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ABSTRACT

Seed storage and defense proteins are important parts of innate immunity that often serve as
biologically precursors of functional antimicrobial peptides (AMPs). This study develops a
genome-wide in silico systematics and evaluation of the hidden cryptic antimicrobial activity
of the major seed storage protein families (cruciferin, napin, oleosin) and primary defense
protein lines (chitinase, defensin) in Brassica juncea. Thirty-seven genes were found to be
homologous by reference sequence alignment and by searching the genome with BLAST and
these genes were localized and structurally classified. By using functional screening in the
CAMP database and deep characterization at multiple levels, ranging from chromosomal
mapping, conserved domain architecture, evolutionary phylogenetics, gene structures, and
physicochemical profiling, a high molecular diversity was found. These released pieces were
then carefully analyzed through machine learning algorithms to forecast their antimicrobial
properties and subjected to thorough screening for toxicity and allergic response patterns. In
conclusion, this all-encompassing genome survey serves as a natural and organized library of
therapeutic templates in B. juncea, thus providing the theoretical groundwork for the creation

of new plant-based biosecurity and health care mechanisms.

Keywords- In silico proteolysis, Cryptic peptides, Plant innate immunity, In silico, toxicology,
Peptide precursors, Therapeutic safety assessment
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CHAPTER 1
INTRODUCTION

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

Multi-drug resistant (MDR) 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). A major target in this quest
has been the antimicrobial peptides (AMPs) or "host defense peptides". 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.
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Fig. 1- Triangle of U

1.2.1 Seed Storage Proteins (SSPs) as Precursors

Seed storage proteins like 12S globulin (Cruciferin), 2S albumin (Napin) 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. Plant defensins, by contrast, are short (usually 45 to
54 amino acids) cysteine-rich peptides, with a conserved motif of cysteines stabilizing the
structure. 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).

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.




CHAPTER 2
LITERATURE REVIEW

2.1 Importance of Antimicrobial peptides

The 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 a heterodimer 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 (128 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).




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).

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).

Feature Selection: A number of special amino acids such as cysteine, glycine, serine,
lysine, and arginine are significant markers of the activity of AMP. Feature selection
is useful to find features associated to good peptides (Jaiswal et al., 2022).




2.7.3 Molecular Docking and Dynamics Simulations

o Interaction Analysis: Molecular docking and dynamics studies contribute to
understanding the molecular mechanisms of action of AMPs. These methods give
information about the binding patterns and the mechanisms of action (Chandrashekar
etal., 2021).

e 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
e Crop Protection and Disease Resistance

The antimicrobial peptides (AMPs) of Brassica juncea, such as napin, have demonstrated
great potential for enhancing the resistance of crops to bacterial and fungal pathogens. 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).

e 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).

e 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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3.1 Locating Homologs of the Cruciferin, Napin, Oleosin, Defensin, and Chitinase
Families 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 BRAD
database (Fig. 3) (Zhang et al., 2024).

Brassicaceae Database

« The Brassicaceae Database (BRAD) was previously a searchable Database of Brassiceae genomic data News

hosted on the website " http:/brassicadb.org". For the policy and safety reasons, we moved it to the new Protein structures of some

website " http://brassicadb.cn ". It is now a new database which includes not only newly released genome genes in the B. rapa

sequences of Brassiceae species, but also published genomic data of most other Brassicaceae species. version 3.5 genome have
been released

In total, we provided services for 41 genomes or genome versions from 26 species (refer to Species info). The

genomic data include mainly genome assemblies, predicted gene models and gene annotations.

Reference genome
® These data can be browsed in JBrowse or searched in BLAST. We continue offering the featured service of S nOtRor. o8 Brassica
searching for syntenic genes, which are generated based on their syntenic relationships to the genes in rapa Chiifu-401-42 has
Arabidopsis thaliana. been updated to version V'
 We will regularly update the database with newly released high-quality reference genomes. 3.5, Improved reference
genome annotation of
Brassica rapa by PacBio
Cite BRAD as " Chen H, Wang T, He X, Cai X, Lin R, Liang J. W J. King G, Wang X. Nucleic Acids Res. Volume 50, Issue D1,7 RNA sequencing,

January 2022, Pages D1432-D1441 .

