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Abstract

Fusarium verticillioides is a widespread pathogen in cereals that reduces crop yields and poses a threat to food safety by 
producing the secondary metabolites fumonisins. Maize lipoxygenase genes (LOXs) are involved in the biosynthesis of oxy
lipins that function as signals in regulating defense. Previously, we showed that mutation of LOX4 is associated with suscep
tibility to Fusarium verticillioides in kernels, seedlings, and ears via alterations in both transcript profiles and LOX enzymatic 
activity. In this current study, we show that LOX4 overexpression results in enhanced resistance to pathogen infection and 
fumonisin contamination, substantiating its role in defense. Transcriptomic and lipidomic analyses revealed that LOX4 over
expression up-regulated expression of 9-LOX genes, thereby increasing the production of 9-oxylipin under fungal infection. 
The increased expression of jasmonic acid-related genes observed in infected plants was enhanced when LOX4 was over
expressed, correlating with wider accumulation of jasmonic acid-related metabolites. Our results indicate that LOX4 is a 
good target gene for future engineering of cultivars with increased resistance to F. verticillioides.
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Introduction  

Fusarium ear rot (FER) caused by Fusarium verticillioides (teleo
morph Gibberella moniliformis) leads to serious losses in yields of 
maize (Zea mays) throughout the world (Zheng et al., 2024). In 
addition, climate change, and in particular global warming, 

have consequences on the activity of the fungus and its repro
duction cycle, increasing its aggressiveness and production of 
mycotoxins, in particular fumonisins, to levels above the max
imum permitted for food safety (European Commission, 2007; 
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Camardo Leggieri et al., 2020). Current disease-management 
strategies through fungicides and other agronomic practices 
are often either inadequate or not environmentally sustainable, 
and hence increasing efforts are being made in breeding to pro
duce maize genotypes with increased resistance to FER and fu
monisin contamination (Lanubile et al., 2014a; Logrieco et al., 
2021). For instance, generation of null mutants of FER1 might 
improve resistance against F. verticillioides without any agro
nomic impairment (Liu et al., 2022). More recently, Ma et al. 
(2023) characterized the cuticular wax biosynthetic gene 
WAX2, and found that mutation of the gene compromises 
maize resistance to seed and stalk rot, and seedling blight caused 
by F. verticillioides. In contrast, transgenic plants overexpressing 
WAX2 show significantly increased immunity to the fungus. 
Nevertheless, the detailed mechanisms of these resistance traits 
have not yet been fully elucidated, and further research into 
these and other ways of improving maize resistance to this fun
gus is required.

When maize is infected by F. verticillioides a cascade of signals 
within the cell is switched on, leading to the activation of com
plex local and systemic defense pathways (Lanubile et al., 2017). 
A key feature of innate immunity is the ability to recognize and 
respond to potential pathogens in a highly sensitive and specific 
manner (Monaghan and Zipfel, 2012), and the signals are pri
marily orchestrated by hormones (Berens et al., 2017). Since 
defense mechanisms rely on modification and peroxidation 
of membrane lipids, derived oxylipins have been studied for 
their possible involvement in plant–pathogen interactions. 
Oxylipins are active lipid compounds generated through the 
oxidation of polyunsaturated fatty acids by the action of lipox
ygenases (LOXs) (Viswanath et al., 2020). Depending on the 
regio-specific oxygenation, which can occur at different posi
tions of the hydrocarbon backbone of linoleic (C18:2) or lino
lenic (C18:3) acid, superfamilies are distinguished as 9-LOXs 
and 13-LOXs that generate the corresponding 9- and 
13-hydroperoxides, respectively (Porta and Rocha-Sosa, 
2002; Viswanath et al., 2020). These molecules serve as sub
strates for seven multi-enzyme branches, involving peroxyge
nases, divinyl ether synthases, reductases, epoxy alcohol 
synthases, hydroperoxide lyases, and allene oxide synthases 
(AOS) and cyclases (AOC), and other subsequent LOX reac
tions (Berg-Falloure and Kolomiets, 2023). Hydroperoxide 
lyase activity results in production of green leaf volatiles, divin
yl ether synthases produce divinyl ethers such as etherolenic 
acid, whilst AOS and AOC convert linolenic acid to oxo- 
phytodienoic acid (OPDA) and jasmonic acid (JA)(Borrego 
and Kolomiets, 2016).

A total of 13 distinct lipoxygenase genes have been identified 
in maize, exhibiting diverse functions, localization, and regula
tory mechanisms (Borrego and Kolomiets, 2016; Ogunola 
et al., 2017). Among these, six are responsible for encoding 
13-lipoxygenases (LOX7–11 and LOX13) while LOX1–5 
and LOX12 encode 9-lipoxygenases (Borrego and 
Kolomiets, 2016; Ogunola et al., 2017). Meanwhile, the 

plastidial LOX6 represents a unique LOX subfamily that has 
the capability to metabolize fatty acid hydroperoxides pro
duced through the 13-LOX pathway (Gao et al., 2008). The 
attribution of specific classes of oxylipins to individual LOX 
genes has not been possible so far due to a high degree of re
dundancy of these genes (Guche et al., 2022).

The antimicrobial and/or antifungal properties of 
13-oxylipins, including JA and its conjugates, are well estab
lished. Notably, maize JA-deficient mutants of the two 
oxo-phytodienoate reductase genes OPR7 and OPR8 present 
extreme susceptibility to root-rotting oomycetes, for example 
Pythium spp. (Yan et al., 2012) as well as complete lack of im
munity to F. verticillioides (Christensen et al., 2014) and 
Cochliobolus heterostrophus (Huang et al., 2023). Increased resist
ance to F. verticillioides stalk rot appears to be associated with JA 
accumulation and up-regulation of JA-biosynthetic genes in a 
CO2-dependent manner (Vaughan et al., 2014).

The contribution of 9-oxylipins to host–pathogen interac
tions has been less well explored. Functional analysis of maize 
lox3 mutants has demonstrated that LOX3 is a susceptibility 
factor for F. verticillioides, Colletotrichum graminicola, C. heterostro
phus (Gao et al., 2007), and Ustilago maydis (Pathi et al., 2020), 
with reduced infection in the mutants. In contrast, the produc
tion of F. verticillioides conidia is increased when grown on ker
nels of the lox4, lox5, and lox12 mutants, which show decreased 
contents of JA during the infection (Christensen et al., 2014; 
Battilani et al., 2018). Our previous studies further highlighted 
that mutation of LOX4 compromises resistance to F. verticil
lioides in seedlings (Lanubile et al., 2021a) and ears (Guche 
et al., 2022), and alters the expression of other LOX genes as 
well as LOX enzymatic activity. In this current study, we 
used overexpression of LOX4 to further explore its contribu
tion to FER and seedling-rot resistance mechanisms. We found 
that the overexpressing lines were significantly less susceptible 
to the fungus and had lower fumonisin contamination, and 
showed increased induction of 9- and 13-LOX genes together 
with increases in production of multiple 9-oxylipins and 
amounts of JA.

Materials and methods

Generation of constructs for transgenic lines
The intron of Arabidopsis AtFAD2 (AT3G12120) under the control of 
the constitutive cassava vein mosaic virus (CsVMV) promoter was used 
to overexpress the coding sequence (CDS) of ZmLOX4 (based on the 
GRMZM2G109056_T01 or Zm00001d033624_T01 gene model), 
followed by the NOS terminator (NOS-ter). The pCsVMV:: 
ZmLOX4-NOSter vector (ID# L1781) was generated as follows: 
the three ENTRY vectors attL4-pCsVMV-attR1 (ID# L1054), 
attL1_ZmLOX4CDS_attL2 (ID# L1780), and attR2-NOS-ter_attL3 
(ID# M2127; synthetized by Integrated DNA Technologies, https:// 
eu.idtdna.com/page) were assembled with the binary destination vector 
pBb7m34GW (Karimi et al., 2007) using the MultiSite Gateway 
Three-Fragment Vector Construction Kit (Invitrogen), according to 
the manufacturer’s instructions.
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Plant material and genetic transformation
The maize (Zea mays) inbred line A188 (Gerdes and Tracy, 1993) was used as 
the wild-type (WT). The transgenic plants overexpressing ZmLOX4 
(pCsVMV::ZmLOX4-NOSter) are referred to as LOX4-OE. Agrobacterium- 
mediated transformation was conducted by RDP, Lyon (https://www. 
ens-lyon.fr/RDP/developpement-de-la-graine/#projBiotec) according to 
published protocols (Ishida et al., 2007; Fierlej et al., 2022). Two independent 
T0 transgenic events (Y381 and Y383) were selected and self-pollinated to 
obtain plants homozygous for the T-DNA insertion. The presence of the 
T-DNA was evaluated by PCR on genomic DNA using amplification of 
the BAR gene, with GRMZM2G136559/Zm00001eb386680 used as the 
internal control for the presence and quality of gDNA (primers listed in 
Supplementary Table S1). T0 and T1 plants were grown as described by 
Doll et al. (2019).

