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Abstract

These guidelines provide recommendations on the process of selection, development, validation
and verification of high-throughput sequencing (HTS) tests and the quality assurance for their
routine use as diagnostic tests in plant health laboratories. These guidelines are general to enable a
broad application in all plant health fields with appropriate flexibility to account for the changes of
technologies.

The guidelines cover all steps from sample collection to reporting including risk analysis, test
selection/test development, test validation/verification, quality checks to ensure the validity of the
results, confirmation of the detection and interpretation of biological relevance within a quality
management system. Furthermore, these guidelines provide an overview of the HTS technologies
and their applications in plant health.
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TERMS, ABBREVIATIONS AND DEFINITIONS

The list of terms, abbreviations and definitions can be found in Appendix 1.

1 Purpose

High-throughput sequencing (HTS) is a powerful tool that enables the simultaneous sequencing of
potentially all organisms present in a sample. Because of the growing interest in applying HTS for
routine diagnostics in plant health laboratories, the purpose of this document is to provide
recommendations to guide these laboratories on this complex process.

2 Scope

These guidelines on HTS have been developed to provide recommendations to guide plant health
diagnostic laboratories on the selection, development and optimisation of HTS tests, on their
validation and verification, and their routine application in plant pest diagnostics, including the use of
internal and external quality checks, the interpretation and reporting of HTS test results.

They are relevant for plant health diagnostic laboratories that intend to routinely use HTS technologies
for the detection and identification of any plant pest (e.g. arthropods, bacteria, fungi, nematodes,
invasive plants, protozoan, viroids, viruses or weeds) from any type of matrices (e.g. pure microbial
culture, plant tissue, soil, water) regardless of the type of HTS technology (e.g. amplicon sequencing,
shotgun sequencing) and their application (e.g. surveillance programme, phytosanitary certification,
crop protection).

3 Introduction

High-throughput sequencing (HTS), also known as next generation sequencing (NGS) or deep
sequencing, is probably the most significant advance in molecular diagnostics since the advent of the
PCR methods in the early 1980s (Mullis et al., 1986). With the exception of some HTS technologies
such as amplicon sequencing, HTS can potentially, without any a priori knowledge on the sample
infectious status, detect the nucleic acids of any organism, including variants and uncharacterized
organisms present in a sample that might be potential threats to plant health (Hadidi et al., 2016;
Massart et al., 2014).

Application of HTS in plant pest diagnostics, surveillance and certification

One of the most frequent applications of HTS in plant pest diagnostics is the identification of pests
causing novel diseases or diseases of unknown aetiology. Some relevant examples include the
discovery of hundreds of previously uncharacterized viruses associated with symptomatic plants
(Barba et al., 2014; Maliogka et al., 2018), novel strains of the bacteria Xanthomonas species strain
Nyagatare (Aritua et al., 2015) or fungal pathogens as Calonectria pseudonaviculata (Malapi-Wight et
al., 2016).



HTS technologies allowed a rapid increase of the number of sequenced pest genomes. For example,
the first completed genome of the uncultured ‘Candidatus Liberibacter asiaticus’ bacterium was
obtained from DNA extracted from a single psyllid (Duan et al., 2009) and the genomes of four
uncultured phytoplasmas belonging to the 16Srlll group (Vaccinium witches’ broom phytoplasma,
Italian clover phyllody phytoplasma strain MA, Poinsettia branch-inducing phytoplasma strain JR and
Milk-weed yellows phytoplasma) were obtained through HTS technology (Palmano et al., 2012). The
first complete genome of the bacterium Xylella fastidiosa using shotgun sequencing provided new
insight in the pathogenicity mechanisms (Simpson et al., 2000). The first draft genome of the fungal
pathogen Pyrenochaeta lycopersici was obtained from single-molecule real-time sequencing (Dal
Molin et al., 2018) and a joint international collaboration has the objective of sequencing 1,000 fungal
genome across the fungal tree of life using HTS technology in a five-year long project
(https://mycocosm.jgi.doe.gov/mycocosm/home/1000-fungal-genomes). The sequencing data
generated by metabarcoding of groups of organisms such as fungi, generate useful information for
taxonomic purposes (Crous et al., 2015). Sequencing the genome of many isolates/specimens/strains
of a pest provides a better view of its genetic diversity and, consequently, improves the design of
primers and targeted diagnostic protocols (Adams et al., 2018). Indeed, the use of HTS sequencing data
has facilitated the design of targeted diagnostic protocols for viruses, such as little cherry viruses
(Katsiani et al., 2018), bacteria such as Dickeya spp. (Pritchard et al.,, 2016), Pseudomonas
coronafaciens (An et al., 2015), fungi such as Didymella pisi (Owati et al., 2019), Synchytrium
endobioticum (Bonants et al., 2015) and nematodes such as Bursaphelenchus xylophilus (Kikuchi et al.,
2011).

HTS technology has also been used in surveillance programmes, monitoring and source tracking
following a PCR-based approach called metabarcoding. The combined use of spore trapping and
amplicon sequencing has been recently applied in various ecosystems and areas for surveillance
studies of (i) airborne fungi and oomycetes, including plant pathogens (Abdelfattah et al., 2019;
Aguayo et al., 2018; Chandelier et al., 2020; Nicolaisen et al., 2017; Nuiiez et al., 2017; Nilsson et al.,
2019; Mbareche et al., 2020; Ovaskainen et al., 2020; Tremblay et al., 2018 and 2019), (ii) insects
(Braukmann et al., 2019; Elbrecht et al., 2019; Piper et al., 2019), and (iii) plant species by pollen
sampling through traps or honeybees (Bruni et al., 2015; Tremblay et al., 2019; Nufiez et al., 2017).
Metabarcoding has also been applied for the detection and identification of nematodes in soil to
monitor soil biodiversity and ecosystem functioning (Herren et al., 2020; Waeyenberge et al., 2019).
In addition, HTS technology using a shotgun sequencing protocol has even been used to detect plant
viruses in waste water (Bacnik et al., 2020).

In phytosanitary certification schemes, HTS has been used as a generic method for pest detection in
nuclear stock and plant propagation material of grapevine and fruit trees. Its performance was
compared with traditional diagnostic tests mainly based on biological indexing, HTS outperforming
standard bioassay in virus detection, speed and cost of analysis, and discovery of novel viruses (Al
Rwahnih et al., 2015; Rott et al., 2017). HTS has also been used for the detection of viruses on
sugarcane plants in quarantine and on Ullucus tuberosus during a plant health outbreak in United
Kingdom and for the detection of bacteria on the re-emerging disease of oak, Acute oak declined in
United Kingdom which is caused by a polymicrobial complex (Candresse et al., 2014; Denman et al.,
2017; Fox et al., 2019). In addition, HTS for the detection of viable pant propagules has been trialled at
an internal point of entry in USA (Whitehurst et al., 2020).

Potential for routine use of HTS in plant pest diagnostics

As described previously (Olmos et al., 2018), HTS technologies open new possibilities and opportunities
in routine diagnostics for (a) understanding the status of a pest in a region through surveillance
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programmes (for example genomic biosurveillance of forest pests, Hamelin and Roe, 2019; insect
surveillance using metabarcoding, Piper et al., 2019; airborne inoculum of forest fungal pathogens
using metabarcoding, Chandelier et al., 2020), (b) certifying nuclear stock and plant propagation
material, (c) (post-entry) quarantine testing to prevent the introduction of pests into a country or area,
and (d) monitoring of imported commodities for new potential risks. With the democratisation of
sequencing through cost reductions, availability of effective and accessible platforms such as MinlON
(Oxford Nanopore Technologies), and the improvement in accessibility of bioinformatic tools in
analyzing sequencing data, there is an increasing interest in applying these technologies for routine
diagnostics including regulatory plant health diagnostics. To date, HTS has only been used in plant
health diagnostics in specific situations in quarantine, during the investigation of a plant health
outbreak or re-emerging disease (Candresse et al., 2014; Denman et al., 2017; Fox et al., 2019). HTS is
currently mentioned in only one EPPO standard, PM 3/21 (2019) which describes inspection and tests
for the detection of pests (bacteria, viroids and viruses) infecting tuber-forming Solanum species or
hybrids imported for germplasm conservation, breeding or research purposes and in post-entry
quarantine.

A need for HTS guidelines for plant pest diagnostics

A recommendation on preparing the use of HTS as a diagnostic tool for phytosanitary purposes was
adopted by the Commission on Phytosanitary Measures governing body of the International Plant
Protection Convention (IPPC) in 2019. This recommendation highlightes the need for robust test
design, test validation and quality assurance (FAO, 2019).

One of the main challenges for using HTS as a routine diagnostic test in plant health laboratories is the
implementation of guidelines that are internationally recognized for the selection, development,
validation and routine use of HTS-based tests. The performance criteria of HTS tests need to be defined
before this technique can be used, and appropriate controls have to be put in place to ensure the
validity of the results (Maree et al., 2018). A range of factors needs to be considered during the test
development and optimisation such as establishing the quality metric thresholds and their acceptable
range of values. Challenges related to the laboratory procedures and the bioinformatic analyses of the
HTS-based test process need to be addressed (e.g. personnel, infrastructure, equipment) as well as the
interpretation of the results and their biological significance (Olmos et al., 2018).

Baseline workshops for proposing the guidelines

The present guidelines were developed based on the IPPC recommendation following discussions
between HTS experts during three meetings organized in the framework of the European COST Action
DIVAS (Deep Investigation of Virus Associated Sequences), FA 1407 (Bari, November 2017; Brussels,
February 2018; Liege, November 2018). During these meetings, HTS guidelines and recommendations
from the human health area (e.g. Hébrant et al., 2017; Jennings et al., 2017; Rehm et al., 2013) were
used to develop the bases of plant health guidelines. Other guidelines from different fields (e.g. animal
health [OIE, 2018]) were also considered during the development of the present guidelines.

The present guidelines provide technical recommendations from sample handling to reporting of
results with emphasis on aspects specific to HTS (e.g. data management, specialised personnel,
bioinformatic analyses). They include recommendations on test selection, development and
optimisation, validation and verification, internal, and external quality checks and interpretation of
biological relevance, overarched by a quality management system.

The present guidelines have been developed, irrespective of the chemistry, instrumentation and
software, and apply to any plant pest in any matrix. They have been designed to allow flexibility within
this fast-evolving technology.



4 Qverview of the HTS process in plant health diagnostics

Two different HTS technologies are mainly used to detect plant pests: sequencing of amplicon
generated by PCR, RCA (e.g. metabarcoding) or any other relevant protocol (e.g. metabarcoding,
amplicon sequencing) and shotgun sequencing of nucleic acids (also called random sequencing). The
full HTS process can be divided into eight distinct steps (Figure 1), for which a short description is
provided below. It is important to remember that for each step, a diversity of procedures have been
developed and published and further improvements of the current protocols can reasonably be
expected in the near future.

Step 1: Sampling. Sample requirements for HTS tests are similar to any other diagnostic test. The
matrix to be sampled can contain multiple organisms (e.g. plant tissue harbouring microorganisms
including pests, environmental samples, spore traps, insects with their microbiota) or can consist of
isolated organisms (e.g. microbial colonies isolated on artificial media).

Step 2: Nucleic acid extraction. The nucleic acids can be genomic DNA or genomic RNA, total DNA or
RNA, small RNAs, double-stranded RNAs. RNA extracts are usually DNase treated before being reverse
transcribed into complementary DNAs.

Step 3: Library preparation. The nucleic acids are prepared in a format compatible with employed
sequencing, for example amplicon sequencing (e.g. metabarcoding; step 3a of Figure 1) and shotgun
sequencing of nucleic acids (step 3b of Figure 1). This process depends on the sequencing platform
requirements. The library preparation produces a sufficient amount of nucleic acids of appropriate size
that are flanked with adapters (oligonucleotide sequences) required for sequencing.

For amplicon sequencing (also called targeted sequencing or specific sequencing), specific genomic
regions are amplified (mainly by PCR, although recent protocols used rolling circle amplification or
LAMP) and sequenced. In this case, the primers used are usually composed of, at the 3’-end, the
sequence complementary to the target sequence allowing the amplification of the target region and,
at the 5’-end, an adapter sequence specifically designed by the sequencing platform provider Another
option is to first perform a PCR with the target primers followed by a PCR with overlapping primers
containing an adapter or an adapter ligation step. Alternatively, the amplified products (for example:
long amplified regions) can be fragmented and further shotgun sequenced as previously described.

For shotgun sequencing, library preparation protocols consist of classical molecular techniques,
including shearing (sonication) or digestion (restriction enzymes or chemical lysis) of nucleic acids, end-
repair, ligation of oligonucleotides (adapters). These adapters correspond to oligonucleotides designed
by the sequencing platform provider and are mandatory to allow the sequencing reaction to proceed.
These steps can be complemented by a PCR amplification. Alternatively, random hybridization and
amplification using degenerated oligonucleotides or use of transposases can be applied to fragment
nucleic acids (van Opijnen and Camilli, 2013; Wilcox et al., 2018). Appropriate adapters are then ligated
to one or both ends of the sample’s fragmented nucleic acids. A reverse-transcription step is also
applied when starting from RNA although direct RNA sequencing protocols are under development
(see MinlON of Oxford Nanopore Technologies).

Optional Target enrichment or selection (opt. 1 on Figure 1). Optionally, the targeted nucleic acids
can be enriched during the nucleic acid extraction or the library preparation process. For shotgun
sequencing, the target enrichment or selection can be done by removing untargeted sequences (for
example removal of plant rRNA, called ribodepletion, enriching dsRNA by nuclease digestion) or by
using oligonucleotides specific to the targets, sometimes also referred to as probe capture (Adams and
Fox, 2016; Gaafar and Ziebell, 2020; Maliogka et al., 2018).



Optional pooling (opt. 2 on Figure 1). Depending on the library preparation protocol, there is the
option to add a unique identifier, called index (also known as barcode, tag, molecular Identifier (MID))
to each sample to allow the sequencing of a pool of samples, called multiplexing. Analysis of pooled
samples in a single sequencing run allows a reduction of the costs of the analysis per sample. The index
is a short sequence of oligonucleotides flanked with the adapter added during the library preparation
and is unique to each sample. This index is sequenced along with the target and allows each sequence
to be linked to the appropriate sample in the pool. Indexes can be added to one side or to both sides
(dual indexing) of the fragment.

1. Sampling

¥

2. Nucleic acid extraction

h 4

‘1 do

3. Library preparation
3a. Amplicon-based 3b. Shotgun-based

opt. 2.
Pooling

uopoa|as f
SEINEINIVERE: F=I1=1]

h J

4. Sequencing

1

5. Analysis of raw reads

¥

6. Identification of target(s)

:

7. Analysis of controls

!

8. Confirmation, interpretation and reporting

Figure 1. Scheme representing the eight main steps of HTS technologies used in plant health
diagnostics. The laboratory steps are highlighted in blue and the bioinformatic steps in orange. Two
optional steps are included in green: opt. 1. the target enrichment or selection and opt. 2. the pooling
of samples (for both types of library preparation).
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Step 4: Sequencing. Currently, there is a limited number of sequencing platforms that have been
widely commercialized and the most important ones are 454 pyrosequencing (Roche, discontinued
from 2016), lon Torrent (Thermo Fisher Scientific), lllumina sequencing by synthesis (Illumina), PacBio
single molecule real-time (SMRT) (Pacific Biosciences) and nanopore sequencing (Oxford Nanopore
Technologies). They have already been described in detail and reviewed in several publications (Nilsson
et al., 2019; Maljkovic Berry et al., 2020; Pervaiz et al., 2017; Reuter et al., 2015).

The sequence data generated by the HTS platforms are delivered together with their corresponding
quality scores, usually in FASTQ format. This is a text-based format for storing both the nucleotide
sequence data and the corresponding quality score for each base. Both are encoded with a single ASCII
character for brevity (Cock et al., 2010).

Step 5: Analysis of raw reads. This bioinformatic step consists of several operations including the
quality control of the generated sequences (allowing the elimination of low quality sequences and
nucleotides or potential artefacts), the (optional) elimination of adapter, index and primer sequences.
In the case of pooled samples, demultiplexing enables the correct assignment of the generated
sequences to each sample. After the first step of the bioinformatic analyses, the remaining sequences
are grouped by samples and are ready for target identification (i.e. the second step of bioinformatic
analyses). Optionally, some additional analyses can be performed to reduce the data, for example
merging forward and reverse reads based on the overlapping region (if present), or removing duplicate
reads.

Step 6: Identification of target(s). This bioinformatic step aims to identify sequences, also called
sequence annotation. Sequence annotation can be either taxonomic (e.g. giving a taxonomic position)
or functional (e.g. coding region, intron, promoter, miRNA, IncRNA, transposon, repeated sequences)
depending on the intended use of the HTS test. Target identification always relies on the comparison
with existing annotated sequences in a database. It can be performed in different ways: (i) on the
individual reads (read annotation or read classification), (ii) after de novo assembly of the reads into
contigs or (iii) after mapping of the reads on reference sequences (reference assembly) or a
combination of these. In metabarcoding, reads are grouped into representative bins or clusters called
operational taxonomic units (OTUs) or amplicon sequence variants (ASV) and then compared against
sequence reference database(s) to identify the target(s). Alternatively, reads with artefacts introduced
during PCR amplification (noisy sequences, e.g. nucleotide substitutions, length variation, chimeras)
can be removed before the OTU clustering (this is called denoising). Furthermore, when the reads have
been assembled de novo or mapped on a reference sequence or grouped into OTUs, variants,
corresponding to single nucleotide polymorphism (SNP), insertion and deletion of nucleotides (indels)
or to the integration or deletion of genes (structural variants [SV]), can be identified.