BRAD V3.0 has been

@ w published in Nucleic
; E TR Sl Acids Research, BRAD
il == O e
= =2 s - Brassicaceae database.
Syntenic Gene @ MicroSyateny Polymorph Brapal eafCelleFP
Subgenomes Group Leader

Xiaowu Wang

Fig. 3- Interface of the BRAD database

3.2 Phylogenetic analysis

The protein sequences were uploaded into the MEGA software to find their evolutionary and
phylogenetic relationships as seen in Fig.4. 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).
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Molecular Evolutionary Genetics Analysis

File  Analysis Help

TA < N . 0 rn
’lll i < it T[ .~. |.+.I lll
ALIGN DATA MODELS  DISTANCE  DIVERSITY CLOCKS

+ /

DIAGNOSE

InL Construct/Test Maximum Likelihood Tree...
’5.}( Construct/Test Neighbor-Joining Tree...
2 Construct/Test Minimum-Evolution Tree...

¢ Construct/Test UPGMA Tree..
MP Construct/Test Maximum Parsimony Tree(s)

m Open Tree Session

Fig. 4- GUI of MEGA software

3.3 Analysis of Gene Structure, Motifs and Domain

The Gene Structure Display Server (GSDS) (Fig. 5) was utilized to to identify and display the
gene structures (Hu et al., 2014). The Genomic and CDS sequences were uploaded to the
GSDS server to get the results. Conserved domains were than predicted using the NCBI

Conserved Domain Database (Fig. 6) and Pfam database, results were visualized using the

TBtools (Chen et al., 2023).

GSDS:.

o Gene Features

Gene Structure Display gé}-ver —

Home | Help | About | FAQ

Format [Scquence(CASTA) ~]
Please keep the sequence 1Ds consistent In the two fields.

5% CDS sequence (FASTA)¢
Input data:

| Exampld
or upload file: | Choose File | No file chosen
»¥ Genomic sequence (FASTA)(
Input data:

| Exampld
or upload file: [ Choose Cile | No file chosen

® Other Features to Display

@ Output (Phylogenetic Tree/Order)

o Image Format | svG ~

|

| Reset Submit

Fig. 5- GUI of GSDS 2.0 server
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VOWE | SEARCH | GUIDE | Structure Home [ 3D Macromolecular Structures [ Conserved Domains

Search for Conserved Domains within a protein or coding nucleotide sequence
Enter protein or nucleotide query as accession, gi, or sequence in FASTA format. For multiple protein queries, use Batch
CD-Search. 2
—— OPTIONS

Search against database 2 :
Expect Value @ threshold: /W

Apply low-complexity filter @ O

Composition based statistics adjustment @

Force live search @

Rescue borderline hits O Suppress weak overlapping hits O
Maximum number of hits @ |500

Result mode @Concise @ OStandard @  OFull @

Retrieve previous CD-search result
Request ID: | [Retrieve | @

References:
Bl Wang J et al. (2023), "The conserved domain database in 2023", Nucleic Acids Res.51(D)384-8.
PA Lu s et al. (2020), "The conserved domain database in 2020", Nucleic Acids Res.48(D)265-8.
M Marchler-Bauer A et al. (2017), "CDD/SPARCLE: functional classification of proteins via subfamily domain architectures.", Nucleic Acids Res.45(D)200-3.

Help | Disclaimer | Write to the Help Desk
NCBI | NLM | NIH

Fig. 6- GUI of NCBI Conserved-Domain Database

3.4 Promoter analysis

To determine the cis-regulatory elements, 1.5k base pairs upstream from the genomic region
was manually selected from the Phytozome database (Shahbaz et al., 2023). PlantCARE
database (Fig. 7) was then used to predict the cis-acting elements (Lescot et al., 2002). Using
the TBtools software a graph showing the locations of cis elements was created (Chen et al.,
2023; Zia et al., 2024).

Search for CARE

email address to send the results back email \

reference name or ID for the sequence pare o |
(optional)

paste as r

Sequence to submit

please only submit fast 4 sequences as
pure’simple text files, no word documents or other Choose File ' No file chosen cusveenly file size hienstad 10 100Kb
‘binary things Ty

" Search || Reset Form || Demo |
K 7o use our output you will nieed a modern browsen for the ‘inplenented DHTAL faatures. Earlier version might work partislly (printing will not werk properly)

K Before using scripts dth=2 src=". . /htal/GIF/star.gif 'Sbecause of the increased usage of the site, T have been forced to implenent a scheduling and results will be retummed via enail.

Scripts should not be used anymore as cne can upload a multi-fasta file, but if you do, please be gentle, and do introduce a sleep of 6@sec between each request in your scripts! Thanks.
to submit a number of sequences through this page please contact me

(Those not respecting that will be blocked :-) )

Whocausalof the incroased seae of b eitar T have imshemented & scheduling and rosults WILL boiretiirsd ¥ia ‘amasls
This means that you might have to wait a little in order to get the results sent back to you, certainly when the load on the server is high.
Please check you email spam folder if you haven't seen any email.

