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ABSTRACT 
 
 
Seed storage proteins not only provide nutrients for the germinating embryo but can also 
serve as precursors of antimicrobial peptides (AMPs), key components of plant innate 
immunity. In this study, we assessed the predicted antimicrobial potential of major seed 
storage proteins of Brassica juncea, cruciferin, napin, and oleosin, as well as defense 
proteins, defensin and BjCHI1 (chitinase). Reference protein sequences from related 
species were used to find homologous genes in the Brassica juncea genome using BLAST. 
A total of twenty-nine homologous genes were identified and further screened for AMP-
like characteristics using the CAMP database. To better understand their molecular 
diversity and evolutionary relationships, we performed genome-wide analyses, including 
conserved domain identification, chromosomal localization, phylogenetic analysis, gene 
structure examination, and physicochemical characterization. In silico enzymatic 
hydrolysis was performed to simulate natural proteolytic cleavage, generating potential 
AMP fragments ranging from 10 to 60 amino acids in length. Using various bioinformatics 
tools, structural and therapeutic safety assessments including toxicity and allergenicity 
prediction, were conducted. This study provides a systematic genome-wide identification 
and multi-level characterization of seed storage and defense protein homologs in Brassica 
juncea, highlighting their potential as a conserved genomic reservoir of antimicrobial 
peptide precursors. 
 
Keywords- Antimicrobial peptides, Brassica juncea, Seed storage proteins, Machine 
learning, Genome wide identification, in silico analysis 
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CHAPTER. 1 

INTRODUCTION 

 

1.1 The background and global context of Anti-microbial- resistant (AMR) 

 

Multi-drug resistant (M.D.R) pathogens are one of the greatest threats to public health in the 
21st century. Infections by bacteria and fungi were once easy to cure with traditional 
antibiotics, but microbes are developing increasingly complex resistance. This emergency has 
led to the search for new drugs. A group of highly virulent and resistant bacteria, which are 
known as the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) 
has been identified by the World Health Organization (WHO) and highlights the need for 
alternative interventions against these bacteria (Huan et al., 2020). They are ubiquitous short 
molecules, generally cationic, with amphipathic properties, which are part of the innate 
immune systems of all living organisms. (Zasloff, 2007; Ma et al., 2024). AMPs act primarily 
through biophysical interactions, as opposed to conventional antibiotics that typically interact 
with a metabolic pathway/enzymatic reaction which microbes can circumvent by a single 
point mutation. They target the basic architecture of the microbial cell membrane (Su et al., 
2025), including models like the carpet model, barrel-stave pore or toroidal pore, which causes 
the membrane to become permeable and ultimately to lyse. Resistance is harder and more 
energy-intensive to evolve for pathogens in this mechanism, which doesn't involve disruption 
of biochemical pathways, and AMPs are a cornerstone of the "post-antibiotic era" therapeutics 
(Kumar et al., 2018). 

 
1.2  Plant-Derived AMPs: The Case for Brassica juncea 

Plants are sessile organisms so they have developed elaborate chemical and biological defence 
mechanisms to overcome environmental stress and pathogen attacks. A major oilseed crop of 
the Brassicaceae family, Brassica juncea (Indian Mustard) is known for its potent defense 
arsenal. Although a large amount of research has been conducted on the nutritional value of 
B. juncea, the proteome of these seeds has untapped potential for bioactive peptides, 
particularly defense-related proteins and proteins that are stored in the seed. B. juncea is an 
allotetraploid species that is the result of hybridization between B. rapa and B. nigra (Fig. 1), 
creating a distinct evolutionary environment that is the focus of this study. The duplication 
event and subsequent diversification of the genome have probably resulted in the expansion 
of gene families that are involved in stress tolerance and defense, which makes it an ideal 
candidate for bioprospecting new AMPs. 

 

10

13

13

19
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2 
 

Fig. 1- Triangle of U 

 

1.2.1 Seed Storage Proteins (SSPs) as Precursors 

 

Seed storage proteins like 12S globulin, 2S albumin and Oleosin are produced during seed 
maturation to supply the germinating embryo with nitrogen and carbon sources. Recent 
work has indicated, however, that these proteins are not simply nutritive, but also that they 
carry "cryptic" peptides in the primary sequence. When they are present in the parent 
protein structure, they are biologically dormant and remain hidden in the protein structure. 
These pieces of protein can have strong antimicrobial, antioxidant, and antihypertensive 
effects when they are released by specific proteolytic processing either during natural seed 
germination or by in silico and in vitro enzymatic hydrolysis. The idea of "proteins as 
precursors" makes it possible to valorize common agricultural residues through a 
sustainable green pharmacology approach as a source of therapeutic molecules of high 
added value. (Kumar et al., 2011; Ayadi et al., 2022). 

 

1.2.2 Defense Proteins: Chitinases and Defensins 

 

Brassica juncea also synthesizes defense proteins such as Chitinases and Defensins in 
addition to the storage proteins. Chitinases are involved in resistance against fungal 
pathogens, which break down chitin in the fungal cell walls, and are one of the most 
effective barriers to fungal infection.They have broad-spectrum activity against a wide 
variety of bacteria and fungi and are very heat and protein resistant. The identification of 
these gene families by a genome-wide approach will be crucial to understanding their 
evolutionary expansion and functional diversity in the B. juncea genome (Wang et al., 
2025).  

