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Abstract
Key Message  Integrated host–pest proteomics revealed that chickpea resistance to Helicoverpa armigera involves early 
jasmonic acid signaling and linoleic acid–derived pro-toxins from crop wild relatives, providing molecular targets 
for breeding insect-resilient cultivars.
Abstract  Chickpea (Cicer arietinum L.), being a vital food legume, suffers severe yield reductions due to the pod borer Heli-
coverpa armigera. Despite extensive breeding efforts, durable resistance has remained elusive due to limited insights into the 
molecular basis of host–pest interactions. To address this gap, a first-of-its-kind integrated host–pest proteomic analysis in 
chickpea was performed to unravel the molecular mechanisms underlying natural insect resistance. Using untargeted LC–MS/
MS, the proteomes resistant (ICCV506EB), susceptible (ICC3137) and a resistant crop wild relative (CWR’s) (IG73016, 
C. cuneatum), along with larvae feeding on these genotypes, were simultaneously profiled. Resistant genotypes elicited a 
rapid, multi-layered defense response involving jasmonic acid (JA)-mediated signaling, transcriptional reprogramming, and 
fatty acid–derived secondary metabolites. In turn, H. armigera activated detoxification enzymes, proteolytic modulation, and 
behavioral countermeasures. Strikingly, larvae feeding on resistant CWRs failed to overcome defenses, as linoleic acid (LA) 
derivatives are suggested to act as pro-toxin-like factors, adversely affecting larval survival, digestion, growth, and develop-
ment. The findings reveal the dynamic defense–counter-defense interplay between chickpea and H. armigera. This interplay 
highlights the key biomolecular nodes associated with durable resistance. This study provides correlative evidence suggesting 
that LA-derived defense metabolites may function as potential pro-toxin-like compounds and establishes CWRs as a rich 
source of resistance traits. Importantly, enhancing early JA-pathway activation through molecular breeding or biotechnology 
could accelerate the development of insect-resilient chickpea cultivars, thereby boosting crop productivity and sustainability.
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Introduction

The pod borer, Helicoverpa armigera Hüb. (Lepidoptera: 
Noctuidae), is one of the most destructive global insect 
pests of chickpea (Cicer arietinum L.), causing major yield 
losses that may reach 50–90% (Sharma et al. 2007; Jaba 
et al. 2017; War et al. 2024). Current management practices 
rely predominantly on synthetic insecticides. However, their 
extensive use has resulted in the rapid flare-up of insecticide 
resistance and severe ecological consequences (Aboua et al. 

2010). These limitations highlight the necessity for sustain-
able and environmentally compatible pest management 
strategies. Host plant resistance (HPR) offers a promising 
approach, providing an eco-friendly means to mitigate crop 
damage (Golla et al. 2018b). Nevertheless, resistance levels 
in cultivated chickpea remain low to moderate, whereas sev-
eral crop wild relatives (CWRs), including C. bijugum, C. 
judaicum, and C. cuneatum, exhibit substantial resistance to 
H. armigera, representing valuable reservoirs of resistance 
genes (Golla et al. 2018b). Conventional breeding efforts to 
introgress these traits are constrained by sexual incompat-
ibility and high autogamy in chickpea (Somers et al. 2003). 
This highlights the need for alternative strategies to harness 
the genetic potential of wild relatives.
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Although wild relatives of chickpea represent valuable 
reservoirs of resistance against pod borer, the molecular 
basis of this resistance remains poorly understood till date. 
Previous studies have largely emphasized assessments of 
morphological and basic biochemical characterization, 
with comparatively limited exploration of molecular-level 
mechanisms to accelerate resistance gene discovery for facil-
itating targeted breeding. Recent advances in multi-omics 
technologies have greatly improved our understanding of 
plant–insect interactions in legumes, offering novel avenues 
to unravel the molecular determinants of resistance (Golla 
et al. 2018a, 2020; Jaba et al. 2021; Gothe et al. 2024). 
These approaches have already elucidated complex defense 
signaling pathways and stress-responsive networks in other 
crop systems (Yogendra et al. 2017; Avuthu et al. 2024). 
Among these, comparative proteomics has emerged as a 
powerful tool, enabling the identification and quantification 
of differentially expressed proteins during insect herbivory, 
thereby revealing key enzymes and regulatory components 
that orchestrate host defense responses (Rustagi et al. 2021; 
Pavithran et al. 2024).

Notably, comparative proteomics provides critical 
insights into how resistant plants deploy defense responses 
that impair herbivore growth and survival. In chickpea, 
proteins such as mannitol dehydrogenase (MADH), CSA1, 
serine/threonine kinase D6PKL2, and reactive oxygen spe-
cies (ROS)-scavenging enzymes have been found to be 
accumulated in the genotypes fed by H. armigera (Bhat-
tacharjee et al. 2020). Parallel studies in pigeonpea and rice 
further demonstrate that resistant genotypes consistently 
upregulate antioxidants and secondary metabolic pathways 
to restrict herbivory (Cheah et al. 2020; Ngugi-Dawit et al. 
2021). Similarly, in sorghum, resistant genotypes exposed 
to stem borer attack exhibited enhanced stress-responsive 
and metabolic proteins associated with reduced insect per-
formance (Tamhane et al. 2021). Conversely, H. armigera 
secretes salivary effectors such as glucose oxidase to sup-
press host defenses (Celorio-Mancera et al. 2011), while 
plant toxins trigger detoxification enzymes like glutathione 
S-transferases (Zheng et al. 2022). Despite these insights, 
most studies have focused on either plant or insect proteom-
ics in isolation, with limited integration of both perspectives, 
representing a critical gap in fully dissecting the molecular 
mechanisms at the plant–insect interface.

To address this gap, in this study, untargeted Liquid 
Chromatography – Tandem Mass Spectrometry (LC–MS/
MS) was performed to simultaneously profile proteomes of 
contrasting chickpea genotypes, including cultivated and 
its wild relative, together with H. armigera larvae feeding 
on them. Proteolytic interactions were further validated 
through molecular docking, simulation, and insect bioas-
says. The integrated analyses uncovered a molecular tug-
of-war in which the resistant wild relative reinforces its 

defense network, severely impairing larval growth, devel-
opment, and survival, while the insect attempts to recon-
figure its digestive and detoxification machinery—yet 
ultimately fails. This dual proteomics strategy provides a 
holistic view of resistance-associated proteins in chickpea 
and their inhibitory effects on the insect gut, offering novel 
mechanistic insights into host defense and pest mortality.

Materials and methods

Plant materials

Cultivated chickpea (C. arietinum) genotypes ICCV 
506 EB (Resistant) and ICC 3137 (Susceptible) were cho-
sen based on their well‐characterized resistance profiles 
(Gowda et al. 1983; Narayanamma et al. 2013). In addi-
tion, wild relative C. cuneatum (IG 73016) was selected 
as a promising source of resistance based on extensive pod 
bioassay under controlled lab conditions at both Punjab 
Agricultural University (PAU), Ludhiana, India, and Inter-
national Crops Research Institute for the Semi-Arid Trop-
ics (ICRISAT), Patancheru, India. All seed material was 
obtained from the Genebank of the ICRISAT, Patancheru, 
India. Plants were grown in a controlled glasshouse con-
ditions with maintained at 27 ± 1 °C, 70 ± 10% relative 
humidity, with an 18:6 h light–dark photoperiod to ensure 
uniform growth and timely transition to the reproductive 
stage.

Artificial infestation and sample collection

Half-seed-filled chickpea pods were selected from the con-
trasting chickpea genotypes grown under glasshouse condi-
tions, and late third-instar larvae were introduced and cov-
ered with clip cages (5 × 1.5 cm) to restrict larval feeding and 
movement. The 24 h post-infestation (hpi) time point was 
selected based on a preliminary pilot experiment conducted 
using the susceptible check genotype, which showed clear 
feeding damage and a measurable early defense response 
at this stage. This time point was intended to capture early 
host-insect interaction events. After 24 hpi, the clip cages 
were carefully opened, and the infested pods were excised 
from the plants using sterilized scissors. These pod samples 
were then collected and stored at −80 °C until further pro-
cessing for protein extraction and analysis. Simultaneously, 
the H. armigera larvae released on different genotypes were 
removed using forceps and collected separately. Further, the 
midguts of larvae fed on different genotypes were dissected 
separately, collected in 1X PBS buffer (pH 7.0), and stored 
at −80 °C (Fig. S3).



