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ABSTRACT

Fusarium oxysporum f. sp. vasinfectum race 4 (Fov4) is a highly virulent pathogen threatening
cotton production globally, particularly in the US. This review synthesizes current knowledge of
Fov4 biology, pathogenesis, and genomic features that drive host specificity and virulence. Fov4
life cycle, infection mechanisms, environmental factors influencing disease, and host resistance in
Pima and Upland cotton varieties are discussed. Genomic resources reveal that Fov4 genomes are
larger and more repeat-rich than those of several other Fov races, although chromosome-scale
core versus accessory architecture remains unresolved. Studies have identified candidate race-
specific virulence factors, including race-specific SIX effectors and secondary-metabolite genes in
Fov4 and related Fov races. Challenges remain in managing cotton diseases caused by Fov4 due to
its soil persistence and genetic adaptability. Integrated management combining resistant vari-
eties, cultural practices, and precision monitoring ensures sustainable disease control, while
advancing knowledge of Fov4 virulence mechanisms enhances future management strategies
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Introduction

Cotton Fusarium wilt, caused by Fusarium oxysporum f. sp.
vasinfectum (Fov), is a globally significant disease that
threatens both yield and fiber quality in Gossypium spp. It
occurs across all major cotton-producing regions, includ-
ing the United States, China, India, Pakistan, Australia, and
several African countries. In the US, the disease has been
detected in multiple cotton-growing states, with particu-
larly virulent outbreaks of Fusarium oxysporum f. sp. vasin-
fectum race 4 (Fov4) reported in California (2001), Texas
(2017), and New Mexico (2019) [1-3]. These outbreaks
have led to severe production losses, with some regions
experiencing complete field failure. In 2022 alone,
Fusarium wilt caused an estimated $21 million in damages
in the US [4].

Fov is part of the Fusarium oxysporum species com-
plex (FOSC), a large and genetically diverse group of
soilborne fungi [5]. FOSC includes plant pathogens,
opportunistic pathogens of humans and animals, and
nonpathogenic strains. These fungi affect more than
100 plant species and exhibit remarkable host specifi-
city. Individual isolates often show strong host adapta-
tion, hypothesized as the result of rapid evolutionary
processes occurring within the last 30 million years [6].
The term forma specialis (f. sp.) is used to describe
strains adapted to specific hosts. Comparative genomics

has revealed that horizontally acquired lineage-specific
(LS) chromosomes play a pivotal role in host specificity
and pathogenicity [7]. These LS chromosomes carry
predicted virulence genes and effector proteins that
enable adaptation to different hosts. Their transfer
between isolates explains the rapid emergence of new
pathogenic lineages and the polyphyletic nature of
many formae speciales [8-12].

Fov exhibits remarkable diversity, with eight nom-
inals races distinguished by their ability to infect var-
ious plant species, including soybean, tobacco, okra,
lupine, and alfalfa, as well as specific Gossypium spp.
cultivars [13,14]. Phylogenetic and genomic analyses
group these races into four principal lineages, although
traditional race classification remains based on patho-
genicity patterns and differential disease severity in
cotton [15-17]. While most Fov races induce mild to
severe symptoms, particularly in conjunction with root-
knot nematodes (Meloidogyne incognita) [18], Fov3,
Fov4, and Fov7 stand out as exceptionally capable of
causing severe wilt even in the absence of nematodes
[2,19]. Fov4 was first recorded in India in 1908, with
formal pathotype characterization established in 1960
[20]. It is now recognized as one of the most virulent
races, capable of causing rapid and severe wilt in both
Pima (G. barbadense) and Upland cotton (G. hirsutum).
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In the US, Fov4 was first detected in San Joaquin
Valley of California, between 2001 and 2003, where it
became a significant threat [21,22]. It was later con-
firmed in El Paso and Hudspeth counties of Texas in
2017 and in New Mexico in 2019, with evidence sug-
gesting it may have been present in those areas for
several years prior to the official identification (Parris
et al. 2023; [1,3]). Fusarium wilt has long been a con-
cern in US cotton production. According to the
National Cotton Council of America, over a 59-year
monitoring period (1965-2024), this disease accounted
for an average annual loss of 71,133 bales, correspond-
ing to an estimated value of $18.8 million [4. These
consistent losses emphasize the need for sustained
efforts in breeding, management, and disease surveil-
lance. However, despite the availability of Fov4 genome
assemblies and field observations, there is still limited
functional validation of Fov4-specific virulence factors,
incomplete resolution of its genome architecture, and a
lack of integrative frameworks linking pathogenicity
mechanisms with practical management. This review
synthesizes current understanding of Fov4 pathogeni-
city and virulence mechanisms, integrating insights
from its biology and genomics, with three specific
objectives: (i) to summarize the biology, life cycle, and
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infection processes of Fov4 in cotton; (ii) to summarize
available information on Fov4 virulence determinants
and genomic features relative to other Fov races; and
(iii) to outline current challenges and future directions
for developing effective and sustainable cotton disease
management strategies.

