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Abstract. The metagenomic approach based on high-throughput sequencing is becoming increasingly prevalent for
the detection of viral infections in plants. This method allows us to study the species composition of viruses associated
with the plant, including novel species, describe their population genetic structure, and develop genetic test systems for
routine diagnostics. A metagenomic approach to phytosanitary monitoring can help to determine the cause of unknown
plant diseases, which is particularly important for preventing the spread of pathogens, such as viruses. Furthermore, as it
isimpossible to eliminate plant viruses in field conditions, comprehensive diagnostics using high-throughput sequencing
is becoming an effective tool for complying with quarantine regulations on the import of foreign material, as well as for
producing high-quality local planting material. High-throughput sequencing is becoming more affordable every year,
with both the instrumentation and analytical capacity improving. This review summarizes key approaches to analyzing
plant virome using high-throughput sequencing. The analysis process, from sample collection to bioinformatic data
processing, validation and interpretation, is described in detail. The features of sequencing platforms and the factors
affecting sequencing quality, including contamination, are discussed. Three complementary approaches to processing
bioinformatic data are described: mapping reads to reference viral sequences; assembling and annotating contigs;
taxonomic classification of reads without assembly. The importance of carefully interpreting the results is emphasized,
considering the bioinformatic analysis and the validation by molecular genetic methods. This review will be useful for
both researchers and specialists who have no experience with high-throughput sequencing, and those who have used
this method for other applications.
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AHHOTauuA. B nocnegHne roabl MeTareHOMHbI NOAXOA, OCHOBAHHbIM Ha BbICOKOMPOU3BOANTENIbHOM CEKBEHUPOBAHUN,
HaxoauT Bce 6Gorbluee NMPUMEHEHVE B [UArHOCTUKE BUPYCHbIX MHOEKLMI pacTeHWA. STOT MeTog MO3BOJSAET U3yUunTb
BU[OBOI COCTaB BMPYCOB, aCCOLMUPOBAHHBIX C MCCIefyeMblM pacTeHMeM, U B TOM uucie OOHapYyXUTb paHee He
OnucaHHbIe BULbI, OXapaKTEPU30BaTb VX MOMYNALNOHHO-TEHETUUYECKYIO CTPYKTYPY U pa3paboTaTb reHeTndyeckme TecT-
CcUCTeMbl ANs PYTUHHOW AMArHOCTUKK. MNpoBefeHne GpUTOCAHMTApPHOrO MOHUTOPUHIA C UCMOJNIb30BAaHWEM MeTareHOM-
HOro MoAxofa MOXeT CNOCO6CTBOBATL ONPEAENEHMIO STUONOMMM HEU3BECTHBIX 3a60N1eBaHNI PAaCTEHUIA, YTO OCOBEHHO
BaXKHO A1 NPEAOTBPALLEeHUA PacnpOCTPaHEHNA TakUX NaTOreHOB, Kak BUPYChl. Kpome Toro, € y4eToM HEBO3MOXKHOCTH
3MMMWHALUVY BUPYCOB PacTeHUI B NMONEBbIX YCNIOBUAX KOMIMIEKCHAsA AUArHOCTMKA C NMOMOLLbHO BbICOKOMPOV3BOANUTENBHOTO
CEeKBEHMPOBAHWS CTAHOBUTCA 3OPEKTUBHBIM MHCTPYMEHTOM KakK B LieNAX COBMI0AEHNA KapaHTUHHOIO 3aKOHOAATeIbCTBA
npvi BBO3€e MMMOPTHOrO MaTepurana, Tak 1 Ans nosyyeHns oTeyeCTBEHHOTO NOCaloYHOro MaTeprana BbICOKUX KaTEropui.
Mpy 3TOM C Kax[blM roflOM BbICOKOMPOW3BOANTENIbHOE CEKBEHMNPOBaHME CTaHOBUTCS 6oniee JOCTYMHbIM: pacluMpsAeTcs
KaK NpubopHO-TeXHMYECKasn, Tak 1 aHanuTryeckas 6a3a. B HacTosAwwem 0630pe CrcTeMaTM3MPOBaHbI KitoyeBble MoaXoabl
K aHanu3y BMpOMa pacTeHUli C MOMOLLbIO BbICOKOMPOU3BOANUTENBHOIO CEKBEHMPOBaHWA. B OCHOBHOI YacTu cTaTbi
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Plant virome analysis by high-throughput sequencing:
concepts and approaches

