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Abstract

Fusarium crown rot (FCR), predominantly caused by the soil-borne pathogen Fusarium pseudograminearum, poses a severe
and escalating threat to global wheat (Triticum aestivum L.) production and food security. This review consolidates recent
advances in understanding the pathogen’s biology, infection strategies, host—pathogen interactions, and sustainable manage-
ment practices. F. pseudograminearum deploys trichothecene mycotoxins, particularly deoxynivalenol (DON), to undermine
host immunity, with its virulence governed by transcription factors and functional proteins involved in fungal growth, toxin
biosynthesis, and stress adaptation. In response, wheat initiates a multilayered defense mechanism, primarily by upregulat-
ing genes related to toxin detoxification and transport, hormonal signaling, and structural reinforcement. Integrated disease
management (IDM) practices aimed at mitigating disease severity include agronomic interventions, fungicides, biocontrol
agents, and breeding efforts supported by quantitative trait locus (QTL) mapping, genome-wide association (GWAS) studies,
and genome editing. To address the dynamic nature of F. pseudograminearum populations under changing environmental
conditions, future directions should prioritize climate-resilient strategies, integrated multi-omics approaches, drone-based
early detection technologies, and global pathogen surveillance systems. This review provides an updated framework to guide
sustainable and effective FCR control.
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1 Introduction et al. 2004; Klein et al. 1991), U.S. Pacific Northwest (Cook

1980; Poole et al. 2012; Smiley et al. 2005a), China (Fan

Wheat (Triticum aestivum L.) is the most widely cultivated
cereal globally, playing a pivotal role in ensuring food secu-
rity. Among the major damaging diseases threatening wheat
production, Fusarium crown rot (FCR), primarily caused
by Fusarium pseudograminearum, persistently impairs yield
and grain quality (Scott and Chakraborty 2006). The patho-
gen has a global distribution includes Australia (Akinsanmi
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et al. 2021; Ji et al. 2016a; Li et al. 2012), South America
(Castanares et al. 2012), the Middle East (Alkadri et al.
2013; Hameed et al. 2012; Shikur Gebremariam et al. 2018),
and Northern and Southern Africa (Abdallah-Nekache et al.
2019; Gargouri et al. 2011; Kammoun et al. 2009; Lampre-
cht et al. 2006). Climate changes and shifts in agronomic
practices have further intensified its impact (Poole et al.
2013; Xu et al. 2018).

FCR is of particular concern due to two characteristics:
its persistence in crop residues and the production of harm-
ful secondary metabolites (SMs), notably the trichothecene
mycotoxins deoxynivalenol and nivalenol (NIV), which
contaminate the grains and enter the food chain (Blum et al.
2019). Currently, no wheat cultivars exhibit robust resist-
ance or immunity, and the efficacy of chemical control is
diminishing due to fungicide resistance (Moya-Elizondo
and Jacobsen 2016; Rahman et al. 2021; Xu et al. 2025).
While regional reviews (Li et al. 2022) have addressed FCR
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in specific geographies, no comprehensive global analysis
has integrated recent advances in pathogen genomics, host
resistance mechanisms, or climate-adaptive management
since the 2018 review by Kazan and Gardiner (Kazan and
Gardiner 2018). Our review fills this five-year gap by syn-
thesizing breakthroughs across disciplines, from CRISPR-
enabled breeding to Al-driven pathogen surveillance, and
proposes a scalable framework that prioritizes climate resil-
ience, thereby offering a timely roadmap for future research
and sustainable control.

2 Global distribution and economic impact
of FCR

Fusarium species significantly reduce wheat yield and
quality worldwide (Matny 2015). In Australia, F. pseu-
dograminearum reduces bread wheat yield by an average
of 25% and durum wheat yields by up to 58%, translating
to annual losses of nearly $80 million (Murray and Brennan
2009). In the U.S. Pacific Northwest, winter wheat yield
losses has reached up to 61% (Li et al. 2022; Smiley et al.
2005b). This rotation system has been particularly conducive
to the spread of FCR in major wheat growing regions. The
disease was first observed in Henan Province wheat maize
rotation fields in 2011 (Li et al. 2012). Subsequently, this
disease has spread widely across the Huang-Huai and East
China wheat regions, leading to significant yield reductions
and quality deterioration (Ji et al. 2016b; Xu et al. 2016;
Zhao et al. 2022c). According to statistics, from 2013 to
2016, yield losses due to FCR in Henan Province ranged
from 38.0% to 61.3% (Xu et al. 2016). During 2017-2021,
the average annual wheat yield loss in Henan was 36,000
tonnes, reaching up to 44,000 tonnes in the worst year (Zhao
et al. 2022c¢). In 2015, a survey in central and southern Hebei
Province revealed that nearly 50% of fields with FCR had
white head rates of 1-10%, and severely affected fields
exhibited patches of completely white heads (Ji et al. 2016b).
In 2020, the affected area in Shandong Province reached 0.8
million hectares (Li 2021). These regional variations high-
light the differential impact of FCR across wheat-growing
areas in China.

Beyond yield impacts, FCR poses substantial risks to food
and feed safety. The stable and highly toxic mycotoxins pro-
duced by F. pseudograminearum, contaminate grains, straw,
and forage (Champeil et al. 2004; Pestka 2010), and persist
through environmental conditions and food processing. These
mycotoxins cause acute and chronic toxicity in humans and
animals by inhibiting protein and DNA synthesis, disrupt-
ing ribosomal and mitochondrial function, and inducing
immunosuppression and DNA damage (Ueno et al. 1973).
High humidity and rainfall further increase FCR incidence
by enhancing spore dispersal and fungal colonization of
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crop residues, elevating the risk of mycotoxin contamination
(Champeil et al. 2004).

3 Disease symptoms and diagnosis

FCR symptoms caused by F. pseudograminearum begin
with browning at the crown and basal stem nodes. As infec-
tion progresses, discoloration ascends to the third to fifth
internodes, often producing the diagnostic “soy sauce stick”
appearance. Pink or white fungal mycelia often colonize the
central pith of affected internodes, while roots exhibit brown
necrosis and rot, rendering internodal tissues fragile and
prone to breakage. At the heading stage, severely infected
plants may desiccate prematurely, producing white heads
and shriveled or aborted grains (Kazan and Gardiner 2018;
Mudge et al. 2006; Zhang et al. 2022b).

