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Abstract
Background: Chitinases can contribute to plant defence against fungal pathogens and insect herbivores, 
but their family organization, inducible deployment, and putative ligand-recognition behaviour remain 
poorly resolved in chickpea. We combined genome-wide identification, field expression profiling under 
controlled  Helicoverpa armigera infestation, hormone treatments,  and structure-guided comparison of 
representative proteins to prioritize defence-associated chickpea chitinases.

Results: We identified 28 chickpea chitinase loci (Car_Chits), comprising 22 glycosyl hydrolase family 
18 (GH18) genes and 6 GH19 genes. Local duplication, especially tandem duplication within GH18, was 
the main contributor to family expansion, and interpretable duplicate pairs were retained mainly under 
purifying selection. Promoter scans indicated broad enrichment of defence- and hormone-associated cis-
elements. Field quantitative real-time PCR (qRT-PCR) profiling of 11 candidate genes in field-grown 
plants subjected to controlled H. armigera infestation and hormone treatments showed treatment-specific 
temporal regulation. Car_Chit-4 (GH19) was strongly induced by salicylic acid (7.81-fold at 0.5 h; q <  
0.05)  but  transiently  repressed  shortly  after  H.  armigera feeding  (0.15-fold  at  0.5  h;  q  =  0.030). 
Car_Chit-19 (GH18) was the clearest herbivory-responsive gene, with late induction at 8 h (1.62-fold; q = 
0.050) and 48 h (1.85-fold; q = 0.050). Jasmonic acid caused broad early repression across several genes, 
followed  by  delayed  induction  of  Car_Chit-4  at  24  h.  Seven  Car_Chit-(GlcNAc)₄  complexes  were 
modelled, docked, and simulated for 100 ns. GH18 proteins generally showed more favourable predicted 
MM-PBSA binding energies than GH19 proteins, but the structural metrics were interpreted as relative 
ligand-recognition indicators rather than direct evidence of anti-herbivore function. Car_Chit-17 had the 
most favourable predicted binding energy (ΔG_bind = −18.51 ± 6.75 kcal/mol), whereas Car_Chit-14 and 
Car_Chit-27 retained the most stable ligand poses and Car_Chit-19 displayed the most stable protein 
scaffold.

Conclusions:  Chickpea  chitinases  show  differentiated  temporal  responses  to  herbivory  and  hormone 
signalling. The study supports a working model in which GH19 Car_Chit-4 marks a rapid salicylic-acid-
responsive  arm,  whereas  GH18  Car_Chit-19  marks  a  delayed  herbivory-responsive  arm.  A  tiered 
prioritization  framework  separates  expression-deployed  candidates  from structure-guided  biochemical 
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candidates, explaining why different genes emerge from qRT-PCR and molecular modelling analyses. 
The  structural  analyses  provide  complementary  prioritization  of  Car_Chit-17,  Car_Chit-14,  and 
Car_Chit-27 for biochemical characterization. Together, these results provide a resource for dissecting 
chitinase-mediated defence in chickpea and for selecting candidates for functional validation.

Keywords:  Cicer arietinum;  Helicoverpa armigera;  chitinase; jasmonic acid; salicylic acid; molecular 
dynamics; MM-PBSA.

Background

Herbivorous insects remain a major constraint on crop productivity, with Helicoverpa armigera ranking 
among  the  most  destructive  chewing  pests  of  grain  legumes  worldwide  [1–4].  In  chickpea,  severe 
infestations  can  cause  extensive  pod and foliage  damage,  leading  to  significant  economic  losses  for 
farmers [3]. Because repeated insecticide applications carry environmental costs and foster resistance, 
there is sustained interest in endogenous plant defense genes that could complement or diversify current 
management strategies [3–4].

Chitinases are attractive candidates in this context because they hydrolyze the β-1,4-linked N-acetyl-D-
glucosamine polymer chitin, a key structural component of fungal cell walls and the insect peritrophic  
matrix [5–12]. Chitinase-mediated disruption of the insect gut barrier has been proposed to enhance direct 
anti-herbivore activity and to complement other defense strategies, including toxin stacking in transgenic 
systems [6–7]. Plant chitinases are classified primarily into the GH18 and GH19 families, which differ in 
sequence, structure, and catalytic architecture [8–9]. Both plant-derived and heterologous chitinases have 
been associated with improved resistance against lepidopteran pests, although the magnitude and context 
dependence of these effects vary across species and experimental systems [10–15].

In chickpea, transcriptomic studies of simulated herbivory have revealed rapid activation of hormone-
responsive  defense  pathways  [16],  and  a  recent  genome-wide  analysis  identified  27  chitinase  genes, 
primarily in relation to Fusarium stress [17]. However, that inventory was based on an earlier chickpea  
genome assembly and included two loci on unplaced scaffolds. As a result, the family organization under 
the updated RefSeq annotation and the identity of chitinases deployed during field herbivory remain 
insufficiently resolved. This gap is important because mechanical wounding and natural herbivory do not 
always  elicit  equivalent  molecular  responses,  particularly  when herbivore-derived  cues  and  hormone 
crosstalk are involved [16,18–22]. Chitinases from pathogenesis-related protein families are also known 
to respond to salicylic acid (SA), jasmonic acid (JA), and related signaling networks [18–19], raising the 
possibility that distinct chitinase subsets contribute to different phases of chickpea defense.