= Please, use ASCII characters, roman alphebet, everything else will be trashed
About

Plant Systems Biology

Fig. 7- GUI of Plant Care server
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3.5 Synteny analysis

A collinearity synteny analysis was performed between Brassica juncea and three other
species: Arabidopsis thaliana, Brassica nigra and Brassica rapa by downloading their
complete genome sequence and gftf3 files of all the species from the BjulR database. Syntenic
blocks were then identified and results were visualized using the MCScanX tool in TBtools

(Fig. 8).

TBtools-Il (Toolbox for Biologists) v2.472
Sequence Toolkit BLAST GO & KEGG Graphics Others About
[ [¥] About TBtools [ [¥] for MCscanX |

Dual Systeny Plot
Set Ctl File
‘Drag and Drop an Input Ctl File Here, Which is the Same as That for Dual Plotter in MCscanX and Should be Manually Prepared | III

Set Simplified GFF file
‘Drag and Drop an Input Simplified GFF File Here, Which is the Input File for MCscanX | l:l

Set the Input Collinearity File Here

‘Drag and Drop an Input Collinearity file, Which is the Resultant File from MCscanX | III
Gene List For Highlight (Optional) Other Parameters
Drag and Drop an ID List File Here Filter Collinearity in the Up Genome

Filter Collinearity in the Down Geneme

Filter Genes in Small Collinearity Block: |0

Start

Fig. 8- GUI of TBTools Dual Synteny Plot

3.6 Localization of genes on Chromosome

The position of all the identified genes and their respective chromosome number were
downloaded from the BjulR and the length of the chromosomes was fetched from NCBI
Database. The graph was plotted using the chromosome position and length on Mapchart Tool
(Fig. 9) (Voorrips, 2002). This graphical layout effectively illustrates both the density and
cluster patterns of the target genes across the entire genome.
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8= MapChart - [CAUsers\HP\Deskiop\Researchidata\amp.mct]
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41291604.0~~ end

55790688.0 —o— end

Fig. 9- GUI of MapChart Tool

3.7 Gene Onto and localization

The identified transcript sequences were put into the Blast2Go software(Fig.10) in order to
interpret Gene Ontology. With default parameters, operations such as functional annotation,
BLAST search, InterProScan, annotation and mapping were executed. (Gotz and Conesa,

2008).

PHIALI) PRAMY motia-ses (MOSORLTE

SopeTgRIN L It | g skt 65T x BN e

e B ' ®  w  umo en

PTG PANTHIR: =G0 serm

rsuam ==

Fig. 10- GUI of Blast2Go software
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3.8 Ka/ks and duplication events

The TBtools software is used to calculate the Ka value and Ks value (Fig.11). These

parameters were measured in order to assess the times of divergence and selective pressure
(Wang et al., 2023)

TBtools-Il (Toolbox for Biologists) v2.472 — a x

Sequence Toolkit BLAST GO & KEGG Graphics Others About |?Report| IHelp Smart Q !
[%] About TBtools r@ Simple Ka/Ks Calculator |

Simple Ka/Ks Calculator (NG)

Set Input CDS File in Fasta Format

Drag and Drop an Input CDS File in Fasta Format

(Optional) Set Input Protein Sequence File in Fasta Format

‘Drag and Drop an Input Protein Sequnece File in Fasta Format ‘

Set Input GenePair File in Tab-delimited Format (Gene_1tGene_2)

‘Drag and Drop an Input GenePair File in Tab-delimited Format (Gene_1tGene_2) ‘

Set Output Kaks Info. Table File

‘Drag and Drop an Output Directory Here ‘ ‘ ‘

Advanced

CPU: |4 start

Fig. 11- Interface of TbTools Ka/Ks Calculator

3.9 In silico enzymatic hydrolysis

All the identified genes protein sequence were subjected to hydrolyze under the enzyme action
option present in the BIOPEP(Fig.12) (Minkiewicz et al., 2019; Duan et al., 2021). Using
CAMP, the antimicrobial activity of released peptides was predicted (Duan et al., 2021).
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Fig. 12- GUI of BIOPEP-UWM database

3.10 Antimicrobial capability prediction of released peptides

In the CAMP database (Fig. 13), the antimicrobial activity of peptides was predicted using
machine learning methods. Three algorithms were used. (Duan et al. 2021).
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3.11 Predicting physicochemical characteristics

The APD database was used to determine the AMPs’ physicochemical parameters—including
molecular mass, net charge, Boman index, and the GRAVY index—following the procedure
of Duan et al. (2021) (Akbudak et al., 2021; Gasteiger et al., 2005).