Accurate FCR diagnosis is complicated by symptom
overlap with other Fusarium spp. and soilborne pathogens.
FCR symptoms caused by F. pseudograminearum often
overlap with those induced by other Fusarium spp., includ-
ing F. culmorum, F. graminearum, F. equiseti, F. acumina-
tum, F. avenaceum, F. oxysporum, F. proliferatum, F. solani,
F. tricinctum, F. brachygibbosum, F. hostae, F. redolens,
F. torulosum, F. flocciferum, F. incarnatum, F. reticulatum,
as well as other soilborne pathogens like Bipolaris soro-
kiniana, Gaeumannomyces graminis, and Pythium spp.
(Kazan and Gardiner 2018; Li et al. 2022; Shikur Gebre-
mariam et al. 2018). To address this diagnostic challenge,
molecular tools such as a TagMan qPCR assay targeting
the FpAH1 gene enable rapid and specific differentiation
of F. pseudograminearum from other Fusarium spp. This
assay, validated against 12 Fusarium species and 10 other
wheat pathogens, demonstrates high specificity and allows
precise quantification of pathogen biomass in plant and soil
samples(Yan et al. 2026). Field monitoring over two grow-
ing seasons further revealed pathogen dynamics under dif-
ferent seed treatments, underscoring its practical value for
disease management. Compared to F. graminearum, F. pseu-
dograminearum infections result in more severe reductions
in root length, root dry weight, leaf number, shoot biomass,
and leaf area (Saad et al. 2023). Notably, F. pseudogramine-
arum thrives particularly under warm, dry environmental
conditions, distinguishing its epidemiology from other
Fusarium pathogens and leading to regionally variable dis-
ease dynamics (Chakraborty et al. 2006; Poole et al. 2012).

4 Biology and lifecycle of F.
Pseudograminearum

Previously grouped with F. graminearum, F. pseudogramine-
arum is now recognized as a distinct species based on DNA
and isozyme analyses (Aoki and O'Donnell 1999; Francis and



WheatOmics (2026) 2:6

Page 3 of 21 6

Burgess 1977; Laday et al. 2000). The telomorphic form of
F. pseudograminearum, Gibberella coronicola, possesses two
mating types (MAT-1 and MAT-2) and exhibits a hemibio-
trophic lifestyle. Unlike F. graminearum, F. pseudogramine-
arum typically produces few or no perithecia in culture (Xie
et al. 2022). Despite substantial genomic similarity, chromo-
somal rearrangements, especially at the telomeric regions,
render F. pseudograminearum genetically distinct (Gardiner
et al. 2018).

The lifecycle of F. pseudograminearum includes survival
in soil and crop residues as mycelia, conidia, and chlamydo-
spores, with viability exceeding two years. Overwintering pri-
marily occurs in infected debris, where mycelia and conidia
serve as major inocula for the following growing season
(Bragard et al. 2022; Kazan and Gardiner 2018). While chla-
mydospores are rarely observed under field conditions, the
exact infection sites on wheat remain poorly defined and likely
depend on spatial distribution in soil (Aoki and O'Donnell
1999; Li et al. 2022).

5 Infection process of F.
Pseudograminearum

F. pseudograminearum can infect wheat at all developmental
stages (Li et al. 2012). However, whether infection rates dif-
fer significantly across specific growth stages remains to be
systematically investigated. Post-germination, seedlings can
be invaded by soilborne spores or mycelia near the seed level,
leading to seedling blight and root necrosis (Li et al. 2012).
More commonly, infection initiates through coleoptile sheaths,
progressing to root and leaf sheaths before reaching stem epi-
dermal tissues (Knight and Sutherland 2016).

Following penetration, F. pseudograminearum spreads
through stomata or intercellular spaces to colonize hypo-
dermal and vascular tissues. It subsequently invades the
stem via thin-walled pith cells and the central pith cavity,
with rapid colonization along subepidermal and parenchy-
mal tissues (Mudge et al. 2006). Early infection is primarily
intercellular, but intracellular colonization becomes more
prominent in later stages. In prematurely senescing stems,
the pathogen enters xylem vessels and later invades the
phloem, severely disrupting water and nutrient transport,
a key factor in the formation of the hallmark "white head"
symptom (Knight et al. 2017) (Fig. 1).

6 Mechanism of F. Pseudograminearum
infection
6.1 Transcription factors involved in infection

The pathogenicity of F. pseudograminearum is orchestrated
by a network of transcription factors and functional proteins

that regulate growth, toxin biosynthesis, and stress adapta-
tion through complex molecular networks. The transcription
factors implicated in virulence regulation include the Cys2
Zinc-Finger (CZF) proteins FpCzf14 and FpCzf7, which
modulate conidiation and mycotoxin synthesis. FpCzf14 is
essential for conidia formation (Chen et al. 2020b), whereas
FpCzf7 regulates deoxynivalenol (DON) biosynthesis
(Zhao et al. 2022b). The Zn2Cys6-type transcription fac-
tor Fp487 balances fungal growth and pathogenicity (Yang
et al. 2024b). APSES-family transcription factors, such
as FpAPSES1 and FpAPSES4, are involved in vegetative
growth, conidiation, and virulence, with expression peak-
ing during host colonization (Zhao et al. 2021). Likewise,
basic helix-loop-helix (bHLH) transcription factors (e.g.,
FpbHLHY) are crucial for infectivity. The loss of FpbHLH9
significantly reduces pathogenicity in susceptible wheat
(Chen et al. 2019b). Basic leucine zipper (bZIP) proteins like
Fpkapc regulate critical cellular functions, including car-
bon metabolism, mitosis, ion transport, and stress responses
(Zhao et al. 2022a), whereas FpAdal governs hyphal exten-
sion, conidiation, pathogenicity, and cell cycle progression
(Chen et al. 2020a).

6.2 Functional proteins and cellular pathways

Functional proteins associated with organelle activity and
cellular metabolism further modulate infection dynamics.
Peroxisome biosynthetic receptor proteins FpPEXS5 and
FpPEX7 mediate fatty acid metabolism and secondary
metabolite transport, thereby influencing growth and viru-
lence (Bi et al. 2024). Endoplasmic reticulum (ER) lume-
nal heat shock protein 70 s (Hsp70s), FpLhs1, are vital for
mycelial development and spore generation (Chen et al.
2019a). Similarly, FpHsp104 supports thermotolerance,
growth, and virulence (Xia et al. 2021).

Programmed cell death (PCD) and autophagy pathways
also modulate fungal development and infection. The apop-
tosis inhibitor gene FpBIRI and the apoptosis-promoting
gene FpNUCI regulate spore germination and early infec-
tion (Chen et al. 2021). The autophagy-related gene FpAtg3
governs growth and stress resilience, while also interacting
with hyphal fusion proteins such as FpHam-2, FpHam-3, and
FpHam-4 (Chen et al. 2024; Dong et al. 2024). Disruption of
these fusion-related proteins impairs conidiation and reduces
virulence, underscoring a functional link between autophagy
and pathogenic development (Chen et al. 2024).

