
RESEARCH ARTICLE

PUFA-PLs biosynthesis enzymes contribute to pathogenic development of rice 
blast fungus Magnaporthe oryzae
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ABSTRACT
Rice blast is one of the most devastating diseases and a serious threat to global food security. It is 
caused by the ascomycetous fungus Magnaporthe oryzae. During the pathogenic development of 
M. oryzae, ferroptotic death of conidial cells is critical for appressorium formation and infection to 
host rice. In this study, we identified and functionally characterised orthologs of fatty acid desaturase 
(Fad2) and acyl-CoA synthetase long-chain family (Acsl4) in M. oryzae. Pathogenicity was impaired in 
the fad2Δ or acsl4Δ mutant and targeted lipidomics analysis demonstrated that Fad2 and Acsl4 were 
involved in the production of polyunsaturated fatty acids (PUFAs)-containing phospholipids (PUFA- 
PLs) potentially contributing to ferroptosis. Treatment with FeCl3, an oxidative agent to cause lipid 
peroxidation, could partially restore fad2Δ pathogenicity. Fad2 was also found to potentially interact 
with proteins involved in cellular redox homoeostasis. Overall, our results elucidate the role of PUFA- 
PLs biosynthesis in fungal cell death and fungal pathogenicity, providing a theoretical basis for the 
development of specific pesticides/drugs targeting ferroptosis caused by lipid peroxidation.
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1. Introduction

Rice (Oryza sativa L) is a major food crop accounting for 
up to 50% of the world’s total grain production, feed
ing half of the world’s population (Dean et al. 2012; 
Callaway 2016). However, global food security is threa
tened by plant diseases (Plant health clinics in Bolivia 
2000–2009: operations and preliminary results). Taking 
rice as an example, loss of rice yield caused by blast 
disease alone is as high as 10%–30%, annually (Talbot 
2003; Yan and Talbot 2016; Fernandez and Orth 2018). 
Rice blast is a fungal disease that could occur on rice 
leaves, stalks, ears, and roots (Dufresne and Osbourn 
2001; Sesma and Osbourn 2004). The causal pathogen 
is Magnaporthe oryzae, which infects not only rice, but 
also several other important crops including wheat 
(Triticum aestivum), barley (Hordeum vulgare), corn 
(Zea mays L), and millet (Eleusine corocana), etc. 
(Skamnioti and Gurr 2009). Understanding the patho
genic mechanism of M. oryzae is of great significance 
for crop disease management.

During host infection, M. oryzae conidia contact the 
host surface, and then produce the spore-tip muci
lage (STM) to adhere closely to the host surface 
(Hamer et al. 1988). Then the apical cells germinate, 
and a dome-shaped infection structure termed 
appressorium is formed on the tip of the germ tube 
(Dean 1997; Wilson and Talbot 2009; Ryder and Talbot 
2015). With the gradual development and maturation 
of appressorium, substances within conidia are trans
ported to the appressorium, and a large number of 
macromolecular compounds such as glycerol are pro
duced by substance metabolism (Foster et al. 2017). 
At this time, a thick layer of melanin is formed inside 
the appressorium cell wall to prevent the exodus of 
macromolecules, resulting in a build-up of great tur
gor pressure (Howard and Valent 1996; Martin-Urdiroz 
et al. 2016). This mechanical pressure can force pene
tration of the cuticle of the host surface by penetrat
ing the peg in the ostiole at the base of the 
appressorium (Howard et al. 1991; Kankanala et al. 
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2007; Wilson and Talbot 2009). During appressorium
formation and maturation, high levels of endogenous 
reactive oxygen species (ROS) are generated to 
strengthen the cell wall (Egan et al. 2007). NADPH 
(nicotinamide adenine dinucleotide phosphate) oxi
dase (Nox) can catalyse the generation of substantial 
quantities of lipid peroxides or ROS, and thus facilitate 
the rupture of host cells to accelerate pathogen inva
sion (Egan et al. 2007; Ryder et al. 2013).

Ferroptosis is a type of regulated cell death, 
depending on the accumulation of intracellular ferric 
iron (Fe3+) that leads to lipid peroxidation (Dixon et al. 
2012; Yang and Stockwell 2016). Ferroptosis has been 
extensively investigated in animal cells since it was 
first reported in 2012 (Dixon et al. 2012; Li et al. 2019; 
Lee et al. 2020; Yang et al. 2023), but research in other 
organisms has lagged. At present, ferroptosis or fer
roptosis-like cell death in plants has only been 
reported in Arabidopsis thaliana, rice, and tobacco 
(Nicotiana benthamiana) cells (Distéfano et al. 2017; 
Dangol et al. 2019; Macharia et al. 2020). Heat shock 
(HS) triggers an iron-dependent cell death in 
A. thaliana root cells, which is characteristic of the 
depletion of GSH and ascorbic acid and the accumu
lation of cytosolic and lipid ROS (Distéfano et al. 2017). 
In rice-M. oryzae interaction, levels of Fe3+ and ROS 
within the plant cells are significantly increased, lead
ing to a ferroptotic death of plant cells as 
a mechanism of hypersensitive reaction (HR) (Dangol 
et al. 2019). N. benthamiana shows a ferroptosis-like 
programmed cell death after infection by a highly 
virulent tobacco mosaic virus mutant (Macharia et al. 
2020). Our recent study shows that ferroptosis occurs 
in the developing conidia of M. oryzae, to ensure 
proper appressorium formation and functioning 
(Shen et al. 2020). Such ferroptotic death of the devel
oping conidia depends on autophagy function 
(Veneault-Fourrey et al. 2006), likely by modulating 
intracellular iron homoeostasis (Shen et al. 2020).

PUFAs (polyunsaturated fatty acids) are tend to be 
oxidised, and the resultant lipid peroxides are capable 
of damaging the fluidity and permeability of cell mem
branes and ultimately leading to ferroptotic cell death 
(Kagan et al. 2017). In plant or animal cells, fatty acid 
desaturase (Fad2/Fads2) catalyses the formation of 
a second unsaturated bond of fatty acids, producing 
PUFAs (Dar et al. 2017; Zhao et al. 2022). In the follow
ing step, an enzyme named Acsl4 (acyl-CoA synthetase 

long-chain family) catalyses the acylation of PUFAs, 
producing PUFA-CoAs for their subsequent incor
poration into phospholipids (PLs), and leading to 
lipid peroxidation of the cellular membrane (Dai 
et al. 2023a). It is unclear whether Fad2 and/or Acsl4- 
mediated biosynthesis of PUFA-PLs is involved in 
fungal cell ferroptosis or pathogenesis. In this 
study, we characterised the orthologous Fad2 and 
Acsl4 in M. oryzae. Both fad2Δ and acsl4Δ mutants 
were defective in pathogenicity, likely due to com
promised conidial death resulting from reduced 
levels of lipid peroxides during appressorium forma
tion. Lipidomics analysis confirmed that Fad2 and 
Acsl4 were involved in the biosynthesis of PUFA-PLs 
in M. oryzae. Overall, our results reveal that Fad2 and 
Acsl4-mediated PUFA-PLs biosynthesis positively 
regulates the ferroptosis of developing conidia, 
which is critical for M. oryzae pathogenicity.