We  combined  genome-wide  family  analysis,  expression  profiling  in  field-grown  chickpea  under 
controlled H. armigera infestation, hormone time-course experiments, and structure-guided comparisons 
of representative proteins. Our objectives were to characterize the chickpea chitinase repertoire, determine 
which members respond to herbivory and SA/JA signalling, and apply docking and molecular dynamics 
analyses  to  prioritize  candidates  for  future  biochemical  and  functional  validation.  Because  these 
approaches  measure  different  biological  properties,  candidate  interpretation  was  framed  as  a  tiered 
prioritization scheme rather than as a single overall ranking.
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Methods

Identification of chickpea chitinases

Chitinase-encoding genes in chickpea (hereafter  Car_Chits) were identified by querying the chickpea 
protein database with consensus profiles  for  the  GH18 (Pfam PF00704) and GH19 (Pfam PF00182) 
catalytic families. DELTA-BLAST searches were conducted using default parameters [23], and redundant 
protein hits were collapsed with CD-HIT [24]. Candidate sequences were retained only when conserved 
chitinase domains were confirmed by SMART and Pfam annotation [25–26]. The final genomic inventory 
comprised 28 loci; for protein-sequence-based analyses, the identical Car_Chit-8 and Car_Chit-9 proteins 
were represented once, yielding a non-redundant set of 27 sequences.

Chromosomal distribution, duplication analysis, and evolutionary characterization

Genomic coordinates were retrieved from the chickpea RefSeq assembly GCF_000331145.2 and plotted 
across the eight chromosomes using Circos [27]. Duplication classes were assigned with MCScanX as 
tandem,  proximal,  dispersed,  singleton,  or  WGD/segmental  [28].  Pairwise  nonsynonymous  (Ka)  and 
synonymous (Ks) substitution rates were estimated using the Nei–Gojobori method; when this yielded a 
non-positive Ks estimate, maximum-likelihood estimation was applied as a fallback. Selective pressure on 
duplicate pairs was inferred from the Ka/Ks ratio. Divergence time (T) between duplicated gene pairs was  
estimated using:
T = Ks / (2 × 6.5 × 10⁻⁹) × 10⁻⁶
where 6.5 × 10⁻⁹ substitutions per site per year represents the assumed synonymous substitution rate for 
dicotyledonous plants. Divergence time was expressed in million years ago (MYA).

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Phylogeny, gene structure, promoter analysis, and protein features

Full-length  Car_Chit  proteins  were  aligned  using  MUSCLE,  and  a  neighbor-joining  tree  was 
reconstructed in MEGA X with 1000 bootstrap replicates [29]. Exon–intron structures were derived from 
genome annotation and visualized with GSDS 2.0 [30]. For promoter analysis, 1.5-kb upstream sequences 
were scanned in PlantCARE for ten preselected cis-elements associated with hormone responsiveness, 
defense/stress signaling, and light responsiveness [31]. Protein molecular weight and theoretical pI were 
calculated  with  ExPASy  [32],  signal  peptides  were  predicted  with  SignalP  6.0  [33],  subcellular 
localization was predicted with DeepLoc 2.0 [34], and conserved motifs were identified with MEME 
using a motif width range of 4–50 residues [35].

Candidate selection from public simulated-herbivory RNA-seq data

A public  chickpea  RNA-seq  dataset  generated  under  simulated  herbivory  (NCBI  SRA 
accession SRP078184) [16] was used only as a discovery resource to prioritize candidate 
genes for field validation. Eleven Car_Chits (Car_Chit-3, -4, -11, -12, -13, -14, -17, -19, -20, 
-27,  and  -28)  were  selected  for  downstream qRT-PCR analysis  because  they  exhibited 
differential  expression  in  that  dataset.  No  new  whole-transcriptome  sequencing  was 
generated in the present study, and the public RNA-seq data were not used to infer de novo 
field regulatory networks.

Plant materials, treatments, and field sampling

Field experiments were conducted at the research farm of the ICAR–Indian Institute of Pulses Research,  
Kanpur,  India  (26°28′N,  80°20′E),  using  the  chickpea  cultivar  ICC86111.  Four  treatments  were 
evaluated:  untreated  control,  H.  armigera infestation,  jasmonic  acid  (JA;  0.5  mM) foliar  spray,  and 
salicylic acid (SA; 200 µM) foliar spray. Treatments were arranged in three replicate blocks, with 20 
plants per treatment in each block. At the flowering stage (82 days after sowing), plants assigned to 
herbivory were infested with five laboratory-reared third-instar H. armigera larvae per plant following 3–
4 h pre-starvation. JA and SA were applied as foliar sprays to saturation.

Leaf tissue from the third to fifth positions was sampled at 0, 0.5, 1, 2, 4, 8, 24, and 48 h after treatment.  
Sampling was destructive: each plant was harvested once, and no plant contributed material to more than 
one time point.  For each treatment × time combination,  three independent  biological  replicates were  
collected. Tissues were briefly washed, cut into small pieces, immersed in RNAlater, and stored for RNA 
isolation.

RNA extraction and qRT-PCR analysis

Total RNA was extracted from 100 mg of leaf tissue for each biological replicate. First-strand cDNA was 
synthesized  from 2  µg of  RNA using  the  High-Capacity  cDNA Reverse  Transcription  Kit  (Applied 
Biosystems). qRT-PCR was performed with SYBR Green qPCR Master Mix (Agilent), using actin as the 
reference gene. Gene-specific primers for the eleven selected  Car_Chits are listed in Additional file 1. 
Reactions were run in 384-well plates with an initial denaturation at 95 °C for 1 min, followed by 40 
cycles of 95 °C for 15 s and 58–61 °C for 30 s. Relative expression was calculated using the 2^−ΔΔCt 
method with the untreated 0 h control as the calibrator. Statistical analyses were performed on log₂FC 
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(−ΔΔCt) values from the biological replicates. Raw Ct values and derived expression data for Figure 3 are 
provided in Additional file 2.