6.3 Virulence factors: the role of secondary
metabolites

F. pseudograminearum employs a range of secondary

metabolites (SMs) to subvert host defenses and establish
infection. Among these, DON and its acetylated derivatives
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Fig.1 Life cycle and pathogenic progression of Fusarium pseu-
dograminearum. a, Survival phase: the pathogen persists in soil and
crop residues as mycelia, conidia, and chlamydospores. Under cer-
tain conditions, it forms sexual structures (MAT1-1 and MAT1-2),
enhancing genetic diversity and environmental resilience. b, Infection

3ADON and 15ADON are central FCR virulence factors
(Mudge et al. 2006). DON facilitates systemic coloniza-
tion by acting as a mobile virulence factor that enables the
fungus to migrate through vascular tissues (Khudhair et al.
2021, 2019). Concentrations of DON are typically higher
in the lower stem than in the apical regions, and its produc-
tion is significantly elevated during infection compared to
saprophytic growth (Tunali et al. 2012). Targeted deletion
of Tri5, a key gene in DON biosynthesis, inhibits hyphal
spread through stem tissues, underscoring DON'’s essential
role in systemic infection (Mudge et al. 2006). Additional
SM classes of virulence factors, such as polyketides (PKs)
and non-ribosomal peptides (NRPs), further intensify dis-
ease progression (Hansen et al. 2015).

Regulation of DON and other SMs occurs via multilay-
ered networks. The global regulator FpLaeB orchestrates
cell wall remodeling, membrane integrity, carbohydrate
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Other pathogenic fungi

O Infection

phase: conidia and hyphae germinate and penetrate wheat via roots,
stem bases, or wounds, often in conjunction with other pathogens. c,
Disease development phase: colonization of vascular tissues leads to
stem browning, upward hyphal spread, “whitehead” formation, and
plant death

metabolism, and SM biosynthesis. Deleting FpLaeB results
in a marked reduction in DON levels (Wu et al. 2023a).
FpRCO1, a chromatin regulator, modulates the trichothecene
biosynthetic gene (TRI) gene cluster through a histone-
modifying complex, controlling toxin production at the
epigenetic level (Li et al. 2024b). Intriguingly, knockout
of the bZIP transcription factor Fpkapc enhances TRI gene
expression without significantly altering DON titers, sug-
gesting the existence of compensatory regulatory mecha-
nisms (Zhao et al. 2022a). Genome-wide association studies
have revealed that variations in mycotoxin chemotypes (e.g.,
3AcDON vs. 15AcDON) are driven by SNPs in SM gene
clusters, implying adaptive evolution in response to diverse
host environments (Li et al. 2024d).

Beyond DON, non-TRI-associated SMs also contribute
to virulence. Genomic surveys predict at least 16 NRPS and
14 PKS gene clusters in F. pseudograminearum, indicating
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a broad potential for secondary metabolite biosynthesis
(Hansen et al. 2015). For example, the lipopeptide W493B,
synthesized by NRPS32, may modulate host interactions
despite not directly influencing virulence (Sgrensen et al.
2014). The transcription elongation factor FpRtfA modulates
PKS gene expression and is required for full virulence (Wu
et al. 2023b). Similarly, the velvet family protein FpVelB
coordinates the expression of TRI and PKS/1, thereby inte-
grating DON and polyketide pathways (Wu et al. 2024). The
FpPPRI gene, encoding a pentatricopeptide repeat protein,
regulates expression of PKS72 and associated yellow pig-
mentation, linking visible traits with metabolic functions
(Wang et al. 2021).

6.4 Co-evolution of pathogenicity and virulence
factors

F. pseudograminearum orchestrates infection through a
temporally synchronized deployment of pathogenicity and
virulence factors. Transcriptional networks integrate growth
and metabolism to coordinate these processes during host
colonization.

During the initial infection stage, the pathogen secretes
cell wall-degrading enzymes, along with DON to breach
plant defenses (Beccari et al. 2011). In the mid to late stages,
extensive mycelial proliferation and increased SM produc-
tion accelerate host tissue degradation and systemic invasion
(Mudge et al. 2006).

This multi-phase strategy reflects a sophisticated adap-
tation that balances resource acquisition with evasion of
host immunity. Targeting pivotal regulatory nodes, such as
chromatin-based control of TR/ cluster activity, may offer
novel routes for controlling infection (Table 1).

7 Host defense mechanisms in wheat
and counter-defense mechanisms in F.
Pseudograminearum

Wheat deploys layered defenses against FCR involving
temporal and spatial modulation of gene networks and
metabolic pathways. Upon pathogen detection, resistant
cultivars rapidly activate a suite of defense-related genes.
Comparative transcriptomics between the resistant culti-
var Sunco and the susceptible cultivar Kennedy revealed
differential activation of genes associated with antimicro-
bial responses, stress adaptation, and signal transduction
(Desmond et al. 2005). This differential expression, par-
ticularly at early stages of infection, is critical for effective
resistance. This early recognition is physically reinforced
at the cell wall interface; for instance, the receptor-like
kinase TaRLK-6A interacts with the co-receptor TaSERK 1
to amplify pathogen perception, while TaWAK-5D600

directly fortifies the cell wall barrier by activating down-
stream defense genes (Qi et al. 2023; Zhou et al. 2025).

Subsequently, a cascade of hormonal signaling net-
works orchestrates systemic resistance, with jasmonic
acid (JA), salicylic acid (SA), cytokinin (CK), abscisic
acid (ABA), and auxin (IAA) serving as key hubs in this
process (Bari and Jones 2009). Proteomic analyses fur-
ther confirm the central role of these hormones in this
signaling phase. For instance, the JA biosynthesis gene
TaOPR3 exemplifies the dual role of hormonal pathways
in promoting both immunity and growth (Gao et al. 2023).
The delicate balance among these hormones is critical to
their function: exogenous application of methyl jasmonate
enhances resistance by amplifying JA signaling, while
treatment with the cytokinin 6-benzylaminopurine (BAP)
compromises defense by disrupting hormonal homeostasis,
underscoring the spatial and temporal sensitivity of this
balance (Ahmed et al. 2014). Additionally, auxin (IAA)
levels are tightly regulated through the tryptophan path-
way, a crucial metabolic bridge linking defense responses
with stress adaptation; intermediates of this pathway,
including melatonin and indoleacetaldehyde, modulate
IAA levels (Arnao and Hernandez-Ruiz 2006; Sun et al.
2021), and aldehyde dehydrogenase catalyzes the conver-
sion of indoleacetaldehyde to IAA—moderate IAA levels
reinforce cell wall integrity, while excessive accumula-
tion weakens host defenses (Abu-Zaitoon et al. 2019). The
transcription factor TaWRKY?24 precisely modulates this
hormonal interface by limiting IAA overproduction while
simultaneously enhancing SA-mediated responses, thereby
contributing to broad-spectrum resistance(Xu et al. 2024).