6

18
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3 
 

These genes can be mapped and specific gene isoforms identified that have evolved a 
specialized function in the plant for protection during sensitive growth periods, such as 
seed maturation and early seedling establishment. 

 

1.3 Objectives- 

Objectives proposed for this study are- 
 

 Genome-Wide Identification and Evolutionary Characterization 

To identify and analyze the structural, functional and evolutionary landscape of 
seed protein families involved in storage (Cruciferin, Napin and Oleosin) and 
defense (Chitinase and Defensin), in the genome of Brassica juncea. This is to 
map the distribution of genes, analyze duplication events and examine regulatory 
elements to understand the genetic basis of these potential peptide precursors. 

 

 In Silico Proteolysis and AMP Validation with machine learning 

To develop antimicrobial peptides (AMPs) by computer-based simulated 
enzymatic hydrolysis and to test their therapeutic potential with a multi-algorithm 
machine learning approach. This goal involves screening peptide fragments with 
high confidence in antimicrobial activity (ANN, SVM and RF), and 
comprehensive in silico profiling of toxicity, allergenicity and physicochemical 
stability of potential candidates for safe development and subsequent 
experiments. 
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4 
 

CHAPTER. 2 

LITERATURE REVIEW 

 

2.1 Importance of Antimicrobial peptides 

AMPs are key components of plant innate immunity and are the first line of defense against 
a wide variety of pathogens. For Brassica juncea (Indian mustard), a leading oilseed crop, 
seed storage and defense proteins, such as napin (2S albumin) and cruciferin (12S globulin), 
respectively, have shown to be attractive sources of AMPs. These proteins are not only a 
source of nutrients for the plant but also display antimicrobial and insecticidal properties, 
which help the plant survive. With the ever-growing risk of crop diseases and the need for 
sustainable biocontrol solutions, the systematic identification and characterization of seed-
derived AMPs in B. juncea is important by genome-wide and in silico approaches (Rahman 
et al., 2021; Munir et al., 2025). 

2.2 Seed Storage and Defense Proteins in Brassica juncea 

 Napin (2S albumin) 
Small protein (15kDa) that is of two subunits held together by disulfide bonds. The 
antibacterial, antifungal, and insecticidal activity of Napin is strong, which is why it 
is a potential candidate for AMP in B. juncea (Padovan et al., 2010). 
 

 Cruciferin (12S globulin) 
A bigger seed storage protein, similar in structure to napin, but with no known in vitro 
antimicrobial activity. The defense function of cruciferin is less significant, perhaps 
because it is quaternary structure and has lower membrane interaction potential 
(Padovan et al., 2010). 
 

 Vicilin 
Recognized as a key storage protein in other members of the Brassica genus, which 
could be used for future AMP mining (Rahman et al., 2021). 

 

2.3 Structural Basis of Antimicrobial Activity 

 Napin 
Has a small structure with alpha-helices and disulfide bridges. A long hypervariable 
region and a unique repeat element within it is responsible for greater antimicrobial 
and insecticidal properties (Munir et al., 2025). 

 

 Cruciferin 
Structurally larger and less compact, less stable than disulfide bonds, more stable by 
noncovalent interactions. Although in silico predicted to have antimicrobial activity, 
cruciferin has no in vitro activity (Rahman et al., 2020). 
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2.4 Mechanisms of Action 

 Membrane Disruption: Napin is cationic and amphipathic, and interacts with and 
permeabilizes microbial membranes (Wu et al., 2018). 

 Enzyme Inhibition: Molecular docking analysis revealed that napin inhibits the growth 
of pathogens by binding to bacterial enzymes (Rahman et al., 2020). 

  Insecticidal Activity: Napin and related peptides bind to receptors in the midgut of 
insects, resulting in cytotoxic effects and mortality (Munir et al., 2025). 

 Trypsin and Translation Inhibition: Disulfide-stabilized structure allows napin to 
inhibit proteases and translation (Ngai & Ng, 2004). 

2.5 Evolutionary Conservation and Diversity 

 AMP gene families in B. juncea have expanded via segmental and tandem duplications 
(Li et al., 2021). 

 While cysteine-rich motifs are conserved, sequence divergence is common, reflecting 
adaptation to diverse pathogens (Hammami et al., 2008). 

 B. juncea AMPs share structural domains with other Brassicaceae and model plants, 
but unique hypervariable regions and copy number variations suggest lineage-specific 
adaptation (Li et al., 2021). 

2.6 Genome-wide Discovery Approaches in Antimicrobial Peptides 

 EST and Transcriptome Mining: The use of EST and transcriptome mining assists in 
the identification of genes which can be expected to produce antimicrobial peptides in 
Brassica juncea. These methods give important clues to gene expression in various 
stress and pathogen scenarios (Hammami et al., 2008). 

 Integration with AMP Databases: Using the AMP database, scientists can compare 
newly discovered peptide sequences to existing antimicrobial peptides. This 
integration enhances the prediction accuracy and accelerates the identification of 
possible AMPs (Hammami et al., 2008). 

