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Abstract
Alternaria leaf blight (ALB), caused by a necrotrophic fungus Alternaria brassicae is a serious disease of oleiferous 
Brassicas resulting in significant yield losses worldwide. No robust resistance against A. brassicae has been identified in 
the Brassicas. Natural accessions of Arabidopsis show a spectrum of responses to A. brassicae ranging from high sus-
ceptibility to complete resistance. To understand the molecular mechanisms of resistance/ susceptibility, we analysed the 
comparative changes in the transcriptome profile of Arabidopsis accessions with contrasting responses- at different time 
points post-infection. Differential gene expression, GO enrichment, pathway enrichment, and weighted gene co-expression 
network analysis (WGCNA) revealed reprogramming of phenylpropanoid biosynthetic pathway involving lignin, hydroxy-
cinnamic acids, scopoletin, anthocyanin genes to be highly associated with resistance against A. brassicae. T-DNA inser-
tion mutants deficient in the biosynthesis of coumarin scopoletin exhibited enhanced susceptibility to A. brassicae. The 
supplementation of scopoletin to medium or exogenous application resulted in a significant reduction in the A. brassicae 
growth. Our study provides new insights into the transcriptome dynamics in A. brassicae-challenged Arabidopsis and 
demonstrates the involvement of coumarins in plant immunity against the Brassica pathogen A. brassicae.

Key message
Alternaria brassicae responsive comparative transcriptomics and analysis of mutants deficient in phenylpropanoid path-
way provide evidence for its involvement in resistance against the necrotrophic fungus A. brassicae.

Keywords  Alternaria brassicae · Arabidopsis thaliana · RNA-Sequencing · Phenylpropanoid pathway · Scopoletin · 
Resistance
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Introduction

Alternaria brassicae, a necrotrophic pathogen causes Alter-
naria leaf blight, a highly destructive disease of Brassi-
caceae crops. In India, where Brassica juncea is a major 
oilseed crop, A. brassicae infection on aerial plant parts 
(leaf, stem, silique) results in substantial losses in seed 
yield and oil quality (Saharan et al. 2016). Losses are par-
ticularly pronounced in the Himalayan foothills due to the 
high humidity and low-temperature conditions during the 
crop growing season. The lack of resistance against A. bras-
sicae in the cultivated vegetable and oilseed Brassicas has 
hindered efforts to develop Alternaria leaf blight-resistant 
varieties. While some insights into the involvement of phy-
tohormone crosstalk, chitinases, and phytoalexins have 
been reported in naturally tolerant close relatives of oil-
seed mustard: Camelina sativa and Sinapis alba (Pedras et 
al. 2001; Mir et al. 2020; Yadav et al. 2020a), the detailed 
mechanisms are still largely unknown.

Arabidopsis thaliana accessions display extensive varia-
tion in their response to A. brassicae, ranging from immu-
nity to high susceptibility, making it a good model species to 
understand the defence mechanisms that are activated dur-
ing infection in different resistant accessions (Mandal et al. 
2018; Rajarammohan et al. 2018). Conventional biparental 
mapping and Genome-Wide Association Studies (GWAS) 
have elucidated the complex genetic architecture govern-
ing resistance to A. brassicae in Arabidopsis. These studies 
have identified multiple loci associated with resistance, each 
loci contributes a small or moderate effect to the overall 
response (Rajarammohan et al. 2017, 2018). Accumulation 
of ROS and cell death have been implicated to play a crucial 
role in defense against A. brassicicola and A. brassicae in 
A. thaliana (Su’udi et al. 2011; Mandal et al. 2019). Tran-
scriptional induction of several Pathogenesis Related (PR) 
genes mainly PR12, phytohormone signalling genes, chitin-
ases, and MAPK signal transduction genes MAP2K9 and 
MAPK6 have been reported in Arabidopsis upon infection 
with A. brassicae (Kannan et al. 2012; Chandrashekar et al. 
2015, 2018; Mandal et al. 2019). However, the mechanistic 
insights into the molecular basis of resistance and suscep-
tibility, and the transcriptional regulation of defense in A. 
thaliana against A. brassicae, need to be explored.

Transcriptomics has been applied for global expression 
analysis and identification of target genes in economically 
important crops in response to other Alternaria species. 
Comparative transcriptomic studies have identified key 
transcription factors like WRKY1, WRKY33, and ERF-2-
like for their role in resistance against Alternaria sp. (Yang 
et al. 2015; Shinde et al. 2018; Song et al. 2019; Tao et al. 
2022). Brouwer et al. 2020; demonstrated the role of SA 
signalling in resistance against A. solani using a time course 

microarray analysis. In another study, transcriptome and 
transgenic analysis identified the CmNPR1, an SA signal-
ling gene, to be involved in resistance against Alternaria sp 
in Chrysanthemum morifolium (Zhao et al. 2020). A micro-
array-based global transcriptome profiling of chickpea chal-
lenged with A. brassicae revealed processes like stomatal 
closure, cuticular wax accumulation, production of second-
ary metabolites, ROS accumulation and localized cell death 
to be involved in non-host mediated resistance (Fatima et 
al. 2019).