Downstream of these signaling events, a coordinated
arsenal of metabolic and detoxification enzymes is
deployed. Genes encoding transporters and detoxification
enzymes, such as ATP-binding cassette (ABC) transport-
ers and UDP-glucosyltransferases, act in concert to miti-
gate fungal spread (Powell et al. 2017).

F. pseudograminearum evades plant defenses by sub-
telomeric chromosome rearrangements that alters gene
clusters that detoxify the plant toxin benzoxazolin-2-one
(BOA). Infection significantly induces wheat produc-
tion of antimicrobial benzoxazinoids such as BOA and
6-methoxy-benzoxazolin-2-one (MBOA), both of which
inhibit fungal growth under in planta and in vitro condi-
tions (Duan et al. 2022). However, F. pseudograminearum
neutralizes these compounds via the FDBI (y-lactamase)
and FDB2 (N-malonyltransferase) gene clusters, located
at subtelomeric regions of its genome (Kettle 2016). These
degradation pathways underscore the pathogen’s capac-
ity to adapt to host chemical defenses, exemplifying the
dynamic molecular "arms race" between wheat and F.
pseudograminearum (Fig. 2).
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Extracellular Defense and Counteraction by
F.pseudograminearum

Early Cellular Responses at the
Cell Membrane and Cell Wall
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Fig.2 Schematic diagram of the multi-layered defense mecha-
nism of wheat against F.pseudograminearum infection. This sche-
matic systematically depicts the complete process of wheat defense
response to F. pseudograminearum infection, which is organized
into four sequential, functionally linked core modules labeled a to
d: a, early cellular recognition and cell wall barrier reinforcement
at the cell wall-cell membrane interface; b, intracellular hormo-
nal regulatory network and key pathway crosstalk; c, execution of
downstream defense responses and secretion of antimicrobial com-
pounds; d, counter-defense and immune evasion mechanisms of F.
pseudograminearum. ABA Abscisic acid, ABC transporters ATP-
binding cassette transporters, ALDH Aldehyde Dehydrogenase, BAP

8 Progress in research on prevention
and control technologies

8.1 Stubble and tillage management

Optimizing soil management and adopting strategic crop
rotation are fundamental to managing FCR. F. pseu-
dograminearum can persist in crop residues for extended
periods, making ecological field management essential
(Summerell et al. 1990). A well-designed crop rotation
disrupts the pathogen life cycle and improves soil health.

FCR severity increases with continuous wheat culti-
vation, particularly in maize—wheat rotations, such as in
northern China (Xu et al. 2018). Introducing non-host
crops, such as sorghum and oats, effectively reduces patho-
gen loads (Burgess 2005). Rotating Brassica crops, includ-
ing rapeseed and mustard, with durum wheat not only
lowers disease incidence but also boosts yield in northern
NSW. The dense canopy of these crops accelerates residue
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Endogenous Metabolic
Hormone Regulatory Substance Intermediate

Exogenous

Antimicrobial
Metabolite

6-benzylaminopurine (exogenous synthetic cytokinin analog), BOA
Benzoxazolin-2-one, CK Cytokinin, FDBI Fungal Detoxification 1
(y-lactamase), FDB2 Fungal Detoxification 2 (N-malonyltransferase),
IAA Indole-3-acetic acid, IAAld Indoleacetaldehyde, JA Jasmonic
acid, MBOA 6-methoxy-benzoxazolin-2-one, MeJA Methyl jasmonate
(exogenous jasmonic acid analog), MLT Melatonin, SA Salicylic
acid, TaOPR3 Triticum aestivum 12-Oxophytodienoate Reductase 3,
TaRLK-6A Triticum aestivum Receptor-Like Kinase 6A, TaSERKI
Triticum aestivum Somatic Embryogenesis Receptor Kinase 1,
TaWAK-5D600 Triticum aestivum Wall-Associated Kinase 5D600,
TaWRKY24 Triticum aestivum WRKY Transcription Factor 24, Tip
Tryptophan, UGTs UDP-glucosyltransferases

decomposition (Kirkegaard et al. 2004). Legumes, such as
chickpeas and lupins, also have disease-suppressive effects
(Felton et al. 1998; Theron et al. 2023). Interestingly, alter-
nating summer watermelon with winter wheat significantly
reduced FCR, although the underlying mechanisms remain
unclear (Li et al. 2022). These findings underscore the
value of crop diversification in disrupting pathogen cycles.

Stubble management is equally critical for disease sup-
pression (Dodman and Wildermuth 1987). Conservation
tillage methods, such as straw incorporation and no-till
seeding, preserve soil integrity but can promote patho-
gen accumulation (Cook et al. 1980; Shrestha et al. 2021).
However, combining no-till systems with non-host rota-
tions helps retain soil structure while suppressing FCR
(Theron et al. 2023). Traditional deep plowing remains
effective, burying infected residues and interrupting fungal
survival (Paulitz et al. 2002).

Environmental conditions also influence disease dynam-
ics. Warm, humid weather favors infection (Buster et al.
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2022), while drought stress enhances pathogen survival
(Liu and Liu 2016). This paradox highlights the importance
of precise water management. Elevated atmospheric CO,
can increase biomass and residue, potentially facilitating
pathogen spread (Melloy et al. 2010). Excessive nitrogen
accelerates growth but elevates disease risk (Paulitz 2006),
whereas zinc supplementation mitigates pathogen invasion
(Grewal et al. 1996).

Specific agronomic interventions directly reduce disease
pressure. Delayed sowing minimizes overlap between the
wheat’s susceptible stage and peak pathogen activity (Shah
et al. 2018). Precision irrigation—especially during key
stages like greening, jointing, and grain filling—supports
plant development while limiting pathogen advantage (Luck
et al. 2011). Collectively, these practices create a resilient
cropping system by enhancing soil quality, regulating micro-
climates, and fortifying host resistance.

Advances in molecular biology hold promise for next-
generation tools that enable early detection of FCR and
precision interventions (Nkongolo and Narendrula-Kotha
2020).

