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Emerging insights into plant disease management: multi-omics 
approaches elucidate the molecular mechanisms underlying 
pathogen virulence differentiation in natural populations
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ABSTRACT A recent study by R. Cheng, T. Lv, P. Ji, B. Ma, et al. (Appl Environ 
Microbiol 91:e01685-25, 2025, https://doi.org/10.1128/aem.01685-25) used multi-omics 
analysis to reveal the molecular map of pathogen virulence differentiation driven by 
natural variation. Building on this work, this article examines how natural variation 
shapes pathogen virulence and disease prevalence and explores the use of multi-
omics approaches to uncover associated molecular mechanisms. The opportunities and 
challenges of applying multi-omics technologies in plant disease management are also 
discussed in this article.

KEYWORDS rice bacterial panicle blight, multi-omics analysis, virulence differentiation, 
disease management

A s the most important staple crop globally, rice faces numerous challenges to its 
secure production. Among these, bacterial panicle blight caused by Burkholderia 

gladioli represents an increasingly severe threat (1). Currently, disease management 
primarily relies on chemical pesticides and the cultivation of resistant varieties; however, 
the limitations of these approaches are becoming more evident (2). Therefore, a 
comprehensive understanding of the pathogen’s pathogenic mechanisms and adaptive 
evolutionary strategies is essential for developing precise, effective, and sustainable 
control measures, which is an urgent priority in ensuring rice production security. For 
an extended period, research on pathogen pathogenicity has predominantly focused 
on the identification and functional characterization of key virulence factors, such 
as toxins, effector proteins, and secretion systems (3). These studies typically involve 
comparisons between laboratory-generated virulence mutants or among species and 
strains exhibiting marked differences in virulence. However, pathogen populations 
are neither uniform nor static; rather, they exhibit substantial genetic diversity. In 
natural environments, pathogens have continuously adapted to diverse biotic (e.g., 
host resistance, microbial interactions) and abiotic (e.g., climate conditions, agricul­
tural practices) selective pressures, leading to naturally occurring genetic variations. 
Although these variations may be subtle, they can profoundly influence pathogen 
fitness, transmissibility, and virulence (4). A comprehensive analysis of such fine-scale 
genetic differences, combined with an understanding of the molecular mechanisms 
underlying virulence divergence from the perspective of adaptive evolution, is essen­
tial for predicting disease outbreaks and refining disease control strategies. Advances 
in omics sequencing technologies have provided comprehensive insights into plant 
pathogens across multiple levels of biological activity, including genomic composition, 
gene transcription, and protein expression (5). However, prior research has predom­
inantly emphasized the analysis of single-omics data and subsequent validation of 
molecular mechanisms, thereby overlooking the integrative process spanning from 
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“genetic information interpretation” to the “functional execution” underlying pathogen 
life activities (6). Cheng et al.’s study, through an integrated comparative genomics and 
transcriptomics analysis of two B. gladioli strains, ZJ-SD (highly virulent) and ZJ-MD (low 
virulence), systematically elucidated the molecular mechanisms underlying virulence 
differentiation in the rice panicle blight pathogen B. gladioli under conditions of natural 
variation. This work represents a conceptual advancement from localized mechanisms 
to comprehensive regulatory networks, offering a robust model for multi-level and 
systematic understanding of pathogen virulence differentiation (7).

THE NATURAL VARIATION OF PATHOGENS IS THE CORE FACTOR IN THE 
PREVALENCE OF PLANT DISEASES

Traditional plant pathology research has predominantly focused on analyzing the 
pathogenic mechanisms of highly virulent and prevalent strains, as well as the genetic 
variation underlying pathogenicity in laboratory-induced mutant strains. However, it has 
largely overlooked the adaptive evolution of pathogens and the resulting mechanisms of 
virulence differentiation (8). Plant pathogens, including fungi, oomycetes, bacteria, and 
viruses, are not static entities but dynamic populations characterized by high genetic 
plasticity. Their ongoing variation and evolution constitute the primary drivers behind 
the emergence of novel diseases, the resurgence of previously controlled ones, and the 
failure of established control measures, such as resistant crop varieties and chemical 
fungicides. This process constitutes an evolutionary cycle driven by genetic diversity 
within pathogen populations, environmental selection pressures, and fitness trade-offs 
(9).

