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Fusarium crown rot (FCR) of wheat represents a critical challenge to global wheat
production. Discovering disease-resistant genes and analyzing their resistance
mechanisms are crucial for breeding resistant varieties and controlling the
disease. In recent years, molecular biology and genomics technologies have
advanced rapidly. This has enabled remarkable progress in discovering FCR-
resistant genes in wheat. Through genetic mapping, association analysis, and
mutant screening, multiple gene loci related to wheat FCR resistance have been
identified. For instance, the gene locus Qfcr.sicau-4B on chromosome 4B was
found to significantly enhance FCR resistance by regulating cell wall lignification,
while the Fhbl locus on chromosome 3B, though originally identified for
fusarium head blight resistance, has shown cross-resistance to crown rot in
some genetic backgrounds. In terms of mechanism analysis, studies show that
these resistant genes combat pathogen invasion through multiple pathways. For
example, they can activate the plant immune system, requlate defense-related
gene expression, enhance cell wall structural stability, and mediate reactive
oxygen species (ROS) metabolism. The ROS detoxification pathway,
exemplified by the TaCAT1 gene encoding catalase, efficiently scavenges
hydrogen peroxide to prevent oxidative damage during pathogen infection.
Additionally, the mitogen-activated protein kinase (MAPK) cascade pathway,
such as the TaMPK3-TaMPK6 module, has been shown to phosphorylate and
activate transcription factors that induce defense gene expression. Additionally,
signal transduction pathways play a bridging role in resistant gene function.
Pathways such as the MAPK cascade and plant hormone signal transduction are
involved in transmitting and amplifying resistance signals. This review
systematically reviews methods for discovering wheat FCR-resistant genes,
identified resistant genes and their functions, and deeply analyzes resistance
mechanisms. Its aim is to provide a theoretical basis and technical support for
genetic improvement and sustainable control of wheat FCR.
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1 Introduction

Fusarium crown rot (FCR) of wheat is a global soil-borne
disease, which was first reported in Australia in 1940 (McKnight
and Hart, 1966), and has now spread into a worldwide disease (Shi
etal, 2024). In the Huang-Huai wheat region of China, FCR occurs
commonly and causes serious damage in Henan Province (Xu et al.,
2025). It is also severe in major wheat-producing areas such as
Shandong and Anhui provinces, having a great impact on the yield
and quality of wheat. In severely affected fields, the yield loss can be
as high as 38% - 61% (Xu et al., 2016; Wu et al,, 2018; Lin et al,,
2023; Fan et al,, 2021). The main pathogenic bacteria of wheat FCR
include Fusarium pseudograminearum, Fusarium culmorum,
Fusarium graminearum, etc (Smiley and Machado, 2020).
Currently, the vast majority of wheat varieties identified at home
and abroad are susceptible to FCR, and the disease can occur
throughout the entire growth and development process of wheat.
During the seed germination stage, the pathogen will inhibit the
elongation rate of the coleoptile and the emergence rate. An
excessive amount of the pathogen will cause the seeds to rot or
the seedlings to wither, leading to the lodging or death of the
seedlings. In the seedling stage, the base of the infected plant’s stem
begins to turn brown. In severe cases, the plant’s stem turns brown
and rots, and may even lodge and die. In the middle and later stages,
the disease spreads to the wheat stem, and the internodes are prone
to breakage, showing brown necrosis, and pink mycelium can be
seen around the stem. In the later stage, it can cause white ears in
wheat, resulting in empty grains or no seeds, leading to yield
reduction(Figure 1) (Brennan et al, 2003; Kettle et al., 2015;
Glenn et al.,, 2002; Huo et al., 2010; Mitter et al., 2006; Smiley
et al,, 2005). During the infection process of FCR, various toxins
such as deoxynivalenol (DON) are also produced, which seriously
endanger the health of humans and livestock (Monds et al.,, 2005;
Beccari et al., 2018). Wheat FCR caused by Fusarium
pseudograminearum was first reported in Qinyang, Henan
Province, China in 2012 (Xu et al, 2025). Due to the general
susceptibility of wheat varieties in production, and the large-scale
promotion of measures such as returning straw to the field in recent
years, the disease continues to spread and intensify in China. In
June 2022, the question of “Why has wheat Fusarium crown rot
(FCR) broken out in major wheat-producing areas of China in
recent years, and how can it be scientifically and effectively
prevented and controlled?” was listed as one of the top 10
industrial technology-related issues associated with industrial
development by the China Association for Science and
Technology. Since the pathogen can survive on the diseased
residues in the soil for a long time and spreads rapidly to cause
disasters when the climate is suitable, it is difficult to control. In the
face of this disease threat, traditional chemical control methods are
not only costly but also prone to problems such as environmental
pollution and the enhancement of pathogen resistance, making it
difficult to achieve sustainable control. Cultivating and planting
disease-resistant varieties is recognized as the most economical,
effective, and environmentally friendly strategy for preventing and
controlling wheat FCR. Discovering disease-resistant genes for
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wheat FCR and deeply analyzing their disease resistance
mechanisms are the core and prerequisite for breeding disease-
resistant varieties. By clarifying the genetic basis and molecular
mechanisms of wheat resistance to FCR, it can provide accurate
theoretical guidance and gene resources for disease-resistant
breeding, and fundamentally improve the resistance of wheat to
FCR. In recent years, with the rapid development of technologies in
the field of life sciences, especially the extensive application of
technologies such as molecular biology and genomics, it has
provided powerful tools and means for the discovery of disease-
resistant genes for wheat FCR and the analysis of their mechanisms,
enabling a series of important progress to be made in this field. This
review will systematically review these achievements, aiming to
comprehensively sort out the methods for discovering disease-
resistant genes for wheat FCR, the identified disease-resistant
genes and their functions, and deeply analyze the current research
status of disease resistance mechanisms, in order to provide useful
references for further research on the prevention and control of
wheat FCR and the breeding of disease-resistant varieties, and to
promote the healthy and sustainable development of the
wheat industry.

