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Begomoviruses, particularly the cotton leaf curl virus (CLCuV), pose significant threats to 

global agriculture, especially cotton production. This study identified five resistance gene 

analogs (RGAs)—KT250635, KT886994, KT633945, KT885194, and KT633946—in 

Gossypium hirsutum and evaluated their potential against CLCuV using bioinformatics 

and molecular modeling approaches. Structural validation through Ramachandran plot 

analysis demonstrated that KT250635 and KT886994 had 92.6% residues in the most 

favored regions, while KT633945 and KT633946 exhibited slightly lower stereochemical 

reliability, requiring further refinement. GMQE scores ranged from 0.48 to 0.79, with 

KT250635 achieving a high residue quality score of 0.90. Functional annotation revealed 

significant homology, with KT250635 sharing 93.1% similarity with Sorghum bicolor and 

97.1% with Gossypium raimondii, suggesting broad-spectrum resistance potential. Protein 

modeling and validation through I-TASSER and QMEAN-Z scores demonstrated 

structural stability, with KT250635 emerging as the most promising candidate. 

Phylogenetic analysis clustered KT250635 and KT886994 closely with resistance-related 

genes across diverse taxa, highlighting evolutionary conservation and functional 

significance. Additionally, KT633945 and KT885194 exhibited genetic similarity with 

peach and wild legumes, suggesting potential cross-species resistance traits. Bootstrap 

analysis with 1000 replicates ensured the robustness of the phylogenetic clustering. These 

findings provide a strong foundation for breeding CLCuV-resistant cotton varieties and 

underscore the importance of genetic insights in sustainable crop protection. These results 

contribute to understanding resistance mechanisms in cotton and may aid in the genetic 

improvement of susceptible varieties. Future studies should explore the functional role of 

these genes in resistance pathways and their potential applicability in other crop species to 

enhance resilience against viral pathogens. 
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INTRODUCTION 

Begomoviruses, members of the Geminiviridae family, 

represent a significant threat to global agriculture due to 

their ability to infect a wide range of dicotyledonous 

plants. These single-stranded DNA (ssDNA) viruses are 

primarily transmitted by the whitefly (Bemisia tabaci) in 

a circulative manner, perpetuating their spread and 

impact [1]. Among the most economically damaging 

pathogens, begomoviruses target essential crops such as 

tomatoes, beans, cassava, squash, and cotton. This leads 

to significant yield losses and threatens food security, 

particularly in tropical and subtropical regions [2]. 

Begomoviruses are known for their restricted vascular  

system localization, though certain bipartite species, 

such as the Bean golden yellow mosaic virus, extend 

their invasion to mesophyll tissues. Their pathogenicity 

varies depending on the developmental stage of the host 

tissue, which influences viral load and accumulation 

kinetics [3]. Infected crops display symptoms such as 

leaf curling, vein clearing, and stunted growth, directly 

impacting fruit quality and productivity. These viruses 

have been extensively studied in terms of genome 

structure, DNA replication, protein interactions, and 

transgenic resistance, underscoring their complex 

mechanisms of host manipulation [4, 5]. 
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Cotton leaf curl virus (CLCuV), a begomovirus 

species, exemplifies the challenges posed by these 

pathogens. CLCuV, particularly in Gossypium hirsutum, 

significantly hampers cotton productivity. While efforts 

have been made to explore resistance mechanisms in 

Gossypium arboreum, the precise molecular basis of 

resistance remains elusive. Begomoviruses exploit their 

tiny genomes and coding efficiency by interacting with 

host plant proteins to facilitate DNA replication, gene 

expression, and immune evasion, ultimately 

compromising plant growth and yield [6]. Plants, 

however, have evolved intricate defense mechanisms, 

including activating resistance (R) genes and resistance 

gene analogs (RGAs). RGAs, such as nucleotide-binding 

site leucine-rich repeat (NBS-LRR) proteins, receptor-

like kinases, and pentatricopeptide repeat proteins, play 

crucial roles in pathogen recognition and immunity. 

Advances in bioinformatics have enabled the 

identification of RGAs by leveraging structural and 

functional domains, allowing for genome-wide mapping 

and analysis of quantitative trait loci (QTLs) associated 

with disease resistance [7, 8]. 

In recent years, computational tools such as BLAST, 

HMM-based algorithms, and the Orthologous Matrix 

(OMA) database have revolutionized the identification 

and annotation of orthologous genes and RGAs. These 

tools facilitate the prediction of gene functions, 

phylogenetic relationships, and comparative genomics, 

enabling researchers to elucidate the molecular 

underpinnings of resistance mechanisms [9, 10]. 

Orthologous genes, derived from speciation events, 

often retain conserved functions across species and play 

pivotal roles in adaptive evolution. Comparative 

genomic analyses leveraging orthology predictions have 

provided critical insights into gene function, 

phylogenetic divergence, and species evolution. Tools 

such as OMA offer robust platforms for high-quality 

ortholog identification, functional annotation, and 

integration of custom gene datasets, further advancing 

our understanding of plant resistance pathways [11, 12]. 

This study explores the identification and 

characterization of potential virus-resistance genes in 

diverse crops using in-silico approaches. By integrating 

bioinformatics tools and databases, we aim to unravel the 

genetic basis of plant-virus interactions and identify 

candidate genes for enhancing resistance. This research 

advances our understanding of plant immunity and 

contributes to developing resilient crop varieties, 

addressing the pressing need for sustainable agriculture 

in the face of viral epidemics. 
 

MATERIAL AND METHODS 

Expression and Retrieval of Resistance Gene 

Analogues (RGAs) 

The expression of Resistance Gene Analogues (RGAs) 

was evaluated in symptomatic and asymptomatic cotton 

plants to determine their role in resistance against Cotton 

Leaf Curl Virus (CLCuV). It was observed that the 

expression levels of RGAs varied significantly across 

different genotypes, with some showing comparable 

levels in both diseased and healthy plants. Resistance 

gene analogs such as KT250635, KT886994, 

KT633945, KT885194, and KT633946 were identified 

as highly or moderately expressed, particularly in 

Gossypium arboreum, which possesses a strong innate 

defense mechanism against CLCuV [13, 14]. These 

sequences were retrieved from the National Center for 

Biotechnology Information (NCBI) database using their 

unique accession numbers. The retrieved sequences were 

downloaded in FASTA format for subsequent 

bioinformatics analyses [15]. This step established the 

foundation for studying RGA variability and 

functionality in cotton species. 