Genetic variation within pathogen populations primarily arises through mechanisms 
including gene mutation, genetic recombination via sexual reproduction, parasexuality, 
and horizontal gene transfer, as well as genomic alterations such as transposon activity, 
chromosomal segment duplication, or deletion. These processes collectively contribute 
to the preservation and dissemination of genetic diversity among pathogen populations, 
thereby laying the groundwork for adaptive evolution under selective pressure (10). 
For instance, genomic single nucleotide polymorphisms (SNPs), insertions and deletions 
(INDELs), and structural variations (SVs) can directly cause the differentiation of pathogen 
virulence. In the study by Chen et al., B. gladioli accumulated 79 SNPs, 12 INDELs, and 
3 SVs, ultimately leading to significant differentiation in virulence-related phenotypes 
such as biofilm formation and motility, thereby causing differences in the field damage of 
bacterial panicle blight in rice (7).

Environmental selection pressures primarily encompass the overuse of pesticides, 
monoculture of disease-resistant crop varieties, continuous cultivation of single crops, 
and abnormal climatic conditions. Pesticides, acting as chemical mutagens, can directly 
damage pathogen DNA and elevate gene mutation rates (11). Disease-resistant plant 
varieties activate immune responses through the recognition of pathogen effectors. 
Pathogens harboring genetic variations in effector genes can evolve into “escape” 
variants that evade host immune defenses by avoiding detection and recognition by 
the host immune system (12). Abnormal environmental conditions such as extreme 
temperatures and drought can activate stress response pathways in pathogens, 
increase errors in DNA repair process, and consequently enhance the frequency of 
genetic mutations. Additionally, climate warming may expand the geographic distri­
bution of pathogens; when geographically distinct populations come into contact, 
genetic recombination can occur, leading to novel genetic variants (13). Continuous 
monoculture significantly increases pathogen population density and the frequency 
of inter-individual interactions, facilitating horizontal gene transfer and accelerating 
both the dissemination and emergence of genetic variations (14). In addition, agricul­
tural operations (such as irrigation and mechanical farming) carry different pathogen 
populations, promoting gene exchange among populations and, thus, generating new 
variations.
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Natural selection pressure can also create new adaptive niches, thereby enhancing 
the adaptability and survival capabilities of certain mutant strains. Under continuous 
selection pressure, mutant strains possessing fitness advantages exhibit a significantly 
higher reproduction rate compared to ordinary strains, and their proportion within 
the population gradually increases (15). Through agricultural operations, air currents, 
insect vectors, and other means, mutant strains are capable of spreading across regions, 
thus expanding the distribution range of the mutations within the entire pathogen 
population. Pathogens are capable of directly transmitting genetic variations generated 
via gene mutation or recombination to their progeny through asexual reproduction 
(e.g., binary fission in bacteria and spore reproduction in fungi) or sexual reproduction, 
thereby attaining stable inheritance of the variations (16). The variant genes carried 
by mobile genetic elements, such as drug-resistance plasmids and transposons, can 
be transferred among pathogen individuals across different generations, overcoming 
the inter-generational limitations of sexual reproduction and facilitating the accumula­
tion and spread of variant genes across generations. Beneficial variations in pathogens 
are continuously retained under selective pressure and gradually become the domi­
nant genotypes within the population through multiple generations of reproduction, 
resulting in the formation of a stably inherited variant population (17).

Currently, strategies such as intercropping disease-resistant varieties, implementing 
crop rotation, and rotating fungicide applications are commonly employed to slow the 
adaptive evolution of pathogens. These approaches aim to reduce selection pressure 
and prolong the effectiveness of disease control measures (18). However, their success 
has been limited, and they remain insufficient in fundamentally mitigating pathogen 
virulence differentiation and the emergence of resistance. Therefore, a comprehensive 
investigation into the molecular mechanisms underlying pathogen evolution is essential 
for achieving precise and sustainable disease control.