Phenotyping of Fusarium ear rot disease
For the phenotyping of Fusarium ear rot (FER), seeds of the WT and two 
T2 homozygous seed lots of the transgenic lines LOX4-OE1 and 
LOX4-OE2 (derived from Y381 and Y383, respectively) were planted 
in pots (40 cm diameter, 35 cm height) to produce 30 plants for each 
line. Plants were grown up in an environmentally controlled chamber 
with a 16/8 h photoperiod at 28/20 °C (500 µmol m−2 s−1, provided 
by Philips Master TLD 58 W/830 tubes). Heights were measured at 
week 8 (54 days after sowing; DAS) from the base to the auricles of the 
youngest fully expanded leaf and at week 11 (75 DAS) from the base to 
the tip of the panicle. Key agronomic traits of ear length, kernel number 
per ear, and 100-grain weight were measured at maturity.

The inoculum was prepared from F. verticillioides strain ITEM 10027, 
supplied by the Institute of Sciences of Food Production, National 
Research Council, Bari, Italy. Conidial suspensions were created as de
scribed previously (Lanubile et al., 2021a, 2021b) with a final concentra
tion of 106 conidia ml–1 and stored at 4 °C before use.

Maize ears were inoculated at the seed milk stage (R3), 15 d after hand- 
pollination, according to the pin-bar inoculation method (Maschietto 
et al., 2017. Seeds of control ears were inoculated with sterilized deionized 
water (mock-inoculated). Inoculated and immediately adjacent seeds 
were collected at 3 days post-inoculation (dpi) and 7 dpi 
(Supplementary Fig. S1). At each time-point ∼30 seeds from 2–3 differ
ent ears were pooled to give five samples per treatment (WT and 
LOX4-OE, control and inoculated). The seeds were ground in liquid ni
trogen with a pestle and mortar and stored at −80 °C until further use.

RNA-sequencing and real-time reverse-transcription quantitative 
(RT-q)PCR) analysis were conducted on seeds collected at 3 dpi using 
three biological replicates. Hormonal analysis was performed on seeds 
collected at both 3 dpi and 7 dpi, again using three biological replicates. 
Lipid analysis was performed on seeds collected at both 3 and 7 dpi, using 
five biological replicates.

The severity of Fusarium ear rot was evaluated at maturity (45 dpi) us
ing three biological replicates (Supplementary Fig. S1). The percentage of 
the rotted surface area of the ear was assessed visually using a seven-point 
scale, as follows: 1, absence of infection; 2, 1–3%; 3. 4–10%; 4, 11–25%; 5, 
26–50%; 6, 51–75%; and 7, 76–100% (Maschietto et al., 2017).

Total fumonisin (B1+B2+B3) content was determined on the same ears 
evaluated for FER severity using VICAM Fumo-V AQUA strips 
(Waters) as previously described by Guche et al. (2022). The strips have 
a detection limit of 0.2 mg kg–1 and a quantitation range from 0– 
100 mg kg–1.

Phenotyping of Fusarium seedling rot disease
For the phenotyping of Fusarium seedling rot (FSR), the rolled-towel as
say (RTA) inoculation method was used to artificially infect mature ker
nels of each line (Ciasca et al., 2020; Stagnati et al., 2020). Briefly, for each 

RTA we selected 10 intact seeds of similar size for each of the treatments 
(infection versus control), and we conducted three replicate RTAs for 
each treatment × line combination. For each line, a total of six RTAs 
were carried out, three for the mock and three for inoculated. Seeds 
were surface-sterilized as previously described (Ciasca et al., 2020) and 
placed on two moistened towels of germinating paper (Anchor Paper, 
Saint Paul, MN, USA). The seeds were each inoculated with 100 μl of 
a conidial suspension (106 ml–1) of F. verticillioides ITEM 10027 (MPVP 
294) prepared as previously reported (Lanubile et al., 2021a, 2021b). 
The towels were then rolled up and maintained for 7 d at 25 °C in the 
dark. Controls were prepared as above but treated with 100 μl water. 
For each seedling, FSR severity, seedling length, and fresh seedling 
weight were determined. FSR was assessed on each seedling by a visual 
evaluation of the seedling size and visible colonization of F. verticillioides 
using a scale from 1 to 1–5, as described in Septiani et al. (2019). On 
this scale, 1 corresponds to complete absence of disease symptoms, and 
five corresponds to entire rotting of the kernel. Coleoptiles at 7 dpi 
were collected and immediately frozen in liquid nitrogen and stored at 
−80 °C for further use.

RNA isolation and library preparation
Total RNA was isolated using TRI Reagent® (Sigma-Aldrich) and puri
fied with the RNeasy MinElute Cleanup Kit (Qiagen), according to the 
manufacturer’s instructions (Lanubile et al., 2013). The extracted RNA 
was quantified using a fluorometric assay (Qubit, ThermoFisher 
Scientific) and the integrity was checked using the 4150 TapeStation 
System (Agilent Technologies) as well as gel electrophoresis.

A total of 18 cDNA libraries (three lines × two treatments × three bio
logical replicates) were constructed using a Universal Plus mRNA-Seq 
Kit (Tecan Genomics) following the manufacturer’s instructions and 
checked with a Qubit fluorometric assay. Libraries were sequenced by 
IGA-Tech (Udine, Italy) in paired-end 150 bp mode on an Illumina 
NovaSeq 6000 platform.

Bioinformatic analysis
Paired-end reads were demultiplexed, processed for adapter masking and 
trimmed using Illumina BCL Convert v3.9.3. The quality of trimmed 
reads was assessed using the ERNE v2 software (Del Fabbro et al., 
2013). High-quality reads were mapped against the Zea mays B73 
GRAMENE_v4 genome with STAR read aligner (Dobin et al., 2013). 
Assembling and quantitation of full-length transcripts representing mul
tiple spliced variants for each gene locus was carried out using Stringtie 
(Pertea et al., 2015) and gene expression values were quantified as counts 
per million (CPM). Pairwise differential expression analysis was carried 
out with DESeq2 (Anders and Huber, 2010; Love et al., 2014) using a 
Wald test performed to verify whether there were differentially expressed 
genes (DEGs) between two sample groups. A gene was considered differ
entially expressed if the adjusted P-value was <0.05, regardless the 
fold-change.

Venn diagrams of the DEGs were constructed using the Bioinformatics 
& Evolutionary Genomics web tool (https://bioinformatics.psb.ugent. 
be/webtools/Venn/). Graphs were plotted using the ggplot2 and heat
map.2 packages in R (www.r-project.org; https://cran.r-project.org/ 
web/packages/gplots/index.html).

Gene Ontology and KEGG analyses
Functional annotation was obtained through API using swagger for 
Gramene release 67 (https://data.gramene.org/v67/docs/?url=/v67/ 
swagger) in the Python environment. Gene Ontology (GO) and 
KEGG pathway enrichment for each set of DEGs were analysed using 
ShinyGO v0.80 (http://bioinformatics.sdstate.edu/go/) run with default 
parameters (Ge et al., 2020; Kanehisa et al., 2021), and results were 
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visualized with Pathview (Luo and Brouwer, 2013). Enrichment P-values 
were obtained using the hypergeometric test. To correct for multiple test
ing, the false-discovery rate (FDR) was calculated using the Benjamini– 
Hochberg method. Pathways were considered enriched if the 
FDR-corrected P-values was <0.05.

Real-time RT-qPCR expression analysis
To verify the overexpression of LOX4 in the T2 LOX4-OE homozygous 
plants, tissues at different developmental stages were collected from the 
WT and transgenic lines and tested by real-time RT-qPCR using 2× 
iQ SYBR Green Supermix and a CFX-96 device (both Bio-Rad). In de
tail, we sampled the coleoptile and the radicle at 7 DAS, the tip of the sev
enth leaf at 42 DAS, the tip of the tassel at 55 DAS, and the silks at 60 DAS 
from three replicate plants, and 1 µg of total RNA was reverse-transcribed 
to cDNA using an iScript cDNA Synthesis Kit (Bio-Rad) according to 
the manufacturer’s protocol. Then 20 ng of single-strand cDNA, as de
termined by fluorometric assay (Qubit, ThermoFisher Scientific), were 
employed for RT-qPCR with the following thermal-cycling conditions: 
95 °C for 2 min and 35 cycles at 95 °C 10 s, 62 °C for 30 s, followed by a 
melting-curve analysis. Specific primers for the LOX4 endogene and 
LOX4-OE transgene are listed in Supplementary Table S1 (Guche 
et al., 2022). Two technical repeats were performed for each biological 
replicate. Relative expression was normalized to the reference gene 
β-actin and fold-change (FC) values were calculated using the 2−ΔΔCT 

method (Schmittgen and Livak, 2008). The Cq values of actin gene under 
all experimental conditions (mock/inoculated and tissues) are given in 
Supplementary Table S2.