Comparative genome-wide expression profiles of resis-
tant and susceptible genotypes can help to understand the 
plant defence mechanisms invoked at different stages of 
pathogen invasion and establishment. Herein, an RNA-Seq 
approach was used to decipher the resistance mechanisms 
activated against A. brassicae interaction using two resis-
tant viz. CIBC-5 and Ei-2 and a highly susceptible Zdr-1 
accessions of Arabidopsis. To the best of our knowledge, 
this is the first study that uses a comparative transcriptome 
analysis to gain a holistic understanding of plant defense 
mechanisms activated in Arabidopsis – A. brassicae inter-
action. Our results reveal the association of resistance with 
the reprogramming of the phenylpropanoid pathway. We 
further provide evidence for the involvement of a coumarin 
– scopoletin, in resistance against this pathogen.

Experimental procedures

Plant and fungal growth and inoculation assays

The seeds for A. thaliana accessions CIBC-5 (CS28142), 
Zdr-1 (CS22588), and Ei-2 (CS1124) and the T-DNA inser-
tion mutant seeds (SALK_132418C, SALK_151507C, and 
SALK_151976C) were obtained from Arabidopsis Biologi-
cal Resource Center (ABRC). The mutants were confirmed 
for their homozygosity using gene-specific primers (Suppl. 
Figure S9; Suppl. Table S8). The seeds were sterilized, 
stratified for 3–4 days at 4ºC and grown in Murashige and 
Skoog (MS) media for 10–15 days before transplanting in a 
mix of soil composed of soilrite: vermiculite: perlite (1:1:1). 
The plants were grown in controlled environmental cham-
bers at 22 °C with 10-h/14-h light/dark cycle and 60 − 70% 
humidity.

The Alternaria brassicae J3 isolate (Mandal et al. 2018) 
was sub-cultured and maintained on Radish Root Sucrose 
Agar (RRSA) medium at 20 ± 1 °C under a 12 h light/12 h 
dark cycle. For infection assays, spores collected from a 
15-day-old plate were re-suspended in distilled water at a 
concentration of 103-104 spores/ml.

For transcriptome profiling experiments, five-week-
old Arabidopsis plants of each genotype (CIBC-5, Ei-2, 
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and Zdr-1) were sprayed with spores (104 spores/ml). The 
infected leaf samples from at least 6–8 plants were collected 
at different time points and stored at -80 °C. In parallel, an 
equal number of plants were inoculated with distilled water 
and control samples (mock) were collected at corresponding 
time points. A total of three independent biological repli-
cates at each time point were used for RNA extraction and 
subsequent transcriptome sequencing.

For assaying the disease response in mutants, eight leaves 
per plant were drop inoculated with 5 µl of spore suspension 
(104 spores/ml) at four sites per leaf and the phenotype was 
recorded at 7 dpi. A total of six plant per genotype were 
evaluated. The number of developed lesions and the size 
of the lesion were measured, and the Cumulative Disease 
Index (CDI) was calculated as described in (Rajarammo-
han et al. 2018). The susceptible accession Zdr-1 was used 
a check and its CDI was used to normalize the CDI for each 
plant and denoted as Normalized CDI (NCDI). The signifi-
cance of differences between Col-0 and the mutants was 
determined from three independent biological replicates 
using ANOVA.

RNA extraction, library preparation, and sequencing

RNeasy mini kit (Qiagen, Germany) was used for total RNA 
extraction from the leaf samples (both infected and mock) of 
three replicates from each of the three genotypes following 
the manufacturer’s protocol. DNA was removed from the 
samples using an On-column RNase–free DNase (Qiagen, 
Germany). The quantity of isolated RNA was checked using 
a NanoDrop ND–1000 spectrophotometer. The integrity of 
RNA was checked by agarose gel electrophoresis followed 
by a quality check using the Agilent 2200 tape station. The 
paired-end sequencing libraries were prepared using the 
TruSeq Stranded Total RNA Library Prep Kit as per the 
manufacturer’s instructions The libraries were sequenced on 
a HiSeq 2000 platform (AgriGenomPvt Ltd., Kochi, India). 
For real-time quantitative PCR, the first-strand cDNA was 
synthesized from 1  µg of total RNA using the RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s pro-
tocol. Quantitative PCR was performed on a QuantStudio 
6 Flex Real-Time PCR System (Thermo Fisher Scientific, 
USA) using SYBR Select Master Mix (Thermo Fisher Sci-
entific, USA), cDNA, and specific primers (Suppl. Table 
S8). The relativeexpression of genes was plotted as − ΔΔCt 
(Livak and Schmittgen 2001) with the UBC8 (At5g41700) 
and TIP41 (At4g34270) gene as the endogenous control.

