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Abstract

Peroxisome-localized oxo-phytodienoic acid (OPDA) reductases (OPR) are enzymes
converting 12-OPDA into jasmonic acid (JA). However, the biochemical and physio-
logical functions of the cytoplasmic non-JA producing OPRs remain largely unknown.
Here, we generated Mutator-insertional mutants of the maize OPR2 gene and tested
its role in resistance to pathogens with distinct lifestyles. Functional analyses showed
that the opr2 mutants were more susceptible to the (hemi)biotrophic pathogens
Colletotrichum graminicola and Ustilago maydis, but were more resistant to the necro-
trophic fungus Cochliobolus heterostrophus. Hormone profiling revealed that increased
susceptibility to C. graminicola was associated with decreased salicylic acid (SA) but
increased JA levels. Mutation of the JA-producing lipoxygenase 10 (LOX10) reversed
this phenotype in the opr2 mutant background, corroborating the notion that JA pro-
motes susceptibility to this pathogen. Exogenous SA did not rescue normal resistance
levels in opr2 mutants, suggesting that this SA-inducible gene is the key downstream
component of the SA-mediated defences against C. graminicola. Disease assays of
the single and double opr2 and lox10 mutants and the JA-deficient opr7opr8 mutants
showed that OPR2 negatively regulates JA biosynthesis, and that JA is required for
resistance against C. heterostrophus. Overall, this study uncovers a novel function of a
non-JA producing OPR as a major negative regulator of JA biosynthesis during patho-
gen infection, a function that leads to its contrasting contribution to either resistance

or susceptibility depending on pathogen lifestyle.
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1 | INTRODUCTION

Anthracnose leaf blight (ALB) and stalk rot (ASR) diseases caused
by the hemibiotrophic fungal pathogen Colletotrichum gramini-
cola are maize diseases that have economic importance world-
wide (Belisario et al., 2022; Bergstrom & Nicholson, 1999; Dean
et al., 2012). Combined, both diseases are major threats to maize
production, accounting for yield losses from 1% to 5% in the
United States annually and as high as 10% to 20% worldwide (Crop
Protection Network, 2021; Deleon et al., 2021; Frey et al., 2011;
White, 1999). Infection by the hemibriotrophic C. graminicola has
been reported to initiate with spore germination and appressoria
formation within 24 h. The pathogen invades the epidermal cell and
grows biotrophically, spreading to adjacent host cells within 48 h. A
switch to necrotrophic growth occurs approximately after 48-72h,
causing the death of host cells (Belisério et al., 2022; Bergstrom &
Nicholson, 1999; Mims & Vaillancourt, 2002; O'Connell et al., 1985;
Vargas et al., 2012; Wharton et al., 2001). The biotrophic fungal
pathogen Ustilago maydis causes corn smut disease and is able to
induce tumours on all the aerial parts of its host plants maize and
teosinte (Basse & Steinberg, 2004). Common smut occurs in most
places where maize is grown but does not usually cause significant
economic losses, ranging from a trace up to 10% in localized areas
(White, 1999). Under favourable conditions, the diploid spores ger-
minate to form the infectious hyphae and appressorium for penetra-
tion, which is probably facilitated by cell wall-degrading enzymes.
During the early infection stage, invading hyphae remain intracel-
lular and are surrounded by the host plasma membrane while the
hyphae grow both intra- and intercellularly at later stages and plant
tumours are formed that are associated with plant cell enlargement
and increased cell divisions (Banuett & Herskowitz, 1996; Callow &
Ling, 1973; Doehlemann et al., 2008b; Lanver et al., 2017). Other
than ALB, ASR, and corn smut, southern corn leaf blight (SCLB),
caused by the necrotrophic fungal pathogen Cochliobolus heteros-
trophus (amorph Bipolaris maydis), is one of the most devastating dis-
eases on maize, reducing crop yield and grain quality (Bruns, 2017).
SCLB can be found everywhere maize is grown throughout the
world and it is one of the most prevalent and severe diseases in trop-
ical and subtropical maize-producing areas, causing annual losses
ranging from 10% to 68% under favourable conditions. An epidemic
in 1970 destroyed an estimated 15% of the maize crop, resulting in
approximately $1 billion in losses in the United States and southern
Canada (Bruns, 2017; Dai et al., 2016; Ngoko et al., 2002). In a humid
and warm environment, the spores can germinate in 6 h and pen-
etrate the plants directly or through natural openings such as the
stomata (Mendgen et al., 1996; Singh & Sricastava, 2012). C. heteros-
trophus can produce a group of chemically diverse and low molecular
weight host-selective toxins that serve as virulence or pathogenicity
factors, leading to leaf chlorosis and lesion formation (Turgeon &
Baker, 2007; Wu et al., 2012).

Plants produce an array of small signalling molecules to medi-
ate defence against pathogens. Among the best studied are defence
phytohormones, such as salicylic acid (SA), jasmonic acid (JA), and

ethylene (ET). In response to pathogen infection, phytohormones
interact with each other synergistically and antagonistically. SA has
been extensively reported to antagonize JA and govern resistance
(Kumar, 2014) against biotrophic and hemibiotrophic pathogens
(Boatwright & Pajerowska-Mukhtar, 2013). JAand ET play important
roles in resistance to necrotrophic pathogens (Glazebrook, 2005).
Both JA and SA accumulate in response to C. graminicola infection
and are implicated in plant immunity against this pathogen (Balmer
etal.,2013; Mirandaetal.,2017). Recently, however, areport showed
that green leaf volatiles and JA enhance susceptibility to C. gram-
inicola in maize, whereas increased SA is associated with higher
resistance levels (Gorman et al., 2020). SA plays an essential role
in plant defence against biotrophic pathogens (Glazebrook, 2005).
U. maydis is known to down-regulate SA biosynthesis genes within
12h of plant infection (Doehlemann et al., 2008a) and secrete the
effector protein Jsil, which interacts with several members of the
plant corepressor family Topless/Topless related (TPL/TPR) and
hijacks the plant JA/ET signalling pathway that leads to biotrophic
susceptibility (Darino et al., 2021) during compatible interactions.
JA and ET play important roles in resistance to necrotrophic patho-
gens (Glazebrook, 2005). However, whether JA is required for re-
sistance against necrotrophic C. heterostrophus has not been well
reported thus far.

