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A B S T R A C T

The necrotrophic fungus Ascochyta rabiei poses a significant threat to chickpea cultivation worldwide, leading to 
severe yield losses and quality reduction. Understanding the molecular mechanisms behind the pathogenicity of 
A. rabiei is essential for developing effective management strategies. This study employed transcriptomic ana
lyses to compare the gene expression profiles among two A. rabiei isolates with differing pathogenicity levels 
(highly pathogenic AR0231 and low pathogenic AR0225) during interaction of PBA HatTrick chickpea genotype 
at the early podding stage. PBA HatTrick is classified as moderately susceptible to A. rabiei based on field trial 
ratings from the GRDC National Variety Trials. Like most cultivated chickpea varieties, its resistance to A. rabiei 
is generally considered polygenic and quantitative in nature, with no major resistance gene identified to date. A 
total of 105 differentially expressed genes (DEGs) were identified, including 57 upregulated and 48 down
regulated in AR0231. Notably, effector-related genes were prominent among the upregulated DEGs, including 
EKO05_0002468, a homolog of the CoNIS1 effector gene that suppresses plant immunity, and EKO05_0010552, a 
homolog of PsGIP2/PsGIP1 encoding a glucanase inhibitor that protects fungal cell walls from host enzymes. 
Additionally, EKO05_0001368, homologous to PesCDA/VdPDA1, encodes a chitin-binding effector linked to 
immune evasion. Downregulated DEGs included EKO05_0006947, a LysM-domain effector homolog implicated 
in masking fungal chitin from host detection. These findings provide new insights into the molecular mechanisms 
employed by A. rabiei during infection of mature chickpea tissue and highlight candidate genes for future 
research on improving chickpea resistance to Ascochyta blight.

1. Introduction

Ascochyta blight, caused by the necrotrophic filamentous fungus 
Ascochyta rabiei, poses a significant challenge to worldwide chickpea 
cultivation (Pande et al., 2005; Singh and Reddy, 1993; Trapero-Casas 
and Kaiser, 1992). Symptoms develop on all aerial parts of the plant but 
are most prominent during the flowering to early podding stages when 
they cause interference with normal photosynthesis and growth, leading 
to seed shriveling, discoloring and abortion (Pande et al., 2005; Sharma 
and Ghosh, 2016). Under favourable conditions and without appropriate 
disease management practices, such as the use of tolerant chickpea va
rieties and preventative fungicide applications, the disease can cause 
severe quality reduction and up to 100 % yield loss (Nene et al., 2012; 
Nene, 2008). In Australia alone, the average annual loss is AUD 4.8 
million (Foresto et al., 2023; Newman et al., 2021), with the manage
ment of A. rabiei becoming ever more challenging due to the emergence 
of highly pathogenic pathotypes at increasing rates (Bar et al., 2021; 

Bretag et al., 2008). The rapid evolution of these pathotypes is likely 
driven by host-imposed selection pressures (Singh et al., 2022). Recent 
whole-genome sequencing studies have identified specific SNP loci 
associated with aggressiveness in A. rabiei populations (Vaghefi et al., 
2024), although the functional relevance of these loci remains largely 
unknown.

Effector molecules are central to the pathogenicity of necrotrophic 
fungi (Brown and Kosack, 2015; Li et al., 2022). In A. rabiei, several 
candidate effectors have been identified through transcriptomic 
profiling, including those encoding small secreted proteins (SSPs) and 
other genes differentially expressed during infection (Fondevilla et al., 
2015; Verma et al., 2017). A recent study functionally characterized 
ArPEC25, a nuclear-localized effector that targets the chickpea tran
scription factor CaβLIM1a to suppress lignin biosynthesis, weakening 
cell wall defenses and enhancing susceptibility (Singh et al., 2023). 
These findings demonstrated that effector activity can extend beyond 
immunity suppression to structural manipulation of host tissues. 
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However, the majority of A. rabiei effectors remain uncharacterized, and 
their contributions to virulence, host specificity, and immune evasion 
are not yet fully understood. The recent targeted mutation of the suc
cinate dehydrogenase subunit B has enabled more efficient trans
formation and functional validation of effector candidates in A. rabiei 
(Debler et al., 2025).

Several effector classes with defined immunity-suppressive roles 
have been described in other fungal pathosystems but are yet to be 
functionally validated in A. rabiei. For example, Verticillium dahliae 
produces a chitin deacetylase (VdPDA1) that alters fungal cell wall 
components to avoid recognition by host immune receptors (Volk et al., 
2019), while Cladosporium fulvum secretes LysM-domain effectors that 
bind chitin fragments and prevents their detection by host pattern 
recognition receptors (Jonge et al., 2010; Jonge and Thomma, 2009). 
Although A. rabiei encodes homologs of these effector types, their roles 
in immune evasion remain speculative.