Differential gene expression analysis

Differentially Expressed Genes (DEGs) in response to A. 
brassicae infection were determined by pairwise compari-
son of mock and infected expression values for each geno-
type and time point using DESeq2 (DESeq2 R package 
1.16.1). A false discovery rate (FDR) ≤ 0.05 and an absolute 
value of the|log2(Fold change)|≥1.5 were used as a thresh-
old to determine significant DEGs. The DEGs between 
mock and infected samples at each time point were ana-
lyzed separately for each accession. The DEGs were anno-
tated using The Arabidopsis Information Resource (TAIR) 
database. Gene ontology (GO) enrichment analysis of the 
DEGs was performed using TAIR GO (https://www.arabi-
dopsis.org/tools/bulk/go) and agriGO (http://bioinfo.cau.
edu.cn/​agriGO/analysis.php) with hypergeometric test and 
a significance threshold of 0.05 after Benjamini and Hoch-
berg FDR correction. The GO terms were further filtered 
with REVIGO (revigo.irb.hr) to remove redundant terms. 
The DEGs were mapped onto pathways using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database 
(https://www.genome.jp/kegg/pathway.html) and KEGG 
enrichment analysis (p-value ≤ 0.05) was performed using 
DAVID Functional Annotation Bioinformatics Microarray 
Analysis (https://ncifcrf.gov/). Functional pathway analy-
sis was performed by MAPMAN IMAGE ANNOTATOR 
3.6.0 (https://mapman.gabipd.org/mapman) tool based on 
log2(fold change) values obtained from DESeq2.

Weighted gene co-expression network analysis

A weighted gene co-expression network analysis was carried 
out using the WGCNA package in R (Langfelder and Hor-
vath 2008). The normalized expression counts (for 25,290 
genes) obtained from DESeq2 for all 36 samples were used. 
An appropriate soft threshold of 12 was applied based on 
the scale-free topology criterion. The following parameters 
were used to obtain weighted co-expression clusters net-
work = unsigned, power = 12, minimum module size = 50, 
minimum height for merging modules = 0.25. Pearson’s 
correlation coefficient was used to calculate the correlation 
between the module eigengene and the samples. To estimate 
the association of modules with the trait, modules with a 
correlation coefficient > 0.6 and significant p-value (< 0.05) 
were selected for further analysis. Cytoscape software ver-
sion 3.9.1 (https://cytoscape.org) was used to visualize co-
expression networks.
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C18 analytical column (1.7 μm, 2.1 mm × 50 mm, Waters 
Corp., Milford, MA). The mobile phase consisted of 2% 
Ammonium formate in formic acid (solvent A) and aceto-
nitrile (solvent B) at a constant flow rate of 0.4 ml/min. A 
coupled UV Photodiode array detector (PDA) collected data 
at 340 nm for scopoletin and 4-methylumbelliferone (MeU). 
The standard curve was prepared by diluting 1  mg/ml of 
scopoletin (Sigma Aldrich, USA) to 0.05, 0.1, 0.25, 0.5, 1, 
2.5, 5 µg/ml. The standard curve and percent recovery (esti-
mated by the peak area of the internal standard) were used 
for the absolute quantification of total scopoletin amounts.

Results

Transcriptome sequencing of resistant and 
susceptible Arabidopsis accessions infected with A. 
brassicae

Arabidopsis accessions CIBC-5, Ei-2, and Zdr-1 respond 
differentially upon A. brassicae infection with Zdr-1 
being susceptible while CIBC-5 and Ei-2 showed resistant 
response. The normalized disease index (NDI) for these 
accessions was reported to be 0.03 (CIBC-5), 0.02 (Ei-2) 
and 1.07 (Zdr-1) (Rajarammohan et al. 2018). The A. bras-
sicae spores germinate on the leaf surface within 6–12  h 
post inoculation, however, the first macroscopically observ-
able symptom was seen two (2) days post inoculation (dpi) 
as water-soaked lesions in both resistant and susceptible 
accessions. At 4 dpi, necrotic lesions start to develop only 
in the susceptible accession (Zdr-1) (Figs. 1a and 6a) and by 
7dpi the lesions expand and are associated with a chlorotic 
halo. In the resistant accessions, CIBC-5 and Ei-2, lesions 
were highly restricted at both 4 dpi and 7 dpi (Mandal et 
al. 2018; Rajarammohan et al. 2017). Based on the disease 
progression, 2 dpi and 4 dpi were considered the most suit-
able time points for exploring the mechanisms of defense 
regulation in Arabidopsis against A. brassicae. A compara-
tive transcriptome profiling was conducted on mock and 
infected leaf samples collected from CIBC-5, Ei-2, and 
Zdr-1 at early (2dpi) and late (4dpi) stages in three inde-
pendent biological replicates (Fig. 1b). RNA Sequencing of 
36 samples (3 genotypes × 2 time points × 2 treatments × 3 
biological replicates) using the Illumina platform resulted in 
a total of > 2.4 billion reads, out of which > 93% of the reads 
could be mapped unambiguously to the reference genome 
(TAIR 10.1). A summary of the read counts and mapping is 
given in Suppl. Table S1.