MULTI-OMICS TECHNOLOGIES OFFER CRUCIAL CLUES FOR CLARIFYING THE 
MOLECULAR MECHANISMS UNDERLYING PATHOGEN VIRULENCE DIFFEREN­
TIATION

Single-omics approaches are inherently limited in elucidating the molecular mechanisms 
that govern the entire spectrum of life activities from genetic basis and expression 
regulation to functional execution and phenotypic output. In contrast, the integrated 
application of multi-omics technologies, including genomics, transcriptomics, proteo­
mics, and metabolomics, enables a comprehensive exploration of molecular dynamics 
through stepwise molecular profiling and cross-layer data integration (19). Specifi-
cally, genomics identifies genetic variations, transcriptomics captures gene expression 
patterns, proteomics delineates protein-level functional activities, and metabolomics 
reflects physiological and metabolic alterations. By integrating evidence from multi-
omics data sets, researchers can formulate key hypotheses regarding molecular 
mechanisms, which are subsequently validated through targeted genetic experiments 
such as gene knockout, RNA interference, and overexpression. This systematic frame­
work, linking molecular insights from genetic information decoding to the execution of 
biological functions, offers a more holistic and rigorous understanding of the molecu­
lar basis of pathogen virulence differentiation, thereby establishing a solid theoretical 
foundation for identifying precise targets for disease prevention and control. In the 
study by Cheng et al., variant genes in B. gladioli were mapped to virulence-associ­
ated pathways, including quorum sensing, cationic antimicrobial peptide resistance, 
and histidine metabolism. Protein domain prediction revealed that the mutant gene 
is significantly associated with the synthesis of key protein factors, including alginate 
export proteins involved in biofilm formation, helix-turn-helix (HTH) domain-contain­
ing transcription factors implicated in gene regulation, and IS3 family transposa­
ses potentially driving genomic rearrangements. Notably, these mutant genes are 
not randomly distributed but are predominantly clustered within a “virulence regu­
latory network.” These results indicate that natural genetic variation contributes to 
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virulence differentiation by directly altering the function or stability of specific patho­
gen proteins or by modulating the activity of regulatory elements. Transcriptomic 
analysis further elucidated the mechanistic link between genetic variation and phe­
notypic divergence: differentially expressed genes (DEGs) were significantly enriched 
in core virulence pathways including two-component systems, bacterial chemotaxis, 
and flagellar assembly, findings that align with both genomic variation and observed 
changes in virulence-related phenotypes such as flagellar production, quorum sensing, 
chemotaxis, and biofilm formation (7).

It is worth noting that the advancement of multi-omics technologies must move 
beyond the limitations of single-object studies and evolve toward cross-scale integrated 
analysis of the “pathogen–host–environment” system (20). By simultaneously character­
izing the omics profiles associated with pathogen virulence, the molecular profiles of 
host immune responses, and the mechanisms of environmental factor influences, the 
external driving factors and internal regulatory pathways of virulence differentiation can 
be fully revealed. Such cross-scale analysis not only uncovers the core genetic determi­
nants, regulatory pathways, and environmental drivers of virulence variation but also 
provides precise molecular targets for the development of targeted inhibitors and the 
screening of biocontrol agents, thereby promoting the transition of agricultural disease 
management toward precision and sustainability.

OPPORTUNITIES AND CHALLENGES OF MULTI-OMICS TECHNOLOGIES IN THE 
MANAGEMENT OF PLANT DISEASES

Multi-omics technology has emerged as a highly promising approach for elucidating 
the mechanisms underlying pathogen virulence differentiation. However, conventional 
bulk sequencing methods, which analyze thousands of cells collectively, limit the ability 
to capture cellular-level molecular heterogeneity. The advent of advanced sequencing 
technologies, such as single-cell sequencing and spatial transcriptomics, has enabled 
more in-depth and multidimensional insights into the molecular mechanisms governing 
virulence (21, 22). Single-cell sequencing enables the precise characterization of gene 
expression at the individual cell level. In pathogen populations occupying the same 
ecological niche, this approach reveals heterogeneity in the expression of virulence-rela­
ted genes across cells, thereby enabling more accurate discrimination between highly 
virulent and low-virulence subpopulations. By integrating single-cell data from the early, 
middle, and late stages of infection, it is possible to reconstruct a dynamic, high-resolu­
tion map of virulence gene expression, facilitating the identification of novel genes that 
are critically involved in specific phases of the infection process. Moreover, single-cell 
sequencing allows for continuous monitoring of gene expression across key develop­
mental transitions, such as spore germination, appressorium formation, and hyphal 
expansion, offering mechanistic insights into the initiation and regulation of pathogenic 
virulence throughout the life cycle (23).