Homology modelling and molecular docking

Seven Car_Chits (Car_Chit-4, -11, -14, -17, -19, -20, and -27) were selected for structural comparison. 
Protein sequences were retrieved from NCBI,  and homologous templates were identified by BLAST 
searches  against  the  Protein  Data  Bank.  Template  suitability  was  assessed  using  E-value,  sequence 
identity,  alignment  coverage  across  the  catalytic  domain,  and  conservation of  catalytic  or  active-site 
residues. Where multiple templates were available, the template with the best combination of catalytic-
domain  coverage,  sequence  identity,  and  active-site  conservation  was  selected  for  modelling;  as  a 
practical reliability guide, retained models required broad catalytic-domain coverage and approximately 
30% or  higher  sequence  identity,  or  unambiguous  conservation  of  the  chitinase  fold  and  active-site  
architecture when sequence identity was lower. Car_Chit-3 was not modelled because available PDB hits 
did not provide a suitable full catalytic-domain template meeting these quality criteria. Homology models  
were constructed with MODELLER v9.12 [36],  and model  quality  was assessed using PROCHECK 
Ramachandran plots [37].

Docking against the chitin tetramer N-acetylglucosamine tetrasaccharide (GlcNAc)₄ was performed in 
AutoDock 4.2 via AutoDock Tools [38]. Ligand coordinates were obtained from crystal structures 1KR0 
(GH18) and 3WH1 (GH19), and active sites were defined according to prior chitinase structural analyses 
[39].  Docked  complexes  were  inspected  in  PyMOL  and  used  as  starting  structures  for  molecular 
dynamics  simulations.  The  (GlcNAc)₄  ligand  was  used  as  a  standardized  comparative  substrate  for 
relative prioritization; it was not intended to represent the full physical complexity of fungal cell-wall  
chitin, polymeric chitin, or the insect peritrophic matrix.

Molecular dynamics simulations and MM-PBSA calculations

Molecular  dynamics  simulations  were performed in GROMACS v2020.4  [40]  for  100 ns  in  explicit 
solvent. Protein systems were described using the CHARMM36 all-atom additive protein force field [41], 
and compatible ligand parameters were applied for (GlcNAc)₄. Trajectories were saved every 10 ps and  
analyzed for backbone RMSD, ligand RMSD, RMSF, radius of gyration (Rg), protein–ligand hydrogen 
bonds, and ligand–receptor center-of-mass (COM) distance. The first 10 ns were treated as equilibration, 
and summary statistics are reported for the 10–100 ns production interval. Hydrogen-bond traces were 
binned for visualization purposes only.

Binding free energies were estimated every 1 ns using the g_mmpbsa implementation of MM-PBSA [42], 
following the single-trajectory framework described by Genheden and Ryde [43]. ΔG_bind values are 
reported as mean ± SD over the 10–100 ns production window. Docking, MD, and MM-PBSA outputs 
were interpreted as comparative indicators of predicted ligand recognition and complex stability, not as  
direct measurements of catalytic activity, substrate turnover, or in planta defence function.

Statistical analysis

For each gene, log₂FC values were analyzed using factorial linear models that included treatment, time, 
and the treatment × time interaction. Field blocks were incorporated during experimental layout to reduce  
spatial  heterogeneity,  and  inferential  testing  was  performed  on  the  independent  biological  replicates 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



obtained at each treatment × time cell. For each gene-wise model, F statistics, nominal P values, and  
Benjamini–Hochberg false discovery rate (FDR)–adjusted q values were computed across the 11 profiled 
genes.  Time-specific  treatment  responses  were  further  evaluated  with  two-sided  one-sample  tests  of 
log₂FC = 0, and multiplicity for these contrasts was controlled within each gene across all treatment × 
time comparisons using BH-FDR. Differences with q < 0.05 were considered statistically significant. 
Asterisks in Figure 3 denote time-specific treatment responses with BH-FDR-adjusted q < 0.05 and do  
not denote nominal P values.

Results

Genome-wide identification of Car_Chit loci

Domain-based screening identified 28 chickpea chitinase loci distributed across the eight chromosomes 
(Table 1). The updated RefSeq annotation resolved 28 loci, including chromosomal placement of two 
genes that were previously unplaced or scaffold-associated (now Car_Chit-16 on Ca4 and Car_Chit-18 
on Ca5).  The  loci  were  designated  Car_Chit-1 to  Car_Chit-28 according  to  chromosome order  and 
genomic position. Six loci (21.4%; Car_Chit-3, -4, -11, -12, -20, and -24) belonged to the GH19 family, 
whereas  the  remaining  22  loci  (78.6%)  belonged  to  GH18.  Protein  lengths  ranged  from  237  aa 
(Car_Chit-21)  to  769  aa  (Car_Chit-22),  highlighting  marked  structural  diversity  within  the  family. 
Predicted proteins also varied widely in molecular weight, theoretical pI, and signal peptide/localization 
features (Table 1).

Table 1. Detailed information about 28 predicted chickpea chitinase genes with protein accession, length 
(aa), theoretical pI, theoretical MW, and SignalP 6.0 / DeepLoc 2.0 annotations.

Gene
Locus / C

h
r

Coord
inates St

ra
nd

Ex
on
s

Protein
Le
ng
th

Theo
retic

al

Theo
retic

al
SignalP-6.0 /

Fam
ily

transcr
ipt

(bp)
access

ion
(aa

)
pI

MW 
(Da)

DeepLoc-2.0

Car_
Chit-1

LOC10
149982
4

C
a
1

43497
631-
43498
779

- 1
XP_00
448866
6

30
3

5.31
3419
5.37

Other 
(Cytoplasm, 
Extracellular)

GH1
8

Car_
Chit-2

LOC10
150712
6

C
a
1

46041
184-
46042
183

- 1
XP_00
448775
1

30
3

4.95
3463
5.98

Other 
(Cytoplasm)