Most functional studies in A. rabiei to date have focused on seedling 
or early vegetative stages of chickpea (Basandrai et al., 2007; Sharma 
and Pande, 2010), leaving later developmental stages underexplored. 
The early podding stage is particularly important, as this is when the 
plant prioritizes resource allocation toward seed filling and reproductive 
success. During this phase, defense responses such as reactive oxygen 
species (ROS) production, pathogenesis-related (PR) gene expression, 
and salicylic acid-mediated signaling are downregulated or delayed 
(Chongo et al., 2001), making the host more vulnerable to infection. 
Severe disease at this stage can result in reduced marketable yield due to 
pod lesions or complete yield loss due to the plant’s reduced capacity for 
recovery.

To uncover a deeper understanding of A. rabiei effectors and other 
pathogenicity associated molecules, this study uses RNA sequencing to: 
(1) identify differentially expressed genes (DEGs) between two A. rabiei 
isolates with contrasting pathogenicity during early podding-stage 
infection of chickpea, (2) examine candidate genes involved in im
mune evasion, nutrient uptake, and metabolic adaptation, and (3) 
highlight effector molecules that contribute to host recognition and 
invasion.

2. Materials and methods

2.1. A. rabiei isolates and plant material

Two A. rabiei isolates from the Griffith University A. rabiei collection 
that demonstrate distinct low and high pathogenicity across a differ
ential host set (AR0225 and AR0231) were chosen for this study (Bar 
et al., 2021; Sambasivam et al., 2020a). The isolate pathogenicity met
adata is available on the publicly accessible Ascochyta Dashboard 
(https://shinotate.pp18000.cloud.edu.au/shiny/Asco_dashboard/). Ac
cording to the Dashboard and prior lesion scoring data, AR0231 was 
consistently classified as belonging to pathogenicity group (PG) 5, 
indicative of high aggressiveness and severe disease expression, while 
AR0225 was categorized as a PG 1 isolate, indicating low aggressiveness 
and minimal lesion development. The chosen isolates originate from the 
highly clonal Australian A. rabiei population, with a highly similar ge
netic background, based on whole genome single nucleotide poly
morphism diversity analysis (Vaghefi et al., 2024). The low pathogenic 
isolate AR0225 was collected in 2020 from chickpea cv. PBA Seamer 
grown in Narromine, New South Wales, Australia and the high patho
genic isolate AR0231 was collected in 2020 from cv. PBA HatTrick 
grown in Narwonah, New South Wales, Australia.

Isolate cultures were established by transferring water-stored 
mycelial agar plugs onto fresh V8 juice agar plates (90 mm Petri dish 
with 20 ml V8 juice agar). Plates were then sealed with parafilm M® and 
incubated at 20 ± 2 ◦C for 14 days. To expose the isolates to the mature 
host tissues, plants of the moderately susceptible PBA HatTrick chickpea 
cultivar were grown in a controlled-environment growth room at 26 ◦C 
± 2 ◦C under a 12-h light/12-h dark cycle. Three biological replicates, 

each consisting of three plants per pot (135 × 140 mm), were cultivated 
in Searles advanced potting mix soil and maintained for approximately 
10 weeks until the early podding stage. Plants were sprayed until run-off 
with a 1 × 105 conidiospore suspension of A. rabiei AR0225 or AR0231 
isolate. The spore suspension was prepared in sterile water with the 
addition of 2–3 drops of Tween 20 per 100 mL (equivalent to 0.02 % v/ 
v) to act as a surfactant and ensure even leaf coverage. Water containing 
Tween 20 was used as a negative control (Christie et al., 2021). Leaf 
samples were collected from each pot (replicate) at 12 and 72 h post 
inoculation (hpi). Based on prior studies, 12 hpi corresponds to the spore 
germination and early penetration phase, while 72 hpi reflects the onset 
of intracellular colonization prior to visible lesion development 
(Sambasivam et al., 2020b). Samples were instantly frozen in liquid N2 
and stored at − 80 ◦C until RNA extraction (Fig. 1). Development of 
disease symptoms (leaf, pod and stem lesions) was observed visually 
approximately three weeks post-inoculation in inoculated plants to 
confirm establishment of the disease and differential disease response 
between the isolates.

2.2. RNA extraction and cDNA synthesis

Leaf samples (100 mg) were pulverized while frozen in liquid N2 
using a TissueLyser at 30 Hz for 30 s × 4 times. Samples were homog
enized in 2 mL centrifuge tubes, each containing three stainless steel 
beads (2.4 mm diameter). The samples were kept frozen during ho
mogenization by resubmerging them in liquid nitrogen for 30s between 
each homogenizing cycle. Total RNA was extracted using the NucleoZOL 
(Macherey–Nagel) following the manufacturer’s protocol and were 
treated with DNase to using the TURBO DNA-free™ Kit (Invitrogen). 
The RNA concentration, purity and integrity were assessed using 
Nanodrop (Thermo-Fisher Scientific), Qubit 3 (Invitrogen) and gel 
electrophoresis (2 % agarose gel), respectively.

cDNA synthesis was performed using the SensiFAST™ cDNA Syn
thesis Kit (Bioline) following the manufacturer’s instructions. A total of 
1 μg RNA was used as a template for reverse transcription in a reaction 
volume of 20 μL. The synthesized cDNA was then used for downstream 
qPCR analysis.