8.2 Integration strategies

Due to the lack of fully resistant wheat varieties, chemical con-
trol remains primary for FCR management. Current approaches
include seed treatment, foliar fungicide application during green-
up, or both. Seed dressings formulated with combinations such
as tebuconazole, pyraclostrobin, difenoconazole-fludioxonil, and
azoxystrobin-fludioxonil have proven effective in suppressing
early-stage infection (Akgiil and Erkilic 2016). A novel seed
treatment, trifluoropyridinamine, has recently shown potent
antifungal activity by inhibiting mitochondrial function, thereby
suppressing respiration. (Wang et al. 2023). During crop devel-
opment, foliar applications of pyraclostrobin, prothioconazole,
tebuconazole, and phenamacril reduce FCR severity (Akgiil and
Erkilic 2016; Li et al. 2023c). When applying fungicides, focus-
ing on root zones rather than solely foliar surfaces enhances
efficacy and limits the spread. (Lamichhane et al. 2020).
However, overreliance on fungicides risks resistance develop-
ment and environmental contamination. Continuous monitoring
of pathogen populations is therefore critical, as the widespread
and repeated use of fungicides over the years has been the pri-
mary driver for the emergence of resistant isolates. Indeed,
resistance has been reported against multiple classes of fungi-
cides, with notable cases of reduced sensitivity to triazoles, as
well as to other chemistries like fludioxonil (Li et al. 2024a,
2023d; Zhou et al. 2022). To mitigate this, integrated strategies
are imperative. These include adhering to recommended appli-
cation regimes, limiting sprays per season, rotating or mixing
fungicides with different modes of action, and leveraging dis-
ease forecasting models to optimize spray timing and necessity.
Such measures are essential to reduce selection pressure and

delay the onset of resistance, thereby preserving the efficacy of
chemical controls. This is particularly concerning when wheat
straw is used as livestock feed, where toxin-blocking fungicides
are preferable to prevent secondary exposure of humans through
the food chain and potential occupational exposure for farmers
handling the feed.

As sustainable agriculture gains momentum, biological con-
trol is receiving increasing attention for its ecological compat-
ibility. Given FCR's soil-borne nature, managing microbial com-
munities presents a promising solution. Burkholderia cepacian,
a soil bacterium, was among the first species shown to suppress
FCR effectively (Huang and Wong 1998). Additional key bio-
control agents include Bacillus and Trichoderma strains, which
reduce FCR severity by inducing systemic acquired resistance
(SAR) in wheat, leading to upregulated expression of patho-
genesis-related (PR) proteins, such as peroxidases and endo-
chitinases, that strengthen plant cell walls and degrade fungal
structures(Moya-Elizondo and Jacobsen 2016). In field trials,
Bacillus subtilis YB-05 combined with shenzinomycin achieved
a 57.8% reduction in disease incidence (Zhang et al. 2018a).
In vitro, Trichoderma atroviride HB20111 and T. harzianum
TW21990 showed 78.81% inhibition (Chen et al. 2022), and
co-inoculation with 7. gamsii ASMH and T. harzianum Tr906
significantly suppressed F. pseudograminearum colonization
(Stummer et al. 2022).

Biocontrol fungi act via diverse mechanisms. Trichoderma
longibrachiatum (TG1) induces plant immunity by activating
defense-related genes, including those encoding pathogenesis-
related proteins such as PR2 and PRI-2 and chitinase class I
(CHIA1), and through mycoparasitic activity involving upregu-
lation of cell wall-degrading enzymes like -1,6-glucan synthase
and chitinase that directly target the pathogen. (Boamah et al.
2021), while Bacillus velezensis YB-185 directly disrupts fungal
cell structures by downregulating genes involved in glucan and
fatty acid synthesis while inducing cell apoptosis and oxida-
tive stress, thereby impeding infection. (Zhang et al. 2022a).
The arbuscular mycorrhizal fungus Rhizophagus intraradices
competitively excludes the pathogen by reducing its population
density by 75.7% and disease severity by 39%, while enhanc-
ing antioxidant responses and preserving membrane integrity.
(Spagnoletti et al. 2021). Similarly, Chaetomium globosum
12XP1-2-3 inhibits pathogen growth both by hyphal contact—
competing with F. pseudograminearum for ecological niches
and nutrients—and by releasing unidentified bioactive inhibitory
compounds (Feng et al. 2023).

Endophytic microbes further expand biocontrol potential.
Streptomyces hygroscopicus strains MH71 and MH243, iso-
lated from wheat roots, completely halted pathogen prolifera-
tion, though the specific mechanisms underlying this biocon-
trol effect remain unclear (O’Sullivan et al. 2021). Alaromyces
muroii TM28, sourced from Panax quinquefolius roots, compro-
mised pathogen membrane integrity, halting its growth. RNA-
seq further revealed that TM28 downregulates genes involved
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in fatty acid and steroid synthesis, although the specific active
metabolites responsible require validation. (Yang et al. 2024a).
Talaromyces trachyspermus, isolated from Cornus officinalis,
also showed strong antifungal activity (Zhao et al. 2022d).
Additionally, Piriformospora indica enhances wheat resistance
by stimulating the phenylpropanoid pathway (Li et al. 2023a).
Genetically engineered strains, such as Flg22-secreting plant
growth-promoting rhizobacteria (PGPRs), confer dual bene-
fits: pathogen suppression and root growth promotion (Li et al.
2024e). Although numerous biocontrol agents, such as Tricho-
derma viride, have been reported to exhibit antagonistic effects
against FCR, their specific secondary metabolites and signaling
pathways often remain insufficiently characterized. Elucidat-
ing these core active substances and mechanisms is crucial for
advancing the targeted application and genetic enhancement of
biocontrol strains.

To optimize FCR control, integrated strategies combining
chemical and biological tools are essential. While chemical
treatments offer rapid action, they risk resistance (Kim and
Hwang 2007). Proactive resistance management, therefore,
forms the bedrock of durable chemical control. In contrast,
biological control supports long-term resilience by fostering
beneficial plant—microbe interactions. Future efforts should
focus on synergistic integration, such as developing fungi-
cides compatible with Biological Control Agents (BCAs)
or using gene editing to enhance microbial viability across
soil types (Ons et al. 2020; Qiu et al. 2019). Such advance-
ments will facilitate the development of more sustainable
and robust disease management systems.