3.12 Structure analysis of the AMP

The secondary structure of the AMPs was analyzed using the SOPMA program (Fig. 14)
(Combet et al., 2000; Wang et al., 2023).

NPS@: Network Protein Sequence @nalysis

This site is a fork of the original PRABI NPS@, server

April 21, 2026: NPS@ updated (see NEWS)

SOPMA protein secondary structure prediction
[Abstract] [NPS@ help] [Original server]

Sequence name (optional) : |:|

Paste a protein sequence below : help

Output width : |70
| suBmIT || CLEAR

Parameters
Number of conformational states : [4 (Helix, Sheet, Turn, Coil) ~
Window width : |17

Similarity threshold : |8 |

Fig. 14- GUI of SOPMA Server

3.13 Analysis of AMP Allergen and Toxic Nature

To check the toxicity and allergenicity of the identified AMPs to ensure their safety for future
in vitro testing. AlgPred and CSM-Toxin (Fig. 15) online platforms were used. For predicting
the allergenicity, we use the Hybrid model of AlgPred software (Fig. 16) (Morozov et al.,
2023; Sharma et al., 2020).
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CHAPTER 4
RESULT AND DISCUSSION

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

29 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 Families

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

The first tree was constructed using the identified Brassica juncea genes whereas the second
tree was constructed using homologous genes of the cruciferin, napin, oleosin, defensin, and
chitinase families, which were obtained by BLAST searches against the genomes of B. rapa
(AA) and Arabidopsis thaliana (The Brassica juncea Genome, 2022).

4.3 Identification of Conserved Motifs, Domains, and Gene Structures

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 BjuNa family, where all members displayed a nearly identical motif architecture. Although
the BjuDe and BjuOl families also exhibited high motif conservation, the BjuCr and BjuCHI
families exhibited greater divergence (Fig. 17). The domains identified were
Glyco_hydro 19, Chitin_bind 1, Gamma-thionin and others can be seen in Table 1 which are
highly involved in AMP activities.

The GSDS online tool was used to determine and graphically display the exon-intron
structures of the identified genes. Most of the identified genes were within the 1 kb range in
length. Among these Defensin has the longest gene (Fig. 18).

A similar observation in hevein genes of other crops—mostly with only one intron—supports
the theory that this loss may facilitate their rapid gene expression in response to biotic and
abiotic stresses (Drikvand et al., 2024).
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Table 1: List of Domains Present and their functions

S. Domain Domain function
No relevance
1 | Glyco hydro 19 Yes Antifungal chitinases
2 Chitin_bind 1 Yes Antifungal chitin-binding peptides
3 Gamma-thionin Yes Plant defensins (strong AMPs)
4 Knotl' Yes Defensin-like cystine knot proteins
superfamily

5 | Tryp alpha amyl Yes Protease/amylase inhibitors with antimicrobial

roles
6 AAI LTSS Yes Some subfamilies (e.g., 11p1d.tr.ansfer proteins)
— have AMP activity
7 Cupin_1 Weak Storage proteins, AMP precursors possible
. Enzymati ral proteins, fc T
] Cupin RmIC Weak zymat c/struptu al proteins, few storage
- proteins AMP-relevant
9 Oleosin No Structural seed protein, not AMP
- Glyco_hydro_19
e —— D — Glyco_hydro_19 superfamiy
gjucHioo—— — @ chitin_bind_t
gjuctios —— N ———— — @B chiin_bind_1 superfamily
sicrol —— G oot
sucre —— I @ cupin RiC-lke superfamily
sivcros —— (I —— —— Gamm-fionin

seos —— e Knot1 superfamily
BjuDe01 3 - Tryp_alpha_amyl
BjuDe02 AAI_LTSS superfamily
BjuDe03 @ Ooreosin

BjuDe04 B Oicosin supertamiy
BjuDe05

BjuDe06
BjuNa0 —————————————— —

BjuNa0 ———————————— —
BjuNa03 —————————————— —
BjuNa0§ ————————— —
BjuNags ————————————— —
BjuNagp —————————————— —
BjuNa)7 ————————————— —
BjuNapg ————————————————— —
BjuNagg —————————————— —
BjuNa10 ————————————— —
BjuNal| ————————————— |—
BjuNafg —————————————————— —
spoot —
suon; —
suoos — S ——————
soios —— (S

”

