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Abstract 

Fungal diseases continue to limit global crop production and drive major economic 
losses. Conventional diagnostic and control approaches depend on time-consuming 
culture-based methods and broad-spectrum chemicals, which offer limited precision. 
Advances in molecular identification have changed this landscape. PCR, qPCR, LAMP, 
sequencing and portable platforms enable rapid and species-level detection directly from 
plant tissue. These tools feed into RNA-based control strategies, where knowledge of 
pathogen genomes and sRNA exchange enables targeted suppression of essential fungal 
genes. Host-induced and spray-induced gene silencing provide selective control without 
the long-term environmental costs associated with chemical use. CRISPR/Cas9 based 
tools now refine both diagnostics and resistance development, and bioinformatics im-
proves target gene selection. Rising integration of artificial intelligence indicates a future 
in which disease detection, prediction and management connect in near real time. The 
major challenge lies in limited field validation and the narrow range of fungal species 
with complete molecular datasets, yet coordinated multi-site trials and expansion of an-
notated genomic resources can enable wider implementation. The combined use of mo-
lecular diagnostics and RNA-based strategies marks a shift from disease reaction to dis-
ease prevention and moves crop protection towards a precise, sustainable and responsive 
management system. This review synthesizes the information related to current molec-
ular identification tools and RNA-based management strategies, and evaluates how their 
integration supports precise and sustainable approaches for fungal disease control under 
diverse environmental settings. 
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1. Introduction 
Fungal pathogens cause most plant diseases and account for higher losses than vi-

ruses, bacteria or other microorganisms [1–3], and threaten around 168 crops deemed 
essential for human nutrition [4]. Despite extensive fungicide use and the breeding of 
resistant varieties, global losses to fungal pathogens remain high (10–23%) in the field 
and a further (10–20%) after harvest [5,6]. Major food crops such as rice, wheat, maize, 
soybean and potato each suffer from serious fungal or fungal-like diseases, including rice 
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blast, stem rust, corn smut, soybean rust and late blight [7]. The yield losses attributed to 
these diseases represent sufficient food to sustain between 600 million and 4 billion peo-
ple on a 2000 calorie diet for an entire year [8–10], and are expected to rise further under 
current climate change scenarios. Among fungi, Fusarium spp. rank as the most signifi-
cant, together with Magnaporthe oryzae, Botrytis cinerea, Zymoseptoria tritici, Colletotrichum, 
Melampsora lini and Rhizoctonia solani [11,12]. Other common groups such as Aspergillus, 
Penicillium, Cladosporium and Alternaria also contribute to crop health decline [13]. Oo-
mycetes are fungus-like eukaryotes within the Stramenopiles, distinct from true fungi. 
They have cellulose-based cell walls, predominantly diploid vegetative stages, coenocytic 
hyphae, and motile zoospores. For example, oomycetes such as Phytophthora, Pythium, 
Peronospora, Plasmopara and Albugo infect a wide range of hosts, with P. infestans, P. sojae, 
P. capsici, P. ramorum and P. cinnamomi among the most damaging species [14–16]. 

For effective management of these agriculturally important fungal pathogens, the 
first important step is accurate diagnosis and identification of plant pathogens, including 
fungi that severely damages plant health. Traditional diagnosis relies on morphological 
traits and culture-based techniques; however, these methods are slow, labor-intensive 
and often lack accuracy [1]. Biotrophic fungi cannot always be cultured, and results de-
pend on individual expertise [17]. Latent infections frequently go undetected, especially 
when pathogen populations remain below visible thresholds [18]. Visual inspection does 
not give reliable early warning, and large-scale surveillance is difficult to carry out in 
time to prevent losses [19]. Poor sensitivity leads to delayed action or misdiagnosis [7]. In 
management, early gaps in knowledge often prompt broad chemical use, which en-
courages resistance and leaves harmful residues [2]. Rising fungicide resistance has 
summoned the need for accurate identification and upstream monitoring [19]. Conven-
tional approaches still provide reference points but fall short of the precision needed in 
intensive production systems [20]. These limitations have driven the adoption of molec-
ular diagnostics over the past three decades (Figure 1). DNA-based methods allow faster 
and more accurate detection than microscopy and culture [1]. Advances in nucleic acid 
extraction, internal controls, automation and field-adapted formats have helped re-
searchers to expand the usage of molecular approaches for the correct identification and 
management of plant diseases [21]. Current techniques that are rigorously being used 
include PCR, qPCR, LAMP, FISH and microarray assays [22–24]. Metagenomics and 
next-generation sequencing provide broader community profiles and help in identifying 
emerging threats and monitoring probable shifts during the course of infection [25]. 
Portable platforms such as LAMP, lateral flow assays and recombinase polymerase am-
plification (RPA) offer faster field-based diagnosis and decision support [7]. RPA, an 
isothermal nucleic acid amplification technique wherein recombinase–primer complexes 
invade dsDNA and, assisted by single-strand binding proteins and strand-displacing 
polymerase, amplify targets at 37 °C without thermocycling, enables rapid detection of 
Diaporthe spp. Its minimal instrumentation and sample preparation render RPA ideal for 
point-of-care and field diagnostics of pathogens, delivering high sensitivity and specific-
ity, with faster turnaround and minimum equipment demands [26]. 

Moreover, molecular methods have now been extended into management ap-
proaches. RNA interference (RNAi) blocks pathogen gene expression by degrading spe-
cific mRNAs, and thus this technique has been used in the management of several im-
portant crops effectively [27,28]. SIGS applies dsRNA externally without altering host 
genomes [28]. Although, substantial progress has been made in the molecular-based 
identification and management of fungal plant pathogens, most existing reviews tend to 
concentrate on either diagnostic techniques or molecular control strategies in isolation. 
Henceforth, we provide a comprehensive synthesis that integrates both the domains, 
from PCR-based fungal plant pathogen detection to RNA-guided approaches for the 
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management of agriculturally important fungal diseases. This review addresses this gap 
by offering a perspective of molecular-based diagnostics and RNA-driven management, 
furnishing a framework to inform both future research and practical applications in en-
hanced crop well-being. With this impetus, the objectives of the present review are to 
provide a comprehensive overview of molecular diagnostic tactics for the detection and 
diagnosis of fungal plant pathogens and to examine different RNA-based fungal disease 
management strategies, offering a cohesive background for their future research and 
practical application. 

 

Figure 1. Progression of molecular tool development over time. 

2. Molecular Identification 
Molecular-based identification of plant pathogens not only confirms their identity 

but also reveals key genes linked to virulence, host interaction, or fungicide resistance 
(Figure 2). This information guides molecular management strategies, where techniques 
such as RNAi or CRISPR/Cas9 are designed to silence or edit those specific genes. In this 
way, diagnostics provide the target, and molecular management delivers the interven-
tion [29,30]. 

 

Figure 2. Schematic representation of the molecular diagnostic workflow for fungal plant patho-
gens and their targeted management using RNAi-based strategies. 
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2.1. Polymerase Chain Reaction (PCR) 

PCR remains a key method for detecting important fungal plant pathogens using 
species-specific or universal primers that enable accurate amplification and sequencing 
[31]. Advances following the adoption of thermostable polymerase have allowed precise 
identification of species and pathotypes through selective primer design, though 
post-amplification steps and close taxonomic similarity can limit efficiency (Table 1) [32]. 
Applications include assays for Puccinia triticina in wheat, Phacidiopycnis washingtonensis 
in apple, Diaporthe phaseolorum in soybean, and multiple Fusarium spp. in cereals [33–36]. 
Nested PCR enhances sensitivity by two-step amplification, while multiplex PCR detects 
several pathogens in one reaction, reducing time and cost [2,37]. Real-time and multiplex 
qPCR systems further enhance quantification and field applicability, enabling detection 
of pathogens like Sclerotinia sclerotiorum, Colletotrichum truncatum, and Corynespora cassi-
icola at very low incidence levels [38]. The nuclear ribosomal operon remains the main 
target for fungal diagnosis, with ITS, 28S (nrLSU) and 18S (nrSSU) regions used for am-
plification and identification [39]. The ITS region offers high variability for distinguish-
ing isolates and can be paired with protein-coding genes for more accuracy. However, 
PCR reliability is affected by DNA extraction efficiency, sample inhibitors and reaction 
conditions [40,41]. qPCR enables real-time detection and quantification of fungal DNA 
or RNA through fluorescence-based monitoring during amplification [42]. Using se-
quence-specific primers, it measures target abundance via cycle threshold values and 
provides greater sensitivity, speed and reproducibility than conventional PCR [43,44]. 
Detection limits can reach as low as 2 fg of genomic DNA, equivalent to a single spore 
[45,46]. 

Table 1. Different versions of PCR used for detection of agriculturally important fungal plant 
pathogens. 

Different PCR Fungi Diagnosed Host 
Geographic 
Locations Objectives References 

Nested PCR Pilidiella granati Pomegranate China 
Rapid PCR-based detec-
tion of Pilidiella granati in 

pomegranate. 
[47] 

Nested PCR Phytophthora nicoti-
anae, P. citrophthora 

Citrus  Italy  
Nested PCR-based detec-
tion of Phytophthora spp. 
in citrus roots and soil. 

[48] 

Nested PCR Phytophthora cactorum Strawberry USA 
PCR-based detection of 
Phytophthora cactorum in 

strawberry plants. 
[49] 

End-point PCR 

Phacidiopycnis wash-
ingtonensis, 

Sphaeropsis pyripu-
trescens 

Apple  USA 

Development of PCR as-
says for early detection of 

Phacidiopycnis washing-
tonensis and Sphaeropsis 

pyriputrescens. 

[36] 

End-point PCR 
Exobasidium macu-

losum Blueberry USA 

Morphological and phy-
logenetic characterization 
of an emerging Exobasid-
ium species causing leaf 

and fruit spot of blueber-
ry. 

[50] 

Multiplex PCR 
Fusarium 

Verticillioides and F. 
subglutinans 

Maize Brazil 
Development of 

gaoB-based PCR and 
multiplex PCR for simul-

[51] 
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taneous detection of 
Fusarium verticillioides and 

F. subglutinans. 

Multiplex PCR 
Neofabraea alba, 

N. perennans and 
N. keinholzii 

Apple Poland 

Genetic diversity analysis 
of Neofabraea spp. using 

β-tubulin sequencing and 
ISSR-PCR. 

[52] 

qPCR 
Ramularia 
collo-cygni  

Barley Argentina 

Molecular detection of 
Ramularia collo-cygni in 
barley seeds and leaves 

using real-time PCR. 

[53] 

qPCR 

Pyrenophora triti-
ci-repentis and 

Parastagonospora no-
dorum 

Wheat  Australia 

Development of a duplex 
qPCR assay for specific 

detection and quantifica-
tion of fungal species in 

wheat. 

[54] 

2.2. Loop-Mediated Isothermal Amplification 

Though sequencing methods give unrivalled resolution, their expense and com-
plexity prevent them from being used routinely in diagnostic work, which can be served 
by simpler isothermal assays in field situations. LAMP is one of the useful methods for 
the detection of fungal pathogens, especially where laboratory facilities are lacking. It 
operates at constant temperatures of 60–65 °C, amplifying the amount of DNA available 
1010 times in an hour at most, using six primers directed against specific genomic regions, 
and can be run in a water bath [34,45]. The method has the advantage of being free of a 
thermocycler and is, therefore, suited to rapid low-cost field diagnostics based on sim-
plified methodologies, with reactions being completed in less than half an hour [1,18,55]. 
The method offers analytical sensitivity a thousand times better than existing measures 
and gives a measure of the intrinsic limitations of existing diagnostics. Its analytical sen-
sitivity equals that of qPCR and surpasses conventional PCR, detecting as little as 10–100 
fg of DNA, particularly in heat-dry RT-LAMP formats [34,56]. Visual detection through 
color change, using hydroxyl naphthol blue or calcein, further supports on-site diagnosis 
[57,58]. Overall, the incorporation of portable LAMP systems, along with lateral flow 
and recombinase polymerase amplification, has driven molecular diagnostics towards 
accurate pathogen detection under different field conditions [7,59]. 

3. Marker and Fingerprinting Approaches 
Molecular markers are nucleotide sequences that enable us to detect different plant 

pathogens (Table 2). Molecular markers like RAPD, RFLP, AFLP, SSR, and SNP are ap-
plied to diagnose and identify fungal plant pathogens and assess intraspecific variation, 
population structure, and genetic diversity [60–62]. The marker selection depends on the 
organism, objectivity, and desired resolution [63]. For the last two decades, these PCR- 
and restriction-based techniques have become essential to fungal population studies that 
support taxonomic identification and evaluation of genetic differentiation among 
different species. 
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Table 2. Comparison of molecular detection assays for fungal plant pathogens. 

Detection 
Method Pathogen Host Sensitivity Specificity Time  Reference 

LAMP, PCR, 
nested PCR, 

RT-qPCR 
Alternaria solani Potato; tomato 

LAMP: 1.36 × 102 to 1.36 
ng/µL−1; 

PCR: 1.36 × 102 to 1.36 × 10−1 
ng/uL−1; 

Nested PCR: 1.36 × 10−1 
ng/uL−1; 

RT-qPCR: 1.36 × 102 to 1.36 × 
10−3 ng mL−1 

LAMP specificity 
higher than qPCR 

<60 min  [64]  

PCR, LAMP, 
qPCR, 

qLAMP 
Aspergillus flavus 

Peanut; dried 
food 

PCR: 50 ng 
LAMP: 5 ng 
qPCR: 5 pg 

qLAMP: 5 pg 

100% specificity Rapid  [65] 

qPCR; 
LAMP Ustilago tritici Wheat 

qPCR: 10 pg/µL 
LAMP: 100 fg/µL 

qPCR has better 
specificity Rapid  [66] 

qPCR-based 
high-resoluti
on melting 

Sclerotium 
(=Agroathelia) 

rolfsii; S. delphinii 
Tomato 1 pg DNA 

Highly specific. 
Ability to dis-

criminate S. rolfsii 
G1, S. rolfsii G2, 
and S. delphinii 

Rapid [67] 

Multiplex 
High-resolut
ion melting 
Assay (Post 

PCR) 

Colletotrichum; 
Phytophthora; Mac-

rophomina 
phaseolina 

Strawberry 

1 pg DNA/10 µL (Colleto-
trichum) 

1 pg DNA/10 µL (Phytophtho-
ra) 

100 pg DNA/10 µL (M. 
phaseolina) 

Highly specific. Rapid  [68] 

LAMP Phytophthora sp.; P. 
cactorum 

Strawberry  
0.3 ng/µL to 3 pg/µL (Phy-

tophthora sp.) 
300 fg/µL (P. cactorum) 

Highly specific. Rapid  [69] 

3.1. Random Amplified Polymorphic DNA (RAPD) 

RAPD employs short unique arbitrary primers (8–12 bases) that bind to different 
genomic loci that generate species-specific amplification profiles [70]. It is less costly, 
requires comparatively little DNA, and is used to study genetic diversity in some com-
monly occurring fungi such as Fusarium, Elsinoë, and Venturia [71–73]. Despite its sim-
plicity, RAPD exhibits low reproducibility and limited resolution [70,74]. The conversion 
of RAPD bands to SCAR markers increases specificity and consistency of reagents; for 
example, assays for Pseudofabraea citricarpa would be able to detect 0.1 ng of DNA [75,76]. 
RAPD has supported population studies of Alternaria, Ophiostoma, Leptosphaeria maculans, 
and Erysiphe pisi, revealing variable patterns of diversity [77–79]. 

3.2. Restriction Fragment Length Polymorphism (RFLP) 

RFLP determines sequence variation by using restriction enzymes to produce 
different fragment patterns that distinguish among different strains of fungi [80]. It is one 
of the first molecular instruments used in population analysis, especially on pathogens 
like Ophiostoma ulmi and Ceratocystis spp. [78]. In spite of the fact that the technique has 
rather high discriminatory power, it has been shown in studies of Fusarium oxysporum 
that it requires large amounts of pure DNA and is relatively less efficient in comparison 
with PCR-based or sequencing systems [81]. The method has been applied in population 
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typing of pathogenic fungi, such as in the use of RG57 probes to detect the presence of 
pathogenic organisms, and in ITS-RFLP-PCR assays for detection of the pathogenic spe-
cies Rhynchosporium [82]. 

3.3. Amplified Fragment Length Polymorphism (AFLP) 

AFLP analyzes genomic variation by digesting DNA with restriction enzymes, li-
gating adaptors to fragment ends and selectively amplifying subsets using adap-
tor-specific primers [71]. It combines restriction and PCR principles, detects 50–100 
polymorphic fragments per assay, and provides high reproducibility without prior se-
quence data [63,83]. Although this method needs intact DNA and involves several highly 
technical steps, it remains pivotal for the characterization of fungal population structure 
and differentiation of species such as Fusarium commune from F. oxysporum [84]. Deter-
mination of AFLP fragments for SCAR markers has further enhanced its diagnostic abil-
ity, as seen in Puccinia striiformis strain typing [62]. 

3.4. Simple Sequence Repeats (SSRs) 

SSRs or microsatellite markers consist of short tandem repeats distributed in nuclear 
and organellar genomes. The codominant inheritance, high polymorphism and repro-
ducibility render SSRs valuable for mapping, population characterization and accurate 
pathogen identification [60,85]. Though they are costly and time-consuming to develop, 
SSRs offer greater resolution than RAPD or AFLP, and detect considerable genetic varia-
tion within populations [86,87]. This technique has enabled high-resolution genotyping 
of Phytophthora infestans, pathotype differentiation in Puccinia graminis f. sp. tritici, and 
diversity analyses in Verticillium dahliae and Pseudoperonospora cubensis [88–91]. 

3.5. Single Nucleotide Polymorphisms (SNPs) 

SNP markers actually target single base variations in the genome, offering high re-
liability, stability and abundance for characterizing population structure and diversity in 
fungi that cause diseases in plants [92,93]. Advances in sequencing technologies such as 
WGS, RAD-seq and genotyping-by-sequencing have enabled efficient SNP discovery; 
however, these tools are costly and limited to regions near restriction sites [94,95]. SNP 
markers show strong discriminatory capacity (Erysiphe and Ustilaginoidea virens), where 
many variants distinguished closely related taxa and defined multiple multilocus types 
[86,93]. In Phytophthora capsici, genome-wide SNP analyses identified loci associated with 
mating type and seasonal variation, reinforcing their diagnostic and population-level 
value [96,97]. 

4. Sequencing and Barcoding 
DNA barcoding uses short genetic regions, usually of 500–800 base pairs, to identify 

fungal species through sequence comparison with verified references [98,99]. This ap-
proach has redefined fungal taxonomy by exposing cryptic diversity and separating 
species once grouped by morphology. The ITS region serves as the primary barcode, 
while translational elongation factor 1α is a key supplementary locus, though multilocus 
analysis is often needed for accurate species resolution [98,100]. 

4.1. ITS as the Primary Fungal Barcode 

The ITS region of nuclear rDNA serves as the primary fungal barcode because its 
conserved and variable segments enable species-level distinction across taxa [1,101,102]. 
ITS sequencing has been used for identifying over 80% of fungi infecting bast fiber crops 
and for confirming pathogens such as Colletotrichum gloeosporioides, C. higginsianum and 
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C. phormii [1]. The ITS2 subregion has proved valuable for the detection of Fusarium spp. 
that cause diseases on cereals [102]. 

4.2. Translation Elongation Factor 1α (TEF-1α) 

The TEF-1α gene serves as the main secondary barcode for fungi, complementing 
ITS data to improve species-level resolution [103,104]. It has proved particularly effective 
in Fusarium, where morphology offers limited discrimination, providing accurate iden-
tification and reliable metabarcoding results across field isolates [105–107]. TEF-1α also 
assists in distinguishing other crop pathogens, and its use alongside ITS, applied when 
ITS similarity falls below 98.5%, has become standard for precise fungal diagnosis 
[103,108]. 