2 Evolution of research on wheat
fusarium crown rot

1950-2012: Initial Discovery and Observation. Wheat Fusarium
crown rot was first reported in Australia in the 1950s, with early
studies primarily focusing on preliminary observation and
documentation of the disease, confirming its existence as a novel
wheat pathogen (Li et al., 2024a). During this period, initial research
in China also emerged. For example, Tian et al. (2015) isolated
seven fungal species from diseased wheat stem bases, identified
Rhizoctonia cerealis and Fusarium nivale as the main pathogens,
and observed significant resistance variations among wheat
cultivars. 2012-2015: Onset of Systematic Research in China. In
2012, wheat FCR caused by Fusarium pseudograminearum was first
identified and reported in China, prompting increased domestic
research on the disease (Li et al., 2024a). This stage focused on
pathogen identification, distribution mapping, and damage
assessment, laying the foundation for subsequent in-depth
studies. 2015-2022: Mechanistic Insights and Epidemiology. Since
2015, systematic research on wheat FCR has been conducted (Li
et al., 2024a). Through systematic sampling, morphological and
molecular identification, it was revealed that FCR in China is caused
by multiple Fusarium species, with dominant pathogens varying by
region. Key drivers of disease expansion were identified, including
poor cultivar resistance, pathogen accumulation in soil due to long-
term straw return, and deteriorated soil ecological conditions (Li
etal,, 2024a). 2022-2025: Breakthroughs in Resistance and Control.
In 2022, the Chinese Association for Science and Technology listed
wheat FCR as one of the top ten industrial technical issues in China,
highlighting its critical impact on wheat production and
accelerating research (Sun et al., 2024). In 2023, the wheat
receptor-like kinase gene TaRLK-6A was identified, which
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FIGURE 1

The pathogenesis process of wheat after infection by stem base rot pathogen. (A) Wheat grain disease occurrence; (B) Wheat seedling stage stem
base disease occurrence; (C) Wheat adult plant stage disease occurrence; (D) Wheat mature stage disease occurrence.

positively regulates defense gene expression to enhance FCR
resistance, providing a candidate gene for molecular breeding (Qi
et al., 2024). The succinate dehydrogenase inhibitor (SDHI)
cyclobutrifluram showed effective control of FCR, though
moderate resistance risk in pathogens was confirmed (Sun et al,
2024). Population genomic analysis revealed that geographical
distribution differences between 3AcDON and 15AcDON strains
of F. pseudograminearum are closely associated with secondary
metabolite synthesis genes (Sun et al, 2024). The Zn2Cys6
transcription factor gene Fp487 was found to play critical roles in
F. pseudograminearum development and virulence, emerging as a
potential RNAi-based control target for FCR (Sun et al,, 2024). In
2025, the FCR resistance gene TaCAT2 was cloned, unveiling a
novel resistance mechanism mediated by TaCAT2(Figure 2) (Yang
et al., 2025).

