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The advances in high-throughput sequencing (HTS) technologies and
bioinformatic tools have provided new opportunities for virus and viroid discovery
and diagnostics. Hence, new sequences of viral origin are being discovered
and published at a previously unseen rate. Therefore, a collective effort was
undertaken to write and propose a framework for prioritizing the biological
characterization steps needed after discovering a new plant virus to evaluate
its impact at different levels. Even though the proposed approach was widely
used, a revision of these guidelines was prepared to consider virus discovery
and characterization trends and integrate novel approaches and tools recently
published or under development. This updated framework is more adapted to the
current rate of virus discovery and provides an improved prioritization for filling
knowledge and data gaps. It consists of four distinct steps adapted to include a
multi-stakeholder feedback loop. Key improvements include better prioritization
and organization of the various steps, earlier data sharing among researchers and
involved stakeholders, public database screening, and exploitation of genomic
information to predict biological properties.
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Introduction

Advances in high-throughput sequencing (HTS) technologies and
bioinformatic analyses have created new opportunities for the
discovery and unbiased diagnosis of plant viruses and viroids
(together referred to hereafter as viruses) (Massart et al., 2014). This
exponential growth in the application of HTS technologies and the
improvement of the bioinformatics algorithms have generated a steep
increase in the discovery and publication of new sequences of viral
origin (Shi et al., 2016; Chiapello et al., 2020; Edgar et al., 2022; Zayed
et al., 2022; Rivarez et al., 2023).

A collective framework was published in 2017 to address the
difficulties in assessing risks that these novel detections might pose.
The framework aimed to suggest guidelines for researchers,
policymakers, plant health authorities, and plant inspection services.
It proposed an approach for prioritizing the biological characterization
steps for newly identified plant viruses and evaluating their impact at
biosecurity, commercial, regulatory and scientific levels (Massart et al.,
2017). The first notification to the other plant health stakeholders in
the framework was recommended after targeted methods (i.e., PCR
or RT-PCR) confirmation of the novel virus detection by HTS. Then,
if the novel virus was considered a phytosanitary priority, it was
recommended to study its local prevalence and epidemiology (i.e., in
the sampled field and surrounding area or in the batch of intercepted
plants). Then a second communication with the regulatory authorities
was proposed before further biological characterization of the novel
virus, including fulfillment of Koch’s postulates, study of the mode of
transmission, identification of potential vectors, evaluation of host
range, symptomatology, and, if possible, global distribution. Finally,
additional communication with authorities was recommended
whenever considered relevant for the development of a Pest Risk
Analysis (PRA) (Massart et al., 2017).

This framework was widely used to guide the characterization of
newly identified plant viruses. However, recent reviews have shown
that there is rarely a follow-up after the first report of novel viruses
except for viruses that cause an immediate and obvious threat to
production. Hou et al. (2020) reviewed 78 publications describing the
discovery of novel viruses from 32 fruit tree species since 2011 and
933 citing publications. They observed interesting trends related to the
characterization efforts carried out when publishing the discovery of
a new fruit tree virus. The design of diagnostic primers and the
completion of the genome sequence were done in more than 90% of
the publications, underlining the importance but also the ease to
obtain these two pieces of information. At large and local scales,
infectivity assays and confirmation of a mixed infection were done in
between 30 and 49% of the articles reviewed. Association with
symptoms, studies on herbaceous indicators or other potential hosts,
gene and genome diversity, latent infection and transmission assays
were studied for 25% or less of the novel viruses.

Another publication by Rivarez et al. analyzed 53 published
discovery and post-discovery studies on novel tomato viruses for the
2011-2020 period. It assessed how the framework by Massart et al.
was fulfilled after the initial discovery (Rivarez et al., 2021). In most
cases, a complete genome was provided and in approximately 80% of
the articles, virus-specific primers were designed for diagnostic
purposes. At the same time, more than 50% of the publications
performed a local survey and gave information on the presence or
absence of a co-infection with other viruses. However, less than 50%
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of the original publications studied the novel virus diversity,
symptomatology or association with symptoms in field samples,
infectivity on original and indicator hosts, or did a large-scale survey.
A study on the natural host range of the novel virus was done only in
less than 20% of the citing publications or post-discovery studies.
Nevertheless, the frameworks criteria were fulfilled relatively quickly
for novel viruses perceived as posing a considerable threat to crop
production. For example, less than 4years after the discovery of
tomato brown rugose fruit virus (ToBRFV), which was discovered
using non-HTS methods, 13 out of the 14 proposed characterization
criteria had been fulfilled. In comparison, for tomato mottle mosaic
virus and tomato necrotic stunt virus, that had been discovered
through HTS, 11/14 criteria were fulfilled within 4-8 years.

Here, a similar analysis for 28 publications reporting 42 novel viruses
identified by HT'S in Poaceae was performed. The analysis is summarized
in Figure 1 and further detailed in Supplementary material 1. Similar to
the pattern observed for fruit tree and tomato viruses, the complete
genome was published for all involved viruses, and in 95% of cases specific
primers were designed. In contrast, further biological characterization
studies such as the association with symptoms (43%) or electron
microscopy (10%) were done much less often. Interestingly, gene and
genome diversity were studied for 34 and 44% of the new Poaceae
infecting viruses respectively, while for fruit tree viruses, they were
mentioned in only 18 and 11% of cases and for tomato viruses in
approximately 30 and 40%, respectively.

These three studies exemplify the exponential growth in plant
viruses discovery due to HTS and the scarcity of biological
characterization efforts for the identified novel viruses. The probable
reasons for such an observation are the extended time and resources
required for characterization experiments, including host range
testing, large-scale surveys, and the technical difficulty of working
with novel viruses for which little or no information is available.
Nevertheless, there are some exceptions. For example, chestnut mosaic
virus (ChMV) was identified by HTS technologies in symptomatic
plants and was proposed as the potential causal agent of chestnut
mosaic disease (ChMD). After obtaining a complete genome sequence
from two chestnut disease sources, the genomes of ChMV were used
to determine the phylogenetic relationships with other badnaviruses.
New isolates were identified from publicly available chestnut HTS
data. Incidence and genetic variability of ChMV were studied using
samples from France and Italy (Marais et al., 2021). Another example
is papaya virus X (PapVX), first identified in diseased papaya crops
from northwest Argentina using HTS. Viral particles were confirmed
with electron microscopy, and after obtaining a complete genome
sequence, the genome organization and provisional taxonomic
assignation were done. In addition, publicly available transcriptome
datasets were also explored for other isolates of PapVX. The
phylogenetic relationships were studied at nucleotide and amino acid
levels for the RNA replicase (RdRp) and coat protein (CP) sequences
and the complete genome. Mechanical inoculations were done to
study the host range of PapVX, and a local survey in the northern
region of Argentina was conducted to determine the distribution of
the novel virus (Cabrera Mederos et al., 2022).

Data on the geographic distribution, incidence, severity,
symptomatology, host range, transmission mode, and genetic diversity
of these novel viruses are necessary to support a proper risk
assessment. Therefore, the previous framework is revised here to adapt
it to the current rate of virus discovery through HTS, and add clarity
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FIGURE 1
Percentage of newly identified Poaceae viruses for which data was developed for each characterization category, as defined by Hou et al. (2020).

on the prioritization of knowledge gaps (Figure 2). Furthermore,
because of the recent reconsideration of the conceptual framework
addressing the causal association between symptoms and the presence
of a virus (Fox, 2020), this revision moves the evaluation of causal
association at an earlier stage, as well as integrating the impact of HTS
on plant health diagnostics and management (Adams et al., 2018;
Olmos et al., 2018). The overall aim was to better adapt the framework
to what is feasible, realistic, and efficient, while considering the
limitation in time and resources that constrain the ability to fully
characterize any newly discovered virus.

Data-driven virus discovery through scanning of large public
sequencing datasets is a major recent development. Re-examining
existing datasets for the presence of known and novel viruses has
become accessible for virologists, through new web-based platforms
like Serratus' (Edgar et al., 2022), RVMT? (Neri et al., 2022) and
ViroidDB? (Lee et al., 2022a,b). Nevertheless, virologists and plant
health stakeholders should consider the consequences, not only
benefits, of these data-driven virus discovery approaches (Lauber and
Seitz, 2022).

In a short timeframe, these revolutionary high-throughput
sequencing and data-driven approaches have extended the need to
reconsider and adapt the current framework through a multi-
stakeholder consultation. We thus propose an improved and adapted

1 www.serratus.io
2 www.riboviria.org

3 www.viroids.org

Frontiers in Microbiology

framework for plant health stakeholders, which could include
researchers, policymakers, plant health authorities [also referred to as
National Plant Protection Organizations (NPPOs)], plant inspection
services, funding bodies, grower associations, technical extension
services, seed traders, and breeding companies. It details the
prioritization process to be followed for novel plant viruses and viroids
identified by HT'S technologies or datamining of HTS datasets.

1. Detection test, confirmation of
detection and genome sequence

Importantly, international guidelines were proposed to improve
the reliability of data generation by HTS technologies and their
analysis by bioinformatics pipelines. These guidelines are generic and
do not depend on the plant pest or pathogen being detected,
sequencing protocol, or platform. These guidelines are advised to
be implemented when applying HTS tests to detect viruses, whatever
protocol is selected (EPPO PM 7/151 (1), 2022; Lebas et al., 2022;
Massart et al., 2022).

In selected cases, the complete genome sequence is not obtained
because of insufficient coverage (low read numbers), which can also
depend on the library preparation protocol (ribosomal RNA depleted
RNA, virion-associated nucleic acid (VANA), double-stranded RNA
(dsRNA), small interfering RNA (siRNA), and total DNA with or
without rolling circle amplification (RCA)) (Boonham et al., 2014;
Hall et al., 2014; Roossinck et al., 2015; Claverie et al., 2019; Maclot
et al., 2020) and the choice of the sequencing platform (i.e., lllumina
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FIGURE 2
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sequencing, which generate short reads with large volume of
sequences; or Oxford Nanopore Technologies, which generate longer
but fewer reads) (Pfeiffer et al., 2018; Bester et al., 2021; Delahaye and
Nicolas, 2021).

