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ABSTRACT: Lipid biosynthesis plays a critical role in the pathogenicity and virulence of fungal pathogens affecting
rice, particularly in Magnaporthe oryzae, Rhizoctonia solani, and Fusarium species. Glycerol, a key product of lipid
metabolism, is essential for maintaining turgor pressure, which is crucial for processes such as conidiogenesis and host
penetration. This review explores the intricate lipid biosynthesis pathways and their associated genes, emphasizing
the significance of fatty acid biosynthesis in supporting fungal growth and pathogenicity. Additionally, the differing
strategies employed by biotrophic and necrotrophic fungi are examined, highlighting how biotrophic fungi rely on
living host tissues for sustenance while necrotrophic fungi actively kill host cells to obtain nutrients. This distinction
underscores the varied metabolic adaptations and lipid utilization mechanisms these fungi deploy in their pathogenic
lifestyles. Recent insights into the roles of key genes involved in lipid metabolism reveal potential targets for biocontrol
strategies and highlight the importance of understanding lipid biosynthesis as a crucial component of fungal virulence
in rice pathogens.
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INTRODUCTION

Rice, a staple food for more than half of the world’s
population, is crucial for global food security, espe-
cially in Asia, where it is the primary crop cultivated.
However, rice production is frequently challenged by
various fungal pathogens, which can cause severe yield
losses and threaten global food supplies. Among these
pathogens, Magnaporthe oryzae, the causative agent
of rice blast disease, stands out due to its destructive
impact, with annual losses sufficient to feed 60 million
people [1]. This pathogen’s ability to go undetected
during its initial biotrophic phase makes it particularly
challenging to manage, and often leads to significant
crop devastation.

The infection cycle of M. oryzae begins with the
dispersal of its spores, which, germinates and forms
appressorium. This specialized structure generates
the turgor pressure necessary to breach the plant’s
defenses, a process heavily reliant on lipid biosynthesis
[2]. The critical role of lipids extends beyond mere
penetration, contributing to the pathogen’s overall
virulence by supporting metabolic processes essential
for its survival and proliferation within the host [3].
In addition to M. oryzae, other fungal pathogens such
as Rhizoctonia solani, Fusarium species, Curvularia
species, and Alternaria species also present significant
threats to rice cultivation. R. solani, the agent of sheath
blight, targets the leaves and stems of rice plants,
leading to reduced photosynthetic capacity and lower
yield [4–6]. Like M. oryzae, R. solani depends on lipid

metabolism for its pathogenicity. The energy derived
from lipid breakdown fuels the formation of infection
structures, while lipid-derived signaling molecules reg-
ulate virulence and adaptation to the host environment
[7].

Fusarium species, responsible for diseases like
bakanae and seedling blight, also exploits lipid biosyn-
thesis to enhance their virulence. These pathogens
produce mycotoxins such as fumonisins and tri-
chothecenes, which disrupt host cell membrane and
interferes with physiological processes, facilitating the
invasion and colonization of plant tissues [8]. The
production of these mycotoxins, along with other vir-
ulence factors, is closely linked to lipid metabolism,
making it a key target for managing these pathogens
[9]. Curvularia and Alternaria species, which cause
leaf spot and leaf blight, respectively, also rely on
lipid reserves to support their growth and pathogenic-
ity. These pathogens utilize lipid-derived signaling
molecules to regulate germination, colonization, and
other aspects of their infection processes [10]. The
dependence of these diverse fungal pathogens on lipid
metabolism underscores the potential of targeting lipid
biosynthesis in the development of novel strategies for
disease management in rice.

Understanding how these pathogens exploit lipid
metabolism and biosynthesis to enhance their viru-
lence can lead to innovative approaches, including the
development of targeted fungicides or genetic inter-
ventions. These strategies could significantly improve
rice resistance to fungal diseases, thereby bolstering

www.scienceasia.org

http://dx.doi.org/10.2306/scienceasia1513-1874.2025.034
http://www.scienceasia.org/
mailto:vani@ukm.edu.my
www.scienceasia.org


2 ScienceAsia 51 (2): 2025: ID 2025034

global food security and sustaining rice production in
the face of increasing biotic pressures.