GH1
8

Car_
Chit-3

LOC10
149591
5

C
a
1

52278
259-
52283
448

- 3
XP_02
718734
0

27
2

5.86
3016
0.58

SP (Extracellular)
GH1

9

Car_
Chit-4

LOC10
585108
1

C
a
1

52285
894-
52287
392

- 2
XP_01
257098
1

27
4

4.74
2983
2.12

SP (Extracellular)
GH1

9

Car_
Chit-5

LOC10
149648
0

C
a
2

65906
47-
65914
74

+ 1
XP_00
448975
1

27
5

5.03
3186
0.34

Other 
(Cytoplasm)

GH1
8

Car_
Chit-6

LOC11
378547

C
a

65974
16-

+ 1
XP_02
718784

26
2

5.43
3046
1.96

Other 
(Cytoplasm, 

GH1
8
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5 2
65982
04

7 Nucleus)

Car_
Chit-7

LOC10
149713
8

C
a
2

66074
61-
66082
28

+ 1
XP_00
448975
3

25
5

5.06
2947
8.91

Other 
(Cytoplasm, 
Nucleus)

GH1
8

Car_
Chit-8

LOC10
149747
0

C
a
2

66255
76-
66264
03

+ 1
XP_00
448975
4

27
5

5.54
3215
7.86

Other 
(Cytoplasm)

GH1
8

Car_
Chit-9

LOC10
150892
2

C
a
2

66586
31-
66594
58

+ 1
XP_01
256824
8

27
5

5.54
3215
7.86

Other 
(Cytoplasm)

GH1
8

Car_
Chit-1
0

LOC10
149561
0

C
a
2

11486
210-
11487
511

- 1
XP_00
449014
0

29
4

7.51
3155
1.72

SP (Extracellular)
GH1

8

Car_
Chit-1
1

LOC10
149227
6

C
a
3

17006
532-
17010
471

- 3
XP_00
449204
4

32
1

5.97
3573
4.39

SP (Extracellular)
GH1

9

Car_
Chit-1
2

LOC10
148971
8

C
a
3

73927
813-
73929
651

+ 2
XP_00
449447
8

27
8

7.5
3106
0.39

SP (Extracellular)
GH1

9

Car_
Chit-1
3

LOC10
150286
3

C
a
4

11686
179-
11687
236

+ 1
NP_00
129661
9

29
3

4.7
3122
9.81

SP (Extracellular)
GH1

8

Car_
Chit-1
4

LOC10
150318
6

C
a
4

11690
572-
11691
774

+ 1
XP_00
449649
8

29
8

9.03
3236
9.85

SP (Extracellular)
GH1

8

Car_
Chit-1
5

LOC10
150350
5

C
a
4

11693
847-
11694
900

+ 1
XP_00
449649
9

29
4

7.6
3239
9.73

SP (Extracellular)
GH1

8

Car_
Chit-1
6

LOC10
151292
7

C
a
4

34622
373-
34623
636

- 1
XP_00
451459
4

30
9

5.37
3436
8.29

SP (Extracellular, 
Lysosome/Vacuol
e)

GH1
8

Car_
Chit-1
7

LOC10
149978
9

C
a
4

60546
842-
60549
104

+ 2
XP_00
449878
4

37
7

8.29
4252
4.08

SP (Extracellular)
GH1

8

Car_
Chit-1
8

LOC10
150500
7

C
a
5

43450
95-
43461
43

+ 1
XP_00
451545
0

30
0

8.97
3283
8.25

SP (Extracellular)
GH1

8

Car_
Chit-1
9

LOC10
150160
6

C
a
5

76011
861-
76013
511

- 2
XP_00
450109
7

36
3

7.72
3928
3.91

SP (Extracellular)
GH1

8
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Car_
Chit-2
0

LOC10
151349
7

C
a
5

79126
816-
79128
139

- 1
NP_00
126590
6

32
8

7.37
3547
2.85

SP (Extracellular)
GH1

9

Car_
Chit-2
1

LOC10
151502
6

C
a
6

27587
37-
27594
91

+ 1
XP_00
450341
2

23
7

5.2
2747
0.86

Other 
(Cytoplasm)

GH1
8

Car_
Chit-2
2

LOC10
150069
0

C
a
7

57314
23-
57356
35

+ 8

XP_00
450838
1

76
9

7.57
8719
2.45

SP (Cell 
membrane)

GH1
8

XP_07
322704
4

76
7

7.57
8703
4.29

SP (Cell 
membrane)

XP_01
257347
2

74
0

7.56
8390
3.65

SP (Cell 
membrane)

Car_
Chit-2
3

LOC10
150100
2

C
a
7

57370
99-
57403
98

+ 2
XP_00
450838
2

38
2

5.77
4167
2.43

SP (Extracellular)
GH1

8

Car_
Chit-2
4

LOC10
151107
3

C
a
7

16774
912-
16778
501

- 3
XP_00
450941
8

31
8

5.96
3439
9.26

SP (Extracellular)
GH1

9

Car_
Chit-2
5

LOC10
149899
1

C
a
7

17441
196-
17442
029

+ 1
XP_00
450946
8

27
7

5.65
3225
7.67

Other 
(Cytoplasm)

GH1
8

Car_
Chit-2
6

LOC10
151386
0

C
a
7

26434
122-
26435
487

+ 2
XP_00
451121
7

29
7

8.1
3263
9.45

SP (Extracellular)
GH1
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Local duplication predominantly expanded GH18 members