Nevertheless, once the draft genome of a potential novel virus was
assembled, essential succeeding steps concern the annotation of the
ORFs, the evaluation of percent pairwise identity, and phylogenetic
relationships with known species. This information will be compared
with the demarcation criteria established by the International
Committee on Taxonomy of Viruses (ICTV) to evaluate if the
assembled sequence belongs to a recognized species or to a new one.
Even if the assembled genome lacks the UTRs or still has some gaps,
the taxonomical position can still often be predicted (Lefkowitz et al.,
2018). Furthermore, the construction of a phylogenetic tree should
validate or help with the taxonomic assignation of the assembled
genome into a genus or a family (Pagan, 2018). This work should
be carried out with at least one representative from each closely-
related genus and one outgroup. However, each case may be different,
depending on the particular ICTV demarcation criteria applying to
the virus under consideration. Thus, the analysis can/should be done
using the RdRp, CP, or any other ORFs that are included in the
relevant ICTV demarcation criteria. For example, for the family
Closteroviridae, ICTV advises using RdRp, CP and HSP70h (70kDA
heat shock protein homolog) amino acid sequences to distinguish
viral species (Candresse and Fuchs, 2020).

Provisional taxonomic assignment can be more complex if the
newly discovered sequence is significantly divergent from known
viruses or shows identity levels on the borderline with known taxa
(Maclot et al., 2021). The viral sequences detected may correspond to
a plant virus or any virus that infects an organism associated with the
plant sample, such as bacteria, fungi, or insects (Al Rwahnih et al.,
2011). For instance, the viral family Partitiviridae includes viruses that
can infect plants, fungi, or protozoa (Vainio et al., 2018) so that
determining whether a detected Partitiviridae infects the sampled
plant or an associated organism may be complicated. Nevertheless,
phylogenetic and taxonomic relationships to known viruses can
facilitate the discrimination between plant, fungal, bacterial or
insect viruses.

When detecting a potentially new viral species, the previous
framework recommended confirmation of detection by a second test
(Massart et al., 2017). This step remains essential, the common
procedure being to use validated generic PCR tests if available.
However, if a laboratory has a validated HTS test, this new finding
could be tested using HTS (performing a new nucleic acid extraction)
instead of PCR (Massart et al., 2022). For example, confirmation of
detection of a novel virus is valid if the novel virus is identified in two
independent laboratories using proper controls and validated HTS
tests. Nevertheless, given the potential cross-contamination at each
step of sample processing (i.e., sample collection, nucleic acid
extraction, library preparation, and sequencing) (Rong et al., 2022),
especially for viruses present in high concentration, it is advised to
confirm the presence of the novel virus in the host using plant material
of the original sample (back-up sample) for a new nucleic
acid extraction.

Amplifying fragments of viruses/genomes using generic primers
for a genus (or family) could also help in verifying the taxonomic
assignment of the virus. It is possible that generic primers are not
available or fail to amplify the novel virus, which can be because there
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are mismatches between the primer and the sequence to amplify,
meaning that there will be a need to develop a more specific diagnostic
tool that can detect the novel virus (Maree et al., 2018). The obtained
amplicon may be further sequenced to confirm its viral origin.
Usually, RT-PCR detection tests are developed using primers designed
based on assembled sequences or a reference-based assembly to
account for variability. If the genetic diversity of closely related viral
species is well characterized, it is worth checking the scientific
literature and aligning the existing sequences to evaluate the less
variable ORF/regions within the taxonomic group as a way to design
primers targeting a conserved genomic region to allow for detection
of the most virus variants from the species. The ability of the designed
primers to detect only the targeted new viral species and not related
species should be checked by comparing their sequences to databases
using primer BLAST, for example, or the genome alignments already
developed. It is worth nothing that the specific test will be used as a
diagnostic test in the following steps of the framework to complete the
biological characterization of the new or poorly characterized virus
(i.e., greenhouse assays and field surveys), as well as in managing the
disease if the virus is causing symptoms to economically important
crops. The tests degree of specificity and sensitivity are therefore of
prime importance.

When the full or near complete genome sequence is obtained
from the initial HTS test, only the completeness of the genome
sequence needs to be confirmed. For instance, viruses from the
genus Tenuivirus have almost complementary 3" and 5" genome
ends (Gaafar et al., 2021), which can provide an indication on
genome completeness. Similarly, if the novel genome contains a 3
poly-A tail or the assembled genome length is very similar to that
of closely related viruses, it provides an indication that the UTRs
are likely complete or only missing a few nucleotides (Kwibuka
et al., 2021). However, if an incomplete genome assembly is
obtained, it is a good practice to carry out additional analyses to
complete the genome, such as iterative mapping of unassembled
reads (Olmedo-Velarde et al., 2022). Nevertheless, obtaining the
whole genome should not be the priority in an outbreak situation
as long as primers can be designed for diagnostic purposes, and
thus should not impede progression of the proposed framework.
The genome sequence of the novel virus can be completed by
filling the sequence gaps between contigs and determining the
sequences of both extremities, usually using a rapid amplification
of cDNA ends (RACE) (Marais et al., 2020; Maclot et al., 2021).
Not all publications evaluate the genome completeness of a novel
virus, and ICTV no longer recommends it as long as the complete
set of ORFs are detected (Simmonds et al., 2017).

There are also specific cases that deserve particular attention, such
as the case of some plant DNA viruses of families Caulimoviridae and
Geminiviridae. These viruses can exist as endogenous viral elements
integrated into the plant genome (i.e., endogenous pararetroviruses
(EPRVs) for caulimoviruses or endogenous geminivirus-like (EGV)
elements for geminiviruses) and/or as episomal forms that are
contagious and can cause pathogenic infections (Sharma et al., 2020).
Therefore, further investigation is necessary to verify whether the
detected viral sequence corresponds to an infective episomal form or
not. Endogenous viral sequences also represent a challenge for
diagnostics and disease management, as a few endogenous viruses can
revert to an infective episomal form (Rong et al., 2022). For example,
several integrated banana streak viruses (BSV), tobacco vein clearing
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virus (TVCV), and petunia vein clearing virus (PVCV) can
be activated to infectious episomal forms in specific plants hosts as a
response to stress (Harper et al., 2002). Nonetheless, most endogenous
viral sequences are not able to revert to episomal viruses, despite being
transcribed. This could be verified by observing viral particles by
electron microscopy (Chabannes and Iskra-Caruana, 2013) or with
southern hybridization (Staginnus et al., 2007). Immunocapture PCR
(IC-PCR) could be used if there are antibodies available, which,
because the sequence in question belongs to a new virus, there
probably are not (Le Provost et al., 2006). Rolling-Circle Amplification
(RCA) is sometimes also used to distinguish between endogenous and
episomal viral sequences (James et al., 2011). However, it is not
recommended as it is not an absolute enrichment in circular sequences.

2. Contextual information gathering
and notification to stakeholders

2.1. Bibliographical research on the biology
of related viruses

After confirmation of the presence of a novel virus and its
provisional taxonomic classification, the next step is the bibliographical
research on the biology of related viruses (within the same family or
genus). However, one should keep in mind that extrapolating the
biological properties of a novel virus based on the viruses in the same
taxa is associated with significant uncertainties.

At this stage, the main focus of the bibliographical research should
be on (i) the putative modes of vertical and horizontal transmission
and candidate vectors, if any, to assess the potential spread of the
disease (Massart et al., 2017); (ii) the potential host range broadness
and its botanical scope (Moury et al, 2017); (iii) the potential
pathogenicity of the virus in its host(s), including symptomatology
and the potential existence of helper or satellite viruses that may have
an impact on symptoms and transmission, and (iv) in the case where
broad-spectrum resistance is known against related viruses, the
potential existence of resistance or tolerance to the novel virus in the
identified host plant(s), keeping in mind that resistance or tolerance
is often species-specific and, even with a broader spectrum, might still
be lost for a closely related viral species. For example, the gene Tin-2?
confers resistance against several tobamoviruses in tomatoes, but it
does not protect against the newly discovered tomato brown rugose
fruit virus (ToBRFV) (Hak and Spiegelman, 2021).

Even though information on closely related viruses can only give
clues about the most probable mode of transmission of the novel virus
or point to potential vectors, this information can be biased. For
example, all members of the genus Tenuivirus are transmitted by a
particular planthopper species, except maize yellow stripe virus
(MYSV) that is transmitted by leathoppers (Ammar et al., 2007; King
et al, 2011). Viruses within the family Geminiviridae can
be transmitted by whiteflies (Begomovirus genus), by leathoppers
(genera Mastrevirus, Curtovirus, Becurtovirus, Mulcrilevirus, and
Turncurtovirus), by aphids (genus Capulavirus), or by treehoppers
(genera Topocuvirus and Grablovirus) (Zerbini et al, 2017).
Differences may also exist within a genus: torradoviruses are generally
whitefly-transmitted (Vlugt et al., 2015), although some non-tomato
infecting torradoviruses are aphid-transmitted (Rozado-Aguirre et al.,
2016; Verbeek et al., 2017).
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The information gathered from this bibliographical research will
assist in elaborating possible epidemiological scenarios and
hypotheses, from which further investigation on the host and vector
range can be defined. This information can also help in formulating
provisional tentative control measures included in the first notification
to regulatory authorities, risk managers and other stakeholders.
However, as mentioned before, this information is extrapolated from
that of related viruses and should therefore be treated with caution.

2.2. Documentation of sample context

At this stage and to assist the risk assessment process, as much
information as possible, whenever possible, should be collected
regarding the original sample (or pool of samples) where the novel
virus was detected. This includes the plant species and cultivar, sample
accession number, description of the symptoms observed at the time
of sampling, plant tissue collected, the viral status of the neighboring
plants (if known either by onsite testing or from previous records), the
incidence in the affected crop, other crops affected, recent
meteorological conditions, sample collection date, geographical origin
of the sample with specific map coordinates, and growth conditions of
the plants (Massart et al., 2017). Collecting this information at the time
of sampling can facilitate and minimize efforts later on. Additionally,
the documentation could include the economic importance and
geographical distribution of the crop species affected, globally or
domestically (Kwibuka et al, 2021). Optionally, plants that are
taxonomically related to the infected hosts, including other crops and
wild plants that could potentially be threatened by the virus or be a
reservoir or alternate host, could also be documented. This set of
information could help make better preliminary assessment of the
potential threat (Garcia-Arenal and Zerbini, 2019; Hasiow-Jaroszewska
et al,, 2021; Rivarez et al., 2023). The information-gathering step, if
done well, is critical and can decrease the burden during the submission
of the dataset to public repositories such as the European nucleotide
archive (ENA) or the sequence read archive (SRA) of GenBank.