Sequence Translation and Ortholog Prediction 

The DNA sequences of the retrieved RGAs were 

translated into protein sequences using the ExPASy 

Translate tool [16]. This step was essential for 

conducting protein-level analyses and predicting 

orthologs. The OMA browser, a robust tool for 

identifying orthologous relationships across genomes, 

was employed to predict orthologs for each of the five 

RGA protein sequences [17]. Protein sequences from 

various crop species were analyzed in OMA, and 

orthologous sequences with high similarity scores were 

identified. These sequences, representing genes with 

functional conservation across species, were 

downloaded in FASTA format. Ortholog prediction 

provided insights into the potential conservation of RGA 

function across different crops, paving the way for cross-

species comparisons. 

Refinement of Ortholog Sequences 

The ortholog sequences obtained from the OMA browser 

were refined to ensure compatibility with alignment and 

structural analysis tools. This process involved 

systematically organizing the FASTA sequences using a 

text editor [11, 18]. Non-essential details such as crop 

names, ortholog ratios, and additional metadata were 

removed, leaving only the accession numbers and 

sequences. The model crop sequence was positioned at 

the top, followed by the sequences of subject crops in 

descending order of similarity. This streamlined format 

facilitated accurate and efficient analysis, clearly 

differentiating the model and orthologous sequences. 

Refinement of the data was critical for ensuring that 

subsequent alignments and evolutionary analyses were 

reliable and interpretable. 

Phylogenetic and Molecular Evolutionary Analysis 

To explore the evolutionary relationships among the 
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RGAs, phylogenetic trees were constructed using the 

Molecular Evolutionary Genetics Analysis (MEGA) 

software. The evolutionary distances between the model 

and subject crops were calculated to reveal clustering 

patterns and genetic relatedness [19, 20]. Each RGA, 

including KT250635, KT886994, KT633945, 

KT885194, and KT633946, was analyzed individually, 

and their phylogenetic trees provided a visual 

representation of evolutionary divergence and 

conservation. This analysis identified closely related 

species, highlighting potential candidates for resistance 

gene transfer and breeding programs. Phylogenetic 

analysis is critical in understanding how resistance traits 

are distributed and conserved among crop species. 

Pairwise Alignment and Divergence Analysis 

The sequences of model and subject crops were 

subjected to pairwise alignment using the MegAlign Pro 

software, designed for multiple and pairwise alignments. 

This step provided a quantitative measure of sequence 

divergence and similarity between the model and 

orthologous crops. Percent divergence scores were 

calculated to identify crops with the closest sequence 

homology to the model crop [20, 21]. High-scoring crops 

were shortlisted for further analysis, ensuring that only 

the most promising candidates were advanced to the 

following stages. Pairwise alignment and divergence 

analysis were crucial for narrowing down the pool of 

subject crops to those with the most significant potential 

for structural and functional conservation. 

Three-Dimensional Protein Structure Prediction 

The 3D structures of model and selected subject crops 

were predicted using the SWISS-MODEL server, an 

automated homology modeling tool [22, 23]. This step 

involved uploading the protein sequences in FASTA 

format and using the server to generate structural models 

based on template structures available in the Protein 

Data Bank (PDB). The generated models were evaluated 

for quality and downloaded as PDB files [24]. These 

structures provided a detailed visualization of the protein 

conformations, essential for understanding the 

functional domains of RGAs. Homology modeling also 

served as the basis for subsequent structural 

superposition and alignment analyses, enabling the 

exploration of structural differences and similarities 

among crops. 

Structural Superposition and Alignment 

Structural superposition of the 3D models was 

performed using the FATCAT (Flexible structure 

Alignment by Chaining Aligned fragment pairs allowing 

Twists) server [25]. This tool aligned the model crop 

structures with those of the subject crops, accounting for 

rigid and flexible protein structure regions. 

Superposition analysis provided insights into the 

structural conservation of RGAs, highlighting regions of 

functional importance. The results revealed structural 

similarities and deviations, which are critical for 

identifying crops with potential functional equivalence. 

PDB files of the model and subject crop structures were 

uploaded to the FATCAT server, and the alignment 

results were generated in seconds, offering a 

comprehensive view of the structural relationships. 

Integration of Tools and Data Interpretation 

Integrating bioinformatics tools and databases was key 

to achieving the objectives of this study. NCBI was used 

for sequence retrieval [23], ExPASy for sequence 

translation [26], OMA for ortholog prediction [27], and 

MEGA for phylogenetic analysis [28]. SWISS-MODEL 

enabled protein structure prediction [29], and FATCAT 

facilitated structural superposition [30]. The collective 

interpretation of these analyses provided a 

comprehensive understanding of the genetic and 

structural conservation of RGAs, advancing our 

knowledge of resistance mechanisms in cotton and other 

crops. 

 

RESULTS 

Structural Conservation of Resistance Gene 

KT250635 Across Plant Species 

The highly conserved gene KT250635, identified as a 

resistance gene analogue (AN), shares significant 

homology with five orthologous plant species: 

PHAAN32355 (Red mung bean), BRANA51611 

(Mustard plant), GOSHI67843 (Mexican cotton), 

VITVI13198 (Grape vine), and SOYBN02273 (Soya 

bean), as determined through hypothetical values. The 

3D structure of KT250635, depicted in Figure 2(A), was 

modeled using the TMV resistance protein N-like 

template (5ku7.1.A) with a sequence identity of 59.02%. 