RT-qPCR was also conducted for validation of RNA-seq data on 
seeds collected at 3 dpi, with the following conditions: 95 °C for 3 min 
and 40 cycles at 95 °C 15 s, 57–63 °C for 30 s, followed by a melting- 
curve analysis (Maschietto et al., 2015; Lanubile et al., 2021a). 
Gene-specific primers are listed in Supplementary Table S1.

The growth of the fungus was quantified using the copy number of 
F. verticillioides calmodulin transcripts as detected by RT-qPCR in inocu
lated coleoptiles collected at 7 dpi in the Fusarium seedling rot phenotyp
ing assay. The primer pairs were designed within a conserved region 
positioned between nucleotides 13 and 162 of the calmodulin sequence 
(Maschietto et al., 2016; Lanubile et al., 2021b) (Supplementary 
Table S1). The RT-qPCR thermal cycling conditions were the same 
as described for the validation of RNA-seq data considering an annealing 
temperature of 60 °C. The calmodulin copy number was related to the 
quantity of cDNA (ng) obtained from seed tissues and determined based 
on the linear regression calculated to the Bio-Rad technical manual. 
Fungal cDNA (20 ng) was serially diluted (1:1, 1:5, 1:52, 1:53, 1:54, 
1:55) in sterile water and 20 ng of each seed cDNA sample was compared 
to the dilution standard curve to determine fungal cDNA copy number.

Hormonal analysis
Seeds were freeze-dried at −80 °C and samples of ∼30 mg were extracted 
according to Pimentel et al. (2021) in order to analyse the contents of sali
cylic acid (SA), 12-oxo-phytodienoic acid (cis-OPDA), jasmonic acid 
(JA), 12-hydroxyjasmonic acid (OH-JA), the jasmonoyl isoleucine con
jugate (JA-Ile), hydroxyjasmonoyl-isoleucine (OH-JA-Ile), and 
dicarboxyjasmonoyl-isoleucine (COOH-JA-Ile) by LC–MS/MS. 
Briefly, seeds were extracted in 1.5 ml methanol containing internal 
standards of 40 ng D4-SA (Sigma-Aldrich), 60 ng D6-JA, and 12 ng 
D6-JA-Ile (both HPC Standards GmbH, Cunnersdorf, Germany). The 
homogenate was mixed for 30 min, debris was removed by centrifugation 
(20 min at 4 °C at 15 000 g), and the supernatant was collected. The hom
ogenate was re-extracted with 500 μl methanol, centrifuged, and the 
supernatants were pooled. The combined extracts were evaporated under 
reduced pressure at 30 °C and dissolved in 500 μl methanol. 
Determination of phytohormones was performed by LC–MS/MS using 

an LC-TripleQuad-MS system according to Heyer et al. (2018) on an 
Agilent 1260 series HPLC system equipped with an Agilent Zorbax 
Eclipse XDB-C18 column (50×4.6 mm, 1.8 µm) and coupled to a tan
dem MS API6500 (SCIEX) with a turbo spray ion source operated in 
negative ionization mode. The ion spray voltage was maintained at 
−4500 eV. The turbo gas temperature was set at 700 °C. Nebulizing 
gas was set at 60 psi, curtain gas at 25 psi, the heating gas at 60 psi, and col
lision gas at 7 psi. Multiple reaction monitoring was used to monitor frag
mentations of analyte parent ions to product ions as described in detail by 
Heyer et al. (2018). Compounds were quantified by comparison of the 
sample peak areas to the peak area of the corresponding internal standards: 
the individual response factors (RF) were determined by analysing a 
mixture of the particular compounds with either D6-JA-Ile (for 
JA-Ile derivatives; RFs all 1.0), D4-SA (for SA-glucoside; RF 1.0), or 
D6-JA (for OPDA; RF 0.5) at the same concentrations (Dávila-Lara 
et al., 2021).

Untargeted lipidomics
Oxylipins were mapped and semi-quantified using an untargeted lipido
mics approach previously developed and applied by our group (Rubert 
et al., 2017; Righetti et al., 2021, 2024). The linoleic acid oxylipins 
MaxSpec® LC-MS Mixture was purchased from Cayman (Vinci-Biochem, 
Firenze, Italy).

Seeds were extracted according to a scaled-down procedure as reported 
by Rubert et al. (2017). Briefly, 100 mg of finely ground sample was 
weighed into a 2 ml Eppendorf tube and 1 ml of a cold mixture composed 
of dichloromethane and methanol (50:50, v/v) was added as an extraction 
solvent. The mixture was vortexed for 15 min at 240 s min–1 and centri
fuged at ∼2000 g and 4 °C for 10 min. Afterwards, 200 µl of the upper 
phase was transferred to a glass vial and dried under a gentle nitrogen 
flow. Finally, the sample was reconstituted in 1 ml of a 2-propanol/ 
methanol/water mixture (65:30:5, v/v/v) before injection. Five replicate 
samples were used.

Separation and identification were achieved on an Acquity I-class 
ultra-performance LC separation system coupled to a Vion IMS QTOF 
mass spectrometer (Waters) equipped with an electrospray ionization 
interface. Samples (1 μl) were injected and chromatographically separated 
using a reversed-phase C18 BEH Acquity column (2.1×100 mm, 1.7 μm 
particle size) (Waters). Gradient elution was set according to Righetti et al. 
(2021). The MS data were collected in negative electrospray mode over 
the mass range of m/z 100–1100. Source settings were maintained using a 
capillary voltage of 2.5 kV, a source temperature of 120 °C, a desolvation 
temperature of 500 °C, and a desolvation gas flow of 1000 l h−1. The 
TOF analyser was operated in sensitivity mode, and data were acquired 
using a High-Definition MSE, which is a data-independent approach 
coupled with ion mobility. The optimized ion mobility settings included 
a nitrogen flow rate of 90 ml min−1 (3.2 mbar), a wave velocity of 650 m 
s−1, and a wave height of 40 V. The TOF was also calibrated prior to data 
acquisition and covered the m/z range 151–1013. TOF and collision 
cross-section calibrations were performed for both positive- and 
negative-ion modes. Data acquisition was conducted using the Waters 
UNIFI 1.8 software.

A randomized injection sequence was applied to avoid any possible 
time-dependent changes during the ultra-HPLC-Q-TOF-MS analysis, 
which could result in false clustering. The quality-control sample, pre
pared by pooling an aliquot of the extract from each sample, was injected 
at the beginning of the sequence and after every 10 sample injections.

Data processing and compound annotation were conducted using 
Progenesis QI Informatics (Nonlinear Dynamics, Newcastle, UK). 
Briefly, each ultra-HPLC-MS run was imported as an ion-intensity 
map, including m/z (range 100–1100) and retention time, that were 
then aligned in the retention-time direction (0.5–16 min). Principal com
ponent analysis (PCA) with Pareto scaling was performed to check the 
quality of the raw data and then the variables were filtered, retaining 
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entities with coefficients of variation lower than 30% across the quality 
controls.

The data set was then exported into MetaboAnalyst 6.0, log- 
transformed, and Pareto-scaled before evaluating the quality of the 
unsupervised and supervised models. PCA was performed to assess the 
natural sample grouping. Significant variables were selected according 
to a FDR-corrected value of P<0.01.

Annotation was performed using the Progenesis Metascope tool with 
an in-house library of plant oxylipins obtained from KEGG analysis and 
LIPID MAPS (https://www.lipidmaps.org/). The identification was as
signed at level I or level II following the annotation levels of the 
Metabolomic Standard Initiative (Schymanski et al., 2014).

