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Abstract
 High-throughput sequencing (HTS) technologies have the potential to become one of the most significant advances in molecular diagnostics. Their use by researchers to detect and characterize plant pathogens and pests has been growing steadily for more than a decade and they are now envisioned as a routine diagnostic test to be deployed by plant pest diagnostics laboratories. Nevertheless, HTS technologies and downstream bioinformatics analysis of the generated datasets represent a complex process including many steps whose reliability must be ensured. The aim of the present guidelines is to provide recommendations for researchers and diagnosticians aiming to reliably use HTS technologies to detect plant pathogens and pests. These guidelines are generic and do not depend on the sequencing technology or platform. They cover all the adoption processes of HTS technologies from test selection to test validation as well as their routine implementation. A special emphasis is given to key elements to be considered: undertaking a risk analysis, designing sample panels for validation, using proper controls, evaluating performance criteria, confirming and interpreting results. These guidelines cover any HTS test used for the detection and identification of any plant pest (viroid, virus, bacteria, phytoplasma, mycetesfungi and fungus-like protists, nematodes, arthropods, plants) from any type of matrix. Overall, their adoption by diagnosticians and researchers should greatly improve the reliability of pathogens and pest diagnostics and foster the use of HTS technologies in plant health.
1 Introduction

High-throughput sequencing (HTS), also known as next generation sequencing (NGS) or deep sequencing, is one of the most significant advances in molecular diagnostics together with the advent of ELISA in the late 1970s or the PCR methods in the 1980s. HTS technologies can theoretically detect the presence of nucleic acids from any organism present in a sample, including distant variants and uncharacterized organisms, without any a priori information on the sample infectious status 1.
The adoption of HTS technologies to detect plant pathogens and pests (further referred both as pests in the document) by researchers has been growing steadily for more than a decade. Their most frequent applications correspond to (i) the identification of pests causing novel diseases or diseases of unknown aetiology, with for example 91 novel viruses discovered in fruit trees 2, (ii) the sequencing of genomes from known pests to improve knowledge of genomic diversity 3, (iii) the surveillance, monitoring or source tracking of pests 4–9 or (iv) the study of the virome composition at ecosystem scale 10.

Nowadays, the use of HTS technologies for regulated plant pest diagnostics is becoming a reality and is at the agenda of the Commission on Phytosanitary Measures within the International Plant Protection Convention. As described previously11, HTS technologies may be applied for routine diagnostics to (a) trace the presence of a pest in a region through baseline surveillance programmes, (b) certify nuclear stock and plant propagation material, (c) prevent the introduction of pests into a country or area by (post-entry) quarantine testing, and (d) monitor imported commodities for new potential risks.

The HTS technologies currently rely on a complex succession of steps in the laboratory but also on the bioinformatic analysis of the generated sequences. For example, each step of the bioinformatic analysis (e.g., quality control, target identification and control evaluation) can be influenced by the bioinformatics triade: the algorithms, their parameters and thresholds, and the reference database(s). The steps of the laboratory and bioinformatics components have been described in detail in the companion paper proposing guidelines for the preparation of laboratories before the use of HTS technologies in plant pest diagnostics 12. The large number of operations and the high complexity of some of them increase the risks of creating bias during the analysis and can cause a lack of reliability of the pest detection, e.g., false positive or false negative, which could have dramatic consequences for regulated plant pests.  

So, ensuring the reliability of the results generated by HTS technologies in any laboratory is becoming a priority among the scientific community and plant health stakeholders as well as one of the main bottlenecks for their widespread adoption in plant health diagnostics. A cornerstone for overcoming this challenge is the availability of internationally recognized, harmonized guidelines covering both laboratory and bioinformatics components 13. Therefore, in the frame of the EU-funded project VALITEST, an international consortium of plant health stakeholders has been formed to write such guidelines and to disseminate them to the scientific community and diagnostics stakeholders. 

This publication details guidelines for the reliable use of HTS technologies to detect plant pests. These guidelines are relevant for diagnostic and research laboratories and include all the key phases to ensure reliable use of HTS technologies: definition of intended use, risk analysis, test development, optimisation, validation and verification as well as the quality check requirements when using HTS test in routine diagnosis. The guidelines also describe the impacts of the HTS tests specificities on performance criteria evaluation and on the use of controls, corresponding to appropriate reference material.

[bookmark: _gjdgxs]

2 Intended use and HTS test selection

[bookmark: _Hlk112916927]First, the laboratory should clearly define the intended use of an HTS test, as the number of potential applications can be broad. Indeed, an HTS test can be used as a standalone test or as part of a series of tests for the detection and identification of specific pests (e.g., detection of quarantine pests at import or export, or as part of a phytosanitary certification programme) or for the broad detection of groups of organisms (e.g., some viruses, bacteria, fungi and other microorganisms) with the likely detection and identification of uncharacterized or unexpected organisms (e.g., surveillance studies). 
A range of questions and factors to consider when defining the intended use of an HTS test are provided in section 5.4.3 of EPPO standard PM 7/98 (2019) 14. It is also recommended to define the desired taxonomic level for the HTS test: strains/isolates, pathovar, race, formae speciales, species, group of species, genus, family, or higher levels of taxa (see paragraph on special consideration for analytical specificity).
Further on, the protocol of the HTS test should be selected according to the intended use, the laboratory constraints (e.g., IT infrastructure, equipment, personnel competence/availability), the time constraints (e.g., expected timeline from sampling to result and acceptable delay of the results), the availability of validated tests and the consulted literature. A scientific and technical review of the protocols (laboratory and bioinformatics) is particularly important as each protocol has its own strengths and limits. In addition, in the last decade, sequencing technologies and protocols have evolved very quickly with regular improvements making previously available protocols outdated. The selection of the HTS test can also rely on the results of the risk analysis.
For the selection of an HTS test, a diagnostic laboratory should follow appropriate international recommendations like those of the EPPO standard PM 7/98 (2019)14. Specifically, “tests described in the legislation (e.g., European Union or national legislation) are mandatory for the countries concerned. If no test is mandatory, tests published as international, regional or national standards should, preferably, be used. Whenever such tests are not available or whenever performance could be improved, laboratory-developed or adapted tests can be considered (ISO/IEC 17025, :2017, points 7.2.1.1 and 7.2.1.4).” In the latter case, the laboratory should select and define the most appropriate HTS test(s), including laboratory and bioinformatic components, for further development and/or optimization followed by validation. Figure 1 provides a decision tree to determine the successions of phases (development, validation, verification, routine use, update management) once the HTS test has been selected.


[image: ][image: ]
Figure 1. Decision tree related to the development, validation or verification of an HTS test and to the updates when used in routine diagnostics. The blue stars correspond to the steps where the use of reference material is needed. The grey circles with XP mean technological and scientific expertise needed



3 Risk analysis

The risk analysis should start as soon as the HTS test has been selected and should be updated whenever needed throughout the development, validation, verification, or routine use of an HTS test (Figure 1). 
The risks associated with running HTS tests should therefore be identified before their implementation as diagnostics tests. Some risks linked to the management of the laboratory (e.g., equipment, personnel, consumables, environment, organisation of the laboratory) or the management of the documentation (e.g., quality management system with procedures, records, traceability of measures) are identical to the risks associated with other molecular tests. However, some additional risks and their associated metrics are specific to HTS tests. For example, specific points related to the sequencing platforms and methods (e.g., nucleic acids isolation, nucleic acids enrichment, read length, number of generated reads, platform flexibility and scalability, platform error rate and the type of errors produced) or to the bioinformatics components (e.g., the amount of generated data, the bioinformatic triade (i.e., software, parameters/thresholds and databases used) and the IT infrastructure) should be considered.
Given the complexity of an HTS test, it is recommended to assess holistically the factors influencing the results. The severity of their impact should be estimated, and appropriate measures should be implemented to reduce, minimise or when possible, eliminate the risk 15,16. 
The risks can be analysed through the methodologies described in EPPO standard PM 7/98 (2019). An Ishikawa diagram, adapted for HTS technologies from a previous publication 17, is proposed in Figure 2. Alternatively, an operational risk assessment framework with tools for the assessment and management of risks for a plant health laboratory has been proposed 18. The risk analysis should be conducted by competent personnel. A non-exhaustive list of risks associated with HTS and their corresponding metrics/controls to monitor/evaluate is presented in Supplementary Material 1. All the risks listed in the Supplementary material are not relevant to all possible HTS tests. Instead, this indicative table aims to guide laboratories in their risk analysis and should be adapted and complemented by each laboratory to fit the intended use of their HTS test. Specific considerations for the risk analysis for the test selection/test development, for the validation/verification of the test and for ensuring the validity of results during routine diagnostics are discussed further in the text.
The risk analysis will be the basis for establishing the critical parameters and quality checks of the HTS test for routine use. The thresholds, acceptable range, and proper interpretation should be defined in the procedure used during routine analysis and be used for continuous monitoring of test performance through time.
DRAFT