3 Population diversity of pathogens
causing wheat fusarium crown rot

Wheat Fusarium crown rot (FCR) is caused by complex
infections of multiple pathogens, primarily including: Fusarium
graminearum: A dominant pathogen worldwide, causing both
Fusarium head blight (FHB) and FCR. It produces deoxynivalenol
(DON), a mycotoxin threatening food safety. Fusarium avenaceum:
Widespread in temperate humid regions (Europe, North America),
tolerant to low temperatures, and forming competitive or
synergistic infections with Fusarium graminearum. Fusarium
culmorum: Common in European and North China wheat
regions, preferring sandy loam soils, and causing brown
necrosis at the stem base. Other pathogens: Fusarium
pseudograminearum (predominant in Australian wheat regions),
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Fusarium sporotrichioides (producing T-2 toxin). (Table 1) (Qi
et al,, 2024). In China’s Huang-Huai-Hai wheat region, F.
graminearum and F. culmorum are dominant. In the Yangtze
River basin, F. avenaceum prevails due to high humidity. The
North American Great Plains are dominated by F. graminearum,
while Nordic wheat regions exhibit mixed infections of F. culmorum
and F. avenaceum. Single resistance genes (the major FHB QTL
Fhbl) are prone to losing efficacy against pathogen population
variations due to the evolution of virulence genes (Yang et al., 2025).
Single resistance genes are easily overcome by new pathogen
virulent races. Pyramiding 2-3 major genes or combining
multiple minor-effect QTLs is essential. Establish a national
pathogen virulence monitoring network to regularly assess
resistance gene effectiveness. For example, track virulence gene
evolution via whole-genome sequencing. Use biocontrol agents
(Trichoderma harzianum) or organic amendments to modulate
rhizosphere microbial communities, reducing pathogen virulence
and delaying resistance gene decay. Elucidate the molecular
mechanisms of pathogen-wheat interactions, such as recognition
patterns between effectors and resistance proteins. Develop a
“resistance gene matching model” based on pathogen population
genomics to predict optimal breeding combinations and enhance
the foresight of resistance deployment.

4 Gene discovery methods and
technologies

4.1 Traditional genetic mapping methods

Traditional genetic mapping methods mainly rely on
constructing genetic maps based on biparental populations, and
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FIGURE 2

Evolution of research on wheat fusarium crown rot. 1950-2012: Fusarium crown rot (FCR) of wheat was first reported internationally. During this
period, the primary causal pathogens were identified, and variations in cultivar resistance were documented. 2012-2015: In China, FCR caused by
Fusarium pseudograminearum was first identified and reported. Research efforts focused on pathogen identification, distribution mapping, and
damage assessment. 2015-2022: It was revealed that FCR in China is caused by multiple Fusarium species, with the dominant pathogens varying
across different regions. Additionally, the key drivers underlying disease spread were clarified. 2022-2025: Studies have centered on the mining of
disease resistance genes and pathogenicity genes, along with the elucidation of resistance and pathogenic mechanisms.

TABLE 1 Population diversity of pathogens causing wheat fusarium
crown rot.

Fusarium

. Distribution and characteristics
species

Fusarium
graminearum

Global pathogens can simultaneously cause Fusarium head
blight and Fusarium crown rot; they produce deoxynivalenol.

Widely distributed in temperate humid regions (such as

Fusarium Europe, North America), with low-temperature resistance;
avenaceum often forms competitive or synergistic infections with Fusarium
graminearum.
. Common in wheat-growing areas of Europe and northern
Fusarium . . . . . .
. China, preferring sandy loam soil environments; infection leads
culmorum ;
to brown necrotic symptoms at the base of wheat stems.
Other Fusarium pseudograminearum: Dominant in wheat-growing areas
pathogens of Australia. Fusarium sporotrichioides: Produces T-2 toxin.

then conducting quantitative trait locus (QTL) mapping (Zhao
et al, 2019; Zhang et al., 2021). The principle is to use the linkage
relationship between molecular markers and the genes of the target
trait. By analyzing the segregation of markers and traits in the
offspring population, the position of the gene on the chromosome is
determined (Cheng, 2013; Chimthai et al., 2025; Gu et al., 2024; Ye,
2009; Darvasi et al., 1993). Traditional genetic mapping methods
have played an important role in the discovery of genes resistant to
wheat FCR and laid the foundation for subsequent research.
However, this method also has certain limitations, such as the
need to construct a special genetic population, which takes a long
time, has relatively low positioning accuracy, and is easily affected
by environmental factors.
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4.2 Genome-wide association study