2.3. RNA sequencing and transcript quantification

A quantity of 2 μg of each high-quality RNA was sequenced using the 
Illumina NovaSeq platform (S2 flow cell) by the Australian Genome 
Research Facility (AGRF; Melbourne, Victoria). Subsequently, the Illu
mina bcl2fastq 2.20.0.422 pipeline facilitated the conversion of base 
calls to fastq format for sequence data generation. Raw sequencing reads 
were obtained from AGRF and uploaded into the Galaxy Australia web 
platform (http://usegalaxy.org.au) for further processing (Afgan et al., 
2018). A custom workflow was developed to identify transcripts and 
obtain read counts (Fig. 1). First, adaptor trimming and low-quality 
bases/reads removal was performed with fastp v0.23.2 with default 
parameters (Chen et al., 2018). Trimmed reads were then mapped to the 
A. rabiei reference genome, strain Me14 (NCBI accession GCA_0040 
11695.2 (Shah et al., 2020); using bwa-mem 2 v2.2.2.1 with default 
parameters (Vasimuddin et al., 2019). This was followed by the speci
fication of read groups for each sample, marking duplicates, and con
version of the alignments into coordinate-sorted indexed BAM files using 
Picard v2.18.2 (https://broadinstitute.github.io/picard/). Read counts 
were assigned to gene features using featureCounts v1.6.4 based on the 
Me14 reference genome annotation. Mapping statistics were obtained 
with Qualimap v2.2.2 d (Liao et al., 2013) and combined with trimming 
and read assignment statistics into a single interactive report using 
MultiQC v1.11 (Ewels et al., 2016; Okonechnikov et al., 2016).

2.4. Differential gene expression analysis

Differential gene expression analyses were performed on the 
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featureCounts output count matrix using edgeR v3.26.8 in the R v3.6.1 
language and environment for statistical computing (Y. Chen et al., 
2014). Prior to analysis, the Trimmed Mean of M-values (TMM) 
normalization method was applied to the raw count data to account for 
differences in library sizes and reduce technical biases between samples. 
This method adjusted the gene expression levels to make them compa
rable across samples, ensuring accurate identification of 
differentially-expressed genes (DEG)s. Computed p-values were 
adjusted using the Benjamin–Hochberg false discovery rate (FDR) 
correction to account for multiple comparisons with an absolute log2 of 
the fold change (|log2FC|) >1.5 and an FDR <0.05 as criteria used to 
determine differential expression. The edgeR package was used for data 
normalization and log-CPM calculation, while ggplot 2 v3.5.1 package 
was used to visualize the outputs (Wickham, 2009).

2.5. Quantitative real-time PCR (qPCR) analysis

To validate the transcriptomic differential gene expression results, 
four differentially expressed genes (FGL1, GIP1, PDA1, and Six 3) were 
selected for qPCR analysis. For this, 1 μg of the same RNA samples used 
for RNA-Seq was converted to cDNA using the SensiFAST™ cDNA 
Synthesis Kit (Bioline), and this cDNA was used as the template for 
qPCR. Each sample included three biological replicates and three tech
nical replicates. Primers for all genes were designed using Primer 3 
software (Supplementary Table 1), ensuring specificity to the A. rabiei 
genome reference (NCBI ID: GCF_004011695.2). Primer efficiencies 
were determined using a five-point, 10-fold serial dilution standard 
curve, starting from an initial cDNA concentration of 100 ng/μL, with 
serial dilutions of 100, 10, 1, 0.1, and 0.01 ng/μL. The reaction effi
ciency was estimated from the slope of the standard curve, and values 
were expressed as Eff values, calculated using the formula: Eff = 10− 1/ 

slope. Eff values indicate the relative amplification performance of each 
primer set, where an Eff value of 2.00 corresponds to perfect doubling of 
DNA per cycle. The obtained Eff values for each gene and R2 values are 
provided in supplementary data (Supplementary Table 1). qPCR re
actions were carried out in 10 μL reaction volumes using SYBR Green 
Master Mix (Thermo Fisher Scientific) in a CFX96 Real-Time PCR 
Detection System (Bio-Rad). The thermal cycling conditions were 95 ◦C 
for 2 min, 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s.

The reference genes EF1-α (EKO05_0003491) and PEP1 
(EKO05_0002228) were used to normalize for variations in input cDNA 
across samples, ensuring accurate quantification of target gene expres
sion levels. These genes were selected based on its stable expression in 

related species (Che et al., 2016), and their expression levels were 
examined in transcriptomic dataset, where both genes exhibited 
consistent expression across the two A. rabiei isolates. A pooled cDNA 
sample was prepared by combining equal aliquots from two experi
mental samples. It was included on each qPCR plate to serve as an 
inter-plate calibrator to ensure consistency across runs. The ΔΔCq 
method was applied to determine relative gene expression (Pfaffl, 
2001). qRAT software was used to process raw Cq values, normalize 
expression based on reference genes (Flatschacher et al., 2022). Statis
tical significance of differential expression was assessed using the 
Kruskal–Wallis non-parametric test on ΔΔCq values (p < 0.05) (Kruskal 
and Wallis, 1952; Qi et al., 2014). Final bar graph with error bars was 
generated in Microsoft Excel, with fold change values plotted as mean ±
standard error. The error bars indicate the standard error of the mean, 
calculated from biological replicates.