Step 7: Analysis of controls. This analysis aims to verify that all the controls included in the HTS run
produced the expected results in order to identify and eliminate potential false positive and/or
negative results before moving on to step 8. Some controls, like the positive control, can be analysed
before processing the samples to validate the identification of all the expected targets but the
complete analysis of controls, including the evaluation of inter-samples contamination relies on the
target identification.

Step 8: Target confirmation, interpretation and reporting. The last step of the HTS test consists of (i)
the confirmation of the identity of the target(s) detected in the sample(s), (ii) the interpretation of the
biological and phytosanitary relevance of the target(s) identified in a sample (in particular for
uncharacterized organisms) and (iii) the reporting of the results of the HTS test.
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5 General requirements

5.1 Facilities and environmental conditions

Recommendation: The laboratory should have, or have access to, appropriate facilities and
information technology (IT) infrastructures to perform HTS tests.

5.1.1 Laboratory infrastructure

Contamination in HTS tests is particularly problematic because of the multiple handling steps and use
of many different reagents in the sample preparation process. A few contaminating reads can easily
be detected among millions of generated reads because of the very low analytical sensitivity of the
technology even lower than PCR-based techniques that need more copies of the target for its
detection. Further details on the sources of contamination and the monitoring of the level of
contamination using first line controls can be found in section 6.2.1.7 — Contamination. To minimise
the risk of contamination, the laboratory should have a clear workflow following the HTS process with
the following laboratory practices:

¢ Dedicated equipment (including pipettes) and appropriate molecular grade reagents and
consumables should be used in each work area. A dedicated biological hood with UV light and the air
fan off can be used to work in a more protected environment free of DNA/RNA from exogenous
sources, lowering the risk of contamination and allowing to clean and sterilise the working station
more thoroughly.

* Dedicated laboratory coats should preferably be used in each work area (at least a specific coat for
master mix preparation) and gloves should be worn.

¢ Tubes containing amplified products should not be opened within work areas used for nucleic acid
extraction or master mix/reaction mixture preparation. If possible, they should be opened under
extraction fume hoods within the amplification analysis area.

The implementation of HTS technologies requires a molecular laboratory to carry out nucleic acid
extraction, library preparation, nucleic acid amplification and sequencing. The recommendations for
dedicated PCR work areas as described in EPPO standard PM 7/98 (2019) are applicable to HTS tests
and should be followed. Noteworthy, library preparation step can include several nucleic acid
amplifications and the forward flow principle should be maintained all the time.

There should be dedicated work areas for:

(a) nucleic acid extraction,

(b) library preparation (amplicon or shotgun),
(b1) preparation of master mix,
(b2) addition of sample to the master mikx,
(b3) enzymatic reaction among which nucleic acid amplification,
(b4) analysis of amplification products and

(c) sequencing.

Some steps of the laboratory protocol, for example the nucleic acid extraction, library preparation,
running the sequencing instrument or the bioinformatic analyses might be outsourced to external
sequencing service and bioinformatics providers (see section 5.4 - Outsourcing).
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5.1.2 T infrastructure

The implementation of HTS requires significant investment in information technology and
bioinformatics. Large files (up to a few gigabytes per sample) are generated and need to be stored and
properly backed-up on remote internal and/or external servers for a duration of time that meets
customer and legal requirements (see section 5.6.1 — Data backup and storage). For example, a current
(in 2020) sequencing run using lllumina technology will generate 25 and 400 millions of reads on the
MiSeq and NovaSeq platforms, respectively. These outputs, corresponding to the sequencing of
several samples multiplexed, represent a volume of 7,5 and 120 GB, respectively. It is important to
mention that these numbers are representative of the current technologies and will evolve in the
future. A laboratory planning to implement HTS testing should investigate on the latest capacity of the
technology for getting an appropriate IT infrastructure.

Transferring large data files from servers to data analysis computers requires a fast network (see
section 5.6.2 — Data transfer) and machines with high computational power for running the
bioinformatic pipeline (Olmos et al., 2018). Laboratories that do not have extensive data analysis
capabilities can outsource the bioinformatic data analysis to external facilities or rent the
computational power and storage space on commercially available computer clusters (see section 5.4
- Outsourcing).

The IT infrastructure configuration for storage should take into account the expected number of
samples, volume of data per sample (including raw generated reads, intermediate data files and final
results), the legal or commercial obligations related to data, the maintenance and data back-up.
Further aspects concern the operating system environment (e.g. Windows, MacQS, Linux) and
computing power or server required to run the bioinformatic software and bioinformatic personnel to
process and analyse the data for timely delivery of results.

5.2 Personnel

Recommendation: The laboratory should have personnel proven to be competent for the overall HTS
process including laboratory and bioinformatic components and for the biological interpretation of
the data.

The use of HTS technologies requires trained personnel with expertise for each step of the process. As
with any other molecular diagnostic test, only qualified and trained personnel can process the samples.
For the sequence data analysis, specific expertise in IT infrastructure (see section 5.1.2 — IT
infrastructure) and bioinformatics (see below) is needed. EPPO’s recommendations on the
competence and expertise of personnel should be followed: EPPO standard PM 7/84 (2018) for
laboratories’ basic requirements and EPPO standard PM7/98 (2019) for laboratories preparing for ISO
17025 accreditation. It should be noted that some specific expertise can be outsourced (e.g.
development and installation of a pipeline; see section 5.4 - Qutsourcing).

The bioinformatic analyses is specific to HTS tests. It requires trained personnel able to run the
bioinformatic pipeline correctly (installation, development, validation, routine use and regular update
of the software and databases). In addition, relevant scientific expertise is needed for the appropriate
interpretation of the data and/or results and for the decision on possible follow-up actions (e.g.
confirmatory testing, see section 7.1).
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Relevant scientific expertise is also required for the interpretation of results (avoiding reporting of false
positive and/or false negative results that could potentially have significant consequences) and of their
biological relevance (see section 7.2 — Interpretation of the biological relevance of the identified
target(s)). The importance of scientific expertise has been highlighted during a proficiency test on the
interpretation of the significance of food-borne pathogens in a simulated dataset (organized by the
COMPARE network, http://www.compare-europe.eu/; Brinkmann et al., 2019) and on the sequence
analysis strategies of small RNAs of plant viruses (as part of the European COST Action FA1407 (DIVAS);
Massart et al., 2019).

5.3 Quality management

Recommendation: The laboratory should have a quality management system in place to ensure its
consistent operation in performing HTS tests and traceability throughout the process.

The laboratory should have a quality management system in place (including a documentation system)
for quality assurance purposes for example, allowing to trace back the origin of samples or of
contamination. The documentation system should describe all the procedures required to perform an
HTS test from sampling to reporting, including the laboratory component, the IT infrastructure (e.g.
software version), bioinformatic pipeline (e.g. software versions and settings with details on all the
parameters, scripts and sequence databases version) and data (e.g. input and output files for each sub-
step of the bioinformatic pipeline). The documentation system should also contain procedures on the
operation of critical instruments (e.g. sequencing machine) and bioinformatic pipeline. Such
requirements are illustrated in Aziz et al. (2015), Hébrant et al. (2018) and Roy et al. (2018).

The procedures should be detailed enough to ensure consistent implementation of HTS tests, including
the bioinformatic component. The laboratory should ensure that the procedures are kept up to date
and that the current versions are readily available to personnel (EPPO PM 7/98, 2019).

As part of the quality system, the laboratory should keep records of:

- test development documents (when relevant),

- validation/verification reports (when appropriate including those after changes have been made to
an HTS test),

- test run reports (including the values of relevant quality metrics, version of
software/pipeline/databases),

- diagnostic reports (see EPPO PM 7/77, 2019),

- sample information (see EPPO PM 7/77, 2019),

- administrative information (see EPPO PM 7/77, 2019),

- maintenance and calibration certificates of equipment,

- critical kits/reagents (e.g. lot number, expiration dates of reagents),

- personnel competency and training.

The records should be readily accessible and kept for a minimum period of 5 years as recommended
by EPPO standard PM 7/77 (2019), unless the national requirements specify otherwise.
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5.4 Qutsourcing

Recommendation: The laboratory should check the quality performance of the outsourced services
at appropriate intervals.

Laboratories can outsource some parts of an HTS test (e.g. nucleic acid extraction, library preparation,
sequencing services, bioinformatic services). The outsourcing or subcontracting of some parts of a
diagnostic test is included in the ISO 17025 standard (2017) in paragraph 6.6. For plant health
diagnostics, EPPO standard PM 7/130 (2016) states that “Subcontracting of testing by the authorized
laboratory is permitted if documented in the quality system manual (EPPO PM 7/84, 2007) and
approved by the NPPO [National Plant Protection Organization]. The requirements of this standard [i.e.
EPPO PM 7/130, 2016] also apply to the subcontracting laboratory.”

It is recommended to select a provider that has as at least the same level of quality assurance
management as the diagnostic laboratory, ideally with an official accreditation or certification. The
assessment of outsourcing should be part of the risk analysis (see section 6.3 — Risk analysis). The
outsourced services should be regularly monitored to ensure that the provider performs as expected.
For example, the laboratory can demonstrate that outsourcing does not negatively influence the
reliability of the results by monitoring the results of sending and analysing blind samples (see section
6.7 — Ensuring the validity of results).

A procedure for the selection and evaluation of external services should be developed and applied by
the laboratory. It should be noted that although some parts of the HTS process can be outsourced, the
laboratory is responsible for the interpretation and reporting of the results (Hébrant et al., 2018).

5.5 Managing modifications

Recommendation: The laboratory should have a procedure for monitoring, implementing, and
documenting modifications of reagents, kits, sequencing chemistries, instruments and bioinformatic
pipelines.

HTS technologies and protocols evolves quickly, both for the laboratory and bioinformatic
components. This leads to the rapid obsolescence of protocols, sequence databases and bioinformatic
software. Their lifespan is therefore shorter than most existing diagnostic tests used by a diagnostic
laboratory.

Modification of the laboratory protocols, due to new versions of kits or newly developed kits for library
preparation or sequencing should be documented. The laboratory should make efforts to keep track
of any change based on a procedure on monitoring, implementing and documenting the modifications.

Regarding bioinformatic analyses, pipelines are composed of several sub-steps that use different
software applications with specific algorithms and parameters adapted to the intended use of the HTS
test. The laboratory should keep track of software versions and updates/upgrades with parameter
settings and keep records of changes to the underlying operating systems which might affect how
pipelines and tools work (e.g. integrate a Log system to track all versions in the bioinformatic pipeline).

In response to the constantly evolving technology, these guidelines have been designed to allow the
modification of the laboratory kits or bioinformatic pipelines under certain conditions. EPPO standard
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PM 7/98 (2019) recommends that an expert judgement should be made as to whether the update to
a validated HTS test requires validation or verification (see section 6.6.1 — Validation of HTS test and
section 6.6.2 — Verification of an existing validated HTS test). This evaluation should be documented.

5.6 Data management

5.6.1 Data backup and storage

Recommendation: The laboratory should backup and safely store data generated during each HTS
test.

Data can be stored on the laboratory’s own data storage system or on a cloud-based computing
resource, internally or externally. When data are stored on an external cloud-based computing system,
the laboratory should be aware of the local legislation on data protection, especially when dealing with
official testing and quarantine pests. The laboratory should have a documented procedure on how and
where files generated during sequencing and bioinformatic analyses should be stored to ensure the
integrity and confidentiality of the data, including a backup, ideally on a server at another location
(Hébrant et al., 2018; Roy et al., 2018). The laboratory should decide which files (i.e. input files,
intermediates files and output files) should be kept and for how long. EPPO recommends a minimum
retention period for records of 5 years or longer in the case the national requirements specify
otherwise (EPPO PM 7/77, 2019).

5.6.2 Data transfer

Recommendation: The laboratory should have access to a network allowing a safe, easy and
complete transfer of data.

Large data files are generated during each HTS run. These data sets need to be easily transferable
within the IT infrastructure of the laboratory and, if relevant, from the sequencing provider to the
laboratory (see section 5.1.2 —IT infrastructure). The network should be secured to ensure the integrity
and confidentiality of the data. The laboratory should have a procedure for data transfer, including
that any issue related to data transfer should be recorded if they can influence the test results (Aziz et
al., 2015; Hébrant et al., 2018). Numerous algorithms have been developed for such goal (md5sum is
one example).

5.6.3 Reference sequence database

Recommendation: The laboratory should use appropriate sequence databases to analyse the
sequence data generated by the HTS test.

Sequence databases used for reference can be incomplete, contain errors and their content is
constantly evolving because of scientific discoveries and changes in taxonomy of pests. The
inappropriate selection of sequence database(s) can lead to incorrect results. An inter-laboratory
comparison of 21 plant virology laboratories, each using a different bioinformatic pipeline, revealed
that the database accuracy and completeness is critical for the identification of the target(s) and most

16



importantly for the identification of uncharacterized organisms (Massart et al., 2019). In this paper, a
novel member of the family Tymoviridae was detected only by two out of 21 participants. In addition,
wrong species identification of a nepovirus was reported because of the incompleteness of the
sequence database used for reference (absence of the target(s) sequences and/or incorrectly
annotated sequences). Similar observations have also been reported for the metabarcoding of insects
and fungi (Nilsson et al., 2019; Piper et al., 2019) as well as in food safety for the detection of pathogens
(Brinkmann et al., 2019).

Sequence databases can be available publicly (see box below) or can be developed and maintained by
the laboratory (i.e. in-house sequence databases). The selection of sequence database(s) is important
for a correct taxonomic assignment (see section 6.2.2.2 — Identification of target(s)), since a reference
database containing too few or too many sequences can give false negative or positive results,
depending on the taxonomic classification method used. Their selection depends on the intended use
of the HTS test and should be clearly defined during the test selection and development (see sections
6.4 — Test selection and 6.5 — Test development and optimisation). When the focus of the HTS test is
on a limited range of known pests, a curated database can be created with sequences of high quality
that are accurately annotated and not redundant. However, when searching for uncharacterized or
unexpected organisms, a more extensive and less curated database might provide a much better
chance for their discovery than a well curated database with a limited number of entries. (Lambert et
al., 2018; Piper et al., 2019).

Sequence databases should be tested for their ability to identify at least the expected target(s)
including the key target(s) for HST tests, with the database preferably prepared from documented
reference material (for example, vouchered specimens; see section 6.7.1 — reference material).
Sequencing of reference material, especially from reference collections, is critical for a correct
diagnosis. This highlights the importance of specimens accurately identified taxonomically as a key
factor in the compilation of curated sequence databases, avoiding that morphological or phenotypic
misidentification lead to incorrectly named sequences on database (e.g. Taylor and Martoni, 2019).
Sequence databases ‘should be kept up to date and readily available’ (EPPO PM 7/98, 2019). As for
computer softwares, information on sequence databases used during the analysis should be
documented for traceability purposes. The information to document should include, but not be limited
to, version number, date of download, original source, location. It is important to note the version
used for the databases; sometimes names of organisms disappeared from one version to the other.
Also the laboratory needs to make sure the target organisms are still part of the databases.
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Sequence databases (by alphabetical order) currently (in 2020) being used:

BOLD: www.barcodinglife.org (barcode of DNA species)

EMBL-EBI: https://www.ebi.ac.uk/services (wide range of sequences including plant pests)

ENA: https://www.ebi.ac.uk/ena/browser/home (wide range of sequences including plant pests)

EPPO-Q-bank: https://gbank.eppo.int/ (plant pests)

EzBioCloud: https://www.ezbiocloud.net/ (bacteria and archaeal)

GenBank: www.nchi.nlm.nih.gov (wide range of sequences including plant pests)

Genome Taxonomy Database: https://gtdb.ecogenomic.org/ (bacteria and archaeal)

GreenGenes: https://greengenes.secondgenome.com/ (bacteria and archaeal)

InsectBase: http://www.insect-genome.com (insects)

NEMBASE4: http://www.nematodes.org/nembase4/ (nematodes)

NemaGene: http://nematode.net/NemaGene/.(nematodes)

SILVA: https://www.arb-silva.de/ (ribosomal RNA sequence data)

UNITE: https://unite.ut.ee/ (eukaryotic nuclear ribosomal ITS region)

WormBase: https://wormbase.org/#012-34-5 (nematodes)

The laboratory should endeavour to upload sequence(s) (partial or (near to) complete genome
sequences, variants sequences) with biological information when available, to an online database such
as the Barcode of Life Data System (BOLD; Ratnasingham and Hebert, 2007) for metabarcoding data
or the EPPO Q-bank database (https://gbank.eppo.int/) so the sequence(s) is(are) permanently linked
to a voucher specimen [it can be morphological when a non-destructive DNA extraction is used (see
section 6.2.1.3 — Nucleic acid extraction)]. Whenever possible, a voucher specimen should be kept by
the laboratory and/or stored in a depository such as the International collection of microorganisms
from plants (ICMP, https://www.landcareresearch.co.nz/tools-and-resources/collections/icmp-
culture-collection/).