8.3 Breeding for FCR resistance

Establishing a reliable and efficient evaluation system for FCR
resistance is essential for identifying resistant wheat cultivars.
Currently, there is no globally standardized inoculation proto-
col; instead, assessments are primarily conducted at the seedling
stage under controlled indoor conditions or at the adult stage in
the field. Among seedling-stage methods, hydroponic and soil-
based systems are widely used. The hydroponic spore immer-
sion technique is especially popular for large-scale screening
due to its simplicity and reproducibility (Nicol et al. 2001). Stem
browning severity is typically assessed using a 0-5 scale devel-
oped by Li et al. (2008), which is adapted from the original
scoring system by Wildermuth and McNamara (Li et al. 2008;
Wildermuth and McNamara 1994). In soil-based systems,
inoculation with natural media is favored for its consistency
in large-scale experiments (Erginbas-Orakci et al. 2016; Poole
et al. 2012). However, discrepancies can arise between seedling
and adult-stage resistance due to extended evaluation periods
and genotype-by-environment interactions (Erginbas-Orakci
et al. 2016; Wildermuth and McNamara 1994).

Standard metrics for evaluating FCR resistance include the
crown rot score (Poole et al. 2012), the crown rot severity index
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(Mitter et al. 2006), and the leaf sheath sum (Wildermuth and
McNamara 1994), with the crown rot score being the most prev-
alent (Erginbas-Orakci et al. 2016). Among these, the crown
rot score—particularly the 0-5 scale by Li et al. (2008)—is the
most widely adopted in both academic research and breeding
programs (Li et al. 2008; Wildermuth and McNamara 1994).
For adult plants, resistance is evaluated in greenhouses or field
plots, typically using natural medium inoculation (Smiley et al.
2005b; Wallwork et al. 2004). Greenhouse assessments follow
a 07 scale (Smiley et al. 2005b), while field evaluations occur
at two growth stages: from 21 to 35 days post-emergence and
again at plant maturity, with the latter involving a 0—4 scale to
score main stem symptoms (Smiley et al. 2005b; Wildermuth
and McNamara 1994; Yang et al. 2015).

Given the scarcity of genetic resistance resources in wheat,
breeding for FCR resistance is a priority. Large-scale germplasm
screenings have identified only a few moderately resistant lines.
In an early study, Wildermuth et al. screened 400 wheat lines
and identified Gluyas Early, Mexico 234, and Reliance as mod-
erately resistant at the adult stage (Wildermuth and Purss 1971).
In China’s Huang-Huai region, where F. pseudograminearum is
the dominant pathogen, Yang et al. reported no resistant geno-
types at the seedling stage among 88 lines. Still, they observed
moderate adult-stage resistance in cultivars such as Zhongyu 8
and Zhoumai 27 (Yang et al. 2015). Similarly, in another study
involving 234 wheat lines, Yang et al. again found no seedling-
stage resistance, underscoring the limited availability of effective
germplasm (Yang et al. 2019).

To broaden the source of resistance, researchers have
turned to mutagenesis and interspecific hybridization. A
team identified a stable, moderately resistant mutant, fcrZ22,
from an EMS-mutagenized population of Zhoumai 22 (Li
et al. 2024c). In a notable advance, Wang et al. (2020) trans-
ferred the Fhb7 gene—a glutathione transferase gene derived
from the wild wheat relative Thinopyrum elongatum—into
cultivated wheat. This gene confers resistance by detoxifying
trichothecene mycotoxins, key virulence factors produced
by Fusarium pathogens (Wang et al. 2020). The resulting
near-isogenic lines (NILs) exhibited combined resistance to
both Fusarium head blight (FHB) and FCR. This milestone
represents a promising strategy for pyramiding multi-disease
resistance traits in breeding programs.

FCR resistance in wheat is a quantitatively inherited trait
(Poole et al. 2012). Identifying major resistance loci is critical for
accelerating molecular breeding. The first FCR resistance QTL
was identified near the Rht/ dwarfing gene on chromosome 4B
using the Kukri xJanz doubled haploid population (Wallwork
et al. 2004). Since then, QTLs associated with FCR resistance
have been mapped to all 21 wheat chromosomes, with signifi-
cant loci concentrated on 1B, 2B, 3B, 4B, 6A, and 6B. Among
these, loci on 3B, 4B, and 5D have shown the most substantial
phenotypic effects. For instance, Qcrs.cpi-3B (also known as
Qcrs.wsu-3BL) has been consistently detected across diverse
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populations and environments, highlighting its central role in
FCR resistance (Ma et al. 2014, 2012a; Zheng et al. 2015).

Population-based mapping studies have further validated
these loci (Collard et al. 2006; Guo et al. 2022; Zheng et al.
2014; Zhou et al. 2021). Poole et al. (2012) identified QTLs on
2B, 3B, 4B, 4D, and 7A using Sunco/Macon and Sunco/Otis
recombinant inbred line (RIL) populations, with 3B showing
the highest phenotypic contribution(Poole et al. 2012). Simi-
larly, Pariyar et al. used a 90 K SNP array on 161 wheat lines
to identify 15 resistance QTLs, including a major locus on 3B
linked to Fhbl1, a gene conferring FHB resistance (Pariyar et al.
2020). Yang et al. (2021) mapped an FCR resistance QTL on
4B using a set of 435 introgression lines and a doubled-hap-
loid (DH) population, ultimately cloning the regulatory gene
TaDIR, which negatively regulates resistance by affecting lignin
biosynthesis(Yang et al. 2021). By contrast, Jin et al. (2020a, b)
conducted a genome-wide association study (GWAS) on 358
accessions using a 55 K SNP array and identified a major locus
on chromosome 5DL containing five environment-stable SNPs,
illustrating the background dependency of resistance expression
(Jin et al. 2020b). In addition to chromosomes 3B, 4B, and 5D,
other chromosomes also appear to harbor important QTL loci.
For example, Martin et al. (2015) identified 13 FCR resistance
QTL in four resistant sources, among which the 1AS, 1BS, and
4BS loci contributed by 2-49, and the 2BS locus contributed by
Sunco, were stably expressed at both seedling and adult plant
stages, whereas the 1DL locus in 249 and the 3BL locus in
IRN497 were only detected at the seedling stage (Martin et al.
2015). Collard et al. (2005, 2006) consistently mapped major
QTL on chromosomes 1D and 1A in the resistant source 2-49,
explaining 21% and 9% of the phenotypic variation, respec-
tively (Collard et al. 2005, 2006). Zheng et al. (2014) identi-
fied a major QTL, Qcrs.cpi-2D, located on chromosome 2D
in the commercial variety EGA Wylie, which explained 20.2%
of the phenotypic variation (Zheng et al. 2014). Bovill et al.
(2010), through QTL pyramiding studies, detected a 3B locus
from W21MMT?70 explaining 40.5% of the phenotypic varia-
tion and a novel 7A locus from 2-49 in the 2-49/W21MMT?70
population (Bovill et al. 2010); after pyramiding, the disease
severity of the best line was only 3.8% of the susceptible con-
trol. Subsequent studies have further discovered and validated
FCR resistance-related loci. Many researchers have also identi-
fied or validated FCR resistance-related loci through different
research approaches (Bovill et al. 2006; Erginbas-Orakci et al.
2018; Guo et al. 2022; Hou et al. 2023; Li et al. 2023b; Malosetti
et al. 2021; Rahman et al. 2020). Most recently, Zhang et al.
(2024) identified 57 FCR resistance-associated SNPs via GWAS
and BSA, mainly on chromosomes 2A and 7A. A SNP cluster
on 2A (730-750 Mb) may carry novel resistance genes. These
SNPs are promising for breeding but need functional validation.
(Zhang et al. 2024) (Table 2).

