in nanopore sequencing are dependent on the lengths of input nucleic acids, in our experience, the average of the reads length distribution after filtering and trimming is usually from 200-900 nts.
2.4.4.  Minimal output per library depends on the type of samples and the scope of the analysis and is determined after ERCC control analysis (see section 3). For example, for detection of selected known viruses and viroids of regulatory concern the threshold is set at 600 000 reads, after the subtraction of ERCC reads.

2.5. Bioinformatic analysis 
2.5.1. The following bioinformatics programs were used for the bioinformatic analysis: NanoStat, NanoQC, NanoFilt (De Coster et al., 2018) and Minimap2 (Li, 2018). For data visualisation, CLC Genomic Workbench (Qiagen, USA) was used. When possible, Conda package manager may be used to install the programs. The database used for analysis is the latest viral RefSeq database from NCBI, which need to be checked for inclusion of all the viral genome sequences that are to be targeted by the test. Possible missing viral genomic sequences need to be added, as well as the sequence of RCS control nucleic acids (YHR174W). 
2.5.2.  NanoStat and NanoQC are run on demultiplexed read datasets. Reads shorter than 50 nucleotides are filtered away and the low-quality ends of the reads and remains of polyA tails are trimmed using NanoFilt (determine the trimming parameters based on inspection of NanoQC analysis – e.g., until ‘Mean quality score of basecalls’ are within the interval of 4 values).
2.5.3.  Mapping of the trimmed and filtered reads to the curated viral RefSeq database is performed using Minimap2. The generated bam file is imported into CLC Genomics Workbench or a similar program to visualize the results.
2.5.4.  The following information are recorded in a table form: reads statistics obtained by NanoStat (mean read length, number of reads and total bases before and after trimming), the number and % of reads mapping to ERCC control sequences, PvEV control sequence, RCS control sequence and sequences of all the selected known viruses and viroids of regulatory concern in each sample or control as well as the fraction of references covered by reads.
2.5.5. The version number of all bioinformatic programs and databases used should be documented. A bioinformatic reanalysis of a control sample dataset from a previous run should be performed when the version of a program used is changed.

3. Essential Procedural Information 
3.1. Controls 
For a reliable test result to be obtained, the controls described in PM 7/151 should be included during each nanopore sequencing run. An example of a set of controls that may be sufficient:
· Alien control at a low concentration, e.g., Phaseolus vulgaris, cv. Black Turtle infected with Phaseolus vulgaris endornavirus (PvEV control) (Kesanakurti et al., 2016), to monitor cross contamination (role of negative control throughout the process) and to ensure that a low-level of target can be detected (role of positive control throughout the process).
· Alien control at a high concentration, e.g., RNA Calibration Strand (RCS) control from RNA Control Expansion (EXP-RCS00, Oxford Nanopore Technologies), to monitor the success of the library preparation and sequencing steps, and to monitor barcode cross-talk.
· Internal control, i.e. spiked nucleic acids of synthetic origin (e.g., ERCC RNA Spike-In Mix (ThermoFischer) that is added to every sample and PvEV control) for additional control of library preparation, sequencing, and bioinformatic analysis.

In addition, internal positive control (IPC) can be used to monitor the RNA extraction from each individual sample. IPC can include an endogenous nucleic acid of the matrix using conserved primers preferably amplifying by real-time RT-PCR the RNA targets such as nad5 (Botermans et al., 2013).

Summary of the controls used to ensure the technical performance of the test:

	Step in the procedure
	NAD5 - IPC
	PvEV control
	ERCC
	RCS control

	Sample preparation
	
	
	
	

	Nucleic Acid Extraction and Purification
	x
	x
	
	

	Library preparation 
	
	x
	x
	x

	Sequencing
	
	x
	x
	x

	Bioinformatic analysis
	
	x
	x
	x



3.2. Interpretation of results: in order to assigning the results from the HTS test the following criteria should be followed:

Verification of the controls and calculation of cross talk thresholds:
· Alien control at a low concentration (PvEV control): at least 1 read should be mapped to the reference sequence of PvEV 2.
· Alien control at a high concentration (RCS control): the majority of the reads in an RCS control sample (>50%) should correspond to the YHR175W reference sequence. 
· Internal control (ERCC control): > 0.1 % of all reads in each sample and PVeV control should map to ERCC fasta reference sequences. 
· The total number of all trimmed reads with subtracted number of reads mapped to ERCC should be > 600 000.
· Cross-talk propensity for each virus detected within a run is calculated and then used as a threshold to remove possible false-positive results. Virus specific thresholds are used to also detect viruses that are present in very low concentrations in single samples. The RCS control is used to calculate the expected rate of cross-talk (as a fraction of trimmed reads). Since the RCS control nucleic acids represent close to 100% of nucleic acids in a RCS control sample, cross-talk of the RCS control nucleic acids can always be observed in other samples. ‘RCS control cross-talk’ for the RCS control sequence is calculated as ‘Sum of the number of reads mapped to the RCS reference sequence in non-RCS samples and controls’ divided by ‘Sum of the number of reads mapped to the RCS reference sequence in all samples and controls’. This value is then used to calculate virus specific ‘Expected virus cross-talks [number of reads]’, which are calculated as: ‘Sum of the number of mapped reads for a specific virus in all samples and controls in the same run’ x ‘RCS control cross-talk’. These specific values (for each virus) are then used as thresholds to filter out false positive results, which are the consequence of sequencing cross-talk. The calculated ‘Expected virus cross-talk’ represents a total number of virus reads expected to be wrongly assigned among the samples in the run. Wrongly assigned reads can be non-randomly dispersed among the samples, thus it is necessary to visually inspect the mapping results table and determine the samples that contain false positive mappings (they should together contain the number of reads close to ‘Expected virus cross-talk’)
· Record the detection of a virus nucleic acids if:
· the mapping of specific virus reads in a sample is not considered a cross-talk (as defined in a point above) and
· the fraction of the reference sequence(s) covered by reads of the same virus exceeds 20% (note, this value needs to be defined in a validation of a test).
· If the second condition is not fulfilled (less than 20% of the reference sequence(s) of a specific virus covered by reads), open the corresponding mapping files imported in CLC Genomics Workbench, and manually check the mapped reads by performing BLASTn analysis against the current NCBI nr database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). If the best hit (highest bit score and e-value) for the analysed reads in this analysis corresponds to the virus in question (and the number of such reads cannot be considered cross-talk, as defined above), record the detection of the virus nucleic acids.

