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1 | INTRODUCTION

High-throughput sequencing (HTS), also known as next
generation sequencing (NGS) or deep sequencing, is one
of the most significant advances in molecular diagnos-
tics since the advent of the PCR methods in the early
1980s. HTS can potentially detect the nucleic acids of
any organism present in a sample without any a priori
knowledge of the sample's phytosanitary status (Hadidi
et al., 2016; Massart et al., 2014). HTS can be used for
targeted detection of regulated pests and can also help
identifying pests causing novel diseases or diseases of
unknown aetiology that might be a potential threat
to plant health (Aritua et al., 2015; Barba et al., 2014;
Malapi-Wight et al., 2016; Maliogka et al., 2018). As de-
scribed previously (Olmos et al., 2018), HTS technologies
open new possibilities and opportunities in routine di-
agnostics for (a) understanding the status of a pest in a
region through surveillance programmes, (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 im-
ported commodities for new potential risks. In HTS, the
target organism(s) can be one or more variants, species,

!Use of HTS in plant pest diagnostics is a new developing area, consequently
the standard will be revised in 2024 based on experience following its use in
laboratories until this date.
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genera, families or groups of organisms (e.g. bacteria,
fungi, viruses) that are being tested as individual speci-
mens or isolates or for a range of matrices (e.g. plant, soil,
water). In any case, the scope of the HTS test should be
defined according to EPPO Standard PM 7/98 Specific
requirements for laboratories preparing accreditation for a
plant pest diagnostic activity (EPPO, 2021a).

Two different applications of HTS are used to de-
tect and/or identify plant pests: amplicon sequencing
(also called targeted sequencing or specific sequencing)
and shotgun sequencing of nucleic acids (also called
random sequencing). For amplicon sequencing, spe-
cific standardized genetic marker(s) (called barcodes)
are amplified (mainly by PCR, although recent proto-
cols used rolling circle amplification or LAMP) and
sequenced. Barcode regions can be used for the iden-
tification of the organisms present in a sample at a cer-
tain taxonomic level. Barcodes have been proposed and
described in EPPO Standard PM 7/129 DNA barcoding
as an identification tool for a number of regulated pests
(EPPO, 2021b) for arthropods, bacteria, fungi, nema-
todes, oomycetes, invasive plants and phytoplasmas by
classical Sanger sequencing. 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). 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 identifica-
tion have been identified. Shotgun sequencing consists
of the random sequencing of any nucleic acid present
in a sample, whatever its origin (e.g. pest, endophytic
micro- and macroorganisms, host). Using shotgun se-
quencing can help to recover the whole genome of spe-
cific pests e.g. Xylella fastidiosa (Simpson et al., 2000) or
Pyrenochaeta lycopersici (Dal Molin et al., 2018).

A recommendation on ‘Preparing the use of high-
throughput sequencing (HTS) technologies as a diag-
nostic 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 encourages the
development of best-practice operational guidelines cov-
ering result and quality control measures for HTS that
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‘ensure HTS data outputs are robust and accurate, have
biological significance in a phytosanitary context, and
are implemented in a harmonized way, test validation
and quality assurance’ (FAO, 2019). In addition, it high-
lights the need of validating HTS tests.

In line with this recommendation, the present
Standard which was developed based on an outcome
of the VALITEST project (Lebas & Massart, 2020;
Trontin et al., 2021), describes specific elements to take
into consideration for the use of HTS tests in laborato-
ries. Specific challenges related to the laboratory pro-
cedures and bioinformatic analyses of the HTS test,
to validation, to quality controls and to the interpre-
tation and reporting of the results are explained and
addressed when possible. These considerations are ir-
respective of the chemistry, instrumentation, and soft-
ware, and apply to any plant pest in any matrix to allow
flexibility within this fast-evolving technology. In this
Standard, the HTS process has been divided into eight
distinct steps (Figure 1; see also Section 3.2). For each
of these steps a range of procedures has been developed
and published and further improvements are expected
in the future.

2 | DEFINITIONS

Only definitions specifically relevant to this Standard are
included. Other definitions are included in PM 7176 Use of
EPPO diagnostic protocols (EPPO, 2018).

Adapter: platform-specific oligonucleotide sequences
attached onto target DNA molecules during library
preparation that bind to, or are otherwise recognized by,
the sequencing flow cell.

Amplicon sequencing: HTS test based on PCR ampli-
fication, 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 pos-
sible 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 cod-
ing region, intron, promoter, micro RNA (miRNA), long
non-coding RNA (IncRNA), transposon, repeated se-
quences) depending on the intended use of the HTS test.

Amplicon sequence variants: single DNA sequences
recovered from amplicon sequencing, following the re-
moval of erroneous sequences generated during PCR
and sequencing.

Background reads removal: a sub-step of the bioin-
formatic 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.

| Step 1. Sampling (section 3.2.1.1.) |

Step 2. Nucleic acid extraction (section 3.2.1.2.)

| Opt. step 1. Target enrichment/selection (section 3.2.1.4.) I

Step 3. Library preparation (section 3.2.1.3.)

(a) Amplicon based library (b) Shotgun based library

I Opt. step 1. Target enrichment/selection (section 3.2.1.4.) I

| Opt. step 2. Pooling (section 3.2.1.5.) |

| Step 4. Sequencing (section 3.2.1.6.) |

| Step 5. Analysis of raw reads (section 3.2.2.1.) |

| Step 6. Identification of target(s) (section 3.2.2.2.) |

| Step 7. Analysis of controls (section 3.2.2.3. and section 5) |

| Step 8. Confirmation, interpretation and reporting (section 6) |

FIGURE 1 Scheme representing the eight main steps of the
HTS tests as described in these guidelines. The laboratory steps
are highlighted in blue and the bioinformatic steps in orange.
Two optional steps are included in green: the target enrichment or
selection and the pooling of samples.

Background reads: sequences not related to the tar-
gets. These sequences may be for example (part of)
host sequences and its associated microbiome, phage
sequences, environmental contaminants sequences (e.g.
bacteria commonly found in the air, on plant surfaces,
in reagents).

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 (90% probability to be accurate); a score of
20 means there is a 1/100 chance that the base call is in-
correct (99% probability to be accurate) and a score of 30
means there is a 1/1000 chance that the base call is incor-
rect (99.9% probability to be accurate; Illumina, 2022).
Also called Phred quality score.

Bioinformatic pipeline: a suite of several pieces of soft-
ware that usually follow each other in order to conduct
the complete bioinformatic analyses.

Clustering: a bioinformatic operation (used in me-
tabarcording and metagenomics) in which reads with
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related sequences (e.g. similar genomic features, identi-
cal or homologous gene or protein) are grouped together.

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

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

Denoising: a bioinformatic operation (specific to me-
tabarcording) in which reads with artefacts introduced
during PCR amplification and sequencing (noisy se-
quences, e.g. nucleotide substitutions, length variation)
are removed or corrected in order to preserve the highest
quality reads.

Duplicated reads: identical reads generated during a
sequencing run. Also called duplex reads.

Genome completeness: proportion of obtained se-
quence compared to the (near) complete genome. Also
called completeness of the sequence, genome length cov-
erage, horizontal coverage.

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

Index-hopping: a known phenomenon that causes in-
correct assignment of reads to libraries from the ex-
pected index to a different index (in the multiplexed
pool). Can also be called barcode® bleeding, barcode’-
hopping, barcode? misassignment, cross-talk, index mis-
assignment, index switching, miss-tag.

Library preparation: laboratory preparation of nucleic
acids to make them compatible to the sequencing plat-
form. There are two main ways to prepare the libraries
for plant pest detection: the shotgun sequencing (also
called random sequencing of nucleic acids) and the tar-
geted sequencing of PCR products, also called amplicon
sequencing (e.g. metabarcoding).

Metabarcoding: amplification and sequencing at high
throughput of specific standardized genetic marker(s)
that allows the simultaneous identification of many taxa
within a single sample.

Metagenomics: study of genetic material recov-
ered directly from environmental samples, typi-
cally untargeted (i.e. by shotgun sequencing). In case
RNA is sequenced instead of DNA, it is often called
metatranscriptomics.

