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Abstract

Maize is the Philippines’ second most valuable crop based on overall value and total area planted. Still, maize production
is hampered by the Philippine downy mildew (DM) disease caused by the pathogen Peronosclerospora philippinensis
(Weston) Shaw, causing annual losses in maize production. The use of resistant varieties remains the most effective method
of control together with integrated pest and disease management strategies. To date, there are no commercially available
maize breeding lines or hybrids deployed in the country while the effectiveness of the fungicide metalaxyl versus DM has
declined. Hence, it is necessary to initiate pre-breeding and breeding programs to understand the mechanism of resistance
of maize against DM. To comprehend the underlying mechanisms of the presence of the disease, we performed an RNA-Seq
comparative transcriptomic approach between mock-inoculated and DM-inoculated susceptible and resistant yellow maize.
Among the identified differentially expressed genes (DEGs), we detected 43 DEGs shared in both genotypes which may play
roles in the basal defense response of maize upon DM infection. We also identified 68 DEGs exclusive to the susceptible
genotype, providing insights into the molecular responses underlying successful DM disease progression in maize. Further,
we detected 651 DEGs unique to the resistant genotype. This set of genes revealed that multi-faceted defense strategies
govern the molecular basis of DM resistance in maize. These include multi-process regulations such as transcription factors
involved in pathogen defense mechanisms, cell wall organization, homeostasis, and many others. Finally, transcriptome-wide
variants (SNPs and indels) and their impact on gene function were detected for further application in targeted genotyping-
by-sequencing, association studies, and marker-assisted DM resistance breeding.
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Introduction

Maize (Zea mays L.) is the second most valuable crop in the
Philippines, based on overall value and total area planted
(De los Santos et al. 2007). The country’s two major types
of maize, yellow and white, have distinct utilization (Salazar
et al. 2021). Based on the latest crop statistics report in 2021,
maize production grew to 8.30 from 7.91 million metric
tons, 73% of which is devoted to yellow maize production
(PSA 2023). As both maize demand and productivity soar,
problems linger due to different biotic and abiotic factors
including the continuous devastation brought about by crop
diseases such as the downy mildew disease.

The Philippine downy mildew (DM) caused by the pathogen
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Peronosclerospora philippinensis (Weston) Shaw is one of the
major pathogens in the country (Dela Cueva et al. 2022) and
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is considered the most virulent of downy mildew pathogens in
maize (Murray 2009). A 40-60% yield reduction is expected
under normal conditions; however, favorable conditions for
disease progression can lead to 80% to complete annihilation
(Exconde and Raymundo 1974). Deployment of resistant cul-
tivars remains the most preferred means for disease control,
including against downy mildew (Lukman et al. 2013). Inbred
line Ki3 was reported to be highly resistant in the Philippines
(disease incidence of 0—1%; George et al. 2003) while a few
DM-resistant maize breeding materials such as Nei 9008 and
P345 have already been developed in the country (Raymundo
and Exconde 1976; Pascual et al. 2006). Recently, Simon-Ada
et al. (2024) reported that maize inbred line CML 431 exhibited
downy mildew disease resistance in response to P. philippin-
ensis, corroborating the result of the inbred line’s resistance
to downy mildew disease caused by Peronosclerospora sorghi
conducted by CIMMYT (2015). Meanwhile, the use of the
systemic fungicide metalaxyl has effectively controlled losses
attributed to the disease (Anahosur and Patil 1980). However,
previous reports have already suggested that the effectiveness
of metalaxyl both as seed treatment and fungicide has already
declined (Lukman et al. 2013; Ginting et al. 2020). Hence, it
is imperative to initiate breeding programs aimed at utilizing
DM -resistant lines (Fernandez et al. 2023) to effectively address
the long-term devastating effects of DM in the country.
Understanding the plant-pathogen interactions is a
precursor to the design and implementation of strategies for
minimizing the economic shortages caused by the pathogen
on crop production (Boyd et al. 2013). Recently, Simon-
Ada and colleagues (2024) have identified maize lines with
inherent resistance to DM. Although we have existing breeding
materials with sources of resistance against DM, the molecular
mechanisms behind the resistance have yet to be elucidated.
Furthermore, for the utilization of resistant materials for
maize hybridization programs against DM, molecular markers
tagging the resistance alleles and other genetic factors involved
in the resistance mechanism must be identified and developed.
Hence, comparative transcriptome analyses through next-
generation sequencing (NGS) technologies have unraveled
the mechanisms of disease response in many different crops.
For instance, mechanisms of maize resistance for the gray
leaf spot (GLS) caused by the fungi Cercospora zeae-maydis
and Cercospora zeina were studied by this approach (Yu
et al. 2018). More recently, a transcriptome meta-analysis
using publicly available RNA-seq data sets from seven
independent maize fungal pathogen inoculation experiments
was performed to elucidate the molecular mechanisms of
resistance against multiple disease-causing fungi in maize
(Wang et al. 2022). Nevertheless, there are still no reports of
the same approach explaining the mechanisms of maize-DM
interactions in terms of resistance response and/or disease
progression. This study aims to elucidate the genetic and
molecular mechanisms governing DM response in select
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maize lines using transcriptomic approaches. Here, we give
insights into the molecular basis of disease resistance between
DM-susceptible and DM-resistant maize in response to the
onset of DM infection by analyzing the set of differentially
expressed genes (DEGs) as well as identifying transcriptome-
wide variants (SNPs and indels) based on the generated
RNA-seq data. The identified DNA polymorphisms can be
utilized as markers for the development of DM resistant maize
varieties. The results of the study would provide insights into
the different genes, pathways, and variants involved influenced
by DM infection which would then facilitate the identification
of candidate DM resistance genes in maize.

