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Abstract

High- throughput sequencing (HTS) is a powerful tool that enables the simultaneous 

detection and potential identification of any organisms present in a sample. The 

growing interest in the application of HTS technologies for routine diagnostics 

in plant health laboratories is triggering the development of guidelines on how to 

prepare laboratories for performing HTS testing. This paper describes general and 

technical recommendations to guide laboratories through the complex process of 

preparing a laboratory for HTS tests within existing quality assurance systems. 

From nucleic acid extractions to data analysis and interpretation, all of the steps are 

covered to ensure reliable and reproducible results. These guidelines are relevant 

for the detection and identification of any plant pest (e.g. arthropods, bacteria, 

fungi, nematodes, invasive plants or weeds, protozoa, viroids, viruses), and from 

any type of matrix (e.g. pure microbial culture, plant tissue, soil, water), regardless 

of the HTS technology (e.g. amplicon sequencing, shotgun sequencing) and of the 

application (e.g. surveillance programme, phytosanitary certification, quarantine, 

import control). These guidelines are written in general terms to facilitate the 

adoption of HTS technologies in plant pest routine diagnostics and enable broader 

application in all plant health fields, including research. A glossary of relevant 

terms is provided among the Supplementary Material.

Faciliter l'adoption des technologies de séquençage à haut débit pour les tests de 

diagnostic effectués dans les laboratoires phytosanitaires : une description étape par 

étape

Le séquençage haut débit (HTS) est un outil puissant qui permet, simultanément, 

la détection et l'identification potentielle de tout organisme présent dans un 

échantillon. L'application des technologies HTS suscite un intérêt croissant dans les 

laboratoires phytosanitaires pour les activités de diagnostic de routine et cet intérêt 

a conduit à l'élaboration de directives sur la manière de préparer les laboratoires 

à effectuer des tests HTS. Cet article décrit les recommandations générales et 

techniques, élaborées afin de guider les laboratoires dans le processus complexe de 

se préparer aux tests HTS, dans le cadre des systèmes d'assurance qualité existants. 

De l'extraction des acides nucléiques à l'analyse et interprétation des données, toutes 

les étapes sont décrites afin de garantir des résultats fiables et reproductibles. Ces 

mailto:sebastien.massart@uliege.be
https://www.valitest.eu/
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1 |  INTRODUCTION

High- throughput sequencing (HTS), also known as next- 
generation sequencing or deep sequencing, is the most 
significant new method in plant health diagnostics since 
polymerase chain reaction (PCR)- based detection was 
introduced in the late 1980s. High- throughput sequenc-
ing technologies have the potential to detect the nucleic 
acids of any organism present in a sample, including 

distant variants and uncharacterized organisms (Hadidi 
et al., 2016; Massart et al., 2014). This very large inclusiv-
ity is achieved without needing any a priori information 
on the content of the sample.

One of the most frequent uses of HTS technologies in 
plant pest diagnostics is the identification of pests caus-
ing novel diseases or diseases of unknown aetiology. This 
has led to the discovery of hundreds of previously unchar-
acterized organisms or strains of organisms associated 

directives sont applicables pour la détection et l'identification de tout organisme 

nuisible aux végétaux (p. ex. arthropodes, bactéries, champignons, nématodes, 

plantes ou adventices envahissantes, protozoaires, viroïdes, virus), et à partir de 

tout type de matrice (culture microbienne pure, tissu végétal, sol, eau), quelle que 

soit la technologie HTS (p. ex. séquençage d’amplicons, séquençage shotgun) et 

l'application (p. ex. programme de surveillance, certification phytosanitaire, 

quarantaine, contrôle des importations). Ces directives sont rédigées avec des termes 

génériques afin de faciliter l'adoption des technologies HTS dans les activités de 

diagnostic phytosanitaire de routine et de permettre une application plus large dans 

tous les domaines de la santé des végétaux, y compris le domaine de la recherche. 

Un glossaire des termes utiles est fourni dans les documents complémentaires.

Содействие внедрению технологий высокопроизводительного 
секвенирования в качестве диагностического теста на присутствие 
вредителей растений в лабораториях: пошаговое описание
Высокопроизводительное секвенирование (HTS) -  это мощный инструмент, 
позволяющий одновременно обнаруживать и потенциально идентифицировать 
любые организмы, присутствующие в образце. Растущий интерес к применению 
технологий HTS для рутинной диагностики в лабораториях, занимающихся 
здоровьем растений, требует разработку рекомендаций по подготовке 
лабораторий к проведению HTS- тестирования. В данном документе описаны 
общие и технические рекомендации, которые помогут лабораториям пройти 
сложный процесс подготовки лаборатории к проведению HTS- тестов в рамках 
существующих систем обеспечения качества. Рассматриваются все этапы для 
обеспечения надежных и воспроизводимых результатов, начиная с выделения 
нуклеиновых кислот и заканчивая анализом и интерпретацией данных. 
Настоящее руководство актуально для обнаружения и идентификации любого 
вредного организма растений (например, членистоногих, бактерий, грибов, 
нематод, инвазивных растений или сорняков, простейших, вироидов, вирусов) 
и из любого типа матрицы (например, чистая культура микроорганизмов, ткани 
растений, почва, вода), независимо от технологии ВПC (например, ампликонное 
секвенирование, дробовое секвенирование) и области применения (например, 
программа надзора, фитосанитарная сертификация, карантин, контроль 
импорта). Настоящее руководство составлено в общих терминах, чтобы облегчить 
внедрение технологий HTS в рутинную диагностику вредителей растений и 
обеспечить её более широкое применение во всех областях защиты растений, 
включая научные исследования. В дополнительных материалах приводится 
глоссарий соответствующих терминов.
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with symptomatic and asymptomatic plants (Aritua 
et al., 2015; Barba et al., 2014; Malapi- Wight et al., 2016; 
Maliogka et al., 2018). For example, HTS technologies al-
lowed a rapid increase in the number of complete genomes 
of bacteria (e.g. Xu & Wang,  2019), fungi (e.g. https://
mycoc osm.jgi.doe.gov/mycoc osm/home/1000- funga l- 
genomes), phytoplasmas (e.g. Palmano et al., 2012) and 
viruses (e.g. Rivarez et al.,  2021) sequenced in the past 
decade. Sequencing the complete genome of a pest can 
provide key insights into the pathogenicity mechanisms, 
as shown for the bacterium Xylella fastidiosa (Simpson 
et al., 2000). The X. fastidiosa sequences were also used to 
identify subspecies and to allow tracing the origin of the 
pathogen in an incursion (Cella et al., 2018). In addition, 
sequencing the genomes of many isolates/specimens/
strains of a pest provides a broader overview of its ge-
netic diversity and consequently improves the inclusivity 
of diagnostic primers and targeted diagnostic protocols 
(Adams et al., 2018; An et al., 2015; Bonants et al., 2015; 
Catara et al.,  2021; Katsiani et al.,  2018; Kikuchi 
et al., 2011; Owati et al., 2019; Pritchard et al., 2016).

In phytosanitary certification schemes, HTS tech-
nologies can be used to certify nuclear stock, seeds and 
plant propagation material. They can also be used for 
(post- entry) quarantine testing to prevent the establish-
ment of pests in a country or area (Candresse et al., 2014; 
Fox et al., 2019; Malapi- Wight et al., 2021), and to mon-
itor imported commodities from different countries 
to avoid potential risks for plant health (Abdelfattah 
et al.,  2019). High- throughput sequencing technologies 
have been evaluated as a generic method for virus and/or 
viroid detection in grapevine and fruit trees (Al Rwahnih 
et al., 2015; Rott et al., 2017; Soltani et al., 2021; Villamor 
et al.,  2021). They have also been used for the identifi-
cation of bacteria in the re- emerging disease ‘acute oak 
decline’ caused by a polymicrobial complex (Denman 
et al.,  2018). In addition, HTS technologies have been 
evaluated for the detection of viable plant propagules at 
an international point of entry (Whitehurst et al., 2020) 
and used to detect plant viruses and variants in wastewa-
ter (Bačnik et al., 2020).

HTS technologies have also been used in surveillance 
programmes, monitoring and source tracking utilizing 
a PCR- based approach called metabarcoding or ampli-
con sequencing (Hamelin & Roe, 2019). Metabarcoding 
uses generic primers to target short genomic regions 
conserved across multiple organisms to provide an iden-
tification up to a defined taxonomic level. Amplicon 
sequencing has been recently applied in various eco-
systems and areas for surveillance studies of, for ex-
ample, airborne fungi and oomycetes, including plant 
pathogens (Abdelfattah et al., 2019; Aguayo et al., 2018; 
Chandelier et al.,  2021; Franco Ortega et al.,  2020; 
Mbareche et al.,  2020; Nicolaisen et al.,  2017; Nilsson 
et al., 2019; Núñez et al., 2017; Ovaskainen et al., 2020; 
Tremblay et al.,  2018, 2019), insects (Braukmann 
et al., 2019; Elbrecht et al., 2019; Piper et al., 2019) and 

plants (Bruni et al.,  2015; Núñez et al.,  2017; Tremblay 
et al., 2019). Since this technique targets short genomic 
regions, it can be extremely versatile and can be used on 
a wide variety of samples.