2. Materials and methods

2.1. Growth conditions and strains used in this 
study

The M. oryzae wild-type strain B157 was obtained from 
Temasek Life Sciences Laboratory, Singapore, and was 
used in the generation of all transformed/mutants in 
this study. M. oryzae strains were cultivated on Prune 
agar [PA (1 L), 40 mL prune juice, 2.5 g lactose, 2.5 g 
sucrose, 1 g yeast extract, 15 g agar, pH 6.5] medium at 
25 °C for 3 d in the dark, followed by growth under 
a 12-h light/12-h dark photoperiod for 4 d to induce 
conidiation. The colony diameter was measured on PA 
or complete medium [CM (1 L), 10 g D-glucose, 2 g 
peptone, 1 g casamino acid, 1 g yeast extract, 0.1% (v/ 
v) trace elements, 0.1% (v/v) vitamin solution, 6 g 
NaNO3, 1.52 g KH2PO4, 0.52 g MgSO4∙7 H2O, 0.52 g 
KCl, 15 g Agar, pH 6.5] and the sporulation was quanti
tatively analysed on PA medium at 10 days. In the stress 
tolerance assay, the M. oryzae mycelial plugs were 
inoculated on CM medium supplemented with 
NaCl (0.7 mol/L), KCl (1 mol/L), sorbitol (1 mol/L), H2O2 

(5 mmol/L), SDS (0.01%), or Congo red (CR; 0.2 mg/mL). 
The fungal cultures were allowed to grow in the dark at 
25 °C for 10 days, before recording colony diameter 
and photo documentation. Mycelial plugs were cul
tured in liquid CM, at 28 °C, 200 r/min for 2 d before 
genomic DNA or RNA extraction.
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2.2. Chemicals used in this study

The following chemicals were used in this study: 
Trypan blue (Dingguo; AR-0761); C11-BODIPY581/591 

(Thermo FisherScientific; D3861); PE 36:2|18:0_18:2 
(1-stearoyl-2-linoleoyl-sn-glycero-3-phosphoethano
lamine; SLPE; Aladdin; 7266-53-7); PE 36:2|18:1_18:1 
(1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine; 
DOPE; APExBIO Technology; C4956); FeCl3 (Sigma- 
Aldrich; 7705-08-0); MEN (menadione; Sigma; 58- 
27-5); BSO (buthionine sulfoximine; Sigma; B2515); 
Glu (glutamate; Sigma; 142-47-2). MeOH (0.1%) 
served as the solvent control for MEN treatment, 
and EtOH (0.2%) for PEs treatment.

2.3. Construction of deletion and complementation 
plasmids and fungal transformants

Utilising the plasmid pFGL821, which contains the HPH 
hygromycin resistance gene as a vector for gene knock
out, PCR was performed to amplify approximately 1 kb of 
the regions both upstream and downstream of the FAD2 
and ACSL4 genes from the genomic DNA of M. oryzae, 
respectively. These upstream and downstream frag
ments were sequentially cloned into the pFGL821 vector 
to flank the hygromycin B phosphotransferase cassette 
(HPH1). The resultant FAD2-KO or ACSL4-KO plasmids 
were transformed into wild-type strain (B157) via 
Agrobacterium tumefaciens-mediated transformation 
(ATMT), and deletion of the targeted gene was achieved 
via homologous recombination. To construct FAD2-GFP 
complementation plasmid, a 3.09 kb DNA fragment 
(containing 1.27 kb of the FAD2 native promoter and 
1.56 kb of the FAD2 gene coding sequence without stop 
codon) was amplified by PCR and then ligated into 
pFGL1010-GFP. To construct the ACSL4-GFP comple

mentation plasmid, DNA fragments of the ACSL4 native 

promoter (1.61 kb), the ACSL4 gene coding sequence 

without stop codon (2.29 kb), and eGFP coding sequence 

with stop codon (0.7 kb), were amplified by PCR, and 

sequentially ligated into the pFGL932 plasmid. The resul

tant plasmids were respectively transformed into fad2Δ 

and acsl4Δ mutants by the ATMT method. The sequence 

of the primers used in this study is listed in Table S1.

2.4. Nucleus acid manipulation

Magnaporthe oryzae genomic DNA was extracted 
from vegetative mycelia using E.Z.N.A Fungal DNA 
Kit (Omega D3390-02). For Southern blotting hybri
disation, 5 μg genomic DNA of isolated strains was 
digested with restriction enzymes, and the pro
ducts were resolved in a 1% agarose gel and 
then transferred onto hybond-N1 membrane 
(Amersham). Specific probes were generated via 
PCR amplification and subsequently tagged with 
digoxigenin-11-dUTP by employing the DIG high 
prime DNA labelling and detection starter kit II 
from Roche (product number 11585614910). The 
hybridisation and detection processes were exe
cuted following the protocols provided in the 
instruction manual.

For total RNA extraction, Fastpure® Plant Total 
Isolation Kit (Vazyme Cat. RC401-01) was used. The 
synthesis of first-strand cDNA was carried out 
using the HiScript® III RT SuperMix kit (Vazyme, 
R323-01).

2.5. Staining and microscopic imaging

Conidia were allowed to germinate on Matsunami 
micro glass slides (Matsunami, Bellingham; S7213) 
for 6–7 h before C11-BODIPY581/591 (Thermo 
FisherScientific; D3861) staining to detect lipid perox
ides, following the established protocol (Shen et al. 
2020). The confocal microscope (Leica, STELLARIS5, 
Germany) equipped with an HC PL APO CS2 63×/ 
1.40 oil immersion objective was used for microscopic 
observation and imaging. Excitation 488 nm and 
emission 493–581 nm were used for detecting oxi
dised C11 signals (GFP), Fad2-GFP, or Acsl4-GFP sig
nals. Excitation 561 nm and emission 581–662 nm 
were for non-oxidised C11 signals (RFP).