Principal Component analysis (PCA) was carried out to 
understand the variation among the samples and the relative 
importance of each trait (Genotype, treatment, and time). 
The analysis showed that the mock and infected samples 

In vitro bioassays for antifungal activity of 
scopoletin against A. brassicae

The inhibitory effect of scopoletin on the growth of A. bras-
sicae was assessed on RRSA media containing 50, 100, and 
200 µg/mL of scopoletin (Sigma-Aldrich, USA) and plates 
with methanol (1%) served as solvent controls. A 5 mm agar 
plug with actively growing mycelia from a 7-day-old RRSA 
plate was placed in the center of the plate and the radial 
fungal growth was recorded every 24 h.

For spore germination assays, A. brassicae spores were 
suspended in water supplemented with 100 µg ml–1 scopo-
letin or methanol (1% solvent control). Four to five drops 
with 30 to 40 spores were added on a glass slide which 
was placed in a humid chamber and incubated at 20  °C 
o/n to facilitate spore germination. The germinating spores 
were stained with trypan blue (0.4%) and observed using 
a bright-field microscope (Olympus Corporation, Japan). 
Spore germination and hyphal length for a minimum of 90 
spores were recorded using ImageJ software. The experi-
ment was repeated thrice and the significance of differences 
between treatment and control was analyzed using Student’s 
T-test. The solvent control and scopoletin (100 µg ml–1) was 
amended to the spore suspension (104 spores/ml), incubated 
for 3–4 hours to initiate germination and susceptible Zdr-1 
plants were inoculated as described above. Cumulative Dis-
ease index was calculated at 7dpi. Eight leaves per plant 
were drop inoculated with 5  µl of spore suspension (104 
spores/ml) at four sites per leaf. A total of four plants per 
treatment were evaluated in four independent experiments. 
The significance of differences between treatment and con-
trol was analyzed using Student’s T-test.

Quantification of scopoletin

For scopoletin estimation, 8–10 leaves per plant, from a set 
of six plants of each genotype (CIBC-5, Zdr-1, and Col-0) 
were inoculated with either six drops of 5 µl of spore sus-
pension (5 × 103 spores/ml) or distilled water (mock) and 
leaf samples were collected at 2 dpi and 4 dpi. The experi-
ment was performed thrice. Plant tissues were freeze-dried 
(Labconco, USA), 100 mg of each sample was pulverized at 
a frequency of 22 Hz for 2.5 min and 1mL of 80% methanol 
containing 4-methylumbelliferone (10 µM) as an internal 
standard was added. The tubes were incubated overnight at 
4  °C, centrifuged twice at 13,000× g for 12  min and the 
supernatant was collected. Hydrolysis of scopoletin was 
performed as described by (Chezem et al. 2017). The super-
natants were filtered with a 0.2 μm syringe filter (MDI Pvt 
Ltd, India), and analysed using a Waters Acquity UPLC H 
Class System (Waters Corp., Milford, MA). Scopoletin sep-
aration was performed on a bridged ethylene hybrid (BEH) 
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dpi in all three accessions- from 2019 to 4748 in CIBC-5; 
1411 to 3463 in Ei-2; 2344 to 4787 in Zdr-1 indicating a 
major transcriptional reprogramming at 4dpi. A compara-
tive analysis between CIBC-5 and Zdr-1 at both time points 
detected 54.3% (3688) common DEGs while Ei-2 and Zdr-1 
had 44.8% (2908) common DEGs. 882 and 705 unique 
DEGs were identified in CIBC-5 and Ei-2 respectively, 
while the expression of 1183 genes was uniquely modulated 
in susceptible accession post infection (Fig. 2).

Gene Ontology (GO) enrichment, KEGG mapping, and 
MapMan analysis were performed on both up and down-
regulated gene sets to classify DEGs into different func-
tional categories. The up-regulated DEGs were significantly 
enriched in biological processes and pathways involved 
in “response to stress”, “response to chitin”, “defense 
response”, “secondary metabolic process” “glutathione” 
and “phenylpropanoid pathway”. The down-regulated gene 
sets showed an over-representation of biological processes 

were grouped separately. The variation in gene expression 
was primarily influenced by pathogen infection (PC1 56%). 
In addition the variation in resistant accessions at different 
time points post infection appeared as a separate cluster as 
compared to Zdr-1 (PC2 16%). The data from three differ-
ent biological replicates were tightly grouped for each sam-
ple indicating high reproducibility within the experiments 
(Fig. 1c).