2.6. Effector prediction, annotation and domain analysis

Effectors were predicted using the effector prediction tool Predector 
v1.2.7, which integrates features such as signal peptides, trans
membrane domains, and effector-like properties (Jones et al., 2021). 
The higher the effector score, the greater the probability that the DEG 
functions as a true effector. In this study, DEGs with positive Predector 
scores were considered putative effectors (e.g., GIP1, PDA1) and novel 
candidate effectors not previously annotated in the Me14 genome or 
CCDM datasets (e.g., EKO05_0002468, EKO05_0010011). Functional 
domains of these genes were assessed using InterProScan v5.66–98.0 to 
further classify their potential roles in pathogenicity.

3. Results

3.1. RNA sequencing and data quality control

RNA-Sequencing generated 214.2 ± 35.5 million reads per sample, 
with approximately 5 % of the reads mapped to the A. rabiei genome (see 
Supplementary Table 2 for details). To ensure data quality and minimize 
technical biases, the Trimmed Mean of M-values (TMM) normalization 
method was applied to the raw count data. This normalization accoun
ted for differences in sequencing depth and RNA composition between 
libraries, which can introduce systematic bias in expression estimates. 
The count data was transformed and represented as log-transformed 
counts per million reads (log-CPM) to visualize the distribution of 
each library before and after normalization (A and B, respectively in 

Fig. 1. Experimental design and RNA-Seq bioinformatics analysis pipeline of A. rabiei infecting chickpea.
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Supplementary Fig. 1). Prior to normalization, expression distributions 
varied substantially across samples due to differences in total read 
depth, gene composition, and RNA yield during library preparation. 
After TMM normalization, the expression distributions became more 
consistent across samples, as indicated by the aligned medians and 
reduced variability.

3.2. Gene expression analysis

When assessing for visual patterns of relationships among the DEGs, 
the largest two eigenvalues in the PCA plot accounted for 18.8 % and 12 
% of the total variance, respectively (Fig. 2).

The PCA plot indicates that gene expression differences are primarily 
influenced by the genetic background of the isolates, which also differ in 
pathogenicity. While this suggests a link between pathogenicity and 
gene expression, the relatively low variance explained by principal 
components 1 and 2 (30.8 %) implies that additional biological or 
technical factors may also influence the gene expression patterns. 
Notably, there wasn’t a clear separation between the two sampling time 
points (12 hpi vs. 72 hpi), indicating that the time of infection is not the 
primary driver of gene expression differences in this dataset.

To further explore the differences in gene expression, a heatmap of 
the top 1000 DEGs was generated (Supplementary Fig. 2). As sampling 
time had minimal impact on gene expression compared to the strong 
influence of isolate pathogenicity, we combined the 12 hpi and 72 hpi 
samples for subsequent analyses, focusing on identifying DEGs linked to 
the pathogenicity levels of the isolates. Additionally, one sample, 
labelled ’31-L11,’ was identified as an outlier, showing a distinct 
expression pattern that separated it from the main cluster. This outlier 
was excluded from further DEG analysis to maintain the robustness of 
our results.

A total of 105 differentially expressed genes (48 upregulated and 57 
downregulated) were identified when comparing AR0231 (highly 
pathogenic) to AR0225 (less pathogenic), using AR0225 as the refer
ence. The analysis applied a significance threshold of FDR <0.05 and an 
absolute log 2 fold change (|log2FC|) > 1.5 (Supplementary Fig. 3).