Genome-wide association study (GWAS) is a gene-mapping
approach based on natural populations, which leverages the rich
genetic variations within these populations to identify trait-
associated loci by detecting the association between numerous
molecular markers (e.g., single-nucleotide polymorphisms, SNPs)
and target traits (Morris et al., 2013). In wheat Fusarium crown rot
(FCR) research, the application principle of GWAS is as follows:
First, natural wheat populations with broad genetic diversity are
collected, including different cultivars, lines, and local germplasms
(Li et al., 2024a). For instance, recent GWAS populations
commonly include typical cultivars such as Chinese Spring,
Yangmai 18, and Bobwhite: Chinese Spring serves as a model
cultivar providing a reference framework for whole-genome
sequencing; Yangmai 18, as a major cultivar in southern China, is
used for resistance phenotype association analysis; and Bobwhite
has become an international standard material for disease resistance
gene mapping due to its clear genetic background (Li et al., 2024a;
Wang et al., 2024; Yu, 2021). GWAS offers numerous advantages: it
eliminates the need to construct special genetic populations, directly
utilizing existing natural populations to significantly shorten the
research cycle; it enables simultaneous detection of multiple loci
across the whole genome, rapidly locating target trait-related gene
regions and improving gene discovery efficiency; and due to the rich
genetic diversity of natural populations, GWAS can detect more
genetic variations and identify minor-effect genes that are difficult
to detect by traditional methods. However, GWAS also has certain
limitations: it requires a large number of samples and high-density
molecular markers, involving high costs; results are susceptible to
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population structure and linkage disequilibrium, potentially leading
to false-positive or false-negative outcomes; and GWAS can only
determine the association between markers and traits, making it
difficult to directly identify causal genes, which requires further
verification and functional analysis.

4.3 Transcriptomic analysis

Transcriptomic analysis is a discipline that investigates the
types, structures, and expression levels of all transcripts in a
specific cell, tissue, or organism under a given condition. In the
discovery of genes associated with wheat Fusarium crown rot
(FCR), transcriptomic analysis screens for differentially expressed
genes (DEGs) by comparing transcriptomic changes in wheat
before and after pathogen infection, thereby identifying disease-
resistance-related genes. For example, a high-throughput
panoramic map of transcriptome, proteome, phosphoproteome,
and acetylome across 20 tissues throughout the entire growth
period of wheat was constructed. Through multi-omics analysis,
the TaHDA9-TaP5CS1 module was identified. Infection by
Fusarium pseudograminearum downregulated the expression of
TaHDAY in FCR-resistant wheat plants, thereby relieving the
acetylation restriction imposed by TaHDA9 and increasing the
expression of TaP5CS1. This led to an elevation in proline content,
which in turn enhanced wheat resistance to FCR (Zhang
et al., 2025).

4.4 Gene editing technology-assisted
verification

Gene editing technology is a technology that can precisely
modify the genome of an organism. In the discovery of genes
related to wheat FCR, it is mainly used to verify the function of
genes. Among them, the CRISPR/Cas9 technology has become the
most commonly used gene editing tool due to its advantages such as
simple operation, high efficiency, and strong specificity. The
CRISPR/Cas9 system consists of the Cas9 nuclease and the guide
RNA (gRNA). The gRNA can recognize and bind to a specific
sequence of the target gene, guiding the Cas9 nuclease to cut this
sequence, generating a double-strand break (DSB). During the
repair of the DSB in the cell, non-homologous end joining
(NHEJ) or homologous recombination (HR) will occur, thus
achieving modifications such as knockout, insertion, or
replacement of the target gene. In the verification of genes related
to wheat FCR, first design a specific gRNA according to the
sequence of the target gene, and connect it with the Cas9
nuclease expression vector to construct a gene editing vector. Use
methods such as Agrobacterium-mediated transformation and
particle bombardment transformation to introduce the gene
editing vector into wheat cells. Screen out the successfully
transformed wheat plants, and conduct molecular detection on
them, such as PCR, sequencing, etc., to determine whether the
target gene has been successfully edited. Conduct an inoculation
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experiment of the FCR pathogen on the edited wheat plants, and
observe the changes in their disease resistance phenotypes. If the
resistance of the wheat plants to FCR is significantly reduced after
knocking out a certain gene, it indicates that this gene may
positively regulate the disease resistance of wheat; conversely, if
the resistance of the wheat plants is enhanced after overexpressing a
certain gene, then this gene may be a disease resistance-related gene
(Figure 3). Silencing of TaALDHase could significantly increase
wheat resistance to FCR. However, interference with TaWRKY24 or
TaMTase could decrease wheat resistance to FCR (Xu et al., 2024).
In addition to the CRISPR/Cas9 technology, gene editing
technologies such as TALEN (Transcription Activator-Like
Effector Nucleases) and ZFN (Zinc Finger Nucleases) have also
played a certain role in gene function verification. These
technologies provide powerful means for the functional
verification of genes resistant to wheat FCR, help to deeply
understand the molecular mechanisms of wheat disease
resistance, and accelerate the application of disease-resistant genes.

