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Abstract

Background Gibberella ear rot (GER) is one of the most devastating diseases in maize growing areas, which directly
reduces grain yield and quality. However, the underlying defense response of maize to pathogens infection is largely
unknown.

Results To gain a comprehensive understanding of the defense response in GER resistance, two contrasting inbred
lines ‘Nov-82'and ‘H10" were used to explore transcriptomic profiles and defense-related phytohormonal alterations
during Fusarium graminearum infection. Transcriptomic analysis revealed 4,417 and 4,313 differentially expressed
genes (DEGs) from the Nov-82 and H10, respectively, and 647 common DEGs between the two lines. More DEGs were
obviously enriched in phenylpropanoid biosynthesis, secondary metabolites biosynthesis, metabolic process and
defense-related pathways. In addition, the concentration of the defense-related phytohormones, jasmonates (JAs)
and salicylates (SAs), was greatly induced after the pathogen infection. The level of JAs in H10 was more higher than
in Nov-82, whereas an opposite pattern for the SA between the both lines. Integrated analysis of the DEGs and the
phytohormones revealed five vital modules based on co-expression network analysis according to their correlation. A
total of 12 hub genes encoding fatty acid desaturase, subtilisin-like protease, ethylene-responsive transcription factor,
T-aminocyclopropane-1-carboxylate oxidase, and sugar transport protein were captured from the key modules,
indicating that these genes might play unique roles in response to pathogen infection,

Conclusions Overall, our results indicate that large number DEGs related to plant disease resistance and different
alteration of defensive phytohormones were activated during F. graminearum infection, providing new insight
into the defense response against pathogen invasion, in addition to the identified hub genes that can be further
investigated for enhancing maize GER resistance.
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Introduction

Gibberella ear rot (GER) caused by Fusarium gra-
minearum (F. graminearum) is one of the most preva-
lent diseases in maize production field [1, 2]. The spores
of E graminearum can naturally infect maize kernels
upon conveyance through wind, rain splash or insect
infestation. Infected cob is observed with a reddish-pink
mold starting at the tip of a rotten ear [3]. GER not only
reduces yield but also contains diverse mycotoxins from
the fungal, including deoxynivalenol (DON) and zeara-
lenone (ZEN), which threatening human and livestock
health [4, 5]. Agronomic and chemical practices con-
trolling the disease are not very effective when climatic
conditions are favorable for the pathogen [6]. In South-
west China, severe occurrence of GER leads to serious
economic losses for maize production [7]. The preferred
method for controlling GER is to breed and cultivate
resistant genotypes.

When plants suffer from pathogens attack, defense
responses of host towards biotic stresses are activated
to orchestrate the establishment of different defensive
barriers, including regulation of defense genes expres-
sion, production of reactive oxygen species (ROS) burst,
induction of programmed cell death, changes of phyto-
hormones and signaling pathways [8, 9]. The phytohor-
mones are small molecules within plants that governing
diverse physiological processes [10]. Jasmonate (JA) and
salicylic acid (SA) are major defense-related phytohor-
mones tightly associated with plant defense [11, 12]. The
signaling networks of these defensive phytohormones
can mediate and induce a local or systematic defense
response in plant immune systems [13]. Accumulating
evidence suggests that JA and SA generally involved in
the activation of defense against necrotrophic and bio-
trophic pathogens, respectively [14]. In maize ear rot,
a previous study reported the JA and SA were directly
involved in resistance to Fusarium verticillioides-induced
Fusarium ear rot (FER) [15]. Moreover, Christensen et al.
demonstrated that the JA-mediated process was a major
pathway involved in defence against the pathogen in
maize FER disease [16].