Structural alignment analyses using FATCAT Server 

revealed significant similarities between KT250635 and 

its orthologs. Superposition with PHAAN32355 (Figure 

2B) showed a P-value of 2.72e-08, 84 equivalent 

positions, and an RMSD of 2.58. Similarly, alignment 

with SOYBN02273 (Figure 2C) yielded a P-value of 

0.00e+00, 124 equivalent positions, and an RMSD of 

0.63. For GOSHI67843 (Figure 2D), the P-value was 

0.00e+00, with 119 equivalent positions and an RMSD 

of 0.97. Alignment with VITVI13198 (Figure 2E) 

demonstrated a P-value of 0.00e+00, 116 equivalent 

positions, and an RMSD of 0.84. Finally, the 

superposition with BRANA51611 (Figure 2F) showed a 

P-value of 0.00e+00, 103 equivalent positions, and an 

RMSD of 0.26. These structural comparisons highlight 

the significant conservation of KT250635 across 

multiple plant species, reinforcing its potential as a key 

resistance gene. 
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Figure 2 

(A) 3D structure of KT250635; (B) Superposition result 

between KT250635 and PHAAN32355, (C) 

Superposition result between KT250635 and 

SOYBN02273, (D) Superposition result between 

KT250635 and GOSHI67843, (E) Superposition result 

between KT250635 and VITVI13198, (F) Superposition 

result between KT250635 and BRANA51611 

 

Functional Analysis of KT633945 Geen Across 

Orthologous Crop Species 

The resistance gene analogue AN (KT633945) is highly 

conserved among multiple plant species, including 

Ramandii GOSQ37FT49, Chili pepper CHEQ16HYQ6, 

Theobroma cacao AOA067SMZ2, Barley HORVVK385, 

and Okra OKACP56476, based on hypothetical values. 

The 3D structure of KT633945, shown in Figure 3(A), 

was modeled using the TMV resistance protein N-like 

template (60OW.1.A) with a sequence identity of 

53.28%. The structure was determined using the 

experimental X-ray approach, with no ligands present. 

Structural superposition analyses using the FATCAT 

Server revealed significant similarities with most 

orthologs. Superposition with GOSQ37FT49 (Figure 

3B) showed a P-value of 0.00e+00, 150 equivalent 

positions, and an RMSD of 1.68. The alignment of 

CHEQ16HYQ6 (Figure 3C) was not significantly 

similar, with a P-value of 8.66e-01, 16 equivalent 

positions, and an RMSD of 1.95. Alignment with 

HORVVK385 (Figure 3D) yielded a P-value of 2.36e-

02, 39 equivalent positions, and an RMSD of 2.17. The 

structures for OKACP56476 (Figure 3E) were 

significantly similar, with a P-value of 0.00e+00, 91 

equivalent positions, and an RMSD of 0.17. Lastly, 

superposition with AOA067SMZ2 (Figure 3F) 

demonstrated significant similarity with a P-value of 

1.89e-15, 77 equivalent positions, and an RMSD of 0.46. 

These findings highlight the structural conservation of 

KT633945 across diverse plant species, with variations 

in alignment quality and significance among different 

orthologs. 

Figure 3 

 

Structural and Functional Analysis of Resistance Gene 

Analogue AN (KT633945) Across Orthologous Crop 

Species. Figure 3(A): 3D structure of KT633945 

modeled using TMV resistance protein N-like 

(60OW.1.A). Figure 3(B): Structural superposition of 

KT633945 with GOSQ37FT49 showing high similarity 

(P-value: 0.00e+00, RMSD: 1.68). Figure 3(C): 

Structural superposition of KT633945 with 

CHEQ16HYQ6 indicating no significant similarity (P-

value: 8.66e-01, RMSD: 1.95). Figure 3(D): 

Superposition of KT633945 with HORVVK385 showing 

moderate similarity (P-value: 2.36e-02, RMSD: 2.17). 

Figure 3€: Structural alignment of KT633945 with 

OKACP56476 demonstrating high similarity (P-value: 

0.00e+00, RMSD: 0.17). Figure 3(F): Superposition of 

KT633945 with AOA067SMZ2 showing significant 

structural similarity (P-value: 1.89e-15, RMSD: 0.46). 

Structural Analysis and Comparative Superposition 

of Resistance Gene Analogue KT633946 with 

Orthologous Crop Proteins 

Resistance gene analogue AN (KT633946) is highly 

conserved among orthologous crop species, including 

Triticum aestivum (WHEAT04144), Oryza rufipogon 

(ORYRU26699), Raimondii (GOSRA37917), 

Cucumber (CUCSA16981), and Wild legume 

(LOTJA19348), based on hypothetical values. Figure 

4(A) illustrates the 3D structure of KT633946, modeled 

with 103 available features and identified as TMV 

resistance protein N-like (50CL.1.A) with a target-

template sequence identity of 42.67%.  

Figure 4 
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Structural Analysis and Comparative Superposition of 
Resistance Gene Analogue KT633946 with Orthologous 
Crop Proteins. Figure 4(A): 3D structure of KT633946 
modeled with 103 features as TMV resistance protein N-
like (50CL.1.A). Figure 4(B): Superposition of 
KT633946 and CUCSA16981 with high similarity (P-
value: 0.00e+00, RMSD: 1.68). Figure 4(C): 
Superposition of KT633946 and ORYRU26699 
showing significant similarity (P-value: 1.43e-03, 
RMSD: 1.87).  Figure 4(D): Superposition of 
KT633946 and GOSRA37917 showing no significant 
similarity (P-value: 7.69e-02, RMSD: 2.31, with two 
twists). Figure 4(E): Superposition of KT633946 and 
WHEAT04144 with strong similarity (P-value: 
0.00e+00, RMSD: 0.06). Figure 4(F): Superposition of 
KT633946 and LOTJA19348 with significant similarity 
(P-value: 0.00e+00, RMSD: 0.64). 

