ﬁ viruses WVI\D\Py

Perspective
The Emerging Role of Omics-Based Approaches in
Plant Virology

2

Viktoriya Samarskaya 10 Nadezhda Spechenkova 1(2, Natalia O. Kalinina 1202, Andrew J. Love 3

and Michael Taliansky 1-3-*

Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences,
Moscow 117997, Russia; v.sam@ibch.ru (V.S.); kalinina@belozersky.msu.ru (N.O.K.)

Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University,
Moscow 119234, Russia

The James Hutton Institute, Invergowrie, Dundee DD2 5DA, UK; andrew.love@hutton.ac.uk

*  Correspondence: michael.taliansky@hutton.ac.uk

Abstract

Virus infections in plants are a major threat to crop production and sustainable agriculture,
which results in significant yield losses globally. The past decade has seen the develop-
ment and deployment of sophisticated high-throughput omics technologies including
genomics, transcriptomics, proteomics, and metabolomics, in order to try to understand
the mechanisms underlying plant-virus interactions and implement strategies to ame-
liorate crop losses. In this review, we discuss the current state-of-the-art applications of
such key omics techniques, their challenges, future, and combinatorial use (e.g., single
cell and spatial omics coupled with super-resolution high-throughput imaging methods
and artificial intelligence-based predictive models) to obtain new mechanistic insights
check for into plant-virus interactions, which could be exploited for more effective plant disease
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management and monitoring.
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immunity (ETI) [5]. PTI is a very early broad-spectrum defence response which occurs
when host plant hypothetical pattern recognition receptors (PRRs) initially detect viruses
via their PAMPs (such as double-stranded RNA (dsRNA) replication forms) [6], triggering
a cascade of intracellular defensive signalling events, including the generation of reactive
oxygen species (ROS), increased production of defence hormones (such as salicylic acid
(SA), and activation of mitogen-activated protein kinases 3 and 6 (MAPK3/MAPKS®)) [7].
In addition to PTI, some viral proteins (which act as effectors) may interact with specific
intracellular receptors known as R gene proteins which can subsequently induce a more
intensive and robust antiviral defence (ETI) [5]. Functional R proteins can be composed of
three domains: a central nucleotide-binding site (NBS) domain, a leucine-rich repeat (LRR)
domain, and a N terminal Toll Interleukin-1 receptor (TIR) or a coiled-coil (CC) domain.
The combined action of PTI and ETI may induce systemic acquired resistance (SAR), which
is characterised by the development of resistance in tissues distal to the infection site,
with SA being the principal plant hormone responsible for establishing SAR [8]. When
the host plant successfully deploys these strategies, increases in ROS may directly attack
the pathogen and when coupled with SA induction, this may lead to downstream tissue
necrosis and callose deposition which may serve to localise the virus at the point of entry,
thus limiting virus invasion.

Gene silencing or RNA interference (RNAIi) is another major mechanism which can
defend plants from viral attack. This is a nucleotide sequence-specific mechanism that
involves production of small RNAs which activate the silencing machinery to target com-
plementary DNA or RNA for transcriptional (TGS; i.e., nucleic acid methylation) or post-
transcriptional (PTGS; i.e., degradation of specific RNAs or their translational repression)
silencing, respectively [9,10]. In the context of RNA viruses, dsSRNA molecules formed
during virus replication are recognised and cleaved by Dicer-like proteins (DCL) into small
interfering RNAs (siRNAs). Consequently, these siRNAs are loaded into ARGONAUTE
(AGO) protein family member structures to form an activated RNA-induced silencing
complex (RISC) which operates to specifically degrade complementary viral RNAs [9-12].
Host RNA-dependent RNA polymerases (RDRs) such as RDR6 also play an important role
in antiviral RNA silencing by amplifying the synthesis and spread of virus-specific siRNA
molecules in planta [13].

Plant viruses are obligate intracellular parasites and, due to their small genomes,
are reliant on hijacking or subverting host proteins and cellular structures and functions
for successful replication and infection. These include eukaryotic translation initiation
factors [14], heat shock protein 70-2 (Hsc70-2) [15], subnuclear proteins, fibrillarin [16,17],
and coilin [17,18], and many others. These reports demonstrate how plant viruses can
divert cellular components from their original roles to pro-viral functions. The analysis of
compartments that lack surrounding membranes, but concentrate biomolecules including
proteins and nucleic acids (termed biomolecular condensates in plants), clearly showed
that plant viruses can enhance their invasion by recruiting hundreds if not thousands of
pro-viral cellular components into viral condensates to provide a favourable environment
for virus accumulation [19]. Viruses can also completely reprogram cellular regulatory
systems for successful infection, such as posttranslational protein modifications for the
orchestrated regulation of viral and cellular protein dynamics, and they can subvert glycol-
ysis and fermentation pathways to use host resources. They can also hijack amino acid and
secondary metabolite biosynthesis, including flavonoid and phenylpropanoid pathways,
thereby weakening plant defences and modulating ion homeostasis to create a cellular
environment that is favourable for viral genome replication [20]. Recent advancements in
genome technologies, such as CRISPR/Cas9 or RNA interference offer innovative strate-
gies to mitigate all these impacts. Precise genetic modifications can restore or optimise
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disrupted signalling and metabolic pathways to pave a way for development of novel
antiviral strategies.

An important step in this direction is to identify potential gene targets for gene edit-
ing or RNAi approaches. The concept of omics-based technologies facilitates a deeper
understanding of the mechanisms underpinning plant viral diseases and hence provides im-
portant information on host genes involved in plant-virus interactions and disease control.

1.2. Introduction to Omics: Basics

The term “omics” is derived from the Greek word “ome” (-oma), which means
“whole”, and when it used as a suffix refers to collective and universal characterisation and
quantification of entire sets of different types of biomolecules such as genes (genomics),
proteins (proteomics), RNA transcripts (transcriptomics), or metabolites (metabolomics) in
a specific biological sample (Figure 1).

Genomics [21] deciphers an organism’s entire DNA genomic sequence, identifies
genes and explores their structure and functions. Recent progress in the development
of advanced next generation sequencing (NGS) technologies, such as Illumina, PacBio,
and Oxford Nanopore has revolutionised the whole area of genomics; enabling a fast,
cost-effective, and high-throughput analysis of complete genomes. These advances have
led to real breakthroughs in fields like medicine and agriculture.

Transcriptomics [22,23] provides key insights into how genes are expressed via the
transcription of RNA, with RNA sequencing (RNAseq) technologies permitting analysis of
the dynamics of gene activities involved in critical cellular responses.

Proteomics [24-26] identifies whole sets of protein molecules which are produced in
cells under different conditions. Modern proteomics often uses mass spectrometry (MS)
approaches, as a driving force to analyse the composition of proteins, their isoforms, their
structure and modification status. Proteomics is a powerful tool for generating a map of
the functional pathways, networks, and molecular systems which control the major cellular
responses, particularly when combined with complementary data derived from potent
genomics and transcriptomics methodologies.

Metabolomics [25,26] is the study of the metabolome, which is a set of metabolites, con-
sisting of small molecules produced by cells that are responsible for biochemical processes
in organisms. Metabolomics, unlike genomics, transcriptomics, and proteomics, provides a
real-time snapshot of an organism’s physiological state which is directly correlated with
phenotype; for instance, changes in metabolic profiles can be an early marker of disease.
Nuclear magnetic resonance (NMR) spectroscopy and high-resolution MS have become
cornerstones of metabolomic research.

In addition to the omics strategies discussed above, an increasing number of studies
also incorporate relatively newer omics approaches including epigenomics, interactomics,
lipidomics, ionomics, microbiomics, glycomics, redox proteomics, and phosphoproteomics
(Figure 1) [25] which would open up new opportunities in analysis of plant-virus inter-
actions. Furthermore, other omics complementary to genomics are emerging, such as
phenomics with its emphasis on high-throughput phenotyping using imaging technologies
to correlate phenotypic changes with molecular data [25]. With a prime focus on the “four
big omics”—genomics, transcriptomics, proteomics, metabolomics—we will outline their
links with other omic technologies, in particular, with regard to future plant virus research.
This review will mainly contemplate RNA virus—plant interactions particularly providing
some examples from our own research carried out on plants of the family Solanaceae. This
family is considered one of the most important families among plants because it includes
many staple food crops and species rich in essential secondary metabolites [27]. However,
omics technologies have also been successfully applied to many other crops and species
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which is illustrated in Table 1. Moreover, information in this table is not restricted by
RNA viruses and includes various DNA viruses, which, however, may require a modified
analytic strategy especially in the genomic and transcriptomic platforms.
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Figure 1. The role of diverse omics technologies including genomics, transcriptomics, proteomics,

metabolomics, epigenomics, phenomics, and multi-omics in understanding the plant—virus interac-
tions and mechanisms underlying virus resistance. Genomics deciphers an organism’s entire DNA
genomic sequence. Transcriptomics provides information into how genes are expressed via tran-
scription of RNA. Proteomics identifies whole sets of protein molecules which are produced in cells
under different conditions. Metabolomics focuses on the analysis of a set of metabolites, consisting
of small molecules produced by cells that are responsible for biochemical processes in organisms.
Epigenomics analyses changes occurring with chromosomes may modulate the expression of a gene
assumed to be active from the genomics study. Phenomics aims at collecting non-invasive imaging
(i.e., RGB, chlorophyll fluorescence, hyperspectral and thermal imaging, and spectroscopy data) and
developing comprehensive tools to integrate with other omics data. Ionomics measures the complete
set of ions. Phosphoproteomics is a branch of proteomics that describes proteins containing a phos-
phate group as a posttranslational modification. Redox proteomics focuses on oxidatively modified
proteins. Glycomics identifies the structure and function of the complete set of glycans (the glycome).
Lipidomics analyses cellular lipids. Interactomics studies interactions between biomolecules, par-
ticularly proteins. Multi-omics (also known as integrative omics) analyses and integrates data from
multiple omics—genomics, transcriptomics, proteomics, metabolomics, and others.
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Table 1. Omics approaches applied to plant-virus interactions studies.

Virus/Genus (RNA or DNA) Plant Examples of Modulated Pathways References

Transcriptomics

TYLCV /Begomovirus (DNA) Tomato Gibberellin-mediated antiviral defence [28]

RBSDV /Reovirus (RNA) Rice mo6A methylation [29]

RSV /Tennuivirus (RNA) Rice m6A methylation [29]

CGMMYV /Tobamovirus (RNA) Watermelon m6A methylation [30]

PVY /Potyvirus (RNA) Potato Photosynthesis, carbohydrate synthesis [31]

TYLCV /Begomovirus (DNA) Tomato Defence response, ubiquitination [32]

PVY /Potyvirus (RNA) Potato Resistance, susceptibility, photosynthesis [33]

RSV / Tennuivirus (RNA) Rice Photosynthesis, flowering, stress/defence [34]
responses

CaLCuV/Begomovirus (DNA) Arabidopsis thaliana Translation machinery [35]

TuMV / Potyvirus (RNA)

CMV /Cucumovirus (RNA) Arabidopsis halleri Plant-pathogen interaction [36]

BrYV /Polerovirus (RNA)

Lo Pigment metabolism, plant-pathogen

SVBV /Caulimovirus (DNA) Strawberry . . [37]
interactions

TMV / Tobamovirus (RNA) Tobacco Reproglﬁammmg auxin-regulated gene [38]
expression

CMV /Cucumovirus (RNA) Tobacco Photosynthesis and chlorophyll metabolism [39]

CCYV/Crinivirus (RNA) Cucumber Phenylp.ropanmd synthesis, phenylalanine [40]
metabolism

MIMV /Nucleorhabdovirus (RNA) Maize Immune receptor signalling, RNA silencing, [41]

CBSV/Ipomovirus (RNA) Cassava developmental processes [42]

TYLCV/Begomovirus (DNA) Tomato Long non-coding and circular RNAs [43]

CMV/Cucumovirus (RNA) Capsicum annuum Response to stress, defence response [44]

BCTV/ Geminivirus (DNA) Sugar beet Primary metabolic processes, volatile [45]
compounds

SLCCNV /Begomovirus (DNA) Zucchini Photosynthesis, plant-pathogen interactions [46]

PVY /Potyvirus (RNA) Potato Poly(ADP)-ribosylation, methionine cycle [47]

Proteomics

CWMYV /Furovirus (RNA) Nicotiana benthamiana Abscisic acid-mediated antiviral defence [48]

ORMYV / Tobamovirus (RNA) N. benthamiana J asmonic and abscisic acid signalling, [49]
intracellular

MNSV / Gammacarmovirus (RNA) Melon Processes controlling redox balance and [50]
cell death

RSV / Tennuivirus (RNA) Rice Chlorophyll biosynthesis and cell death 51]
processes

TMV / Tobamovirus (RNA) Tobacco Photosynthesis [52]

TYLCCNV /Begomovirus (DNA) Tobacco Stress defence., energy production, [53]
photosynthesis

CSMV /Comovirus (RNA) Vigna unguiculata Redox homeostasis, protein synthesis, [54]
defence, stress

PSbMV / Potyvirus (RNA) Pisum sativum Plant-pathogen response, lipid metabolism [55]

SRBSDV/ Fijivirus (RNA) Rice DefeI.@e superoxide dismutase and catalase [56]
activities

CPSMV /Comovirus (RNA) V. unguiculata Ph.o tos‘ynthesm, stress response, and [57]
oxidative burst

TSWV /Orthotospovirus (RNA) Tobacco Cell death, host defence, metabolism [58]

PVY/Potyvirus (RNA) Potato Methionine cycle [59]

Metabolomics

TRV / Tobravirus (RNA) A. thaliana Lipid and fatty acid metabolism [60]

RBSDV / Reovirus (RNA) Maize Lipid and fatty acid metabolism [61]

CCYV /Crinivirus (RNA) Cucumber Lipid metabolism [62]

SCMV / Potyvirus (RNA) Maize Phenylpropanoid pathway [63]




Viruses 2025, 17, 986 6 0f 25
Table 1. Cont.