N, ‘the length of the smallest contig such that 50% of
the sum of all contigs is contained in contigs of size Ny
or larger’ (Castro & Ng, 2017).

Operational Taxonomic Unit (OTU): OTU is a cluster
of sequences based on their sequence similarities.

“Note that in that context, the barcode is referring to the index and not to a
short standardized genetic marker used for species identification.

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

Quasispecies (viruses): a population of closely related
viral genomes of a virus within a host, and which act as
a unit of selection.

Read: inferred sequence of nucleotides corresponding
to a DNA fragment, resulting from a high-throughput
sequencing experiment.

Read depth: number of aligned reads covering a spe-
cific nucleotide position. Also called vertical coverage,
depth of coverage, coverage read depth, or coverage fold.
Mean (or average) read depth is often calculated as fol-
lows: for a given contig, the mean read depth is the num-
ber of reads mapping that contig multiplied by the read
lengths and divided by the contig length.

Reference mapping: a computational process in which
sequences (reads or contigs) are compared to an existing
reference sequence (or backbone sequence). Can also be
called reference assembly or reference-based mapping.

Reference sequence: sequences [partial or (nearly)
complete genome, gene| used to map or annotate the
reads or contigs.

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

Strand bias: on a single genome position, a strand bias
occurs when the proportion of reads from a forward se-
quence and from its corresponding pairs deviates from
the expected result of an equal likelihood of sequencing
the plus and minus strands.

Tagmentation: illumina defined this as the ‘step in-
cluded in shotgun library preparation which involves the
transposon cleaving and tagging of the double-stranded
DNA with a universal overhang’.

Trimming: removal of nucleotides at one or both ex-
tremities of reads. These nucleotides usually correspond to
low quality nucleotides or to nucleotides added to the sam-
ple 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.

Us,: ‘the length of the smallest contig such that 50% of
the sum of all unique, target-specific contigs is contained
in contigs of size Uy or larger’ (Castro & Ng, 2017).

Uncharacterized organism: an organism that has never
been detected/identified before (e.g. new species or new
variant/strain, organism new to science not yet taxo-
nomically characterized) or whose biological properties
(e.g. host range, transmission, symptomatology) are not
known.
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Unexpected organism: a known plant pest unexpect-
edly found in a new host.

Variants: single nucleotide polymorphism (SNP), in-
sertion or deletion of nucleotides, integration or deletion
of genes (structural variants) or homologous recombina-
tion observed in a sequence compared to reference se-
quence target(s).

3 | TECHNICAL REQUIREMENTS
TO PERFORM HTS TESTS

The EPPO Standard PM 7/84 Basic requirements for
quality management in plant pest diagnostic laboratories
(EPPO, 2021c) describes basic requirements for quality
management in plant pest diagnosis. The EPPO Standard
PM 7/98 (EPPO, 2021a) further describes specific re-
quirements for laboratories preparing accreditation for
a plant pest diagnostic activity. The general management
and technical requirements described in those Standards
also apply to laboratories that intend to implement HTS
tests. This Standard focuses on the requirements that are
either specific to HTS tests or for which specific aspects
should be considered when implementing an HTS test.

3.1 | General technical requirements

3.1.1 | ITequipment
The implementation of HTS requires significant invest-
ment in information technology and bioinformatics
(Olmos et al., 2018). Large files, from a few megabytes
to several gigabytes per sample, are generated and need
to be stored and properly backed-up on remote inter-
nal and/or external servers for a duration of time that
meets customer and legal requirements [see PM 7/77
Documentation and reporting on a diagnosis, EPPO (2019)].
To build the relevant IT infrastructure for the stor-
age, analysis and transfer of data, the laboratory should
consider:

- the expected number of samples,

- the sequencing capacity of the technology of interest
(i.e. the maximum amount of gigabases theoretically
produced per year with platforms operating at full
use),

- the volume of data per sample depending on the files
(i.e. raw generated reads, intermediate data files and
final results) that need to be kept,

- the legal or commercial obligations related to data
protection and privacy, especially when dealing with
official testing and quarantine pests,

- the maintenance and data back-up,

- that a fast, stable and secured network is needed to
ensure the integrity and the time needed for the data
transfer,

- machines with appropriate computational power and
operating system environment (e.g. Windows, MacOS,
Linux) needed to run the bioinformatic pipeline.

Laboratories that do not have extensive data analysis
capabilities can outsource the bioinformatic data analy-
sis to external facilities or rent the computational power
and storage space on commercially available computer
clusters.

3.1.2 | Managing contamination
High-throughput sequencing tests are more prone to re-
veal contamination than other molecular tests because
of their ability to detect nucleic acids from any organ-
ism. In addition, the multiple handling steps and the
use of more reagents in the sample preparation process
may introduce additional sources of contamination.
Contamination can occur at different steps of the pro-
cess in the laboratory due to poor sample handling or
laboratory surface, reagent or equipment contamina-
tion (Asplund et al., 2019; Champlot et al., 2010; Dickins
et al., 2014; Gaafar & Ziebell, 2020; Galan et al., 2016;
Rosseel et al., 2014; Salter et al., 2014).

For example, contamination between successive
runs of a sequencing machine, called carry-over con-
tamination has often been observed (Quail et al., 2014).
Technical advances partially overcome some of those
contamination issues (see Section 3.2.1.5). 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 sam-
ples (see Section 3.2.1.5; Buschmann et al., 2014).

The EPPO Standard PM 7/98 (EPPO, 2021a) provides
guidance on how to avoid contamination with specific
requirements for molecular laboratories and specific
guidelines for monitoring contamination.

Although precautions are taken, some contamina-
tion can still occur. Therefore, the level of contamina-
tion should be monitored during the entire process from
sampling to the analysis of data using relevant controls
(see Section 5.2.1) and should be taken in consideration
during interpretation of the results. It should be noted
that the identification of contamination in the sequenc-
ing datasets is not yet standardized and many scientific,
technical and bioinformatic developments are expected
in the near future to improve this.

3.1.3 | Reference material (including
reference sequence databases)

Reference material should be used for the validation
of HTS tests and to monitor the performance of HTS
tests. The production of biological reference material
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should follow the EPPO Standard PM 7/147 Guidelines
for the production of biological reference material
(EPPO, 2021d).

Reference materials specific to HTS tests may be
used, for example, artificial reference materials such
as synthesized DNA/RNA (External RNA Controls
Consortium 2005) or sequence datasets obtained from
biological reference material (Brinkmann et al., 2019;
Budowle et al., 2014; Massart et al.,, 2019; Trimme
et al., 2015) or artificial reference datasets containing
known target(s) (Tamisier et al., 2021). Such reference
datasets should be stored and maintained properly and
preferably be publicly available.

The selection of (an) appropriate sequence database(s)
is important for the correct taxonomic, structural and/or
functional assignment of the sequences obtained in an
HTS test (see Section 3.2.2.2).

Sequence databases can be incomplete or contain
errors. In addition, their content is constantly evolving
because of scientific discoveries and changes in taxon-
omy. The use of inappropriate sequence database(s)
can lead to incorrect results e.g. false negative results or
misidentification of the detected organism (Brinkmann
etal., 2019; Massart et al., 2019; Nilsson et al., 2019; Piper
et al., 2019).

Sequence databases can either be publicly available
(see Table 1) or can be developed and maintained by the
laboratory. The choice of a specific database depends
on the intended use of the HTS test. For example, 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. When available, this database should also

TABLE 1 Examples of sequence databases (in alphabetical order).

ideally include sequences obtained from documented
reference material (for example, vouchered speci-
mens). 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 evaluated for their
ability to identify at least some of the expected target(s)
of the HTS tests. The information on the sequence data-
base used should be documented and include the version
number, the date of download, the download source.
It is important to note that the content of downloaded
database might change, and sequences or associated
metadata might not be retrievable at a later date. The
laboratory needs to make sure that for each new release,
the database is still fit for purpose. For example, the lab-
oratory needs to make sure that (a subset of) target or-
ganisms are still part of the databases.

Note that ensuring that the sequencing data obtained
by different laboratories employing HTS are shared with
the entire diagnostic community (e.g. in different data-
bases) will contribute to a reliable and better identifica-
tion of pathogens threatening plant health.