2.3. Data sharing among research groups

Communication between stakeholders and the scientific
community is essential for a quick decision-making process.
Pre-publication data sharing between research groups that
independently detected the novel virus is highly encouraged, because
it can provide valuable information on the presence, distribution, host
range, and impact of the novel virus (Koloniuk et al., 2018; Somera
et al,, 2019; Kwibuka et al., 2021; Temple et al., 2022). For example,
actinidia virus X (AVX) was first reported as a novel virus infecting
kiwifruit and blackcurrant, although it was later found to
be synonymous with plantain virus X (PIVX) (Hammond et al., 2021);
or potato virus V (PVV), which was confused with potato virus Y
(PVY) since it caused similar symptoms when inoculated to
PVY-sensitive cultivars (Fuentes et al., 2022). Nevertheless, data
sharing is mainly done through informal contact between groups and
is limited by the network of each researcher. The lack of communication
and cooperation may lead to the multiplication of parallel efforts on the
same issue (Giovani et al., 2020). Creating and improving networks,
such as the global surveillance system (GSS), could enhance
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collaboration between stakeholders, nationally and internationally
(Carvajal-Yepes et al., 2019). For example, a Euphresco (European
phytosanitary research coordination) data-sharing project aims to
improve pre-publication data-sharing approaches with a focus on
documentation of sample context (Step 2.2) to explore similar findings
from different research groups, thus providing access to distribution
and host range data on novel virus detections. Data sharing could also
be useful when research groups have many unpublished findings,
which they may not be able to publish or disseminate on their own.

2.4. An unexplored path: exploitation of
structural features from genomic sequence
toward predictive sequence-to-function
viral proteomics

In animal virology, many publications used machine learning
approaches on databases of genomic features and biological properties
from known viruses to predict the taxonomy or key biological
properties of new viruses, such as host range and vector. Most of these
approaches focus on nucleotide features like CG bias, CpG bias,
di-codon, or dinucleotide bias (Young et al., 2020; Giovani et al., 2022).
For example, dinucleotide bias was used to identify host reservoirs and
vector candidates for mammalian RNA viruses (Babayan et al., 2018),
to predict hosts of coronaviruses (Tang et al., 2015), or to identify the
human or avian origin of influenza A viruses (IAV) using random
forest analysis (Eng et al., 2016, 2017; Li et al., 2019).

Recent research used an original approach to identify new
proteomic features potentially involved in plant virus-vector
transmission, i.e., intrinsically disordered proteins/regions, and to
understand how their biophysical properties and regulation might
arise from these interactions (Tahzima et al., 2021). As a result, it was
shown that most encoded plant virus proteins contain multiple
disordered features that are phylogenomically preserved and can
be associated with structural, bio-physical, and evolutionary strategies.

This opens a new focus for predicting the biological properties of
the new plant virus from in-depth structural and functional analyses
of protein sequences.

Nevertheless, interpreting all these features and results should still
currently be done with much caution, given the uncertainty attached
to such predictions and the sometimes limited accuracy of these
databases. In the future, integrating these powerful emerging
approaches to the framework could represent a significant step toward
gathering relevant biological predictions from a genomic sequence.
Therefore, it might ultimately support regulatory and phytosanitary
decisions linked to discovering novel viruses.

2.5. Public database screening and
consideration on careful use of related
metadata

Valuable information can be gained by screening public databases

of HTS data, such as the SRA of GenBank’, for the presence of newly
identified or poorly characterized viruses (Hily et al., 2020). SRA is

4 https://www.ncbi.nlm.nih.gov/sra
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predicted to surpass 50 petabytes of data by 2023 [Sequence Read
Archive (SRA) Data Working Group | DPCPSI, 2021; Katz et al., 2022]
and mining such an enormous amount of information for virus
presence previously required heavy computational power unaffordable
for most virology laboratories as well as expertise in data science.

The recent development of a practical and user-friendly web-based
interface called Serratus (Edgar et al., 2022) represents a major
advancement toward a more generalized public database screening
(see text footnote 1 for more details). Serratus uses a pre-screening
strategy to look for viral RARp motifs in SRA data (deposited until
January 2020). It has the potential to provide hints about the host
range or geographical distribution of specific RNA viruses present in
the sequencing datasets. Following the pre-screening of SRA, Serratus
provides a database of potential viral RARp sequences (known and
unknown), which is publicly available and can be used for exploratory
and further diversity or phylogenetic analyses. This database also
contains the link between each RARp (SRA origin) and their associated
“palmprint,” which is an RdRp “barcode” classified by taxonomy and
clustered in operational taxonomic units (OTUs) with 90% identity
threshold (Babaian and Edgar, 2021). Through Serratus, the SRA
datasets deposited until January 2020 can be mined by looking for an
RNA virus (via a family/Genbank/SRA_id search or a taxonomic tree
exploration) or by searching for the sequence (protein or nucleic) of
an RdRp using the palmID search tool.®

The palmID search tool allows finding the palmprint sequence
within the provided RdRp and match it, with a minimal threshold of
pairwise identity, to palmprint sequences in the palmprint database.
The palmprint OTU is necessary to avoid heavy computational
requirements, although it lowers the confidence in the results, thus
only giving hints to the presence of the target virus, which needs
further validation. Thus, the sequencing reads of the identified SRA
dataset should be reanalyzed using existing bioinformatic approaches
to confirm the presence of the virus of interest.
Supplementary material 2 presents a practical example of the
additional information that can be gained by using palmID for an
emerging virus (physostegia chlorotic mottle alphanucleorhabdovirus).

Nevertheless, Serratus has some limitations, mainly when the
virus of interest is not detected from public SRA datasets. Even in case
of detection, the verification step (assembly and mapping) is time-
consuming and a computational burden, and sometimes inefficient,
depending for example on virus representation and on sample identity
(i-e., fragmented genome or pooled sample). Another limitation is the
potential misassignment of the host, in particular when the new
finding involves a metagenomic dataset with unexpected virome
content (i.e., a plant virus found in a human clinical dataset or animal
viruses found in plant datasets). In addition, metadata information
such as the host or the country of origin of the sequenced material
should also be investigated, keeping in mind that the metadata may
not be accurate. If biological material is still available, contacting the
authors may allow the confirmation of the detection. It should
be stressed that there could also be some implications for trade and
related policies when relying on SRA mining for reporting the
detection of pathogens in a country where it is not currently known
to be present. In such a case, the conduct of confirmatory tests in the

5 https://github.com/rcedgar/palmdb

6 www.serratus.io/palmid
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wet lab should be encouraged and given a very high priority. The
ethics of reporting the presence of a pathogen in a territory without
prior notification to its NPPO should also be considered. Whenever
possible, it is advised to contact the dataset’s original authors and
notify the country’s NPPO before the publication of a new
country record.

2.6. Notification and exchanges with other
stakeholders

Based on the studies described in steps 2.1 to 2.5, researchers
should have a better idea of whether a newly identified virus might
threaten plant health and whether the new finding(s) should
be reported to other stakeholders. However, it is crucial not to
overburden relevant stakeholders with non-relevant information that
might raise unnecessary concerns. For example, the detection of a
plant virus, belonging to a family of pathogenic viruses with high
horizontal transmission rates, on a sample of a critical crop should
be communicated as soon as possible to the NPPO. In contrast,
detecting a partitiviridae in an asymptomatic wild plant has lower
significance and, therefore, priority. The participation of plant virology
experts is therefore crucial at this stage to support well-informed
decision making. As mentioned before, when a virus is considered a
potential threat to plant health, researchers should report the finding
to the relevant NPPO, engage in discussions with risk managers and
assist them in efforts to determine if the novel virus should
be considered a priority, and whether immediate action (i.e.,
destruction of consignment) or specific management measures (i.e.,
disinfection or rouging) should be taken and to evaluate whether
further research is needed. Given the potential impact of the
management decision taken by the NPPO, the uncertainties associated
with the discovery of the novel virus and its potential impacts should
be highlighted in a transparent fashion.

Further on, if the NPPO analysis confirms the potential threat
following consultations, the main challenge for scientists is to
efficiently characterize the biological properties through short, mid-
and long-term strategies. This is while creating appropriate
communication channels with the regulatory authorities and other
stakeholders including grower associations, technical extension
centers, or seed companies (Massart et al., 2017; Fiallo-Olivé and
Navas-Castillo, 2019).

3. Evaluation of the association
between symptoms and virus
presence

3.1. General background

After the first notification to the regulatory agencies, if a novel
virus is considered a priority or has potential risks, further evaluation
of the association between symptoms and virus presence must
be carried out via field surveys or greenhouse assays. Field surveys and
greenhouse assays can provide helpful information regarding
symptomatology, infectivity, causal association, virus genetic diversity,
geographic distribution, incidence, host range, transmission mode,
and disease severity, as discussed in step 4. Nevertheless, at this stage,
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it is essential to focus the survey’s aim and assays on the symptom(s)
causation issue if the novel virus is considered a priority. These efforts
should not be hindered by those toward the completion of previous
steps, since obtaining a complete genome sequence might be time-
consuming and could delay the needed surveys or assay actions.

In conventional plant pathology approaches, when trying to
establish a causal association between a disease and a pathogen,
causation is demonstrated by isolating the putative pathogenic agent
and subjecting it to the experimental demonstration of Koch’s
postulates (Rivers, 1937; Evans, 1976). Nevertheless, this strategy has
downsides because not all diseases are caused by a single pathogen,
and pathogen complexes, timing of infection and influence of abiotic
factors may also play a role in disease development. There are
examples of situations in which causation could not be shown by
fulfilling Koch’s postulates, such as different virus strains causing a
variable array of symptoms on the same host (Blystad et al,, 2015),
environmental conditions affecting the disease (Fraile and Garcia-
Arenal, 2016), the importance of the time passed after the infection
(Chikh-Ali et al., 2020), or pathogens in an active mixed infection
(Murphy and Bowen, 2006).