Plant Cell Reports (2026) 45:82	 Page 3 of 19  82

Plant protein extraction

Proteins were extracted from chickpea pod tissues using a 
phenol-based protocol (Bhatnagar et al. 2021). Approxi-
mately 150 mg of frozen pods (three biological replicates) 
were ground in liquid nitrogen and homogenized in extrac-
tion buffer [0.9 M sucrose, 0.1 M Tris–HCl (pH 8.8), 10 mM 
EDTA, 50 mM DTT, 1 mM (PhenylMethylSulfonyl Fluo-
ride) PMSF, and protease inhibitor cocktail (Sigma-Aldrich, 
USA)]. An equal volume of Tris-saturated phenol was 
added, and samples were incubated at 4 °C for 30 min with 
shaking. After centrifugation (5000 rpm, 20 min, 4 °C), the 
phenolic phase was collected and re-extracted twice with 
buffer/phenol. Proteins were precipitated with five volumes 
of 0.1 M ammonium acetate containing 10 mM DTT and 
incubated at − 80 °C overnight. The resulting pellet was cen-
trifuged (5000 rpm, 30 min, 4 °C), washed twice with cold 
methanol (10 mM DTT) and once with cold acetone (10 mM 
DTT), and finally dissolved in rehydration buffer (8 M urea, 
4% CHAPS, 40 mM Tris-base) or stored at − 80 °C until 
further use.

Insect gut protein extraction

The H. armigera gut was homogenized in 1X PBS buffer 
using a micro pestle and mortar. The homogenate was lysed 
in 200 µL of dissolution buffer containing 50 mM Tris–Cl 
(pH 8.0), 8 M urea, 2 M thiourea, 2 M EDTA, and a 1 × pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, 
USA). Subsequently, 800 µL of ice-cold acetone supple-
mented with 10 mM dithiothreitol (DTT) was added. The 
samples were incubated at − 20 °C for 2 h to facilitate protein 
precipitation. After incubation, the samples were centrifuged 
at 12,000 rpm for 20 min at 4 °C. The resulting protein pel-
lets were collected and washed twice with 800 µL of ice-cold 
acetone (Zheng et al. 2021). Finally, the pellets were either 
dissolved in rehydration buffer (8 M urea, 4% CHAPS w/v, 
40 mM Tris-base) or stored at − 80 °C until further use.

In‑solution digestion of plant and insect proteins

Protein concentrations were quantified using a Qubit fluo-
rometer (Life Technologies, Malaysia software version APP 
v0.66 + MCU v0.20) prior to digestion. Equal volumes of 
protein extracts and RapiGest SF prepared in ammonium 
bicarbonate were incubated at 65 °C for 30 min for denatura-
tion. Disulfide bonds were reduced with 10 µL of 100 mM 
dithiothreitol (DTT) at 65 °C for 30 min, followed by alkyla-
tion with 20 µL of 100 mM iodoacetamide (IAM) in the 
dark at room temperature for 30 min. Proteins were digested 
overnight at 37 °C using trypsin at a 1:20 enzyme-to-protein 
ratio. Digestion was stopped by adding formic acid (5% v/v), 
and samples were dried by vacuum centrifugation. Peptides 

were reconstituted in 10–20 µL of 0.1% formic acid, cleaned 
using ZipTip (Millipore), and used for LC–MS/MS analysis.

Mass spectrometry and data acquisition

Tryptic peptides were reconstituted in 50 µL of 0.1% for-
mic acid and separated using an Acquity BEH C18 UPLC 
column (75 µm × 150 mm, 1.7 µm; Waters, UK) on a UPLC 
system. Peptides were resolved over 90 min with a binary 
gradient of solvent A (0.1% formic acid in water) and solvent 
B (0.1% formic acid in acetonitrile), increasing B from 53 to 
85%. The flow rate was set at 5 µL/min for the initial 3 min 
(equilibration) and then increased to 200 µL/min. Column 
temperature was maintained at 60 °C. Eluted peptides were 
analyzed using a UPLC-Xevo-G2-XS-Q-TOF mass spec-
trometer (Waters, USA) with an electrospray ionization 
source in positive mode. Data were acquired in resolution 
mode with a 0.5 s scan across m/z 50–2000 Da. Instrument 
settings included a cone voltage of 40 V, low-energy trap/
transfer voltages of 4 V, and a high-energy trap collision 
energy ramp from 15 to 40 V. Leucine enkephalin (200 pg/
μL; Sigma-Aldrich, USA) was used as an external calibrant, 
with lock mass correction applied every 30 s. Data were 
processed using MassLynx v4.0 software, followed by pro-
tein identification and expression profiling (Bhatnagar et al. 
2021).

LC–MS/MS raw data processing

Raw MS/MS data were processed in Progenesis QI for Pro-
teomics v4.0 (Nonlinear Dynamics), with retention time 
alignment across runs to generate peak lists of m/z values 
and intensities. Ions with charge states ≥  + 5, retention times 
of 5–80 min, and m/z range of 100–1600 were considered. 
Samples (triplicate per treatment) were normalized prior 
to relative abundance comparisons, and peptides mapping 
to multiple proteins were excluded to ensure quantification 
accuracy.

Protein identification was carried out using the ion 
accounting algorithm against UniProt databases of Cicer 
arietinum and H. armigera. In cases where chickpea-specific 
annotation was limited, homology-based functional assign-
ments were supported using the closely related species Gly-
cine max. Search parameters included trypsin digestion (≤ 2 
missed cleavages), 20 ppm precursor mass tolerance, and 
minimum thresholds of two fragment ions per peptide, five 
per protein, and at least two unique peptides per protein. 
Carbamidomethylation of cysteine was set as a fixed modifi-
cation, while methionine oxidation and N-terminal pyroglu-
tamate formation were specified as variable modifications. 
False discovery rate (FDR) was controlled at ≤ 5% using the 
Benjamini–Hochberg procedure (Benjamini and Hochberg 
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1995). Proteins with ≥ 2 unique peptides were retained for 
quantitative analysis.

Relative expression profiles of candidates 
from proteomics data

Total RNA was extracted from frozen pod samples of both 
H. armigera-infested and H. armigera-uninfested samples 
collected 24 hpi using the RNeasy Plant Mini Kit (Qiagen), 
with three biological replicates. Approximately 2.0 μg of 
purified RNA from each sample was used for cDNA synthe-
sis, following the manufacturer’s instructions (Thermoscript 
RT-PCR System, Invitrogen). Quantitative real time-PCR 
(qRT-PCR) was performed using gene-specific primers 
(Table S1) on a CFX96™ Real-Time PCR System (Bio-
Rad). Cycle threshold (Ct) values were normalized against 
the housekeeping gene actin, and relative gene expression 
levels were calculated using the 2−ΔΔCt method (Livak and 
Schmittgen 2001).

Protein–ligand molecular docking of linoleic acid 
with CYP450 in H. armigera

Linoleic acid, identified from the fatty acid biosynthe-
sis pathway in resistant chickpea genotypes, was selected 
for molecular docking. Its 3D structure (PubChem CID: 
5,280,450) was retrieved from PubChem. The H. armigera 
CYP450 proteome sequence (AAR37015.1) was retrieved 
from NCBI and modeled via SWISS-MODEL using the 
closest insect CYP450 template with 99.06% sequence 
identity. Model quality was evaluated using PROCHECK 
(https://​saves.​mbi.​ucla.​edu/), and the stereochemical proper-
ties were confirmed by Ramachandran analysis.

Docking was performed in PyRx 0.8 (AutoDock Vina). 
The modeled CYP450 structure was prepared with polar 
hydrogens, Gasteiger charges, and merged non-polar hydro-
gens; ligand rotatable bonds were automatically assigned. 
The geometry of linoleic acid was optimized using the Uni-
versal Force Field (UFF). Docking results were expressed 
as binding affinities (kcal/mol), where more negative values 
indicated stronger binding. Protein–ligand complexes were 
visualized in BIOVIA Discovery Studio to identify hydrogen 
bonding, hydrophobic interactions, and active site residues.

Molecular dynamics (MD) simulations of linoleic 
acid–CYP450 complex

Molecular dynamics (MD) simulations were performed to 
assess the stability and dynamic behavior of the linoleic 
acid–CYP450 complex. Ligand topology was generated 
using SwissParam (CGenFF), and protein topology was pre-
pared in GROMACS v2019.4. The complex was solvated 
in a dodecahedral TIP3P water box and neutralized. Energy 

minimization was performed using the steepest descent algo-
rithm (5000 steps), followed by equilibration under NVT 
and NPT ensembles (10 ns each, 300 K) with positional 
restraints on ligand heavy atoms. A 10 ns production run was 
carried out using the leap-frog integrator. Structural stability 
was evaluated using root mean square deviation (RMSD) 
and conformational flexibility by Cα-root mean square 
fluctuation (RMSF), analyzed with standard GROMACS 
utilities.