GENOMIC INSIGHTS AND SECRETOME PROFILES
OF KEY RICE PATHOGENS

The draft genome of M. oryzae, was sequenced and
the analyzed of the generated data showed the gene
expression profiles across various growth stages and
environmental stresses [1]. As a model organism for
fungal plant pathogens, M. oryzae exhibits features like
appressorium development and invasive hyphae that
are crucial for its interaction into plant cell membranes
and shares similarities with other plant pathogens
[2]. The availability of its genome has significantly
advanced research into rice blast disease, particularly
in understanding lipid metabolism and its role in
pathogenicity.

The secretome of M. oryzae includes approxi-
mately 1,546 predicted proteins, many of which are
homologous to those found in saprophytic fungi such
as Neurospora crassa, Aspergillus nidulans, Chaetomium
globosum, and Trichoderma reesei. Among these se-
creted proteins are those involved in lipid biosynthesis
and metabolism. These pathways are involved in the
synthesis of key lipid molecules that contribute to the
structural integrity and functionality of appresorium
[11]. Lipid metabolism in M. oryzae is intertwined with
secondary metabolism and pathogenicity. The synthe-
sis and deposition of dihydroxynaphthalene (DHN)-
melanin into the appresorium’s cell wall is essential
for the infection process. DHN-melanin, a type of
dark pigment, protects the fungus from host plant
defenses and environmental stresses. Pyriculol and its
analogs, which are secondary metabolites involved in
redox reactions, further enhances fungal survival and
pathogenicity [12]. Disruptions in lipid biosynthesis
pathways can lead to altered secondary metabolite
production and pathogenicity, as demonstrated by the
deletion of PoYPD1 and OSM1 in M. oryzae [13].

In addition to M. oryzae, other rice pathogens like
R. solani and Fusarium sp. also exhibit complex lipid
metabolic pathways. For example, F. graminearum,
which causes head blight, produces trichothecenes that
are crucial for its virulence [14]. Lipid biosynthesis
and metabolism in Fusarium sp. contribute to the pro-
duction of these virulence factors, influencing fungal
morphogenesis and pathogenicity. The cAMP signaling
pathway, involving adenylate cyclase, is pivotal for
fungal morphogenesis and pathogenicity in M. oryzae.
This pathway influences appressorium formation and
penetration, linking lipid metabolism to the overall
pathogenic processes [2]. The interplay between lipid
metabolism, secondary metabolite production, and sig-
naling pathways is integral to the pathogenicity of most
of the above-mentioned rice fungal pathogens.

REGULATORY PATHWAYS OF LIPID BIOSYNTHESIS
IN FUNGI

MAPK signaling pathways

Mitogen-Activated Protein Kinase (MAPK) pathways
are critical for environmental signal transduction and
transcriptional regulation, involving MAPK, MAP ki-
nase kinase (MAPKK), and MAP kinase kinase kinase
(MAPKKK) [22, 23]. In M. oryzae, these cascades
regulate appressorium formation, tissue colonization,
invasive growth, osmoregulation, and stress responses
[15]. Key MAPK genes, including PMK1, MPS1, and
OSM1, are essential for the pathogenesis of fungal
pathogens. PMK1, in particular, plays a pivotal role
in regulating appressorium formation. This gene
functions similarly to the yeast kinases FUS3 and
KSS1, which are involved in cell signaling processes.
PMK1 operates downstream of cAMP (cyclic adenosine
monophosphate)-mediated signals, which are critical
for appressorium morphogenesis, the process by which
the fungus differentiates into structure capable of pen-
etrating the plant surface. Without this pathway, the
pathogen’s ability to infect and cause disease in host
plants is significantly impaired [24]. In R. solani and
Fusarium sp., MAPK pathways play a critical role in
regulating stress responses, growth, and virulence.
Key genes involved in these processes include MAPK1,
MAPK2, FgK1, and FgK2, which are essential for the
pathogenicity of these fungi [25]. MAPK1 is crucial
for managing osmotic stress and maintaining fungal
cell wall integrity, while MAPK2 regulates cell cycle
processes and hyphal development, which are essential
for the invasion of host plants. In Fusarium sp., FgK1
and FgK2 play significant roles in fungal development
and pathogenicity. FgK1 is involved in spore formation
and plant invasion, whereas FgK2 controls mycotoxin
production, a key virulence factor [26]. One Fusarium
sp., F. verticillioides utilizes MAPK signaling not only for
the production of mycotoxins, but also in growth and
stress adaptation of the fungi.