Materials and Methods
Preparation of Samples and DM Inoculation

DM-susceptible yellow maize line Philippine inbred Pi23
and DM-resistant CML 431 maintained at the Institute of
Plant Breeding, University of the Philippines Los Bafios
(IPB-UPLB) were used for RNA-Seq-based transcriptomic
analysis. The Philippine inbred Pi23 is an elite yellow
maize inbred developed by IPB-UPLB which is used as a
parental line of a released single-cross hybrid susceptible to
DM (Ruswandi et al. 2014) while CML 431 is another yel-
low maize inbred from the International Maize and Wheat
Improvement Center (CIMMYT) with reported resistance
against DM (Simon-Ada et al. 2024; CIMMYT 2015). Three
(3) biological replicates, each for mock- and DM-inocula-
tion, for both resistant and susceptible lines for a total of 12
biological samples were sown and grown in large pots filled
with sterilized soil and kept inside separate 50-mesh cages in
a greenhouse at IPB-UPLB. We used the appropriate number
of biological replicates (three) per condition in accordance
with the MIQE guidelines for future validation experiments
using quantitative real-time PCR (Bustin et al. 2009).

Infection was administered via the whorl inoculation
method following conidial spore collection (Singh and
Gopinath 1985). Leaves from the DM-infected sugarcane
plants were sourced, covered with wet polyethylene bags,
and incubated overnight at 24 °C and 80% humidity to
facilitate conidial formation. Spores were collected at 4 AM
(GMT +8) by brushing them into distilled water followed by
transferring them to a sterile container. The spore suspen-
sion was quantified and adjusted to 10° CFU/ml. Plants were
inoculated by dropping 1 ml of spore suspension inside the
whorl. As for the mock-inoculated samples, 1 ml of sterile
distilled water was dropped for each plant. Disease progres-
sion was validated visually via the presence of DM symp-
toms, i.e., chlorosis/streaking in the leaves. Finally, leaves
were collected from the youngest leaf tissues of maize plants
72 h post-inoculation (hpi) for RNA extraction.
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RNA Extraction of Resistant and Susceptible Yellow
Maize Lines

Total RNA was extracted from the youngest leaf tissues of
three biological replicates of DM-susceptible and DM-resist-
ant yellow maize inbred lines (mock-inoculated and DM-
inoculated) using the modified NucleoSpin™ Mini Kit for
RNA purification (Macherey-Nagel™, GmbH & Co. Diiren,
Germany). One hundred fifty (150) mg of plant tissues from
each sample were homogenized in liquid nitrogen in a dou-
ble sterilized mortar and pestle.

RNA concentration and quality were determined by gel
electrophoresis in 1% UltraPure™ agarose (Invitrogen Corp.
Carlsbad, CA, USA) in 1x TBE running buffer at 100 V for
40 min. The gel was stained with 0.1 pL Gel Red (Biotium,
CA, USA) visualized under UV illumination at 300 nm
using the Enduro GDS Touch Imaging System (Labnet Inter-
national, Inc, Edison, NJ, USA).

Next-Generation Sequencing (NGS)
of RNA-Extracted Materials

The extracted high-quality RNA samples from both mock-
and DM-infected susceptible and resistant yellow maize
inbred lines were sent to the Philippine Genome Center
— DNA Sequencing Core Facility (PGC-DSCF), Univer-
sity of the Philippines Diliman, Diliman, Quezon City,
Philippines, for outsourced next-generation sequencing.
Quality control check was done through RNA quantitation,
260/280 and 260/230 nm absorbance (OD) ratio measure-
ments, and gel separation using Microchip Electrophoresis
System (MCE™-202 MultiNA; Shimadzu Biotech, Kyoto,
Japan). Sequencing libraries were constructed using TruSeq

Stranded Total RNA Library Prep Plant (Illumina), followed
by next-generation sequencing on the Illumina NextSeq
500/550 sequencing platform as per manufacturer’s protocol.

Bioinformatic Analyses

The bioinformatic pipeline for RNA-seq transcriptomic
analysis utilized in the study is presented below (Fig. 1).
The paired-end raw transcriptomic sequences were pre-pro-
cessed by removing the adapter sequences and low-quality
base score nucleotide sequences using Trimmomatic v0.36
(Bolger et al. 2014) with default parameters except SLID-
INGWINDOW: 5:15. The qualities of the raw and trimmed
reads were assessed by FastQC v0.11.8 (Andrews 2010).
The paired-end reads were mapped to the Zea mays L. ver-
sion 5 B73 genome (Woodhouse et al. 2021) using STAR
v2.7.10b (Dobin et al. 2013) default settings. The gene
expression abundances were estimated from the result-
ing binary alignment map (BAM) files using RNA-Seq by
Expectation-Maximization (RSEM; Li and Dewey 2011) at
default settings. A matrix of the read count data generated
from RSEM quantification was prepared and imported to R
package DESeq2 v1.26.0 (Love et al. 2014) using tximport
v1.20.0 (Love et al. 2017).

A single-factor design was implemented independently
from each inbred line to consider the factor introduced by
the differences in the inoculation state from the three biolog-
ical replicates. The relative log normalization (RLE) method
determined the DEGs between the mock-inoculated and
DM-inoculated samples. p-values were determined using
the Wald test from the general linear model (GLM) fitting.
The Benjamini-Hochberg (BH) p-value adjustment proce-
dure was used to calculate the false discovery rate (FDR)
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Fig. 1 Schematic diagram of the bioinformatic pipeline implemented to compare the transcriptomic profiles of DM-resistant CML 431 and DM-
susceptible Pi23, in response to DM infection using mock-inoculated samples as baseline control
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values. Genes having FDR values of <0.05 were deemed
differentially expressed between mock-inoculated and DM-
inoculated susceptible Pi23 and resistant CML 431. Repre-
sentative heat maps for DEGs to visually show differential
expression patterns were generated using the R package
pheatmap v1.0.12 (Kolde 2012).

Gene ontology (GO) enrichment analysis was performed
using ShinyGO v.0.77 (Ge et al. 2020) where significantly
enriched GO terms found in the resistant and susceptible
maize lines were analyzed with an FDR value of 0.05.
Also, the translated proteins from the DEGs were extracted
and uploaded to Mercator4 release 5 (Bolger et al. 2021)
to assign functional annotations to the protein sequences.
Finally, an exploratory analysis was performed to screen
for DEGs conferring disease resistance such as genes for
pattern recognition receptors (PRRs), nutrient transporter
genes, regulatory proteins, and transcription factors.