Fungal growth bioassays
The ITEM 10027 strain of F. verticillioides was inoculated on potato dex
trose agar plates and incubated at 25 °C for 14 d. The plates were then 
washed with sterile distilled water and the spores were collected and ad
justed to a concentration of 106 conidia ml–1. This solution was then used 
as inoculum for a 96-well plate to determine the growth of F. verticillioides 
in the presence of oxylipins. Five different oxylipins were tested: 
12-oxo-phytodienoic acid (CAS: 85551-10-6), jasmonic acid (CAS: 
77026-92-7), traumatic acid (CAS: 6402-36-4), and 9-oxononanoic 
acid (CAS: 2553-17-5; all Cayman Chemical Company, Ann Arbor, 
MI, USA), and trans-2-hexenal (CAS: 6728-26-3; Glentham Life 
Sciences Ltd, Corsham, UK). Each was tested at a final concentration 
of 100 µM in 200 µl of liquid medium per well, with 12 replicate wells 
for each condition. Growth medium without the tested oxylipin was in
cluded as a negative control. Fungal growth was monitored using an 
Agilent BioTek 800 TS absorbance reader over a period of 7 d at 
25 °C. Optical density readings were taken every 11 min at a wavelength 
of 405 nm (OD405). Prior to each automated reading, the plates were 
shaken at a linear frequency of 567 cpm for 10 s, and a total of 917 read
ings per well was obtained.

Fungal growth over the 7 d period was assessed by calculating the area 
under the growth curve (AUGC):

AUGC =
􏽘

[(ODi+1 + ODi)/2] × (ti+1–ti) 

where ODi+1 and ODi are the OD405 values at times ti+1 and ti, respectively 
(i.e. AUGC is the sum of the mean OD405 values across all the 11-min in
tervals). To assess the variability in the AUGC as affected by oxylipin treat
ment, coefficients of variation (CV, %) were calculated for each condition as 
100×SD/mean, where a higher CV indicates a greater variability. Statistical 
analyses and plots were performed using R (www.r-project.org).

Statistical analysis
One- and two-way ANOVA and Tukey’s HSD tests were performed to 
determine significant differences using SPSS statistics 27.

Results

Characterization of the LOX4-overexpressing lines

To explore the impact of overexpression of LOX4 on maize 
responses to F. verticillioides infection, the CsVMV promoter 
was used to drive its expression in the A188 wild type (WT) 
background (Fig. 1A). Two independent transgenic lines 
were selected and named as LOX4-OE1 and LOX4-OE2. 
RNA-seq results from kernels at the milk stage showed that ex
pression levels were ∼69 and ∼81 times higher compared with 

the WT kernels for LOX4-OE1 and LOX4-OE2, respectively 
(Fig. 1B). The expression of the LOX4 endogene and 
LOX4-OE transgene was measured by RT-qPCR in the cole
optile, radicle, leaf, tassel, and silks of the WT and the two 
transgenic lines (Fig. 1C). The results confirmed the presence 
of the transgene only in the LOX4-OE lines in all the tissues, 
accompanied by marked overexpression in both the OE lines, 
with significantly higher expression in OE2 (126.5– 
408.9-fold) compared with OE1 (4.8–24.6-fold). No substan
tial differences were observed for the transcript accumulation 
of the endogene among the three genotypes, except for the 
silks where it was 4- and 16-fold lower in the OE1 and OE2 
lines, respectively, as compared with the WT.

LOX4-overexpression reduces Fusarium ear and seedling 
rot diseases

Previous studies have shown that mutation of LOX4 impairs 
maize resistance to both FER and FSR diseases (Lanubile 
et al., 2021a; Guche et al., 2022), so we assessed their severity 
in ears and seedlings in the LOX4-overexpressing lines.

Flowering time was recorded during the phenotyping of FER, 
and we found that male flowering started between 64–68 DAS 
for the WT plants and 68–72 DAS for the OE lines. Plant heights 
were measured at weeks 8 and 11. At week 8, a small but signifi
cant difference was seen between the OE1 and OE2 lines (53.5 
cm and 44.2 cm, respectively; Supplementary Figs S2, 3A) but 
neither line was different from the WT. At week 11, there 
were no differences between any of the genotypes 
(Supplementary Fig. S3B). Ear length, kernel number per ear, 
and 100-grain weight at maturity also showed no significant dif
ferences among the genotypes (Supplementary Fig. S3C–E).

Severity symptoms for FER on the ear itself were limited to 
the inoculation point in the two OE lines (Fig. 2A), and quan
tification indicated that the OE1 and OE2 lines had infection 
scores of ∼2.8 and 3.2, respectively, compared with ∼6 for 
the WT (Fig. 2B). The inoculated WT kernels appeared 
more seriously injured by the pathogen with clearly visible rot
ting also having progressed to adjacent kernels.

The results for total fumonisin (B1+B2+B3) content in the 
ears were in line with the FER phenotyping (Fig. 2C), with 
values significantly higher in the WT (∼3,387 ppb) compared 
with the OE1 and OE2 lines (1,188 ppb and 614 ppb, respect
ively). These results indicated that LOX4 was positively associ
ated with limitation of both the spread of the disease and the 
presence of Fusarium mycotoxins in the kernels.

Seedlings of the WT and the two OE lines also showed dis
tinct types of response to FSR, as determined using 
rolled-towel assays (RTAs). Both the overexpressing lines 
were significantly less susceptible to F. verticillioides, displaying 
FSR severity scores of ∼3 and ∼2.4 for OE1 and OE2, respect
ively, compared with 3.5 for the WT (Fig. 2D, E). Consistent 
with this, absolute quantification of the activity of the F. verti
cillioides calmodulin gene by RT-qPCR indicated that the 
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coleoptile tissues of the OE lines were less colonized by the 
fungus compared with the WT, with a transcript copy number 
∼17 times lower (Fig. 2F). In line with these results, seedling 
weight and length were less negatively affected by F. verticil
lioides in the OE lines than the WT (except for seedling length 
in OE2; Supplementary Fig. S4), suggesting better performan
ces of the transgenic lines in terms of disease resistance and 
seedling growth.

Overall, these results demonstrates that enhanced expression 
of LOX4 increased resistance to F. verticillioides.

Transcriptome analysis of mock and inoculated kernels

RNA-sequencing of libraries obtained from maize kernels be
longing to the WT and OE lines either mock-inoculated or at 
3 dpi with F. verticillioides produced 578, 600, 000 and 436,  
500, 000 paired-end 150 bp reads, respectively, corresponding 

Fig. 1. Overexpression of LOX4 in maize (A) Schematic diagram of the ZmLOX4-overexpression (OE) cassette under the control of the Cassava vein mosaic 
virus (CsVMV) promoter. CDS, coding sequence. (B) ZmLOX4 transcript abundance as determined by RNA-seq analysis in the kernels of the wild-type A188 
cultivar (WT) and two independent LOX4-OE lines. (C) Relative expression of the ZmLOX4 endogene and ZmLOX4-OE transgene in the three genotypes in 
the coleoptile and radicle at 7 days after sowing (DAS), in the tip of the seventh leaf at 42 DAS, in the tip of the tassel at 55 DAS, and silks at 60 DAS. Data are 
means (±SD), n=3. Different letters indicate significant differences among means as determined using one-way ANOVA followed by Tukey’s HSD test 
(P<0.05); in (C) Greek letters are used for differences for the transgene. Significant differences between the endogene and transgene within a genotype were 
determined using two-way ANOVA: **P≤0.01.
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to ∼115.7 and ∼87.3 Gbps (Supplementary Table S3). On 
average, ∼66% of the total reads mapped to the maize inbred 
line B73 v4 reference genome sequence, with most of the reads 
mapping to exons (∼82.2%), followed by UTRs (∼8.4%), in
tergenic regions (∼7.8%), and introns (∼1.6%; Supplementary 
Fig. S5). From the gene annotation on the B73 reference gen
ome a total of 29, 516 genes was obtained (Supplementary 
Table S4).

Expression profiles of the inoculated WT and OE lines were 
compared with the corresponding mock-inoculated samples, 
whilst intergenotype differences were examined by comparing 
mock-inoculated WT and OE lines. This transcriptome ana
lysis revealed a total of 9,618 DEGs, grouped in six clusters 
based on their expression profiles (Supplementary Fig. S6).