Dynamics of transcriptional reprogramming post A. 
brassicae infection

A pairwise comparative analysis of differentially expressed 
genes was performed at 2 dpi and 4 dpi in the three acces-
sions and between the resistant (CIBC-5; Ei-2) and suscepti-
ble (Zdr-1) accessions. A comparable number of DEGs were 
identified in CIBC-5 (6767), Ei-2 (4874), and Zdr-1 (7131). 
The number of DEGs increased markedly from 2 dpi to 4 

Fig. 1  Overview of RNA sequencing data: (a) Symptom develop-
ment and contrasting responses of CIBC-5 and Ei-2 (resistant) and 
Zdr-1 (susceptible) at 2 day and 4 day post inoculation with A. bras-
sicae. The red circles represent the formation of water-soaked lesions 
at 2dpi and the development of prominent necrotic lesions at 4dpi 
(b) Schematic representation of experimental design and sample col-
lection for RNA sequencing analyses of A. thaliana accessions in 
response to A. brassicae. The experimental design consisted of three 

important traits, Genotype (resistant or susceptible), condition (mock 
or infected) and time (2dpi and 4dpi). Three independent experi-
ments were conducted for RNA-Seq analysis (c) Principal component 
analysis of transcriptome expression of 36 samples: The PCA plot for 
RNA-Seq data shows the clustering of transcriptome data by condition 
(mock vs. infected) along PC1 (X-axis) and genotype (CIBC-5, Ei-2 
and Zdr-1) along PC2 (Y- axis)
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correlated with both the resistant and susceptible accessions 
while GO terms related to signal transduction, glutathione 
metabolism, and toxin metabolic process were specific 
to modules associated with resistant accessions (Fig.  3b; 
Suppl. Table S4).

The M2 module with 4778 genes, specifically associ-
ated with CIBC-5, was examined further (Fig. 3a). KEGG 
pathway enrichment analysis revealed DEGs related to 
thephenylpropanoid biosynthesis pathway to be highly 
enriched (Fig. 3c; Suppl. Table S4). The DEGs with high 
connectivity of Kwithin >500 and gene significance > 0.4 
were selected as candidate hub genes which included 
genes like At3g50280, At3g13610, At1g33030, At4g34230, 
At4g34050, At1g26380, At1g72680, At2g30490, 
At2g37040, At4g08770, At4g08780 from the phenylpro-
panoid pathway (Fig. 3c; Suppl. Table S5). Interestingly, 
the genes involved in scopoletin biosynthesis namely, 
At3g13610 encoding FERULOYL-CoA 6-HYDROXYLASE1 
(F6′H1) and At4g34050 encoding CAFFEOYL COEN-
ZYME A O-METHYLTRANSFERASE 1 (CCoAOMT1) were 
among the top candidate hub genes. Additionally, transcrip-
tion factor MYB15 [GS = 0.6] known to regulate the expres-
sion of F6’H1 and other phenylpropanoid-related genes was 
also found in the same module (Suppl. Table S5). Based on 
these results, we posited the importance of this branch of the 
phenylpropanoid pathway in resistance against A. brassicae.

and pathways related to “photosynthesis”, “phytohormone 
signalling” “cell wall biogenesis and organization” and 
“biosynthesis of secondary metabolites” (Suppl. Figures S1 
& S2; Suppl. Table S2). MapMan analysis confirmed the 
up-regulation of DEGs involved in secondary metabolism, 
amino acids, and lipid metabolism category while the down-
regulated DEGs were involved in photosynthesis and cell 
wall-related functions in all the accessions (Suppl. Figures 
S3, S4, and S5).

Co-expression analysis reveals association of 
phenylpropanoid pathway with resistance

A Weighted Gene Co-expression Network Analysis 
(WGCNA) was performed to identify gene transcriptional 
networks correlated with stages of infection within each 
accession. To ensure a scale-free network, the soft threshold 
power of 12 (β = 12) was selected to construct co-expres-
sion networks (Suppl. Figure S6a). The modules with simi-
lar expression were merged by the dynamic tree cut method 
resulting in 25 modules comprising 127 genes (M22) to 
4877 genes (M2) (Fig. 3a; Suppl. Figure S6b; Suppl. Table 
S3). Based on Module Eigengene- Trait relationships, we 
identified modules that had a significant (p < 0.05) positive 
(r2 > 0.6) or negative (r2<-0.6) correlation with the pheno-
type. At 4dpi, M2 (r = 0.62) showed the highest correlation 
with CIBC-5, M4 (r = 0.68) and M5 (r = 0.93) with Ei-2 
while M8 (r = 0.78) and M9 (r = 0.9) were significantly cor-
related with Zdr-1 (Fig. 3a). GO terms like secondary meta-
bolic processes, defense response to fungus, and response 
to oxidative stress were over-represented in all the modules 

Fig. 2  UpSet plot depicting the intersections of differentially 
expressed genes within resistant and susceptible accession. The 
horizontal bars on the left represent the total number of DEGs identi-
fied in each pairwise comparison (Infected vs mock) within an acces-
sion (CIBC-5, Ei-2 and Zdr-1) for different time points (2-, 4 dpi). 