Importantly, the risk analysis should be regularly updated (e.g., change in the level of and/or type of risks) depending on the results of the quality checks obtained during the development, validation, or verification phases but also during the routine use of the HTS test and its performance monitoring. The risk analysis should be documented as it will be useful in the decision-making for verification or validation after modification of an HTS test as well as when troubleshooting errors that may arise 15,16. 
2
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Figure 2. Ishikawa diagram representing the cause and effect of each component of HTS tests. Acronyms: NA: nucleic acids, PCR: polymerase chain reaction, bioIT: bioinformatics

4 [bookmark: _30j0zll]Specific consideration on reference material and sample panels
4.1 [bookmark: _1fob9te]Reference material

Reference material should be used in the sample panel for the validation or verification of HTS tests, as controls to monitor the performance of HTS tests and during the second line (blind test within the laboratory) or third line (proficiency testing) quality checks. It is also highly recommended to use reference material during HTS tests development. In plant health, the commercial availability of reference material or certified reference material is very limited and consequently reference material often needs to be produced by individual diagnostic laboratories 19. The production of biological reference material should follow the EPPO standard PM 7/147 19 which aims to support laboratories in describing and producing biological reference material in a consistent manner. 
Due to the broad scope of any HTS test, it is generally impossible to have reference material for every expected target nor for every single combination of target(s)/matrix. The reference materials should therefore reflect the diversity of the targeted organisms (e.g., RNA viruses; DNA viruses; viroids; bacteria; fungieumycetes, fungi-like protists such as, oomycetes, and mold such as myxomycete (further collectively referred as fungi); phytoplasmas;, nematodes,; insects,; plants). Table 1 provides examples of reference materials that can be used in HTS tests. Importantly, to considertaking into account the diversity of targets, several reference materials, each infected by specific targets, can be pooled together in a single composite control.
Biological reference material can be fresh, frozen, dried, or lyophilized matrix containing known target(s) and their stability over time should be ensured. The identity and purity of the biological reference material should be checked by the laboratory to maintain confidence in their status. Biological reference material can be used to generate a range of working reference materials with associated data (e.g., annotation of sequences) which can be used as controls to monitor specific step(s) or the whole protocol of the HTS test: subcultures or host tissue from single or several species, nucleic acid extracts, prepared libraries and reference reads datasets. Given the importance of bioinformatic analyses in HTS, the availability of reference reads datasets is recommended. Read datasets generated from reference material can be re-analysed over-time to ensure the reliability of the HTS bioinformatics pipeline and can be used when verifying or validating any pipeline update. To complement biological material, aAdditional artificial reference materials specific to HTS tests may also be used, for example artificial ly manufactured DNA/RNA or artificially generated sequencing datasets (generated by computer algorithms) used alone or added to datasets of biological origin (semi-artificial). Such reference datasets should be stored and maintained properly and preferably be publicly available. 
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Table 1. Examples of material that can be used as reference material for HTS depending on the test and targeted pests.
	Reference materials
	HTS test
	Pest range
	Notes/remarks

	(Mix of) pure culture(s) of strains belonging to representative species expected in the matrix
	Amplicon sequencing
	Bacteria, or fungi
	- Strains can be combined into a mock community
- The relative proportion of the strains could vary, with some strains close to the limit of detection to evaluate the analytical sensitivity
- The composition could also allow the continuous evaluation of the analytical specificity by combining taxonomically related strains

	Individuals from taxonomically characterized species
	Amplicon sequencing
	Insects, nematodes 
	- A mix of individuals or of their extracted nucleic acids can be combined into a mock community
- The relative proportion of the individuals could vary, with some species close to the limit of detection to evaluate sensitivity
- The composition could also allow the continuous evaluation of the analytical specificity by combining taxonomically related individuals

	Individual plant or seed or pollen from taxonomically characterized species
	Amplicon sequencing
	Invasive plants
Weeds
	- A mix of individuals or of their extracted nucleic acid can be combined into a mock community
- The relative proportion of the individuals could vary, with some species close to the limit of detection to evaluate sensitivity
- The composition should also allow the continuous evaluation of the analytical specificity by combining taxonomically related individuals




	Reference materials
	HTS test
	Pest range
	Notes/remarks

	Matrix infected with known pest(s). 
	Shotgun sequencing for pest detection
	Viruses, viroids, bacteria, fungi, oomycetes nematodes
	- Pest concentration in plants can be variable in different plant organs, over space and time.  Lyophilisation of the reference material can provide stable material
- Matrix could be infected by a single or by multiple pests reflecting the diversity of expected targets
- Several plants/matrices could be combined into a single composite reference sample
- Different concentrations of the pest: at least one high and at least one close to the limit of detection
- Isolates/strains of a pest can be spiked in the sample matrix

	A pure culture of a strain or an individual (plant, insect) whose genome is fully sequenced and annotated
	Shotgun sequencing for genome characterization and sequencing
	Bacteria, fungi
	- Need a representative set of major genetic variants at species, subspecies or pathovar level
- Spike the pure culture in plant material as a mock infection 

	Reference synthetic nucleic acids
	All HTS tests
	All targets
	- Artificial nucleic acids manufactured 
- Artificial nucleic acids could be spiked into nucleic acids purified from plant material. 

	Available reference datasets	Comment by Guest User: Benedicte: a new row for each of these?
	All HTS tests
	All targets
	- Generated from the reference materials mentioned above
- Artificial reference datasets, or real datasets spiked with reads from the pathogen(s) of interest


4.2 	Comment by Gastgebruiker: AH: I see here point 4.2 but it seems empty, I hope nothing was lost there ;-)


4.3 Sample panels for development, validation or verification	Comment by Guest User: Benedicte: line space after title?

Designing the panels of samples to be used during the development, validation and/or verification phases is a key step in establishing an HTS test. The type of matrix, the number of samples, the concentration range of targets, the type of genome (DNA vs RNA genomes for viruses), and the type of targets (e.g., including closely related organisms that might be difficult to differentiate) need to be defined depending on the intended use of the HTS test 15,16.
The panel should contain reference material(s) that could later be used as external or internal control(s) for the continuous monitoring of the test performance. The reference material can correspond to a pool of several reference materials to achieve a better diversity of targets in a single material (see previous point).	Comment by Guest User: Benedicte: better to keep it singular, as written previously in text
The variety of organisms that may be detected and identified by HTS tests from a wide range of matrices makes it impossible to include each target (which may be a species or a group of organisms) and matrix combination in a sample panel. For an HTS test targeting multiple organisms of the same group or from different groups, the panel of samples should be composed at a minimum with the different types of samples (matrix) expected to be tested routinely and includes a range of known targets representative of the diversity of organisms that may be detected (e.g., viroids, viruses, bacteria, fungi, insects…). For example, for an HTS test targeting virus, known viruses representing the different types of viral genomes (e.g., ssRNA, dsRNA, DNA) should be selected 20,21. Similarly, for metabarcoding of macroorganisms such as insects or plants, individuals should be selected that represent a range of species from the expected main target groups 7. The concentrations of the targets should mimic those in real samples and, for some, be close to the limit of detection. Depending on the test purpose, the inclusion of microbial community standards as reference material 22, some being commercially available, may also be a relevant option for validation of the workflow.	Comment by Guest User: Benedicte: singular?	Comment by Gastgebruiker: agree
The results obtained with this representative panel can be completed by a risk-based approach in which the validation or verification data are complemented with the use of other tests performed during the overall diagnostic process, as well as with the use of controls at each step of the HTS process during routine testing. These steps are assessed for their impact and how they can be managed during the risk analysis 7,23.
The reference samples used during validation or verification, should preferably include several targets, most of which at a concentration close to the limit of detection to evaluate the analytical sensitivity (through a serial dilution of reference sample(s)) and to minimise the risk of false positives due to cross-contamination. During validation, the proper combination of targets in such composite samples can allow the simultaneous evaluation of several criteria with fewer samples.
5 [bookmark: _3znysh7]Specific considerations for the use of controls 	Comment by Guest User: Benedicte: line space?
[bookmark: _Hlk112917579]
Controls, corresponding to reference materials, are crucial in any diagnostic test, including HTS tests, as they provide essential traceability and validity in testing. They can be used, for example, to validate or verify tests or to monitor the performance of the test and/or of the laboratory (EPPO standard PM 7/98, 2019). These controls can correspond to commercially, publicly or internally available reference materials as defined by EPPO standard PM 7/147 (2021) or to material characterized properly by the laboratory itself. Table 2 provides a description of first line controls that can be used in HTS tests and their application in relation to the main steps of the HTS process. The purpose of each category of control in an HTS context is further detailed below.
Four types of first line controls can be used with HTS tests: 3 three external controls that correspond to positive control, negative control, and alien control, as well as internal positive controls. It should be emphasised that each step of the HTS test should be monitored during each run, from nucleic acids extraction to identification of targets (2nd bioinformatic step), allowing a proper evaluation of controls (3rd bioinformatic step).
Regardless of the type of control, the absence of targets (i.e., no targets in negative controls, absence of other unexpected targets in positive and alien controls) or the presence and abundance of target(s) (i.e., positive and alien controls) should be known unequivocally in each control and should be stable over time (see Reference material section). 
5.1 Positive controls