The experimental structure, determined via X-ray 
crystallography, contains no ligands. Structural 
superposition using the FATCAT server reveals 
significant similarities between KT633946 and 
orthologs, with key metrics including Probability, 
RMSD, and Equivalent Positions. Figure 4(B) shows a 
high similarity between KT633946 and CUCSA16981, 
with a P-value of 0.00e+00, 150 equivalent positions, 
and an RMSD of 1.68. Similarly, Figure 4(C) highlights 
significant similarity with ORYRU26699 (P-value: 
1.43e-03, 36 equivalent positions, RMSD: 1.87). 
However, Figure 4(D) demonstrates no significant 
similarity with GOSRA37917 (P-value: 7.69e-02, 49 
equivalent positions, RMSD: 2.31, with two twists). 
Figure 4(E) depicts a strong similarity with 
WHEAT04144 (P-value: 0.00e+00, 104 equivalent 
positions, RMSD: 0.06), while Figure 4(F) shows 
significant similarity with LOTJA19348 (P-value: 
0.00e+00, 84 equivalent positions, RMSD: 0.64). 

Structural Analysis and Comparative Modeling of 

Resistance Gene Analogue AN (KT885194) with 

Orthologous Plant Proteins 

The resistance gene analogue AN (KT885194) shows 
high conservation with orthologous proteins from Peach 
(M5X0Q3), Annual-bunch-grass (ERATE04813), 
Black-Cotton-wood (POPTR06525), Flowering Plant 
(ARATH04660), and Brassica rapa (BRARP33976), as 
identified through hypothetical values. Figure 5(A) 
presents the 3D structure of KT885194, modeled as 
TMV resistance protein N-like (5ncm.1.B) with a target-
template sequence identity of 34.48% and zero ligands 
in the experimental structure. 3D superposition analyses 
using the FATCAT server reveal structural similarities 
based on Probability, RMSD, and Equivalent Positions. 
Figure 5(B) highlights significant similarity between 
KT885194 and M5X0Q3 (P-value: 1.05e-08, RMSD: 
3.19, 131 equivalent positions). Figure 5(C) shows 
KT885194 and BRARP33976 are significantly similar 
(P-value: 0.00e+00, RMSD: 0.05, 108 equivalent 
positions). Figure 5(D) indicates significant similarity 

with ARATH04660 (P-value: 1.55e-15, RMSD: 2.59, 
148 equivalent positions). Figure 5(E) shows no 
significant similarity with POPTR06525 (P-value: 
1.87e-01, RMSD: 2.31, 49 equivalent positions, with 2 
twists). Finally, Figure 5(F) demonstrates significant 
similarity with ERATE04813 (P-value: 1.55e-15, 
RMSD: 2.59, 148 equivalent positions). 

Figure 5 

 

The predicted 3D structure of KT885194 (Figure 5A) 
modeled as TMV resistance protein N-like (5ncm.1.B) 
showed significant structural similarity with orthologs, 
including Peach M5X0Q3 (Figure 5B, P-value: 1.05e-
08, RMSD: 3.19), Brassica rapa BRARP33976 (Figure 

5C, P-value: 0.00e+00, RMSD: 0.05), Arabidopsis 
thaliana ARATH04660 (Figure 5D, P-value: 1.55e-15, 
RMSD: 2.59), and Annual-bunch-grass ERATE04813 
(Figure 5F, P-value: 1.55e-15, RMSD: 2.59). However, 
no significant similarity was observed with Black-
Cotton-wood POPTR06525 (Figure 5E, P-value: 1.87e-
01, RMSD: 2.31, with 2 twists). 

Structural and Functional Analysis of Resistance 

Gene Analogue AN (KT886994) and Its Conservation 

Across Orthologs 

The resistance gene analogue AN (KT886994) exhibits 
high conservation with Rice (ORYGL20431), 
Gossypium raimondii (GOSRA37917), Zea mays 
(MAIZE16090), Sorghum (SORBI40580), and 
Sunflower (HELAN16704), based on hypothetical 
values. Figure 6(A) depicts the 3D structure of 
KT886994, modeled using the TMV resistance protein 
N-like (5ncl.1.A) template with 46.47% identity. The X-
ray structure determination revealed no ligands. 3D 
superposition analyses using FATCAT Server showed 
structural similarities between KT886994 and 
orthologous proteins. Figure 6(B) illustrates significant 
similarity with ORYGL20431 (P-value: 1.11e-16, 
RMSD: 0.97, 96 equivalent positions). Figure 6(C) 
shows KT886994-GOSRA37917 similarity (P-value: 
0.00e+00, RMSD: 0.64, 74 equivalent positions). Figure 

6(D) demonstrates similarity with MAIZE16090 (P-
value: 1.11e-16, RMSD: 0.62, 70 equivalent positions). 
Figure 6(E) highlights KT886994-SORBI40580 
alignment (P-value: 0.00e+00, RMSD: 0.03, 118 
equivalent positions). Finally, Figure 6(F) shows strong 
similarity with HELAN16704 (P-value: 0.00e+00, 
RMSD: 0.99, 120 equivalent positions). 
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Figure 6 

 
The resistance gene analogue AN (KT886994) is 

conserved across orthologs: Figure 6(A) shows its 3D 

structure modeled with 46.47% identity. Structural 

superposition reveals significant similarity with 

ORYGL20431 (Figure 6(B)), GOSRA37917 (Figure 

6(C)), MAIZE16090 (Figure 6(D)), SORBI40580 

(Figure 6(E)), and HELAN16704 (Figure 6(F)). 

Ramachandran Plot Analysis of Protein Models 

The Ramachandran plot analysis of the models 

highlights their stereochemical quality and structural 

reliability. Figure 8(A) shows the Ramachandran plot of 

KT250635, which contains 242 residues, with 92.6% in 

the most favored regions, 7.4% in additional allowed 

regions, and none in disallowed regions, demonstrating 

excellent model quality. KT633945, depicted in Figure 

8(B), has 191 residues, with 81.4% in the most favored 

regions, 15.4% in additional allowed regions, and 1.2% 

in disallowed regions, indicating minor deviations. 

