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soil-borne pathogens, among which Fusarium oxysporum and Fusarium solani is

a major causal agent of wilt disease. This review comprehensively discusses the
etiology, epidemiology, symptomatology, and pathogenicity of £. oxysporum and

F. solani, along with its impact on brinjal production. The pathogen invades the
vascular system, leading to wilting, yellowing, and eventual plant death, resulting

in significant yield losses. Various environmental factors, such as soil moisture,
temperature, and host susceptibility, influence disease progression. Additionally,

this paper explores current management strategies, including cultural practices,
biological control, resistant cultivars, and chemical treatments, to mitigate the
disease. Advances in molecular techniques for pathogen identification and resistance
breeding are also highlighted. A better understanding of the host—pathogen
interactions and integrated disease management approaches can aid in developing
sustainable solutions to combat £. solani induced wilt in brinjal while also promoting
environmentally friendly management practices to support global food security.
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1 Introduction

Brinjal (Solanum melongena L.), also known as eggplant or aubergine, is one of the
most important vegetable crops cultivated worldwide, particularly in Asia, Africa, and
the Mediterranean regions. It is a rich source of fiber, vitamins, minerals, and bioac-
tive compounds, contributing significantly to human health and nutrition [1]. Despite
its importance, brinjal cultivation faces challenges from various biotic and abiotic
stresses, with soil-borne diseases being particularly damaging. Among these, Fusarium
wilt caused primarily by E oxysporum f. sp. melongenae and E solani is one of the most
severe, leading to significant yield losses worldwide [2, 3]. Fusarium spp., survive in soil
for extended periods as chlamydospores and initiate infection by entering plant roots,
ultimately disrupting the vascular system and leading to wilt symptoms. Infected plants
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exhibit yellowing, wilting, and stunted growth due to vascular disruption caused by the
pathogen [4, 5].

The disease is favoured by warm, humid conditions and spreads through infected soil,
seeds, and plant debris, making management particularly difficult [6]. Yield losses in sus-
ceptible cultivars can reach up to 80%, posing a serious economic threat especially to
small-scale farmers with limited access to advanced control measures [7]. Reliance on
chemical fungicides for disease control has led to issues such as fungicide resistance,
environmental contamination, and disruption of beneficial soil microbes [3]. Therefore,
sustainable and integrated disease management strategies are essential. Cultural prac-
tices like crop rotation and organic amendments, use of biological control agents (BCAs)
such as Trichoderma harzianum, Pseudomonas fluorescens, and Bacillus subtilis sup-
press Fusarium and promote plant growth [7, 8]. As a result, there is a pressing need
for sustainable and integrated disease management strategies to mitigate the impact of
Fusarium wilt and ensure long-term agricultural sustainability.

The pathogenicity of Fusarium spp., is facilitated by various virulence factors, includ-
ing toxin production, enzyme secretion, and host-specific genetic determinants [9].
Several studies have identified resistance-related genes (R-genes) and defence signal-
ling pathways in brinjal plants that contribute to plant immunity against Fusarium spp.,
However, due to the high genetic variability of the pathogen, breeding for resistance
remains challenging [6]. Understanding the molecular mechanisms of host—pathogen
interactions is essential for the development of effective disease-resistant brinjal cul-
tivars. Organic soil amendments like compost and neem cake enhance soil health and
plant immunity [8]. Molecular tools such as PCR and CRISPR aid in early pathogen
detection and genetic resistance development [5].

The objective of this review is to provide a comprehensive understanding of Fusarium
wilt in brinjal, covering its pathogenicity, economic impact, host—pathogen interactions,
and sustainable management strategies. By analysing recent advancements in plant
pathology, disease diagnostics, and integrated disease management, this study aims to
highlight potential solutions for mitigating Fusarium wilt and ensuring sustainable brin-
jal production.

2 Diseases reported on brinjal

Diseases are a common occurrence in brinjal cultivation, and certain significant diseases
are attributed to fungi. Soil-borne pathogens commonly lead to diseases that mainly
affect the underground parts of plants, causing problems like seed decay, seedling damp-
ing off, root and crown rots, and wilting through root infections [9]. Plant pathogens
include Phomopsis blight caused by (Phomopsis vexons) Sacc and Syd (1914), Anthrac-
nose (Colletotrichum coccodes) Hughes (1958), Cercospora leaf spot (Cercospera mel-
ongenae) Welles (1922), Phytophthora root rot (Phytophthora melongenae) Formosa
(1914), Fusarium wilt (Fusarium oxysporum) schitdl et al. (1824), Powdery Mildew
(Leveillula taurica) Arnaud (1921), Damping-off (Pythium aphanidermatum) Fitzn
(1923). These diseases are a major obstacle to crop growth, causing around 68% of yield
losses in vegetables when continuous cropping is practiced [10]. More than 100 types of
Fusarium vascular wilts exist globally [11]. These pathogens are a significant challenge
because they typically endure in the soil for extended periods, and various species of
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these pathogens can affect multiple types of vegetable crops [12]. Several major fungal

diseases affecting brinjal plants are listed in Table 1.

3 Causal pathogen—Fusarium Spp.

The genus Fusarium is a widely distributed group of filamentous fungi that includes
numerous agriculturally important plant pathogens. Historically, Fusarium was first
described as Fusisporium by the German mycologist Link in 1809. The name was later
changed to Fusarium, derived from the Latin word fusus, meaning “spindle-shaped,’ ref-
erencing the typical morphology of its macroconidia. This genus encompasses a wide
array of fungal species found globally in both plants and soil. Members of Fusarium spp.,
can act as pathogens, endophytes, or saprophytes [13]. They are commonly considered
soil-dwelling fungi due to their prevalence in the rhizosphere and their frequent interac-
tion with plant roots, either as parasites or decomposers [14].

One of the key features of Fusarium is its complex taxonomy. The genus comprises
more than 300 phylogenetically distinct species grouped into multiple species com-
plexes, with over 20 commonly reported as plant pathogens. The Fusarium genus com-
prises more than 20 morphologically distinct and agriculturally important species [15].
Some Fusarium spp., are also known to exhibit a teleomorphic (sexual) state, typically
classified under the genus Gibberella [16]. The most common pathogenic species associ-
ated with vascular wilt and root rot in solanaceous crops include E solani, FE oxysporum,
E equiseti, and F. chlamydosporum [17]. Identification and differentiation of Fusarium
spp., rely on a combination of macroscopic and microscopic characteristics. Macro-
scopic features include colony morphology (colour, texture, and growth rate), as well as
microscopic features such as the length and shape of macroconidia, the number, shape,

and arrangement of microconidia, and the presence or absence of chlamydospores [18].