Biology, life cycle, and disease development of
Fov4

Fov displays the typical morphological features of
FOSC and is classifitd in the subdivision
Deuteromycotina (Fungi Imperfecti) because its sexual
reproduction has not been determined. Briefly, the
colony morphology on potato dextrose agar (PDA)
consists of fluffy aerial mycelia that vary in color from
white to light violet with a light to dark violet or some-
times pinkish pigmentation secreted when grown on
PDA. It produces three types of spores asexually:
microconidia, macroconidia, and chlamydospores [23]
(Figure 1). Microconidia are oval to kidney-shaped
with 0 or 1 septum, and are produced from intercalary
phialides, generally in false heads. Macroconidia are
falcate and have three or four septa [24]. They are
produced most often from terminal phialides that
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Figure 1. Infection cycle of Fusarium oxysporum f. sp. vasinfectum race 4 in cotton.



arise from conidiophores, and at low frequencies from
intercalary phialides that arise directly from hyphae.
Both microconidia and macroconidia can be found on
the surfaces of infected plants and serve as secondary
inocula to infect neighboring host plants [25].
Chlamydospores are round-shaped with thick walls
and are generally developed through the modification
of hyphal and conidial cells via condensation of their
contents [24]. These spores can survive in the soil for
over a decade and act as primary inocula when a host is
present [26].

Fov4 usually survives in soil and plant debris as
thick-walled chlamydospores, which can stay viable
for more than ten years in soil that has not been
planted with cotton [27,28]. These spores germinate
when they encounter root exudates, such as sugars
and amino acids, from both host and non-host plants
[29-31]. Fov spore germination is triggered by root
exudates from cotton and other related hosts [30]. In
the absence of a suitable host, germ tubes either die or
form new chlamydospores, enabling long-term persis-
tence in soil [29,32].

The resulting germ tubes penetrate roots either
through wounds or directly through the epidermis
(Figure 1). After attaching to cotton roots, germinated
spores begin to colonize the root surface by forming
compact mycelial mats [33, 34]. At this stage of hyphal
colonization, the fungus does not cause visible damage
to the root tissues. Instead, the interaction of F. oxy-
sporum is classified as an endotrophic or biotrophic
stage, where the pathogen coexists with the host with-
out immediately inducing disease symptoms [35]
Once the mycelial mat is formed, the hyphae enter a
parasitic stage. At this stage, the hyphae gain entry
through root hairs, epidermal cracks, or wounds and
then advance through the cortex and endodermis into
the vascular system. Hydrolytic enzymes produced by
the fungus could play an important role in penetra-
tion [36].

Once the hyphae reach the vascular tissue, many
pathogenic F. oxysporum strains rapidly spreads
through xylem vessels and colonizes the vascular bun-
dles in roots. In the xylem vessels, microconidia pro-
duced germinate into new hyphae, which penetrate
adjacent vessel elements to further proceed with colo-
nization, resulting in increased spread of the pathogen
[37,38]. Symptom expression in cotton occurs when
hyphae spread into the cell apoplast [36]. Vascular
systems are clogged by fungal mycelia and spores
(Figure 1), which is exacerbated by host defense
responses such as tyloses and gum deposition. These
developments impair water and nutrient transport,
resulting in wilt and eventually death of the plant
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[36,38] (Figure 1). Finally, as the diseased plant decays,
the spores are released back into the soil and remain
dormant until the next cycle [39].

Fov4 can infect cotton at any growth stage, and
cotton growth stages may play an important role in
Fov4-associated disease development. In seedlings,
infection causes wilted cotyledons, root rot, plant wilt,
and death before producing any bolls. These symptoms
are similar to those caused by other pathogens such as
Rhizoctonia species and Pythium species. However,
these pathogens mainly cause seedling damping-off or
root rot, producing sunken lesions or water-soaked
roots, but without vascular discoloration. Fov4 can be
differentiated from these pathogens by the presence of
vascular discoloration in the xylem of the hypoco-
tyl [14].

In older plants, Fov4 causes symptoms such as wilt-
ing, leaf chlorosis and necrosis, stunting, defoliation,
reduced yield, and plant death, although death is less
frequent [11,40] (Figure 1). Surviving older plants may
produce cotton bolls, but with significantly reduced yield
and poorer quality fiber [14]. Fusarium wilt is diagnosed
by cutting roots, stems, or branches longitudinally. Dark
brown discoloration in the vascular system of roots,
lower main stems, or branches appears as visible lines
or dots in cross sections [37,41]. Under wet conditions,
sporulation may also appear as white, pink, or orange
fungal growth on root and stem surfaces [42]. At the
field scale, scattered patches of wilted seedlings first
appear, then expand over successive seasons due to
movement of infested soil by irrigation water and farm
equipment [43]. It may take several years to spread
through the field. Infected seed also provides an impor-
tant route for long-distance dissemination [21].

This illustration presents the infection cycle of Fov4
in cotton, beginning with the release of root exudates
that stimulate fungal germination. The pathogen forms
long-lived survival structures (chlamydospores) in the
soil, which germinate upon sensing host signals. Germ
tubes penetrate the root epidermis, initiating hyphal
colonization of cortical tissues. The fungus then invades
the vascular system, producing microconidia and
macroconidia that facilitate systemic spread. As the
xylem becomes obstructed by fungal growth and host
defense responses, wilt symptoms manifest, including
vascular staining, leaf chlorosis, and plant death. The
cycle concludes with formation of chlamydospores and
sporulation on decaying tissue and the return of pro-
pagules to the soil, enabling long-term persistence.

Fusarium wilt symptom development is influenced
by many factors including cotton genotype, pathogen
virulence, environmental conditions, inoculum density,
soil type, interaction with nematodes or other
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pathogens, and crop management practices [14,44].
Disease pressure can vary from year to year based on
weather conditions, even in the same field. In suscep-
tible G. barbadense (Pima cotton), infection often leads
to rapid seedling death, while resistant G. hirsutum
(Upland cotton) may remain non-symptomatic above-
ground but display extensive vascular browning [2,40].