cAMP signaling pathways

cAMP functions as a crucial secondary messenger in
eukaryotic cells, activating protein kinase A (PKA). In
M. oryzae, cAMP-dependent protein kinase is critical
for pathogenesis, particularly in the formation of the
appressorium [27]. High concentrations of external
cAMP can induce appressorium formation, and the
cAMP signaling pathway plays an important role in
sensing the host surface and promoting infection struc-
ture development [28]. Mutants lacking PKA1 in
M. oryzae and Fusarium sp. exhibit defects in the devel-
opment of infection structures and show significantly
reduced virulence [27]. In addition to cAMP signaling,
autophagy-related genes, such as ATG8, are important
for degrading lipids to provide energy during the in-
fection process, particularly when external nutrients
are limited. This ATG8-mediated autophagy is vital

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 51 (2): 2025: ID 2025034 3

Table 1 Secretome proteins of fungal pathogens and their roles in pathogenicity.

Pathogen Secretome protein Function Ref.

M. oryzae MoCDIP4 Induces cell death in rice cells [15]
M. oryzae MoCDIP1 Induces plant cell death and enhances pathogenicity [15]
M. oryzae MoHEG2 Hemicellulose-degrading enzyme [16]
M. oryzae MoAsp1 Aspartic protease involved in host colonization [15]
R. solani RsPG1 Pectin-degrading enzyme contributing to plant cell wall degradation [17]
R. solani RsRlpA Necrosis-inducing protein [18]
F. fujikuroi FfLip1 Lipase involved in lipid metabolism and pathogenicity [19]
F. oxysporum Fow1 Fungal necrosis-inducing factor [20]
F. oxysporum SIX1 Effector protein that modulates host immune responses [21]

for maintaining energy homeostasis and sustaining
infection in pathogens like M. oryzae and R. solani
[29]. Moreover, the cAMP pathways are also crucial in
R. solani and Fusarium sp., including F. graminearum
and F. oxysporum, where they regulate processes like
conidiation, stress responses, and pathogenicity [30].
Another important gene, CAP1, in M. oryzae influ-
ences actin cytoskeleton dynamics, which is critical
during hyphal penetration into the host. Mutations
in cAMP-related genes, including those affecting CAP1,
can significantly impair fungal virulence and infection
capability [23, 31].

Lipid metabolism

Lipids, including fatty acids, glycerolipids, and sterol
lipids, are vital for cellular functions and energy stor-
age in fungi [7]. In M. oryzae, fatty acids and lipids are
crucial for appressorium formation and turgor pressure
[32]. R. solani depends on lipid metabolism for hyphal
growth and stress responses, while Fusarium sp. rely
on it for conidiation and pathogenicity [33, 34]. Lipids
also play a role in mycotoxin production by Fusarium
sp., highlighting their importance in fungal physiology
and virulence [20].