Bio‑efficacy assessment of linoleic acid against  
H. armigera

A diet overlay bioassay was used to assess the efficacy of 
linoleic acid against third instar H. armigera larvae. Linoleic 
acid (99% purity) was dissolved in 1% ethanol with Triton 
X-100 as a surfactant. Starved larvae (1 h) were individu-
ally placed in cell wells containing 2 mL of artificial diet 
treated with 200 μL of linoleic acid at seven concentrations 
(500–40,000 ppm). Two controls included: solvent (1% 
ethanol) and untreated diet. After air-drying, twelve larvae 
per concentration were tested in triplicate. Mortality was 
recorded after 72 h, with immobile larvae (failing to right 
themselves when flipped) scored as dead. LC₅₀ values were 
estimated by probit analysis.

Data preparation for statistical Analysis

Plant proteomics data preparation

Proteomic datasets were generated from two resistant chick-
pea genotypes—one cultivated (ICCV506EB, R-1), one wild 
(IG73016, R-2)—and one susceptible genotype (ICC3137, 
S). Corresponding H. armigera larvae were designated 
Ha-R-1, Ha-R-2, and Ha-S. Plant protein quantification was 
performed by pairwise comparison of resistant (R-1, R-2) 
versus susceptible (S) genotypes. Differentially expressed 
proteins (DEPs) were classified as Resistant-Related Consti-
tutive (RRC) or Resistant-Related Induced (RRI). RRC pro-
teins were identified from resistant uninfested (RM) versus 
susceptible uninfested (SM) expression ratios (RRC = RM/
SM), while RRI proteins were determined by normalizing 
resistant infested/uninfested (RP/RM) against susceptible 
infested/uninfested (SP/SM) ratios (RRI = [RP/RM]/[SP/
SM]). Proteins with Log₂fold change ≥ 1.0 and false discov-
ery rate (FDR) ≤ 0.05 were considered significant.

Insect proteomics data preparation

Midgut proteomes of insects fed on resistant genotypes 
(Ha-R-1, Ha-R-2) were compared with those fed on the sus-
ceptible genotype (Ha-S). Differentially expressed proteins 
(DEPs) were identified using Student’s t-tests (Ha-R-1 vs 

https://saves.mbi.ucla.edu/
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Ha-S; Ha-R-2 vs Ha-S), with fold change (FC) calculated as 
the abundance ratio between resistant-fed and susceptible-
fed insects. DEPs with Log₂FC ≥ 1.0 and FDR ≤ 0.05 were 
classified as H. armigera Resistance-Response Proteins (Ha-
RRPs; upregulated in resistant-fed insects) or Susceptible-
Response Proteins (Ha-SRPs; upregulated in susceptible-fed 
insects).

Statistical analysis

Pairwise Student’s t-tests were applied to identify differen-
tially expressed proteins (DEPs) under resistant versus sus-
ceptible conditions. In plants, comparisons included RP-1 
vs RM-1, RP-1 vs SP, RM-1 vs SM, and SP vs SM for R-1, 
and RP-2 vs RM-2, RP-2 vs SP, and RM-2 vs SM for R-2. 
In insects, Ha-R-1 and Ha-R-2 were compared with Ha-S, 
which served as the common reference. Volcano plots were 
generated using SR Plot to visualize DEPs (log₂ fold change 
vs FDR), and Venn diagrams (Venn Diagram tool) were used 
to highlight overlapping and unique DEPs.

Multivariate analyses, including PCA and PLS-DA, 
were performed in MetaboAnalyst 6.0 to assess clustering 
and variation across groups. Group differences were evalu-
ated using permutational multivariate analysis of variance 
(PERMANOVA). The PLS-DA model was evaluated using 
fivefold cross-validation and permutation testing (1000 
iterations) to assess model robustness and potential overfit-
ting. Functional annotation involved subcellular localization 
prediction and Gene Ontology (GO)-based classification of 
biological processes, molecular functions, and cellular com-
ponents using UniProt and DAVID.

Results

Pod bioassay revealed resistance of chickpea 
genotypes against the H. armigera

Pod bioassays of chickpea genotypes, including cultivated 
genotypes and a CWR, revealed distinct resistance responses 
to H. armigera. The wild genotype IG73016 exhibited the 
lowest pod damage rating (PDR = 3) and larval weight gain 
(43.18%), indicating strong resistance. The resistant check 
ICCV506EB showed moderate resistance (PDR = 4.0; lar-
val weight gain = 148.31%), whereas the susceptible cultivar 
ICC3137 displayed severe feeding damage (PDR = 8) and 
markedly higher larval weight gain (950.12%) (Fig. S2). 
Accordingly, C. cuneatum IG73016 was selected as the 
resistant wild genotype, with ICCV506EB and ICC3137 
serving as resistant and susceptible cultivated checks, 
respectively. These representative genotypes were further 

used for proteomic profiling to dissect the molecular basis 
of chickpea defense against H. armigera.

Proteomic response in chickpea and its CWR 
against H. armigera infestation

Total proteins from resistant (cultivated and wild) and sus-
ceptible chickpea genotypes, under H. armigera-infested and 
uninfested conditions (24 h post-infestation), were analyzed 
using UPLC–MS/MS. A total of 485 proteins were identi-
fied using the chickpea UniProt database. The DEPs were 
defined as those supported by ≥ 2 unique peptides, Log₂fold 
change ≥ 1.0, and FDR ≤ 0.05, across four contrasts: RP/RM, 
RP/SP, RM/SM and SP/SM. Venn analysis revealed distinct 
and overlapping DEPs among treatments. In R-1, the SP/
SM comparison contributed the most DEPs (325), with 240 
unique proteins, followed by RM-1 vs SM (69), RP-1 vs 
SP (42) and RP-1 vs RM (41) (Fig. 1a). In R-2, RP-2 vs 
RM-2 showed the highest number of DEPs (353, including 
52 unique), followed by SP vs SM (325), RM-2 vs SM (144) 
and RP-2 vs SP (136) (Fig. 1b).

Multivariate analysis confirmed clear treatment-depend-
ent shifts. PCA revealed tight replicate clustering in all geno-
types, with PC1 explaining 70–89% of variance and PC2 
accounting for replicate-level differences. The wild genotype 
R-2 showed stronger separation (PC1 = 85.4%), while the 
susceptible genotype displayed the most pronounced con-
trast (PC1 = 89.3%). Separation between infested and unin-
fested samples was observed for each genotype (Fig. S3a–c), 
and PERMANOVA analysis supported treatment-associated 
differences based on permutation testing (999 permutations). 
PLS-DA further reinforced these trends, with well-separated, 
non-overlapping clusters across genotypes, highlighting 
strong and genotype-specific proteomic remodeling upon 
insect infestation (Fig.S3d–f). Model evaluation indicated 
high goodness-of-fit (R2 ≈ 0.99) and predictive ability (Q2 ≈ 
0.96), and fivefold cross-validation with permutation testing 
(1000 iterations) indicated stable model performance with 
low risk of overfitting (Fig.S3 g-i).

Functional classification of identified proteins based 
on GO annotation for chickpea

GO annotation of the 485 identified proteins revealed gen-
otype-specific enrichment patterns across biological pro-
cesses (BP), cellular components (CC), and molecular func-
tions (MF). In R-1, enriched BP included de novo UMP and 
pyrimidine nucleobase biosynthesis, along with glycolysis. 
CC terms were predominantly associated with the nucleus 
and cytoskeleton, while MF enrichment highlighted orotate 
phosphoribosyl transferase, orotidine-5′-phosphate decar-
boxylase, and ribonucleoside binding activities (Fig. 2a). 
In contrast, R-2 showed enrichment in BP related to RNA 



	 Plant Cell Reports (2026) 45:8282  Page 6 of 19

polymerase II-mediated transcription, chromatin remode-
ling, mitotic DNA replication initiation, and 1,3-β-D-glucan 
biosynthesis. CC terms were enriched for the DNA polymer-
ase III complex, transcription elongation factor complex, 
and 1,3-β-D-glucan synthase complex, while MF analysis 
revealed strong enrichment of orotate phosphoribosyl trans-
ferase, orotidine-5′-phosphate decarboxylase, and 1,3-β-D-
glucan synthase activities (Fig. 2b).