JA and its derivatives, including methyl jasmonate (MelJA) and
the biologically active jasmonoyl-isoleucine (JA-lle), are fatty acid-
derived compounds ubiquitously found in higher plant species
(Farmer et al., 2003). Jasmonates play essential roles in modulating
a variety of biological processes, such as root growth (Gasperini
et al.,, 2015; Sirhindi et al., 2020; Yan et al., 2014), seed germina-
tion (Linkies & Leubner-Metzger, 2012; Pan et al., 2020; Singh
et al., 2017), senescence (Hu et al., 2017; Qi et al., 2015; Schommer
et al., 2008), trichome formation (Boughton et al., 2005; Traw &
Bergelson, 2003), and anther development (Ishiguro et al., 2001;
Saito et al., 2015; Sanders et al., 2000). In addition, JA also regulates
defence against insects and necrotrophic pathogens (Browse, 2009;
Wasternack, 2007; Wasternack & Strnad, 2016; Yan et al., 2014).
JA biosynthesis starts with the oxygenation of a-linolenic acid
(C18:3) by 13-lipoxygenase (13-LOX), followed by the actions of al-
lene oxide synthase (AOS) and allene oxide cyclase (AOC), leading
to production of 12-oxo-phytodienoic acid (12-OPDA) (Feussner
& Wasternack, 2002; Wasternack & Hause, 2013). 12-OPDA is
transported into the peroxisome and the subsequent reduction of
the cyclopentenone ring catalysed by peroxisome-localized OPDA
reductase (OPR) generates 3-oxo-2-(2"-pentenyl)-cyclopentane-1-o
ctanoic acid (OPC-8:0) (Schaller, 2001; Vick & Zimmerman, 1984).
OPC-8:0 is converted to JA after three cycles of p-oxidation that
occur in the peroxisome (Turner et al., 2002).

To date, multiple members of OPR gene families have been identi-
fied in several plant species: three OPR genes in Arabidopsis (Biesgen
& Weiler, 1999; Schaller et al., 2000; Stintzi & Browse, 2000),
eight genes in maize (Zhang et al., 2005), 13 genes in rice (Agrawal
et al., 2003), three isoforms in tomato (Strassner et al., 2002), 48
genes in wheat (Mou et al., 2019), and five genes in watermelon
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(Guang et al., 2021). Plant OPRs are classified into two groups (I and
I1) depending on their substrate specificity (Schaller et al., 1998).
Members of the OPRI group preferentially catalyse the reduction
of cis-(-) OPDA rather than cis-(+) OPDA, and therefore are not in-
volved in JA biosynthesis (Schaller et al., 2000; Strassner et al., 1999).
Members of the OPRIl group catalyse the conversion of cis-(+)
OPDA, the natural precursor of JA, and therefore are involved with
JA biosynthesis (Schaller et al., 1998). To date, only a few members
of the plant OPRII group have been well characterized. Arabidopsis
OPR3 is required for JA biosynthesis and lack of OPR3 function con-
fers male fertility (Stintzi & Browse, 2000). Overexpression of rice
OsOPR7 was able to complement the phenotypes of male sterility
and JA production in the Arabidopsis opr3 mutant (Tani et al., 2008).
Maize ZmOPR7 and ZmOPR8 provide redundant function in JA
production and the double mutant opr7opr8 displays complete JA-
deficiency, resulting in the tasselseed phenotype, and is extremely
susceptible to insect herbivory and root-rotting necrotrophic oomy-
cete Pythium spp. (Yan et al., 2012). The biochemical and physiolog-
ical functions of most plant OPRI enzymes remain largely unknown.

To explore the function of the non-JA producing OPRI sub-
family in maize, we generated Mutator-insertional mutants in one
of the six members of the OPRI subfamily, ZmOPR2 (Borrego &
Kolomiets, 2016; Zhang et al., 2005). ZmOPR2 was chosen based
on its strong induction by the fungal elicitor chitooligosaccharide,
SA, and infections with Cochliobolus carbonum, C. heterostrophus and
Fusarium verticillioides (Zhang et al., 2005), suggesting a role in SA-
dependent defence responses against pathogens. Functional analy-
ses of three mutant alleles, opr2-1, opr2-2, and opr2-3, revealed that
ZmOPR2 contributes to resistance to the hemibiotrophic pathogen
C. graminicola and the biotrophic maize smut pathogen U. maydis by
influencing ZmLOX10-mediated SA and JA antagonism. Conversely,
ZmOPR?2 facilitates disease by the necrotroph C. heterostrophus via

suppression of JA synthesis.

2 | RESULTS

2.1 | Characterization of opr2 mutants

Full-length ZmOPR2 cDNA clones have been identified by sequence
analyses of the DuPont/Pioneer and publicly available EST collection
from Zea mays inbred line B73 as described in Zhang et al. (2005). Full-
length cDNA of ZmOPR2 (Zm00001d044906) was aligned with the cor-
responding genomic DNA sequences from NCBI and Maize Genetics
and Genomics Database (MaizeGDB: https:/www.maizegdb.org/) and
the results show ZmOPR2 contains two exons and one intron (Figure 1a).
The maize genome encodes another OPRI family member, ZmOPR1,
that shares over 96% identity with ZmOPR2 (Zhang et al., 2005). A
transposon insertional reverse genetics approach was used to generate
oprl and opr2 mutants (McCarty et al., 2005; Meeley & Briggs, 1995).
Approximately 42,000 Mutator (Mu)-insertional individual plants
(Meeley & Briggs, 1995), available at Corteva (Johnston, IA, USA), were
screened using gene-specific primers and Mu terminal inverted repeat

(TIR)-specific primers. One allele with the Mu element inserted in the
ZmOPR?2 first exon (PV 03 80 A-05) and one in the intron (PV 03145 D-
08) were identified by PCR-based screening and were named opr2-1 and
opr2-2, respectively (Figure 1a). Recently, we found a new exonic trans-
poson insertional mutant (mu1079063::Mu), named opr2-3, from the
UniformMu Transposon Resource (https:/www.maizegdb.org/docum
entation/uniformmu/index.php). Unfortunately, our multiple attempts to
identify Mu insertions in the ZmOPR1 gene failed. To test whether Mu
insertions impaired gene expression and to determine their suitability for
subsequent functional analyses, semiquantitative reverse transcription
(RT)-PCR was conducted using ZmOPR2 gene-specific primers to detect
ZmOPR2 transcripts in the opr2-1, opr2-2, and opr2-3 mutants and their
wild types (WT) using ubiquitin carrier protein (UBCP) as an internal con-
trol. The results showed that Mu insertions in exon | and Il of ZmMOPR2
resulted in a complete lack of detectable transcripts and thus opr2-1 and
opr2-3 represent knockout mutant alleles, while opr2-2 is a knockdown
allele exhibiting a reduced ZmOPR2 transcript level compared to WT
(Figure 1b). To eliminate unrelated mutations, opr2-1 was backcrossed
seven times into a B73 genetic background (BC,) and opr2-2 and opr2-3
were at BC, and BC, stages in the B73 background, respectively. Next,
transcript accumulation of ZmOPR2 in various tissues was assessed from
publicly available datasets (Walley et al., 2016). This analysis showed that
silk had the highest ZmOPR2 transcript level followed by pericarp/aleu-
rone, root cortex, and secondary root (Figure S1).

2.2 | Disruption of ZmOPR2 reduced resistance to
C. graminicola

Previously, ZmOPR2 was reported to be the most strongly induced
maize OPR gene in response to diverse pathogens and SA treatment
(Zhang et al., 2005). This prompted us to test whether ZmOPR2 is
involved in resistance to C. graminicola. Because the response to
C. graminicola was not tested before, we first examined the expres-
sion level of ZmMOPR2 transcripts in maize inbred line B73 leaves in
response to this pathogen. C. graminicola infection strongly induced
ZmOPR2 transcript accumulation to 66-, 22-, and 79-fold at 1, 3, and
5days postinoculation (dpi), respectively, compared to uninfected
control at day O (Figure 1c), therefore we tested the hypothesis
that ZmOPR2 plays a role in maize defence against C. graminicola.
Comparison of lesion areas between mutants and their respective
WT revealed that all three opr2 mutant alleles are more suscepti-
ble to C. graminicola, with lesion areas approximately 1.5-2 times
larger in the mutants compared to WT (Figure 1d), suggesting that
ZmOPR2 contributes to defence against this pathogen.