A study comparing Fov4 infection in resistant Pima
PHY 841 RF and susceptible Pima S-7 using hydropo-
nic inoculation and microscopy showed that PHY 841
RF exhibited delayed penetration, reduced conidial
attachment and fungal growth, and complete blockage
of xylem invasion, confirming its resistance derived
from PHY 800 and Pima S-6 [34]. Similarly, resistance
in FM 2334GLT (a resistant upland cotton line) was
similar to that in Pima PHY 841 RF but with fewer
hyphae in the cortex, suggesting possible different resis-
tant mechanisms [45].

Fov4 infection and symptom development are
favored by relatively low temperatures around 23°C
[46], while other races of Fov are favored by higher
temperatures of 25-28°C [37,47,48]. Since Fusarium
wilt of cotton is an inoculum density-dependent dis-
ease, inoculum density in soil is important for disease
development [18,49,50]. If conidia levels are low or
field conditions are not ideal for the pathogen, plants
may not show any symptoms. Thresholds between
10> and 10* conidia per gram of soil are required
for disease development in the susceptible Pima cul-
tivar DP 744 [49], while nematode presence can sig-
nificantly lower this threshold [18,49]. Higher
inoculum densities exceeding 10°> conidia per milli-
liter are needed to cause above-ground Fusarium wilt
symptoms for a virulent Fov strain, and much higher
concentrations of 10° conidia per milliliter are
required to develop apparent symptoms on resistant
cotton cultivars [50]. Zhang et al. [51] observed an
approximately linear increase in disease severity rat-
ing across 10* —10” conidia ml~ ', with 10° -10”
conidia ml~ ' generally producing higher mean dis-
ease scores than 10* —10> conidia ml™ ' across plant-
ing dates and cultivars. Together, these studies
indicate that optimal or discriminating inoculum
densities depend on multiple factors, such as cultivar
susceptibility, growth stage at inoculation, tempera-
ture, and soil properties, rather than a single fixed
threshold. Due to its persistence in soil and ability to
colonize resistant and tolerant cultivars at sub-symp-
tomatic levels, eradication of Fov4 from infested
fields is not feasible [40]. Therefore, further study
to unveil its molecular mechanisms and develop
resistant varieties is essential.

Genomics and phylogenomics of Fov4

The genomes of FOSC isolates display a characteristic
two-speed architecture, consisting of highly conserved
core chromosomes and more variable, repeat-rich LS or
accessory chromosomes [7,12,52]. Core chromosomes
typically consist of 10-12 conserved chromosomes that
encode essential housekeeping and metabolic functions
and show synteny across FOSC [52]. In contrast, LS
chromosomes are characterized by significantly lower
gene density (150-200 genes per megabase), elevated
transposable element content (often>70% of total
repeats), and highly dynamic structure [7,11]. These
chromosomes are enriched in virulence factors, includ-
ing secreted in xylem (SIX) effector proteins, cell wall
degrading enzymes, and secondary metabolite bio-
synthesis clusters [53-55]. The horizontal transferabil-
ity of entire LS chromosomes or chromosomal
segments represents a key mechanism driving the
rapid evolution of new pathogenic lineages and
explains the frequent polyphyletic nature of many for-
mae speciales within FOSC [7,9,12,56].

Genome sizes across FOSC members range from
approximately 50-70 Mb, with the reference strain F.
oxysporum {. sp. lycopersici (Fol4287) containing 15 chro-
mosomes (~54 Mb total), including four LS chromosomes
[7,55,57]. For Fov4, available draft assemblies provide
estimates of genome size, gene content, and repeat abun-
dance and indicate that race 4 has a larger, more repeat-
rich genome than some other Fov races, consistent with
an expanded accessory genome (Table 1). However,
because these assemblies remain at contig level, Fov4
core and lineage-specific chromosomes have not yet
been comprehensively identified or characterized.

Recent high-quality assemblies, such as the gap-free
genome of strain Fo5176, have revealed 18-19 complete
chromosomes totaling ~70 Mb, demonstrating the
genomic plasticity within the complex [52,63-65].

More high-quality assemblies have become available for
several Fov races, including Fovl, Fov4, Fov5, Fov7, Fov8,
and Australian biotypes [17,58-62] (Table 1). These assem-
blies vary in completeness, sequencing technology, and
annotation depth, but collectively they illuminate both
conserved and race-specific genome architecture features
across the FOSC. Genome assemblies of Fov span ~49.9 to
68.7 Mb across races, but Fov4 isolates consistently fall
toward the upper end of this range. While Fovl genomes
are typically ~50-52 Mb with <18,000 predicted genes and
<10% repetitive DNA, Fov4 assemblies exceed 61 Mb and
often encode > 20,000 genes, with repeat content reaching
18.4% in the California isolate 89-1A [58-60]. This expan-
sion is mirrored in the large genomes of Fov5 (68.7 Mb,
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Table 1. Summary of genome assemblies of Fusarium oxysporum f. sp.vasinfectum Races and isolates.