        2.6.1 Bioinformatics Pipelines and Tools 

 RGAugury Pipeline: The RGAugury pipeline is a widely-used tool for finding 
resistance-related genes and defense proteins in plant genomes. It facilitates large-
scale genome analysis and enhances screening of AMP candidates (Yang et al., 2020). 

 QTL Mapping and SNP Arrays: SNP arrays and QTL mapping can be helpful in 
identifying key genomic regions linked to disease resistance traits. These are ways that 
the researchers can understand the genetic variation associated with the expression of 
AMP (Basnet et al., 2015). 

 Gene Expression Profiling: Gene expression profiling is the study of gene expression 
during stress, infection or environmental changes. It enables the identification of the 
genes involved in the plant defense response that are activated in the plant (Wei et al., 
2023). 
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         2.6.2 Experimental Validation of Predicted AMPs 

 In Vitro Assays: In vitro assays are laboratory experiments that test the antimicrobial 
activity of predicted peptides against microbes. The tests give direct proof of the 
effectiveness of the peptide (Rahman et al., 2020). 

 Correlation with Physicochemical Properties: The antimicrobial activity is 
significantly affected by physicochemical properties like charge, hydrophobicity and 
peptide length. Researchers can use their study of these properties to predict the 
stability and efficiency of AMPs (Rahman et al., 2020). 

 

2.7 In Silico Characterization Methods for AMPs 

 

2.7.1 Computational Tools and Databases 

 Sequence Mining: Tools such as BLAST are employed to compare peptide sequences 
to existing AMP databases to find a sequence that matches. It can rapidly and 
efficiently identify possible antimicrobial peptides (Hammami et al., 2008). 

 Structural Prediction: Peptide structure and properties are studied by using tools like 
Expasy, ProtParam, SWISS-MODEL and SOSUI. Such predictions aid in the 
understanding of the stability and biological role of peptides (Muruhan et al., 2024). 

 Proteomics Integration: Proteomics integration is the technique of identification and 
analysis of peptides in biological samples with mass spectrometry-based methods. It 
gives information on the composition and activity of peptides in detail (Moyer et al., 
2021). 

2.7.2 Machine Learning and Predictive Modeling 

 Model Development: Random Forest, SVM and deep learning are used for prediction 
of antimicrobial activity with machine learning models. These models enhance the 
efficiency and precision of AMP identification (Jaiswal et al., 2022). 

 Validation: The reliability of the prediction models is guaranteed by the use of 
validation methods, for example, by using cross-validation and laboratory testing. It 
is important to have experimental tests to confirm computational results (Jaiswal et 
al., 2022). 

2.7.3 Molecular Docking and Dynamics Simulations 

 Interaction Analysis: Molecular docking and dynamics studies contribute to 
understanding the molecular symathethic mechanisms of action-reaction of AMPs. 
These methods give information about the binding patterns and the mechanisms of 
action (Chandrashekar et al., 2021). 
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 Limitations: Simulations may not accurately mimic actual biological systems. 
Experimental validation is sometimes needed to interpret results, if they are to be 
correct (Chandrashekar et al., 2021). 

 

2.8 Real-world Implications 

 Crop Protection and Disease Resistance 

The antimicrobial peptides (AMPs) of Brassica juncea, such as napin, have demonstrated 
great potential for defence. It has been reported that napin is capable of inhibiting the 
growth of several plant pathogens by disrupting the microbial cell membrane, which not 
only helps in minimizing loss of crops, but also leads to the decrease of the use of 
chemical pesticides. 

Transgenic crops with the use of AMP-based strategies can offer long-term and wide-
spread resistance. It helps reduce the use of pesticides, environmental pollution, and 
overall productivity, which promotes sustainable agriculture (Munir et al., 2025). 

 Biocontrol and Therapeutic Applications 

Napin has strong antimicrobial and insecticidal activity against a variety of 
microorganisms and insect pests. Microbial membrane interaction and inhibition of 
pathogen growth by these peptides have been suggested based on molecular studies, in 
which the peptides interact with essential enzymes in microbial cells. 

 The natural origin and wide-spectrum activity of AMPs make them potential eco-friendly 
biocontrol agents for use in agriculture. Moreover, due to their low toxicity and bioactive 
properties, there has been an interest in their use as pharmaceutical and therapeutic agents 
(Munir et al., 2025). 

 Sustainability and Resistance Management 

The plant derived AMPs are environmentally friendly due to their specificity and 
biodegradability, making them an alternative to synthetic pesticides. Their application 
may help to sustain crop protection and minimize the spread of undesirable chemicals in 
soil and water systems. 