2.3 | Reduced resistance to C. graminicola is
associated with increased JA and reduced levels of
defensive ketols

Green leaf volatiles (GLVs) and JA have been shown to enhance
susceptibility while SA promotes resistance to C. graminicola in
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maize (Gorman et al., 2020). To test whether reduced resistance of diverse defence-related metabolites in leaf tissues at 7dpi. The
of opr2 mutants to C. graminicola is associated with the changes results showed that opr2 mutants accumulated significantly higher

in the defence hormones, we initially quantified the accumulation concentrations of 12-OPDA (Figure 1e), JA (Figure 1f), and JA-lle
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FIGURE 1 Disruption of ZmOPR2 reduced resistance to Colletotrichum graminicola. (a) Schematic representation of the genomic structure
of ZmOPR2 showing the Mutator (Mu)-element insertion sites. (b) Reverse transcription-PCR analysis of ZmOPR2 gene expression in opr2-1,
opr2-2, and opr2-3 mutants and their corresponding wild type (WT). ZmOPR2 gene expression in opr2-1 and opr2-2 was checked using primer
pair F1 and R1 while primer pair F2 and R2 was used in opr2-3. UBCP (Ubiquitin carrier protein) represents a reference gene. (c) Expression

of ZmOPR2 at 1, 3, and 5days postinoculation (dpi) in response to C. graminicola infection relative to uninfected control at day 0. Bars are
mean+SEM (n = 5 maize plants of each genotype as biological replicates, no technical replicate). Different letters indicate statistically
significant differences among the samples (Tukey's HSD test, p <0.05). (d) Disease symptoms of opr2-1, opr2-2, and opr2-3 mutants and

their WT 7 dpi with C. graminicola. Disease symptoms were scanned and lesion areas were measured using ImageJ software. The data are
shown in the box and whisker plot and x indicates means (n = 36 lesions from six different plants of each genotype as biological replicates).
Outliers are represented by dots. The experiments were repeated at least two times with similar results. Contents of (e) 12-OPDA, (f)
jasmonic acid (JA), (g) JA-lle, and (h) traumatic acid were measured at 7 dpi. Bars are mean+SEM (n = 6 maize plants of each genotype

as biological replicates). (i) Quantification of total green leaf volatiles (GLVs) emissions in opr2-1 mutant and its WT leaves 7 dpi with

C. graminicola. Measurement of selected volatile emissions (z)-3-henxenyl acetate, (Z)-3-hexenol, (z)-3-hexenal, and (E)-2-hexenal. Bars are
sum of mean +SEM of each volatile (n = 4 maize plants of each genotype as biological replicates). Asterisks represent statistically significant
differences between WT and mutant (Student's t test, *p <0.05, **p <0.01, ***p <0.001).

(Figure 1g), which is in line with the reported role of JA as a sus-
ceptibility factor (Gorman et al., 2020). Also, opr2 mutants accumu-
lated significantly higher levels of traumatic acid (Figure 1h), which
indicates higher LOX10 activity in opr2 mutants after pathogen
infection because LOX10 is the sole LOX isoform responsible for
producing traumatic acid (Christensen et al., 2013; He et al., 2020).
To strengthen the evidence that opr2 mutants increased LOX10
activity after pathogen infection, we measured GLV production in
C. graminicola-infected leaves of opr2-1 mutant and its WT at 7 dpi
because LOX10 is the only LOX isoform providing substrates for GLV
production (Christensen et al., 2013) and the results showed that
indeed C. graminicola-infected opr2-1 leaves produced significantly
greater amounts of GLV compared to WT (Figure 1i). In addition, sig-
nificantly lower levels of multiple a- and y-ketol molecular species,
including the recently identified mobile signal 9,10-KODA, required
for induced systemic resistance (Wang et al., 2020a), were found
in opr2 mutants compared to WT (Figure S2a-h). Previous reports
showed that exogenous treatment with several of these a- and y-
ketols increased resistance against C. graminicola in maize (Wang
et al., 2020a, 2020b). Moreover, increased resistance to ALB by
treatment with pentyl leaf volatiles was associated with increased
levels of these defensive ketols (Gorman et al., 2021). Therefore,
both increased JA and reduced levels of defensive ketols in the opr2
mutant may explain at least in part its increased susceptibility to this

pathogen.

2.4 | Disruption of the JA-producing lipoxygenase
10 in the opr2 mutant background increases
resistance to C. graminicola

Previously, we showed that the LOX10 isoform is involved in
GLV, traumatin, and JA biosynthesis (Christensen et al., 2013; He
et al., 2020) and that lox10 mutants are remarkably more resistant
to C. graminicola (Gorman et al., 2020). To test the hypothesis that
opr2 mutants are more susceptible due to higher LOX10 activity
(evident by increased content of traumatic acid and GLV production
in opr2 mutants in Figure 1h,i), which in turn results in increased

JA levels, we generated lox10-30pr2-1 double mutants (referred to
as lox10opr2). ALB disease assays showed that the lox100pr2 mu-
tant was as resistant as the single lox10-3 mutant and displayed
increased resistance, as evidenced by smaller lesion areas as com-
pared to either WT or single opr2-1 mutant (Figure 2a). These re-
sults indicate that ZmLOX10-mediated JA production is associated
with reduced resistance to C. graminicola in opr2 mutants. Hormone
and oxylipin profiling of infected leaves at O, 1, 3, and 5 dpi dem-
onstrated that the susceptible opr2-1 mutant accumulated between
2- to 6-fold greater amounts of all three jasmonates, 12-OPDA, JA,
and JA-lle, compared to WT, lox10-3 or lox100pr2 double mutants
(Figure 2c-e). The transcript levels of two JA-responsive genes,
ZmMyc7 and ZmJAZ1, were in line with the higher amount of JA ac-
cumulation in opr2-1 mutant in response to C. graminicola infection
(Figure S3a,b). Moreover, the levels of jasmonates in the lox100pr2
mutants were similar to those in the single lox10-3 mutant, which
correlated with similarly increased levels of resistance to ALB for
these two genotypes. These results support our hypothesis that
increased JA content contributes to increased susceptibility in the
opr2 mutants.