With the rapid development of multi-omics techniques
such as transcriptomics and metabolomics, a massive
data have been generated, which are possible to explore
the genetic mechanism of plant resistance by integrat-
ing the multi-perspective data. In recent years, substan-
tial progress on the characterization of the complexity
inherent in maize ear rot has been made. For example,
Wang et al. characterized the transcriptome of FER dis-
ease by using RNA sequencing (RNA-seq) and provided

many differentially expressed genes (DEGs) involved in
SA and JA pathways related to defense responses against
Fusarium verticillioides [15]. Maschietto et al. identified
the DEGs lypoxygenase, heat shock proteins and tran-
scription factors associated with FER resistance [17].
In another study, a series of metabolites such as sugars,
polyols, aminoacids, acids, and polyamins were found
specially involved in resistance to the pathogen in maize
FER disease [18]. In addition, many previous studies
described that the effect of fatty acid composition can
also mediate of maize FER defense [19, 20]. In maize
GER disease, Yuan et al. characterized the transcrip-
tional profiles conferring resistance to E graminearum
infection and found 195 specific DEGs related to defense
activities [21]. In the research, the DEGs associated with
pathogenesis-related proteins and SA pathways were sig-
nificantly enriched, suggesting the DEGs were crucial
for GER defense responses. To our knowledge, combina-
tion of transcriptomics and metabolomics is less used in
maize GER. Therefore, it is necessary to integrate the two
perspective data for further exploring the specific defense
activation mechanism in response to F graminearum
infection.

Weighted gene co-expression network analysis
(WGCNA) is one of the most effective methods for ana-
lyzing the expression patterns of multiple genes associ-
ated with defined phenotypic characteristics [22]. In the
approach, highly connected genes (hub genes) are cen-
trally defined in different particular modules with certain
biological processes [23]. Recently, the WGCNA method
has been become a powerful approach to identify key
modules or hub genes according to gene-to-metabo-
lite correlations for characterizing the desired traits in
numerous crops [22, 24-27]. The multi-omics networks
could provide a great opportunity for understanding
comprehensively defense mechanisms against pathogens
in plant diseases.

In this study, to clarify the transcriptional profiles
and hormone-dependent crosstalk conferring maize
GER resistance, a combined analysis of transcriptional
responses and defense-related phytohormonal alterations
in two contrasting inbred lines was conducted to identify
the defence mechanisms in response to E graminearum
infection. The intergrating view of transcriptional analy-
sis and phytohormonal changes will enhance the knowl-
edge of host-specificity mechanisms of maize GER and
pave the way for genetic improvement of the disease
resistance.
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Materials and methods

Plant materials and field inoculation

Based on our previous work, an association panel con-
sisting of 316 maize diverse inbred lines have been evalu-
ated for GER resistance across multiple environments
[28]. Among them, two inbred lines, Nov-82 and H10,
were evaluated with high resistance and susceptibility to
GER, respectively. So, the two lines with contrasting GER
severity were selected and planted at the Agricultural
Experimental Station of Sichuan Agricultural University
(30°43'N, 103°52’E). An aggressive isolate of Fusarium
graminearum (F graminearum, strain Fgl2002) was
used for further phenotypic evaluation via artificially
inoculated in field. For inoculation, the spore suspen-
sion of the isolate was adjusted to a final concentration
of approximately 1.0x10° spores mL™! based on micro-
scopic count. Inoculation was performed approximately
10-12 days after maize pollination. The middle-upper
of the ear was pierced through the husk by the needle
of syringe, piercing the kernels, but not reaching the
cob, and then 2 ml of conidial suspension was injected.
GER severity assessment was performed at maturity and
the inoculated ear was scored using a rating scale from
1 to 7, where 1 represented no visible disease symptoms
and grades 2 to 7 describe visible symptoms according
to the percentage of infected ear areas (1=0%, 2=1-3%,
3=4-10%, 4=11-25%, 5=26-50%, 6=51-75%, and
7=76-100%, respectively) [1].