A positive control is an external control used to monitor the correct detection of targets. Positive controls are processed alongside the samples to be analysed. A positive control will usually contain a small but representative fraction of the possible targets an HTS test could detect. It can be prepared as a mix of individual positive controls each containing different targets. It is recommended to use positive controls for which at least some target concentrations are close to the limit of detection. Low level targets are well suited to check the analytical sensitivity of the sequencing run and their low concentration limits the risk of contaminating other samples. A positive control containing target(s) at high concentration is not recommended due to the much higher risk of detecting these target(s) at low level(s) in the analysed samples because of cross-contamination from the positive control. 
Positive controls can also be used as negative controls. Indeed, the detection of an unexpected target in the positive control (in addition to the expected target(s)) may be a signal of contamination from another sample (contamination n->1 from any other sample or the environment (n) to the positive control (1)). This result can be further analysed, for example by comparing the percentage of nucleotide identity with the potential source of contamination.
To optimise the monitoring of target presence and the contamination burden level in a batch of samples, positive controls can be replaced by or used in addition to an alien control in HTS tests.
5.2 Negative controls

Negative controls of HTS tests are the same as for any other molecular test and correspond to a matrix (or purified water for a blank) which does not contain any target. Negative controls can be used to monitor for contaminants as the detection of target(s) in the negative controls indicates that contamination has occurred during the HTS test (contamination n->1 from any other sample or the laboratory environment to the negative control). 
A very low amount of contamination by target sequences will often be present in the data generated from negative controls. These traces of contamination might not be detectable by conventional or real-time PCR. Contamination can be more prevalent in amplicon sequencing because the amplification of traces of contaminant DNA, originating from the environment or the kits used, will be very efficient in the absence of other targeted DNA in the sample. This phenomenon might lead to the risk of overestimating the contamination burdenlevel, as compared to a sample or control in which abundance of contaminant DNA is extremely low compared to sample DNA and is not likely to be efficiently amplified. For this reason, the use of positive and/or alien controls containing a DNA quantity similar to the analysed samples could allow a better estimation of contamination.
5.3 Alien controls

The third type of external control, alien control, is a new type of control for plant pest diagnostics. An alien control is processed alongside the samples to monitor the detection of its target(s) (role of positive control) and to check for cross contamination between it and the other samples (role of a negative control). Alien controls have been recently used for the first time in plant virus diagnostics by HTS technologies in the frame of the validation of an HTS test 24.
An alien control corresponds to a matrix containing one or several targets (called alien targets) which belong to the same group as the target organism(s) but cannot be present in the samples to be tested. So, the detection of reads from an alien target in a sample or another control can be unequivocally considered as a contamination from the alien control. This alien target can be a pest or not. For example, an alien control can be a bacterial or fungal strain from a species or genus restricted to an ecological niche that is not related to the analysed matrix (e.g., extremophile species with plant samples or spore trapping). For insects or plants, a species/genus restricted to temperate climates could be used as an alien control when analysing tropical crops or environments (through traps) and vice versa. For viruses, a wheat sample infected by barley yellow dwarf virus-PAV (BYDV-PAV), an aphid-borne virus infecting only Poaceae, can be used as alien control when analysing viruses infecting potato or banana samples. In this case, the detection of BYDV sequences in the analysed potato or banana samples would indicate that cross contamination has occurred, and it can be quantified. For sequencing of RNA targets another possible alien control is plant RNA spiked with commercialised RNA spike-in controls or, in case of DNA sequencing, plant DNA spiked with gBlocks. When these spikes contain nucleic acids with low and high abundance, they can be used to monitor the sequencing efficiency (analytical sensitivity) as well as contamination to other samples. In case of identification of nematodes and arthropods using mitochondrial genes (e.g., COI, COIII, nad2, nad5) or shotgun sequencing, a possible alien control is commercially available DNA of any mammalian species ( e.g., cat, dog, pig)  from which the mitochondrial genome is sequenced and assembled to monitor the sequencing efficiency. With an alien control, the contamination analysis takes into account the contamination from a single sample (containing the alien control) to all the other samples (1->n) and is complementary to the classical contamination analysis from any sample to the negative control (n->1).
Calculating the abundance of alien target(s) in alien controls is also important for determining a quantitative threshold for contamination. This threshold can be an absolute number of reads and/or can be calculated as a relative proportion of reads between the alien targets in the samples and in the alien control. For example, 100 reads of the alien target have been detected as contamination in a sample or another control. The relative level of contamination will be different if, within the run, the number of reads of this target in the alien control is 1,000 (meaning 10% contamination) or 10,000,000 (meaning 0.01% contamination).
The alien control should preferably contain at least a high concentration of one of the alien targets (for example a plant with a high virus concentration (the higher the better), purified viruses or a pure isolate of bacteria or fungi). A high concentration of the alien target allows a better detection and quantification of alien contamination in the analysed samples. The number and/or proportion of the alien target sequences in the samples can be analysed (e.g., maximum, average, standard deviation, distribution) and compared to the number and proportion of alien target sequences in the alien sample (relative quantification of contamination). 
If the alien control is also used as a positive control, in addition to the alien target(s) at high concentration, at least another alien target should be present at a low concentration, close to the limit of detection to monitor the detection of low abundance target.
As the composition of the alien control is known, the presence of an unexpected target in the generated sequence data from the alien control would also indicate a potential contamination from a sample or another control analysed in the same batch 25. This represents a contamination analysis n->1 (also possible with positive control and negative control).
5.4 Internal positive controls

In addition to external controls, internal positive controls (IPC) may also be used in an HTS test. Table 2 provides details on the application of the internal positive controls in relation to the main steps of the HTS process.
Internal positive controls can correspond to sequences that are expected to be always present in the nucleic acids extracted from the sample (endogenous nucleic acids), for example a plant gene (e.g., nad5 gene, 18S gene (not in case of ribodepletion), COI) constitutively expressed when analysing RNA shotgun sequencing data from plants to identify pests 26. Ideally, the selected sequences should be present at a stable and low level in the analysed matrix but above the level of detection to ensure a proper monitoring of the analytical sensitivity. For the detection of targets in complex matrices, this internal positive control presents the limitation of not being a target itself. For identification of isolated pests and pure cultures, non-target loci for identification (e.g., the insect nuclear rDNA where the mitochondrial cox1 gene is used for identification) and the ratio between these loci (e.g., copy numbers of nuclear ribosomal DNA compared to those of nuclear single copy barcode loci in fungal cultures) can be used to monitor if data is generated as expected. 
Preferably, each sample can be spiked with synthetic nucleic acids (after NA nucleic acids extraction) or, even better, before NA nucleic acids extraction by a matrix containing a known target not expected to be found in the samples to be analysed (this target could therefore be another alien control). An advantage of using synthetic nucleic acids is that they are more readily quantifiable than total nucleic acids. The spiked material should be easily and unambiguously detected by the HTS test. It should be spiked at a low concentration (ideally close to the detection limit) to evaluate the analytical sensitivity of the test and to avoid masking the targets present in the sample. For example, black bean tissue containing an endornavirus has been used to spike grapevine samples to monitor the analytical sensitivity of the assay and set a threshold for the presence or absence of the target 27. An advantage of spiked alien is the proper monitoring of the extraction step that is more difficult when adding synthetic nucleic acids.
In metabarcoding, synthetic 16S rRNA gene spike-in controls have been used to aid in sample tracking and to detect and quantify cross-contamination that may have occurred during the laboratory processes. A distinct spike-in or mixtures of spike-ins were added in low concentration(s) in each sample before starting the DNA extraction 28. Similarly, synthetic ITS spike-in controls (mock communities) were used in metabarcoding of forestry fungi. These synthetic controls proved to be useful for monitoring index-hoping and parameterizing the bioinformatic pipelines 29. 
In shotgun sequencing, a synthetic community of artificial microbial genomes called sequins (standing for sequencing spike-ins) mimicking the microbial community of the real samples, can be added to environmental DNA samples prior to library preparation. This enables the measurement and mitigation of technical variation (e.g., library preparation protocols) that can influence sequencing. Sequins also provide a consistent reference that can be used during the development and optimization of HTS tests 30. Synthetic RNA spike-ins sets have also been used on zebrafish total RNA extracts for monitoring size-selection of RNA and for sample-to-sample normalization of RNA in small RNA sequencing. This improves the technical reproducibility of the test 31 but such an approach has not yet been evaluated in plant pest diagnostics. 
Internal sequencing controls designed by the HTS technology manufacturers, are available for some sequencing platforms. Manufacturer’s instructions should be followed when using these controls. For example, for the Illumina technology, the PhiX phage is used to monitor the sequencing run and is included in sequencing reagents and is always spiked in any sequencing reaction. Its genome sequence is known and it is therefore used to automatically evaluate the accuracy of sequencing (e.g., the proportion of sequencing errors). Similarly, Oxford Nanopore Technologies have a control sequence that can be spiked in. 
Commercialised spike-in controls are now becoming available. For example, a common set of external RNA controls called ERCC RNA spike-in mix, has been developed 12. This control, containing transcripts at very different concentrations, has been used routinely in some plant health diagnostic laboratories.
[bookmark: _kypbvr79vlyn]When rRNA depletion is used for RNA sequencing, the rRNA depletion efficiency could be monitored either by mapping the reads to nuclear, cytoplasmic and mitochondrial rRNA genes or by classification algorithms such as SortMeRNA 32. The proportion of rRNA reads can give an idea about the efficiency of the rRNA depletion step.