Pre-processing, variant calling, and variant annotation
were also performed after alignment to the reference
genome using the Genome Analysis Toolkit (GATK) best
practices recommendations for RNA-seq to detect high-
confidence variants related to DM-resistance in maize
(Van der Auwera and O’Connor 2020). Exclusive and
shared transcriptome-wide variants (i.e., SNPs and indels)
between the infected susceptible and resistant maize lines
were analyzed using BCFTools v.1.9 (Danecek et al. 2021).
Finally, the filtered SNPs and indels were functionally
annotated using SnpEff v.5.1 to predict their effects on gene
structures (Cingolani et al. 2012).

Results

RNA-Seq Transcriptome Data Analyses of Yellow
Maize Inbred Lines in Response to DM Infection

A comparative RNA-Seq transcriptomic analysis was per-
formed in two yellow maize inbred lines, specifically, CML
431 (Simon-Ada et al. 2024) and Pi23 (Ruswandi et al. 2014)
to detect important genes that may play roles in Philippine
downy mildew (DM) resistance in maize. We chose both
CML 431 and Pi23 because of their contrasting response to
DM infection. The inbred lines were subjected to mock and
DM inoculations using the P. philippinensis reference iso-
late from the Plant Pathology Laboratory-Institute of Plant
Breeding (Aguilar et al. 2022). The RNA samples were iso-
lated from young leaf tissues at 72 h post-inoculation (hpi).
A total of 12 RNA samples were sent for outsourced next-
generation sequencing using Illumina NextSeq 500/550 to
represent the total transcriptomic profiles of mock- and DM-
inoculated resistant and susceptible yellow maize inbred
lines. Approximately 30 to 46 million raw reads (35-151 bp
length per read) were generated (Supplementary Table S1).
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The maize B73 reference genome assembly version 5
(Zm-B73-REFERENCE-NAM-5.0.55) retrieved from the
MaizeGDB (Woodhouse et al. 2021; https://www.maizegdb.
org/) was used as a reference in the genome-guided mapping
of the RNA-seq reads for differential gene expression tran-
scriptomic analysis. Approximately 9 to 18 million trimmed
paired-end reads (~250-bp length per spot) were observed to
uniquely map to the reference genome. On average, 82.12%
(mock-inoculated “Pi23”), 81.71% (DM-inoculated “Pi23”),
76.09% (mock-inoculated “CML 431”), and 82.90% (DM-
inoculated “CML 431”) were mapped to the genome (Sup-
plementary Table S1).

Expression Patterns Between Inbred Lines Pi23
(Susceptible) and CML 431 (Resistant)
in Response to DM

Comparisons of expression patterns between the mock-
and DM-infected susceptible and resistant maize lines
were then applied to identify differentially expressed
genes (DEGs). The RSEM-normalized expected count
data from resistant DM-infected CML 431 (27,036 genes
with non-zero read count) and susceptible Pi23 (27,782)
were statistically compared using the DESeq2 R pack-
age (Love et al. 2014). The DESeq?2 pipeline was able to
identify 694 and 111 differentially expressed genes upon
DM infection in CML 431 and Pi23, respectively (Sup-
plementary Table S2). Of these significantly expressed
genes, 25 were upregulated while 86 were downregulated
in Pi23. Meanwhile, 248 genes were upregulated while
446 genes were downregulated in the DM-resistant CML
431 (volcano plots; Fig. 2). Moreover, a comparison of the
DEG profiles between the susceptible and resistant yellow
maize inbred lines revealed 651 DEGs detected only on the
resistant inbred CML 431 (Venn diagram; Fig. 2), while
68 exclusive DEGs were detected in the susceptible inbred
Pi23. This distinct set of genes exclusive to Pi23 offers
valuable insights into the molecular responses underlying
the successful DM disease progression in maize. Moreover,
a similar expression profile was observed for 43 DEGs in
both inbred lines, indicating the shared roles of these genes
in the basal response of maize to DM infection, irrespective
of their resistance or susceptibility response.

Gene Ontology (GO) Enrichment of DEGs and Gene
Product Functional Annotation

To understand the gene and gene product functions of the
DEGs in response to DM, the significantly enriched GO
terms and functional annotation of the gene products were
assessed using ShinyGO (Ge et al. 2020; Fig. 3).

The top GO terms for the DM-resistant CML 431
include “Sesquiterpenoid and triterpenoid biosynthesis”
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Fig.2 Volcano plots and Venn diagram of DEGs. A Venn diagram
showing the overlap of DEGs between DM-susceptible Pi23 and
DM -resistant CML 431. Volcano plots of the differentially expressed
genes (DEGs) in susceptible Pi23 (B) and resistant CML 431 (C)
three (3) days post-inoculation. The x-axis shows the fold change dif-

and “Benzoxazinoid biosynthesis.” These significantly
enriched GO terms are related to plant-pathogen interac-
tions because secondary metabolites such as terpenoids
and benzoxazinoids act as defense mechanisms against
pathogen invasions (Block et al. 2019; Zhou et al. 2018).
Specifically, terpenoids act as defensive weapons by hav-
ing strong antimicrobial activities across a variety of
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ference in the expression of genes, and the y-axis indicates the BH-
adjusted p-values for the changes in the expression. An absolute value
of log2 fold change> 1 and the p-value <0.05 was set to declare dif-
ferentially expressed genes (DEGs)

maize pathogens (Mafu et al. 2018; Christensen et al.
2018) while benzoxazinoids help induce callus formation
in maize during pathogen invasion and pest infestation
(Zhou et al. 2018). On the other hand, only seven (7) GO
terms were significantly enriched for the DM-susceptible
Pi23. Insights on the genes involved in these biological
processes and molecular functions are discussed further.
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Fig.3 Significantly enriched gene ontology (GO) terms in the A DM-resistant CML 431 and B DM-susceptible Pi23
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Maize Pattern Recognition Receptors (PRR)
in Response to Disease Infection

Among the set of DEGs exclusive to the DM-resistant
line, we scanned for pattern recognition receptors (PRR)
domains which may play roles in response to pathogen
infection and recognition. As a result, three (3) leucine-
rich repeat (LRR) kinases, one (1) domain of unknown
function 26 (DUF26) kinase, one (1) L-lectin kinase, one
(1) LysM protein kinase, three (3) receptor-like protein
kinases (RLCK), one (1) glycogen synthase kinase (GSK),
one (1) casein kinase (CK), two (2) SnRK3 SNF1-related
protein kinase, and one (1) calcium-dependent protein
kinase (CDPK) were identified. The differential gene
expression analysis revealed that three LRRs, with LRR-
VI-2 (zm00001eb295670), LRR-VII (zm00001eb177640),
and LRR-XI (zm00001eb145890), had fold-changes of
approximately —2.02-, —1.01-, and —2.3-fold, respec-
tively. Among the RLCK kinases, two were downregulated