DAB and trypan blue staining

To further characterize the GER resistance of the Nov-
82 and H10, the leaves from the two lines at the V, stage
were inoculated with the isolate E graminearum using
a needle syringe. ROS accumulation was detected using
DAB (3, 3’-Diaminobenzidine) for the inoculated leaves
at 72 h post-inoculation (hpi). Inoculated leaves of the
two lines were dipped in freshly prepared 100 lg/mL
DAB solution, containing 1 mg/mL of DAB-HCI, pH 5.0
for 4 h at room temperature. Stained leaves were placed
in boiling ethanol for 10 min to remove chlorophyll and
then transferred to destaining solution prior to photog-
raphy [29]. Meanwhile, dead cells were detected using
trypan blue staining for the inoculated leaves at 72 hpi.
The inoculated leaves were soaked in staining stock solu-
tion (0.1% w/v trypan blue in a solvent consisting of equal
volumes of water-saturated phenol, lactic acid, glycerol,
and water), boiled for 2 min, and stained overnight. The
stained leaves were destained in chloral hydrate solution
(2.25 g/ml chloralhydrate in water) and then observed
under microscope. Each sample contained at least three
independent maize leaf.

Page 3 of 14

Transcriptome analysis

In the current study, we performed a transcriptomic
analysis of Nov-82 and H10 upon E graminearum inoc-
ulation. The two inbred lines were artificially inoculated
with the isolate under controlled conditions. Husk tis-
sues around the inoculated spots of the two lines were
collected at 0, 12, 24, 48, 72 and 96 hpi after inocula-
tion with E graminearum, respectively, and immediately
frozen in liquid nitrogen before maintained at -80 °C
for further analysis. Each sample contained husk tis-
sues from three independent maize, and three samples
at each time were conducted. Total RNA was extracted
using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Approximately
1 pug of RNA per sample representing each library was
used for the transcriptome preparation. The libraries
were sequenced on an Illumina Hiseq PE150 platform
(Ilumina, SanDiego, CA, USA), and 150-bp paired-end
reads were generated. Raw data were filtered to remove
the adaptors and low-quality reads (<20% of the bases
with a quality score<10). The high-quality clean reads
were then aligned to the maize B73 reference genome
(ZmB73_RefGen_V5) using TopHatv 2.0.9 software with
default parameters [30]. Only the unique mapping reads
(reads only mapped to unambiguous unique location of
B73 genome) were retained for calculating the gene. Fur-
thermore, alignments from each library were processed
with Cufflinks v0.9.3 to assemble transcript isoforms and
quantify expression values, and then normalized as frag-
ments per kilobase of exon model per million mapped
reads (FPKM) [31]. To detect genes involved in GER
resistance, DEGs were screened using the DESeq2 R
package with a False Discovery Rate (FDR) threshold of
0.05 and a Log 2 fold change [32]. To further assign and
annotate the DEGs, Gene Ontology (GO) terms and the
significantly enriched pathways in the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) were performed
using the genes within each cluster.

Defense-related phytohormones measurement

Extraction and analysis of defense-related phytohor-
mones, including JA, MEJA, H2JA, JA-ILE, OPDA, JA-
Phe, JA-Val, OPC-4, OPC-6, SA and SAG, were carried
out in Metware Biotechnology Co. Ltd. (Wuhan, China).
50 mg of the inoculated husk tissues at 0, 12, 24, 48, 72
and 96 hpi were grounded to powder, then dissolved
in 70% methanol solution, vortexed and placed at 4 °C
for overnight. 10 uL internal standard mixed solution
was added into the extract as internal standards for the
quantication. The standard for the defense-related phy-
tohormones were purchased from Olchemim Ltd. (Olo-
mouc, Czech Republic) and isoReag (Shanghai, China).
After centrifugation, the supernatant of the mixtures
were filtered through a 0.22 mm pore size membrane.
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Subsequently, the contents of the phytohormones
were analysed by an UPLC-MS/MS platform (UPLC,
ExionLC™ AD; MS, Applied Biosystems 6500 Triple
Quadrupole). The mobile phase consisted of 0.1% for-
mic acid water (A) and acetonitrile (B) with elution gra-
dient at a flow rate of 0.35 ml/min as follows: started at
5% B (0—1 min), increased to 95% B (1-8 min), 95% B
(8—9 min), finally ramped back to 5% B (9-12 min). The
analysis parameters were optimized for the production
of characteristic precursor-to-product ion transitions in
negative or positive ionization modes. Data acquisitions
were performed using Analyst 1.6.3 software (Sciex) to
determine analyte responses based on peak area inte-
grations relative to the internal standard. Samples were
then quantified based on standard curves to determine
the concentrations. To identify specific defense-related
phytohormones associated with GER, the differentially
expressed phytohormones were screened using log2 fold
change (log2FC)>1 and further analyzed using orthogo-
nal partial least squares discriminant analysis (OPLS-DA)
method in R package. Variable importance in the projec-
tion (VIP) ranks was used in the OPLS-DA model. The
phytohormonal alterations were selected on the basis of
the combination of a statistically significant threshold of
VIP>1 and p-value<0.05 from the OPLS-DA model [33].