3.1 Taxonomic position and nomenclature

Recent advances in molecular phylogeny have significantly refined the taxonomy of the
genus Fusarium, which was historically based on morphological traits. E oxysporum,
a member of the phylum Ascomycota, class Sordariomycetes, order Hypocreales, and
family Nectriaceae, is now placed within the E oxysporum species complex (FOSC), as
supported by multilocus sequence analyses [19]. Molecular markers such as TEF1-a
(translation elongation factor 1-alpha), RPB1, and RPB2 have been widely used for pre-
cise delimitation within Fusarium lineages, helping to distinguish pathogenic and non-
pathogenic forms at the forma specialis level. Current consensus classifies E oxysporum
as a species complex encompassing both saprophytic and pathogenic strains, with for-
mae speciales used to denote host specificity rather than strict taxonomic separation.
These updates reflect a shift from traditional morphology-based taxonomy to a more

Table 1 Diseases reported on brinjal

Sr. No. Disease name Causal organism Reference

1 Phomopsis blight Phomopsis vexans Sacc and Syd (1914)
2 Anthracnose Colletotrichum coccodes Hughes (1958)

3 Cercospora leaf spot Cercospera melongenae Welles (1922)

4 Phytophthora root rot Phytophthora melongenae Formosa (1914)

5 Fusarium wilt Fusarium oxysporum Schitdl et al. (1824)
6 Powdery Mildew Leveillula taurica Arnaud (1921)

7 Damping-off Pythium aphanidermatum Fitzn (1923)
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robust, DNA-based classification, which enhances the accuracy of identification, diagno-
sis, and disease management strategies [20].

The Fusarium genus is known for its diversity and encompasses a multitude of species,
some of which hold significant agricultural and ecological significance [21]. Fusarium
genus includes both pathogenic and non-pathogenic species. Some Fusarium spp., are
beneficial and can act as antagonists to plant pathogens, while others are destructive
plant pathogens responsible for diseases such as Fusarium wilt [22].

3.2 Fusarium wilt: F. oxysporum and F. solani

Fusarium wilts are primarily caused by E oxysporum and E solani, two of the most
destructive fungi affecting brinjal plants and many other economically important crops
such as tomato (Solanum lycopersicum), chili (Capsicum annuum), potato (Solanum
tuberosum), cotton (Gossypium spp.), banana (Musa spp.), okra (Abelmoschus esculen-
tus), and legumes like chickpea (Cicer arietinum) and pigeon pea (Cajanus cajan) [5, 21].
These pathogens invade the vascular tissues, obstructing water and nutrient transport,
which leads to wilting, yellowing, and eventual plant death. E solani, in particular, has
been noted for its host specificity and pathogenicity in both greenhouse and field-grown
brinjal. It produces mycotoxins that pose serious threats to both plants and animals [23,
24]. In Iraq, E oxysporum is recognized as a prominent wilt pathogen of brinjal wilt and
other Solanaceae crops under both open and protected cultivation systems [25]. It per-
sists in soil via mycelia and chlamydospores and is capable of causing significant losses
[26].

Not all E oxysporum strains are pathogenic. Non-pathogenic isolates, frequently
recovered from healthy roots and rhizosphere soils, have shown potential for biologi-
cal control. These strains can outcompete pathogenic forms through mechanisms like
nutrient competition, rhizosphere colonization, and induction of systemic resistance in
host plants [27]. Moreover, some non-pathogenic strains are isolated from soils natu-
rally suppressive to Fusarium wilt and are under investigation as sustainable biocontrol
agents [28]. Although field performance is often reduced due to microbial competition,
early application of adequate inoculum densities has demonstrated promising disease
suppression.

Fusarium spp., exhibit considerable morphological variability [29], particularly in E
oxysporum, which typically produces white, cottony colonies with diverse structures
when grown on PDA [30, 31]. It reproduces asexually through three main spore types.
Macroconidia are slightly curved or sickle-shaped, 3-5 septate, multinucleate, and
exhibit rapid germination [32]. Microconidia are oval to round, single-celled, typically
uninucleate, and show poor germination efficiency (1-20%) under standard conditions,
although their germination is significantly enhanced in the presence of root exudates
[33]. Chlamydospores, which form through the thickening of hyphal or conidial cells,
serve as long-term survival structures and can germinate up to 98% within 10 hours in
root-exudate assays [34]. In contrast, E solani macroconidia germinate poorly (~10%) in
minimal media [35]. These morphological traits play a critical role in fungal reproduc-
tion, survival, and soil persistence.

The genus Fusarium was systematically classified by Wollenweber in his monographic
work. [36]. Among its diverse species, E oxysporum is of particular interest due to its
complex intraspecific diversity, including both pathogenic and non-pathogenic forms.
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Host specificity in E oxysporum is determined by formae speciales, each adapted to a
specific plant host [37]. Conidia play a central role in initiating infection and disseminat-
ing the disease [38]. Microconidia germinate variably, from 14 to 63% in root exudates
and ~16% in buffer solutions [33]. Chlamydospore and macroconidial germination pat-
terns, along with micro-conidiophore structures, further aid in species-level identifica-
tion [39].

3.3 Climatic conditions required for growth

Environmental and soil factors, such as humidity, rainfall, temperature, evaporation
rate, soil moisture, and sunshine hours, influence Fusarium wilt disease development
[40]. Fusarium spp., thrives in warm and humid conditions, although specific environ-
mental preferences vary. High humidity is essential for spore germination and infection,
with disease development being more likely when relative humidity exceeds 70% [41].
Fusarium wilt is more severe in soils with a pH below 6.4 and above 7. Seven factors
showed a significant positive correlation across all plant varieties, including KHBR-
205-E, KHBR-202-B, EP-900, WER2, WER-3, and DESI/Local. Prolonged rainfall and
excessive moisture in poorly drained soils facilitate spore spread and infection, while
poor air circulation raises humidity, further promoting disease. Effective soil drainage,
irrigation control, and improved airflow can help reduce its impact. [42]. Fusarium wilt
development in brinjal plant is influenced by temperature, with optimal growth occur-
ring between 25 and 30 °C (77°F-86°F), creating favourable conditions for disease pro-

gression [43].