Glyoxylate cycle

In M. oryzae, the glyoxylate cycle plays a crucial role by
converting fatty acids and C2 compounds (like acetate)
into C4 precursors, which are necessary for biosyn-
thetic processes such as gluconeogenesis. This cycle is
essential for the fungus to generate glucose from non-
carbohydrate sources, supporting energy production
and growth during infection [35]. Key enzymes in this
pathway, such as isocitrate lyase and malate synthase,
are critical for these metabolic processes [35]. Simi-
larly, R. solani utilizes the glyoxylate cycle to promote
mycelial growth and the formation of sclerotia, which
are resilient structures that help the fungus survive un-
der adverse conditions. In Fusarium sp., the glyoxylate
cycle enhances fatty acid metabolism, enabling more
efficient utilization of lipids as an energy source, which
in turn supports increased virulence [36]. Recent

studies have further connected the glyoxylate cycle to
mycotoxin production and stress adaptation in Fusar-
ium sp., indicating its broader role in fungal survival
and pathogenicity [11].

Glycerol and lipid biosynthesis pathway

In M. oryzae, lipid and glycogen reserves are rapidly
broken-down during infection, a process regulated
by the CPKA/SUM1-encoded protein kinase (PKA)
holoenzyme, which is essential for generating turgor
pressure in the appressorium. The breakdown of tria-
cylglycerol (TAG) to produce glycerol is crucial for fun-
gal pathogens like M. oryzae. This process is regulated
by Protein Kinase A (PKA), which activates lipases that
hydrolyze TAG into diacylglycerol (DAG), then into
monoacylglycerol (MAG), and finally into free fatty
acids and glycerol. Glycerol is essential for generating
the high turgor pressure required for the fungus to
penetrate the plant surface, particularly during ap-
pressorium development. Glycerol is also synthesized
from intermediates like dihydroxyacetone phosphate
(DHAP) in glycolysis, which is converted to glycerol-3-
phosphate and then dephosphorylated to glycerol.This
process is closely tied to the fungus’s lipid metabolism
and is influenced by environmental signals through
cAMP signaling, which regulates PKA activity. The
glycerol-derived turgor pressure is further supported
by aquaporins and osmolytes, ensuring proper osmotic
balance. These coordinated mechanisms enable effi-
cient host invasion. Glycerol is also synthesized from
pyruvate in the peroxisome through gluconeogene-
sis. Pyruvate is converted to oxaloacetate, then to
phosphoenolpyruvate, and ultimately to dihydroxyace-
tone phosphate (DHAP). DHAP is reduced to glycerol-
3-phosphate and then dephosphorylated to glycerol.
This pathway serves as an alternative source of glycerol
to aid in generating turgor pressure for host invasion
[34, 37, 38]. Fatty acids produced through β-oxidation
are of importance for appressorium formation and pen-
etration into the host [4] (Fig. 1). Similarly, in R. solani
and Fusarium sp., lipid and glycerol biosynthesis are
critical for maintaining pathogenicity and supporting
infection [34, 38].
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Polyketide biosynthesis

Polyketide biosynthesis involves the conversion of
acetyl-CoA into acyl groups through repetitive conden-
sation reactions. This process is closely linked to other
key pathways such as lipid biosynthesis, melanin pro-
duction, and the glyoxylate cycle [11]. In M. oryzae,
the melanin produced via polyketide biosynthesis is
critical for the fungus to penetrate the host plant’s
leaves, as melanin helps generate the necessary turgor
pressure in the appressorium [7]. Similarly, in R. solani
and Fusarium sp., polyketides play important roles in
enhancing virulence, providing stress tolerance, and
contributing to the production of mycotoxins, which
aid in infection and survival under adverse conditions
[26] (Fig. 1).