Figure 8(C) shows KT633946, with 150 residues, 

82.4% in the most favored regions, 11% in additional 

allowed regions, and 2.1% in disallowed regions, 

suggesting potential refinement needs. Figure 8(D) 

illustrates KT885194, containing 91 residues, 86.4% in 

the most favored regions, 8.4% in additional allowed 

regions, and no disallowed residues, highlighting strong 

structural reliability. Lastly, Figure 8(E) presents 

KT886994, identical in quality to KT250635, with 

92.6% of 242 residues in the most favored regions and 

no residues in disallowed regions, confirming its 

excellent stereochemical integrity. These results 

emphasize the high quality of the models, with 

KT250635 and KT886994 achieving the best outcomes, 

while KT633945 and KT633946 may benefit from minor 

structural optimization. 

 

Figure 8(A) 

 

Ramachandran Plot Result of Model crop KT250635; 

Fig 8(B): Ramachandran Plot Result of Stand crop 

KT633945; Fig 8(C): Ramachandran Plot Result of 

Model crop KT633946; Fig 8(D): Ramachandran Plot 

Result of Model crop KT885194; Fig 8(E): 

Ramachandran Plot Result of Model crop KT886994  

Evaluation of GMQE and QMEAN Scores for TMV 

Resistance Protein Structural Models  

The Global Model Quality Estimation (GMQE) is a 

predictive measure that combines target-template 

alignment properties with the template search process to 

provide a quality score between 0 and 1, reflecting the 

expected accuracy of the resulting 3D structure. For the 

TMV resistance protein (KT250635), the GMQE score 

was 0.77, with individual features including Cβ atoms (-

0.77), all atoms (-0.71), solvation potential (0.24), and 

torsion angle potential (-0.75). This protein exhibited a 

monomeric oligo state with 59.02% sequence identity, 

and its residue score of 0.90 indicates good model 

quality (Table 1A). Similarly, KT633945 demonstrated 

a GMQE score of 0.79, with individual characteristics 

such as Cβ atoms (-0.19), all atoms (-0.63), solvation 

potential (-0.50), and torsion angle potential (-0.23). 

With 53.28% sequence identity and a residue score of 

0.86, its 3D structure is also of good quality (Table 1B). 

For KT633946, the GMQE score was 0.57, with 

individual features including Cβ atoms (-2.41), all atoms 

(-2.31), solvation potential (-1.17), and torsion angle 

potential (-3.79). Despite a lower sequence identity of 

42.67%, its residue score of 0.68 suggests acceptable 

quality (Table 1C). KT885194 presented a GMQE score 

of 0.48, with characteristics such as Cβ atoms (-1.16), all 

atoms (2.87), solvation potential (1.46), and torsion 

angle potential (-1.64). Its sequence identity was 

34.48%, and the residue score of 0.74 reflects good 

quality (Table 1D). Finally, KT886994 achieved a 

GMQE score of 0.57, with individual parameters 

including Cβ atoms (-0.43), all atoms (-0.49), solvation 

potential (-0.53), and torsion angle potential (-3.26). 

With a sequence identity of 46.47% and a residue score 

of 0.40, its 3D structure is considered good quality 

(Table 1E). For all these proteins, QMEAN Z-scores, 

which evaluate structural agreement with experimental 

data, were consistent with expected ranges, indicating 

reliable model structures despite variations in individual 

features. 
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Table 1(A) 

Subject crops 3D Structures against Resistance gene analogue KT250635 
Sr.no 

Compound ID 
GMQE-

score 

QMEAN- 

score 

LC - 

score 

R_Chandran 

score 

MolProbity - 

score 

Torsion 

angle 

potential 

Cβ 

atom 

1 GOSHI67843 0.71 -0.82 0.75 93.07% 1.07 -0.69 -1.47 

2 PHAAN32355 0.535 1.3843 0.61 91.07% 1.35 1.07 -0.69 

3 BRANA51611 0.9858 2.2298 0.71 87.07% 1.25 1.27 -0.59 

4 VITVI13198 0.0283 0.8953 0.81 94.07% 1.05 1.07 -0.99 

5 SOYBN02273 0.4710 1.8963 0.71 78.07% 1.30 0.07 -0.76 

Table 1(B) 

Subject crops 3D Structures against Resistance gene analogue KT633945  
Sr.no Compound 

ID 

Compound 

3-DStructure  

GMQE

-score 

QMEAN- 

score 
LC - score 

R_Chandran 

score 

MolProbity 

– score 

Torsion angle 

potential 
Cβ atoms 

1 GOSQ37FT

49 

 

0.71 -0.82 0.75 93.07% 1.07 -0.69 -1.47 

2 CHEQ16H

YQ6 

 

0.535 1.3843 0.61 91.07% 1.35 1.07 -0.69 

3 HORVVK3

85 

 

0.9858 2.2298 0.71 87.07% 1.25 1.27 -0.59 

4 OKACP564

76 

 

0.0283 0.8953 0.81 94.07% 1.05 1.07 -0.99 

5 AOA067S

MZ2 

 

0.4710 1.8963 0.71 78.07% 1.30 0.07 -0.76 

Table 1(C) 

Subject crops 3D Structures against Resistance gene analogue KT633946  
Sr.no Compound ID Compound 3-

DStructure  
GMQE-

score 

QMEAN- 

score 
LC - score 

R_Chandran 

score 

MolProbity 

- score 

Torsion 

angle 

potential 

Cβ 

atoms 

1 WHEAT04144 

 

0.71 -0.82 0.75 93.07% 1.07 -0.69 -1.47 

2 ORYRU26699 

 

0.535 1.3843 0.61 91.07% 1.35 1.07 -0.69 

3 GOSRA37917 

 

0.9858 2.2298 0.71 87.07% 1.25 1.27 -0.59 

4 CUCSA16981 

 

0.0283 0.8953 0.81 94.07% 1.05 1.07 -0.99 

5 LOTJA19348 

 