3.4 Symptoms of Fusarium wilt

Fusarium wilt disease in brinjal begins with veinlet clearing, leaving the primary vein
green, followed by one-sided yellowing of young leaflets and eventual wilting and death
of mature leaves [44]. Hyphae were often aligned parallel to the long axis of xylem ves-
sels and frequently coated with an amorphous electron-opaque material deposited on
vessel walls and pit membranes, leading to occlusion of pit cavities [45]. Diseased brinjal
plants often display chlorotic foliage, lamina sagging, sequential abscission of leaves, and
noticeable suppression of canopy development [46], along with leaf epinasty [47], and
vascular tissue discoloration, chlorosis, and stem bending, which may result in plant-
let death [48]. The pathogen gains entry via the root system and progressively infiltrates
the vascular tissues, impairing xylem functionality and resulting in systemic wilting and
necrosis of aerial plant structures [49]. Under conducive environmental conditions, par-
ticularly in the winter season, the disease may reach epidemic proportions, potentially
leading to complete crop loss [50].

Fusarium oxysporum f. sp. melongenae, the etiological agent of wilt in brinjal, exhibits
high virulence and possesses the ability to persist in soil for extended durations in the
absence of a host [51]. This persistence makes control difficult, and the frequent use of
chemical fungicides has raised concerns due to potential risks to human health, the envi-
ronment, and non-target organisms [52]. The fungus causes severe damage to brinjal by
blocking water flow in the xylem, resulting in wilting and plant death [53]. Characteris-
tic symptoms include reddish-brown vascular streaks and the collapse of aboveground
parts of the plant [54]. Its spores remain viable in the soil for extended durations [5], and
xylem blockage often leads to sudden plant mortality [55].
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Pathogenicity involves the production of conidia that infect roots and colonize the
vascular system [56]. The infection process includes hyphal attachment to the root sur-
face and secretion of cell wall-degrading enzymes that allow entry into vascular tissues
like the xylem and phloem [57]. The plant’s defense mechanisms such as tyloses, gels,
and proliferation of parenchyma cells further contribute to vessel blockage and disease
severity [58].

3.5 Disease cycle of Fusarium wilt

Traditionally, the colonization of plant roots by fungi in soil has been investigated using
indirect methods like microbial isolation. These methods do not provide the means for
directly observing infection sites or the interactions between fungal pathogens and the
organisms that counteract them [59]. The disease cycles of most Fusarium wilts exhibit
similarities [60]. The life cycle of Fusarium spp., can be categorized into dormant, para-
sitic, and saprophytic stages [61]. The life cycle can be divided into three stages. First, the
dormant stage involves inhibiting and germinating resting structures in the soil. It then
breaches the endodermis and gains access to the xylem vessels through the pit mem-
branes. Once inside the vascular system, the pathogen enters its parasitic phase, lead-
ing to systemic colonization and ultimately resulting in wilting and host death. Lastly,
the saprophytic stage includes the formation of resting structures in the deceased host
[62]. In the dormant phase, mycelia, chlamydospores, macroconidia and microconidia
(propagules) present in infested soil are inhibited from germinating because of mycosta-
sis or microbiostasis [63]. Fusarium spp., transition to the parasitic phase when their
propagules or spore germ tubes penetrate the host through openings created by emerg-
ing lateral roots, wounds, or at various points on the root structure such as the root cap,
root hairs, or branch roots [64—68]. Fusarium spp. initiates infection by intercellularly
penetrating the root surface, first colonizing the cortical tissues. Inside the vessels, the
mycelia move upward, and effective colonization is genetically regulated [69]. They pro-
duce microconidia, which travel upward in the plant’s transpiration stream, germinating
into new hyphae to infect neighbouring vessel elements and further colonize [70]. As the
Fusarium hyphae spread within the plant’s cell apoplast, it causes significant cytological
changes leading to symptom expression. Vessel clogging by mycelia, fungal spores, and
plant defences like gels, gums, tyloses, and proliferation of adjacent parenchyma cells
contribute to water transport disruption in the plant, resulting in wilting and eventual
plant death [37, 71, 72]. New spores can return to the soil as infected plants decompose
or be carried to new areas by wind or water. Conidia are formed on dead leaves, and var-
ious propagules, including chlamydospores, are produced [73]. Chlamydospores can lie
dormant in the soil for years, germinating when they encounter a new host. Some weeds
can harbour Fusarium without showing symptoms [74]. A detailed representation of the
life cycle of the plant have been provided in (Fig. 1).

3.6 Pathogenicity and associated genes of fusarium wilt

The pathogen exhibits high genetic variability, enabling it to evolve into different physi-
ological races that infect various plant species across diverse geographical regions [75].
Fusarium colonies typically exhibit rapid growth, with pale or bright-coloured myce-
lium that is extensive and has a cottony appearance [76]. Conidiophores can be varied,
ranging from slender and simple to short and irregularly branched, sometimes forming
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Fig. 1 Life cycle and infection mechanism of Fusarium spp., associated with wilt disease in brinjal (Solanum melon-
gena L.). Schematic representation of the infection process and disease cycle of Fusarium spp., in brinjal. A Brinjal
plant showing wilt symptoms. B Germination of chlamydospores in response to root exudates. C Penetration
of the root cortex by germinating spores and development of fungal mycelium. D Vascular discoloration due
to colonization of the xylem tissue. E Formation of resting structures including microconidia, macroconidia, and
chlamydospores which persist in the soil and contribute to disease recurrence

clusters of phialides. Conidia, which are hyaline macroconidia, which are slightly curved
and have multiple cells, and microconidia, which are single-celled, oval to oblong, and
may be solitary or in chains [77]. Fusarium solani is a soil-dwelling fungus responsible
for causing Fusarium wilt in brinjal. This disease is highly prevalent in regions where
plants are grown and can lead to substantial yield losses. This pathogen was first docu-
mented in Japan and subsequently in China [78]. Pathogenesis is the process of how a
disease develops in a host, from infection to symptom production [79].

Fusarium solani was identified by examining its colony appearance, as well as the
shapes of its conidiophores and spores, which are all visual characteristics [80]. The
microorganism can persist for extended periods as chlamydospores within plant and
soil remnants, even following the cultivation of crops that are not susceptible to it [81].
Fusarium solani is a globally distributed pathogen that causes Fusarium wilt, a lethal
vascular syndrome affecting a wide range of plant species. [82]. Fusarium wilt is a fungal
disease that thrives in warm conditions, particularly around 28 °C. Disease progression
is hindered at temperatures exceeding 34 °C or falling below 17 °C [83]. The pathogen
can disseminate between different regions through various means, such as the trans-
portation of infected planting materials and seeds, as well as the use of farm tools and
machinery, especially when they have been in contact with contaminated soils and are
subsequently used in uninfected fields. Additionally, both air and water contribute to the
dispersal of this fungus [84]. Fusarium spp., is the pathogenic microorganism respon-
sible for Fusarium wilt, a highly destructive disease that impacts a broad spectrum of
plants, including both wild weeds and commercially cultivated crops [85]. Fusarium
oxysporum develops hyphae for the attachment and penetration of both wounded and
unwounded roots epidermal cells [57]. Certain species infect floral tissue with fusaric
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acid during flowering, then spread to the flower’s central axis, ultimately contaminat-
ing grains with toxins [86]. Fusarium spp., produce a cancer-causing mycotoxin, posing
a direct risk to both food safety and human well-being [87]. The chlamydospores were
spherical to nearly spherical, measuring an average of 10 pm in diameter, and the hyphae
exhibited branching at sharp angles. These tough chlamydospores, which are alive and
contain lipid-like material, can remain in the soil for a long time [60].