Uploading sequences to public sequence databases will assist the scientific community in their quest
of identification of organisms. The more complete sequence databases are, the greater the likelihood
to detect and identify organisms. This is particularly important for the detection and identification of
(yet) uncharacterized organisms. Their availability will be useful for research studies such as studies on
newly discovered organisms or genetic diversity studies. The link between the sequence(s) and the
biological information will enable future characterisation (e.g. taxonomic description), morphological
re-assessments and, consequently, the possibility to correct misidentified sequences and specimens.
A bottleneck is to ensure that the contract with the customer or the national legislation allow the
sharing of sequence data.
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6 Technical requirements

There are different steps a diagnostic laboratory should follow when using HTS technologies in routine
diagnostics. Before implementing an HTS test on routine samples, the scope of the test should be
defined (see section 6.1) and the type of the test selected (see section 6.4). A newly developed test
should be validated (see section 6.6.1) and a test described in an official standard or in a scientific
publication with known performance characteristics should be verified (see section 6.6.2). After its
validation or verification, the HTS test can be used in routine diagnostic but when changes that can
potentially negatively affect its performance characteristics are made to the protocol, it should be
verified or validated again (see section 6.6.3).

A risk analysis (see section 6.3) on the different steps of the HTS test and its validation/verification
should be carried out after the scope has been defined. The risk analysis will be the basis for
establishing the critical parameters and quality checks of the HTS test for routine analyses. The risk
analysis should be updated regularly (e.g. change in the level of and/or type of risks) depending on the
results of the quality checks during the development, validation or verification phases and during the
routine implementation of the test. Due to the specificities of HTS tests as compared to other
molecular methods, special considerations for the analytical sensitivity, analytical specificity and
selectivity should be addressed during the different phases presented in section 6.2.

6.1 Scope of HTS tests

Recommendation: The laboratory should define the scope of the HTS test before conducting the risk
analysis.

The scope of the test should be defined as recommended by EPPO: e.g. detection and/or identification
of organism x in matrix y by HTS test z (EPPO PM 7/98, 2019). In HTS, the target organism(s) can be
one or more variants, species, genera, families or groups of organisms (e.g. bacteria, fungi, viruses)
that are being tested for a range of matrices (e.g. plant, soil, water). A clear definition of the use of the
HTS test and the matrix tested is important for the risk analysis (see section 6.3). For example, in post-
entry quarantine testing, the detection and/or identification by shotgun sequencing of viroids and
viruses infecting tuber-forming Solanum species imported for germplasm conservation, breeding or
research purposes. Another example is the surveillance of insects, bacteria or fungi collected from
traps using amplicon sequencing (Aguayo et al., 2018; Nufez et al., 2017; Piper et al., 2019).

6.2 Special considerations for HTS tests

Special considerations related to the use of HTS tests are provided in this section. These considerations
are proposed for each step of the HTS test and have been divided in two components related to the
laboratory and bioinformatic analyses, respectively.

These considerations should be taken into account for every phase: test selection, test development
and optimisation, test validation or verification, or routine diagnostics. These considerations can also
feed the risk analysis (see section 6.3).
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6.2.1 Laboratory component

The laboratory component of HTS tests consists of several steps, and spans from sampling to
sequencing. Each step should be selected, developed and optimized and validated for its intended use
before it can be used in routine testing. After the validation or verification of an HTS test, its
performance should be monitored using appropriate controls during its routine use (see section 6.7 —
Ensuring the validity of results).

6.2.1.1 Sampling

Recommendation: The sampling protocol should be appropriate to the matrix and pest(s) targeted
by the HTS test.

Although the laboratory may not be involved in sampling, it should recommend a procedure for
sampling. The type of samples (e.g. different plant parts) and the season of sampling can affect the
results of a diagnostic test, including HTS tests (e.g. organisms not detected) (Prezelj et al., 2013; Dr.
Martha Malapi-Wight, USDA-APHIS, pers. comms, May 2020). The recommendations on sampling
prescribed in section 5.7 of EPPO standard PM 7/98 (2019) are applicable to HTS tests and should be
followed. Specific recommendations are available for inspection procedures (EPPO standards PM3
series, https://www.eppo.int/RESOURCES/eppo standards/pm3 procedures) and for surveillance
procedures (https://www.eppo.int/RESOURCES/eppo standards/pm9 control systems).
Methodologies for sampling of consignments can be found in ISPM 31
(https://www.ippc.int/static/media/files/publication/en/2016/11/ISPM 31 2008 Sampling of cons
ignments EN.pdf).

The laboratory should have a procedure describing the type of material (e.g. expected tissue for
plants), the amount of material needed, the number of samples and when relevant, the season of
sampling, and the requirements for sampling symptomatic and/or asymptomatic material. The
procedure should also define how to deal with samples that do not meet these criteria (Hébrant et al.,
2018).

Some sampling procedures do not require any supervision from an operator and can be considered
automated or semi-automated. This is the case for some insect traps (i.e. pitfall traps and suction traps)
and some fungal traps (i.e. spore traps) that are left unsupervised for days or even weeks. In such
instances, the need for preservation of DNA throughout the sampling phase should be taken into
consideration. Examples of DNA preservatives include different concentrations of ethanol (Marquina
et al., 2020) and propylene glycol (Robinson et al., 2020).

6.2.1.2 Sample handling

Recommendation: Sample handling should ensure sample integrity and suitability for the HTS test.

As with any diagnostic test, the quality of samples can affect the results of HTS tests (e.g. organisms
not detected) (Hébrant et al., 2018). The recommendations on sample handling prescribed in section
5.8 of EPPO standard PM 7/98 (2019) are applicable to HTS tests and should be followed. Sample
handling includes subsampling, traceability of samples, sample preservation between collection and
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laboratory receipt (e.g. insects preserved in glycol/ethanol), transportation to the laboratory (e.g. cold-
chain box containers, plastic bags to avoid dehydration), samples condition on receipt, storage,
aliquoting, retention, and disposal. The laboratory should have a procedure on sample handling (EPPO
PM 7/98, 2019).

6.2.1.3  Nucleic acid extraction

Recommendation: The nucleic acid extraction protocol should deliver nucleic acids of appropriate
quality and quantity for the HTS test. Minimal thresholds of quality and quantity should be
established and respected.

The quality (in terms of purity and integrity) and quantity (i.e. ng/ul) of nucleic acids is important as
they can affect the results of an HTS test. The extraction allows for the removal of inhibitors that can
negatively impact the test result. The selection of the extraction method depends on the type and size
of the target(s) expected to be detected by the HTS test (e.g. DNA versus RNA genomes, genomes of a
few hundreds of nucleotides to megabases) and the type of matrix from which the nucleic acids are
extracted (e.g. plant parts: seed, leaf, stem, purified cultures, soil, water, insects). For example,
different types of nucleic acids can be extracted from plant viruses such as small interfering RNAs
(siRNA), double-stranded RNA (dsRNA), total DNA and/or RNA, and virion-associated nucleic acids
purified from virus-like particles (VANA) (Gaafar and Ziebell, 2020; Maliogka et al., 2018; Pecman et
al., 2017; Visser et al., 2016). The composition of the matrix can also affect the extraction of nucleic
acids as demonstrated in a study comparing DNA extraction methods of plant-associated bacterial
communities from soil and different plant species tested by amplicon sequencing (Giangacomo et al.,
2020). Several extraction protocols can be evaluated to determine the most suitable method(s) for the
intended test use during selection and/or validation and further application in routine testing.

A large range of in-house protocols and commercial kits are available, and their selection will depend
on the biological material to be analysed. Specific adaptations of a protocol may be needed for specific
organisms/matrices (e.g. nematodes Non-destructive DNA extraction may be preferred for
macroorganisms to preserve morphological voucher specimens as it has been applied to freshwater
invertebrate samples (Carew et al., 2018) and terrestrial arthropods (Nielsen et al., 2019). This is
particularly important in the case of uncharacterised macroorganisms (e.g. insects) where preservation
of a morphological voucher specimen would enable to permanently link the DNA sequence to a
morphological sample (Piper et al., 2019). Furthermore, DNA from a voucher specimen can be re-
extracted when additional genetic information is required, such as a longer DNA sequence (Carew et
al., 2018).

Based on experience, each laboratory has its own preference in terms of extraction protocol(s). In most
cases, a protocol extracting nucleic acids with a purity and integrity satisfactory for PCR or real-time
PCR (preceded by reverse-transcription for RNA extracts) should be suitable for HTS tests, particularly
if amplicon-based. However, some library preparation protocols require a higher nucleic acid integrity
and minimal concentration. This is often the case with long-read HTS technologies. The quality of
extracted nucleic acids can be checked by several methods (see section 6.3 — Risk analysis) and minimal
thresholds should be defined [for example, minimum, average or maximum fragment length, minimal
acceptable purity indicator(s)]. The target organisms should always be kept in mind while selecting a
suitable extraction procedure. Target organisms with thick cell walls such as gram-positive bacteria, or
with cuticles such as insects and nematodes, might require extra steps during nucleic acid extraction
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to lyse the cells (for example sonication or enzymatic protein lysis) (Nielsen et al., 2019; Waeyenberge
etal.,, 2019; Wesolowska-Andersen et al., 2014).

The concentration of target(s) in a sample can be very low in some types of matrices. A low
concentration of target(s) in background sequences (e.g. host, non-relevant organisms present in the
sample) may result in failure to detect the target(s). The nucleic acid extraction protocol may therefore
include a target enrichment or selection step to improve the analytical sensitivity of the HTS test. For
example, in water samples, the enrichment of the target(s) is essential (Mehle et al., 2018).

The selection of the enrichment protocol depends on the target genome (e.g. ssSRNA, dsRNA, total RNA,
circular DNA for viruses), its physical properties (e.g. viroid naked RNA, encapsidated viral RNA/DNA,
DNA of bacteria and fungi protected by a cell wall), the matrix (e.g. plants, soil, water). For plant
samples, viral particle enrichment by ultracentrifugation of tissue sap homogenized in a buffer before
nucleic acids extraction, depletion of ribosomal RNA (rRNA) from total RNA or enrichment of dsRNA
by cellulose affinity chromatography with or without additional nuclease treatment are three
examples of protocols that can improve the sensitivity (Adams and Fox, 2016). Rolling circle
amplification is also frequently used as an enrichment procedure when targeting DNA viruses with
circular genomes (Johne et al., 2009).

6.2.1.4 Library preparation

Recommendation: The library preparation protocol should be suitable for the sequencing platform.
Minimal quality and quantity thresholds should be identified and respected.

The selection of the protocol for library preparation depends on the HTS process used. It should be
determined during the test selection/test development and tested and optimized when relevant (see
sections 6.4 — Test selection and 6.5 — Test development and optimisation).

For shotgun sequencing, several protocols are available. They depend on the sequencing technology
and are often provided as kit(s) with all the reagents included. Their selection will depend on technical
criteria (e.g. minimum required quantity and integrity of the extracted nucleic acid and expected
proportion of target nucleic acid), the time needed, the required staff, the costs of reagents and
consumables. The enrichment of target nucleic acids can also be carried out during library preparation.
It can be based on a size selection or on the use of specific oligonucleotides to either eliminate non-
target nucleic acids (like ribosomal RNA in plant samples) or to specifically select the target nucleic
acids. For example, it has been shown that the removal of plant ribosomal RNA by specific
oligonucleotides resulted in a 10-fold enrichment of viral sequences (Adams and Fox, 2016).

For amplicon sequencing which relies usually on a PCR step, special care should be taken for the
selection of primers to make sure the target organisms can be amplified with these primers, as
demonstrated in a study of the fungal microbiome of higher plants by Scibetta et al. (2018). A high
fidelity polymerase should preferably be used to minimise the amplification biases due to the miss-
incorporation of nucleotides, Budowle et al., 2014; Mclnerney et al., 2014). The number of PCR cycles
should be selected to ensure the PCR is still in the exponential phase; this is usually 25-30 cycles for a
guantitative metabarcoding test. PCR amplification in metabarcoding targets a small region of the
genome, the barcode, generally corresponding to partial genes. Barcode regions allow the detection
and identification of the targeted organisms. Barcodes have been proposed and described in EPPO
standard PM7/129 (2016) for arthropods, bacteria, fungi, nematodes, oomycetes, invasive plants,
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phytophthoras and phytoplasmas by classical Sanger sequencing. Some of these barcodes have been
successfully used in metabarcoding (Ahmed et al., 2019; Dormontt et al., 2019; Nilsson et al. 2019;
Ritter et al., 2019; Tremblay et al., 2018). Given the high sequence diversity within plant viruses, no
generic plant virus barcodes are available although conserved motifs within specific virus genera that
allow virus identification have been identified.

6.2.1.5 Pooling of libraries

Recommendation: The pooling level of libraries should be adapted to the intended use of the HTS
test and its required analytical sensitivity.

Several libraries can be pooled together to reduce the sequencing costs. During library preparation,
nucleic acids extracted from each sample are tagged with an index incorporated in the sequencing
adapters so that each obtained sequence can be traced back to the original sample (Budowle et al.,
2014; Piper et al., 2019). The process of pooling increases the risk of misassignment of reads to a
sample due to cross contamination of tagging that can occur during library preparation and sequencing
(i.e. index-hopping) or between sequencing runs (i.e. inter-run contamination when identical indexes
are used in successive runs) (Galan et al., 2016; Kircher et al., 2011; van der Valk et al., 2018). Index
misassignments can also occur during the demultiplexing step due to sequencing errors on indexes,
which depends on the sequencing technology. The risk is increased when high sequencing depths are
obtained with pooled libraries (Budowle et al., 2014; Massart et al., 2019). Sample misassignments can
be reduced on the Illumina platform by using dual indexes (Kircher et al., 2011) and almost abolished
by using unique dual indexes which increases the bioinformatic power in catching index-hopping
(MacConaill et al., 2018). Another option is to use indexes that are sufficiently long and different, so
that their identification is robust and tolerates several sequencing errors. Nevertheless, these options
can only limit the problem of index switching as they do not take into account other origins like the
creation of chimeric sequences due for example to the ligation of free adapters (Wright et al., 2016).
Pooling libraries just prior to sequencing or adding a step to remove free adapters can also reduce
these misassignment issues. The sequences of sets of indexes included in each run should be recorded
for trace back purposes and to plan properly the succession of sequencing runs.

Pooling also requires that the amount of nucleic acid of each library in the pool be normalised. This
minimises the pooling bias that causes the generation of uneven numbers of sequences between
samples (Hébrant et al., 2018). The laboratory should be aware of the risk associated with pooling (see
section 6.3 — Risk analysis) and demonstrate that the pooling strategy used, does not affect the test
performance (e.g. lower analytical sensitivity, contamination). The pooling method depends on the
desired read depth of the targets to be sequenced and should be optimized to ensure that the HTS test
meets the criteria of its intended use (Hébrant et al., 2018).

23



6.2.1.6  Sequencing platforms and methods

Recommendation: The sequencing platform and method should be appropriate for the intended use
of the HTS test.

The laboratory should consider the type of sequencing platform and the method of sequencing best
suited for the intended use of the HTS test based on the following points:

- expected number of samples received per batch and reads number per sample: these two parameters
will determine the number of reads requested on average per batch of HTS testing, knowing that
several batches of samples can be sequenced on a single run

- required test turn-around time (e.g. urgent testing for imported perishable material),

- total number of generated reads per sequencing run: it should be compared to the requested reads
per batch in order to determine if a batch requires a complete or partial sequencing run, which as an
impact on the turn-around time,

- multiplexing capacity of the platform: is it compatible with the expected number of samples per
batch?

- read length and type (e.g. single, paired, mate-pair): these two parameters will depend on the HTS
test used: short single reads are appropriate for SRNA sequencing whereas amplicon sequencing might
need the longest reads, provided the error rate is acceptable,

- error rate and type of error: the error rate varies between the sequencing platforms and between
runs. It can be critical for some HTS technologies, such as for amplicon sequencing where a small
number of errors in the sequence can modify its annotation, or for shotgun sequencing when SNPs are
important,

- availability of bioinformatic support, laboratory resources and technical expertise and manufacturer
level of technical support in order to solve quickly (re-)occurring problems.

Another key point to consider during the selection of the sequencing platform is the impact on the
downstream bioinformatic analyses (depending on the number of sequences, their length, their quality
and accuracy) (Budowle et al., 2014; Jennings et al., 2017).

A cost study may be carried out taking into account the previous criteria and also (i) the three main
expenses involved in the operation of a sequencing machine: purchase, running (reagents and
consumables, e.g. the cost per sequence) and maintenance; (ii) the personnel time and expertise
needed to run and maintain the machine (Rehm et al., 2013). These considerations can be important
for a decision to invest in a desktop or stand-alone sequencer or to outsource the sequencing step.