Virus/Genus (RNA or DNA) Plant Examples of Modulated Pathways References

GLRaV-3/Ampelovirus (RNA) Grapevine Phenylalarune metabolism, salicylic [64]
acid pathway

HpMV / Carlavirus (RNA)

ApMV /Ilarvirus (RNA) Hop Accumulation of monoterpenes hydrocarbons [65]

HLVd (viroid)

CMV /Cucumovirus (RNA) Passion fruit Levels of secondary metabolites and antioxidants  [66]

SalV/ Potyvirus (RNA) Saffron Composition of picrocrocin, safranal, and [67]
kaempferols

. Accumulation of sugars, alkanes, and

HgYMV /Begomovirus (DNA) Horsegram carboxylic acids [68]

Transcriptomics and

Proteomics

MYMIV/ Begomovirus (DNA) Soybean Cel} cycle', cell-wall biogenesis, hormone [69]
assimilation

PVY/Potyvirus (RNA) Potato Plant immunity regulation [70,71]

SCMV / Potyvirus (RNA) Sugarcane Photosynthesis [72]

SCMV / Potyvirus (RNA) Sugarcane Sugar metabolism [73]

TuMV / Potyvirus (RNA) Cabbage Calcium signalling pathways, heat [74]
shock responses

GFLV /Nepovirus (RNA) N. benthamiana Chitinase activity and hypersensitive response [75]

Transcriptomics and

Metabolomics

PVY /Potyvirus (RNA) Potato Phenylpropanoids and antioxidant pathways [76]

GRBaV/Grablovirus (DNA) Grapevine Abscisic acid, ethylene, and auxin pathways [77]

GRBaV/Grablovirus (DNA) Grapevine Auxin-mediated pathways and photosynthesis [78]

TuMV /Potyvirus (RNA) Brassica rapa Volatile organic compounds [79]

TSWV /Orthotospovirus (RNA) Tomato Plant hormone signalling and flavonoid pathway  [80]

Proteomics and

Metabolomics

SLCMV /Begomovirus (DNA) Cassava Plant—pathogen interaction, hormone signalling  [81]

Interactomics

TSWYV /Orthotospovirus (RNA)

N. benthamiana TSWYV NSs-interacting proteins [82]

TYLCYV, tomato yellow leaf curl virus; RBSDV, rice black-streaked dwarf virus; RSV, rice stripe virus; CGMMY,
cucumber green mottle mosaic virus; PVY, potato virus Y; CaLCuV, cabbage leaf curl virus; TuMYV, turnip mosaic
virus; CMV, cucumber mosaic virus; BrYV, Brassica yellows virus; SVBV, strawberry vein banding virus; TMV,
tobacco mosaic virus; CCYV, cucurbit chlorotic yellows virus; MIMV, maize Iranian mosaic virus; CBSV, cassava
brown streak virus; BCTV, beet curly top virus; SLCCNYV, squash leaf curl China virus; CWMYV, Chinese wheat
mosaic virus; ORMYV, oilseed rape mosaic virus; MNSV, melon necrotic spot virus; TYLCCNYV, tomato yellow
leaf curl China virus; CPSMYV, cowpea severe mosaic virus; PSbMV, pea seed-borne mosaic virus; SRBSDV,
southern rice black-streaked dwarf virus; TSWYV, tomato spotted wilt virus; TRV, tobacco rattle virus; RBSDV,
rice black-streaked dwarf virus; SCMV, sugarcane mosaic virus; GLRaV-3, grapevine leafroll-associated virus 3;
HpMY, hop mosaic virus; ApMYV, apple mosaic virus; HLVd, hop latent viroid; SaLV, saffron latent virus; HgYMYV,
horse gram yellow mosaic virus; MYMIV, mungbean yellow mosaic virus; GFLV, grapevine fanleaf virus; GRBaV,
grapevine red blotch-associated virus; SLCMYV, Sri Lankan cassava mosaic virus.

2. Application of Genomics in Plant Virus Disease Control

In crop agriculture, genomic studies focus on the total number of genes, their structure,
organisation, mapping and functional roles in different biological processes and their anno-
tation [21]. There are two broad categories of studies that are key in the modern genomic
field. One of them, namely structural genomics, deals with sequencing, assigning, and
mapping the genes and markers onto the chromosomes, thereby constructing a physical
map of the whole genome. Advances in the development of next generation sequencing
technologies, such as Illumina (for short reads), PacBio, and Oxford nanopore (for long
reads), have improved the genomic studies through faster, cheaper and more accurate
sequencing, which is further enhanced when used in conjunction with current bioinfor-
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matic data analysis. Thus, given that plant genes and therefore genotype control the final
physiological profile (phenotype), structural genomics appears to be an entry point and
fundamental basis for other ‘omics” approaches. Genomic studies have also enabled the
detection of single nucleotide polymorphisms (SNPs) or simple sequence repeats (SSRs),
which may serve as molecular markers located throughout the genome of agronomically
important crops [83-85]. Such molecular markers exhibit significantly enhanced density
and higher resolution compared with quantitative trait loci (QTL) [86]. These markers may
be exploited in genome-wide association studies (GWAS), which have become a powerful
tool in genomic-assisted breeding methodologies, analysing statistically significant associ-
ations between a phenotype/trait (such as virus resistance) and genetic variants in large
collections of germplasm [87]. GWAS identify potential trait-associated markers (typically
SNPs) by measuring the frequency of SNP sites in samples with or without a specific
trait (virus resistance), thereby aiming to identify genetic variations that are significantly
enriched in samples with the trait of interest.

The other category of genomics, namely functional genomics, integrates nucleotide (ge-
nomic) sequences with gene functions at the whole genome level via using high-throughput
functional genomic screens such as genome-wide knockout/knockdown screens obtained
by mutagenesis, RNAi or CRISPR-Cas technologies [88]. Agronomically important genes
may be thus identified and targeted for trait improvement including virus resistance.

With both these strategies (GWAS and functional genomics), genomic regions/candidate
gene(s) controlling viral disease resistance have been identified in more than 15 plant
species and crops. GWAS has been used to map resistance against more than 25 RNA-
containing and DNA-containing viruses including such economically important viruses as
potato virus Y (PVY) [89], cucumber mosaic virus [90], rice black-streaked dwarf virus [91],
cassava mosaic virus [92], tomato spotted wilt virus [93], and some others [84,87,94]. Func-
tional genomics approaches has allowed the identification of a broad number of plant host
gene-determinants of susceptibility to various viruses [95], which is an important step for
engineering virus resistant plants using CRISPR-Cas editing or RNAi technology.

Furthermore, another area related to genomics is comparative population genomics,
which involves comparing genomic features across different species and among different
populations with a focus on genes, gene domains, structural motifs, regulatory sequences,
and other genomic signatures to explain evolution, structure, and function [96]. With regard
to plant viral diseases, population genomics studies viral genotype—disease phenotype
relationships, genetic diversity, and evolution of viral populations, emergence of new
viruses and their strains/isolates, and environmental and geographical heterogeneity of
viral populations [97]. It is worth noting that for RN A-containing viruses which represent
the vast majority of plant viruses, genomic studies are based on RNA sequencing (RNA
seq; see section below). On a practical level, this information is very important due to the
necessity to identify conserved virus genetic regions which may be broad-spectrum targets
for viral disease control using CRISPR-Cas or RNAi approaches.

3. Application of Transcriptomics in Plant Virus Disease Control

RNA molecules are an important component of organisms. Understanding the identity
and abundance of each RNA species in a specific cell under a certain condition is crucial for
RNA research [98]. Transcriptomic studies allow for the identification and quantification of
the majority of RNA transcript species: mRNA, long non-coding RNAs (IncRNAs), and
small RNAs (smRNAs) [22]. These can be rapidly and accurately analysed robustly using
high-throughput RNA next generation sequencing (RNAseq) such as Illumina or Oxford
Nanopore platforms [98].
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Transcript identification and quantification are the primary goals of the RN Aseq anal-
ysis [99], which is often followed by workflows which determine the biological relevance
of the data. Using differential expression analysis (which may also include assessment
of differential isoform expression and alternative splicing) and functional profiling can
help elucidate the molecular mechanisms and key pathways controlled by differentially
expressed genes (DEGs) under the experimental/field test conditions [100]. For RNA-
Seq data, quality control is first performed using FastQC or MultiQC tools [101]. Then,
low-quality reads are removed using Cutadapt [102] or Trimmomatic [103]. Reads are
then aligned to the reference genome using STAR or HISAT?2 [104,105], after which the
number of reads per gene is counted (featureCounts, HTSeq). Since RNA-Seq data are
depth-dependent, they need to be normalised, which often requires methods such as
Fragments Per Kilobase Million (FPKM) or Reads Per Kilobase Million (RPKM); however,
Transcripts Per Kilobase Million (TPM) is now becoming more popular. Once DEGs have
been identified, it is important to understand their biological roles. GO (Gene Ontology)
analysis helps to determine the biological processes, cellular components, and molecular
functions to which these genes are related, while KEGG (Kyoto Encyclopedia of Genes
and Genomes) and Reactome provide information on a wide range of pathways, including
signalling, metabolism, and genetic information processing. Tools like DAVID, g:Profiler,
and clusterProfiler can automate the identification of enriched GO terms. For effective
interpretation and presentation, the results of differential gene expression analysis can be
visualised using heatmaps or volcano plots. Subsequently, interaction networks (STRING,
Cytoscape) can be established to help to identify the key regulatory genes, which can be
confirmed using qRT-PCR to check their expression. This data may also be integrated with
proteomic or metabolomic data in order to help establish biological interpretation; a detail
oriented process which may be simplified using contemporary bioinformatics tools [100].

Bioinformatic analysis of RN A-containing virus populations in plants is a complex
multi-stage process that includes data collection, processing, interpretation, and visual-
isations. Such analysis allows studying the genetic diversity of viruses, their evolution,
interaction with host plants, and pathogenicity mechanisms. After receiving raw data
from the sequencer, quality control is performed using FastQC or MultiQC tools [101].
Adapters, low-quality reads, and host plant sequences are then removed (Bowtie2, BWA, or
Kraken? are used). De novo methods (SPAdes, Trinity) or alignment to reference genomes
(BWA, minimap2, Hisat2) are used to assemble viral genomes, which may be identified
using database searches (BLAST, VirusDetect) [106-109]. Concomitantly, the genetic di-
versity and structure of populations may be studied by considering the SNPs, indels and
recombinations (GATK) that may be present in the datasets, with the RDP4 programme
being used to identify recombinant strains. Evolutionary relationships between strains
may be assessed using phylogenetic analysis (MEGA, RAXML, UGENE); however, more
in-depth analysis of quasi-species, which are closely related variants within one host,
may be further characterised using ShoRAH and Haploflow [110-115]. After genome
assembly, open reading frames (ORF) are annotated using Prokka or ORFfinder tools
and the resulting sequences are compared with databases (NCBI, UniProt) to determine
gene functions [116-119]. Of particular interest are genes associated with virulence as
well as the prediction of virus—plant interactions which may be analysed, respectively,
using VFDB/PHI-base and KEGG. If the sample contains multiple different viruses or
microorganisms, taxonomic classification may be required which would utilise Kraken2
pipeline [120-122]. For visual presentation of data, genomic browsers (IGV, Tablet), circular
diagrams of genomes (Circos), phylogenetic trees (FigTree, IQ-Tree), and heatmap analysis
(Matplotlib, Seaborn) are used, often in conjunction with statistical processing which is
performed using R or Python v3.11.3 [123-127].
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Transcriptomic studies have provided significant insights in the understanding of
numerous plant-virus interactions in model and crop plants. Viruses induce tremendous
transcriptomic changes in infected plants which have been recently comprehensively
reviewed by Rurek and Smolibowski [23]. These changes are typically associated with
carbohydrate transport, cell cycle regulation, DNA binding, DNA repair and recombination,
DNA replication, glutathione binding, lipid metabolism, microtubule-based movement,
oxidation-reduction proteins, OXPHOS activity, programmed cell death regulation, protein
domain specific binding, protein folding and processing, regulation of hydrogen peroxide
metabolism, and senescence as well as signal transduction (including hormone signalling
in host antiviral defences).

It should also be noted that the advent of RNAseq methodology has allowed the
discovery of an entire new category of plant non-coding RNAs involved in viral infections
including various smRNAs, miRNAs, and IncRNAs [22]. Transcriptomic profiling has
revealed novel associations of NBS-LRR resistance genes with virus-derived or induced
products in both compatible and incompatible plant virus interactions [42,128,129]. Re-
garding the virus input, the discovery of viral small interfering RNAs (vsiRNAs) indicates
the potential of transcriptomic approaches to uncover novel mechanisms underlying plant
defence responses [130]. We have found that the external application of PVY-specific
double-stranded RNA (dsRNA) triggers RN Ai-based defence responses, which surpris-
ingly led to formation of a non-canonical pool of smRNAs, which were present as ladders
of ~18-30 nt in length (instead of typical virus induced discrete 21 and 22 nt siRNA species);
suggestive of a new unexpected pathway of smRNA biogenesis [131].

We have also studied the effect of enhanced temperature on the transcriptomic re-
sponses of potato plants to infection with PVY which significantly increased plant suscepti-
bility to this virus. Using RNAseq technology, we found that both single and combined
PVY and heat-stress treatments caused dramatic changes in gene expression, affecting the
production of both protein-coding and non-coding RNAs [47]. By analysing expression of
the newly identified genes responsive to PVY infection, we found that the increased sus-
ceptibility of potato to PVY at higher temperature may be caused by the down-regulation
of methionine cycle (MTC) enzymes [59], which disturbs the MTC and its major functions
in trans-methylation and polyamine production. Other transcriptomic changes revealed in
this work were associated with the process of poly ADP-ribosylation (PARylation), suggest-
ing that PVY-plant interactions are at least partially regulated by PARylation functions. We
also identified a range of novel non-coding RNAs which were differentially produced in
response to single or combined PVY and heat stress, which consisted of antisense RNAs
and RNAs with miRNA binding sites. Finally, we identified several sites for alternative
splicing and RNA methylation during combined stress conditions. These findings provide
insights for future studies of functional links between PVY infections and transcriptome
reprogramming, RN A methylation, and alternative splicing.

Another transcriptomic study has demonstrated that Zn?*-mediated antiviral resis-
tance in N. benthamiana is activated by ethylene responsive transcription factors which
enhances the expression of resistance-related genes [132].

Transcriptomic technologies developed to study the RNA transcripts (RNAseq anal-
ysis) of an organism have also been successfully employed over the last decade for the
detection and discovery of new and emerging plant viruses, which are often associated
with diseases in a wide range of host crops such as apple, citrus, nectarine, grapevine,
raspberry, blackberry, rose, carrot, eggplant, potato, and others [97,133-135].
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4. Application of Proteomics in Plant Virus Disease Control

Proteomics plays a significant role in elucidating key biological mechanisms such as
growth and differentiation, responses to biotic and abiotic stresses, programmed cell death,
etc. With rapid advances in the development of mass spectrometry (MS) techniques and
computational improvements, during the past decade, MS-based proteomics has emerged
as a powerful tool for investigating protein structure, functions, and global interactions in
different areas of life sciences and has become increasingly important in plant and crop
sciences. The quantitative, functional, spatial, and temporal diversity of plant proteins is
controlled by multiple environmental factors that modify protein structure, abundance,
their interaction patterns in order to meet the dynamic demands of plants.

Quantitative proteomics is a crucial technique for measuring differences in protein
accumulation and post-translational modification rates [136,137]. The major types of
genome-wide quantitative proteomics typically applied in plants include stable isotope
labelled amino acid methods such as Tandem Mass Tag (TMT), Isobaric Tags for Relative
and Absolute Quantitation iTRAQ), and Stable Isotope Labelling by amino acids in Cell
culture (SILAC) [138-140]. The latter of these pipelines operates in vivo and incorporates
stable isotopes into protein molecules during their synthesis in growing cells or tissues [140].
The labelled proteins/peptides are consequently examined by tandem MS to obtain relative
differences in multiplexed samples [141]; a highly efficient process for analysing low-
abundance proteins.