(zm00001eb004440 and zm00001eb265280) while one was
over-expressed by 3.14-fold (zm00001eb373760; Fig. 4).
All the DUF26, L-lectin, and LysM found were upregu-
lated while the CK protein kinase (zm00001eb221870) and
GSK protein kinase (zm00001eb127490) were found to
have downward gene expression levels of ~—1.8 and ~—1.4,
respectively, upon DM infection in the DM-resistant
inbred. Also, the gene expression of CDPK protein kinase
(zm00001eb429270) decreased by —2.1-fold. Further, both
SnRK3 SNF1-related protein kinases (zm00001eb330600
and zm00001eb312910) were underexpressed by ~—1.9-
and ~—2.5-fold, respectively. Alternatively, we found two
(2) genes that were differentially expressed in the DM-
susceptible Pi23 with possible roles in the successful
invasion of DM in maize (Fig. 5). Specifically, these are
acidic chitinase/chitinase16 (zm00001eb301490; down-
regulated by ~—4.05-fold) and 1-phosphatidylinositol-
3-phosphate 5-kinase (FAB1; zm00001eb312210; upregu-
lated by ~1.56-fold). These results suggest that RLKs and
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Fig.4 Heatmap representing the expression patterns of the DEGs with possible disease-resistance roles found exclusively in the DM-resistant

CML 431
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Fig. 5 Heatmap representing the expression patterns of the 111 DEGs detected in the DM-susceptible Pi23

receptor-like proteins (RLPs) are majorly involved in DM
infection in maize.

Terpenoid and Phenolic Biosynthesis Genes
in Response to P. philippinensis Invasion

Plants also synthesize secondary and specialized metabolites
to defend themselves against pests and diseases. Notably,
terpenoids have been identified as key contributors to
biotic resistance in maize (Wang et al. 2022; Block et al.

2019). Here, we found five (5) terpenoid biosynthesis
genes (Fig. 4), all of which were downregulated except for
maize terpene synthase 1 (zm00001eb071090) which was
upregulated by ~2.36-fold. To list, these include deoxy
xylulose reductase 1 (dxrl; zm00001eb126690), zeta-
carotene desaturase (ZDS; zm00001eb302940), lycopene
beta cyclase (LCY-b; zm00001eb234930), and carotenoid
beta-ring hydroxylase (LUTS5; zm00001eb258960). In a
similar case, it was reported that the downregulation of
terpene levels, specifically the D-limonene synthase gene,
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was tightly associated with the increase of innate immune
response in oranges against Penicillium digitatum infection
(Rodriguez et al. 2014). In contrast, the susceptible maize
line, Pi23, has significant downregulation of genes involved
in the biosynthesis of isoflavonoid (isoflavone reductase-
like; Zm00001eb126780) with a decreased fold-change
value of ~—3.05 (Fig. 5). The overexpression of terpene
synthase 1 suggests its involvement in protecting maize
against downy mildew.

Nutrient Transporter Genes (NTR) in Response
to Pathogen Infection in Maize

One of the limiting factors during disease infection is the
plant’s systemic access to nutrients. Previous studies inves-
tigating plant-pathogen interactions have highlighted the sig-
nificance of nutrient transporter genes (NTRs) in response
to plant pathogens (Wang et al. 2022). Specifically, sugar
transporter proteins (STPs and SWEETs; Chen et al. 2010)
and amino acid transporter proteins (AATs; Sonawala
et al. 2018) were reported to be involved in pathogen inva-
sions in crops, including in maize. Here, one AAT and one
SWEET were found to be differentially expressed in the
DM-resistant line upon inoculation. Amino acid transporter
protein zm00001eb090970 was downregulated by ~—1.72-
fold while SWEETI3B (zm00001eb408900) was under-
expressed by ~—2.9-fold. Interestingly, an amino acid/auxin
permease 57 (aaap57) Zm00001eb368680 was exclusively
differentially expressed in the susceptible Pi23 genotype,
with ~3.02-fold-change decrease, signifying its possible role
in the successful downy mildew progression (Fig. 5).

Homeostasis in Resistance Response
to Pathogen Invasion

Programmed cell death (PCD) is a mechanism activated
by the cell itself to ensure that the correct growth and
development occur, while it is also a defense response by
plants as a mechanism against environmental stresses and
abiotic and biotic factors (De Gara and Locato 2018). Two (2)
differentially expressed genes involved in PCD were observed
in this study. Specifically, genes coding for a protein lysine-
specific demethylase (LSD/LOL; zm00001eb172290) and a
metacaspase-like regulator (MCP1; zm00001eb018900) were
both downregulated by ~—1.18- and ~—2.78-fold, respectively
(Fig. 4). A previous study has shown that LSDI negatively
regulates plant runaway cell death and basal disease resistance
(Aviv et al. 2002) while maize metacaspases (ZmMCs) have
differential functions against different maize disease-causing
pathogens, suggesting further investigation in the role of
MCP] versus DM.

Interestingly, 19 E3 ubiquitin ligase genes involved in
protein homeostasis were differentially expressed (Fig. 4).

@ Springer

Precisely, 10 were upregulated (zm00001eb374170,
zm00001eb266970, zm00001eb187290, zm00001eb290550,
zm00001eb243190, zm00001eb385250, zm00001eb046370,
zm00001eb163310, zm00001eb021380, zm00001eb354080)
while nine (9) were downregulated (zm00001eb075760,
zm00001eb144260, zm00001eb393970, zm00001eb150090,
zm00001eb001120, zm00001eb144120, zm00001eb425100,
zm00001eb256270, zm00001eb193380) upon DM-infection.
Ubiquitination of proteins was previously reported as a key
mechanism in plant innate immunity, with E3 ligases as
crucial factors in substrate specificity (Marino et al. 2012;
Duplan and Rivas 2014).