In addition to its morphological and ecological adaptations, Fusarium pathogene-
sis is intricately regulated at the molecular level. One of the major virulence factors is
the fusaric acid biosynthetic cluster (FUB1-FUBI12), which includes genes like FUBI,
encoding a polyketide synthase essential for the synthesis of fusaric acid a phytotoxin
that disrupts water balance and cellular structure in host plants, thereby enhancing
fungal virulence [88]. Another hallmark of virulence in E oxysporum is the presence
of Secreted in Xylem (SIX) effector proteins, small cysteine rich proteins encoded on
mobile pathogenicity chromosomes that suppress plant immune responses and deter-
mine host specificity. Notably, horizontal transfer of these chromosomes can convert
nonpathogenic strains into pathogenic ones [89]. Besides the SIX effectors, more than 26
other candidate effector genes have been found, some of which are similar to RNA bind-
ing and ToxA-like proteins, expanding the range of known effectors [90]. Comparative
genomic studies across Fusarium spp. have revealed a wide diversity of toxin biosynthe-
sis and secondary metabolite biosynthetic gene clusters, such as those responsible for
trichothecene and fusarin production, which contribute significantly to pathogenicity
and fungal fitness [91] These molecular components collectively reinforce the pathogen’s
ability to colonize host tissues, evade plant defenses, and cause severe vascular damage.

3.7 Pathogenicity assessment and advanced testing methods

Pathogenicity testing plays a crucial role in confirming the virulence of Fusarium spp.,
infecting brinjal. Traditionally, Fusarium wilt pathogens are identified using Koch’s pos-
tulates, which involve isolation of the suspected pathogen, reinoculation onto a healthy
host, and reproduction of disease symptoms. Differentiation is typically based on mor-
phological features, genetic sequencing of the internal transcribed spacer (ITS) and
elongation factor 1-alpha (TEF1-a) regions, as well as pathogenicity tests [92].

The most widely adopted technique is the root-dip inoculation method, wherein seed-
lings are immersed in a conidial suspension and then transplanted into sterilized soil or
potting medium [93]. Disease symptoms are evaluated after 15-30 days post-inocula-
tion, including leaf yellowing, wilting, vascular discoloration, and root necrosis. These
symptoms are scored using a standardized disease rating scale, typically 0-5 or 0-9,
to assess severity [94]. Quantitative metrics such as Disease Incidence (%) and Disease
Severity Index (DSI) are commonly employed:

Number of infected plant (s) « 100

Di Incid =
isease Incidence (% ) Number of total plant (s)

>~ (Disease score x Number of plants at that score)

Disease Severity Index = x 100

Total number of plants x Maximum score

[95]. These indices allow for reproducible comparison of pathogenicity across isolates,
treatments, or genotypes.
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Beyond phenotypic assays, molecular tools have significantly enhanced pathogen
characterization. PCR-based marker identification using ITS, TEF1-a, and teleomorphic
gene loci enable precise differentiation between pathogenic and non-pathogenic isolates
and between different formae speciales [96]. These tools are critical for early detection
and are especially useful in resistance breeding and quarantine regulation.

Recent advances in functional genomics have deepened our understanding of viru-
lence mechanisms. For example, targeted deletion of FUBI, part of the fusaric acid
biosynthetic gene cluster, reduces phytotoxin production and virulence, indicating the
role of fusaric acid in host colonization and symptom expression [88]. Likewise, SIX
(Secreted in Xylem) effector proteins encoded on mobile chromosomes modulate host
immune responses, determining host specificity and aggressiveness in E oxysporum [96].

Live-cell imaging using GFP-tagged Fusarium strains provides a powerful method for
visualizing the infection process in planta. This technology enables real time tracking
of fungal colonization, from root surface adhesion to xylem invasion, greatly advanc-
ing our understanding of host pathogen interactions at cellular and tissue levels [97]. In
summary, integration of classical inoculation methods with molecular diagnostics, gene
function studies, and in vivo imaging creates a comprehensive framework for pathoge-
nicity assessment. These tools are essential for devising effective and sustainable man-
agement strategies for Fusarium wilt in brinjal.

3.8 Enzymatic mechanisms of pathogenesis

Fusarium spp., secretes a range of extracellular enzymes that contribute to pathogenic-
ity and host tissue colonization. Among these, pectinases, cellulases, hemicellulases, and
cutinases are particularly important in degrading plant cell walls, facilitating penetration
and systemic infection. E solani has been identified as a significant producer of pectin-
ases, enzymes extensively utilized in the food and wine industries, but which in planta
degrade pectic substances of the middle lamella, allowing hyphal invasion [98].

Phytopathogenic fungi typically employ various pathogenic mechanisms, including the
formation of specialized structures such as appressoria, and the secretion of enzymes
that degrade plant cell walls, along with toxins, growth regulators, and effector proteins
to facilitate infection and colonization [99]. E oxysporum f. sp. melongenae expresses a
set of cell wall degrading enzymes including endopolygalacturonases (PG1), exopolyga-
lacturonases (PG2 and PG3), an endoxylanase (XYL1), and an endo-pectatelyase (PL1)
which are actively expressed during infection [100].

Cutinases are particularly critical during the early stages of infection, as they hydrolyze
the cuticle a protective waxy layer thereby allowing fungal entry through the epidermis
[99]. In E solani, knockout mutants lacking the cutinase gene showed up to 90% reduc-
tion in cutinase activity and significantly diminished virulence, underscoring its essential
role in host penetration [101].