3.2 | Requirements specific to particular
steps of the HT'S tests

All the steps listed in this section should be described
and standardized into a standard operating procedure
(SOP).

Name of the database Description/type of sequences Url

BOLD Barcode of DNA species http://www.boldsystems.org/

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

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

EPPO-Q-bank Curated sequences of plant pests https://qbank.eppo.int/

EzBioCloud Bacteria and archaeal sequences https://www.ezbiocloud.net/

GenBank Wide range of sequences including plant www.ncbi.nlm.nih.gov

Genome Taxonomy Database

pests

Bacteria and archaeal sequences

GreenGenes Bacteria and archaeal sequences
InsectBase Insects

JGI Fungi

NEMBASE4 Nematode sequences

NemaGene Nematode sequences

SILVA Ribosomal RNA sequence data

UNITE Eukaryotic nuclear ribosomal ITS regions
WormBase Nematode sequences

https://gtdb.ecogenomic.org/
https://greengenes.secondgenome.com/
http://v2.insect-genome.com/
https://genome.jgi.doe.gov/portal/
http://www.nematodes.org/nembase4/
http:/nematode.net/NemaGene/
https://www.arb-silva.de/
https://unite.ut.ee/
https://wormbase.org/#012-34-5
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3.2.1 | Laboratory component
3.2.1.1 | Sampling and sample handling

See EPPO Standards PM 7/84 (EPPO, 2021c) and PM
7/98 (EPPO, 2021a).

3.2.1.2 | Nucleic acid extraction

The selection of the extraction method depends on the
type of nucleic acid (e.g. DNA or RNA) of the target(s),
the fragment size required by the sequencing platform
and the type of matrix from which the nucleic acids are
extracted (e.g. seed, leaf, stem, purified cultures, soil,
water, insects). In most cases, nucleic acid extraction
protocols for PCR or real-time PCR purposes are suit-
able for HTS tests, particularly for amplicon-based HTS
tests. However, some library preparation protocols (e.g.
used with long-read HTS technologies) require a higher
nucleic acid integrity and minimal concentration.

3.2.1.3 | Library preparation
The selection of the protocol for library preparation de-
pends on the HTS test used.

For shotgun sequencing, several protocols are avail-
able, often provided as kits with all the reagents in-
cluded. The appropriate protocol should be chosen
depending on the sequencing technology, technical cri-
teria (e.g. minimum required quantity and integrity of
the extracted nucleic acid and expected proportion of
target nucleic acid), the time needed, the staff required,
the costs of reagents and consumables.

For amplicon sequencing which usually relies on a
PCR step, special care should be taken for the selection
of primers to ensure the target organisms will be ampli-
fied (Scibetta et al., 2018). A high-fidelity polymerase
should preferably be used to minimize errors 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 expo-
nential phase (e.g. usually 25-30cycles for a quantitative
metabarcoding test).

3.2.1.4 | Target enrichment for shotgun sequencing
When the amount of (a) target(s) in a sample is expected
to be very low compared to background sequences (e.g.
host or non-target organisms present in the sample) the
nucleic acid extraction protocol may include a target
enrichment or selection step to improve the analyti-
cal sensitivity of the HTS test. For example, in water
samples, the enrichment of the target(s) was found to
be essential for the detection of some viruses (Mehle
et al., 2018).

The selection of the enrichment protocol depends on
the target genome (e.g. ssSRNA, dsRNA, total RNA, cir-
cular DNA for viruses), its physical properties (e.g. vi-
roid naked RNA, encapsidated viral RNA/DNA, DNA
of bacteria and fungi protected by a cell wall), the ma-
trix (e.g. plant material, soil, water). Three examples of

protocols that can improve the analytical sensitivity of
the HTS test for plant samples (Adams & Fox, 2016) are:

e viral particle enrichment by ultracentrifugation before
nucleic acid extraction,

e depletion of ribosomal RNA (rRNA) from total RNA
or

e enrichment of dSRNA by cellulose affinity chromatog-
raphy with or without additional nuclease treatment.

Rolling circle amplification is also frequently used as
an enrichment procedure when targeting DNA viruses
with circular genomes (Johne et al., 2009).

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 oligonucle-
otides to either eliminate non-target nucleic acids (such
as 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 spe-
cific oligonucleotides resulted in a 10-fold enrichment of
viral sequences (Adams & Fox, 2016).

3.2.1.5 | Pooling of libraries

Several libraries (samples) can be pooled together to re-
duce sequencing costs. During library preparation, nu-
cleic acids extracted from each sample are tagged with
an index 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 misassign-
ment of reads to a sample due to indexes cross contam-
ination during library preparation and sequencing (i.e.
index-hopping) or inter-run contamination when identi-
cal indexes are used in successive runs (Galan et al., 2016;
Kircher et al., 2011; van der Valk et al., 2018). This risk
is increased when high sequencing depths are obtained
with pooled libraries (Budowle et al., 2014; Massart
et al., 2019). Depending on the sequencing technology,
index misassignments can also occur at the demultiplex-
ing step due to sequencing errors on indexes. Finally, the
creation of chimeric sequences due for example to the
ligation of free adapters can also result in the misassign-
ment of reads to a sample (Wright & Vetsigian, 2016).

When pooling samples, solutions to limit the misas-
signment of reads should be considered. On the I[llumina
platform, sample misassignments can be reduced by
using dual indexes (Kircher et al., 2011) and almost
abolished by using unique dual indexes (MacConaill
et al., 2018). Another option is to use indexes that are suf-
ficiently long and different, so that their identification is
robust and tolerates several sequencing errors. Pooling
libraries just prior to sequencing or adding a step to re-
move free adapters can also reduce these misassignment
issues. The sequences of sets of indexes included in each
run should be recorded for traceability purposes and to
plan the succession of sequencing runs properly.
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Pooling also requires that the amount of nucleic acid
of each library in the pool is normalized in order to min-
imize the pooling bias resulting in uneven numbers of
sequences between samples (Hébrant et al., 2018). The
laboratory should be aware of the risk associated with
pooling and demonstrate that the pooling strategy used,
does not affect the test performance, as generating a
lower amount of reads per sample can limit the analyt-
ical sensitivity, and pooling several libraries can trigger
more contamination. The number of pooled samples
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).

3.2.1.6 | Sequencing platforms and methods

The laboratory should use a sequencing platform and
length of reads best suited for the intended use of the
HTS test and taking into account the following points:

- the total number of samples to sequence and minimal
number of reads per sample (considering variability
in the number of reads per sample),

- 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 sample
and the number of samples in order to determine if a
complete or partial sequencing run is required, which
has 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):
the choice for 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 be-
tween 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 shot-
gun sequencing when SNPs are important,

- availability of bioinformatic support, laboratory re-
sources and technical expertise and level of manufac-
turer technical support in order to solve (re-) occurring
problems quickly,

- the downstream bioinformatic analyses (which de-
pends on the number of reads, their length, their qual-
ity 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: pur-
chase, 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 import-
ant 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.

3.2.2 | Bioinformatic component

The bioinformatic component of an HTS test consists
of using a combination of software to analyse the raw
data. The results generated by the bioinformatic pipe-
line depend on the (version of the) different type of
software used, the parameters and the thresholds ap-
plied, as well as the accuracy and completeness of the
sequence database(s) used for sequence comparison (see
Section 3.1.3). The impact of the bioinformatic pipeline
on the identification of target(s) has been shown in a test
performance study (Massart et al., 2019).

Many bioinformatic pipelines have been developed
that can operate either on a Linux system, statistical pro-
grammes, web interface, as well as commercial packages
or user-friendly open-source software. A current general
trend is to simplify the use and the parameterization of
these tools, making them usable without extended bio-
informatic knowledge or, sometimes, as a ‘one-click’
solution. For such simplified pipelines, it is paramount
that the personnel using them is competent and under-
stands how the pipelines work to use them appropriately
according to the data and the goal of the analysis.

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. integrate a Log system to track all
versions in the bioinformatic pipeline).

The bioinformatic component of the HTS test 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 anal-
yses (see Section 3.2.2.1) can impact the quality of the
reads assembly from the second step of the bioinformatic
analyses (see Section 3.2.2.2).