Spatial transcriptomics technology enables the simultaneous acquisition of gene 
expression profiles and their precise spatial context within host tissues, thereby 
facilitating a more comprehensive understanding of the spatially organized dynamics 
of pathogen infection in plants (24). By applying this approach, the expression pat­
terns of pathogen virulence genes and plant defense-related genes can be precisely 
resolved across distinct anatomical regions of plant lesions, including the necrotic 
center, the junction between lesion and healthy tissue, and the infection front, provid­
ing spatially resolved insights into host–pathogen interactions. Moreover, analysis of 
spatial transcriptomics data enables the resolution of pathogen preferences for specific 
plant cell types during colonization and infection, thereby providing insights into the 
pathogen’s host targeting strategies. Notably, plant defense responses exhibit distinct 
spatial specificity. Spatial transcriptomics enables the identification of key tissue sites 
involved in the response to pathogen infection and reveals the spatial patterns of 
immune signal transmission within plant tissues.
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Currently, artificial intelligence technology has exhibited distinctive advantages in 
high-dimensional data dimensionality reduction, core target screening, and regulatory 
network prediction. It serves as a crucial tool for in-depth analysis of multi-omics data 
(25). Artificial intelligence algorithms are capable of projecting complex multi-dimen­
sional data into low-dimensional spaces, thus enabling the visualization of different cell 
clusters or spatial regions. Through the analysis of co-expression relationships among 
genes, artificial intelligence technology can assist in identifying the key transcription 
factors that regulate the expression of virulence genes and constructing a regulatory 
network governing the core genes of virulence differentiation. Artificial intelligence 
models can also integrate and analyze multi-omics sequencing data, such as single-
cell transcriptomics and spatial transcriptomics, to construct a more comprehensive 
spatiotemporal map of virulence regulation. Based on the current understanding of 
pathogenic molecular mechanisms, targeted artificial intelligence models can be trained 
to predict the potential functions of new pathogenic genes of pathogenic bacteria and 
conducting rapid diagnosis of the virulence level or evolutionary stage of pathogenic 
bacteria according to the gene expression profile (26).

The development and application of multi-omics technologies face several key 
constraints: substantial heterogeneity across diverse omics data, lack of standardized 
data analysis protocols, challenges in high-throughput validation of candidate molecular 
targets, and high demands for experimental costs and computational resources (27).

Compared to studies focused on humans or other animals, the application of 
multi-omics sequencing technology in elucidating the pathogenic mechanisms and 
virulence differentiation of plant pathogenic bacteria encounters multiple challenges. 
First, plant–pathogen interactions are highly susceptible to environmental factors, 
and plants lack an adaptive immune system, relying primarily on cell-autonomous 
innate immunity and systemic signal transduction. This results in limited experimental 
controllability and increased complexity in data interpretation (28). Second, in plant 
pathology research, it is particularly challenging to obtain single-cell suspensions 
containing intact plant and pathogen cells. Consequently, transcriptomic or proteo­
mic analyses of pathogens are often confounded by substantial host-derived signal 
contamination, placing high demands on the sensitivity of detection methods. More 
critically, effective statistical tools for accurately distinguishing pathogen-derived signals 
from host signals are still lacking, which significantly hinders downstream molecular 
mechanism studies. Additionally, the genetic transformation efficiency of numerous 
significant plant pathogens (particularly fungi and oomycetes) is remarkably low, and 
effective gene-editing systems are often unavailable. This situation presents a substantial 
challenge to the functional validation of candidate molecular targets (29). Ultimately, 
the genomic diversity of plant pathogens is exceedingly high, with notable disparities 
in size and structure. Furthermore, the reference genomes of many species are incom­
pletely assembled and inadequately annotated. Notably, the genomic regions abundant 
in repetitive sequences are frequently the “blind spots” of genome assembly, while 
they are the crucial genetic targets for virulence differentiation (30). Moreover, the 
establishment of large-scale, diverse, and shared databases remains inadequate in plant 
pathology research, resulting in insufficient data support for integrated analysis and 
artificial intelligence model training.

In the future, it will be essential to establish standardized experimental and analytical 
protocols. By integrating high-throughput mutant screening and protein interaction 
technologies, a closed-loop research system of “multi-omics prediction-high-throughput 
validation” ought to be constructed. Through the establishment of a globally shared 
pathogen multi-omics database, the generalization ability of artificial intelligence models 
can be enhanced, and more efficient cross-omics integration mathematical models can 
be developed. As these challenges are gradually addressed, multi-omics technology will 
play a more significant role in the study of pathogen virulence differentiation, providing 
a robust theoretical and technical foundation for achieving sustainable and precise 
disease control.
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