Sequencing platforms are regularly updated and the laboratory should closely monitor these updates
and evaluate their potential impact on the test results (see section 5.5 — Management of modifications
and section 6.6.3 — Impact of changes made to a validated HTS test).

6.2.1.7 Contamination

Recommendation: The laboratory should prevent contaminations as they can critically impact the
results of HTS tests.
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The issue of contamination is particularly important for HTS tests as they are as, or even more prone
to contamination than PCR-based tests. The higher chance of contamination within HTS tests comes
from the multiple handling steps and use of more reagents in the sample preparation process. There
is also a higher chance to detect a contaminant in HTS tests because of their broad range of detection.
Contamination can occur at different steps of the laboratory component (e.g. nucleic acid extraction,
library preparation, sequencing). Sources of contamination may include sample handling, laboratory
surface and equipment/tools contamination, reagents and carry-over (Asplund et al., 2019; Champlot
et al., 2010; Dickins et al., 2014; Gaafar et al., 2020; Rosseel et al., 2014).

Contamination between successive uses of a sequencing machine, called carry-over contamination has
often been observed (Quail et al., 2014). In addition, contamination can occur when multiplexing
several samples in a single sequencing experiment, i.e. the cross-contamination between prepared
nucleic acids due to traces of other samples or index-hopping between samples (see section 6.2.1.5 —
Pooling of libraries) (Buschmann et al., 2014). It has also been demonstrated that contamination of
laboratory reagents used for HTS, such as DNA extraction kits or molecular grade water, can impact
the results obtained using shotgun or amplicon sequencing tests (Asplund et al., 2019; Galan et al.,
2016; Salter et al., 2014).

The recommendations on the organisation of facilities to prevent contamination are described in
section 5.1. In addition, the best practices for molecular laboratories should be applied (e.g. use of
clean reagents, consumables, tools, equipment; frequent changes of disposable tools and frequent
cleaning of benches, equipment and tools, use of different dedicated rooms, or physical separation of
activities). The EPPO standard PM 7/98 (2019) provides guidance on how to avoid contamination with
specific requirements for molecular laboratories and specific guidelines for monitoring contamination.
In addition, the physical separation of samples suspected to contain a high load of organisms from
samples suspected to contain a low load, is highly recommended. The laboratory should regularly
decontaminate benches, equipment and tools with appropriate products (e.g. 0.1M sodium hydroxide
followed by 70% (v/v) ethanol, Virkon).

Despite every precaution taken, some contaminations can still occur such as some cross contamination
because of index hopping with pooled samples or when using standard library preparation for
sequencing (i.e. not double indexes or unique molecular barcodes). Therefore, the level of
contamination should be monitored during the bioinformatic analyses (see section 6.2.2.3 — Analysis
of controls included in the HTS test) based on the relevant first line controls (see section 6.7.2.1 — First
line controls) and should be taken in consideration during interpretation of the results. Noteworthy,
the identification of contaminations in the sequencing datasets is not yet standardized and many
scientific, technical and bioinformatic developments are expected in the near future to improve it.

6.2.2 Bioinformatic component

The bioinformatic pipeline consisting of a combination of software used to analyse the raw data, is a
key element of the HTS test as it can generate false positive and/or false negative results. The results
generated by the pipeline depend on each (version of) software used, the parameters and the
thresholds applied, as well as the accuracy and completeness of sequence database(s) used for
sequence comparison (see section 5.6.3 — Reference sequence database). The impact of the
bioinformatic pipeline on the correct identification of target(s) has been shown by Massart et al. (2019)
through a test performance study including 21 plant virology laboratories analysing 10 datasets.
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Whatever the bioinformatic strategy, many pipelines have been developed that can operate either on
a Linux system, statistic programmes, web interface, as well as commercial packages or OS-friendly
open-source software. A current general trend is to simplify the use and the parameterization of these
tools, making them usable without extended bioinformatic knowledge or, sometimes, as a “one-click”
solution. For such simplified pipelines, it is paramount that the personnel implementing and using
them understands what is being done and that the pipelines are appropriately used (according to the
data and the goal of the analysis) by competent personnel (see section 5.2 — Personnel).

The bioinformatic component of the HTS process can be divided in three steps with several sub-steps
which are described below. It should be noted that the result of each sub-step of the bioinformatic
analyses depends on the selected parameters and metrics of the previous sub-step(s). For example,
the selected minimal quality score of trimming from the first step of the bioinformatic analyses (see
section 6.2.2.1 — Analysis of raw reads) can impact the quality of the reads assembly from the second
step of the bioinformatic analyses (see section 6.2.2.2 — Identification of target(s)).

6.2.2.1 Analysis of raw reads

Recommendation: The laboratory should eliminate low quality sequences and assign unambiguously
the sequences to each sample. Optionally, redundant or background sequences can be eliminated.

The analysis of raw reads consists of different sub-steps (Figure 2) which may be performed in a
different order depending on the bioinformatic pipeline. These sub-steps may not all be relevant,
depending on the HTS protocol used (e.g. single species vs metagenomics, short vs long reads, single-
end vs paired—end).

The sub-steps needed and their order should be defined during test development/adaptation (see
section 6.5 — Test development and optimisation) with their parameters and corresponding quality
metrics and thresholds (Weiss et al., 2013; Hébrant et al., 2018). If these thresholds are not met, the
decision on repeating or proceeding with the HTS run should be documented.

The first sub-step of the bioinformatic analyses is to check the overall quality of the sequencing dataset
by looking at the metadata produced during the sequencing run (e.g. cluster densities, quality profiles,
number of and size of reads) and the specification metrics. These metrics are platform-dependent and
the most relevant metrics should be determined during validation with the setting of (a) minimal
threshold(s) (Hébrant et al., 2018). Alternatively, the analysis of the metrics of this sub-step can be
carried out after the trimming of primers, adapters, and indexes.

The raw reads can also be controlled for their quality. Quality control is a process that removes either
nucleotides or the full sequences of reads whose quality does not meet an established threshold. The
quality of reads is checked using the base quality scores (for example, Phred quality score) which can
vary depending on the sequencing platform. A minimal threshold of the base quality scores should be
defined during validation (see section 6.6.1 — Validation of HTS test). It should be noted that the choice
of an optimal threshold for read trimming is always a trade-off between sequence loss and dataset
quality (Del Fabbro et al., 2013). This score is logarithmically related to the base calling error probability
which is used to measure the quality of the identification of each nucleotide by the sequencing
platform (Lambert et al., 2018). The objective of quality filtering is to retain sequences of appropriate
quality for the next steps of the bioinformatic analyses (Budowle et al., 2014; Hébrant et al., 2018;
Weiss et al., 2013).
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Figure 2. Example of the organisation of the first step of the bioinformatic analyses, i.e. analysis of raw
reads. The order of sub-steps can be modified, depending on the bioinformatic workflow used (for
example the elimination of low-quality reads and nucleotides can be carried out at any time during the
process).
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The other sub-steps (when relevant) are:

-Demultiplexing: If several libraries were pooled for sequencing, the reads are assigned in silico to their
respective samples of origin by cross-checking the index sequences associated with each read
(Budowle et al., 2014; Hébrant et al., 2018). For this, it is recommended to use an appropriate
stringency, so that the tolerance of index errors cannot cause misassignation of the reads. It is also
possible to search for index sequences that have not been used in the sequencing run to estimate and
filter possible cross-contamination that may have occurred during the indexing or sequencing steps
(i.e. inter-run contamination) (Galan et al., 2016; Kircher et al. 2011; van der Valk et al., 2018).
Misassignment can occur during this step due to errors in index sequencing and inappropriate
bioinformatic parameters (for example mismatch tolerance). The risk of misassignment also depends
on the type of indexes (e.g. long and very different indexes, single vs dual indexes, see section 6.2.1.5
— Pooling of libraries).

- Primer, adapter and indexes removal (also known as clipping, trimming): primers, adapters and
indexes (if used) included in the generated reads should be removed before continuing the
bioinformatic analyses (Davis et al., 2013; Hébrant et al., 2018). The removal is usually done during the
demultiplexing step (see above).

-Background reads removal: Some sequences not related to the target(s), called background reads (e.g.
host sequences, ribosomal sequences, phage sequences, environmental contaminant sequences), can
be removed to facilitate the search of target(s) sequences and to reduce the risk of reporting incorrect
results (Lambert et al., 2018). These reads, are mainly associated with shotgun sequencing strategies,
and their presence also depends on the nucleic acid extraction procedure used (e.g. total nucleic acid
extraction vs. target enrichment or selection). They can be removed by reference subtraction (i.e. host
genome reads or host rRNA reads removal). The host control and/or no template control can be useful
in finding the background reads (e.g. host reads, environmental contaminant reads; see Table 5). The
removal of background reads can be particularly important when the target(s) are present in low
concentration (Baizan-Edge et al., 2019). Caution should also be taken when dealing with organisms
that are capable of being completely or partially integrated in their host genome because they may be
removed during this process (e.g. pararetroviruses in plants, bacteriophages in bacteria; Hohn et al.,
2008, Sharma et al., 2017). A large-scale performance evaluation of sequence analysis strategies
revealed that some laboratories were unable to identify the viral sequences integrated in the host
genome present in the sequence dataset (Massart et al., 2019). It should be noted that there may be
a risk of removing the target reads during this process when high sequence identities exist between
the host and target or if the reference genomes used for the removal of background reads contain
themselves contaminants target reads. The awareness of the quality of the host reference genome
used for background reads removal is hence very important. Some (typically lower quality) reference
genomes in databases can contain contaminant sequences (from endophytes), or are incomplete and
their annotations are still in progress. Very different results can be obtained with or without the
removal of background reads and therefore this should be considered during test
development/optimisation with parameters and thresholds settings based on the HTS test intended
use (e.g. detection to species or genus level) (see section 6.5 — Test development and optimisation).

-Duplicate reads removal: Duplicate reads originate from the same amplified fragments. Their
characteristics are common coordinates (e.g. the same start and end coordinates after mapping), same
sequencing direction (or mapped strand) and identical sequences. The presence of duplicate reads
depends on the Initial sequence complexity of extracted nucleic acids, the library preparation
procedure and the sequencing technology. They can be generated during a fragmentation or
tagmentation step or by an amplification-based technology (Hébrant et al., 2018; Maliogka et al.,
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2018). A dataset containing lots of duplicated reads might also be the result of a failed library
preparation, where too little input material was available. The high abundance of duplicated reads can
limit the sensitivity of the HTS test as they can compete with low abundance targets, despite having a
large total read number. It is therefore recommended to evaluate the proportion of duplicate reads
during the quality control stage of data analyses. Excess duplicate reads can be removed by using read
normalisation tools in order to facilitate the downstream analysis of sequences. The elimination of
duplicated reads depends on the protocol and is not required in protocols that use the number of reads
(sometimes identical) to estimate the relative abundance of a target like amplicon sequencing for
metabarcoding.

-Merging paired-end reads: In paired-end sequencing, the DNA fragment is sequenced from both ends
(sense and antisense sequencing). Depending on the intended use of the HTS test, it may be useful to
merge both reads of a single DNA fragment, if they overlap. For some sequencing technology, like
Illumina, the quality of the sequence tends to diminish towards the end of the reads (Kwon et al., 2014,
Lambert et al., 2018). The pairing of reads can increase the overall quality and the length of the
sequences. The parameters should be defined when the two sequences to generate the consensus
sequence, are not identical.

- Artefact removal: Amplicon sequencing can generate chimeric sequences corresponding to a
combination of different sequences from the original sample, leading to the formation of false
sequences. The first part of the sequence is coming from a target organism while a second part is
coming from another target organism as a result of an amplicon that accidentally acts as a primer
during PCR. Similarly, whole genome amplification techniques such as multiple displacement
amplification (MDA) or emerging single cell sequencing techniques are commonly used within low-
input library preparation protocols for shotgun sequencing can produce chimeric sequences (Lasken
and Stockwell, 2007; Quince et al., 2011). It isimportant to monitor and remove these sequences using
appropriate tools before the target identification (Anslan et al., 2018; Lu et al., 2019; Quince et al.,
2011).

- Denoising / clustering (specific to metabarcoding): PCR and sequencing errors inherent to amplicon
sequencing introduce noise through the generation of high numbers of unique amplicons differing
from the original sequences by one or more nucleotides. As a consequence, spurious results can be
generated and data analysis can become more complex. Within metabarcoding analyses sequencing
reads are commonly clustered in representative bins called Operational Taxonomic Units (OTUs) using
a nucleotide similarity threshold that ideally broadly approximates species boundaries (Mahé et al.,
2015). Nevertheless, the optimal selection of threshold can vary across taxa and can result in over-
clustering (putting different species together in one cluster) or under-clustering (splitting one species
over different clusters) (Anslan et al., 2018; Quince et al., 2011).

Alternatively, denoising algorithms have been developed. They do not cluster the sequences based on
their similarity but resolve erroneous sequences by assuming that erroneous sequences will be closely
related and will show a similar ocurrence pattern than an authentic ‘parent’ haplotype while showing
lower abundances and/or lower quality scores (Laehnemann et al., 2016; Yang et al., 2012). After read
correction, this denoising process produces amplicon sequence variants (ASVs) or exact sequence
variants (ESVs) that are taxonomically identified.
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6.2.2.2 Identification of target(s)

Recommendation: The laboratory should identify target(s) from the cleaned reads of the analysed
samples and controls.

The second step of the bioinformatic analyses aims to identify the target(s) in the datasets derived
from samples and controls.

An accurate identification of the target(s) bioinformatically is important to avoid false positive (wrong
taxonomic position, gene annotation or variant detection) or false negative (absence of identification)
results.

The identification of target(s) in samples and controls consists of different sub-steps which may not all
be relevant (Figure 3), depending on the HTS protocol and the sequencing platform used. These sub-
steps may be performed by the laboratory or the sequencing providers in a different order depending
on the workflow. The sub-steps that need to be performed and their order of processing should be
defined during test development/adaptation (see section 6.5 - Test development and optimisation)
along with their parameters and their corresponding quality metrics and thresholds (Budowle et al.,
2014; Hébrant et al., 2018). If thresholds are not met, the decision of repeating or proceeding with the
HTS run should be documented. In addition, if updating the algorithms or databases, the sub-steps and
their order can be adapted in routine test once the appropriate verification has been carried out.

The optional sub-steps of the second step of the bioinformatic analyses are:

- Direct annotation of individual reads: The quality checked reads can be annotated at taxonomic or
functional levels without any assembly, clustering or mapping. The specificity of the annotation
process will depend on the length of the sequences and on the database(s) used (see taxonomic
position and functional assignment sub-steps).

- De novo assembly (also called contiguous assembly, reads assembly): The quality checked reads from
a shotgun sequencing library can be assembled de novo to create longer sequences, called contiguous
sequences (or contigs) (Brinkmann et al., 2019). The reads are assembled when they present similar
sequences on a portion or on the totality of their length. The reads assembly can be complex when
they are short (like for small RNA sequencing) (Massart et al., 2019). canThe parameters for reads
assembly depend on the type of algorithm used and should be defined during test
development/optimisation, such as, the percentage of identity between reads, the minimum overlap,
the minimal length of contigs, the k-mer length or bubble size. The quality of assembly in contigs can
be evaluated, for example using Nso or Uso values (Castro and Ng, 2017) or for de novo assembly of
complete genome, using CheckM or BUSCO (Parks et al., 2014; Seppey et al., 2019). Once the reads
have been assembled into contigs, these can be annotated taxonomically and/or functionally (see
below). In case there remains unused high-quality reads at the end of the de novo assembly process,
these can be further analysed and some guidance is provided below.

-Reference mapping (also called reference assembly) for selected target(s): If (a) reference sequence(s)
are(is) known for organism (e.g. host, pest) suspected to be present in the sample, the quality checked
reads can be directly mapped against the targets reference sequence(s), which can be partial or full
genome(s) (Budowle et al., 2014; Hébrant et al., 2018; Roy et al., 2018). Several reference sequences
can be used for each target in order to take into account genetic variability (Massart et al., 2019) and
improve the number of mapped reads and the annotation quality.
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31



The mapping parameters such as, number of mismatches or gaps allowed or minimal percentage of
identity, are critical to avoid incorrect results. If the mapping parameters are set too low, non-specific
mapping to another species can happen, while too stringent mapping parameters can result in the
poor mapping of reads from a distant isolate (Roy et al., 2018; Weiss et al., 2013). Important mapping
results metrics include genome completeness, average read depth, distribution of reads on the
reference sequence and percentage of identity with reference sequence(s). Their individual relevance
depends on the technology used (e.g. PCR amplified targets will result in greater read depth) (Asplund
et al., 2019; Weiss et al., 2013).

A combination of reference mapping and de novo assembly can be required to increase the likelihood
of identifying target(s) present in low concentration (Maliogka et al., 2018). The ordering of contigs
along a genome (i.e. scaffolding) can improve downstream analyses like the taxonomic and functional
annotation (Sahlin et al., 2016) or de novo assembled (meta)genome contiguity.