OnucaHbl 3Tarbl NPOBeAeHUsA aHanm3a: oT cbopa 06pa3LoB fo bruonHbopmaTruecKorn 06paboTKM faHHbIX, ee Banvaauum
1 vHTepnpetaumn. Moapo6HO paccMOTpeHbl O0COBEHHOCTV COBPEMEHHbIX NNaTGOpM CEKBEHUPOBaHMA U GaKTopb,
B/IMAIOLLME HA KaYeCTBO UTEHNS, B TOM Umcie KoHTaMuHauwmsA. OxapaKkTepu3oBaHbl Tpy B3aviMOLOMNOJHALWMX Noaxoaa
AN 06paboTKM 6LUOMHPOPMATAYECKNX [AaHHbIX: KAPTUPOBaHME UTEHNI Ha pedepeHCHble MOCNIeA0BATENIbHOCTYN BUPYCOB;
cOOpKa M aHHOTAUMs KOHTWUIOB; TAKCOHOMMUYECKas Kraccudukauma uteHuin 6e3 gononHutenbHon c6opku. Ocoboe
BHVMaHMe yfeneHo HeoGXOAMMOCTM TIaTeNbHON MHTEPNPEeTALM Pe3yNbTaToB C yYeToM Kak GronHPpOpMaTUYeCcKoro
aHanM3a, Tak 1 Banugauum naeHTMduKauum MonekynsapHo-reHeTudeckumm metogamu. O63op GyaeT noneseH Kak anis
uccnepoBatenei U CrnewumanncToB, He UMeILMX OMbiTa PaboTbl C BbICOKOMPOM3BOANUTENbHBIM CEKBEHUPOBAHWEM, Tak 1
AJ15 TeX, KTO UCMOJIb30Bas 3TOT MHCTPYMEHT AJ1s BbINOJIHEHMA APYTMX 3aAay.

KnioueBble csloBa: MeTareHOMMKa; BblICOKOMPOW3BOANTENBHOE CEKBEHVPOBAHUE; BUPYCbl; BUPOM pacTeHuii; 6uo-

nHdopmaTmKa

Introduction

Plant viral diseases cause substantial losses in crop pro-
duction worldwide. In the context of globalization and
climate change, the spread of plant viruses can lead to
devastating epidemics, posing a serious threat to global
food security (Jones, 2021). For instance, yield losses in
tomato and pepper crops due to infection with the tomato
mosaic virus (ToMV) are estimated at 25-70 % (Panno et
al., 2021), whereas a reduction in grape yield caused by
grapevine leafroll disease associated with viruses of the
family Closteroviridae can reach 50 % (Atallah et al., 2012).
In this regard, monitoring, early diagnostics and adherence
to quarantine measures play a crucial role in limiting the
spread of viral infections.

Currently, the identification of plant viruses is carried
out mainly by serological and molecular methods, which
have become widely used due to their assay speed, high
sensitivity and specificity. However, these approaches
enable the detection of only those virus species for which
corresponding test systems have been developed (Maina et
al., 2024).

Prior to the advent of metagenomics, knowledge of plant
viruses was restricted to a few hundred species (Pappas et
al., 2021), and consequently, the role of viruses in the mi-
crobiome of agricultural plants remained underestimated.
The metagenomic approach allows us to obtain an in-depth
understanding of all viruses of a plant, or its virome. As of
2025, the International Committee on Taxonomy of Viruses
(ICTV) has registered 2,598 plant viruses and viroids,
including 206 added in the past year (Rubino et al., 2025).
Virome sequencing provides unique information on viral
genome sequences, which can be used to conduct popula-
tion studies and trace pathways of virus spreading, asso-
ciate specific strains with symptom expression, and de-
velop specific test systems for their rapid detection.

Plant virome analysis using high-throughput sequenc-
ing is a rapidly evolving method. Each year, new recom-
mendations, protocol optimizations, and specialized data-
processing tools are published. Although this analysis has
not yet become a routine diagnostic method for plant viral
infections, its fundamental principles have already been
established.
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This review systematizes key approaches to plant virome
analysis using high-throughput sequencing. It will be use-
ful for both researchers who are new to high-throughput
sequencing and those who have used this technology for
other applications.