2.6. Evaluation of cellular viability

Assessment of conidial death was quantified with 
conidia (2,000 per droplet, unless otherwise stated) 
of the M. oryzae strain expressing Histone H1-RFP 
reporter (Shen et al. 2020; Liang et al. 2021) inocu
lated on hydrophobic coverslips for 14.5 h, using an 
Axio Observer Z1 microscope (Zeiss, Jena, Germany) 
equipped with ApoTome.2 camera (Zeiss).
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2.7. Lipid extraction and comparative lipidomics 
analysis

Conidia were inoculated on coverslips for 6 h and 
then harvested for lipid extraction and measurement, 
following the established protocol (Matyash et al. 
2008). At least four independent biological repeats 
were performed for each instance, each containing 
9 × 106 conidia.

For comparative lipidomics analysis, 4 biological 
repeats for each group (WT 6 h, fad2Δ 6 h, acsl4Δ 
6 h) were included. Internal standards used in this 
study include: Octadecanoic-d35 acid (D-2007, as FA 
18:0-d35) purchased from C/D/N Isotopes Inc (Pointe- 
Claire, Quebec, Canada); LPC 18:1-d7 (791643C), LPE 
18:1-d7 (791644C), PC 15:0–18:1-d7 (791637C), PE 
15:0–18:1-d7 (791638C), PG 15:0–18:1-d7 (791640C), 
SM d18:1–18:1-d9 (791649C), and TAG 15:0–18:1-d7– 
15:0 (791648C) purchased from Avanti Polar Lipids 
(Alabaster, Alabama, USA).

The samples were transferred to 5 mL glass tube, 
20 μL internal standards (5 μg/mL of FA 18:0-d35, PC 
15:0–18:1-d7, PE 15:0–18:1-d7, PG 15:0–18:1-d7, and 
TAG 15:0–18:1-d7–15:0, and 2 μg/mL of LPC 18:1-d7, 
LPE 18:1-d7, and SM d18:1–18:1-d9) and 1 mL MTBE 
(methyl tert-butyl ether) were added. Followed by vor
tex, ultrasonication in an ice-water bath for 10 min, and 
standing at 4 °C for 10 min. Then 800 μL supernatant 
(MTBE phase) was evaporated to dryness. The residues 
were reconstituted in 50 μL dichloromethane/metha
nol (1:1, v/v) before UHPLC-HRMS/MS analysis. Quality 
control (QC) sample was pooled from all prepared 
samples.

Chromatographic separation was executed using 
a ThermoFisher Ultimate 3000 UHPLC system 
equipped with a Waters CSH C18 column (2.1 mm ×  
100 mm, 1.7 μm) at a temperature of 55 °C and a flow 
rate of 0.3 mL/min. The separation employed mobile 
phases of (A) water and (B) isopropanol/acetonitrile 
(9:1, v/v), each containing 10 mmol/L ammonium for
mate and 0.1% formate for positive mode, and only 
10 mmol/L ammonium formate for negative mode. For 
positive ionisation mode, an injection volume of 1 μL 
was used, following a gradient protocol starting at 40% 
B for 0 min, increasing to 45% B at 2 min, to 55% B at 
4 min where it was maintained until 10 min, reaching 
90% B at 14 min, peaking at 95% B by 15 min and held 
until 18 min, then reverting to 40% B at 18.1 min

and held for 20 min. In contrast, for the negative ionisa
tion mode, the injection volume was adjusted to 3 μL 
while maintaining the equivalent gradient profile and 
mobile phase composition.

The eluates were subjected to analysis using 
a ThermoFisher Q ExactiveTM Hybrid Quadrupole- 
OrbitrapTM Mass Spectrometer (QE), employing 
Heated Electrospray Ionisation in both Positive 
(HESI+) and Negative modes (HESI-). The spray voltage 
for each, HESI+ and HESI-, was maintained at 3.5 kV. 
Temperatures for both the Capillary and Aux Gas were 
set at 350 °C, with a sheath gas flow of 40 (Arb) and an 
Aux gas flow of 10 (Arb). The S-Lens RF level was 
adjusted to 50 (Arb). The instrument conducted full 
scans with a resolution of 70,000 FWHM (at m/z 200), 
covering a mass-to-charge ratio (m/z) range from 130 
to 1,950, and an Automatic Gain Control (AGC) Target 
of 1 × 106. Additionally, fragmentation patterns of the 
top 10 precursor ions from each scan were captured in 
a Data-dependent acquisition (DDA) mode using 
Higher-energy Collisional Dissociation (HCD) at ener
gies of 20, 30, and 40 eV, featuring a resolution of 
17,500 FWHM and an AGC Target of 5 × 105.

Structural identification of lipids was performed by 
LipidMatch (version 3.0.0) (Koelmel et al. 2017), with 
main parameters as follows, RT Window (for matching 
peaks to MS/MS scans), 0.14; MZ Search Tolerance 
MS1 0.005 Da; MZ Search Window MS2, 10 ppm; 
Intensity Threshold MS2, 1,000.

Initially, UHPLC-HRMS/MS raw datasets were con
verted into the mzXML format through the use of 
ProteoWizard software. Following this, the R software 
platform’s XCMS and CAMERA packages were lever
aged for data processing. Within the XCMS package, 
operations such as peak detection [employing the 
centWave method with parameters: ppm = 5, peak
width = c(5,20), snthresh = 10], chromatographic align
ment (bandwidth settings of 6 for the primary 
grouping and 3 for secondary), and retention time 
calibration (applying the obiwarp method) were 
undertaken. The CAMERA package was harnessed to 
annotate isotopic peaks, adducts, and fragments utilis
ing the predefined settings. Subsequently, a peak table 
file encapsulating the sample identifiers, retention 
time, and mass-to-charge (rt mz) variables, and their 
corresponding peak intensities was produced. The 
data underwent normalisation by factoring in the inter
nal standards’ isotope-labelled peak intensities and the
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weight of the samples, setting the stage for further 
univariate and multivariate statistical analysis.

In the univariate statistical assessment, the data 
normalisation was carried out using a Student’s 
t-test. Potential differential metabolites were 
marked when the p values from the univariate sta
tistical evaluation were less than 0.05 and when 
there was a fold change (FC) exceeding 1.2. The 
fold change (Log2FC) was determined as the binary 
logarithm of the mean adjusted peak intensity ratio 
between Group 1 and Group 2, with a positive value 
indicating a greater average mass response in 
Group 1 than in Group 2.