- Taxonomic position for pest identification: when using reference mapping, the taxonomic position
can be obtained from the annotation of the reference sequences but there can be a risk of
misassignment (reads belonging to another species are mapped on the reference used) and the contigs
generated from reads assembly might need to be further annotated independently. For individual
reads, clustered reads and de novo contigs, the taxonomic position should be determined using the
latest taxonomy information, including up to date sequence-based demarcation criteria (see box below
for a list of current databases) and appropriate sequence databases and software (see sections 5.6.3 —
Reference sequence database and 5.5 - Managing modifications). Similarity searches performed from
assembled contigs or reads using dedicated tools (e.g. ANI, AODP, BLAST, DIAMOND, EDNA, Mash,
Kraken, KAlJU) provide indications on the taxonomic position and the closest organisms, most often
with a confidence threshold (Lambert et al., 2018; Maliogka et al., 2018; Massart et al., 2019). These
similarity searches use algorithms analysing alignment, K-mer, signature short motifs, and are
continuously evolving (Budowle et al., 2014; Lefebvre et al., 2019; Rott et al., 2017; Ye et al., 2019).
Simply taking the top hit in a BLAST search can lead to wrong conclusions. In addition to sequence
similarity searches, some taxonomic classifiers, like RDP classifier, QIIME or SYNTAX, also take into
account other similar sequences in the reference database and provide a confidence score using
approaches such as bootstrapping. The level of certainty of the similarity searches should always be
retained and mentioned (e.g. e-value) together with the tool and database (version) used. Expert
judgement may be needed to evaluate the result of a taxonomic position (Massart et al., 2017; Matthijs
et al., 2016). This is particularly challenging when dealing with uncharacterized organisms or with a
sequence identity close to the threshold of species demarcation. When it is possible to retrieve the
whole genome of a target, through shotgun sequencing, genome completeness and read depth can
support the result of a taxonomic annotation (i.e. the more complete the genome is, the more reliable
the taxonomic position). Additional analyses such as phylogenetic analysis may also be required. For
amplicon sequencing, the resolution of the taxonomic assignment of the OTUs depends on different
factors with the chosen barcode, the completeness of the reference database and the taxonomic
position algorithm as the main ones. Currently used barcodes are relatively short (a few hundred
nucleotides), and hence can provide only a limited taxonomic resolution. Classification methods such
as naive Bayesian classifiers, lowest common ancestor-based methods, or phylogenetic placement
methods are more reliable, but often also more conservative, hence not always leading to a
satisfactory species-level classification. These limitations are inherent to amplicon sequencing or to
the annotation of individual reads from shotgun sequencing and should be considered and explored in
silico during the test selection and development, to verify whether the barcode is suited to detect the
target organism(s) at a satisfactory taxonomic level.
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Currently (in 2020), the IPPC diagnostic protocols usually consider the following species lists for
the latest taxonomy information:

International Committee on Taxonomy of Viruses (ICTV), https://talk.ictvonline.org/

International Committee on Systematics of Prokaryotes (ISCP), http://www.the-icsp.org/

International Commission on the Taxonomy of Fungi (ICTF), https://www.fungaltaxonomy.org/

Committee on Taxonomy of Plant Pathogenic Bacteria -International Society for Plant Pathology,
https://isppweb.org/about tppb.asp

Remark: some recently discovered species might not be listed in the official taxonomy list while
being described in the literature and published in genome databases.

-Functional assignment: The determination of the (potential) function of genes, the (prediction of)
genomic features related to pathogenicity, resistance to antibiotics or to pesticides, proof of irradiation
of live insects (provoking nucleotide mutations) intercepted at a border or any other sequence feature
that may be of importance to plant health (Davis et al., 2016; Leifert et al., 2013; Zheng et al., 2015)
may be useful/required depending on the intended use of the HTS test.

- Recovering the whole genome of pests: Obtaining the (near) complete genome sequence may be
required for example, to validate the taxa identified, to gain information on the gene content and
population diversity, or to resolve properly the epidemiology and origin of an outbreak. Obtaining the
(near) complete genome sequence for viruses is relatively easy because of their small genome sizes.
The ability to recover a (near) complete genome becomes more complex with bacteria, phytoplasmas,
and eukaryotic pests. When a (near) complete genome is needed, an iterative combination of
reference mapping and de novo assembly with varying parameters can be carried out. Alternatively, a
combination of sequencing strategies such as short and long read sequencing can assist in obtaining
the (near) complete genome.

-Variant calling: Variants can consist in single nucleotide polymorphism (SNP), insertion and deletion
of nucleotides (indels) or by the integration/deletion of entire genes compared to a reference
sequence or compared to the consensus contigs generated (for example, the quasispecies complex of
haplotypes for a virus isolate). The number of variants identified on a pest genome compared to a
reference sequence can be used to evaluate if a new species (for viruses) or divergent isolate (for
bacteria) has been identified and if the used reference is appropriate. To identify those variants
accurately, longer reads can be used and if possible, retrieved from several samples and the associated
metadata such as mapping quality, base-calling quality and strand bias should be checked (Gargis et
al., 2015; Roy et al., 2018; Weiss et al., 2013). Replicates from the same sample can be processed in
parallel to verify that the variant is identified in all datasets.

-Unused high-quality reads: A number of reads that have passed all the quality checks may still not be
assembled, mapped or annotated after the bioinformatic analyses. These reads, also called unused
reads or unmapped reads, can be gathered as a separate output during analysis and their number or
proportion calculated. Depending on the purpose of the test and the algorithms used, these reads can
be discarded or re-analysed using other algorithms in order to validate the absence of target sequences
or of unforeseen organisms among them. Some individual sequences or some contigs, may still not be
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annotated during the second step of bioinformatic analyses. These unannotated sequences are
sometimes referred to as “dark matter”. Periodic re-analysis can be carried out to see if progress in
strategies, algorithms or in knowledge of organisms allows a progress in annotation of such “dark
matter”.

6.2.2.3  Analysis of controls included in the HTS test

Recommendation: The laboratory should verify that all the controls used in the HTS test performed
as expected.

The third and last step of the bioinformatic analyses is to verify that all the controls included in the HTS
run performed as expected. This step is important to identify potential false positive and/or negative
results.

False positive results may come from contaminations which can occur at different sub-steps of the
laboratory phase (e.g. nucleic acid extraction, library preparation, sequencing; see section 6.2.1.7 —
Contamination). They may be due to the handling of samples during the process, inappropriate quality
of nucleic acid extracts, libraries and/or pooling of libraries (see section 6.2.1.3 — Nucleic acid
extraction, section 6.2.1.4 — Library preparation, section 6.2.1.4 — Pooling of libraries).

False negative results can come from several origins, including for example the inhibition of enzymatic
reactions, the sample degradation or the generation or too few sequences.

To address false positive and/or negative results, different controls can be included at different stages
of the HTS test. The type of controls that can be included is provided in Table 5 (see section 6.7.2.1 —
First line controls). All controls should be checked and should meet their respective acceptance criteria
(see Table 1). The origin of false positive and/or negative results should be investigated and addressed
and the decision on whether to repeat (parts of )the HTS test should be documented.

The analysis of controls may consist of different sub-steps that may not all be relevant, depending on
the HTS protocol and the controls used (see section 6.7 — Ensuring the validity of results). The sub-
steps that need to be performed and their order should be defined during test
development/optimisation (see section 6.5 - Test development and optimisation) along with their
corresponding quality metrics and thresholds, when relevant (Budowle et al., 2014; Hébrant et al.,
2018). If thresholds are not met, the decision on repeating (parts of) the HTS test should be
documented and the reason for the failure of the control(s) should be investigated. These sub-steps
are:

- Evaluation of contamination: Although the contamination rate has been decreasing with the
improvement of laboratory protocols and the sequencing platforms (see section 6.2.1.7
contamination), there is still a need to monitor it qualitatively and quantitatively. To check for
contamination that may have occurred during HTS test, positive, negative and alien controls (see
section 6.7.2.1 — First line controls) can be used at different stages of the test (Table 5).

-Evaluation of expected target(s): The evaluation of expected target(s) can be carried out using positive
and alien controls (see section 6.7.2.1 — First line controls). These targets should all be detected
according to the specified metrics (for example: genome completeness, number of generated
sequences/reads, read depth and percentage of identity with their reference sequences).

-False negative results from controls: False negative results can be expected when one of the targets
from the positive control(s) (see section 6.7.2.1 — First line controls) is not detected in the sequence
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data. The result metrics for reference mapping (see section 6.2.2.1 - Analysis of raw reads) such as
genome completeness, read depth and percentage of identity with reference sequences are important
for filtering false negative results (Asplund et al., 2019; Weiss et al., 2013).

- Vaariant filtering: If of interest, variants generated due to sequencing errors during the HTS test should
be flagged or filtered from the original sequence file (e.g. mapping quality, base-calling quality, strand
bias) (Hébrant et al., 2018; Roy et al., 2018), empirical error rate definition or sequencing of parallel
technical replicates. However, variant calling should always take into account that sequencing errors,
polymerase errors or reverse transcriptase errors can also generate variant artefacts.

- Inconclusive results: If there are some issues with the controls of a sequencing run, for example when
a quality metric is just above or below the defined threshold (i.e. inconclusive result or grey zone), the
origin of the issue should be investigated and addressed (e.g. a reference sequence data set can be
used to check that the bioinformatic pipeline performs as expected). The HTS test may need to be
repeated or confirmatory tests other than HTS may be required to ascertain the HTS results. Whatever
the decision, it should be documented as part of quality assurance (EPPO PM 7/77, 2019).

-Performance monitoring: The performance of HTS tests may be checked routinely by including
appropriate controls (see Table 5). For example, for HTS tests used for the detection of quarantine
pests, a positive control (see Table 5) close to the limit of detection should be included in each
sequencing run and the results monitored over time (see Table 5).

6.3 Risk analysis

Recommendation: The laboratory should conduct a risk analysis for each HTS protocol and update it
regularly.

The risks associated with running HTS tests should be identified before their use 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.

As part of the risk analysis, the laboratory should define clearly the intended use of an HTS test as
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) with the likely detection and identification of
uncharacterized 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). 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
section 6.6.1.2 — Special consideration for analytical specificity).

The risks can be analysed through the methodologies described in EPPO standard PM 7/98 (2019). An
example, an Ishikawa diagram, adapted from Mehle et al. (2014), is proposed in Figure 4. Alternatively,
an operational risk assessment framework with tools for the assessment and management of risks for
a plant health laboratory has been proposed by Murugan and Kumarasinghe (2018). The risk analysis
should be conducted by competent personnel (see section 5.2 — Personnel).
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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
and during the routine use of the HTS test. 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 (see section 6.6.3
- Impact of changes made to a validated HTS test) as well as when troubleshooting errors that may
arise (Hébrant et al., 2018; Jennings et al., 2017).

A non-exhaustive list of risks associated with HTS and their corresponding metrics/controls to
monitor/evaluate is presented in Table 1. The risks listed in the table are not relevant to all possible
HTS tests. This indicative table aims to guide laboratories in their risk analysis and should be adapted
and complemented by the laboratories 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 in the sections below
(sections 6.3.1, 6.3.2 and 6.3.3).

6.3.1 Risk analysis for HTS test selection/test development

For the selection of an HTS test (see section 6.4 — Test selection), the risk analysis enables the
identification of the type of protocol required for the intended use of the test, taking into account the
constraints of the laboratory (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) and the consulted literature. Specific points related to the sequencing platforms and methods
listed in section 6.2.1.6 should be taken into account (e.g. read length, number of generated reads,
platform flexibility and scalability, platform error rate and the type of errors produced). Some points
listed as input for the risk analysis for the validation/verification of a test in the EPPO standard PM
7/98 (2019) can also be useful.

When a development step is required (see section 6.5 — Test development and optimisation), the risk
analysis performed during the selection of an HTS test can be iteratively updated depending on the
sequencing data generated and analysed during this phase. These adaptations improve the reliability
of the risk analysis for the other phases, e.g. validation or verification of the HTS test (see section 6.3.2
— Risk analysis for validation/verification of HTS test).

6.3.2 Risk analysis for validation/verification of HTS test

When a standardised protocol is available, either written after the development step or obtained from
a publicly available standard, a risk analysis should be carried out before validation and/or verification
of the test, to identify which performance criteria need to be evaluated and the extent of the
evaluation needed, as stated in the EPPO standard PM 7/98 (2019). This standard lists the points that
should be considered as input for the risk analysis such as the intended use of the test, constraints of
the laboratory, review of validation data available, and review of altered conditions. Figure 4 and Table
1 provide a non-exhaustive guide for risk analysis of HTS tests.
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Table 1. Potential sources of errors! that may negatively affect the performance of HTS tests with their causes, consequences and mitigation. For details on
controls, see section 6.7.2.1 — First line controls.

contamination
between samples

HTS step Risk Cause Consequence Mitigation?
Sampled material | Unclear or absence of procedure for | False negative Protocol describing the sampling
not fit for purpose sampling. procedure with sample acceptance
criteria (e.g. type of matrix, material
received in sufficient quantity, quality of
material suitable for the HTS test).
sampling Cross- Inappropriate hygiene procedure. False positive Protocol describing the measures to

minimise cross-contamination.

Use of appropriate high concentration
alien controls and/or low concentration
positive controls.

Use appropriate threshold values to
discard contamination sequences.

Sample handling

Inappropriate
transport and
storage conditions
leading to sample
degradation

Absent or unclear procedure for
transport and storage.

False negative

Protocol describing transport and
storage conditions, including the
acceptance criteria.

Cross-
contamination
between samples

See cross-contamination between samples during sampling.

Nucleic acid extraction

Inappropriate
integrity and purity
of nucleic acids

Inhibitors in the matrix, reagent lot
number or inappropriate handling
and/or storage conditions of samples
or reagents will affect the nucleic acid
extraction.

False negative

Protocol describing the control of the
integrity and purity of nucleic acids with
appropriate thresholds.

Use of appropriate internal positive
controls.

Low quantity of
nucleic acids

Low quantity of input biological
material or inappropriate nucleic acid
extraction procedure

False negative

Protocol describing the minimal
quantity of biological material required
and the control of the quantity of
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HTS step Risk Cause Consequence Mitigation?
nucleic acids with  appropriate
thresholds.
Use of appropriate internal positive
controls.
Bias in presence and | Protocol favouring specific targets | False negative Proper definition of the intended use of
relative abundance | (e.g. VANA or dsRNA protocol under the HTS test and selection of the most
of targets representing some viral taxa, spore appropriate extraction protocol.
forming bacteria or fungal spores Use of appropriate positive control with
difficult to extract with certain relevant targets at known
extraction protocols and that may be concentration.
missed or under represented).
Cross- See cross-contamination between samples during sampling.
contamination
between samples
Content bias | Library protocol favouring some | False negative Proper definition of the intended use of
(fragment size and | targets (e.g. siRNA/VANA/dsRNA the HTS test and selection of the most
Library preparation for | concentration of | sequencing  favouring  different appropriate protocol with appropriate
shotgun sequencing nucleic acids) | viruses, PCR amplification favouring threshold.
related to  the | amplicons of smaller size, primers not
protocol used inclusive enough).
Amplification error | Fidelity of the polymerase can create | False positive Use high fidelity polymerase.
errors in the generated strand, Check target sequences from positive
resulting in false mutation that can controls.
. bias the sequence annotation.
PCR for amplicon |— - — . - . - -
. Bias during | Modification of proportion between | False negative Appropriate primer selection.
sequencing and  some e . . .
. amplification targets. Bias in relative | Set a maximum number of PCR cycles.
shotgun sequencing ) . . . -
Creation of large proportion of | proportion for | Use of appropriate positive controls

duplicated reads.

metabarcoding

with target(s) at low concentration.
Monitor the reads duplication
(under threshold set)

rate
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HTS step Risk Cause Consequence Mitigation?
Cross- See cross-contamination during sampling.
contamination
between samples
Unequal Unreliable quantification of prepared | False negative Check the quantity of prepared nucleic
representation  of | nucleic acids between samples or acids using appropriate protocol.
samples in the pool | favoured sequencing of target(s) Monitor sequencing depth per sample
with samples | from some samples. after demultiplexing and set a minimal
sequenced at very sequencing depth.
low depth.
Index-hopping (e.g. | Presence of free index in the reaction | False positive Use highly distinct and unique index
a small proportion | getting tagged randomly to sample. between two sequencing runs.
of sequence is not Dual labelling index should be preferred
tagged with the for Illumina sequencing technology.
Sample indexing and appropriate index) Monitor in.dex switching and Fross-
pooling contamlr?atlon between I|br§ry
preparation and between sequencing
runs.
Check the number or % of sequences
unexpected in controls.
Unequal size of the | The size of the prepared nucleic acids | False negative Define acceptable range of sequence
prepared nucleic | may influence the sequencing yield of length in prepared libraries.
acids between | the sample or the amplicon. For Pool PCR products of similar length or
samples example, low sequencing yields are shear samples at appropriate size.
obtained with long fragments (>500-
600 nucleotides) with Illumina
technology.
Not enough | Presence of inhibitors in one of the | False negative Set minimal sequencing depths per
sequences samples sample.
Sequencing Sequencing reagents
Under- or overloading the

sequencing device with DNA.
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HTS step Risk Cause Consequence Mitigation?
Low quality of | Sequencing reagents, accuracy of | False negative | Set minimal sequencing depth per
nucleotide bases signal measurement, background | False positive sample.
signal. Monitor the number of reads eliminated

Low quality and incorrect sequences
will be generated and can be
eliminated during reads analysis or
introduce errors during bioinformatic
analyses.

or remaining per sample after reads
analysis.