Additionally, proteases such as aspartic and serine proteases degrade host defense-
related proteins, further aiding in fungal colonization. An aspartic protease secreted
by E oxysporum was shown to suppress host immunity and contribute directly to viru-
lence by interfering with host protease inhibitors [102]. Proteomic analyses of E oxyspo-
rum f. sp. melongenae have identified hundreds of candidate secreted effector proteins
(CSEPs), including enzymes with hydrolase, cutinase, and protease domains, supporting
their extensive involvement in pathogenicity [98]. These molecular components work
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synergistically to degrade host barriers, suppress immune responses, and facilitate vas-
cular colonization, leading to wilt symptoms and ultimately plant death.

3.9 Isolation techniques

Isolation of Fusarium spp. from infected brinjal tissues is a crucial step in understanding
disease etiology and developing effective management strategies. A common approach
involves culturing surface-sterilized segments of diseased roots, stems, or vascular tis-
sues on Potato Dextrose Agar (PDA), a nutrient-rich medium that promotes rapid fun-
gal growth and sporulation [103, 104]. However, because PDA is non-selective, it often
permits overgrowth by saprophytic fungi and bacteria. To increase selectivity, antibi-
otics such as streptomycin and penicillin are often incorporated into PDA, enhancing
recovery of Fusarium by suppressing bacterial contaminants [103]. For purification and
pathogenicity assays, single-spore isolation is widely employed to obtain genetically uni-
form cultures [105]. Additionally, tissue segment culturing, combined with microscopic
morphological assessment, is effective for isolating seed and Fusarium spp., from vari-
ous solanaceous hosts, including brinjal [106].

To enhance both the specificity and sensitivity of Fusarium isolation, several selective
and semi-selective media have been developed. Komada medium, originally formulated
for E oxysporum, contains pentachloronitrobenzene (PCNB) and other antimicrobial
agents such as streptomycin and oxgall. It exhibits moderate to high selectivity and, with
adjusted PCNB concentrations, can also support the growth of E solani [107]. Nash and
Snyder medium, a more widely adopted semi-selective medium, incorporates PCNB,
chloramphenicol, streptomycin, and neomycin, and is known for its high sensitivity and
specificity in isolating Fusarium spp., from both soil and plant materials [108]. Snyder
medium, a simplified version that omits neomycin, offers moderate selectivity at lower
cost and is suitable for samples with lower microbial competition [109].

Several studies have successfully isolated Fusarium spp., from solanaceous hosts. E
oxysporum has been isolated from diseased tissues using selective media such as Kom-
ada or Nash and Snyder medium, with isolates confirmed through subculturing and
morphological or molecular identification [110]. Similarly, £ oxysporum was re-isolated
from infected brinjal tissues, and Koch’s postulates were confirmed using morphological
and molecular methods. [111]. The pathogenicity of Fusarium spp., on brinjal was estab-
lished through root-dip inoculation of healthy seedlings followed by re-isolation of the
pathogen from infected vascular tissues [112].

Multiple isolation methods including PDA with antibiotics, Komada medium, and
Nash and Snyder medium enhances the accuracy and efficiency of Fusarium spp., recov-
ery. Each medium offers varying degrees of specificity and sensitivity, and their use
should be tailored based on sample type, pathogen load, and downstream applications
[13, 80].

3.10 Yield loss assessment

Fusarium wilt, caused by F solani f. sp. melongenae, is a devastating vascular disease of
brinjal, posing a significant threat to sustainable vegetable production. Globally, brinjal
plants is cultivated across more than 1.8 million hectares, yielding around 56 million
metric tonnes annually [113]. Yield losses due to wilt diseases especially Fusarium are
estimated at 30-50%, depending on environmental conditions and varietal susceptibility
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[114]. Globally, these reductions result in an economic loss of approximately USD 2 to 4
billion per year, accounting for both direct yield losses and indirect costs associated with
disease management, replanting, and reduced market quality [113].

In India, the second-largest producer of brinjal after China, cultivation spans approxi-
mately 0.72 million hectares, with total production reaching 13.4 million tonnes annu-
ally [115]. Fusarium wilt and related vascular wilts are responsible for 20-50% yield
losses, resulting in an estimated economic loss of INR 1500—3500 crore per year, dispro-
portionately affecting small and marginal farmers [116]. Disease prevalence is notably
high in endemic zones such as Uttar Pradesh, Bihar, and West Bengal, where incidence
rates can fluctuate between 10 and 90%, depending on local soil conditions and the sus-
ceptibility of cultivated varieties [117].

At the state level, consistent yield reductions of 20-30% have been documented in
parts of eastern Rajasthan, Uttar Pradesh, and Maharashtra, with field-level mortality
occasionally exceeding 50%, especially during peak infection periods between Novem-
ber and December [118]. In neighbouring Bangladesh, which shares agro-climatic simi-
larities with eastern India, household-level cultivation of brinjal has experienced up to
100% plant mortality due to unmanaged Fusarium outbreaks [119].

Furthermore, post-harvest losses contribute substantially to overall economic impact.
Fusarium-infected fruits are prone to rapid quality deterioration, causing losses of
around 7% at the farm level and up to 15% during transportation and marketing [120].
Overall post-harvest losses in vegetables range from 20 to 50%, depending on storage
and transport conditions [121].

Fusarium wilt is particularly severe in acidic (pH<6.4) and alkaline (pH>7.0) soils,
which provide a conducive environment for pathogen proliferation. Therefore, effective
disease management remains a critical challenge to improving brinjal productivity, safe-
guarding economic returns, and ensuring food security for vulnerable farming commu-
nities in affected regions [119].

4 Integrated disease management (IDM)

Effective management of Fusarium wilt in brinjal (E solani f. sp. melongenae) requires
an integrated approach combining cultural, mechanical, chemical, biological, host resis-
tance, and advanced biotechnological strategies.

The management of brinjal wilt requires an integrated approach involving cultural
practices, resistant cultivars, biological agents, and chemical treatments to reduce dis-
ease incidence and sustain productivity. Fusarium wilt is generally monocyclic, with
limited in-season spread due to delayed formation of infectious propagules; however,
variation in symptom onset can mimic secondary spread [122]. Plant defence mecha-
nisms like the hypersensitive response (HR) restrict pathogen infection through local-
ized cell death [123]. In Japan, grafting brinjal onto resistant rootstocks is commonly
practiced to manage wilt [124, 125]. The nature of the pathogen, its broad host range
across 44 plant families, and multiple transmission routes (root contact, soil, tools,
insects) complicate control efforts [126]. Biological control using non-pathogenic F oxy-
sporum and other soil antagonists has shown promise in suppressive soils [127], while
the use of resistant varieties remains the most effective long-term solution [128].
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4.1 Chemical management