Bioinformatics methods for MS-based proteomics data analysis have recently been
reviewed by Chen et al. [142], and for more information we would like to refer the reader
to this article. In brief, the data from the MS analysis are used to determine the sequence of
the peptides via database search algorithms such as Mascot [143] or SEQUEST [144] or de
novo peptide sequencing [142]. The next steps include the reconstitution of the peptide
sequences into proteins (if possible) using, for example, Bayesian Inference Models [145]
and the subsequent determination of protein abundance after normalisation (for instance
using Peaks Studio Quantification [142], if number of identified peptides is low). To identify
the biological pathways and processes that are associated with over- (or under-) represented
proteins, KEGG and GO protein enrichment tools are usually employed [142] as described
for transcriptomic analysis.

Post-translational protein modifications play important regulatory roles in protein
functions by changing their activity, localization, turnover, and interactions with other
molecules and include phosphorylation, ubiquitination, SMALL UBIQUITIN-LIKE MOD-
IFIER (SUMO)-lyation, acylation, methylation, and glycosylation [136,146,147]. Some
such modifications can be accurately detected and quantified using high-throughput pro-
teomics [148].

Numerous reports have described various approaches using proteomics to elucidate
plant responses to various abiotic and biotic stresses, including virus infections. There is a
growing body of information showing the tremendous effects of viruses on the accumula-
tion of proteins involved in core plant metabolism, including photosynthesis and carbon
and amino acid metabolism, light harvesting, photorespiratory metabolism, ribosome main-
tenance and function, splicing, plant immunity, translation, and protein processing and
protein degradation [24,70,71,149-152]. It cannot be dismissed that some of these effects
may be caused merely by general stress responses during infection. However, taking into
account that many viruses have been shown to interact directly or indirectly with metabolic
proteins, it is plausible that this regulation has specifically evolved due to benefits obtained
either by the virus during invasion or by the plant host during the defence response.

Unlike a genome which remains relatively static, a proteome is highly dynamic and
changes in response to environment factors or disease, developmental stages, and plant age.



Viruses 2025, 17,986

11 of 25

Differential regulation of protein accumulation during viral infection is a complex pro-
cess which depends on a virus species and virus isolate, host species, infection stage, plant
age, and environmental conditions. How these circumstances complicate interpretation
of the results compounded with complexities of comparing the data obtained in different
laboratories will be discussed below. However, here we provide an example illustrating
how enhanced temperature may affect protein composition in virus-infected plants. It
is well-known that plant—virus interactions are greatly influenced by various ecological
factors including temperatures [151,153,154]: increased temperature is often associated
with more severe symptoms and higher virus accumulation. We found that infection with
PVY at 28 °C (which significantly facilitates susceptibility to the virus) induced much
greater changes in the abundance of proteins (152 proteins) than at 22 °C (23 proteins) [59].
A striking finding, for example, was that the enzymes of the methionine cycle (MTC) were
down-regulated at the elevated but not at the normal temperature. Consistently, we found
that higher temperature conditions induced changes in the level of MTC metabolites, sug-
gesting that the enhanced susceptibility of potato plants to PVY at 28 °C may be caused by
the down-regulation of MTC enzymes and concomitant cycle perturbation. In agreement
with this, exogeneous treatment of these plants with methionine restored accumulation of
MTC metabolites and subverted the susceptibility to PVY at higher temperature [59].

5. Application of Metabolomics in Plant Virus Disease Control

Recent advances in the development of metabolomics, particularly high-resolution plat-
forms such as liquid chromatography-mass spectrometry (LC-MS) and gas chromatography—
mass spectrometry (GC-MS) as well as tools such as MetaboAnalyst and XCMS used for
high-throughput data processing [20,155,156] have allowed researchers to identify many
dynamic metabolic changes in plants under stress conditions including virus infections.
Viruses are able to significantly affect the plant metabolism, including primary metabolic
pathways which are closely related to energy production and plant growth as well as
secondary metabolic pathways which are crucial in abiotic and biotic stress responses. For
instance, metabolomic studies showed that tomato yellow leaf curl virus causes remark-
able up-regulation of the phenylpropanoid and ureide/polyamine pathways, resulting
in the accumulation of flavonoids and lignin, thereby increasing antiviral resistance [157].
Similarly, horse gram yellow mosaic virus induced different metabolite changes in highly
resistant and highly sensitive genotypes of horse gram. Significantly enhanced production
of sugars (which may act as signalling molecules in plant—pathogen interactions), alkanes
(derivatives of cuticular wax providing tolerance against biotic stress), carboxylic acids
(sugar signalling pathway which may be related to systemic spread of the virus), and
three antiviral compounds (octadecanoic acid, diphenylsulfone, and 2-aminooxazole) was
observed in the highly resistant genotype of horse gram [68]. Investigations on the Sri
Lankan cassava mosaic virus demonstrated the central role of chlorogenic acid and caffeic
acid in ROS regulation and defence pathways in cassava plants [81].

6. Challenges and Pitfalls of Individual Omics Technologies

Recent advances in high-throughput omics technologies have dramatically changed
research in plant sciences and agriculture. In spite of the great potential of these technolo-
gies, the implementation of omics still faces serious technical and analytical challenges.
These challenges may arise at every stage, from sample preparation and data generation to
interpretation of extensive datasets.

With regard to NGS approaches (in genomics and transcriptomics), the presence of
highly repetitive DNA in plant genomes as well as heterozygosity and polyploidy of
agricultural crops could produce hindrances during assembly of short reads obtained
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during sequencing using Illumina. Long reads obtained using PacBio or Oxford Nanopore
may contain significant inaccuracies, which may be eliminated, at least partially, by error
self-correction tools such as DeChat [158]. Bioinformatic analysis is another bottleneck.
Transcriptome assembly is particularly challenging for alternative splice variants, novel
genes, and reads that map to multiple regions of the genome (multi-mapping), making
quantification of expression difficult. Different normalisation methods (RPKM, TPM,
DESeq?2) can yield divergent results, and batch effects can mask biologically significant
differences [159-162].

In contrast to the genome, transcriptomes and, specifically, proteomes and metabolomes
are highly dynamic networks that continuously change according to physiological and
environmental conditions, and are strictly dependent on crop, cultivar, developmental
stage, tissue or cell type or cellular compartment [26,149]. If the sample consists of a mixture
of cell types, the signal is averaged out, and important changes in individual populations of
RNA transcripts/proteins/metabolites may go undetected. In addition, when testing thou-
sands of transcripts/proteins/metabolites en masse, false positives are inevitable, requiring
independent validation. Moreover, it is not surprising that homologs of the same transcript
or protein may be differentially regulated in opposite directions under certain conditions,
e.g., during virus infection, in different plant species, or at different times, and it is not
unusual for two homologous transcripts/proteins to be regulated in opposite directions
even in the same study and at the same time. This makes it rather difficult to predict the
functional role of these proteins in the process under study. It is even more difficult to com-
pare and interpret results obtained by different research groups under different conditions
(such as time points, temperatures, plant species and age) [149]. Another concern is that
functional identification of differentially expressed transcripts/proteins requires a compre-
hensive well-annotated database of reference sequences for the plant species of interest.
However, for some plant species, such databases appear to be quite poor or not available at
all. Regarding proteins, functions are being frequently predicted by homology searches
using available databases, which may result in wrong predictions. Proteomics, in contrast
to transcriptomics, faces additional challenges due to their post-translational modifications.

Metabolic variability may cause problems in identification of the metabolites asso-
ciated with a certain trait. Most of the metabolites are typically involved in multiple
pathways; this makes it difficult to attribute some metabolites to a specific biochemical
pathway. Extraction of metabolites is a critical step where significant losses are possible.
The choice of solvent affects the extraction efficiency: polar metabolites (sugars, amino
acids) require aqueous solutions, while lipids and hydrophobic compounds are better
extracted with organic solvents. However, there is no universal method, which leads to a
systematic bias towards certain classes of compounds.

Integration of multi-omics data including genomics, transcriptomics, proteomics, and
metabolomics may at least partially overcome these challenges and increase accuracy,
reliability and robustness of omics-based insights.

7. Multi-Omics

Individually, each omics technology generates quite large datasets; however, this
relates solely to a single level of information in a biological system which may introduce
some confusion in understanding and prediction of the entire process. Therefore, to avoid
misinterpretations and provide comprehensive information on the full flow of genetic
information from genotype to phenotype, multi-omics studies are required [163]. A typical
example is with the correlation of transcriptomic and proteomic data [164]. The transcrip-
tion of an mRNA may not necessarily indicate that the corresponding protein will also
be produced. Thus, suggestions made about the active functional pathways based on
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transcriptomic profiling may not always be transferred to the proteomic level. Similarly,
epigenomic changes occurring with chromosomes may modulate the expression of a gene
assumed to be active from the genomics study. Thus, the integration of genomic and
epigenomic data provides a more accurate picture of gene expression [165]. Transcriptomic
data showing production of mRNA of a metabolic enzyme should be complemented by
metabolomic studies to make unambiguous conclusions on the metabolic output. Of course,
multi-omics studies should not always include all omics, since this may not be possible,
and the rational and adequate choice of omics technologies is dependent on the nature of
the research question.

The integration of complex omics datasets can provide information on molecular-level
interconnections and mechanisms underlying different biological processes. A range of
computational tools have been developed to handle the complexities of multi-omics inte-
gration which include similarity-based methods (NEMO and PINEPLUS), network-based
approaches (WCGNA, Steiner, OmicsIntegrator, Weighted Multiplex Network, CONEXIC,
and Joint NMF), correlation-based methods (MAPMan, CNAmet, PhenoLink, Paintomics,
and IntegreOmics), Bayesian methods (TMD, MD], PSDF, Joint BAYES, BCC, IBAG, MOFA),
fusion-based methods (PFA and PSDF), and multivariate techniques (MixOmics) [166].

Furthermore, integration of classical omics studies (genomics, epigenomics, transcrip-
tomic, proteomics, and metabolomics) with phenotypic analyses allows researchers to
reproduce the entire pathway from genome to trait. Phenotypes include morphologi-
cal, physiological, and biochemical characteristics such as plant height, root architecture,
biomass, photosynthetic and respiratory efficiency, stress and disease tolerance, the compo-
sition of metabolites, hormones, and other biochemical substances that control growth and
development [167]. Recent interdisciplinary advances in high-throughput phenotyping
techniques have led to the emergence of a new discipline named “phenomics”. This field
aims at collecting non-invasive imaging (i.e., RGB, chlorophyll fluorescence, hyperspectral
and thermal imaging, and spectroscopy data) and developing comprehensive tools to
integrate with other omics data [168,169]. These technologies in combination with Internet
of Things (IoT) and blockchain devices can serve for collecting and analysing phenotypic
data to provide information about plant responses to different conditions.

With regard to virus infections, it is worth noting that integrating metabolomics,
genomics, transcriptomics, and proteomics allows researchers to elucidate complex mecha-
nisms underlying plant-virus interactions, which allows formulation of critical insights into
how specific gene expression correlates with metabolic reprogramming in virus-infected
plants. For example, a study on maize plants infected with sugarcane mosaic virus (SCMV)
showed that development of mosaic symptoms in SCMV-infected plants requires light
illumination and is correlated with mitochondrial reactive oxidative species (mROS) accu-
mulation. The transcriptomic and metabolomic analyses clearly demonstrated that SCMV
infection elevates the enzymatic activity of pyruvate orthophosphate dikinase under light,
resulting in malate overproduction and subsequent mROS accumulation which in turn
contribute to the manifestation of light-dependent mosaic symptoms via mROS [170]. Simi-
larly, metabolomic and transcriptomic profiling revealed that grapevine red blotch virus
(GRBV) inhibits the phenylpropanoid pathway and its derivatives, decreasing the capacity
of grapevine plant to produce antiviral compounds [78]. Conversely, other studies show
that some viruses such as tobacco mosaic virus in tomato plants or cucumber mosaic virus
in squash [171] can modulate phenolic compound production to counteract infection [172].
For other examples, see the comprehensive review by Jiang et al. [20].
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8. Future Directions

As discussed above, both individual omics and multi-omics approaches have been
used in plant virology to explore molecular mechanisms underlying susceptibility and
resistance of plants to viruses and to pave the way for more efforts to engineer virus
resistance. However, in the plant-virus context these approaches appear to significantly
lag behind the general level of research in this field even if multi-omics studies are applied.
Some future omics applications in the field of plant virology should include single-cell
and spatial omics analyses, high-throughput super-resolution localisation techniques and
Al-based predictive modelling. Genetic and molecular data obtained by omics technologies
should also be verified by experimental functional analysis (Figure 2).

Perspectives
Localisation Artificial intelligence Experimental
spatial omics studies machine learning verification
R € 9

Figure 2. Future omics applications in the field of plant virology. Traditional omics or multi-omics
studies have merely measured the average expression within a complex pool of cells and cell types
which remain at distinct stages of infection and therefore should be complemented by single-cell
and spatial (transcriptomics, epigenomics, proteomics and metabolomics) omics analyses. The com-
plexity and scale of omics data requires additional analytical tools such as artificial intelligence
(AI) and machine learning (ML). Taking into consideration that many biological processes are regu-
lated at the intracellular localisation/compartmentalisation level, some innovative high-throughput
super-resolution localisation techniques coupled with Al-based predictive models (protein/RNA
localisomics, retainomics, sequestromics) should open up new additional opportunities in the ap-
plication of current set of omics/multi-omics technologies in plant virology. Genetic and molecular
data obtained by omics technologies should be verified by functional analysis. In conjunction with
phenomics, plant physiology, and functional genomics complement each other and would be ex-
tremely useful for such verification, but first, phenomics techniques should be adapted for analysis of
plant—virus interactions. N, nucleus; Nu, nucleolus; C, chloroplast; M, mitochondrion; AG, Golgi
apparatus; CYT, cytosol; Vac, vacuole; ER, endoplasmic reticulum. Arrows indicate directions of virus
movement from initially infected cells as shown in the “single-cell, spatial omics” column (see bottom
left) or possible routes of macromolecular and metabolite trafficking (as shown in the “localisation
studies” column).

8.1. Single-Cell and Spatial Omics

Traditional omics or multi-omics studies have been instrumental in representing the
differential accumulation of gene products. However, these bulk analyses merely measure
the average expression within a complex pool of cells and cell types, thus masking the
differences in expression between individual cells. Recent developments of single-cell and
spatial (transcriptomics, epigenomics, proteomics, and metabolomics) omics techniques
have already brought research breakthroughs in plant sciences [173], revolutionising our
understanding of the regulatory mechanisms in multiple cell and tissue types. These
approaches should be especially important in plant—virus interactions due to the absence
of synchronous virus infections in plants [174]. Indeed, to establish infection, viruses
continuously spread from cell to cell and then systemically through the plant long-distance
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transport system, the phloem. Thus, all the infected cells in plants represent different stages
of infection from early to late, which apparently trigger distinct responses. Therefore, only
by applying single-cell or more specifically spatial analysis to different areas of advancing
infection foci would it be possible to relate molecular events in small groups of cells
to a sequence of virus-induced changes. Moreover, virus infections in plants establish
translocation signalling pathways [175], such as for amplification and spread of secondary
siRNA (maintaining RNAi-based antivirus response) or SAR both of which are mobile
factors of plant antiviral immunity and hence are of prime significance for omics analyses
in a spatial manner. Thus, single-cell and spatial omics techniques should be applied to
investigate plant-virus interactions in more detail.