Effects of LOX4-overexpression on the transcriptome in 
the absence of infection

Constitutive differences between the two transgenic OE lines and 
the WT were investigated by comparing mock-inoculated 

samples (Supplementary Fig. S6, clusters I–III). Differential expres
sion analysis revealed 1,809 significant DEGs for OE1 versus WT 
(871 up- and 938 down-regulated), 2,712 DEGs for OE2 versus 
WT (1,062 up and 1,650 down), and 587 DEGs for OE2 versus 
OE1 (210 up and 377 down) (Fig. 3A, B; Supplementary 
Table S5). There were 681 DEGs that were uniquely expressed 
in the comparison OE1 versus WT, 1,502 in the comparison 
OE2 versus WT, and 254 in the comparison OE2 versus OE1, 
with 23 being common to all comparisons. To investigate the 
function of transcripts differentially expressed at a basal level and 
potentially influenced by LOX4-overexpression, a GO enrich
ment analysis was carried out (Supplementary Table S5; 
Supplementary Figs S7, S8). The top 50 GO terms with the small
est FDR values that were significantly enriched in the category 
‘Biological Process’ (BP) are shown at Supplementary Fig. S7. 
In the three comparisons, most of the BP terms referred to 
DNA replication, transcription, and translation processes, such as 
‘Double-strand break repair via break-induced replication’, 
‘Mitotic DNA replication’, ‘Protein complex oligomerization’, 
and ‘Response to unfolded protein’. Additional pathways were 

Fig. 2. Phenotyping of Fusarium ear rot (FER) and Fusarium seedling rot (FSR) diseases caused by F. verticillioides in the maize A188 wild type (WT) and two 
LOX4-overexpressing lines (OE1, OE2) at maturity. (A) Representative images of FER disease. The arrows indicate the inoculation points. (B) Quantification of 
FER disease severity in inoculated ears on a seven-point scale, where 1 represents no disease and 7 represents up to 100% of ear rotting. (C) Concentration 
of total fumonisins (B1+B2+B3) in the kernels. (D) Representative images of FSR disease on 7-day-old inoculated seedlings, and (E) quantification of disease 
severity in mock controls and inoculated seedlings on a five-point scale, where 1 represents no disease and 5 represents rotting of the entire kernel. (F) 
Quantification of disease in inoculated seedlings by F. verticillioides calmodulin copy number. Data are means (±SD) of n=3 biological replicates, except for (E) 
where n=3 independent experiments, each consisting of 10 seedlings per treatment. Different letters indicate significant differences among means as de
termined using one-way ANOVA followed by Tukey’s HSD test (P<0.05); in (E) Greek letters are used for differences among the mock treatments. Significant 
differences between the mock and inoculated treatments within a genotype were determined using two-way ANOVA: **P≤0.01.
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associated with primary metabolism (‘L-phenylalanine catabolic 
process’, ‘Erythrose 4-phosphate/phosphoenolpyruvate family 
amino acid catabolic’, ‘Regulation of ATP dependent activity’, 
and ‘Tyrosine metabolic process’) as well as with the response to 
several environmental stresses (‘Response to xenobiotic stimulus’, 
‘Cellular response to red or far red light’, Response to heat’, and 
‘Response to salt stress’). Interestingly, the comparison between 
the strongest LOX4-overexpressing line (OE2) with WT showed 
significant enrichment of the terms ‘Oxylipin metabolic process’, 
‘Oxylipin biosynthetic process’, and ‘Regulation of jasmonic acid 
mediated signaling pathway’ (Supplementary Fig. S7B).

KEGG pathway analysis was also conducted for the three 
comparisons and showed many common significantly enriched 
pathways, such as ‘DNA replication’, ‘Circadian rhythm plant’, 
‘Glycolysis and Gluconeogenesis’, and ‘MAPK signaling path
way plant’ (Supplementary Fig. S8). Notably, and in line with 
the GO analysis, the ‘linoleic acid metabolism’ pathway was 
highly enriched only in the comparison OE2 versus WT.

Focusing on key DEGs involved in the 9- and 13-LOX path
ways together with those in the jasmonic acid-mediated signal
ing pathway, a total of 24 genes were observed in the three 
comparisons, most of them down-regulated in the comparisons 
of the two OE lines versus WT (Fig. 3C; Supplementary 
Table S5). This suggested that at the basal level the overexpres
sion of LOX4 reshaped the expression of other genes implicated 
in the production of 9-oxylipins and jasmonates.

LOX4-overexpression amplifies the transcriptome 
response to inoculation

To identify the crucial genes implicated in the maize–F. verti
cillioides interaction and potentially modulated by 
LOX4-derived oxylipins, we examined DEGs in the two OE 
lines and the WT between samples with fungal inoculation 
and with mock inoculation at 3 dpi (Supplementary Fig. S6, 
clusters IV–VI; see Supplementary Table S6 for full list). A total 

Fig. 3. RNA-sequencing analysis of the maize A188 wild type (WT) and two LOX4-overexpressing lines (OE1, OE2) in the absence of disease (mock in
oculation). (A) Venn diagram of the numbers of differentially expressed genes (DEGs) in the different comparisons among the genotypes. (B) Numbers of up- 
and down-regulated DEGs in the three comparisons. (C) Heat-map showing the expression patterns of genes involved in the 9- and 13-LOX pathways 
together with the jasmonic acid (JA)-mediated signaling pathway in the three comparisons.
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of 3,379 significant DEGs were found for the WT (2,472 up- 
and 907 down-regulated), 4,434 for OE1 (2,850 up and 1,584 
down), and 7179 for OE2 (4,633 up and 2,546 down) (Fig. 4A, 
B). The common DEGs (1,902) represented the largest pro
portion (∼42%) among the three comparisons, suggesting an 
important conserved core response to pathogen inoculation. 
There were 600 genes uniquely modulated in the WT geno
type, whilst there were 1,205 and 3,349 DEGs specifically 
identified in the OE1 and OE2 lines, respectively.

GO enrichment and KEGG pathway analyses were con
ducted to get an overview of DEGs potentially relevant to 
FER resistance (Fig. 4C, D; Supplementary Table S7). The 
majority of significantly enriched BP terms and KEGG path
ways (P<0.05) were common among the three comparisons 
and multiple processes related to defense response were iden
tified. For the GO terms, these included ‘Defense response’, 
‘Response to fungus’, ‘Regulation of JA mediated signaling 
pathway’, ‘Oxylipin metabolic process’, ‘Oxylipin biosyn
thetic process’, ‘Cell wall macromolecule metabolic process’, 
‘Cell wall macromolecule catabolic process’, ‘Chitin meta
bolic process’, ‘Chitin catabolic process’, and ‘Lignin meta
bolic process’ (Fig. 4C). For the KEGG pathways, these 
included ‘Plant–pathogen interaction’, ‘Linoleic acid metab
olism’, ‘Alpha-linolenic acid metabolism’, ‘Biosynthesis of 
secondary metabolites’, ‘Phenylpropanoid biosynthesis’, 
‘Flavonoid biosynthesis’, ‘Terpenoid backbone biosynthesis’, 
and ‘Diterpenoid biosynthesis’ (Fig. 4D). Intriguingly, the 
GO terms ‘Response to superoxide’, ‘Response to oxygen 
radical’, ‘Removal of superoxide radicals’, and ‘Cellular re
sponse to superoxide’ were found only in the comparisons 
OE1–Fv versus OE1–mock and OE2–Fv versus OE2–mock 
(Fig. 4C). Focusing on these pathways, seven genes were 
detected overall, all of which were up-regulated 
(Zm00001d029170, Zm00001d002611, Zm00001d022505, 
Zm00001d047479, Zm00001d053118, Zm00001d037429, 
and Zm00001d009990), with Zm00001d029170 encoding a 
superoxide dismutase having the highest CPM values with in
fection (2,121.6 and 1,851.6 for OE1 and OE2, respectively) 
and log2FC values of 1.11 and 0.65 for OE1 and OE2, respect
ively (Supplementary Tables S6, S7).

When the common defense-related categories were examined 
more closely, important differences in the level of induction were 
observed between the WT and the two OE lines. For instance, 
analysis of the modulation patterns of all DEGs associated with 
the 9- and 13-LOX pathways along with the JA-mediated signal
ing pathway indicated increased expression of oxylipin and JA 
biosynthesis genes in all three genotypes, but to a higher extent 
in the OE lines (Supplementary Fig. 9; Supplementary 
Table S6). Notably, the LOX4 was not differentially expressed 
in the two transgenic lines following F. verticillioides inoculation; 
however, the mean CPM values following infection were 10,  
116.4 and 11, 470.1 for the OE1 and OE2 lines, respectively, 
whereas the values for the WT were ∼8 times lower (1216.31; 
Supplementary Tables S4, S6). For the categories related to 

oxylipin and JA, the number of DEGs and their mean fold- 
change levels were directly proportional to the LOX4 counts, 
with the OE2 line having 57 DEGs (52 up- and five down- 
regulated) and a mean log2FC value of 1.7, the OE1 line having 
45 DEGs (39 up and six down) and a mean log2FC value of 1.4, 
and the WT having 41 DEGs (34 up and seven down) and 
a mean log2FC value of 1.2 (Supplementary Fig. S9; 
Supplementary Table S6). The gene with the highest CPM val
ues under infection was Zm00001d018487, encoding acetyl C, 
with values of 6,862.1, 7,101.2, and 7,149.5 in the WT, OE1, 
and OE2 lines, respectively.