DEGs shared between groups are represented by connected black dots, 
while the unconnected black dots represent unique genes. Vertical bars 
indicate the number of genes within each intersection. Grey points 
depict no intersections
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Suppl. Figure S8). To evaluate if defense-induced expres-
sion of multiple genes of this pathway contributes towards 
resistance against A. brassicae, we performed infection 
assays on previously characterized T-DNA mutants f6’h1-
1(SALK_132418C), ccoaomt1 (SALK_151507C), and 
myb15-1 (SALK_151976C) (Kai et al. 2008; Chezem et al. 
2017). Since the mutants are available in the Col-0 back-
ground which is also resistant to A. brassicae (NDI-0.13 
Rajammohan et al. 2018) (Fig. 6a), we estimated the levels 
of gene expression post- infection in Col-0. Consistent with 

Scopoletin deficient mutants exhibit increased 
susceptibility to A. brassicae

The role of phenylpropanoid compounds in defense against 
a large number of pathogenic infections is well documented 
(Yadav et al. 2020b). The expression of the phenylpro-
panoid pathway genes, specifically the scopoletin biosyn-
thesis gene F6′H1 was highly enhanced at 4dpi in CIBC-5 
as compared to Zdr-1. Similarly, MYB15 was induced in 
CIBC-5 as compared to Zdr-1 (Fig. 4a; Suppl. Figure S7a; 

Fig. 3  Weighted gene co-expression network analysis (a) Heatmap 
depicting Module-trait relationships calculated for each trait. The traits 
of interest (x-axis) were correlated to each module (y-axis). The num-
bers in each cell represent the corresponding correlation value and the 
p-value is represented in brackets. The color in the heatmap reflects the 
degree of correlation of the module with respective samples. (b) Dot 
plots depicting significant GO Biological Process enriched in selected 
modules M2, M5, M4, and M9 from both resistant and susceptible 
accession at 4 dpi (c) Co-expression network of phenylpropanoid 

related genes in the M2 module. The network depicts edge interactions 
of weight > 0.25. The genes involved in scopoletin biosynthesis and 
regulation are marked as red circles. The genotypes and the time points 
are represented as; C2W: CIBC-5 mock 2 day; C2: CIBC-5 infected 
2 day; C4W: CIBC-5 mock 4 day; C4: CIBC-5 infected 4 day; Z2W: 
Zdr-1 mock 2 day; Z2: Zdr-1 infected 2 day; Z4W: Zdr-1 mock 4 day; 
Z4: Zdr-1 infected 4 day; E2W: Ei-2 mock 2 day; E2: Ei-2 infected 
2 day; E4W: Ei-2 mock 4 day; E4: Ei-2 infected 4 day
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index of 0.69 ± 0.09 for f6’h1-1, 0.54 ± 0.08 for ccoaomt1, 
and 0.68 ± 0.08 for myb15-1 as compared to 0.24 ± 0.08 for 
Col-0 (Fig. 4b; Suppl. Table S6). Based on these results we 
speculated the role of the scopoletin biosynthesis pathway 
in imparting resistance against A. brassicae.

our transcriptome analysis the level of transcripts of F6’H1, 
CCoAOMT1, and MYB15 in Col-0 increased post infection 
(4dpi) (Suppl. Figure S7b). All the mutant lines challenged 
with A. brassicae spores developed larger necrotic lesions 
as compared to Col-0 (Fig. 4b). A normalized cumulative 
disease index (NCDI) for mutants and Col-0 was calcu-
lated by considering the number and size of necrotic lesions 
developed at 7 dpi. The mutants showed a higher disease 

Fig. 4  Scopoletin contributes to 
resistance against A. brassi-
cae (a) Schematic representation 
of the differential expression of 
genes related to the scopoletin 
biosynthesis pathway. The genes 
are labeled as CCoAOMT1 (Caf-
feoyl-CoA-O methyltransferase), 
F6′H1 (Feruloyl CoA 6′-hydroxy-
lase 1), MYB15 (Transcription 
Factor). Expression of genes in 
CIBC-5, Ei-2, and Zdr-1 at 2dpi 
and 4dpi is represented as heat 
map generated using log2FC. 
The colors specify the levels of 
expression (0–7 log scale) in each 
pairwise comparison between 
mock and infected samples while 
the grey-colored boxes indicate 
no differential expression. C2 
represents CIBC-5 2dpi infected 
vs. mock; E2: Ei-2 2dpi infected 
vs. mock, Z2: Zdr-1 2dpi infected 
vs. mock, C4: CIBC-5 4dpi 
infected vs. mock; E4: Ei-2 4dpi 
infected vs. mock, Z4: Zdr-1 4dpi 
infected vs. mock. (b) Represen-
tative images of infected leaves 
of mutants- f6’h1-1, ccoaomt1, 
myb15-1 and wild-type (Col-0) 
at 7 dpi. The boxplot shows the 
mean normalized cumulative dis-
ease index (NCDI) of wild-type 
(Col-0) and mutants from three 
biological replicates. To calculate 
NCDI of each line, the disease 
index of mutants and Col-0 were 
normalized with respect to Zdr-1 
(DI = 1)*
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necrotrophic fungal pathogens namely Alternaria bras-
sicicola, Sclerotinia sclerotiorum, and Botrytis cinerea 
respectively (Lee et al. 2017; Ono et al. 2020; Zhang et al. 
2013). GO enrichment analysis of the DEGs highlighted the 
downregulation of photosynthesis genes in the susceptible 
accession early during infection. Similar chloroplast degra-
dation and associated downregulation in the photosynthetic 
processes were also reported in a compatible interaction 
between Brassica oleracea and A. brassicicola (Macioszek 
et al. 2020) and in pad3 susceptible mutant of Arabidop-
sis (Narusaka et al. 2003). Chloroplasts are a major source 
of ROS and phytohormone production that are targeted by 
several fungal effectors (Li and Kim 2022) ROS generation 
and associated cell death in the host effectively limits the 
spread of biotrophic pathogens; on the contrary, necrotro-
phic pathogens have evolved strategies to hijack this host 
response to their benefit (Torres et al. 2006). In Alternaria 
- A. thaliana interaction ROS and cell death were observed 
to be important determinants of susceptibility (Mandal et al. 
2019; Su’udi et al. 2011). To maintain the delicate balance of 
ROS production and scavenging, Arabidopsis has efficient 
antioxidant machinery (Dvořák et al. 2021). An upregula-
tion of genes like thioredoxin, glutaredoxin, peroxiredoxin, 
and glutathione involved in ROS scavenging was observed 
in the resistant accession CIBC-5 while some components 
of this machinery were downregulated in Zdr-1. Previous 
proteome studies have also reported enhanced expression 
of antioxidants, especially GSTUs post A. brassicicola 
infection in A. thaliana (Mukherjee et al. 2010). Several 
Transcription Factors (TFs) belonging to WRKYs, MYBs, 
AP2- ERFs known to be involved in defense against necro-
trophs (Birkenbihl and Somssich 2011) were also found to 
be upregulated in the resistant accessions CIBC-5 and Ei-2.