Interestingly, the results clearly showed that maize plants re-
spond to initial biotrophic infection and the later necrotrophic
phase via differential production of SA and JA, with the transition
approximately at 3 dpi. In addition to higher JA at necrotrophic
stages, the susceptible opr2-1 mutant accumulated significantly
lower SA at the biotrophic stage, with only approximately one-
sixth and one-fifth at O and 1 dpi, respectively, compared to WT
(Figure 2b). This concurs with previous studies showing that
SA plays an important role in defence against hemibiotrophic
pathogens (Boatwright & Pajerowska-Mukhtar, 2013; Gorman
et al., 2020). The analysis showed that increased resistance of the
lox100pr2 mutant was associated with increased SA (Figure 2b) at
0, 1, and 3 dpi and reduced JA (Figure 2d) and JA-lle (Figure 2e) at
3 and 5 dpi, mirroring the levels of SA and JAs in the lox10-3 sin-
gle mutant. To confirm that reduced JA in lox10-3 and lox100pr2
confers increased resistance to C. graminicola, the plants were
exogenously treated with 100pM MeJA 1 h prior to C. gramini-
cola infection. The results clearly showed that MeJA treatment
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FIGURE 2 ZmLOX10 functions to suppress salicyclic acid (SA) and enhance jasmonic acid (JA) accumulation resulting in reduced
resistance of opr2-1 to Colletotrichum graminicola. (a) Disease symptoms of wild type (WT), opr2-1, lox10-3, and lox100pr2 7 days
postinoculation (dpi) with C. graminicola. Disease symptoms were scanned and lesion areas were measured using ImageJ software. The

data are shown in the box and whisker plot and X indicates means (n = 36 lesions from six different plants of each genotype as biological
replicates). Outliers are represented by dots. This experiment was repeated at least three times with similar results. Contents of (b) SA, (c)
12-OPDA, (d) JA, and (e) JA-lle were measured at 0, 1, 3, and 5 dpi of the WT, opr2-1, lox10-3, and lox100pr2 mutants. JA and JA-lle were at
undetectable levels at 0 and 1 dpi. Bars are mean+SEM (n = 5 maize plants of each genotype as biological replicates). (f) opr2-1, lox10-3, and
lox100pr2 mutants and their WT were sprayed with 2 ml of mock or 100 uM MelJA per plant 1 h prior to inoculation with C. graminicola. The
data are shown in the box and whisker plot and X indicates means (n = 36 lesions from six different plants of each genotype as biological
replicates). Different letters indicate statistically significant differences among the genotypes (Tukey's HSD test, p <0.05). Metabolite
measurement was repeated at least two times with similar results.

restored the normal susceptibility of both lox10-3 and lox100pr2
mutants to the WT level (Figure 2f). Together, these data indi-
cate that increased LOX10 activity in opr2 mutants functions to

mutant.

suppress SA and enhance JA accumulation in response to C. gr-
aminicola infection, resulting in reduced resistance in the opr2-1



HUANG ET AL.

2.5 | ZmOPR2 functions downstream of the
SA-dependent pathway for resistance to C. graminicola

Totest whether reduced resistance of opr2 mutantsis due to lower
SA content, opr2-1 and opr2-3 mutants and WT were exogenously
treated with 100 uM SA solution 1 h prior to C. graminicola infec-
tion. The results showed that although SA treatment moderately
increased resistance to C. graminicola in both opr2-1 and opr2-3
mutants and WT, SA-treated opr2-1 and opr2-3 mutants were still
more susceptible, displaying significantly larger lesions than both
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mock- and SA-treated WT (Figure 3a). Exogenous treatment of
SA at a higher concentration (500uM) 24 h prior to C. gramini-
cola infection showed similar results (Figure 3b). Hormone and
oxylipin profiling revealed that exogenous SA treatment signifi-
cantly suppressed 12-OPDA, JA, and JA-lle accumulation, caus-
ing 45%, 64%, and 48% reductions, respectively, in WT leaves
after C. graminicola infection at 5 dpi compared to mock-treated
WT leaves while there was lack of a statistically significant re-
duction of 12-ODPA (Figure 3c) and JA-lle (Figure 3e) contents
and only moderate reduction of JA (Figure 3d) in SA-treated
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FIGURE 3 Salicylic acid (SA) treatment failed to fully restore the resistance of opr2 mutants to wild-type (WT) level against Colletotrichum
graminicola. (a) opr2-1 and opr2-3 mutants and their WT were sprayed with 2 ml of mock or 100pM SA 1 h prior to inoculation with

C. graminicola. (b) opr2-1 and WT were sprayed with mock or 500 uM SA 24 h prior to inoculation with C. graminicola. Disease symptoms were
scanned and lesion areas were measured using ImageJ software at 7 days postinoculation (dpi). The data are shown in the box and whisker
plot and X indicates means (n = 36 lesions from six different plants of each genotype as biological replicates). Outliers are represented by
dots. Different letters indicate statistically significant differences within the same allele on log-transformed data (Tukey's HSD test, p <0.05).
These experiments were repeated at least two times with similar results. Contents of (c) 12-OPDA, (d) JA, and (e) JA-lle were measured

of the mock or 100 uM SA-treated WT, opr2-1, lox10-3, and lox100pr2 mutants 5 dpi with C. graminicola. Bars are mean +SEM (n = 5 maize
plants of each genotype as biological replicates). Different letters indicate statistically significant differences (Tukey's HSD, p <0.05).
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opr2-1 compared to mock-treated opr2-1 leaves. We suspect that
the moderate reduction of JA is due to the presence of intact
ZmOPR1. Together, these data suggest that exogenous SA treat-
ment could not fully restore resistance of opr2 mutants to the WT
level, indicating that this SA-induced gene (Zhang et al., 2005)
functions downstream of SA and is one of the targets of SA-
mediated signalling in defence against this pathogen via modulat-
ing SA-JA antagonism.

2.6 | Mutation of ZmMOPR2 leads to reduced
resistance to corn smut

SA plays a pivotal role in defence against biotrophic pathogens,
including U. maydis (Djamei et al., 2011; Rabe et al., 2013). To test
whether ZmOPR2 and ZmLOX10 are also involved in defence against
U. maydis, opr2-1 and lox10-2 mutants and their respective NIL WT
were infected with U. maydis and disease symptoms were analysed
at 13dpi. The results demonstrated that the opr2-1 mutant has in-
creased susceptibility to U. maydis resulting in overall heavier tumour
formation and the appearance of dead plants (>30%) in response to
infection compared to no death among WT plants (Figure 4). This
result reveals that ZmOPR2 contributes to defence against U. maydis.
No clear difference in disease progression was observed between
lox10-2 mutant and WT (Figure 4).

2.7 | JAplays an essential role in defence against
C. heterostrophus

JA plays a central role in defence against necrotrophic pathogens
(Glazebrook, 2005; Thomma et al., 1998). Very little is known
about the significance of JA for resistance to SCLB caused by

the necrotrophic fungal pathogen C. heterostrophus. Higher JA

Fedkkd ns

n=13 18 14 22

100% 7
90%1 [ |
80% 1
70% 1
60% -
50% 1
40% 1
30% 1

20% A
10% 1
0% -

WT Mut WT Mut

|

Symptoms of infected plants
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accumulation after pathogen infection in opr2 mutants prompted
us to test the role of ZmOPR2 in the maize-C. heterostrophus in-
teraction, therefore we inoculated opr2 mutants with C. heter-
ostrophus spores, and disease symptoms and lesion areas were
measured 7 dpi. As predicted, the opr2 mutants were more re-
sistant to C. heterostrophus, displaying significantly smaller le-
sions than WT (Figure 5a). To test whether ZmLOX10-mediated
JA production is associated with enhanced resistance in the opr2
mutant, we measured resistance levels in lox10-3 and lox10opr2
with C. heterostrophus. The results showed that both the single
and double mutants were more susceptible (Figure 5b). Hormone
analysis of infected leaves at O, 2, and 4 dpi showed that opr2-
1 mutant accumulated higher levels of 12-ODPA (Figure 5c), JA
(Figure 5d), and JA-lle (Figure 5e) compared to WT, lox10-3, or
lox100pr2 double mutants. In addition, the amounts of 12-ODPA
and JA-lle in the lox10o0pr2 mutants was similar to those in the
single lox10-3 mutant, which correlated with decreased levels of
resistance to SCLB of these two genotypes. These results support
our hypothesis that increased JA content in the opr2 mutant con-
tributes to increased resistance to SCLB.