Isolate /  Geographic ~ Genome Gene Sequencing Assembly ~ Chromosomes GenBank Repetitive
Genotype  Strain Origin Size (Mb)  Count Technology Level / Contigs Accession Sequence  Reference
Fov1 TE1 USA 50 17,975 PacBio Scaffolds 17 GCA_009602505.1 3.1 Mb [58]
Fov1 ME23  California, 49.9 16,305 PacBio Scaffolds 94 GCA_030719095.1 11.7 Mb [59]
USA
Fov1 NRRL USA 52 16,384 PacBio Scaffolds 26 GCA_012610785.1 4.6 Mb [60]
25,420
Fov4 89-1A  California, 63.3 20,222 PacBio + Contigs / 54 /30 GCA_038050535.1 11.8 Mb [58]
USA lllumina Scaffolds
Fov4 NRRL  India 67.8 20,259 Nanopore Contigs 13 GCA_012610825.1 NA [60]
25,434
Fov4 (N- Tm2  California, 61 17,418 Nanopore Contigs 861 GCA_032991405.1 NA [61]
type) USA
Fov4 (T- 15-2)  California, 64.5 18,074 Nanopore Contigs 634 GCA_032878545.1 NA [61]
type) USA
Fov5 NRRL Sudan 68.7 20,609 Nanopore Contigs 16 GCA_012610825.1 NA [60]
25,432
Fov7 F17 China 64.3 19,633 Nanopore Contigs 18 GCA_038050555.1 NA [17]
Fov8 NRRL  China 549 16,839 Nanopore Contigs 581 GCA_012610815.1 NA [60]
31,665
MDS-12 LA1E California, 53.5 19,058 Nanopore Contigs 433 GCA_012610815.1 NA [58]
USA
VCG- VCG-  Australia 56.3 14,495 PacBio Chromosome 15 GCA_049307005.1 NA [62]
01111 01111
VCG- VCG-  Australia 56.3 15,342 PacBio Chromosome 15 GCA_049306905.1 NA [62]
01112 01112

20,609 genes) and Fov7 (64.3 Mb, 19,633 genes) but con-
trasts sharply with the more compact Fov8 genome (54.9
Mb, 16,839 genes). Notably, phylogenomic analyses place
Fov4 and Fov7 as closest relatives, and both share elevated
repeat proportions and accessory sequence content, consis-
tent with a “two-speed” genome architecture enriched in
transposable elements [17]. In contrast, Australian
VCGO1111/01112 isolates (~56.3 Mb) possess fewer genes
and a distinct set of accessory chromosomes, highlighting
divergent evolutionary trajectories [62]. These patterns sug-
gest that the large, repeat-rich genomes of Fov4 and its close
relatives may underpin their adaptive potential and patho-
genic versatility in cotton-growing regions. Overall, the
availability of multiple Fov genomes creates an opportunity
for systematic pan-genome and comparative analyses to
distinguish core from accessory content and to pinpoint
race-specific virulence loci. However, we recognize that the
contribution of specific repetitive elements and accessory
regions to fitness and virulence remains incompletely
resolved. Also, the available whole-genome resources still
represent only a small fraction of known Fov diversity, both
in terms of lineages and races. Moreover, differences in
assembly contiguity, completeness, and annotation consis-
tency across isolates can complicate fine-scale comparisons
of effector clusters and secondary-metabolite loci.
Integrating short- and long-read sequencing with chromo-
some-conformation capture and optical mapping would
enable chromosome-scale assemblies for Fov4, which will
help researchers define core versus lineage-specific regions
and lead to precise mapping of candidate effector clusters
and secondary-metabolite genes.

The availability of high-quality whole-genome
assemblies of Fov has also provided resources for phy-
logenetic analysis with better resolution. Previously,
efforts at race and population classification in Fov
relied on single-gene and multilocus sequence markers,
including translation elongation factor (EF-1a), nuclear
rDNA intergenic spacer region (IGS), nitrate reductase
(NIR), phosphate permease (PHO), mitochondrial
small subunit (mtSSU), B-tubulin, and ITS, often in
combination with morphological or vegetative compat-
ibility group (VCG) assays [2,66-68].

These studies demonstrated that the classic race
system, which is based on pathogenicity to host differ-
entials, does not always reflect evolutionary history.
Most Fov races are polyphyletic, meaning they do not
form a single clade but rather arise independently
across the broader FOSC. Skovgaard et al. [67] used
combined EF-la, NIR, PHO, and mtSSU rDNA
sequence data from 28 isolates of Fov and revealed
four major phylogenetic lineages that correlated with
differences in virulence and geographic origin. Lineage
I included race 3 (mostly from Egypt) and race 5 (from
Sudan); lineage II contained races 1, 2, and 6 from
North and South America and Africa; lineage III
encompassed race 8 from China; and lineage IV com-
prised isolates of races 4 and 7 from India and China,
respectively.

Kim et al. [2] confirmed substantial diversity among
Californian Fov isolates, with race 4-like types cluster-
ing separately from other races by sequence.
Population-level work by Bennett et al. [66] further
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documented regional emergence of “race 4-like”
lineages in the southeastern US, underscoring the
recurrent and independent origins of virulent Fov
lineages. More recent whole-genome sequencing and
phylogenomic studies reinforce these findings
[17,61,62]. These genome-scale analyses indicate that
Fov races occupy several distinct genomic lineages,
with races 4, 7, and 8 forming a closely related group
and races such as 1 and 5 falling into separate clades
[17]. These results highlight that race definitions in Fov
alone are insufficient for tracing evolutionary relation-
ships, and that horizontal transfer, particularly of line-
age-specific chromosomes, further scrambles simple
genealogical patterns. Together, these analyses show
that Fov pathogenicity on cotton has arisen multiple
times, shaped by both vertical descent and horizontal
gene/chromosome transfer within a globally intercon-
nected species complex [62].