The gene co-expression analysis followed by GO enrich-
ment suggested a connection between induction of the 
phenylpropanoid pathway and resistance against A. brassi-
cae. Activation of the phenylpropanoid pathway and accu-
mulation of its derivatives has been strongly correlated with 
resistance in various Alternaria- host interactions like A. 
alternata- pear, A. cassia- Cassia obstuisifolia, A. alternata 
f. sp.mali- apple, A. solani- tomato (Hoagland 1990; Shinde 
et al. 2018; Geng et al. 2020; Guo et al. 2023). Addition-
ally, the upregulation of the MYB class of transcription 
regulators: MYB − 15, -75, -90, and 113, involved in lig-
nin, scopoletin, and anthocyanin biosynthesis and various 
downstream genes in the resistant accessions post-infection 
was also observed (Suppl. Figure S7a and Suppl. Table 
S7). Enrichment analysis of the genes in the M2 module, 
positively correlating with the resistant line at 4dpi, further 
underscored the possible role of the scopoletin biosynthe-
sis pathway in resistance. Some earlier reports have also 
implicated scopoletin in resistance against fungal pathogens 

Scopoletin has antifungal activity against A. 
brassicae

To test the effect of scopoletin on A. brassicae growth, dif-
ferent concentrations (50-, 100-, and 200 µg/ml) of scopo-
letin were added to RRSA plate, and radial fungal growth 
was recorded for 6 days at an interval of 24 h. A concentra-
tion-dependent reduction was observed in the fungal growth 
(Fig. 5a). The effect of scopoletin on spore germination and 
primary hyphal growth was also evaluated. The presence of 
scopoletin (100 µg/ml), did not affect the spore germination 
(Fig. 5b) however, primary hyphal length showed a marked 
reduction of 41% (0.056 ± 0.05 mm) as compared to the sol-
vent control (0.09 ± 0.1 mm) (Fig. 5c & d). Co-application 
of scopoletin and fungal spores on a susceptible accession 
was effective in reducing the disease index significantly 
(Fig. 5e).

We estimated the total scopoletin levels in the resistant 
(CIBC-5 and Col-0) and susceptible accession (Zdr-1) in 
mock and infected samples. The total scopoletin level was 
observed to be ranging between 4.55 and 5.32 µM in all 
three accessions. Although a comparable absolute level of 
scopoletin was detected post infection in all the accessions, 
however a slight enhancement was observed in C2/C2W (2 
dpi) (Fig. 6b).

Discussion

The molecular basis of quantitative resistance to the necro-
trophic pathogen A. brassicae is less understood due to the 
complexity of responses it triggers in the host. The avail-
ability of Arabidopsis accessions with contrasting responses 
to A. brassicae infection was leveraged to examine the 
resistance mechanisms activated in the model host. Here 
we examined the global transcriptional status of resistant 
(CIBC-5 and Ei-2) and susceptible (Zdr-1) Arabidopsis 
accessions during pathogen infection. In total, we identified 
5774 and 12,998 DEGs at the early and late stages of infec-
tion. Following the appearance of differential symptoms at 
4dpi, a larger number of DEGs (12,998) were detected at a 
later stage of infection.