3.2.2.1 | Analysis of raw reads

The analysis of raw reads consists of different sub-steps
(Figure 2) detailed below. These sub-steps may not all be
relevant and may be performed in a different order de-
pending on the HTS test (e.g. single species vs metagen-
omics, short vs long reads, single-end vs paired—end
reads).
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FIGURE 2 Overview of the step ‘analysis of raw reads’. 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). The rectangles correspond to operations/calculation

while the grey ellipses correspond to file(s) containing sequence
information and generated by the analysis. The triangles and circles
represent the influence on the generated results of bioinformatics
triad and duet respectively. Meaning of acronyms: A, Algorithm;
DB, Database; P&T, Parameters and thresholds. More information
about each of the steps can be found in the text.

The sub-steps needed, and their order should be de-
fined during test development with their parameters and
corresponding quality metrics and thresholds (Hébrant
et al., 2018; Weiss et al., 2013). When implementing the
HTS test in routine diagnostic activities, if the thresholds
are not met, a decision concerning whether to repeat part
of the HTS test or to proceed with it should be made and
documented.

The first 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 run quality
metrics are platform-dependent, and the most relevant
ones should be determined during development with the
setting of (a) minimal threshold(s) (Hébrant et al., 2018).
The run quality metrics and associated thresholds may
be adjusted during validation. Note that the analysis of
the run quality metrics can be carried out after the trim-
ming of primers, adapters, and indexes.

Then, the quality of the raw reads should also be
checked. The objective of quality filtering is to retain se-
quences of appropriate quality for the next steps of the
bioinformatic analyses (Budowle et al., 2014; Hébrant
et al., 2018; Weiss et al., 2013). Nucleotides or reads
whose quality does not meet an established threshold
should be removed, when relevant together with its pair.
The reads quality is checked using base quality scores
(for example, Phred quality score) which can vary de-
pending on the sequencing platform. A minimal thresh-
old of the base quality scores should be defined during
development and validated during the validation proce-
dure. The choice of an optimal threshold for read trim-
ming 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 proba-
bility which is used to measure the quality of the identi-
fication of each nucleotide by the sequencing platform
(Lambert et al., 2018).

Other sub-steps may have to be considered depending
on the HTS test:

- 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). The laboratory
should be aware of the mismatch tolerance used,
so that the tolerance of index errors does not cause
misassignment 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 cross-
contamination that may have occurred during the
indexing or sequencing steps (i.e. inter-run contamina-
tion; 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 in-
appropriate bioinformatic parameters (for example
mismatch tolerance).

- Primer, adapter and indexes removal (also known as
clipping, trimming): primers, adapters and indexes
that are included in the sequence of the reads gener-
ated should be removed before continuing the bio-
informatic analyses (Davis et al., 2013; Hébrant et
al., 2018). The removal of indexes is usually done dur-
ing the demultiplexing step (see above).

- Duplicated reads removal: Duplicated reads originate
from the same amplified fragments. Their character-
istics are common coordinates (e.g. the same start and
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end coordinates after mapping), same sequencing di-
rection (or mapped strand) and identical sequences.
The presence of duplicated reads depends on the ini-
tial sequence complexity of extracted nucleic acids,
the library preparation procedure and the sequencing
technology. They can be generated during a fragmen-
tation or tagmentation step or by an amplification-
based technology (Hébrant et al., 2018; Maliogka
et al., 2018). A dataset containing lots of duplicated
reads might also be the result of a failed library prepa-
ration, where too little input material was available.
The high abundance of duplicated reads can limit
the analytical sensitivity of the HTS test as they can
compete with low abundance targets. It is therefore
recommended to evaluate the proportion of dupli-
cated reads during the quality control stage of data
analyses. Excess duplicated reads can be removed by
using read normalization tools to facilitate the down-
stream analysis. The elimination of duplicated reads
depends on the protocol and is not required in proto-
cols that use the number of reads to estimate the rela-
tive abundance of a target like amplicon sequencing
for metabarcoding.

Background reads removal: Some sequences not related
to the target(s), called background reads (e.g. host se-
quences, ribosomal sequences, phage sequences, en-
vironmental contaminant sequences), can be removed
to facilitate the search of target(s) sequences and to re-
duce the risk of reporting incorrect results (Lambert et
al., 2018). These reads are mainly observed with shot-
gun sequencing, and their presence also depends on
the nucleic acid extraction procedure used (e.g. total
nucleic acid extraction vs. target enrichment or selec-
tion). 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
used to find the background reads (see Table 2). The
removal of background reads can be particularly im-
portant when the target(s) is/are present in low concen-
tration (Baizan-Edge et al., 2019). Caution should be
taken when dealing with organisms that are capable
of being completely or partially integrated into 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,
Massart et al., 2019). In addition, there may be a risk
of removing 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 back-
ground reads contain themselves contaminant target
reads. The quality of the host reference genome used
for background reads removal is hence very important.
Some (typically lower quality) reference genomes in da-
tabases can contain contaminant sequences (from en-
dophytes), or are incomplete and their annotations are
still in progress.

- Reads pairing and merging: 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, such as 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 laboratory should define
the parameters (e.g. number of allowed mismatches) for
merging the two sequences. In any case, it is important
to retain all the reads for downstream analyses.
Artefact removal: Amplicon sequencing can gener-
ate chimeric sequences where the first part of a read
comes from a target organism while the other part
comes from another target organism as a result of an
amplicon accidentally acting as a primer during PCR.
Similarly, whole genome amplification techniques
such as multiple displacement amplification (MDA) or
emerging single cell sequencing techniques which are
commonly used within low-input library preparation
protocols for shotgun sequencing can produce chi-
meric sequences (Lasken & Stockwell, 2007, Quince
et al., 2011). It is important to monitor and remove
these sequences using appropriate tools before the tar-
get identification (Anslan et al., 2018; Lu et al., 2019;
Quince et al., 2011).

Denoisinglclustering (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
Taxonomic Units (OTUs) using a nucleotide similarity
threshold that ideally broadly approximates species
boundaries (Mahé et al., 2015). Nevertheless, the opti-
mal selection of a 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 de-
veloped. They do not cluster the sequences based on
their similarity but resolve erroneous sequences by
assuming that erroneous sequences will be closely re-
lated and will show a similar occurrence pattern than
an authentic ‘parent’ haplotype while showing lower
abundances and/or lower quality scores (Lachnemann
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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3.2.2.2 | Identification of target(s)
The second step of the bioinformatic analyses aims to
identify the target(s) in the datasets.

Accurate identification of the target(s) bioinformati-
cally is important to avoid false positive (incorrect taxo-
nomic position, gene annotation or variant detection) or
false negative (absence of identification) results.

The identification of target(s) consists of different
sub-steps (Figure 3) detailed below. These sub-steps
may not all be relevant and may be performed in a dif-
ferent order depending on the HTS test. The sub-steps
needed, and their order should be defined during test
development along with their parameters and their cor-
responding quality metrics and thresholds (Budowle
et al., 2014; Hebrant et al., 2018). When implement-
ing the HTS test in routine diagnostic activities, if the

thresholds are not met, a decision concerning whether
to repeat the part of the HTS test or to proceed should
be made and documented.

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

- Direct annotation of individual reads: The reads can be
annotated at taxonomic or functional levels without
any assembly, clustering or mapping. The specific-
ity 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 reads from a shotgun sequenc-
ing library can be assembled de novo to create longer

Cleaned and demultiplexed reads from first step of the bioinformatic
analyses - see Figure 2
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FIGURE 3 Overview of the steps: Identification of target(s) and analysis of controls. 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 are generated by the analysis. The triangle represents the influence of
bioinformatics triad corresponding to the algorithm(s) (A), its (their) parameters and thresholds (P&T) and the sequence database(s) (DB), on
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units. More information about each of the steps can be found in the text.
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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). The parameters to
consider for reads assembly such as, the percentage
of identity between reads, the minimum overlap, the
minimal length of contigs, the k-mer length or bubble
size, depend on the type of algorithm used. For the ge-
nome sequencing of isolates of cellular organisms, the
quality of assembly in contigs can be evaluated, for ex-
ample by summarizing the length of the contigs using
N50 or U50 values (Castro & Ng, 2017) or by compar-
ing the contigs with related genomes and/or genes,
using CheckM or BUSCO (Parks et al., 2014; Seppey
et al., 2019).