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis
(WGCNA) was used for identifying genes with simi-
lar expression patterns that may participate in spe-
cific biological functions [34]. The obtained DEGs from
transcriptomic analysis were imported into the R pack-
age WGCNA (version 1.47) to construct co-expres-
sion modules with following parameters: variance data
expression>0; no missing data expression<0.1; soft
threshold=8 (estimate value); max block size=200; deep
split=2; min module size=3; merge cut height=0.1. The
hierarchical clustering of genes in the dissimilarity matrix
was performed by the hclust function, and the resulting
clustering tree was cut by the dynamic tree cut to define
the modules [35]. Then, the calculated module eigen-
genes and Pearson’s correlation coefficient values were
used to determine the association of modules among the
samples. In each module, the genes with eigengenebased
connectivity value (|JKME|)>0.9 and topological overlap
measure (TOM) value>0.2 were regarded as hub genes
[36, 37]. The visualization of co-expression networks
and the identification of hub genes in each module were
implemented by Cytoscape software [38]. Genes annota-
tion were processed on MaizeGDB website (http://www.
maizegdb.org).
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Gene expression validation

Quantitative real-time PCR (qRT-PCR) was conducted
using a SYBR Premix Ex Taq™ kit (TaKaRa, Dalian,
China) according to the manufacturer’s instructions. The
actin gene was used as the internal control. Specific prim-
ers used in sets for PCR were designed for target genes
using Primer Premier 5.0. Thermal cycle conditions were
as follows: 2 min at 95 °C followed by 40 cycles of 15 s at
95 °C, 30 s at 56 °C, and 30 s at 72 °C. Each PCR reaction
was repeated at least three times. The relative expression
levels were calculated according to the Eq. 2744€T,

Statistical analysis

All values are expressed as the mean*standard deviation.
The data were processed by one-way analysis of variance
(ANOVA) using SPSS version 21.0 software (SPSS Inc.,
Chicago, IL, USA) at test significant difference (p<0.05)
to evaluate significant difference between groups. The
transcriptome and phytohormone visualizations (Venn
diagrams, heat maps, volcano maps, etc.) were made
using an online platform (www.majorbio.com).

Results

Symptom severity of GER between Nov-82 and H10

The two maize inbred lines, Nov-82 and H10, were fur-
ther assessed for GER severity via field inoculation. At
maturity, symptom of the both lines were visually scored
for GER scale. Results showed that a great different
severity was observed between the two lines in response
to the E graminearum inoculation, in which Nov-82 was
more resistant with less disease symptom compared
to H10 (Fig. la). The line Nov-82 (GER score=1.45)
showed lower disease severity than that of H10 (GER
score=6.81), exhibiting a distinct resistant level of GER
severity.

To further characterize the resistant performance
between the two lines, the DAB (3,3'-Diaminobenzidine)
staining was conducted to assess their ROS accumulation
after E graminearum inoculation. It appeared that Nov-
82 produced more ROS accumulation compared to H10
in response to the pathogen infection. Similarly, Nov-82
leaves displayed a more intensive hypersensitive response
(HR)-like cell death in the infected areas following trypan
blue staining, further strengthening the stronger resis-
tant reaction in Nov-82 than that in H10 (Fig. 1b). These
observations implied that the line Nov-82 exhibited
higher resistant performance compared with H10 during
E graminearum infection.