5.5 Suggestion for the use of controls in two intended uses

Currently, one of the most advanced applications of HTS test for regulated plant pest diagnostics is the detection of plant viruses in plant tissue by shotgun sequencing. For such application, the use of the following controls can be suggested: 
· an internal control corresponding to a matrix containing an alien target at a concentration close to the limit of detection could be spiked in all the samples; 
· an alien control with at least one target at very high abundance could be used to monitor the contamination (1->n and n->1); 
· a positive control with all the target(s) close to the limit of detection 13 could be used if needed;
· a negative control corresponding to a non-infected plant or to water is not required.
Whole genome shotgun sequencing tests for multi-locus identification of isolated specimens and pure cultures of pest species also hold increasing interest in routine diagnostics. HTS overcomes the need for independently amplifying and sequencing individual informative loci. For such applications, the following controls can be suggested:
· an alien control containing the loci of interest in copy numbers that could be expected in the target species;
· the relative coverage of the different target (and non-target) loci for identification could be used as an internal control;
· a separate external positive control is not needed in these cases as the sample itself acts as positive control. When target DNA is extracted from these materials, presence of barcode loci is expected at an expected coverage range given the genome size and HTS read yield; 
· a separate external negative control is not needed as the sample itself serves as a negative control. High copy targets from the alien control should be monitored in the diagnostic samples under investigation. 
Importantly, these suggestions should be evaluated by each laboratory in the frame of the risk analysis and can be adapted depending on the specific context of the laboratory and the intended use of the test. 
Table 2. Description of first line controls 1 that may be used in HTS tests and their application in relation to the main steps of the HTS process. (n->1) represents the contamination from n samples to one sample and (1->n) the contamination from one sample to n samples.
	
	Negative controls
	Positive controls
	Alien controls
	Internal controls

	Aim/Monitoring
	





Contamination (n->1) for any target
	Detection of specific targets in the control

Detection of target(s) present at low concentration in the control  

Contamination (n->1) for targets absent in the control

	Detection of specific alien targets in the control

Detection of target(s)n present at low concentration in the control 

Contamination (n->1) for targets absent in the control

Contamination (1->n) of the alien target(s) in any sample


	Detection of specific alien targets in any sample (only when an alien control is spiked)

Detection of target(s)n present at low concentration in the control 


	Description
	Same type of matrix (e.g., same plant species) of the analysed samples but free of the target(s) or extraction buffer (NIC), or molecular grade water (NAC)
	Same matrix and range of target(s) expected to be detected in the analysed samples and processed alongside the samples and preferably at low concentration (naturally infected or spiked)
	Same type of matrix (e.g., plant tissue…) with target(s) not expected to be found in the analysed samples (i.e., alien target) and processed alongside the samples

The matrix can contain alien target at low concentration and at high concentration

	Same type of matrix with alien target or artificial target (e.g., synthetic nucleic acids) spiked at low concentration in the samples or
Non- target nucleic acids naturally present (e.g., plant genes) and not related to the sample targets

	HTS steps
	Negative controls
	Positive controls
	Alien controls
	Internal controls

	Analysis
	Absence or low abundance (e.g., below a set threshold) of target(s)  (*) (**)
	Detection of positive control targets

Absence or low abundance (e.g., below a set threshold) of any other target  (*) (**)
	Absence or low abundance (e.g., below a set threshold) of the alien target in the analysed samples (**)

Detection of expected alien target at low concentration in the alien control
	Detection of internal control in each sample

	Sampling and nucleic acids extraction
	NIC: matrix without target(s), if not available, extraction buffer 
	PIC: matrix containing target(s) from a single or pooled individual(s)
	Matrix containing alien target(s) processed alongside samples 
	Not applicable as included in the analysed samples

	Library preparation 
	Nucleic acids previously extracted from a NIC during another HTS test. It will be used as  NAC (***)
Molecular grade water to verify the absence of contamination (*) (****)
	Nucleic acids previously extracted from a PIC during another HTS test. It will be used as PAC (***)
	Nucleic acids previously extracted from an alien control during another HTS test
	Spiked nucleic acids to be analysed with alien target or non-target nucleic acids of natural or synthetic origin 

	Sequencing
	Previously prepared libraries from the respective controls can be sequenced for specific monitoring of sequencing
DNA sequence of the positive controls designed by the HTS technology manufacturer, present in the sequencing reagents. 

	Bioinformatic analysis
	Raw sequencing data generated during previous HTS tests from respective controls or artificially generated data can be used to specifically monitor the bioinformatic analysis step


1Abbreviations of first line controls: NAC: negative amplification control, NIC: negative isolation control, PAC: positive amplification control, PIC: positive isolation control. 
(*) the complete absence of target sequences in a negative control (or sequences in sequenced water) is practically impossible with HTS sequencing. 
(**) if an unexpected target is detected in any control or an alien target is detected in the samples, their presence should be quantified and compared with the controls and samples infected by the target.
(***) the Positive Amplification Control (PAC) and the Negative Amplification Control (NAC) can be used for amplicon sequencing and shotgun sequencing. They can be considered as “positive library control” or “negative library control” as they check the quality from the library preparation step.
(****) for shotgun sequencing, the same matrix as the analysed samples but free of the target(s) is preferred over molecular grade water as negative control. 
6 Specific considerations on the performance criteria 
6.1 Analytical sensitivity