Reference mapping (also called reference assembly) for
selected target(s): The reads can be directly mapped
against the available 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.

The mapping parameters such as, number of mis-
matches or gaps allowed, or minimal percentage of
identity, are critical to avoid incorrect results. If the
mapping parameters are set too low, non-specific map-
ping 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, distribu-
tion of reads on the reference sequence and percentage
of identity with reference sequence(s). Their 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 annota-
tion (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 se-
quences 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

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 al-
though they may be described in the literature
and published in genome databases.

and de novo contigs, the taxonomic position should
be determined using the latest taxonomic informa-
tion, including up to date sequence-based demarca-
tion criteria (see box below for a list of current
databases) and appropriate sequence databases and
software (see Section 3.1.3). Searches for similarities
with sequences in the reference database can be
performed from assembled contigs or individual
reads using dedicated tools (e.g. ANI, AODP, BLAST,
DIAMOND, EDNA, Mash, Kraken, KAIJU) and
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 incorrect conclusions
[see also PM 7/129 (EPPO, 2021b)]. In addition to
sequence similarity searches, some taxonomic clas-
sifiers, such as 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 (including the
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 particu-
larly challenging when dealing with uncharacterized
organisms or with a sequence identity close to the
threshold of species demarcation. When it is
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possible to retrieve the whole genome of a target,
through shotgun sequencing, genome completeness
and read depth can support the result of a taxo-
nomic 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 limita-
tions 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.

- Functional assignment: The determination of the (po-
tential) function of genes, the (prediction of) genomic
features related to pathogenicity, resistance to antibi-
otics or to pesticides, proof of irradiation of live in-
sects (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
complete (or nearly complete) genome sequence may
be needed to validate the taxa identified. Obtaining
the (near) complete genome sequence for viruses/vi-
roids 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 map-
ping and de novo assembly with varying parameters
can be carried out. Alternatively, a combination of
sequencing strategies such as short and long read se-
quencing can assist in obtaining the (near) complete
genome.

- Variant calling: Variants can consist of single nucleo-
tide polymorphisms (SNP), insertion and deletion of
nucleotides or the integration/deletion of entire genes
compared to a reference sequence or to the consen-
sus contigs generated (for example, the quasispecies
complex of haplotypes for a virus isolate). The num-
ber 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 bac-
teria) 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 bioinfor-
matic analyses. These reads, called unused reads or
unmapped reads, can be gathered as a separate output
during analysis and their number or proportion cal-
culated. 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 unexpected or-
ganisms among them. Some individual sequences or
some contigs, may still not be annotated during the
second step of bioinformatic analyses. These unan-
notated 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’.

3.2.2.3 |
test

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 (e.g. resulting from contamina-
tion) and/or negative results (e.g. resulting from the inhi-
bition of enzymatic reactions, sample degradation or the
generation of few sequences).

To detect false positive and/or negative results, dif-
ferent controls can be included at different stages of
the HTS test. The type of controls that can be included
are provided in Table 2 (see Section 5.2.1). All controls
should be checked and should meet their respective
acceptance criteria. The origin of incorrect 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 5). The sub-
steps needed, and their order should be defined during
test development along with their corresponding quality
metrics and thresholds (Budowle et al., 2014; Hébrant
et al., 2018). If thresholds are not met, the decision on
whether to repeat (parts of) the HTS test should be doc-
umented and the reason for the failure of the control(s)
should be investigated.

Analysis of controls included in the HTS
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These sub-steps are:

- Performance monitoring: The performance of HTS
tests may be checked routinely by including appro-
priate controls (see Section 5.2.1). 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
results monitored over time.

- Evaluation of contamination: To check for contamina-
tion that may occur during a HTS test, positive, nega-
tive and alien controls (see Section 5.2.1) can be used at
different stages of the test (Table 2).

- Evaluation of expected target(s): The detection of
expected target(s) can be carried out using positive
and alien controls (see Section 5.2.1). These targets
should all be detected according to the specified
metrics (for example: genome completeness, number
of generated sequences/reads, read depth and per-
centage of identity compared with their reference
sequences).

- False negative results from controls: False negative re-
sults can be expected when one of the targets from the
positive control(s) (see Section 5.2.1) is not detected
in the sequence data. The result metrics for refer-
ence mapping (see Section 3.2.2.2) such as genome
completeness, read depth and percentage of identity
compared with reference sequences are important for
filtering false negative results (Asplund et al., 2019;
Weiss et al., 2013).

- Variant filtering: Variants generated during the HTS
test due to sequencing errors, polymerase errors or re-
verse transcriptase errors, should be flagged and taken
into account (Hébrant et al., 2018; Roy et al., 2018).

- Inconclusive results: If there are some issues with the
controls of a sequencing run, for example when a qual-
ity metric is just below the defined threshold, the ori-
gin 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 confirma-
tory tests other than HTS may be required to ascer-
tain the HTS results. Whatever the decision, it should
be documented as part of quality assurance [PM 7/77,
EPPO (2019)].

4 | VALIDATION AND
VERIFICATION OF HTS TEST

High-throughput sequencing tests should be validated
or verified according to the EPPO standard PM 7/98
(EPPO, 2021a)

High throughput sequencing tests (e.g. all the steps
described in Section 3) should be validated with refer-
ence biological material. When relevant, the bioinfor-
matic pipeline can be validated/verified independently

from the laboratory part of the test using sequence
datasets obtained from biological reference material or
artificial reference datasets containing known target(s)
(Brinkmann et al., 2019; Budowle et al., 2014; Massart
et al., 2019; Tamisier et al., 2021; Trimme et al., 2015).

Because HTS tests target a broad range of organisms,
it is not possible to validate them for all possible combi-
nations of organism, host or matrix. The validation of the
HTS test should focus on key representatives of the tar-
gets/pests and use samples that mimic the concentration
and composition of real samples expected to be tested.

Sections 4.1 and 4.2 describe specific considerations
that should be taken into account for the evaluation
of analytical sensitivity and specificity but all perfor-
mance criteria described in the EPPO Standard PM 7/98
(EPPO, 2021a) should be evaluated if relevant.

4.1 | Specific considerations for analytical
sensitivity

Theoretically, an HTS test can detect a very low amount
of an organism as a single read from a target could be
identified by an appropriate bioinformatics pipeline. In
practice, many factors influence the ability of an HTS
test to detect a target and determining the analytical sen-
sitivity of an HTS test is particularly challenging.
Firstly, the analytical sensitivity of a HTS step de-
pends on the proper execution of all the steps performed
in the laboratory before sequencing. Then, the number
of reads generated per sample also influence the an-
alytical sensitivity of an HTS test. This number may
vary in each sequencing run due to the variation of the
number of reads per run. In addition, it varies between
samples when several samples are pooled together, and
this variability can increase with the level of pooling
(see 3.2.1.5). The probability of detecting a target rises
with the increase in the number of reads generated per
sample (Massart et al., 2019; Pecman et al., 2017; Visser
et al., 2016). However, increasing this number also in-
creases the probability of detecting contaminants (H.
Ziebell, JKI, pers. comms., 2020). Therefore, the optimal
number of reads generated per sample and the minimal
number of reads per sample, should be defined to reach
an analytical sensitivity that fits the intended use of the
test. This level has been established in 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 & Valkonen, 2018). Other metrics should be
considered, such as sequence duplication levels in case
of shotgun sequencing. A sample sequenced by shot-
gun sequencing can have many reads, but the diversity
of the sequenced molecules could be low due to a poor
library preparation. The minimal number of reads per
sample is determined during test development and can
be re-evaluated during validation by the bioinformatic
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analysis. The generated reads for a sample can be rar-
efied by randomly selecting part of them (Gaafar &
Ziebell, 2020; Pecman et al., 2017). 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.