Fov4 displays considerable genotypic diversity, with
four primary genotypes commonly recognized: N (no
transposon insertion), T (Tfol transposon insertion),
MT (MULE insertion with Tfol), and MiT (MITE
insertion in Tfol) [21,69]. These genotypes are defined
by the presence or absence of specific transposable
element insertions in the PHO gene, which can be
discriminated using a multiplex PCR assay with defined
primer sets and corresponding amplicon sizes. The T
genotype is predominant in California, while the N,
MT, and MiT types occur less frequently and have
broader distributions across the US cotton-growing
regions [21]. Virulence differences are marked across
Fov4 genotypes. N-type isolates typically display high
aggressiveness on cotton, especially in California, while
MT and MiT genotypes show moderate to low viru-
lence [21,70]. Race 4-like isolates such as MDS-12 in
the southeastern US are less pathogenic or even non-
pathogenic, highlighting epidemiological relevance for
disease management and resistance breeding [70].
Molecular surveillance indicates that Fov4 genotypes
have distinct evolutionary backgrounds and that their
introduction into the US likely resulted from multiple
independent events, possibly via contaminated seed or
agricultural equipment (Ortiz et al. 2017; [21]).
Genotype diversity seen today reflects dynamic adapta-
tion and migration of the pathogen between major
cotton-producing regions [21].

Determinants of virulence

Advances in FOSC functional genomics have revealed
that the diversity and abundance of virulence factors,
especially those located on LS chromosomes, are key to
race emergence and pathogenic adaptation. Among the

most notable are the SIX proteins, enzymes involved in
degrading plant cell walls (CWDEs), and clusters
responsible for the biosynthesis of secondary metabo-
lites. The SIX proteins, a group of fungal effectors
initially isolated from F. oxysporum-infected xylem
sap, are important for infection but can also trigger
plant defense responses [71-74]. Jobe et al. [75]
reported that some of the most virulent Fov races,
Fov4 and Fov7, share a common SIX effector SIX9.
This effector is largely absent in other Fov races in
North America, making SIX9 a potential target for
rapid detection of these highly virulent strains and
enabling race-specific quantification in infected host
plants. However, through inoculation experiments,
Yang et al. [17] discovered that knockout of this gene
did not affect the pathogenicity of Fov7 on cotton
plants. Instead, they identified a significant role for
FovSIX16 in Fov7 virulence and demonstrated its
necessity for full virulence, noting that it shares the
same sequence as the one found in Fov4. These results
suggest that SIX16-like effectors are strong candidates
for contributing to Fov4 pathogenicity, but their roles
have not yet been directly validated in Fov4 isolates.
Gardiner et al. [76] used an effector clustering pipeline
on Australian cotton-associated F. oxysporum and
showed that the pathogenic Fov isolate SG1 carries
multiple SIX genes on a repeat-rich contig absent
from the nonpathogenic isolate F. oxysporum BRFI,
which encodes no SIX homologues. Other cotton iso-
lates such as LA3B [58] also lack SIX genes, and SIX
presence — absence profiles are incongruent with gen-
ome-wide phylogeny, indicating that host specificity
and virulence can arise independently of canonical
SIX repertoires in some lineages. Thus, while SIX
genes are important virulence factors in some Fov
lineages, they are neither universally required for
pathogenicity nor sufficient to explain Fov4 virulence,
underscoring the need to characterize additional Fov4-
specific effectors and metabolic genes.

Many CWDEs are subject to carbon catabolite
repression and nitrogen regulation, which are impor-
tant for the infection process [77,78]. However, the
precise role of individual CWDEs in FOSC pathogeni-
city remains unclear, as gene knockouts for various
enzymes - including pectate lyases, xylanases, and poly-
galacturonases — often show no obvious effect on viru-
lence. This is likely due to functional redundancy or
compensation by other enzymes [79,80]. FOSC mem-
bers produce a variety of secondary metabolites, includ-
ing beauvericin, fusaric acid, and fumonisins. The gene
clusters responsible for these compounds are typically
located on LS chromosomes and contribute to patho-
genicity in hosts [81-83]. Zhang et al [84][] identified a



Fov4-specific nonribosomal peptide synthetase (NRPS)
gene, FNPI1, that plays a critical role in the pathogeni-
city of Fov4. Mutation of this gene resulted in markedly
attenuated hyphal growth on media containing cotton
roots as the sole carbon source, increased sensitivity to
cellular stress agents, and delayed spore germination.
Furthermore, the knockout strain showed reduced viru-
lence in cotton root rot, a significant reduction in
fusaric acid production, and impaired infection pro-
gression within cotton roots. These findings, while
awaiting further characterization, suggest that FNP1 is
an important pathogenic factor contributing to both
the fitness and virulence of Fov4 [84][]. Together,
these findings underscore that only a few virulence
genes have been functionally confirmed in Fov4, and
that additional reverse genetic work will be required to
distinguish determinants that are shared across Fov
races from those that are uniquely associated with the
most aggressive Fov4 genotypes.