Oxidoreductase Enzymes in Response
to Pathogen Invasion

Cytochrome 450 s (CYP) belonging to the oxidoreductase
classes of enzymes were also found to be involved in
hormone signaling to regulate a plant’s response against
external stresses, including disease infections (Li et al. 2010;
Pandian et al. 2020). In the DM-resistant yellow maize, we
detected seven (7) DEGs encoding for cytochrome P450
enzymes (Fig. 4). These include the genes coding for CYP
monooxygenase and trimethyltridecatetraene synthase
(zm00001eb415980; downregulated by ~—1.7-fold), CYP
71C3 (zm00001eb165580; downregulated by ~—2.7-fold),
2 CYP 709B2 (zm00001eb110040 and zm00001eb110050;
downregulated by ~—8.2-fold and ~—1.7-fold,
respectively), CYP 71al and 3-hydroxyindolin-2-one
monooxygenase (zm00001eb165560; downregulated
by ~—1.7-fold), brassinosteroid-deficient dwarfl (brdl;
zm00001eb050010; downregulated by ~—3.5-fold), and
CYP 78A6 (zm00001eb002760; downregulated by ~—7.7-
fold). Interestingly, the DMR6-LIKE OXYGENASE 2 gene
(Zm00001eb219040) was exclusively downregulated in the
DM-susceptible Pi 23 maize inbred line (Fig. 5). DLOI
mutant in Arabidopsis resulted in a degree of resistance
to downy mildew disease caused by Hyaloperonospora
arabidopsidis (Zeilmaker et al. 2015).

Transcription Factors with Roles in Plant Disease
Resistance and Immunity

Ten (10) differentially expressed WRKY transcription fac-
tors (TFs) were detected in the DM-resistant maize line
(Fig. 4). Fascinatingly, all these WRKY TFs were upregu-
lated for as much as ~4.7-fold. WRKY factors are involved
in the transcriptional reprogramming of the plant’s response
toward different invading pathogens (Pandey and Somssich
2009) which can either be positive or negative. Positive influ-
ence involves importance in plant defense signaling while
negative influence includes their involvement in compromis-
ing basal defense and defense gene inactivation. Other DEGs
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coding for transcription factors with relevant plant defense
mechanisms found in the DM-resistant maize in response
to DM include 1 B-box (BBX; zm00001eb253650), two (2)
MYB-related (zm00001eb252160 and zm00001eb168720),
a bZIP TF (zm00001eb157860), seven (7) ethylene response
factor (ERF; zm00001eb125330, zm00001eb303690,
zm00001eb352580, zm00001eb071190, zm00001eb249290,
zm00001eb038070, and zm00001eb124740).

Cell Wall Modifications in Resistance Response
to Disease Pressure

In cereals such as maize, the cell wall is composed of cel-
lulosic microfibrils embedded in a matrix of hemicellu-
loses and some pectin which have determinative roles in
maize pest and disease resistance (Santiago et al. 2013).
In our study, one (1) gene involved in hemicellulose bio-
synthesis was upregulated while two (2) were downregu-
lated in the resistant line CML 431 (Fig. 4). Specifically,
a galacturonosyltransferase gene (zm00001eb371720)
was upregulated by ~2.7-fold while mannan synthase
(CSLD; zm00001eb379070) and endo-beta-1,4-mannanase
(zm00001eb157610) were downregulated. In addition,
two (2) pectin biosynthesis, modification, and degrada-
tion genes were detected wherein a methyltransferase
(QUA; zm00001eb073670) and a pectin methylesterase
(zm00001eb048310) were upregulated by ~1.7-fold and
downregulated by ~2.8-fold, respectively. Lastly, a regu-
latory protein of cellulose-hemicellulose network assem-
bly was found to be downregulated in the resistant CML
431 (zm00001eb014120). Modifications in plant cell
walls, either through overexpression or impairment of cell
wall-related genes, have profound roles in disease resistance
(Bellincampi et al. 2014; Malinovsky et al. 2014).

Differentially Expressed Disease-Resistance Genes
in Resistant CML 431

Finally, we scanned the Mercator4 results of the exclusive
DEGs from the DM-resistant CML 431 inbred line and found
five (5) disease-resistance genes or genes coding for disease-
resistance proteins (Fig. 4). Explicitly, we recognized a pollen-
signaling proteinl (psipl; zm00001eb228790; upregulated
by ~0.79-fold) with a disease resistance protein ortholog in
Arabidopsis and two (2) disease resistance proteins, namely,
putative disease resistance RGA1 (zm00001eb077540;
upregulated by ~2.09-fold) and disease resistance protein
RPM1 (zm00001eb318600; upregulated by ~3.36-fold).
Furthermore, we also found a NB-ARC domain-containing
protein (zm00001eb134970; upregulated by 0.89-fold)
and a RIN4-RPM1 immune signaling regulatory factor
(zm00001eb085850; upregulated by ~1.48-fold), both
involved in the effector-triggered immunity (ETI) machinery

Table1 The total number of SNPs and indels detected exclusively
between the susceptible and resistant maize

Line SNPs Indels
Susceptible (Pi23) 30,672 8534
Resistant (CML 431) 29,935 134,679

defense response in plants. We hypothesize that these
identified genes can be candidate resistance genes because
of their probable responsibility for maize disease resistance.

Transcriptome-Wide Variant Calling and Annotation
Between DM-Infected Susceptible and Resistant Maize

The RNA-seq data generated was also utilized to identify
genetic variants that may describe the mechanisms of maize
resistance against DM. After consolidation of the three bio-
logical replicates per maize line using BCFtools, a total of
30,672 and 29,935 SNPs were mined in the susceptible and
resistant maize lines, respectively (Table 1). Conversely, a
high amount of indels was found in the resistant line com-
pared to the susceptible. These variants unique between the
two would provide insights into the differential response of
the susceptible and resistant lines to DM.

Variant annotation was performed using SnpEff v.5.1
(Cingolani et al. 2012). The number of effects by impact
classified as high, moderate, low, as well as non-coding
region/modifier variants is summarized in Table 2. High-
impact variant effects are classified as stop gain, stop loss,
splice acceptor, and splice donor variants. On the other hand,
moderate-impact variants include those that introduce mis-
sense mutations while low-impact variants are synonymous
(i.e., no change in the amino acid sequence).