Transcriptomic analysis under F. graminearum infection

To get the transciptional response in GER resistance,
a high throughput RNA-seq was conducted between
Nov-82 and H10 at 0, 12, 24, 48, 72 and 96 hpi during E
graminearum infection. With three biological replicates
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Fig. 1 Phenotypic variation of GER severity in inbred lines Nov-82 and H10 after F. graminearum inoculation. (a), Representative ears of resistant phe-
notypes in inbred lines Nov-82 and H10. (b), Representative leaves show the disease phenotype of inbred lines Nov-82 and H10 after £. graminearum
inoculation at 72 h post inoculation (hpi). Left, 3,3’-Diaminobenzidine (DAB) staining for ROS detection. Right, trypan blue straining to visualize cell death.

The inoculated positions are indicated in white circles. Scale bar =5 cm

per time point, the 36 samples (18 samples from the
Nov-82 and 18 samples from the H10) yielded more
than 1,669 million high-quality raw data with an average
Q30 value of 94.38% (Supplementary Materials 1: Table
S1). A range from 43.43 to 47.93 million clean reads fil-
tered from the raw reads of each library were obtained
and then aligned against the B73 reference genome (B73
RefGen_v5). In total, an average of 82.91% of clean data
were mapped, indicating that the RNA-seq quality was
sufficient and efficient for further analyses.

Subsequently, a comparative analysis of the transcrip-
tional difference between Nov-82 and H10 at different
time point was conducted to reveal the dynamic changes
in response to E graminearum infection. After the sta-
tistical test (false discovery rate (FDR)<0.01 and fold
change (FC)=2), a total of 4,417 (2765 up-regulated and
1652 down-regulated) differentially expressed genes
(DEGs) in Nov-82, and 4,313 (2734 up-regulated and
1579 down-regulated) DEGs in H10, were found, respec-
tively (Fig. 2a, b). As a result, the number of up-regulated
DEGs is higher than down-regulated ones in both lines.

Notably, there were 647 common DEGs between the two
lines by comparing the transcriptome profile (Fig. 2c).
These common DEGs were believed to be specific
responsive genes involved in regulating GER resistance.

Functional enrichment analysis of DEGs

By functional enrichment analysis of the obtained DEGs
in Nov-82 and H10, GO terms revealed that these DEGs
were mainly distributed in plant disease resistant path-
ways, such as abiotic stimulus, response to oxidative
stress and defense response (Supplementary Materi-
als 2: Fig. S1). At 12 hpi, DEGs were involved primarily
in response to stress and chemical. Besides, DEGs at 24
hpi was remarkably enriched in regulation of protein ser-
ine/threonine phosphatase activity, oxidative stress
and oxidoreductase activity. Furthremore, extracellu-
lar region, membrane part and defense response were
significantly enriched for DEGs from 48, 72 and 96 hpi,
respectively. KEGG pathway analysis showed that phen-
ylpropanoid biosynthesis, secondary metabolites bio-
synthesis, metabolic pathways, diterpenoid biosynthesis
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Fig. 2 Global gene expression profiling in the two inbred lines Nov-82 and H10 after £. graminearum inoculation. (a), Numbers of expressed genes in
inbred lines Nov-82. (b), Numbers of expressed genes in inbred lines H10. (c), The Upset diagram of comparison differentially expressed genes (DEGs)

between the two inbred lines at different time points

and photosythesis were most significantly enriched in
different time points, suggesting that these pathways
were deserved as vital pathways in GER resistance (Sup-
plementary Materials 2: Fig. S1). The results of GO and
KEGG demonstrated that the specific DEGs and path-
ways might be helpful to confer GER defense response,
thus enabling plant elevating protective ability against
pathogens invasion.

Differential defense-related phytohormones profile in the
contrasting lines

In order to deeply elucidate the defense mechanisms of
GER resistance, we performed the UPLC-MS/MS analy-
sis to detect the dynamic changes of defense-related phy-
tohormones between Nov-82 and H10 at the six time
points during E graminearum infection. Nine jasmo-
nates (JAs) including JA, MEJA, H2JA, JA-ILE, OPDA,
JA-Phe, JA-Val, OPC-4, OPC-6, and two salicylates (SAs)
containing SA and SAG, were detected across each time
point. On the whole, the defense-related phytohor-
mones were differentially induced in both lines (Fig. 3).