5 Progress in the discovery of genes
related to wheat FCR

5.1 Identification of germplasm resources

Planting disease-resistant varieties is the most economical and
effective measure to deal with wheat FCR. Therefore, screening and
identifying wheat germplasm resources resistant to FCR is of great
significance (Zhang et al,, 2024). For a long time, it have been
committed to this work and achieved certain results in Australia.
For example, disease-resistant germplasms such as 2-49, CSCRé,
and Sunco have been screened out. These germplasms have shown
resistance to wheat FCR in different studies, providing valuable
materials for subsequent research and breeding work (Li et al,
2024a). In recent years, Chinese scholars have also increased the
intensity of identifying germplasms resistant to FCR, and have
successively identified the resistance of more than 1500 wheat lines
(Li et al.,, 2024a). However, regrettably, the identification results
show that the proportion of disease-resistant germplasms is less
than 10%, indicating that the germplasm resources resistant to FCR
in China’s wheat are relatively scarce. The main reason for this
situation is that there are great differences in the resistance
identification methods (Li et al., 2024a). Currently, there are
various methods for identifying the resistance to wheat FCR,
including indoor seedling stage identification and field adult plant
stage identification (Li et al.,, 2008).

5.1.1 Indoor seedling stage identification

Commonly used effective methods for indoor seedling stage
identification include the Petri dish seedling direct inoculation
culture method, bacterial solution seed soaking inoculation
method and cotton ball inoculation method(Figure 4) (Huo et al.,
20105 Li et al,, 2008, 2024a). Among the three methods, the spore
suspension seed soaking method features simple operation and high
inoculation efficiency, making it suitable for large-scale primary
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Schematic diagram of target gene knockout by the CRISPR/Cas9 system.

FIGURE 4

Three seedling inoculation methods. (A) Petri dish seedling direct inoculation culture method; (B) Bacterial solution seed soaking inoculation

method; (C) Cotton ball inoculation method.
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screening of germplasms. The cotton ball inoculation method
allows precise control of the inoculation site and is frequently
used in resistance mechanism research. The natural substrate
inoculation method is closer to the field disease environment and
is suitable for re-screening of resistant germplasms. It should be
noted that the inoculation concentration, culture temperature, and
investigation time of different methods vary significantly (for
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example, the concentration of the spore suspension method is at
the 10° level, while that of the cotton ball method is at the 10° level),
which may lead to inconsistent resistance performance of the same
germplasm under different methods (Li et al., 2024a). Therefore, in
practical applications, it is necessary to select appropriate methods
according to the research purpose and standardize the operation
process (Table 2).
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TABLE 2 Identification of disease grades for stem base rot.

Disease :
Disease symptoms
grade

0 healthy, with no symptoms on the outer sheath

1 the lesion area of the first sheath is less than 1/4 of the length of
the sheath

) the lesion area of the first sheath is 1/4-1/2 of the length of the
leaf sheath

5 the lesion area of the first sheath is 1/2-3/4 of the length of the
leaf sheath, and the disease affects the inner leaf sheath

4 the first sheath is completely degreened and putrid, or the second
sheath has obvious browning

5 the third leaf sheath has obvious brown blight, or the whole plant

has died

5.1.2 Field adult plant stage identification

Field adult plant stage identification mainly uses the natural
medium method, sowing the pathogen-infected millet or diseased
wheat grains in the field, mixing them with the surface soil and then
sowing, or placing wheat seeds in a plastic tube covered with
pathogen-infected soil, and then burying the plastic tube in the
field (Li et al., 2024a). Different identification methods have
differences in inoculation methods, inoculation concentrations,
culture conditions, disease investigation time, and evaluation
criteria, which leads to inconsistent identification results of some
germplasms and unstable resistance of some disease-resistant
germplasms (Li et al, 2024a). For example, some germplasms
show resistance under one identification method, but show
susceptibility under another method, which brings great
difficulties to the screening and utilization of germplasm resources.