In recent years, there has been an ongoing discussion among
researchers to find possible alternative and systematic approaches that
overcome the limitations of Koch’s postulates in plant virology (Di
Serio et al,, 2018; Fox, 2020). These efforts follow numerous previous
attempts (Ehrlich, 1913; Rivers, 1937; Huebner, 1957; Hill, 1965;
Johnson and Gibbs, 1974; Falkow, 1988; Evans, 1991; Fredericks and
Relman, 1996). As a consequence of the most recent efforts, a
simplification of criteria needed to establish causal association was
proposed, mainly focusing on four key considerations: experimental
evidence, the strength of the relationship, consistency of the
relationship, and a binary evaluation of coherence and plausibility
(Fox, 2020). A simplified hierarchical approach was thus proposed
when considering a causal relationship in plant virology based on four
criteria: (i) experimental, which complies with Koch’s third postulate;
(ii) strength, which is based on field/glasshouse observations,
confirmation of a single pathogen infection by HTS and statistical
analysis, considering the prevalence of the virus and eventually
co-infecting species on both symptomatic and asymptomatic
individuals; (iii) consistency, following the same principle and
approach as for the “strength” criteria but adding the variable of
multiple geographic locations and over time; and (iv) coherence and
plausibility, which account for any confounding factors and similar
effects that have been reported in other pathosystems.

3.2. Field surveys

Surveys at small- and/or large scales allow a better understanding of
the key factors associated with a disease. These epidemiological field
surveys should include both symptomatic and asymptomatic plants since
an asymptomatic individual could be in the incubation or latent phase at
the time of sampling. In field surveys, caution should be taken in
generating and analyzing data on the virus variability to ensure that the
viral populations in crops and weeds are sufficiently similar to support
the hypothesis of the role of weeds as a potential reservoir. Neighboring
plants from the same or different species that present similar symptoms
may also be tested for presence or absence of the novel virus, without the
need for viral enrichment extraction protocols, and instead using
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commercial extraction kits or even crude extracts (Massart et al., 2009).
Because mixed infections are common, field surveys can be based on
targeted tests, such as RT-PCR, or HTS. Whenever possible, especially
for viruses detected in perennial hosts, the survey should be carried out
at different time points of the year on the same individual plants and on
more than one plant tissue. This is because there are seasonal fluctuations
of the viral titer that can impact the detection of the virus and because
viruses in many woody hosts show an uneven distribution in host tissues
(Katsiani et al., 2018; Tahzima et al., 2019; Beaver-Kanuya and Harper,
2021). This multiple sampling approach allows more time for the disease
and symptoms to develop on previously healthy-looking but already
infected plants. In addition, following the virus spread over the years in
the fields where it has been detected can provide information on how
rapidly the prevalence is changing. Depending on the interim risk
assessment conclusions, plants positive for the novel virus may represent
a risk requiring their prompt removal to avoid further spread of the
disease. If supported by statistical analyses, surveys allow sound
evaluation of the association between virus presence and disease
development (Adams et al., 2014).

3.3. Greenhouse assays

Greenhouse assays are commonly used to assess symptom causality
and symptomatology. Since mixed infection can occur in the source
material, working on single viral species during greenhouse assays is
essential. In many cases, particularly with graft inoculation, these
techniques cannot separate viruses in a mixed infection. One solution
to this limitation is the use of infectious clones during the biological
characterization of the virus as proposed in the previous framework
(Massart et al., 2017). Nevertheless, constructing infectious clone can
be a complex and time-consuming step that is not possible for all plant
viruses. Other approaches include use of differential hosts (i.e., with
known virus resistance or preference to viruses), vector or seed
transmission, and thermotherapy. The novel virus can be inoculated to
indicator plants, host plant candidates, or other cultivars of the original
host species by mechanical or graft inoculation (Wu et al., 2020).
Identifying the mode(s) of transmission of the virus would facilitate the
greenhouse assays, which the bibliographical research (elaborated in
step 2.1) may give clues before being experimentally tested. Other
factors to consider when designing a greenhouse assay are availability
of detection tests for the novel virus, host range, choice of indicator
plant, developmental stage of the plant during the inoculation,
greenhouse climate conditions, availability of space, and greenhouse
biosecurity or biosafety level required for the experiment, as well as
ensuring that the host and indicator plants are virus- or pathogen-free
(da Silva et al., 2020; Panno et al., 2020; EPPO PM 7/153 (1), 2022).

3.4. Notification and exchanges with other
stakeholders

The additional biological information obtained will progressively
feed the risk evaluation. It should be shared with stakeholders via, for
example, a reporting system or ad hoc meetings with relevant plant
health authorities. A meeting between the involved parties can
be organized to analyze the new information obtained since the last
notification (step 2.3), to assess the status of the novel virus as a pest,
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and if it needs to be regulated (EPPO, 2012; IPPC ISPM 11, 2019; IPPC
ISPM 2,2019; IPPC ISPM 21, 2021). This discussion will help identify
further data gaps and to prioritize the research focus as the assessment
moves forward. At this point, exchanges with the authorities, risk
managers, and stakeholders will allow re-evaluation of risks posed by
the virus and reach a provisional decision on its phytosanitary status.

4. Completion of data gaps to
strengthen the risk evaluation process

At this point, knowledge/data gaps can remain uncompleted
resulting in significant uncertainties, with an ensuing need for
strengthening and refining the risk evaluation for the virus, especially
if it is still considered a phytosanitary priority. During discussions
with stakeholders and plant health authorities, these data gaps, which
can be of various kinds, should be identified and filled through further
field surveys (small- or large-scale) and greenhouse assays. As shown
in Figure 3, a well-designed field survey can provide missing
information on genetic diversity, geographic distribution, incidence
and prevalence, severity of the disease (if any), host range, and
symptom causality (if any); and a well-designed greenhouse assay can
provide additional information on severity of the disease, host range,
symptom causality, and transmission mode. Additionally, the
researcher may focus on filling more specific data gaps such as the
effect of mixed infections, susceptibility of different cultivars and other
economically important host plants, the effect of other biotic/abiotic
stressors and, if possible, variability of pathogenicity between isolates
(Chinnaraja and Viswanathan, 2015).

It is possible that despite the efforts described in step 3, causation
issues were not solved. In that case, further field surveys or greenhouse
assays informed by the partial or negative outcome of the early efforts
can be envisioned to fill the remaining data gaps on disease causation.
This is necessary to assess the priority status of novel viruses and
demonstrate their role in disease development. Once the association
between presence/absence of the virus and symptoms in the host is
confirmed, the aim is to determine the severity of the disease
symptoms on host plant species and to estimate the potential yield and
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Geographic
distribution

Genetic
diversity

Incidence and
prevalence

Transmission
mode

Symptom
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Host range

FIGURE 3
Pie chart diagram summarizing the data gaps to be filled in step 4 of
the framework (adapted from Figure 2).
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economic losses due to said disease, which can be done by (i) surveys
to assess the impact on infected plants (Gent et al., 2004), and (ii)
greenhouse (or field) inoculation assays (Nancarrow et al., 2021). For
practical experimental reasons, the impact on yield and quality might
prove challenging to estimate in greenhouse trials. Noticeably, not all
viruses will cause a disease, while some may even be beneficial for the
host (Roossinck, 2015; Aguilar et al., 2017). Severity and symptoms
may vary depending on the other viruses infecting the host or
environmental and other external factors (Bertazzon et al., 2017).

It is also essential to study the potential spread of the virus and its
geographic distribution, to assess the situation’s urgency and the
measures to be taken, particularly when considering the need to
restrict plant commodities’ circulation. For this, large-scale field
surveys (both nationally and internationally) are necessary, as well as
collecting symptomatic and asymptomatic plants and test them with
the diagnostic protocols designed in step 1 or with generic tests such
as HTS, to better determine the presence of mixed infections. Ideally,
this large-scale evaluation could be supported by a network of
collaboration with other stakeholders (i.e., plant virologists or plant
inspection services) that could facilitate the exchange of samples.

Whenever possible, sampling of geographically and phylogenetically
related wild and domesticated plant species should be considered to
expand the knowledge of the potential host range, study its prevalence
and identify potential reservoirs, since earlier efforts may have provided
incomplete information (Wintermantel et al., 2009). However, it is worth
noting that the host range is never fully known as novel natural hosts are
frequently described after the initial discovery. Closely related crop
species of known hosts can potentially become hosts themselves (Xing
et al., 2020), thus maybe experimental evolution assays or untargeted
virome surveys could be conducted.

Accounting for the genetic variability of a viral population when
designing the experiments is essential to improve the inclusiveness of
detection tests and study the origin, dynamics, evolution, and
phylogenetic relationships of the novel virus (Kutnjak et al., 2014;
Kawakubo et al., 2021). This diversity can be studied through whole
genome sequencing of isolates obtained from field surveys or by
partial genome sequencing of a specific genomic region showing a
level of variability.

Knowing the primary transmission mechanism of a virus is
advised to properly design a successful greenhouse assay, as well as to
evaluate risks and design an efficient disease/pest management
strategy. Although difficult to accomplish, from a risk assessment
perspective it is important to know about all transmission mechanisms
as it can influence the fitness of the novel virus, selection pressures
driving resistance and tolerance genes in the host, and viral population
structure (Stewart et al., 2005; Pagan et al., 2014; da Silva et al., 2020).

5. Conclusion

The recent reviews of Hou et al. (2020) and Rivarez et al. (2021),
as well as the similar analysis done here for Poaceae, highlighted the
need for a revision of the previous characterization framework.
Conducting similar systematic reviews in other crops might give
additional insights on what is the current landscape on plant virus
characterization after a first identification in an HTS dataset.
Essentially, this revision emphasizes adapting a progressive feedback
approach during the risk evaluation process, highlights the growing
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importance of database mining, proposes as a keystone the disease
causal association, and underlines the importance and benefits of
data and effort sharing, as well as the advantages to collaborate with
other researchers. It is worth noting that this is not a substitution for
any decision-support scheme for a pest risk analysis or pest
categorization but a complementary document, especially useful for
cases where the virus is considered as non-priority or where
communication with plant health authorities may be more limited.
Researchers may be overwhelmed with the number of findings in
HTS datasets, or have a lack of resources and time, so this revision
serves as an outline of the prioritization steps to go further than the
genomic and molecular characterization of a novel virus, which will
produce more useful and practical information for plant health
authorities and producers/grower associations. In the long term,
advances in artificial intelligence, machine learning technologies and
bioinformatic tools will facilitate the process of characterization of a
novel virus and reduce the resources and time needed. For example,
SRA mining tools have the potential to complement conventional
global surveys although a discussion around the technical and ethical
considerations of using such methods should be held between the
scientific community and stakeholders. Similar to the aim of the
previous framework, this work should be regularly adapted by
authorities to help rationalize and accelerate decisions on the most
relevant actions at the different stages of virus discovery and
characterization. In addition, this characterization framework can
also be adapted for different countries not only for plant viruses but
also for animal viruses and even other pathogens.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

NE MK, AyM, MR}, JR, FS, CoT, MA, NB, TC, AE YH, DK, ArM,
FP, MRa, and SM wrote the first draft. NF did the later work to expand
and improve the text. MB, IS, RT, ChT, TW, and SM revised the text.
All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by the European Union’s Horizon 2020
Research and Innovation Program under grant agreement no. 773139
(VALITEST) and under the Marie Sktodowska-Curie grant agreement
no. 813542 (INEXTVIR), by the CGIAR Genbank platform and by the
Germplasm Health Unit (GHU) improvement initiative.