To further confirm that increased susceptibility of lox10-3 and
lox100pr2 mutants resulted from reduced JA contents, we exoge-
nously treated opr2-1, lox10-3, and lox100pr2 mutants and WT with
100pM MelJA 1 h prior to inoculation with C. heterostrophus. This
treatment successfully rescued resistance of lox10-3 and lox100pr2
mutants to WT levels (Figure 6a). To obtain further genetic evidence
that JA is required for resistance to C. heterostrophus, JA-deficient
opr7opr8 mutant and WT plants were inoculated with C. heteros-
trophus after mock or MelA treatment. The results showed that
the JA-deficient opr7opr8 mutant is more susceptible to C. heteros-
trophus, displaying significantly larger lesions (1.5-fold larger) than
WT (Figure 6b). Although exogenous MelA treatment enhanced
resistance to C. heterostrophus in both opr7opr8 mutant and WT,

MelJA treatment failed to fully restore resistance of opr7opr8 to the

O No symptoms

O Chlorosis

O Small leaf tumors (<1 mm)

Large leaf tumors (> 1 mm)

@ Stem tumors (on leaves and stem >1 mm)
| Heavy tumors (change of axis of growth)

m Dead plant

FIGURE 4 The opr2-1 mutant is more susceptible to Ustilago maydis while the lox10-2 mutant displays no difference to the wild type
(WT). opr2-1 and lox10-2 mutants and their WT were inoculated with biotrophic pathogen U. maydis strain SG200. Disease symptoms were
analysed at 13 days postinoculation (dpi). The severity of the disease symptoms on each inoculated plant was scored using a O to 6 rating
scale. The statistical analysis was performed by comparing the disease scores between mutants and WT (Student's t test, ****p <0.0001; ns,

not significant). n = the total number of plants scored.
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FIGURE 5 Mutation of ZmLOX10 increased susceptibility of opr2 mutant to Cochliobolus heterostrophus. (a) Disease symptoms of
opr2-1, opr2-2, and opr2-3 mutants and their wild type (WT) 7 days postinoculation (dpi) with C. heterostrophus. The data are shown in the
box and whisker plot and X indicates means (n = 36 lesions from six different plants of each genotype as biological replicates). Outliers
are represented by dots. Asterisks represent statistically significant differences between WT and mutant (Student's t test, **p <0.01,
***p <0.001). (b) Disease symptoms of opr2-1, lox10-3, and lox100pr2 and their WT 7 dpi with C. heterostrophus. Disease symptoms were
scanned and lesion areas were measured using ImageJ software. The data are shown in the box and whisker plot and X indicates means
(n = 30 lesions from six different plants of each genotype as biological replicates). Contents of (c) 12-OPDA, (d) jasmonic acid (JA), and (e)
JA-lle were measured at 0, 2, and 4 dpi of the WT, opr2-1, lox10-3, and lox100pr2 mutants. JA and JA-lle were at undetectable levels at

0 dpi. Bars are mean+SEM (n = 5 maize plants of each genotype as biological replicates). Different letters indicate statistically significant
differences among the genotypes (Tukey's HSD test, p <0.05). These experiments were repeated at least two times with similar results.

DISCUSSION

WT level, presumably due to the hormone treatment applied only 3 |
once before infection while the infection process lasted 7days.

Collectively, these data provided strong pharmacological and ge-
netic evidence that JA is indeed required for defence against necro-
trophic C. heterostrophus and that ZmOPR2 negatively regulates JA
production during infection.

In stark contrast to the well-known functions of the JA-producing
peroxisome-localized OPRs belonging to the OPRII subfamily, the
physiological functions of non-JA-producing OPRI subfamily en-
zymes are largely unknown (Borrego & Kolomiets, 2016; Zhang
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et al., 2005). While the exact in vivo biochemical substrates of
OPRI group enzymes are not known, they are capable of reducing
double bonds in «, B-unsaturated aldehydes or ketones that are
potent Michael acceptor systems and often toxic to cells (Kohli &
Massey, 1998). ZmOPR2 belongs to the OPRI group that preferen-
tially catalyses the reduction of cis-(-) OPDA over cis-(+) OPDA, the
precursor of JA (Schaller et al., 1998), and localizes in the cytoplasm
(Tolley et al., 2018). ZmOPR2 is therefore unlikely to be involved
in JA biosynthesis and disruption of both ZmOPR7 and ZmOPRS8 as
in opr7opr8 double mutants results in JA deficiency, reduced resist-
ance to insects, and complete abolition of immunity against soil-
borne necrotrophic pathogens such as Pythium spp. and Fusarium
spp. (Christensen et al., 2014; Yan et al., 2012). Here, we present
strong evidence showing that the ZmOPR2 isoform is involved in
maize defence against both biotrophic (U. maydis) and hemibio-
trophic (C. graminicola) fungal pathogens, but promotes susceptibil-
ity to the necrotrophic C. heterostrophus. Importantly, regardless of
the pathogen lifestyle, both functions are due to the ZmOPR2 activ-
ity in suppressing JA biosynthesis, which in turn results in increased
SA production (Figure 7).

Specifically, we showed that opr2 mutants are susceptible to
C. graminicola and displayed abnormally low levels of SA at the
biotrophic stage of infection and increased JA at the necrotrophic
phase. This hemibiotrophic pathogen infects plants with a brief
biotrophic phase before switching into a more destructive necro-
trophic lifestyle that occurs for approximately 48-72h after inocula-
tion (Mims & Vaillancourt, 2002). The molecular details and factors
regulating the transition have yet to be identified (Dean et al., 2012;

FIGURE 6 Jasmonic acid (JA) promotes
resistance to necrotrophic Cochliobolus
heterostrophus. Lesion areas of (a) opr2-1,
lox10-3, and lox100pr2 mutants and wild
type (WT) and (b) JA-deficient opr7opr8
mutant and WT. Plants were sprayed

with 2 ml of mock or 100pM MelJA

per plant 1 h prior to inoculation with

C. heterostrophus. Disease symptoms
were scanned and lesion areas were
measured using ImagelJ software. The
data are shown in the box and whisker
plot and X indicates means (n = 36

lesions from six different plants of each
genotype as biological replicates). Outliers
are represented by dots. Different

letters indicate statistically significant
differences (Tukey's HSD test, p <0.05).
These experiments were repeated at least
two times with similar results.