5.2 Discovery of resistance loci

The resistance to Fusarium crown rot (FCR) in wheat is a
quantitative trait, which is controlled by multiple genes. The broad-
sense heritability ranges from 0.19 to 0.98 (Li et al, 2024a).
Identifying major quantitative trait loci (QTL) is of great
significance for accelerating the process of disease-resistant
breeding (Wang et al, 2024),. Early studies mainly focused on
mapping QTLs related to FCR resistance based on biparental
recombinant inbred line (RIL) or double haploid (DH)
populations (Li et al., 2024a). A large number of stem base rot
resistance loci have been identified (Hou et al., 2023; Martin et al.,
2015; Jin et al., 2020; Bovill et al., 2010; Yang et al., 2019; Poole et al.,
2012)(Table 3).These studies have laid the foundation for the
discovery of resistance loci to FCR in wheat.

In recent years, genome-wide association study (GWAS) based
on natural populations has been widely used in the detection of
resistance loci to FCR (Yang et al., 2025). Through GWAS analysis
of a large number of wheat varieties, multiple loci related to FCR
resistance have been discovered, and these loci are distributed on
different chromosomes of wheat (Wang et al., 2024; Yang et al,
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2025). Currently, there are as many as 140 reported resistance loci
to FCR in wheat, which are almost distributed on all 21
chromosomes of wheat (Li et al., 2024b). Among them, the
resistance loci on chromosomes 1B, 2B, 3B, 4B, 6A, and 6B are
relatively abundant, and these chromosomal regions may contain
more genes related to FCR resistance. Loci such as Qcr.usq-4B.1,
Qcrs.cpi-3B (Qcrs.wsu-3BL), and Qcr.usq-4B.1 have relatively large
effects and can be stably detected in different studies, indicating that
these loci play an important role in wheat FCR resistance and have
high application value (Li et al., 2024a).

However, although many resistance loci have been identified,
there are currently few reports of major loci or genes being actually
applied in breeding. This is mainly because the genetic mechanism
of wheat FCR resistance is relatively complex, involving interactions
between multiple genes as well as the interaction between genes and
the environment, which makes it difficult to effectively apply these
resistance loci to breeding practices. In addition, the fine mapping
and cloning of resistance loci still need to be further carried out to
further clarify their functions and action mechanisms, providing
more accurate theoretical support for disease-resistant breeding.

5.3 Discovered Genes and Functional
Analysis

In recent years, with the continuous development of molecular
biology technology, remarkable progress has been made in the
discovery of genes resistant to FCR in wheat. Multiple genes
regulating resistance have been identified, which enhance wheat’s
resistance to FCR through different mechanisms. The wheat
receptor-like protein coding gene TaRLK-6A is one of the
important resistance genes. TaRLK-6A interacts with the somatic
embryogenesis receptor-like kinase TaSERK1 and positively
regulates the expression of defense genes such as TaMPK3,
TaERF3, TaDefensin, TaPR1, and TaChitinase, thereby activating
the defense response of wheat and improving wheat’s resistance to
FCR (Qi et al, 2024). This study reveals the important action
mechanism of TaRLK-6A in the process of wheat resistance to FCR,
providing an important candidate gene for molecular breeding of
wheat resistance to FCR.

The cell wall-associated kinase gene TaWAK-5D600 also plays
an important role in wheat FCR resistance (Qi et al., 2023). Studies
have shown that they regulate the resistance to wheat sharp eyespot
and FCR through similar mechanisms. These genes may be
involved in the metabolism and signal transduction processes of
the cell wall, and resist pathogen infection by enhancing the
strength and stability of the cell wall. TaWAK-5D600 may
interact with other components in the cell wall, regulate the
synthesis and modification of the cell wall, and thus affect the
invasion and colonization of pathogens. In addition, they may also
activate the downstream defense signal pathway, induce the
expression of defense genes, and enhance the disease resistance
of wheat.

The cytosolic acetoacetyl-CoA thiolase II (AACT) gene
TaAACT1 is also a gene that positively regulates wheat FCR
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TABLE 3 Research progress of genome-wide association study.