General scheme of plant virome analysis
Structurally, virome analysis can be divided into two main
stages. The first stage includes sample collection, mate-
rial preparation, and sequencing (Fig. 1). This part of the
analysis is crucial. If the material for sequencing is of poor
quality, obtaining reliable results at subsequent steps be-
comes impossible. When collecting samples, it is important
to consider that viruses are unevenly distributed in plant
tissues, therefore, multiple fragments should be collected
from each individual plant. This is particularly important
for perennial plants. After collection, the samples should
be transported to the laboratory as quickly as possible to
minimize the risk of nucleic acid degradation, for instance,
due to exposure to direct sunlight.

The second stage of plant virome analysis involves
computer processing of sequencing data using bioinforma-
tics tools, followed by validation and interpretation of the
results. In contrast to the steps of the first stage, bioinfor-
matics data processing can be repeated at any time to cor-
rect potential errors, apply additional analytical methods,
or double-check the results of other studies. Therefore, it
is extremely important to avoid errors during sampling,
sample preparation, and library sequencing. For reliable
virus identification, the results of bioinformatics analysis
must be validated using molecular genetic methods.

Initial material for analysis

Plant viruses differ from other pathogens in the diversity
of their genome types. They can use either DNA or RNA
molecules as carriers of genetic information, and these
molecules may be single-stranded or double-stranded,
linear or circular (Lefeuvre et al., 2019). Single-stranded
RNA viruses are subdivided into those with positive-sense
genomes, in which the genomic RNA corresponds to
mRNA, and those with negative-sense genomes, in which
the genomic RNA is complementary to mRNA. Given this

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding < 2026 < 30« 2



O.0. BenknHa
C.B. BuHorpagosa

Sample collection

Transportation and storage

Fig. 1. The main stages of plant virus analysis.

genomic diversity, identifying all plant-infecting viruses
using a single approach is challenging (Fitzpatrick et al.,
2021). Below, we review various approaches to plant
virome analysis depending on the type of templateused.

Sequencing of total RNA extracted from plant tissues is
a relatively simple, reliable, and widely used method for
virome analysis (Lee et al., 2020; Nabeshima, Abe, 2021,
Vinogradova et al., 2023). This approach enables the detec-
tion of not only RNA viruses but also transcripts of DNA
viruses (Pecman et al., 2017; Cobbin et al., 2021), and
viroids, making it optimal for diagnostics of viruses with
different types of genomic nucleic acids.

However, the sensitivity of this method can be signifi-
cantly reduced by the co-extraction of abundant host plant
RNA during sample preparation (Maliogka et al., 2018). As
a result, the detection of low-titer viruses becomes difficult
(Roossinck et al., 2015). This problem can be mitigated
by enriching the sample for virus-associated nucleic acids
(Gaafar, Ziebell, 2020). Commonly employed strategies
include the depletion of ribosomal and transfer RNAs or
the enrichment of polyadenylated transcripts. The former
method is generally preferable because not all groups of
viruses have a polyadenylated 3" end.

Another approach for plant virome analysis is sequenc-
ing virion-associated nucleic acids (Filloux et al., 2015).
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This approach has the advantage of targeting exclusively
viral sequences, which makes it possible to analyze both
RNA and DNA viruses, including those present at low
titers (Moubset et al., 2022). However, it is limited to
the detection of viruses with a capsid, which is absent
in satellite viruses and viroids, and it requires more ef-
fort than the extraction of total RNA (Maliogka et al.,
2018).

The next approach involves the analysis of short interfer-
ing RNAs (siRNAs), which are produced in plant cells as
a result of the immune response to viral infection. These
molecules represent fragments of viral genomes cleaved by
plant enzymes, 21-24 nucleotides in length (Vivek et al.,
2020; Zhuravlyov et al., 2022).

While siRNA sequencing can detect both RNA and DNA
viruses, the short length of these molecules complicates the
de novo assembly of complete viral genomes (Pecman et
al., 2017; Maliogka et al., 2018; Turco et al., 2018).