The analytical sensitivity of several HTS tests has already been compared to (RT-)PCR or real-time (RT-) PCR test for plant or animal pathogens. The relative performance of the compared HTS and PCR-based tests were dependent on the tests themselves and very diverse results were obtained. Some publications found a similar analytical sensitivity between both tests 33,34 while others concluded that HTS-based tests were less 5 or more sensitive 35 than PCR-based tests. In addition, this is also dependent on threshold settings for detection and identification (e.g., number of reads, percentage of genome coverage, average read coverage on the genome…) which can be different between laboratories.    
The analytical sensitivity of an HTS test is theoretically very low as a single read from a target can be potentially identified by an appropriate bioinformatics pipeline. Nevertheless, the analytical sensitivity is limited by the contamination level between samples that can vary between sample batches and runs and, within a batch or a run, between target organisms. The analytical sensitivity will depend on the contamination threshold fixed for the run or the batch. For example, 10 reads of a target have been detected in a sample. If there is at least one other sample in the batch with a very high abundance of this target (for example 500,000 reads), there is a risk of cross-contamination from this sample. If this target is not detected in any other sample from the batch or the previous run, the 10 reads are more likely to represent a true infection at a very low level.
Even after optimization of the different steps of the protocol, determining the analytical sensitivity is particularly challenging for an HTS test. This is because the ability of an HTS test to detect a target depends on the number of reads generated from the sample 26,35,36. Noteworthy, the total number of reads generated during the sequencing run, also called sequencing yield or sequencing depth, will vary between runs. Within a sequencing run, when several samples are pooled together, the number of sequences per sample will vary and this variability can increase with the level of pooling. This can have a significant impact on the limit of detection. Indeed, if only 1,000 sequences are generated for the sample and a target is present in the nucleic acid extract at a very low proportion, for example 1:10,000 (target nucleic acids: total nucleic acids), it will most probably not be detected and a false negative would be generated. The probability of detecting the target will rise with the increase of the number of generated reads. Indeed, if one million reads are generated, around 100 reads from the target could be expected to be detected, potentially leading to a true positive result. This has been demonstrated for virus detection 37–39. For example, during an inter-laboratory test performance evaluation of bioinformatics pipelines, the diagnostic sensitivity dropped from 87% when analysing 2.5M reads to 46% when analysing 50,000 reads per sample 38. 
However, increasing the number of reads per sample also increases the probability of detecting reads originating from cross-contamination between samples and usually present at very low abundance. There is therefore a subtle balance needed between detecting low level targets infecting the sample and background contamination of targets from other samples. Other metrics should also be considered, such as sequence duplication levels or abundance of host reads in case of shotgun sequencing. A sample can have many reads, but the diversity of the sequenced molecules could be low (and the duplication rate very high) due to a poor library preparation. This phenomenon lowers the ability of the test to detect low level targets. 
During validation, the minimal sequencing depth can be evaluated by applying the bioinformatic analysis pipeline to different numbers of reads from the same sample. Indeed, the generated reads for a sample can be rarefied by randomly selecting a portion of them. This rarefaction will generate subsamples of reads corresponding to variable lower sequencing depths. The bioinformatic analyses of all these subsamples will identify the sequencing depth(s) at which some targets are no longer detected. It is therefore recommended to generate a very high number of reads per sample during the development, validation and/or verification phases.
Another observed phenomenon is the impact of co-infecting organisms on the ability of the HTS test to detect a target. This is the case when an organism infecting a sample can be missed because another organism is present at a very high concentration and “masks” that organism (called dilution factor 10). This situation has been observed for shotgun sequencing in samples co-infected with viruses or fungi 40 and has been shown in amplicon sequencing for fungi using dedicated controls 5. For amplicon sequencing, the composition of the community determines whether certain species will be detected or not, for example due to competition for the primers in the PCR reaction, or differences in copy number of the used barcode. Furthermore, the DNA extraction efficiency also plays an important role. This has been shown with artificial mixes of nematodes where some species were hard to detect by amplicon sequencing, even if they were the only species present in the mix. Because of poor cell lysis, contaminants could be more easily picked up and amplified than the target 41. Nevertheless, this phenomenon cannot be currently anticipated for all the combinations of targets tested. To mitigate this risk, the validation could include reference samples with different proportions/quantities of the targets, some very abundant while others at very low level. Such a series of controls have been recently used for amplicon sequencing to survey the presence of fungal species in spore traps 5. 
To conclude, determining the analytical sensitivity of a developed HTS test requires the determination of thresholds, at least concerning the minimal number of reads per sample and the determination of contamination but which can also include the duplication rate or the abundance of the host sequences. Whatever the situation, and depending on the intended use of the HTS test, a confirmation might or should be carried out. Further scientific developments are expected to improve the determination of the analytical sensitivity of HTS tests. 

6.2 [bookmark: _2et92p0]Analytical specificity

The analytical specificity of an HTS test should be aligned with the taxonomic resolution needed for the intended use of the test (see chapter 2). It will depends on the laboratory protocol used to generate the reads,  and the genetic variability of the targeted organisms (i.e., e.g., the ability to distinguish achieve a speciesthe required taxonomic resolution based on the generated sequences). The bioinformatic triade (i.e.,g., software, parameters/thresholds and databases) of each bioinformatic step is also key in this performance criterion. The desired taxonomic resolution (e.g., genes, isolates/strains, pathovars, formae speciales, species, genera or families relevant to plant health) should be determined when describing the scope and intended use of the test. For example, in addition to the identification at species level, when relevant and wherever possible, identification of putative genes and the prediction of relevant gene products and functions (especially those associated with potential phytosanitary risks) could be determined 42. This is particularly important when an organism/agent new-to-science is detected, allowing to differentiate between known pathogenic and non-pathogenic organisms or strains. For example, virulence genes were found in three bacterial species consistently detected in the necrotic stem lesion of acute oak decline disease 43. Yet, using additional genetic marker sequences from other genes should be considered carefully, as the scientific knowledge on their association with the targeted organisms might not be exhaustive and homologous genes could be present in the genome of harmless organisms.
For amplicon sequencing, the analytical specificity of the target region can be at least partially evaluated theoretically by analysing all the targeted regions accessible in sequence databases, considering the intended use of the HTS test. The discrimination of closely related organisms based on certain genomic/sequence regions should be studied in depth through bioinformatic analyses. If sequence similarities exist between organisms that could potentially be present in the samples and might interfere with pest detection and identification, those organisms would need to be included in the development and/or validation phases. The taxonomic resolution based on a sequence region can also vary. For example, a genomic region may discriminate against all the species in one genus but may be unable to discriminate against the species of another genus because of the lack of divergence between these species in that genomic region. The analytical specificity could be evaluated by the use of artificial reads datasets with known pest composition or of positive controls containing a mix of targets whose presence has been confirmed by different methods 44. Ideally, the concentration of the target(s) should reflect as much as possible the concentration in real samples that will be tested.
When applying a shotgun sequencing protocol to a sample composed of multiple organisms, the analytical specificity might depend on the number of sequences generated from each organism, the percentage of the genome covered, the genomic regions that have been sequenced (conserved or specific) and their read depth. As for analytical sensitivity, the taxonomic resolution of a shotgun sequencing will depend on the sequencing depth and the appropriate target coverage to achieve the intended taxonomic resolution. Sufficient and reproducible sequence coverage and quality needs to be obtained, and a minimal number of generated sequences per sample needs to be clearly stated during the development and/or validation phases. 
For bacteria, determination of the analytical specificity can be complicated when applying shotgun sequencing based HTS for specific detection of pathogenic bacteria from a complex sample (not a single colony). This is because of their genome size and the presence of commensal bacterial species which may be related to the pathogenic ones present in the samples. For many bacteria, the appropriate discrimination between family, genus, species or strains may rely on a few specific genes, from which sequences need to be obtained. In cases where no specific genes are available for the identification to species level, the full genome should be obtained, which can be complicated for target organisms that are not isolated. Currently, the sequence databases are not yet representative of the diversity of bacterial species and the limited availability of genome sequences for bacteria will hamper their identification and may lead to the false positive detection of a related species whose genome is in the database(s). The use of curated databases such as the Genome Taxonomy Database (https://gtdb.ecogenomic.org/) is encouraged. 
For fungi, protists, nematodes, arthropod pests, invasive plants or weeds, the determination of the analytical specificity is even more difficult than for bacteria. This is because they have larger genomes than bacteria and of the limited availability of genomic sequences in current sequence databases. In 2020, it is estimated that only a very small proportion of fungal DNA is described in databases with about 1% of fungal species having DNA sequences annotated. In addition, low-quality reference genomes or sequences can be contaminated by microbial sequences (some fungi host bacterial cells, for example Paenibacillus spp. can live inside fungi) which could interfere with the determination of the analytical specificity. 
For viruses, determination of the analytical specificity can be achieved because of their small genomes that can be fully sequenced and of the sequence divergence that exists between and across species. However, the sequence variability of the envelopes or coat proteins of viral species is sometimes close to the species threshold. This can be an issue for establishing the limit between divergent isolates and closely related species. For example, according to the International Committee on Taxonomy of Viruses (ICTV), four molecular discrimination criteria exist for the family Betaflexiviridae: nucleotides and amino acids percentage for the coat protein and the replication polymerase genes. Therefore, wherever possible, the full genome should be sequenced or at least, several genomic regions should be sequenced although some uncertainties can remain and the demarcation criteria may be only partially met.
6.3 [bookmark: _tyjcwt]Selectivity
 
According to EPPO standard PM 7/98 (2019), the selectivity of molecular methods aims to “Determine whether variations of the matrix affect the test performance”. The variation of the matrix can correspond to different cultivars of the same plant species, other plant species, different types of soil, different sources of water, or to the community present (e.g., insects, spores, traps). 
The presence of inhibitors due to variation in the matrix can be monitored using an appropriate internal control at low concentration. The use of an internal control is recommended as it can help in monitoring this criterion during routine diagnostics as the validation process cannot take into account any matrix variation. On the other hand, if there might be any inhibitors present in the nucleic acid extract, they should have an effect on all nucleic acids in the sample and not only on the target. So, as long as the desired minimal sequencing depth is reached, there might be no inhibitory effect. During validation, this could for instance be investigated by sequencing nucleic acids extract from healthy plant species known to have a high concentration of inhibitors (e.g., Fragaria sp., Rosa sp.) and from healthy host plants or indicator plants (e.g., Nicotiana benthamiana) all with identical nucleic acid concentrations and spiked with the same amount of nucleic acids extract containing the target. Comparison of the percentage of sequence reads mapped to the target sequence will show if matrices influence the HTS test performance. 
A further confounding factor is that the genetics of host plants (e.g., different resistance/tolerance to organism(s)), the composition of soil/water samples, or the selectivity of an insect or spore trap, can influence the concentration of the target(s) and change their proportion in the community mix. This can impact the detection of target(s). 
6.4 Repeatability and reproducibility