10.3389/fpls.2025.1603842

Gene name Chromosome Linked marker Function ESZiStiiganl References
Qfer. sicau. 1A-1 1A wsnp_Ku_c183_358844 Resistance to FCR 8.33 ~ 14. 33 Hou et al. (2023)
Qcr-Xbarc148 1A barc148-gwm164 Resistance to FCR 52.22 Martin et al (2015)
Qr-Aftx-109251450 1B Affx-109251450 Resistance to FCR 56. 88 Jin et al. (2020)
Qcr. sicau. 1B-1 1B SNP1110 Resistance to FCR 27.78 ~ 28. 66 Hou et al. (2023)
Qcr. sicau. 1B-2 1B SNP1607 Resistance to FCR ;gO 24~ 532 Hou et al. (2023)
Qfcr. sicau. 1B-3 1B SNP1766 Resistance to FCR 607. 16 Hou et al. (2023)
Qcr-Affx-109205872 1D Affx-109205872 Resistance to FCR 131. 29 Jin et al (2020)
Qcr-Xgwm95 2A Xgwm95-Xcfa2043 Resistance to FCR 309. 39 Martin et al (2015)
Qfer. sicau. 2B-1 2B SNP5583 Resistance to FCR 794. 74 Hou et al. (2023)
QCr. usq-2B. 2 2B WEt-5374-wPt-0434 Resistance to FCR 463.77 Bovill et al. (2010)
Qfcr. sicau. 2B-2 2B SNP5655 Resistance to FCR 809. 62 Hou et al. (2023)
Qfcr. sicau. 2D-1 2D SNP5957 Resistance to FCR 90. 58 Hou et al. (2023)
QFCR. heau-2D 2D Xcfd53 Resistance to FCR 23.02 Yang et al. (2019)
Qfcr. sicau. 2D-2 2D SNP6065 Resistance to FCR 577.59 Hou et al. (2023)
Qfer. sicau. 3B-2 3B SNP7561 Resistance to FCR 126. 92 Hou et al. (2023)
Qfcr. sicau. 3B-3 3B SNP7718 Resistance to FCR 262. 57 Hou et al. (2023)
Qcr-wpt-7569PCR 4B wpt-7569PCR Resistance to FCR 453.78 Martin et al. (2015)
Qfcr. sicau. 4B-1 4B SNP9933 Resistance to FCR 50. 13 Hou et al. (2023)
Qfcr-wPt-3058 4D wPt-3058 Resistance to FCR 278. 48 Poole et al. (2012)
Ofcr sicau. 5B-1 5B SNP11592 Resistance to FCR 76. 60 Hou et al. (2023)
QFCR. heau-6A 6A Xbarc3 Resistance to FCR 85.28 Yang et al. (2019)
Ofcr sicau. 7A-1 7A SNP16572 Resistance to FCR 614. 69 Hou et al. (2023)
Ofcr-sicau. 7B-1 7B SNP17158 Resistance to FCR 49. 03 Hou et al. (2023)

resistance (Xiong et al., 2023). AACT is a key enzyme in the plant
terpenoid synthesis pathway and is involved in the synthesis of
various secondary metabolites. The study found that TaAACT1
may affect wheat’s disease resistance by regulating the synthesis of
terpenoids. Terpenoids have various biological activities such as
antibacterial and antioxidant activities, and can enhance the plant’s
resistance to pathogens. TaAACT1 may enhance wheat’s resistance
to FCR by promoting the synthesis of terpenoids and increasing the
content of defense substances in wheat.

The heterologous expression of the barley transcription factor
gene HVWRKY6 and the uridine diphosphate-dependent
glucosyltransferase gene HvUGT13248 in wheat can also enhance
wheat’s resistance to FCR (Li et al., 2022; Mandala et al., 2019).
HvWRKY6 is a transcription factor that can regulate the expression
of downstream defense genes. After expressing HYWRKY6 in
wheat, it may activate the defense signal pathway of wheat itself,
induce the expression of a series of defense genes, and thus enhance
the disease resistance of wheat. HvUGT13248 may participate in the
disease resistance process of wheat by catalyzing the glycosylation
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modification of the substrate and changing the biological activity of
the substrate. Glycosylation modification is an important metabolic
regulation method in plants, which can affect the activity of plant
hormones, signal transduction, and the synthesis and accumulation
of secondary metabolites.

The cysteine-rich repeat receptor-like kinase gene TaCRK-7A, the
cell wall invertase gene TaCWI-B1, and the Fusarium head blight
resistance gene Fhb7 encoding glutathione S-transferase (GST) have
also been proven to positively regulate wheat FCR resistance (Wu et al,,
2021; Lv et al,, 2023). TaCRK-7A may activate the downstream defense
response by sensing the invasion signal of pathogens; TaCWI-B1 may
resist pathogen infection by regulating the metabolism of the cell wall
and enhancing the strength and stability of the cell wall; the glutathione
S-transferase encoded by Fhb7 can catalyze the binding reaction of
glutathione and electrophilic substances, participate in the
detoxification process in plants, and may enhance wheat’s resistance
to FCR by detoxifying the toxins produced by fungi.