With the decrease in sequencing cost, the availabil-
ity of effective sequencing machines and the improved 
accessibility of bioinformatic tools for analysing HTS 
sequencing data, there is a rapidly increasing interest in 
implementing HTS technologies for routine diagnostics, 
including regulatory plant health (Catara et al.,  2021). 
However, caution should be applied when interpreting 
the results of HTS technologies, in particular when the 
results are used to implement phytosanitary measures 
(IPPC Secretariat, 2019; Olmos et al., 2018).

One of the main challenges for a routine use of HTS 
technologies in plant health laboratories is the current 
lack of internationally recognized, harmonized guide-
lines covering both laboratory and bioinformatics steps 
(Adams et al., 2018; Olmos et al., 2018). These should ad-
dress the specific challenges of HTS technologies such 
as personnel training and competence assessment, infra-
structure, equipment and quality assurance that com-
plies with national and international (e.g. ISO) standards. 
In addition, a range of factors, such as establishing the 
quality metric thresholds and their acceptable range of 
values, also need to be considered in a routine setting.

The aim of this paper is to propose general rec-
ommendations (e.g. laboratory and computing infra-
structure, quality management system) and technical 
requirements for a laboratory to prepare for implement-
ing HTS technologies for plant pest diagnostics. They 
cover all of the steps of the HTS process: from nucleic 
acid extraction to data analysis and interpretation. 
Importantly, they have been developed irrespective of 
the molecular reactions, sequencing platform and soft-
ware, and can be applied to any plant pest in any matrix. 
An overview of the HTS process in plant health diag-
nostics is also provided as well as a glossary of relevant 
terms (See Appendix S1).

By following these recommendations, a laboratory 
should be ready to apply HTS technologies and start 
their development, validation or verification (Soltani 
et al.,  2021). For this purpose, a complementary pub-
lication (Massart et al.,  2022) provides technical and 
management guidelines covering the process of imple-
mentation of HTS technologies in a research or diagnos-
tics laboratory (selection, development, verification and 
validation). The complementary publication also has a 
strong focus on risk analysis, the use of controls and re-
sult interpretation.

This publication is an output of work package 2 of 
the European project, VALITEST (https://www.valit 
est.eu/index), which aimed to improve the validation 
approaches for diagnostic technologies to maximize 
their usefulness for users (diagnosticians) and decision- 
makers (at Regional, National and European levels) and 
their use in routine diagnostics.

https://mycocosm.jgi.doe.gov/mycocosm/home/1000-fungal-genomes
https://mycocosm.jgi.doe.gov/mycocosm/home/1000-fungal-genomes
https://mycocosm.jgi.doe.gov/mycocosm/home/1000-fungal-genomes
https://www.valitest.eu/index
https://www.valitest.eu/index
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2 |  OVERVIEW OF TH E 
HTS PROCESS IN PLA NT 
H EA LTH DI AGNOSTICS

Two main HTS approaches are currently widely adopted 
in research to detect plant pests: firstly, the sequencing 
of amplicons generated by PCR or rolling circle am-
plification and related protocols (also called targeted 
sequencing or metabarcoding); and secondly, shotgun 
sequencing of nucleic acids (also known as metagenom-
ics or random sequencing).

Irrespective of the approach, the HTS process can be 
divided into eight steps (Figure 1). After sampling (step 
1), HTS tests can be divided into six distinct steps en-
compassing laboratory and bioinformatics components 
followed by the confirmation and interpretation of the 
results. For each step, a range of protocols are available 
and regular updates of the laboratory or bioinformatics 
protocols are expected in the near future as the technol-
ogy advances.

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

Step 2: nucleic acid extraction. The source of nucleic 
acids can be a matrix containing multiple organisms 
or isolated organisms. The nucleic acids can be ge-
nomic DNA or RNA, total DNA or RNA, small in-
terfering RNAs or double- stranded RNAs (Gaafar 
& Ziebell, 2020; Maliogka et al., 2018; Pecman et al., 
2017; Visser et al., 2016).

Step 3: library preparation. The aim of the library 
preparation step is to isolate and, often also, to am-
plify a sufficient quantity of nucleic acids of appropri-
ate size that are flanked with the adapters and indexes 
(oligonucleotide sequences) required for sequencing. 
The adapters are short nucleotide sequences spe-
cific to the sequencing platform that enable the nu-
cleic acid fragments to anchor to the sequencer to 
start the sequencing process. The indexes are used 
for multiplexed runs (see below) to link each nucleic 
acid fragment to the sample it originated from. The 
nucleic acids are prepared according to the selected 
sequencing approach, whether amplicon sequencing 
or shotgun sequencing.

- For amplicon sequencing, specific genomic regions 
are amplified, mainly by PCR, and sequenced. 
Primers are usually composed of a sequence 

complementary to the target sequence, allowing 
the amplification(at the 3′- end) of the target region 
and, at the 5′- end, of an adapter sequence (option-
ally including an index). Another option is to first 
perform a PCR with the target primers followed by 
a second PCR with overlapping primers containing 
an adapter or, alternatively, to use an adapter liga-
tion step (to avoid a second PCR reaction). Long 
amplified products can also be fragmented before 
being further sequenced as described below (shot-
gun sequencing).

- For shotgun sequencing, a reverse- transcription step 
is applied when starting from RNA, although direct 
RNA sequencing protocols are possible on some 
platforms (e.g. Oxford Nanopore Technologies, 
Pacific BioSciences single- molecule real- time; 
Zhao et al., 2019). Protocols for library preparation 
include shearing (sonication) or digestion (restric-
tion enzymes or chemical lysis) of nucleic acids 
followed by end- repair, and ligation of adapter se-
quences. Alternatively, random hybridization and 
amplification using degenerated oligonucleotides 
or the use of transposases can be applied to frag-
ment nucleic acids (van Opijnen & Camilli,  2013; 
Wilcox et al.,  2018). Adapters are then ligated to 
one or both ends of the sample’s fragmented nucleic 
acids. These steps can be complemented by an ad-
ditional PCR amplification.

- Enrichment or target selection is an optional step of 
nucleic acid extraction or library preparation step. 
For shotgun sequencing, the target enrichment or 
selection can be performed by removing untargeted 
sequences [for example, the removal of plant ribo-
somal RNA (rRNA), called ribodepletion, or en-
riching dsRNA by cellulose capture, concentrated 
salt precipitation and/or nuclease digestion] or by 
using oligonucleotides specific to the targets, some-
times also referred to as probe capture (Adams & 
Fox,  2016; Gaafar & Ziebell,  2020; Maliogka et 
al., 2018).

- Pooling of samples, also called multiplexing, can be 
an option in many library preparation protocols. 
The sequencing of pooled samples in a single run 
allows a reduction of the cost per sample. A unique 
identifier, called an index (also known as bar-
code, tag, molecular identifier or MID) is a short 
oligonucleotide sequence flanked (or not) by an 
adapter that is used to tag each sample. This index 
is sequenced along with the target molecules or in 
a separate sequencing reaction, allowing each de-
termined sequence to be linked to the appropriate 
sample after appropriate demultiplexing (see step 4) 
(Budowle et al., 2014; Piper et al., 2019). Indexes can 
be added to one end or to both ends (dual indexing) 
of the nucleic acid fragment by ligation or fusion 
primers (Tremblay et al., 2018).
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Step 4: sequencing. Currently, there are a limited num-
ber of sequencing platforms that have been widely com-
mercialized. They have already been described in detail 
and reviewed elsewhere (Maljkovic Berry et al., 2020).

The next steps are related to the bioinformatic com-
ponent of the HTS process which is broadly divided 
into three steps, each containing several sub- steps. 
It should be noted that the results of each sub- step 

F I G U R E  1  Schematic representation of the main steps of the high- throughput sequencing (HTS) process used in plant health diagnostics
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depend on the selected parameters and on metrics of 
the previous sub- step(s).

Step 5: analysis of raw reads. This bioinformatic step 
consists of several operations, including quality con-
trol of the generated sequences (depending on the 
sequencing technology and allowing the elimina-
tion of low- quality sequences and nucleotides) and 
the (optional) removal of adapter, index and primer 
sequences. In the case of pooled samples, demulti-
plexing enables the correct assignment of the gen-
erated sequences to each sample. Optionally, some 
additional analyses can be performed to reduce the 
amount of data and to improve the quality of the 
analysis, for example by merging forward and reverse 
reads, based on the overlapping region (if present), or 
removing duplicated (identical) reads.