Most of the variants identified were modifiers, i.e., intronic
variants and UTRs (25 to 46%, Supplementary Tables S3-S6).
Inversely, a high number of high-impact indels were found for
both susceptible and resistant maize lines while very few high-
impact SNPs were found for both (Table 3). For the resistant
maize CML 431, 13.40%, 10.14%, and 8.23% of the indels
were splice region variants, splice donor variants, and splice
acceptor variants, respectively. Frameshift variants introduced

Table 2 Distribution of the genetic variants and their effects by impact
on gene structure

Pi23 CML 431
Impact SNPs Indels SNPs Indels
High 169 9983 623 23,201
Low 6336 1140 56,819 2708
Moderate 4414 481 39,001 3324
Modifier 84,647 20,096 339,325 79,463
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Table 3 List of resistant-

’ . . # Gene ID Name

exclusive DEGs with high-

impact SNP variants 1 Zm00001eb064990 PGRS5-like
2 Zm00001eb003780 mmp93
3 Zm00001eb083840 php10012
4 Zm00001eb325170 Uncharacterized
5 Zm00001eb058130 Protein phosphatase homolog121 (prh121)
6 Zm00001eb193380 Ubiquitin-protein ligase14 (upl14)
7 Zm00001eb261140 Matel—multidrug and toxic compound extrusion]
8 Zm00001eb121240 Uncharacterized
9 Zm00001eb357290 Uncharacterized
10 Zm00001eb423540 umc2350
11 Zm00001eb417320 TIDP3651
12 Zm00001eb265810 RS2735
13 Zm00001eb372980 pcol31850
14 Zm00001eb299980 IDP80
15 Zm00001eb156600 pco085330a

by these indels were at 6.84% while upstream and downstream
variants were 6.67% and 11.82%, respectively. The summary
of variant effect annotations for the DM-infected susceptible
and resistant maize lines was presented in Supplementary
Tables S3—S6. SNPs and indels are commonly used in genom-
ics-assisted breeding strategies since they could give valuable
information and are easily obtained via low-depth resequenc-
ing of cultivated lines (Gui et al. 2022). Finally, we scanned
for DEGs with high-impact SNPs found in the DM-infected
resistant maize line (Fig. 6). A total of 15 DEGs were found
to contain high-impact SNPs which can potentially be utilized
further for DM-resistance breeding in maize (Table 3).

Fig.6 Venn diagram of the
resistant-exclusive DEGs and
resistant DEGs with SNP vari-
ants found in the resistant maize
CML 431

679

DEGs found In the R-
malze based on

RNA-seq
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Discussion

Being one of the most cultivated crops worldwide, maize
continues to be plagued by different fungal pathogens such
as the southern leaf blight, northern leaf blight, stalk rot,
gray leaf spot, and ear rot (Yang et al. 2017). As a con-
sequence, maize developed a complex network of defense
systems against pathogen invasion (Wang et al. 2022). Still,
only a handful of genes have been studied and validated
to confer resistance against disease-causing pathogens in
maize. Previously, transcriptomic analyses have been done
to elucidate the mechanisms of resistance in maize against
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different fungal pathogens such as the gray leaf spot (Yu
et al. 2018) and ear rot (Yao et al. 2020) but none has been
reported yet on P. philippinensis, the causal pathogen of the
Philippine downy mildew (DM).

In this study, we presented a comparative analysis of
maize RNA-seq induced by DM using a highly susceptible
genotype, Pi23, and a proven DM resistant CIMMYT acces-
sion, CML 431. Here, we identified a total of 111 and 694
DEGs in the DM-susceptible and DM-resistant lines, respec-
tively, of which 43 were shared between the two. PRRs, sec-
ondary metabolites, NTRs, transcription factors, and protein
kinases were identified to be differentially expressed in the
DM-resistant line. This study highlights some of the puta-
tive candidate genes as well as gene variants, i.e., SNPs and
indels that may be involved or possibly confer maize resist-
ance or susceptibility against DM.

To combat biotic stresses, plants have a two-layered
defense system (Jones and Dangl 2006; Zhou and Zhang
2020). In the first layer, pathogen-associated molecular
patterns (PAMPs) are recognized by pattern recognition
receptors (PRRs) which lead to PAMP-triggered immunity
(PTT; Gust et al. 2017). In the second layer, the pathogen
effectors are recognized by intracellular nucleotide-
binding leucine-rich repeat receptors (NLRs) which
activate effector-triggered immunity (ETI; Lolle et al.
2020; Wang et al. 2022). Receptor-like kinases (RLKs)
and receptor-like proteins (RLPs) are the major categories
of plant PRRs, both of which confer quantitative disease
resistance in crops (Kanyuka and Rudd 2019). In this
study, we identified 3 LRR kinases,1 L-lectin kinase, 1
LysM protein kinase, 3 RLCKs, 1 GSK, 1 CK, 2 SNF1-
related protein kinase, and 1 CDPK that are differentially
expressed in the DM-resistant maize. Only a few LRR
kinases were reported to be involved in maize disease
resistance (Man et al. 2020; Wang et al. 2022), although
some of these LRRs in maize have homologs that act as
immune receptors found in other crops (Song et al. 2015).
For instance, a fungal induced-receptor like protein kinase
(FI-RLPK) was found to control the defense response
against Fusarium graminearum by regulating jasmonic
acid and antimicrobial phytoalexin production (Block
et al. 2021) while another LRR-RLK was found to confer
quantitative susceptibility to maize southern leaf blight
(Chen et al. 2023). We also found 1 chitinase (chnl6)
and 1 phosphatidylinositol 3-phosphate 5-kinase (FAB1)
that are differentially expressed in the DM-susceptible
Pi23. Chitinase plays an important role in plant resistance
against fungal pathogens by degrading chitin, an important
component of the cell wall of pathogenic fungi (Xin et al.
2021). It is possible that DM successfully integrated itself
in the susceptible line since chn16 was under-expressed
and thus was unable to hydrolase DM chitin. On the other
hand, host phosphoinositides were found to be recruited

by fungal pathogens as susceptibility factors for successful
plant invasion. In Arabidopsis for instance, a plasma
membrane phosphoinositide PI(4,5)P, was dynamically
upregulated in powdery mildew infection sites while
mutants with lower levels of PI(4,5)P, showed inhibited
fungal pathogen development, causing resistance (Li et al.
2020). Functional analysis has to be performed on these
potential PRRs to investigate their involvement in maize
DM resistance and susceptibility.