2.8. Malondialdehyde (MDA) measurement

Conidia (9 × 106) were inoculated on cover slips for 
6 h and then harvested for MDA extraction and mea
surement, using the MDA Assay kit (Suzhou Comin 
Biotechnology; MDA-1-Y). Three independent biologi
cal repeats were performed.

2.9. Blast infection assays

For pathogenicity assays, about 14-day-old rice 
leaves of CO39 were cut and placed in clean Petri 
dishes, and M. oryzae conidial droplets were inocu
lated onto the detached leaves. The inoculated 
leaves were kept in the incubator with the setting 
of high humidity (>90%) and 25 °C, under dark for 
the first 24 h, and then under dark:light cycle 
(12 h:12 h). Disease symptoms were examined and 
photographed at 4–5 d.

2.10. Yeast-two-hybrid assay

cDNA library of M. oryzae was constructed by Sangon 
Biotech (https://www.sangon.com/), using pGADT7 
vector. Bait plasmid (Fad2-BK) was constructed by 
PCR amplifying FAD2 CDS from M. oryzae cDNA and 
ligating to pGBKT7 vector. The cDNA library and Fad2- 
BK were co-transformed to Y2HGold Chemically 
Competent cell (Clontech, YC1002) and then cultured 
on SD-Trp-Leu medium for 3–5 days at 30 °C. Positive 
clones were selected and transferred to SD-Trp-Leu- 
His-Ade medium for further culture at 30 °C for 3–5  
days. The positive yeast clones grown on SD-Trp-Leu- 
His-Ade medium were lysed for plasmid extraction, 
sequencing, and BLASTN search. Transformation of

pGADT7-T + pGBKT7-53 was used as the positive con
trol, and pGADT7-T + pGBKT7-Lam as negative 
control.

2.11. Statistical analyses

Student’s t-test was carried out, and p values < 0.05 
were considered statistically significant.

3. Results

3.1. Identification of FAD2 and ACSL4 genes in 
M. oryzae

To identify M. oryzae proteins potentially involved 
in PUFAs biosynthesis and incorporation to PLs, we 
used A. thaliana Fad2 (Okuley et al. 1994) and Homo 
sapiens Acsl4 (Ding et al. 2023) as the baits to per
form BLASTP (https://blast.ncbi.nlm.nih.gov/Blast. 
cgi) search. The orthologous enzymes were identi
fied, namely Fad2 (XP_003708723.1) and Acsl4 
(XP_003714525.1). Fad2 encoded by MGG_01985 
belongs to the Membrane-FADS-like superfamily 
(Figure S1A). Acsl4 encoded by MGG_01551 belongs 
to AFD_class_I superfamily (Figure S1B). 
Phylogenetic analysis shows that M. oryzae Fad2 
and Acsl4 are conserved within filamentous fungi, 
closely related to Gaeumannomyces tritici and 
Magnaporthiopsis poae Fad2 (XP_009226527.1 and 
KLU92396.1) and Acsl1 (XP_009220132.1 and 
KLU81404.1), respectively (Figure S1A–B). 
Magnaporthe oryzae Fad2 and Acsl4 are evolutiona
rily distant from Fad2/Fads2 and Acsl4 orthologs in 
plants or animals, which form distinct clades from 
the fungal clades (Figure S1A–B).

3.2. Biological function of FAD2 and ACSL4 genes

To investigate the functions of M. oryzae FAD2 and 
ACSL4 genes, we deleted these genes individually in 
the wild-type (WT, B157) background by homologous 
recombination strategy (Figure S2A–B). The fad2Δ and 
acsl4Δ mutants were verified by Southern blotting 
(Figure S2C–D). Genetic complementation of the 
FAD2 or ACSL4 gene in the respective mutant was 
verified by PCR and RT-qPCR analysis (Figure S2E–F).

The fad2Δ mutants showed an obvious decrease in 
mycelial colony diameter when grown on CM med
ium, which was restored in the complementation
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Figure 1. FAD2 and ACSL4 are involved in mycelial growth, conidiation, and pathogenicity in Magnaporthe oryzae. (a) Colony 
morphology of the wild-type strain (WT), fad2Δ mutants, fad2Δ-Com, acsl4Δ mutants, and acsl4Δ-Com strains grown on CM (complete 
medium). Photographs were taken at 10 d post-inoculation. (b) Quantification of the diameter of the colonies grown on CM. Barchart 
depicting quantification (mean ± S.D.) was derived from three independent repeats for each treatment. ***: p < 0.001 vs WT (Student’s 
t-test). (c) Quantification of conidiation production in WT, fad2Δ mutants, fad2Δ-Com, acsl4Δ mutants, and acsl4Δ-Com strains, mean  
± S.D. was derived from three independent biological repeats. ***: p < 0.001 vs WT (Student’s t-test). (d) Conidial suspension of 
different inoculums (4,000, 2,000, 1,000, or 500 conidia/droplets) from WT, fad2Δ, or acsl4Δ mutants were placed on rice leaf explants. 
The inoculated leaves were kept under constant dark conditions for 24 h and then moved to a growth chamber with the setting of 
cyclic dark:light condition (12 h:12 h). Disease symptom was assessed and photographed at 5 d post-infection. (e) Infection assay with 
WT, fad2Δ, acsl4Δ, fad2Δ-Com, and acsl4Δ-Com strains. Same procedure as in (d). The conidia inoculum for each strain was 2,000 
conidia/droplet. (f) Box plots depicting lesion area caused by conidia of WT, deletion, or complementation strain. At least two 
independent biological repeats were performed for each instance, n = 8. Different letters denote significant differences (p < 0.05).
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strain (Figure 1a–b). On the other hand, conidia pro
duction was significantly reduced in acsl4Δ, but not in 
fad2Δ, compared to WT (Figure 1c). Genetic comple
mentation of the ACSL4 gene could fully restore such 
conidiation defect (Figure 1c). Next, we evaluated the 
role of Fad2 and Acsl4 in fungal pathogenicity, by 
inoculating serial diluted conidial droplets (each con
taining 4,000, 2,000, 1,000, or 500 conidia, respec
tively) on detached rice leaves. The fad2Δ or acsl4Δ 
conidia caused reduced blast lesions as compared to 
WT conidia, and such pathogenicity defects were 
likely cell-density dependent (Figure 1d). Genetic com
plementation of FAD2 or ACSL4 gene could fully 
restore such pathogenicity defect of the respective 
mutant (Figure 1e–f), confirming that Fad2 and Acsl4 
are indeed required for M. oryzae pathogenicity.