Step 6: identification of target(s). This bioinformatic 
step, also called sequence annotation or assignment, 
aims to associate sequences with specific organisms. 
Depending on the use of the HTS test, sequence an-
notation can be a taxonomic classification (e.g. at-
tributing reads to a species, genus or family) and/or 
a functional annotation (e.g. determining if a read 
belongs to a coding region, intron, promoter, micro 
RNA, long non- coding RNA, transposon or re-
peated sequence). Targeted identification currently 
always relies on comparison with existing annotated 
sequences in a database. It can be performed in dif-
ferent ways: (i) on the individual reads (read anno-
tation or read classification); (ii) following de novo 
assembly of the reads into contigs; (iii) following 
mapping of the reads on reference sequences (refer-
ence assembly); or (iv) using a combination of these. 
In metabarcoding, reads are grouped into represen-
tative bins or clusters called operational taxonomic 
units (OTUs) or amplicon sequence variants (ASVs), 
and then compared against reference sequences 
database(s) to identify the most likely organism(s). 
Alternatively, reads with artefacts (also called noisy 
sequences) introduced during library preparation 
(e.g. nucleotide substitutions, length variation, chi-
meras) can be removed before OTU clustering (this 
is called denoising). Ultimately, once the reads have 
been assembled de novo, mapped to a reference se-
quence or grouped into OTUs, it is possible to iden-
tify variants of each sequence, corresponding to 
single nucleotide polymorphisms (SNPs), the inser-
tion and deletion of nucleotides (indels) or the in-
tegration or deletion of larger parts of DNA/RNA 
(structural variants).

Step 7: analysis of controls. This analysis aims to ver-
ify that all the controls included in the HTS run pro-
duced the expected results to identify and eliminate 
potential false positive and/or false negative results.

Step 8: target confirmation, interpretation and report-
ing. 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 biologi-
cal and phytosanitary relevance of the target(s) iden-
tified in the sample (in particular for uncharacterized 
organisms); and (iii) the reporting of the results of the 
HTS test.

3 | GENERAL RECOMMENDATIONS 
FOR IMPLEMENTING 
HTSTECHNOLOGIES

3.1 | Laboratory facilities and information 
technology infrastructure

As for any other molecular test, appropriate labora-
tory facilities help ensure reliable results. For example, 
contamination in HTS tests is particularly problematic 
because of the multiple handling steps and the use of 
many different reagents in the sample preparation pro-
cess. The sources of contamination and how these can be 
monitored are discussed elsewhere (Asplund et al., 2019; 
Champlot et al.,  2019; Dickins et al.,  2014; Massart 
et al.,  2019). General guidelines on PCR work such as 
those described in EPPO Standard PM 7/98  (2021) are 
applicable to HTS tests and should be followed. For ex-
ample, the laboratory should have a forward workflow 
that follows the HTS process with dedicated areas for 
non- compatible steps such as nucleic acid extraction and 
amplification.

The implementation of HTS requires significant in-
vestment in information technology (IT) for both data 
storage and computing capacity. Large files (up to a 
few gigabytes per sample) are generated and need to be 
transferred, stored and properly backed up. Machines 
with high computational power or access to cloud- based 
services for advanced computing are required for run-
ning bioinformatic pipelines in a relatively short time 
frame (Olmos et al., 2018). A laboratory planning to im-
plement HTS tests should always explore the most recent 
technological options available on the market, in order 
to acquire the IT infrastructure appropriate for the anal-
ysis that it is planning to perform. The IT infrastructure 
configuration for storage should take into consideration 
the expected number of samples, the volume of data per 
sample (including raw reads, intermediate data files and 
final results), the legal or commercial obligations related 
to data security and confidentiality, maintenance and 
data back- up. Further aspects to consider are the operat-
ing system environment (e.g. Windows, MacOS, Linux), 
which may impact the choice and version of bioinfor-
matics algorithms available, as well as the computing 
power or server required to run the software(s) for timely 
delivery of results. The level of expertise needed when 
running and updating the infrastructure should also be 
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considered. A close collaboration with the IT depart-
ment of the laboratory’s organization is therefore recom-
mended. To ensure proper traceability, registration of 
the log for all analyses and users in the bioinformatics 
pipeline is also preferable. Some steps of the HTS pro-
cess, for example sequencing or bioinformatic analyses, 
may be outsourced to external sequencing facilities and 
bioinformatics service providers. Laboratories can also 
rent computational power and storage space on commer-
cially available computer clusters. Requirements for out-
sourcing are discussed below.

3.2 | Personnel requirements

The use of HTS technologies requires trained person-
nel with expertise for each step of the process, includ-
ing laboratory and bioinformatic components and in the 
biological interpretation of the results. Guidelines on the 
competence and expertise of personnel can be found in 
the EPPO Standard PM 7/98 (2021). The importance of 
scientific expertise has been highlighted during a profi-
ciency test on the identification of food- borne pathogens 
in a simulated dataset (Brinkmann et al., 2019) and on 
the analysis of small RNAs datasets for the identifica-
tion of plant viruses (Massart et al., 2019).

As with any other molecular diagnostic test, only qual-
ified and trained personnel should process the samples. 
For sequence data analysis, specific IT infrastructure 
and expertise in bioinformatics is needed. The bioinfor-
matics component requires trained personnel able to run 
bioinformatic pipelines correctly (installation, develop-
ment, validation, routine use and regular update of the 
software and databases). In addition, relevant scientific 
expertise is needed for the choice of biologically specific 
settings and parameters (such as the choice of a similar-
ity threshold to generate OTUs), as well as for the appro-
priate interpretation of the data (to avoid reporting false 
positive and/or false negative results) and evaluation of 
their biological relevance. Relevant scientific expertise 
may also be required for decision- making on possible 
follow- up actions (e.g. confirmatory testing). Some spe-
cific expertise can be outsourced such as the develop-
ment and implementation of a bioinformatic pipeline 
under conditions described below.

3.3 | How to ensure consistent operation and 
traceability

The laboratory should have a quality management system 
in place (including a documentation system), which would 
enable any operation carried out to be traced back and to 
identify the origin of samples or contamination. The doc-
umentation system should describe all of the procedures 
required to perform an HTS test from sampling to results 
reporting, including the different steps in the laboratory, 

and the bioinformatic components (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 pipe-
line). The documentation system should also contain 
procedures on the operation of critical instruments (e.g. 
sequencing machine) and the bioinformatic pipeline(s) 
used. These recommendations 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 application of HTS tests, including their bioin-
formatic component. The laboratory should ensure that 
the procedures are kept up to date and that the current 
versions are used by the personnel (EPPO PM 7/98, 2021). 
As part of the quality control system, the laboratory 
should keep records of personnel training related to 
HTS testing, of test development (when relevant), of val-
idation efforts (when appropriate, including those after 
changes have been made to an HTS test), of test runs (in-
cluding the values of relevant quality metrics, version of 
software, pipeline, sequence databases), of diagnostic re-
sults (see EPPO PM 7/77, 2019), of critical equipment (e.g. 
maintenance and calibration certificates), of critical kits/
reagents (e.g. lot number, expiration dates of reagents) 
and of sample and administrative information. Records 
should be kept for a period that meets customer and legal 
requirements. For example, EPPO recommends a mini-
mum data retention period of 5 years unless the national 
requirements specify otherwise (EPPO PM 7/77, 2019).

3.4 | Checking the quality performance of the 
outsourced services

Laboratories can outsource parts of an HTS test (e.g. 
nucleic acid extraction, library preparation, sequencing 
services, bioinformatic analyses) and the requirements 
are stated in EPPO Standard PM 7/130 (2016).

It is recommended to select a provider that has at least 
the same level of quality assurance management as the 
diagnostic laboratory, ideally with an official accredi-
tation or certification such as ISO 9001 or ISO 17025. 
The outsourced services should be regularly monitored 
to ensure that the provider performs as expected. For ex-
ample, the laboratory can demonstrate that outsourcing 
does not negatively influence the reliability of the results 
reported on anonymized samples. It should be noted 
that although some steps of the HTS process can be out-
sourced, the diagnostic laboratory remains responsible 
for the interpretation and reporting of results.