The 28  Car_Chits were  distributed across  all  eight  chickpea chromosomes,  with  Ca2 and Ca7 each 
harboring six loci and Ca4 harboring five (Figure 1). Duplication analysis identified 15 dispersed genes, 
10 tandem genes, 2 proximal genes, and 1 singleton, whereas no locus was classified as WGD/segmental.  
Tandem duplicates formed a five-gene array on Ca2 (Car_Chit-5 to Car_Chit-9), a three-gene array on 
Ca4 (Car_Chit-13 to  Car_Chit-15),  and a  tandem pair  on Ca7 (Car_Chit-22 and  Car_Chit-23).  The 
proximal pair Car_Chit-26/Car_Chit-27 was also confined to GH18. The Ca7 Car_Chit-22/Car_Chit-23 
tandem pair represents an additional local duplication resolved in the updated assembly relative to the 
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earlier  27-gene inventory  [17].  These  patterns  indicate  that  local  small-scale  duplication,  rather  than 
large-scale segmental duplication, was the dominant driver of chitinase family expansion in chickpea.
All  interpretable non-identical  duplicate pairs  showed Ka/Ks ratios below 1,  ranging from 0.0368 to  
0.5455, consistent with predominant purifying selection (Additional file 3).  Car_Chit-8 and Car_Chit-9 
encoded identical predicted proteins, producing Ka = 0 and Ks = 0; accordingly, Ka/Ks was undefined for 
that  pair  rather than zero.  The exceptionally high Ks estimate for  Car_Chit-22/Car_Chit-23 suggests 
synonymous-site saturation and should be interpreted cautiously, even though the pair also falls below the 
neutrality threshold.

Figure 1. Circos plot showing the chromosomal distribution, tandem duplication events, and Ka/Ks ratios 
of the Car_Chit gene family in chickpea. The dashed grey link denotes the Car_Chit-8/Car_Chit-9 pair, 
for which Ka/Ks is undefined because the CDS sequences are identical (Ka = 0, Ks = 0).

Divergence time estimation of duplicated gene pairs

Divergence  time  analysis  indicated  that  most  interpretable  duplication  events  occurred  within 
approximately 1.3 to 11.9 million years ago (MYA), based on Ks-derived estimates. For example, the 
Car_Chit-7/8 pair showed the most recent duplication (~1.28 MYA), whereas Car_Chit-13/14 represented 
an older duplication event (~11.93 MYA). In contrast, the Car_Chit-22/23 pair exhibited an estimated 
divergence time exceeding 140 MYA. Because this estimate is associated with a very high Ks value and  
predates the genus Cicer, it should not be treated as a precise duplication date; rather, it indicates a highly 
divergent retained pair for which synonymous-site saturation is likely.
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Phylogeny, gene architecture, promoter composition, and protein motifs

Neighbor-joining analysis of the 27 non-redundant proteins separated GH19 and GH18 sequences into the 
expected major clades (Figure 2). GH19 genes grouped into classes I, II, and IV, whereas GH18 members 
occupied classes III and V. Car_Chit-17, -19, -22, and -23 formed a distinct class V clade. Gene structure 
organization  was  largely  consistent  with  phylogenetic  groupings:  most  class  III  GH18  loci  were 
intronless;  GH19  loci  were  generally  intron-containing;  and  class  V  members  showed  two  main 
architectures, with two-exon loci represented by Car_Chit-17, Car_Chit-19, and Car_Chit-23, and the 
highly expanded Car_Chit-22 locus containing eight exons. Car_Chit-28 was also structurally complex, 
with eight exons.

Promoter scans detected 106 selected cis-element matches across the 28 upstream regions (Additional  
files  4  and 5).  Defense-  and stress-related motifs  were  slightly  more abundant  than hormone-related 
motifs,  with W-box and MYC-like elements being especially frequent.  Car_Chit-25 and Car_Chit-12 
contained the highest densities of the scanned motifs, whereas Car_Chit-3, -18, and -21 lacked all selected 
motifs in this exact-match screen. Several promoters contained ambiguous N stretches, indicating that  
those counts should be interpreted as minimum estimates. MEME analysis identified ten conserved motifs 
whose distributions broadly tracked phylogenetic relationships, supporting lineage-specific conservation 
of domain architecture (Additional file 6).
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Figure 2. Integrated phylogenetic and gene-structure analysis of the Car_Chit family using the 27 non-redundant protein set. The 
left  panel  shows  the  neighbour-joining  phylogeny  reconstructed  from  full-length  Car_Chit  proteins  with  1000  bootstrap  
replicates. The right panel shows exon-intron organization aligned to the same gene order; class V GH18 members include two-
exon genes (Car_Chit-17, Car_Chit-19, and Car_Chit-23) and the eight-exon Car_Chit-22.

Field expression profiling reveals distinct herbivory and hormone responses

The simulated-herbivory RNA-seq dataset was used to select 11 Car_Chits for targeted field 
validation. In field-grown plants subjected to controlled  H. armigera feeding, JA treatment, or 
SA  treatment,  qRT-PCR  revealed  strongly  treatment-  and  time-dependent  transcriptional 
behaviour (Figure 3). Relative expression is reported as fold change relative to the untreated 0 h 
control,  and  significance  was  assessed  after  BH-FDR  correction.  Because  this  experiment 
profiled selected chitinase genes rather than the whole transcriptome, the analysis was used to 
resolve time-dependent Car_Chit responses and not to infer genome-wide regulatory networks.

Under H. armigera infestation, Car_Chit-19 was the clearest inducible GH18 gene, with significant up-
regulation at 8 h (1.62-fold, q = 0.050) and 48 h (1.85-fold, q = 0.050). In contrast, Car_Chit-4 showed 
marked early repression at 0.5 h (0.15-fold, q = 0.030). At 24 h, both Car_Chit-14 (0.32-fold, q = 0.045) 
and Car_Chit-19 (0.50-fold, q = 0.050) were significantly below the calibrator level, indicating a dynamic 
rather than monotonic response profile.

JA triggered broad early repression across several genes, including  Car_Chit-3, -11, -14, -17, -19, -27, 
and  -28,  but  Car_Chit-4 showed  delayed  induction  at  24  h  (1.88-fold,  q  =  0.047).  SA elicited  the 
strongest response observed in the time course, with rapid induction of Car_Chit-4 at 0.5 h (7.81-fold, q = 
0.026) and 4 h (5.29-fold, q < 0.05). In contrast, several GH18 genes and Car_Chit-3 were suppressed 
under SA, including Car_Chit-14, -17, -19, and -27 at selected early or intermediate time points.