Many viruses produce double-stranded RNA (dsRNA)
as a replication intermediate, which can also be used in
plant virome studies. Sequencing of dsRNA enables the
identification of not only dsRNA viruses but also most
single-stranded RNA viruses, viroids, and some DNA
viruses (Gallo et al., 2021; Fall et al., 2025). Nevertheless,
this method is less efficient for detecting DNA viruses and
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typically yields positive results only at high levels of viral
transcript expression (Gaafar, Ziebell, 2020).

Sequencing platforms

All metagenomic studies are based on high-throughput
sequencing (HTS) of nucleic acids. This group of me-
thods includes second- and third-generation sequencing
that replaced Sanger sequencing. While Sanger sequenc-
ing remains the gold standard for reading sequences up to
1,000 nucleotides in length, its throughput is insufficient for
metagenomic applications (Crossley et al., 2020).

Second-generation sequencing, also referred to as next-
generation sequencing (NGS) or massively parallel se-
quencing, generates large volumes of short reads, typi-
cally several hundred nucleotides in length. This capability
enables the rapid and comprehensive sequencing of all
sequences in a sample. However, the short read length
complicates the assembly of the complete viral genome
during bioinformatics analysis (Maina et al., 2024).

The leader in the NGS market is [llumina (USA), whose
platforms are characterized by high throughput and low
error rates (Maina et al., 2024). In recent years, Illumina
has faced growing competition from Chinese manufactu-
rers such as MGI, GeneMind, and Cygnus Biosciences.
Moreover, the Russian company Syntol has recently de-
veloped and commercialized the Nanophor SPS sequencer
(Kurochkin et al., 2021). Most contemporary NGS plat-
forms utilize fluorescence-based sequencing-by-synthesis
technology within flow cells (Zubov et al., 2021) and share
similar library preparation protocols, often with compatible
reagents. The library preparation process typically involves
several key steps: fragmentation of nucleic acids template
(e. g., via ultrasonication or restriction enzyme digestion),
ligation of platform-specific short oligonucleotide adap-
ters to one or both ends of the fragments, and amplifica-
tion of these fragments (Kutnjak et al., 2021). Adapters
vary depending on the NGS platform and are required to
initiate the sequencing process (Lebas et al., 2022). It is
worth noting that second-generation sequencers can only
read DNA molecules, therefore, if the template is RNA,
fragmentation must be followed by reverse transcription
to synthesize cDNA.

Third-generation sequencing (TSG), also known as
single-molecule sequencing, is based on reading the se-
quences of individual molecules and does not require their
fragmentation and amplification (Villamor et al., 2019). The
maximum read length in this case is several hundred thou-
sand nucleotides, which allows for the complete sequencing
of small genomes, such as those of viruses, in a single read
(Liuetal., 2025). Important advantages of TGS include the
direct sequencing of RNA without reverse transcription to
cDNA and the capacity for real-time sequencing (Sun et
al., 2022).

Plant virome analysis by high-throughput sequencing:
concepts and approaches

Leading manufacturers of third-generation platforms are
Pacific Biosciences (USA) and Oxford Nanopore Techno-
logies (UK). Although both technologies allow to elimi-
nate amplification-induced polymerase errors, they have
relatively low read quality compared to NGS (Rose et al.,
2016; Rang et al., 2018). However, the recently introduced
PacBio HiFi technology provides read accuracy exceeding
99.5 % (Han et al., 2024). Nanopore sequencing, originally
developed by Oxford Nanopore Technologies, has seen
continuous improvements in accuracy and a significant
reduction in cost, enhancing its accessibility (Javaran et
al., 2021). The Chinese company Qitan Tech has also
mastered this technology (Wang et al., 2022). It can be
expected that in the future single-molecule sequencing will
replace NGS.

Other factors affecting

the quality of plant virome sequencing

As discussed above, the selection of both nucleic acid type
(e.g., total RNA, siRNA, dsRNA) and sequencing platform
plays a crucial role in plant virome analysis. Sequencing
quality and read amount are also affected by a number of
other factors.