3.5 | Monitoring, implementing and 
documenting modifications

High- throughput sequencing technologies and protocols 
evolve quickly in both their laboratory and bioinformatic 
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components. This situation might often require updates 
in protocols, sequence databases and even bioinfor-
matic pipelines. The laboratory should make efforts to 
keep track of any relevant changes by monitoring, im-
plementing and documenting the modifications. For ex-
ample, modification of the laboratory protocols, owing 
to new versions of kits or to newly available kits for li-
brary preparation or sequencing, should be documented. 
Regarding bioinformatic analyses, the laboratory should 
keep track of software versions and updates/upgrades 
with algorithms and parameter settings and keep records 
of changes to the underlying operating systems which 
might affect how pipelines and tools perform (e.g. inte-
grate a log system to track all versions in the bioinfor-
matic pipeline). For any modification, as recommended 
in EPPO Standard PM 7/98 (2021), an expert judgement 
should be made as to whether the update to a validated 
HTS test requires re- validation or verification. This 
evaluation should be documented.

3.6 | Appropriate IT infrastructure

Large data files are generated during each HTS run. 
These datasets need to be easily transferable within the 
IT infrastructure of the laboratory and, if relevant, from 
the sequencing provider to the laboratory. The network 
should be secured to ensure the integrity and confi-
dentiality of the data. Numerous algorithms have been 
developed to check the integrity of the transferred file 
(e.g. md5sum –  see https://www.ncdc.noaa.gov/nomad s/
docum entat ion/user- guide/ MD5- hash- files).

Data can be stored internally on the laboratory’s 
own data storage system or externally on a cloud- based 
computing resource. When data is stored on an external 
cloud- based computing system, the laboratory should be 
aware of the local legislation on data protection, espe-
cially when dealing with official testing and quarantine 
pests. Data should be backed up, ideally on a mirror 
server so as to prevent data loss in case of server failure.

The laboratory should have a documented procedure 
for data transfer, backup and storage. The procedure 
should describe how and where files generated during 
sequencing and bioinformatic analyses should be stored 
to ensure their integrity and confidentiality. The labo-
ratory should also describe which files (i.e. input files, 
intermediate files and output files) should be kept and 
for how long. Any issue related to data transfer, backup 
and storage should be recorded if they can influence the 
test results (Aziz et al., 2015; Hébrant et al., 2018).

3.7 | Sequence databases for data analysis

Sequence databases are a critical part of bioinformatic 
analyses and are therefore a key focus point. They can 
be incomplete or contain errors while their content is 

constantly evolving because of scientific discoveries or 
changes in the taxonomy of pests. Thus, the selection of 
appropriate sequence databases is important for a cor-
rect taxonomic assignment and to avoid false negative 
or false positive results (Massart et al.,  2019; Nilsson 
et al., 2019; Piombo et al., 2021; Piper et al., 2019). For 
example, it is highly recommended to include non- pest 
organisms closely related to the pests of interest. When 
the focus of the HTS test is on a limited range of known 
pests, a curated database can be created with verified se-
quences that are annotated and not redundant. However, 
when searching for uncharacterized or unexpected or-
ganisms, a more extensive and less curated database 
might prove more effective than a well- curated database 
with a limited number of entries (Lambert et al., 2018; 
Piper et al., 2019).

Sequence databases can be publicly available or 
can be developed (preferably from documented refer-
ence material) and maintained by the laboratory (i.e. 
in- house sequence databases). In either case, sequence 
databases should be evaluated to ensure the accuracy 
of the sequences in identifying at least the expected tar-
get(s). Also, it is important to use sequences that have 
been generated from accurately identified specimens (i.e. 
reference materials, EPPO Standard PM 7/98, 2021) for 
the compilation of curated sequence databases, avoiding 
incorrectly annotated sequences from morphological or 
phenotypic misidentification, and therefore erroneous 
pest reports (e.g. Taylor & Martoni, 2020). For example, 
a custom- made database has improved the taxonomic 
assignment of 16S rRNA sequences generated by am-
plicon sequencing from human intestinal microbiota 
(Ritari et al.,  2015). Nevertheless, developing such cu-
rated databases is a time- consuming activity.

Sequence databases ‘should be kept up to date and 
readily available’ (EPPO PM 7/98, 2021) and information 
on these databases should be documented. Such informa-
tion includes, but is not limited to, the version number, 
the date of download and the original source or location. 
The recording of the database version is important be-
cause sometimes the names of organisms change from 
one version to the next. Also, the laboratory needs to 
make sure that the target organisms are still part of the 
databases when upgrading to a novel version.

The laboratory should endeavour to upload se-
quence(s) –  partial or (near) complete genome sequences, 
variants sequences –  with biological information when 
available, to an online database such as the National 
Center of Biotechnology Information (https://www.ncbi.
nlm.nih.gov/) and its European counterpart the European 
Nucleotide Archive (https://www.ebi.ac.uk/ena/brows er/
home), the Barcode of Life Data System (http://v4.bolds 
ystems.org/; Ratnasingham & Hebert, 2007) or the EPPO 
Q- bank database (https://qbank.eppo.int/). Whenever 
possible, the sequence(s) should be permanently linked 
to a voucher specimen. This specimen should be kept 
by the laboratory and/or stored in a depository such as 

https://www.ncdc.noaa.gov/nomads/documentation/user-guide/MD5-hash-files
https://www.ncdc.noaa.gov/nomads/documentation/user-guide/MD5-hash-files
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
http://v4.boldsystems.org/
http://v4.boldsystems.org/
https://qbank.eppo.int/
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the microorganisms collections of Belgian Coordinated 
Collections of Microorganisms (https://bccm.bel-
spo.be/about - us/bccm- lmg), German Collection of 
Microorganisms and cell cultures (https://www.dsmz.
de/) or International Collection of Microorganisms 
from Plants (https://www.landc arere search.co.nz/tools 
- and- resou rces/colle ction s/icmp- cultu re- colle ction/). 
Uploading sequences to public sequence databases will 
assist the scientific community to identify organisms.

4 |  TECH N ICA L 
RECOM M EN DATIONS FOR 
IM PLEM ENTING A N HTS TEST

4.1 | Scope of the HTS test

A clear and unequivocal definition of the intended use 
of the HTS test (i.e. detection or identification), the tar-
get organism(s) and the tested matrix is mandatory to 
ensure that the HTS protocol is fit- for- purpose. When 
using HTS, the target organism(s) can be one or more 
variants, species, genera, families or groups of organ-
isms (e.g. bacteria, fungi, viruses) that are being tested 
from a range of matrices (e.g. plant, soil, water). For ex-
ample, 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 re-
search purposes’. Another example is the ‘use of ampli-
con sequencing for the surveillance of insects, bacteria 
or fungi collected from traps’ (Aguayo et al., 2018; Núñez 
et al.,  2017; Piper et al.,  2019). In defining the scope, 
sample quality and quantity should be considered as re- 
sampling or re- testing may not be possible when process-
ing certain diagnostic samples.

4.2 | Laboratory component

The laboratory component of HTS tests consists of sev-
eral steps, and spans from sampling to sequencing (see 
above). Each step should be developed, optimized and 
validated for its intended use before it can be used in 
routine testing. After the validation of an HTS test, its 
performance should be monitored using appropriate 
controls during its routine use.

4.2.1 | The sampling protocol

The type of sample (e.g. different plant parts) and the 
season of sampling can affect the results of any diagnos-
tic test, including HTS tests (e.g. organisms not detected, 
leading to misleading negative results; Malapi- Wight 
et al., 2021; Prezelj et al., 2013). Although the laboratory 
may not be involved in sampling, it may be necessary 

for the laboratory to recommend a sampling procedure. 
Such a procedure should describe the type of material 
(e.g. tissue for plants), the minimum amount of material 
needed, the number of samples to make up a batch and, 
when relevant, the season of sampling and the require-
ments for sampling symptomatic and/or asymptomatic 
material (EPPO Standard PM 7/98, 2021). 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 supervi-
sion 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 the preserva-
tion of DNA and RNA throughout the sampling phase 
should be taken into consideration. Examples of DNA 
preservatives include different concentrations of etha-
nol (Marquina et al., 2021), dimethyl sulfoxide (Moreau 
et al.,  2013), propylene glycol (Martoni et al.,  2021; 
Robinson et al., 2021) and RNAlater® (Vink et al., 2005). 
Preservation of plant DNA and/or RNA may also be re-
quired at the time of sampling (e.g. RNAlater® for RNA 
preservation) for shipment to the laboratory or to exter-
nal services.

4.2.2 | Sample handling

As with any diagnostic test, the quality of samples can af-
fect the results of HTS tests. The laboratory should have 
a procedure that includes measures to prevent cross- 
contamination between samples, subsampling, registra-
tion and traceability of samples, sample preservation 
between collection and laboratory reception (e.g. in-
sects preserved in glycol/ethanol), transportation to the 
laboratory (e.g. cold- chain box containers, plastic bags 
to avoid dehydration), assessment of samples’ condition 
on receipt, storage (e.g. cold room storage upon arrival), 
aliquoting, retention and disposal (EPPO Standard PM 
7/98, 2021).