Some data were extracted from Li et al. and Ma et al. (Li et al.
2023b; Ma et al. 2025). The physical locations of the loci were

identified using the JBrowse reference genome on the wheat
multi-Omics website (http://202.194.139.32/). Stable QTLs with
large effect or genes are labeled with asterisk and QTLs related
to adult resistance was in bold.

Together, these findings reveal a complex polygenic regula-
tory landscape underlying FCR resistance in wheat. The con-
tinued identification and functional validation of key loci will
provide a robust foundation for marker-assisted selection and
the development of resistant cultivars (Fig. 3). Despite this pro-
gress, translating these findings into breeding applications faces
several practical challenges. The polygenic nature of resistance
and its environmental interactions complicate the development
of standardized phenotyping systems, necessitating optimized
greenhouse and field evaluation protocols that balance screen-
ing efficiency with reliable adult-plant resistance assessment.
The limited availability of elite germplasm with stable and dura-
ble resistance requires expanded screening of diverse genetic
resources including wild relatives and mutagenized populations,
along with systematic evaluation of existing resistance sources
across different genetic backgrounds and environments (Zhang
etal. 2017). Strategic pyramiding of complementary resistance
genes without compromising agronomic performance remains
essential, demanding integrated molecular breeding approaches
to develop elite lines combining robust resistance with favorable
yield-related traits.

A multifaceted approach includes agronomic practices such
as crop rotation with non-hosts, residue management via deep
tillage or conservation agriculture, optimized water and nutri-
ent regimes, and adjusted sowing dates to interrupt disease
cycles. Chemical and biological control strategies integrate
fungicide seed treatments, precision spraying, and application
of endophytic or antagonistic microbes. Concurrently, breed-
ing programs focus on standardized resistance screening, QTL
mapping, and molecular marker-assisted selection to develop
FCR-resistant cultivars. The synergistic integration of these
components enables sustainable disease suppression.

9 Future research directions and prospects

To proactively manage the escalating threat of FCR under
climate change, we propose deploying an integrated
global real-time monitoring network combining remote
sensing, IoT, and pathogen genomics for early detection
and predictive modeling. Simultaneously, accelerating
the development of durable resistant varieties through
standardized screening and advanced gene editing (e.g.,
Prime Editing), coupled with optimizing sustainable
field management using microbiome engineering and
synergistic biocontrols, is essential. Furthermore, deci-
phering pathogenicity mechanisms through structural
biology and epigenomics will enable the design of next-
generation targeted interventions such as small-molecule
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Table 2 (continued)

References

Physical position (Mb)

Associated markers

Quantitative trait loci (QTL)

Chromosome

Jin et al. (2020a), Pariyar et al. (2020)

79.57

Affx-110557977, Affx-110079634

*Qcr-5DL-Affx-110484766

5D

Qi et al. (2023)

371.84

TraesCS5D02G268600

* TaWAK-5D600-TraesCS5D02G268600

5D

Pariyar et al. (2020), Rahman et al. (2021)

542.66-546.92

237

ig79410

Excalibur_c2795_1518, D_conti,

3

Qcr-D_contig79410_237

5D

Pariyar et al. (2020), Rahman et al. (2021)

63.30-74.00

TAAV5346, RAC875_c17297 341, BS00065852_51

Qcr-IAAV5346

6A

Qi et al. (2021)

414.86

TraesCS6A02G222000

* TaRLK-TraesCS6A02G222000

6A

Yang et al. (2019)

490.49-497.46

AX-111106634

*Qcr-6AL-AX-111106634

6A

Malosetti et al. (2021), Pu et al. (2020)

191.53-191.99

r_c555_287_6B, AX-108823788

Jagge

Qcr-AX-108823788

6B

Ma et al. (2012b), Rahman et al. (2020)

656.19-664.63

RAC875_c60007_199

Xbarc24-Xbarel78,

Qcr-Xbarc178

6B

Pariyar et al. (2020), Rahman et al. (2021)

705.38

BobWhite_c19298_97

5

Kukri_c27662_675,

¢27662_675

Qcr-Kukri

6B

Qi et al. (2021)

296.82

TraesCS6D02G210200

* TaWAK-6D-TraesCS6D02G210200

6D

Bovill et al. (2010), Malosetti et al. (2021), Rahman et al. (2020)

17.33-20.66

3

54860_441_7A, wPt-4748, Bobwhite_c33300_159

ig

Tdurum_conti;

Qcr.usq-7A.1

TA

Wu et al. (2021)

63.78

TraesCS7A02G105100.1

* TaCRK-7A-TraesCS7A02G 105100
Qc

TA

Malosetti et al. (2021), Rahman et al. (2021)

716.96-734.27

>

Kukri_c28160_2017, RAC875_c4876_2096_7B

r-Kukri_c28260_2017

7B

virulence blockers. Ultimately, realizing this anticipatory
approach requires sustained global interdisciplinary col-
laboration and data sharing to rapidly bridge research
gaps and deploy convergent innovations across detection,
breeding, ecology, and molecular design.

The management of FCR is becoming increasingly
complex due to the accelerating impacts of climate
change. Elevated atmospheric CO, levels enhance plant
biomass accumulation, inadvertently intensifying FCR
severity by fostering the growth of the stubble-borne
pathogen F. pseudograminearum (Melloy et al. 2010).
In parallel, rising temperatures, decreased rainfall, and
increasingly uneven soil moisture in key wheat-pro-
ducing regions, such as Australia, further elevate FCR
risks by promoting pathogen proliferation and disease
transmission(Hochman et al. 2017). Addressing these
challenges demands an integrated, multidisciplinary
approach that combines advances in detection, breed-
ing, biotechnology, and disease ecology.