To further investigate the potential mechanism 
of Fad2 or Acsl4 in regulating M. oryzae pathogeni
city, we then evaluated the appressorium forma
tion rate (%) in the mutants in comparison to WT. 
We found that the appressorium formation rate 
was remarkably reduced in the fad2Δ mutant at 
an early stage (6 or 12-h post-inoculation, hpi) 
while caught up to a level comparable to WT, in 
the later stage (24 hpi; Figure 2a). The appressor
ium formation rate of the FAD2-Com plementation 
strain (fad2Δ-Com) was comparable to that of the 
wild type (Figure 2a). On the other hand, no sig
nificant difference in appressorium formation rate 
in the acsl4Δ compared to WT or acsl4Δ-Com con
idia, as early as 6 hpi on the inductive surface 
(Figure 2b). We conclude that loss of FAD2 led to 
a delay in appressorium formation. To investigate 
whether pressure turgor generation within the 
mature appressorium was affected in the fad2Δ or 
acsl4Δ mutant, we assessed the collapse rate (%) of 
appressoria under treatment of exogenous gly
cerol. The results showed that there was no sig
nificant difference in the fad2Δ or acsl4Δ mutants 
compared to WT or their respective complementa
tion strains (Figure 2c). We further examined the 
rate (%) of infection hyphae (IH) grown on barley 
leaves at 24 and 48 hpi respectively. The result showed 
that at 24 hpi, the percentage of type 1 (no IH) formed 
by fad2Δ or acsl4Δ appressoria was close to 70%, while 
was around 40% in WT (Figure 2d). In contrast, the sum 

of type 2 and 3 appressorium (with IH in the directly 
infected host cell) formed by WT appressoria was 
60% while less than 30% in fad2Δ or acsl4Δ 
(Figure 2d). At 48 hpi, around 50% of WT appressoria 
formed type 4 IH (spread to the neighbouring host 
cells) while that of fad2Δ or acsl4Δ was less than 20% 
(Figure 2d). Such delayed/lagged invasive hyphae 
growth phenotype could be fully restored by genetic 
complementation of FAD2 or ACSL4 gene respec
tively (Figure 2d). This result demonstrates that 
Fad2 and Acsl4 are important for invasive growth 
during host infection.

Overall, our results demonstrate that Fad2 and 
Acsl4 are both involved in mycelial growth and patho
genicity, and Acsl4 is also important for conidiation.

3.3. Fad2 and Acsl4 regulate conidial death in 
M. oryzae

We next assessed whether conidial cell death was 
affected in the fad2Δ or acsl4Δ mutant, during appres
sorium formation. Consistent as reported (Shen et al. 
2020), sequential cell death occurred at 7–15 hpi, usually 
starting from the distal cell of the germ tube and the 
nascent appressorium, and spread towards the proximal 
cell, which could be visualised by the dynamics of H1- 
RFP marked nuclei (Figure 3a). At 14.5 hpi on the induc
tive surface, we quantified conidial viability (including 
conidial cells all survived and 1–2 conidial cells survived 
as illustrated in Figure 3a) based on H1-RFP marked 
nuclei in conidia of wild-type, mutant, or complementa
tion strain. We noticed that the fad2Δ or acsl4Δ mutants 
displayed higher cell viability (%) compared to the wild 
type (Figure 3b–c). Such defect in conidial cell death 
could be fully restored by genetic complementation of 
FAD2 or ACSL4 genes (Figure 3b–c). These results reveal 
that Fad2 and Acsl4 are required for timely conidial 
death.

We further assessed whether accumulation of lipid 
peroxides, a prerequisite for conidial cell death, was 
affected in developing conidia of fad2Δ or acsl4Δ. The 
fluorescent dye C11-BODIPY581/591 (Drummen et al. 
2002; Carlsen et al. 2009; Dai et al. 2023b) was used to 
stain the WT or mutant conidia at 6 hpi. The oxidised 
C11-BODIPY581/591 signal (green fluorescence) was much 
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lower in the fad2Δ or acsl4Δ conidia than that in WT, but 
of a comparable level in the genetic complementation
strains to WT (Figure 4a). Quantitative analysis of the 
mean fluorescence intensity (MFI) ratio of green/total 
fluorescence was performed following the established 

methods (Jofre-Monseny et al. 2007; Taylor et al. 2013; 
Wang et al. 2023), confirming that lipid peroxidation was
reduced in the fad2Δ and acsl4Δ conidia (Figure 4b). The 
level of intracellular malondialdehyde (MDA) is also used 
to reflect the level of lipid peroxidation (Gaschler and 

Figure 2. Assessment of appressorium formation, turgor generation, and mycelial hydrophobicity. (a) Quantification of appressorium 
formation rates (%) of WT, fad2Δ, or fad2Δ-Com at 6, 12, or 24 h post-inoculation (hpi) on the inductive surface (hydrophobic surface). 
Mean ± S.D. was derived from three independent biological repeats. ***: p < 0.001 vs WT at 6 or 12 h, respectively. (b) Quantification of 
appressorium formation rates (%) of WT acslΔ mutant or acsl4Δ-Com at 6 hpi. Mean ± S.D. was derived from three independent 
biological repeats. (c) Quantification of appressorium collapse rates (%) in WT, fad2Δ, fad2Δ-Com, acsl4Δ, or acsl4Δ-Com at 24 hpi, 
under treatment with 1, 3, or 5 mol/L glycerol solutions for 3 min. Mean ± S.D. was derived from three independent repeats for each 
treatment. (d) Different stages of invasive growth (types 1–4) inside the barley leaf inoculated with WT, fad2Δ, fad2Δ-Com, acsl4Δ, or 
acsl4Δ-Com conidia (2,000 conidia/droplet). Scale bar = 10 µm. Quantification of invasive hypha rate (n = 50) was derived from three 
independent biological repeats. Type 1: No invasive hyphae; type 2: Invasive hyphae no branching; type 3: Invasive hyphae with more 
than 1 branch within one host cell; type 4: Invasive hyphae has spread to adjacent cells.
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Stockwell 2017). Consistently, we found that MDA con
tents were significantly lower in fad2Δ or acsl4Δ conidia
compared to WT (Figure 4c). Levels of MDA contents 

were fully restored in the fad2Δ-Com or acsl4Δ-Com
strain, confirming that Fad2 and Acsl4 are required for 
proper lipid peroxidation.