4.2.3 | Ensuring the quality and quantity of 
nucleic acids

The quality (in terms of purity and integrity) and quan-
tity (i.e. ng/μL) of nucleic acids are important as they can 
affect the results of an HTS test. In most cases, a protocol 
extracting nucleic acids with a purity and integrity satis-
factory 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 have higher nucleic 
acid integrity and/or minimal concentration require-
ments. This is often the case with long- read HTS tech-
nologies. Ultimately, the quality of the extracted nucleic 

https://bccm.belspo.be/about-us/bccm-lmg
https://bccm.belspo.be/about-us/bccm-lmg
https://www.dsmz.de/
https://www.dsmz.de/
https://www.landcareresearch.co.nz/tools-and-resources/collections/icmp-culture-collection/
https://www.landcareresearch.co.nz/tools-and-resources/collections/icmp-culture-collection/
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acids should be checked and minimal thresholds should 
be pre- determined (e.g. minimum, average or maximum 
fragment length, minimal acceptable purity or yield). 
Based on their experience, laboratories may have a pref-
erence for certain extraction protocols based on their 
user preference/experience and reagents availability in 
their region.

The extraction allows for the removal of inhibitors 
that can negatively impact the test result. For instance, 
extraction methods producing a high yield and a mini-
mum of PCR inhibitors are necessary for the detection 
of organisms found at a very low concentration in the 
sample. Some kits/methods are better for bacteria, oth-
ers for fungi; the most appropriate should be used. Kits 
involving paramagnetic beads usually do not provide 
high yields but can allow higher throughput processing 
of samples. The selection of the extraction method de-
pends on the type of the genome target(s) expected to be 
detected by the HTS test (e.g. DNA vs. RNA genomes) 
and the type of matrix from which the nucleic acids are 
extracted (e.g. plant parts –  seed, leaf, fruit, stem, roots; 
purified cultures, soil, water, insects). The composition 
of the matrix can also affect the extraction of nucleic 
acids, as demonstrated by studies comparing DNA ex-
traction methods of plant- associated bacterial commu-
nities from soil, xylem sap or different plant species prior 
to amplicon sequencing (Giangacomo et al., 2020; Haro 
et al., 2021). Both RNA extraction methods and sequenc-
ing platforms have resulted in significant differences in 
the detection of viruses and viroids from citrus samples 
(Bester et al., 2021).

Specific adaptations to a protocol may be needed 
for specific organisms/matrices. 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 to lyse the 
cells (for example sonication or enzymatic lysis; Nielsen 
et al.,  2019; Waeyenberge et al.,  2019; Wesolowska- 
Andersen et al., 2014). Non- destructive DNA extraction 
may be preferred for macro- organisms (e.g. insects, nem-
atodes) to preserve morphological voucher specimens, 
creating a permanent link with the DNA sequence for 
the confirmation of results or to inform future stud-
ies (Batovska et al.,  2021; Carew et al.,  2018; Nielsen 
et al., 2019; Piper et al., 2019).

The concentration of targets in a sample can be very 
low in some types of matrices such as water samples 
(Mehle et al., 2018), which may result in a failure to de-
tect them. A target- enrichment or - selection step can be 
included in, or precede, the nucleic acid extraction pro-
tocol to improve the analytical sensitivity of the HTS test 
and decrease cost by requiring fewer reads per sample. 
The selection of the enrichment protocol depends on 
the target genome [e.g. single- stranded RNA, double- 
stranded RNA (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) and the matrix (e.g. plants, 
soil, water). For plant samples, there are a number of 
protocols that can improve sensitivity. For example, 
viral particle enrichment by ultracentrifugation, deple-
tion of ribosomal RNA (rRNA) from total RNA or the 
enrichment of dsRNA by cellulose affinity chromatog-
raphy with or without additional nuclease treatment(s) 
(Adams & Fox,  2016; Pantaleo & Chiumenti,  2018). 
Rolling circle amplification is also frequently used as an 
enrichment procedure when targeting DNA viruses with 
circular genomes (Johne et al.,  2009). Targeted enrich-
ment for a particular pest at a low concentration can also 
be designed to improve the sensitivity of the HTS test 
(Cai et al., 2019).

4.2.4 | The library preparation protocol

Whatever the HTS approach, selection of the protocol 
for library preparation depends on the HTS technology 
used.

For shotgun sequencing, the protocols are often pro-
vided as kit(s) with all reagents included. Their selection 
depends on technical criteria (e.g. the minimum required 
quantity and the integrity of the extracted nucleic acids 
and expected proportion of target nucleic acids), 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 size selection or on the use of specific oligo-
nucleotides either to eliminate non- target nucleic acids 
(such as ribosomal RNA in plant samples) or to specif-
ically select the target nucleic acids. For example, it has 
been shown that the removal of plant ribosomal RNA by 
specific oligonucleotides can result in a 10- fold enrich-
ment of viral sequences (Adams & Fox, 2016).

For amplicon sequencing, which usually relies on 
a PCR step, special care should be taken in selecting 
primers to ensure that the target organisms can be am-
plified, as demonstrated in a study of the fungal mi-
crobiome of higher plants by Scibetta et al.  (2018). A 
high- fidelity polymerase should preferably be used to 
minimize amplification errors owing to the misincorpo-
ration of nucleotides (Budowle et al.,  2014; McInerney 
et al.,  2014). The number of PCR cycles should be se-
lected to ensure that the PCR is still in the exponen-
tial phase. Metabarcoding PCR amplification targets a 
small region of the genome, the barcode, generally cor-
responding to the partial sequence of a gene. Since the 
first work proposing the use of DNA barcoding (Hebert 
et al., 2003), barcodes have been proposed and described 
in EPPO Standard PM 7/129 (EPPO,  2021) for a range 
of organisms affecting plants. Some of these barcodes 
have been successfully used in metabarcoding (Ahmed 
et al.,  2019; Dormontt et al.,  2018; Nilsson et al.,  2019; 
Ritter et al.,  2019; Tremblay et al.,  2018). When choos-
ing the barcode for metabarcoding analyses, the risk of 
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potentially amplifying host sequences should be consid-
ered and can be reduced by selecting appropriate primers 
(Hanshew et al., 2013) or by using blocking oligonucle-
otides (Lundberg et al., 2013).

4.2.5 | Pooling level of libraries

Several libraries, each tagged independently by a specific 
sequence of nucleic acids (also called MID or index), can 
be pooled together to reduce the sequencing costs while 
taking into account the minimal number of reads expected 
per sample. However, the process of pooling introduces 
a higher variability in the number of generated reads per 
sample and increases the risk of assignment of reads to an 
incorrect sample owing to cross- contamination of tagging 
that can occur during library preparation and sequencing 
(i.e. index- hopping or index switching) or between sequenc-
ing runs (i.e. inter- run contamination if identical indexes 
are used in successive runs; Galan et al.,  2016; Kircher 
et al.,  2011; van der Valk et al.,  2018). Index misassign-
ments can also occur during the demultiplexing step owing 
to sequencing errors in indexes. The risk increases when 
high sequencing depths are obtained with pooled libraries, 
since a very low level of error can be detected (Budowle 
et al.,  2014; Massart et al.,  2019). The laboratory should 
also be aware of the expected index misassignment rates as 
differences exist between sequencing platforms used.

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 that increase the bioinformatic power in identi-
fying index- hopping (MacConaill et al., 2018). Another 
option is to use indexes that are sufficiently long and dif-
ferent, so that their identification is robust and tolerates 
several sequencing errors. Nevertheless, these options 
can only limit the problem of index hopping as they do 
not take into account other origins like the creation of 
chimeric sequences owing to, for example, the ligation of 
free adapters (Wright & Vetsigian, 2016). Pooling librar-
ies just prior to sequencing or adding a step to remove 
free adapters can also reduce these (mis)assignment is-
sues. The sequences of sets of indexes included in each 
run should be recorded for trace- back purposes and for 
planning successive sequencing runs.

Pooling also requires that the amount of nucleic acid 
of each library in the pool is normalized. This minimizes, 
but does not eliminate, 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 and demon-
strate that the pooling strategy used does not affect test 
performance (e.g. lower level of detection, higher con-
tamination). The pooling method depends on the desired 
number of reads from 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).

4.2.6 | The sequencing platform

Based on the points listed below and on relevant publica-
tions (e.g. comparison of two platforms for the detection of 
citrus viroids and viruses; Bester et al., 2021), the labora-
tory should consider the sequencing platform and sequenc-
ing output best suited for the intended use of the HTS test.