The repeatability and reproducibility of HTS tests has already been evaluated in plant and animal health for some or all the steps 5,26,33,38,45–48. Overall, both performance criteria were evaluated as very good with up to 100% of repeatability and/or reproducibility of target detection. 
For the evaluation of the repeatability of molecular methods, the EPPO standard PM 7/98 (2019) recommends analysing three replicates of a sample with a low target concentration. For the reproducibility, the same approach is recommended as repeatability, but with different operator(s) if possible, and on different days and with different equipment when relevant. Whenever possible, HTS tests should be evaluated in the same way. 
6.5 Diagnostic sensitivity

Several publications have reported the diagnostic sensitivity (Ii.e., = number of #true positive/( number of #true positive + number of #false negative)) of various HTS tests when using reference samples infected by a target. The diagnostic sensitivity of HTS-based tests for detecting plant or animal pests was evaluated at 84% and 100% 47, 73% and 92%46, 98%48, 100%49 or 95%50. The diagnostic sensitivity depends on many parameters including the detection thresholds set during the test. For example, it has been shown that lowering the detection threshold of a target to a single read increases the sensitivity to 100%50. Nevertheless, in such a case, the False Discovery Rate (FDR) will also rise substantially, complicating the interpretation and confirmation of the results.
6.6 Diagnostic specificity and false discovery rate

Determining the diagnostic specificity (= number of #true negative/(number of #true negative + number of #false positive))  of an HTS test is particularly complex due to their broad range of detection and the potentially very high number of targets that can be detected by a test. In addition, the number of potential targets is often unknown, making the determination of true negatives questionable. It is therefore recommended to calculate the false discovery rate (FDR) instead of the diagnostic specificity. The FDR was measured at 21% in a previous study on grapevine virus 48 while it was calculated at 2.1% during a test performance study of bioinformatic analysis between 21 laboratories 38. The FDR will be strongly influenced by the minimal threshold of number of reads to consider the detection of a target and will evolve in opposition to the diagnostic sensitivity: diminishing the threshold will worsen the FDR while improving the diagnostic sensitivity.
7 Development and optimisation of HTS test

In the absence of an official HTS standard protocol, the laboratory can be required to develop its own HTS test or to adapt a previously published HTS test to fit the intended use. The HTS test will need to be optimized to ensure it provides the appropriate level of confidence in its results 15,51. The development phase includes the following goals: 
1) gaining the necessary experience with the test by identifying the critical steps, parameters and quality metrics that may affect the test performance;
2) defining the most appropriate controls and their continuous monitoring strategy (see section 10 on Ensuring the validity of results6.7.2 – Internal and external quality checks);
3) establishing the quality metrics thresholds and acceptable ranges;
4) preparing a detailed protocol describing the optimized test conditions and analysis settings for validation and subsequent routine use. 
The development phase should cover both the laboratory and the bioinformatics components of the HTS test. Iterative cycles of protocol development or updates should be performed until all HTS test conditions and analysis protocols meet the minimal predefined performance requirements. Designing the panel of samples to be used during the development phase is a key step (see previous point on sample panel). The results obtained with the optimized HTS protocol, including its quality metrics, and thresholds should be documented 15,16,42,52,53.
During this phase, the laboratory should also determine the number of samples that can be pooled per sequencing run to achieve the desired minimal number of sequencing reads (see validation of HTS test) and establish baseline cost and turnaround time projections 54 
8 Validation and verification of HTS test

The ISO/IEC 9000:2015 (2015) standard provides a definition of validation: confirmation, through the provision of objective evidence, that the requirements for a specific intended use or application have been fulfilled. The ISO/IEC 17025: (2017) standard also recommends that “the validation shall be as extensive as is necessary to meet the needs of the given application or field of application”. The EPPO standard PM 7/98 (2019) recommends the validation of the following performance criteria for a diagnostic test: analytical sensitivity, analytical specificity which includes inclusivity and exclusivity, selectivity, repeatability and reproducibility. 
Before performing the validation or verification of an HTS test, a risk analysis should be carried out to identify which performance criteria need to be evaluated and to what extent (see section 3 – Risk analysis). For tests that have been developed and optimized internally, this analysis can be based on the results of the risk analysis performed during the test development and optimisation phase. Figure 2 provides guidance on the decision-making process for validation or verification of an HTS test. 
As described in EPPO standard PM 7/98 (2019), the laboratory interested in using an existing validated HTS test as a routine diagnostic test should demonstrate its ability to perform the test according to the relevant performance characteristics (section 5.4.2 of EPPO standard PM 7/98, 2019). The laboratory should prepare a verification plan based on the outcomes of the risk analysis (see Risk analysis section). The performance criteria to be evaluated according to EPPO standard PM 7/98 (2019) are the same.
It is advised to evaluate the performance criteria by covering all the steps of an HTS test, starting preferably from biological material. The bioinformatic pipeline can also be validated using sequence datasets obtained from biological reference material or artificial reference datasets (see Reference material and fFirst line controls sections) containing known target(s) 38,42,44,55. 
For HTS tests targeting a broad range of organisms, including uncharacterized organisms (e.g., detection of viruses from Solanaceae), it is not possible to develop and validate protocols for the analysis of all possible combinations of organisms, hosts or matrix. This means that a validation of a HTS test according to the conventional definition ‘detection of organism x in matrix y by method z’ is beyond the capability of a diagnostic laboratory. Therefore, a more generic approach should be developed based on initial validations and on analysis of the results and the laboratory’s 'experiences with the aim of substantiating extrapolation to wider applications (scope). The sample panel used during the validation of the HTS test should include reference material containing key representatives of the targets/pests and mimicking the concentration and composition of real samples expected to be tested routinely. This approach is similar to what is currently proposed for the validation of HTS tests in oncology, where only a representative set of mutations are included in the validation 15,16,53 .
To exclude false negatives caused by inhibition (selectivity issue), a selection of representative hosts and cultivars has to be tested. Since it is not possible to test all possible combinations, extrapolation of the results of representative targets and hosts is needed. However, this might not be the most efficient and reliable basis, since it never guarantees the absence of inhibition in another host/cultivar. As an alternative approach, there might be no need to determine selectivity during validation, when making use of an internal alien control in each test. Setting a minimum number of reads for the alien control as a criterion to decide on the validity of the results, abolishes the need to address selectivity during validation and subsequent extrapolation of these data. 
[image: ]
Figure 3. Decision tree for the selection of an HTS test before and during implementation in plant health diagnostics. Legend: Y: Yes; N: No; the grey circle with XP means technological and scientific expertise needed

9 [bookmark: _3dy6vkm]Impact of changes made on a validated HTS test

The rapid pace of development of nucleic acids preparation protocols (e.g., library kits…), sequencing platforms (e.g., length of reads, chemistry/technology…) and bioinformatic triade  (e.g., novel algorithms, updated database…) may require updates of HTS tests already validated and used for pest detection in the laboratory. A kit might even be discontinued during the performance criteria evaluation of an HTS test as succeeded for Musa viruses 24. As recommended by EPPO in standard PM 7/98 (2019), the impact of the update should be evaluated by competent personnel who will decide whether a veriﬁcation or a validation is required. The management of changes is included in the decision tree presented in figure 31. This decision should be documented by the laboratory. 
The laboratory should determine during a risk analysis under which conditions (e.g., changes of reference materials or positive control, starting a new batch/version of critical reagents, changes in a kit composition, changes to algorithms and parameters) and for which HTS steps (e.g., library preparation, bioinformatic analyses) verification or validation is required to maintain the performance of the HTS test after an update 15.
In some instances, such as a new version of the library preparation protocol or sequencing kit or an update of bioinformatic software, verification or validation may be not required. If a verification or validation is not required a priori, the results obtained with the controls using the modified laboratory protocol and/or bioinformatic pipeline during routine analysis should be used to check for the reliability of results. The laboratory should document the decision, including the reason(s) for which validation/verification is not required and how the modified HTS test will be monitored.
To check the bioinformatic pipeline, the same sequence datasets used during the validation of the HTS test can be used. These sequence datasets can also be completed by datasets generated during routine use of the HTS test. In any case, the sequence datasets must be representative for the analysed samples, e.g., with a realistic range of targets at different concentrations, including concentrations close to the limit of detection. In addition, the same sequence datasets should be run regularly through the bioinformatic pipeline to make sure that updates to packages or the operating system do not affect the results. This verification and the comparative analysis of the sequence datasets should be documented. After completion of the verification of the bioinformatic pipeline, the datasets from a previous HTS run can be reanalysed to check that they were analysed correctly. 
10 [bookmark: _1t3h5sf]Ensuring the validity of results