Contamination is one a major negative factor in any
metagenomic analysis (Piombo et al., 2021; Lebas et al.,
2022). Sample contamination can occur at all stages, from
plant tissue collection to the sequencing process itself
(Fig. 1). To monitor contamination during nucleic acid
extraction and library preparation, negative controls with-
out template addition are recommended (Fitzpatrick et al.,
2021). It is also essential to maintain physical separation
between laboratory workflows, use sterile reagents, and
ensure the cleanliness of glassware, equipment, and work
surfaces (Kutnjak et al., 2021; Maina et al., 2024). Compre-
hensive guidance for preventing contamination using HTS
in plant pathogen diagnostics is provided by S. Massart et
al. (2022).

In addition to contamination, virome sequencing quality
is strongly influenced by the choice of methods, reagents
(particularly enzymes), and equipment. For example, library
preparation for second-generation sequencing requires the
use of reverse transcriptase and DNA polymerase, both of
which can introduce errors during amplification (Cholet et
al., 2020). Therefore, high-precision enzymes should be
used to minimize artifacts.

The accuracy of virus identification is affected by the
number of reads in the dataset. If the read amount is insuf-
ficient, viruses present at low titers may remain undetected.
Conversely, excessive sequencing increases the risk of
false positive identifications (Massart et al., 2014). To de-
termine an optimal sequencing depth, it may be useful to
review published virome analyses for the plant species of
interest.
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Bioinformatics analysis
Bioinformatics analysis of plant virome sequencing data is
amulti-step process that can be performed on both personal
computers and high-performance clusters. Difference in
computing power affects the speed of analysis. Sequenc-
ing reads are processed by specialized tools in an order
optimized for the characteristics of a given dataset.

Most bioinformatics tools are developed for Linux
operating systems and lack a graphical user interface,
requiring command-line use. For other operating systems,
cross-platform applications, web-based tools, and com-
mercial software packages are available. The latter are
particularly convenient for novice users, as they allow
nearly all steps of virome analysis to be performed in a
single environment with an intuitive interface. Popular
examples include Geneious Prime (New Zealand) and CLC
Genomics Workbench (USA). Despite their convenience,
the functionality of commercial solutions is limited by the
set of built-in tools. While this is generally sufficient for
routine virome analysis, the Linux command line offers
broader capabilities.

Programs designed for Linux systems are typically pub-
lished as open-source software and are available free of
charge. Windows users can rely on the Windows Subsystem
for Linux (WSL) or a virtual machine such as VirtualBox.
Automated software suites for virus and phytopathogen
identification include VirusDetect (Zheng et al., 2017),
Virtool (Rott et al., 2017), Kodoja (Baizan-Edge et al.,
2019), PhytoPipe (Hu et al., 2023), etc. Such solutions pro-
vide rapid results but may not account for dataset-specific
characteristics. Better results can be achieved by using
programming skills to write your own scripts. In biologi-
cal data analysis, the most commonly used programming
languages are Python and R.

Sequencing results are most often provided as FastQ
files containing reads with associated quality scores. For
visualizing this information, there is a free program, FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/
fastqc), that generates detailed reports.

Regardless of the nucleic acid type or sequencing plat-
form, an important step in virome bioinformatics analysis
is preprocessing — a set of procedures designed to improve
data quality. Inadequate preprocessing can lead to errors
during viral genome assembly and hinder read mapping,
ultimately distorting analysis results.

Preprocessing typically includes the following steps:

— Read filtering. This step involves trimming and removing
low-quality and excessively short reads. The user speci-
fies the required quality threshold and minimum read
length. For Illumina data, commonly used thresholds
include Q20 and Q30, corresponding to read accuracies
of 99 and 99.9 %, respectively (Kutnjak et al., 2021).
Filtering settings that are too strict can lead to partial
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loss of informative data, while those that are too lenient

can lead to errors during genome mapping and assembly.

Filtering also includes the removal of adapter sequences

added during library preparation. These operations

can be performed using tools such as BBDuk (https://
sourceforge.net/projects/bbmap), Trimmomatic (Bolger
etal., 2014), etc.

— Merging paired reads based on the overlapping region.
This step is only required for paired-end sequencing.

— Removing duplicate reads to reduce data volume and
increase analysis speed.

— Removing reads mapping to the host genome. This
step can significantly reduce data volume and improve
data quality. However, it also removes viral sequences
integrated into the host genome (Pappas et al., 2021).
Moreover, the host plant genome assembly may contain
errors, including misannotated viral fragments. Thus, host
read removal should be applied with caution.