| WT
m opr2-1
@ Jox10-3
1 lox100pr2
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Vargas et al., 2012). Our analysis showed that JA and JA-lle contents
increased around the same time as C. graminicola switched to necro-
trophic growth followed by extensive lesion progression. We pre-
viously reported that ZmLOX10 is involved in the synthesis of GLVs
and JA (Christensen et al., 2013; He et al., 2020), the two oxylipins
that facilitate maize susceptibility to C. graminicola by suppressing
the levels of SA, the major defence hormone against this hemib-
iotrophic pathogen (Gorman et al., 2020). Higher levels of traumatic
acid and GLV production in opr2-1 leaves after C. graminicola infec-
tion indicate increased ZmLOX10 activity resulting in enhanced JA
accumulation. We therefore tested the hypothesis that opr2 mu-
tants are more susceptible to this pathogen because of increased
levels of JA and found that, indeed, disruption of ZmLOX10 in the
opr2 mutant background abolished pathogen-induced JA accumu-
lation, which in turn resulted in increased resistance. These results,
once again, provided solid genetic evidence for JA as a susceptibility
factor in maize-C. graminicola interactions. Similarly, recent stud-
ies of the interactions between maize and F. graminearum provided
strong evidence based on the transcriptome, metabolome, and func-
tional analyses of lox5, opr7opr8, and JAZ mutants that JA contrib-
utes to disease progression against this hemibiotrophic pathogen
(Ma et al., 2021; Sugimoto et al., 2022; Wang et al., 2021).

JA and SA are widely reported to interact antagonistically during
infection processes, with plants prioritizing induction of either
SA or JA signalling depending on whether the virulent pathogen
has a (hemi)biotrophic or necrotrophic mode of infection, respec-
tively (Aerts et al., 2021; Kazan & Manners, 2008; Koornneef &
Pieterse, 2008; Pieterse et al., 2009; Spoel & Dong, 2008). The
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FIGURE 7 Working model of ZmOPR2-mediated defence responses against fungal pathogens. During pathogen infection, salicylic acid
(SA)-inducible ZmOPR2 plays a pivotal role in SA-mediated defence responses against (hemi)biotrophic pathogens and suppresses jasmonic
acid (JA)-lle accumulation, resulting in increased resistance to biotrophic Ustilago maydis and hemibiotrophic Colletotrichum graminicola, but
facilitates disease progression of necrotrophic Cochliobolus heterostrophus. Major enzyme names are indicated in orange and are abbreviated
as follows: LOX, lipoxygenase; AOS, allene oxide synthase; AOC, allene oxide cyclase; OPR, OPDA reductase; JAR1, jasmonoyl amino acid
conjugate synthase; ICS, isochorismate synthase; PAL, phenylalanine ammonia-lyase. Abbreviations for compounds: 12-OPDA, cis-(+)-12-
oxo-phytodienoic acid; OPC:8-0, 3-oxo-2-(2"-pentenyl)-cyclopentane-1-octanoic acid; JA, jasmonic acid; JA-lle, jasmonic acid isoleucine
conjugate. Abbreviations for proteins: JASSY, a chloroplast outer membrane protein responsible for transport of 12-OPDA from chloroplast;
CTS, an ABC transporter of the peroxisomal membrane responsible for transporting 12-OPDA into peroxisome. Black arrows indicate the

biosynthesis pathways. Blue arrows and blocks represent positive (promotion) or negative (suppression) interactions, respectively. Red
arrows and blocks represent the OPR2-mediated positive (promotion) or negative (suppression) interactions demonstrated in this study,

respectively. Enzymes with asterisks were tested in this study.

strong inhibitory effect of the SA pathway on JA synthesis and sig-
nalling is mediated by a number of proteins with regulatory roles
in SA-JA cross-talk. These include the lipase-like proteins EDS1
and PAD4 (Brodersen et al., 2006), SA receptor complex protein
NPR1 (Spoel et al., 2003), the fatty acid desaturase SSI2 (Kachroo
etal., 2001), the glutaredoxin GRX480 (Ndamukong et al., 2007), and
WRKY transcription WRKY70 (Li et al., 2004). In addition to these
reported key regulators, this study uncovered a novel mechanism in
which SA antagonizes JA during plant-pathogen interactions by em-
ploying a member of the OPRI subfamily to suppress JA biosynthesis
(Figure 7). The following reasoning lays the foundation for this no-
tion. First, ZmOPR2 expression is strongly induced by exogenous SA
treatment (Zhang et al., 2005), suggesting that ZmOPR2 is a compo-
nent of SA-dependent resistance mechanisms. Second, as a result of
higher JA levels, lower SA contents were found in opr2 mutants and
disruption of ZmLOX10 in opr2 mutants greatly increased SA accu-
mulation, leading to elevated resistance to C. graminicola. Third, we
showed that exogenous SA application failed to restore the WT-level
resistance, which confirms that ZmOPR2 functions downstream in
SA-mediated defence responses. The exact mechanism by which
SA-regulated ZmOPR2 negatively regulates pathogen-induced JA is

unclear as the exact in vivo substrates and final products of the en-
zymatic action of OPRI enzymes are currently unknown.

Multiple reports have shown that JA plays a major role in de-
fence against necrotrophic pathogens in several dicot species, but
no clear genetic evidence has been reported regarding the role of
JA in maize defence against necrotrophic C. heterostrophus. Here, we
demonstrate that JA confers resistance to necrotrophic C. heteros-
trophus using JA-deficient opr7opr8 mutant and exogenous MelA
treatment. In line with our finding, overexpression of ZmAPX1 and
biocontrol agent Trichoderma harzianum treatment enhanced re-
sistance to SCLB via activating the JA-mediated defence signalling
pathways (Wang et al., 2019; Zhang et al., 2022). Zhang et al. (2005)
reported that expression of ZmOPR2 is strongly induced by an HC-
toxin-producing strain of Cochliobolus carbonum in the susceptible
maize Pr inbred line, whereas the avirulent, toxin-deficient strain is
unable to induce appreciable levels of its transcripts. This suggests
that ZmOPR2 may contribute to susceptibility towards this necro-
trophic pathogen. Also, C. heterostrophus infection induces ZmOPR2
expression (Zhang et al., 2005), suggesting that this necrotrophic
pathogen may potentially modulate expression of the JA-suppressing
OPRI enzymes to facilitate disease progression. In agreement with this
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hypothesis, here we showed that opr2 mutants overproduced JA and
displayed enhanced resistance to C. heterostrophus, and that reduced
JA due to disruption of ZmLOX10 greatly reduced resistance of opr2-
1. Exogenous application of MeJA successfully restored WT levels of
resistance of both lox10-3 and lox10opr2 mutants, indicating that JA
produced by ZmLOX10 is required for normal defence against C. het-
erostrophus. Overall, these data demonstrate that JA contributes to
defence against C. heterostrophus and that ZmLOX10 enhances resis-
tance while ZmOPR2 promotes SCLB disease progression by influenc-
ing JA biosynthesis.