4.3. Multi-Locus Sequence Typing (MLST) 

MLST sequences several housekeeping genes, improves resolution in fungal iden-
tification beyond single-locus methods, and is now a standard for phylogenetic and epi-
demiological studies [90,109,110]. By using loci such as ITS, ACT, TUB2, CAL, and 
GAPDH, MLST has clarified species boundaries in Colletotrichum and Cercospora, where 
morphology and individual markers fail [1,111]. It also supports population analyses 
through the detection of clonal and recombination events, as found in Tilletia indica 
through multilocus data from seven genes [112]. 

5. High-Throughput Sequencing (HTS) 
HTS, also known as next-generation sequencing (NGS), has revolutionized patho-

gen detection and diagnosis with higher speed [45,102]. Unlike conventional diagnostics 
tools focused on individual isolates, HTS provides metagenomic insights into entire mi-
crobial communities, capturing a wide range of taxa and facilitating the identification of 
obligate or previously unrecorded fungi [113,114]. The method permits genome se-
quencing without sequence data availability, which is essential for identification of new 
or emerging pathogens [115]. HTS encompasses several platforms, like quantitative and 
droplet digital PCR for designed probes and nanopore-based systems that offer afforda-
ble, real-time sequencing [116,117]. Long-read approaches, including nanopore se-
quencing and SMRT, yield full-length ribosomal regions and decrease assembly-related 
ambiguities; however, cost and error rates still constrain widespread application 
[102,118]. The continuous expansion of public fungal genome databases enhances diag-
nostic precision and enables population-level studies that identify nucleotide polymor-
phisms and structural variants linked with virulence and evolution [45,101,119]. 

5.1. Amplicon-Based Metabarcoding 

Amplicon-based metabarcoding targets conserved genomic regions to identify and 
profile fungal communities [99]. The ITS region, which includes ITS1, 5.8S, and ITS2 
between the 18S and 28S rRNA genes, serves as the main barcode for species-level clas-
sification, while loci such as beta-tubulin, TEF-1α, and RNA polymerase II subunit 
(RPB2) improve taxonomic resolution in certain plant-pathogenic groups [70,120]. 
Metabarcoding has proven effective for detecting soilborne fungi such as Rhizoctonia, 
Fusarium, Verticillium, Sclerotinia, Pythium, and Phytophthora, without requiring host tissue 
or prior pathogen assumptions [121]. It has been applied in diverse environments, in-
cluding rice agroecosystems to monitor seasonal shifts of Pyricularia, Bipolaris, 
Cladosporium, Alternaria, and Myrothecium, as well as in irrigation water and forest sur-
veys where numerous Phytophthora species have been detected [122–124]. Moreover, ITS1 
and ITS2 analyses identified broader fungal diversity, with ITS2 exhibiting superior res-
olution for Fusarium species, while the same approaches have been used for the identifi-
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cation of coffee rust lesions [102,121]. Long-read sequencing systems facilitate recovery of 
the complete ITS region in sole reads, reducing assembly bias, but require higher costs, 
DNA quality, and computational effort, while short-read methods are preferred for bio-
diversity studies. Consequently, long-read platforms hold promise for diagnostic appli-
cations that require fine taxonomic accuracy [125]. 

5.2. Shotgun Metagenomics and WGS for Virulence Gene Discovery 

Shotgun metagenomics sequences the whole DNA content of ecological samples 
without PCR amplification, which enables detection of both culturable and unculturable 
fungi and the reconstruction of complete or near-complete genomes of microorganisms 
[121,122]. WGS improves this process by allowing strain-level identification, for example, 
in Calonectria pseudonaviculata, where Illumina MiSeq data exhibited a 51.4 Mb genome 
containing diagnostic SNPs [45]. Large-level genomic analyses explore genetic variation 
like insertions, deletions, and structural changes associated with virulence and evolution 
[119]. Transcriptomic studies further enhance diagnostic ability: RNA-Seq of Puccinia 
striiformis f. sp. tritici in wheat clarified the diversity of yellow rust populations, while 
metatranscriptomic profiling of Verticillium wilt in olives demonstrated a polymicrobial 
complex rather than a single causal agent [126,127]. 

5.3. Portable Sequencers (MinION) 

The MinION sequencing platform provides rapid detection of plant pathogens 
through both amplicon and metagenomic approaches, completing workflows from DNA 
extraction to analysis in about 2.5 h [7,128]. It has identified Candidatus Liberibacter asiat-
icus and plum pox virus directly from tissues often within the first sequencing reads 
[129,130]. In fungal diagnostics, Calonectria pseudonaviculata infections produced over 9% 
target reads, allowing strain-level identification, while full-length ITS regions were se-
quenced in single reads, avoiding short-read fragmentation [120,131]. The MARPLE 
system, which targets variable genes rather than whole genomes, has reduced data 
volume and enabled rapid detection of Puccinia striiformis f. sp. tritici strains within 48 h 
in East Africa [7,132]. Portable sequencers have also revealed causal agents of wheat 
stripe rust (Puccinia striiformis f. sp. tritici), Septoria tritici blotch (Zymoseptoria tritici), and 
yellow leaf spot (Pyrenophora tritici repentis) [133]. Nanopore sequencing continues to 
advance as a practical tool for early disease detection and surveillance [116,117]. 

5.4. Artificial Intelligence and Machine Learning Integration 

The incorporation of artificial intelligence (AI) and machine learning (ML) in fungal 
pathogen diagnostics improves overall accuracy, speed and predictive capability [134]. 
Platforms using AI include advanced imaging, biomarker analysis and point-of-care 
testing, offering considerable improvements over conventional techniques [135]. MAL-
DI-TOF mass spectrometry benefits from neural network integration that further im-
proves data interpretation. Convolutional neural networks identify isolates of Aspergillus 
flavus with over 93% accuracy without further molecular assays [136]. Applications of 
computer vision and deep learning in histopathological studies differentiate Aspergillus 
from Mucorales species with high efficacy [103,137,138]. Spectroscopic methods inte-
grated with ML assist in rapid fungi identification. Raman spectroscopy integrated with 
deep learning autoencoders achieves 97% accuracy in bacterial models with one-second 
acquisition; however, fungal applications remain limited [139–141]. Surface-enhanced 
Raman spectroscopy linked with backpropagation neural networks achieves 98.23% 
identification accuracy, offering cost-effective and rapid fungal species detection [142]. 
LC-MS/MS with AI algorithms empowers fast species prediction, biomarker identifica-
tion and quantification of plant pathogens [143]. Certain levels of fungal species cover-
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age and field validation create problems in practical implementation; however, expand-
ing annotated spectral and imaging datasets and integrating multi-platform AI pipelines 
could qualify broader, field-ready diagnostic applications. Briefly, AI and ML show 
strong potential for fungal plant disease diagnosis, but progress remains constrained due 
to limited, well-annotated, and field-diverse datasets for many pathogens. Models often 
fail to generalize across cultivars, environments, and disease stages, and thus their low 
interpretability restricts confidence among researchers. Future work should focus on us-
er-friendly models, good data curation, and robust validation under field conditions. 

6. Bioinformatics 
Few databases specialize in the identification of plant pathogenic fungi; however, 

general fungal databases contain extensive taxonomic and sequence data [144]. Re-
sources such as onestopshopfungi.org and the GOPHY platform (plantpathogen.org) 
dispense curated molecular and morphological information including updated taxono-
my and DNA barcodes for plant pathogens [145,146]. However, their continuous 
maintenance remains a critical challenge due to frequent taxonomic revisions and ongo-
ing refinement of genomes [147,148]. Bioinformatics repositories constitute an essential 
infrastructural backbone for contemporary molecular applications in mycological and 
phytopathological research. Widely used resources, including GenBank hosted by the 
National Center for Biotechnology Information, the Nucleotide Sequence Database Col-
laboration maintained by the European Bioinformatics Institute, and MycoBank, provide 
authoritative platforms for the registration of fungal taxonomic novelties and the archival 
of nucleotide sequence data derived from plant-pathogenic fungi, thereby strengthening 
molecular-based diagnostic frameworks and improving overall species identification 
accuracy [45]. In culture-based genomic investigations, sequence datasets generated 
through conventional molecular protocols are subsequently curated and analyzed using 
user-oriented bioinformatics software such as MEGA 12.1 and BioEdit 7.2, which enable 
sequence trimming, multiple alignment, and comparative analyses against publicly 
available databases to support reliable species-level identification [149]. 

Notwithstanding the considerable advancements introduced by molecular and bi-
oinformatics-driven methodologies, their routine implementation in fungal pathogen 
diagnostics remains hindered by a number of inherent technical and methodological 
constraints. In particular, DNA-based identification strategies are frequently limited by 
reduced analytical sensitivity when assays are designed around single-copy nuclear loci, 
as well as by their restricted capacity to resolve cryptic taxa that remain indistinguishable 
under commonly employed diagnostic marker systems [11]. Collectively, these limita-
tions somehow compromise the robustness and accuracy of pathogen detection, espe-
cially in species complexes where high genetic similarity undermines discrimination us-
ing traditional molecular targets [11]. 

7. Reference Base and Data Curation 
Reference databases for fungal pathogens serve importantly in pathogen diagnoses, 

research and management. The Pathogen–Host Interactions (PHI) database solely re-
mains the principal platform, documenting over 3000 experimentally validated genes 
that are linked to pathogenicity and virulence from 160 species of 103 plant pathogens 
[150]. The DFVF complements it with 2058 genes from 228 strains across 85 genera, out of 
which 539 factors are plant-associated [151]. The database repositories of genomes, like 
MycoCosm, provide full genomes, secretome data, and tools for cross-species analysis 
[152]. Additionally, manual database curation ensures data reliability but limits scalabil-
ity, prompting community-based approaches like the VBI Microbial Database and col-
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laborative annotation projects for Phytophthora and Blumeria graminis [153,154]. Misan-
notations and taxonomic errors are common due to genome complexity and frequent re-
classification, which needs automated quality checks [155,156]. Emerging tools like 
T-BAS give dynamic phylogenetic frameworks for Phytophthora identification, while 
MARDy curates antifungal resistance markers, but still needs broader automation and 
expansion [157]. 

The analysis of fungal genomes now depends on integrated multi-stage pipelines 
that integrate assembly, annotation, and comparative mapping to produce and refine 
reference genomes [158,159]. Specialized workflows such as DADA2 and TheiaEuk reg-
ulate amplicon and WGS, respectively, which supports data filtering, classification, and 
species-level identification without extensive analyses and programming [160–162]. 
Although platforms like Pacific BioSciences Sequel yield greater fidelity than MinION, 
inconsistency in data quality remains [128]. Comparative genomics platforms like Eu-
PathDB increase analytical reproducibility through Galaxy-based workflows, though 
curated standards information for fungal datasets is to be observed clearly [163]. Recent 
annotation pipelines incorporate virulence and metabolic gene screening against 
PHI-base; however, the limited coverage of tools like g:Profiler, DAVID, and WebGestalt 
restricts interpretation for non-model fungi [164–166]. 

8. How Molecular Markers Reshaped Taxonomy of Cryptic Species 
Modern approaches including DNA sequencing redefined fungal taxonomy by de-

termining ambiguities that morphological traits could not address. This has allowed 
classification to reflect evolutionary relationships through molecular markers like the 
ITS region [167,168]. Molecular phylogenies revealed hidden diversity in common fungi 
such as Alternaria, Botryosphaeria, Cercospora, Diaporthe, and Fusarium, where morpholog-
ically identical isolates were found to be genetically dissimilar [11,169,170]. Accurate 
identification now depends on multi-gene datasets incorporating rpb1, rpb2, tef1, 
β-tubulin, and calmodulin, as ITS alone rarely distinguishes closely related taxa [11,171–
174]. In Fusarium, tef1-α is now considered the most important frontline marker for spe-
cies identification due to differences in its sequences between closely related species that 
resolve species boundaries, while ITS often cannot [175]. Molecular databases have 
prompted revisions of major taxa. For example, Mycosphaerella has been divided into 
families like Teratosphaeriaceae. Also, molecular databases have fixed the ambiguities of 
polyphyletic genera, including Fusarium, Colletotrichum and Curvularia [168,176–178]. 
The Genealogical Concordance Phylogenetic Species concept explained an outline for 
identification of cryptic taxa [11]. Phylogenetic analysis reconsidered Colletotrichum spp. 
complexes, describing a wide range of isolates within a species [179]. NGS registered 
significant improvements in strain resolution in the Fusarium graminearum complex and 
exposed cryptic diversity within Macrophomina phaseolina and Lasiodiplodia [11,180–182]. 
Studies on Rhizoctonia solani reported that AGs represent distinct evolutionary units, 
enabling host-specific management approaches [183]. Moreover, in the Ceratocystis fim-
briata complex, MLST approaches using ITS and TEF1-α loci unraveled 23 sequence and 
22 allele types, showing genetic diversity in three different clades [184]. 

9. Molecular Approaches for Disease Management 
9.1. RNA Interference 

RNAi provides a precise means of fungal disease management by using 20–24 nu-
cleotide RNA molecules to silence essential genes through targeted mRNA degradation 
(Table 3). dsRNA matching key fungal sequences suppresses vital processes such as cell 
wall formation, metabolism and virulence, while avoiding harm to the host or beneficial 
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microbes. Its success depends on appropriate gene selection, stable delivery and persis-
tence within the plant–pathogen system [185]. 

Table 3. Assessment of RNA-based approaches in terms of efficiency, delivery method and bi-
osafety. 

Technology Efficiency Delivery Biosafety Reference 
Conventional 

RNAi 73% reduction of S. sclerotiorum Virus-mediated (bean 
pod mottle virus) 

Gene-specific; Lesser off-target 
effects [186] 

HIGS 
70% and 60% reduction in petal 
forming lesions and sclerotia, 
respectively (S. sclerotiorum) 

Transgenic plant ex-
pressing dsRNA 

Minimal off-target effects on 
non-target organisms 

[187] 

SIGS 
Significant reduction in disease 

symptoms (B. cinerea) Topical spray/dipping 

Rapid environmental RNA 
degradation limits persistence. 
Pathogen-specific uptake re-
stricts non-target exposure 

[188] 

SIGS 

30–46% reduction in powdery 
mildew (Golovinomyces orontii–
Arabidopsis thaliana pathosys-

tem) 

Spraying dsRNA 

Pathogen gene-specific RNA 
targeting limits non-target ef-
fects. SIGS-based suppression 

minimizes environmental 
chemical load 

[189] 

CRISPR/Cas9 

Successful gene VvM-
LO3-edited grapevine linked to 

enhanced resistance against 
Erysiphe necator 

Agrobacterium tumefaciens 
strain GV 3101-mediated 

Reduced reliance on chemical 
fungicides lowers environmen-

tal risk. 
Requires off-target mutation 

assessment for biosafety assur-
ance 

[190] 

9.1.1. Mechanisms 

RNAi in fungi depends on Dicer-like and Argonaute proteins that process dsRNA 
into 21–25 nucleotide siRNAs and direct their degradation of complementary mRNAs, 
blocking protein synthesis and impairing key cellular functions [191,192]. Small RNAs 
move between host and pathogen through extracellular vesicles: plants transfer silenc-
ing RNAs to suppress fungal virulence genes, while pathogens such as Sclerotinia sclero-
tiorum and Botrytis cinerea deliver sRNAs to inhibit host defenses [28,193]. Two control 
methods exploit this mechanism: Host-Induced Gene Silencing (HIGS), where transgenic 
plants produce pathogen-targeted hairpin RNAs, and Spray-Induced Gene Silencing 
(SIGS), which applies dsRNA externally and avoids genetic modification [194,195]. 
Nanocarrier-based delivery systems, including liposomes and dendrimers, now enhance 
dsRNA stability and uptake in fungal cells [196,197]. 

9.1.2. Target Genes and Pathways 

RNAi-based control of fungal pathogens depends on selecting essential targets in-
volved in viability, virulence, or metabolism (Table 4). Targeting RNAi machinery genes, 
including ARGONAUTE and DICER, through SIGS has also suppressed infection in ce-
reals [189,198]. Species-specific targets, such as FolRDR1 in Fusarium oxysporum f. sp. ly-
copersici, resulted in considerable alleviation of fusarium wilt and also limited off-target 
effects. HIGS in banana, maize, and tobacco reduced disease severity and mycotoxin 
levels through silencing of transcription factors or chitin synthase genes [199,200]. 
Broader SIGS application suppressed Botrytis cinerea, Sclerotinia sclerotiorum, and Rhi-
zoctonia solani, though Colletotrichum gloeosporioides and Trichoderma virens showed no 
and limited uptake, respectively [188]. Recent work has extended RNAi to powdery 
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mildews and viruses, where silencing of lipid metabolism and abscisic acid pathway 
genes restricted fungal colonization, and dsRNA application against Zucchini yellow mo-
saic virus protected the plants from virus infection [201,202]. 

Table 4. RNAi-based strategies for the management of fungal-driven plant disease, explained by 
crop, target gene, method and outcome. 

Crop Pathogen Target 
Gene(s) 

Application Method Outcome Reference 

Wheat; cu-
cumber; bar-
ley; soybean 

Fusarium asiaticum, F. 
graminearum, F. tricinc-
tum, F. oxysporum, F. fu-
jikuroi, Botrytis cinerea, 

Magnaporthe oryzae, and 
Colletotrichum truncatum 

β2-Tubulin Foliar dsRNA spray 
Strongly inhibits the 

growth of fungal patho-
gens 

[203] 

Wheat F. asiaticum Myo5 dsRNA spray 
(with/without fungicide) 

Severe hyphal defor-
mation and restricted my-
celial growth. Synergistic 

antifungal effect with 
phenamacril 

[204] 

Wheat F. culmorum TRI5 SIGS and VIGS 
Reduction of the propor-

tion of infected spikelet by 
73% 

[205] 

Wheat F. culmorum 

FcFgl1; 
FcFmk1; 
FcGls1; 
FcChsV 

HIGS  
Reduction (50–60%) of 
fusarium head blight 

symptom 
[206] 

Tomato F. oxysporum f. sp. lyco-
persici 

FoFLP1; 
FoFLP2; 
FoFLP3; 
FoFLP4; 
FoFLP5 

RNAi (Agrobacte-
rium-mediated) 

Considerable reduction in 
disease severity 

[207] 

Soybean M. phaseolina MpGLS2 Exogenous siRNA 
Significant reduction in 

mycelial growth [208] 

Strawberry B. cinerea DCL1; DCL2 Foliar dsRNA spray 

At 4 dpi, BcDCL1/2 dsR-
NA and fungicide appli-

cation showed comparable 
early control (≈17–20% vs. 
18%), but fungicide pro-
vided superior long-term 

suppression by 14 dpi. 

[209] 

Grapevine B. cinerea BcCYP51; 
Bcchs1; BcEF2 

High pressure spraying 
of leaves; petiole adsorp-

tion of dsRNAs; post-
harvest spraying of 

bunches 

Reduced pre/post-harvest 
virulence of pathogen 

[210] 

9.2. Host-Induced Gene Silencing 

HIGS employs plant RNAi pathways to silence essential fungal genes by expressing 
matching dsRNA in the host [211]. Upon infection, the pathogen absorbs these molecules, 
activating its own RNAi machinery to suppress target gene expression, thereby limiting 
growth and virulence [212]. Effective resistance depends on selecting pathogenicity or 
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survival genes that minimize non-target effects, offering precise, chemical-free control 
across multiple pathogens sharing conserved pathways. 

Mechanisms 

HIGS functions through RNA transfer between plants and fungal pathogens, 
though the precise transport routes remain uncertain. Evidence indicates that RNA 
moves as free molecules, through carrier proteins, or via extracellular vesicles that de-
liver sRNAs from host to pathogen, where they activate fungal RNAi machinery [213]. 
This cross-kingdom exchange enables plants to silence genes essential for fungal viru-
lence. Successful applications include CYP3RNA-mediated silencing of CYP51 genes 
(FgCYP51A, FgCYP51B, FgCYP51C) in Fusarium graminearum, which disrupts ergosterol 
synthesis and limits infection, and Chs3b silencing that enhances resistance to Fusari-
um-induced diseases. Similar suppression of Avra10 in Blumeria graminis improved re-
sistance in barley and wheat [214–216]. 