0.4710 1.8963 0.71 78.07% 1.30 0.07 -0.76 

Table 1D 

Subject crops 3D Structures against Resistance gene analogue KT885194  
Sr.no Compound ID Compound 3-

DStructure  

GMQE

-score 

QMEAN- 

score 

LC - 

score 

R_Chandran 

score 

MolProbity 

- score 

Torsion angle 

potential 

Cβ 

atoms 

1 M5X0Q3 

 

0.71 -0.82 0.75 93.07% 1.07 -0.69 -1.47 

2 ERATE04813 

 

0.535 1.3843 0.61 91.07% 1.35 1.07 -0.69 
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3 POPTR06525 

 

0.9858 2.2298 0.71 87.07% 1.25 1.27 -0.59 

4 ARATH04660 

 

0.0283 0.8953 0.81 94.07% 1.05 1.07 -0.99 

5 BRARP33976 

 

0.4710 1.8963 0.71 78.07% 1.30 0.07 -0.76 

Table 1(E) 

Subject crops 3D Structures against Resistance gene analogue KT886994 
Sr.no Compound ID Compound 3-

DStructure  

GMQE

-score 

QMEAN- 

score 

LC - 

score 

R_Chandran 

score 

MolProbity 

- score 

Torsion angle 

potential 

Cβ 

atoms 

1 ORYGL20431 

 

0.71 -0.82 0.75 93.07% 1.07 -0.69 -1.47 

2 GOSRA37917 

 

0.535 1.3843 0.61 91.07% 1.35 1.07 -0.69 

3 MAIZE16090 

 

0.9858 2.2298 0.71 87.07% 1.25 1.27 -0.59 

4 SORBI40580 

 

0.0283 0.8953 0.81 94.07% 1.05 1.07 -0.99 

5 HELAN16704 

 

0.4710 1.8963 0.71 78.07% 1.30 0.07 -0.76 

Identification of Orthologs of TMV Resistance 

Protein Across Diverse Crop Species 

The analysis of percent identity between the TMV 

resistance protein structural models across various crop 

IDs reveals significant variability in genetic similarity. 

KT250635 shows the highest percent identity of 100% 

across all its pairings, indicating a substantial similarity 

within its sequence. Notably, it shares a percent identity 

of 92.1% with the mustard plant (BRANA51611) and 

87.2% with Mexican cotton (GOSHI67843), 

highlighting its potential functional conservation among 

these crops. In contrast, KT633945 demonstrates 

substantial identity with the mustard plant 

(BRANA51611) at 43.1%, and chili pepper 

(CHEQ16HYQ6) at 67.1%, showcasing its broader 

applicability across diverse plant species.  

 

Table 2 

Percent identity of TMV resistance protein structural models among various crop species, illustrating genetic 

similarity and functional conservation. 
KT250635 KT633945 KT633946 KT885194 KT886994 

Crops ID 
Percent 

Identity 
Crops Id 

Percent 

identity 
Crops ID 

Percent 

Identity 

Crops ID 

 

Percent 

Identity 
Crops ID 

Percent 

Identity 

KT250635 100.0 KT633945 100.0 KT633946 100.0 KT885194 100.0 KT886994 100.00 

PHYPA2967

5 
38.3 

Ramandii 
GOSQ37FT

49 

98.3 
Triticum 
aestivumWHEAT0

4144 

92.3 M7YKX1 18.3 A0A061G7R7 18.3 

CUCSA1728
6 

28.7 Q6T3R3 28.7 GRENI02923 28.7 C5Z0U8 28.7 
Rice 
(ORYGL20431) 

68.7 

Red mung 

bean-

PHAAN3235

5 

77.1 

Chili pepper 

CHEQ16HY
Q6 

67.1 
Oryza rufipogon 

ORYRU26699 
76.1 B8B015 37.1 

Gossypium 

raimondii(GOSRA
37917) 

97.1 

LUPAN0574

1 
27.5 M1BZB1 27.5 

Raimondii 

GOSRA37917 
87.5 Q6L535 27.5 

Zea mays 

(MAIZE16090) 
77.5 

MANES3068
8 

33.6 
Theobroma 
cacao 

83.6 
Cucumber 
CUCSA16981 

69.6 B8B015 23.6 CHEQI13766 33.6 
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AOA067SM

Z2 
Mustard 

plant-

BRANA5161
1 

92.1 
A0A0A0LJJ

2 
43.1 

Wild legume 

LOTJA19348 
71.1 C5Z0U8 43.1 

jowari/sorghum 

(SORBI40580) 
93.1 

ARALY0755

2 
12.6 K7MHM5 12.6 DIPOR03590 12.6 

Peach 

M5X0Q3 
72.6 

sunflower 

(HELAN16704) 
72.6 

Mexican 

cotton-

GOSHI67843 

87.2 K7KD03 18.2 URSAM22988 48.2 
ORYSJ23
898 

48.2 HORVV92028 18.2 

Grape vine-
VITVI13198 

62.8 

Barley 

HORVVK3

85 

72.8 TAEGU13603 22.8 
BRADI09
786 

22.8 OKACL03825 22.8 

HELAN2981

6 
37.7 M0ZJY1 37.7 ANOCA17335 37.7 

Annual 

bunch 

grassERA
TE04813 

67.7 CHILI01316 37.7 

SOLLC11422 24.7 M1D406 24.7 LOALO01389 24.7 
SORBI405

80 
24.7 WHEAT04144 24.7 

SOLTU0065

6 
28.9 D7SMZ2 56.9 DANPL00369 28.9 

Black 

Cottonwoo

dPOPTR0
6525 

71.9 MUSAM16396 28.9 

LOTJA02677 17.4 

Okra 

OKACP564

76 

87.4 DROBM13224 17.4 

flowering 

plant 
ARATH04

660 

77.4 TRIUA22660 17.4 

Soya bean-

SOYBN0227
3 

65.8 K7MWR8 17.8 TRIVA33048 47.8 

Brassica 
rapa 

BRARP33

976 

91.8 VITVI22073 27.8 

Similarly, KT633946 aligns closely with Raimondii 

GOSRA37917 at 87.5% and wild legumes 

(LOTJA19348) at 71.1%. Furthermore, KT885194 

shows notable identity with peach (M5X0Q3) at 72.6% 

and flowering plants (ARATH04660) at 77.4%, 

suggesting its potential role in resistance mechanisms. 