8.2. Artificial Intelligence and Machine Learning

The complexity and scale of omics data requires sophisticated analytical tools. Among
them are (i) artificial intelligence (AI) which creates computer systems to perform tasks
associated with human intelligence, such as learning, problem solving, and decision-
making, and (ii) machine learning (ML), a subset of Al, which concentrates on developing
algorithms and statistical models that enable computers to perform tasks without specific
programming and a deep learning (DL), the latter being a part within ML which is involved
in training artificial neural networks to mimic the human brain’s architecture. These tools
have already demonstrated great synergism with omics technologies in integrating multi-
omics data and predicting plant responses under different stress conditions based on omics
data including resistance genes and fungal effectors (reviewed in [25,176]). Thus, these
Al-assisted omics technologies offer unprecedented opportunities to address critical gaps
in plant-virus interactions.

8.3. Experimental Verification

Unlike conventional quantitative phenotyping, integrative phenomics involves com-
prehensive analysis of a set of physiological characteristics and considers the underpinning
mechanisms at different layers of the biological system. This approach is valuable for
practical applications because quantitative features of complex crop phenotypes and their
response to environmental conditions including biotic and abiotic stresses cannot be under-
stood and predicted based solely on a single genetic response. Physiological and molecular
data should be verified by functional analysis. In conjunction with phenomics, plant phys-
iology and functional genomics complement each other and would be extremely useful
for such verification, but first, phenomics techniques should be adapted for analysis of
plant-virus interactions.

8.4. Localisation Studies: Relocalisation, Retention, Sequestration—New Omics?

Protein subcellular localization and its dynamic changes is critical for understanding
cellular function, particularly under stress or disease conditions, where protein relocalisa-
tion can change cellular responses. “Proviral” host proteins highjacked by the virus may be
redirected to subcellular compartments where they contribute to essential viral processes,
such as forming sites of viral replication, RNA synthesis, or virus movement [177]. On
the other hand, antiviral host proteins may be removed from their natural subcellular
localisations. Intracellular redistribution of host proteins is typically facilitated by direct
or indirect interactions with viral proteins or RNA. For example, in infected groundnut
plants, the groundnut rosette virus ORF3 protein interacts with the major nucleolar protein
fibrillarin and relocalises it from the nucleolus through Cajal bodies into the cytoplasm.
This ORF3-mediated relocalisation of fibrillarin is required for the formation of viral ribonu-
cleoprotein particles competent for virus movement [16]. In another example, the tobacco
rattle virus (TRV) 16K protein interacts with and relocalises a structural protein of Cajal
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bodies, coilin, to the nucleolus. The retention of coilin in the nucleolus is accompanied by
activation of the salicylic acid-responsive antiviral defence responses and also plant recov-
ery from TRV disease [178]. Numerous other cases of subcellular relocalisation, retention
or sequestration of host proteins induced by viral infections are well documented and dis-
cussed by Rodriguez-Pefia et al. [177]. Moreover, some long non-coding RNAs (IncRNAs)
may operate as decoy molecules that bind and sequester proteins thereby inhibiting their
normal functions [179,180]. Predictions and understandings of how non-coding RNAs may
compete with various nucleic acids for binding of functional proteins will elucidate how
IncRNA-mediated protein sequestration regulates plant—virus interactions [179].

Similarly, cellular localization of mRNA is essential for regulation of translational
processes. mRNA molecules are transported to their target compartments to exert their bio-
logical functions via directed transport, protection from degradation and passive diffusion
before local entrapment [181]. In response to various stress conditions mRNA translation
rates are usually falling, with mRNA molecules being trafficked to so called stress granules
(SG) for storing until the cell has been released from stress. Another type of RNA-containing
granule are processing bodies (PB), where mRNA decay may occur. It is well known that
plant viruses require components of both SGs and PBs for RNA replication and translation,
but the entire structure and organisation of viral RNA granules and their links with mRNA
regulatory networks has remained largely unelucidated [182].

Thus, many biological processes are regulated at the intracellular localisation/
compartmentalisation levels. That is why development of innovative super-resolution high-
throughput localisation (imaging) techniques coupled with Al-based predictive models as
novel omics approaches (protein/RNA localisomics, retainomics, sequestromics) will open
up new opportunities in application of current set of omics/multi-omics technologies in
plant virology.

8.5. Biological Pitfalls

e  Some additional biological aspects should be considered when planning omics related
research on plant-virus interactions.

e  Effect of viral tropism. Plant viral tropism refers to the bias a virus has for infecting and
replicating within specific cell types or tissues [183]. Certain viruses may preferentially
invade reproductive organs, meristems, and seeds, overcoming antiviral barriers to
establish persistent infections [183]. In contrast, other viruses may be strictly limited to
specific tissues, e.g., the phloem, the plant’s vascular tissue responsible for transporting
organic nutrients [184]. It is also well known that viral replication sites vary depending
on the virus type. Most RNA viruses replicate in the cytoplasm, while many DNA
viruses replicate in the nucleus [185]. Some viruses, regardless of their genome type,
establish specialised compartments within the cell to facilitate their replication [19,185].
These compartments may concentrate viral proteins and RNA to spatially organise
the replication events.

e  Mixed infections. In the field, mixed infections consist of two or more plant viruses,
which often culminate in very complex multifaceted interactions between the host
and viruses which may differentially modulate plant responses to environmental
conditions, virus loads, virus tissue tropisms and light period [186]. Mixed infections
very commonly occur and therefore omics-based research should recognise the com-
plexities of mixed infections so that important knowledge can be obtained for effective
control of plant viruses.

The concerns noted above likely represent only a fraction of the obvious pitfalls in the
omics profiling of plant-virus interactions. Recent advances in super-resolution microscopy,
single-cell, and spatial omics and Al will definitely be quite beneficial to overcome these
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concerns and to expand abilities of researchers in designing experiments on the omics
studies in plant virology.

9. Conclusions

The omics, Al and combinatorial approaches discussed above have to be rigorously
and carefully applied to produce novel detailed information on the mechanisms of both
compatible and incompatible plant-virus interactions operating at different stages of infec-
tion. This will lead to accurate identification, functional characterisation and intracellular
localisations of host determinants (genes, proteins, short and long non-coding RNAs and
metabolites) controlling virus resistance or susceptibility. These constitute a set of targets
which may be modified via genome editing (CRISPR-Cas), spray-induced silencing (RNA
interference) or application of biochemical inhibitors/agonists of aspects of the different
pathways. Such treatments may block different phases of infection, ranging from the very
initial stages (virus inoculation) to suppression of virus accumulation (RNA replication),
mitigation of viral disease symptoms and even full recovery. Such multilayer protection
approaches will contribute to developing a sustainable and versatile way to control viral
diseases in plants.
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Abbreviations

The following abbreviations are used in this manuscript:

PAMP Pathogen-associated molecular pattern
PTI PAMP-triggered immunity

ETI Effector-triggered immunity

PRRs Pattern recognition receptors

ROS Reactive oxygen species

SA Salicylic acid

SAR Systemic acquired resistance
RNAIi RNA interference

TGS Transcriptional gene silencing
PTGS Post-transcriptional gene silencing
siRNAs Small interfering RNAs

NGS Next generation sequencing
RNAseq RNA sequencing

MS Mass spectrometry

NMR Nuclear magnetic resonance

SNPs Single nucleotide polymorphisms
GWAS Genome-wide association studies

IncRNAs Long non-coding RNAs
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smRNAs Small RNAs

DEGs Differentially expressed genes

vsiRNAs Viral small interfering RNAs

MTC Methionine cycle

PARylation Poly ADP-ribosylation

mROS Mitochondrial reactive oxidative species
Al Artificial intelligence

ML Machine learning

5G Stress granules

PB Processing bodies

References

1. Rybicki, E.P. A Top Ten List for Economically Important Plant Viruses. Arch. Virol. 2015, 160, 17-20. [CrossRef] [PubMed]

2. Tatineni, S.; Hein, G.L. Plant Viruses of Agricultural Importance: Current and Future Perspectives of Virus Disease Management
Strategies. Phytopathology 2023, 113, 117-141. [CrossRef] [PubMed]

3. Zhao,],; Zhang, X.; Hong, Y.; Liu, Y. Chloroplast in Plant-Virus Interaction. Front. Microbiol. 2016, 7, 1565. [CrossRef]

4. Garcia-Arenal, F; Fraile, A. Trade-offs in Host Range Evolution of Plant Viruses. Plant Pathol. 2013, 62, 2-9. [CrossRef]

5. Ramlal, A; Sarma, R.; Rani, A.; Nautiyal, A.; Kumar, J.; Mishra, V. Chapter 15—Plant-Virus Interactions in Plant Innate Immunity.
In Plant RNA Viruses; Gaur, RK., Patil, B.L., Selvarajan, R., Eds.; Academic Press: Cambridge, MA, USA, 2023; pp. 297-310,
ISBN 978-0-323-95339-9.

6. Niehl, A.; Wyrsch, L; Boller, T.; Heinlein, M. Double-Stranded RNAs Induce a Pattern-Triggered Immune Signaling Pathway in
Plants. New Phytol. 2016, 211, 1008-1019. [CrossRef]

7. Amari, K; Niehl, A. Nucleic Acid-Mediated PAMP-Triggered Immunity in Plants. Curr. Opin. Virol. 2020, 42, 32-39. [CrossRef]

8.  Kim, T.-J,; Lim, G.-H. Salicylic Acid and Mobile Regulators of Systemic Immunity in Plants: Transport and Metabolism. Plants
2023, 12, 1013. [CrossRef]

9.  Yang, Z.; Li, Y. Dissection of RNAi-Based Antiviral Immunity in Plants. Curr. Opin. Virol. 2018, 32, 88-99. [CrossRef]

10. Guo, Z; Li, Y,; Ding, S.-W. Small RNA-Based Antimicrobial Immunity. Nat. Rev. Immunol. 2019, 19, 31-44. [CrossRef]

11.  Baulcombe, D. RNA Silencing. Trends Biochem. Sci. 2005, 30, 290-293. [CrossRef]

12.  Alvarado, V.; Scholthof, H.B. Plant Responses against Invasive Nucleic Acids: RNA Silencing and Its Suppression by Plant Viral
Pathogens. Semin. Cell Dev. Biol. 2009, 20, 1032-1040. [CrossRef] [PubMed]

13. Garcia-Ruiz, H.; Takeda, A.; Chapman, E.J.; Sullivan, C.M.; Fahlgren, N.; Brempelis, K.J.; Carrington, J.C. Arabidopsis RNA-
Dependent RNA Polymerases and Dicer-like Proteins in Antiviral Defense and Small Interfering RNA Biogenesis during Turnip
Mosaic Virus Infection. Plant Cell 2010, 22, 481-496. [CrossRef] [PubMed]

14. Sanfagon, H. Plant Translation Factors and Virus Resistance. Viruses 2015, 7, 3392-3419. [CrossRef]

15. Wang, X,; Cao, X,; Liu, M.; Zhang, R.; Zhang, X.; Gao, Z.; Zhao, X,; Xu, K;; Li, D.; Zhang, Y. Hsc70-2 Is Required for Beet Black
Scorch Virus Infection through Interaction with Replication and Capsid Proteins. Sci. Rep. 2018, 8, 4526. [CrossRef]

16. Kim, S.H.; MacFarlane, S.; Kalinina, N.O.; Rakitina, D.V.; Ryabov, E.V.; Gillespie, T.; Haupt, S.; Brown, J.W.S.; Taliansky, M.
Interaction of a Plant Virus-Encoded Protein with the Major Nucleolar Protein Fibrillarin Is Required for Systemic Virus Infection.
Proc. Natl. Acad. Sci. USA 2007, 104, 11115-11120. [CrossRef]

17. Ding, Y.; Lozano-Duran, R. The Cajal Body in Plant-Virus Interactions. Viruses 2020, 12, 250. [CrossRef]

18. Shaw, ].; Love, A.J.; Makarova, S.S.; Kalinina, N.O.; Harrison, B.D.; Taliansky, M.E. Coilin, the Signature Protein of Cajal Bodies,
Differentially Modulates the Interactions of Plants with Viruses in Widely Different Taxa. Nucleus 2014, 5, 85-94. [CrossRef]

19. Lin, W.; Nagy, P.D. Co-Opted Cytosolic Proteins Form Condensate Substructures within Membranous Replication Organelles of a
Positive-Strand RNA Virus. New Phytol. 2024, 243, 1917-1935. [CrossRef]

20. Jiang, T.; Hao, T.; Chen, W,; Li, C.; Pang, S.; Fu, C.; Cheng, J.; Zhang, C.; Ghorbanpour, M.; Miao, S. Reprogrammed Plant
Metabolism During Viral Infections: Mechanisms, Pathways and Implications. Mol. Plant Pathol. 2025, 26, €70066. [CrossRef]

21. Yang, Y. The Application of Genomics in Agriculture. Agric. Sci. Food Process. 2025, 2, 26—46. Available online: https:
/ /www.icck.org/article/html/asfp.2025.111574 (accessed on 23 May 2025).

22. Zanardo, L.G.; de Souza, G.B.; Alves, M.S. Transcriptomics of Plant-Virus Interactions: A Review. Theor. Exp. Plant Physiol. 2019,
31, 103-125. [CrossRef]

23. Rurek, M.; Smolibowski, M. Variability of Plant Transcriptomic Responses under Stress Acclimation: A Review from High
Throughput Studies. Acta Biochim. Pol. 2024, 71, 13585. [CrossRef]

24. Souza, PEN.; Garcia-Ruiz, H.; Carvalho, FEE.L. What Proteomics Can Reveal about Plant-Virus Interactions? Photosynthesis-

Related Proteins on the Spotlight. Theor. Exp. Plant Physiol. 2019, 31, 227-248. [CrossRef] [PubMed]


https://doi.org/10.1007/s00705-014-2295-9
https://www.ncbi.nlm.nih.gov/pubmed/25430908
https://doi.org/10.1094/PHYTO-05-22-0167-RVW
https://www.ncbi.nlm.nih.gov/pubmed/36095333
https://doi.org/10.3389/fmicb.2016.01565
https://doi.org/10.1111/ppa.12104
https://doi.org/10.1111/nph.13944
https://doi.org/10.1016/j.coviro.2020.04.003
https://doi.org/10.3390/plants12051013
https://doi.org/10.1016/j.coviro.2018.08.003
https://doi.org/10.1038/s41577-018-0071-x
https://doi.org/10.1016/j.tibs.2005.04.012
https://doi.org/10.1016/j.semcdb.2009.06.001
https://www.ncbi.nlm.nih.gov/pubmed/19524057
https://doi.org/10.1105/tpc.109.073056
https://www.ncbi.nlm.nih.gov/pubmed/20190077
https://doi.org/10.3390/v7072778
https://doi.org/10.1038/s41598-018-22778-9
https://doi.org/10.1073/pnas.0704632104
https://doi.org/10.3390/v12020250
https://doi.org/10.4161/nucl.28315
https://doi.org/10.1111/nph.19691
https://doi.org/10.1111/mpp.70066
https://www.icck.org/article/html/asfp.2025.111574
https://www.icck.org/article/html/asfp.2025.111574
https://doi.org/10.1007/s40626-019-00143-z
https://doi.org/10.3389/abp.2024.13585
https://doi.org/10.1007/s40626-019-00142-0
https://www.ncbi.nlm.nih.gov/pubmed/31355128

Viruses 2025, 17,986 19 of 25

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Saleem, M.H.; Noreen, S.; Ishaq, I; Saleem, A.; Khan, K.A.; Ercisli, S.; Anas, M.; Khalid, A.; Ahmed, T.; Hassan, A.; et al. Omics
Technologies: Unraveling Abiotic Stress Tolerance Mechanisms for Sustainable Crop Improvement. J. Plant Growth Regul. 2025,
1-23. [CrossRef]

Shalini, S.; Singla, A.; Goyal, M.; Kaur, V.; Kumar, P. Omics in Agriculture: Applications, Challenges and Future Perspectives. In
Crop Improvement for Sustainability; Astral International (P) Ltd.: New Delhi, India, 2018; Volume 1, pp. 343-356, ISBN 978-93-5124-
942-9.