Secondary metabolic processes have been well-studied to
be elicitors of resistance against an array of biotic factors in
several plant species (Block et al. 2019). Here, we found sev-
eral terpenoid biosynthetic pathway genes that were differ-
entially expressed in the resistant maize. In a related study,
the resistance to green rot caused by P. digitatum was related
to the downregulation of D-limonene in oranges (Rodriguez
et al. 2014). Higher levels of jasmonic and salicylic acids
were found upon the downregulation of this terpenoid gene.
This warrants further investigation as to why most of these
secondary metabolites were repressed upon DM infection
in the resistant line.

Access to nutrients is another limiting factor during
pathogen invasion (Wang et al. 2022). Several studies have
investigated that nutrient transporter genes are crucial in
plant disease resistance (Chen et al. 2010; Moore et al. 2015;
Sonawala et al. 2018). Our analysis showed two differen-
tially expressed AAT and SWEET in the DM-resistant line.
SWEETs are sugar transporters that are hijacked by patho-
gens to gain access to sucrose to attain successful invasion
(Eom et al. 2019). In this study, SWEET13 was found to
be under-expressed by ~2.9-fold. Mutations in the promoter
regions of the SWEET13 ortholog in rice were shown to
confer durable resistance against the pathogen Xanthomonas
oryzae (Zaka et al. 2018). AATs, on the other hand, are
membrane-bound transport proteins that facilitate amino
acid transfer in plant cells, thereby contributing to plant sus-
ceptibility to diseases (Berg et al. 2021; Tiinnermann et al.
2022). Our study showed that amino acid permease (aaap14)
was under-expressed in the resistant line. Interestingly, loss-
of-function mutations in AAP2 genes in cucumbers were
found to contribute robust resistance to Psilocybe cubensis,
the causal pathogen of cucurbit downy mildew (Berg et al.
2021). Conversely, in the DM-susceptible maize line, a sig-
nificant downregulation of the gene encoding for the amino
acid transporter aaap57 gene was exclusively observed to be
under-expressed during P. philippinensis attack. Hence, the
roles of these genes in DM resistance and/or susceptibility
warrant future functional genomic validation (i.e., gene edit-
ing for loss-of-function or gene knockout or metabolomics
for secondary metabolites).

PCD has a central role in the innate immune response
against diseases for both plants and animals (Coll et al. 2011).
Two genes involved in PCD namely LSD/LOL and MCP1
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were both downregulated in CML 431 upon the onset of DM
invasion. A previous study has shown that LSDI negatively
regulates plant runaway cell death and basal disease
resistance (Aviv et al. 2002). Specifically, LSDI-mediated
cell death and signaling components were related to systemic
acquired resistance (SAR), namely salicylic acid (SA)-
accumulation and non-expression of pathogenesis-related
genesl (NIM1/NPRI). Both SA and NIM1/NPR1 were known
to be associated with many disease-resistance responses, and
it is possible that LSDI antagonizes SA-induced and NIM/
NPRI-dependent pro-death pathways directly. The expression
of various metacaspases in plants has been associated with
pathogen invasion (Garcia et al. 2022). For instance, the
LeMCA I metacaspase, positioned near PCD genes, was found
to be upregulated upon the fungal pathogen Botrytis cinerea
infection in tomato (Hoeberichts et al. 2003). Overexpression
of metacaspases, which are possibly related to PCD, was
observed in various plant species such as tobacco, pepper,
and wheat (Hao et al. 2007; Kim et al. 2013; Wang et al.
2012). Members of Zea mays metacaspases (ZmMCs),
on the other hand, have differential functions in response
to different maize diseases (Ma et al. 2021). Thus, further
validation of ZmMCs functions in maize disease response
is necessary in understanding the molecular mechanisms of
MCs in plant innate immunity. Moreover, 19 DEGs coding
for E3 ubiquitin ligases were detected in the resistant maize.
Numerous E3 ligase proteins have been identified as plant
immunity regulators such as the RING E3 ligase HISTONE
MONOUBIQUITINATION1 (HUBI) which is involved in
resistance against necrotrophic fungal pathogens (Dhawan
et al. 2009; Marino et al. 2012). Overexpression of genes
coding for E3 ligases was also shown to positively regulate
powdery mildew resistance in Chinese wild grapevine,
reduce plant susceptibility against Heterodera schachtii
of Arabidopsis, and enhance tolerance against the fungus
Cladosporium fulvum in tomato (Yu et al. 2013; Hewezi et al.
2016; Chen et al. 2017). Hence, the differential expression of
some of these genes in the DM-resistant maize suggests their
potential role in conferring resistance through PCD.

Seven (7) of the 694 DEGs were cytochrome P450 genes,
which are associated with plant defense response and many
other functions (Liu et al. 2020; Pandian et al. 2020).
Recent studies in rice and barley showed that CYP genes
were involved in disease resistance suggesting the roles
of these 8 DEGs in DM resistance in maize (Ameen et al.
2021; Zhang et al. 2021a, b). In addition, the cytochrome
P450 monooxygenase was found to play a role in the partial
resistance against Phytophthora sojae, the causal pathogen
of rot in soybean (Khatri et al. 2022). Their crucial func-
tion in the biosynthesis of the benzoxazinoids DIMBOA
and DIBOA in grasses has also been established as an
induced defense mechanism against invading insect pests
and fungal pathogens (Frey et al. 2009). These cytochrome
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enzymes participate in the catalytic conversion of secondary
metabolites such as lignins, terpenoids, phenylpropanoids,
alkaloids, and such that are utilized by plants as a response
against several biotic and abiotic stresses.