When these conditions are met:
· If no nucleic acids of viruses and viroids of regulatory concern are detected, a test report may be issued confirming that a sample does not contain viruses and viroids of regulatory concern.
· If nucleic acids of virus(es) or viroid(s) of regulatory concern are detected and identified (if all the conditions specified in previous subsection are met), further confirmatory testing should be performed on extracted RNA or preferably on an aliquot of the plant material stored at -80 °C. If a pooled sample has been analysed, the confirmatory test should be performed on all individual samples included in a pooled sample. The confirmatory test is preferably a different test from the first test.
· Tests should be repeated if any contradictory or unclear results are obtained.

4. Performance characteristics available
The performance characteristics for the test in this annex were generated by the National Institute of Biology, Slovenia. Validation of the use of nanopore sequencing for the detection of tomato mild mottle virus (ToMMoV) in tomato leaves was performed according to PM 7/98, also taking into account PM 7/151. This section summarizes the performance characteristics of the test; for more information, see the full report available in the EPPO database on diagnostic expertise (section validation data https://dc.eppo.int/validation_data/validationlist ). The same protocol has also been successfully used to detect various other viruses (DNA and RNA viruses) and viroids in leaves of various herbaceous plant species (Pecman et al., 2022a and b, and other internal data from the National Institute of Biology, Slovenia).

The test may have been adapted further and validated or verified using other viruses, other matrices, other critical reagents, instruments and/or other modifications. If so, the corresponding test descriptions and validation data can be found in the EPPO database on diagnostic expertise (section validation data https://dc.eppo.int/validation_data/validationlist ).

4.1. Analytical sensitivity data
ToMMoV PV0993 (DSMZ) dilutions (6x, 10x, 30x, 60x, 100x, and 1000x) prepared by mixing RNA from infected tissue with RNA extracted from healthy tomato leaves were tested. Up to three replicates were analysed for selected dilutions. The highest dilution that gave a positive result, when using 600 000 filtered reads (the lowest expected number of reads in the case of using PCR-cDNA barcoding kit SQK-PCB111.24): 100x.

In addition, bioinformatic subsampling of data from ToMMoV PV0993, ToMMoV PV1015, cowpea mild mottle virus (CPMMV) PV0907, and squash vein yellowing virus (SqVYV) PV1348 (all from the DSMZ collection), was performed. This was done for 90 000 000 (approximately 500 000 reads), 50 000 000 (approximately 270 000 reads), 10 000 000 (approximately 50 000 reads), 5 000 000 (approximately 30 000 reads), and 1 000 000 (approximately 5,000 reads) nucleotides. Each subsampling was replicated 5 times. The subsample with the lowest nucleotide number (1 000 000), corresponding to a nearly 100-fold dilution, still yielded positive detection results.

4.2. Analytical specificity data
In silico testing for the presence of ToMMoV and several other selected viruses; beet curly top virus (BCTV), CPMMV, lettuce infectious yellows virus (LIYV), melon yellowing-associated virus (MYaV), SqVYV, tomato chocolàte virus (ToChV) and tomato marchitez virus (ToMarV) in the NCBI viral reference database (updated 5.6.2022) resulted in the detection of seven of the eight selected viruses. The genome reference of ToChV, which was not found in the NCBI viral reference database, was added, and this completed database was further used. 

Testing of the range of targets and non-targets showed that all results were consistent with expected results (inclusivity and exclusivity: 100%). The list of targets and non-targets tested:
· ToMMoV isolates tested: ToMMoV PV0993 and ToMMoV PV1015
· other isolates tested: CPMMV PV0907, SqVYV PV1348 and BCTV from Institut für Zuckerrübenforschung Abteilung Phytomedizin (Göttingen, DE)
· six pooled samples containing different viruses (each pooled sample contained one to five different viruses; 12 different viruses in total) 
· four healthy tomato leaf samples 

4.3. Selectivity
RNA extracted from ToMMoV PV0993 was spiked into RNA of different tomato cultivars (Moneymaker, Roma, pooled sample of different tomato cultivars) so that a 6- or 10-fold dilution was produced. No significant influence of the plant cultivar on the test results was observed.

4.4. Data on Repeatability
Two samples of 10-fold diluted ToMMoV PV0993 analysed on the same MinION flow cell yielded a highly similar percentage of mapped reads. In addition, the presence of the ERCC control was confirmed in all six samples tested in the same flow cell using the MinION sequencer (ONT) (100% repeatability).

4.5. Data on Reproducibility
Reproducibility was assessed on up to 8 flow cells (on 8 different days) using the MinION sequencer (ONT). Wet lab analysis were performed by four different persons and dry lab analysis by three different persons. In all cases, the 10-fold diluted ToMMoV PV0993, PvEV, ERCC, and RCS controls were detected (100% reproducibility).

4.4 Additional information
The test was used to detect and identify other viruses and viroids (see the validation report deposited in EPPO database on diagnostic expertise: section validation data https://dc.eppo.int/validation_data/validationlist).
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