Taken together, the field expression data support differentiated temporal deployment of chickpea 
chitinases: Car_Chit-4 behaves as a rapid hormone-responsive GH19 gene, particularly under SA 
treatment,  whereas  Car_Chit-19  emerges  as  the  clearest  delayed herbivory-responsive  GH18 
candidate. The early repression of several genes under herbivory or JA treatment indicates that 
chitinase regulation is not monotonic and may involve transient suppression, pathway crosstalk, 
or phase-specific defence allocation before later induction of selected family members.
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Figure 3. Side-by-side heatmaps showing Car_Chit expression over time in response to Helicoverpa infestation, jasmonic acid,  
and salicylic  acid.  Colour encodes mean log₂(2^-ΔΔCt) relative to the 0 h control;  numbers inside cells  are fold changes. 
Asterisks denote time-specific treatment responses with BH-FDR-adjusted q < 0.05 (n = 3 independent biological replicates per 
treatment × time cell).

Structure-guided comparison provides complementary biochemical prioritization

Homology  modelling  generated  comparative  structural  models  for  selected  Car_Chit  proteins. 
PROCHECK Ramachandran plots and summary validation statistics supported the suitability of these 
models for relative, structure-guided comparisons (Additional files 7 and 8).

Among the models, Car_Chit-19 exhibited the highest structural quality, with 94.2% of residues in the 
most favored regions and no residues in disallowed regions, indicating excellent backbone geometry.  
Other models such as Car_Chit-4, -14, and -20 also showed strong stereochemical quality (>90% favored 
regions).  Although a few models (Car_Chit-11, -17, and -27) exhibited slightly lower favored region 
percentages (~88–90%), their overall quality remained within acceptable limits, supporting their use in 
downstream analyses.
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Figure 4. Time-resolved molecular dynamics analysis of Car_Chit-(GlcNAc)4 complexes over 100 ns. 
Panels show backbone RMSD, ligand RMSD, radius of gyration, and residue-wise RMSF. The shaded 
region denotes the 0-10 ns equilibration interval.

Docking analysis produced plausible Car_Chit-(GlcNAc)₄ complexes for all selected proteins. The ligand 
was accommodated within predicted catalytic clefts, forming hydrogen bonds and hydrophobic contacts 
with  conserved  active-site  or  cleft-associated  residues.  These  docking  poses  were  used  as  starting  
conformations for simulation and should be interpreted as comparative models rather than proof of natural 
substrate binding or catalytic activity. Among GH19 proteins, Car_Chit-4 showed the most favourable 
docking score (−4.2 kcal/mol), whereas among GH18 proteins Car_Chit-19 showed the most favourable 
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docking score (−7.4 kcal/mol) (Additional file 9). These docked complexes were subsequently subjected 
to 100 ns molecular dynamics simulations.

Across the production interval, all complexes retained overall structural stability, but protein and ligand 
behavior differed among family members (Figures 4 and 5; Additional file 10).  Car_Chit-19 displayed 
the most stable GH18 protein scaffold, with the lowest backbone RMSD (1.24 ± 0.11 Å) and lowest  
average  RMSF  (0.77  ±  0.36  Å).  Car_Chit-14 and  Car_Chit-27 showed  the  strongest  ligand-pose 
retention,  each maintaining sub-Å ligand RMSD values.  Within GH19,  Car_Chit-4 and  Car_Chit-20 
retained the ligand more consistently than Car_Chit-11, which exhibited high COM separation and weak 
hydrogen-bond persistence despite a relatively favorable mean binding energy.

MM-PBSA comparisons further differentiated the candidate set.  Because GH18 and GH19 chitinases 
differ  in  fold,  catalytic  architecture,  and  substrate-binding  cleft  organization,  direct  cross-family 
comparisons of predicted binding energies were interpreted cautiously. Within the standardized tetramer-
binding comparison,  GH18 proteins exhibited more favourable mean predicted binding energies than 
GH19 proteins overall. Car_Chit-17 produced the most favourable ΔG_bind (−18.51 ± 6.75 kcal/mol), 
followed by Car_Chit-14 (−13.93 ± 6.43 kcal/mol). Car_Chit-19 and Car_Chit-27 also showed negative 
binding energies consistent with stable predicted interaction. These analyses provide a structure-guided 
prioritization that complements, rather than replaces, the expression results.
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Figure 5. Time-resolved analysis of interaction stability and binding energetics of Car_Chit-(GlcNAc)4 
complexes over 100 ns. Panels show protein-ligand hydrogen bonds, centre-of-mass distance, and MM-
PBSA binding free energy. More negative ΔG_bind values indicate stronger predicted binding.

Table 2. Evidence-based prioritization framework linking genomic, expression, and structural evidence for selected Car_Chit 
candidates.

Evidence category Candidate(s) Interpretation and next validation step
Rapid hormone-responsive 
candidate

Car_Chit-4 (GH19) Strong early SA induction and delayed JA induction, but transient early 
repression under H. armigera. Prioritized for in planta hormone-response 
and herbivory-validation assays.

Delayed herbivory-
responsive candidate

Car_Chit-19 (GH18) Most consistent late induction under H. armigera and most stable protein 
scaffold in MD. Prioritized for in planta validation and enzyme assays.

Structure-guided 
biochemical candidates

Car_Chit-17, 
Car_Chit-14, 
Car_Chit-27 (GH18)

Favourable predicted ΔG_bind or ligand-pose retention in the standardized 
(GlcNAc)₄ comparison. Prioritized for recombinant expression, kinetic 
assays, and substrate-length testing.