Raza, Q.; Azhar, M.T,; Rana, I.A.; Ahmad, M.Q.; Atif, R.M. 1—Biofortification of Crops to Achieve Food and Nutritional Security.
In Biofortification of Grain and Vegetable Crops; Azhar, M.T., Ahmad, M.Q., Rana, I.A., Atif, RM., Eds.; Academic Press: Cambridge,
MA, USA, 2024; pp. 1-17, ISBN 978-0-323-91735-3.

Zhang, C.; Wang, D.; Li, Y.; Wang, Z.; Wu, Z.; Zhang, Q.; Jia, H.; Dong, X.; Qi, L.; Shi, J.; et al. Gibberellin Positively Regulates
Tomato Resistance to Tomato Yellow Leaf Curl Virus (TYLCV). Plants 2024, 13, 1277. [CrossRef]

Zhang, K.; Zhuang, X.; Dong, Z.; Xu, K.; Chen, X,; Liu, F; He, Z. The Dynamics of N6-Methyladenine RNA Modification in
Interactions between Rice and Plant Viruses. Genome Biol. 2021, 22, 189. [CrossRef]

He, Y; Li, L.; Yao, Y.; Li, Y.; Zhang, H.; Fan, M. Transcriptome-Wide N6-Methyladenosine (m6A) Methylation in Watermelon
under CGMMYV Infection. BMC Plant Biol. 2021, 21, 516. [CrossRef]

Yang, T.; Zhao, X,; Bai, J.; Lv, W,; Chen, Q.; Hu, J.; Liu, G.; Zhao, Y.; Zhou, H.; Zhao, M.; et al. Transcriptome Analysis of
Genes Involved in the Pathogenesis Mechanism of Potato Virus Y in Potato Cultivar YouJin. Front. Microbiol. 2024, 15, 1353814.
[CrossRef]

Chen, T;; Lv, Y.; Zhao, T,; Li, N.; Yang, Y.; Yu, W.; He, X; Liu, T.; Zhang, B. Comparative Transcriptome Profiling of a Resistant vs.
Susceptible Tomato (Solanum lycopersicum) Cultivar in Response to Infection by Tomato Yellow Leaf Curl Virus. PLoS ONE 2013,
8, e80816. [CrossRef]

Goyer, A.; Hamlin, L.; Crosslin, ].M.; Buchanan, A.; Chang, ] H. RNA-Seq Analysis of Resistant and Susceptible Potato Varieties
during the Early Stages of Potato Virus Y Infection. BMC Genom. 2015, 16, 472. [CrossRef]

Cho, WK;; Lian, S.; Kim, S.-M.; Seo, B.Y.; Jung, ] K.; Kim, K.-H. Time-Course RNA-Seq Analysis Reveals Transcriptional Changes
in Rice Plants Triggered by Rice Stripe Virus Infection. PLoS ONE 2015, 10, e0136736. [CrossRef] [PubMed]

Zorzatto, C.; Machado, ].P.B.; Lopes, K.V.G.; Nascimento, K.J.T; Pereira, W.A.; Brustolini, O.].B.; Reis, P.A.B.; Calil, I.P,; Deguchi,
M.; Sachetto-Martins, G.; et al. NIK1-Mediated Translation Suppression Functions as a Plant Antiviral Inmunity Mechanism.
Nature 2015, 520, 679-682. [CrossRef] [PubMed]

Kamitani, M.; Nagano, A.]J.; Honjo, M.N.; Kudoh, H. RNA-Seq Reveals Virus-Virus and Virus-Plant Interactions in Nature. FEMS
Microbiol. Ecol. 2016, 92, fiw176. [CrossRef]

Chen, J.; Zhang, H.; Feng, M.; Zuo, D.; Hu, Y,; Jiang, T. Transcriptome Analysis of Woodland Strawberry (Fragaria vesca) Response
to the Infection by Strawberry Vein Banding Virus (SVBV). Virol. ]. 2016, 13, 128. [CrossRef]

Collum, T.D.; Padmanabhan, M.S.; Hsieh, Y.-C.; Culver, ].N. Tobacco Mosaic Virus-Directed Reprogramming of Auxin/Indole
Acetic Acid Protein Transcriptional Responses Enhances Virus Phloem Loading. Proc. Natl. Acad. Sci. USA 2016, 113, E2740-E2749.
[CrossRef]

Chen, L.; Fei, C.; Zhu, L.; Xu, Z.; Zou, W,; Yang, T.; Lin, H.; Xi, D. RNA-Seq Approach to Analysis of Gene Expression Profiles in
Dark Green Islands and Light Green Tissues of Cucumber Mosaic Virus-Infected Nicotiana tabacum. PLoS ONE 2017, 12, €0175391.
[CrossRef]

Sun, X.; Wang, Z.; Gu, Q.; Li, H.; Han, W,; Shi, Y. Transcriptome Analysis of Cucumis sativus Infected by Cucurbit Chlorotic
Yellows Virus. Virol. ]. 2017, 14, 18. [CrossRef]

Ghorbani, A.; Izadpanah, K.; Dietzgen, R.G. Changes in Maize Transcriptome in Response to Maize Iranian Mosaic Virus Infection.
PLoS ONE 2018, 13, €0194592. [CrossRef]

Anjanappa, R.B.; Mehta, D.; Okoniewski, M.].; Szabelska-Beresewicz, A.; Gruissem, W.; Vanderschuren, H. Molecular Insights
into Cassava brown streak virus Susceptibility and Resistance by Profiling of the Early Host Response. Mol. Plant Pathol. 2018, 19,
476-489. [CrossRef]

Wang, J.; Yang, Y.; Jin, L.; Ling, X,; Liu, T.; Chen, T Ji, Y.; Yu, W.; Zhang, B. Re-Analysis of Long Non-Coding RNAs and
Prediction of circRNAs Reveal Their Novel Roles in Susceptible Tomato Following TYLCV Infection. BMC Plant Biol. 2018, 18, 104.
[CrossRef]

Zhu, C,; Li, X.; Zheng, ]. Transcriptome Profiling Using Illumina- and SMRT-Based RNA-Seq of Hot Pepper for in-Depth
Understanding of Genes Involved in CMV Infection. Gene 2018, 666, 123-133. [CrossRef] [PubMed]

Withycombe, J.; Han, J.; MacWilliams, J.; Dorn, K.M.; Nalam, V].; Nachappa, P. Transcriptomic Profiling Reveals Distinct
Responses to Beet Curly Top Virus (BCTV) Infection in Resistant and Susceptible Sugar Beet Genotypes. BMC Genom. 2024,
25,1237. [CrossRef] [PubMed]

He, W.-Z.; Zhao, L.; Sun, K,; Feng, Z.; Zhou, G.; Rao, Q. Transcriptomic Profiling Reveals the Complex Interaction between a
Bipartite Begomovirus and a Cucurbitaceous Host Plant. BMC Genom. 2024, 25, 876. [CrossRef]


https://doi.org/10.1007/s00344-025-11674-y
https://doi.org/10.3390/plants13091277
https://doi.org/10.1186/s13059-021-02410-2
https://doi.org/10.1186/s12870-021-03289-8
https://doi.org/10.3389/fmicb.2024.1353814
https://doi.org/10.1371/journal.pone.0080816
https://doi.org/10.1186/s12864-015-1666-2
https://doi.org/10.1371/journal.pone.0136736
https://www.ncbi.nlm.nih.gov/pubmed/26305329
https://doi.org/10.1038/nature14171
https://www.ncbi.nlm.nih.gov/pubmed/25707794
https://doi.org/10.1093/femsec/fiw176
https://doi.org/10.1186/s12985-016-0584-5
https://doi.org/10.1073/pnas.1524390113
https://doi.org/10.1371/journal.pone.0175391
https://doi.org/10.1186/s12985-017-0690-z
https://doi.org/10.1371/journal.pone.0194592
https://doi.org/10.1111/mpp.12565
https://doi.org/10.1186/s12870-018-1332-3
https://doi.org/10.1016/j.gene.2018.05.004
https://www.ncbi.nlm.nih.gov/pubmed/29730427
https://doi.org/10.1186/s12864-024-11143-y
https://www.ncbi.nlm.nih.gov/pubmed/39716086
https://doi.org/10.1186/s12864-024-10781-6

Viruses 2025, 17,986 20 of 25

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Glushkevich, A.; Spechenkova, N.; Fesenko, I.; Knyazev, A.; Samarskaya, V.; Kalinina, N.O.; Taliansky, M.; Love, A.]. Transcrip-
tomic Reprogramming, Alternative Splicing and RNA Methylation in Potato (Solanum tuberosum L.) Plants in Response to Potato
Virus Y Infection. Plants 2022, 11, 635. [CrossRef]

He, L, Jin, P; Chen, X.; Zhang, T.-Y.; Zhong, K.-L.; Liu, P; Chen, J.-P.; Yang, ]. Comparative Proteomic Analysis of Nicotiana
Benthamiana Plants under Chinese Wheat Mosaic Virus Infection. BMC Plant Biol. 2021, 21, 51. [CrossRef]

Niehl, A.; Zhang, Z.].; Kuiper, M.; Peck, S.C.; Heinlein, M. Label-Free Quantitative Proteomic Analysis of Systemic Responses to
Local Wounding and Virus Infection in Arabidopsis thaliana. ]. Proteom. Res. 2013, 12, 2491-2503. [CrossRef]

Serra-Soriano, M.; Navarro, ].A.; Genoves, A.; Pallas, V. Comparative Proteomic Analysis of Melon Phloem Exudates in Response
to Viral Infection. J. Proteom. 2015, 124, 11-24. [CrossRef]

Wang, B.; Hajano, J.-U.-D.; Ren, Y.; Lu, C.; Wang, X. iTRAQ-Based Quantitative Proteomics Analysis of Rice Leaves Infected by
Rice Stripe Virus Reveals Several Proteins Involved in Symptom Formation. Virol. J. 2015, 12, 99. [CrossRef]

Wang, J.; Wang, X.; Zhou, Q.; Yang, ].; Guo, H.; Yang, L.; Liu, W. iTRAQ Protein Profile Analysis Provides Integrated Insight into
Mechanisms of Tolerance to TMV in Tobacco (Nicotiana tabacum). J. Proteom. 2016, 132, 21-30. [CrossRef]

Zhong, X.; Wang, Z.Q.; Xiao, R.; Wang, Y; Xie, Y.; Zhou, X. iTRAQ Analysis of the Tobacco Leaf Proteome Reveals That RNA-
Directed DNA Methylation (RADM) Has Important Roles in Defense against Geminivirus-Betasatellite Infection. J. Proteom. 2017,
152, 88-101. [CrossRef]

Paiva, A.L.S,; Oliveira, ].T.A.; de Souza, G.A.; Vasconcelos, .M. Label-Free Proteomic Reveals That Cowpea Severe Mosaic Virus
Transiently Suppresses the Host Leaf Protein Accumulation During the Compatible Interaction with Cowpea (Vigna unguiculata
[L.] Walp.). J. Proteom. Res. 2016, 15, 4208-4220. [CrossRef] [PubMed]

Cerna, H.; Cerny, M.; Habanové, H.; Safaiova, D.; Abushamsiya, K.; Navritil, M.; Brzobohaty, B. Proteomics Offers Insight to the
Mechanism behind Pisum sativum L. Response to Pea Seed-Borne Mosaic Virus (PSbMV). J. Proteom. 2017, 153, 78-88. [CrossRef]
[PubMed]

Yang, A.; Yu, L.; Chen, Z; Zhang, S.; Shi, ].; Zhao, X.; Yang, Y.; Hu, D.; Song, B. Label-Free Quantitative Proteomic Analysis of
Chitosan Oligosaccharide-Treated Rice Infected with Southern Rice Black-Streaked Dwarf Virus. Viruses 2017, 9, 115. [CrossRef]
Varela, A.L.N.; Oliveira, ].T.A.; Komatsu, S.; Silva, R.G.G.; Martins, T.E; Souza, PEN.; Lobo, A.K.M.; Vasconcelos, .M.; Carvalho,
FE.L,; Silveira, ].A.G. A Resistant Cowpea (Vigna unguiculata [L.] Walp.) Genotype Became Susceptible to Cowpea Severe Mosaic
Virus (CPSMV) after Exposure to Salt Stress. J. Proteom. 2019, 194, 200-217. [CrossRef]

Feng, H.; Mon, W,; Su, X,; Li, Y;; Zhang, S.; Zhang, Z.; Zheng, K. Integrated Biological Experiments and Proteomic Analyses of
Nicotiana tabacum Xylem Sap Revealed the Host Response to Tomato Spotted Wilt Orthotospovirus Infection. Int. |. Mol. Sci. 2024,
25,10907. [CrossRef]

Fesenko, I.; Spechenkova, N.; Mamaeva, A.; Makhotenko, A.V.; Love, A.].; Kalinina, N.O.; Taliansky, M. Role of the Methionine
Cycle in the Temperature-Sensitive Responses of Potato Plants to Potato Virus Y. Mol. Plant Pathol. 2021, 22, 77-91. [CrossRef]
Ferndndez-Calvino, L.; Osorio, S.; Herndndez, M.L.; Hamada, 1.B.; del Toro, FJ.; Donaire, L.; Yu, A.; Bustos, R.; Fernie, A.R.;
Martinez-Rivas, ].M.; et al. Virus-Induced Alterations in Primary Metabolism Modulate Susceptibility to Tobacco rattle virus in
Arabidopsis. Plant Physiol. 2014, 166, 1821-1838. [CrossRef]