Altogether, the contents of JAs were more higher accu-
mulation in H10 than those in Nov-82, except for few
groups (MEJA, OPDA) or individual time points. On
the contrary, the SA displayed higher levels in Nov-82
compared with H10, but the SAG was seemed irregular
expression between the two contrasting lines. To better
distinguish the different resistance among the two lines,
the OPLS-DA approach was applied to analyze signifi-
cant alterations of the defense-related phytohormones
(Supplementary Materials 3: Fig. S2). As a result, 28 and
43 differentially phytohormones were obtained in Nov-
82 and H10, respectively (Table 1). The OPLS-DA results
suggested that various genotypes could induce different
levels of defense-related phytohormones during F gra-
minearum infection.

Identification of key modules by weighted gene
co-expression network

To obtain key genes highly associated with GER resis-
tance, the specific DEGs from Nov-82 and H10 were con-
ducted to build a gene co-expression network through
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WGCNA strategy. After filtering out the low-expression
genes, a total of 3,654 DEGs were effectively obtained
(FPKM2>1) and then inputted to construct the global
co-expression network accroding to genes expression

patterns (Fig. 4a). Based on pairwise correlations analy-
sis of gene expression, these DEGs were assigned to 18
distinct co-expression modules with different colors
(Fig. 4b). According to the eigengene connectivity values,
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Table 1 Differentially induced defense-related phytohormones
among the different comparison groups in the two inbred lines
Nov-82 and H10
Comparison groups
Nov-82(0 h) vs. Nov-82(12 h))
Nov-82(0 h) vs. Nov-82(24 h))
Nov-82(0 h) vs. Nov-82(48 h))
Nov-82(0 h) vs. Nov-82(72 h))
Nov-82(0 h) vs. Nov-82(96 h))
H10(0 h) vs.H10(12 h)
H10( vs.H10(24 h)
H10( vs. H10(48 h)
H10( vs.H10(72 h)
H10( vs. H10(96 h)

Up-regulated Down-regulated
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2222

the grey and turquoise modules were the largest items,
containing 791 and 420 DEGs, respectively (Supplemen-
tary Materials 4: Fig. S3). The lightgreen module had the
fewest genes.

Furthermore, the correlation between the 18 particu-
lar modules and 11 defense-related phytohormones was
further analyzed to characterize module-trait relation-
ships (Fig. 5a). As a result, the red module was positively
correlated with JA-Val (r=0.85, p<0.05), OPC-4 (r=0.93,
p<0.05) and OPC-6 (r=0.95, p<0.05). Meanwhile, the
turquoise module was positively associated with H2JA,
JA-Val and OPC-4 (r=0.79, 0.75, 0.78, p<0.05, respec-
tively), but negatively correlated with SA (r = -0.77,
p<0.05). The green module was also positively associ-
ated with H2JA and JA (r=0.84, 0.79, p<0.05, respec-
tively). The salmon and brown modules had strongly
positive correlations with H2JA (r=0.9, p<0.05) and SA
(r=0.89, p<0.05), respectively. Overall, a total of five key
co-expression modules (red, turquoise, green, salmon
and brown) were highly correlated with the appointed
defense-related phytohormonal changes (Fig. 5b). There-
fore, the alterations of the phytohormones and transcript
patterns of the DEGs were highly consistent in the key
modules, suggesting that the co-expression modules
could be full reliable.

Integrative analyses to reveal hub genes associated with
GER resistance

The integrated analysis of transcriptome and defense-
related phytohormones revealed five key co-expression
modules. Based on GO enrichment analysis, the DEGs in
the key modules were remarkably enriched in the oxida-
tion-reduction process (GO:0055114), response to stimu-
lus (GO:0009607) and defense response (GO:0006952),
suggesting these specific DEGs may play vital roles in
protection of maize against F graminearum infection
(Fig. 6). These results reflected that the maize might be
activate simultaneously defense processes at transcrip-
tional and metabolic levels, thus building comprehensive
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defensive barriers for improving plant resistance in GER
disease.