Differential protein expression in resistant 
genotypes compared to the susceptible genotype

Comparative analysis of resistant versus susceptible geno-
types revealed distinct expression patterns of differentially 
expressed proteins (DEPs) under Infested (RP vs SP) and 
Uninfested (RM vs SM) conditions. Under infested condi-
tion, R-1 (RP-1: ↑ 42, ↓351) showed predominantly down-
regulated proteins, suggesting suppression of stress-related 
pathways, whereas R-2 (RP-2: ↑136, ↓149) exhibited a 
more balanced regulation, indicative of dynamic defense 

activation (Fig. 1c, d). Under constitutive conditions, both 
R-1 (RM-1: ↑69, ↓10) and R-2 (RM-2: ↑144, ↓83) showed 
strong upregulation, reflecting enhanced basal defense 
capacity (Fig. 1e, f).

Resistance‑related constitutive proteins (RRC)

Resistance-related constitutive (RRC) proteins were identi-
fied by comparing resistant genotypes with the susceptible 
genotype under uninfested condition at 24 hpi. A total of 
69 RRC-1 proteins were detected in R-1 and 144 RRC-2 
proteins in R-2 (Tables S2 and S4). Among the prominent 
proteins with significant fold changes were those related to 
the plant cell wall, including galactinol-sucrose galactosyl-
transferase (3.75 log₂FC), cellulose synthase-like protein D3 
(2.13 log₂ FC), β-glucosidase 40-like (2.09 log₂FC), glu-
comannan 4-β-mannosyltransferase 9-like (1.20 log₂FC), 
1,3-β-glucan synthase (1.42 log₂FC), and non-reducing 
end α-L-arabinofuranosidase (1.13 log₂FC). Several 
receptor proteins showed notable upregulation, such as 

Fig. 1   Venn diagrams illustrate the overlap and unique sets of differ-
entially expressed proteins (DEPs) identified in two resistant chick-
pea genotypes—(a) R-1 (ICCV506EB) and (b) R-2 (IG73016)—in 
comparison with the susceptible genotype S (ICC3137). Comparisons 
include RP/RM, RP/SP, RM/SM, and SP/SM. RP resistant infested, 
RM resistant uninfested, SP susceptible infested, SM Susceptible 

Uninfested. Volcano plots display significantly accumulated proteins 
(FDR < 0.05, Log₂FC > 1) for the resistant genotypes: c RP-1 vs SP 
and d RP-2 vs SP under infected conditions, and e RM-1 vs SM and f 
RM-2 vs SM under Uninfested conditions. Red and blue dots indicate 
upregulated and downregulated proteins, respectively
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wall-associated receptor kinase 2-like (2.42 log₂FC), recep-
tor-like serine/threonine-protein kinase ALE2 isoform X1 
(2.52 log₂FC), non-specific serine/threonine protein kinase 
(2.10 log₂FC), and receptor-like protein kinase FERONIA 
(1.62 log₂FC). ROS-related proteins were also elevated, 
including heat shock protein (2.47 log₂FC), chaperone pro-
tein ClpC (1.00 log₂FC), and acylaminoacyl-peptidase (1.94 
log₂FC).

Transcription factors demonstrating increased abundance 
comprised of WRKY transcription factor 40 (1.35 log₂FC), 
zinc finger CCCH domain-containing protein 55 isoform 
X1 (1.93 log₂FC), zinc finger protein 1 (2.00 log₂FC), tran-
scription elongation factor SPT6-like (2.22 log₂FC), and 
HECT-type E3 ubiquitin transferase (2.27 log₂FC). Lastly, 
fatty acid pathway proteins such as 1-phosphatidylino-
sitol-3-phosphate 5-kinase (1.80 log₂FC), 1-phosphati-
dylinositol 4-kinase (1.54 log₂FC), phosphatidylinositol/

phosphatidylcholine transfer protein SFH12-like isoform X2 
(1.00 log₂FC), and phospholipase D (0.08 log₂FC), were 
among those notably upregulated.

Resistance‑related induced proteins (RRI)

Resistance-related induced (RRI) proteins were identified 
by comparing resistant and susceptible genotypes at 24 hpi, 
yielding 28 RRI-1 proteins in R-1 and 126 RRI-2 proteins in 
R-2 (Tables S3 and S5). Among these, cell wall-related pro-
teins such as cellulose synthase interactive protein 1 isoform 
X2 (6.11 log₂FC), 1,3-β-glucan synthase (5.17 log₂FC), 
β-glucosidase 40-like (3.69 log₂FC), cellulose synthase-
like protein B4 isoform X1 (2.96 log₂FC), and purple acid 
phosphatase (3.36 log₂FC) were predominantly upregulated.

Receptor proteins, including receptor kinase-like pro-
tein Xa21 (3.41 log₂FC), serine/threonine-protein kinase 

Fig. 2   Gene Ontology enrichment analysis of differentially expressed 
proteins identified in two resistant chickpea genotypes—ICCV506EB 
(R-1) and IG73016 (R-2)—compared to the susceptible genotype 
ICC3137 (S). a and b represent the GO classification results for R-1 
and R-2, respectively. Proteins were categorized under three major 

GO domains: BP biological process, CC cellular component, MF 
molecular function. The size of each circle indicates the number of 
proteins associated with each GO term, and the color scale represents 
the statistical significance (p-value) of enrichment, with darker colors 
indicating higher significance
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PRP4 homolog (5.42 log₂FC), mitogen-activated protein 
kinase (3.90 log₂FC), and non-specific serine/threonine 
protein kinase (2.58 log₂FC), showed increased expres-
sion. Even the ROS-related protein viz., ROS1-like protein 
(1.42 log₂FC) was also induced.

Phytohormone-related proteins like gibberellin 
2-β-dioxygenase 2 (3.70 log₂FC), 1-aminocyclopropane-
1-carboxylate synthase (1.00 log₂FC), cytochrome P450 
711A1 isoform X2 (3.09 log₂FC) were elevated. Key tran-
scription factors included WRKY transcription factor 40 
(3.12 log₂FC) and transcriptional elongation regulator 
MINIYO isoform X2 (1.02 log₂FC). Fatty acid metabolism 
pathway-related proteins, such as lipase (3.40 log₂FC), 
phosphatidylinositol 4-phosphate 5-kinase (3.08 log₂FC), 
lysophospholipid acyltransferase LPEAT2 (2.81 log₂FC), 
phospholipase D (1.88 log₂FC), and Lipoxygenase-LOX 
(1.02 log₂FC) (LOX was uniquely identified using the 
soybean UniProt database), showed enhanced abundance. 
Even the terpenoid pathway protein—terpene synthase 
(1.00 log₂FC), was uniquely identified using the soybean 
UniProt database.

Comparative gut proteomics of H. armigera fed 
on chickpea and its CWR.

Insect midgut proteins from H. armigera larvae fed on 
resistant (Ha-R-1, Ha-R-2) and susceptible (Ha-S) chickpea 
genotypes were analyzed by UPLC––MS/MS, yielding 674 
proteins (UniProt database). Comparative analysis identified 
155 proteins in Ha-RRP-1, 120 in Ha-SRP-1, 189 in Ha-
RRP-2, and 116 in Ha-SRP-2 at 24 hpi. Venn diagram analy-
sis revealed 120 proteins common to resistant-fed larvae, 
with Ha-RRP-1 and Ha-RRP-2 showing 35 and 68 unique 
proteins, respectively (Fig. 3a). In susceptible-fed larvae, 61 
proteins were shared, with 59 unique to Ha-SRP-2 and 54 to 
Ha-SRP-1 (Fig. 3b).

Multivariate analysis confirmed clear segregation of mid-
gut proteomes. PCA showed distinct clustering, with PC1 
(60.2%) and PC2 (39.2%) capturing > 99% of variance. Ha-S 
clustered separately from resistant-fed groups, while Ha-R-1 
and Ha-R-2 formed distinct clusters with minimal replicate 
variability (Fig. 3c). PERMANOVA analysis confirmed that 
the differences among groups based on permutation testing 
(999 permutations). PLS-DA reinforced these findings, with 

Fig. 3   Venn diagrams and multivariate analyses of differentially 
expressed proteins (DEPs) in H. armigera larvae fed on resistant and 
susceptible chickpea genotypes. a Overlap and unique sets of Resist-
ance-Response Proteins (RRPs) identified in insects fed on resistant 
genotypes (Ha-R-1, Ha-R-2) compared with susceptible-fed insects 
(Ha-S). b Overlap and unique sets of Susceptible-Response Proteins 
(SRPs) identified in susceptible-fed insects relative to resistant-fed 
insects. Proteins were considered significant based on Log₂  fold 

change ≥ 1.0 and FDR ≤ 0.05, highlighting both common and geno-
type-specific midgut responses. c PCA and d PLS-DA plots showing 
clustering and group separation of midgut proteomes in insects fed on 
resistant (Ha-R-1, Ha-R-2) and susceptible (Ha-S) genotypes. (e–f) 
Volcano plots depicting DEPs between resistant- and susceptible-
fed insects: e Ha-R-1 vs Ha-S and f Ha-R-2 vs Ha-S. Red and blue 
dots represent significantly upregulated and downregulated proteins, 
respectively
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Component 1 (53.6%) and Component 2 (45.8%) explain-
ing > 99% of variance. Resistant-fed groups clustered apart 
from Ha-S, with Ha-R-1 and Ha-R-2 forming well-defined, 
genotype-specific clusters (Fig. 3d). Model evaluation indi-
cated high goodness-of-fit (R2 = 0.94–0.999) and predictive 
ability (Q2 = 0.87–0.999), and fivefold cross-validation with 
permutation testing (1000 iterations) suggested stable model 
performance with low risk of overfitting (Fig. S3j).