Genomic expansion 
background

GH18 tandem/proximal 
duplicates

Local duplication expanded the family under purifying selection. Prioritized 
for comparative promoter, expression, and functional-divergence analyses.
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Discussion
The present study investigated whether Helicoverpa herbivory induces chickpea chitinase gene expression 
and whether the induced chitinases differ in their capacity to recognize a common chitin ligand. We 
demonstrate that GH18 and GH19 Car_Chits display distinct expression patterns under field herbivory 
and phytohormone treatments, and that their predicted (GlcNAc)₄ recognition and complex stability differ 
in silico, with GH18 members generally exhibiting more favourable tetramer-binding metrics than GH19. 
The  results  are  best  interpreted  through  a  tiered  framework:  genome  analysis  identifies  the  family 
structure and duplication history,  field qRT-PCR identifies transcriptionally deployed candidates,  and 
structural modelling prioritizes candidates for enzyme-level biochemical testing.

Chickpea  chitinases  expanded  mainly  through  local  GH18  duplication  and  were  retained 
under purifying selection

We identified 28 chickpea chitinase loci, of which 22 belong to GH18 and 6 to GH19. A recent chickpea 
study focused on Fusarium stress reported 27 chitinase genes [17]; compared with that assembly-based 
inventory, our updated RefSeq analysis supports 28 loci, anchors two formerly unplaced genes to Ca4 and 
Ca5, and resolves an additional tandem duplicate on Ca7. In a broader comparative context, the chickpea 
family size is comparable to Arabidopsis (24 genes) but lower than in pigeonpea (34 genes) and soybean 
(35 genes) [9, 44–45]. The most distinctive feature of the chickpea family was not simply the numerical  
predominance of GH18 members but the duplication pattern: tandem and proximal duplications were 
confined to GH18, whereas GH19 loci remained more dispersed. Together with the absence of detectable 
WGD or segmental duplicates, this pattern indicates that local duplication and retention were the primary 
drivers of family expansion.

The consistently low Ka/Ks ratios across interpretable duplicate pairs indicate that most retained copies 
evolved under purifying selection, preserving core catalytic and structural properties after duplication. At 
the  same  time,  the  relatively  recent  divergence  times  estimated  for  most  pairs  suggest  that  tandem 
duplication has remained an active mechanism for expanding the family, whereas the highly divergent 
Car_Chit-22/23  pair  represents  an  older  retained  duplication  whose  Ks  value  is  likely  affected  by 
synonymous-site saturation. These patterns are more consistent with regulatory diversification than with 
rapid coding-sequence neofunctionalization, an interpretation supported by differences in promoter motif 
composition and inducible expression among related loci.

Expression data support temporally distinct GH19 and GH18 response modules

The field expression experiment distinguishes this study from earlier chickpea work based on 
simulated herbivory [16]. Under controlled insect feeding, the strongest transcriptional responses 
were not a broad up-regulation of the profiled family but rather an early repression of Car_Chit-4 
and  a  delayed  induction  of  Car_Chit-19.  This  divergence  from  simulated-herbivory 
transcriptomes is biologically plausible, as chewing insects deliver oral secretions, gut-derived 
elicitors, associated microbes, and complex tissue-damage cues that are not fully recapitulated by 
mechanical  injury  [20-22,  46-47].  Such  herbivore-associated  signals  can  either  activate  or 
attenuate  particular  defence  branches,  making  transient  repression  of  selected  chitinases 
compatible with an active and temporally structured defence response.
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The  hormone  time  courses  reinforce  this  interpretation.  Car_Chit-4  showed  strong 
responsiveness  to  SA and  modest  late  induction  by  JA,  whereas  Car_Chit-19  was  the  only 
profiled  gene  with  clear  late  induction  under  H.  armigera feeding.  This  pattern  supports  a 
working  model  of  two  temporally  distinct  response  modules  rather  than  a  unified  chitinase 
program: a rapid, GH19-associated SA-responsive arm exemplified by Car_Chit-4, and a later, 
GH18-associated  herbivory-responsive  arm  exemplified  by  Car_Chit-19.  The  broader  early 
repression under JA and the absence of simple co-induction by SA and herbivory are consistent 
with known antagonistic or context-dependent interactions among defence pathways [48-52]. 
Therefore,  repression  at  early  time  points  should  not  be  interpreted  as  lack  of  chitinase 
involvement,  but  as  evidence  that  timing  and  hormonal  context  are  central  to  chitinase 
deployment.

Structural analyses prioritize biochemical candidates

The docking, molecular dynamics, and MM-PBSA analyses add a biochemical dimension to the 
study  by  distinguishing  transcriptional  candidates  from ligand-recognition  candidates.  GH18 
members generally exhibited more favourable predicted (GlcNAc)₄ interaction energetics than 
GH19 members under the standardized simulation setup, yet the structural analyses revealed that 
affinity,  pose  retention,  and  scaffold  stability  are  not  interchangeable  metrics.  Car_Chit-17 
showed the  most  favourable  mean ΔG_bind,  Car_Chit-14 and Car_Chit-27 best  retained the 
ligand pose, and Car_Chit-19 provided the most stable protein scaffold. This explains why the 
structural ranking does not perfectly match the field-expression ranking: expression identifies 
deployment  under  a  treatment,  whereas  modelling  estimates  relative  interaction  behaviour 
toward one standardized chitin oligomer. These observations should be viewed as comparative 
prioritization rather than definitive evidence of anti-herbivore activity. The models were derived 
from  homology  templates,  the  simulations  employed  a  single  ligand  class  and  one  100-ns 
trajectory  per  complex,  and  substrate  recognition  by  GH19  enzymes  may  differ  for  longer 
oligomers owing to the broader and flexible binding cleft previously described for family 19 
chitinases [53–55]. GH18 and GH19 chitinases also differ in fold and catalytic architecture, so 
tetramer  binding  metrics  should  not  be  used  to  infer  cross-family  catalytic  superiority. 
Accordingly,  the  most  defensible  conclusion  is  that  the  structural  analyses  nominate 
Car_Chit-17,  -14,  and  -27  for  biochemical  characterization,  whereas  the  expression  data 
nominate Car_Chit-19 and Car_Chit-4 for in planta validation.