Sequencing errors

Type of sequencing platform and
sequencing method (e.g. sequencing
reagents).

False negative
False positive

Use of appropriate controls to evaluate
the sequencing fidelity (e.g. positive
control, alien control, PhiX control with
[llumina technology).

Use appropriate threshold.

Sequencing the DNA library in both
direction to have overlap between
reads.

Inter-run
contamination

Traces of libraries from a previous
run are sequenced.

False positive

Proper washing of the sequencing
machine and alternate the indexes used
between runs.

Detecting indexes used during previous
run (when alternating indexes between
runs)

Data storage

Not enough data
storage capacity
Corrupted data

Loss of data
Disclosure of data

IT computational system not adapted
for handling and storing HTS data.

Corrupted
and/or loss of
data preventing
their
(re)analysis

Procedure detailing the required
storage capacity including back up, the
safe storage of HTS data with disclosure
clause and the retention period.

First step of
bioinformatic analyses

the

GC bias

Target sequences with high GC
content are currently not well
sequenced (e.g. some bacterial taxa,
operon). The sequence coverage of
these regions can be very low or

False negative

Determine the extent of GC bias for HTS
test targeting organisms with high GC
content.

Follow GC content statistics of the
sequencing.
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HTS step

Risk

Cause

Consequence

Mitigation?

absent compared to the other
regions.

Inappropriate
demultiplexing

Inappropriate demultiplexing
software and parameters might fail
to assign a small proportion of the
sequences to the proper sample.
inappropriate combination of
indexed samples within a run.

False positive

Verify the compatibility of
demultiplexing parameters and
software with the used indexes.

Use highly distinct and unique index
between two sequencing runs.

Second step
of  the
analyses

bioinformatic

Low quality of reads
assembly

The use of too stringent parameters
during the assembly of reads can
hamper reads assembly while a
higher tolerance to mismatches can
create assembly artefacts.

False negative
False positive

Set appropriate thresholds for the
parameters of reads assembly quality.
Monitor the parameters of reads
assembly quality in each run using
appropriate controls.

Low
quality

mapping

The reference database used (and its
completeness and curation level) and
the parameter of mapping can create
bias: incorrect mapping of reads on a
reference from another species or
absence of mapping due to the
sequencing of a distant isolate of the
pest.

False negative
False positive

Set appropriate thresholds for the
parameters of mapping quality, such as
percentage of identity with reference
sequence, quality of assembled
genomes.

Monitor the parameters of mapping
quality in each run using appropriate
controls

Check the suitability of the reference
sequence and/or sequence database.

Second step
of the
analyses (ctd)

bioinformatic

Non-uniform
coverage of the pest
genome

Variation in read depth or absence of
coverage can be due to low
abundance of the pest, the use of
distant reference genome, the
difficulty for sequencing some
regions of the genome.

False negative

Set the minimum criteria for the level of
coverage across the sequenced regions
(which may be partial or full genome).
Monitor the uniformity of coverage in
each run using appropriate controls.

Wrong taxonomic
and functional
annotation

Database completeness and accuracy
are essential for proper annotation of
the sequences. Software

False negative
False positive

Set appropriate threshold parameters to
ensure the reliable identification of
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HTS step Risk Cause Consequence Mitigation?
methodology and threshold targets according to species
parameters could also influence the demarcation criteria.
annotation. Monitor the taxonomic and/or
The particular case is outside the functional annotation using appropriate
knowledge/know how of the controls.
diagnostician/ bioinformatician. Check the suitability of the reference
sequence and/or sequence database.
Use latest official disciplinary taxonomy
rules for each species/group of species.
Personnel competent in the
bioinformatic analyses and the relevant
plant health discipline.
Variant not | The identification of variants can be | False negative | Set appropriate threshold parameters
identified or false | done according to  different | False positive (e.g. minimal SNP frequency, coverage,
variant identified methodologies, each depending on base-calling quality, strand bias) to
several parameters. It also depends ensure the reliable identification of
on the quality control of the reads variants.
(e.g. SNPs can originate from low Controlled artificial datasets could be
quality reads or sequencing errors). used.
Sequencing replicates of a single
sample.
Third step Targets of control | One or several threshold(s) of | False negative | Set appropriate threshold parameters
of the bioinformatic | samples not | parameters from the previous | False positive (e.g. ????) to ensure the reliable
analyses retrieved bioinformatic steps of the HTS test identification of controls.
have not been appropriately set. Controlled artificial datasets could be
used.

The list of potential sources of errors is not exhaustive.

2Other mitigation options may be applied.
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The variety of organisms that may be detected and identified by HTS tests from a wide range of
matrices makes it impossible to fully validate HTS for each target (which may be a species or a group
of organisms). Thus, it is recommended to use a risk-based approach in which the validation 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 (see section 6.7.2.1 — First line controls). These
steps are assessed for their impact and how they can be managed during the risk analysis (see section
6.3.3; Piper et al., 2019; Roenhorst et al., 2018).

6.3.3 Risk analysis for ensuring the validity of results

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 (Hébrant et al., 2018; Jennings
et al., 2017).

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 the performance
through time.

6.4 Test selection

Recommendation: The laboratory should select an HTS test that is suitable to its intended use.

The HTS tests should be selected according to their intended use, the laboratory constraints and the
availability of validated tests.

The laboratory should follow the recommendations of EPPO standard PM 7/98 (2019) for the selection
of an HTS test. 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 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 optimisation (see sections 6.5 - Test development and
optimisation and 6.6 — Validation/verification of HTS test).



6.5 Test development and optimisation

Recommendation: In the absence of an official HTS standard protocol, the laboratory should carry
out an iterative test development and optimisation which aims at writing a detailed protocol of the
HTS test, that after validation can be used as a routine diagnostic test.

The laboratory can be required to develop its own HTS test or adapt a previously published HTS tests
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 (Hébrant et al., 2018; Maree et al., 2018). 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
6.7.2 — 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. The results
obtained with the optimized HTS protocol, including its quality metrics, and thresholds should be
documented (Aziz et al., 2015; Hébrant et al., 2018; Budowle et al., 2014; Jennings et al., 2017; Roy et
al., 2018).

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 section 6.6.1 —
validation of HTS test) and establish baseline cost and turnaround time projections (Rehm et al., 2013).

Designing the panel of samples to be used during the development phase is a key step. The type of
matrix, the number of samples, the concentration ranges of targets, the type of genome (DNA vs RNA
genomes for viruses), and the type of targets [e.g. closely related organisms that may cross-react with
the expected target(s)] (Hébrant et al., 2018; Jennings et al., 2017), need to be defined depending on
the intended use of the HTS test. The panel should contain reference material(s) that will be used later
as control(s) for the continuous monitoring of the test performance (see Table 5 for the list of controls
and section 6.7 — Ensuring the validity of results).

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 expected to be tested
routinely with a range of known targets representing the diversity of organisms that may be detected
(e.g. bacteria, fungi, viroids, viruses). The concentrations of each target should mimic those in real
samples and, for some, be close to the limit of detection. For example, for an HTS test targeting viruses,
known viruses representing the different types of viral genomes (e.g. ssSRNA, dsRNA, DNA) should be
selected (Claverie et al.,, 2018; Gaafar and Ziebell, 2020). Similarly, for metabarcoding of
macroorganisms like insects or plants, individuals should be selected that represent a range of species
of the expected main groups (Piper et al., 2019). Depending on the test purpose, the inclusion of
commercial  microbial community standards as reference material (e.g. Zymo:
https://www.zymoresearch.com/collections/zymobiomics-microbial-community-standards) can also
be a relevant option for validation of the workflow.
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6.6 Validation and verification of HTS test

The 1SO 9000 (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 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. As described in EPPO standard PM 7/98 (2019), when a validated test
is available, the verification should provide objective evidence that the laboratory personnel is
competent to perform this test and to meet the established performance characteristics.

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 section 6.7.1
— Reference material and Table 3 - First line controls) containing known target(s) (Budowle et al., 2014,
Brinkmann et al., 2019; Massart et al., 2019; Trimme et al., 2015).

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 minimise the risk of false positive
due to cross-contamination. The proper combination of targets in such composite samples can allow
the simultaneous evaluation of several criteria with fewer samples.

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 6.3.2 — Risk
analysis for validation/verification of HTS test). 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 5 provides guidance on the decision-making process for
validation or verification of an HTS test.

6.6.1 Validation of HTS test

Recommendation: The laboratory should validate the HTS test.

The performance criteria provided in EPPO standard PM 7/98 (2019) for the validation of a test (i.e.
analytical sensitivity, analytical specificity which includes inclusivity and exclusivity, selectivity,
repeatability and reproducibility) are mostly applicable to HTS tests, with some specific points (see
sub-sections of 6.6.1).

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 analysis
of all possible combinations of organism, host or matrix. The validation of the HTS test should focus on
the use of key representatives of the targets/pests and mimicking the concentration and composition
of real samples expected to be tested routinely (see sections 6.1 - Scope of HTS test and 6.3 - Risk
analysis). This approach is similar to what currently proposed for the validation of HTS tests in
oncology, where only a representative set of mutations are included in the validation (Hébrant et al.,
2018; Jennings et al., 2017; Roy et al., 2018).
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6.6.1.1 Specific considerations for analytical sensitivity

Determining the analytical sensitivity is particularly challenging for an HTS test. This is because the
analytical sensitivity of an HTS test depends on the number of reads generated per sample. The total
number of reads generated during the sequencing run, also called sequencing yield or sequencing
depth, will vary between runs. In addition, when several samples are pooled together, the number of
sequences per sample will vary and this variability can increase with the level of pooling (see section
6.2.1.5 — Pooling of libraries). 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 (Pecman et al., 2017; Massart et
al., 2019; Visser et al., 2016). However, increasing the number of reads per sample also increases the
probability of detecting contaminating reads (Dr. Heiko Ziebell, Julius Kithn-Institut, pers. comms, Nov
2020). Therefore, an optimal number of generated reads per sample should be defined, as well as the
minimal sequencing depth per sample, providing an analytical sensitivity that fits the intended use of
the test. This level has been established in the literature using reference samples (Pecman et al., 2017),
by comparing the results of dilution series of samples containing the relevant range of targets with
those of PCR-based tests (Santala and Valkonen, 2018). One should however, also take into account
other metrics, such as sequence duplication levels in case of shotgun sequencing. A sample can have
many reads, but the diversity of the sequenced molecules could be low due to a poor library
preparation.

During validation, the minimal sequencing depth can be evaluated by a bioinformatic analysis. The
generated reads for a sample can be rarefied by randomly selecting part 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 a target is no longer
detected.

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;
Maclot et al., 2020). This situation has been observed for shotgun sequencing in samples co-infected
with viruses or fungi (Rolland et al., 2017) and has been shown in amplicon sequencing for fungi using
dedicated controls (Chandelier et al., 2020). For amplicon sequencing, the composition of the
community determines whether or not certain species will be detected, 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 (Waeyenberge et al., 2019). 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 series of controls have been recently
used for amplicon sequencing to survey the presence of fungal species in spore traps (Chandelier et
al., 2020).

48



To conclude, 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. In addition, it will
be influenced by the presence of other samples containing the same target within the run or the batch.
For example, 10 reads of a target have been detected in a sample. If there are 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,
the 10 reads are more likely to represent a true infection at very low level. Whatever the situation, and
depending on the intended use of the HTS test, a confirmation might or must be carried out (see
section 7.1 — Confirmation of the identity of the pest(s)). Further scientific developments are expected
to improve the determination of the analytical sensitivity of HTS tests.

6.6.1.2  Specific considerations for analytical specificity

The analytical specificity of an HTS test depends on the strategy used to generate the sequencing
library, the genetic variability of the targeted agents, the software and parameters used for the
bioinformatic analyses and the reference sequence database(s) (see section 5.6.3 — Reference
sequence database). 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 the intended use of the test (see section 6.1 - Scope of HTS test).

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, taking
into account 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 all the species in one genus but may be
unable to discriminate 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. 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 HTS for
specific detection of pathogenic bacteria from a complex sample (not a single colony). This is because
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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 a
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 calculation 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, 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 could be met only partially.

6.6.1.3  Other criteria: selectivity, repeatability and reproducibility

According to EPPO PM 7/98 (2019), the selectivity of molecular methods aims to “Determine whether
variations of the matrix affect the test performance”. The variation of matrix can correspond to
different cultivars of the same plant species, other plant species, different type of soil, different source
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 internal control (see section 6.7.2.1 — First line
controls). The use of an internal control with the determination of a minimal sequencing depth (see
6.6.1.1 - Analytical sensitivity), can help in monitoring this criteria during routine diagnostics as the
validation process cannot take into account any matrix variation.

A further confounding factor is that the genetic of plants, the composition of soil/water samples can
influence the concentration of the target, e.g. different resistance/tolerance to organism(s), changes
in the community mix. This can impact the detection of target(s).

For the evaluation of the repeatability of molecular methods, the EPPO standard PM 7/98 (2019)
recommends to analyse 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
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possible, and on different days and with different equipment when relevant. Wherever possible, HTS
tests should be evaluated in the same way.

6.6.2 Verification of an existing validated HTS test

Recommendation: The laboratory should verify that it can perform an existing validated HTS test
according to the established performance characteristics.

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 PM 7/98, 2019). The laboratory should prepare a verification plan based on the
outcomes of the risk analysis (see section 6.3 - Risk analysis) as stated in EPPO standard PM 7/98
(2019).

The performance criteria provided in EPPO standard PM 7/98 (2019) for the verification of an existing
validated test (i.e. analytical sensitivity, analytical specificity which includes inclusivity and exclusivity,
selectivity, repeatability and reproducibility) are largely applicable with some additional points specific
to HTS tests (e.g. selectivity).

6.6.3 Impact of changes made to a validated HTS test

Recommendation: The laboratory should evaluate the impact of any changes to a previously
validated HTS test and validate or verify its performance if needed.

The rapid pace of development of protocols (e.g. library kits), sequencing platforms (e.g. length of
reads, chemistry/technology) and bioinformatic tools and pipelines (e.g. novel algorithms) may require
updates of HTS tests already validated and used in the laboratory. As recommended by EPPO in
standard PM 7/98 (2019), the impact of the update should be evaluated by competent personnel (see
section 5.2 — Personnel) who will decide whether a verification or a validation is required. This decision
should be documented.

The laboratory should determine during the risk analysis (see section 6.3 - Risk analysis) under which
conditions (e.g. changes of reference materials or positive control, starting a new batch 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 ensure the
continued performance of the HTS test after an update (Hébrant et al., 2018).

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 (see section 6.6 — Validation/verification of 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
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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.

6.7 Ensuring the validity of results

Recommendation: The laboratory should perform quality checks at appropriate intervals to ensure
the validity of test results and to monitor the performance of the test and of the laboratory.

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 (see section 6.7.1) for internal and external quality
checks (see section 6.7.2).

The quality checks should be performed at different levels. The first line of control monitors the actual
performance of each HTS run (e.g. positive control), 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 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 PM 7/76, 2018) and should be defined during the risk analysis (see section 6.3 -
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 (EPPO PM 7/98, 2019; Hébrant et al., 2018; Roenhorst et al., 2018).

Quality metrics should be monitored for each sequencing run and routinely collected and compared
to those of an optimal validated run. Any significant deviation should be investigated and may require
repeating 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 investigating the source of the problem in an
underperforming test (Hébrant et al., 2018).

52



6.7.1 Reference material

Recommendation: The laboratory should use controls, preferably reference materials, for validation
and for monitoring the performance of an HTS test and of the laboratory.

Controls are important in any diagnostic test, including HTS tests, as they “provide essential traceability
in testing” that can be used, for example, to validate or verify tests or to monitor the performance of
the test and/or of the laboratory (EPPO PM 7/98, 2019). These controls can correspond to
commercially, publicly or internally available reference materials as defined by EPPO standard PM 7/76
(2018) or to samples characterized properly by the laboratory itself. The recommendations of EPPO on
reference material are relevant to HTS tests and therefore should be followed (EPPO PM 7/98, 2019).
The preparation of reference materials for HTS tests should follow the recommendations of the
VALITEST deliverable 3.3 (2020) and the future EPPO standard on reference materials (under
development).

Biological reference material can be fresh, frozen, dried or lyophilized samples containing known
target(s) and their stability over time should be ensured. As stated in EPPO standard PM 7/98 (2019),
the identity and purity of the biological reference material should be checked by the laboratory to
maintain confidence in their status. Additional reference materials specific to HTS tests may also be
used, for example, artificial reference materials such as synthesized DNA/RNA, or artificially generated
sequencing datasets (generated by computer algorithms). Given the importance of bioinformatic
analyses in HTS, the availability of reference sequence datasets is recommended. Such reference
datasets should be stored and maintained properly and be preferably publicly available (see section
5.6 — Data management).