It is noteworthy that the maize genome contains one other SA-
inducible OPRI gene, ZmOPR1, sharing 96.5% amino acid sequence
identity with ZmOPR2 (Zhang et al., 2005), and both ZmOPR1
(Zm00001d044908) and ZmOPR2 (Zm00001d044906) genes are
located on chromosome 9 with only one other gene found between
them. Thus, ZmOPR1 and ZmOPR2 are linked and essentially tan-
dem duplicate genes, and public transcriptome datasets reveal
that these two genes are often co-expressed (Figure S1) (Forestan
et al., 2016; Johnston et al., 2014; Kakumanu et al., 2012; Stelpflug
etal., 2016; Walley et al., 2016; Waters et al., 2017). Despite the fact
that the expression patterns of these two genes are highly similar,
suggesting gene redundancy, our results clearly show that disrup-
tion of the ZMOPR2 gene results in a strong phenotypic difference
from WT. One potential reason behind these discernible phenotypes
of opr2 mutants is that ZmOPR2 has a higher expression level than
ZmOPR1 in response to SA treatment (Zhang et al., 2005), suggesting
a greater impact on SA-mediated pathogen defence. However, the
intact ZmOPR1 gene may be a reason behind the partial rescue of
opr2-1 resistance levels. A similar scenario can be found in the other
pair of duplicated OPR genes, ZmOPR7 and ZmOPRS8, that is, that
the opr8-2 single mutant accumulated lower 12-OPDA and JA, es-
pecially in roots, than WT while the single opr7-5 mutant had similar
12-ODPA and JA contents (Yan et al., 2012), suggesting the ZmOPRS8
gene plays a preferential role in JA. Unfortunately, we were unable to
identify any Mu insertions in ZmOPR1 for its functional analysis. We
hypothesize that if both genes were mutated, the disease and bio-
chemical phenotypes would have been even stronger compared to
single opr2 mutants. A potential caveat associated with the ZmOPR2
locus is that a full-length cDNA that runs in the opposite direction
covering the entire length of the ZmOPR2 gene has been reported
(Soderlund et al., 2009), yet it is still unclear if the protein made by
the antiparallel transcript does or does not accumulate.

To date, several plant OPR gene families have been reported,
including Arabidopsis (Biesgen & Weiler, 1999; Schaller et al., 2000;
Stintzi & Browse, 2000), cotton (Liu et al., 2020), maize (Zhang
et al., 2005), rice (Li et al., 2011), tomato (Strassner et al., 2002),
watermelon (Guang et al., 2021), and wheat (Mou et al., 2019) and
most of the reported studies propose the functions of OPR genes in
different plant species relying on the analyses of expression profiles
in different tissues or under phytohormone and stress treatments.
This study demonstrated that ZmOPR2, one of the OPRI group
members, modulates defence responses to hemibiotrophic C. gram-
inicola but enhances susceptibility to necrotrophic C. heterostrophus

via differential regulation of ZmLOX10-mediated JA and SA antago-

nism (Figure 7).

4 | EXPERIMENTAL PROCEDURES

4.1 | Plant and fungal materials

Mutator-insertional opr2-1 (PV 03 80 A-05) and opr2-2 (PV 03145
D-08) alleles were obtained from Dupont-Pioneer, Inc. (currently
Corteva) and identified by PCR-based screening for insertions in
ZmOPR2; opr2-3 (mul1079063::Mu; stock ID UFMu-08953) was ob-
tained from the maize genetics and genomics database (http://www.
maizegdb.org). All three alleles had been backcrossed to the B73 in-
bred line and advanced to the BC,, BC,, and BC, stages, respectively.
Mutants and their WT were identified by PCR-based genotyping
using the Mu-terminal inverted repeat-specific and gene-specific
primers listed in Table S1. Identification of the lox10-2 and lox10-3
alleles was previously described by Christensen et al. (2013). The
double mutant lox10opr2 was generated by crossing lox10-3 and
opr2-1 single mutants in B73 background at the BC, stage. The B73
lineis used as a WT for opr2-1, lox10-3, and lox100pr2 mutants at the
BC, stage. The data for opr2-2 and opr2-3 presented in this study
were analysed by comparing the mutant to its WT identified from
the BC,F, and BC,F, segregating populations, respectively. Maize
seedlings were grown in conical pots (20.5x4 cm) filled with com-
mercial potting mix (Jolly Gardener Pro Line C/20) on light shelves at
room temperature (22-24°C) with a 16-h light period. C. graminicola
strain 1.001 and C. heterostrophus local Texas isolate (provided by Dr
Thomas Isakeit, Texas A&M University) were cultured from glycerol
stocks kept in a freezer at -80°C and grown on potato dextrose agar
(PDA\) plates for at least 2-3weeks to allow sporulation. U. maydis
strain SG200 was prepared and maize plants were inoculated as de-
scribed in Schirawski et al. (2010).

4.2 | RNA extraction, semiquantitative RT-PCR,
and RT-quantitative PCR analyses

Maize third fully expanded leaves at V3 stage were used for path-
ogen infection. Control or infected leaf tissues were frozen in lig-
uid nitrogen and ground into powder by mortar and pestle. About
100 mg of plant tissue was used for RNA extraction using TRI rea-
gent (Molecular Research Center Inc.) according to the manufac-
turer's protocol. DNase | (Thermo Fisher Scientific) treatment and
cDNA synthesis (RevertAid H Minus First Strand cDNA Synthesis
Kit; Thermo Fisher Scientific) were performed following the manu-
facturer's instructions. Gene-specific forward and reverse primers
of ZmOPR2 and ubiquitin carrier protein (UBCP, GRMZM2G102471)
(Manoli et al., 2012) were used to perform semiquantitative PCR.
For RT-quantitative PCR analysis, a Verso 1-step RT-qPCR kit, SYBR
Green, ROX (Thermo Fisher Scientific) was used following the manu-
facturer's procedure with 10-pl volume reactions in a StopOne Plus
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Real-Time PCR system (Applied Biosystems) using the following
conditions: 48°C for 30min, 95°C for 10 min, followed by 40cycles
of 95°C for 155, 54°C for 30s, and 72°C for 30s. Melt curve condi-
tions were 95°C for 155, 60°C for 1 min, and 95°C for 15s. Relative
expression was determined as fold change compared to control
sample using the 2724 method after normalizing to reference gene
a-TUBULIN (Rao et al., 2013). All primers are listed in Table S1. PCR
genotyping and semiquantitative PCR were performed with follow-
ing conditions: 94°C for 5 min, followed by 20-35 cycles of 94°C for

30s, 58°C for 30s, and 72°C for 30-60s.