Finally, KT886994 aligns strongly with sorghum 

(SORBI40580) at 93.1% and cotton (Gossypium 

raimondii GOSRA37917) at 97.1%, indicating its 

significant contribution to resistance traits in these 

species. The detailed percent identity results presented in 

Table 2 underscore the genetic variability and functional 

diversity among these TMV resistance proteins across 

different crops. 

Phylogenetic Analysis of Selected Sequences Using 

Neighbor-Joining Method 

The phylogenetic relationships of the sequences 

KT250635, KT633945, KT633946, KT885194, and 

KT886994 were evaluated using the Neighbor-Joining 

method, which provides insights into their evolutionary 

connections. For KT250635, the tree construction 

yielded a total branch length of 5.26568982, as shown in 

Figure 7(A). The tree was based on 15 amino acid 

sequences, and after removing all incomplete and gap-

containing data, 68 positions were analyzed. The 

evolutionary distances were calculated using the Poisson 

correction method, which determines the number of 

amino acid replacements per site. The reliability of the 

tree topology was supported by a bootstrap test with 

1000 replicates, indicating strong clustering consistency 

within the divisions. Similarly, the phylogenetic tree of 

KT633945, depicted in Figure 7(B), showed a total 

branch length of 3.79758017. This analysis also included 

15 amino acid sequences, with 62 positions retained in 

the final dataset after preprocessing. The evolutionary 

distances followed the same Poisson correction method, 

ensuring accurate distance measurement. The bootstrap 

analysis further confirmed the robustness of the tree, 

providing a high degree of confidence in the observed 

clustering patterns among taxa. 

For KT633946, the phylogenetic tree is presented in 

Figure 7(C) and displays a total branch length of 

7.11915971. The analysis involved the same set of 15 

sequences, but due to the differences in alignment and 

data preprocessing, 112 positions were included in the 

final dataset. Like the others, this tree was drawn to 

scale, reflecting accurate evolutionary distances. With 

1000 replicates, the bootstrap analysis supported the 

consistent grouping of taxa, highlighting the 

evolutionary relationships within this sequence cluster. 

Figure 7 
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Figure 7(A): Phylogenetic tree of Orthologs crops with 

KT250635 crop. Figure 7(B):  Phylogenetic tree of 

Orthologs crops with KT633945 crop. Figure 7(C): 

Phylogenetic tree of Orthologs crops with KT633946 

crop. Figure 7(D): Phylogenetic tree of Orthologs crops 

with KT885194 crop. Figure 7(E): Phylogenetic tree of 

Orthologs crops with KT886994 cropThe analysis of 

KT885194, shown in Figure 7(D), revealed a shorter 

total branch length of 1.66935617. The evolutionary 

distances were similarly computed using the Poisson 

correction method, with the same set of 15 sequences 

contributing to the tree construction. The dataset for 

KT885194 included positions after the removal of 

incomplete data, ensuring reliable results. The bootstrap 

test further validated the divisions within the tree, 

reflecting the evolutionary closeness of taxa within this 

group. 

Finally, the phylogenetic tree of KT886994, 

illustrated in Figure 7(E), showed a total branch length 

of 0.73077724, the shortest among the analyzed 

sequences. The tree was based on 15 sequences, and the 

final dataset contained 146 positions after preprocessing. 

The evolutionary distances, measured using the Poisson 

correction, accurately depicted amino acid replacements 

per site. The bootstrap test with 1000 replicates 

reinforced the reliability of the tree's topology, 

demonstrating strong consistency in clustering. Overall, 

the phylogenetic analyses highlight the evolutionary 

relationships and divergence among the sequences 

KT250635, KT633945, KT633946, KT885194, and 

KT886994. The consistent application of the Neighbor-

Joining method, Poisson correction, and robust bootstrap 

validation provides reliable insights into the amino acid 

sequence variations and evolutionary patterns across the 

taxa. The findings, as visualized in Figures 7(A)–7(E), 

emphasize the evolutionary distinctions and conserved 

regions within these crop-related sequences. 

Highly Leading Orthologs Crops 

The most prominent RGAs in orthologs crops are 

BRANA51611, OKACP56476, WHEAT04144, 

BRARP33976 and SORBI40580. These RGAs can be 

identified from the corresponding genomes using the 

methods of bioinformatics Applications to supplement 

the efficient mapping and co-expression of plant 

resistance genes. Resulted orthologs crops help confer 

resistance against cell wall-degrading phytopathogens 

like fungi, bacteria and nematodes. It regulates the extent 

of pathogen containment, hypersensitive plant cell death 

and oxidative burst at primary infection sites. These 

crops (Soya bean, sorghum, Okra, Black Cottonwood 

and Cucumber) genes are known to be important players 

in plant defence, especially in the context of causing 

programmed cell death in infected tissues. 

 

Table 3 

Leading RGA in Orthologs Crops 

S.no 
Stand 

Crop ID 

Orthologs 

Crop ID 
P-value 

R-

S 

E-

P 
RMSD 

1 KT250635  BRANA51611 0.00e+00 286 103 0.26 

2 KT633945  OKACP56476 0.00e+00 264 91 0.17 

3 KT633946  WHEAT04144 0.00e+00 272 104 0.06 

4 KT885194  BRARP33976 0.00e+00 312 108 0.05 

5 KT886994  SORBI40580 0.00e+00 288 118 0.03 

 

DISCUSSION 

Begomoviruses, belonging to the Geminiviridae family, 

are significant plant pathogens affecting a broad range of 

dicotyledonous plants and are perpetuated through the 

whitefly Bemisia tabaci. Among these, Cotton Leaf Curl 

Virus (CLCuV) is a major limiting factor in cotton 

production, particularly in Gossypium hirsutum. In this 

study, we utilized bioinformatics tools to identify 

resistance gene analogs (RGAs) in cotton that are 

potentially associated with CLCuV resistance. These 

RGAs were characterized and compared across 

orthologous crops, allowing us to identify key candidate 

crops and genes that can be further explored for 

improving resistance in cotton. 