Conflict of interest

AF was employed by Fera Science Ltd. AyM and YH were
employed by Abiopep S.L.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181562
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Fontdevila Pareta et al.

The remaining authors declare that the research was conducted in
the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

Adams, I. P, Fox, A., Boonham, N., Massart, S., and De Jonghe, K. (2018). The impact
of high throughput sequencing on plant health diagnostics. Eur. J. Plant Pathol. 152,
909-919. doi: 10.1007/s10658-018-1570-0

Adams, I. P, Skelton, A., Macarthur, R., Hodges, T., Hinds, H., Flint, L., et al. (2014).
Carrot yellow leaf virus is associated with carrot internal necrosis. PLoS One 9:¢109125.
doi: 10.1371/journal.pone.0109125

Aguilar, E., Cutrona, C., del Toro, E ., Vallarino, J. G., Osorio, S., Pérez-Bueno, M. L.,
etal. (2017). Virulence determines beneficial trade-offs in the response of virus-infected
plants to drought via induction of salicylic acid. Plant Cell Environ. 40, 2909-2930. doi:
10.1111/pce.13028

Al Rwahnih, M., Daubert, S., Urbez-Torres, J. R., Cordero, F., and Rowhani, A. (2011).
Deep sequencing evidence from single grapevine plants reveals a virome dominated by
mycoviruses. Arch. Virol. 156, 397-403. doi: 10.1007/s00705-010-0869-8

Ammar, E.-D., Khlifa, E. A., Mahmoud, A., Abol-Ela, S. E., and Peterschmitt, M.
(2007). Evidence for multiplication of the leathopper-borne maize yellow stripe virus in
its vector using ELISA and dot-blot hybridization. Arch. Virol. 152, 489-494. doi:
10.1007/s00705-006-0877-x

Babaian, A., and Edgar, R. C. (2021). Ribovirus classification by a polymerase barcode
sequence. bioRxiv. doi: 10.1101/2021.03.02.433648

Babayan, S. A., Orton, R. ., and Streicker, D. G. (2018). Predicting reservoir hosts and
arthropod vectors from evolutionary signatures in RNA virus genomes. Science 362,
577-580. doi: 10.1126/science.aap9072

Beaver-Kanuya, E. E., and Harper, S. J. (2021). Seasonal fluctuation and host species
affect tobacco ringspot virus detection. doi: 10.21203/rs.3.rs-369469/v1 [preprint].

Bertazzon, N., Forte, V., Filippin, L., Causin, R., Maixner, M., and Angelini, E. (2017).
Association between genetic variability and titre of grapevine pinot gris virus with
disease symptoms. Plant Pathol. 66, 949-959. doi: 10.1111/ppa.12639

Bester, R., Cook, G., Breytenbach, J. H. J., Steyn, C., De Bruyn, R., and Maree, H. J.
(2021). Towards the validation of high-throughput sequencing (HTS) for routine plant
virus diagnostics: measurement of variation linked to HTS detection of citrus viruses
and viroids. Virol. J. 18:61. doi: 10.1186/s12985-021-01523-1

Blystad, D.-R., van der Vlugt, R., Alfaro-Fernandez, A., del Carmen Cordoba, M.,
Bese, G., Hristova, D., et al. (2015). Host range and symptomatology of Pepino mosaic
virus strains occurring in Europe. Eur. J. Plant Pathol. 143, 43-56. doi: 10.1007/
510658-015-0664-1

Boonham, N., Kreuze, J., Winter, S., van der Vlugt, R., Bergervoet, J., Tomlinson, J.,
etal. (2014). Methods in virus diagnostics: from ELISA to next generation sequencing.
Virus Res. 186, 20-31. doi: 10.1016/j.virusres.2013.12.007

Cabrera Mederos, D., Debat, H., Torres, C., Portal, O., Jaramillo Zapata, M., Trucco, V.,
etal. (2022). An unwanted association: the threat to papaya crops by a novel Potexvirus
in Northwest Argentina. Viruses 14:2297. doi: 10.3390/v14102297

Candresse, T., and Fuchs, M. (2020). Closteroviridae. In: Chinchester: eLS. John Wiley
& Sons, Ltd, pp. 1-10.

Carvajal-Yepes, M., Cardwell, K., Nelson, A., Garrett, K. A., Giovani, B,
Saunders, D. G. O., et al. (2019). A global surveillance system for crop diseases. Science
364, 1237-1239. doi: 10.1126/science.aaw1572

Chabannes, M., and Iskra-Caruana, M.-L. (2013). Endogenous pararetroviruses—a
reservoir of virus infection in plants. Curr. Opin. Virol. 3, 615-620. doi: 10.1016/j.
coviro.2013.08.012

Chiapello, M., Rodriguez-Romero, J., Nerva, L., Forgia, M., Chitarra, W,, Ayllon, M. A.,
et al. (2020). Putative new plant viruses associated with Plasmopara viticola-infected
grapevine samples. Ann. Appl. Biol. 176, 180-191. doi: 10.1111/aab.12563

Chikh-Ali, M., Tran, L. T,, Price, W. ., and Karasev, A. V. (2020). Effects of the age-
related resistance to potato virus Y in potato on the systemic spread of the virus,
incidence of the potato tuber necrotic ringspot disease, tuber yield, and translocation
rates into progeny tubers. Plant Dis. 104, 269-275. doi: 10.1094/PDIS-06-19-1201-RE

Frontiers in Microbiology

11

10.3389/fmicb.2023.1181562

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181562/
full#supplementary-material

Chinnaraja, C., and Viswanathan, R. (2015). Variability in yellow leaf symptom
expression caused by the sugarcane yellow leaf virus and its seasonal influence in
sugarcane. Phytoparasitica 43, 339-353. doi: 10.1007/s12600-015-0468-z

Claverie, S., Ouattara, A., Hoareau, M., Filloux, D., Varsani, A., Roumagnac, P, et al.
(2019). Exploring the diversity of Poaceae-infecting mastreviruses on Reunion Island
using a viral metagenomics-based approach. Sci. Rep. 9:12716. doi: 10.1038/
541598-019-49134-9

da Silva, W., Kutnjak, D., Xu, Y., Xu, Y., Giovannoni, J., Elena, S. E, et al. (2020).
Transmission modes affect the population structure of potato virus Y in potato. PLoS
Pathog. 16:€1008608. doi: 10.1371/journal.ppat.1008608

Delahaye, C., and Nicolas, J. (2021). Sequencing DNA with nanopores: troubles and
biases. PLoS One 16:€0257521. doi: 10.1371/journal.pone.0257521

Di Serio, E, Ambrds, S., Sano, T., Flores, R., and Navarro, B. (2018). Viroid diseases in
pome and stone fruit trees and Koch’s postulates: a critical assessment. Viruses 10:612.
doi: 10.3390/v10110612

Edgar, R. C,, Taylor, ], Lin, V., Altman, T., Barbera, P., Meleshko, D., et al. (2022).
Petabase-scale sequence alignment catalyses viral discovery. Nature 602, 142-147. doi:
10.1038/541586-021-04332-2

Ehrlich, P. (1913). Address in pathology, ON CHEMIOTHERAPY: delivered before
the seventeenth international congress of medicine. Br. Med. J. 2, 353-359. doi: 10.1136/
bmj.2.2746.353

Eng, C. L. P, Tong, J. C,, and Tan, T. W. (2016). Distinct host tropism protein
signatures to identify possible zoonotic influenza a viruses. PLoS One 11:¢0150173. doi:
10.1371/journal.pone.0150173

Eng, C. L. P, Tong, J. C., and Tan, T. W. (2017). Predicting zoonotic risk of influenza
a viruses from host tropism protein signature using random forest. Int. J. Mol. Sci.
18:1135. doi: 10.3390/ijms18061135

EPPO (2012). Decision-support scheme for an express Pest risk analysis. EPPO Bull.
42, 457-462. doi: 10.1111/epp.2591

EPPO PM 7/151 (1) (2022). Considerations for the use of high throughput sequencing
in plant health diagnostics1. EPPO Bull. 52, 619-642. doi: 10.1111/epp.12884

EPPO PM 7/153 (1) (2022). Mechanical inoculation of test plants. EPPO Bull. 52,
693-703. doi: 10.1111/epp.12901

Evans, A. S. (1976). Causation and disease: the Henle-Koch postulates revisited. Yale
J. Biol. Med. 49, 175-195.

Evans, A. S. (1991). Causation and disease: effect of technology on postulates of
causation. Yale J. Biol. Med. 64, 513-528.