Similar results were detected for the GO category ‘Defense re
sponse’ (Fig. 4C). This term was highly enriched by up-regulated 
DEGs in all three genotypes, but the OE2 line showed the high
est number (102 versus 70 in the WT and OE2), with a mean 
log2FC value of 3.2 compared with 2.20 for OE1 and 1.8 for 
the WT (Supplementary Tables S6, S7). The highest expression 
levels under infection were observed for Zm00001d003190, en
coding a chitinase, with CPM values of 85, 004.5, 53, 574.6, and 
39, 842.0 in OE2, OE1, and WT, respectively.

Comparable findings were observed for the KEGG pathway 
‘Biosynthesis of secondary metabolites’ and associated ones 
such as ‘Phenylpropanoid, Flavonoid and Terpenoid/ 
Diterpenoid biosynthesis’ (Fig. 4D). The two OE lines always 
showed a higher number of DEGs and mean CPM values 
under infection compared with the WT, more markedly in 
the OE2 line. As an example, for the category ‘Biosynthesis 
of secondary metabolites’, there were 176 genes that were dif
ferentially modulated (mostly up-regulated) in the WT, 
whereas the corresponding numbers in the OE1 and OE2 lines 
were 188 and 283, respectively; the mean CPM values under 
infection were 1,547.8, 1,598.6, and 1,689.0 for the WT, 
OE1, and OE2, respectively (Supplementary Tables S6, S7).

Thus, the transcripts of a considerable number of genes were 
found to be commonly modulated by the fungus in all the 
comparisons, but the overexpression of LOX4 resulted in an 
enhanced response in the two transgenic lines, mainly affecting 
defense-associated genes.

To confirm the reliability of RNA-seq data, 12 genes were 
selected for RT-qPCR validation, four of which were involved 
in the 9- and 13-LOX pathways (LOX2, Zm00001d042540; 
LOX3, Zm00001d033623; AOS2b, Zm00001d048021; and 
ACX, Zm00001d045251). The comparison between the two 
techniques showed substantial agreement for 11 genes that were 
differentially expressed before and after F. verticillioides inoculation 
(Supplementary Fig. S10). Consistent with the sequencing data, 
the transgenic lines generally displayed enhanced modulation lev
els, and this trend followed the increased LOX4 expression levels.

Effects of LOX4-overexpression on oxylipin production in 
inoculated kernels

We next used ultra-HPLC-Q-TOF-MS analysis under a fully un
targeted approach as previously reported by Righetti et al. (2021)
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to determine which oxylipins were responsible for the enhanced 
resistance to F. verticillioides in the transgenic OE lines. Mock- 
and fungal-inoculated kernels at 3 dpi and 7 dpi were sampled 
and the raw data were subjected to principal component (PC) ana
lysis (Fig. 5A–C). PC1 and PC2 were selected as linear combina
tions to represent the variability of the overall dataset. The analysis 
revealed a clear separation between the mock and inoculated sam
ples for all three genotypes. Intriguingly, the inoculated samples at 
the two sampling dates from both the OE lines were more distinct
ly separated from the control compared with the WT, indicating 
that multiple oxylipins could contribute to FER resistance.

A total of 31 compounds were annotated as showing differ
ent accumulation patterns in the three genotypes (Fig. 5D; 
Supplementary Table S8.1). For the majority of oxylipins, a 
lower content was measured in the mock-treated kernels of 
the transgenic genotypes, mainly at 3 dpi, in comparison 
with the WT, consistent with the higher numbers of down- 
regulated 9- and 13-LOX genes observed at the basal level 
(Fig. 3C; Supplementary Table S8.2). At 3 dpi in the F. verti
cillioides treatment, all the oxylipins that were induced were al
ways more strongly affected in the transgenic lines, in particular 

in OE2, with the exception of 13-oxoODE. The highest log2
FC values were found for traumatic acid (13-LOX), with val
ues of 8.26, 10.53, and 9.81 for the WT, OE1, and OE2, 
respectively. At 7 dpi, in most cases in the WT an increase of 
compound concentrations was observed, whereas values de
clined in the OE lines, excluding the oxylipins 12-EpOME 
and 13-HOTre that continued to maintain elevated levels in 
all three genotypes.

Overall, these results indicated that increased expression of 
LOX4 led to the greater production of both key 9- and 
13-oxylipins, mainly at the early infection stage. This higher 
oxylipin content might be responsible for the enhanced resist
ance to F. verticillioides observed in LOX4-OE kernels.

Effects of LOX4-overexpression on phytohormone 
contents kernels in response to infection

Phytohormones, particularly jasmonates and salicylic acid, are 
key signaling molecules that are active during plant–pathogen 
interactions. Therefore, we next examined changes in their 
concentrations in kernels of the WT and OE lines at 3 dpi 

Fig. 4. RNA-seq analysis of the maize A188 wild type (WT) and two LOX4-overexpressing lines (OE1, OE2) following inoculation with Fusarium verticillioides 
(Fv) or a control solution (mock). (A) Venn diagram of the numbers of differentially expressed genes (DEGs) in comparisons of inoculated versus mock 
treatments within each genotype. (B) Numbers of up- and down-regulated DEGs in the three comparisons. (C) Enrichment of DEGs significantly enriched in 
GO term category ‘Biological Process’ in the three comparisons, and (D) significantly enriched KEGG pathways of DEGs in the three comparisons. The arrows 
highlight terms associated with defense responses and oxylipin metabolism. The size of the dots is proportional to the counts of genes, and the color in
dicates the fold-enrichment values as calculated by ShinyGO. The DEGs were selected according to a FDR-corrected P-values <0.05.
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and 7 dpi with mock and F. verticillioides treatments. In addition 
to JA and SA, we also examined the JA biosynthetic precursor 
12-oxophytodienoic acid (cis-OPDA), the bioactive jasmonoyl 
isoleucine conjugate (JA-Ile), and inactive hydroxylated and 
carboxylated degradation metabolites. The results showed 
that at 3 dpi in the mock treatment both the OE lines had sig
nificantly reduced constitutive concentrations of SA compared 
to the WT (Fig. 6A). In the inoculated treatment at 3 dpi, there 
was a significant increase in concentration in OE2 compared 
with the mock. Infection had no significant effect at 7 dpi.

For the jasmonates, the concentrations of cis-OPDA, JA, and 
its derivatives were in most cases lower in the mock-treated 
kernels of the OE lines than in the WT at both stages, with 
the exception of JA-Ile at 7 dpi (Fig. 6E). This was consistent 
with the results of the RNA-seq analysis, at least at the early in
fection stage, where widespread down-regulation of genes 

involved in the JA-mediated signaling pathway was observed 
in the two OE lines (Fig. 3C).

Inoculation with F. verticillioides triggered significant in
creases for most JA-related metabolites independently of the 
genotype, apart from cis-OPDA at 7 dpi (Fig. 6B–G). JA-Ile 
showed the highest concentrations following infection with 
values of 257.5, 142.0, and 227.4 ng g–1 FW for the WT, 
OE1, and OE2, respectively, followed by JA and OH-JA. 
Notably, in terms of the ratio in concentrations between the 
fungal- and mock-inoculated treatments, the increment was 
more pronounced in the OE lines for the majority of com
pounds. In particular, OE2 always showed the highest increase, 
ranging from ∼5 times for OH-JA-Ile at 7 dpi (compared with 
2.7 for the WT) to ∼79 times for COOH-JA-Ile at 3 dpi (4.5 
for the WT). Taken together, these results further reinforce the 
involvement of JA as a regulator of defense against 

Fig. 5. Oxylipin profiling of the maize A188 wild type (WT) and two LOX4-overexpressing lines (OE1, OE2) at 3 days post inoculation (dpi) and 7 dpi with 
Fusarium verticillioides (Fv) or a control solution (mock). (A–C) Principal component (PC) analysis of the raw data for (A) the WT, (B) OE1, and (C) OE2 based on 
the oxylipin profiling of five replicate samples for each the three genotypes. PC1 and PC2 have been selected as linear combinations to represent the 
variability of the overall dataset. (D) Heat-map of significantly modulated oxylipins in the 9- and 13-LOX and other pathways for the comparisons of infected 
versus mock treatments within each genotype at 3 dpi and 7 dpi.
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F. verticillioides and highlight that LOX4-overexpression 
positively matched with a wider activity in the JA biosynthetic 
pathway, which was especially clear in the strong LOX4-OE2 
line.