 One more big benefit of AMPs is that they have minimal risk of resistance development 
in pathogens as compared to conventional pesticides. This makes them useful tools for 
maintaining long-term resistance and in environmentally responsible agricultural 
production (Montesinos, 2007). 
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CHAPTER 3 

METHODOLOGY 

Fig. 2- Workflow of the study 
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3.1 Retrieval of Cruciferin, Napin, Oleosin, Defensin, and Chitinase Family Homologs 
in the Brassica juncea Genome 

To identify members of the cruciferin, napin, oleosin, defensin, and chitinase gene families in 
Brassica juncea, well-annotated reference protein sequences were retrieved from the UniProt 
and NCBI databases. The sequences of cruciferin, napin, oleosin, defensin, and BjCHI1 
chitinase were selected as query sequences. BLAST analysis was performed using the query 
sequences to identify homologous genes within the Brassica juncea genome using the 
Brassica juncea Information Resource database (Zhang et al., 2024).Finally, resulting in 
identification of homologous genes within the respective families. and their respective cDNA, 
genomic and peptide sequences were retrieved which were then used for further genome-wide 
characterization. 

3.2 Phylogenetic analysis 

The protein sequences were uploaded into the MEGA 12 software to find their evolutionary 
and phylogenetic relationships as seen in Fig.3. Multiple sequence alignment was executed 
by Clustal W. Phylogenetic analyses were performed using Jones-Talor-Thorton model and 
maximum likelihood approach with 1000 bootstrap replications. The MEGA12 software is 
used to build ML trees. (Kumar et al. 2024; Raturi et al., 2024). The iTOL v6 program is 
utilized for further annotation of the tree (Letunic & Bork, 2024). 

Fig. 3- GUI of MEGA software 

 

 

 

3.3 Prediction Analysis of Gene Structure, Motifs and Conserved Domain 
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The Gene Structure Display Server (GSDS) 2.0 (Fig. 5) was utilized to to identify and display 
the gene structures (Hu et al., 2014). The Genome and CDS sequences were uploaded to the 
server to get the results. Motifs were determined using the MEME suite by uploading the 
protein sequences (Bailey et al. 2015; Akbudak et al., 2021). Conserved domains were than 
predicted using the NCBI Conserved Domain Database (Fig. 4) and Pfam database, results 
were visualized using the TBtools (Chen et al., 2023). 

 

 

Fig. 4- GUI of NCBI Conserved-Domain Database 

 

Fig. 5- GUI of GSDS 2.0 server 

3.4 Promoter region analysis 

To determine the cis-regulatory elements, 1500 base pairs upstream from the genomic region 
was manually selected from the Phytozome database (Shahbaz et al., 2023). PlantCARE 
database (Fig. 6) was then used to predict the cis-acting elements (Lescot et al., 2002). Using 

11
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the TBtools software a graph showing the locations of cis elements was created (Chen et al., 
2023; Zia et al., 2024). 

Fig. 6- GUI of Plant Care server 

 

3.5 Synteny analysis 

A collinearity analysis was performed between Brassica juncea and three other species: 
Arabidopsis thaliana, Brassica nigra and Brassica rapa by downloading their complete 
genome sequence and gff3 files of all the species from the BjuIR database. Syntenic blocks 
were then identified and results were visualized using the MCScanX tool in TBtools (Fig. 7). 

Fig. 7- GUI of TBTools Dual Synteny Plot  
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3.6 Genes on Chromosome 

The position of the identified genes and their respective chromosome number were 
downloaded from the BjuIR and the length of the chromosomes was fetched from NCBI 
Database. The graph was plotted using the chromosome position and length on Mapchart v2.2 
(Voorrips, 2002). 

 

3.7 Gene Ontology and subcellular localization 

The identified transcript sequences were put into the Blast2Go software in order to interpret 
Gene Ontology (GO). With default parameters, operations such as functional annotation, 
BLAST search, InterProScan, annotation and mapping were executed. 
(Gotz and Conesa, 2008). The CELLO v 2.5 was used to perform 
protein subcellular localization using protein sequence data (Yu et al., 2006; Raturi et al., 
2024). 

 

3.8 Ka/ks and duplication events 

The TBtools software is used to calculate the Ka value and Ks value.These parameters were 
measured in order to assess the corresponding times of divergence and selective pressure 
(Wang et al., 2023). The first way of gene expansion is Tandem repeats that happens when 
two genes that are separated by fewer loci on the same chromosome and the other is segmental 
duplication which involves blocks of genes often located on different chromosomes (Laha et 
al., 2020; Wang et al., 2023). 

 

3.9 In silico enzymatic hydrolysis 

All the 29 identified genes protein sequence were subjected to hydrolyze under the enzyme 
action option present in the BIOPEP-UWM(Fig.8) (Minkiewicz et al., 2019). Digestive 
proteases chymotrypsin(A) (EC 3.4.21.1) and trypsin (EC 3.4.21.4) were the only one based 
on the findings of an earlier investigation on brassica genome (Duan et al., 2021). Using 
CAMP, the antimicrobial activity of released peptides with 10–60 AA residues was predicted 
(Duan et al., 2021). 
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Fig. 8- GUI of BIOPEP-UWM database 

 

3.10 Antimicrobial capability prediction of released peptides 

In the CAMP database (Fig. 9), the AMP activity of peptides was predicted using machine 
learning methods. Three algorithms—Artificial Neural Networks (ANN), Support Vector 
Machines (SVM), and Random Forests (RF)—were implemented as described in Gawde et 
al. (2022) and Duan et al. (2021). 