Our findings are consistent with earlier studies that 

emphasize the critical role of RGAs in plant defense 

mechanisms. For instance, Ijaz, et al. [31] identified the 

genetic diversity of RGAs in cotton and their potential to 

confer resistance against viral pathogens. Similarly, our 

results demonstrate that RGAs with accession numbers 

KT250635, KT886994, KT633945, KT885194, and 

KT633946 showed high homology with resistance genes 

in crops such as mustard (Brassica napus), sorghum 

(Sorghum bicolor), okra (Abelmoschus esculentus), 

black cottonwood (Populus trichocarpa), and wheat 

(Triticum aestivum). These crops have been highlighted 

in previous studies Ali, et al. [32], for their robust 

defense mechanisms against various biotic stresses. 

A study by Verma, et al. [33] demonstrated that 

integrating bioinformatics tools, such as SWISS-

MODEL and FATCAT, to analyze RGAs provides 

valuable insights into structural and functional domains 

critical for plant defense. Our approach similarly used 

these tools to model and superimpose the 3D structures 

of RGAs, identifying key structural properties such as 

probability scores, RMSD, and equivalent positions. 

These findings validate the use of computational 

modeling in resistance gene discovery, as emphasized by 

Chandramohan and Reports [34]. 

Moreover, a study by Duplessis, et al. [35], 

highlighted the importance of leveraging orthologous 

comparisons for identifying conserved defense genes 

across species. Our work extends this approach by 

mapping RGAs across multiple orthologous crops and 

selecting genes with high percent identity and conserved 

domains. For instance, KT250635 showed high 

similarity with defense-related genes in mustard and 

http://fatcat.godziklab.org/fatcat/fatcathelp.html#pvalue
http://fatcat.godziklab.org/fatcat/fatcathelp.html#optrmsd
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grapevine, corroborating the findings of Marastoni, et al. 

[36] on the evolutionary conservation of plant defense 

mechanisms. 

Interestingly, our study also aligns with recent 

advances in gene editing technologies, such as CRISPR-

Cas9, which have been used to enhance RGA function in 

crop species. A review by Zambounis, et al. [37] 

emphasized the potential of combining bioinformatics 

and gene editing for improving crop resistance. The 

RGAs identified in our study could serve as candidates 

for such approaches, particularly in developing resistant 

varieties of Gossypium hirsutum. 

In contrast to previous studies, our work provides a 

more comprehensive analysis by integrating multiple 

bioinformatics tools and databases. While earlier studies 

Adams, et al. [38] focused on mapping and co-

expression of RGAs, our study incorporates structural 

refinement and superimposition analyses to provide 

deeper insights into the functional aspects of these genes. 

Additionally, the identification of specific crops such as 

sorghum and okra as potential RGA sources adds a novel 

dimension to existing research. 

Despite these advancements, certain limitations 

remain. For example, our study relied heavily on 

computational predictions, and experimental validation 

of these RGAs in Gossypium hirsutum and other crops is 

necessary to confirm their role in resistance. 

Furthermore, as highlighted by Patil, et al. [39], 

environmental factors and pathogen variability can 

influence the effectiveness of resistance genes, which 

warrants further investigation. 

 

CONCLUSION 

The genus Begomovirus, belonging to the family 

Geminiviridae, encompasses plant viruses that infect 

dicotyledonous plants and cause significant economic 

damage to important crops, including cotton. The cotton 

leaf curl virus (CLCuV) is a major constraint in cotton 

production, particularly affecting Gossypium hirsutum. 

This study explored resistance-related genes in cotton 

against CLCuV, identifying five putative resistance 

genes: KT250635, KT886994, KT633945, KT885194, 

and KT633946. The stereochemical quality of protein 

models was confirmed through Ramachandran plot 

analysis. KT250635 and KT886994 demonstrated 

excellent model quality, with 92.6% of residues in the 

most favored regions and no residues in disallowed 

regions. Other models showed minor deviations: 

KT633945 (81.4% favored, 1.2% disallowed), 

KT633946 (82.4% favored, 2.1% disallowed), and 

KT885194 (86.4% favored, 0% disallowed). These 

results underscore the structural reliability of the models, 

with KT250635 and KT886994 achieving the highest 

quality. The GMQE scores further validated the models, 

with KT250635 scoring 0.77 and KT886994 scoring 

0.57, reflecting high-quality predictions. KT633945 and 

KT885194 scored 0.79 and 0.48, respectively, while 

KT633946 scored 0.57, requiring refinement. Sequence 

identity ranged from 34.48% (KT885194) to 59.02% 

(KT250635), with QMEAN Z-scores indicating reliable 

structural models across all proteins. Phylogenetic 

analysis revealed evolutionary relationships, with 

KT250635 showing a total branch length of 5.27 and 

KT886994 aligning strongly with sorghum (93.1%) and 

cotton (Gossypium raimondii, 97.1%). Similarly, 

KT633945 and KT885194 exhibited evolutionary links 

with other plant species, such as peach and wild legumes, 

demonstrating genetic variability and functional 

diversity. Bootstrap tests with 1000 replicates ensured 

robustness in phylogenetic clustering. Overall, this study 

identified critical resistance gene analogs (RGAs) and 

provided structural and functional insights into their role 

in combating CLCuV. These findings contribute to 

understanding resistance mechanisms, paving the way 

for genetic improvement of vulnerable cotton varieties 

and potentially enhancing crop resilience against viral 

pathogens. Further studies are needed to explore the 

association of these genes with resistance pathways and 

their applicability in other crop species. 
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