Limitations and future directions

This study was conducted in a single chickpea genotype and one field environment, leaving genotype-by-
environment  effects  unresolved.  The  qRT-PCR  experiment  employed  three  biological  replicates  per 
treatment  ×  time  point,  sufficient  to  detect  strong  responses  but  with  limited  power  for  subtle 
transcriptional changes. Because no new field RNA-seq dataset was generated, the study cannot define 
transcriptome-wide differentially expressed genes, co-expression modules, or regulatory networks under 
H. armigera,  JA,  or  SA treatments.  In  the  computational  analyses,  homology models  substituted for 
experimentally solved structures, and simulations focused on the chitin tetramer rather than a broader 
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panel  of  oligomers  or  polymeric  substrates.  Finally,  expression  and in  silico  ligand-recognition  data 
nominate  candidates  but  do  not  establish  enzyme activity,  anti-herbivore  efficacy,  or  causal  defence 
function.
Future work should therefore proceed in three directions: first, matched field RNA-seq across herbivory,  
JA, and SA treatments, multiple time points, genotypes, and environments to resolve regulatory networks; 
second,  functional  testing of  prioritized genes through recombinant  enzyme assays,  substrate-specific 
kinetics,  transient  or  stable overexpression,  knockdown or  genome-editing approaches,  and herbivore 
performance  assays;  and  third,  expanded  computational  comparisons  incorporating  longer  oligomers, 
replicate simulations,  polymeric or peritrophic-matrix-relevant substrates,  and substrate-length-specific 
biochemical  measurements.  These  steps  will  be  essential  to  determine  whether  the  transcriptionally 
responsive genes and structurally prioritized genes converge on a common defence mechanism.

Conclusions
This  study  establishes  a  genome-wide  framework  for  chickpea  chitinases,  linking  genomic 
organization  to  field  expression  dynamics  and  structure-guided  candidate  prioritization. 
Chickpea harbours 28 Car_Chit loci, with family expansion driven primarily by local duplication 
within  GH18.  Expression  profiling  in  field-grown  plants  under  controlled  H.  armigera 
infestation and hormone treatments supports a model in which GH19 Car_Chit-4 defines a rapid 
SA-responsive  arm,  while  GH18  Car_Chit-19  defines  a  delayed  herbivory-responsive  arm. 
Complementary docking and molecular dynamics analyses nominate Car_Chit-17, -14, and -27 
as leading biochemical candidates. By separating expression-deployed candidates from structure-
guided biochemical candidates, the  framework provides a focused set of chitinase targets for 
functional validation in chickpea defence biology, while recognizing that direct anti-herbivore 
activity remains to be demonstrated experimentally.

List of abbreviations
Abbreviation Definition

COM centre of mass
DE differentially expressed

FDR false discovery rate
FC fold change
GH glycosyl hydrolase
JA jasmonic acid
Ka nonsynonymous substitution rate
Ks synonymous substitution rate
MD molecular dynamics

MM-PBSA molecular mechanics/Poisson-Boltzmann surface area
PR pathogenesis-related

qRT-PCR quantitative real-time PCR
Rg radius of gyration

RMSD root mean square deviation
RMSF root mean square fluctuation

SA salicylic acid
SAR systemic acquired resistance
SRA Sequence Read Archive
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WGD whole-genome duplication
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Additional file 1 (.pdf). Primer sequences used for qRT-PCR analysis of selected Car_Chit genes. Gene-

specific primer sequences, expected product lengths, and melting temperatures for the 11 profiled genes.

Additional file 2 (.xlsx). Raw qRT-PCR Ct values and derived expression calculations for all biological 

replicates used in Figure 3.

Additional file 3 (.pdf). Evolutionary divergence and selection pressure among duplicated Car_Chit gene 

pairs in chickpea. Table reporting duplication type, Ka, Ks, Ka/Ks, estimation method, divergence time, 

and inferred selection pressure.

Additional file 4 (.pdf). Consensus cis-element landscape in the 1.5-kb upstream promoter regions of the 

28 Car_Chit genes. Figure showing the promoter motif heatmap and family-level motif totals.
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Additional file 5 (.pdf).  Counts of selected cis-regulatory motifs in 1.5-kb upstream promoters of the 

chickpea Car_Chit  genes.  Table reporting motif  counts per promoter,  motif  definitions,  and notes on 

ambiguous bases.

Additional  file  6  (.pdf).  Conserved motif  distribution among chitinase proteins.  Figure  showing the 

spatial arrangement of the 10 MEME motifs across the analysed chitinase proteins.

Additional file 7 (.pdf).  Ramachandran plot validation of predicted Car_Chit  protein models.  Figure 

summarizing PROCHECK Ramachandran plots for the selected homology models.

Additional  file  8  (.pdf).  Structural  validation  statistics  and  template-selection  information  of  Car_Chit  protein  

models.  Table  summarizing  template  identity/coverage  information,  residues  in  favoured/allowed  regions, 

disallowed residues, and model-quality calls.

Additional  file  9  (.pdf).  Docking  scores  of  selected  Car_Chit  proteins  against  (GlcNAc)4.  Table 

reporting docking energies for the GH18 and GH19 representatives.

Additional  file  10  (.pdf).  Molecular  dynamics-derived  stability  metrics  and  MM-PBSA  binding 

energetics of Car_Chit-(GlcNAc)4 complexes. Table reporting RMSD, ligand RMSD, radius of gyration, 

RMSF, hydrogen bonds, centre-of-mass distance, and ΔG_bind over the production interval.
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