The chemical management of brinjal plants involves the strategic application of pes-
ticides and fertilizers to optimize crop health, minimize pests, and enhance yield, as
detailed in agricultural practices and studies. Nitrogen is recognized as a crucial mac-
ronutrient that plants require for their growth, development, and yield [129]. Azole
fungicides like Difenoconazole, Hexaconazole, Propiconazole, and Tebuconazole are
particularly effective at inhibiting pathogens by targeting sterol biosynthesis in the cell
membrane [130]. In vitro condition, @ 1.0% concentration of chitosan displayed the
strongest inhibitory effect on the test pathogen [131]. Mancozeb at 0.20% concentration
was successful in preventing pathogen development, increasing plant growth, and HR,
and providing significant protection in vitro and greenhouse investigations. Mancozeb’s
effectiveness against E oxysporum f.sp. melongenae was evaluated in a controlled labora-
tory setting using the poisoned food technique [132]. Carbendazim and Captan were
applied at a concentration of 0.20%, and they resulted in a notable increase in brinjal
seed germination, reaching a rate of 95% [133]. The fungicidal treatment yielded signifi-
cant results compared to the control group, with seed germination reaching 68% and a
vigor index of 306 being recorded [134]. Using the synthetic fungicide M-45 at a concen-
tration of 50% was found to boost tomato seed germination to 90% and enhance seedling
vigor to 1406.7 [135]. Carbendazim (0.1%) was found to effectively inhibit the growth
of the tomato wilt-inducing pathogen E oxysporum f.sp. lycopersici in both in-vitro and
in-vivo conditions. this fungicide outperformed other fungicides [136]. Prochloraz and
bromuconazole, along with Benomyl and Carbendazim, exhibited significant effective-
ness against the pathogen and Carbendazim (Autostin 50 WP) demonstrated effective-
ness in the control of E oxysporum both in vitro and field conditions [137]. Plant-derived
pesticides with biological activity are anticipated to have a growing importance in crop
protection strategies [138]. The selective and excessive use of chemical pesticides can
have detrimental impacts on the environment and ecology, often resulting in residual
effects on brinjal plants [139]. As a consequence of this situation, the export of brin-
jal from Bangladesh faces restrictions, posing a significant concern for the host country
[140]. The summary of chemical constituents of Brinjal have been mentioned in Table 2.

4.1.1 Effect of agrochemicals

Controlling wilt disease through chemical means can be quite challenging, and at
times, finding suitable chemicals that are readily accessible can be impractical [141,
142]. Furadan 5G is being employed to manage the pathogen affecting brinjal plants
[142, 143]. Acibenzolar-S-methyl utilised as an abiotic plant stimulant, and a non-host
strain of E oxysporum applied to brinjal seedlings, were employed to enhance resistance
against Fusarium wilt, caused by E oxysporum f. sp. melonis, in brinjal plants [144]. Effi-
cacy of four systemic fungicides (Topsin-M, Difenoconazole, Alliete, and Nativo) and
Bacillus subtilis in both laboratory and greenhouse conditions. The poison food tech-
nique was used in the lab, while soil drenching was applied in the greenhouse [145].
Potassium application and soil liming are employed as measures to create unfavourable
conditions for the fungus [82]. The use of chemical pesticides carries the risk that pests
can develop resistance to these pesticides. Autostin 50WP (Carbendazim), a fungicide,
was tested for its efficacy against £ oxysporum using the Food Poisoning Technique,
specifically employing the cup or groove method [23]. The use of chemical pesticides
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Table 2 Chemical constituents of Brinjal (Solanum melongena L))

Sr. Chemical Type and amount (%) References
No. constituents

1 Carbohydrate Starch, simple sugars, and dietary fiber (5-6%) Naeem and Ugur (2019)
2 Proteins 1-2% [Leucine (7-10%), Lysine (5-7%), Phenylalanine Naeem and Ugur (2019)
(4-6%)]
[Alanine (5-8%), Glutamine (8-12%), Glycine (2-4%)]
Lipids 0.1-0.3% Naeem and Ugur (2019)
4 Saturated fatty Palmitic and stearic acid (20-30%) Naeem and Ugur (2019)
acid
5 Unsaturated fatty Oleic acid and linoleic acid (60-70%) Naeem and Ugur (2019)
acid
6 Phospholipids Phosphatidylcholine and Phosphatidylethanolamine Naeem and Ugur (2019)
(10-15%)
7 Polyphenols Polyphenols Oladosu et al, (2021)
Caffeic acid, Rutin
8 Flavonoids Quercetin, Kaempferol USDA (2012)
9 Alkaloids Solanine, Solasonine Oladosu et al. (2021)
10 Terpenoids a-Sitosterol, 3-Sitosterol Oladosu et al. (2021)
Il Vitamins Vitamin K (Phylloquinone) USDA (2012)
Vitamin E (a-tocopherol)
12 Minerals Zn,Na, K, P, Mg, Fe, Ca USDA (2012)
13 Water 90% USDA (2012)

carries the risk that pests can develop resistance to these pesticides. The effectiveness
of eight systemic fungicides was assessed at concentrations of 500, 1000, and 1500 ppm
against E oxysporum f. sp. melongenae using the poisoned food technique in vitro [146].
The order of mycelial growth observed was as follows: Difenconazole, Propiconazole,
Azoxystrobin, Tebuconazole, Hexaconazole, Thiophanate methyl, and Fosetyle AL [147].

4.1.2 Regulatory status of key fungicides

Several fungicides such as Carbendazim, Thiophanate-methyl, and Mancozeb have been
widely reported in the literature for the control of Fusarium wilt in brinjal. However,
their current regulatory status differs significantly across regions [148]. Carbendazim
and Thiophanate-methyl, both belonging to the benzimidazole class of fungicides, have
been banned in the European Union due to concerns over their toxicity, endocrine-dis-
rupting potential, and environmental persistence [149].

Mancozeb, a dithiocarbamate fungicide, was also prohibited in the EU in 2021 under
Regulation (EU) No. 2020/2087 because of its potential to impair reproduction and its
classification as a suspected endocrine disruptor [150].