A non- exhaustive list of parameters influencing the 
selection of the sequencing platform is presented below:

- Expected number of samples received per batch and 
number of reads needed per sample. Generally, the 
higher the number of reads generated per sample, the 
higher the chances are that all targets present in the 
sample will be identified, but this will increase the 
cost and, potentially, the the risk of detecting low- level 
contamination.

- Total number of generated reads per sequencing run. 
Generally, a higher throughput of data (and a lower 
cost per sample) can be obtained from technologies 
that produce more output and therefore allow a higher 
number of samples per run. This can be illustrated by 
the sequencing machines MiSeq and NovaSeq from 
Illumina which, in 2021, generated a maximum of 50 
million and 20 billion reads per run, respectively.

- Required test turn- around time (e.g. urgent testing 
for perishable materials). Some technologies require a 
longer running time for a single analysis. The operator 
might prefer to choose a more expensive albeit faster 
technology if the results are required urgently.

- Read length and type (e.g. single, paired, mate- pair). 
Short single reads are appropriate for sRNA sequencing 
whereas amplicon sequencing might need longer reads.

- Error rate and type of error, which vary between se-
quencing platforms and between runs. Technologies 
generating longer reads, but at a higher error rate, are 
usually considered more appropriate for genome se-
quencing of a single purified organism, where the same 
region is sequenced multiple times and a sequencing 
error can thus be corrected. On the other hand, me-
tabarcoding analysis should generally prioritize a 
lower error rate, since it aims to sequence the same 
gene region from multiple individuals and a sequenc-
ing error could be misinterpreted as genetic variation.

- Impact on the downstream bioinformatic analyses 
(depending on the number of sequences, their length, 
their quality and accuracy).

- Availability of bioinformatic support, platforms 
(when outsourced), laboratory resources and tech-
nical expertise and manufacturer level of technical 
support.

- Expenses involved in the operation of a sequencing ma-
chine –  purchase and maintenance (Rehm et al., 2013).

Sequencing platforms are regularly updated and the 
laboratory should closely monitor these updates and 
evaluate their potential impact on the HTS test results.
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4.2.7 | Prevention of contamination

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 high risk of 
contamination within HTS tests comes from the multi-
ple handling steps and the use of more reagents in the 
sample preparation process. There is also a high likeli-
hood of detecting contaminants in HTS tests because of 
their broad range and specific detection. Contamination 
can occur at different steps of the laboratory protocol 
(i.e. sampling, nucleic acid extraction, library prepara-
tion, sequencing). Sources of contamination may include 
sample handling, laboratory surfaces and equipment/
tools contamination, reagents and carry- over (Asplund 
et al.,  2019; Champlot et al.,  2019; Dickins et al.,  2014; 
Gaafar & Ziebell, 2020; Rosseel et al., 2014).

Contamination between successive uses of a se-
quencing machine (i.e. 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 owing to 
traces of other samples or index- hopping between sam-
ples (Buschmann et al.,  2014). It has also been demon-
strated 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).

In addition, best practices for molecular laborato-
ries should be applied (e.g. the use of ‘clean’ reagents, 
consumables, tools and equipment, frequent changes of 
disposable tools and frequent cleaning of benches, equip-
ment and tools). The EPPO Standard PM 7/98 (appendix 
2; 2021) provides guidance on how to avoid contamina-
tion in molecular laboratories. The physical separation 
of samples suspected to contain a high concentration 
of target organism(s) from other samples is also highly 
recommended.

Despite every precaution taken, some contamination 
can still occur, for instance cross- contamination owing 
to index- hopping with pooled samples. Therefore, the 
level of contamination should be monitored throughout 
the HTS test; see Massart et al. (2022) for more details.

4.3 | Bioinformatics

The bioinformatic analysis is a key element of the HTS 
test as it can generate false positive and/or false negative 
results. It consists of a combination of successive algo-
rithms (often referred to as a pipeline) used to analyse 
the raw sequencing data.

Proper bioinformatic analysis relies on the appropri-
ate selection of the ‘bioinformatic triad’, correspond-
ing to (i) the algorithm(s), (ii) its (their) parameters and 

thresholds and (iii) the sequence database(s). Indeed, the 
results generated by the pipeline depend on each of the 
above, including the (version of) software used, the pa-
rameters and thresholds applied, and the accuracy and 
completeness of sequence database(s) used for sequence 
comparison(s). Some bioinformatic steps do not require 
a sequence database and are therefore influenced by the 
‘bioinformatic duet’ corresponding to the algorithms and 
their parameters/thresholds. The impact of the bioinfor-
matic pipeline on the correct identification of target(s) 
has been demonstrated by Massart et al. (2019) through 
a test performance study with 21 plant virology labora-
tories analysing 10 sRNA datasets. A similar observa-
tion was made in a study of 16S rRNA gene amplicon 
sequencing data for the estimation of the composition of 
a microbiome (O'Sullivan et al., 2021).

Whatever the bioinformatic strategy, many pipelines 
have been developed that can operate either on a Linux 
system or a web interface, as well as commercial pack-
ages or user friendly open- source software. The utili-
zation of these pipelines requires competent personnel. 
However, a current general trend is to simplify the use 
and the parameterization of these tools, making them 
usable without extensive bioinformatic knowledge or, 
sometimes, as a ‘one- click’ solution. For such simplified 
pipelines, it is paramount that the personnel implement-
ing and using them understand their basics and their 
limitations and can determine the most appropriate pa-
rameters and threshold to make correct interpretations 
for the intended use of the HTS test. An overview of the 
bioinformatic steps with in- depth data processing op-
tions and their tools for the detection of plant viruses is 
available (Kutnjak et al., 2021) as well as reference data-
sets for evaluating the pipeline (Tamisier et al., 2021).

The sub- steps needed for each of the three main 
bioinformatic steps and their position in the analysis 
pipeline should be defined during test development/ad-
aptation/optimization along with their parameters and 
corresponding quality metrics and thresholds (Budowle 
et al., 2014; Hébrant et al., 2018; Weiss et al., 2013). The 
order of sub- steps can be modified, depending on the 
bioinformatics pipeline that is used, for example the 
elimination of low- quality reads and nucleotides can be 
carried out at any time during the process. If the fixed 
thresholds are not met, the decision concerning repeat-
ing (parts of) the HTS test or proceeding with the bioin-
formatic analysis should be documented and the reason 
for the failure should be investigated. The bioinformatics 
steps are illustrated in Figure 2 (first step) and Figure 3 
(second and third steps).

4.3.1 | Analysis of the raw reads

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 
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run (e.g. cluster densities, quality profiles, number and 
length of reads) and the metrics’ specifications. These 
metrics are platform dependent, and the most relevant 

metrics should be determined during the test validation 
with the setting of (a) minimum threshold(s) (Hébrant 
et al., 2018). Alternatively, the analysis of these metrics 

F I G U R E  2  Example of the organization 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 bioinformatics pipeline that is used. The rectangles correspond to operations/calculation while the grey ellipses 
correspond to file(s) containing sequence information and generated by the analysis. The triangle and circle represent the influence on the 
generated results of bioinformatics triad and duet respectively. A, Algorithm; P&T, parameters and thresholds; DB, database
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F I G U R E  3  Overview of the second and third steps of the bioinformatic analyses: identification of target(s) and analysis of controls, 
respectively. The selection of the sub- steps depends on the bioinformatic pipeline that is used. Dashed arrows are alternative steps. The 
rectangles correspond to operations/calculation while the grey ellipses correspond to file(s) containing sequence information and generated by 
the analysis. The triangle represents the influence of the bioinformatics triad on the generated results. ASV, Amplicon sequence variants; ESV, 
exact sequence variants; OTU, operational taxonomic units and, for the bioinformatics triad; A, algorithm; P&T, parameters and thresholds; 
DB, database. More information about each of the steps can be found in the text
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can be carried out after the trimming of primers, adapt-
ers and (when relevant) indexes.

Raw reads should also be analysed for their quality 
by checking the base quality scores (for example, Phred 
quality score), which depend on the sequencing plat-
form used. Some nucleotides and/or the full sequences of 
reads whose quality does not meet an established thresh-
old should be removed so that only sequences of appro-
priate quality are retained (Budowle et al., 2014; Hébrant 
et al., 2018; Weiss et al., 2013). The minimum threshold 
of the base quality scores should be defined during val-
idation of the 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) and may depend on the scope of the 
HTS test.

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 recom-
mended to use an appropriate stringency, so that the 
tolerance of index errors cannot cause misassignment 
of the reads. It is also possible to search for index se-
quences that have not been used in the sequencing run 
to estimate and filter possible cross- contamination 
that may have occurred during the indexing or se-
quencing steps (i.e. inter- run contamination; Galan et 
al., 2016; Kircher et al., 2011; van der Valk et al., 2018). 
The risk of misassignment also depends on the type of 
indexes (e.g. long and very different indexes, single vs. 
dual indexes).