LIPID CONTRIBUTIONS TO FUNGAL VIRULENCE
MECHANISMS

Lipids, particularly triacylglycerols, phospholipids, and
fatty acids, play a critical role in the virulence of key
fungal pathogens affecting rice, including M. oryzae,
R. solani, Fusarium sp., and Alternaria sp. These fungi
rely on lipid biosynthesis to generate glycerol, a vital
molecule for creating the turgor pressure required for
penetrating plant tissues. In M. oryzae, pathogenicity
is strongly linked to the utilization of storage lipids like
triacylglycerols, which provide energy for the infection
process from spore attachment to the development of
penetration hyphae [7]. Lipid storage in vacuoles,
primarily in the form of triacylglycerols and phos-
pholipids, is critical for sustaining the growth of the
germ tube and appressorium through their continuous
degradation [15, 39].

The PTH2 gene in M. oryzae encodes CAT2, a
protein crucial for the transport of acetyl-CoA, which
is necessary for fatty acid metabolism. Mutants lacking
PTH2 are unable to infect plants, emphasizing the im-
portance of acetyl-CoA production in fungal virulence
[27, 31]. Similarly, the AGT1 gene is essential for lipid
mobilization, conidial germination, and appressorium
formation. Mutations in AGT1 impair β-oxidation
and the glyoxylate cycle, rendering the fungus non-
pathogenic due to the inability to mobilize stored tria-
cylglycerols [40]. Additionally, mutants deficient in in-
tracellular triacylglycerol lipases, enzymes required for
lipid breakdown, are unable to infect plants because of
impaired acetyl-CoA generation, which is necessary for
penetration [7, 41].

In R. solani, lipid metabolism, particularly the
mobilization of triacylglycerols and phospholipids, is
equally important for pathogenicity. Lipid bodies are
broken down during infection to fuel hyphal growth
and penetration into host tissues. Disruptions in
lipid transport and storage severely affect the fungus’s
ability to colonize host tissues, reducing virulence
[3, 41]. In Fusarium sp., such as F. graminearum and
F. oxysporum, lipid derived molecules like oxylipins are

involved in signaling pathways that regulate fungal
development and pathogenicity [42]. Mutations in
lipid biosynthesis enzymes impair mycotoxin produc-
tion and reduce the pathogen’s ability to infect host
plants. The glyoxylate cycle, which relies on fatty
acids, plays a critical role in adapting to the host en-
vironment, and its disruption in Fusarium sp. is linked
to decreased virulence [42]. In F. verticillioides, altered
lipid metabolism directly affects mycotoxin production
and stress adaptation, further demonstrating the im-
portance of lipids in fungal virulence [43].

Alternaria sp., particularly A. alternata, rely heav-
ily on lipid metabolism, specifically the synthesis and
breakdown of triacylglycerols and phospholipids, to
produce secondary metabolites and toxins that are
key to their virulence. Disruptions in lipid biosynthe-
sis and mobilization reduces pathogenicity, impairing
the fungi’s ability to infect and damage host plants
[44]. In M. oryzae, the Pmk1 MAP kinase signaling
pathway is crucial for regulating the mobilization and
degradation of lipid bodies within the appressorium,
a process that depends on cAMP-dependent protein
kinase A [40]. Mutations in the isocitrate lyase gene in
M. grisea and Fusarium sp. result in defects in appres-
sorium formation and mycotoxin production, leading
to a significant reduction in pathogenicity [40]. This
metabolic pathway is also vital for the virulence of
other rice pathogens, such as R. solani, which depend
on the glyoxylate cycle for effective host invasion [45]
(Fig. 1).