The high-throughput panorama of transcriptomics, proteomics,
phosphoproteomics, and acetylproteomics reveals a new
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mechanism by which the TaHDA9-TaP5CS1 module enhances
wheat’s resistance to FCR through the regulation of proline
(Zhang et al., 2025). In tobacco and wheat protoplasts, it has been
confirmed that the phosphorylation of TaCAT2-R by TaSnRKlo
can enhance the protein stability of the latter, thereby enhancing the
ability of TaCAT2-R to scavenge reactive oxygen species in plants,
and thus regulating wheat FCR resistance (Yang et al., 2025).
Compared with genes that positively regulate resistance, there
are relatively few reports of genes that negatively regulate wheat
FCR resistance. Among them, TaDIR-BI is a negatively regulating
resistance gene that has been more deeply studied at present (Yang
et al,, 2021). The TaDIR-B1 gene in the highly susceptible material
Pingyuan 50 was silenced by VIGS (virus-induced gene silencing)
technology. The results showed that the resistance of the silenced
plants to wheat FCR was significantly enhanced, and the lignin
content and antioxidant enzyme activity in the silenced plants
increased significantly. In addition, researchers also screened
tetraploid wheat mutants and hexaploid wheat mutants of the
TaDIR-B1 gene, and found that the functional deficiency of the
TaDIR-B1 gene could significantly enhance the resistance of wheat
to FCR, and the lignin content and oxidase activity were
significantly enhanced. Comprehensive above research results
indicate that the TaDIR-B1 gene may regulate wheat FCR
resistance by adjusting the lignin content in the plants (Figure 5).

6 .Conclusions

Fusarium crown rot (FCR) of wheat poses a serious threat to
global wheat production. The discovery of disease-resistant genes
and the analysis of their mechanisms play a crucial role in the

Fpg Fpg

TaRLK-6A

TaSERK1

esistance genes-

10.3389/fpls.2025.1603842

prevention and control of this disease. Currently, with the aid of
advanced molecular biology and genomics technologies, remarkable
progress has been made in the discovery of disease-resistant genes,
and numerous gene loci related to disease resistance have been
identified. Meanwhile, research on disease resistance mechanisms
has been continuously deepened. It has been clarified that disease-
resistant genes resist pathogen invasion through multiple pathways,
such as activating the immune system, regulating the expression of
defense genes, enhancing cell wall stability, and mediating reactive
oxygen species metabolism, with signal transduction pathways
playing an important role in this process. These achievements
provide important gene resources for the genetic improvement of
wheat, facilitate the breeding of new wheat varieties with high
resistance to FCR, and lay a solid foundation for the sustainable
prevention and control of the disease. However, there are still some
limitations in current research. For example, the transformation
efficiency of identified disease-resistant genes in practical breeding
applications needs to be improved, and the details of some disease
resistance mechanisms remain unclear. In the future, it is necessary
to further strengthen interdisciplinary integration, comprehensively
use means such as genetics, biochemistry, and molecular biology to
deeply analyze the action networks and fine regulatory mechanisms
of disease-resistant genes, and accelerate the transformation process
of disease-resistant genes from laboratory to field applications.
Meanwhile, emerging technologies such as gene editing and big
data analysis should be used to discover more excellent disease-
resistant genes, broaden the genetic basis of wheat disease
resistance, and provide more powerful technical support for
ensuring global wheat production safety.

Looking ahead, an efficient screening system for disease-
resistant genes based on multi-omics data and a targeted
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FIGURE 5
Research progress of genes resistant to fusarium crown rot of wheat.
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improvement strategy using CRISPR-Cas9 precision editing
technology will become core directions for breaking through
existing research bottlenecks. For instance, the combined analysis
of transcriptomics and metabolomics to analyze the spatiotemporal
expression networks of disease-resistant genes, coupled with gene
editing technology to optimize disease resistance signal pathways at
specific sites, is expected to improve the transformation efficiency of
disease-resistant genes while achieving synergistic improvement of
multiple resistance traits. Furthermore, the integrated application of
artificial intelligence-driven genome-wide association studies
(GWAS) and phenomics technologies can accelerate the discovery
of minor-effect disease-resistant genes hidden in complex genetic
backgrounds, providing a new technical pathway for constructing
broad-spectrum and durable disease-resistant breeding systems.
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