As observed earlier fungus starts to penetrate through 
the stomata as early as 6–12 hpi infection (Mandal et al. 
2018). We observed distinct upregulation of several Recep-
tor-Like Kinases (RLKs) including Receptor Like Proteins 
(RLPs), Cysteine Rich Kinases (CRKs), and Wall Associ-
ated Kinases (WAKs) early during infection. RLPs (20, 35, 
41) and CRKs (7, 32, 36) were highly expressed in resis-
tant accessions and might be involved in PAMPS/ effectors/ 
toxin recognition. Several of these receptors like CRK36, 
RLP23, and RLP30 have been implicated in defense against 
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Fig. 5  Inhibition of A. brassicae growth and spore germination in 
vitro: Graph depicting (a) the area of A. brassicae mycelium growth 
on RRSA supplied with 0, 50, 100, and 200 µg ml–1 scopoletin; data 
was collected each day till 7 days. Asterisks indicate the level of sig-
nificant difference in area between solvent control and scopoletin sup-
plemented plates (Student’s t-test: *P < 0.05) (b) percentage germina-
tion (c) primary hyphal length when spores were supplemented with 
100  µg ml–1 along with solvent control. The primary hyphal length 
was measured by ImageJ software and a minimum of 90 spores were 
accessed per experiment. Asterisks indicate the level of significant dif-
ference in area between solvent control and scopoletin supplemented 
spores (Student’s t-test: *P < 0.01). The assays were performed in trip-

licates (d) Representative pictures depicting trypan blue stained spore 
germination and primary hyphal elongation in spores supplemented 
with 100µgml− 1 scopoletin and solvent control (e)A. brassicae spores 
were supplemented with solvent control or scopoletin (100 µg ml–1) 
and inoculated on leaves of Zdr1. The data represent four indepen-
dent experiments. In each experiment eight leaves per plant with a 
minimum of four plants for each genotype were evaluated. Cumulative 
Disease Index (CDI), a measure of the number of lesions developed 
and the size of the lesion, was used to score the extent of disease sever-
ity (7dpi) which is represented as Box plots along with representative 
images
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susceptibility towards Pto DC3000 (Kai et al. 2008; Che-
zem et al. 2017). MYB15, a SG2 type R2R3- transcription 
factor, induced upon flg22 elicitation transcriptionally acti-
vates scopoletin production by regulating the expression of 
CCoAOMT1 and F6’H1. The basal level of total scopole-
tin in myb15 mutant is significantly reduced (Chezem et al. 
2017). The enhanced susceptibility of myb 15 − 1, f6’h1-1, 
and ccoaomt1 mutants towards A. brassicae and improved 
tolerance upon topical application of scopoletin provides 
novel insights into the role of this coumarin in A. brassicae 
defense. Unlike F6′H1 and MYB15, differential expression 
of CCoAOMT1 between the resistant and susceptible acces-
sion was not observed however, it was identified as one of 
the hub genes in WGCNA.

Scopoletin has been reported to have antifungal activity 
against several fungal pathogens like S. sclerotiorum, Col-
letotrichum species, B. cinerea, A. alternata, P. pachyrhizi 

A. alternata (Sun et al. 2014) and Phakopsora pachyrhizi 
(Beyer et al. 2019).

Scopoletin is a major secondary metabolite generally 
synthesized in the Arabidopsis roots (Kai et al. 2008). In 
Arabidopsis, scopoletin biosynthesis pathway involves 
the conversion of caffeic acid to ferulic acid by CAF-
FEOYL COENZYME A O-METHYLTRANSFERASE 1 
(CCoAOMT1). The further conversion of ferulic acid to 
scopoletin is regulated by FERULOYL-CoA 6-HYDROXY-
LASE1 (F6′H1), the key enzyme for scopoletin biosynthesis 
(Kai et al. 2008). The expression of F6′H1 and the metabolite 
scopoletin has been reported to be induced in leaves upon 
pathogen infection or treatment with 2,4-dichlorophenoxy-
acetic acid (Kai et al. 2006, 2008). Arabidopsis T-DNA 
mutants of major genes involved in scopoletin biosynthesis- 
CCoAOMT1 and F6’H1 result in 30% and 90% reduction 
respectively, in the metabolite content and exhibit enhanced 

Fig. 6  In vivo levels of scopoletin in resistant and susceptible 
accessions: (a) Representative images showing contrasting disease 
responses of Arabidopsis accessions Zdr-1 (susceptible), CIBC-5 
and Col-0 (resistant) after spray infection with A. brassicae spores 
(104spores/ml). Water soaked lesion at 2 dpi and necrotic lesions at 
4dpi in Zdr-1 accession highlighted by circles (b) Graph depicting 
ratio of the level of scopoletin in infected samples as compared to the 
respective mock (infected/mock) in CIBC-5 and Col-0 and Zdr-1. The 

experiment was performed with three biological replicates. In each 
replicate, a total of six plants and 8–10 leaves from each plant were 
inoculated with A. brassicae spores or water (mock) and 100 mg of 
leaf tissues from each sample was analysed for scopoletin levels. The 
genotypes and the time points are represented as C2/C2W: CIBC-5 
2dpi; Z2/Z2W: Zdr-1 2dpi; Col2/Col2W: Col-0 2dpi; C4/C4W: 
CIBC-5 4dpi; Z4/Z4W: Zdr-1 4dpi; Col4/Col4W: Col-0 4dpi
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