Fig. 9- GUI of CAMP R4 Database 
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3.11 Predicting AMPs from their physicochemical characteristics 

The Antimicrobe Peptide Database (APD) was used to determine the AMPs’ physicochemical 
parameters—including molecular mass, hydrophobic ratio and Boman index—following the 
procedure of Duan et al. (2021). In addition, the aliphatic index, instability index, and 
isoelectric point were estimated with ProtParam on the ExPASy server (Akbudak et al., 2021; 
Gasteiger et al., 2005). 

 

3.12 Structure analysis of the AMP sequences 

 
The secondary structure of the AMPs was analyzed using the SOPMA program (Combet et 
al., 2000; Wang et al., 2023). 

 

3.13 Computational Analysis of AMP Allergenicity and Toxicity 

 
To check the toxicity and allergenicity of the identified AMPs to ensure their safety for future 
in vitro testing. AlgPred 2.0 and CSM-Toxin (Fig. 10) online platforms were used. For 
predicting the allergenicity, we use the Hybrid model (Morozov et al., 2023; Sharma et al., 
2020). 

 

 

Fig. 10- GUI of CSM-Toxin Server 
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CHAPTER 4  

RESULT AND DISCUSSION 

 

4.1 Retrieval of Cruciferin, Napin, Oleosin, Defensin, and Chitinase Homologs 

A total of twenty-nine candidate genes belonging to the cruciferin, napin, oleosin, defensin, 
and chitinase families were identified through BLAST-based searches against the Brassica 
juncea genome within appropriate cutoffs. 

 

4.2 Phylogenetic Analysis of the Gene Families 

To investigate evolutionary relationships, Brassica juncea (AABB) with its parental 
counterparts Brassica rapa (AA) and Brassica nigra (BB), as well as with Arabidopsis 
thaliana, a model dicot plant. (Meinke et al., 1998; The Brassica juncea Genome, 2022). 

Two phylogenetic trees were constructed. The first phylogenetic tree was constructed using 
the twenty-nine identified Brassica juncea  candidate genes whereas the second tree was 
constructed using homologous genes of the cruciferin, napin, oleosin, defensin, and BjCHI1 
(chitinase) families, which were obtained by BLAST searches against the genomes of 
Brassica rapa (AA), Brassica nigra (BB), and Arabidopsis thaliana, under the same stringent. 
(The Brassica juncea Genome, 2022). 

Analysis of the internal phylogenetic tree analysis indicated that the oleosin family 
represented the most divergent lineage, whereas the defensin, napin and cruciferin families 
despite internal clustering, appeared to share a more recent common ancestor. The 
comparative phylogenetic tree further supported the allotetraploid origin of Brassica juncea, 
as its genes consistently clustered with orthologs from both diploid progenitors-Brassica rapa 
(A genome) and Brassica nigra (B genome) and with Arabidopsis thaliana, representing an 
evolutionarily conserved dicot lineage. 

 

4.3 Identification of Motifs, Domains, and Structures 

Conserved domain analysis, visualized using TBtools, revealed the presence of multiple 
domains, including Glyco_hydro_19, Chitin_bind_1, Cupin_1, Gamma-thionin, and Oleosin. 

MEME analysis of ten conserved motifs revealed that identified gene families share distinct, 
conserved motif organization patterns. This structural conservation was most pronounced in 
the napin (BjuNa) family, where all twelve members displayed a nearly identical motif 
architecture. Although the defensin (BjuDe) and oleosin (BjuOl) families also exhibited high 
motif conservation, the cruciferin (BjuCr) and chitinase (BjuCHI) families exhibited greater 
structural divergence in their motif composition. 

Most of the identified genes were within the 1 kb range in length. Among these BjuDe04 was 
the longest gene at 12 kb. BjuNa07, BjuNa08, BjuNa03, and BjuNa09 were identified to be 
intronless.  

17
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A similar observation in barley hevein genes—mostly intron-less or with a single intron—
supports the hypothesis that intron loss may facilitate their rapid gene expression in response 
to biotic and abiotic stresses (Drikvand et al., 2024). 

 

4.4 Cis-analysis of the genes 

 
 
The identified cis-regulatory elements were primarily associated with hormone responsive 
pathways, including abscisic acid-responsive elements (ABRE, ABRE3a, ABRE4, 
AT~ABRE), ethylene-responsive elements (ERE), wound signaling (WUN-motif, WRE3), 
and pathogen defense related elements (Hobo et al., 1999; Nakashima et al., 2009). 

The frequent occurrence of  MYC elements leads to involvement in Jasmonic Acid (JA) 
signalling, whereas W-box motifs indicate regulation by WRKY transcription factors, which 
are key regulators of pathogen defense responses. Additional motifs like Dehydration-
responsive elements (DRE) and MYB binding sites (MBS) suggest potential cross-talk with 
abiotic stress-responsive pathways. Overall, these results suggest that identified genes may 
transcriptionally regulated by jasmonic acid, ethylene, and ABA signaling networks that are 
crucial for AMP induction. (Eulgem & Somssich 2007; Lorenzo et al., 2004). 