The organisms that are present in a sample, in partic-
ular when at very high concentrations (e.g. in the case of
co-infections), can also affect the ability of the HTS test
to detect a target (Maclot et al., 2020). This situation has
been observed for both shotgun sequencing (Rolland
et al, 2017) and amplicon sequencing (Chandelier
et al., 2020). For amplicon sequencing, this may be due to
e.g. competition for the primers in the PCR reaction, or
differences in copy number of the targeted region between
target organisms. However, the competition between tar-
gets cannot be anticipated for all the combinations of
targets tested. To mitigate this risk, the validation can in-
clude reference samples with different proportions/quan-
tities 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).

Furthermore, the DNA extraction step may also influ-
ence analytical sensitivity. For example, some nematode
species were difficult to detect by amplicon sequencing
because of poor cell lysis. As a result, contaminants were
more easily picked up and amplified than the target
(Waeyenberge et al., 2019).

Finally, the analytical sensitivity of an HTS test 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 in-
fluenced 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
is at least one other sample in the batch with a very high
abundance of this target (for example 500000 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.

4.2 | 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 target organisms, the
software and parameters used for the bioinformatic
analyses and the reference sequence database(s) (see
section 3.1.3). 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.

The taxonomic resolution of a region can vary. For
example, a genomic region may allow distinction be-
tween all the species in one genus but may be unable to
allow distinction between the species of another genus
because of the lack of divergence between these spe-
cies in that genomic region. For amplicon sequencing,
the ability of the target regions to allow differentiation
between closely related species can be at least partially
evaluated theoretically by analysing all the sequences of
the target regions available in databases, taking into ac-
count the intended use of the HTS test. If sequence sim-
ilarities exist between organisms that could potentially
be present in the samples and might interfere with pest
detection and identification, those organisms should be
included in validation. The analytical specificity can be
evaluated using artificial reads datasets with known pest
composition or of positive controls containing a mix of
targets whose presence has been confirmed by differ-
ent 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 number of
sequencing reads per sample and the appropriate target
coverage to achieve the intended taxonomic resolution.
Sufficient and reproducible sequence coverage and qual-
ity needs to be obtained and a minimal number of gen-
erated sequences per sample needs to be clearly stated
during the development and/or validation phases.

For bacteria, determination of the analytical speci-
ficity can be complicated when applying HTS on a com-
plex sample (not a single colony). This is because of their
genome size and the presence of commensal bacterial
species which may be related to the pathogenic ones pres-
ent 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 di-
versity of bacterial species and the limited availability of
genome sequences for bacteria will hamper their identifi-
cation and may lead to the false positive detection of a re-
lated 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.

85U8017 SUOWILIOD BAIIES.D) 8|qed![dde 8Ly Aq peusenoh aJe sspiife YO ‘88N JO Sa|ni Joj Areiq1auljUO 3|1 UO (SUORIPUOD-pUe-SWIBH W00 A8 | Im AIq 1 U1 |UO//SdNY) SUONIPUOD Pue SWIB | 841 89S *[£202/T0/#0] Uo AriqiTauljuo 3|1 ‘soue.d aueIyooD Aq #8821 dde/TTTT 0T/I0p/w00 A8 |im AeIqi Ul |uo//Sdny Wo.j pepeojumod ‘€ ‘ZZ0Z ‘8EEZS9ET


https://gtdb.ecogenomic.org/

EPPO STANDARD ON DIAGNOSTICS

| 633

For fungi, oomycetes, protists, nematodes, arthro-
pod 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 also because of the limited availability
of genomic sequences in current sequence databases. In
2020, it was 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 calcula-
tion of the analytical specificity.

For viruses, determination of the analytical speci-
ficity can be better achieved because of their small ge-
nomes that can be fully sequenced and of the higher
sequence divergence that exists between species.
However, the sequence variability of the envelopes
or coat proteins of viral species is sometimes close
to the species demarcation threshold. This can be an
issue for establishing the limit between divergent iso-
lates and closely related species (for example, four
molecular discrimination criteria exist for the family
Betaflexiviridae: nucleotides and amino acids percent-
age for the coat protein and the replication polymerase
genes). Therefore, wherever possible, the full genome
of viruses should be sequenced or at least, several ge-
nomic regions should be sequenced although some un-
certainties can remain, and the demarcation criteria
could be met only partially.
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5 | ENSURING THE VALIDITY OF
HTS TEST RESULTS

Recommendations for ensuring the validity of test re-
sults listed in EPPO Standard PM 7/98 (2021a) are valid
for HTS tests and should be followed.

Quality metrics (e.g. see sections 3.2.2.1 and 3.2.2.2)
should be monitored for each sequencing run, routinely
collected and compared to those of an optimal validated
run. Any significant deviation should be investigated
which may require the test to be repeated (for example
when one of the targets from the positive controls is not
detected in the sequence data). Such data checks can also
help when investigating the source of the problem in an
underperforming test (Hébrant et al., 2018).

5.1 | Risk analysis for ensuring the
validity of results

The risks associated with running HTS tests should be
identified before their use as diagnostics tests [see PM
7198, (EPPO, 2021a)]. Given the complexity of a HTS
test, it is particularly recommended to assess holisti-
cally the factors influencing the results. The severity
of their impact should be estimated, and appropriate
measures should be implemented to reduce, minimize 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
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FIGURE 4 Ishikawa diagram adapted from Mehle et al. (2014) representing the cause and effect of each component of HTS tests.

Acronyms: NA: Nucleic acids, bioinfo: Bioinformatics, PCR: Polymerase chain reaction. Risk of degradation or loss of integrity marked with
red circle, risk of contamination marked with blue circle. Dashed boxes/lines: Possible types of library preparation.
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for routine use. The thresholds, acceptable range and
proper interpretation, should be defined in the proce-
dure used during routine analysis and be used for con-
tinuous monitoring of the performance through time.

The risks can be analysed through the methodolo-
gies described in EPPO Standard PM 7/98 (2021a). An
example, an Ishikawa diagram, adapted from Mehle
et al. (2014), is proposed in Figure 4.

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 de-
velopment and validation of the HTS test and during the
routine use of the HTS test. The risk analysis should be
documented.

A non-exhaustive list of risks associated with HTS,
and the corresponding metrics/controls can be found in
supporting information and presents examples devel-
oped in the framework of VALITEST.

5.2 | Internal and external quality checks

5.2.1 | Firstline controls

Different types of first line controls are required for HTS
tests. Table 2 provides a description of first line controls
that can be used in HTS tests and their application in
relation to the main steps of the HTS process. The pur-
pose of each type of control in an HTS context is detailed
below. It should be emphasized that each step of the HTS
test should be monitored during each run.

Regardless of the type of control, the absence of tar-
gets (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 con-
trols) should be known unequivocally in each control
and should be stable over time. The known abundance
of target(s) in controls is also important for the determi-
nation of a quantitative threshold for contamination (see
Section 3.1.2). 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 tar-
get 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 1000 (meaning 10% contam-
ination) or 10 000000 (meaning 0.001% contamination).

5.2.2.1 | Positive controls

The positive controls are external controls used to moni-
tor the execution of the test and the correct detection of
targets.

A positive control will usually contain a small but rep-
resentative 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 detec-
tion to ensure that low-levels of target can be detected.
The low concentration of those targets/controls also
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 con-
firmed with the percentage of nucleotide identity of the
potential source of contamination.

5.2.2.2 | Negative controls

The negative controls of HTS tests are used to monitor
contamination. Detection of target(s) in the negative
controls indicates that contamination has occurred dur-
ing the HTS test.

A very low amount of contamination by target se-
quences will often be present in the data generated from
negative controls. Contamination can be more preva-
lent 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 phenom-
enon leads to the risk of overestimating the contamina-
tion 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 con-
taining a DNA quantity similar to the analysed samples
may allow a better estimation of contamination in this
specific case.

5.2.2.3 | Alien controls
A third group of controls, called alien controls, can be
used in HTS tests. The alien control is used 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).

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 bac-
terial 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 re-
stricted to temperate climates could be used as an alien
control when analysing tropical crops or environments
using insect or pollen traps and vice versa. For viruses,
a Phaseolus vulgaris (cultivar: Black Turtle) infected with
the cryptic viruses Phaseolus vulgaris alphaendornavirus
1 and 2 (PvEVI1 and PVEV2; Kesanakurti et al., 2016) can
be used as alien control when analysing viruses infecting
potato or banana samples. In this case, the detection of
PvEVI and PvEV2 sequences in the analysed potato or
banana samples would indicate that cross contamina-
tion has occurred.