Falkow, S. (1988). Molecular Koch’s postulates applied to microbial pathogenicity. Rev.
Infect. Dis. 10, S274-S276. doi: 10.1093/cid/10.supplement_2.s274
Fiallo-Olivé, E., and Navas-Castillo, J. (2019). Tomato chlorosis virus, an emergent

plant virus still expanding its geographical and host ranges. Mol. Plant Pathol. 20,
1307-1320. doi: 10.1111/mpp.12847

Fox, A. (2020). Reconsidering causal association in plant virology. Plant Pathol. 69,
956-961. doi: 10.1111/ppa.13199

Fraile, A., and Garcia-Arenal, E. (2016). Environment and evolution modulate plant
virus pathogenesis. Curr. Opin. Virol. 17, 50-56. doi: 10.1016/j.coviro.2016.01.008

Fredericks, D. N., and Relman, D. A. (1996). Sequence-based identification of
microbial pathogens: a reconsideration of Koch’s postulates. Clin. Microbiol. Rev. 9,
18-33. doi: 10.1128/CMR.9.1.18

Fuentes, S., Gibbs, A. J., Adams, I. P, Hajizadeh, M., Kreuze, J., Fox, A,, et al. (2022).
Phylogenetics and evolution of potato virus V: another Potyvirus that originated in the
Andes. Plant Dis. 106, 691-700. doi: 10.1094/PDIS-09-21-1897-RE

Gaafar, Y. Z. A., Rabenstein, E, Zia, A., Gaafar, A.-R. Z. A., and Ziebell, H. (2021).
Molecular characterisation of a new tenuivirus from Festuca sp. Virus Res. 304:198509.
doi: 10.1016/j.virusres.2021.198509

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181562
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181562/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1181562/full#supplementary-material
https://doi.org/10.1007/s10658-018-1570-0
https://doi.org/10.1371/journal.pone.0109125
https://doi.org/10.1111/pce.13028
https://doi.org/10.1007/s00705-010-0869-8
https://doi.org/10.1007/s00705-006-0877-x
https://doi.org/10.1101/2021.03.02.433648
https://doi.org/10.1126/science.aap9072
https://doi.org/10.21203/rs.3.rs-369469/v1
https://doi.org/10.1111/ppa.12639
https://doi.org/10.1186/s12985-021-01523-1
https://doi.org/10.1007/s10658-015-0664-1
https://doi.org/10.1007/s10658-015-0664-1
https://doi.org/10.1016/j.virusres.2013.12.007
https://doi.org/10.3390/v14102297
https://doi.org/10.1126/science.aaw1572
https://doi.org/10.1016/j.coviro.2013.08.012
https://doi.org/10.1016/j.coviro.2013.08.012
https://doi.org/10.1111/aab.12563
https://doi.org/10.1094/PDIS-06-19-1201-RE
https://doi.org/10.1007/s12600-015-0468-z
https://doi.org/10.1038/s41598-019-49134-9
https://doi.org/10.1038/s41598-019-49134-9
https://doi.org/10.1371/journal.ppat.1008608
https://doi.org/10.1371/journal.pone.0257521
https://doi.org/10.3390/v10110612
https://doi.org/10.1038/s41586-021-04332-2
https://doi.org/10.1136/bmj.2.2746.353
https://doi.org/10.1136/bmj.2.2746.353
https://doi.org/10.1371/journal.pone.0150173
https://doi.org/10.3390/ijms18061135
https://doi.org/10.1111/epp.2591
https://doi.org/10.1111/epp.12884
https://doi.org/10.1111/epp.12901
https://doi.org/10.1093/cid/10.supplement_2.s274
https://doi.org/10.1111/mpp.12847
https://doi.org/10.1111/ppa.13199
https://doi.org/10.1016/j.coviro.2016.01.008
https://doi.org/10.1128/CMR.9.1.18
https://doi.org/10.1094/PDIS-09-21-1897-RE
https://doi.org/10.1016/j.virusres.2021.198509

Fontdevila Pareta et al.

Garcia-Arenal, F, and Zerbini, F. M. (2019). Life on the edge: geminiviruses at the
interface between crops and wild plant hosts. Annu. Rev. Virol. 6, 411-433. doi: 10.1146/
annurev-virology-092818-015536

Gent, D. H., Schwartz, H. E, and Khosla, R. (2004). Distribution and incidence of Iris
yellow spot virus in Colorado and its relation to onion plant population and yield. Plant
Dis. 88, 446-452. doi: 10.1094/PDIS.2004.88.5.446

Giovani, B., Bliimel, S., Lopian, R., Teulon, D., Bloem, S., Galeano Martinez, C., et al.
(2020). Science diplomacy for plant health. Nat. Plants 6, 902-905. doi: 10.1038/
541477-020-0744-x

Giovani, B., Boutigny, A.-L., Djelouah, K., Fox, A., and Donghia, A. M. (2022). Plant
health research collaboration in the Mediterranean region: case studies on citrus tristeza
virus, tomato brown rugose fruit virus and Xylella fastidiosa. Phytopathol. Mediterr. 61,
525-530. doi: 10.36253/phyto-14085

Hak, H., and Spiegelman, Z. (2021). The tomato brown rugose fruit virus movement
protein overcomes tm-22 resistance in tomato while attenuating viral transport. Mol.
Plant Microbe Interact. 34, 1024-1032. doi: 10.1094/MPMI-01-21-0023-R

Hall, R. J., Wang, J., Todd, A. K., Bissielo, A. B., Yen, S., Strydom, H., et al. (2014).
Evaluation of rapid and simple techniques for the enrichment of viruses prior to
metagenomic virus discovery. J. Virol. Methods 195, 194-204. doi: 10.1016/j.
jviromet.2013.08.035

Hammond, J., Adams, I. P, Fowkes, A. R., McGreig, S., Botermans, M., van
Oorspronk, J. J. A., et al. (2021). Sequence analysis of 43-year old samples of Plantago
lanceolata show that plantain virus X is synonymous with Actinidia virus X and is widely
distributed. Plant Pathol. 70, 249-258. doi: 10.1111/ppa.13310

Harper, G., Hull, R, Lockhart, B., and Olszewski, N. (2002). Viral sequences integrated
into plant genomes. Annu. Rev. Phytopathol. 40, 119-136. doi: 10.1146/annurev.
phyto.40.120301.105642

Hasiow-Jaroszewska, B., Boezen, D., and Zwart, M. P. (2021). Metagenomic studies of
viruses in weeds and wild plants: a powerful approach to characterise variable virus
communities. Viruses 13:1939. doi: 10.3390/v13101939

Hill, A. B. (1965). The environment and disease: association or causation? Proc. R. Soc.
Med. 58, 295-300. doi: 10.1177/003591576505800503

Hily, J.-M., Poulicard, N., Candresse, T., Vigne, E., Beuve, M., Renault, L., et al. (2020).
Datamining, genetic diversity analyses, and phylogeographic reconstructions redefine
the worldwide evolutionary history of grapevine pinot gris virus and grapevine berry
inner necrosis virus. Phytobiomes J. 4, 165-177. doi: 10.1094/PBIOMES-10-19-0061-R

Hou, W,, Li, S., and Massart, S. (2020). Is there a “Biological Desert” with the discovery
of new plant viruses? A retrospective analysis for new fruit tree viruses. Front. Microbiol.
11:2953. doi: 10.3389/fmicb.2020.592816

Huebner, R. J. (1957). The virologist’s dilemma. Ann. N. Y. Acad. Sci. 67, 430-438. doi:
10.111 1/j.1749—6632.1957.tb46066.x

IPPC ISPM 11 (2019). Pest risk analysis for quarantine pests. Rome: IPPC, FAO.
IPPC ISPM 2 (2019). Framework for pest risk analysis. Rome: IPPC, FAO.

IPPC ISPM 21 (2021). Pest risk analysis for regulated non-quarantine pests. Rome:
IPPC, FAO.

James, A. P, Geijskes, R. ], Dale, J. L., and Harding, R. M. (2011). Development of a
novel rolling-circle amplification technique to detect banana streak virus that also
discriminates between integrated and episomal virus sequences. Plant Dis. 95, 57-62.
doi: 10.1094/PDIS-07-10-0519

Johnson, R. T., and Gibbs, C. J. Jr. (1974). Koch’s postulates and slow infections of the
nervous system. Arch. Neurol. 30, 36-38. doi: 10.1001/archneur.1974.00490310038006

Katsiani, A. T., Pappi, P.,, Olmos, A., Efthimiou, K. E., Maliogka, V. I., and Katis, N. L.
(2018). Development of a real-time RT-PCR for the universal detection of LChV1 and
study of the seasonal fluctuation of the viral titer in sweet cherry cultivars. Plant Dis.
102, 899-904. doi: 10.1094/PDIS-01-17-0107-RE

Katz, K., Shutov, O., Lapoint, R., Kimelman, M., Brister, J. R., and O’Sullivan, C.
(2022). The sequence read archive: a decade more of explosive growth. Nucleic Acids Res.
50, D387-D390. doi: 10.1093/nar/gkab1053

Kawakubo, S., Gao, F, Li, S., Tan, Z., Huang, Y.-K., Adkar-Purushothama, C. R., et al.
(2021). Genomic analysis of the brassica pathogen turnip mosaic potyvirus reveals its
spread along the former trade routes of the silk road. Proc. Natl. Acad. Sci.
118:2021221118. doi: 10.1073/pnas.2021221118

King, A., Lefkowitz, E. J., Adams, M. ., and Carstens, E. B. (2011). “Genus tenuivirus”
in Virus taxonomy (San Diego, CA: Elsevier)

Koloniuk, I., Thekke-Veetil, T., Reynard, J.-S., Mavri¢ Plesko, I, Pfibylovd, J.,
Brodard, J., et al. (2018). Molecular characterization of divergent closterovirus isolates
infecting ribes species. Viruses 10:369. doi: 10.3390/v10070369

Kutnjak, D,, Silvestre, R., Cuellar, W, Perez, W., Miiller, G., Ravnikar, M., et al. (2014).
Complete genome sequences of new divergent potato virus X isolates and discrimination
between strains in a mixed infection using small RNAs sequencing approach. Virus Res.
191, 45-50. doi: 10.1016/j.virusres.2014.07.012

Kwibuka, Y., Bisimwa, E., Blouin, A. G., Bragard, C., Candresse, T., Faure, C., et al.
(2021). Novel ampeloviruses infecting cassava in Central Africa and the South-West
Indian Ocean Islands. Viruses 13:1030. doi: 10.3390/v13061030

Frontiers in Microbiology

12

10.3389/fmicb.2023.1181562

Lauber, C., and Seitz, S. (2022). Opportunities and challenges of data-driven virus
discovery. Biomol. Ther. 12:1073. doi: 10.3390/biom12081073

Le Provost, G., Iskra-Caruana, M.-L., Acina, I, and Teycheney, P.-Y. (2006). Improved
detection of episomal banana streak viruses by multiplex immunocapture PCR. J. Virol.
Methods 137, 7-13. doi: 10.1016/j.jviromet.2006.05.021

Lebas, B., Adams, I., Al Rwahnih, M., Baeyen, S., Bilodeau, G. J., Blouin, A. G, et al.
(2022). Facilitating the adoption of high-throughput sequencing technologies as a plant
pest diagnostic test in laboratories: a step-by-step description. EPPO Bull. 52, 394-418.
doi: 10.1111/epp.12863