9.3. Topical dsRNA 

Topical application of dsRNA has emerged as a molecular strategy for controlling 
fungal plant diseases by harnessing endogenous RNAi pathways in the pathogen. When 
dsRNA is placed on plant tissue or directly contacts fungal structures, the pathogen can 
internalize these molecules and process them through its own Dicer enzymes. The re-
sulting siRNAs then direct the degradation of complementary messenger RNA, leading 
to targeted suppression of essential fungal genes [217,218]. 

Mechanisms 

After entering a fungal cell, dsRNA is processed by Dicer-like endonucleases into 
siRNAs that guide gene silencing through Argonaute-containing complexes [219,220]. 
These siRNAs can arise within the pathogen or transfer from plant cells already pro-
cessed by host Dicer enzymes, allowing degradation of fungal transcripts essential for 
infection and survival [196,219,221]. Topical dsRNA may also reduce fungal growth 
through stress responses or by activating plant pattern-triggered immunity that produces 
reactive oxygen species. RNA-binding proteins such as AGO, DCL, ARGONAUTE2 and 
GRP7 maintain siRNA stability and movement across the plant–fungus interface 
[197,222]. 

9.4. Pitfalls of dsRNA Applications Under Field Conditions 

dsRNA offers a modern molecular approach for controlling fungal plant pathogens 
through RNAi. After application to the pathogen, the dsRNA is processed into siRNA 
molecules that silence genes required for growth, reproduction or pathogenicity [223]. 
This strategy provides high target specificity, avoids chemical residues, and has the po-
tential to manage fungicide-resistant strains [224]. One major barrier to SIGS is the rapid 
loss of dsRNA integrity under field conditions. Ultraviolet light, temperature fluctua-
tions, pH changes and microbial nuclease activity cause degradation within short peri-
ods after application [204,205]. Biological activity may decline within 1 h under UV ex-
posure [98]. Temperature affects the stability of dsRNA, which is usually stable between 
25 and 37 °C. Thus, raised temperatures degrade the dsRNA, with more than 45% loss 
observed after 6 h at 50 °C [225]. Moreover, degradation in soil also occurs and is even 
faster. Studies report half-lives of 15–28 h with non-significant effects of soil texture or 
pH [226,227]. Biological activity becomes undetectable nearly 2 days after application, as 
microbial nucleases trigger degradation [228,229]. Microorganisms harbored in the 
phyllosphere and rhizosphere drive this breakdown process efficiently [230]. In addition, 
the economics of dsRNA production have improved markedly and given hope to re-
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searchers. In 2008, costs approaching USD 10,000 per gram restricted large-scale com-
mercial use [231]. However, recent advances in synthesis methods have further de-
creased this figure to about USD 100 per gram in vitro (less than USD 1 per gram in 
cell-free systems) [232]. With realistic field application rates near 10 g per hectare, the 
cost of dsRNA is now very close to that of conventional chemicals [233]. However, scal-
ing up to large-scale synthesis is a further challenge that needs to be investigated with-
out leaving any details untouched. In vitro transcription results in only microgram 
quantities and is found to be expensive [234–236]. Thus, many studies still rely on com-
mercial kits that do not meet field-scale requirements. Moreover, field application of 
dsRNA raises further practical constraints. For example, the plant cuticle, cell wall and 
plasma membrane behave as physical barriers that limit foliar entry of dsRNA [188,237]. 
Factors like surface waxes, stomatal density and leaf wettability also influence uptake of 
dsRNA [28,238,239]. RNA uptake ability varies greatly among plant pathogens. Efficient 
uptake occurs in Botrytis cinerea, Sclerotinia sclerotiorum, Rhizoctonia solani, Aspergillus ni-
ger and Verticillium dahliae. In contrast, no uptake occurs in Colletotrichum gloeosporioides, 
and uptake remains weak in beneficial fungi such as Trichoderma virens [188,240]. Oo-
mycetes such as Phytophthora infestans show limited uptake that varies by cell type 
[188,241]. The success of SIGS depends on the pathogen’s uptake efficiency [188]. 
Weather and environmental exposure further reduce the effectiveness of RNA applica-
tion, especially under field conditions. Rainfall, heat, UV radiation and microbial activity 
remove dsRNA from leaf surfaces or degrade it before uptake occurs [28]. 

10. CRISPR/Cas9 and Genome Editing 
CRISPR/Cas9 offers targeted genome modification in both fungal pathogens and 

host plants, and its application follows two main strategies. One approach focuses on 
altering genes in the pathogen itself, particularly those linked to virulence, effector ac-
tivity or metabolic pathways required for host invasion [242]. The other strategy edits 
host susceptibility genes that pathogens rely on during infection, allowing resistance 
development without the addition of external genetic material [243]. 

10.1. Mechanisms 

10.1.1. Pathogen Gene Editing Mechanisms 

CRISPR-based editing modifies pathogen genomes by inducing targeted DNA 
breaks through Cas9–RNA complexes, followed by repair that disrupts or replaces spe-
cific sequences via nonhomologous end joining or homology-directed repair [244]. Cat-
alytically inactive Cas9 fused with transcriptional repressors can also silence genes 
without altering DNA, as demonstrated in Magnaporthe oryzae and Ustilaginoidea virens 
[244]. Gene disruptions that alter virulence, such as PpalEPIC8 in Phytophthora palmivora, 
markedly reduce pathogenicity, while modification of avirulence loci, like AvrLM7 in 
Leptosphaeria maculans, clarifies host recognition mechanisms [245,246]. 

10.1.2. Host Susceptibility Gene Editing Mechanisms 

CRISPR/Cas9 editing of host susceptibility genes targets plant loci that facilitate 
pathogen invasion, strengthening innate defenses such as pattern- and effector-triggered 
immunity [247,248]). The MLO gene family represents a key susceptibility group; 
loss-of-function mutations confer broad resistance to powdery mildew across crops. 
Disruption of TaMlo in wheat and deletion of a short SlMLO1 fragment in tomato pro-
duced resistant lines without off-target effects [249,250]. Moreover, CRISPR/Cas9 tools 
offer a very powerful approach for the management of fungal plant pathogens by the 
production of crop varieties containing durable resistance. For example, using the 
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CRISPR/Cas9 technique, wheat lines that exhibit resistance to powdery mildew have 
been developed [251]. 

The CRISPR/Cas9 system exhibits certain limitations in developing disease-resistant 
plants. One major challenge arises from the direct targeting of susceptibility genes, which 
may impose a fitness cost due to their genetic linkage with other loci essential for plant 
growth and development [247]. Moreover, disruption of a susceptible gene can perturb 
its associated metabolic or signaling pathways, potentially affecting downstream prod-
ucts and leading to deficiencies in key micronutrients or observable phenotypic altera-
tions. The severity of these fitness costs can vary depending on the specific susceptible 
gene targeted and the functional roles of associated factors, including susceptibility fa-
cilitators, defense suppressors, or pre-penetration components involved in pathogen 
replication. Strategies to mitigate these effects include the design and introduction of 
susceptible gene variants with minimal collateral effects, promoter targeting to generate 
precise allelic modifications, or the application of base editing approaches to achieve 
targeted nucleotide changes without introducing double-strand breaks [244,247]. 
Non-target effects remain the main challenges in CRISPR applications for enhancing re-
sistance against a wide array of fungal diseases. These errors take place when the system 
edits genomic regions that resemble the intended target [252–254]. Such unintended edits 
may lead to genomic instability, cell death or unwanted traits that could pass to the next 
generation [255–257]. However, most documented off-target changes are small inser-
tions, deletions or point mutations, while large deletions appear rare [255,256]. 

11. Molecularly Informed Breeding 
Molecularly informed breeding shifts plant improvement from phenotype-based 

selection to decisions guided by genetic data. By using molecular markers and genome 
analysis, breeders can locate DNA regions associated with resistance traits and retain 
them during selection. This way, it is possible to track resistance level against the fungal 
pathogens without waiting for visible infection, allowing accurate and timely identifica-
tion of lines [258]. 

11.1. Marker-Assisted Selection (MAS) 

MAS utilizes DNA markers coupled to quantitative trait loci to trace and transfer 
resistance alleles into elite breeding lines, often through marker-assisted backcrossing 
that retains desirable characters while introducing target loci [259,260]. It remains highly 
effective for major loci such as Fhb1, which confers Fusarium head blight resistance in 
wheat, including durum [261,262]. 

11.2. Genome Selection 

Genomic selection explains the scope of selection through the use of genome-wide 
marker data to predict resistance without depending on individual markers [260]. Ge-
nomic selection is a method that uses data from the entire genome to predict how well a 
plant will resist diseases, rather than relying on just one specific marker. This approach 
improves the accuracy of selecting plants for important traits, such as reducing harmful 
substances like mycotoxins, and can speed up the breeding process. Prediction models 
based on whole-genome markers enhance the selection accuracy for characters like my-
cotoxin accumulation and curtail breeding cycles [261]. This strategy enhances genetic 
gain for traits regulated by multiple loci of small effect and offers clear benefits over tra-
ditional selection approaches [263]. Overall, it offers considerable advantages for devel-
oping stronger, healthier crops against plant pathogens. 
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11.3. Introgression 

Introgression approaches transfer resistance genes from wild relatives into culti-
vated crops, expanding the genetic base for durable defense. For example, Lr34, Lr46 and 
Sr57 from Triticum turgidum and Aegilops spp. provide broad-spectrum and long-lasting 
defense by modulating systemic resistance pathways in wheat against major rusts, and 
the incorporation of Pi54, Pi5, Pi2 and Pi9 for rice blast resistance has been observed in 20 
traditional rice varieties [264–267]. Modern approaches integrate introgression with MAS 
and genomic selection to stack resistance loci without compromising plant growth, bio-
mass and yield [265]. 

12. Molecular Insights Guiding Biocontrol 
Application of omics-based techniques has improved fungal disease management 

potential. Genome-level analyses now aid the selection of biocontrol agents through the 
identification of genes linked to antagonistic activity against target plant pathogens. 
Transcriptomic studies offer complementary evidence by showing how gene expression 
in both the pathogen and the biocontrol organism modulates during their interaction, 
revealing pathways involved in suppression or defense [268]. Metabolomic profiling 
further adds a dimension by characterizing antifungal compounds and mapping the bi-
ochemical exchanges that influence the pathogen’s viability [269]. 

Genomic tools now help in selecting biocontrol agents by identifying genes linked to 
antagonism, unravelling novel gene functions, and allowing comparison across beneficial 
microbes [270]. Metabarcoding of soil and root microbiome under a wide array of culti-
vation systems links microbial diversity with agronomic practices, enabling systematic 
screening of isolates such as Trichoderma spp. against Fusarium xylarioides [271–273]. 
Transcriptomics and proteomics analyses further reveal functional responses, and show 
how the gene and protein expression change in relation to secondary metabolites and 
lytic enzymes that break down fungal cell walls [274]. Metabolomic profiling recognizes 
antifungal compounds, antibiotics, and signaling molecules, explaining mechanisms of 
pathogen suppression and plant defense system activation [275]. 

Integrated omics approaches enable molecular events to be investigated throughout 
regulatory layers. Studies in Phyllosticta citricarpa and Bacillus subtilis CF-3 reveal that 
volatile compounds and bacterial metabolites change fungal metabolism, gene expres-
sion, and membrane stability [276,277]. Also, metabolomics remains central for strain 
selection, distinguishing Trichoderma spp. with strong antagonistic potential and identi-
fying key discriminant metabolites through LC–MS and principal component analysis 
[272,278]. Insights from multi-omics also disclose plant–microbe interactions. Root colo-
nization by Trichoderma spp. and associated metabolites triggers and activates genetic 
and biochemical defense systems against diverse stresses, though systemic responses 
remain difficult to unravel due to temporary transcriptional changes [272,279]. 

The overall strategy from diagnosis to management of fungal plant pathogens has 
transformed from traditional detection to modern molecular tactics that combine ge-
nome analysis with targeted interference [280]. Early diagnosis depends on qPCR, 
LAMP, nanopore sequencing, etc., which deliver rapid and accurate identification of 
fungal pathogens, allowing swift disease monitoring and management [261]. The need 
for reliable molecular diagnostics is high because fungal diseases threaten the global 
food supply, causing considerable yield loss during cultivation and also after harvest 
[281]. After laboratory confirmation of the pathogen, genome analysis through function-
al genomics and multi-omics tools enables researchers to identify genes essential for 
growth or virulence [261,282]. This information guides the design of precise RNA con-
structs that silence target genes while avoiding effects on non-target organisms [282]. 
Research into cross-kingdom RNAi has shown that plants and pathogens exchange 
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small RNAs, and that some fungal pathogens, including Botrytis cinerea, release these 
molecules into plant cells to suppress host defense [28]. The final stage of this system 
uses targeted management tools such as HIGS-, SIGS- and CRISPR/Cas9-based tactics 
[261,280,281]. CRISPR/Cas9 introduces durable resistance by altering host genes linked 
to immunity, while RNA-based methods silence pathogen genes without altering plant 
DNA [283]. This combination offers a promising alternative to chemical pesticides and 
provides a flexible strategy for controlling new pathogen variants while supporting en-
vironmental sustainability [28,282]. 

13. Conclusions 
Molecular methods have shifted fungal pathogen management from reactive to 

predictive. PCR, sequencing and marker-driven assays enable precise and rapid identi-
fication, while RNA-based strategies target essential pathogen genes and reduce reliance 
on broad-spectrum chemicals. When molecular identification directs RNA-based control, 
detection and treatment operate as one system and allow decisions at the earliest point of 
pathogen activity. Future progress will rely on cross-disciplinary research to understand 
the essence of RNAi-based, agriculturally important plant disease management. Bioin-
formatics refines diagnostic markers and RNA targets. CRISPR/Cas9 technology offers 
portable diagnostics with near-instant decision support. AI strengthens disease predic-
tion and facilitates real-time monitoring in the field. Limited field validation and narrow 
datasets continue to restrict deployment at scale, yet enlarging shared annotated datasets, 
together with coordinated multi-location trials, can move these methods from research to 
routine use. Integrating molecular diagnostics with RNA-based control strategies does 
not only improve disease management. It also establishes a new standard of precision 
agriculture where fungal pathogens are identified early, targeted accurately and con-
trolled sustainably. 

Author Contributions: Conceptualization, R.A.A. and Y.R.D.; resources, R.A.A., Y.R.D. and A.V.; 
data curation, R.A.A.; writing—original draft preparation, R.A.A.; writing—review and editing, 
R.A.A., Y.R.D., I.C. and A.V.; visualization, R.A.A. and Y.R.D. All authors have read and agreed to 
the published version of the manuscript. 

Funding: This paper and Open Access were funded by University of Catania Projects: PIA.CE.RI. 
2020–2022 quote premialità D e E, UPB 5A722192180. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 
not applicable to this article. 

Acknowledgments: R.A.A. gratefully acknowledges the Department of Ecology and Life Safety, 
Samarkand State University named after Sharof Rashidov, Samarkand, Uzbekistan, for providing 
the necessary facilities during the preparation of this review. The authors also recognize the con-
tributions of the researchers cited in this work, whose findings have considerably advanced scien-
tific understanding. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Cheng, Y.; Tang, X.; Gao, C.; Li, Z.; Chen, J.; Guo, L.; Wang, T.; Xu, J. Molecular Diagnostics and Pathogenesis of Fungal 

Pathogens on Bast Fiber Crops. Pathogens 2020, 9, 223. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 19 of 33 
 

https://doi.org/10.3390/ijms27021073 

2. Wang, T.; Gao, C.; Cheng, Y.; Li, Z.; Chen, J.; Guo, L.; Xu, J. Molecular Diagnostics and Detection of Oomycetes on Fiber Crops. 
Plants 2020, 9, 769. https://doi.org/10.3390/plants9060769. 

3. Xu, J. Fungal Species Concepts in the Genomics Era. Genome 2020, 63, 459–468. https://doi.org/10.1139/gen-2020-0022. 
4. Food and Agriculture Organization of the United Nations. The Hidden Health Crisis: How Plant Diseases Threaten Global Food 

Security; Food and Agriculture Organization (FAO) of the United Nations: Rome, Italy, 2025. 
5. Molina-Santiago, C.A.; Vela-Corcía, D. Molecular Strategies to Overcome Fungal Virulence in Crop Protection. Microb. Bio-

technol. 2025, 18, e70220. https://doi.org/10.1111/1751-7915.70220. 
6. Steinberg, G.; Gurr, S.J. Fungi, Fungicide Discovery and Global Food Security. Fungal Genet. Biol. 2020, 144, 103476. 

https://doi.org/10.1016/j.fgb.2020.103476. 
7. Savva, L.; Bryan, A.; Vinopal, D.; Gonzalez-Navarro, O.E.; Kosgey, Z.; Ndung’u, K.C.; Horo, J.T.; Danu, K.G.; Molla, M.; Ale-

mayehu, Y.; et al. A Portable, Nanopore-Based Genotyping Platform for near Real-Time Detection of Puccinia graminis f. Sp. 
Tritici Lineages and Fungicide Sensitivity. BMC Genom. 2025, 26, 327. https://doi.org/10.1186/s12864-025-11428-w. 

8. Bebber, D.P.; Ramotowski, M.A.T.; Gurr, S.J. Crop Pests and Pathogens Move Polewards in a Warming World. Nat. Clim. 
Change 2013, 3, 985–988. https://doi.org/10.1038/nclimate1990. 

9. Chaloner, T.M.; Gurr, S.J.; Bebber, D.P. Plant Pathogen Infection Risk Tracks Global Crop Yields under Climate Change. Nat. 
Clim. Change 2021, 11, 710–715. https://doi.org/10.1038/s41558-021-01104-8. 

10. Stukenbrock, E.; Gurr, S. Address the Growing Urgency of Fungal Disease in Crops. Nature 2023, 617, 31–34. 
https://doi.org/10.1038/d41586-023-01465-4. 

11. Kulik, T.; Bilska, K.; Żelechowski, M. Promising Perspectives for Detection, Identification, and Quantification of Plant Patho-
genic Fungi and Oomycetes through Targeting Mitochondrial DNA. Int. J. Mol. Sci. 2020, 21, 2645. 
https://doi.org/10.3390/ijms21072645. 

12. Rissi, D.V.; Ijaz, M.; Baschien, C. Comparative Genomics of Fungi in Nectriaceae Reveals Their Environmental Adaptation 
and Conservation Strategies. J. Fungi 2024, 10, 632. 

13. Egbuta, M.; Mwanza, M.; Babalola, O. A Review of the Ubiquity of Ascomycetes Filamentous Fungi in Relation to Their Eco-
nomic and Medical Importance. Adv. Microbiol. 2016, 6, 1140–1158. 

14. Adhikari, B.N.; Hamilton, J.; Zerillo, M.M.; Tisserat, N.; Vesque, C.A.L.; Buell, C.R.; Vinatzer, B.; Tech, V. Comparative Ge-
nomics Reveals Insight into Virulence Strategies of Plant Pathogenic Oomycetes. PLoS ONE 2013, 8, e75072. 

15. Lin, L.; Ye, W.; Wu, J.; Xuan, M.; Li, Y.; Gao, J.; Wang, Y.; Wang, Y.; Dong, S.; Wang, Y. The MADS-Box Transcription Factor 
PsMAD1 Is Involved in Zoosporogenesis and Pathogenesis of Phytophthora Sojae. Front. Microbiol. 2018, 9, 2259. 

16. Schoina, C.; Bouwmeester, K.; Govers, F. Infection of a Tomato Cell Culture by Phytophthora Infestans; a Versatile Tool to 
Study Phytophthora-Host Interactions. Plant Methods 2017, 13, 88. https://doi.org/10.1186/s13007-017-0240-0. 