- Primer, adapter and indexes removal (also known as 
clipping or trimming). Primers, adapters and indexes 
(if used) contained 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 read removal. Some sequences not related 
to the target(s), called here background reads (e.g. host 
sequences, ribosomal sequences, phage sequences, 
environmental contaminant sequences, reagent con-
taminants), 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 types of 
reads are mainly associated with shotgun sequencing 
strategies and their presence 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) using reference se-
quences and/or host control and/or no template con-
trol included in the run. The removal of background 
reads is particularly important when the target(s) is 

(are) present in low concentration(s) (Baizan- Edge et 
al., 2019). Caution should, however, be exercised when 
dealing with organisms that are capable of being com-
pletely or partially integrated in their host genome, 
since they may be removed during this process (e.g. 
pararetroviruses or unknown viruses in plants, bac-
teriophages in bacteria; Hohn et al., 2008; Massart et 
al., 2019; Sharma et al., 2017). There may also be a risk 
of removing the target reads during this process when 
high sequence similarities exist between the host and 
the target or if the quality of the reference genomes 
used for the removal of background reads is not appro-
priate. Some reference genomes are incomplete, and 
their annotations are still in progress and can contain 
target sequences or sequences from other organisms 
(i.e. endophytes or commensal organisms). Very dif-
ferent results can be obtained if keeping or removing 
background reads and therefore including such a step 
should be carefully considered during test develop-
ment/optimization with parameters and thresholds 
settings based on the HTS test intended use (e.g. detec-
tion to species or genus level).

- Duplicated read removal. Duplicated reads originate 
from the same amplified fragments and have exactly 
identical sequences (redundancy). Their characteris-
tics are common coordinates (e.g. the same start and 
end coordinates after mapping), the same sequencing 
direction (or mapped strand) and identical sequences. 
The presence of duplicated reads depends on the 
initial sequence complexity of the extracted nucleic 
acids, the library preparation procedure and the se-
quencing technology. They can be generated during a 
fragmentation or cleavage step or by an amplification- 
based technology (Hébrant et al.,  2018; Maliogka et 
al., 2018). A dataset containing many duplicated reads 
might also be the result of a suboptimal library prepa-
ration, where too little input material was available. 
A high abundance of duplicated reads can limit the 
sensitivity of the HTS test as they can compete with 
low- abundance targets, despite the sequencing run 
itself producing a large total number of reads. It is 
therefore recommended to evaluate the proportion of 
duplicated reads. The elimination of duplicated reads 
depends on the HTS protocol and is not required in 
protocols that use the number of reads (sometimes 
identical) to estimate the relative abundance of a tar-
get such as amplicon sequencing for metabarcoding.

- Merging and pairing reads. In paired- end sequenc-
ing, the DNA fragment is sequenced from both 
ends (sense and antisense sequencing). Depending 
on the intended use of the HTS test, it may be use-
ful to merge both reads of a single DNA fragment 
if they overlap. For some sequencing technologies, 
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 
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sequences. The pairing parameters (mismatch toler-
ance, minimal number of overlapping nucleotides) 
should take into account that the two sequences gen-
erating the consensus sequence might not be fully 
identical owing to sequencing errors.

- Chimera / artefact removal. Amplicon sequencing 
can generate chimeric sequences corresponding to 
a combination of different sequences from the orig-
inal sample, leading to the formation of artefact se-
quences with the first part of the sequence coming 
from a target organism and the second part coming 
from another organism as a result of an amplicon ac-
cidentally acting as a primer during PCR. Similarly, 
whole genome amplification techniques such as mul-
tiple displacement amplification commonly used in 
low- input library preparation protocols for shotgun 
sequencing can produce chimeric sequences (Lasken 
& Stockwell,  2007; Quince et al.,  2011). It is import-
ant to monitor and remove these sequences using ap-
propriate tools before 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 sequenc-
ing 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 me-
tabarcoding analyses, sequencing reads are commonly 
clustered in representative bins called operational tax-
onomic units using a nucleotide similarity threshold 
that ideally broadly approximates species boundaries 
(Mahé et al., 2015). Nevertheless, the optimal selection 
of threshold for clustering can vary across taxa and 
can result in over- clustering (grouping different species 
together in one cluster) or under- clustering (splitting 
one species into different clusters) (Anslan et al., 2018; 
Quince et al.,  2011). Alternatively, denoising algo-
rithms have been developed. They do not cluster the 
sequences based on their similarity but resolve errone-
ous sequences by assuming that erroneous sequences 
will be closely related to and will show a similar occur-
rence pattern to 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 ASVs or 
exact sequence variants.

4.3.2 | Identification of targets

The proper bioinformatic identification of the target(s) 
is important to avoid false positive (incorrect taxonomic 
assignment, gene annotation or variant detection) or 
false negative (absence of identification) results. Specific 
considerations related to the analytical specificity of an 
HTS test are developed elsewhere (Massart et al., 2022).

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

- Direct annotation of individual reads. The quality 
checked reads can be annotated at taxonomic or func-
tional levels without any assembly, clustering or map-
ping. The specificity of the annotation process will 
depend on the length of the sequences, the algorithm 
applied and its parameters and the sequence data-
base(s) used (see taxonomic position and functional 
assignment sub- steps below).

- De novo assembly (also called contiguous assem-
bly, 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 (at a pre-
defined level) sequences on a defined portion of their 
length. The read assembly can be complex with very 
short reads (as for small RNA sequencing; Massart et 
al.,  2019). The parameters for read assembly depend 
on the type of algorithm used and should be defined 
during test development/optimization. These include 
the percentage of identity between reads, the mini-
mum overlap, the minimal length of contigs, the k- mer 
length or bubble size. For the genome sequencing of 
isolates of cellular organisms, the quality of assembly 
in contigs can be evaluated, for example by summa-
rizing the length of the contigs using N50 or U50 val-
ues (Castro & Ng, 2017) or by comparing the contigs 
with related genomes and/or genes, 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). If some reads remain unused at the end of the 
de novo assembly process they can be further anal-
ysed, 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 an 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 either partial or complete 
genome(s) (Budowle et al., 2014; Hébrant et al., 2018; 
Roy et al.,  2018). Several reference sequences can be 
used for each target to account for genetic variability 
(Massart et al., 2019), increase the number of mapped 
reads and improve the annotation quality. The map-
ping parameters, such as number of mismatches or 
number/length of gaps allowed, the minimal percent-
age of identity or the minimal fraction of read map-
ping to the reference, are critical to avoid incorrect 
results. If the mapping parameters are less stringent, 
non- specific mapping to another species can happen, 
while too stringent mapping parameters can result in 
the failure to map reads from an isolate too distant 
from the reference sequence (Roy et al., 2018; Weiss et 
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al., 2013). One may also consider the inclusion of ref-
erence sequences of closely related non- target species 
possibly present in the sample as this could avoid pos-
sible false positive results. Important mapping result 
metrics include genome coverage, average read depth, 
the distribution of reads on the reference sequence and 
the 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 concentrations 
(Maliogka et al., 2018). The ordering of contigs along a 
genome (i.e. scaffolding) can improve downstream anal-
yses such as taxonomic and/or 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 ob-
tained from the annotation of the reference sequences 
but there can be a risk of misassignment (reads belong-
ing to a different but closely related species mapped on 
the reference sequence used). In addition, the contigs 
generated from read assembly might need to be further 
independently annotated. For individual reads, clus-
tered reads and contigs, taxonomic assignment should 
be determined using the latest taxonomic information, 
including up to date sequence- based demarcation crite-
ria and appropriate sequence databases and software. 
Similarity searches performed from assembled contigs 
or reads using dedicated tools (e.g. AODP, BLAST, 
DIAMOND, EDNA, Mash, Kraken, KAIJU) provide 
indications on the taxonomic assignation, most often 
with a confidence threshold (Lambert et al.,  2018; 
Maliogka et al., 2018; Massart et al., 2019). These sim-
ilarity searches are continuously evolving (Budowle et 
al., 2014; Lefebvre et al., 2019; Rott et al., 2017; Ye et 
al., 2019). In addition to sequence similarity searches, 
some taxonomic classifiers, such as the RDP classifier, 
QIIME2’s q2- feature- classifier, Metaxa2, SINTAX or 
TAG.ME, also consider other similar sequences in the 
reference sequence database and provide a confidence 
score using approaches such as bootstrapping. The 
level of certainty of similarity searches should always 
be retained and mentioned (e.g. E- value, bit score, 
bootstrap score) together with the tool and sequence 
database (version) used. Expert judgement may be 
needed to evaluate the result of a taxonomic assign-
ment (Massart et al., 2017; Matthijs et al., 2016). This 
is particularly challenging when dealing with unchar-
acterized organisms or with a sequence identity close 
to the threshold of species demarcation. When it is 
possible to retrieve the complete 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, the 
more reliable the taxonomic assignment). This is par-
ticularly important when identifying sequences from 
environmental samples. Additional analyses such as 
phylogenetic analyses may also be required. For am-
plicon sequencing, the resolution of the taxonomic as-
signment of the OTUs or ASVs depends on different 
factors with the main ones being the chosen barcode, 
the completeness and accuracy of the reference data-
base and the algorithm used to identify the taxonomic 
position. Currently barcodes are relatively short (a few 
hundred nucleotides), and hence can provide only a 
limited taxonomic resolution. A broad range of clas-
sification methods such as naive Bayesian classifiers, 
lowest common ancestor- based methods and phyloge-
netic placement methods can be used according to the 
type of sequence used. Combined with short barcodes, 
most classification methods do not lead to a satisfac-
tory species- level classification. These limitations are 
inherent to amplicon sequencing or to the annota-
tion of individual reads from shotgun sequencing and 
should be considered and explored in silico during the 
test development/optimization, to verify whether the 
barcode is suited to detect the target organism(s) at a 
satisfactory taxonomic level.