3.2.1. Host interaction and immune evasion
A set of genes associated with host interaction and immune evasion 

were found to be upregulated in the highly pathogenic isolate. The 
EKO05_0002468 gene, classified as a hypothetical protein due to the 
absence of functional annotation in BLAST and InterPro searches, was 
identified as effector using Predector (effector score: 0.45). Predector 
analysis linked this gene to NIS1 effectors (CoNIS1/MoNIS1/ChNIS1), 
which are known for their roles in host penetration and nutrient uptake 
(Table 1). The gene exhibited the highest upregulation in AR0231 
(Log2FC = 8.12), supporting its likely involvement in pathogenicity and 
immune evasion. Following this, EKO05_0000089 (Log2FC = 6.04) 
matched FGL1/RsAGLIP1, an effector linked to the pathogen’s virulence 
by enhancing its ability to manage oxidative stress within host tissues. 
EKO05_0003549 (Log2FC = 5.39), an uncharacterized protein with an 
effector score of 0.58, was identified in AR0231. Its upregulation in this 
isolate implies a role in immunity suppression or other pathogenicity- 
related processes, although further functional characterization is 
needed. Similarly, the gene EKO05_0010552, identified as PsGIP2/ 
PsGIP1 (Log2FC = 5.35), was significantly upregulated in AR0231. This 
glucanase inhibitor protein is known to inhibit host enzymes targeting 
fungal cell walls, thus helping evade host defenses. This mechanism of 
immune evasion aligns with the effector score of 0.96 associated with 
this protein. Another uncharacterized gene, EKO05_0010011, showed 
substantial upregulation in AR0231 (Log2FC = 5.33) with a high effector 
score of 0.92. EKO05_0003368, encoding 2-Aminomuconic semi
aldehyde dehydrogenase, was upregulated in AR0231 (Log2FC = 2.35). 
Similarly, EKO05_0001368, encoding a chitin-binding protein, was also 
upregulated in AR0231 (Log2FC = 2.01). This protein matches effectors 
like PesCDA/VdPDA1/VnaChtBP, known for chitin deacetylase activity, 
which converts chitin to chitosan, thereby evading host chitin-triggered 
immunity.

In contrast, several genes were downregulated in highly pathogenic 
AR0231. For example, EKO05_0006947, with a Log2FC of − 2.12, 
matched RsLysM/MoCDIP11, a LysM domain effector known to bind 
chitin and mask fungal presence from host immune detection. Addi
tionally, EKO05_0006932 (Log2FC = − 3.55), recognized as FolSix3, 
involved in immune evasion (Table 1)

Fig. 2. Principal Component Analysis (PCA) of gene expression profiles in A. rabiei isolates AR0225 (low pathogenic) or AR0231 (highly pathogenic).
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3.2.2. Nutrient uptake and regulatory roles
Genes associated with nutrient uptake and regulatory mechanisms 

were found to be differentially expressed between the isolates AR0231 
and AR0225. EKO05_0000497 exhibited upregulation in AR0231 
(Log2FC = 5.89). This gene encodes a hexokinase enzyme, which plays a 
key role in carbohydrate metabolism and energy production (Table 2). 
Similarly, EKO05_0005154 (Log2FC = 4.40) encoding a fructose- 
bisphosphate aldolase was also upregulated in AR0231, functioning as 
a key glycolytic enzyme facilitating energy production. Another upre
gulated gene in AR0231, EKO05_0002828 (Log2FC = 2.75) was identi
fied as a nicotinamide adenine dinucleotide (NAD) transporter. NAD 
supports mitochondrial redox balance and energy metabolism in the 
pathogen during host infection.

In contrast, several genes were downregulated in AR0231 that 
highlight differential regulation of nutrient acquisition and metabolic 
processes. EKO05_0008482 (Log2FC = − 3.98), which encodes a KRR1 
interacting zinc finger protein, is likely involved in regulatory processes 
linked to pathogenicity. EKO05_0002053 (Log2FC = − 3.80) encodes for 
a major facilitator superfamily (MFS) sugar transporter. Other 

Table 1 
DEGs involved in host interaction and immune evasion of A. rabiei isolates 
AR0231 (highly pathogenic) and AR0225 (lowly pathogenic) during infection of 
mature chickpea cv. PBA HatTrick

Gene symbol Log2FCa Effector 
Score

Putative function InterPro domain 
function

EKO05_0002468 8.12 0.45 Effector match: 
CoNIS1/ 
MoNIS1/ChNIS1; 
Effector score: 
0.45; contribute 
to host 
penetration, 
support nutrient 
uptake (Irieda 
et al., 2019; Nie 
et al., 2022)

Hypothetical 
protein

EKO05_0000089 6.04 − 1.98 Effector match: 
FGL1/RsAGLIP1, 
contributes to the 
fungal 
pathogen’s 
virulence by 
enhancing its 
ability to manage 
oxidative stress 
within host 
tissues, thereby 
promoting 
sustained 
infection and 
colonization (Li 
et al., 2019; Niu 
et al., 2013; 
Salomon et al., 
2012)

Oxidoreductase

EKO05_0003549 5.39 0.58 Putative effector Uncharacterized 
protein

EKO05_0010552 5.35 0.96 Effector match: 
PsGIP2/PsGIP1, 
inhibits host 
enzymes that 
target fungal cell 
walls (
Damasceno et al., 
2008; Mazumdar 
et al., 2021)

Glucanase 
inhibitor protein

EKO05_0010011 5.33 0.92 Putative effector Uncharacterized 
protein

EKO05_0003368 2.35 − 0.76 2-Aminomuconic 
semialdehyde 
dehydrogenase 
aids in the fungal 
pathogen’s 
ability to adapt to 
and persist 
within the hostile 
environment (
Gawel, 2024)

ALDH

EKO05_0001368 2.01 0.28 Effector match: 
PesCDA/ 
VdPDA1/ 
VnaChtBP (Volk 
et al., 2019; 
Zhang et al., 
2022)