Biological reference material can be used to generate a range of working materials with associated
data (e.g. annotation of sequences) which can be used as controls to monitor specific step(s) of the
HTS process: these can be cultures, nucleic acid extracts, prepared libraries and reference sequence
data. Sequence data generated from reference material can be re-analysed over-time to ensure the
reliability of the HTS pipeline and be used when an update of the bioinformatic pipeline requires
verification or validation. In addition, artificial reference datasets can be produced in silico and can
supplement real reference datasets produced from reference material.

Depending on the scope of the HTS test, it might be impossible to test for every expected target nor
for every single combination of target(s)/matrix. The reference materials should reflect the diversity
of the targeted organisms (e.g. RNA viruses, DNA viruses, viroids, bacteria, fungi, phytoplasmas,
nematodes and insects) They should be processed together with the samples. Table 2 provides
examples of reference materials that can be used in HTS tests.
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Table 2. Examples of material that can be used as reference material for HTS depending on the test
and targeted pests.

Reference HTS test Pest range Notes/remarks

materials

(Mix of) pure | Amplicon Bacteria or fungi - Strains can be combined into a mock

culture(s) of | sequencing community

strains - Relative proportion of the strains could

belonging to vary, with some strains close to the limit

representative of detection to evaluate the analytical

species sensitivity

expected in - Composition could also allow the

the matrix continuous evaluation of the analytical
specificity by combining taxonomically
related strains

Individuals Amplicon Insects, - a mix of individuals or of their extracted

from sequencing nematodes nucleic acids can be combined into a

taxonomically mock community

characterized - the relative proportion of the

species individuals could vary, with some species
close to the limit of detection to evaluate
sensitivity
- composition could also allow the
continuous evaluation of the analytical
specificity by combining taxonomically
related individuals

Individual Amplicon Invasive plants - A mix of individuals or of their extracted

plant or seed | sequencing Weeds nucleic acid can be combined into a

or pollen from mock community

taxonomically - Relative proportion of the individuals

characterized could vary, with some species close to

species the limit of detection to evaluate
sensitivity
- Composition should also allow the
continuous evaluation of the analytical
specificity by combining taxonomically
related individuals

Matrix Shotgun Viruses, viroids, | - Pest concentration in plants can be

infected with | sequencing for | bacteria, fungi, | variable in different plant organs, over

known pest(s). | pest detection nematodes 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 concentration of the pest: at
least one high and at least one close to
the limit of detection
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Reference HTS test Pest range Notes/remarks

materials
- Isolates/strains of a pest can be spiked
in the sample matrix

A pure culture | Shotgun Bacteria or fungi - Need a representative set of major

of a strain | sequencing for genetic variants at species, subspecies or

whose genome pathovar level

genome is | characterization - Spike the pure culture with plant

fully and whole material as a mock infection

sequenced genome

and annotated | sequencing

Reference All HTS tests All targets -Artificial nucleic acids manufactured

synthetic

nucleic acids

Available All HTS tests All targets - Generated from the reference

reference materials mentioned above

datasets - Artificial reference datasets, or real
datasets spiked with reads from the
pathogen(s) of interest

6.7.2 Internal and external quality checks

6.7.2.1  First line controls

Different types of first line controls are required for HTS tests. As for targeted molecular tests, HTS
technologies require external negative and positive controls. As an alternative (or in addition) to the
external positive controls, internal positive controls can be used (see below for details). Another type
of control, called alien control for which a detailed description is given below, can be used in HTS tests
as an alternative to the external negative and positive controls. Table 3 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 detailed below. It should be
emphasised that each step of the HTS test should be monitored during each run (Figure 1 - Main steps
of HTS technologies).

Regardless of the type of control, the absence of targets (i.e. no targets in negative controls, absence
of other 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
section 6.7.1 — Reference material). The known abundance of target(s) in controls is also important for
the determination of a quantitative threshold for contamination (see section 6.2.1.7 — Contamination).
This threshold can be an absolute number of reads and/or can be calculated as a relative proportion
of reads from the alien targets in the samples and the positive controls. For example, 100 reads of the
alien target have been detected as a 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).
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Positive controls

The positive controls such as a positive isolation control (PIC) and a positive amplification control (PAC)
are external controls used to monitor the correct detection of targets. Positive controls can be replaced
by or used in addition to an alien control in HTS tests (see below section: Alien controls). Table 3
provides details on the application of the positive controls in relation to the main steps of the HTS
process.

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 because of the broad range of targets
an HTS test could detect. It can be prepared as a mix of individual positive controls. 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. Positive controls can also be used to
monitor contamination. 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 that can be confirmed
with the percentage of nucleotide identity of the potential source of contamination.

Negative controls

The negative controls of HTS tests are the same as for any other molecular test and include a negative
isolation control (NIC) and a negative amplification control (NAC). They 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. Negative controls may be replaced by or used in addition to an alien
control in HTS tests (see below section: Alien controls). Table 3 provides details on the application of
the negative controls in relation to the main steps of the HTS process.

A very low amount of contamination by target sequences will often be present in the data generated
from negative controls (see section 6.2.1.7 — Contamination). 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 will be very efficient in the
absence of other DNA in the sample. This phenomenon will lead to the risk of overestimating the
contamination as compared to a sample or control in which trace contaminant DNA is extremely low
in sample DNA. 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 in this specific case.

Alien controls

In addition to or as an alternative to the negative and positive controls, a third group of controls, called
alien control, can be used in HTS tests. The alien control is processed alongside the samples to monitor
the detection of an alien target (role of positive control) and to check for cross contamination between
samples (role of a negative control). Table 3 provides details on its application in relation to the main
steps of the HTS process.

An alien control corresponds to a matrix containing a target (called alien target) which belongs to the
same group as the target organism(s) but cannot be present in the samples to be tested. 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 restricted
to temperate climates could be used as an alien control when analysing tropical crops or environments
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(through traps) and vice versa. For viruses, a wheat sample infected by barley yellow dwarf virus
(BYDV), a Luteoviridae 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.

The alien control should contain a high concentration of the alien target (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
guantification of contamination). If the alien control is also used as a positive control, at least another
alien target should be present at a low concentration in addition to the alien target at high
concentration to monitor the analytical sensitivity of the HTS test.

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 (when) used in the HTS test (Galan et al., 2017).

Internal positive controls

As an alternative or in addition to positive and alien controls, internal positive controls (IPC) may also
be used in an HTS test. Table 3 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, COIl) constitutively expressed when analysing RNA shotgun sequencing data from
plants to identify pests. 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 proper monitoring of the analytical
sensitivity.

Alternatively each sample is spiked with synthetic nucleic acids or 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 level) 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 sensitivity of the
assay and set a threshold for the presence or absence of the target (Kesanakurti et al., 2016).

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 (Tourlousse et al., 2018). 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
(Palmer et al., 2018).
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Table 3. Description of first line controls® that may be used in HTS tests and their application in relation to the main steps of the HTS process.

Negative controls

Positive controls

Alien controls

Internal controls

Aim/Monitoring

Contamination

Contamination

Monitor the analytical specificity
of the test

Monitor the analytical sensitivity
of the test when used at low
concentration

Contamination

Monitor the analytical specificity
of the test when use at high
concentration

Monitor the analytical sensitivity
of the test when use at low
concentration

Monitor the analytical sensitivity
of the test

Contamination target(s)
below a set threshold (*)

(**)

targets
Contamination targets below a
set threshold (**)

analysed samples (when used at
high concentration) (**)
Contamination targets below a
set threshold (**)

Presence of expected alien
target in the alien control (when
used at low concentration)

Description Same matrix of the | Same matrix and range of | A target not expected to be | Non target nucleic acids not
analysed samples but free | target(s) expected to be | found in the analysed samples | related to the sample targets
of the target(s) or | detected in the analysed | (i.e. alien target) and processed | naturally present (e.g. plant
extraction buffer (NIC), or | samples and processed | alongside the samples and genes) or known target spiked at
molecular grade water | alongside the samples and | not expected to be detected in | low concentration in the samples
(NAC) preferably at low concentration | the samples to be tested when | (e.g. synthetic nucleic acids,

(naturally infected or spiked) used at high concentration known target not expected to be
and/or expected to be detected | found in the samples to be tested)
only in the alien control when
used at low concentration

Analysis Absence of target(s) Presence of positive control | Absence of the alien targetinthe | Presence of internal control in

each sample




HTS steps

Negative controls

Positive controls

Alien controls

Internal controls

preparation

extracted from a NIC
during another HTS test
(that can be used as a
NAC)

Molecular grade water to
verify the absence of
contamination (*)(***)

extracted from a PIC during
another HTS test (that can be
used as a PAC)

extracted from an alien control
during another HTS test

Sampling and | Negative isolation control | Positive isolation control (PIC) Matrix containing alien target | Not applicable as included in the
nucleic acids | (NIC): matrix without | Matrix containing target(s) from | processed alongside samples analysed samples
extraction target(s), if not available, | a single or pooled individual(s)
extraction buffer
Library Nucleic acids previously | Nucleic acids previously | Nucleic acids previously | Spiked nucleic acids to be

analysed with non-target nucleic
acids of natural, synthetic origin or
known target not expected to be
found in the samples to be
analysed

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

!Abbreviations of first line controls: NAC: negative amplification control, NIC: negative isolation control, PAC: positive amplification control, PIC: positive

isolation control.

(*) the absence of target sequences is practically nearly not possible in a negative control
(**) 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

(***) 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.
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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 constant reference that can be used during the development and optimization of HTS tests
(Hardwick et al., 2018). 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 (Locati et al., 2015) 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 by ThermoFisher Scientific for RNA
analysis, including gene expression profiling and whole transcriptome surveying. This control has been
used routinely in some plant health diagnostic laboratories.

6.7.2.2 Replicates

Recommendation: The laboratory could consider the use of biological and/or technical replicates
appropriate to the intended use of the HTS test.

Biological and/or technical replicates can be used to validate the results although the costs can be
prohibitive for example for library preparation. Technical or biological replicates could be more
affordable for amplicon sequencing due to the lower costs 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; Piper et al., 2019). The
processing of replicates could be systematic for only a few samples or the controls and would be
limited by their costs.

6.7.2.3  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
comparison). A list of second and third line controls can be found in EPPO standard PM7/98 (2019).



The types and frequency of quality checks depends 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 are 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 (EPPO PM
7/98, 2019; Hébrant et al., 2018; Roenhorst et al., 2018).

7 Confirmation, biological interpretation and reporting

7.1 Confirmation of the identity of the pest(s)

Recommendation: The laboratory should confirm the identity of the pest according to the risks it
poses to plant health.

The confirmation of the identity of pest(s) obtained by HTS tests is similar to any other diagnostic tests.
The need to confirm the identity of a pest depends on the context of the analysis and on the type of
organism identified (e.g. identification of a regulated pest [i.e. quarantine pest or regulated non-
guarantine pest] should be confirmed). The results should be confirmed for the critical cases described
in EPPO standard PM 7/76 (2018). 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“(EPPO
PM 7/76, 2018). 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 (Mirghasempour et al., 2020).

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 can 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 strains (Bérubé et al., 2018; Constantin et al., 2017; Malapi-Wight et al., 2016).

When confirmation is needed, it is recommended to use a test or a combination of tests based on
different biological principles and/or re-extract 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 for plant virology have been reviewed by Roenhorst et al. (2018),
for plant-parasitic nematodes by Castagnone-Sereno et al. (2011) and for fungi, based on a case study
of Phytophthora by Martin et al. (2000). Diagnostic protocols developed by EPPO, are available for a
range of regulated pests (https://www.eppo.int/RESOURCES/eppo_standards/pm7 diagnostics).

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
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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.

Table 4. Examples of situations when a confirmatory test can be required.

on known host

described in EPPO standard
PM 7/76 (2018)

Confirmatory test is required
for the confirmation of the
identity of regulated pests

[i.e. quarantine pests or
regulated non-quarantine
pests]

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
(Bonants et al., 2019)
but should be
confirmed by
molecular or
serological tests (EPPO
PM 7/24, 2019)

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
(Gaafar et al., 2019a);
Screening of exotic
forest pathogens using
metagenomics
(Tremblay et al., 2018)

Scenario Confirmatory test required? | Example Comment
Characterized Confirmatory test is required | Any potato pest on | Known organisms with
organism found | for the critical cases | EPPO Al list, identified | existing test

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 is required
for the confirmation of the
identity of regulated pests

[i.e. quarantine pests or
regulated non-quarantine
pests]

An isolate of pepino
mosaic virus (CH2)
responsible for
different symptoms on
tomato plants
(Hanssen et al., 2009)

Resistance  breaking
isolates of barley
yellow mosaic virus Y
and barley mild mosaic
virus in barley
(Rollands et al., 2017)

Emerging pathogens
with existing test
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on novel host

required in some situations
such as crop protection, pest
management

Confirmatory test is required
for the confirmation of the
identity of regulated pests

with beet soil-borne
virus (Gaafar et al.,
2019b)

Scenario Confirmatory test required? | Example Comment
Characterized Confirmatory test on non- | First report of natural | Known organisms with
organism found | regulated pests may be | infection of beetroot | existing test

and Domier, 2016)

[i.e. quarantine pests or

regulated non-quarantine

pests]
Uncharacterized Confirmatory test may be | Several No existing tests
organism or | required uncharacterized
poorly viruses detected in
characterized Ullucus tuberosus by
organism with HTS and confirmed by
potential risk to real-time RT-PCR (Fox
plant health etal., 2019)
Uncharacterized Confirmatory test optional Mycoviruses, some | Any sequence data
organisms  with endornaviruses  and | related to
unknown/unlikely partitiviruses  usually | uncharacterized
risk to plant non-pathogenic to the | organisms with
health plants (Lee Marzano | unknown/unlikely risk

to plant health should
be kept for future
analysis as sequence
databases evolve and
identification may
become possible

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 in case further work should be conducted.

The laboratory should have a procedure describing when a confirmatory test is required (Aziz et al.,
2015). Table 4 provides examples of situations when a confirmatory test can be required.
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7.2 Interpretation of the biological relevance of the identified target(s)

Recommendation: The laboratory should endeavour whenever needed to interpret the biological
relevance of the target(s) identified by HTS.

The interpretation of the biological relevance is important for evaluating the potential risk the detected
organism(s) would pose to plant health. It applies mainly to poorly characterized and uncharacterized
organisms and in some cases, to known organism unexpectedly found in a new host. Understanding
the biological relevance of the target(s) identified by an HTS test, is important for determining the
potential risk to plant health as it will be useful information to the national or international bodies
conducting risk evaluation. However, the biological characterisation may take time or may not be
possible for various reasons (e.g. lack of human and/or financial resources) or be carried out by another
laboratory.

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. For example, detected viral sequences may correspond to a
bona fide virus infecting other organisms associated with the sample, including bacteria, fungi or
arthropods (Al Rwahnih et al., 2011; Marzano and Domier, 2016) or to viral sequences integrated into
the plant genome (Baizan-Edge et al., 2019; Brinkmann et al., 2019; Massart et al., 2017 and 2019).
Bacterial, fungal or viral sequences attributed to a pest species might be originating from closely
related species that are not pathogenic but living as endophytes without causing any harm under the
specific environmental conditions. Relevant scientific expertise (see section 5.2 - Personnel) is essential
to biologically interpret HTS results and their implications, in particular in case of the identification of
a target at a low concentration, a poorly characterized organism or an uncharacterized organism, and
of viral sequences that might result from integration in the host genome (Brinkmann et al., 2019;
Massart et al., 2019).

The extent of the biological characterisation depends on the potential risk the detected organism(s)
would pose to plant health. The scaled and progressive scientific framework proposed by Massart et
al. (2017) 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).

The interpretation of the biological significance should cover some or all of the following items,
depending on the context of the analysis. The information should be documented.

-Sample information: The recommendations in EPPO standard PM 7/77 (2019) on the information of
samples to be recorded should be followed. The following sample metadata can be used to support
biological interpretation: information about the nature of the material (i.e. host identity to species
and, whenever possible, to cultivar level and part of the plant sampled), the precise description of
symptoms (if any) and time of appearance (if available), the time of sampling, the geographical origin
of the sample and any other information relevant for the biological interpretation of the HTS results
(e.g. estimation of the extent of infestation, hosts destined for import or export, size of the
consignment) (EPPO PM 7/77, 2019; Massart et al., 2017).

-Taxonomic information: The (provisional) taxonomic position of a sequence can provide some
information on its biochemical properties (e.g. bacteria belonging to a taxonomic group that have
specific biochemical properties) and/or morphological characteristics (e.g. insects and nematodes) and
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even its biology. For example, for plant viruses, the taxonomic position can give an indication on the
putative host range and its potential pathogenicity to these hosts, the modes of horizontal and/or
vertical transmission, including the identification of candidate vectors (Massart et al., 2017). However,
these properties should be confirmed.

-Genome information: 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) should be determined (Budowle et al., 2014). 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 (Zaluga et al., 2014). For example, virulence genes were
found in three bacterial species consistently detected in the necrotic stem lesion of acute oak decline
disease (Denman et al., 2018).

-Confirmation of the results: See section 7.1 - Confirmation of the identity of the pest(s).