Functional classification of identified proteins based 
on GO annotation for H. armigera

GO enrichment analysis of DEPs from resistant-fed lar-
vae (Ha-R-1, Ha-R-2) versus susceptible-fed larvae (Ha-S) 
revealed distinct functional profiles across all GO domains.

In Ha-R-1, enriched Biological Process (BP) terms 
included protein phosphorylation (GO:0006468), DNA 
biosynthetic process (GO:0071897), cell migration 
(GO:0016477), DNA repair (GO:0006281), cell sur-
face receptor protein tyrosine kinase signaling pathway 
(GO:0007169), and cell division (GO:0051301). Within 
the Cellular Component (CC) domain, the most enriched 
terms were cytoplasm (GO:0005737), plasma membrane 
(GO:0005886), cytoskeleton (GO:0005856), and chro-
mosome (GO:0005694). In the Molecular Function (MF) 
category, significant enrichment was observed for ATP 
binding (GO:0005524), protein binding (GO:0005515), 

metal ion binding (GO:0046872), ATP hydrolysis activity 
(GO:0016887), and mRNA binding (GO:0003729). Several 
kinase-related activities, including histone H3S57 kinase 
activity (GO:0140855), DNA-dependent protein kinase 
activity (GO:0004677), and AMP-activated protein kinase 
activity (GO:0004679), were also enriched, alongside 
transporter functions such as ABC-type transporter activity 
(GO:0140359) and lipid transporter activity (GO:0005319) 
(Fig. 4a).

In Ha-R-2, the BP category showed enrichment for protein 
phosphorylation (GO:0006468), DNA biosynthetic process 
(GO:0071897), cell migration (GO:0016477), monatomic 
ion transport (GO:0006811), and homophilic cell adhesion 
via plasma membrane adhesion molecules (GO:0007156). 
Enriched CC terms included nucleus (GO:0005634), cyto-
plasm (GO:0005737), plasma membrane (GO:0005886), 
and cytoskeleton (GO:0005856). In the MF category, the top 
enriched terms were ATP binding (GO:0005524), protein 
binding (GO:0005515), metal ion binding (GO:0046872), 
ATP hydrolysis activity (GO:0016887), and mRNA binding 
(GO:0003729) (Fig. 4b).

Differential gut protein expression in H. armigera 
fed on resistant vs. susceptible genotypes.

The comparison of DEPs between resistant-fed (Ha-R-1, 
Ha-R-2) and susceptible-fed larvae (Ha-S) revealed distinct 

Fig. 4   Gene Ontology (GO) enrichment analysis of differentially 
expressed proteins (DEPs) in the midgut of H. armigera larvae fed 
on resistant versus susceptible chickpea genotypes. a GOCircle plot 
showing functional classification of DEPs in larvae fed on the resist-
ant genotype Ha-R-1 compared with the susceptible genotype Ha-S. 
b GOCircle plot showing functional classification of DEPs in larvae 
fed on the resistant genotype Ha-R-2 compared with the susceptible 
genotype Ha-S. In each plot, GO terms are grouped into Biological 
Process, Cellular Component, and Molecular Function categories, as 

indicated by distinct colors. The inner radial bars represent the num-
ber of genes associated with each term, separated into upregulated 
and downregulated proteins, with segments containing both shown 
as a combination of the colors. The outermost ring lists GO term 
names, the middle ring shows gene counts, and the inner heatmap 
ring depicts enrichment significance as –log₁₀(Q-value), with higher 
values indicating greater significance. The central radial scale also 
displays the rich factor (0–1) for each GO term
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regulatory trends. Ha-R-1/Ha-S showed a strong upregula-
tion bias (↑155, ↓120), indicative of an activation-driven 
proteomic response, whereas Ha-R-2/Ha-S also displayed a 
pronounced upregulation trend (↑189, ↓116), suggesting an 
intensified activation and reprogramming of the proteome 
(Fig. 3e, f).

H. armigera Resistance Response Proteins (Ha-RRPs) 
Key Ha-RRPs included a variety of functional categories 
(Table S6). Digestive enzymes such as aminopeptidase (3.74 
log₂FC), salivary protein (1.00 log₂FC), metalloendopepti-
dase (1.20 log₂FC), and peptidase S1 domain-containing 
protein (3.44 log₂FC) were notably upregulated. Among 
receptors, proteins like: MAP4K (2.97 log₂FC), recep-
tor serine/threonine kinase (2.45 log₂FC), GPCR family 1 
protein (1.87 log₂FC), nicotinic acetylcholine receptor α3 
(1.70 log₂FC), NMDA receptor subunit 3A (1.21 log₂FC), 
tyrosine-protein kinase Wsck (2.39 log₂FC), EGF-like pro-
tein (3.08 log₂FC) showed increased expression. Proteins 
involved in ROS management, such as peroxidase (2.19 
log₂FC), HSP22 (4.69 log₂FC), HSP70 cognate 5 (2.92 
log₂FC), NADP-dependent oxidoreductase (4.61 log₂FC), 
apoptosis inhibitor 5 (1.11 log₂FC), were significantly ele-
vated. Detoxification enzymes including cytochrome P450 
(2.01 log₂FC), UDP-glycosyltransferase (5.73 log₂FC), 
monooxygenase (1.00 log₂FC), aldehyde reductase 10 
(1.00 log₂FC), carboxylic ester hydrolase (3.62 log₂FC), 
γ-glutamylcyclotransferase (3.64 log₂FC), carboxylesterase 
type B protein (1.20 log₂FC) were also upregulated. Tran-
scription factors, viz., GTF3C3 (2.97 log₂FC), RING-type 
protein (1.63 log₂FC), C2H2-type protein (3.49 log₂FC), 
RRM protein (3.86 log₂FC), CCHC-type protein (5.87 
log₂FC), were enhanced.

Transporters, including SEC23 (1.97 log₂FC), ion trans-
port protein (3.19 log₂FC), ABC transporter (2.47 log₂FC), 
MFS protein (4.64 log₂FC), potassium channel protein (1.35 
log₂FC), and V-type proton ATPase (1.88 log₂FC), were 
also more abundant. Additionally, proteins associated with 
midgut integrity, such as adenylate kinase (4.54 log₂FC), 
cadherin-domain protein (1.53 log₂FC), were significantly 
expressed.

H. armigera‑Susceptible Response Proteins 
(Ha‑SRPs)

Representative Ha-SRPs with notable fold changes included 
(Table S7): digestive enzymes such as cathepsin L-like pro-
tease (1.00 log₂FC), aminopeptidase (2.14 log₂FC), malic 
enzyme (1.32 log₂FC). Among receptors, the NMDA recep-
tor subunit 1 (2.47 log₂FC), protein kinase domain pro-
tein (2.06 log₂FC), tyrosine-protein kinase receptor (2.16 
log₂FC). Proteins involved in ROS management, including 
HSP70 (3.25 log₂FC), superoxide dismutase (1.11 log₂FC), 
HSP19.5 (1.00 log₂FC), and J domain-containing protein 

(2.47 log₂FC), was also elevated. Detoxification enzymes 
such as cytochrome P450 (1.42 log₂FC), UDP-glucurono-
syltransferase (1.42 log₂FC), monooxygenase (1.16 log₂FC) 
were upregulated. Transcription factors, including the TFI-
IIC 90 kDa subunit (1.00 log₂FC), the PWI domain protein 
(5.25 log₂FC), and the C2H2-type protein (1.77 log₂FC), 
exhibited increased abundance. Transport-related proteins, 
such as ABC transporter (1.95 log₂FC), signal recognition 
particle 9 kDa protein (1.19 log₂FC), MFS protein (2.57 
log₂FC), and sodium channel protein (2.52 log₂FC), were 
also more abundant. Additionally, the cadherin-domain 
protein (1.69 log₂FC), linked to Midgut integrity was 
upregulated.