COMPARATIVE ANALYSIS OF LIPID BIOSYNTHESIS
IN BIOTROPHIC AND NECROTROPHIC FUNGI

Lipid biosynthesis in rice pathogens plays a crucial role
in their ability to interact with host plants, with sig-
nificant variation between biotrophic and necrotrophic
fungi. Biotrophic pathogens, such as Ustilago virens,
the causative agent of rice false smut, establish an
intimate, parasitic relationship with living host cells.
These pathogens manipulate lipid metabolism to main-
tain host cell integrity and ensure a continuous supply
of nutrients without activating strong host defense
responses [50]. U. virens forms specialized structures
known as haustoria, which are used to extract nutrients
directly from the host. Lipid biosynthesis in these
biotrophs is critical for producing membrane compo-
nents such as sterols and sphingolipids, which are es-
sential for maintaining haustorium structure and func-
tion. The involvement of sterol biosynthesis genes in
haustorium development has been well documented,
highlighting their importance in sustaining biotrophic
interactions [51]. Furthermore, biotrophs synthesize
lipid-derived signaling molecules, such as oxylipins
and jasmonates, which can modulate host immune
responses to prevent premature host cell death and
allow for prolonged infection [41].

In contrast, necrotrophic pathogens, such as
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Fig. 1 This figure illustrates the interconnected pathways of lipid metabolism within a eukaryotic cell, highlighting the roles of
various organelles. The peroxisome and mitochondrion facilitate fatty acid degradation and acetyl-CoA production, which support
energy generation and lipid biosynthesis. The lipid body stores triacylglycerol (TAG) and diacylglycerol (DAG), while the endoplasmic
reticulum (ER) synthesizes complex lipids like phospholipids, sphingolipids, and polyunsaturated fatty acids (PUFAs). The Golgi
apparatus aids in sphingolipid biosynthesis, and glycolysis provides intermediates like glycerol-3-phosphate (G3P) for lipid synthesis.
Specialized pathways, such as the mevalonate pathway, polyketide biosynthesis, and oxylipin production, branch from lipid precursors,
reflecting the integration of lipid metabolism with energy, storage, and secondary metabolite production.

Table 2 Role of lipids in virulence of rice pathogens.

Pathogen Lipid type Role in virulence Ref.

M. oryzae Glycerol Accumulates in appresorium to generate turgor pressure [27]
M. oryzae Sphingolipids Involved in cell wall integrity and signal transduction [46]
M. oryzae Phospholipids Involved in appresorium development and function [47]
M. oryzae Glycolipids Facilitates cell wall adhesion and penetration [26]
R. solani Fatty Acids Disrupts plant cell membranes to facilitate infection [45]
R. solani Phytotoxins (lipid-derived) Induces necrosis in host tissues [33]
F. fujikuroi Lipase Hydrolyzes host lipids, aiding in host penetration [3]
F. oxysporum Sterols Stabilizes fungal membranes during infection [48]
F. graminearum Oxylipins Modulates host immune response and enhances pathogenicity [49]
F. verticillioides Polyketides Serves as toxins that inhibit host defense mechanisms [43]

R. solani and F. fujikuroi, which cause sheath blight and
bakanae disease in rice, respectively, exhibit a more
aggressive lipid metabolism. These fungi actively kill
host cells, exploiting the released nutrients to support
their rapid growth and virulence. Necrotrophs upreg-
ulate pathways related to fatty acid biosynthesis and
β-oxidation to generate energy and produce virulence
factors, such as phytotoxins, which contribute to host
cell death [45]. Lipid peroxidation and the production
of reactive oxygen species (ROS) are critical mecha-
nisms by which necrotrophic fungi induce oxidative
stress in the host, leading to membrane disruption and

tissue necrosis [52]. For instance, Fusarium species
enhance lipid metabolism to produce mycotoxins like
fumonisins and trichothecenes, which disrupt host cel-
lular membranes and accelerate disease progression
[53]. Additionally, genes involved in oxylipin biosyn-
thesis play a central role in necrotrophic pathogenesis,
as oxylipins can trigger programmed cell death in
host tissues, further promoting pathogen spread [43].
These distinct lipid metabolic pathways underscore
the divergent survival strategies of biotrophic and
necrotrophic fungi. Biotrophs, like U. virens, regulate
lipid profiles to sustain long-term colonization, while
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necrotrophs rapidly mobilize lipids to drive virulence
and host destruction. Understanding the molecular
mechanisms behind lipid biosynthesis and utilization
in these pathogens could provide new targets for con-
trolling fungal diseases in rice. Targeting key enzymes
involved in sterol and fatty acid synthesis, or disrupting
lipid-derived signaling pathways, may offer innovative
strategies for enhancing rice resistance to these eco-
nomically important pathogens.