-Causation/aetiology: Evidence of disease association is especially important when dealing with
diseases potentially caused by several organisms (Lamichhane and Venturi, 2015). For example, a
number of organisms (pathogenic and non-pathogenic) were identified in the disease of acute decline
of oak (caused by bacteria) and in the disease of carrot internal necrosis (caused by viruses) (Adams et
al., 2014; Denman et al., 2018). Some complex diseases may also be influenced by abiotic factors such
as temperature, moisture, stage of host development (Denman et al., 2018). 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.
(2018) 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. (2014) 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 (2020) proposed a systematic
integrated approach for plant virology, combining epidemiological observations supported by
statistical analysis. The proposed approach may possibly be extended, with some modification to other
plant health disciplines.

-Viability of the organisms: 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; Massart et al., 2019). 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 (Bacnik et al., 2020), for the bacterium, Ralstonia solanacearum in
water courses (Caruso et al., 2005), Phytophthoras in soils (Riddell et al., 2019) and for the nematode,
Pratylenchus penetrans (Orlando et al., 2020).
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7.3 Reporting

7.3.1 General recommendations

Recommendation: The laboratory should report diagnostic results of an HTS test according to the
local, national and international legislation and should follow the recommendations of the EPPO
standard PM 7/77 (2019) on the content of the report with additional information for the detection
of uncharacterized organisms with potential risks to plant health.

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 (2019), 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) (EPPO PM 7/77, 2019) and the confidentiality of the results to the client should be
guaranteed (EPPO PM 7/98, 2019). 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

7.3.2 Inconclusive results

Recommendation: The laboratory should report inconclusive results of an HTS test following the
recommendations of the EPPO standard PM 7/76 (2018).

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 (Boukari et al., 2020). Their reporting should follow the
recommendations of EPPO standard PM 7/76 (2018), i.e. an explanation of the source of the
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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.

7.3.3 Detection of unexpected organisms

Recommendation: The laboratory should have a policy on how to deal with the detection of
unexpected organisms, and should follow local, national and international legislation.

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 (see section 5.2
— Personnel) (McGuire et al., 2013; Van El et al., 2013). 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 (Christenhusz et al., 2013).

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 (2019) after the recommended confirmatory testing (see
section 7.1 — Confirmation of the identity of the pest(s)). 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 (Maree et al., 2018).
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, a genus of economic concern, although it is not part of the
Canadian regulated pest list (Tremblay et al., 2018).

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 (Kreuze et al., 2020; Roossinck, 2015). 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 (Thomsen and Sigsgaard,
2019). 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
(Bérubé et al., 2019).

7.3.4 Additional remarks and disclaimers

Recommendation: The laboratory should include in the report any additional remarks and
disclaimers related to any limitation in the HTS test performance and analysis.
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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 (Hébrant et al., 2018; Weiss et al., 2013). 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 (ISO 17025,
2017).

8 Conclusion

This report provides technical recommendations for the selection, development, validation,
verification and routine use of HTS with the assurance of the validity of results, the interpretation and
reporting of HTS test results. It has been designed to be as practical as possible with enough flexibility
to remain up to date as the technologies evolve. The proposed recommendations have been written
based on real examples and when relevant, illustrated to explain complex processes. The guidelines
apply to any HTS test used for the detection and identification of any plant pest from any type of
matrices by plant health diagnostic laboratories.

The proposed guidelines will be presented to the Panel Diagnostics and Quality assurance for their
consideration as to whether they could be the basis for a new EPPO standard on HTS tests.
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APPENDIX 1 — Terms, abbreviations and definitions

Alien control: It corresponds to a matrix infected by a target (called alien target) which belongs to the
same group as the target organism but cannot be present in the samples of interest. The alien
control can be used as an alternative to the negative and positive controls.

Alignment: Put sequences (reads, contigs or genomes) into correct relative positions with each other
based on their nucleotide or amino acid similarity.

Amplicon sequencing: HTS test based on PCR amplification, such as metabarcoding. The PCR primers
are usually designed to broadly amplify a specific genome region for a range of target organisms
(e.g. bacteria, fungi, plants, viruses, insects, nematodes) and should be able to generate sequences
from as many species as possible within this range.

Annotation: Information describing properties and features of a sequence region; sequence
annotation can be either taxonomic (e.g. giving a taxonomic rank) or functional (e.g. identifying
functional element like coding region, intron, promoter, miRNA, IncRNA, transposon, repeated
sequences) depending on the intended use of the HTS test

Artefacts: Errors introduced in a sequence during one or several technical step(s) of the HTS process.
ASV: amplicon sequence variants are erroneous sequences generated during PCR and sequencing.

Background reads removal: A sub-step of the bioinformatic component of the HTS process in which
non-target sequences are completely or partially excluded from the dataset. Also called background
depletion or subtraction, reference subtraction or negative selection.

Background reads: Sequences not related to the targets (defined below). These sequences may be for
example (part of) host sequences, phage sequences, environmental contaminants sequences (e.g.
bacteria commonly found in the air, on plant surfaces, in reagents).

Barcode: A molecular method of species identification using a short section of DNA from a specific
gene or genes that are sequenced and compared to reference DNA sequence databases.

Base quality scores: Indicates the probability that a base is called incorrectly. Each base in a read is
assigned a quality score by a phred-like algorithm. A quality score of 10 means there is a 1/10
chance that the base call is incorrect (0.9% accurate); a score of 20 means there is a 1/100 chance
that the base call is incorrect (0.99% accurate) and a score of 30 means there is a 1/1000 chance
that the base call is incorrect (0.999% accurate) (Hlumina,
https://www.illumina.com/science/technology/next-generation-sequencing/plan-
experiments/quality-scores.html). Also called Phred quality score.

Bioinformatic: “Conceptualising biology in terms of molecules (in the sense of physical chemistry) and
applying “informatics techniques” (derived from disciplines such as applied maths, computer science
and statistics) to understand and organise the information associated with these molecules, on a
large scale.” (Luscombe et al., 2001). Can also be called dry bench, dry lab, in silico analysis.

Bioinformatic pipeline: a suite of several software that usually follow each other in order to conduct
the complete bioinformatic analyses.
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Blind testing: Processing of “samples with known levels of pests between routine samples” (EPPO PM
7/98, 2019) with the sample status unknown to the operator. Blind testing is considered as second
line control in EPPO PM 7/98 (2019).

Clustering: A bioinformatic operation (used in metabarcording and metagenomics) in which reads with
related sequences (e.g. similar genomic features, same or homologous gene or protein) are
grouped together.

Cq: quantification cycle in a real-time PCR, previously known as threshold cycle (Bustin et al., 2009).

COl: cytochrome c oxidase subunit | is a gene commonly used as a marker in barcoding and
metabarcoding to distinguish species of fungi, insects and nematodes. Also abbreviated as COX-1
or MT-CO1).

Contiguous sequences: Assembly of overlapping reads that together form a consensus region of DNA.
Also called contigs.

De novo assembly: A computational process in which the HTS generated reads are assembled into
longer, continuous sequences, and sometimes full-length sequences without using a reference
sequence (see definition).

Denoising: A bioinformatic operation (specific to metabarcording) in which reads with artefacts
introduced during PCR amplification and sequencing (noisy sequences, e.g. nucleotide
substitutions, length variation) are removed from the read data set in order to preserve the best
reads.

DNA: Deoxyribonucleic acid.

dsRNA: Double-stranded RNA.

Duplicated reads: Identical reads generated during a sequencing run. Also called duplex reads.
ELISA: Enzyme-linked immunosorbent assay.

EPPO: European and Mediterranean Plant Protection Organization.

Genome completeness: Proportion of obtained sequence compared to the (near) complete genome.
Also called completeness of the sequence, genome length coverage, horizontal coverage.

ICTV: International Committee on Taxonomy of Viruses, https://talk.ictvonline.org/taxonomy/

Indels: Insertions or deletions of nucleotides.

Index: A short sequence of oligonucleotides added during the library preparation when sequencing
several samples in parallel. It is unique to each sample and allows the assignment of the generated
sequences to the corresponding samples.

Index-hopping: a known phenomenon that has impacted HTS technologies from the time sample
multiplexing was developed. It causes incorrect assignment of reads to libraries from the expected
index to a different index (in the multiplexed pool).". Can also be called barcode bleeding, barcode-
hopping, barcode misassighnment, cross-talk, index misassignment, index switching, miss-tag.

IPC: Internal positive control used to monitor the test performance in each individual sample. Positive
internal controls can either be genes present in the matrix DNA or RNA (e.g. plant cytochrome
oxidase gene or eukaryotic 185 rDNA for DNA and plant mRNA, nad5 gene for RNA) or added to the
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DNA solutions (e.g. synthetic internal amplification controls) (instructions to authors of EPPO
diagnostic protocols, https://www.eppo.int/ACTIVITIES/plant _quarantine/diagnostics).

IPPC: International Plant Protection Convention.
IT: Information technology.

High-throughput sequencing (HTS): Sequencing of thousands or millions of DNA molecules
simultaneously. Also known as next generation sequencing (NGS), massive(ly) parallel sequencing
(MPS) or deep sequencing.

LAMP: Loop-mediated isothermal amplification is a nucleic acid amplification technique performed in
a single tube at a constant temperature.

Library preparation: Laboratory preparation of nucleic acids to make them compatible to the
sequencing platform. There are two main ways to prepare the libraries to plant pest detection: the
random sequencing of nucleic acids (also called shotgun sequencing) and the targeted sequencing
of PCR products, also called amplicon sequencing (e.g. metabarcoding).

Mapping: See Reference mapping.

Metabarcoding: HTS method in which a specific DNA sequence (from a gene or genes of target species)
can be amplified and sequenced at high throughput. It allows the simultaneous identification of
many taxa within a single sample.

Metagenomics: Study of genetic material recovered directly from environmental samples, typically
untargeted (i.e. by shotgun sequencing). In case RNA is sequenced instead of DNA, it is called
metatranscriptomics.

Method: In plant health diagnostics, a procedure used for the detection and/or identification of a pest.
“Methods include: bioassay methods, fingerprint methods, isolation/extraction methods, molecular
methods, morphological and morphometric methods, pathogenicity assessment and serological
methods.” (EPPO PM 7/76, 2018). Also called technique.

Nso: “The length of the smallest contig such that 50% of the sum of all contigs is contained in contigs of
size Nsp or larger” (Castro and Ng, 2017).

NAC: “Negative amplification control [external control] to rule out false positives due to contamination
during the preparation of the reaction mix: application of the amplification procedure to molecular
grade water that was used to prepare the reaction mix.” (instructions to authors of EPPO diagnostic
protocols, https://www.eppo.int/ACTIVITIES/plant quarantine/diagnostics).

NGS: Next generation sequencing. See high-throughput sequencing.

NIC: “Negative isolation control [external control] to monitor contamination during nucleic acid
extraction: nucleic acid extraction and subsequent amplification preferably of a sample of
uninfected matrix or if not available clean extraction buffer.” (instructions to authors of EPPO
diagnostic protocols, https://www.eppo.int/ACTIVITIES/plant _guarantine/diagnostics).

NPPO: National Plant Protection Organization.

Non-quarantine pest: “Pest that is not a quarantine pest (see below) for an area [FAO, 1995].” (ISPM
5, 2019).

86


https://www.eppo.int/ACTIVITIES/plant_quarantine/diagnostics
https://www.eppo.int/ACTIVITIES/plant_quarantine/diagnostics
https://www.eppo.int/ACTIVITIES/plant_quarantine/diagnostics

OTU: Operational Taxonomic Unit (OTU) is a cluster of sequences based on their sequence similarities
in order to assign it to relevant taxonomic levels.

PAC: “Positive amplification control [external control] to monitor the efficiency of the amplification:
amplification of nucleic acid of the target organism. This can include nucleic acid extracted from the
target organism, total nucleic acid extracted from infected host tissue, whole genome amplified
DNA or a synthetic control (e.g. cloned PCR product). For PCRs not performed on isolated organisms,
the PAC should preferably be near to the limit of detection.” (instructions to authors of EPPO
diagnostic protocols, https://www.eppo.int/ACTIVITIES/plant guarantine/diagnostics).

PCR: Polymerase chain reaction, a method for targeted amplification of nucleic acid sequences.

Percentage of coverage: The proportion of the genome covered by at least one read, expressed as a
percentage of the length of the genome. Also called coverage length.

Pest: “Any species, strain or biotype of plant, animal or pathogenic agent injurious to plants or plant
products.” (ISPM 5, 2019).

PIC: “Positive isolation control [external control] to ensure that nucleic acid of sufficient quantity and
quality is isolated: nucleic acid extraction and subsequent amplification of the target organism or a
matrix sample that contains the target organism (e.g. naturally infected host tissue or host tissue
extract spiked with the target organism).” (instructions to authors of EPPO diagnostic protocols,
https://www.eppo.int/ACTIVITIES/plant_guarantine/diagnostics).

Poorly characterized organism: A known organism for which there are no existing tests for diagnosis.

Quasispecies (viruses): A population of closely related viral genome from a single species subject to
high mutation rates as a result of viral replication and selection, and which act as a unit of selection..

Quarantine pest: “A pest of potential economic importance to the area endangered thereby and not
yet present there, or present but not widely distributed and being officially controlled.” (ISPM 5,
2019).

Read: Inferred sequence of nucleotides corresponding to a complete or partial unique DNA fragment,
resulting from a high-throughput sequencing experiment.

Read depth: Number of aligned reads covering a specific nucleotide position. Also called vertical
coverage, depth of coverage, coverage read depth. It is calculated as follows: for a given genome,
the mean read depth is the number of reads mapping that genome multiplied by the read lengths
and divided by the genome length. Also called coverage depth or coverage fold.

Reference mapping: Sequences (reads or contigs) compared to an existing reference sequence (or
backbone sequence), building a sequence that is similar but not necessarily identical to the
reference sequence (see definition below). Can also be called reference assembly.

Reference material: “Material appropriate to the test and diagnostic being performed such as live
cultures, infested plant material, DNA/RNA preparations, images of a diagnostic quality or mounted
specimens. The reference material used should be documented and appropriate to the test and
diagnosis being performed. It should be ensured that the material used is producing the features for
which it was selected, for example expressing a desired antigen for use in serological diagnosis, or
display specific physical features (e.g. sporulation) if used for morphological diagnosis.” (EPPO PM
7/76, 2018).
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Reference sequence: sequences (partial or (nearly) complete genome, gene) used to map or annotate
the reads or contigs.

Regulated non-quarantine pest: “A non-quarantine pest (see above) whose presence in plants for
planting affects the intended use of those plants with an economically unacceptable impact and
which is therefore requlated within the territory of the importing contracting party.” (ISPM 5, 2019).

Regulated pest: “A quarantine pest (see above) or a regulated non-quarantine pest (see above).” (ISPM
5, 2019).

RNA: Ribonucleic acid.
rRNA: Ribosomal RNA.

RT: Reverse-transcription, the process of synthesizing complementary DNA from an RNA template by
the enzyme reverse transcriptase.

Scaffold: Created by joining contigs together using additional information (introducing arbitrary N
letters) about the relative position and orientation of the contigs in the genome (Jung et al., 2019).

Sequencing run: Single use of a sequencing machine to sequence one or several libraries.

Shotgun sequencing: Random sequencing of any DNA molecule present in a sample, whatever its
origin: for example, pest, endophytic micro- and macroorganisms, host (e.g. plant). Also called
random sequencing.

siRNA: Small interfering RNA.
SNP: Single nucleotide polymorphism.
ssRNA: Single-stranded RNA.

Strand bias: On a single genome position, a strand bias occurs when the proportion of reads from a
forward sequence and from its corresponding pairs from an expectation of equal likelihood of
sequencing the plus and minus strands.

Tagmentation: lllumina defined it as the “step included in shotgun library preparation which involves
the transposon cleaving and tagging of the double-stranded DNA with a universal overhang”.

Target: One or more variants, strains, species, genus, family or group of organisms (e.g. bacteria, fungi,
viruses) that are being tested for. They can include pest and non-pest organisms. The type of target
depends on the scope of the test.

Test: “The application of a method to a specific pest and a specific matrix.” (EPPO PM 7/76, 2018). In
these HTS guidelines, the method is HTS.

Trimming: Removal of nucleotides at one or both extremities of reads. These nucleotides usually
correspond to low quality nucleotides or to nucleotides added to the sample DNA (e.g. primers,
adapters, indexes). The aim is to either to remove nucleotides not of interest or to keep reads and
nucleotides of appropriate quality for further analysis.

Uso: “The length of the smallest contig such that 50% of the sum of all unique, target-specific contigs is
contained in contigs of size Uso or larger” (Castro and Ng, 2017).
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Uncharacterized organism: An organism that has never been detected/identified before (e.g. new
species or new variant/strain, new to science organism) or whose biological properties (e.g. host
range, transmission, symptomatology) are not known.

VANA: Virion-associated nucleic acids, a nucleic acid extraction method for plant viruses.

Variants: Single nucleotide polymorphism (SNP), insertion or deletion (indel), integration or deletion
of genes (structural variants [SV]) or homologous recombination observed in a sequence compared
to reference sequence target(s).

Variant read number: Number of independent reads supporting the presence of a variant (Strom,
2016). Often expressed as a proportion to the total number of reads observed on that position.
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