Chitin 
deacetylase

EKO05_0006947 − 2.12 − 0.34 Effector match: 
RsLysM/ 
MoCDIP11, binds 
chitin to mask 
fungal presence (
Jonge and 
Thomma, 2009; 
Kombrink et al., 
2016; Kombrink 
and Thomma, 
2013; 

LysM domain 
associated with 
immune evasion

Table 1 (continued )

Gene symbol Log2FCa Effector 
Score 

Putative function InterPro domain 
function

Sanchez-Vallet 
et al., 2020)

EKO05_0006932 − 3.55 0.41 Effector match: 
FolSix3 (Jangir 
et al., 2021)

Avr protein 
characteristics

a Positive Log2FC values indicate upregulation in the highly pathogenic isolate 
AR0231, while negative values indicate downregulation in AR0231 compared to 
AR0225.

Table 2 
DEGs involved in nutrient uptake and regulatory roles of A. rabiei isolates 
AR0231 (high) and AR0225 (low) pathogenic during infection on mature 
chickpea cv. PBA HatTrick

Gene ID Log2FCa Putative function InterPro domain 
function

EKO05_0000497 5.89 Supports energy production 
through carbohydrate 
metabolism

Hexokinase

EKO05_0005154 4.40 Fructose-bisphosphate 
aldolase, key enzyme in 
glycolysis

Glycolysis 
enzyme

EKO05_0002828 2.75 NAD transporter, facilitates 
energy production in 
mitochondria

NAD/FAD 
transporter

EKO05_0008482 − 3.98 KRR1 interacting protein 1, 
likely involved in regulation

Zinc finger

EKO05_0002053 − 3.80 MFS sugar transporter, 
involved in nutrient uptake 
from the host

MFS transporter

EKO05_0009280 − 3.78 DNA Polymerase Delta Subunit 
4 domain crucial for fungal 
growth and development (
Baranovskiy et al., 2012; Jain 
et al., 2014; Prindle and Loeb, 
2012)

DNA Polymerase 
Delta Subunit 4

EKO05_0000250 − 2.71 Cytochrome P450 is involved 
in detoxification, metabolic 
adaptation, and sometimes 
oxidative stress management. 
CYPs can also considered as a 
housekeeping role in fungi (W. 
Chen et al., 2014; Čresnar and 
Petri, 2011; Park et al., 2008; 
Shin et al., 2018)

Cytochrome 
P450

a Positive Log2FC values indicate upregulation in the highly pathogenic isolate 
AR0231, while negative values indicate downregulation in AR0231 compared to 
AR0225.
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downregulated genes included EKO05_0009280 (Log2FC = − 3.78) 
encoding DNA Polymerase Delta Subunit 4 with a domain critical for 
fungal growth and development. Additionally, EKO05_0000250 
(Log2FC = − 2.71) encoded a cytochrome P450 enzyme, involved in 
detoxification and metabolic adaptation (Table 2).

3.2.3. Validation of differential gene expression by qRT-PCR
To validate the trends seen in the transcriptomic findings, qRT-PCR 

analysis was performed on a subset of DEGs (FGL1, GIP1, PDA1, and 
Six 3) using cDNA from the same RNA samples from the transcriptome 
sequencing experiment as template. The results showed that four genes 
were significantly upregulated in the highly pathogenic A. rabiei isolate 
AR0231 compared to the less pathogenic isolate AR0225 (Fig. 3).

Among them, FGL1 and GIP1 exhibited the highest fold change 
expression, with mean values of 11.00 and 8.75, respectively. The gene 
PDA1 was also significantly upregulated, showing fold changes of 3.39. 
In contrast, Six 3 was downregulated with fold changes of 0.48 in 
AR0231 relative to AR0225.

4. Discussion

4.1. Effector molecules and immune evasion mechanisms

In A. rabiei, a range of candidate effector molecules were identified 
and found to be involved in suppressing host immune responses, 
enabling successful infection in chickpea. The differential expression of 
these candidate genes between isolates of varying pathogenicity 
(AR0225 and AR0231) reveals key insights into the molecular mecha
nisms underlying these processes. Effector prediction in A. rabiei has 
previously been conducted by the CCDM group using earlier genome 
annotations, and the present analysis builds on this by applying updated 
prediction methods to identify both known and novel candidates.

The EKO05_0002468 gene exhibited the highest upregulation in 
AR0231 (Log2FC = 8.12). It matched with known effectors CoNIS1/ 
MoNIS1/ChNIS1, which interfere with plant immune kinases such as 
BAK1 to suppress PAMP-triggered immunity (PTI) (Irieda et al., 2019; 
Nie et al., 2022). Another significantly upregulated gene, 
EKO05_0000089 (FGL1/RsAGLIP1), contributes to virulence by 
enabling the pathogen to manage oxidative stress within host tissues, 
supporting immune evasion. In Fusarium graminearum, the secreted 