KEY GENES REGULATING LIPID BIOSYNTHESIS

Fatty acid synthase (FAS) subunits

The fatty acid synthase (FAS) complex is a critical
enzyme system responsible for the de novo synthesis
of long-chain fatty acids, which are essential for the
construction of fungal cell membranes and energy
storage molecules. The FAS complex consists of two
subunits: α (FAS2) and β (FAS1), which work together
to catalyze the repeated condensation of malonyl-
CoA and acetyl-CoA to form long-chain fatty acids.
Studies in Saccharomyces cerevisiae and other model
yeasts have shown that the FAS complex contains
six active catalytic centers, with distinct enzymatic
activities required for fatty acid elongation, including
acetyltransferase, enoyl reductase, and thioesterase
[7, 54]. In M. oryzae, the lipid biosynthesis pathway
driven by the FAS1 and FAS2 genes is directly linked
to the formation of appresorium [55]. Disruption of
either sub-unit can impair appressorium formation,
reducing the pathogen’s ability to infect and colonize
rice tissues.

Acetyl-CoA carboxylase (ACC)

Acetyl-CoA carboxylase catalyzes the conversion of
acetyl-CoA to malonyl-CoA, which is a crucial sub-
strate for the fatty acid elongation cycle in the fatty
acid biosynthesis pathway. ACC plays a pivotal role
in both the anabolic and catabolic aspects of lipid
metabolism, as malonyl-CoA is not only used for fatty
acid biosynthesis but also regulates β-oxidation by
inhibiting the carnitine shuttle, thus controlling the
flow of fatty acids into mitochondria for degradation
[41]. In fungal pathogens like M. oryzae, disruption
of ACC significantly hampers lipid synthesis, leading
to defects in appressorial turgor pressure generation,
which is critical for breaching the plant epidermis.
This results in a marked reduction in pathogenicity.
ACC plays a similarly crucial role in necrotrophic
pathogens like R. solani and Fusarium species, where
its activity supports the synthesis of lipids required for
membrane integrity, virulence factor production, and
energy metabolism during host invasion [15].

Role of PTH2, AGT1, and ICL1 in lipid metabolism

Several key genes involved in lipid metabolism, in-
cluding PTH2, AGT1, and ICL1, have been identified
as critical to the pathogenicity of M. oryzae and other

phytopathogenic fungi. PTH2 is involved in acetyl-
CoA production, a central intermediate in the lipid
biosynthesis pathway. Acetyl-CoA serves as a precursor
for both fatty acid and sterol synthesis. Mutants lack-
ing PTH2 exhibit impaired lipid biosynthesis, reduced
virulence, and a diminished ability to form appressoria,
demonstrating the gene’s importance in infection [56].
AGT1 encodes alanine-glyoxylate aminotransferase, a
key enzyme in the glyoxylate cycle that facilitates lipid
mobilization and supports appressorial development
by providing energy and carbon skeletons from stored
lipids. Deletion of AGT1 disrupts the glyoxylate cy-
cle, leading to defective infection structures and at-
tenuated virulence in M. oryzae [57]. ICL1 encodes
isocitrate lyase, another critical enzyme of the glyoxy-
late cycle, enabling fungi to utilize lipids as a carbon
source, especially during the early stages of infection
when nutrients are scarce. ICL1 mutants show defects
in lipid utilization, appressorium formation, and re-
duced virulence in both M. oryzae and R. solani [58].
This highlights the glyoxylate cycle’s role in facilitating
fungal adaptation to the host environment.