85U8017 SUOWILIOD BAIIES.D) 8|qed![dde 8Ly Aq peusenoh aJe sspiife YO ‘88N JO Sa|ni Joj Areiq1auljUO 3|1 UO (SUORIPUOD-pUe-SWIBH W00 A8 | Im AIq 1 U1 |UO//SdNY) SUONIPUOD Pue SWIB | 841 89S *[£202/T0/#0] Uo AriqiTauljuo 3|1 ‘soue.d aueIyooD Aq #8821 dde/TTTT 0T/I0p/w00 A8 |im AeIqi Ul |uo//Sdny Wo.j pepeojumod ‘€ ‘ZZ0Z ‘8EEZS9ET



13652338, 2022, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/epp.12884 by Cochrane France, Wiley Online Library on [04/01/2023]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

635

EPPO STANDARD ON DIAGNOSTICS

*JOJIUO0D DATIBSIU SB I0)BM OPRIT JR[NOJ[OW J9A0 PaLIdJald s (5)1931.) 9] Jo 901) Inq sojdures pasA[eue o) se XLIjew awes ay) ‘Juroudnbas ungroys 104,

19318 9Y) £q pajoayul sajdwes pue s[o1u0d Y)Y Yim paredwods pue payynuenb o9q pinoys souasaid 119y ‘sajdwres ay) ut Pajdd)dp SI193.18) UAI[R UL 10 [01JUOD AUR UI P3)I2)IP SI195.1e) pajoadxaun ue J,

‘[o11uos aanesau e ur o[qissod jou A[reau A[eonoead st soouanbas 1931e) Jo oouasqe I,

‘[onuod uoneost aanisod QI {onuod uonesrjidue aanisod Oy {[01IU0 UOIR[OST dANBTAU ‘D[N [011U0d uoreorjijdwe 9ANLSaU ‘YN $[0IIUOD dUI] IS11J JO SUONIRIARIQQY,,

sisA[eue

SIJBULIOJUIOIq 91} J0jTuow A[[ea1j10ads 0} pasn oq Ued v)ep pajeroudd A[[BIOIJILIE IO S[OIIU0D dAT)0adsal woly §1s9) S H snoradxd Surmp pajerouss eiep Surouonboes mey

pasAeue

2q 03 sojdwres ay) ur punoy
9q 0} pa3oadxa jou 1a318)
UMOUY 10 UISLIO O1IAYIUAS
‘[eInjeu Jo spIoe o1[onu
103183-UOU [JIM PIsA[euer

2q 03 sproe oreponu payrdg

sjuagear suroudnbas oy} ur Judsard ‘JornjorynuBw AF0[0UYId) SLH Y} AQ PAuSISop s[o13u0d dA1Isod 9y Jo 2oudanbas YN
Surouanbas jo Surroyuow o1j102ds 10§ paouanbas 2q uwd s|OIIU0D 2A1dsIT o) WO sarreqr) paredard A[snoraaig

159} SLH Ieyloue Surinp [01)U0d Udl[e
U WOoIJ PIlorIIXd A[SNO1AdId SPIOR JI9[ONN

(ODVd ® se pasn
9q ued 1eY)) 159} ST H Ioyloue Jurmp
DId ® WOIJ PAIORIIXI SPIOL JIS[ONN

piqUOTIBUTIIEIUOD JO 90UdSqE
Y} AJ1I9A 0] 19)eM dPRIS IR[NOJ[OIN
(DVN ® se pasn aq ueo
Je1])) 1591 SLH Joyjoue Surmp DIN ®©
WOIJ PAJoRIIXd A[SNOIAJId SPIOR JId[INN]

SIsA[eue
dneuLIojuIoNg

Surouanbag

uonetedard L1eiqry

uonILIIXd
sojdwres pasAjeue sojdwres apis3uofe (s)renprarpui pajood 10 9[3urs 19}JNq UOIORIIXD D[qR[IRAR SpIoE dIv[ONU
ay) ur papnjour se d[qeorjdde JoN poassaoold 1081e) udlfe SuruIe)uod XIIBIA © wolj (s)1981e) Surureluod xujew :DIJ JoU J1 (s)39818) JNOYIM XLIJBW DN pue Surjduieg
S[01)U0D [BUI)U] S[01JU0D UIIY S[01JU0D IANISO] S[01JU0D IAIJEFIN sdo)s SLH
(uo1BIIUdOU0D
O] B PIsh UdYM) [0IIUOD UDIE )
ur 1951e) udlfe pejoadxa Jo 9oudsaId
HoPloysaiyy
198 B MO[0q §)}a818) UOIIBUTWERIUOD)
(uonenuasuod Jploysaiyy sqPIOYSAIY)
ordures yoed y31y 1 pasn uoym) sojdwres pasAeur 19S B MO[9q $19318) UOBRUIWERIUO)D) 39S B MO[o( (5)19818) UOTIRUIWEIUO))
Ul [0JIUOD [BUIOIUL JO d0UISAI] o) ur JoS1e} USI[E Y} JO QOUISqY $39518) J011u00 2ANISOd JO 00UdsAIJ (s)10810) JO QOUISqQY sisA[euy
(Pa1s91 2q 01 sojdwres
2y} U1 punoj aq 03 pajdadxd UOIBIJUIOUOD MO] J© pasn
jou 10518} UMOUY ‘SPIOE UYM [0JIUO0D USI[B Y] UT A[UO PIIOIIP
J191onU d1_YIUAS “3°9) sojdures 9Qq 0} pa19adxd 10/puk UOJRIJUIIUOD (payids 10 pajoayur
9} UI UOT}BIIUSIUOD MO[ J© 431y 18 pasn uaym paisa) 9q o) sojduwes A[[BIN)RU) UOIIBIIUIOUOD MO] I (sjonuod arejduoy
pay1ds 19318) uMmoUY J0 (Souo3 9Y} UI Pa1d91ap 9q 03 Pajoadxa jou pue K1qeiojo1d pue sojdures ay) opis3uore ou {HYN) Jorem opeIs Je[nodowr 10
jueld ‘3-9) yuosard A[jeinjeu sojdures ay) opIs3uofe passadold pue passadoid pue sojdwes pasAeure “(DIN) 191Jnq UOIOBIIXI 10 (J0IJU0D
syag1e) ojdwes ay) 03 pajefal (1081e) uare "o'1) sojdwes pasAjeue A} Ul PIIV3aP 9q 03 Pa3oadxd 3s0Yy) (s)19818) oY) JO 931) Inq
JOU SPIdk O1[oNU Jo518) UON 9} Ul punoj o9q 0) pa1dadxa jou 1o81e) Y (5)10810) JO 95URI pUE XLIJBW dWES sojdwes pasAJeue 9y} Jo X1IjBW dwreg uondusaq
UONBIUIOUOD
UOTIBIIUIOUOD MO] 1B PISN UM PIII)op MO] 1B PISN USYM PJO9)P 9q UBD
9q UB2 133.18) JO S[OAJ[-MO[ JBY[} 2INSUD O] 193.18) JO S[OAJ]-MO[ JBY[} INSUD O]
UOBIIUAOUO0D YSIY J& PIsh Udym sjagie)
P910919p 9q ued 10518} $10318) 01J199dS JO UOII09IAP Y} AINSUD O, o1J199ds Jo U01199)9p 9] AINSU O,
JO S[9AJ[-MO] 1Y) 2INSUd O] UOIBUIWERIUOD J0JIUOW O, UOIBUIWEIUOD 10)IUOW O], UONRUIWERIUO0D 10JTUOW O], wry

S[01)U0J [BUINU]

S[01)U0D UII[Y

S[0I)U0D IADISOJ

S[01JU0D IAIJBIN

ssa001d STH 9Y1 Jo sdajs urew oy} 03 uoneja1 ur uonesrdde 110yl pue s1s9) S H Ul pasn 9q AvwW 18] ,S[01U0d dul] i8] Jo uondiosaq 7 AT V.L



636 |

PM 7/151 (1) HTS IN PLANT HEALTH DIAGNOSTICS

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 quanti-
fication of alien contamination in the analysed samples.
The number and/or proportion of the alien target se-
quences 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 control (relative quantification of contami-
nation). If the alien control is also used as a positive con-
trol, at least another alien target should be present at a
low concentration in addition to the alien target at high
concentration to ensure that low-levels of target can be
detected.