Wang, S.; Wang, X.; Li, S,; Sun, X.; Xue, M,; Di, D.; Zhang, A.; Zhang, Y.; Xia, Y.; Zhou, T.; et al. Maize Lipid Droplet-Associated
Protein 2 Is Recruited by a Virus to Enhance Viral Multiplication and Infection through Regulating Cellular Fatty Acid Metabolism.
Plant ]. 2024, 119, 2484-2499. [CrossRef]

Zhang, Z.; He, H.; Yan, M,; Zhao, C.; Lei, C.; Li, J.; Yan, F. Widely Targeted Analysis of Metabolomic Changes of Cucumis Sativus
Induced by Cucurbit Chlorotic Yellows Virus. BMC Plant Biol. 2022, 22, 158. [CrossRef]

Yuan, W,; Jiang, T.; Du, K; Chen, H.; Cao, Y,; Xie, J.; Li, M.; Carr, ].P.; Wu, B.; Fan, Z; et al. Maize Phenylalanine Ammonia-
Lyases Contribute to Resistance to Sugarcane Mosaic Virus Infection, Most Likely through Positive Regulation of Salicylic Acid
Accumulation. Mol. Plant Pathol. 2019, 20, 1365-1378. [CrossRef]

Montero, R.; Pérez-Bueno, M.L.; Barén, M.; Florez-Sarasa, I.; Tohge, T.; Fernie, A.R.; Ouad, H.E.A.; Flexas, J.; Bota, J. Alterations in
Primary and Secondary Metabolism in Vitis vinifera “Malvasia de Banyalbufar” upon Infection with Grapevine Leafroll-Associated
Virus 3. Physiol. Plant. 2016, 157, 442-452. [CrossRef] [PubMed]

Pistelli, L.; Ferri, B.; Cioni, P.L.; Koziara, M.; Agacka, M.; Skomra, U. Aroma Profile and Bitter Acid Characterization of Hop
Cones (Humulus Iupulus L.) of Five Healthy and Infected Polish Cultivars. Ind. Crops Prod. 2018, 124, 653—-662. [CrossRef]

Lan, H.; Lai, B.; Zhao, P; Dong, X.; Wei, W.; Ye, Y.; Wu, Z. Cucumber Mosaic Virus Infection Modulated the Phytochemical
Contents of Passiflora edulis. Microb. Pathog. 2020, 138, 103828. [CrossRef]

Parizad, S.; Dizadji, A.; Habibi, M.K.; Winter, S.; Kalantari, S.; Movi, S.; Lorenzo Tendero, C.; Alonso, G.L.; Moratalla-Lopez, N.
The Effects of Geographical Origin and Virus Infection on the Saffron (Crocus sativus L.) Quality. Food Chem. 2019, 295, 387-394.
[CrossRef]


https://doi.org/10.3390/plants11050635
https://doi.org/10.1186/s12870-021-02826-9
https://doi.org/10.1021/pr3010698
https://doi.org/10.1016/j.jprot.2015.04.008
https://doi.org/10.1186/s12985-015-0328-y
https://doi.org/10.1016/j.jprot.2015.11.009
https://doi.org/10.1016/j.jprot.2016.10.015
https://doi.org/10.1021/acs.jproteome.6b00211
https://www.ncbi.nlm.nih.gov/pubmed/27934294
https://doi.org/10.1016/j.jprot.2016.05.018
https://www.ncbi.nlm.nih.gov/pubmed/27235724
https://doi.org/10.3390/v9050115
https://doi.org/10.1016/j.jprot.2018.11.015
https://doi.org/10.3390/ijms252010907
https://doi.org/10.1111/mpp.13009
https://doi.org/10.1104/pp.114.250340
https://doi.org/10.1111/tpj.16934
https://doi.org/10.1186/s12870-022-03555-3
https://doi.org/10.1111/mpp.12817
https://doi.org/10.1111/ppl.12440
https://www.ncbi.nlm.nih.gov/pubmed/26926417
https://doi.org/10.1016/j.indcrop.2018.08.009
https://doi.org/10.1016/j.micpath.2019.103828
https://doi.org/10.1016/j.foodchem.2019.05.116

Viruses 2025, 17,986 21 of 25

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Rajaprakasam, S.; Shanmugavel, P.; Chockalingam, V,; Jegadeesan, S.; Latha, TK.S.; Ananthan, S.N.; Muthurajan, R.; Kanagarajan,
S. Comparative Metabolomic Profiling of Horse Gram (Macrotyloma uniflorum (Lam.) Verdc.) Genotypes for Horse Gram Yellow
Mosaic Virus Resistance. Metabolites 2023, 13, 165. [CrossRef]

Kumar, B.K.P; Kanakala, S.; Malathi, V.G.; Gopal, P.; Usha, R. Transcriptomic and Proteomic Analysis of Yellow Mosaic Diseased
Soybean. . Plant Biochem. Biotechnol. 2017, 26, 224-234. [CrossRef]

Stare, T.; Stare, K.; Weckwerth, W.; Wienkoop, S.; Gruden, K. Comparison between Proteome and Transcriptome Response in
Potato (Solanum tuberosum L.) Leaves Following Potato Virus Y (PVY) Infection. Proteomes 2017, 5, 14. [CrossRef]

Stare, T.; Ramsak, Z.; Kriznik, M.; Gruden, K. Multiomics Analysis of Tolerant Interaction of Potato with Potato Virus Y. Sci. Data
2019, 6, 250. [CrossRef]

Akbar, S.; Yao, W.; Yu, K;; Qin, L.; Ruan, M.; Powell, C.A.; Chen, B.; Zhang, M. Photosynthetic Characterization and Expression
Profiles of Sugarcane Infected by Sugarcane Mosaic Virus (SCMV). Photosynth. Res. 2021, 150, 279-294. [CrossRef]

Akbar, S.; Yao, W.; Qin, L.; Yuan, Y.; Powell, C.A.; Chen, B.; Zhang, M. Comparative Analysis of Sugar Metabolites and Their
Transporters in Sugarcane Following Sugarcane Mosaic Virus (SCMYV) Infection. Int. . Mol. Sci. 2021, 22, 13574. [CrossRef]
Lyu, S.; Gao, L.; Zhang, R.; Zhang, C.; Hou, X. Correlation Analysis of Expression Profile and Quantitative iTRAQ-LC-MS/MS
Proteomics Reveals Resistance Mechanism Against TuMYV in Chinese Cabbage (Brassica rapa ssp. Pekinensis). Front. Genet. 2020,
11, 963. [CrossRef] [PubMed]

Roy, B.G.; DeBlasio, S.; Yang, Y.; Thannhauser, T.; Heck, M.; Fuchs, M. Profiling Plant Proteome and Transcriptome Changes
during Grapevine Fanleaf Virus Infection. J. Proteom. Res. 2023, 22, 1997-2017. [CrossRef] [PubMed]

Kogovsek, P.; Pompe-Novak, M.; Petek, M.; Fragner, L.; Weckwerth, W.; Gruden, K. Primary Metabolism, Phenylpropanoids
and Antioxidant Pathways Are Regulated in Potato as a Response to Potato Virus Y Infection. PLoS ONE 2016, 11, e0146135.
[CrossRef] [PubMed]

Blanco-Ulate, B.; Hopfer, H.; Figueroa-Balderas, R.; Ye, Z.; Rivero, RM.; Albacete, A.; Pérez-Alfocea, F.; Koyama, R.; Ander-
son, M.M.; Smith, R.J.; et al. Red Blotch Disease Alters Grape Berry Development and Metabolism by Interfering with the
Transcriptional and Hormonal Regulation of Ripening. J. Exp. Bot. 2017, 68, 1225-1238. [CrossRef]

Rumbaugh, A.C.; Durbin-Johnson, B.; Padhi, E.; Lerno, L.; Cauduro Girardello, R.; Britton, M.; Slupsky, C.; Sudarshana, M.R;
Oberholster, A. Investigating Grapevine Red Blotch Virus Infection in Vitis vinifera L. Cv. Cabernet Sauvignon Grapes: A
Multi-Omics Approach. Int. J. Mol. Sci. 2022, 23, 13248. [CrossRef]

Lu, X.; Zhang, L.; Huang, W.; Zhang, S.; Zhang, S.; Li, F.; Zhang, H.; Sun, R,; Zhao, ].; Li, G. Integrated Volatile Metabolomics and
Transcriptomics Analyses Reveal the Influence of Infection TuMV to Volatile Organic Compounds in Brassica rapa. Horticulturae
2022, 8, 57. [CrossRef]

Lv, J.; Deng, M,; Li, Z.; Zhu, H.; Wang, Z.; Yue, Y,; Yang, Z.; Xu, J.; Jiang, S.; Zhao, W.; et al. Integrative Analysis of the
Transcriptome and Metabolome Reveals the Response Mechanism to Tomato Spotted Wilt Virus. Hortic. Plant J. 2023, 9, 958-970.
[CrossRef]

Siriwan, W.; Vannatim, N.; Chaowongdee, S.; Roytrakul, S.; Charoenlappanit, S.; Pongpamorn, P.; Paemanee, A.; Malichan,
S. Integrated Proteomic and Metabolomic Analysis of Cassava Cv. Kasetsart 50 Infected with Sri Lankan Cassava Mosaic Virus.
Agronomy 2023, 13, 945. [CrossRef]

Zhai, Y.; Gnanasekaran, P.; Pappu, H.R. Identification and Characterization of Plant-Interacting Targets of Tomato Spotted Wilt
Virus Silencing Suppressor. Pathogens 2021, 10, 27. [CrossRef]

Salgotra, R.K.; Gupta, B.B.; Stewart, C.N. From Genomics to Functional Markers in the Era of Next-Generation Sequencing.
Biotechnol. Lett. 2014, 36, 417-426. [CrossRef]

Jha, U.C.; Nayyar, H.; Chattopadhyay, A.; Beena, R.; Lone, A.A.; Naik, Y.D.; Thudi, M.; Prasad, P.V.V,; Gupta, S.; Dixit, G.P; et al.
Major Viral Diseases in Grain Legumes: Designing Disease Resistant Legumes from Plant Breeding and OMICS Integration. Front
Plant Sci. 2023, 14, 1183505. [CrossRef] [PubMed]

Asano, K.; Endelman, J.B. Development of KASP Markers for the Potato Virus Y Resistance Gene Rychc Using Whole-Genome
Resequencing Data. bioRxiv 2023. [CrossRef]

Pérez-de-Castro, A.M.; Vilanova, S.; Cafiizares, J.; Pascual, L.; Blanca, ].M.; Diez, M.].; Prohens, ].; Pic6, B. Application of Genomic
Tools in Plant Breeding. Curr. Genom. 2012, 13, 179-195. [CrossRef] [PubMed]

Monnot, S.; Desaint, H.; Mary-Huard, T.; Moreau, L.; Schurdi-Levraud, V.; Boissot, N. Deciphering the Genetic Architecture of
Plant Virus Resistance by GWAS, State of the Art and Potential Advances. Cells 2021, 10, 3080. [CrossRef] [PubMed]

Kalinina, N.O.; Khromov, A.; Love, A.J.; Taliansky, M.E. CRISPR Applications in Plant Virology: Virus Resistance and Beyond.
Phytopathology 2020, 110, 18-28. [CrossRef]

Tamisier, L.; Szadkowski, M.; Nemouchi, G.; Lefebvre, V.; Szadkowski, E.; Duboscq, R.; Santoni, S.; Sarah, G.; Sauvage, C.; Palloix,
A.; et al. Genome-Wide Association Mapping of QTLs Implied in Potato Virus Y Population Sizes in Pepper: Evidence for
Widespread Resistance QTL Pyramiding. Mol. Plant Pathol. 2020, 21, 3-16. [CrossRef]


https://doi.org/10.3390/metabo13020165
https://doi.org/10.1007/s13562-016-0385-3
https://doi.org/10.3390/proteomes5030014
https://doi.org/10.1038/s41597-019-0216-1
https://doi.org/10.1007/s11120-019-00706-w
https://doi.org/10.3390/ijms222413574
https://doi.org/10.3389/fgene.2020.00963
https://www.ncbi.nlm.nih.gov/pubmed/32973883
https://doi.org/10.1021/acs.jproteome.3c00069
https://www.ncbi.nlm.nih.gov/pubmed/37099450
https://doi.org/10.1371/journal.pone.0146135
https://www.ncbi.nlm.nih.gov/pubmed/26727123
https://doi.org/10.1093/jxb/erw506
https://doi.org/10.3390/ijms232113248
https://doi.org/10.3390/horticulturae8010057
https://doi.org/10.1016/j.hpj.2022.12.008
https://doi.org/10.3390/agronomy13030945
https://doi.org/10.3390/pathogens10010027
https://doi.org/10.1007/s10529-013-1377-1
https://doi.org/10.3389/fpls.2023.1183505
https://www.ncbi.nlm.nih.gov/pubmed/37229109
https://doi.org/10.1007/s12230-024-09944-8
https://doi.org/10.2174/138920212800543084
https://www.ncbi.nlm.nih.gov/pubmed/23115520
https://doi.org/10.3390/cells10113080
https://www.ncbi.nlm.nih.gov/pubmed/34831303
https://doi.org/10.1094/PHYTO-07-19-0267-IA
https://doi.org/10.1111/mpp.12874

Viruses 2025, 17,986 22 of 25

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Montes, N.; Cobos, A.; Gil-Valle, M.; Caro, E.; Pagan, 1. Arabidopsis thaliana Genes Associated with Cucumber mosaic virus Virulence
and Their Link to Virus Seed Transmission. Microorganisms 2021, 9, 692. [CrossRef]

Liu, Q.; Lan, G.; Zhu, Y.; Chen, K,; Shen, C.; Zhao, X.; Zhang, F,; Xu, J.; Li, Z. Genome-Wide Association Study on Resistance to
Rice Black-Streaked Dwarf Disease Caused by Rice black-streaked dwarf virus. Plant Dis. 2021, 105, 607-615. [CrossRef]

Wolfe, M.D.; Rabbi, 1.Y.; Egesi, C.; Hamblin, M.; Kawuki, R.; Kulakow, P.; Lozano, R.; Carpio, D.P.D.; Ramu, P; Jannink, J.-L.
Genome-Wide Association and Prediction Reveals Genetic Architecture of Cassava Mosaic Disease Resistance and Prospects for
Rapid Genetic Improvement. Plant Genome 2016, 9, 1-13. [CrossRef]

Li, J.; Tang, Y.; Jacobson, A.L.; Dang, PM.; Li, X.; Wang, M.L.; Hagan, A.; Chen, C.Y. Population Structure and Association
Mapping to Detect QTL Controlling Tomato Spotted Wilt Virus Resistance in Cultivated Peanuts. Crop J. 2018, 6, 516-526.
[CrossRef]

Kante, M.; Lindqvist-Kreuze, H.; Portal, L.; David, M.; Gastelo, M. Kompetitive Allele Specific PCR (KASP) Markers for Potato:
An Effective Tool for Increased Genetic Gains. Agronomy 2021, 11, 2315. [CrossRef]

Garcia-Ruiz, H. Susceptibility Genes to Plant Viruses. Viruses 2018, 10, 484. [CrossRef] [PubMed]

McLeish, M.].; Fraile, A.; Garcia-Arenal, F. Population Genomics of Plant Viruses: The Ecology and Evolution of Virus Emergence.
Phytopathology 2021, 111, 32-39. [CrossRef] [PubMed]

Villamor, D.E.V.; Ho, T.; Al Rwahnih, M.; Martin, R.R.; Tzanetakis, I.E. High Throughput Sequencing for Plant Virus Detection
and Discovery. Phytopathology 2019, 109, 716-725. [CrossRef]

Hrdlickova, R.; Toloue, M.; Tian, B. RNA-Seq Methods for Transcriptome Analysis. Wiley Interdiscip. Rev. RNA 2017, 8, 1364.
[CrossRef]

Monzé, C.; Liu, T.; Conesa, A. Transcriptomics in the Era of Long-Read Sequencing. Nat. Rev. Genet. 2025, Online ahead of print.
[CrossRef]

Conesa, A.; Madrigal, P.; Tarazona, S.; Gomez-Cabrero, D.; Cervera, A.; McPherson, A.; Szczesniak, M.W.; Gaffney, D.J.; Elo, L.L.;
Zhang, X.; et al. A Survey of Best Practices for RNA-Seq Data Analysis. Genome Biol. 2016, 17, 13. [CrossRef]

Babraham Bioinformatics. FastQC a Quality Control Tool for High Throughput Sequence Data. Available online: https:
/ /www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 16 May 2025).

Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet. |. 2011, 17, 10-12.
[CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114-2120. [CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Kim, D.; Paggi, ] M,; Park, C.; Bennett, C.; Salzberg, S.L. Graph-Based Genome Alignment and Genotyping with HISAT2 and
HISAT-Genotype. Nat. Biotechnol. 2019, 37, 907-915. [CrossRef] [PubMed]

Langmead, B.; Salzberg, S.L. Fast Gapped-Read Alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359. [CrossRef] [PubMed]
Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,
A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012,
19, 455-477. [CrossRef]

Haas, B.J.; Papanicolaou, A.; Yassour, M.; Grabherr, M.; Blood, P.D.; Bowden, J.; Couger, M.B.; Eccles, D.; Li, B.; Lieber, M.; et al.
De Novo Transcript Sequence Reconstruction from RNA-Seq Using the Trinity Platform for Reference Generation and Analysis.
Nat. Protoc. 2013, 8, 1494-1512. [CrossRef]

Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef]

Kumar, S.; Stecher, G.; Suleski, M.; Sanderford, M.; Sharma, S.; Tamura, K. MEGA12: Molecular Evolutionary Genetic Analysis
Version 12 for Adaptive and Green Computing. Mol. Biol. Evol. 2024, 41, msae263. [CrossRef]

Martin, D.P,; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and Analysis of Recombination Patterns in Virus
Genomes. Virus Evol. 2015, 1, vev003. [CrossRef]

Okonechnikov, K.; Golosova, O.; Fursov, M. Unipro UGENE: A Unified Bioinformatics Toolkit. Bioinformatics 2012, 28, 1166-1167.
[CrossRef]

Stamatakis, A. RAXML-VI-HPC: Maximum Likelihood-Based Phylogenetic Analyses with Thousands of Taxa and Mixed Models.
Bioinformatics 2006, 22, 2688-2690. [CrossRef]

Zagordi, O.; Bhattacharya, A.; Eriksson, N.; Beerenwinkel, N. ShoRAH: Estimating the Genetic Diversity of a Mixed Sample from
next-Generation Sequencing Data. BMC Bioinform. 2011, 12, 119. [CrossRef]

Fritz, A.; Bremges, A.; Deng, Z.-L.; Lesker, T.R.; Gotting, J.; Ganzenmueller, T.; Sczyrba, A.; Dilthey, A.; Klawonn, F.; McHardy,
A.C. Haploflow: Strain-Resolved de Novo Assembly of Viral Genomes. Genome Biol. 2021, 22, 212. [CrossRef] [PubMed]
Seemann, T. Prokka: Rapid Prokaryotic Genome Annotation. Bioinformatics 2014, 30, 2068-2069. [CrossRef] [PubMed]


https://doi.org/10.3390/microorganisms9040692
https://doi.org/10.1094/PDIS-10-19-2263-RE
https://doi.org/10.3835/plantgenome2015.11.0118
https://doi.org/10.1016/j.cj.2018.04.001
https://doi.org/10.3390/agronomy11112315
https://doi.org/10.3390/v10090484
https://www.ncbi.nlm.nih.gov/pubmed/30201857
https://doi.org/10.1094/PHYTO-08-20-0355-FI
https://www.ncbi.nlm.nih.gov/pubmed/33210987
https://doi.org/10.1094/PHYTO-07-18-0257-RVW
https://doi.org/10.1002/wrna.1364
https://doi.org/10.1038/s41576-025-00828-z
https://doi.org/10.1186/s13059-016-0881-8
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1038/s41587-019-0201-4
https://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1038/nmeth.1923
https://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.1093/ve/vev003
https://doi.org/10.1093/bioinformatics/bts091
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1186/1471-2105-12-119
https://doi.org/10.1186/s13059-021-02426-8
https://www.ncbi.nlm.nih.gov/pubmed/34281604
https://doi.org/10.1093/bioinformatics/btu153
https://www.ncbi.nlm.nih.gov/pubmed/24642063

Viruses 2025, 17,986 23 of 25

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

UniProt. Available online: https:/ /www.uniprot.org (accessed on 16 May 2025).

ORFfinder Home-NCBI. Available online: https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on 16 May 2025).

National Center for Biotechnology Information. Available online: https://www.ncbi.nlm.nih.gov/ (accessed on 16 May 2025).
Urban, M.; Cuzick, A.; Seager, J.; Nonavinakere, N.; Sahoo, J.; Sahu, P; Iyer, V.L.; Khamari, L.; Martinez, M.C.; Hammond-Kosack,
K.E. PHI-Base-the Multi-Species Pathogen-Host Interaction Database in 2025. Nucleic Acids Res. 2025, 53, D826-D838. [CrossRef]
[PubMed]

Kanehisa, M.; Furumichi, M.; Sato, Y.; Matsuura, Y.; Ishiguro-Watanabe, M. KEGG: Biological Systems Database as a Model of the
Real World. Nucleic Acids Res. 2025, 53, D672-D677. [CrossRef]

Liu, B.; Zheng, D.; Jin, Q.; Chen, L.; Yang, J. VFDB 2019: A Comparative Pathogenomic Platform with an Interactive Web Interface.
Nucleic Acids Res. 2019, 47, D687-D692. [CrossRef]

Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef]

Thorvaldsdéttir, H.; Robinson, J.T.; Mesirov, ].P. Integrative Genomics Viewer (IGV): High-Performance Genomics Data Visualiza-
tion and Exploration. Brief. Bioinform. 2013, 14, 178-192. [CrossRef]

Waskom, M.L. Seaborn: Statistical Data Visualization. J. Open Source Softw. 2021, 6, 3021. [CrossRef]

Hunter, ].D. Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 2007, 9, 90-95. [CrossRef]

Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An Information
Aesthetic for Comparative Genomics. Genome Res. 2009, 19, 1639-1645. [CrossRef]

Wang, J.; Yu, W.; Yang, Y.; Li, X.; Chen, T.; Liu, T.; Ma, N.; Yang, X,; Liu, R.; Zhang, B. Genome-Wide Analysis of Tomato Long
Non-Coding RNAs and Identification as Endogenous Target Mimic for microRNA in Response to TYLCV Infection. Sci. Rep.
2015, 5, 16946. [CrossRef] [PubMed]

Niu, X,; Sun, Y.; Chen, Z; Li, R,; Padmanabhan, C.; Ruan, J.; Kreuze, ].E; Ling, K.; Fei, Z.; Gao, S. Using Small RNA-Seq Data to
Detect siRNA Duplexes Induced by Plant Viruses. Genes 2017, 8, 163. [CrossRef] [PubMed]

Ramesh, S.V.; Williams, S.; Kappagantu, M.; Mitter, N.; Pappu, H.R. Transcriptome-Wide Identification of Host Genes Targeted by
Tomato Spotted Wilt Virus-Derived Small Interfering RNAs. Virus Res. 2017, 238, 13-23. [CrossRef] [PubMed]

Samarskaya, V.O.; Spechenkova, N.; Ilina, I.; Suprunova, T.P; Kalinina, N.O.; Love, A.].; Taliansky, M.E. A Non-Canonical
Pathway Induced by Externally Applied Virus-Specific dsSRNA in Potato Plants. Int. J. Mol. Sci. 2023, 24, 15769. [CrossRef]
Wang, J.; Zou, A.; Xiang, S.; Liu, C.; Peng, H.; Wen, Y.; Ma, X; Chen, H.; Ran, M.; Sun, X. Transcriptome Analysis Reveals the
Mechanism of Zinc Ion-Mediated Plant Resistance to TMV in Nicotiana benthamiana. Pestic. Biochem. Physiol. 2022, 184, 105100.
[CrossRef]

Samarskaya, V.; Kuznetsova, M.; Gryzunov, N.; Spechenkova, N.; Bagdasarova, P.; Ryabov, E.; Taliansky, M.; Kalinina, N.O.
Identification of Two Novel Recombinant Types of Potato Virus Y from Solanum tuberosum Plants in Southern Region of Russia.
Plant Dis. 2024, 109, 998-1003. [CrossRef]

Gryzunov, N.; Morozov, S.Y.; Suprunova, T.; Samarskaya, V.; Spechenkova, N.; Yakunina, S.; Kalinina, N.O.; Taliansky, M.
Genomes of Alphanucleorhabdovirus Physostegiae Isolates from Two Different Cultivar Groups of Solanum melongena. Viruses
2024, 16, 1538. [CrossRef]

Jia, A;; Yan, C; Yin, H.; Sun, R.; Xia, F; Gao, L.; Zhang, Y.; Li, Y. Small RNA and Transcriptome Sequencing of a Symptomatic
Peony Plant Reveals Mixed Infections with Novel Viruses. Plant Dis. 2021, 105, 3816-3828. [CrossRef]

Sang, T.; Zhang, Z.; Liu, G.; Wang, P. Navigating the Landscape of Plant Proteomics. |. Integr. Plant Biol. 2025, 67, 740-761.
[CrossRef]

Chen, X; Sun, Y.; Zhang, T.; Shu, L.; Roepstorff, P.; Yang, F. Quantitative Proteomics Using Isobaric Labeling: A Practical Guide.
Genom. Proteom. Bioinform. 2021, 19, 689-706. [CrossRef]

Ma, W.; Zhang, C.; Zhang, W.; Sheng, P.; Xu, M.; Ni, Y.; Chen, M.; Cheng, B.; Zhang, X. TMT-Based Comparative Peptidomics
Analysis of Rice Seedlings under Salt Stress: An Accessible Method to Explore Plant Stress-Tolerance Processing. J. Proteom. Res.
2022, 21, 2905-2919. [CrossRef] [PubMed]

Li, X,; Bi, X.,; An, M,; Xia, Z.; Wu, Y. iTRAQ-Based Proteomic Analysis of Watermelon Fruits in Response to Cucumber Green
Mottle Mosaic Virus Infection. Int. J. Mol. Sci. 2020, 21, 2541. [CrossRef] [PubMed]

Lewandowska, D.; ten Have, S.; Hodge, K.; Tillemans, V.; Lamond, A.I; Brown, ]. W.S. Plant SILAC: Stable-Isotope Labelling with
Amino Acids of Arabidopsis Seedlings for Quantitative Proteomics. PLoS ONE 2013, 8, €72207. [CrossRef]

Zuniga, N.R; Frost, D.C.; Kuhn, K.; Shin, M.; Whitehouse, R.L.; Wei, T.-Y,; He, Y.; Dawson, S.L.; Pike, I.; Bomgarden, R.D;
et al. Achieving a 35-Plex Tandem Mass Tag Reagent Set through Deuterium Incorporation. J. Proteom. Res. 2024, 23, 5153-5165.
[CrossRef]

Chen, C.; Hou, J.; Tanner, J.J.; Cheng, J. Bioinformatics Methods for Mass Spectrometry-Based Proteomics Data Analysis. Int. J.
Mol. Sci. 2020, 21, 2873. [CrossRef]


https://www.uniprot.org
https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1093/nar/gkae1084
https://www.ncbi.nlm.nih.gov/pubmed/39588765
https://doi.org/10.1093/nar/gkae909
https://doi.org/10.1093/nar/gky1080
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.21105/joss.03021
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1038/srep16946
https://www.ncbi.nlm.nih.gov/pubmed/26679690
https://doi.org/10.3390/genes8060163
https://www.ncbi.nlm.nih.gov/pubmed/28621718
https://doi.org/10.1016/j.virusres.2017.05.014
https://www.ncbi.nlm.nih.gov/pubmed/28545854
https://doi.org/10.3390/ijms242115769
https://doi.org/10.1016/j.pestbp.2022.105100
https://doi.org/10.1094/PDIS-10-24-2151-SC
https://doi.org/10.3390/v16101538
https://doi.org/10.1094/PDIS-01-21-0007-RE
https://doi.org/10.1111/jipb.13841
https://doi.org/10.1016/j.gpb.2021.08.012
https://doi.org/10.1021/acs.jproteome.2c00318
https://www.ncbi.nlm.nih.gov/pubmed/36351196
https://doi.org/10.3390/ijms21072541
https://www.ncbi.nlm.nih.gov/pubmed/32268502
https://doi.org/10.1371/journal.pone.0072207
https://doi.org/10.1021/acs.jproteome.4c00668
https://doi.org/10.3390/ijms21082873

Viruses 2025, 17,986 24 of 25

143.

144.

145.