Host-pathogen interactions

The interaction between Fov and its cotton host is a
complex dynamic governed by sophisticated plant
defense signaling and structural fortification mechan-
isms. Understanding these host responses, particularly
against the highly virulent Fov4, is paramount to aug-
menting crop resilience. Cotton plants utilize intricate
molecular pathways to transduce external pathogenic
signals into internal defense responses, often involving
phytohormones, transcription factors, and specialized
defense proteins. Phytohormones are central to shaping
plant — pathogen interactions. Salicylic acid (SA) gen-
erally functions to reduce plant susceptibility, while
hormones such as jasmonic acid (JA), ethylene (ET),
abscisic acid (ABA), and auxins exhibit complex and
sometimes antagonistic effects [85]. The upregulation
of genes involved in flavonoid biosynthesis, promoted
by group IIc WRKY transcription factors, leads to
flavonoid accumulation, thereby enhancing cotton
resistance to Fov [86]. The germin-like protein
GhABP19 also plays a role in modulating resistance
against Fov pathogens, partly through its regulation of
JA pathways [87]. The Mitogen-Activated Protein
Kinase (MAPK) cascade is an essential conduit for
transmitting external stress signals into internal biotic
and abiotic responses. The gene GhMPK20 is a key
player in regulating cotton resistance to F. oxysporum
[88]. Studies using virus-induced gene silencing (VIGS)
showed that silencing GhMPK20 enhanced cotton tol-
erance to F. oxysporum, while its overexpression dis-
rupted the SA-mediated defense pathway. The scaffold
protein GhMORG]1 has been identified as enhancing
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resistance by significantly amplifying the activity of the
GhMKK6-GhMPK4 cascade [88,89]. Conversely, silen-
cing GhMPK4 reduced tolerance to Fusarium wilt and
led to decreased expression of resistance genes. The
regulation of MAPK cascades also involves negative
regulators, such as GhAP2Cl; silencing this gene
enhanced resistance to Fusarium wilt, while its over-
expression led to increased sensitivity, underscoring its
intricate interactions with GhMPK4.

Cotton employs sophisticated recognition systems,
such as the chitin sensing and signaling system, which
involves the dimerization and phosphorylation of
GhLYK5-GhCERK1 alongside the wall-associated
kinase GhWAK7A, playing a significant role in
responding to Fov infections [90]. Additionally, mole-
cular evidence supports the involvement of polygalac-
turonase-inhibiting proteins (PGIPs) in enhancing
resistance to Fov. Specifically, GhPGIP1 inhibits patho-
genic endopolygalacturonases secreted by the fungal
pathogen, and its overexpression triggers the expression
of pathogenesis-related proteins (PRs) and defense-
related genes [91]. Structural defenses in cotton are
crucial for restricting pathogen movement after inva-
sion, often manifested visibly through vascular
responses. A hallmark symptom of Fusarium wilt is
the reddish-brown discoloration observed within the
vascular tissues of sectioned stems and roots. A com-
parative analysis of the infection process by virulent
Fov4 in Pima cotton varieties revealed key structural
defense differences. In the resistant variety PHY 841
RF, germination of conidia on the root surface was
significantly lower, and the penetration of Fov4 into
the root epidermis was notably delayed compared
with the susceptible Pima S-7 [34]. Subsequent infec-
tion stages showed that the resistant PHY 841 RF
restricted the fungal ability to infiltrate the xylem by
exhibiting reduced hyphal growth and reproduction,
with delayed infection, inhibited fungal growth, and
prevention of xylem invasion contributing to resistance
[34,40]. Similar structural defense patterns are also
evident in Upland cotton. Zhu et al. [45] showed that
the resistant cultivar FM 2334GLT(R) had the fewest
conidia on the root surface, delayed hyphal penetration,
and greatly reduced cortical colonization compared
with susceptible PHY 725 RF, FM 2334GLT(S), and
Acala 1517-08. In susceptible cultivars, hyphae reached
and colonized xylem vessels by 7-15 dpi, whereas in
FM 2334GLT(R) hyphae were not detected in the
xylem, highlighting delayed infection and blockage of
xylem invasion as key components of Fov4 resistance in
Upland cotton.

Consistent with these structural defenses, QTL and
GWAS studies in tetraploid cotton have identified Fov4
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resistance loci on several D-subgenome chromosomes,
including major QTLs on D02, D03, D05, D06, D08,
D11, and D13, and a major Fov4 resistance gene in
Pima cotton mapped near a region on chromosome
D02 (Abdelraheem et al. 2020; [34,92]). Recent work
has further extended the genetic basis of Fov4 resistance
into diploid cotton. A genome-wide association study
in 246 accessions of Gossypium arboreum identified 24
QTLs for Fov4 resistance, including three major QTLs
on chromosomes A04, A06, and All, and showed in a
BC,F; population that resistance from diploid species
such as G. arboreum and G. aridum can be transferred
into Upland cotton [93]. These findings, together with
the structural and signaling defenses described earlier,
highlight that Fov4 resistance in cotton is controlled by
a complex network of defense pathways and multiple
loci across both tetraploid and diploid genomes, pro-
viding diverse targets and germplasm sources for
breeding.

Environmental conditions contributing to the
virulence of Fov4

To date, Fov4 in the US has been found only in
California, New Mexico, and Texas ([1,94], Zhu et al.
2020). Each of these states shares similar climatic char-
acteristics in their cotton-growing regions, being largely
dry and warm environments. Historically, similar cli-
mates have been used for growing cotton in the US,
although owing to irrigation practices, heat accumula-
tion has been of greater importance in developmental
studies of cotton than water uptake. For G. hirsutum L.
and G. barbadense management in the US, a base 60 °F
degree-day model has been commonly deployed as a
method of predicting cotton development [95, 96]. In
practice, time spent above 15.5 °C is assumed to be
beneficial to cotton growth and development, such that
days spent above this threshold are recorded as degree-
days, and the accumulation of degree-days is correlated
to developmental stages. Degree-day modeling of devel-
opmental thresholds is particularly important in cotton
cultivation because many of its pests and pathogens are
most destructive at particular life stages. Fov4, for
example, is described as a seedling disease because it
is most destructive to cotton during the seedling stage.
Although Fusarium infection may occur throughout
the life cycle of the plant, older plants are often tolerant
of infection. Little work exists specifically investigating
degree-day models for Fov4; however, other races have
been shown to positively correlate with the number of
cotton growing degree-days experienced in a research
field [15]. Furthermore, Zhang et al. [97] identified
23°C as the laboratory temperature at which disease