- Functional assignment. The determination of the 
(potential) function of genes, the (prediction of) ge-
nomic features related to pathogenicity, resistance to 
antibiotics or to pesticides (Sundin & Wang,  2018), 
proof of irradiation of live insects (provoking nucle-
otide 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 (near) complete genome of pests. 
Obtaining a (near) complete genome sequence may be 
required to validate the taxa identified, to gain infor-
mation on the gene content and population diversity, 
or to properly resolve the epidemiology and origin of 
an outbreak. Obtaining (near) complete genome se-
quences for viruses is relatively easy because of their 
small genome sizes. The ability to recover a (near) 
complete genome becomes more complex with pests 
with larger genomes such as bacteria, fungi and phyto-
plasmas. When a (near) complete genome is required, 
a combination of reference mapping and de novo as-
sembly 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 may arise from SNP or indels 
or by the integration/deletion of entire genes com-
pared with a reference sequence or compared with the 
consensus contigs generated (for example, the quasi- 
species in a virus population). The identification of 
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SNPs and indels relies on dedicated algorithms with 
specific parameters, for example strand bias, mapping 
quality, base calling quality (Gargis et al., 2015; Roy 
et al.,  2018; Weiss et al.,  2013). Variant identification 
is important for some applications as it can impact 
the pathogenicity of an organism (e.g. pathogenicity 
island for bacteria, resistance breaking mutations) or 
indicate the presence of a divergent isolate of a species.

- Unused quality reads. A number of reads that have 
passed all of the quality checks may still not be as-
sembled, mapped or annotated after the various bio-
informatic analyses. These reads, also called unused 
reads or unmapped reads, can be gathered as a sep-
arate output during the analysis and their number or 
proportion calculated. Depending on the purpose of 
the HTS 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 the 
presence of unforeseen organisms among them. Some 
individual sequences or some contigs may still not be 
annotated after a second round of bioinformatic anal-
yses. These unannotated sequences are sometimes re-
ferred to as ‘dark matter’. Periodic re- analysis can be 
carried out to see if progress in strategies, algorithms 
or databases allow their annotation (Gasc et al., 2015; 
Solden et al., 2016).

4.3.3 | Analysis of controls

The third and last step of the bioinformatic analysis is 
important to identify potential false positive and/or neg-
ative results. False negative results can come from several 
origins, for example because the target concentration 
in the plant extract is below the limit of detection (see 
the special section on analytical sensitivity elsewhere; 
Massart et al., 2022) or because of sample degradation, 
the inhibition of enzymatic reactions or the generation 
of an insufficient number of reads or an inappropriate 
bioinformatic triad.

False positive results may come from contamination 
during different sub- steps of the laboratory phase or an 
inappropriate bioinformatic triad. They may be due to 
improper handling of samples and/or pooling of librar-
ies. To address false positive and/or negative results, dif-
ferent controls can be included to monitor the different 
stages of an HTS test (see Massart et al., 2022 for details). 
The origin of false positive and/or false negative results 
should be investigated and addressed, and the decision 
on whether to repeat (parts of) the HTS test should be 
documented.

The optional sub- steps of the third step of the bioin-
formatic analyses are: 

- Evaluation of contamination. Although the contamina-
tion rate has been decreasing with the improvement of 
laboratory protocols and sequencing platforms, there 

is still a need to monitor it, both qualitatively and 
quantitatively. To check for contamination at differ-
ent stages of the HTS test, different controls (e.g. alien 
controls, negative controls, positive controls and inter-
nal control) can be used (Massart et al., 2022).

- Evaluation of the ability to detect (the) expected tar-
get(s). This can be carried out using appropriate con-
trols (see Massart et al., 2022 for details). These targets 
should all be detected according to the specified met-
rics (for example, genome completeness, number of 
generated sequences/reads, read depth and percentage 
of identity with relevant reference sequences).

- False negative results from controls. False negative re-
sults can be expected when one of the targets from the 
control(s) (Massart et al., 2022) is not detected in the 
sequence data. The result metrics for reference map-
ping 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).

- Variant filtering. If of interest, false variants generated 
owing 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 techni-
cal replicates. 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 issues with the controls 
of a sequencing run, for example when a quality metric 
is just above or below the defined threshold (i.e. in-
conclusive result or grey zone), the origin of the issue 
should be investigated and addressed (e.g. a reference 
sequence dataset can be used to check whether the bio-
informatic 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. Independently of the laboratory’s decision, 
the process should be documented as part of quality 
assurance.

- Performance monitoring. The performance of HTS 
tests may be checked routinely by including appropri-
ate controls (see Massart et al., 2022). For example, for 
HTS tests used for the detection of quarantine pests, 
a positive control close to the limit of detection should 
be included in each sequencing run and the control re-
sults monitored over time.

5 |  CONCLU DING REM ARKS

HTS technologies have brought a unique opportunity 
to improve the detection of any pest present in any 
sample without any previous information. They have 
been adopted in research for plant pest detection and 
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identification for more than a decade and have led to sig-
nificant advances, including the discovery of previously 
unknown pests or the detection of pests, sometimes un-
expectedly, during quarantine or post- entry quarantine 
evaluation. These advances, combined with the cost re-
duction of these technologies and their improvement in 
reliability, now create a momentum for their progressive 
adoption by plant health diagnostics laboratories.

However, adopting HTS technologies for plant pest 
detection and identification represents a disruptive tran-
sition raising complex challenges for any laboratory. The 
biggest challenge corresponds to the bioinformatic com-
ponent of HTS test, most specifically the need to prop-
erly manage the huge quantity of generated sequence 
data and the complexity of the calculations required for 
their analysis. Plant health laboratories are not used to 
handling such large amounts of information, and this re-
quires completely new skills, equipment and protocols. 
High- throughput sequencing testing therefore requires a 
strong investment in information management technol-
ogies and new expertise. For the laboratory component, 
most protocols for HTS testing rely on classical molecular 
biology reactions: fragmentation of nucleic acids, ligation 
of nucleic acids, end- repair, reverse transcription, am-
plification, etc. There, the challenges correspond to the 
number of steps needed which is far higher than for other 
molecular tests such as (RT- )PCR or LAMP. Behind the 
analytical part, adopting HTS testing will also have an 
impact on all the support processes of a laboratory (qual-
ity management, purchase of reagents or service, infor-
mation technology, human resource management, etc.).

In this context, the present paper describes general 
and technical recommendations for a laboratory, active 
in plant health diagnostics but also in research, to pre-
pare for the adoption of HTS testing. These recommen-
dations identify the key elements to take into account 
for the laboratory and bioinformatic components and 
provide a guide for preparing to develop and practically 
implement HTS testing.

The complexity of the HTS process with its contin-
uously evolving technologies requires guidelines with 
enough flexibility to remain up to date and, at the same 
time, that provide sufficient information to support lab-
oratories embarking on the setup of HTS diagnostics. 
The present guidelines have been also designed in such a 
way that they can be applied to the detection and identi-
fication of any plant pest from any type of matrix.

The recommendations described in this paper are 
complemented by a second paper (Massart et al., 2022) 
which describes guidelines for the reliable use of HTS 
testing by a laboratory. Both publications were written 
in the frame work of the EU- funded VALITEST project 
(grant no. 773 139) and aim to be the basis of international 
standards on HTS testing. Internationally accepted 
guidelines are indeed essential to adopt HTS tests for 
plant pest diagnostics, to facilitate trade and to increase 
confidence in the results and their interpretation, and 

this work was used to draft an EPPO standard currently 
in the approval stage.
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