As the composition of the alien control is known, the
presence of an unexpected target in the generated se-
quence data from the alien control would also indicate a
potential contamination from a sample or another con-
trol (when) used in the HTS test (Galan et al., 2016).

5.2.2.4 | Internal positive controls

As an alternative or in addition to positive and alien con-
trols, internal positive controls (IPC) may also be used
in an HTS test.

Internal positive controls can correspond to se-
quences 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, COI) 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 that low-levels of target
can be detected.

Alternatively, each sample may be spiked with syn-
thetic 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 read-
ily quantifiable than total nucleic acids. The spiked ma-
terial 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 ensure that low-
levels of target can be detected 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 test
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 dis-
tinct 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 con-
trols proved to be useful for monitoring index-hoping
and parameterizing the bioinformatic pipelines (Palmer
et al., 2018).

In shotgun sequencing, a synthetic community of ar-
tificial microbial genomes called sequins (standing for
sequencing spike-ins) mimicking the microbial commu-
nity 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 se-
quencing. 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 nor-
malization of RNA in small RNA sequencing. This im-
proves the technical reproducibility of the test (Locati
et al., 2015) but such an approach has not yet been evalu-
ated in plant pest diagnostics.

Internal sequencing controls designed by the HTS
technology manufacturers, are available for some se-
quencing platforms. The manufacturer's instructions
should be followed when using these controls. For ex-
ample, 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 se-
quencing 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.

Commercialized spike-in controls are now becoming
available. For example, a common set of external RNA
controls called ERCC RNA spike-in mix, has been de-
veloped by the External RNA Controls Consortium
(ERCC; ERCC, 2005) for RNA analysis, including gene
expression profiling and whole transcriptome surveying.
This control has been used routinely in some plant health
diagnostic laboratories.

5.2.2 | Replicates

Biological and/or technical replicates may be used to
validate the results although the costs can be prohibitive
for example for library preparation. Technical or bio-
logical 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 to overcome sampling stochasticity and con-
trolling for false-negative results, while restrictive pro-
cessing (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 or
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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.

5.2.3 | Second and third line controls and
performance monitoring

Recommendations from PM 7/98 (EPPO, 2021a) should
be followed.

6 | CONFIRMATION,
BIOLOGICAL INTERPRETATION
AND REPORTING

6.1 | Confirmation of the detection and
identification of the pest(s)

The need to confirm the detection and identification
of a pest depends on the context of the analysis and on
the type of organism identified. For regulated pests (i.e.
quarantine pest or regulated non-quarantine pest) the re-
sults should be confirmed for the critical cases described
in EPPO Standard PM 7/76 (EPPO, 2018). When HTS is
used as an identification test, confirmation may not be
required, and the laboratory should document this deci-
sion. Sometimes it may not be possible to confirm the
detection and identification 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 identity of any uncharacterized organism with
potential risks to plant health should also be confirmed
and should be documented. For example, two isolates of
Xanthomonas sp. causing rice bacterial grain rot disease
were identified by HTS as close to Xanthomonas sontii,
a species that is usually considered to be a harmless
endophyte. Further testing and Koch's postulates were
required, given that it was an unlikely candidate for
causing disease (Mirghasempour et al., 2020).

6.2 | Interpretation of the biological
relevance of the identified target(s)

High-throughput sequencing data do not provide any in-
formation on the biological relevance of the sequences
identified, whether they correspond to a pathogenic
organism with its associated risks and also 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
Rwahnihetal., 2011; Marzano & Domier, 2016) or to viral
sequences integrated in the plant genome (Baizan-Edge

et al., 2019; Brinkmann et al., 2019; Massart et al., 2017,
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 environ-
mental conditions. Therefore, the analysis of the biologi-
cal relevance of the target(s) identified by an HTS test 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 plant pests unexpectedly
found in a new host (called unexpected organisms).
However, the biological characterization 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.

Relevant scientific expertise is essential to biologi-
cally interpret HTS results and their implications, in
particular in the 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 characterization depends
on the potential risk the detected organism(s) would pose
to plant health (Massart et al., 2017) Decisions related to
the biological characterization of the identified organ-
ism(s) should be documented.

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

- Sample information: 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, the presence
of other relevant organisms and any other infor-
mation 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; PM 7/77, EPPO, 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 even its biology. For ex-
ample, for plant viruses, the taxonomic position can
give an indication of the putative host range and its
potential pathogenicity to these hosts, the modes of
horizontal and/or vertical transmission, including
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the identification of candidate vectors (Massart
et al., 2017). However, these properties should be
confirmed.

- Genome information: When relevant and wherever pos-
sible, identification of putative genes and the predic-
tion of relevant gene products and functions should
be determined (Budowle et al., 2014). This is particu-
larly important when uncharacterized organisms are
detected, as it would allow differentiation between
known pathogenic and non-pathogenic organisms or
strains (Zaluga et al., 2014). For example, virulence
genes were found in three bacterial species consist-
ently detected in the necrotic stem lesion of acute oak
decline disease (Denman et al., 2018).

- Confirmation of the results: See Section 6.1.

- Causationlaetiology: Evidence of disease association

is important when dealing with diseases potentially
caused by several organisms (Adams et al., 2014
Denman et al., 2018; Lamichhane & Venturi, 2015).
Some complex diseases may also be influenced by
abiotic factors such as temperature, moisture, stage of
host development (Denman et al., 2018).
Fulfilling Koch's postulates, where one pathogen
causes one disease, can be impractical following HTS
results and does not apply to diseases caused by sev-
eral organisms and abiotic factors. A combination of
different approaches may be more effective (Adams et
al., 2014; Denman et al., 2018). In particular, Fox (2020)
proposed a systematic integrated approach for plant
virology, utilizing epidemiological observations and
supported by statistical analysis. The proposed ap-
proach may possibly be extended, with some modifi-
cation, to other plant health disciplines.

- Viability of the organisms: Determining the viability of
an organism may be required. Recommendations pro-
vided in EPPO Standard PM 7/76 (EPPO, 2018) should
be followed.

6.3 | Reporting

6.3.1 | General recommendations
Reporting of the diagnostic results should follow the
recommendations of the EPPO Standard PM 7/77
(EPPO, 2019). The reporting of HTS test results should
be accompanied with a statement giving an expert judge-
ment and with other confirmatory tests results, when
needed. This is particularly important for the reporting
of uncharacterized organisms.

The laboratory should also have a procedure on re-
porting to the NPPO the finding of any uncharacterized
or unexpected 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. sym-
biotic or antagonistic effect).

- recommendation for re-sampling/re-testing or other
extended analyses.

Comment: organisms relevant to human health or an-
imal health may be detected with HTS, it is consequently
good practice to have mechanisms in place to inform the
relevant authorities.

6.3.2 | Inconclusive results

Inconclusive results may be obtained with an HTS test
(Boukari et al., 2020). Recommendations of the EPPO
Standard PM 7/76 (EPPO, 2018) regarding the report-
ing of such results should be followed. 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 out of several, the qual-
ity of the sample is poor, it is difficult to distinguish
between episomal and integrated viruses, the lack of
completeness of the databases, the limitations of the
barcode used.

6.3.3 | Additional remarks and disclaimers
The laboratory should include in the report additional
remarks and disclaimers related to any limitation in the
HTS test (for example, the impossibility to distinguish
viable and non-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 (such as bioassay or viability tests),
some limitations of the HTS test may not be relevant.

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).
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7 | FEEDBACK ON
THIS STANDARD

If you have any feedback concerning this Diagnostic
Standard, please contact diagnostics@eppo.int.

8 | PROTOCOL REVISION

An annual review process is in place to identify the need
for revision of diagnostic Standards. Standards identi-
fied as needing revision are marked as such on the EPPO
website.

When errata and corrigenda are in press, this will also
be marked on the website.
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