develops most readily and as one of the temperatures
at which the fungus grows most quickly on plates.
These temperatures closely align with those realized in
the field at the start of the growing season in the
regions of the US where Fov4 is found. To the extent
that Fov4 has been studied, synchronicity of phenology
is an apparent contributor to disease development.

Synchronous phenology is only useful to the patho-
gen if it exists in the same space as its hosts, in suffi-
cient quantity to cause disease. Fusarium wilt of cotton
is recognized as an inoculum density-dependent dis-
ease, and much of the existing evidence supports this
interpretation. In earlier phases of Fov4’s invasion into
the US, experimental evidence emerged that the prob-
ability of infection increased logistically as a function of
inoculum density [49]. Despite identifying that the dis-
ease is inoculum density-dependent, another problem
persists. Within agricultural fields, there is significant
spatial heterogeneity of inoculum, such that character-
izing where in a field inoculum exists has been a topic
of interest to assist in management decisions. Davis et
al. [98] observed spatial autocorrelation indicative of
clustered patches of Fov inoculum density throughout
the study field. Given that disease is dependent on
inoculum density and that inoculum density exists in
an aggregated distribution in the field, it may be possi-
ble to improve management strategies by predicting the
location of the patches within the field. Using the
geostatistical interpolation technique kriging has
demonstrated some success in identifying patches of
increased inoculum density (Parris et al., 2023). At the
small scale of an individual field, appropriately resolved
sampling may enable description of Fov4 inoculum
density by interpolation.

Disease management

Management of Fov can be grouped into four cate-
gories: host resistance, nematode management, cultural
control, and chemical and biological treatments [41,44].
Co-infection with root-knot nematodes (RKN,
Meloidogyne incognita) can increase the severity of
Fov4; however, unlike races 1 and 2, nematode interac-
tion is not required for disease development [21,70]. By
contrast, in Australian cotton systems nematodes are
generally a minor concern for Fusarium wilt, and
severe disease has been managed primarily through
resistant cultivars, on-farm hygiene, summer flooding,
and crop rotation that limit inoculum build-up and
spread [99]. Consequently, it is important to recognize
that cultivar resistance to Fov4 remains the foundation
of Fusarium wilt disease management.



In Pima cotton (G. barbadense), resistance shows a
dominant inheritance pattern resulting in highly resis-
tant cultivars, but susceptible Pima cultivars are extre-
mely vulnerable [92]. Pima S-6 was the first cultivar
identified with strong Fov4 resistance [100], though it
was released decades before the pathogen appeared in
the US [101]. PHY 800 was the first commercial culti-
var marketed for Fov4 tolerance [102], and subsequent
releases PHY 881 RF, PHY 807 RF, and PHY 861 RF
(PhytoGen Cottonseed, Corteva Agriscience) combine
Fov4 and glyphosate tolerance and are widely adopted
in Pima-producing regions. Publicly available Pima
germplasm lines have been released to diversify the
genetic base of resistance [103-105].

In Upland cotton (G. hirsutum), the predominant
cotton planted in the US, resistance is recessive or
incompletely dominant, with few resistance sources
available and no marketed Fov4-tolerant commercial
cultivars [40]. Severity in susceptible Upland cultivars
is typically less than that of susceptible Pima, but severe
disease can still occur under conducive conditions, and
all commercial Upland cultivars have shown some
degree of susceptibility [106,107]. Obsolete Upland
germplasm was screened for Fov4 resistance using an
SNP marker, but only 0.86% of accessions possessed the
resistance allele [97]. Progress has been achieved
through public breeding programs, including the
release of NuMex COT 17 GLS, with Fov4 resistance
introgressed from Pima, and Acala 1517-20, with a
Fov7-resistant source that confers moderate resistance
to Fov4 [11,108]. Seventeen germplasm lines were pub-
licly released to enhance Fov4 resistance and improve
fiber quality in Upland cotton [109].

Because disease severity is linked to soil inoculum
density [49], remaining management strategies rely on
limiting the buildup and persistence of viable propa-
gules in infested fields. Cultural controls such as soil
solarization, deep tillage, and crop rotation with non-
host species may reduce inoculum levels. Avoiding
movement of infested soil via irrigation water and
farm equipment is critical to prevent field-to-field
spread. Seed sanitation and certification programs can
help limit long-distance dissemination, as infected seed
can serve as a source of new inoculum for Fov4 [21].
Chemical treatments, including fungicides and soil
fumigants, have shown limited efficacy against Fov4
due to its deep soil persistence and systemic infection
pathway. Biological control agents, such as
Trichoderma spp. and Bacillus spp., have demonstrated
antagonistic activity to Fov in vitro and in greenhouse
trials [110 ,111]. However, experimental work on
Fov4-specific biocontrol agents remains limited, and
robust field-level efficacy data are still lacking. Recent
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work has also begun to examine the Fov4 hyphosphere
as a potential management target [112]. An integrated
metabarcoding and culture-based study showed that
the Fov4 hyphosphere is dominated by a single
Pseudomonas amplicon sequence variant and a func-
tionally enriched bacterial community, and that several
hyphosphere isolates, including Pseudomonas laurylsul-
fatiphila, can significantly promote Fov4 hyphal exten-
sion in vitro. These findings support the emerging
concept of a hyphosphere pathobiome and highlight
microbial associations as promising, though still experi-
mental, targets for future Fov4 disease management
strategies. Integrated disease management strategies
that combine resistant cultivars, cultural practices, and
targeted monitoring of inoculum density offer the most
promising approach for long-term control of Fov4 in
cotton production systems.