17. Tyagi, A.; Lama Tamang, T.; Kashtoh, H.; Mir, R.A.; Mir, Z.A.; Manzoor, S.; Manzar, N.; Gani, G.; Vishwakarma, S.K.; Almalki, 
M.A.; et al. A Review on Biocontrol Agents as Sustainable Approach for Crop Disease Management: Applications, Production, 
and Future Perspectives. Horticulturae 2024, 10, 805. https://doi.org/10.3390/horticulturae10080805. 

18. Ivanov, A.V.; Safenkova, I.V.; Zherdev, A.V.; Dzantiev, B.B. The Potential Use of Isothermal Amplification Assays for In-Field 
Diagnostics of Plant Pathogens. Plants 2021, 10, 2424. https://doi.org/10.3390/plants10112424. 

19. Cotter, A.; Dracatos, P.; Beddoe, T.; Johnson, K. Isothermal Detection Methods for Fungal Pathogens in Closed Environment 
Agriculture. J. Fungi 2024, 10, 851. https://doi.org/10.3390/jof10120851. 

20. Ainusyifa, F.; Lestari, R.; Yuniati, R. A Review of Fungal Disease in Hevea brasiliensis (Willd. Ex A. Juss.) Mull. Arg.: From 
Identification to Scientific Investigation for Control Strategies. J. Penelit. Pendidik. IPA 2024, 10, 977–987. 
https://doi.org/10.29303/jppipa.v10i12.9388. 

21. Tibebu, B.; Nuh, B. Biotechnological Tools for Detection, Identification and Management of Plant Diseases. Afr. J. Biotechnol. 
2019, 18, 797–807. https://doi.org/10.5897/AJB2018.16591. 

22. Amann, R.I.; Ludwig, W.; Schleifer, K.H. Phylogenetic Identification and in Situ Detection of Individual Microbial Cells 
without Cultivation. Microbiol. Rev. 1995, 59, 143–169. https://doi.org/10.1128/mr.59.1.143-169.1995. 

23. Hindson, B.J.; Ness, K.D.; Masquelier, D.A.; Belgrader, P.; Heredia, N.J.; Makarewicz, A.J.; Bright, I.J.; Lucero, M.Y.; Hid-
dessen, A.L.; Legler, T.C.; et al. High-Throughput Droplet Digital PCR System for Absolute Quantitation of DNA Copy 
Number. Anal. Chem. 2011, 83, 8604–8610. https://doi.org/10.1021/ac202028g. 

24. Tsui, C.K.M.; Woodhall, J.; Chen, W.; Lévesque, C.A.; Lau, A.; Schoen, C.D.; Baschien, C.; Najafzadeh, M.J.; De Hoog, G.S. 
Molecular Techniques for Pathogen Identification and Fungus Detection in the Environment. IMA Fungus 2011, 2, 177–189. 
https://doi.org/10.5598/imafungus.2011.02.02.09. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 20 of 33 
 

https://doi.org/10.3390/ijms27021073 

25. Delai, C.; Muhae-Ud-Din, G.; Abid, R.; Tian, T.; Liu, R.; Xiong, Y.; Ma, S.; Ghorbani, A. A Comprehensive Review of Integrat-
ed Management Strategies for Damping-off Disease in Chili. Front. Microbiol. 2024, 15, 1479957. 
https://doi.org/10.3389/fmicb.2024.1479957. 

26. Sun, X.; Lei, R.; Zhang, H.; Chen, W.; Jia, Q.; Guo, X.; Zhang, Y.; Wu, P.; Wang, X. Rapid and Sensitive Detection of Two Fun-
gal Pathogens in Soybeans Using the Recombinase Polymerase Amplification/ CRISPR-CAS12A Method for Potential On-site 
Disease Diagnosis. Pest Manag. Sci. 2024, 80, 1168–1181. https://doi.org/10.1002/ps.7847. 

27. Gebremichael, D.; Haile, Z.; Negrini, F.; Sabbadini, S.; Capriotti, L.; Mezzetti, B.; Baraldi, E. RNA Interference Strategies for 
Future Management of Plant Pathogenic Fungi: Prospects and Challenges. Plants 2021, 10, 650. 

28. Smagghe, G. RNA Interference in Fungal Plant Pathogens: What Do We Know from Botrytis Cinerea with Research Hotspots 
and Gaps, and What Are the Future Directions? J. Fungi 2025, 11, 498. https://doi.org/10.3390/jof11070498. 

29. McLaughlin, M.S.; Roy, M.; Abbasi, P.A.; Carisse, O.; Yurgel, S.N.; Ali, S. Why Do We Need Alternative Methods for Fungal 
Disease Management in Plants? Plants 2023, 12, 3822. https://doi.org/10.3390/plants12223822. 

30. Ragulakollu, S.; Loganathan, A.; Swaminatham, M.; Chellappan, G.; Veeraswamy, R.; Jegadeesan, R. Molecular Breeding Ap-
proaches for Sustainable Rice Blast Management: Recent Advances and Challenges. Front. Plant Sci. 2025, 16, 1551018. 
https://doi.org/10.3389/fpls.2025.1551018. 

31. Zhang, Y.; Wei, Z.; Zhang, J.; Chen, C.; Liu, F. Application of PCR and PCR-Derived Technologies for the Detection of Patho-
gens Infecting Crops. Physiol. Mol. Plant Pathol. 2025, 136, 102589. https://doi.org/10.1016/j.pmpp.2025.102589. 

32. Saharan, G.S.; Mehta, N.K.; Meena, P.D. Molecular Detection and Identification of Pathogens, Pathotypes, and Genes. In Ge-
nomics of Crucifer’s Host-Pathosystem; Springer Nature: Singapore, 2023; pp. 503–593, ISBN 978-981-19-3811-5. 

33. Hosseini, B.; El-Hasan, A.; Link, T.; Voegele, R.T. Analysis of the Species Spectrum of the Diaporthe/Phomopsis Complex in 
European Soybean Seeds. Mycol. Prog. 2020, 19, 455–469. https://doi.org/10.1007/s11557-020-01570-y. 

34. Manjunatha, C.; Sharma, S.; Kulshreshtha, D.; Gupta, S.; Singh, K.; Bhardwaj, S.C.; Aggarwal, R. Rapid Detection of Puccinia 
Triticina Causing Leaf Rust of Wheat by PCR and Loop Mediated Isothermal Amplification. PLoS ONE 2018, 13, e0196409. 
https://doi.org/10.1371/journal.pone.0196409. 

35. Patel, R.; Patel, D. Upcoming Plant Pathological Techniques in the Disease Diagnosis. J. Microbiol. Exp. 2016, 3, 00087. 
https://doi.org/10.15406/jmen.2016.03.00087. 

36. Sikdar, P.; Okubara, P.; Mazzola, M.; Xiao, C.L. Development of PCR Assays for Diagnosis and Detection of the Pathogens 
Phacidiopycnis washingtonensis and Sphaeropsis pyriputrescens in Apple Fruit. Plant Dis. 2014, 98, 241–246. 
https://doi.org/10.1094/PDIS-05-13-0495-RE. 

37. Aslam, S.; Tahir, A.; Aslam, M.F.; Alam, M.W.; Shedayi, A.A.; Sadia, S. Recent Advances in Molecular Techniques for the 
Identification of Phytopathogenic Fungi—A Mini Review. J. Plant Interact. 2017, 12, 493–504. 
https://doi.org/10.1080/17429145.2017.1397205. 

38. Ciampi-Guillardi, M.; Ramiro, J.; Moraes, M.H.D.D.; Barbieri, M.C.G.; Massola, N.S. Multiplex qPCR Assay for Direct Detec-
tion and Quantification of Colletotrichum truncatum, Corynespora cassiicola, and Sclerotinia sclerotiorum in Soybean Seeds. Plant 
Dis. 2020, 104, 3002–3009. https://doi.org/10.1094/PDIS-02-20-0231-RE. 

39. Dell’Olmo, E.; Tiberini, A.; Sigillo, L. Leguminous Seedborne Pathogens: Seed Health and Sustainable Crop Management. 
Plants 2023, 12, 2040. https://doi.org/10.3390/plants12102040. 

40. Sharma, G.; Dwibedi, V.; Seth, C.S.; Singh, S.; Ramamurthy, P.C.; Bhadrecha, P.; Singh, J. Direct and Indirect Technical Guide 
for the Early Detection and Management of Fungal Plant Diseases. Curr. Res. Microb. Sci. 2024, 7, 100276. 
https://doi.org/10.1016/j.crmicr.2024.100276. 

41. Shukla, S.; Singh, P.; Shukla, S.; Ali, S.; Didwania, N. Scope of Onsite, Portable Prevention Diagnostic Strategies for Alternaria 
Infections in Medicinal Plants. Biosensors 2023, 13, 701. https://doi.org/10.3390/bios13070701. 

42. Yadav, A.; Yadav, K. Portable Solutions for Plant Pathogen Diagnostics: Development, Usage, and Future Potential. Front. 
Microbiol. 2025, 16, 1516723. https://doi.org/10.3389/fmicb.2025.1516723. 

43. Bagdonaitė, L.; Leder, E.H.; Lifjeld, J.T.; Johnsen, A.; Mauvisseau, Q. Assessing Reliability and Accuracy of qPCR, dPCR and 
ddPCR for Estimating Mitochondrial DNA Copy Number in Songbird Blood and Sperm Cells. PeerJ 2025, 13, e19278. 
https://doi.org/10.7717/peerj.19278. 

44. Ruijter, J.M.; Pfaffl, M.W.; Zhao, S.; Spiess, A.N.; Boggy, G.; Blom, J.; Rutledge, R.G.; Sisti, D.; Lievens, A.; De Preter, K.; et al. 
Evaluation of qPCR Curve Analysis Methods for Reliable Biomarker Discovery: Bias, Resolution, Precision, and Implications. 
Methods 2013, 59, 32–46. https://doi.org/10.1016/j.ymeth.2012.08.011. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 21 of 33 
 

https://doi.org/10.3390/ijms27021073 

45. Hariharan, G.; Prasannath, K. Recent Advances in Molecular Diagnostics of Fungal Plant Pathogens: A Mini Review. Front. 
Cell. Infect. Microbiol. 2021, 10, 600234. https://doi.org/10.3389/fcimb.2020.600234. 

46. Zhang, H.; Yang, W.; Xie, L.; Zhu, T.; Li, S.; Han, S.; Lin, T.; Li, S. Development and Comparison of Seminested PCR, qPCR, 
and LAMP for the Rapid Detection of Arthrinium Phaeospermum, the Causal Agent of Bamboo Blight. Forests 2022, 13, 850. 
https://doi.org/10.3390/f13060850. 

47. Yang, X.; Hameed, U.; Zhang, A.-F.; Zang, H.-Y.; Gu, C.-Y.; Chen, Y.; Xu, Y.-L. Development of a Nested-PCR Assay for the 
Rapid Detection of Pilidiella Granati in Pomegranate Fruit. Sci. Rep. 2017, 7, 40954. https://doi.org/10.1038/srep40954. 

48. Ippolito, A.; Schena, L.; Nigro, F. Detection of Phytophthora Nicotianae and P. Citrophthora in Citrus Roots and Soils by 
Nested PCR. Eur. J. Plant Pathol. 2002, 108, 855–868. https://doi.org/10.1023/A:1021208106857. 

49. Bhat, R.G.; Browne, G.T. Specific Detection of Phytophthora Cactorum in Diseased Strawberry Plants Using Nested Polymerase 
Chain Reaction. Plant Pathol. 2010, 59, 121–129. https://doi.org/10.1111/j.1365-3059.2009.02147.x. 

50. Brewer, M.T.; Turner, A.N.; Brannen, P.M.; Cline, W.O.; Richardson, E.A. Exobasidium maculosum, a New Species Causing Leaf 
and Fruit Spots on Blueberry in the Southeastern USA and Its Relationship with Other Exobasidium spp. Parasitic to Blueberry 
and Cranberry. Mycologia 2014, 106, 415–423. https://doi.org/10.3852/13-202. 

51. Faria, C.B.; Abe, C.A.L.; Silva, C.N.D.; Tessmann, D.J.; Barbosa-Tessmann, I.P. New PCR Assays for the Identification of 
Fusarium verticillioides, Fusarium subglutinans, and Other Species of the Gibberella fujikuroi Complex. Int. J. Mol. Sci. 2011, 13, 
115–132. https://doi.org/10.3390/ijms13010115. 

52. Michalecka, M.; Bryk, H.; Poniatowska, A.; Puławska, J. Identification of Neofabraea Species Causing Bull’s Eye Rot of Apple in 
Poland and Their Direct Detection in Apple Fruit Using Multiplex PCR. Plant Pathol. 2016, 65, 643–654. 
https://doi.org/10.1111/ppa.12449. 

53. Havis, N.D.; Gorniak, K.; Carmona, M.A.; Formento, A.N.; Luque, A.G.; Scandiani, M.M. First Molecular Detection of Ramu-
laria Leaf Spot (Ramularia collo-cygni) in Seeds and Leaves of Barley in Argentina. Plant Dis. 2014, 98, 277. 
https://doi.org/10.1094/PDIS-04-13-0416-PDN. 

54. Abdullah, A.S.; Turo, C.; Moffat, C.S.; Lopez-Ruiz, F.J.; Gibberd, M.R.; Hamblin, J.; Zerihun, A. Real-Time PCR for Diagnosing 
and Quantifying Co-Infection by Two Globally Distributed Fungal Pathogens of Wheat. Front. Plant Sci. 2018, 9, 1086. 
https://doi.org/10.3389/fpls.2018.01086. 

55. Joe, A.D.; Liu, R.; Luo, X.; Syed, R.; Aslam, F.; Luo, Z.; Zheng, Z. Comprehensive Analysis of the Mechanisms Conferring Re-
sistance to Phenamacril in the Fusarium Species. Front. Cell. Infect. Microbiol. 2025, 15, 1536532. 

56. Ayarnah, K.; Duanis-Assaf, D.; Alkan, N.; Eltzov, E. Development of Heat-Dry RT-LAMP Bioassay for Rapid Latent Detection 
of Botrytis Cinerea. Appl. Microbiol. 2024, 4, 1616–1629. 

57. Grabicoski, E.M.; Filho, D.J.; Pileggi, M.; Henneberg, L.; Pierre, M.L.C.; Vrisman, C.; Dabul, A. Rapid PCR-Based Assay for 
Sclerotinia Sclerotiorum Detection on Soybean Seeds. Sci. Agric. 2015, 72, 69–74. 

58. Hossain, M.; Sultana, F.; Rubayet, T.; Khan, S.; Mostafa, M.; Mishu, N.J.; Sabbir, A.A.; Akter, N.; Kabir, A.; Mostofa, M.G. 
White Mold: A Global Threat to Crops and Key Strategies for Its Sustainable Management. Microorganisms 2024, 13, 4. 
https://doi.org/10.3390/microorganisms13010004. 

59. Kulabhusan, P.K.; Tripathi, A.; Kant, K. Gold Nanoparticles and Plant Pathogens: An Overview and Prospective for Biosens-
ing in Forestry. Sensors 2022, 22, 1259. https://doi.org/10.3390/s22031259. 

60. Kashyap, P.L.; Kumar, S.; Kumar, R.S.; Tripathi, R.; Sharma, P.; Sharma, A.; Jasrotia, P.; Singh, G.P. Identification of Novel 
Microsatellite Markers to Assess the Population Structure and Genetic Differentiation of Ustilago Hordei Causing Covered 
Smut of Barley. Front. Microbiol. 2020, 10, 2929. https://doi.org/10.3389/fmicb.2019.02929. 

61. Liu, X.; Xing, M.; Kong, C.; Fang, Z.; Yang, L.; Zhang, Y.; Wang, Y.; Ling, J.; Yang, Y.; Lv, H. Genetic Diversity, Virulence, Race 
Profiling, and Comparative Genomic Analysis of the Fusarium oxysporum f. sp. conglutinans Strains Infecting Cabbages in 
China. Front. Microbiol. 2019, 10, 1373. https://doi.org/10.3389/fmicb.2019.01373. 

62. Walter, S.; Ali, S.; Kemen, E.; Nazari, K.; Bahri, B.A.; Enjalbert, J.; Hansen, J.G.; Brown, J.K.M.; Sicheritz-Pontén, T.; Jones, J.; et 
al. Molecular Markers for Tracking the Origin and Worldwide Distribution of Invasive Strains of Puccinia striiformis. Ecol. Evol. 
2016, 6, 2790–2804. https://doi.org/10.1002/ece3.2069. 

63. Arya, M. Evolving Paradigms in Biotechnology for Management of Crop Diseases. Int. J. Agric. Environ. Biotechnol. 2018, 11, 
589–595. https://doi.org/10.30954/0974-1712.06.2018.24. 

64. Khan, M.; Wang, R.; Li, B.; Liu, P.; Weng, Q.; Chen, Q. Comparative Evaluation of the LAMP Assay and PCR-Based Assays 
for the Rapid Detection of Alternaria Solani. Front. Microbiol. 2018, 9, 2089. https://doi.org/10.3389/fmicb.2018.02089. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 22 of 33 
 

https://doi.org/10.3390/ijms27021073 

65. Kumsiri, R.; Kanchanaphum, P. A Comparison of Four Molecular Methods for Detection of Aflatoxin-Producing Aspergillus 
in Peanut and Dried Shrimp Samples Collected from Local Markets around Pathum Thani Province, Thailand. Scientifica 2020, 
2020, 8580451. https://doi.org/10.1155/2020/8580451. 

66. Yan, H.; Zhang, J.; Ma, D.; Yin, J. qPCR and Loop Mediated Isothermal Amplification for Rapid Detection of Ustilago tritici. 
PeerJ 2019, 7, e7766. https://doi.org/10.7717/peerj.7766. 

67. Lee, D.J.; Choi, Y.-J. High-Resolution Melting Analysis for Differentiation of Sclerotium (=Agroathelia) rolfsii, S. delphinii, and 
Two Intraspecific Groups of S. rolfsii. Mycobiology 2025, 53, 760–768. https://doi.org/10.1080/12298093.2025.2561285. 

68. Wang, N.-Y.; Gama, A.B.; Marin, M.V.; Peres, N.A. Development of a Multiplex High-Throughput Diagnostic Assay for the 
Detection of Strawberry Crown Rot Diseases Using High-Resolution Melting Analysis. Phytopathology 2021, 111, 1470–1483. 
https://doi.org/10.1094/PHYTO-12-20-0556-R. 

69. Siegieda, D.; Panek, J.; Frąc, M. “Shining a LAMP” (Loop-Mediated Isothermal Amplification) on the Molecular Detection of 
Phytopathogens Phytophthora Sp. and Phytophthora Cactorum in Strawberry Fields. Pathogens 2021, 10, 1453. 
https://doi.org/10.3390/pathogens10111453. 

70. Oliveira, M.; Azevedo, L. Molecular Markers: An Overview of Data Published for Fungi over the Last Ten Years. J. Fungi 2022, 
8, 36012792. https://doi.org/10.3390/jof8080803. 

71. Capote, N.; Mara, A.; Aguado, A.; Snchez-Torres, P. Molecular Tools for Detection of Plant Pathogenic Fungi and Fungicide 
Resistance. In Plant Pathology; Cumagun, C.J., Ed.; InTech: London, UK, 2012; ISBN 978-953-51-0489-6. 

72. Ingle, A.; Rai, M. Genetic Diversity among Indian Phytopathogenic Isolates of Fusarium Semitectum Berkeley and Ravenel. 
Adv. Biosci. Biotechnol. 2011, 02, 142–148. https://doi.org/10.4236/abb.2011.23023. 

73. Koh, H.S.; Sohn, S.H.; Lee, Y.S.; Koh, Y.J.; Song, J.H.; Jung, J.S. Specific and Sensitive Detection of Venturia Nashicola, the Scab 
Fungus of Asian Pears, by Nested PCR. Plant Pathol. J. 2013, 29, 357–363. https://doi.org/10.5423/PPJ.OA.06.2013.0055. 