lipase FGL1 is a virulence factor essential for infection of cereals, facil
itating tissue colonization and lipid degradation (Niu et al., 2013; Sal
omon et al., 2012). Similarly, in Rhizoctonia solani, the effector AGLIP1 
plays a significant role in pathogen virulence by inhibiting basal de
fenses and promoting disease development in plants (Li et al., 2019). 
The upregulation of EKO05_0000089 in A. rabiei reflects a conserved 
role in oxidative stress tolerance and virulence, supporting its function 
in immune evasion and pathogenicity. Gene EKO05_0010552 (Log2FC 
= 5.35) matched with known effector PsGIP2/PsGIP1 encodes a gluca
nase inhibitor protein that suppresses host endo-β-1,3-glucanases tar
geting fungal cell walls. Glucanase inhibitor proteins (GIPs), such as 
PsGIP1 and PsGIP2 of Phytophthora infestans are secreted by the path
ogen to inhibit host endo-β-1,3-glucanases, which are enzymes involved 
in the degradation of fungal cell walls. By inhibiting these host enzymes, 
GIPs help the pathogen evade the plant’s immune responses, again 
facilitating infection and disease progression (Damasceno et al., 2008; 
Mazumdar et al., 2021). By producing higher levels of this inhibitor, the 
more pathogenic isolate likely maintains the integrity of its cell walls by 
suppressing host-derived glucanase activity. This suppression prevents 
enzymatic degradation, allowing the pathogen to resist host defenses 
and establish infection. EKO05_0001368, encoding a chitin-binding 
protein and matched with effector molecules PesCDA/VdPDA1/V
naChtBP, was upregulated in AR0231 (Log2FC = 2.01) which play a 
critical role in fungal virulence by modifying chitin, a major component 
of fungal cell walls, to evade host immune recognition. In V. dahliae and 
Fusarium species, polysaccharide deacetylase (PDA1) deacetylates chitin 
into chitosan, a structural alteration that reduces recognition by plant 
chitin receptors, thereby suppressing chitin-triggered immunity and 
enhancing fungal survival within host tissues (Volk et al., 2019; Zhang 
et al., 2022). Similarly, in A. rabiei, this protein facilitates immune 
evasion through cell wall modification, through chitin deacetylase ac
tivity that converted chitin to chitosan, which is less recognizable by 
plant chitin receptors (Rafiei et al., 2021). Meanwhile, EKO05_0003368, 
encoding 2-aminomuconic semialdehyde dehydrogenase (Log2FC =
2.35), was upregulated in A. rabiei, supporting its role in stress adapta
tion and metabolic regulation. In fungi, intermediates of the kynurenine 
pathway contribute to oxidative stress management, immune evasion, 
and virulence regulation (Gawel, 2024). The function of 2-aminomu
conic semialdehyde dehydrogenase within this pathway is associated 
with detoxifying oxidative stress-related metabolites, facilitating 

Fig. 3. Validation of differential gene expression by qRT-PCR. Expression levels were quantified using the 2^(-ΔΔCq) method, with EF1α and PEP1 as reference 
genes. Statistical significance was determined using the Kruskal–Wallis non-parametric test. Asterisks indicate significant differences (p < 0.05 = *, p < 0.01 = **, NS 
= Non-significant).
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pathogen survival under the host’s immune pressure (Gawel, 2024). 
This gene’s upregulation in A. rabiei suggests a conserved role in fungal 
adaptation during host–pathogen interactions.

The gene EKO05_0003549 encodes a predicted serine-type endo
peptidase, supported by InterProScan annotation (GO:0004252) and 
AlphaFold modelling. Secreted serine proteases are well-characterized 
virulence factors in many in fungal pathogens. In Sclerotinia scle
rotiorum, subtilisin-like serine proteases are among the most highly 
upregulated genes during the early stages of host infection, suggesting a 
key role in pathogenicity (Seifbarghi et al., 2017). In contrast, 
EKO05_0010011 lacks characterized domains but is assigned to the 
ACW-9 (PTHR39602) protein family, a fungal-specific group of un
known function. Proteins with similar characteristics fungal-specific, 
secreted, and lacking conserved domains are commonly found in 
effector candidate sets (Sperschneider et al., 2016). Structural modelling 
(Supplementary Fig. 4) confirmed the presence of well-defined cores in 
both proteins, with extended N-terminal regions consistent with signal 
peptides, supporting both enzymatic activity in EKO05_0003549 and 
effector-like secretion features in EKO05_0010011.