Lee, B. D., Neri, U., Oh, C. J., Simmonds, P., and Koonin, E. V. (2022a). ViroidDB: a
database of viroids and viroid-like circular RNAs. Nucleic Acids Res. 50, D432-D438.
doi: 10.1093/nar/gkab974

Lee, B. D, Neri, U, Roux, S., Wolf, Y. I, Camargo, A. P, Krupovic, M., et al. (2022b).
A vast world of viroid-like circular RNAs revealed by mining metatranscriptomes.
bioRxiv. doi: 10.1101/2022.07.19.500677

Lefkowitz, E. J., Dempsey, D. M., Hendrickson, R. C., Orton, R. ], Siddell, S. G., and
Smith, D. B. (2018). Virus taxonomy: the database of the international committee on
taxonomy of viruses (ICTV). Nucleic Acids Res. 46, D708-D717. doi: 10.1093/nar/
gkx932

Li, J., Zhang, S, Li, B,, Hu, Y., Kang, X., Wu, X,, et al. (2019). Machine learning
methods for predicting human-adaptive influenza a viruses based on viral nucleotide
compositions. Mol. Biol. Evol. 37, 1224-1236. doi: 10.1093/molbev/msz276

Maclot, E, Candresse, T., Filloux, D., Malmstrom, C. M., Roumagnac, P., van der
Vlugt, R., et al. (2020). Illuminating an ecological blackbox: using high throughput
sequencing to characterize the plant virome across scales. Front. Microbiol. 11:2575. doi:
10.3389/fmicb.2020.578064

Maclot, E. J., Debue, V., Blouin, A. G., Fontdevila-Pareta, N., Tamisier, L., Filloux, D.,
et al. (2021). Identification, molecular and biological characterization of two novel
secovirids in wild grass species in Belgium. Virus Res. 298:198397. doi: 10.1016/j.
virusres.2021.198397

Marais, A., Murolo, S., Faure, C., Brans, Y., Larue, C., Maclot, E, et al. (2021). Sixty
years from the first disease description, a novel badnavirus associated with chestnut
mosaic disease. Phytopathology 111, 1051-1058. doi: 10.1094/PHYTO-09-20-0420-R

Marais, A., Umber, M., Filloux, D., Gomez, R.-M., Faure, C., Pavis, C,, et al. (2020).
Yam asymptomatic virus 1, a novel virus infecting yams (Dioscorea spp.) with significant
prevalence in a germplasm collection. Arch. Virol. 165, 2653-2657. doi: 10.1007/
500705-020-04787-0

Maree, H. J., Fox, A., Al Rwahnih, M., Boonham, N., and Candresse, T. (2018).
Application of HTS for routine plant virus diagnostics: state of the art and challenges.
Front. Plant Sci. 9:1082. doi: 10.3389/fpls.2018.01082

Massart, S., Adams, 1., Al Rwahnih, M., Baeyen Steve, S., Bilodeau Guillaume, J.,
Blouin, G.J,, et al. (2022). Guidelines for the reliable use of high throughput sequencing
technologies to detect plant pathogens and pests. Zenodo 2. doi: 10.5281/zenodo.7142136

Massart, S., Brostaux, Y., Barbarossa, L., Batlle, A., Cesar, V., Dutrecq, O., et al. (2009).
Interlaboratory evaluation of two reverse-transcriptase polymeric chain reaction-based
methods for detection of four fruit tree viruses. Ann. Appl. Biol. 154, 133-141. doi:
10.1111/j.1744-7348.2008.00281.x

Massart, S., Candresse, T., Gil, J., Lacomme, C., Predajna, L., Ravnikar, M., et al.
(2017). A framework for the evaluation of biosecurity, commercial, regulatory, and
scientific impacts of plant viruses and viroids identified by NGS technologies. Front.
Microbiol. 8:45. doi: 10.3389/fmicb.2017.00045

Massart, S., Olmos, A., Jijakli, H., and Candresse, T. (2014). Current impact and future
directions of high throughput sequencing in plant virus diagnostics. Virus Res. 188,
90-96. doi: 10.1016/j.virusres.2014.03.029

Moury, B., Fabre, ., Hébrard, E., and Froissart, R. (2017). Determinants of host species
range in plant viruses. J. Gen. Virol. 98, 862-873. doi: 10.1099/jgv.0.000742

Murphy, J. E, and Bowen, K. L. (2006). Synergistic disease in pepper caused by the
mixed infection of cucumber mosaic virus and pepper mottle virus. Phytopathology 96,
240-247. doi: 10.1094/PHYTO-96-0240

Nancarrow, N., Aftab, M., Hollaway, G., Rodoni, B., and Trebicki, P. (2021). Yield
losses caused by barley yellow dwarf virus-PAV infection in wheat and barley: a three-
year field study in south-eastern Australia. Microorganisms 9:645. doi: 10.3390/
microorganisms9030645

Neri, U,, Wolf, Y. I, Roux, S., Camargo, A. P, Lee, B., Kazlauskas, D., et al. (2022). A
five-fold expansion of the global RNA virome reveals multiple new clades of RNA
bacteriophages. bioRxiv. doi: 10.1101/2022.02.15.480533

Olmedo-Velarde, A., Loristo, J., Kong, A., Waisen, P, Wang, K.-H., Hu, J., et al. (2022).

Examination of the virome of taro plants affected by a lethal disease, the alomae-bobone
virus complex, in Papua New Guinea. Viruses 14:1410. doi: 10.3390/v14071410

Olmos, A., Boonham, N., Candresse, T., Gentit, P., Giovani, B., Kutnjak, D., et al.
(2018). High-throughput sequencing technologies for plant pest diagnosis: challenges
and opportunities. EPPO Bull. 48, 219-224. doi: 10.1111/epp.12472

Pagin, 1. (2018). The diversity, evolution and epidemiology of plant viruses: a
phylogenetic view. Infect. Genet. Evol. ]. Mol. Epidemiol. Evol. Genet. Infect. Dis. 65,
187-199. doi: 10.1016/j.meegid.2018.07.033

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181562
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1146/annurev-virology-092818-015536
https://doi.org/10.1146/annurev-virology-092818-015536
https://doi.org/10.1094/PDIS.2004.88.5.446
https://doi.org/10.1038/s41477-020-0744-x
https://doi.org/10.1038/s41477-020-0744-x
https://doi.org/10.36253/phyto-14085
https://doi.org/10.1094/MPMI-01-21-0023-R
https://doi.org/10.1016/j.jviromet.2013.08.035
https://doi.org/10.1016/j.jviromet.2013.08.035
https://doi.org/10.1111/ppa.13310
https://doi.org/10.1146/annurev.phyto.40.120301.105642
https://doi.org/10.1146/annurev.phyto.40.120301.105642
https://doi.org/10.3390/v13101939
https://doi.org/10.1177/003591576505800503
https://doi.org/10.1094/PBIOMES-10-19-0061-R
https://doi.org/10.3389/fmicb.2020.592816
https://doi.org/10.1111/j.1749-6632.1957.tb46066.x
https://doi.org/10.1094/PDIS-07-10-0519
https://doi.org/10.1001/archneur.1974.00490310038006
https://doi.org/10.1094/PDIS-01-17-0107-RE
https://doi.org/10.1093/nar/gkab1053
https://doi.org/10.1073/pnas.2021221118
https://doi.org/10.3390/v10070369
https://doi.org/10.1016/j.virusres.2014.07.012
https://doi.org/10.3390/v13061030
https://doi.org/10.3390/biom12081073
https://doi.org/10.1016/j.jviromet.2006.05.021
https://doi.org/10.1111/epp.12863
https://doi.org/10.1093/nar/gkab974
https://doi.org/10.1101/2022.07.19.500677
https://doi.org/10.1093/nar/gkx932
https://doi.org/10.1093/nar/gkx932
https://doi.org/10.1093/molbev/msz276
https://doi.org/10.3389/fmicb.2020.578064
https://doi.org/10.1016/j.virusres.2021.198397
https://doi.org/10.1016/j.virusres.2021.198397
https://doi.org/10.1094/PHYTO-09-20-0420-R
https://doi.org/10.1007/s00705-020-04787-0
https://doi.org/10.1007/s00705-020-04787-0
https://doi.org/10.3389/fpls.2018.01082
https://doi.org/10.5281/zenodo.7142136
https://doi.org/10.1111/j.1744-7348.2008.00281.x
https://doi.org/10.3389/fmicb.2017.00045
https://doi.org/10.1016/j.virusres.2014.03.029
https://doi.org/10.1099/jgv.0.000742
https://doi.org/10.1094/PHYTO-96-0240
https://doi.org/10.3390/microorganisms9030645
https://doi.org/10.3390/microorganisms9030645
https://doi.org/10.1101/2022.02.15.480533
https://doi.org/10.3390/v14071410
https://doi.org/10.1111/epp.12472
https://doi.org/10.1016/j.meegid.2018.07.033

Fontdevila Pareta et al.