74. Pirrello, C.; Mizzotti, C.; Tomazetti, T.C.; Colombo, M.; Bettinelli, P.; Prodorutti, D.; Peressotti, E.; Zulini, L.; Stefanini, M.; 
Angeli, G.; et al. Emergent Ascomycetes in Viticulture: An Interdisciplinary Overview. Front. Plant Sci. 2019, 10, 1394. 
https://doi.org/10.3389/fpls.2019.01394. 

75. Toriello, C.; Duarte-Escalante, E.; Frías-De-León, M.G.; Brunner-Mendoza, C.; Navarro-Barranco, H.; Reyes-Montes, M.D.R. 
Development of SCAR Markers for Genetic Authentication of Metarhizium Acridum. J. Fungi 2024, 10, 269. 
https://doi.org/10.3390/jof10040269. 

76. Yang, Y.; Hu, J.; Chen, F.; Ding, D.; Zhou, C. Development of a SCAR Marker-Based Diagnostic Method for the Detection of 
the Citrus Target Spot Pathogen Pseudofabraea Citricarpa. BioMed Res. Int. 2018, 2018, 7128903. 

77. Chen, Q.; Peng, G.; Kutcher, R.; Yu, F. Identification of Genome-Wide DNA Variants and SNP Haplotypes Associated 
with Avirulence Genes of Leptosphaeria Maculans in Western Canada. Res. Square. 2020, preprint. 

78. Luchi, N.; Ioos, R.; Santini, A. Fast and Reliable Molecular Methods to Detect Fungal Pathogens in Woody Plants. Appl. Micro-
biol. Biotechnol. 2020, 104, 2453–2468. https://doi.org/10.1007/s00253-020-10395-4. 

79. Seethapathy, P.; Sankaralingam, S.; Pandita, D.; Pandita, A.; Loganathan, K.; Wani, S.H.; El-Ansary, D.O.; Sharma, H.; Casini, 
R.; Mahmoud, E.A.; et al. Genetic Diversity Analysis Based on the Virulence, Physiology and Regional Variability in Different 
Isolates of Powdery Mildew in Pea. J. Fungi 2022, 8, 798. https://doi.org/10.3390/jof8080798. 

80. Borah, N.; Albarouki, E.; Schirawski, J. Comparative Methods for Molecular Determination of Host-Specificity Factors in 
Plant-Pathogenic Fungi. Int. J. Mol. Sci. 2018, 19, 863. https://doi.org/10.3390/ijms19030863. 

81. Rahman, M.Z.; Ahmad, K.; Bashir Kutawa, A.; Siddiqui, Y.; Saad, N.; Geok Hun, T.; Hata, E.M.; Hossain, M.I. Biology, Diver-
sity, Detection and Management of Fusarium oxysporum f. Sp. Niveum Causing Vascular Wilt Disease of Watermelon (Citrullus 
lanatus): A Review. Agronomy 2021, 11, 1310. https://doi.org/10.3390/agronomy11071310. 

82. Zaffarano, P.L.; McDonald, B.A.; Linde, C.C. Two New Species of Rhynchosporium. Mycologia 2011, 103, 195–202. 
https://doi.org/10.3852/10-119. 

83. Mary Olowe, O.; Christopher Odebode, A.; Joseph Olawuyi, O.; Sobowale, A.A. Molecular Variability of Fusarium verticil-
lioides (Sacc.) in Maize from Three Agro-Ecological Zones of Southwest Nigeria. Am. J. Mol. Biol. 2017, 07, 30–40. 
https://doi.org/10.4236/ajmb.2017.71003. 

84. Stewart, J.E.; Kim, M.-S.; James, R.L.; Dumroese, R.K.; Klopfenstein, N.B.; Hassan, O.; Lim, T.-H.; Chang, T.; Zhu, Z.; Zheng, L.; 
et al. Molecular Characterization of Fusarium Oxysporum and Fusarium commune Isolates from a Conifer Nursery. Phytopathol-
ogy 2006, 96, 1124–1133. https://doi.org/10.1094/PHYTO-96-1124. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 23 of 33 
 

https://doi.org/10.3390/ijms27021073 

85. Pei-Qing, L.; Min-Liang, W.; Ben-Jin, L.; Cheng-Zhong, L.; Qi-Yong, W.; Qing-He, C. Development of Expressed Sequence 
Tag-Drived Simple Sequence Repeat Markers and Diversity Analysis of Phytophthora Capsici in China. Int. J. Phytopathol. 
2013, 2, 137–146. https://doi.org/10.33687/phytopath.002.03.0410. 

86. Dutech, C.; Feau, N.; Lesur, I.; Ehrenmann, F.; Letellier, T.; Li, B.; Mouden, C.; Guichoux, E.; Desprez-Loustau, M.; Gross, A. 
An Easy and Robust Method for Isolation and Validation of Single-Nucleotide Polymorphic Markers from a First Erysiphe 
Alphitoides Draft Genome. Mycol. Prog. 2020, 19, 615–628. 

87. Sharma, P.; Samkumar, R.A.; Rao, M.; Singh, V.; Prasad, L.; Mishra, D.; Bhattacharya, R.; Gupta, N.C. Genetic Diversity Stud-
ies Based on Morphological Variability, Pathogenicity and Molecular Phylogeny of the Sclerotinia Sclerotiorum Population 
From Indian Mustard (Brassica juncea). Front. Microbiol. 2018, 9, 1169. 

88. Iquebal, M.; Jaiswal, S.; Mishra, V.K.; Jasrotia, R.; Angadi, U.B.; Singh, B.; Passari, A.K.; Deka, P.; Prabha, R.; Singh, D.P.; et al. 
Fungal Genomic Resources for Strain Identification and Diversity Analysis of 1900 Fungal Species. J. Fungi 2021, 7, 288. 

89. Jeseničnik, T.; Kaurin, A.; Grgič, Z.; Radišek, S.; Jakše, J.; Štajner, N. Novel Identification of the Collection of Pathogenic Fun-
gal Species Verticillium with the Development of Species-Specific SSR Markers. Pathogens 2023, 12, 535. 

90. Li, Y.; Van Der Lee, T.A.J.; Evenhuis, A.; Van Den Bosch, G.B.M.; Van Bekkum, P.J.; Förch, M.G.; Van Gent-Pelzer, M.P.E.; Van 
Raaij, H.M.G.; Jacobsen, E.; Huang, S.W.; et al. Population Dynamics of Phytophthora infestans in the Netherlands Reveals Ex-
pansion and Spread of Dominant Clonal Lineages and Virulence in Sexual Offspring. G3 Genes Genomes Genet. 2012, 2, 1529–
1540. https://doi.org/10.1534/g3.112.004150. 

91. Salcedo, A.F.; Purayannur, S.; Standish, J.R.; Miles, T.; Thiessen, L.; Quesada-Ocampo, L.M. Fantastic Downy Mildew Patho-
gens and How to Find Them: Advances in Detection and Diagnostics. Plants 2021, 10, 435. 
https://doi.org/10.3390/plants10030435. 

92. Fu, R.; Chen, C.; Wang, J.; Liu, Y.; Zhao, L.; Lu, D. Diversity Analysis of the Rice False Smut Pathogen Ustilaginoidea Virens in 
Southwest China. J. Fungi 2022, 8, 1204. https://doi.org/10.3390/jof8111204. 

93. Sun, X.; Kang, S.; Zhang, Y.; Tan, X.; Yu, Y.; He, H.; Zhang, X.; Liu, Y.; Wang, S.; Sun, W.; et al. Genetic Diversity and Popula-
tion Structure of Rice Pathogen Ustilaginoidea Virens in China. PLoS ONE 2013, 8, e76879. 
https://doi.org/10.1371/journal.pone.0076879. Correction in PLoS ONE 2013, 8, 12. 

94. Bellah, H.; Gazeau, G.; Gélisse, S.; Amezrou, R.; Marcel, T.C.; Croll, D. A Highly Multiplexed Assay to Monitor Pathogenicity, 
Fungicide Resistance and Gene Flow in the Fungal Wheat Pathogen Zymoseptoria Tritici. PLoS ONE 2023, 18, e0281181. 
https://doi.org/10.1371/journal.pone.0281181. 

95. Elshire, R.J.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S.; Mitchell, S.E. A Robust, Simple Genotyp-
ing-by-Sequencing (GBS) Approach for High Diversity Species. PLoS ONE 2011, 6, e19379. 
https://doi.org/10.1371/journal.pone.0019379. 

96. Carlson, M.O.; Gazave, E.; Gore, M.A.; Smart, C.D. Temporal Genetic Dynamics of an Experimental, Biparental Field Popula-
tion of Phytophthora Capsici. Front. Genet. 2017, 8, 26. https://doi.org/10.3389/fgene.2017.00026. 

97. Ramadan, A.A.; Kenta, S. Technical Review of Molecular Markers and Next-Generation Sequencing Technology to Manage 
Plant Pathogenic Oomycetes. Afr. J. Biotechnol. 2018, 17, 369–379. https://doi.org/10.5897/AJB2017.16304. 

98. Hoang, M.T.V.; Irinyi, L.; Hu, Y.; Schwessinger, B.; Meyer, W. Long-Reads-Based Metagenomics in Clinical Diagnosis With a 
Special Focus on Fungal Infections. Front. Microbiol. 2022, 12, 708550. https://doi.org/10.3389/fmicb.2021.708550. 

99. Hong, Y.; Tan, J.Y.; Xue, H.; Chow, M.L.; Ali, M.; Ng, A.; Leong, A.; Yeo, J.; Koh, S.M.; Tang, M.S.Y.; et al. A Metagenomic 
Survey of Wood Decay Fungi in the Urban Trees of Singapore. J. Fungi 2023, 9, 460. https://doi.org/10.3390/jof9040460. 

100. Stielow, J.B.; Lévesque, C.A.; Seifert, K.A.; Meyer, W.; Irinyi, L.; Smits, D.; Renfurm, R.; Verkley, G.J.M.; Groenewald, M.; 
Chaduli, D.; et al. One Fungus, Which Genes? Development and Assessment of Universal Primers for Potential Secondary 
Fungal DNA Barcodes. Persoonia 2015, 35, 242–263. https://doi.org/10.3767/003158515X689135. 

101. Martín, I.; Gálvez, L.; Guasch, L.; Palmero, D. Fungal Pathogens and Seed Storage in the Dry State. Plants 2022, 11, 3167. 
https://doi.org/10.3390/plants11223167. 

102. Pieczul, K.; Świerczyńska, I.; Wójtowicz, A. Advanced rDNA-Based Detection of Wheat Pathogens in Grain Samples Using 
Next-Generation Sequencing (NGS). Pathogens 2025, 14, 164. https://doi.org/10.3390/pathogens14020164. 

103. Fang, W.; Wu, J.; Cheng, M.; Zhu, X.; Du, M.; Chen, C.; Liao, W.; Zhi, K.; Pan, W. Diagnosis of Invasive Fungal Infections: 
Challenges and Recent Developments. J. Biomed. Sci. 2023, 30, 42. https://doi.org/10.1186/s12929-023-00926-2. 

104. Hoang, M.T.V.; Irinyi, L.; Chen, S.C.A.; Sorrell, T.C.; Meyer, W. The ISHAM Barcoding of Medical Fungi Working Group Dual 
DNA Barcoding for the Molecular Identification of the Agents of Invasive Fungal Infections. Front. Microbiol. 2019, 10, 1647. 
https://doi.org/10.3389/fmicb.2019.01647. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 24 of 33 
 

https://doi.org/10.3390/ijms27021073 

105. Karlsson, I.; Persson, P.; Friberg, H. Fusarium Head Blight From a Microbiome Perspective. Front. Microbiol. 2021, 12, 628373. 
https://doi.org/10.3389/fmicb.2021.628373. 

106. Stoeva, D.; Gencheva, D.; Radoslavov, G.; Hristov, P.; Yordanova, R.; Beev, G. Novel DNA Barcoding and Multiplex PCR 
Strategy for the Molecular Identification and Mycotoxin Gene Detection of Fusarium Spp. in Maize from Bulgaria. Methods 
Protoc. 2025, 8, 78. https://doi.org/10.3390/mps8040078. 

107. Walder, F.; Schlaeppi, K.; Wittwer, R.; Held, A.Y.; Vogelgsang, S.; Van Der Heijden, M.G.A. Community Profiling of Fusarium 
in Combination with Other Plant-Associated Fungi in Different Crop Species Using SMRT Sequencing. Front. Plant Sci. 2017, 8, 
2019. https://doi.org/10.3389/fpls.2017.02019. 

108. Erima, S.; Nyine, M.; Edema, R.; Nkuboye, A.; Habiba, N.; Candiru, A.; Paparu, P. Molecular Characterisation of Fusarium 
Species Causing Common Bean Root Rot in Uganda. J. Fungi 2025, 11, 283. https://doi.org/10.3390/jof11040283. 

109. Aragona, M.; Haegi, A.; Valente, M.T.; Riccioni, L.; Orzali, L.; Vitale, S.; Luongo, L.; Infantino, A. New-Generation Sequencing 
Technology in Diagnosis of Fungal Plant Pathogens: A Dream Comes True? J. Fungi 2022, 8, 737. 
https://doi.org/10.3390/jof8070737. 

110. Pilet, F.; Quaicoe, R.N.; Osagie, I.J.; Freire, M.; Foissac, X. Multilocus Sequence Analysis Reveals Three Distinct Populations of 
“Candidatus Phytoplasma Palmicola” with a Specific Geographical Distribution on the African Continent. Appl. Environ. Mi-
crobiol. 2019, 85, e02716-18. https://doi.org/10.1128/AEM.02716-18. 

111. Zhang, M.; Li, D.; Si, Y.; Ju, Y.; Zhu, L. Colletotrichum Species Associated with Anthracnose in Salix babylonica in China. Plants 
2023, 12, 1679. https://doi.org/10.3390/plants12081679. 

112. Gurjar, M.S.; Aggarwal, R.; Jain, S.; Sharma, S.; Singh, J.; Gupta, S.; Agarwal, S.; Saharan, M.S. Multilocus Sequence Typing 
and Single Nucleotide Polymorphism Analysis in Tilletia Indica Isolates Inciting Karnal Bunt of Wheat. J. Fungi 2021, 7, 103. 
https://doi.org/10.3390/jof7020103. 

113. Decadt, H.; Díaz-Muñoz, C.; Vermote, L.; Pradal, I.; De Vuyst, L.; Weckx, S. Long-Read Metagenomics Gives a More Accurate 
Insight into the Microbiota of Long-Ripened Gouda Cheeses. Front. Microbiol. 2025, 16, 1543079. 
https://doi.org/10.3389/fmicb.2025.1543079. 

114. Zaytsev, P.A.; Rodin, V.A.; Zaytseva, A.A.; Zvereva, M.I.; Solovchenko, A.E. Advances of High-Throughput Sequencing for 
Unraveling Biotechnological Potential of Microalgal-Bacterial Communities. J. Appl. Phycol. 2024, 36, 1901–1919. 
https://doi.org/10.1007/s10811-024-03267-1. 

115. Ramos Lopez, D.; Flores, F.J.; Espindola, A.S. MeStanG—Resource for High-Throughput Sequencing Standard Data Sets Gen-
eration for Bioinformatic Methods Evaluation and Validation. Biology 2025, 14, 69. https://doi.org/10.3390/biology14010069. 

116. Feldmann, F.; Vogler, U. Towards Sustainable Performance of Urban Horticulture: Ten Challenging Fields of Action for Mod-
ern Integrated Pest Management in Cities. J. Plant Dis. Prot. 2021, 128, 55–66. https://doi.org/10.1007/s41348-020-00379-x. 

117. Tedersoo, L.; Drenkhan, R.; Anslan, S.; Morales-Rodriguez, C.; Cleary, M. High-throughput Identification and Diagnostics of 
Pathogens and Pests: Overview and Practical Recommendations. Mol. Ecol. Resour. 2019, 19, 47–76. 
https://doi.org/10.1111/1755-0998.12959. 

118. D’Andreano, S.; Cuscó, A.; Francino, O. Rapid and Real-Time Identification of Fungi up to Species Level with Long Amplicon 
Nanopore Sequencing from Clinical Samples. Biol. Methods Protoc. 2021, 6, bpaa026. 
https://doi.org/10.1093/biomethods/bpaa026. 

119. Potgieter, L.; Feurtey, A.; Dutheil, J.Y.; Stukenbrock, E.H. On Variant Discovery in Genomes of Fungal Plant Pathogens. Front. 
Microbiol. 2020, 11, 626. https://doi.org/10.3389/fmicb.2020.00626. 

120. Theologidis, I.; Karamitros, T.; Vichou, A.-E.; Kizis, D. Nanopore-Sequencing Metabarcoding for Identification of Phytopath-
ogenic and Endophytic Fungi in Olive (Olea europaea) Twigs. J. Fungi 2023, 9, 1119. https://doi.org/10.3390/jof9111119. 

121. Piombo, E.; Abdelfattah, A.; Droby, S.; Wisniewski, M.; Spadaro, D.; Schena, L. Metagenomics Approaches for the Detection 
and Surveillance of Emerging and Recurrent Plant Pathogens. Microorganisms 2021, 9, 188. 
https://doi.org/10.3390/microorganisms9010188. 

122. Calderon, M.; Yang, C.; Ancona, V. Assessing Fungal Plant Pathogen Presence in Irrigation Water from the Rio Grande River 
in South Texas, USA. Agriculture 2023, 13, 1401. https://doi.org/10.3390/agriculture13071401. 

123. Català, S.; Pérez-Sierra, A.; Abad-Campos, P. The Use of Genus-Specific Amplicon Pyrosequencing to Assess Phytophthora 
Species Diversity Using eDNA from Soil and Water in Northern Spain. PLoS ONE 2015, 10, e0119311. 
https://doi.org/10.1371/journal.pone.0119311. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 25 of 33 
 

https://doi.org/10.3390/ijms27021073 

124. Franco Ortega, S.; Ferrocino, I.; Adams, I.; Silvestri, S.; Spadaro, D.; Gullino, M.L.; Boonham, N. Monitoring and Surveillance 
of Aerial Mycobiota of Rice Paddy through DNA Metabarcoding and qPCR. J. Fungi 2020, 6, 372. 
https://doi.org/10.3390/jof6040372. 

125. Mittelstrass, J.; Heinzelmann, R.; Eschen, R.; Hartmann, M.; Kupper, Q.; Schneider, S.; Prospero, S.; Franić, I. Metabarcoding 
with Illumina and Oxford Nanopore Technologies Provides Complementary Insights into Tree Seed Mycobiota. Environ. Mi-
crobiome 2025, 20, 53. https://doi.org/10.1186/s40793-025-00712-7. 

126. Gómez-Lama Cabanás, C.; Mercado-Blanco, J. Groundbreaking Technologies and the Biocontrol of Fungal Vascular Plant 
Pathogens. J. Fungi 2025, 11, 77. https://doi.org/10.3390/jof11010077. 

127. Martí, J.M.; Arias-Giraldo, L.F.; Díaz-Villanueva, W.; Arnau, V.; Rodríguez-Franco, A.; Garay, C.P. Metatranscriptomic Dy-
namics after Verticillium Dahliae Infection and Root Damage in Olea europaea. BMC Plant Biol. 2020, 20, 79. 
https://doi.org/10.1186/s12870-019-2185-0. 

128. Loit, K.; Adamson, K.; Bahram, M.; Puusepp, R.; Anslan, S.; Kiiker, R.; Drenkhan, R.; Tedersoo, L. Relative Performance of 
MinION (Oxford Nanopore Technologies) versus Sequel (Pacific Biosciences) Third-Generation Sequencing Instruments in 
Identification of Agricultural and Forest Fungal Pathogens. Appl. Environ. Microbiol. 2019, 85, e01368-19. 
https://doi.org/10.1128/AEM.01368-19. 

129. Bronzato Badial, A.; Sherman, D.; Stone, A.; Gopakumar, A.; Wilson, V.; Schneider, W.; King, J. Nanopore Sequencing as a 
Surveillance Tool for Plant Pathogens in Plant and Insect Tissues. Plant Dis. 2018, 102, 1648–1652. 
https://doi.org/10.1094/PDIS-04-17-0488-RE. 