Current gaps and research needs: Unresolved
questions in Fov4 biology and host interaction

Although substantial progress has been made in char-
acterizing the biology and genomics of Fov4, several
key questions remain. The molecular mechanisms
underlying host specificity and resistance breakdown
are still poorly understood, and only a few virulence
genes have been functionally characterized. Genome
comparisons and functional studies indicate that some
SIX effectors, such as FovSIX16, contribute to virulence
in highly aggressive Fov races, whereas others like SIX9
appear to be useful molecular markers for Fov4 and
Fov7 but are dispensable for pathogenicity [17,75]. For
Fov4 specifically, the chromosomal context of these
effectors and the broader set of race-specific virulence
factors need to be better defined. The biological drivers
of inoculum density variation in field soils, such as
saprotrophic growth, seed-borne transmission, and spa-
tial heterogeneity, remain largely uncharacterized
[113,114]; Parris et al. 2023). These gaps hinder pre-
dictive modeling and limit the precision of field-level
management strategies. Resistance breeding also faces
challenges. In Pima cotton, resistance is dominantly
inherited and well-characterized [92,100], but in
Upland cotton, resistance is recessive or incomplete,
with limited sources available and no commercial cul-
tivars currently marketed for Fov4 tolerance [40,97].
The genetic basis of resistance in Upland cultivars and
the mechanisms by which Fov4 overcomes partial resis-
tance remain urgent areas for investigation.

Recent research efforts have significantly advanced
our understanding of cotton’s resistance to Fov4,
revealing key genetic and structural defense mechan-
isms[115]. demonstrated that resistant G. barbadense
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cultivars activate genes involved in reactive oxygen
species metabolism, chitinase activity, and Casparian
strip biosynthesis, reinforcing vascular barriers against
fungal invasion. Abdelraheem et al. [93] identified 24
resistance-associated QTLs in G. arboreum through
genome-wide association studies, with successful intro-
gression into G. hirsutum, offering a genetic roadmap
for  breeding  Fov4-resistant Upland  cotton.
Complementing these findings Popa-Baez et al. [62]
used comparative genomics to uncover unique gene
clusters in resistant cultivars enriched in metabolic
and pathogenicity-related pathways, highlighting host-
pathogen co-evolution and the role of accessory chro-
mosomes in. shaping resistance traits. Together, these
studies provide critical insights into the molecular and
genomic architecture of cotton defense, guiding future
strategies for durable resistance.

Emerging technologies: Genomics, gene
editing, and diagnostics

Recent advances in sequencing technologies have
enabled high-resolution genome assemblies for multi-
ple Fov races, revealing genome plasticity, repeat-rich
LS regions, and race-specific virulence factors
[58,60,62]. Fov4 genomes consistently exhibit larger
sizes and higher gene counts than other races, with
repeat content exceeding 18% in some isolates [59].
However, functional genomics, such as transcriptomics,
proteomics, and gene knockout studies, remains under-
utilized in dissecting virulence pathways. CRISPR/Cas9
and other gene editing tools offer promising avenues
for functional validation and resistance engineering,
but their application to Fov4 and cotton remains lim-
ited. Rapid diagnostics based on race-specific markers
like SIX9 [75] could enable early detection and quanti-
fication of Fov4 in soil and plant tissues.
High-throughput functional genomics as well as
other omics approaches now provide researchers more
robust tools to study Fov4 pathogenicity. CRISPR-based
mutagenesis, host-induced gene silencing, and tran-
scriptome analyses allow systematic validation of large
sets of Fov4-specific candidate effectors and metabolic
genes predicted from comparative genomics.
Integrating these data into co-expression and protein-
protein interaction networks can help pinpoint key
regulatory hubs and pathways underlying virulence,
rather than studying single genes in isolation.
Machine-learning and Al-assisted tools for effector pre-
diction, structure modeling, network inference, and
genotype—phenotype association could then prioritize
the most promising virulence factors for mechanistic

studies and for development of diagnostic markers and
resistance-breeding targets in cotton.

Global collaboration and policy: Coordinated
response to Fov4 threat

The emergence of Fov4 in multiple cotton-producing
regions, including India, California, Texas, and New
Mexico, underscores the need for coordinated interna-
tional efforts. Harmonized protocols for resistance
screening, genome annotation, and field surveillance
would accelerate progress and reduce redundancy.
Public breeding programs have released resistant germ-
plasm for both Pima and Upland cotton [109], but
broader collaboration among academic institutions,
industry stakeholders, and regulatory agencies is essen-
tial to scale these efforts.

Policy frameworks that support seed certification,
pathogen monitoring, and open data sharing are critical
to managing long-distance dissemination and ensuring
biosecurity. As climate change and global trade reshape
agricultural landscapes, proactive and unified strategies
will be key to mitigating the impact of Fov4 and safe-
guarding cotton production worldwide.
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