Figure 3. Fad2 and Acsl4 regulate cell death in Magnaporthe oryzae. (a) Microscopic images of H1-RFP expressing strain, 
demonstrating sequential death of conidial cells during appressorium formation. Scale bar = 10 µm. (b) Conidia of WT, fad2Δ, 
fad2Δ-Com, acsl4Δ, or acsl4Δ-Com strains expressing the nucleus marker H1-RFP were allowed to germinate on the inductive 
surface for 14.5 h, and fluorescent microscopy was performed to visualize nuclei. Scale bar = 10 µm. (c) Conidia viability was 
quantified based on H1-RFP marked nuclei, at 14.5 hpi. “Conidial cells all survived” and “1–2 conidial cells survived” demon
strated in (a) were considered as viability. Mean ± S.D. was derived from three independent repeats (n ≥ 50 conidia each) for 
each treatment. * or ***: p < 0.05 or p < 0.001 vs WT (Student’s t-test).
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3.4. Fad2 and Acsl4 mediated lipid metabolism 
contributes to M. oryzae pathogenicity

Given that Fad2 and Acsl4 are involved in lipid peroxida
tion required for induction of ferroptosis, we next per
formed a lipidomic analysis based on UHPLC-HRMS/MS 
analysis with developing conidia (6 hpi on the inductive 
surface) of WT, fad2Δ, and acsl4Δ mutant. The result

(Suppl Dataset S1) showed that multiple species of 
PUFA-PLs, including phosphatidylinositol (PI), phospha
tidylserine (PS), phosphatidylethanolamine (PE), and 
phosphatidylcholine (PC), etc., were all significantly 
decreased (|Log2FC| ≥ 0.26, p < 0.05) in the developing 
conidia of fad2Δ or acsl4Δ mutant, compared to WT 
conidia (6 h, Figure 5a–b). A total of 14 types of PE

Figure 4. Fad2 and Acsl4 contribute to PUFA-PLs biosynthesis and lipid peroxidation in Magnaporthe oryzae. (a) Conidia (2,000 per 
droplet) were inoculated on hydrophobic coverslips for 7 h and then stained with 10 µmol/L C11-BODIPY581/591 for 30 min to monitor 
the oxidized and nonoxidized variants of lipid peroxides. Arrows denote examples of oxidized C11 signals accumulated on cellular 
membranes. Scale bar = 10 µm. (b) Quantitative analysis of lipid peroxidation extent indicated by mean fluorescence intensity (MFI) 
ratio of oxidised (green fluorescence) to total fluorescence (green plus red). The MFI of either green or red fluorescence in single 
conidia was assessed using the “measurement” function of ImageJ software. For each instance, n ≥ 5 conidia were included for 
quantitative analysis. ***: p < 0.001 vs WT (Student’s t-test). (c) MDA concentrations of WT, fad2Δ, fad2Δ-Com, acsl4Δ, or acsl4Δ-Com 
conidia were measured at 6 hpi. Mean ± S.D. was derived from three independent biological repeats, each containing 9 × 106 conidia. 
***: p < 0.001 vs WT (Student’s t-test).
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were significantly decreased in fad2Δ or acsl4Δ respec

tively, compared to the WT conidia (Figure 5c–d). This 

result confirms that Fad2 and Acsl4 are involved in the 

production of PUFA-PLs, which may serve as substrates 

for oxidation reactions (lipid peroxidation) and thus trig

ger ferroptosis.

We further tested the effect of PEs on cell death induc
tion in the fad2Δ or acsl4Δ conidia by feeding the available 
PUFA-PLs, DOPE (1,2-Dioleoyl-sn-glycero-3-phosphoetha
nolamine), or SLPE to the fad2Δ or acsl4Δ conidia inocu
lated on inductive surface. At 14.5 h, DOPE or SLPE could 
not promote conidial cell death that was defective in 
fad2Δ or acsl4Δ mutants, either supplied individually or

Figure 5. Fad2 and Acsl4 are involved in PUFA biosynthesis. PI, PS, PE, and PC species were significantly decreased in fad2Δ (a) or 
acsl4Δ (b) conidia at 6 h, as compared to WT. 14 types of PE were significantly decreased in fad2Δ (c) or acsl4Δ (d) conidia at 6 h, as 
compared to WT. (e) Conidial viability of WT, fad2Δ, or acsl4Δ was quantified based on H1-RFP marked nuclei, at 14.5 hpi. DOPE 
(20 µmol/L), SLPE (20 µmol/L), or in combination (v:v = 1:1) were added at 0 h. EtOH (0.2%) served as a solvent control. Mean ± S.D. 
was derived from three independent repeats (n ≥ 50 conidia each) for each treatment. * or ***: p < 0.05 or p < 0.001 vs WT (viability) 
(Student’s t-test).
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Figure 6. Effect of PEs and ferroptosis inducers on Magnaporthe oryzae pathogenicity. (a) WT, fad2Δ, or acsl4Δ conidia 
(2,000 per droplet) were inoculated on the detached rice leaves for pathogenicity assay. Treatment with DOPE (20 µmol/L) 
or SLPE (20 µmol/L) individually, or in combination (v:v = 1:1). Inoculation of the different PEs or H2O on the rice leaves 
without conidia served as blank controls. EtOH (0.2%) served as a solvent control. (b) Box plots depict lesion area caused by 
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in combination (v:v = 1:1; Figure 5e). Correspondingly, 

DOPE or SLPE could not restore the pathogenicity defect 

of fad2Δ or acsl4Δ, either supplied individually or in com

bination (Figure 6a–b). This implies that the defective con

idial death and pathogenicity of these 2 mutants are 

caused by deficiency of other species of PUFAs than 

DOPE or SLPE that depends on Fad2 or Acsl4 for 

biosynthesis.
We further tested the effect of ferroptosis inducers, 

including the oxidative agents buthionine sulfoximine 
(BSO) and menadione (MEN), as well as glutamate (Glu) 
and FeCl3, on the pathogenicity of WT or mutant con
idia. All four tested ferroptosis inducers failed to restore 
the pathogenicity of acsl4Δ (Figure 6c–d). FeCl3 could 
slightly promote lesion formation by fad2Δ conidia on 
the infected leaves, but other chemicals seemed to 
have no such effect (Figure 6c).

Overall, our results show that Fad2 and Acsl4 are 
involved in lipid peroxidation and the consequent
ferroptotic death of the developing conidia, likely by 
providing PUFA-PLs as substrates for oxidation.