130. Espindola, A.S. Simulated High Throughput Sequencing Datasets: A Crucial Tool for Validating Bioinformatic Pathogen De-
tection Pipelines. Biology 2024, 13, 700. https://doi.org/10.3390/biology13090700. 

131. Yang, S.; Johnson, M.A.; Hansen, M.A.; Bush, E.; Li, S.; Vinatzer, B.A. Metagenomic Sequencing for Detection and Identifica-
tion of the Boxwood Blight Pathogen Calonectria pseudonaviculata. Sci. Rep. 2022, 12, 1399. 
https://doi.org/10.1038/s41598-022-05381-x. 

132. Radhakrishnan, G.V.; Cook, N.M.; Bueno-Sancho, V.; Lewis, C.M.; Persoons, A.; Mitiku, A.D.; Heaton, M.; Davey, P.E.; Abeyo, 
B.; Alemayehu, Y.; et al. MARPLE, a Point-of-Care, Strain-Level Disease Diagnostics and Surveillance Tool for Complex Fun-
gal Pathogens. BMC Biol. 2019, 17, 65. https://doi.org/10.1186/s12915-019-0684-y. 

133. Hu, Y.; Green, G.S.; Milgate, A.W.; Stone, E.A.; Rathjen, J.P.; Schwessinger, B. Pathogen Detection and Microbiome Analysis of 
Infected Wheat Using a Portable DNA Sequencer. Phytobiomes J. 2019, 3, 92–101. 

134. Li, Y.; Qiao, Y.; Ma, Y.; Xue, P.; Ding, C. AI in Fungal Drug Development: Opportunities, Challenges, and Future Outlook. 
Front. Cell. Infect. Microbiol. 2025, 15, 1610743. https://doi.org/10.3389/fcimb.2025.1610743. 

135. Rodrigues, C.F.; Černáková, L. Advances in Fungal Infection Research: From Novel Diagnostics to Innovative Therapeutics. J. 
Fungi 2025, 11, 693. https://doi.org/10.3390/jof11100693. 

136. Normand, A.-C.; Chaline, A.; Mohammad, N.; Godmer, A.; Acherar, A.; Huguenin, A.; Ranque, S.; Tannier, X.; Piarroux, R. 
Identification of a Clonal Population of Aspergillus Flavus by MALDI-TOF Mass Spectrometry Using Deep Learning. Sci. Rep. 
2022, 12, 1575. https://doi.org/10.1038/s41598-022-05647-4. 

137. Rahman, M.A.; Clinch, M.; Reynolds, J.; Dangott, B.; Meza Villegas, D.M.; Nassar, A.; Hata, D.J.; Akkus, Z. Classification of 
Fungal Genera from Microscopic Images Using Artificial Intelligence. J. Pathol. Inform. 2023, 14, 100314. 
https://doi.org/10.1016/j.jpi.2023.100314. 

138. Tochigi, N.; Sadamoto, S.; Oura, S.; Kurose, Y.; Miyazaki, Y.; Shibuya, K. Artificial Intelligence in the Diagnosis of Invasive 
Mold Infection: Development of an Automated Histologic Identification System to Distinguish Between Aspergillus and Mu-
corales. Med. Mycol. J. 2022, 63, 91–97. https://doi.org/10.3314/mmj.22-00013. 

139. Ho, C.-S.; Jean, N.; Hogan, C.A.; Blackmon, L.; Jeffrey, S.S.; Holodniy, M.; Banaei, N.; Saleh, A.A.E.; Ermon, S.; Dionne, J. 
Rapid Identification of Pathogenic Bacteria Using Raman Spectroscopy and Deep Learning. Nat. Commun. 2019, 10, 4927. 
https://doi.org/10.1038/s41467-019-12898-9. 

140. Xu, J.; Luo, Y.; Wang, J.; Tu, W.; Yi, X.; Xu, X.; Song, Y.; Tang, Y.; Hua, X.; Yu, Y.; et al. Artificial Intelligence-Aided Rapid and 
Accurate Identification of Clinical Fungal Infections by Single-Cell Raman Spectroscopy. Front. Microbiol. 2023, 14, 1125676. 
https://doi.org/10.3389/fmicb.2023.1125676. 

141. Xu, J.; Yi, X.; Jin, G.; Peng, D.; Fan, G.; Xu, X.; Chen, X.; Yin, H.; Cooper, J.M.; Huang, W.E. High-Speed Diagnosis of Bacterial 
Pathogens at the Single Cell Level by Raman Microspectroscopy with Machine Learning Filters and Denoising Autoencoders. 
ACS Chem. Biol. 2022, 17, 376–385. https://doi.org/10.1021/acschembio.1c00834. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 26 of 33 
 

https://doi.org/10.3390/ijms27021073 

142. Guo, Z.; Wang, M.; Barimah, A.O.; Chen, Q.; Li, H.; Shi, J.; El-Seedi, H.R.; Zou, X. Label-Free Surface Enhanced Raman Scat-
tering Spectroscopy for Discrimination and Detection of Dominant Apple Spoilage Fungus. Int. J. Food Microbiol. 2021, 338, 
108990. https://doi.org/10.1016/j.ijfoodmicro.2020.108990. 

143. Muselius, B.; Roux-Dalvai, F.; Droit, A.; Geddes-McAlister, J. Resolving the Temporal Splenic Proteome during Fungal Infec-
tion for Discovery of Putative Dual Perspective Biomarker Signatures. J. Am. Soc. Mass Spectrom. 2023, 34, 1928–1940. 
https://doi.org/10.1021/jasms.3c00114. 

144. Jayawardena, R. https://onestopshopfungi.org/, a Database to Enhance Identification of Phytopathogenic Genera. Asian J. My-
col. 2019, 2, 281–286. https://doi.org/10.5943/ajom/2/1/18. 

145. Chen, Q.; Bakhshi, M.; Balci, Y.; Broders, K.D.; Cheewangkoon, R.; Chen, S.F.; Fan, X.L.; Gramaje, D.; Halleen, F.; Horta Jung, 
M.; et al. Genera of Phytopathogenic Fungi: GOPHY 4. Stud. Mycol. 2022, 101, 417–564. https://doi.org/10.3114/sim.2022.101.06. 

146. Tovar-Pedraza, J.M.; Solano-Báez, A.R.; Leyva-Mir, S.G.; Tlapal-Bolaños, B.; Camacho-Tapia, M.; García-León, E.; Aya-
la-Escobar, V.; Nava-Díaz, C.; Quezada-Salinas, A.; Santiago-Santiago, V.; et al. The Need and Opportunity to Update the In-
ventory of Plant Pathogenic Fungi and Oomycetes in Mexico. J. Fungi 2024, 10, 395. https://doi.org/10.3390/jof10060395. 

147. Crous, P.W.; Slippers, B.; Wingfield, M.J.; Rheeder, J.; Marasas, W.F.O.; Philips, A.J.L.; Alves, A.; Burgess, T.; Barber, P.; Groe-
newald, J.Z. Phylogenetic Lineages in the Botryosphaeriaceae. Stud. Mycol. 2006, 55, 235–253. 
https://doi.org/10.3114/sim.55.1.235. 

148. Meyer, V.; Basenko, E.Y.; Benz, J.P.; Braus, G.H.; Caddick, M.X.; Csukai, M.; De Vries, R.P.; Endy, D.; Frisvad, J.C.; Gun-
de-Cimerman, N.; et al. Growing a Circular Economy with Fungal Biotechnology: A White Paper. Fungal Biol. Biotechnol. 2020, 
7, 5. https://doi.org/10.1186/s40694-020-00095-z. 

149. Ogbuji, N.G.; Agogbua, J.U. Genomics in Plant Pathogen Identification and Control. Front. Plant Sci. 2025, 16, 1661432. 
https://doi.org/10.3389/fpls.2025.1661432. 

150. Urban, M.; Pant, R.; Raghunath, A.; Irvine, A.G.; Pedro, H.; Hammond-Kosack, K.E. The Pathogen-Host Interactions Database 
(PHI-Base): Additions and Future Developments. Nucleic Acids Res. 2015, 43, D645–D655. https://doi.org/10.1093/nar/gku1165. 

151. Lu, T.; Yao, B.; Zhang, C. DFVF: Database of Fungal Virulence Factors. Database 2012, 2012, bas032. 
https://doi.org/10.1093/database/bas032. 

152. Grigoriev, I.V.; Nikitin, R.; Haridas, S.; Kuo, A.; Ohm, R.; Otillar, R.; Riley, R.; Salamov, A.; Zhao, X.; Korzeniewski, F.; et al. 
MycoCosm Portal: Gearing up for 1000 Fungal Genomes. Nucleic Acids Res. 2014, 42, D699–D704. 
https://doi.org/10.1093/nar/gkt1183. 

153. Pedro, H.; Yates, A.D.; Kersey, P.J.; De Silva, N.H. Collaborative Annotation Redefines Gene Sets for Crucial Phytopathogens. 
Front. Microbiol. 2019, 10, 2477. https://doi.org/10.3389/fmicb.2019.02477. 

154. Tripathy, S. VMD: A Community Annotation Database for Oomycetes and Microbial Genomes. Nucleic Acids Res. 2006, 34, 
D379–D381. https://doi.org/10.1093/nar/gkj042. 

155. Pham, D.; Sivalingam, V.; Tang, H.M.; Montgomery, J.M.; Chen, S.C.-A.; Halliday, C.L. Molecular Diagnostics for Invasive 
Fungal Diseases: Current and Future Approaches. J. Fungi 2024, 10, 447. https://doi.org/10.3390/jof10070447. 

156. Sonah, H.; Deshmukh, R.K.; Bélanger, R.R. Computational Prediction of Effector Proteins in Fungi: Opportunities and Chal-
lenges. Front. Plant Sci. 2016, 7, 126. https://doi.org/10.3389/fpls.2016.00126. 

157. Nash, A.; Sewell, T.; Farrer, R.A.; Abdolrasouli, A.; Shelton, J.M.G.; Fisher, M.C.; Rhodes, J. MARDy: Mycology Antifungal 
Resistance Database. Bioinformatics 2018, 34, 3233–3234. https://doi.org/10.1093/bioinformatics/bty321. 

158. Consortium OPATHY; Gabaldón, T. Recent Trends in Molecular Diagnostics of Yeast Infections: From PCR to NGS. FEMS 
Microbiol. Rev. 2019, 43, 517–547. https://doi.org/10.1093/femsre/fuz015. 

159. Cornish, A.; Guda, C. A Comparison of Variant Calling Pipelines Using Genome in a Bottle as a Reference. BioMed Res. Int. 
2015, 2015, 456479. https://doi.org/10.1155/2015/456479. 

160. Ambrosio, F.J.; Scribner, M.R.; Wright, S.M.; Otieno, J.R.; Doughty, E.L.; Gorzalski, A.; Siao, D.D.; Killian, S.; Hua, C.; Schnei-
der, E.; et al. TheiaEuk: A Species-Agnostic Bioinformatics Workflow for Fungal Genomic Characterization. Front. Public 
Health 2023, 11, 1198213. https://doi.org/10.3389/fpubh.2023.1198213. 

161. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-Resolution Sample Infer-
ence from Illumina Amplicon Data. Nat. Methods 2016, 13, 581–583. https://doi.org/10.1038/nmeth.3869. 

162. Schroeder, C.S.; Halbrook, S.; Birnbaum, C.; Waryszak, P.; Wilber, W.; Farrer, E.C. Phragmites Australis Associates with Be-
lowground Fungal Communities Characterized by High Diversity and Pathogen Abundance. Diversity 2020, 12, 363. 
https://doi.org/10.3390/d12090363. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 27 of 33 
 

https://doi.org/10.3390/ijms27021073 

163. Warrenfeltz, S.; Basenko, E.Y.; Crouch, K.; Harb, O.S.; Kissinger, J.C.; Roos, D.S.; Shanmugasundram, A.; Silva-Franco, F. Eu-
PathDB: The Eukaryotic Pathogen Genomics Database Resource. In Eukaryotic Genomic Databases; Kollmar, M., Ed.; Methods 
in Molecular Biology; Springer: New York, NY, USA, 2018; Volume 1757, pp. 69–113, ISBN 978-1-4939-7736-9. 

164. Elizarraras, J.M.; Liao, Y.; Shi, Z.; Zhu, Q.; Pico, A.R.; Zhang, B. WebGestalt 2024: Faster Gene Set Analysis and New Support 
for Metabolomics and Multi-Omics. Nucleic Acids Res. 2024, 52, W415–W421. https://doi.org/10.1093/nar/gkae456. 

165. Kolberg, L.; Raudvere, U.; Kuzmin, I.; Adler, P.; Vilo, J.; Peterson, H. G:Profiler—Interoperable Web Service for Functional 
Enrichment Analysis and Gene Identifier Mapping (2023 Update). Nucleic Acids Res. 2023, 51, W207–W212. 
https://doi.org/10.1093/nar/gkad347. 

166. Sherman, B.T.; Hao, M.; Qiu, J.; Jiao, X.; Baseler, M.W.; Lane, H.C.; Imamichi, T.; Chang, W. DAVID: A Web Server for Func-
tional Enrichment Analysis and Functional Annotation of Gene Lists (2021 Update). Nucleic Acids Res. 2022, 50, W216–W221. 
https://doi.org/10.1093/nar/gkac194. 

167. Göker, M.; García-Blázquez, G.; Voglmayr, H.; Tellería, M.T.; Martín, M.P. Molecular Taxonomy of Phytopathogenic Fungi: A 
Case Study in Peronospora. PLoS ONE 2009, 4, e6319. https://doi.org/10.1371/journal.pone.0006319. 

168. Quaedvlieg, W.; Binder, M.; Groenewald, J.Z.; Summerell, B.A.; Carnegie, A.J.; Burgess, T.I.; Crous, P.W. Introducing the 
Consolidated Species Concept to Resolve Species in the Teratosphaeriaceae. Persoonia 2014, 33, 1–40. 
https://doi.org/10.3767/003158514X681981. 

169. Cai, L.; Udayanga, D.; Manamgoda, D.S.; Maharachchikumbura, S.S.N.; McKenzie, E.H.C.; Guo, L.D.; Liu, X.Z.; Bahkali, A.; 
Hyde, K.D. The Need to Carry out Re-Inventory of Plant Pathogenic Fungi. Trop. Plant Pathol. 2011, 36, 205–213. 
https://doi.org/10.1590/S1982-56762011000400001. 

170. Fournier, E.; Gladieux, P.; Giraud, T. The ‘ D r J Ekyll and M r H Yde Fungus’: Noble Rot versus Gray Mold Symptoms of B 
Otrytis cinerea on Grapes. Evol. Appl. 2013, 6, 960–969. https://doi.org/10.1111/eva.12079. 

171. O’Donnell, K.; Rooney, A.P.; Proctor, R.H.; Brown, D.W.; McCormick, S.P.; Ward, T.J.; Frandsen, R.J.N.; Lysøe, E.; Rehner, 
S.A.; Aoki, T.; et al. Phylogenetic Analyses of RPB1 and RPB2 Support a Middle Cretaceous Origin for a Clade Comprising All 
Agriculturally and Medically Important Fusaria. Fungal Genet. Biol. 2013, 52, 20–31. https://doi.org/10.1016/j.fgb.2012.12.004. 

172. Knutsen, A.K.; Torp, M.; Holst-Jensen, A. Phylogenetic Analyses of the Fusarium Poae, Fusarium Sporotrichioides and 
Fusarium Langsethiae Species Complex Based on Partial Sequences of the Translation Elongation Factor-1 Alpha Gene. Int. J. 
Food Microbiol. 2004, 95, 287–295. https://doi.org/10.1016/j.ijfoodmicro.2003.12.007. 

173. Aroca, A.; Raposo, R.; Lunello, P. A Biomarker for the Identification of Four Phaeoacremonium Species Using the β-Tubulin 
Gene as the Target Sequence. Appl. Microbiol. Biotechnol. 2008, 80, 1131–1140. https://doi.org/10.1007/s00253-008-1647-3. 

174. Mulè, G.; Susca, A.; Stea, G.; Moretti, A. Specific Detection of the Toxigenic Species Fusarium Proliferatum and F. Oxysporum 
from Asparagus Plants Using Primers Based on Calmodulin Gene Sequences. FEMS Microbiol. Lett. 2004, 230, 235–240. 
https://doi.org/10.1016/S0378-1097(03)00926-1. Correction in FEMS Microbiol. Lett. 2004, 232, 229. 

175. O’Donnell, K.; Whitaker, B.K.; Laraba, I.; Proctor, R.H.; Brown, D.W.; Broders, K.; Kim, H.-S.; McCormick, S.P.; Busman, M.; 
Aoki, T.; et al. DNA Sequence-Based Identification of Fusarium: A Work in Progress. Plant Dis. 2022, 106, 1597–1609. 
https://doi.org/10.1094/PDIS-09-21-2035-SR. 

176. Crous, P.W.; Rossman, A.Y.; Aime, M.C.; Allen, W.C.; Burgess, T.; Groenewald, J.Z.; Castlebury, L.A. Names of Phytopatho-
genic Fungi: A Practical Guide. Phytopathology 2021, 111, 1500–1508. https://doi.org/10.1094/PHYTO-11-20-0512-PER. 

177. Liao, Y.-C.-Z.; Cao, Y.-J.; Wan, Y.; Li, H.; Li, D.-W.; Zhu, L.-H. Alternaria Arborescens and A. Italica Causing Leaf Blotch on 
Celtis Julianae in China. Plants 2023, 12, 3113. https://doi.org/10.3390/plants12173113. 

178. Stengel, A.; Stanke, K.M.; Quattrone, A.; Herr, J. Improving Taxonomic Delimitation of Fungal Species in the Age of Genomics 
and Phenomics. Front. Microbiol. 2022, 13, 847067. 

179. Cacciola, S.O.; Gilardi, G.; Faedda, R.; Schena, L.; Pane, A.; Garibaldi, A.; Gullino, M.L. Characterization of Colletotrichum 
Ocimi Population Associated with Black Spot of Sweet Basil (Ocimum basilicum) in Northern Italy. Plants 2020, 9, 654. 
https://doi.org/10.3390/plants9050654. 

180. Abdollahzadeh, J.; Javadi, A.; Goltapeh, E.M.; Zare, R.; Phillips, A.J.L. Phylogeny and Morphology of Four New Species of 
Lasiodiplodia from Iran. Persoonia 2010, 25, 1–10. https://doi.org/10.3767/003158510X524150. 

181. Ko, Y.-Z.; Liyanage, W.K.; Shih, H.-C.; Tseng, M.-N.; Shiao, M.-S.; Chiang, Y.-C. Unveiling Cryptic Species Diversity and Ge-
netic Variation of Lasiodiplodia (Botryosphaeriaceae, Botryosphaeriales) Infecting Fruit Crops in Taiwan. J. Fungi 2023, 9, 950. 
https://doi.org/10.3390/jof9090950. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 28 of 33 
 

https://doi.org/10.3390/ijms27021073 

182. Pennerman, K.K.; Goldman, P.; Dilla-Ermita, C.J.; Ramos, G.; Jaime, J.H.; Lopez-Hernandez, J.; Ramos, J.; Aviles, M.; Borrero, 
C.; Gomez, A.O.; et al. Population Genomics of Macrophomina Spp. Reveals Cryptic Host Specialization and Evidence for Mei-
otic Recombination. Mol. Plant Microbe Interact. 2024, 38, 925–938. 

183. Nizamani, M.M.; Zhang, Q.; Asif, M.; Khaskheli, M.A.; Wang, Y.; Li, C. Decoding Rhizoctonia Spp. in-Depth Genomic Analy-
sis, Pathogenic Mechanisms, and Host Interactions. Phytopathol. Res. 2025, 7, 12. https://doi.org/10.1186/s42483-024-00297-y. 