Validation of plant protein expression

Expression of twelve defense-related genes was validated 
by qRT-PCR, spanning cell wall biosynthesis, receptor 
kinases, calcium signaling, R proteins, transcription factors, 
phytohormone pathways, fatty acid metabolism, and terpene 
biosynthesis. Consistent with proteomic profiles, several 
genes showed significant upregulation (p < 0.05) in resist-
ant versus susceptible genotypes, including CELLULOSE 
SYNTHASE INTERACTIVE 1 (2.3–4.68 FC), 1,3-β-glucan 
synthase (2.76–3.09 FC), receptor-like serine/threonine-pro-
tein kinase (2.06–3.14 FC), calcium-transporting ATPase 
(2.46–3.23 FC), CC-NBS-LRR protein (2.03–2.83 FC), GA 
2-β-dioxygenase 2 (3.62–4.60 FC), ABA 8′-hydroxylase 4 
(2.70–5.47 FC), lipase (2.68–4.81 FC), phosphatidylinosi-
tol 4-phosphate 5-kinase (3.49–4.98 FC), terpene synthase 
(2.69–3.22 FC), WRKY40 (3.49–4.64 FC), and ethylene 
receptor (2.83–8.96 FC). These results confirm proteomic 
trends and underscore genotype-specific expression signa-
tures underlying resistance (Fig. 5).

Molecular docking and dynamics confirm stable 
binding of linoleic acid to CYP450 in H. armigera

Herbivore attack induces phospholipase-mediated release 
of linoleic (18:2) and linolenic (18:3) acids, with linolenic 
acid driving jasmonic acid (JA) synthesis via the octa-
decanoid pathway (Qi et al. 2011; Nishizato et al. 2025; 
Hunter et al. 2025). As a central defense signal, JA coor-
dinates diverse anti-herbivore responses, thereby linking 
fatty acid turnover to plant resistance (Vatanparast et al. 
2020; Hunter et al. 2025). Based on this, we selected lin-
oleic acid as the ligand for initial molecular docking studies 
with key insect digestive enzymes (Aminopeptidase, Pepti-
dase) and detoxification enzymes (Cytochrome P450, UDP-
glycosyltransferase, Carboxylesterase, Aldehyde reductase). 
Among these, the best docking results were obtained with 
CYP450. In H. armigera, the CYP450 model quality was 
confirmed through Ramachandran analysis, showing 92.5% 
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of residues in most favoured and 7.1% in allowed regions, 
validating its suitability for docking (Fig. S4). Docking stud-
ies revealed strong binding of plant linoleic acid to midgut 
CYP450 of H. armigera (–7.2 kcal/mol, AutoDock Vina). 
Structural visualization (BIOVIA Discovery Studio) indi-
cated multiple stabilizing interactions, including hydrogen 
bonds (ASN116, PHE113, PHE119), hydrophobic contacts 
(LEU324, ALA328, PHE325, ALA191, ILE187), van der 
Waals forces (ILE475, VAL327, GLY329), and aromatic 
interactions (PHE113, PHE118, PHE479) (Fig. 6a–c). Col-
lectively, these results demonstrate a stable and favorable 
interaction of linoleic acid with CYP450.

Structural stability and dynamic behavior 
of the CYP450–linoleic acid complex

All-atom MD simulations (10 ns, GROMACS) were con-
ducted to assess the stability of the CYP450–linoleic 
acid complex. Backbone RMSD analysis showed rapid 
equilibration within 1 ns, with values stabilized between 
0.20–0.28 nm, indicating structural stability without sig-
nificant drift (Fig. 6d). RMSF analysis revealed low resi-
due-level fluctuations (< 0.1 nm), with reduced flexibility in 

the active-site region, confirming a rigid and stable binding 
pocket (Fig. 6e). These results demonstrate that linoleic acid 
remained stably accommodated within the CYP450 active 
site, maintaining overall structural integrity of the complex.

Probit analysis of linoleic acid bioassay

The insecticidal potential of linoleic acid against third instar 
H. armigera larvae was evaluated using the diet overlay 
method. Probit analysis of three-day mortality data estimated 
an LC₅₀ of 15,083.845 ppm (95% CL: 0.889–1.536) and 
an LC₉₅ of 342,712.243 ppm (Fig. S5). The dose–response 
slope (1.121 ± 0.165) and χ2 value (7.397) indicated a mod-
erate yet reliable fit to the probit model. These results dem-
onstrate that linoleic acid exerts toxic effects on H. armigera 
larvae.

These results indicate that LA exhibits measurable larval 
toxicity under the tested conditions. However, the bioassay 
evaluated mortality only, and no direct measurements of 
physiological or immune parameters were conducted; there-
fore, any proposed effects beyond general toxicity require 
further experimental validation.

Fig. 5   Relative expression of candidate genes (a–l) in resistant and 
susceptible chickpea genotypes. Quantitative real-time PCR (RT-
qPCR) analysis showing transcript abundance of the indicated genes 
under uninfested and infested conditions. RM-1 and RP-1 represent 
the cultivated resistant check ICCV 506 EB (uninfested and infested, 
respectively), RM-2 and RP-2 correspond to the wild resistant geno-

type IG 73016 (uninfested and infested, respectively), and SM and 
SP denote the cultivated susceptible check ICC 3137 (uninfested and 
infested, respectively). Data represent mean ± SE from three biologi-
cal replicates. Different letters above the bars indicate statistically sig-
nificant differences (p < 0.05, one-way ANOVA followed by post hoc 
test)
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Discussion

Plants are constantly being challenged by insect herbi-
vores that threaten their growth, productivity, and yield. To 
counter these challenges, they have evolved a wide array of 
defense strategies, including the production of secondary 
metabolites and defense proteins that deter feeding, impair 
insect development, or exert direct toxic effects on herbi-
vores (Gatehouse 2002; Chen 2008; Wu and Baldwin 2010; 

Ali et al. 2024). However, many crop species have experi-
enced genetic erosion during domestication and large-scale 
cultivation, loosing crucial adaptive traits against biotic 
stresses. In contrast, crop wild relatives remain an invalu-
able reservoir of genetic diversity, retaining traits for resil-
ience against environmental and biotic stresses (Zhang et al. 
2019a; Singh et al. 2021). In chickpea, the narrow genetic 
base of cultivated varieties emphasizes the importance 
of exploiting wild Cicer species, which have co-evolved 

Fig. 6   Molecular docking and dynamics of insect cytochrome P450 
(CYP450) with linoleic acid (LA). a Predicted 3D structure of insect 
CYP450 used for docking. b 2D structure of linoleic acid (LA; CAS 
Registry Number 60–33-3) used as the ligand. c Docking interaction 
profile of CYP450 with LA. Molecular dynamics (MD) simulations 

of the CYP450–LA complex: d root mean square deviation (RMSD) 
plot showing structural stability of the complex over a 10 ns trajec-
tory, and e root mean square fluctuation (RMSF) plot depicting resi-
due-wise flexibility during the simulation
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under constant herbivory and exhibit robust direct defense 
mechanisms against H. armigera (Golla et al. 2018b, 2020). 
This study utilized comparative proteomics to unravel the 
molecular basis of chickpea resistance to H. armigera. By 
capturing the dynamic interaction changes in host and insect 
proteomes, the analysis sheds light on the proteolytic “tug-
of-war” between resistant chickpea genotypes deploying 
defense proteins and inhibitors. Though the insect attempts 
effectively, but fails to mount adaptive counter-responses, 
leading to mortality.

Molecular Arms Race: Chickpea–H. armigera 
Interactions

The interaction between chickpea and H. armigera exempli-
fies a classical molecular arms race, wherein the host plant 
deploys a series of defense mechanisms to restrict insect 
feeding. Conversely, the insect evolves adaptive counterstrat-
egies to sustain its growth and survival but fails to survive 
when fed on resistant wild chickpea genotypes.