Multi-omics analysis of LOX4 expression and 
F. verticillioides infection

The combined analysis of the transcriptome and 9- and 
13-oxylipin profiling in the WT and LOX4-OE genotypes at 
3 dpi and 7 dpi with F. verticillioides are shown in Fig. 7. In the 
13-LOX pathway, the majority of the compounds involved in 
JA biosynthesis were produced at higher levels in the infected 
OE lines at 3 dpi (Fig. 7A), including 13-HOTrE, 12-OPDA, 
OPC-8:0, JA, and JA derivatives, especially COOH-JA-Ile. In 
line with these results, the key genes encoding enzymes catalys
ing the formation of JA precursors showed higher expression in 
the OE lines, such as 13-LOXs, AOS1c, AOC1, OPR1-5, 
OPC1, ACX and acetyl C. Moreover, most of the genes for 
CYP94 isoforms that convert JA-Ile to OH-JA-Ile and 
COOH-JA-Ile showed a similar trend.

Quantification of 9-oxylipins identified 9-oxononanoic acid 
followed by 9-HPOTrE as the most induced compounds for 
the OE lines at 3 dpi (Fig. 7B), and this was reflected by in
creases in the 9-oxylipins produced by the 9-POX, 9-AOS, 
and EAS/EAH branch pathways. 9-LOX genes including 
LOX1, LOX2, and LOX3 were specifically induced in the 
OE2 line, and the death acid-producing genes AOS1a and 
AOS2b also exhibited higher expression levels in the OE lines, 
consistent with the 9-oxylipin accumulation results.

To confirm the role of 9- and 13-oxylipins as antifungal 
agents, we grew cultures of F. verticillioides for 7 d at 25 °C in 
presence of 12-OPDA, trans-2-hexenal, JA, traumatic acid, 
or 9-oxononanoic acid, and found that the area under the 
growth curves was significantly reduced by the presence of 
all the compounds (Supplementary Fig. S11), confirming the 
contribution of these oxylipins to pathogen resistance.

Discussion

Plant diseases provoked by pathogens result in significant re
ductions in yield and quality of important crops annually across 
the world (Gai and Wang, 2024). Fusarium spp. can cause con
siderable injury to a wide range of tissues in maize, most not
ably in terms of ear, stalk, and seedling rot (Gai et al., 2018). 
Ear rot caused by F. verticillioides is the most common fungal 
disease on corn ears, and the development of durable genetic 
resistance is becoming a more and more pressing concern to 
contain its spread. Lipoxygenases play critical roles in plant re
sponses to pathogen attack (Viswanath et al., 2020), and it has 
been demonstrated that oxylipins synthetized by the LOX 
pathway possess antimicrobial properties and/or act as signaling 
molecules in plant defense systems (Feussner and Wasternack, 
2002; Christensen et al., 2015; Sugimoto et al., 2022). In our 
previous studies, we have examined the effects of LOXs against 
F. verticillioides in maize through the use of mutants carrying Mu 
transposon insertions in LOX4. Gene mutagenesis impairs fun
gal resistance, reshapes the expression of LOXs, and alters oxy
lipin profiles at different plant developmental stages in kernels 
(Battilani et al., 2018), seedlings (Lanubile et al., 2021a), and 

Fig. 6. Hormone profiling of the maize A188 wild type (WT) and two LOX4-overexpressing lines (OE1, OE2) at 3 days post inoculation (dpi) and 7 dpi with 
Fusarium verticillioides or a control solution (mock). (A) Salicylic acid (SA), (B)12-oxo-phytodienoic acid (cis-OPDA), (C) jasmonic acid (JA), (D) 
12-hydroxyjasmonic acid, OH-JA, (E) jasmonoyl isoleucine conjugate (JA-Ile), (F) hydroxyjasmonoyl-isoleucine (OH-JA-Ile), and (G) COOH-JA-Ile 
(dicarboxyjasmonoyl-isoleucine). Data are means (±SD), n=3. Different letters indicate significant differences among means as determined using one-way 
ANOVA followed by Tukey’s HSD test (P<0.05), with Greek letters being used for differences among the mock treatments. Significant differences between 
the mock and inoculated treatments within a genotype were determined using two-way ANOVA: *P≤0.05, **P≤0.01, ***P≤0.001.
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ears (Guche et al., 2022). There have been several studies on the 
genetic manipulation of LOXs both in monocots (Zabbai et al., 
2004; Sharma et al., 2006; Cho et al., 2012; Losvik et al., 2017; 
Liao et al., 2022) and dicots (Hwang and Hwang, 2010; Hu 
et al., 2013; Hou et al., 2018; Tolley et al., 2023; Xu et al., 
2024), but in this current study we describe for the first time 
the effects of constitutive overexpression of LOX4 in 

transgenic maize. Our results showed that transgenic 
LOX4-OE maize plants displayed increased resistance to F. ver
ticillioides ear rot (FER) as well as a lower fumonisin content 
(Fig. 2). In addition, reduced scores for severity of F. verticil
lioides seedling rot (FSR) and fungal biomass levels were 
observed in the OE lines. Interestingly, in the absence of infec
tion, plant height, ear length, kernel number per ear, and 

Fig. 7. Activation of the 13- and 9-LOX pathways in response to Fusarium verticillioides (Fv) in the maize A188 wild type (WT) and two LOX4-overexpressing 
lines (OE1, OE2) at 3 days post inoculation (dpi) and 7 dpi with Fusarium verticillioides (Fv) or a control solution (mock). (A) The 13-LOX pathway and (B) the 
9-LOX pathway. The presentation of the heat-maps is described in the key, and the colors represent the log2(fold-change) in gene expression for each 
comparison (Supplementary Table S6). Circles represent the log2(fold-change) of oxylipin/hormone content for each comparison (Supplementary Table S8). 
(1) and (2) represent compounds derived from the untargeted lipidomics and hormone profiling analyses, respectively.
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100-grain weight were not affected by the overexpression of 
LOX4 (Supplementary Fig. S3). However, it was apparent 
that at the seedling stage there were increases in seedling weight 
and length in the OE lines (Supplementary Fig. S4), particular
ly in OE2, which had the highest levels of LOX4 transcripts 
(Fig. 1), suggesting it had possible effects in the development 
process. Previous studies have reported the activation of several 
LOXs aimed at lipid mobilizing during the early stage of seed
ling growth in different species, including Arabidopsis, Vigna 
radiata, Citrullus lanatus, Oryza sativa, and Brassica napus (see 
Singh et al., 2022), and up-regulation of genes encoding 
9-LOXs has been observed throughout seed maturation in al
mond and maize (Jensen et al., 1997; Santino et al., 2005). In 
addition, JA catabolism has been shown to be crucial to sex de
termination and plant architecture in both rice and maize crops 
(Lunde et al., 2019; Wang et al., 2020). It still remains a chal
lenge to elucidate the interactions among various oxylipin sig
naling pathways during the life cycle of a plant under different 
stress conditions that result in reduced development.

Overexpression of LOX4 led to remodeling of the transcrip
tome both with and without F. verticillioides infection. At the 
basal level, there was a general down-regulation of 9- and 
13-LOX genes (Fig. 3) that was accompanied by lower con
tents of oxylipins and jasmonates (Fig. 5). Following fungal in
oculation, substantial transcriptional changes were found and 
the number of resulting DEGs was directly proportional to 
the expression of the transgene (Figs 1, 4B). Oxylipin profiling 
confirmed this trend, particularly at 3 dpi, with the highest 
modulation being observed for the LOX4-OE2 line, followed 
by LOX4-OE1 and the WT (Fig. 7).

In terms of the transcriptomic results, whilst a considerable 
number of defense-associated GO and KEGG terms were 
common between the WT and the OE lines, the level of in
duction was generally much higher in the overexpressing plants 
(Supplementary Figs S7, S8). Chitinases were highly abundant 
among the up-regulated genes related to defense categories. 
Maize chitinases display a key role in defense against fungi con
taining chitin in their cell walls (Kumar et al., 2018), and 
Cazares-Álvarez et al. (2024) have recently reported the induc
tion of 10 different maize chitinases in response to F. verticil
lioides, with differing roles according to their domain type 
and subcellular localization. Other transcriptomic studies 
have also highlighted the involvement of chitinase genes in 
the pathogen-associated molecular pattern-triggered immunity 
against FER in maize (Lanubile et al., 2014b; Wang et al., 
2016).