184. Ul Haq, I. Multilocus Sequence Typing (Mlst) Based Genetic Variation Analysis of Shisham Dieback Associated Strains of 
Ceratocystis Fimbriata Sensu Lato Species Complex in Pakistan. Appl. Ecol. Environ. Res. 2019, 17, 12573–12582. 
https://doi.org/10.15666/aeer/1705_1257312582. 

185. Germing, K.; Navarrete, C.A.D.; Schiermeyer, A.; Hommen, U.; Zühl, L.; Eilebrecht, S.; Eilebrecht, E. Crop Protection by RNA 
Interference: A Review of Recent Approaches, Current State of Developments and Use as of 2013. Environ. Sci. Eur. 2025, 37, 
15. https://doi.org/10.1186/s12302-025-01052-6. 

186. McCaghey, M.; Shao, D.; Kurcezewski, J.; Lindstrom, A.; Ranjan, A.; Whitham, S.A.; Conley, S.P.; Williams, B.; Smith, D.L.; 
Kabbage, M. Host-Induced Gene Silencing of a Sclerotinia Sclerotiorum Oxaloacetate Acetylhydrolase Using Bean Pod Mottle 
Virus as a Vehicle Reduces Disease on Soybean. Front. Plant Sci. 2021, 12, 677631. https://doi.org/10.3389/fpls.2021.677631. 

187. Wytinck, N.; Ziegler, D.J.; Walker, P.L.; Sullivan, D.S.; Biggar, K.T.; Khan, D.; Sakariyahu, S.K.; Wilkins, O.; Whyard, S.; Bel-
monte, M.F. Host Induced Gene Silencing of the Sclerotinia Sclerotiorum ABHYDROLASE-3 Gene Reduces Disease Severity 
in Brassica Napus. PLoS ONE 2022, 17, e0261102. https://doi.org/10.1371/journal.pone.0261102. 

188. Qiao, L.; Lan, C.; Capriotti, L.; Ah-Fong, A.; Nino Sanchez, J.; Hamby, R.; Heller, J.; Zhao, H.; Glass, N.L.; Judelson, H.S.; et al. 
Spray-induced Gene Silencing for Disease Control Is Dependent on the Efficiency of Pathogen RNA Uptake. Plant Biotechnol. J. 
2021, 19, 1756–1768. https://doi.org/10.1111/pbi.13589. 

189. McRae, A.G.; Taneja, J.; Yee, K.; Shi, X.; Haridas, S.; LaButti, K.; Singan, V.; Grigoriev, I.V.; Wildermuth, M.C. Spray-induced 
Gene Silencing to Identify Powdery Mildew Gene Targets and Processes for Powdery Mildew Control. Mol. Plant Pathol. 2023, 
24, 1168–1183. https://doi.org/10.1111/mpp.13361. 

190. Wan, D.-Y.; Guo, Y.; Cheng, Y.; Hu, Y.; Xiao, S.; Wang, Y.; Wen, Y.-Q. CRISPR/Cas9-Mediated Mutagenesis of VvMLO3 Re-
sults in Enhanced Resistance to Powdery Mildew in Grapevine (Vitis Vinifera). Hortic. Res. 2020, 7, 116. 
https://doi.org/10.1038/s41438-020-0339-8. 

191. Nili, O.; Azizi, A.; Abdollahzadeh, J. Development of an Efficient Tef-1α RNA Hairpin Structure to Efficient Management of 
Lasiodiplodia Theobromae and Neofusicoccum Parvum. Sci. Rep. 2021, 11, 9612. https://doi.org/10.1038/s41598-021-88422-1. 

192. Vero, S.; Garmendia, G.; Allori, E.; Sanz, J.M.; Gonda, M.; Alconada, T.; Cavello, I.; Dib, J.R.; Diaz, M.A.; Nally, C.; et al. Mi-
crobial Biopesticides: Diversity, Scope, and Mechanisms Involved in Plant Disease Control. Diversity 2023, 15, 457. 
https://doi.org/10.3390/d15030457. 

193. McLoughlin, A.G.; Wytinck, N.; Walker, P.L.; Girard, I.J.; Rashid, K.Y.; De Kievit, T.; Fernando, W.G.D.; Whyard, S.; Belmonte, 
M.F. Identification and Application of Exogenous dsRNA Confers Plant Protection against Sclerotinia Sclerotiorum and Bo-
trytis Cinerea. Sci. Rep. 2018, 8, 7320. https://doi.org/10.1038/s41598-018-25434-4. 

194. Bocos-Asenjo, I.T.; Niño-Sánchez, J.; Ginésy, M.; Diez, J.J. New Insights on the Integrated Management of Plant Diseases by 
RNA Strategies: Mycoviruses and RNA Interference. Int. J. Mol. Sci. 2022, 23, 9236. https://doi.org/10.3390/ijms23169236. 

195. Koch, A.; Biedenkopf, D.; Furch, A.; Weber, L.; Rossbach, O.; Abdellatef, E.; Linicus, L.; Johannsmeier, J.; Jelonek, L.; 
Goesmann, A.; et al. An RNAi-Based Control of Fusarium Graminearum Infections Through Spraying of Long dsRNAs In-
volves a Plant Passage and Is Controlled by the Fungal Silencing Machinery. PLoS Pathog. 2016, 12, e1005901. 
https://doi.org/10.1371/journal.ppat.1005901. 

196. Imran, M.; Feng, X.; Sun, Z.; Al Omari, H.; Zhang, G.; Zhu, J.; Aldayel, M.F.; Li, C. Nanotechnology-Driven Gene Silencing: 
Advancements in SIGS–dsRNA Technology for Sustainable Disease Management. Chem. Biol. Technol. Agric. 2025, 12, 31. 
https://doi.org/10.1186/s40538-025-00738-6. 

197. Islam, M.S.; Ahmed, M.R.; Noman, M.; Zhang, Z.; Wang, J.; Lu, Z.; Cai, Y.; Ahmed, T.; Li, B.; Wang, Y.; et al. Integrating RNA 
Interference and Nanotechnology: A Transformative Approach in Plant Protection. Plants 2025, 14, 977. 
https://doi.org/10.3390/plants14060977. 

198. Werner, B.T.; Gaffar, F.Y.; Schuemann, J.; Biedenkopf, D.; Koch, A.M. RNA-Spray-Mediated Silencing of Fusarium Gramine-
arum AGO and DCL Genes Improve Barley Disease Resistance. Front. Plant Sci. 2020, 11, 476. 
https://doi.org/10.3389/fpls.2020.00476. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 29 of 33 
 

https://doi.org/10.3390/ijms27021073 

199. Masanga, J.O.; Matheka, J.M.; Omer, R.A.; Ommeh, S.C.; Monda, E.O.; Alakonya, A.E. Downregulation of Transcription Fac-
tor aflR in Aspergillus Flavus Confers Reduction to Aflatoxin Accumulation in Transgenic Maize with Alteration of Host 
Plant Architecture. Plant Cell Rep. 2015, 34, 1379–1387. https://doi.org/10.1007/s00299-015-1794-9. 

200. Ghag, S.B.; Shekhawat, U.K.S.; Ganapathi, T.R. Host-induced Post-transcriptional Hairpin RNA -mediated Gene Silencing of 
Vital Fungal Genes Confers Efficient Resistance against F Usarium Wilt in Banana. Plant Biotechnol. J. 2014, 12, 541–553. 
https://doi.org/10.1111/pbi.12158. 

201. Padilla-Roji, I.; Ruiz-Jiménez, L.; Bakhat, N.; Vielba-Fernández, A.; Pérez-García, A.; Fernández-Ortuño, D. RNAi Technology: 
A New Path for the Research and Management of Obligate Biotrophic Phytopathogenic Fungi. Int. J. Mol. Sci. 2023, 24, 9082. 
https://doi.org/10.3390/ijms24109082. 

202. Kaldis, A.; Berbati, M.; Melita, O.; Reppa, C.; Holeva, M.; Otten, P.; Voloudakis, A. Exogenously Applied dsRNA Molecules 
Deriving from the Zucchini yellow mosaic virus (ZYMV) Genome Move Systemically and Protect Cucurbits against ZYMV. Mol. 
Plant Pathol. 2018, 19, 883–895. https://doi.org/10.1111/mpp.12572. 

203. Gu, K.-X.; Song, X.-S.; Xiao, X.-M.; Duan, X.-X.; Wang, J.-X.; Duan, Y.-B.; Hou, Y.-P.; Zhou, M.-G. A β-Tubulin dsRNA Derived 
from Fusarium Asiaticum Confers Plant Resistance to Multiple Phytopathogens and Reduces Fungicide Resistance. Pestic. Bi-
ochem. Physiol. 2019, 153, 36–46. https://doi.org/10.1016/j.pestbp.2018.10.005. 

204. Song, X.-S.; Gu, K.-X.; Duan, X.-X.; Xiao, X.-M.; Hou, Y.-P.; Duan, Y.-B.; Wang, J.-X.; Zhou, M.-G. A Myosin5 dsRNA That Re-
duces the Fungicide Resistance and Pathogenicity of Fusarium Asiaticum. Pestic. Biochem. Physiol. 2018, 150, 1–9. 
https://doi.org/10.1016/j.pestbp.2018.07.004. 

205. Tretiakova, P.; Voegele, R.T.; Soloviev, A.; Link, T.I. Successful Silencing of the Mycotoxin Synthesis Gene TRI5 in Fusarium 
Culmorum and Observation of Reduced Virulence in VIGS and SIGS Experiments. Genes 2022, 13, 395. 
https://doi.org/10.3390/genes13030395. 

206. Chen, W.; Kastner, C.; Nowara, D.; Oliveira-Garcia, E.; Rutten, T.; Zhao, Y.; Deising, H.B.; Kumlehn, J.; Schweizer, P. 
Host-Induced Silencing of Fusarium culmorum Genes Protects Wheat from Infection. J. Exp. Bot. 2016, 67, 4979–4991. 
https://doi.org/10.1093/jxb/erw263. 

207. Chauhan, S.; Rajam, M.V. RNAi-Mediated down-Regulation of Fasciclin-like Proteins (FoFLPs) in Fusarium Oxysporum f. Sp. 
Lycopersici Results in Reduced Pathogenicity and Virulence. Microbiol. Res. 2022, 260, 127033. 
https://doi.org/10.1016/j.micres.2022.127033. 

208. Forster, H.; Shuai, B. RNAi-Mediated Knockdown of β-1,3-Glucan Synthase Suppresses Growth of the Phytopathogenic Fun-
gus Macrophomina Phaseolina. Physiol. Mol. Plant Pathol. 2020, 110, 101486. https://doi.org/10.1016/j.pmpp.2020.101486. 

209. Capriotti, L.; Molesini, B.; Pandolfini, T.; Jin, H.; Baraldi, E.; Cecchin, M.; Mezzetti, B.; Sabbadini, S. RNA Interference-Based 
Strategies to Control Botrytis Cinerea Infection in Cultivated Strawberry. Plant Cell Rep. 2024, 43, 201. 
https://doi.org/10.1007/s00299-024-03288-7. Correction in Plant Cell Rep. 2024, 43, 225. 

210. Nerva, L.; Sandrini, M.; Gambino, G.; Chitarra, W. Double-Stranded RNAs (dsRNAs) as a Sustainable Tool against Gray Mold 
(Botrytis cinerea) in Grapevine: Effectiveness of Different Application Methods in an Open-Air Environment. Biomolecules 2020, 
10, 200. https://doi.org/10.3390/biom10020200. 

211. Yin, L.; Huang, Z.; Zhou, Y.; Lu, M.; Zhu, L.; Di, R.; Duan, Z.; Bao, Y.; Hu, Q.; Powell, C.A.; et al. Enhanced Resistance to Pok-
kah Boeng Disease in Sugarcane Through Host-Induced Gene Silencing Targeting FsCYP51 in Fusarium Sacchari. Plant Cell En-
viron. 2025, 48, 3861–3874. https://doi.org/10.1111/pce.15392. 

212. Yu, X.; Lin, X.; Zhou, T.; Cao, L.; Hu, K.; Li, F.; Qu, S. Host-induced Gene Silencing in Wild Apple Germplasm Malus Hupehen-
sis Confers Resistance to the Fungal Pathogen Botryosphaeria dothidea. Plant J. 2024, 118, 1174–1193. 
https://doi.org/10.1111/tpj.16664. 

213. Verma, K.; Modgil, M. RNA Interference (RNAi) Mediated Technique for Combating Plant Diseases: Harnessing Nanoparti-
cles for Effective Delivery and Enhanced Efficacy. Plant Cell Tiss. Organ Cult. 2024, 157, 53. 
https://doi.org/10.1007/s11240-024-02773-x. 

214. Cheng, W.; Song, X.; Li, H.; Cao, L.; Sun, K.; Qiu, X.; Xu, Y.; Yang, P.; Huang, T.; Zhang, J.; et al. Host-induced Gene Silencing 
of an Essential Chitin Synthase Gene Confers Durable Resistance to F Usarium Head Blight and Seedling Blight in Wheat. 
Plant Biotechnol. J. 2015, 13, 1335–1345. https://doi.org/10.1111/pbi.12352. 

215. Koch, A.; Kumar, N.; Weber, L.; Keller, H.; Imani, J.; Kogel, K.-H. Host-Induced Gene Silencing of Cytochrome P450 Lanos-
terol C14α-Demethylase–Encoding Genes Confers Strong Resistance to Fusarium Species. Proc. Natl. Acad. Sci. USA. 2013, 110, 
19324–19329. https://doi.org/10.1073/pnas.1306373110. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 30 of 33 
 

https://doi.org/10.3390/ijms27021073 

216. Nowara, D.; Gay, A.; Lacomme, C.; Shaw, J.; Ridout, C.; Douchkov, D.; Hensel, G.; Kumlehn, J.; Schweizer, P. HIGS: 
Host-Induced Gene Silencing in the Obligate Biotrophic Fungal Pathogen Blumeria Graminis. Plant Cell 2010, 22, 3130–3141. 
https://doi.org/10.1105/tpc.110.077040. 

217. Cintra, L.A.; Da Rosa, J.; De Assis, R.; Marin, S.R.R.; Adegas, F.S.; Rech, E.L.; Nepomuceno, A.L.; Mertz-Henning, L.M. RNAi 
Spray-Induced Gene Silencing of EPSPS by Topical Application of dsRNA in the Weed Digitaria Insularis. Front. Plant Sci. 
2025, 16, 1688755. https://doi.org/10.3389/fpls.2025.1688755. 

218. Wani, F.; Rashid, S.; Saleem, S.; Ali, G.; Mohiddin, F.A.; Hamid, A. Topical Application of Cocktail dsRNA Induces Plant Re-
sistance Against Bean Common Mosaic Virus (BCMV). Appl. Biochem. Biotechnol. 2025, 197, 3431–3446. 
https://doi.org/10.1007/s12010-025-05187-3. 

219. Ray, P.; Sahu, D.; Aminedi, R.; Chandran, D. Concepts and Considerations for Enhancing RNAi Efficiency in Phytopathogenic 
Fungi for RNAi-Based Crop Protection Using Nanocarrier-Mediated dsRNA Delivery Systems. Front. Fungal Biol. 2022, 3, 
977502. https://doi.org/10.3389/ffunb.2022.977502. 

220. Zand Karimi, H.; Innes, R.W. Molecular Mechanisms Underlying Host-Induced Gene Silencing. Plant Cell 2022, 34, 3183–3199. 
https://doi.org/10.1093/plcell/koac165. 

221. Wang, Q.; Xue, Y.; Zhang, L.; Zhong, Z.; Feng, S.; Wang, C.; Xiao, L.; Yang, Z.; Harris, C.J.; Wu, Z.; et al. Mechanism of siRNA 
Production by a Plant Dicer-RNA Complex in Dicing-Competent Conformation. Science 2021, 374, 1152–1157. 
https://doi.org/10.1126/science.abl4546. 

222. Zand Karimi, H.; Baldrich, P.; Rutter, B.D.; Borniego, L.; Zajt, K.K.; Meyers, B.C.; Innes, R.W. Arabidopsis Apoplastic Fluid 
Contains sRNA- and Circular RNA–Protein Complexes That Are Located Outside Extracellular Vesicles. Plant Cell 2022, 34, 
1863–1881. https://doi.org/10.1093/plcell/koac043. 

223. Chen, Y.G.; Hur, S. Cellular Origins of dsRNA, Their Recognition and Consequences. Nat. Rev. Mol. Cell Biol. 2022, 23, 286–301. 
https://doi.org/10.1038/s41580-021-00430-1. 

224. Wytinck, N.; Manchur, C.L.; Li, V.H.; Whyard, S.; Belmonte, M.F. dsRNA Uptake in Plant Pests and Pathogens: Insights into 
RNAi-Based Insect and Fungal Control Technology. Plants 2020, 9, 1780. https://doi.org/10.3390/plants9121780. 

225. Kuasuwan, T.; Meethong, M.; Inaek, N.; Puechpon, P.; Obchoei, S.; Runsaeng, P. RNA Interference-Mediated Silencing of 
HbREF and HbSRPP Genes Reduces Allergenic Protein Content While Maintaining Rubber Production in Hevea Brasiliensis. 
Int. J. Mol. Sci. 2025, 26, 9944. https://doi.org/10.3390/ijms26209944. 

226. Dubelman, S.; Fischer, J.; Zapata, F.; Huizinga, K.; Jiang, C.; Uffman, J.; Levine, S.; Carson, D. Environmental Fate of Dou-
ble-Stranded RNA in Agricultural Soils. PLoS ONE 2014, 9, e93155. https://doi.org/10.1371/journal.pone.0093155. 

227. Sellamuthu, G.; Chakraborty, A.; Vetukuri, R.R.; Sarath, S.; Roy, A. RNAi-Biofungicides: A Quantum Leap for Tree Fungal 
Pathogen Management. Crit. Rev. Biotechnol. 2025, 45, 1131–1158. https://doi.org/10.1080/07388551.2024.2430478. 

228. Mendoza-Alatorre, M.; Julian-Chávez, B.; Solano-Ornelas, S.; Siqueiros-Cendón, T.S.; Torres-Castillo, J.A.; Sinagawa-García, 
S.R.; Abraham-Juárez, M.J.; González-Barriga, C.D.; Rascón-Cruz, Q.; Siañez-Estrada, L.I.; et al. RNAi in Pest Control: Critical 
Factors Affecting dsRNA Efficacy. Insects 2025, 16, 737. https://doi.org/10.3390/insects16070737. 

229. Parker, K.M.; Barragán Borrero, V.; Van Leeuwen, D.M.; Lever, M.A.; Mateescu, B.; Sander, M. Environmental Fate of RNA 
Interference Pesticides: Adsorption and Degradation of Double-Stranded RNA Molecules in Agricultural Soils. Environ. Sci. 
Technol. 2019, 53, 3027–3036. https://doi.org/10.1021/acs.est.8b05576. 

230. Dubrovina, A.S.; Kiselev, K.V. Exogenous RNAs for Gene Regulation and Plant Resistance. Int. J. Mol. Sci. 2019, 20, 2282. 
https://doi.org/10.3390/ijms20092282. 

231. De Andrade, E.C.; Hunter, W.B. RNA Interference—Natural Gene-Based Technology for Highly Specific Pest Control (HiS-
PeC). In RNA Interference; Abdurakhmonov, I.Y., Ed.; InTech: London, UK, 2016; ISBN 978-953-51-2272-2. 

232. GreenLight Biosciences. Our Technology Allows Us to Make Cost-Effective RNA. Available online: 
https://www.greenlightbiosciences.com/how-do-we-make-rna (accessed on 5 December 2025). 

233. Mehlhorn, S.; Ulrich, J.; Baden, C.U.; Buer, B.; Maiwald, F.; Lueke, B.; Geibel, S.; Bucher, G.; Nauen, R. The Mustard Leaf Bee-
tle, Phaedon Cochleariae, as a Screening Model for Exogenous RNAi-Based Control of Coleopteran Pests. Pestic. Biochem. 
Physiol. 2021, 176, 104870. https://doi.org/10.1016/j.pestbp.2021.104870. 