To identify candidate genes tightly associated with
GER resistance, the gene co-expression networks of the
key modules were visualized to search hub genes (Sup-
plementary Materials 5: Fig. S4). Those genes with more
connections were thought to be of great importance in
each module. The top 12 genes with the highest connec-
tivity in each module were captured as hub genes and
may play central roles in GER resistance (Table 2; Sup-
plementary Materials 5: Fig. S4). In detail, the hub genes
encoding fatty acid desaturase, subtilisin-like protease,
ethylene-responsive transcription factor, 1-aminocyclo-
propane-1-carboxylate oxidase, sugar transport protein
and unknown genes, may play crucial roles in regulating
GER resistance. Next, we employed qRT-PCR to validate
the expression patterns of selected eight hub genes in the
two lines under E graminearum infection (Fig. 7). The
expression patterns had a good correlation with RNA-seq
results (Supplementary Materials 6: Fig. S5). High agree-
ment of expression patterns between the RNA-seq and
the qRT-PCR strongly supported the obtianed hub genes
tightly associated with GER resistance in maize.

Discussion

Maize GER resistance is a complex quantitative trait
caused by multi-genes and influenced by environmental
conditions, host genotypes and pathogenic races [2, 6].
An in-depth exploration of specific mechanisms confer-
ring GER resistance is of great importance for imple-
menting a genetic-based breeding strategy in maize.
Here, the two contrasting lines Nov-82 and H10 were
further evaluated in the field test with a distinct resistant
level of GER severity in which a lower GER score in Nov-
82 compared to H10 (Fig. 1la). The ROS accumulation
and dead cells were also stronger in Nov-82 than those in
H10 during the E graminearum infection (Fig. 1b). These
results indicated that the stronger ability to produce ROS
might be lead to the better resistant phenotype of Nov-
82. The line with excellent resistant performance should
be served as elite germplasm for breeding GER-resistant
cultivars.

Resistance to GER is complex because it is character-
ized by a quantitative inheritance, requiring compre-
hensive consideration and multi-perspective analysis
[39-42]. In our study, the transcriptional profiles and
defense-related phytohormonal alterations among the
two contrasting lines in response to E graminearum
infection were investigated through multi-omics
aproaches. Many DEGs related to phenylpropanoid bio-
synthesis, secondary metabolites biosynthesis, metabolic
process and defense-related pathways were obtained in
this study (Supplementary Materials 1: Table S1), indicat-
ing that these genes may play a critical role in protecting
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maize against the pathogen invasion. In addition, the
accumulation patterns of defense-related phytohormones
was dramatically induced during E graminearum infec-
tion, suggesting that up-regulated JAs and SAs could be
a common regulatory process of diverse miaze geno-
types to biotic stress (Fig. 3). Meanwhile, it has been
found that the JAs were relatively higher accumulation in
H10 than those in Nov-82, and an opposite pattern for
SA, indicating that various genotypes may induce dif-
ferent levels of defense-related phytohormones during
defense processes. Thus, it was proposed that the higher
expression of SA and lower level JAs probably led to
maintain an excellent resistant performance for Nov-82,

and also inferred that SAs might play particular roles in
maize against F graminearum. Overall, the alterations of
defense-related phytohormones in both lines might trig-
ger different level defensive reaction due to their various
resistant mechanisms of GER resistance.

Large dynamic profiling of transcriptomics and metab-
olomics have expanded our view of plant complex resis-
tance mechanism [9]. Combination the two-perspective
data could gain a better understanding of the molecu-
lar and physiological responses in plant resistance [39].
Based on the integration analysis of the transcriptomic
profiles and defensive phytohormones alterations, five
key co-expression modules (red, turquoise, green, salmon
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and brown) were identified based on the integrated
analysis (Fig. 5a, b). Among the five key modules, the
DEGs were closely correlated with the defense-related
phytohormones, suggesting that these particular genes
may coordinate with the hormones to participate in
GER defense (Fig. 6). The results were consistent with
several previous studies that the expression of resistant
genes and related phytohormones was usually induced
together in plant defensive response [16, 21, 42]. Over-
all, our results showed that the integrated analyses of
transcriptomic and phytohormonal expression pro-
files could provide informative clues for the elucidation
of comprehensive defense responses of maize against £

e five key co-expression modules. Bar graphs show the expression pattern of

graminearum infection, as well as provide a basis for the
identification of GER resistance genes.