An additional strongly enriched KEGG term in response to 
infection was ‘Biosynthesis of secondary metabolites’, includ
ing DEGs related to phenylpropanoids, flavonoids, and terpe
noids/diterpenoids (Fig. 4), compounds that are well known to 
be associated with inhibiting fungal growth and promoting re
sistance to F. verticillioides infection. In our previous study, 
RNA-sequencing identified 126 DEGs attributed to the ‘sec
ondary metabolism’ category in maize ears at 72 hpi, and 

among the most represented pathways metabolic processes as
sociated with terpenoid synthesis were highly expressed 
(Lanubile et al., 2014b). Similar findings were reported by 
Tran et al. (2024) who found that several hundred genes related 
to terpene synthesis were differentially expressed in young 
seedlings of eight different maize lines after F. verticillioides 
inoculation. Furthermore, a transcriptomic analysis by 
Lambarey et al. (2020) identified a gene encoding a terpene 
synthase (TPS1) as the most significantly up-regulated in in
fected shoot tissues, and this was associated with enhanced 
kauralexin accumulation.

Interestingly, overexpression of LOX4 caused specific en
richment for the GO terms ‘Response to superoxide’, 
‘Response to oxygen radical’, ‘Removal of superoxide radi
cals’, and ‘Cellular response to superoxide’. Reactive oxygen 
species (ROS) act as signaling molecules and represent one of 
the earliest plant defense strategies (Jwa and Hwang, 2017; 
Zaid and Wani, 2019). The production of ROS by plants is 
mainly associated with infection by biotrophic and hemi- 
biotrophic fungi and can culminate in localized cell death 
(Constantino et al., 2013; McCormick, 2017). Previous studies 
have reported that maize lox3 mutants show enhanced levels of 
ROS against Ustilago maydis (Pathi et al., 2020) and C. gramini
cola (Constantino et al., 2013), suggesting that ROS accumula
tion can shorten the biotrophic stage during the infection, and 
further indicating the possible role of lipoxygenases in the 
accumulation.

Our transcriptomic profiling also highlighted a widespread up- 
regulation of both 9-LOX- and JA-associated genes in response 
to F. verticillioides, which was correlated with increased contents 
and was more pronounced in the LOX4-OE lines (Fig. 7). It has 
been reported that decreased resistance to Gibberella stalk rot in 
maize lox5 mutants is related to reduced contents of multiple 9-oxy
lipins, including 9(S)-hydroxy-10(E),12(Z),15(Z)-octadecatrienoic 
acid (9-HOT), 9(S)-hydroxy-10(E),12(Z)-octadecadienoic acid 
(9-HOD), 9-keto-10(E),12(Z),15(Z)-octadecatrienoic 
acid (9-KOT), 9-keto-10(E),12(Z)-octadecadienoic acid 
(9-KOD), 10-oxo-9-hydroxy-12(Z) and 15(Z)-octadecenoic 
acid (9OH-10KOM), and 10-oxo-9-hydroxy-12(Z) and 
15(Z)-octadecadienoic acid (9OH-10KOD) (Wang et al., 
2021). In line with this, a duplicated copy-number variant of 
LOX5, a paralog of LOX4, results in improved resistance to 
herbivory by fall armyworms that is mediated by higher levels 
of 9-hydroxy-10-oxo-12(Z),15(Z)-octadecadienoic acid (9,10 
KODA) (Yuan et al., 2024). In a previous study, we observed 
rapid production of 9-hydroxy-10,12-octadecadienoic acid 
(9-HODE) and 10-oxo-11-phytoenoic acid (10-OPEA) at 
3 dpi with F. verticillioides in two resistant maize genotypes, 
whereas no accumulation was found in a lox4 mutant (Guche 
et al., 2022). Whilst we found increased transcript levels of 
the putative biosynthetic genes encoding 9-allene oxide syn
thase AOS1a and AOS2b in the current study (Fig. 7), we 
did not measure 10-OPEA. Conversely, an early induction 
of its 13-LOX analog 12-OPDA and the associated transcripts, 

Oxylipin signaling restricts infection of maize by Fusarium | 681

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/77/2/668/8271264 by U

niv C
attolica D

el Sacro C
uore user on 19 January 2026

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf437#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf437#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/eraf437#supplementary-data


AOS1c and allene oxide cyclase (AOC1), was observed mainly 
in the LOX4-overexpressing lines. Along with 12-OPDA, the 
majority of jasmonates were highly induced in the OE lines in 
response to F. verticillioides treatment, suggesting a positive cor
relation of JAs with improved resistance to FER. The early 
synthesis of JA and its derivatives was further supported by 
the up-regulation of genes involved in JA production and those 
regulated by JA, showing that 9-oxylipins produced by 
LOX4-overexpression had a large positive effect on the 
13-LOX pathway after fungal treatment. The role of JA as 
the main defense hormone required for immunity against F. 
verticillioides is demonstrated by the JA-deficient maize opr7 
opr8 double-mutant that exhibits complete susceptibility to 
this pathogen (Christensen et al., 2014). However, strong 
antagonism among JA, and 13- and 9-oxylipins is found in 
this double-mutant and in the lox10 mutant, and the suppres
sion of 13-oxylipins results in overproduction of several 
wound-induced 9-oxylipins (He et al., 2020). Similarly, in
creased accumulation of 9-oxylipins in the maize lox5 mutant 
has a negative effect on JA biosynthesis and on plant resistance 
towards F. graminearum (Wang et al., 2021). Further studies are 
required to better clarify the crosstalk between JA and oxyli
pins, which appears to work in a pathogen-dependent manner.

In summary, this study confirms the fundamental role of LOX4 
in defense strategies against F. verticillioides. Overexpression of this 
gene not only positively affected the production of multiple 
9-oxylipins via increased expression levels of 9-LOX genes but 
also had a cascade effect on JA contents as well as leading to higher 
expression of JA-related genes. This corresponded with an en
hanced resistance to the pathogen and reduced fumonisin contam
ination. Moreover, the antimicrobial activity of the key oxylipins 
12-OPDA, trans-2-hexenal, JA, traumatic acid, and 9-oxonona
noic acid was confirmed by observations of their inhibitory effects 
on F. verticillioides growth. It will be interesting to conduct further 
studies to evaluate the effects of LOX4-overexpression on other 
fungi and pathogenic insects and to examine possible trade-offs. 
Additionally, it is our intention to explore the effects of 
LOX4-overexpression in response to abiotic stresses. In this regard, 
Li et al. (2025) observed up-regulation of LOX4 in response to 
heat, drought, and cold stresses, suggesting that it could provide 
a new target for enhancing maize resilience to different environ
mental conditions.
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The following supplementary data are available at JXB online.
Fig. S1. Schematic overview of experimental timeline.
Fig. S2. Representative images of non-infected plants for the WT, 

LOX4-OE1, and LOX4-OE2 at week 8.
Fig. S3. Plant height, ear, and kernel measurements for non-infected 

plants of the three genotypes.
Fig. S4. Seedling weights and lengths for the three genotypes at 7 dpi 

with and without F. verticillioides.
Fig. S5. Distribution of RNA-seq reads across introns, exons, UTRs, 

and intergenic regions for each of the different treatments.

Fig. S6. Expression heat-maps and clustering of differentially expressed 
genes into 6 groups based on the expression profiles.

Fig. S7. Bubble-plots showing enriched GO terms classified as 
‘Biological Process’ in differentially expressed genes in comparisons of 
mock-inoculated genotypes.

Fig. S8. Bubble-plots showing enriched KEGG pathways in differen
tially expressed genes in comparisons of mock-inoculated genotypes.

Fig. S9. Expression heat-map of DEGs involved in the 9- and 13-LOX 
pathways, and the JA-mediated signaling pathway in the three genotypes 
following F. verticillioides inoculation.

Fig. S10.Validation of the RNA-seq results by RT-qPCR analysis.
Fig. S11. Area under the growth curve of cultures of F. verticillioides 

subjected to treatment with different 9- and 13-oxylipins.
Table S1. Primer sequences for PCR and RT-qPCR analyses.
Table S2. Cq values of the actin reference gene under all experimental 

conditions.
Table S3. Summary statistics of paired-end sequenced reads produced 

and aligned with the Zea mays B73 GRAMENE v4 genome.
Table S4. Raw counts for each gene for each biological replicate for 

mock- and F. verticillioides-inoculated samples.
Table S5. Expression levels and annotations of differentially expressed 

genes in comparisons of mock-inoculated genotypes.
Table S6. Expression levels and annotation results of differentially ex

pressed genes in comparisons of F. verticillioides-inoculated genotypes.
Table S7. GO term enrichment in ‘Biological Process’ and KEGG 

pathway enrichment of differentially expressed genes in comparisons of 
mock-inoculated genotypes.

Table S8. List of oxylipins identified in the three genotypes at 3 dpi and 7dpi.
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