 

4.5 Physical mapping of Chromosomes location and Ka/ks ratio analysis 

Gene duplication is a fundamental evolutionary mechanism contributes to gene family 
expansion and functional diversification (Ohno, 1970). The Brassica juncea genome has 
undergone multiple whole-genome duplication and chromosomal rearrangement events, 
which have contributed to gene-level evolution (Wang et al., 2025). Gene duplication patterns 
were analyzed to elucidate the genome expansion mechanism of the five defense and storage-
associated gene families (Cruciferin, Napin, Oleosin, Defensin, and Chitinase) in Brassica 
juncea as shown in (Table 1). Nine duplicated gene pairs were identified across these families: 
seven were segmentally duplicated (SD)—namely BjuOl01/BjuOl02, BjuCr03/BjuCr04, 
BjuCHI02/BjuCHI03, BjuDe05/BjuDe06, BjuDe04/BjuDe02, BjuNa09/BjuNa11, 
BjuNa08/BjuNa07—and two were tandemly duplicated (TD): BjuNa01/BjuNa02 and 
BjuNa06/BjuNa04. These duplicated genes are distributed across both A and B subgenomes. 

All ratios were less than 1, indicating that these gene families have predominantly evolved 

under strong purifying selection. This evolutionary pressure suggests that the structural 

integrity of these storage and defense proteins is critical for plant survival. Despite the 

expansion of the Brassica genome, the sequences have been conserved to maintain their 

essential physiological roles, this suggests that any mutations altering their bioactivity were 

likely deleterious and eliminated through purifying selection. 
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Table 1 Summary of the ka/ks ratio analysis for the candidate gene pair present in Brassica juncea.  

Genes Location Duplicate Ka Ks Ka/Ks 

BjuOl01/BjuOl02 B05/A02 SD 0.0708 0.1678 0.4218 

BjuCr03/BjuCr04 A02/B04 SD 0.0276 0.2368 0.1165 

BjuCHI02/BjuCHI03 B07/A03 SD 0.0722 0.2479 0.2914 

BjuDe05/BjuDe06 A09/B04 SD 0.0113 0.0803 0.1405 

BjuDe04/BjuDe02 A02/B04 SD 0.0285 0.1025 0.2779 

BjuNa09/BjuNa11 B05/B08 SD 0.0414 0.2266 0.1825 

BjuNa01/BjuNa02 B05/B05 TD 0.0165 0.034 0.4865 

BjuNa08/BjuNa07 A01/B05 SD 0.0255 0.1917 0.133 

BjuNa06/BjuNa04 A01/A01 TD 0.005 0.0364 0.1368 

 

4.6 Synteny analysis 

To examine genomic conservation and chromosomal rearrangements, synteny maps were 
constructed between Brassica juncea and Arabidopsis, Brassica. 
The Arabidopsis  and Brassica juncea genomes exhibited approximately 55% collinearity (16 
syntenic pairs). For the Brassica rapa it showed 68.97% collinearity (20 syntenic pairs). 
Likewise, between Brassica nigra and Brassica juncea showed 62.07% collinear genes while 
sharing 18 syntenic gene pairs. 

Collinearity analysis against the model Arabidopsis thaliana showed that most orthologs 
mapped to two or more syntenic blocks across the Brassica juncea A and B subgenomes, 
confirming the expansive effect of the ancestral whole-genome triplication (WGT) on these 
families (Schranz et al., 2006). 

Synteny with the diploid progenitors, Brassica rapa (A genome) and Brassica nigra (B 
genome), further supported the allotetraploid origin of Brassica juncea (AABB) via 
hybridization (Parkin et al., 2010).  

4.7 Gene Onto and sub-localization  

Gene Onto (GO) and InterProScan analysis revealed that the twenty-nine identified genes 
were primarily linked to seed storage protein families, such as oleosins (BjuOl), 
2S albumins (BjuNa), and cupins (BjuCr) consistent with their roles in nutrient accumulation 
during seed development. (de Souza Cândido et al., 2014; Souza, 2020). 

Although cupins (Cruciferin, BjuCr) primarily function as storage proteins, the superfamily 
to which they belong is known for its diversity of function, and some studies suggest an 
intrinsic antimicrobial potential or structural similarity to known AMPs (Rahman et al., 2020). 
Defensin genes (BjuDe), on the other hand, are annotated as γ-thionins, which are classical 
cysteine-rich plant antimicrobial peptides that disrupt microbial membranes and localise to 

6
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extracellular areas, representing a major class of AMPs (Nawrot et al., 2013; Ishaq et al., 
2019). Chitinase genes (BjuCHI) exhibited chitinase activity and chitin binding. They map to 
chitin catabolic process and defence response to fungus. Chitinases are recognized as 
antimicrobial proteins that hydrolyze fungal cell wall components. Antifungal activities have 
been demonstrated for the Brassica juncea chitinase BjCHI1 (Guan et al., 2008). In contrast, 
oleosin genes (BjuOl) are primarily associated with lipid storage and oil body structure rather 
than being direct antimicrobial activity and may indirectly contribute to stress resilience 
through the stabilization of energy reserves during seed development (Shao et al. 2019). 