In contrast, these fungicides remain registered and widely used in many non-Euro-
pean countries, including India, Bangladesh, and several nations across Africa and Latin
America [151]. In these regions, they continue to be part of integrated disease manage-
ment programs and are often applied under regulated conditions, sometimes in combi-
nation with biological control agents to enhance their efficacy and mitigate resistance
development [152]. Therefore, while historical data supports the efficacy of these fun-
gicides against Fusarium spp., it is essential to consider regional regulatory frameworks
when making recommendations. The inclusion or exclusion of such chemicals in inte-
grated pest management strategies should reflect both their proven effectiveness and

compliance with current national or international safety regulations.
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4.2 Biological management

Using helpful microorganisms and eco-friendly practices, the biological approach to
managing fungi in brinjal farming is both natural and chemical-free. Bioactive sub-
stances derived from an antagonistic fungus were identified for their role in suppress-
ing Fusarium wilt in tomato and brinjal [153, 154]. Biological control [155]. Bacteria
have been investigated as biocontrol agents for plant diseases. Bacillus subtilis strains
display advantageous characteristics for the host plant and have demonstrated encour-
aging outcomes when used as bioinoculants. They have the potential to be utilized the
development of novel, safer, and more efficient formulations as a substitute for chemi-
cal fungicides [156]. Biochar, created through pyrolysis, was found to reduce the growth
rate of Fusarium spp., in soils [157]. Soils treated with biochar showed a 50% reduction
compared to untreated soils [158]. Vermicomposting refers to the natural decomposi-
tion of organic matter through the actions of earthworms in controlled environments
[159]. For every 1 kg of mushroom production, approximately 5 kg of SMS is generated
[160]. Due to its high cation exchange capacity (CEC), slow mineralization rate, and
nutrient-rich composition, spent mushroom compost (SMC) has been identified as a
valuable nutrient source for agriculture [161]. It naturally manages soil infections, mini-
mizes plant damage, and enhances crop yield. Nine organic amendments tested against
F. oxysporum f. sp. melongenae, neem seed kernel cake was the most effective in reduc-
ing disease incidence, followed by mustard cake. Other amendments like safflower cake,
groundnut cake, and vermicompost also had positive effects [126]. SMS is abundant in
various microorganisms, including beneficial bacteria and fungi that combat diseases.
It is biodegradable, safe to use, and cost-effective to produce [162]. The initial step in
biological control is to identify and utilize highly effective strains [163]. Poultry manure
has a high nutritional value since it contains nitrogen, phosphorus, and potassium [164].
The incidence of wilt can be reduced by 41.15% by poultry manure [165]. Bacilli and
Pseudomonas in the rhizosphere can compete with root pathogens [166]. To reduce
the environmental risks associated with fungicides, biotic agents such as rhizobacteria,
non-pathogenic fungi, plant extracts, and inducers like acibenzolar S-methyl and sali-
cylic acid have been employed as substitutes in controlling F oxysporum f.sp. melonge-
nae, replacing the use of chemical fungicides [167]. Where Trichoderma harzianum was
applied individually or in combination with Furadan 3G, Krosin 10SP, Autostin 50WP,
and poultry manure, no wilt incidence was observed [104].

4.2.1 Effect oftrichoderma

In summary, when assessing cost-benefit ratios, Sawdust application had the highest
ratio at 4.17, followed by Furadan 5G, Trichoderma harzianum Tn, and Grafting, all with
favourable ratios, while the Control group had a much lower ratio at 0.70. Trichoderma
spp., is seen as effective bio-control agents and promoters of crop growth [168]. In a pot
culture experiment, The beneficial roles of biocontrol agents such as Trichoderma har-
zianum, Trichoderma viride, Glomus mosseae, and Glomus fasciculatum in combating
E oxysporum on brinjal [169]. Aqueous exudates from neem trees (A. indica) and willow
trees (Salix babylonica) both had a 10% influence on Fusarium wilt [170]. A biological
control agent fungus (Trichoderma harzianum) for the in vitro and in vivo biocontrol of
E oxysporum, which causes Fusarium wilt diseases in brinjal plants and They concluded
that using T. harzianum to control E oxysporum significantly reduced the damage to
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brinjal plants [54]. Trichoderma harzianum is a helpful natural organism that can pro-
tect plants from diseases like Fusarium wilt [171]. A method known as the dual culture
technique was employed to assess how T. harzianum interacts with E oxysporum in a
controlled laboratory environment [54]. Both individual and combined use of biological
control agents reduced the severity of wilt disease caused by the pathogen [172]. Among
them, the T. atroviride isolate, particularly when combined with bacteria, proved to be
the most effective treatment [103]. Among all the isolates tested, Trichoderma asperel-
lum (TB3) was highly effective in suppressing the radial mycelial growth of the pathogen,
with an inhibition rate of 85.77%. Applying Trichoderma suspension before brinjal flow-
ering effectively suppresses wilt disease, while combining Metalaxyl and Captan with
Trichoderma virens and T. harzianum enhances efficacy beyond their individual effects
[116, 173]. Five Trichoderma strains, including T. harzianum and T. reesei, were tested
using the dual culture technique to combat brinjal wilting caused by E solani [174].

4.2.2 Effect of plant extract

Ginger (Zingiber officinale) and the fungicide Shincar (carbendazim) showed strong
effectiveness against wilt disease. T. harzianum, a non-pathogenic fungus, thrives by
outcompeting harmful microbes for space and nutrients in the root zone [175, 176]. T.
harsianum and T. viride demonstrated complete suppression of the mycelial growth of E
oxysporum [177]. Various plant parts from different species, including leaves and seeds
of Lantana camara, Luffa cylindrica leaves, Moringa oleifera leaves, Putranjiva rox-
burghii leaves and seeds, Salvadora persica leaves, Senna alata leaves, Trema orientales
leaves, and Trichosanthes dioica leaves, showed potential to inhibit the growth of spe-
cific seed-borne fungi and improved the germination of brinjal seeds [178].

4.3 Mechanical management

Mechanical management of fungi in brinjal cultivation involves physical methods, like
pruning affected parts and using barriers, as practical strategies to control fungal dis-
eases, detailed in agricultural practices. The most commonly employed method for dis-
ease control is the utilization of resistant varieties. However, the effectiveness of this
approach has been hindered due to the substantial variability exhibited by the pathogen
[179]. Wilt management involves crop rotation, development of resistant cultivars, soil
solarization or sterilization, and selective application of fungicides [180]. E oxysporum
is employed as a biological control agent to manage Cannabis sativa cultivation, specifi-
cally targeting marijuana production [181]. E oxysporum has been linked to biocontrol
strategies targeting Striga weed [182]. Derosal and Benomyl achieved a 100% reduction
in disease incidence, while Vitavax and Cabrio-top showed disease incidences of 96.33%
and 83.37%, respectively [183].