Resistance-Related Proteins in Chickpea–H. armigera 
Interaction: Upon H. armigera infestation, resistant chick-
pea activates a diverse array of defense responses, including 
the induction of receptor kinases, phytohormones, transcrip-
tion factors, and proteins related to secondary biosynthetic 
pathways, that collectively impair insect digestion and 
disrupt midgut physiology (Napoleão et al. 2019). Upon 
herbivore attack, plants detect damage- and herbivore-asso-
ciated molecular patterns (DAMPs and HAMPs) through 
pattern recognition receptors (PRRs), including receptor-
like kinases (RLKs), initiating early defense signaling (Erb 
and Reymond 2019). In this study, resistant chickpea geno-
types exhibited upregulation of leucine-rich repeat RLKs, 
receptor-like serine/threonine kinases, stress-induced 
RLK2, and Xa21-like kinases following H. armigera infes-
tation. Comparable findings in rice (OsLRR-RLK1) and tea 
(CsLRR-RLK44/239) demonstrate that herbivore-induced 
RLKs activate MAPK cascades and downstream defenses 
(Hu et al. 2018; Jiang et al. 2025). MAPKs were consist-
ently upregulated in resistant chickpea genotypes, indicating 
their role as early amplifiers of defense responses. MAPK 
cascades, through sequential phosphorylation events (MAP-
KKK → MAPKK → MAPK), activate specific transcription 
factors, hormone signaling (JA, SA), and defense-related 
genes (Rodriguez et al. 2010; Pitzschke 2015). In the pre-
sent study, activation of the JA pathway is inferred based 
on the differential abundance of JA biosynthesis- and sign-
aling-related proteins identified in the proteomic analysis. 
Direct quantification of JA or its derivatives using targeted 
hormone profiling will be required to confirm JA accumula-
tion under herbivore infestation. Previous reports in tomato, 
tobacco, and rice support MAPK-mediated regulation of JA/

SA signaling in herbivore-induced resistance (Kandoth et al. 
2007; Wu et al. 2007; Wang et al. 2013).

The coordinated induction of RLKs and MAPKs in resist-
ant chickpea genotypes underscores their critical role in 
early herbivore recognition and signal amplification. Acting 
as molecular switches, these receptors integrate herbivore 
perception with MAPK cascades and hormonal networks, 
thereby enabling rapid transcriptional reprogramming and 
enhancing resistance against H. armigera.

Transcription factors (TFs) are pivotal regulators of 
plant defense, orchestrating transcriptional reprogramming 
in response to herbivore attack. Proteomic analysis in this 
study revealed significant upregulation of WRKY40, MYB-
type TFs, zinc finger proteins (C2H2- and PHD-type), and 
E3 ubiquitin ligases (RING- and HECT-type) in resistant 
chickpea genotypes following H. armigera infestation, 
highlighting their vital role in activating defense pathways. 
WRKY TFs, often acting downstream of MAPK cascades, 
were strongly induced, with WRKY40 showing a consistent 
role in herbivore resistance, as previously demonstrated in 
Arabidopsis, tobacco, and rice (Schweizer et al. 2013; Chujo 
et al. 2014; Li et al. 2015; Yao et al. 2020). MYB TFs are 
known to regulate both chemical and structural defenses, 
including cell wall modification and callose deposition 
(Vos et al. 2006; Zhai et al. 2017), suggesting similar roles 
in chickpea. Zinc finger proteins, particularly C2H2- and 
PHD-types, have been widely implicated in transcriptional 
reprogramming during herbivory across species (Lawrence 
et al. 2018; Zhang et al. 2024), and their induction points 
to broad-spectrum defense roles. Additionally, RING- and 
HECT-type E3 ubiquitin ligases likely contribute to immune 
signaling through protein turnover, consistent with reports 
of RING-type ligases regulating JA signaling by modulating 
WRKY stability (Ali et al. 2019; Kawaguchi et al. 2023).

Proteomic analysis revealed the upregulation of several 
phytohormone-related proteins in resistant chickpea geno-
types following H. armigera infestation, including 1-ami-
nocyclopropane-1-carboxylate synthase (ACS), gibberellin 
2-beta-dioxygenase 2 (GA2ox2), auxin response factors 
(ARFs), and abscisic acid 8′-hydroxylase 4, suggesting a 
complex interplay of hormonal pathways in defense regula-
tion. Among these, ACS is a key enzyme in ethylene bio-
synthesis, and its induction highlights the central role of 
ethylene (ET) in insect-induced defense. ET functions both 
independently and synergistically with JA pathway to acti-
vate downstream signaling, regulate secondary metabolite 
production, and reinforce structural barriers such as callose 
deposition and cell wall thickening (Arimura et al. 2000; 
Schmelz et al. 2003; Varsani et al. 2019). The observed 
induction of 1,3-β-D-glucan synthase further supports 
ET-mediated reinforcement of physical defenses against 
herbivory.
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In parallel, GA2ox2 upregulation suggests suppressing 
gibberellin activity, consistent with growth–defense trade-
offs reported under herbivore pressure (Pandey et al. 2017; 
Li et al. 2022). Similarly, induction of ARFs points to auxin 
signaling as an early modulator of herbivore responses, often 
acting in concert with JA to regulate defense-related genes 
(Machado et al. 2016; Bhattacharjee et al. 2020). Resistant 
chickpea genotypes undergo hormone-mediated reprogram-
ming, where oxylipin, ethylene, gibberellin, and auxin sign-
aling converge to suppress growth and reinforce defense. 
The coordinated induction of transcription factors and phy-
tohormones links early perception and MAPK signaling to 
the activation of secondary metabolic pathways, enabling 
an effective response against H. armigera. Similarly, sig-
nificant upregulation of defense genes in wild pigeonpea 
(C. scarabaeoides) highlights robust defense pathway acti-
vation, accompanied by shifts in transcription factors, phy-
tohormones, and calcium signaling (Meshram et al. 2025).

Proteomic analysis revealed the upregulation of several 
fatty acid pathway-related proteins in resistant chickpea gen-
otypes following H. armigera infestation, including lipoxy-
genase (LOX), lipase, phospholipase D (PLD), lysophos-
pholipid acyltransferase, phosphatidylinositol 4-phosphate 
5-kinase (PIP5K), 1-phosphatidylinositol-3-phosphate 
5-kinase (PI3P5K), AB hydrolase-1, enoyl reductase 
(ER), and phospholipid/glycerol acyltransferase domain-
containing proteins. This coordinated induction suggests a 
pivotal role of lipid metabolism and signaling in defense 
responses. Lipases and PLDs are particularly important, 
as they liberate polyunsaturated fatty acids (PUFAs) and 
generate phosphatidic acid (PA), key precursors and second 
messengers in JA signaling, a central pathway in herbivore 
defense (Wang et al. 2000; Bonaventure et al. 2011). Similar 
associations have been reported in C. scarabaeoides, where 
lipase induction correlated with defense lipid production 
(Ngugi-Dawit et al. 2021). The observed upregulation of 
PIP5K and PI3P5K further underscores the role of phos-
phoinositide signaling in stress adaptation, as these kinases 
regulate PI(4,5)P₂ and PI(3,5)P₂ pools that influence mem-
brane trafficking, cytoskeletal remodeling, and defense sign-
aling (Heilmann 2016; Kuroda et al. 2021). These results 
suggest that resistant chickpea genotypes mobilize lipid-
derived signaling cascades that are consistent with activation 
of JA-mediated defenses and strengthen resilience against 
H. armigera. Together, these multilayered defenses create a 
hostile biochemical environment that affects larval feeding 
efficiency and survival.

The current findings reflect an early defense response 
observed at 24 h post-infestation, and comprehensive time-
course studies will be necessary to elucidate the full tempo-
ral progression of resistance mechanisms.

Proteolytic Countermeasures in H. armigera Midgut: 
In response to resistant chickpea genotypes, H. armigera 

remodels its midgut proteome through the upregulation 
of detoxification enzymes, including cytochrome P450 
monooxygenases (P450s), glutathione-S-transferases 
(GSTs), carboxylesterases (CarEs), aldo–keto reductases, 
and ATP-binding cassette (ABC) transporters. These 
enzymes metabolize plant-derived allelochemicals but 
impose a significant metabolic cost, as their synthesis diverts 
resources from growth and development (Castañeda et al. 
2009; Mulla and Tamhane 2023). The pod bioassay results 
corroborate this trade-off, with larvae feeding on resistant 
genotypes exhibiting reduced weight gain and delayed devel-
opment despite an active detoxification response. Similar 
detoxification costs have been documented in H. zea, Spo-
doptera spp., and aphids under chemically defended diets 
(Yu and Hsu 1993; Francis et al. 2005; Chen et al. 2023).