Lipase genes and peroxisomal β-oxidation

Lipases play an essential role in hydrolyzing triacyl-
glycerols into free fatty acids, which are subsequently
utilized for energy production or further processed into
complex lipids required for membrane biosynthesis
and signal transduction. In fungal pathogens like
M. oryzae and Fusarium species, lipase activity, espe-
cially from genes such as LIP1, is crucial for degrading
stored lipids to fuel the formation of appressoria. Ap-
pressorial development is energy-intensive, requiring
high levels of lipid mobilization and β-oxidation to
generate the turgor pressure necessary for host tissue
penetration [59, 60]. Peroxisomal β-oxidation, medi-
ated by enzymes encoded by genes like MFE1 (mul-
tifunctional enzyme 1) and SCAD (short-chain acyl-
CoA dehydrogenase), is responsible for the breakdown
of fatty acids into acetyl-CoA within peroxisomes.
This process is particularly important during the early
stages of infection, where energy production must oc-
cur under nutrient-limited conditions. The acetyl-CoA
generated through β-oxidation supports both energy
metabolism and biosynthetic pathways, including the
production of secondary metabolites such as toxins
[61]. In M. oryzae, disruption of β-oxidation genes like
SCAD results in reduced pathogenicity, underscoring
the importance of lipid degradation in fungal virulence
[62].

TARGETING LIPID BIOSYNTHESIS FOR EFFECTIVE
DISEASE MANAGEMENT

Lipid biosynthesis is critical for fungal pathogenicity in
rice, making it a promising target for disease control
strategies. Lipid metabolism supports fungal cell struc-
ture, energy production, and key infection processes.
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For instance, in M. oryzae, lipids are essential for
appressorium formation and host penetration, where
disruption of enzymes like fatty acid synthase and acyl-
CoA desaturase can impede fungal growth and infec-
tion [7, 47, 58]. Targeting sphingolipid biosynthesis
is particularly effective, as these lipids are vital for
fungal membrane integrity. Inhibitors could weaken
fungal cells, increasing their vulnerability to treat-
ments [63]. Additionally, overlapping targets between
herbicides and fungicides present opportunities for de-
veloping new fungicides that disrupt lipid biosynthesis
in pathogens like R. solani [64].

In Fusarium sp., disrupting lipid-derived molecules
like oxylipins, which regulate development and vir-
ulence, can reduce pathogenicity by impairing my-
cotoxin production. Targeting the glyoxylate cycle,
crucial for survival in glucose-deficient environments,
also shows promise where mutants in enzymes like
ICL exhibit reduced virulence [26–65]. Practical ap-
plications include developing fungicides targeting lipid
metabolism, utilizing biocontrol agents like Tricho-
derma and Bacillus spp., and genetic modifications in
rice for enhanced resistance [66–68]. This approach
integrates chemical treatments with biological strate-
gies, offering a comprehensive method for managing
rice fungal diseases.

CONCLUDING REMARKS

Lipid biosynthesis and metabolism play a central role
in determining the pathogenicity and virulence of fun-
gal pathogens in rice. These processes are essential
for the formation of key infection structures, such
as appresorium in biotrophic fungi, and for energy
production, membrane integrity, and toxin synthesis
in necrotrophic pathogens. Understanding the molec-
ular mechanisms governing lipid metabolism in these
pathogens opens new avenues for disease control. Tar-
geting critical enzymes or pathways, such as fatty acid
synthase, acetyl-CoA carboxylase, or β-oxidation, can
disrupt the energy supply and structural components
required for pathogen virulence. Furthermore, inhibit-
ing lipid-derived signaling molecules that modulate
host immune responses offers a promising strategy for
reducing disease severity. In the future, this knowledge
could be leveraged to develop more targeted fungi-
cides, design resistant rice varieties, or employ gene-
editing technologies to weaken pathogen virulence by
altering key metabolic pathways, ultimately enhancing
rice crop resilience against devastating fungal diseases
[69].
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