Owing to hub genes as central location within network,
these kind genes are considered to play the most critical
regulatory roles in specific physiological processes [25,
43]. Herein, 12 hub genes were captured from the iden-
tified five key modules, which may play central roles in
response to E graminearum—induced GER resistance
(Table 2; Supplementary Materials 5: Fig. S4). Several
studies have highlighted the roles of these hub genes in
plant resistance. For instance, fatty acid desaturase was
reported with important signaling roles in regulating
plant resistance. In a previous study, the surppression of
fatty acid desaturase related gene OsSSI2 could enhance
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Table 2 Hub genes associated with maize GER resistance in five
key co-expression modules

Modules Genes Description

Red Z/m00001eb333200 Uncharacterized

Red Zm00001eb357070 1-aminocyclopropane-1-car-
boxylate oxidase

Red Zm00001eb006160 Ethylene-responsive transcrip-
tion factor

Salmon Zm00001eb052520 Protein P21 precursor

Salmon Zm00001eb015500 WUSCHEL-related homeobox

Brown Zm00001eb218990 Putative B3 domain-containing
protein

Brown Zm00001eb086370 uncharacterized

Green Zm00001eb235950 Subtilisin-like protease

Green Zm00001eb397130 LOB domain-containing protein

Turquoise Zm00001eb409690 Fatty acid desaturase

Turquoise Zm00001eb008810 Sugar transport protein

Turquoise Zm00001eb409700 Fatty acid desaturase

resistance to the blast and leaf blight diseases and
involve in the negative regulation of defense responses
in rice [44]. Here, two hub genes Zm00001eb409700
and Zm00001eb409690 encoding fatty acid desaturase
were significantly up-regulated in the both lines, sug-
gesting that the hub genes may play particular roles
in maize GER resistance. Another hub gene anno-
tated as subtilisin-like protease (Zm00001eb235950),

was widely decribed to be involved in plant immu-
nity via activating downstream immune signaling pro-
cesses in regulation of plant defense [45]. The hub gene
Zm00001eb397130 encoding LOB domain-containing
protein was decribed as a key transcription factor, which
is required for plant growth and development, hormone
response, metabolic regulation and disease resistance
[46]. Encoding 1-aminocyclopropane-1-carboxylate oxi-
dase gene Zm00001eb357070 is an enzyme involved
in phytohormonal signal pathway in both plant devel-
opment and resistance [47]. In additon, the hub gene
Zm00001eb052520 encoding protein P21 was consid-
ered as pathogenesis-related protein 5 family particu-
larly involved in defensive activities [48]. The other hub
genes, Zm00001eb006160 encoding ethylene-respon-
sive transcription factor, Zm00001eb008810 encoding
sugar transport protein, Zm00001eb218990 encoding B3
domain-containing protein, Zm00001eb015500 encoding
WUSCHEL-related homeobox and two uncharacterized
genes (Zm00001eb086370 and Zm00001eb333200), may
be have their specific roles in plant resistance. In general,
these obtained hub genes should be further focused on
their essential roles in response to F graminearum infec-
tion. A possible next step on the hub genes with poten-
tial function and specific resistant mechanisms for GER
resistance is required.
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Conclusions

In the present study, the transcriptomic profiles and
defensive phytohormonal alterations revealed that hun-
dreds of DEGs and different alteration of phytohormones
participated in GER defense. Co-expression network
analysis of the DEGs and phytohormones, we proposed
a possible working model for the cellular response to E
graminearum in maize (Fig. 8). Additionally, the DEGs
involved in defense-related pathways and the differen-
tially indued phytohormones, as welll as the hub genes
associated with disease resistance, were suggested as
essential factors in GER resistance. The results provided
insights into the host-specific mechanisms of maize GER
resistance and potential resources of defense genes that
would benefit the following resistance breeding in GER
disease.
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