3.5. Screening for potential interacting proteins of 
Fad2

By yeast-two-hybrid screen using a cDNA library of 
M. oryzae, we identified 54 proteins potentially 
interacting with Fad2 (Table 1). The potential Fad2- 
interacting proteins were enriched in metabolism, 
genetic information processing, and cellular pro
cesses (Figure S3A). The top 25 enriched KEGG 
pathways include the C5-branched dibasic acid 
metabolism pathway and glutathione metabolism 
pathway (Figure S3B; Suppl Dataset S2), which 
contain the genes with reported function involved 
in appressorium formation and pathogenicity in 
M. oryzae (Jeon et al. 2007; Du et al. 2013).

Among the potential Fad2-interacting proteins, 
we noticed several membrane-localised proteins 
including calcium-binding protein (MGG_01607) 
located on endoplasmic reticulum (ER), transport 
channel (MGG_00406) in mitochondrial mem
branes, MFS phospholipid transporter Git1 
(MGG_00464), ammonium transporter MEP1 
(MGG_00537); high-affinity glucose transporter 
RGT2 (MGG_06203); and multidrug resistance- 
associated protein 2 (MGG_08309). Proteins 
involved in redox homoeostasis were among Fad2- 
interacting proteins, including NADPH dehydro
genase (MGG_04569), flavohemoglobin 
(MGG_00198), glucose-6-phosphate 1-dehydrogen
ase (MGG_09926), glutathione S-transferase Gst3 
(MGG_01410), and cytochrome c oxidase subunit 
6B (MGG_01111). Analyses of Fad2-interacting pro
teins suggest that Fad2 may localise on the cellular 
membrane and contribute to cellular redox homo
eostasis. Overall, these candidate interacting pro
teins provide a clue to the mechanism of Fad2 
regulating fungal cell growth, differentiation, 
death, and pathogenicity.

3.6. Sub-cellular localization of Fad2-GFP and 
Acsl4-GFP

By using the genetic complementation expressing 
Fad2-GFP or Acls4-GFP, we investigated the sub- 
cellular localisation of these two proteins. Under 
confocal microscopy, Fad2-GFP appeared localised 
on punctate or filamentous structures (Figure 7a), 
likely corresponding to the intracellular compart
ments in which PUFAs are produced by forming 
the unsaturated bonds catalysed by the Fad2 
enzyme. Acls4-GFP seemed distributed in cytosol, 
but also accumulated on some punctate compart
ments (Figure 7b), likely representing the sites

WT or mutant conidia under different treatments, at 5 dpi (n = 11). At least two independent biological repeats were 
performed for each instance, * or ***: p < 0.05 or p < 0.001 vs WT (Student’s t-test). (c) Infection of rice leaves by WT, 
fad2Δ, or acsl4Δ conidia (2,000 per inoculum) in the presence of MEN (10 µmol/L), BSO (100 µmol/L), glu (100 µmol/L), or FeCl3 

(5 µmol/L). Inoculation of the H2O on the rice leaves without conidia served as blank controls. MeOH (0.1%) serves as solvent 
control. (d) Box plots depict lesion area caused by WT or mutant conidia under different treatments, at 5 dpi (n = 7). At least 
two independent biological repeats were performed for each instance, *, ** or ***: p < 0.05, p < 0.01 or p < 0.001, mutant vs 
WT under different treatments. ***: p < 0.001, WT under different treatments respectively vs untreated WT. **: p < 0.01, mutant 
under different treatment respectively vs untreated condition (Student’s t-test). For (a) and (c), infected leaves were kept in the 
constant dark for 24 h, and then in the incubator with cyclic dark:light (12 h:12 h) settings for 5 d before examination and 
photographing of disease lesions.
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where the Acsl4 enzyme catalyses the incorpora
tion of PUFAs into the phospholipid bilayer of cell 
membranes.

3.7. Fad2 and Acsl4 are involved in stress tolerance

We further evaluated the stress tolerance of WT or 
mutants, by assessing their mycelial growth under 
salt stress (CM containing 0.7 mol/L NaCl or 1 mol/L

KCl), osmotic stress (1 mol/L sorbitol), oxidative 
stress (5 mmol/L H2O2), or cell-wall-perturbing 
reagents [0.01% sodium dodecyl sulphate (SDS) or 
0.2 mg/mL Congo red (CR)]. The results showed 
that fad2Δ was hypersensitive to cell-wall stress 
caused by CR treatment, and acsl4Δ was less sen
sitive to oxidative stress, compared to the WT 
mycelia (Figure S4A–B). These results display that 
M. oryzae FAD2 and ACSL4 play important, yet 
differential roles, in response to different environ
mental stresses.

4. Discussion

PUFA-PLs are highly susceptible to lipid peroxidation 
under oxidative stress, leading to ferroptotic cell death 
(Yang et al. 2022). Biosynthesis of PUFA-PLs involves 
fatty acid desaturases (FADs), a class of oxygen- 
dependent enzymes that dehydrogenate C-C bonds 
in the fatty acids, thus producing PUFAs (Pereira et al. 
2003; Santomartino et al. 2017; Starikov et al. 2020; 
Xiao et al. 2022), and acyl-coenzyme A synthetases 
long-chain isoform (ACSL) enzymes, that ligate PUFAs 
to phospholipids (Tomitsuka et al. 2023). In M. oryzae, 
we identified orthologous Fad2 and Acsl4 enzymes 
and confirmed that they were involved in the

Table 1. Potential Fad2-associating proteins.
Gene ID Annotation (reference)

MGG_03671 Uncharacterized protein
MGG_03577 Histone H2A
MGG_00505 Septation protein SUN4 Saitoh et al. (2012)
MGG_00464 MFS phospholipid transporter Git1
MGG_17792 Uncharacterized protein
MGG_01159 Histone H3
MGG_05638 Uncharacterized protein
MGG_00537 Ammonium transporter MEP1 Jeon et al. (2007)
MGG_09926 Glucose-6-phosphate 1-dehydrogenase Jeon et al. (2007)
MGG_04569 NADPH dehydrogenase
MGG_01609 Uncharacterized protein Saitoh et al. (2012)
MGG_01608 Methylthioribulose-1-phosphate dehydratase
MGG_06958 Hsp70-like protein
MGG_06204 Uncharacterized protein Jeon et al. (2007)
MGG_01256 Phosphoribosylaminoimidazole carboxylase
MGG_03945 Acetolactate synthase
MGG_12316 Uncharacterized protein
MGG_04156 Aspartate aminotransferase
MGG_16298 Uncharacterized protein
MGG_01607 Calnexin
MGG_05155 Adenosylhomocysteinase
MGG_16375 Aldehyde reductase
MGG_17655 Uncharacterized protein
MGG_15916 Uncharacterized protein
MGG_17308 Uncharacterized protein
MGG_17554 Uncharacterized protein
MGG_17619 Uncharacterized protein
MGG_17538 Uncharacterized protein
MGG_15154 Uncharacterized protein
MGG_00406 Mitochondrial import inner membrane translocase 