 

4.8 Computational enzymatic hydrolysis of the identified genes 

Proteolysis of the identified proteins was performed in silico using the digestive proteases 
chymotrypsin A (EC 3.4.21.1) and trypsin (EC 3.4.21.4) through the BIOPEP-UWM database 
(Minkiewicz et al., 2019). These enzymes were selected for their high AMP-generation 
potential based on the results of a prior study on brassica species (Duan et al., 2021). 
Following enzymatic hydrolysis, chymotrypsin(A) and trypsin generated a total of 1559 and 
637 fragments, respectively. Chymotrypsin A digestion generated a higher number of 
predicted peptide fragments than trypsin, likely due to its greater number of cleavage 
recognition sites (3) than trypsin (2). Of these fragments, 505 derived from chymotrypsin(A) 
and 337 from trypsin were in the range of 10-60aa length. The peptide fragments were 
predominantly in the 10–60 amino acid range (average length: 33.26) (Huan et al., 2020). A 
total of 54 fragments were predicted to be AMP after removing the redundancy the final no. 
of unique AMP was 37 which were then used for further studies.  

 

4.9 Estimation of AMP potential of released peptides 

Three statistical models were utilized to assess antimicrobial peptides using the CAMP 
database. According to Gawde et al. (2022), the reported prediction accuracies for natural 
AMPs were 86.5%(RF), 84.1%(SVM) and 82.2%(ANN) respectively. Trypsin (42) was 
predicted to be the most efficient enzyme for generating AMPs compared to 
chymotrypsin(A)(12). 

 These amino acids(aa) have positive charges. At the termini of the peptides being released, 
they play an important role in determining the net cationic charge of the peptide (Zasloff, 
2007). Cationic charge and amphipathicity are the two most defining characteristics of typical 
AMP, as they enable electrostatic interaction followed by disruption of negatively charged 
microbial cell membranes (Ma et al., 2024). 

Notably, Defensin-derived peptide (BjuDe03) and Napin-derived peptides (BjuNa03) and 
(BjuNa06), all three cleaved by Trypsin, exhibited the highest average confidence scores 
across all three models. Their consistent high scoring across all models highlights them as 
high-priority candidates for future in vitro synthesis and experimental validation. 
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4.10 Comparative physicochemical profiling of predicted AMP candidates 
AMP activity is influenced by factors such as net charge, peptide hydrophobicity and 
amphipathicity, and presence of cationic residues (P. Kumar et al., 2018; Duan et al., 2021).  

All AMP candidates exhibit a typical molecular weight range of 911 Da to 4284 Da. The 
isoelectric point (pI) ranged from 4.53 to 12.02, with the prevalence of pI >7 promoting 
electrostatic attraction to microbial membranes, a hallmark of most AMPs (Jenssen et al., 
2006). The charge was found between the -1 and +7. Although a strong net positive charge 
(+4 to +7) plays a significant role in the initial membrane binding, even peptides with a lower 
net positive charge (±1) may also exhibit high antimicrobial potential, provided that the 
distribution of hydrophobic and hydrophilic residues is optimized to induce amphipathicity 
(Powers and Hancock, 2003). 

A broad GRAVY index range indicated diverse membrane-interaction strategies among the 
predicted peptides. AMPs generally require a certain degree of hydrophobicity to partition 
into lipid bilayer (Huang, 2006). High aliphatic index values suggest thermal stability, and the 
Boman index variation suggests an ability to form different ordered structures (e.g., α-helical 
or β-sheet) upon membrane interaction, consistent with diverse AMP families (Bowman et 
al., 2005). 
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Table 2 Physicochemical profiling of antimicrobial peptides using in silico tools 