Recent advances in detection technologies have sig-
nificantly improved early diagnosis capabilities. Ther-
mal imaging, along with multispectral and hyperspectral
imaging, has enabled successful early-stage detection of
FCR by detecting subtle physiological changes, such as
increased temperature caused by FCR infection across
multiple wheat plants before visible symptoms appear
(Buster et al. 2023). These technologies lay the ground-
work for a real-time early warning system that integrates
satellite remote sensing, Internet of Things (IoT) sen-
sors, and pathogen genomic data. Drones are also prov-
ing effective in precision disease management (Sun et al.
2024), particularly in environments where traditional
sprayers are impractical (Koycii et al. 2024). Equipped
with spectral imaging systems, drones can identify early
visual symptoms, such as basal stem browning, and apply
targeted treatments with centimeter-level accuracy using
Geographic Information Systems (GIS)-based prescrip-
tion maps. This precision approach significantly reduces
input costs, such as pesticides and fertilizers, while mini-
mizing environmental impacts. However, its cost-effec-
tiveness depends on factors such as crop value, scale of
deployment, and disease severity (Guarino et al. 2002).

However, building a global real-time monitoring net-
work entails considerable challenges, notably the sub-
stantial financial investment required for infrastructure,
the necessity of tailoring systems to diverse agronomic
conditions through regional calibration, and the com-
plex task of establishing fair data governance protocols
for handling sensitive pathogen genomic information
(Dhavale et al. 2025). A phased approach offers a prag-
matic path forward. Initial efforts could concentrate
on creating regional observatories within major wheat
producing zones to refine monitoring protocols suited
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to local contexts while keeping expenses manageable.
Subsequent expansion would then focus on develop-
ing shared data platforms capable of integrating these
regional networks, ultimately leading to a globally coor-
dinated surveillance system that can predict pathogen
threats and inform timely interventions (Miller et al.
2009).

Breeding for FCR-resistant cultivars remains a corner-
stone of long-term disease control. Despite ongoing eval-
uation efforts, the lack of standardized, high-throughput
inoculation protocols, stemming from challenges like
inconsistent inoculant distribution, complex interac-
tions with other pathogens, and variable weather and
environmental conditions, has hindered efficient large-
scale resistance screening (Mitter et al. 2006). Develop-
ing globally harmonized and reproducible inoculation
systems will be essential to overcoming this bottleneck.
Furthermore, although QTL mapping has yielded prom-
ising candidates, few of these loci have been effectively
deployed in breeding programs to date. To accelerate
gene discovery, integrating genome-wide association
studies (GWAS) with weighted gene co-expression net-
work analysis (WGCNA) offers a powerful approach,

Fig. 3 Integrated strategies for
FCR management

leveraging complementary strengths to pinpoint candi-
date genes more effectively and elucidate their functional
relationships, particularly with the availability of high-
resolution wheat pan-genome resources, thereby enhanc-
ing the statistical power and biological interpretability of
findings (Liibberstedt 2017; Wei et al. 2022). Single-cell
sequencing technologies can further refine this approach
by identifying cell-type-specific resistance pathways,
such as those in bundle sheath cells (Zheng et al. 2023).

The emergence of Prime Editing enables precise, sin-
gle-base modifications in susceptibility genes, allowing
the removal of virulence targets without disrupting the
broader genome (Dong and Fan 2024). However, the sus-
tainable deployment of resistant varieties also requires
robust pathogen surveillance. A global monitoring net-
work capable of tracking the evolutionary dynamics of
virulence genes, paired with population genomics, will
be critical for anticipating pathogen adaptation (Gardy
and Loman 2018; Jgrgensen et al. 2014),.

The growing resistance of F. pseudograminearum to
chemical treatments further underscores the urgency of
biological control strategies (Li et al. 2023c). Recent
studies on rhizosphere microbiome engineering have
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Fig.4 Emerging technologies and future directions in FCR control

identified microbial antagonists with the potential to
suppress FCR pathogens through competitive exclusion
and metabolite production (Deroo et al. 2022). Combin-
ing nanoparticle delivery systems with metagenomic
screening has enhanced the precision and efficacy of
biopesticide applications (Jun and Zheng 2019; Ray et al.
2023). Additionally, integrating chemical and biologi-
cal agents into synergistic formulations reduces chemi-
cal load while maintaining control efficacy (Reddy and
Chowdary 2021).

Understanding the molecular mechanisms of F.
pseudograminearum infection remains a high priority.

Comparative genomics, drawing on parallels with F.
graminearum, enables the identification of conserved
effector families (Alouane et al. 2021). These can be
validated using wheat protoplast transient expression sys-
tems to assess their immunosuppressive capacity (Chen
et al. 2023). Structural studies via cryo-electron micros-
copy may reveal the interaction dynamics between effec-
tor proteins and host NLR immune receptors, guiding
the rational design of synthetic resistance genes (Wang
and Chai 2020). Epigenomic tools such as ChIP-seq,
enables the exploration of histone modifications across
different stages of infection (Atanasoff-Kardjalieff and
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Studt 2022), while targeting key enzymatic regulators
of toxin biosynthesis may open avenues for chemical
control. For instance, suberoylanilide hydroxamic acid
(SAHA), a histone deacetylase inhibitor, can suppress
fungal virulence gene expression without harming host
plants (Hong-Geller and Micheva-Viteva 2013). Spa-
tial transcriptomics and metabolomics are emerging as
indispensable tools for mapping gene expression and
metabolite flux in infected tissues, thereby identifying
critical infection zones and enabling real-time tracking of
pathogen progression (Liu et al. 2025; Wang et al. 2024).

Looking forward, the phased construction of a real-
time monitoring infrastructure that fuses aerial and ter-
restrial data streams will be essential. By integrating
field-based sensing technologies with predictive models
of pathogen evolution, researchers can transition from
reactive to anticipatory disease management (Jin et al.
2022; Zhang et al. 2018b). A multilayered ecological
approach that integrates resistance gene editing, microbi-
ome optimization, and targeted chemical application will
form the basis of next-generation FCR control strategies.
Ultimately, advancing this vision will require sustained
interdisciplinary collaboration and a global commitment
to data sharing to bridge gaps across research domains
and accelerate the deployment of innovative technologies
(Langridge et al. 2022) (Fig. 4).

Next-generation strategies incorporate precision agricul-
ture—utilizing drones, remote sensing, and IoT systems for
real-time disease detection-coupled with molecular breed-
ing innovations, including QTL discovery, prime editing,
and harmonized resistance evaluation. Sustainable disease
management is further reinforced by microbial community
engineering, nanopesticide delivery platforms, and effector-
targeted small-molecule inhibitors. Spatial omics and global
pathogen surveillance systems contribute to predictive epi-
demiological modeling. Cross-disciplinary collaboration
is key to advancing durable resistance and integrated FCR
management.
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