234. Fan, S.; Zhou, Y.; Zhu, N.; Meng, Q.; Zhao, Y.; Xu, J.; Tang, Y.; Dai, S.; Yuan, X. Exogenous Application of dsRNA—Inducing 
Silencing of the Fusarium Oxysporum Tup1 Gene and Reducing Its Virulence. Int. J. Mol. Sci. 2024, 25, 10286. 
https://doi.org/10.3390/ijms251910286. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 31 of 33 
 

https://doi.org/10.3390/ijms27021073 

235. Venu, E.; Ramya, A.; Babu, P.L.; Srinivas, B.; Kumar, S.; Reddy, N.K.; Babu, Y.M.; Majumdar, A.; Manik, S. Exogenous dsR-
NA-Mediated RNAi: Mechanisms, Applications, Delivery Methods and Challenges in the Induction of Viral Disease Re-
sistance in Plants. Viruses 2024, 17, 49. https://doi.org/10.3390/v17010049. 

236. Wu, C.-F.; Chang, L.-P.; Lee, C.; Stergiopoulos, I.; Chen, L.-H. pSIG Plasmids, MoClo-Compatible Vectors for Efficient Pro-
duction of Chimeric Double-Stranded RNAs in Escherichia Coli HT115 (DE3) Strain. Plant Methods 2025, 21, 96. 
https://doi.org/10.1186/s13007-025-01413-5. 

237. Pérez-Pizá, M.C.; Sautua, F.J.; Szparaga, A.; Bohata, A.; Kocira, S.; Carmona, M.A. New Tools for the Management of Fungal 
Pathogens in Extensive Cropping Systems for Friendly Environments. Crit. Rev. Plant Sci. 2024, 43, 63–93. 
https://doi.org/10.1080/07352689.2023.2268921. 

238. Bennett, M.; Deikman, J.; Hendrix, B.; Iandolino, A. Barriers to Efficient Foliar Uptake of dsRNA and Molecular Barriers to 
dsRNA Activity in Plant Cells. Front. Plant Sci. 2020, 11, 816. https://doi.org/10.3389/fpls.2020.00816. 

239. Stakheev, A.A.; Taliansky, M.; Kalinina, N.O.; Zavriev, S.K. RNAi-Based Approaches to Control Mycotoxin Producers: Chal-
lenges and Perspectives. J. Fungi 2024, 10, 682. https://doi.org/10.3390/jof10100682. 

240. Zhao, Y.; Zhou, Y.; Xu, J.; Fan, S.; Zhu, N.; Meng, Q.; Dai, S.; Yuan, X. Cross-Kingdom RNA Transport Based on Extracellular 
Vesicles Provides Innovative Tools for Plant Protection. Plants 2024, 13, 2712. https://doi.org/10.3390/plants13192712. 

241. Wang, Z.; Li, Y.; Zhang, B.; Gao, X.; Shi, M.; Zhang, S.; Zhong, S.; Zheng, Y.; Liu, X. Functionalized Carbon Dot-Delivered 
RNA Nano Fungicides as Superior Tools to Control Phytophthora Pathogens through Plant RdRP1 Mediated Spray-Induced 
Gene Silencing. Adv. Funct. Mater. 2023, 33, 2213143. https://doi.org/10.1002/adfm.202213143. 

242. Ottaviani, L.; Lefeuvre, R.; Montes, E.; Widiez, T.; Giorni, P.; Mithöfer, A.; Marocco, A.; Lanubile, A. A Loss-of-Function of 
ZmWRKY125 Induced by CRISPR/Cas9 Improves Resistance against Fusarium Verticillioides in Maize Kernels. Plant Cell Rep. 
2025, 44, 144. https://doi.org/10.1007/s00299-025-03544-4. 

243. Wang, D.; Mandal, P.; Rahman, M.S.; Yang, L. Engineering Tomato Disease Resistance by Manipulating Susceptibility Genes. 
Front. Genome Ed. 2025, 7, 1537148. https://doi.org/10.3389/fgeed.2025.1537148. 

244. Zhang, Y.; Zheng, L.; Xie, K. CRISPR/dCas9-Mediated Gene Silencing in Two Plant Fungal Pathogens. mSphere 2023, 8, 
e0059422. https://doi.org/10.1128/msphere.00594-22. 

245. Zou, Z.; Liu, F.; Selin, C.; Fernando, W.G.D. Generation and Characterization of a Virulent Leptosphaeria Maculans Isolate 
Carrying a Mutated AvrLm7 Gene Using the CRISPR/Cas9 System. Front. Microbiol. 2020, 11, 1969. 
https://doi.org/10.3389/fmicb.2020.01969. 

246. Gumtow, R.; Wu, D.; Uchida, J.; Tian, M. A Phytophthora Palmivora Extracellular Cystatin-Like Protease Inhibitor Targets Pa-
pain to Contribute to Virulence on Papaya. Mol. Plant-Microbe Interac. 2018, 31, 363–373. 
https://doi.org/10.1094/MPMI-06-17-0131-FI. 

247. Liu, H.; Chen, W.; Li, Y.; Sun, L.; Chai, Y.; Chen, H.; Nie, H.; Huang, C. CRISPR/Cas9 Technology and Its Utility for Crop Im-
provement. Int. J. Mol. Sci. 2022, 23, 10442. https://doi.org/10.3390/ijms231810442. 

248. Schenke, D.; Cai, D. Applications of CRISPR/Cas to Improve Crop Disease Resistance: Beyond Inactivation of Susceptibility 
Factors. iScience 2020, 23, 101478. https://doi.org/10.1016/j.isci.2020.101478. 

249. Acevedo-Garcia, J.; Spencer, D.; Thieron, H.; Reinstädler, A.; Hammond-Kosack, K.; Phillips, A.L.; Panstruga, R. Mlo -based 
Powdery Mildew Resistance in Hexaploid Bread Wheat Generated by a Non-transgenic TILLING Approach. Plant Biotechnol. 
J. 2017, 15, 367–378. https://doi.org/10.1111/pbi.12631. 

250. Nekrasov, V.; Wang, C.; Win, J.; Lanz, C.; Weigel, D.; Kamoun, S. Rapid Generation of a Transgene-Free Powdery Mildew 
Resistant Tomato by Genome Deletion. Sci. Rep. 2017, 7, 482. https://doi.org/10.1038/s41598-017-00578-x. 

251. M, M.S.I.; Kiran, N.R.; Thottempudi, K.; Yadav, A.; Vinothini, R.; Mundhe, A.K.; Mote, M.S.; Shankar, M. Gene Editing for 
Disease Resistance in Crops: Success Stories and Challenges. Microbiol. Res. J. Int. 2024, 34, 113–128. 
https://doi.org/10.9734/mrji/2024/v34i91485. 

252. Kaur, N.; Sharma, S.; Hasanuzzaman, M.; Pati, P.K. Genome Editing: A Promising Approach for Achieving Abiotic Stress 
Tolerance in Plants. Int. J. Genom. 2022, 2022, 5547231. https://doi.org/10.1155/2022/5547231. 

253. Mao, Y.; Botella, J.R.; Liu, Y.; Zhu, J.-K. Gene Editing in Plants: Progress and Challenges. Natl. Sci. Rev. 2019, 6, 421–437. 
https://doi.org/10.1093/nsr/nwz005. 

254. Seraj, Z.I.; Hque, S. Remodelling of a Bacterial Immune System as the Simple Gene Editing Tool, Crispr-Cas, for Food Security 
and Human Health. J. Bangladesh Acad. Sci. 2022, 45, 131–145. https://doi.org/10.3329/jbas.v45i2.57208. 

255. Sackey, O.K.; Feng, N.; Mohammed, Y.Z.; Dzou, C.F.; Zheng, D.; Zhao, L.; Shen, X. A Comprehensive Review on Rice Re-
sponses and Tolerance to Salt Stress. Front. Plant Sci. 2025, 16, 1561280. https://doi.org/10.3389/fpls.2025.1561280. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 32 of 33 
 

https://doi.org/10.3390/ijms27021073 

256. Sturme, M.H.J.; Van Der Berg, J.P.; Bouwman, L.M.S.; De Schrijver, A.; De Maagd, R.A.; Kleter, G.A.; Battaglia-de Wilde, E. 
Occurrence and Nature of Off-Target Modifications by CRISPR-Cas Genome Editing in Plants. ACS Agric. Sci. Technol. 2022, 2, 
192–201. https://doi.org/10.1021/acsagscitech.1c00270. 

257. Tariq, A.; Mushtaq, M.; Yaqoob, H.; Bhat, B.A.; Zargar, S.M.; Raza, A.; Ali, S.; Charagh, S.; Mubarik, M.S.; Zaman, Q.U.; et al. 
Putting CRISPR-Cas System in Action: A Golden Window for Efficient and Precise Genome Editing for Crop Improvement. 
GM Crops Food 2023, 14, 1–27. https://doi.org/10.1080/21645698.2023.2219111. 

258. Benchimol-Reis, L.L.; Bueno, C.J.; Harakava, R.; Chiorato, A.F.; Carbonell, S.A.M. Molecular Breeding for Fungal Resistance in 
Common Bean. Int. J. Mol. Sci. 2025, 26, 10387. https://doi.org/10.3390/ijms262110387. 

259. Khaskheli, M.A.; Nizamani, M.M.; Tarafder, E.; Das, D.; Nosheen, S.; Muhae-Ud-Din, G.; Khaskheli, R.A.; Ren, M.-J.; Wang, Y.; 
Yang, S.-W. Sustainable Management of Major Fungal Phytopathogens in Sorghum (Sorghum bicolor L.) for Food Security: A 
Comprehensive Review. J. Fungi 2025, 11, 207. https://doi.org/10.3390/jof11030207. 

260. Younessi-Hamzekhanlu, M.; Gailing, O. Genome-Wide SNP Markers Accelerate Perennial Forest Tree Breeding Rate for Dis-
ease Resistance through Marker-Assisted and Genome-Wide Selection. Int. J. Mol. Sci. 2022, 23, 12315. 
https://doi.org/10.3390/ijms232012315. 

261. Bugingo, C.; Infantino, A.; Okello, P.; Perez-Hernandez, O.; Petrović, K.; Turatsinze, A.N.; Moparthi, S. From Morphology to 
Multi-Omics: A New Age of Fusarium Research. Pathogens 2025, 14, 762. https://doi.org/10.3390/pathogens14080762. 

262. Ma, H.; Zhang, X.; Yao, J.; Cheng, S. Breeding for the Resistance to Fusarium Head Blight of Wheat in China. Front. Agr. Sci. 
Eng. 2019, 6, 251. https://doi.org/10.15302/J-FASE-2019262. 

263. Steiner, B.; Buerstmayr, M.; Michel, S.; Schweiger, W.; Lemmens, M.; Buerstmayr, H. Breeding Strategies and Advances in 
Line Selection for Fusarium Head Blight Resistance in Wheat. Trop. Plant Pathol. 2017, 42, 165–174. 
https://doi.org/10.1007/s40858-017-0127-7. 

264. Jha, A.B.; Gali, K.K.; Alam, Z.; Lachagari, V.B.R.; Warkentin, T.D. Potential Application of Genomic Technologies in Breeding 
for Fungal and Oomycete Disease Resistance in Pea. Agronomy 2021, 11, 1260. https://doi.org/10.3390/agronomy11061260. 

265. Mushtaq, T.; Afzal, A.; Ibrahim, A.; Mushtaq, S.; Abbas, G.; Batool, A.; Iqbal, J.; Ashraf, S.; Hussain, T.; Rabbani, G. Advances 
in Wheat Rust Resistance: Challenges, and Management Strategies. J. Agri. Vet. Sci. 2024, 3, 541–556. 
https://doi.org/10.55627/agrivet.003.03.0969. 

266. Shanmugam, A.; Suresh, R.; Ramanathan, A.; Anandhi, P.; Pushpa, R.; Sassikumar, D. Characterization of Traditional Rice 
Varieties for Leaf Blast Resistant Genes Pi5, Pi54, Pi9 and Pi2 Using Gene Specific Markers. Res. Bio. 2023, 5, 158–161. 
https://doi.org/10.54083/ResBio/5.4.2023/158-161. 

267. Younas, M.U.; Rao, B.; Qasim, M.; Ahmad, I.; Wang, G.; Sun, Q.; Xuan, X.; Iqbal, R.; Feng, Z.; Zuo, S.; et al. Molecular Insights 
into Rice Immunity: Unveiling Mechanisms and Innovative Approaches to Combat Major Pathogens. Plants 2025, 14, 1694. 
https://doi.org/10.3390/plants14111694. 

268. Wang, S.; Zhu, H.; Li, S.; Zhu, T. A Three-Way Transcriptomic Crosstalk Interaction in a Biocontrol Agent (Bacillus velezensis), 
a Fungal Pathogen (Colletotrichum gloeosporioides), and a Walnut Host (Juglans regia L.). BMC Plant Biol. 2025, 25, 656. 
https://doi.org/10.1186/s12870-025-06565-z. 

269. Alves, V.; Zamith-Miranda, D.; Frases, S.; Nosanchuk, J.D. Fungal Metabolomics: A Comprehensive Approach to Under-
standing Pathogenesis in Humans and Identifying Potential Therapeutics. J. Fungi 2025, 11, 93. 
https://doi.org/10.3390/jof11020093. 

270. Hernandez-Montiel, L.G.; Droby, S.; Preciado-Rangel, P.; Rivas-García, T.; González-Estrada, R.R.; Gutiérrez-Martínez, P.; 
Ávila-Quezada, G.D. A Sustainable Alternative for Postharvest Disease Management and Phytopathogens Biocontrol in Fruit: 
Antagonistic Yeasts. Plants 2021, 10, 2641. https://doi.org/10.3390/plants10122641. 

271. Larena, I.; Espeso, E.A.; Veloso, J. Editorial: Impact of Novel Omic Technologies on Biological Control against Plant Pathogens. 
Front. Microbiol. 2023, 14, 1162422. https://doi.org/10.3389/fmicb.2023.1162422. 

272. Natsiopoulos, D.; Tziolias, A.; Lagogiannis, I.; Mantzoukas, S.; Eliopoulos, P.A. Growth-Promoting and Protective Effect of 
Trichoderma Atrobrunneum and T. Simmonsii on Tomato against Soil-Borne Fungal Pathogens. Crops 2022, 2, 202–217. 
https://doi.org/10.3390/crops2030015. 

273. Santos, C.S.; Nunes Da Silva, M. Molecular Variability of Crop Pathogens. Crops 2023, 3, 136–138. 
https://doi.org/10.3390/crops3020013. 

274. Shree, D.; Narsing, L.; Mahesh, B.; Rathod, S. Transcriptomics: A Cutting-Edge Approach to Plant Disease Management. Int. J. 
Adv. Biochem. Res. 2024, 8, 133–137. https://doi.org/10.33545/26174693.2024.v8.i8b.2082. 

https://doi.org/10.3390/ijms27021073


Int. J. Mol. Sci. 2026, 27, 1073 33 of 33 
 

https://doi.org/10.3390/ijms27021073 

275. Alawiye, T.T.; Babalola, O.O. Metabolomics: Current Application and Prospects in Crop Production. Biologia 2021, 76, 227–239. 
https://doi.org/10.2478/s11756-020-00574-z. 

276. Corrêa, A.N.R.; Ritter, A.C.; Brandelli, A. Proteomic Strategies on the Management of Phytopathogenic Fungi. J. Fungi 2025, 11, 
306. https://doi.org/10.3390/jof11040306. 

277. Wang, K.; Qin, Z.; Wu, S.; Zhao, P.; Zhen, C.; Gao, H. Antifungal Mechanism of Volatile Organic Compounds Produced by 
Bacillus Subtilis CF-3 on Colletotrichum Gloeosporioides Assessed Using Omics Technology. J. Agric. Food Chem. 2021, 69, 5267–
5278. https://doi.org/10.1021/acs.jafc.1c00640. 

278. Morais, E.M.; Silva, A.A.R.; Sousa, F.W.A.D.; Azevedo, I.M.B.D.; Silva, H.F.; Santos, A.M.G.; Beserra Júnior, J.E.A.; Carvalho, 
C.P.D.; Eberlin, M.N.; Porcari, A.M.; et al. Endophytic Trichoderma Strains Isolated from Forest Species of the Cer-
rado-Caatinga Ecotone Are Potential Biocontrol Agents against Crop Pathogenic Fungi. PLoS ONE 2022, 17, e0265824. 
https://doi.org/10.1371/journal.pone.0265824. 

279. Hermosa, R.; Viterbo, A.; Chet, I.; Monte, E. Plant-Beneficial Effects of Trichoderma and of Its Genes. Microbiology 2012, 158, 
17–25. https://doi.org/10.1099/mic.0.052274-0. 

280. Ciofini, A.; Negrini, F.; Baroncelli, R.; Baraldi, E. Management of Post-Harvest Anthracnose: Current Approaches and Future 
Perspectives. Plants 2022, 11, 1856. https://doi.org/10.3390/plants11141856. 

281. Chen, C.; Imran, M.; Feng, X.; Shen, X.; Sun, Z. Spray-Induced Gene Silencing for Crop Protection: Recent Advances and 
Emerging Trends. Front. Plant Sci. 2025, 16, 1527944. https://doi.org/10.3389/fpls.2025.1527944. 

282. Mann, C.W.G.; Sawyer, A.; Gardiner, D.M.; Mitter, N.; Carroll, B.J.; Eamens, A.L. RNA-Based Control of Fungal Pathogens in 
Plants. Int. J. Mol. Sci. 2023, 24, 12391. https://doi.org/10.3390/ijms241512391. 

283. Ouyang, Y.; Xia, Y.; Tang, X.; Qin, L.; Xia, S. Trans-Kingdom sRNA Silencing in Sclerotinia Sclerotiorum for Crop Fungal Dis-
ease Management. Pathogens 2025, 14, 398. https://doi.org/10.3390/pathogens14040398. 

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/10.3390/ijms27021073

	1. Introduction
	2. Molecular Identification
	2.1. Polymerase Chain Reaction (PCR)
	2.2. Loop-Mediated Isothermal Amplification

	3. Marker and Fingerprinting Approaches
	3.1. Random Amplified Polymorphic DNA (RAPD)
	3.2. Restriction Fragment Length Polymorphism (RFLP)
	3.3. Amplified Fragment Length Polymorphism (AFLP)
	3.4. Simple Sequence Repeats (SSRs)
	3.5. Single Nucleotide Polymorphisms (SNPs)

	4. Sequencing and Barcoding
	4.1. ITS as the Primary Fungal Barcode
	4.2. Translation Elongation Factor 1α (TEF-1α)
	4.3. Multi-Locus Sequence Typing (MLST)

	5. High-Throughput Sequencing (HTS)
	5.1. Amplicon-Based Metabarcoding
	5.2. Shotgun Metagenomics and WGS for Virulence Gene Discovery
	5.3. Portable Sequencers (MinION)
	5.4. Artificial Intelligence and Machine Learning Integration

	6. Bioinformatics
	7. Reference Base and Data Curation
	8. How Molecular Markers Reshaped Taxonomy of Cryptic Species
	9. Molecular Approaches for Disease Management
	9.1. RNA Interference
	9.1.1. Mechanisms
	9.1.2. Target Genes and Pathways

	9.2. Host-Induced Gene Silencing
	Mechanisms

	9.3. Topical dsRNA
	Mechanisms

	9.4. Pitfalls of dsRNA Applications Under Field Conditions

	10. CRISPR/Cas9 and Genome Editing
	10.1. Mechanisms
	10.1.1. Pathogen Gene Editing Mechanisms
	10.1.2. Host Susceptibility Gene Editing Mechanisms


	11. Molecularly Informed Breeding
	11.1. Marker-Assisted Selection (MAS)
	11.2. Genome Selection
	11.3. Introgression

	12. Molecular Insights Guiding Biocontrol
	13. Conclusions
	References