S. 
No 

Source length  charge iso Wt 
Bo 

index 
Instability Aliphatic  

Hydrophobic 
% 

G* 

1 BjuCHI01 
20 0 5.99 

2003.
32 

0.1 51.89 112 35% 0.34 

16 1 8.2 1828 0.82 7.07 48.75 31% -0.47 

2 BjuCHI02 
16 1 8.2 1802 0.71 33.94 55 38% -0.256 

20 0 5.99 2017 0.06 45.72 117 40% 0.45 

3 BjuCHI03 
13 0 5.83 1452 -0.05 27.45 53 54% 0.6 

28 -1 4.53 2942 0.94 20.22 38.52 39% -0.21 

4 BjuCr01 
12 1 8.59 1330 -0.29 41.27 73.33 42% 0.46 

22 0 5.81 2334 0.31 26.62 105.91 41% 0.36 

5 BjuCr02 
18 1 9.18 2045 1.17 63.42 65 33% -0.48 

22 0 5.81 2332 0.03 30.05 115 45% 0.46 

6 BjuCr03 44 1 8.59 4284 2.52 32.21 0 2% -1.98 

7 BjuCr04 
21 1.25 8.76 2235 -0.7 9.71 148.57 52% 1.24 

22 0 5.81 2318 0.07 26.62 110.45 45% 0.48 

8 BjuDe01 22 0.25 6.72 2196 1.25 30.2 30.91 32% -0.3 

9 BjuDe02 22 -0.75 5.4 2197 1.58 42.65 30.91 32% -0.75 

10 BjuDe03 22 0.25 6.72 2128 1.28 31.95 26.36 27% -0.35 

11 BjuDe04 22 -0.75 5.4 2193 1.47 43.08 30.91 32% -0.55 

12 BjuDe05 16 2.25 10.35 911 3.95 27.44 36.25 25% -1.03 

13 BjuDe06 10 4.25 9.8 1354 6.32 175.42 0 30% -1.57 

14 BjuNa01 25 4 11.26 2751 2.98 65.06 50.8 20% -1.64 

15 BjuNa02 21 1 8.75 2408 -0.82 -9.28 139.52 67% 1.52 

16 BjuNa03 

17 4 11.26 1872 2.74 41.21 45.88 29% -1.26 

21 1 8.75 2408 -0.82 -5.69 139.52 67% 1.5 

14 1 8.03 1562 0.29 74.5 90 50% 0.46 

17 BjuNa04 
15 3 10.3 1599 2.21 50.4 58.67 27% -1.28 

21 1 8.75 2394 -0.78 -9.28 134.76 67% 1.5 

18 BjuNa05 22 4 11.26 2424 2.97 60.38 53.18 23% -1.54 

19 BjuNa06 14 1 8.03 1576 0.22 74.5 97.14 50% 0.49 

20 BjuNa07 20 3.25 10.3 2177 2.68 59.56 44 20% -1.63 

21 BjuNa11 
25 5 12.02 2712 3.24 74.48 31.2 20% -1.64 

21 1 8.22 2316 -0.79 -9.28 153.33 67% 1.54 

22 BjuNa12 
19 4 11.26 2142 2.99 62.17 46.32 26% -1.48 

21 1 8.75 2360 1.56 -9.28 153.33 67% 1.56 

23 BjuOl01 30 0 6 2478 -1.06 80.61 86 67% 0.79 

24 BjuOl02 40 1 8.75 3234 -1.28 81.82 82 68% 0.83 

25 BjuOl03 14 3 10.29 1596 1.4 29.76 97.14 36% -0.34 

26 BjuOl04 14 7 11.75 1774 5.72 85.41 27.86 14% -2.3 
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4.11 Secondary Structure Prediction of AMP’s 

 
The α-helical structures, a common functional motif in antimicrobial peptides (Huang et al., 
2010), was predicted in only fourteen AMP sequences. The α-helical AMPs are critical for 
forming the amphipathic structures, possessing distinct hydrophilic and hydrophobic faces 
that mediate their broad-spectrum membrane disruption through lytic mechanisms such as the 
carpet or toroidal pore models (Wang et al., 2015). The predominant structural patterns 
observed were non-ordered conformations, with nineteen sequences predicted to contain β-
turns and twenty-three sequences exhibiting extended strand conformations. 

Additionally, eleven AMP candidates consisted exclusively of a random coil conformation. 
The very high occurrence of random coil, β-turn, and extended conformations may suggest a 
strong preference for non-lytic mechanisms or structures with induced-fit folding. Such 
induced-fit mechanism facilitates interactions with lipid bilayers, particularly in fungal 
pathogens, where structural adaptability is often required to penetrate the cell wall matrix 
(Akbudak et al., 2021; Jenssen et al., 2006). 

 

 

4.12 Computational Analysis of AMP Allergenicity and Toxicity 

Assessing the safety of antimicrobial peptides derived from Brassica juncea protein is 
essential, as peptide toxicity is a common associated with AMPs. (Tu et al. 2018). According 
to predictions from the CSM-Toxin platform (Morozov et al., 2023), almost all peptide 
sequences were predicted to be non-toxic, except for one derived from BjuCHI03 which was 
predicted to be potentially toxic. The overall low predicted toxicity suggests that most 
candidates are suitable for further experimental investigation. In contrast, allergenic 
potential—particularly relevant for food-derived peptides—remains an important concern 
(Lin et al., 2018). 

AlgPred2.0 Hybrid model identified some potentially allergenic AMPs, with BjuCHI03 was 
predicted to be the most allergenic. These candidates require in vitro verification before any 
application, as computational predictions must be experimentally validated to confirm the 
safety and non-immunogenicity of Brassica juncea-derived AMPs for application. 
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CHAPTER 5 

CONCLUSION AND FUTURE SCOPE 

 

In the study, a comprehensive genome and computational framework was applied to identify 

and characterize antimicrobial peptide (AMP) precursors derived from seed storage and 

defense protein families in Brassica juncea. A total of thirty-seven unique antimicrobial 

peptide candidates were identified from 5 different gene families 14 from napin,7 from 

cruciferin,4 from oleosin and 6 each from chitinase and defensin. These genes were 

systematically analyzed using a genome-wide identification framework, followed by in silico 

enzymatic hydrolysis and machine learning based prediction to evaluate the antimicrobial 

activity of potential peptide fragments. Most candidates exhibited characteristic 

physicochemical features of functional AMPs, including a positive net charge essential for 

membrane interaction, and all contained a random coil conformation, suggesting high 

structural flexibility. 

Furthermore, computational safety assessments indicated that out of the thirty-seven 

candidates, only one AMP candidate was found to be toxic and ten were predicted to exhibit 

allergenic potential. Collectively, these findings illustrate that the seed storage and defense 

protein families of Brassica juncea represent a potential genomic reservoir of putative AMP 

precursors for the discovery and development of novel plant-derived AMPs for future 

biotechnological applications. 
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