Virus identification in sequencing data relies on com-
parison of sequences with available databases (Lebas et al.,
2022). Identification quality depends directly on database
completeness and annotation accuracy. As the database
is updated with new sequences, any dataset can be re-
assessed.

There are three main approaches that can complement
each other (Fig. 2): read mapping to viral reference sequenc-
es; assembly and annotation of contigs; and taxonomic
classification of reads without prior assembly.

The fastest and simplest approach to virus identification
in HTS data is read mapping to viral reference sequences.
Mapping is one of the basic operations in the analysis of
second-generation sequencing results. The algorithm aligns
reads to a reference sequence according to a specified
identity threshold. Reads not meeting the threshold are
discarded, while the remaining reads align to positions that
match the reference sequence.

To detect plant viruses using this approach, it is necessary
to first prepare a database of reference sequences, which
should contain at least one complete genome of each virus
capable of infecting the target plant.

Preprocessed reads are mapped to these reference se-
quences, producing information about coverage, identity
levels, and other metrics (Lebas et al., 2022). With sufficient
coverage, the mapped reads form a continuous sequence
along the entire length of the reference genome.

Mapping is usually performed using tools such as
BWA (Li, Durbin, 2009), Bowtie2 (Langmead, Salzberg,
2012), Minimap2 (Li, 2018), BBmap (https://sourceforge.
net/projects/bbmap), STAR (Dobin, Gingeras, 2015),
GraphMap (Sovi¢ et al., 2016), and Hisat2 (Kim et al.,
2019). The settings and thresholds are very important. Viral
genomes can differ markedly from available references due
to their rapid mutation rates. If mapping settings are too
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Fig. 2. A workflow for plant virome bioinformatics analysis.

strict, only isolates closely related to the reference sequence
will be detected (Kutnjak et al., 2021). On the other hand,
overly permissive settings may allow reads from one virus
species to map to another, leading to false positives (Roy
etal., 2018).

Mapping enables efficient detection of viruses even when
viral read abundance is low. However, results should be
interpreted cautiously, considering possible contamination
during sample preparation and sequencing. For this reason,
threshold values for read count or reference coverage should
be established to determine when a sample is considered
virus-negative (Belkina et al., 2023).

A second approach to virus identification using HTS is
based on de novo assembly of sequences from overlapping
reads — contigs — and their comparison with annotated
databases. Assembly enables the discovery of novel virus
species and new hosts for known viruses, as well as the
characterization of genomic variants. Furthermore, this ap-
proach eliminates the risk of false negatives associated
with a possible incompleteness of the database of reference
genomes for viruses of the target plant.

Contig assembly can be performed using various algo-
rithms, each with distinct advantages and limitations (White
etal., 2017). With sufficient sequencing depth, contigs may
correspond to nearly complete viral genomes, excluding
short 5" and 3’ end regions. The efficiency of assembly by the
same algorithm varies across different datasets, therefore,
it is impossible to choose a single universal one (Sutton
et al., 2019; Shvets et al., 2022). Assembly quality can be
positively affected by pre-removal of host plant reads and
optimization of tool settings (Kutnjak et al., 2021).

Common assemblers for short reads include SPAdes
(Bankevich et al., 2012), Velvet (Zerbino, Birney, 2008),
Geneious (https://www. geneious.com), CLC (https://
digitalinsights.giagen.com), MIRA (Chevreux et al., 1999),
ABYSS (Simpson et al., 2009), IDBA-UI (Peng et al.,
2012), SOAPdenovo2 (Luo et al., 2012); for long reads,
Canu (Koren et al., 2017), Falcon (Chin et al., 2016), and
Pomoxis (https://github.com/nanoporetech/pomoxis). Some
algorithms, such as SPAdes and Unicycler (Wick et al.,
2017), perform well with hybrid datasets combining short
and long reads (Pappas et al., 2021).
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To increase reliability, it is recommended to use several
assembly algorithms. Note that depending on the library
size and the chosen algorithm, the assembly may take a
long time and require a lot of RAM.