Pagén, 1., Montes, N., Milgroom, M. G., and Garcia-Arenal, F (2014). Vertical
transmission selects for reduced virulence in a plant virus and for increased resistance
in the host. PLoS Pathog. 10:¢1004293. doi: 10.1371/journal.ppat.1004293

Panno, S., Caruso, A. G., Barone, S., Lo Bosco, G., Rangel, E. A., and Davino, S.
(2020). Spread of tomato brown rugose fruit virus in sicily and evaluation of the
spatiotemporal dispersion in experimental conditions. Agronomy 10:834. doi: 10.3390/
agronomy10060834

Pfeiffer, F, Gréber, C., Blank, M., Hindler, K., Beyer, M., Schultze, J. L., et al. (2018).
Systematic evaluation of error rates and causes in short samples in next-generation
sequencing. Sci. Rep. 8:10950. doi: 10.1038/s41598-018-29325-6

Rivarez, M. P. S., Pecman, A., Ba¢nik, K., Maksimovi¢, O., Vucurovié, A., Seljak, G.,
etal. (2023). In-depth study of tomato and weed viromes reveals undiscovered plant virus
diversity in an agroecosystem. Microbiome. 11:60. doi: 10.1186/s40168-023-01500-6

Rivarez, M. P. S., Vucurovi¢, A., Mehle, N., Ravnikar, M., and Kutnjak, D. (2021).
Global advances in tomato virome research: current status and the impact of high-
throughput sequencing. Front. Microbiol. 12:1064. doi: 10.3389/fmicb.2021.671925

Rivers, T. M. (1937). Viruses and Koch’s Postulatesl. J. Bacteriol. 33, 1-12. doi:
10.1128/jb.33.1.1-12.1937

Rong, W, Rollin, J., Hanafi, M., Roux, N., and Massart, S. (2022). Validation of high
throughput sequencing as virus indexing test for Musa germplasm: performance criteria
evaluation and contamination monitoring using an alien control. PhytoFrontiers™. doi:
10.1094/PHYTOFR-03-22-0030-FI

Roossinck, M. (2015). A new look at plant viruses and their potential beneficial roles
in crops. Mol. Plant Pathol. 16, 331-333. doi: 10.1111/mpp.12241

Roossinck, M., Martin, D. P, and Roumagnac, P. (2015). Plant virus metagenomics: advances
in virus discovery. Phytopathology 105, 716-727. doi: 10.1094/PHYTO-12-14-0356-RVW

Rozado-Aguirre, Z., Adams, I, Collins, L., Fox, A., Dickinson, M., and Boonham, N.
(2016). Detection and transmission of carrot torrado virus, a novel putative member of
the torradovirus genus. J. Virol. Methods 235, 119-124. doi: 10.1016/j.
jviromet.2016.05.018

Sequence Read Archive (SRA) Data Working Group | DPCPSI. (2021). [WWW
Document]. Available at: https://dpcpsi.nih.gov/council/sradwg (accessed 11.9.22)

Sharma, V., Lefeuvre, P., Roumagnac, P, Filloux, D., Teycheney, P.-Y., Martin, D. P, et al.
(2020). Large-scale survey reveals pervasiveness and potential function of endogenous
geminiviral sequences in plants. Virus Evol. 6:veaa071. doi: 10.1093/ve/veaa071

Shi, M, Lin, X.-D,, Tian, J.-H., Chen, L.-J., Chen, X, Li, C.-X,, et al. (2016). Redefining
the invertebrate RNA virosphere. Nature 540, 539-543. doi: 10.1038/nature20167

Simmonds, P,, Adams, M. J., Benkd, M., Breitbart, M., Brister, J. R., Carstens, E. B.,
et al. (2017). Virus taxonomy in the age of metagenomics. Nat. Rev. Microbiol. 15,
161-168. doi: 10.1038/nrmicro.2016.177

Somera, M., Kvarnheden, A., Desbiez, C., Blystad, D.-R., Soovili, P, Kundu, J. K., et al.
(2019). Sixty years after the first description: genome sequence and biological
characterization of European wheat striate mosaic virus infecting cereal crops.
Phytopathology 110, 68-79. doi: 10.1094/PHYTO-07-19-0258-FI

Staginnus, C., Gregor, W,, Mette, M. E, Teo, C. H., Borroto-Fernandez, E. G., Machado, M. L.
D. C, et al. (2007). Endogenous pararetroviral sequences in tomato (Solanum lycopersicum)
and related species. BMC Plant Biol. 7:24. doi: 10.1186/1471-2229-7-24

Frontiers in Microbiology

13

10.3389/fmicb.2023.1181562

Stewart, A. D., Logsdon, J. M., and Kelley, S. E. (2005). An empirical study of the
evolution of virulence under both horizontal and vertical transmission. Evolution 59,
730-739. doi: 10.1111/j.0014-3820.2005.tb01749.x

Tahzima, R., Foucart, Y., Peusens, G., Belién, T., Massart, S., and De Jonghe, K. (2019).
New sensitive and fast detection of little cherry virus 1 using loop-mediated isothermal
amplification (RT-LAMP). J. Virol. Methods 265, 91-98. doi: 10.1016/j.
jviromet.2018.12.019

Tahzima, R., Haegeman, A., Massart, S., and Hébrard, E. (2021). Flexible spandrels of
the global plant virome: Proteomic-wide evolutionary patterns of structural intrinsic
protein disorder elucidate modulation at the functional virus-host interplay. Progress in
molecular biology and translational science, 183, 355-409. doi: 10.1016/bs.
pmbts.2021.06.007

Tang, Q., Song, Y., Shi, M., Cheng, Y., Zhang, W., and Xia, X.-Q. (2015). Inferring the
hosts of coronavirus using dual statistical models based on nucleotide composition. Sci.
Rep. 5:17155. doi: 10.1038/srep17155

Temple, C., Blouin, A. G., De Jonghe, K., Foucart, Y., Botermans, M., Westenberg, M.,
etal. (2022). Biological and genetic characterization of physostegia chlorotic mottle virus
in Europe based on host range, location, and time. Plant Dis. 106, 2797-2807. doi:
10.1094/PDIS-12-21-2800-RE

Vainio, E. J., Chiba, S., Ghabrial, S. A., Maiss, E., Roossinck, M., Sabanadzovic, S., et al.
(2018). 2018. ICT'V virus taxonomy profile: Partitiviridae. J. Gen. Virol. 99, 17-18. doi:
10.1099/jgv.0.000985

Verbeek, M., Dullemans, A. M., and van der Vlugt, R. A. A. (2017). Aphid
transmission of lettuce necrotic leaf curl virus, a member of a tentative new subgroup
within the genus Torradovirus. Virus Res. 241, 125-130. doi: 10.1016/j.
virusres.2017.02.008

Vlugt, R., Verbeek, M., Dullemans, A., Wintermantel, W., Cuellar, W., Fox, A., et al.
(2015). Torradoviruses. Annu. Rev. Phytopathol. 53, 485-512. doi: 10.1146/annurev-
phyto-080614-120021

Wintermantel, W. M., Hladky, L. L., Cortez, A. A., and Natwick, E. T. (2009). A new
expanded host range of cucurbit yellow stunting disorder virus includes three
agricultural crops. Plant Dis. 93, 685-690. doi: 10.1094/PDIS-93-7-0685

Wu, ], Zhang, S., Atta, S., Yang, C., Zhou, Y., Di Serio, E, et al. (2020). Discovery and
survey of a new mandarivirus associated with leaf yellow mottle disease of citrus in
Pakistan. Plant Dis. 104, 1593-1600. doi: 10.1094/PDIS-08-19-1744-RE

Xing, E, Hou, W,, Massart, S., Gao, D., Li, W,, Cao, M., et al. (2020). RNA-Seq reveals
hawthorn tree as a new natural host for apple necrotic mosaic virus, possibly associated
with hawthorn mosaic disease. Plant Dis. 104, 2713-2719. doi: 10.1094/
PDIS-11-19-2455-RE

Young, F, Rogers, S., and Robertson, D. L. (2020). Predicting host taxonomic
information from viral genomes: a comparison of feature representations. PLoS Comput.
Biol. 16:€1007894. doi: 10.1371/journal.pcbi. 1007894

Zayed, A. A., Wainaina, J. M., Dominguez-Huerta, G., Pelletier, E., Guo, J.,
Mohssen, M., et al. (2022). Cryptic and abundant marine viruses at the evolutionary
origins of Earth’s RNA virome. Science 376, 156-162. doi: 10.1126/science.
abm5847

Zerbini, F. M., Briddon, R. W,, Idris, A., Martin, D. P,, Moriones, E., Navas-Castillo, .,
etal. (2017). ICTV virus taxonomy profile: geminiviridae. J. Gen. Virol. 98, 131-133. doi:
10.1099/jgv.0.000738

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181562
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.ppat.1004293
https://doi.org/10.3390/agronomy10060834
https://doi.org/10.3390/agronomy10060834
https://doi.org/10.1038/s41598-018-29325-6
https://doi.org/10.1186/s40168-023-01500-6
https://doi.org/10.3389/fmicb.2021.671925
https://doi.org/10.1128/jb.33.1.1-12.1937
https://doi.org/10.1094/PHYTOFR-03-22-0030-FI
https://doi.org/10.1111/mpp.12241
https://doi.org/10.1094/PHYTO-12-14-0356-RVW
https://doi.org/10.1016/j.jviromet.2016.05.018
https://doi.org/10.1016/j.jviromet.2016.05.018
https://dpcpsi.nih.gov/council/sradwg
https://doi.org/10.1093/ve/veaa071
https://doi.org/10.1038/nature20167
https://doi.org/10.1038/nrmicro.2016.177
https://doi.org/10.1094/PHYTO-07-19-0258-FI
https://doi.org/10.1186/1471-2229-7-24
https://doi.org/10.1111/j.0014-3820.2005.tb01749.x
https://doi.org/10.1016/j.jviromet.2018.12.019
https://doi.org/10.1016/j.jviromet.2018.12.019
https://doi.org/10.1016/bs.pmbts.2021.06.007
https://doi.org/10.1016/bs.pmbts.2021.06.007
https://doi.org/10.1038/srep17155
https://doi.org/10.1094/PDIS-12-21-2800-RE
https://doi.org/10.1099/jgv.0.000985
https://doi.org/10.1016/j.virusres.2017.02.008
https://doi.org/10.1016/j.virusres.2017.02.008
https://doi.org/10.1146/annurev-phyto-080614-120021
https://doi.org/10.1146/annurev-phyto-080614-120021
https://doi.org/10.1094/PDIS-93-7-0685
https://doi.org/10.1094/PDIS-08-19-1744-RE
https://doi.org/10.1094/PDIS-11-19-2455-RE
https://doi.org/10.1094/PDIS-11-19-2455-RE
https://doi.org/10.1371/journal.pcbi.1007894
https://doi.org/10.1126/science.abm5847
https://doi.org/10.1126/science.abm5847
https://doi.org/10.1099/jgv.0.000738

	Managing the deluge of newly discovered plant viruses and viroids: an optimized scientific and regulatory framework for their characterization and risk analysis
	Introduction
	1. Detection test, confirmation of detection and genome sequence
	2. Contextual information gathering and notification to stakeholders
	2.1. Bibliographical research on the biology of related viruses
	2.2. Documentation of sample context
	2.3. Data sharing among research groups
	2.4. An unexplored path: exploitation of structural features from genomic sequence toward predictive sequence-to-function viral proteomics
	2.5. Public database screening and consideration on careful use of related metadata
	2.6. Notification and exchanges with other stakeholders

	3. Evaluation of the association between symptoms and virus presence
	3.1. General background
	3.2. Field surveys
	3.3. Greenhouse assays
	3.4. Notification and exchanges with other stakeholders

	4. Completion of data gaps to strengthen the risk evaluation process
	5. Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