4.4 Cultural management

Cultural management forms the foundational layer of integrated disease management
(IDM) strategies against Fusarium wilt in brinjal, primarily targeting the reduction of
initial inoculum and improving soil and plant health. Crop rotation with non-host plants
such as cereals (e.g., maize, sorghum) or legumes (e.g., cowpea, chickpea) is highly effec-
tive in breaking the pathogen’s lifecycle and minimizing soil inoculum loads [184]. Soil

solarization, involving the use of transparent polyethylene sheets during peak summer
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months, significantly reduces Fusarium spp., propagules by raising soil temperatures
to lethal levels and enhancing competitive microbial populations [185]. Proper field
drainage, construction of raised beds, and regulated irrigation schedules further reduce
root zone moisture and suppress disease development [186]. Sanitary practices such as
removal and destruction of infected plant debris, disinfection of tools, and avoidance of
continuous monocropping are essential to prevent mechanical dissemination and inocu-
lum buildup [80]. Additionally, maintaining soil pH within a neutral range (6.5-7.0) has
been shown to suppress pathogen activity, as acidic or alkaline conditions tend to favor
disease proliferation [187]. Timely planting and optimal plant spacing can also reduce
disease incidence by minimizing canopy humidity and improving plant vigor. When
integrated with other components like biological agents and host resistance, these cul-
tural practices significantly contribute to reducing the severity and spread of Fusarium
wilt under field conditions.

4.5 Hostresistance

Host resistance is considered one of the most effective and sustainable strategies for
managing Fusarium wilt in brinjal. The use of resistant or tolerant varieties reduces reli-
ance on chemical inputs and can significantly lower disease incidence and severity under
endemic conditions. Several brinjal genotypes have been screened for resistance to F
solani f. sp. melongenae, and varying levels of field tolerance have been reported. Vari-
eties such as ‘Arka Keshav, ‘Arka Nidhi; and ‘Arka Neelkanth’ developed by the Indian
Institute of Horticultural Research (IIHR), Bengaluru, have shown moderate resistance
in multilocational trials [188] Similarly, ‘Pusa Ankur’ and ‘Pusa Purple Long’ from ICAR-
IARI, and local varieties like ‘Punjab Neelam’ and ‘CO-2’ have demonstrated field-level
tolerance against wilt pathogens under variable soil conditions [189].

In addition to cultivated varieties, wild relatives such as Solanum torvum, S. integri-
Sfolium, and S. sisymbriifolium have been identified as potential resistance sources due
to their robust root systems and low susceptibility to Fusarium spp., These wild species
are widely used as rootstocks in grafting techniques, particularly in East Asian coun-
tries like Japan and Korea, where they are integrated into IDM programs to confer root-
level resistance and enhance plant vigor [190, 191]. Grafted plants have not only shown
improved resistance but also better yield performance under wilt-infested soils. The con-
tinuous screening of germplasm and development of resistant hybrids through classical
breeding and marker-assisted selection remains a priority in brinjal improvement pro-
grams aimed at long-term wilt management [190].

4.6 Biotechnological approaches

Recent advances in biotechnology have opened up promising avenues for managing
Fusarium wilt in brinjal, especially through CRISPR/Cas9 genome editing, RNA interfer-
ence (RNAI), and rhizosphere microbial consortia. CRISPR/Cas9 has been used to edit
susceptibility-related genes in brinjal to improve defense traits. For example, SmPG1
(polygalacturonase) was successfully knocked out to reduce fungal invasion, demon-
strating enhanced resistance to vascular pathogens [192]. CRISPR/Cas9 editing of three
PPO genes in brinjal significantly reduced enzymatic browning in fruit flesh, establish-
ing a proof-of-concept for targeted quality trait improvement [193]. Similarly, CRISPR/
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Cas9-mediated editing of the SmPPO gene enhanced postharvest quality in brinjal, rein-
forcing the potential of genome editing for trait enhancement in brinjal [194].
RNAi-based strategies are also gaining ground. Biosynthesized zinc oxide (ZnO)
nanoparticles not only reduced Fusarium wilt severity in brinjal but also enhanced plant
immune responses, indicating that RNAi and nanotechnology could be integrated to
silence fungal virulence genes and boost host immunity [195]. In parallel, microbial con-
sortia involving beneficial organisms like Trichoderma harzianum, Pseudomonas fluore-
scens, and Bacillus subtilis have shown consistent success under field conditions. These
bioagents, when combined with nanoformulations or low-dose fungicides, enhance soil
suppressiveness and systemic resistance. A 58% reduction in wilt incidence was achieved
using 7. harzianum-fortified amendments [196], while combining T. harzianum with
carbendazim significantly improved both plant growth and disease suppression [197].
Marker-assisted selection (MAS) has further supported resistance breeding, with
QTLs like FM1 on chromosome 2 accounting for up to 92% of resistance to E oxysporum
f. sp. melongenae [198]. Together, these strategies offer sustainable, targeted, and inte-

grative options for combating Fusarium wilt and enhancing brinjal resilience.

5 Conclusion

Fusarium wilt of brinjal, caused by E solani and E oxysporum is a destructive soil-borne
disease that significantly impacts plant health and yield. The pathogen invades the vas-
cular system, disrupting water transport and causing wilting, yellowing, and plant death.
Its ability to produce persistent chlamydospores enables long-term survival in soil, com-
plicating eradication efforts. Environmental factors such as warm temperatures, acidic
to neutral pH, and high humidity promotes disease development. Pathogenicity assess-
ment and understanding of the pathogen’s enzymatic and virulence factors are essential
for early diagnosis and resistance screening. Yield losses can be severe, often exceeding
50% under favourable conditions.

Managing Fusarium wilt requires an integrated disease management (IDM) strategy
that combines cultural, biological, chemical, and genetic approaches. Cultural meth-
ods like crop rotation, soil solarization, and sanitation reduce inoculum levels. Biocon-
trol agents such as Trichoderma spp., Bacillus subtilis, and natural plant extracts have
shown efficacy in suppressing the pathogen. Although fungicides like carbendazim and
mancozeb are effective, their regulatory status varies by region, and overuse may lead to
resistance and environmental harm. Host resistance remains the most sustainable strat-
egy, with ongoing efforts to develop resistant varieties supported by biochemical and
molecular tools. Recent advances such as CRISPR/Cas9 gene editing, RNA interference,
marker-assisted selection, and microbial consortia present innovative tools for improv-
ing resistance and managing the disease sustainably. Continued research on host—patho-
gen interactions, resistance breeding, and eco-friendly technologies will be vital to
safeguard brinjal cultivation against Fusarium wilt what is the effective.

Abbreviations

DM Disease management

SBP Soil-borne pathogen

HPI Host-pathogen interaction
RB Resistance breeding

SMS Spent mushroom substrate
SMC Spent mushroom compost
BCAs  Biological control agents
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