Ten (10) WRKY transcription factors were observed
to be overexpressed in DM-resistant maize. Many studies
have already shown that WRKY's have pivotal roles in plant
defense, while several studies also showed that they can be
negative regulators of resistance (Eulgem and Somssich
2007; Pandey and Somssich 2009). For instance, loss-of-
function in both WRKY11 and WRKY17 increased the basal
resistance of Arabidopsis thaliana to Pseudomonas syringae
pv tomato (Journot-Catalino et al. 2006) while enhanced
resistance was also observed in Arabidopsis in WRKY7
loss-of-function mutants which were associated with the
increased induction of SA-regulated pathogenesis-related 1
(PR1) by the same pathogen (Kim et al. 2006). Transcrip-
tion factors, such as BBX, MYB-related, bZIP, and ERFs,
were also found to be differentially expressed in the resistant
maize line. The relevance of these transcription factors in
plant defense against pathogens has been previously docu-
mented in other crops as well (Gangappa and Botto 2014;
Sasaki et al. 2015; Froidurea et al. 2010; Wang et al. 2019;
Zang et al. 2020; Zhang et al. 2021a, b). Determining the
roles and functions of these transcription factors in maize-
DM interactions is pivotal in elucidating molecular sources
of resistance.

Pathogens encounter the cell wall as the first obstruction
in their attempt to invade and colonize the plant (Bacete et al.
2018). For instance, a reduction in xylan acetylation revealed
enhanced resistance in Arabidopsis against the necrotrophic
fungus B. cinerea and biotroph H. arabidopsidis (Manabe
et al. 2011; Pawar et al. 2016). In addition, Arabidopsis
plants with enhanced levels of wall-bound xylose or with
xyloglucan structure modifications have greater resistance
to Pseudonebularia cucumerina (Delgado-Cerezo et al.
2012). Pectin modification through methylesterification,
controlled mainly by pectin methylesterases (PMEs), also
has a differential effect on disease response as was found in
Arabidopsis and tobacco (Lionetti et al. 2014). Further, these
PMEs are post-transcriptionally regulated by endogenous
protein inhibitors (PMEIs) which act as mediators of cell wall
integrity maintenance relative to plant immunity (Bacete
et al. 2018). In our study, several cellulose, hemicellulose,
and pectin biosynthesis-associated genes were found to be
differentially expressed. Pectin methylesterase26 (pme26)
was found to be under-expressed by ~2.8-fold. Analysis of
pme26 activity, pectin methyesterification, and the PMEIs
modulating this gene warrants further investigation of DM
infection in maize.

Finally, we found a few disease-resistance genes dif-
ferentially expressed in the DM-resistant CML431 upon
DM invasion. Plant NLRs encode immune receptors that
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interact with pathogen avirulence (AVR) gene products,
which induce a series of defense responses including hyper-
sensitive response (HR), a type of local PCD (Lai et al.
2020). The psipl gene in maize has an ortholog in Arabi-
dopsis (AT4G09435) coding for a disease resistance protein
in the NLR protein family. The putative disease resistance
protein resistance gene analogl (RGA1) was also found to
be over-expressed in the DM-resistant line by ~2.09-fold.
RGAs including NBS-encoding proteins, RLKs, and RLPs
are putative resistance genes with conserved domains and
motifs that are responsible for intracellular signaling and
mediation of plant defense genes (Li et al. 2016; Cortaga
et al. 2022). Further, two genes coding for disease-resistance
proteins At4g33300 and PIK6-NP were also found to be
overexpressed, both of which also belong to the LRR protein
class. Finally, we found an over-expressed gene coding for
RIN4. Previous studies reported the significance of RIN4
in regulating both PAMP- and ETI-triggered immunities in
plants (Ray et al. 2019). Hence, these genes may be candi-
dates for downy mildew resistance in maize.

The majority of the genetic variants found for both DM-
infected susceptible and resistant maize were modifiers or
non-coding variants. Initially, it was thought that intronic
variants have little to no effect on gene variants. However,
current studies have demonstrated that variations in non-
coding regions contribute to different responses in plants.
For instance, natural variations in the non-coding region of
the NAC-encoding gene ZmNAC080308 affect the drought
tolerance of maize, ultimately improving maize grain yield
under drought stress conditions (Wang et al. 2021). Genomic
variants are considered high-impact because their presence
can have a direct impact on gene functionality (Bohry et al.
2021). High-impact indels typically introduce frameshift
mutations while SNPs directly introduce variations within
exonic regions. In our study, the majority of the indels found
for both susceptible and resistant maize have high-impact
effects while most of the SNPs detected have low- to mod-
erate-impact gene effects. For the eventual marker-assisted
breeding of maize with DM resistance, we deliberately
shifted our focus on the high-impact SNPs we found in the
differentially expressed genes detected in the resistant maize
CML 431. A total of 15 DEGs were found to contain poten-
tially gene function-altering SNPs, i.e., high-impact SNPs.

Conclusion

This study represents the first-ever molecular elucidation of
the maize-P. philippinensis plant-pathogen interaction, shed-
ding light on the mechanisms underlying successful disease
resistance and susceptibility. Through comparative transcrip-
tomic analysis, we have identified putative DM resistance
genes in maize, providing an opportunity to design a targeted

resistance gene panel for an efficient marker-assisted breed-
ing program focused on improved maize resistance against
Philippine downy mildew disease. Additionally, we also
identified high-impact gene variants exclusive to both sus-
ceptible and resistant maize lines upon DM infection, pos-
sibly related to pathogen response and/or resistance.

Our streamlined bioinformatic pipeline revealed a set of
important pathogen-response pathways, nutrient transport-
ers, secondary metabolites, regulatory and transcription fac-
tors, cell wall modifications, and disease-response genes.
Interpretation and further insights into the expression pat-
terns of these genes and proteins would facilitate the mining
of putative DM resistance genes that can be seamlessly inte-
grated into breeding programs, thereby assisting in develop-
ing DM-resistant maize varieties in the Philippines. Thus,
validation of the expression patterns of the DEGs must be
determined using wet laboratory approaches, such as RT-
gPCR and functional genomics.

Furthermore, our research unveiled various genes exclu-
sive to the susceptible maize line, suggesting their candi-
dacy as susceptibility factors. These genes can be potential
targets for gene-editing technologies, such as CRISPR-
Cas9, facilitating the development of new lines that could
serve as potential parentals for maize hybrid breeding pro-
grams. In the long run, this pioneering research lays the
essential groundwork for the advancement of a future-proof
maize industry, particularly in the face of the widespread
prevalence of downy mildew disease, not just in the Philip-
pines, but also on a global scale. By unraveling the genetic
factors that influence DM resistance and susceptibility, our
findings contribute to the progress of sustainable and resil-
ient maize cultivation practices, ensuring a more secure
food supply and strengthening agricultural systems against
devastating pathogens.
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