The recommendations on ensuring the validity of test results stated in EPPO standard PM 7/98 (2019) are valid for HTS tests. The validity of test results should be ensured at different levels, i.e., for each test and diagnostic process, as well as for global quality control of the laboratory (EPPO PM 7/98, 2019). They can be ensured by using reference material as internal and external quality controls. 
The quality checks should be performed at different levels. The first line of control monitors the actual performance of each HTS run and its evolution over time (using external and/or internal quality controls), the second line of control checks the performance of a single operator within a laboratory (e.g., blind testing) and the third line of control evaluates the performance of the laboratory (e.g., inter-laboratory comparison) (EPPO standard PM 7/98, 2019). 
The types and frequency of quality checks depend on the frequency of use and of the intended use of the HTS test (EPPO standard PM 7/76, 2018) and should be defined during the risk analysis. If there is any issue revealed by the quality checks, the origin of the issue should be investigated and addressed to prevent its recurrence and thus prevent the reporting of incorrect results 23. 
Quality metrics should be monitored for each sequencing run and routinely collected and compared to those of an optimal validated run. For example, the results obtained by a non-template control and a positive control have been monitored over 20 sequencing runs for pathogen detection in cerebrospinal fluids 21. Any significant deviation should be investigated and may require the repetition of the test (for example when one of the targets from the positive controls is not detected in the sequence data). Such data checks can also help investigate the source of the problem in an underperforming test 15.
10.1 [bookmark: _4d34og8]First line controls

The first   line controls rely on the use of proper external and/or internal controls (see previous section) and on their analysis (3rd step of the bioinformatics component).
10.2 [bookmark: _2s8eyo1]Replicates

Biological and/or technical replicates can be used to validate the results although the costs can be prohibitive, for example for shotgun library preparation. Technical or biological replicates could be more affordable for amplicon sequencing due to the lower cost per sample. 
Additive processing (i.e., pooling the replicates) can be useful for overcoming sampling stochasticity and controlling for false-negative results, while restrictive processing (i.e., only retaining sequences present in several replicates) effectively controls for cross-contamination. To balance the merits of both approaches, it may be best to include a minimum number of technical or biological replicates to allow a majority-rules approach (e.g., 2/3 replicates count as a detection 7). The processing of replicates could be systematic for only a few samples or the controls and would be limited by their costs. 
10.3 [bookmark: _17dp8vu]Second and third line controls and performance monitoring

The second line of control checks the performance of a single operator within a laboratory (e.g., blind testing) and the third line  of control evaluates the performance of the laboratory (e.g., inter-laboratory comparisonproficiency tests). A list of second and third line controls can be found in EPPO standard PM7/98 (2019).
The types and frequency of quality checks depend on the frequency of use and of the intended use of the HTS test (EPPO PM 7/76, 2018) and should be defined during the risk analysis (see section 6.3). If there is any issue resulting from the quality checks, the source of the issue should be investigated and addressed to prevent its recurrence and thus preventing reporting of incorrect results 14,23. 
11 [bookmark: _3rdcrjn]Confirmation, biological interpretation and reporting
11.1 [bookmark: _26in1rg]Confirmation of the identity of the pest(s)

The confirmation of the detection or identification of pest(s) obtained by HTS tests is similar to any other diagnostic tests. In some cases, there might be a need to confirm the identity of a pest depending on the context of and the level of confidence in the analysis and on the type of organism identified. For regulated pests [(i.e., quarantine pest or regulated non-quarantine pest]) the results should be confirmed for the critical cases described in EPPO standard PM 7/76 56, although, when HTS is used as an identification test, confirmation may not be required and the laboratory should document this decision. These critical cases are “the detection of a pest in an area where it is not known to occur, cases where a pest is identified by a laboratory for the first time”, and “detection of a pest in a consignment originating from a country where the pest is declared to be absent“ 56. 
The identity of any uncharacterized organism with potential risks to plant health should also be confirmed and should be documented. For example, an apparently virulent strain of Xanthomonas sontii, a species that is normally considered to be a harmless endophyte, was identified taxonomically by HTS. Further testing and Koch’s postulates were required, given that it was a surprising candidate for causing disease 57.
For non-regulated organisms commonly found in a particular host, the requirement of confirmatory tests may not be necessary (for example viruses with a wide host range and geographical distribution such as cucumber mosaic virus). However, a confirmatory test of such organisms could be useful in some situations, for example for targeted pest management. Similarly, a confirmatory test can be useful when a non-regulated organism is found associated with unexpectedly severe or unusual symptoms or a new host. Some bacteria and fungi can cause very different severity of symptoms depending on the host plant species. Some examples are Calonectria pseudonaviculata, Diplodia corticola and Xanthomonas sp. 58–60. 
When confirmation is needed, it is recommended to use a test or a combination of tests based on different biological principles and/or to extract again nucleic acids from the same matrix and re-test by other molecular methods. When possible and relevant, the viability or pathogenicity of the pest should be confirmed (e.g., for the critical cases listed above). If available, validated tests should be preferred. General characteristics of methods have been reviewed for plant virology 23, for plant-parasitic nematodes 61 and for fungi, based on a case study of Phytophthora 62. Diagnostic protocols developed by EPPO or International Plant Protection Convention (IPPC), are available for a range of regulated pests (https://www.eppo.int/RESOURCES/eppo_standards/pm7_diagnostics and https://www.ippc.int/en/publications/593/).
If no other test is available to confirm the identity of the pest (i.e., an organism that has never been detected/identified before), primers should be designed based on the HTS sequence data and available sequence information in sequence databases. Whenever possible, the primers should be designed to maximise the inclusivity of the test. Alternatively, generic primers allowing the detection of several pests, including the detected one(s), followed by Sanger sequencing of the amplicon could be used to confirm the identity of the pest or, if possible, a new HTS test could be carried out. 
Sometimes it may not be possible to confirm the presence and the identity of a pest in a sample. In such case(s), the laboratory should document the results and its decision for quality assurance purposes and if relevant further work should be conducted.
The laboratory should have a procedure describing when a confirmatory test is required 52. Table 3 provides examples of situations when a confirmatory test can be required.
Table 3. Examples of situations when a confirmatory test can be required.
	Scenario
	Confirmatory test required?
	Example
	Comment

	Characterized organism found on known host
	Confirmatory test of regulated organisms (*) 

	Any potato pest on EPPO A1 list, identified on potato in post entry quarantine testing EPPO standard PM 3/21 (2019) would need to be confirmed;
Xylella fastidiosa (EPPO A2 list) can be identified by HTS 63 but should be confirmed by molecular or serological tests (EPPO PM 7/24, 2019)
	Known organisms with existing test

	
	Confirmatory test of non-regulated pests may be required in other situations such as export certification, seed and reproduction material certification, diagnostics from field samples or environmental samples like spore or insect traps
	Southern tomato virus, a non-regulated virus was detected by HTS in tomato from Germany and its presence was confirmed by conventional RT-PCR 64 

	

	Characterized organism found on known host with unusually severe or novel symptoms
	Confirmatory test on non-regulated pests may be required in some situations such as crop protection, pest management

Confirmatory test of regulated organisms (*) 
	An isolate of pepino mosaic virus (CH2) responsible for different symptoms on tomato plants 65 
Resistance breaking isolates of barley yellow mosaic virus Y and barley mild mosaic virus in barley 66
	Potentially emerging pathogens with existing test

	Characterized organism found on novel host
	Confirmatory test on non-regulated pests may be required in some situations such as crop protection, pest management

Confirmatory test of regulated organisms (*)
	Seven new hosts identified for Physostegia chlorotic mottle virus (PhCoMV) 67
	Known organisms with existing test

	Uncharacterized organism or poorly characterized organism with potential risk to plant health
	Confirmatory test may be required
	Several uncharacterized viruses detected in Ullucus tuberosus by HTS and confirmed by real-time RT-PCR 68 
	No existing tests

	Uncharacterized organisms with unknown/unlikely risk to plant health
	Confirmatory test optional
	Mycoviruses, some endornaviruses and partitiviruses usually non-pathogenic to the plants 69 
	Any sequence data related to uncharacterized organisms with unknown/unlikely risk to plant health should be kept for future analysis as sequence databases evolve and identification may become possible


(*): For regulated pests [i.e., quarantine pest or regulated non-quarantine pest] the results should be confirmed for the critical cases described in EPPO standard PM 7/76 56, although, when HTS is used as an identification test, confirmation may not be required and the laboratory should document this decision.
11.2 [bookmark: _lnxbz9]Interpretation of the biological relevance of the identified target(s)