146.
147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Perkins, D.N.; Pappin, D.].; Creasy, D.M.; Cottrell, ].S. Probability-Based Protein Identification by Searching Sequence Databases
Using Mass Spectrometry Data. Electrophoresis 1999, 20, 3551-3567. [CrossRef]

Brodbelt, ].S.; Russell, D.H. Focus on the 20-Year Anniversary of SEQUEST. |. Am. Soc. Mass Spectrom. 2015, 26, 1797-1798.
[CrossRef]

Li, YF; Arnold, RJ; Li, Y.; Radivojac, P; Sheng, Q.; Tang, H. A Bayesian Approach to Protein Inference Problem in Shotgun
Proteomics. J. Comput. Biol. 2009, 16, 1183-1193. [CrossRef]

Xu, Y.; Shi, Z.; Bao, L. An Expanding Repertoire of Protein Acylations. Mol. Cell. Proteom. 2022, 21, 100193. [CrossRef]

Sang, T.; Xu, Y.; Qin, G.; Zhao, S.; Hsu, C.-C.; Wang, P. Highly Sensitive Site-Specific SUMOylation Proteomics in Arabidopsis. Nat.
Plants 2024, 10, 1330-1342. [CrossRef]

Yan, S.; Bhawal, R.; Yin, Z.; Thannhauser, T.W.; Zhang, S. Recent Advances in Proteomics and Metabolomics in Plants. Mol. Hortic.
2022, 2, 17. [CrossRef] [PubMed]

Alexander, M.M.; Cilia, M. A Molecular Tug-of-War: Global Plant Proteome Changes during Viral Infection. Curr. Plant Biol. 2016,
5,13-24. [CrossRef]

Kamran, A.; Hussain, M.D.; Farooq, T; Li, E; Khan, M.; Li, X,; Yang, S.; Xie, X. Deciphering Intricate Plant-Virus Interactions:
Potyvirids Orchestrate Protein Posttranslational Modifications to Regulate Pathogenicity. Microbiol. Res. 2025, 290, 127940.
[CrossRef]

Obrepalska-Steplowska, A.; Renaut, J.; Planchon, S.; Przybylska, A.; Wieczorek, P.; Barylski, ].; Palukaitis, P. Effect of Temperature
on the Pathogenesis, Accumulation of Viral and Satellite RNAs and on Plant Proteome in Peanut Stunt Virus and Satellite
RNA-Infected Plants. Front. Plant Sci. 2015, 6, 903. [CrossRef]

Rajamiki, M.-L.; Sikorskaite-Gudziuniene, S.; Sarmah, N.; Varjosalo, M.; Valkonen, J.P.T. Nuclear Proteome of Virus-Infected and
Healthy Potato Leaves. BMC Plant Biol. 2020, 20, 355. [CrossRef]

Anfoka, G.; Moshe, A.; Fridman, L.; Amrani, L.; Rotem, O.; Kolot, M.; Zeidan, M.; Czosnek, H.; Gorovits, R. Tomato Yellow
Leaf Curl Virus Infection Mitigates the Heat Stress Response of Plants Grown at High Temperatures. Sci. Rep. 2016, 6, 19715.
[CrossRef]

Prasch, C.M.; Sonnewald, U. Simultaneous Application of Heat, Drought, and Virus to Arabidopsis Plants Reveals Significant
Shifts in Signaling Networks. Plant Physiol. 2013, 162, 1849-1866. [CrossRef]

Pang, Z.; Lu, Y.; Zhou, G.; Hui, E; Xu, L.; Viau, C.; Spigelman, A.F.; MacDonald, PE.; Wishart, D.S.; Li, S.; et al. MetaboAnalyst
6.0: Towards a Unified Platform for Metabolomics Data Processing, Analysis and Interpretation. Nucleic Acids Res. 2024, 52,
W398-W406. [CrossRef]

Cambiaghi, A.; Ferrario, M.; Masseroli, M. Analysis of Metabolomic Data: Tools, Current Strategies and Future Challenges for
Omics Data Integration. Brief. Bioinform. 2017, 18, 498-510. [CrossRef]

Sade, D.; Shriki, O.; Cuadros-Inostroza, A.; Tohge, T.; Semel, Y.; Haviv, Y.; Willmitzer, L.; Fernie, A.R.; Czosnek, H.; Brotman, Y.
Comparative Metabolomics and Transcriptomics of Plant Response to Tomato Yellow Leaf Curl Virus Infection in Resistant and
Susceptible Tomato Cultivars. Metabolomics 2015, 11, 81-97. [CrossRef]

Liu, Y;; Li, Y;; Chen, E.; Xu, J.; Zhang, W.; Zeng, X.; Luo, X. Repeat and Haplotype Aware Error Correction in Nanopore Sequencing
Reads with DeChat. Commun. Biol. 2024, 7, 1678. [CrossRef] [PubMed]

Dillies, M.-A.; Rau, A.; Aubert, ].; Hennequet-Antier, C.; Jeanmougin, M.; Servant, N.; Keime, C.; Marot, G.; Castel, D.; Estelle, J.;
et al. A Comprehensive Evaluation of Normalization Methods for Illumina High-Throughput RNA Sequencing Data Analysis.
Brief. Bioinform. 2013, 14, 671-683. [CrossRef] [PubMed]

Wagner, G.P.; Kin, K.; Lynch, V.J. Measurement of mRNA Abundance Using RNA-Seq Data: RPKM Measure Is Inconsistent
among Samples. Theory. Biosci. 2012, 131, 281-285. [CrossRef]

Leek, ].T.; Scharpf, R.B.; Bravo, H.C.; Simcha, D.; Langmead, B.; Johnson, W.E.; Geman, D.; Baggerly, K.; Irizarry, R.A. Tackling the
Widespread and Critical Impact of Batch Effects in High-Throughput Data. Nat. Rev. Genet. 2010, 11, 733-739. [CrossRef]

Risso, D.; Ngai, J.; Speed, T.P,; Dudoit, S. Normalization of RNA-Seq Data Using Factor Analysis of Control Genes or Samples.
Nat. Biotechnol. 2014, 32, 896-902. [CrossRef]

Yang, Y.; Saand, M.A.; Huang, L.; Abdelaal, W.B.; Zhang, J.; Wu, Y,; Li, ].; Sirohi, M.H.; Wang, F. Applications of Multi-Omics
Technologies for Crop Improvement. Front. Plant Sci. 2021, 12, 563953. [CrossRef]

Mostovenko, E.; Lichti, C.F.; Wang, Q. Similarity Measures between Proteomic and Transcriptomic Data as a Tool to Highlight
Phenotypical Differences in 33 Glioma Stem Cell Lines. MOJ Proteom. Bioinform. 2015, 2, 186-191. [CrossRef]

Dupont, C.; Armant, D.R.; Brenner, C.A. Epigenetics: Definition, Mechanisms and Clinical Perspective. Semin. Reprod. Med. 2009,
27,351-357. [CrossRef]

Mansoor, S.; Hamid, S.; Tuan, T.T.; Park, ] .-E.; Chung, Y.S. Advance Computational Tools for Multiomics Data Learning. Biotechnol.
Adv. 2024, 77,108447. [CrossRef]

Robles-Zazueta, C.A.; Pinto, F.; Molero, G.; Foulkes, M.].; Reynolds, M.P.; Murchie, E.H. Prediction of Photosynthetic, Biophysical,
and Biochemical Traits in Wheat Canopies to Reduce the Phenotyping Bottleneck. Front. Plant Sci. 2022, 13, 828451. [CrossRef]


https://doi.org/10.1002/(SICI)1522-2683(19991201)20:18%3C3551::AID-ELPS3551%3E3.0.CO;2-2
https://doi.org/10.1007/s13361-015-1264-1
https://doi.org/10.1089/cmb.2009.0018
https://doi.org/10.1016/j.mcpro.2022.100193
https://doi.org/10.1038/s41477-024-01783-z
https://doi.org/10.1186/s43897-022-00038-9
https://www.ncbi.nlm.nih.gov/pubmed/37789425
https://doi.org/10.1016/j.cpb.2015.10.003
https://doi.org/10.1016/j.micres.2024.127940
https://doi.org/10.3389/fpls.2015.00903
https://doi.org/10.1186/s12870-020-02561-7
https://doi.org/10.1038/srep19715
https://doi.org/10.1104/pp.113.221044
https://doi.org/10.1093/nar/gkae253
https://doi.org/10.1093/bib/bbw031
https://doi.org/10.1007/s11306-014-0670-x
https://doi.org/10.1038/s42003-024-07376-y
https://www.ncbi.nlm.nih.gov/pubmed/39702496
https://doi.org/10.1093/bib/bbs046
https://www.ncbi.nlm.nih.gov/pubmed/22988256
https://doi.org/10.1007/s12064-012-0162-3
https://doi.org/10.1038/nrg2825
https://doi.org/10.1038/nbt.2931
https://doi.org/10.3389/fpls.2021.563953
https://doi.org/10.15406/mojpb.2015.02.00067
https://doi.org/10.1055/s-0029-1237423
https://doi.org/10.1016/j.biotechadv.2024.108447
https://doi.org/10.3389/fpls.2022.828451

Viruses 2025, 17,986 25 of 25

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Awada, L.; Phillips, PW.B.; Bodan, A.M. The Evolution of Plant Phenomics: Global Insights, Trends, and Collaborations
(2000-2021). Front. Plant Sci. 2024, 15, 1410738. [CrossRef] [PubMed]

Kaya, C. Optimizing Crop Production with Plant Phenomics Through High-Throughput Phenotyping and Al in Controlled
Environments. Food Energy Secur. 2025, 14, €70050. [CrossRef]

Jiang, T.; Du, K,; Xie, J.; Sun, G.; Wang, P; Chen, X.; Cao, Z.; Wang, B.; Chao, Q.; Li, X,; et al. Activated Malate Circulation
Contributes to the Manifestation of Light-Dependent Mosaic Symptoms. Cell Rep. 2023, 42, 112333. [CrossRef]

Abdelkhalek, A.; Kirdly, L.; Al-Mansori, A.-N.A.; Younes, H.A.; Zeid, A.; Elsharkawy, M.M.; Behiry, S.I. Defense Responses
and Metabolic Changes Involving Phenylpropanoid Pathway and PR Genes in Squash (Cucurbita pepo L.) Following Cucumber
Mosaic Virus Infection. Plants 2022, 11, 1908. [CrossRef]

Rabie, M.; Aseel, D.G.; Younes, H.A.; Behiry, S.I.; Abdelkhalek, A. Transcriptional Responses and Secondary Metabolites Variation
of Tomato Plant in Response to Tobacco Mosaic Virus Infestation. Sci. Rep. 2024, 14, 19565. [CrossRef]

Yu, X,; Liu, Z.; Sun, X. Single-Cell and Spatial Multi-Omics in the Plant Sciences: Technical Advances, Applications, and
Perspectives. Plant Commun. 2023, 4, 100508. [CrossRef]

Maule, A.J.; Escaler, M.; Aranda, M.A. Programmed Responses to Virus Replication in Plants. Mol. Plant Pathol. 2000, 1, 9-15.
[CrossRef]

Huber, A.E.; Bauerle, T.L. Long-Distance Plant Signaling Pathways in Response to Multiple Stressors: The Gap in Knowledge. J.
Exp. Bot. 2016, 67, 2063-2079. [CrossRef]

Murmu, S.; Sinha, D.; Chaurasia, H.; Sharma, S.; Das, R; Jha, G.K.; Archak, S. A Review of Artificial Intelligence-Assisted Omics
Techniques in Plant Defense: Current Trends and Future Directions. Front. Plant Sci. 2024, 15, 1292054. [CrossRef]
Rodriguez-Pefia, R.; Mounadi, K.E.; Garcia-Ruiz, H. Changes in Subcellular Localization of Host Proteins Induced by Plant
Viruses. Viruses 2021, 13, 677. [CrossRef]

Shaw, J.; Yu, C.; Makhotenko, A.V.; Makarova, S.S.; Love, A.J.; Kalinina, N.O.; MacFarlane, S.; Chen, J.; Taliansky, M.E. Interaction
of a Plant Virus Protein with the Signature Cajal Body Protein Coilin Facilitates Salicylic Acid-Mediated Plant Defence Responses.
New Phytol. 2019, 224, 439-453. [CrossRef] [PubMed]

Morriss, G.R.; Cooper, T.A. Protein Sequestration as a Normal Function of Long Noncoding RNAs and a Pathogenic Mechanism
of RNAs Containing Nucleotide Repeat Expansions. Hum. Genet. 2017, 136, 1247-1263. [CrossRef] [PubMed]

Kopp, E; Mendell, ].T. Functional Classification and Experimental Dissection of Long Noncoding RNAs. Cell 2018, 172, 393-407.
[CrossRef] [PubMed]

Wang, ]J.; Horlacher, M.; Cheng, L.; Winther, O. RNA Trafficking and Subcellular Localization-a Review of Mechanisms,
Experimental and Predictive Methodologies. Brief. Bioinform. 2023, 24, bbad249. [CrossRef]

Maékinen, K.; Lohmus, A.; Pollari, M. Plant RNA Regulatory Network and RNA Granules in Virus Infection. Front. Plant Sci. 2017,
8,2093. [CrossRef]

Nurfiez-Mufoz, L.A.; Calderén-Pérez, B.; Ruiz-Medrano, R.; Xoconostle-Cézares, B.; de la Torre-Almaraz, R. Viral Tropism in
Plants, Reproductive Tissues, and Seeds. Arch. Microbiol. 2025, 207, 152. [CrossRef]

Lucas, W].; Groover, A.; Lichtenberger, R.; Furuta, K.; Yadav, S.-R.; Helariutta, Y.; He, S5.-Q.; Fukuda, H.; Kang, J.; Brady, S.M.;
et al. The Plant Vascular System: Evolution, Development and Functions. J. Integr. Plant Biol. 2013, 55, 294-388. [CrossRef]
Schmid, M.; Speiseder, T.; Dobner, T.; Gonzalez, R.A. DNA Virus Replication Compartments. . Virol. 2014, 88, 1404-1420.
[CrossRef]

Xu, Y.; Ghanim, M,; Liu, Y. Editorial: Mixed Infections of Plant Viruses in Nature and the Impact on Agriculture. Front. Microbiol.
2022, 13, 922607. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2024.1410738
https://www.ncbi.nlm.nih.gov/pubmed/39104843
https://doi.org/10.1002/fes3.70050
https://doi.org/10.1016/j.celrep.2023.112333
https://doi.org/10.3390/plants11151908
https://doi.org/10.1038/s41598-024-69492-3
https://doi.org/10.1016/j.xplc.2022.100508
https://doi.org/10.1046/j.1364-3703.2000.00002.x
https://doi.org/10.1093/jxb/erw099
https://doi.org/10.3389/fpls.2024.1292054
https://doi.org/10.3390/v13040677
https://doi.org/10.1111/nph.15994
https://www.ncbi.nlm.nih.gov/pubmed/31215645
https://doi.org/10.1007/s00439-017-1807-6
https://www.ncbi.nlm.nih.gov/pubmed/28484853
https://doi.org/10.1016/j.cell.2018.01.011
https://www.ncbi.nlm.nih.gov/pubmed/29373828
https://doi.org/10.1093/bib/bbad249
https://doi.org/10.3389/fpls.2017.02093
https://doi.org/10.1007/s00203-025-04353-9
https://doi.org/10.1111/jipb.12041
https://doi.org/10.1128/JVI.02046-13
https://doi.org/10.3389/fmicb.2022.922607

	Introduction 
	Plant–Virus Interactions 
	Introduction to Omics: Basics 

	Application of Genomics in Plant Virus Disease Control 
	Application of Transcriptomics in Plant Virus Disease Control 
	Application of Proteomics in Plant Virus Disease Control 
	Application of Metabolomics in Plant Virus Disease Control 
	Challenges and Pitfalls of Individual Omics Technologies 
	Multi-Omics 
	Future Directions 
	Single-Cell and Spatial Omics 
	Artificial Intelligence and Machine Learning 
	Experimental Verification 
	Localisation Studies: Relocalisation, Retention, Sequestration—New Omics? 
	Biological Pitfalls 

	Conclusions 
	References