4.3 | ALB and SCLB assays and phytohormone
treatment

ALB and SCLB assays were performed following the protocol de-
scribed in Gao et al. (2007). To harvest C. graminicola and C. het-
erostrophus spores, 10 ml of sterile water was added to the PDA
plate and scraped with a sterile cell scraper to free the conidia then
filtered through several layers of sterile cheesecloth to remove my-
celia. The concentration of spores was determined using a haemo-
cytometer and then diluted to a concentration of 10° conidia/ml.
The plants were laid down in trays (78.5x63x7 cm) lined with
paper towels and the third leaves were taped down flat and drop-
inoculated with 10 pl of conidial suspension (10‘/3 conidia/ml) with six
droplets per leaf. The tray was sealed with Press'n Seal plastic wrap
(Glad Products Company) after adding 200ml of sterile water to
form a humid chamber and placed in darkness overnight. The drop-
lets were allowed to dry on the leaf surface after the plastic wrap
was removed the next day before the plants were returned to an
upright position on light shelves at approximately 24 h after inocu-
lation and grown under the same conditions as before inoculation.
The disease symptoms were scanned and lesion areas were meas-
ured using ImageJ software (v. 1.50i; NIH) at 7 dpi. The data shown
in this study are presented using box and whisker plots with all le-
sions measured in the experiment and x indicating means. Outliers
are represented by dots. For SA treatment, mutant plants and their
WTs were sprayed with 2 ml of mock (0.01% ethanol) or 100uM SA
per plant 1 h prior to pathogen infection or mutant plants and their
WT were sprayed with 2 ml of mock or 500puM SA per plant 24h
prior to C. graminicola infection. For MeJA treatment, plants were
exogenously applied with 2 ml of mock (0.01% ethanol) or 100uM
MelJA per plant 1 h prior to pathogen infection. For measuring the
expression of genes in response to C. graminicola infection, the leaf-
inoculated area, approximately a 2-cm region with six infection sites,
was harvested in liquid nitrogen at different time points for RNA
extraction and RT-gPCR analysis.

4.4 | Cornsmut assays

U. maydis strain SG200 was prepared and maize plants were inocu-
lated as described in Schirawski et al. (2010). In brief, the U. maydis
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SG200 is a solopathogenic haploid strain that can induce tumours
on infected plants without prior fusion with a mating partner (Bélker
et al., 1995; Kamper et al., 2006). The strain was grown from frozen
glycercol stocks on potato dextrose agar and cultivated in YEPS-light
(0.4% yeast extract, 0.4% peptone, 2% sucrose) on a rotary shaker
at 220rpm at 28°C. Plant inoculations were performed as described
previously (Gillissen et al., 1992) by syringe-assisted leaf-whorl in-
oculation of fungal cell suspensions in water at a calculated optical
density at 600nm of 2.0. Disease rating was done at 13 dpi as de-
scribed (Kamper et al., 2006) by scoring only the strongest symptom
displayed by the inoculated plant. The severity of the disease symp-
toms on each inoculated plant was scored using a O to 6 rating scale,
where 0 = no visible chlorosis or symptoms, 1 = chlorosis, 2 = small
leaf tumours (<1mm), 3 = larger leaf tumours (>1mm), 4 = stem
tumours (on leaf and stem >1mm), 5 = heavy tumours (change of
axis of growth), and 6 = dead plant. The statistical analysis was per-
formed by comparing the disease scores between mutant and its WT
via Student's t test. The data shown in this study are presented using
100% stacked bar charts.

4.5 | Phytohormone and oxylipin profiling

For hormone and oxylipin profiling in maize leaves in response
to pathogen infection, a 2-cm region with six infection sites on
the third leaf were harvested in 2-ml screw-cap Fast-Prep tubes
(Qbiogene) in liquid nitrogen. Zirconia beads and 500pl of phy-
tohormone extraction buffer (1-propanol/water/HCI [2:1:0.002
vol/vol/vol]) containing 5 pM internal standards of d-JA (2,4,4-d3;
acetyl-2,2-d2 JA; CDN Isotopes) and dé-SA (Sigma-Aldrich) were
added into each tube and homogenized and agitated for 30 min at
4°C under darkness. Then, 500 ul of dichloromethane was added
and agitated for another 30 min at 4°C under darkness then cen-
trifuged for 10 min at 15,871 xg. The bottom organic phase was
transferred into 1.8-ml glass vials (VWR International), evaporated
by continuous N, gas, and then dissolved in 150 ul of methanol.
The dissolved samples were transferred into a 1.5-ml microcentri-
fuge tube and centrifuged at 15,871 x g for 5min then 100 pl of the
sample was transferred into autosampler vials with glass inserts
for liquid chromatography-tandem mass spectrometry (LC-MS/
MS). For each sample, a 10 pl aliquot was injected into an API 3200
LC-MS/MS system (Sciex) connected to an Ascentis Express C-8
column (3 cmx 2.1 mm, 2.7 pm) (Sigma-Aldrich) using electrospray
ionization in negative mode with multiple reaction monitoring.
This is a highly specific and sensitive mass spectrometry technique
that selectively quantifies compounds within complex mixtures.
The mobile phase was set at 600 pl/min consisting of solution A
(0.2% acetic acid in water) and solution B (0.2% acetic acid in ace-
tonitrile) with a gradient consisting of 0.5 min 10% B, 1 min 20%
B, 21 min 70% B, 24.6 min 100% B, and 29 min end. Integration
was done with Analyst v. 1.6.3 (Sciex). All hormones and oxylipins
were quantified by comparing levels of endogenous metabolites to
isotopically labelled standards with appropriate response factors
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(Mdller & Munn-Bosch, 2011). The amount of 12-OPDA presented
in this study represents the levels of cis-(+)-12-OPDA because
cis-(-)-12-OPDA is not found in plants and the endogenous cis-
12-OPDA is exclusively the (+)-enentiomer (Laudert et al., 1997;
Stelmach et al., 1998). The data shown in this study are presented
using bar charts in which the bars represent mean + SEM.

4.6 | GLV measurement

GLV measurement was performed following the methods described
in He et al. (2020) and Gorman et al. (2021). In brief, leaves of the
opr2-1 mutant and its WT were infected with C. graminicola for 7 days
and excised for imaging, with a delay of approximately 40 min between
scanning and volatile collection. Then, leaves were cut into 1-cm
pieces and immediately placed into 800-ml jars for volatile collection.
HaySepQ filter traps containing 80-100 mesh (Supelco) were used to
collect volatiles via a dynamic airflow that was approximately 1.5 L/
min filtered by activated carbon while entering the system. Volatiles
were collected for 30 min and eluted off the HaySepQ trap with 250 pl
of dichloromethane containing 100 uM of the (Z)-4-hexenol as inter-
nal standard. Samples were then analysed via gas chromatography-
mass spectrometry. An Agilent 7890B gas chromatograph connected
to a 5977B quadrupole mass spectrometer (Agilent) was used to de-
tect volatiles. Two microlitres of sample was injected splitless into a
HP-5 ms Ultra Inert column (Agilent). The inlet temperature was set
to 240°C for the duration of the run. The oven temperature was as
follows: 40°C hold for 2 min, 3°C/min ramp to 160°C, 15°C/min ramp
to 280°C, 280°C/min hold for 2 min. The solvent delay was 2.5 min.
Analytes were fragmented by positive El (230°C source, 150°C
quadrupole, ionization energy 70eV, scan range 25-500amu). Most
compounds were identified and quantified based on retention times
and the spectra of pure external standards purchased from Sigma-
Aldrich. The compound tentatively referred to as (Z)-2-pentenal was
identified by almost identical spectral matching to E-2-pentenal, and
a close retention proximity characteristic of (E/Z)-isomers of other
lipoxygenase-produced volatiles. All volatiles were quantified based
on the use of internal and external standards. The data shown in this

study are presented using stacked bar charts.

4.7 | Statistical analysis

Statistically significant differences were determined by Student's t
test for comparisons between two sample groups or one-way anal-
ysis of variance (ANOVA) followed by Tukey's honestly significant
differences (HSD) test (p <0.05) using software JMP Pro v. 16 (SAS
Institute Inc.).
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