HTS data do not provide any information on the biological relevance of the sequences identified, whether they correspond to a pathogenic organism with associated risks or whether the detected nucleic acids come from living organisms. 
Understanding the biological relevance of the target(s) identified by an HTS test is important for evaluating the potential risk the detected organism(s) could pose to plant health (Pest Risk Assessment - PRA). This will provide useful information to the national or international bodies conducting risk evaluation.  It applies mainly to poorly characterized and uncharacterized organisms and, in some cases, to known organisms unexpectedly found in a new host. However, the biological characterisation may take time or may not be possible for various reasons (e.g., mixed infection, complex biology, lack of human and/or financial resources) or be carried out by another laboratory.
The determination of the viability of an organism can be required in some instances (depending on the intended use of HTS tests), e.g., bacteria, nematode cysts or insects after phytosanitary treatment. It can also be the case of organisms that could become viable, e.g., virus sequences integrated in plant genome leading to a replicative form. If the organism is a regulated pest, recommendations provided in EPPO standard PM 7/76 (2018) on the viability of organisms should be followed. Appropriate viability tests (when available) should be conducted (e.g., agar plating for bacteria and fungi, fluorescent viability stain for bacteria such as BacLight). This is particularly important when a pest is detected outside of its host(s) as it was shown for plant viruses in wastewater 70, for the bacterium, Ralstonia solanacearum in water courses 71, Phytophthora sp. in soils 72 and for the nematode, Pratylenchus penetrans 73. 
In addition, detected viral sequences may correspond to a bona ﬁde virus infecting other organisms associated with the sample, including bacteria, fungi or arthropods 69,74 or to viral sequences integrated into the plant genome 24,75,76. Bacterial, fungal or viral sequences attributed to a pest species might be originating from closely related species (see analytical specificity issues) that are not pathogenic but living as endophytes without causing any harm under the specific environmental conditions. Relevant scientific expertise is essential to biologically interpret HTS results and their implications, in particular in case of the identification of any target at a low concentration, a poorly characterized organism or an uncharacterized organism 38. 
The extent of the biological characterisation depends on the potential risks the detected organism(s) would pose to plant health. For example, the scaled and progressive scientific framework proposed by Massart et al. 75 is a useful tool that can be used by plant health stakeholders to perform the biological characterisation and the risk assessment of an uncharacterized or poorly characterized plant virus detected by HTS. If carried out partially or totally by the diagnostic laboratory, it should always document the decisions related to the biological characterisation of the identified organism(s). 
Evidence of disease association is especially important when dealing with diseases potentially caused by several organisms 77. For example, several organisms (pathogenic and non-pathogenic) were identified in the disease of acute decline of oak (caused by bacteria) 43 and in the disease of carrot internal necrosis (caused by viruses) 78. Some complex diseases may also be influenced by abiotic factors, such as temperature, moisture, stage of host development 43. The understanding of organism interactions with the influence of abiotic factors and the evidence on the causative agent(s) will assist in minimising the potential risk to plant health by developing appropriate management strategies and by taking informed decisions in terms of phytosanitary action.
Fulfilling Koch’s postulates, where one pathogen causes one disease, can be impractical in the HTS era and does not apply to diseases caused by several organisms and abiotic factors. Instead, Denman et al. 43 used a combination of sequencing and cultivation-based approaches to determine the biotic components of a complex decline-disease, acute decline of oak. Similarly, Adams et al. 78 used a combination of molecular tests (conventional PCR and HTS) with a statistical approach to determine which viruses were associated with internal necrosis in carrots. Fox has recently proposed a systematic integrated approach for plant virology, combining epidemiological observations supported by statistical analysis 79. The proposed approach may be extended, with some modification to other plant health disciplines. 
11.3 [bookmark: _35nkun2]Official reporting of results
[bookmark: _1ksv4uv]11.3.1 General recommendations

Regardless of the organism detected by an HTS test, either a known pest (expected or unexpected), a poorly characterized organism or an uncharacterized organism, the reporting of the diagnostic results should follow the recommendations of the EPPO standard PM 7/77 80, i.e., “the result of a diagnosis should be reported accurately, clearly, unambiguously and objectively.” The diagnostic report should be adapted to the need of the client (e.g., different information may be required for a grower and the NPPO)  and the confidentiality of the results to the client should be guaranteed 14,80. The reporting of HTS test results should be accompanied with an expert judgement and with other confirmatory tests, when needed. This is particularly important for the reporting of uncharacterized organisms.
The laboratory should have a procedure to ensure that the findings of regulated pests or new pests are reported to the relevant NPPO, as recommended in EPPO standard PM 7/98 (2019). The laboratory should also have a procedure on reporting to the NPPO the finding of any uncharacterized organisms with a potential risk to plant health. Information to consider in the report to NPPO includes (if relevant):

· -relationship with other organisms in the same taxon (e.g., closely related to an economically important pest)
· 
· -relationship with its host (e.g., mycovirus, insect virus)
· -potential risk of causing damage to its host
· -potential risk for other hosts (economically and/or ecologically important)
· -potential risk of spreading
· -location risk (e.g., horticultural area versus isolated area)
· -viability of the organism (e.g., bacteria alive or dead, virus sequence integrated in plant genome leading to replicative form)
· -possible influence of abiotic factors
· -presence of other organisms in the same host (e.g., symbiotic or antagonistic effect)
· -recommendation for re-sampling/re-testing or other extended analyses

[bookmark: _44sinio]11.3.2 Inconclusive results	Comment by Guest User: Benedicte: line space

As for any other molecular diagnostic test, inconclusive results (e.g., unable to confirm the presence of an organism because of the HTS results falling in the “grey zone” and/or lack of confirmatory tests) may be obtained with an HTS test 81. Their reporting should follow the recommendations of EPPO standard PM 7/76 (2018), i.e., an explanation on the source of the uncertainty should be provided. The sources of uncertainty in an HTS test can be that the level of the pest is close to the limit of detection, it is present only in a single technical replicate (e.g., one out of two or three replicates), the poor sample quality, the difficulty in distinguishing between episomal and integrated viruses, the discovery of a previously uncharacterized organism for which it is not clear if the tested plant is the host, the lack of completeness of the database, the lack of knowledge whether a bacterium/fungus can be endophytic for some plant species but harmful for others, the limitations of the barcode used. The repeat of the HTS test and/or resampling should be discussed with the client and the decision documented.
[bookmark: _2jxsxqh]11.3.3 Detection of unexpected organisms 	Comment by Guest User: Benedicte: line space

The detection of an unexpected organism is likely to happen during an HTS test targeting a group of organisms. The decision whether to report should be made by competent personnel. The laboratory should have a policy on how to deal with the detection of unexpected organisms. The policy should be agreed with the NPPO and follow local, national or international guidelines, when available, similarly to what is proposed with incidental findings in human genetics 82.
Any unexpected organism detected by HTS that may pose a potential risk to plant health should be reported as per EPPO standard PM 7/77 after the recommended confirmatory testing. For example, the detection of an unexpected organism in imported plants (e.g., a known organism of economic significance or a new to science organism that may pose a risk to plant health) could potentially have trade issues 75. A study on the screening for fungi by HTS (with confirmation by real-time PCR) in environmental samples originating from air and insect traps in Canada showed the importance of maintaining surveillance of the genus Heterobasidion and be able to differentiate the different species, a genus of economic concern, although it is not part of the Canadian regulated pest list 83.
The reporting of unexpected organisms that may not pose a risk to plant health (e.g., endophytes, beneficial insects) would depend on the context of the analysis (e.g., metagenomics, metabarcoding). This is the case for example of cryptic viruses such as mycoviruses, endornaviruses, partitiviruses and some viruses infecting insects, where some interactions between the virus and its host can be beneficial 84. Similarly, insect or environmental DNA metabarcoding analyses could enable the record of unexpected beneficial insects (such as pollinators, parasitoids or biological control agents), previously unknown to be present in the area 85. A study on aerial spore samples by metabarcoding in Canada revealed the presence of Diplodia corticola, a fungal species considered an opportunistic plant endophyte capable of living asymptomatically for several years before changing to a pathogen when conducive conditions arise 58..

 
7.1.1 [bookmark: _z337ya]Additional remarks and disclaimers

The laboratory should include in the report additional remarks and disclaimers related to any limitation in the HTS test (for example, the impossibility to distinguish viable and dead pests) and in the performance analysis of the sample 15. Indeed, the HTS test results depend on the algorithms and sequence databases used. If confirmatory tests have been carried out (like bioassay or viability assays), some limitations of the HTS test may not be relevant. 
As for any other diagnostic test, the HTS test results may be affected by the quality of the sample received. In this case, the report may state that the results apply to the sample as received as stated in (ISO/IEC 17025, :2017 standard). 
12 [bookmark: _3j2qqm3]Conclusion

These comprehensive guidelines have been proposed to foster the reliable use of HTS technologies for plant pest diagnosis by diagnostic or research laboratories. Together with their companion publication 12, they cover all the phases and steps required for adopting HTS technologies in a laboratory. 
These guidelines should be long-standing as they are applicable whatever the sequencing technology and platform and they are adapted to any HTS test used for the detection and identification of any plant pest, from any type of matrices, by plant health diagnostic laboratories. 

13 Supplementary material

Supplementary Material 1: Non-exhaustive list of risks associated with HTS and their corresponding metrics/controls to monitor/evaluate them
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