After assembly, contigs are compared against annotated
sequence databases. Result reliability depends largely
on database completeness and quality. Many of them are
available online, but it is often more convenient to deploy
the database on a cloud server or locally when storage
capacity allows.

The most convenient, up-to-date, and frequently used
databases are maintained by NCBI; by early 2025, they
contained approximately six million nucleotide sequences
and one million amino acid sequences (Sayers et al., 2025).
NCBI provides both the curated RefSeq database, which
includes one genome per organism (https://www.ncbi.nlm.
nih.gov/refseq), and the community-updated GenBank
database, which contains the majority of publicly available
sequences (https://www.ncbi.nlm.nih.gov/genbank). How-
ever, GenBank entries often lack thorough quality control
or annotation verification. Thus, comparisons of contigs
against the GenBank database can lead to misidentifica-
tions. Using the database of reference virus genomes, Viral
RefSeq, will potentially yield the most reliable results, but
its updates occur slowly and may lack a significant number
of recently discovered viruses.

The most widely used tool for comparing contigs against
databases is BLAST, which integrates several algorithms for
analyzing nucleotide and amino acid sequences. The fastest
algorithm that can be used to determine which virus in the
database corresponds to a particular contig is megablast. For
discovering novel viruses, blastx or tblastx are preferred due
to their ability to detect distant sequence similarities. The
main drawback of blastx and especially tblastx is the low
speed of analysis; therefore, when time is limited, the faster
DIAMOND algorithm can be used (Buchfink et al., 2015).
However, some researchers believe that it is less effective
for virus identification (Kutnjak et al., 2021).

BLAST can be run via the NCBI website (https://blast.
nchi.nlm.nih.gov/Blast.cgi), which is convenient for a
small number of sequences and requires no local comput-
ing resources. BLAST is also integrated into graphical
environments such as Geneious Prime and CLC Genomics
Workbench. For command-line analysis in Linux, macOS,
and Windows, the BLAST+ suite is used (Camacho et al.,
2009).

As a result of comparison with the virus sequence data-
base, contigs are assigned to specific species with varying
reliability. The level of reliability is typically indicated us-
ing the E-value, which reflects the probability of a random
match between a contig and a database entry (Vander\Weele,
Ding, 2017). The closer the E-value to 0, the more reliable
the identification.

Approaches based on taxonomic classification of reads
without prior assembly or mapping are less common in
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plant virome studies. However, if the necessary computing
resources are available, they can produce results much faster
than the approaches discussed above. Popular taxonomic
read classifiers include Kraken2 (Wood et al., 2019), Kaiju
(Menzel et al., 2016), CLARK-S (Ounit, Lonardi, 2016),
and Centrifuge (Kim et al., 2016). These tools typically
require large databases, substantial computing power, and
proficiency with the Linux command line.

Validation and interpretation of virome analysis
After detecting reads from a particular virus in a library
using any bioinformatics method, the results must be in-
terpreted correctly. Because sequencing quality depends
on many factors, no universal criteria exist for determining
how many reads or contigs reliably indicate infection (Vil-
lamor et al., 2019). Moreover, analyzing the same dataset
using different software or different settings may lead to
different results.

Therefore, each case requires a comprehensive and criti-
cal evaluation of the data. During the final steps of virome
analysis, the researcher’s expertise and biological under-
standing become crucial. In particular, the researcher must
understand that not all viruses detected in the samples are
pathogens of the sampled plant. Virome data may include
viruses of insects, fungi, and bacteria associated with the
plant, as well as human or animal viruses (Cobbin et al.,
2021). This is particularly important to remember when
results appear to indicate the discovery of previously un-
described viruses.

To reliably identify plant viruses in metagenomic data,
bioinformatics analysis results should be confirmed by
molecular genetic methods such as PCR or reverse tran-
scription-PCR (RT-PCR), depending on the viral genome
type. When a virus is detected in a sample both by virome
sequencing and by molecular diagnostics, identification can
be considered highly reliable.

Conclusion

Virome analysis using high-throughput sequencing is a
powerful method that supports both fundamental and ap-
plied research in agriculture. Each year, high-throughput
sequencing becomes more accessible as analytical and
instrumental capabilities expand. In the future, once an ap-
propriate regulatory framework is established, this method
may form the basis for decision-making in national food
security strategies.
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