In contrast, several genes were downregulated in AR0231, indicating 
shifts in the pathogen’s strategy to prioritize mechanisms more directly 
aligned with enhanced pathogenicity. For example, gene 
EKO05_0006947, which is matched with effector molecule LysM/ 
CDIP11 and containing the LysM domain, is known to mask fungal 
presence that aids in immune evasion by disrupting chitin-triggered 
immunity (Fig. 4). This was determined for RsLysM from R. solani, 
which binds with chitin and prevents fungal detection by the host’s 
chitin receptors (Jonge and Thomma, 2009; Kombrink et al., 2016; 
Kombrink and Thomma, 2013; Sanchez-Vallet et al., 2020) and for 
MoCDIP11of Magnaporthe oryzae, identified as a cell death inducing 
protein (Guo et al., 2019; Li et al., 2020). The observed downregulation 
of the LysM domain-containing gene EKO05_0006947 in the highly 
pathogenic A. rabiei isolate AR0231 suggests a strategic shift from im
mune evasion toward rapid host colonization and tissue destruction. 
This aligns with the aggressive necrotrophic lifestyle, where the path
ogen relies on inducing host cell death and efficiently acquiring 

nutrients rather than primarily focusing on evading the host’s immune 
responses (Laluk and Mengiste, 2010; Oliver and Solomon, 2010). In 
contrast, gene like EKO05_0001368 (PesCDA/VdPDA1/VnaChtBP) 
involved in chitin deacetylation was upregulated in AR0231. Chitin 
deacetylases convert chitin into chitosan, a modification that helps 
pathogens evade host immune detection by reducing the release of 
chitin fragments that would otherwise trigger immune responses. This 
alternative strategy of chitin modification has been shown to enhance 
fungal virulence and colonization.

Of interest is the gene Six 3 (EKO05_0006932), which was down
regulated in AR0231 (Log2FC = − 3.55). Six3 has a dual role in immune 
evasion and avirulence. In Fusarium oxysporum, FolSix3 functions as a 
virulence factor, inducing host cell death in Nicotiana benthamiana, but 
in Solanum lycopersicum (tomato), it acts as an avirulence (Avr 2) gene by 
triggering a resistance gene (R gene)-mediated immune response (Jangir 
et al., 2021). Importantly, Avr2 has also been shown to suppress 
pattern-triggered immunity, further highlighting its role in weakening 
basal host defenses (Tintor et al., 2020). This avirulence activity occurs 
through its interaction with the putative disease resistance protein 
RPP13-like 1 (LOC138339241) in tomato. While multiple homologous 
genes of RPP13-like proteins (XP_004499578.1, XP_004516528.1, 
XP_004512929.1, XP_027193384.1) are present in the chickpea 
genome, there is currently no experimental evidence demonstrating Six3 
recognition by chickpea R proteins.

4.2. Nutrient acquisition and regulatory genes

Efficient nutrient acquisition and energy production are essential for 
fungal pathogenicity. In the highly pathogenic isolate AR0231, upre
gulation of glycolytic enzymes such as hexokinase (EKO05_0000497) 
and fructose-bisphosphate aldolase (EKO05_0005154) suggested 
increased metabolic activity during host colonization (Fleck and Brock, 
2010; Laurian et al., 2019; Rui et al., 2007; Sambasivm et al., 2020). In 
addition, the upregulation of EKO05_0002828 in AR0231 is related to 
transport of essential cofactors like NAD, which is crucial for mito
chondrial redox reactions and energy metabolism (Park et al., 2024; 

Fig. 4. A graphical representation of effector-mediated suppression of PAMP and chitin-triggered immunity by A. rabiei in chickpea host cells.
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Xiao et al., 2018). Its upregulation likely supports increased mitochon
drial energy production, enabling AR0231 to sustain higher metabolic 
activity during infection.

In contrast, genes involved in transcriptional regulation and nutrient 
transport, such as a zinc finger transcription factor (EKO05_0008482) 
and an MFS sugar transporter (EKO05_0002053), were downregulated 
in AR0231. This reflected a shift in infection strategy where the path
ogen prioritized glycolytic energy production over controlled nutrient 
uptake (Schumacher et al., 2008; Sturm et al., 2017). Downregulation of 
other genes, such as cytochrome P450 (EKO05_0000250) and DNA po
lymerase delta subunit 4 (EKO05_0009280), further supported theory on 
reallocation of cellular resources toward aggressive colonization (W. 
Chen et al., 2014; Čresnar and Petri, 2011).

5. Conclusion

Through RNA sequencing, this study uncovered key molecular 
mechanisms underlying A. rabiei pathogenicity, focusing on differential 
gene expression related to immune evasion, nutrient acquisition, and 
metabolic adaptation. While many of these genes have homologs in 
other fungal pathogens, their expression and roles in A. rabiei pathoge
nicity have not been previously reported. The highly pathogenic isolate 
AR0231 showed significant upregulation of genes encoding known 
effector molecules and ones never described in A. rabiei before, along 
with energy production genes, emphasizing their roles in immune 
evasion and host tissue penetration and colonization. In contrast, several 
genes associated with glucose transport and cell signalling regulation 
such as zinc finger proteins and transcriptional regulators were down
regulated in AR0231. This shift indicates a possible reallocation of 
metabolic resources away from general stress adaptation and toward 
specialized virulence strategies that promote aggressive infection. Such 
adaptations enable the highly pathogenic A. rabiei isolate to optimize 
resource allocation for successful host invasion and immunity suppres
sion. These findings provide valuable insights into the molecular 
mechanisms of A. rabiei pathogenicity. Future research should focus on 
the functional and temporal validation of these candidate effectors.
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