The midgut epithelium is the critical interface where 
these defenses and counter-defenses are enacted. Resist-
ant chickpea genotypes expose H. armigera larvae to sec-
ondary metabolites that impair digestive enzyme activity, 
affect nutrient uptake, and disrupt metabolic balance (Golla 
et al. 2018a; Chamani et al. 2025). Consequently, nutrient 
assimilation is inefficient, resulting in slower growth and 
higher mortality. In contrast, larvae feeding on susceptible 
genotypes experience minimal biochemical stress, as indi-
cated by low to moderate levels of digestive enzymes such 
as aminopeptidases and peptidase S1 domain proteins, and 
therefore do not mount a compensatory enzymatic response 
due to the presence of fewer antinutritional barriers (Golla 
et al. 2018a).

These findings highlight the proteolytic tug-of-war at 
the plant–insect interface, where chickpea defense proteins 
suppress digestion and force larvae to energetically activate 
the detoxification strategies. This trade-off reduces herbi-
vore fitness and underscores the potential of targeting insect 
proteases and detoxification pathways for breeding durable 
resistance in chickpea.

Oxidative stress–mediated trade‑offs

Proteomic analysis revealed that H. armigera larvae feed-
ing on resistant chickpea genotypes experience severe physi-
ological stress, including oxidative imbalance, digestive 
impairment, and endocrine disruption, ultimately reducing 
fitness and survival. Elevated oxidative stress was evident 
from increased NAD(P)H oxidase activity and limited 
induction of antioxidant enzymes such as superoxide dis-
mutase (SOD), resulting in redox imbalance and cellular 
damage (Ha et al. 2009; Jones et al. 2013; Lomate et al. 
2015). Concurrent upregulation of heat shock proteins 
(HSP22.0, HSP70) indicated proteotoxic stress triggered by 
prolonged ROS accumulation (King and MacRae 2015). In 
contrast, larvae on susceptible genotypes displayed balanced 
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antioxidant activity (SOD, thioredoxin, HSP70), maintaining 
redox homeostasis.

Oxidative damage in the midgut epithelium compromised 
membrane integrity and nutrient assimilation, contributing 
to growth arrest. Similar oxidative stress–driven perfor-
mance loss has been reported in Hessian fly on resistant 
wheat and Myzus persicae on resistant potato (Mittapalli 
et al. 2007; Rigsby et al. 2015; Quandahor et al. 2022). 
Additionally, upregulation of inhibitors of apoptosis proteins 
(IAPs) in resistant-fed larvae suggested incomplete suppres-
sion of stress-induced apoptosis (Zhang et al. 2019b), while 
downregulation of juvenile hormone binding protein (JHBP) 
implied hormonal imbalance disrupting larval development.

Together, these findings demonstrate that resistant chick-
pea genotypes impose a multifaceted stress regime on H. 
armigera—detoxification overload, oxidative stress, diges-
tive disruption, and endocrine imbalance (War et al. 2012; 
Zhou et al. 2019; Li et al. 2022; Chamani et al. 2025). Con-
versely, larvae on susceptible genotypes encounter a permis-
sive biochemical environment that supports efficient metabo-
lism and development. These insights highlight the utility of 
proteomics in unraveling host resistance mechanisms and 
their cascading effects on insect physiology.

Functional validation of linoleic acid involved 
in the JA signaling pathway

Upon herbivore attack, membrane lipids are cleaved by 
phospholipases to release polyunsaturated fatty acids, pri-
marily linoleic acid (18:2) and linolenic acid (18:3) (Con-
coni et al. 1996; Qi et al. 2011). Linoleic acid serves as a 
precursor of bioactive oxylipins, while its desaturation to 
linolenic acid initiates the octadecanoid pathway leading 
to JA synthesis (Nishizato et al. 2025). Through sequential 
action of 13-LOX, AOS, and AOC, linolenic acid is con-
verted to JA, a central defense hormone that induces pro-
tease inhibitors, secondary metabolites, and other herbivore 
responses (Nishizato et al. 2025; Hunter et al. 2025). Thus, 
fatty acids—especially linoleic and linolenic acids—form 
the biochemical bridge linking membrane lipid turnover to 
JA-mediated plant resistance.

The In-silico analyses suggest that H. armigera CYP450s 
can potentially interact with linoleic acid (LA), with docking 
and molecular dynamics indicating a stable LA–CYP450 
complex oriented for catalysis. Similar to vertebrate 
CYP2J/2C enzymes that generate 9,10- and 12,13-epoxy-
octadecenoic acids (EpOMEs), insect CYP450s may have 
the capacity to convert dietary or membrane-derived LA 
into EpOMEs (Vatanparast et  al. 2020). EpOMEs have 
been reported as potent physiologically active oxylipins 
with immunomodulatory effects. In Spodoptera exigua 
and Maruca vitrata, 12,13-EpOME suppressed hemo-
cyte spreading, nodulation, phenoloxidase activity, and 

antimicrobial peptide induction, while inhibition of soluble 
epoxide hydrolase (sEH) prolonged EpOME activity and 
increased pathogen susceptibility (Shahmohammadi et al. 
2025). These findings indicate that LA-derived EpOMEs 
can act as modulators of modulators of insect physiological 
responses.

Bioassays further support this interpretation. LA showed 
only moderate toxicity against H. armigera larvae, consist-
ent with the metabolism-dependent enhancement of toxic-
ity. However, EpOME analogs or stabilized derivatives were 
markedly more potent, reducing larval growth and devel-
opment. These observations suggest that LA may function 
as a potential pro-toxin, although direct in vivo evidence 
for its metabolic conversion into EpOMEs within the insect 
was not obtained in the present study. Accordingly, the pro-
posed “Trojan horse” mechanism—where plant-derived 
LA is metabolically activated by insect CYP450s into more 
toxic oxylipins—should be considered a working hypothesis 
supported by correlative evidence from proteomics, com-
putational analysis, and larval bioassays rather than a con-
firmed pathway. Importantly, EpOME or other oxidized LA 
metabolites were not directly detected in larval tissues or gut 
contents in this study. Targeted metabolomic analysis will be 
required to confirm the in vivo formation of these metabo-
lites under physiological feeding conditions. Furthermore, 
while docking and molecular dynamics analyses indicate 
structural compatibility and binding potential, experimen-
tal validation through enzyme activity assays or CYP450 
inhibition studies will be necessary to establish metabolism-
dependent toxicity. The bioassays conducted measured larval 
mortality and growth effects only; therefore, any potential 
impact of LA-derived metabolites on insect immune func-
tion remains hypothetical and was not directly assessed. 
This strategy offers a potential basis for HPR mechanism, 
distinct from neurotoxic or endocrine-targeting insecticides, 
and highlights the potential of LA derivatives and EpOME 
mimics in sustainable pest management.

Conclusion

Plant–insect interactions reflect a continuous molecular 
arms race. In this dynamic, resistant chickpea genotypes 
mount JA-dependent defenses through secondary metabo-
lites, resistance proteins, and biochemical barriers, while 
H. armigera counters via detoxification enzymes, proteo-
lytic adjustments, and behavioral shifts. Proteomic evi-
dence demonstrates that chickpea deploys a hierarchical 
defense protein network capable of neutralizing insect 
midgut proteases. In turn, larvae feeding on resistant 
genotypes experience oxidative stress–driven trade-offs 
that impair survival and fitness. The present findings rep-
resent an early defense response captured at 24 h after 
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infestation, and future time-course studies will be required 
to fully understand the temporal dynamics of resistance 
mechanisms. Furthermore, linoleic acid (LA) showed 
larval toxicity and is suggested to function as a potential 
pro-toxin, although the metabolic conversion of LA into 
more active derivatives within the insect remains to be 
experimentally validated. The proposed involvement of 
LA-derived oxylipins in modulating insect physiological 
processes should therefore be considered a hypothesis 
supported by correlative evidence rather than a confirmed 
mechanism. Overall, the integrated host–pest proteomic 
analysis revealed that resistant chickpea and its crop wild 
relative exhibit enhanced early signaling, transcriptional 
reprogramming, lipid-mediated defense, and constitu-
tive biochemical barriers that collectively restrict larval 
performance. These responses highlight the biological 
significance of early JA-associated signaling and lipid-
derived defense pathways as key components of effective 
resistance. These multilayered responses underscore the 
complexity of chickpea–H. armigera interactions and 
reveal strategic molecular targets for crop protection. The 
identified defense-associated proteins and lipid-mediated 
pathways provide potential biomarkers and candidate traits 
for resistance breeding and integrated pest management. 
Importantly, the resistance-linked proteins and pathways 
identified in the crop wild relative represent valuable 
molecular resources for introgression and marker-assisted 
selection to broaden the genetic base of cultivated chick-
pea. Harnessing natural variation in defense metabolites, 
alongside enhancing early activation of the JA pathway 
through molecular breeding, represents a promising 
approach for the development of insect-resilient chickpea 
cultivars.
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