subunit tim-16
MGG_16862 Uncharacterized protein
MGG_00198 Flavohemoglobin
MGG_15479 Uncharacterized protein
MGG_11701 Uncharacterized protein
MGG_11336 Uncharacterized protein
MGG_05233 Uncharacterized protein
MGG_03696 CMGC/CK2 protein kinase Zhang et al. (2019)
MGG_01045 Arrestin domain-containing protein
MGG_02854 Pirin domain-containing protein
MGG_08309 Multidrug resistance-associated protein 2
MGG_05673 40S ribosomal protein S3
MGG_06907 Uncharacterized protein
MGG_06908 DNA polymerase beta
MGG_01410 Glutathione S-transferase Gst3 Jeon et al. (2007)
MGG_04736 Uncharacterized protein
MGG_01104 Acetolactate synthase small subunit Du et al. (2013)
MGG_00546 60S ribosomal protein L44
MGG_07877 Dipeptidyl-peptidase V
MGG_06203 High-affinity glucose transporter RGT2 Jeon et al. (2007)
MGG_01111 Cytochrome c oxidase subunit 6B
MGG_01632 Uncharacterized protein
MGG_01631 UTP-glucose-1-phosphate uridylyltransferase
MGG_13474 Eukaryotic translation initiation factor eif-1
MGG_00223 Fructose-bisphosphate aldolase 1

Figure 7. Subcellular localisation of Fad2-GFP and Acsl4-GFP. 
Confocal microscopy was performed using conidia of the com
plementation strains expressing Fad2-GFP (a) or Acsl4-GFP 
(b) fusion proteins. Scale bar = 10 µm.
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biosynthesis of PUFA-PLs including PI, PC, PS, and PE, 
based on lipidomics analysis (Figure 5a–b).

FADS2 gene (animal ortholog of FAD2) was shown to 
be up-regulated in breast cancer, lung cancer, brain 
cancer, etc., and able to promote tumour aggressive
ness while negatively regulating ferroptosis (He et al. 
2012; Jiang et al. 2017; Li et al. 2020; Xuan et al. 2022). 
In contrast, FADS2-dependent biosynthesis of PUFA 
was shown to be required for the induction of lipid 
peroxidation and ferroptosis, playing a role in defend
ing against hepatitis C virus (HCV) (Yamane et al. 2022). 
On the other hand, ACSL4 facilitates the incorporation 
of PUFAs in the phospholipid bilayer of cell mem
branes, thus increasing the sensitivity of multiple can
cer cells to ferroptosis (Doll et al. 2017; Wu et al. 2019; 
Cheng et al. 2020). Our previous study has proved that 
ferroptotic death of the developing conidia is critical 
for appressorium formation and function in M. oryzae, 
thus contributing to fungal pathogenicity (Shen et al. 
2020). This study shows that M. oryzae Fad2 and Acsl4 
orthologs contribute to PUFA-PLs biosynthesis, leading 
to ferroptotic cell death of the developing conidia. This 
represents the first report on the role of PUFA-PLs in
fungal ferroptosis. In addition, we found that invasive 
growth was delayed or blocked in the fad2Δ and acsl4Δ 
mutants (Figure 2d), while the generation of pressure 
turgor in the appressorium seemed not affected 
(Figure 2c). We infer that the defected appressorium- 
mediated host infection may be due to the delayed/ 
compromised cell death (ferroptosis) of the developing 
conidia.

However, when supplied with DOPE, SLPE, or both, 
to the fad2Δ or acsl4Δ conidia, the defects in conidial 
death or pathogenicity were not restored (Figures 5e 
and 6a–b). We infer that loss of either one of these two 
genes caused a reduction in PUFA-PLs levels, including 
but not limited to DOPE and SLPE. A total of 14 PE 
species were decreased in these two mutants 
(Figure 5c–d). Other PUFA-PL species that depend on 
Fad2/Acsl4 for biosynthesis may be also necessary for 
ferroptosis induction and pathogenicity. Alternatively, 
Fad2/Acsl4 May contribute to M. oryzae pathogenicity 
via other pathways besides PUFA-PLs production. 
Particularly, we notice that Fad2 may potentially inter
act with proteins involved in cellular redox homoeos
tasis (Table 1), suggesting that Fad2 may not only 
provide lipid substrates but also be involved in gener
ating an elevated oxidative status to cause lipid perox
idation. Supporting this hypothesis, our result showed

that treatment with FeCl3, an oxidative agent to causes 
lipid peroxidation, could partially restore fad2Δ patho
genicity (Figure 6c–d).

We further identified potential Fad2-interacting 
proteins by yeast-two-hybrid screening with 
M. oryzae cDNA library. The identified proteins include 
ammonium transporter MEP1, glucose-6-phosphate 
1-dehydrogenase, high-affinity glucose transporter 
RGT2, and glutathione S-transferase Gst3, which 
were reported to be important for appressorium for
mation and host infection (Jeon et al. 2007). It is worth 
further investigating on interaction and functional 
relevance between Fad2 and these regulators of 
M. oryzae pathogenicity.

It has been reported that plant Fad2 localises to the 
endoplasmic reticulum (ER) membrane (McCartney 
et al. 2004). On the other hand, Acsl4 was found 
localising on the plasma membrane, or in the cytosol, 
ER, and lipid droplets, of animal cells or tumour cells 
(Küch et al. 2014; Ndiaye et al. 2020). In this study, we 
found that Fad2-GFP appeared localised on punctate 
or filamentous structures, and Acls4-GFP seemed dis
tributed in cytosol and occasionally accumulated on 
punctate compartments (Figure 7a–b). We speculate 
that these Fad2- or Acsl4- associated intracellular 
compartments, whose identity awaits elucidation, 
may be related to lipid metabolism.

5. Conclusions

Overall, our study revealed the biological function 
of PUFA biosynthesis enzyme Fad2 and PUFA-CoA 
ligase Acsl4, in M. oryzae growth, asexual develop
ment, and pathogenesis. Particularly, Fad2 and 
Acsl4 contribute to the induction of ferroptotic 
death of the developing conidia, likely by providing 
PUFA-PLs as substrates for lipid peroxidation, and 
thus play a crucial role in fungal pathogenicity. 
These findings will certainly broaden our under
standing of the metabolic adaptation of fungal 
cells during pathogenic development and provide 
a theoretical basis for designing an efficient disease 
management strategy.
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