[ 100 200 3bo 400 5630

Fig. 17- Showcasing Domains presented in the identified genes




20

BjuCHIOI — -
BjuCHIOZ —
BjuCHING —
BjuCrl — = s -
BjuCri2 i — - i -
BjuCrd3 - — = — -
BjuCris [l pr—— - — -
BjuDe0l -
BjuDe02 - -
BjuDe03 - -
BjuDe(4 & —
BjuDeds — -
BjuDe06 — -
BjuMai1 -
BjuNz02 —
BjuMNa03
BjuMal4 - -
BuNals [l -
BjuNalb
BjuNal7 i -
BjuNa08 i -
BjuM a9
BjuNalo i -
BjuMall [ -
BjuMNal2 b -
BjuOI101 —_—
BjuO102 - -
BjuOI103 [ —_— —
BjuOIi4 . T a—
5 , , ; , ] , , , ; , , L3
kb 1k kb kb 4kb Skix 6kb Tkb kb kb 10kt L1kb 12kb
Legend:
CDS s upstreamy downstream — Intron

Fig. 18- Gene structure of the identified genes

4.4 Promoter analysis of the genes

Many cis-regulatory elements were identified, most of which were associated with hormone
responses, abiotic stresses, and pathogen defense.

The identified cis-regulatory elements were primarily associated with ABRE elements, ERE
elements, WUN elements, and pathogen defense related elements (Fig.19) (Hobo et al., 1999;
Nakashima et al., 2009).

The frequent occurrence of W-box motifs indicate regulation by WRKY transcription factors,
which are key regulators of pathogen defense responses. Additional motifs like DRE and MBS
were also found (Eulgem & Somssich 2007; Lorenzo et al., 2004).
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Fig. 19- Promoters present in the identified genes




22

4.5 Mapping of Chromosomes location and Ka/ks ratio analysis

The physical mapping of the seed storage (napin, cruciferin, oleosin) and defense-related
(defensin, chitinase) gene families validated the specific location of these gene families in the
genome.

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 find 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 2). Duplicated gene
pairs were identified across these families: some were SD and other were TD. These
duplicated genes are distributed across both A and B sub-genomes.

Ks and Ka substitution rates were calculated for the 9 duplicate gene pairs to evaluate
evolutionary constraints. All ratios were less than 1, showing evolution under strong purifying
selection. Despite the expansion of the Brassica genome, the sequences have been conserved
to maintain their essential physiological roles.

Table 2: An overview of the potential gene pair found in Brassica juncea's ka/ks ratio analysis.

Genes Location Duplicate Ka Ks Ka|Ks
BjuCHI002|BjuCHI003 B07|A03 SD 0.07 0.25 0.29
BjuCr003|BjuCro004 A02/B04 SD 0.03 0.24 0.12
BjuDe004|BjuDe002 A02[B04 SD 0.03 0.10 0.28
BjuDe005|BjuDe006 A09B04 SD 0.01 0.08 0.14
BjuNa001|BjuNa002 B05|B05 D 0.02 0.03 0.49
BjuNa006|BjuNa004 A01|A01 TD 0.01 0.04 0.14
BjuNa008|BjuNa007 A01[B05 SD 0.03 0.19 0.13
BjuNa009|BjuNa011 B05/B08 SD 0.04 0.23 0.18
Bju01001|Bju0O1002 B05|A02 SD 0.07 0.17 0.42
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4.6 Synteny analysis

To examine genomic conservation and chromosomal rearrangements, synteny maps were
constructed between Brassica juncea and Arabidopsis thaliana, Brassica parental species
(Fig.20).

The Arabidopsis thaliana and Brassica juncea genomes show good collinearity. Likewise,
between Brassica nigra and Brassica juncea showed greater rate of the collinearity.

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 WGT on these families (Schranz et al., 2006).

AvAd AR ARDT AAD: AADS QM RS A0 v B SEOL WEElE A Ny

bl is thaliana - —_ —_— - —
Arabidopsis_thaliana (= ] (— (— (— -

Fig. 20- Multiple synteny analysis between B. juncea, progenitors, and A4. thaliana
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4.7 Gene Ontology and localization

InterProScan and GO analysis revealed the identified genes were linked to seed storage
families, such as oleosin (BjuOl), albumins (BjuNa), and cupins (BjuCr) consistent with their
roles in nutrient accumulation during seed development. Interestingly, several studies have
reported antimicrobial properties of 2S albumins, suggesting that certain members of the Na
family can show role in storage and defense (de Souza Candido et al., 2014; Souza, 2020).

Although cupin mainly function as storage proteins, the family to which they belong is known
for its diversity of function, and some studies suggest a structural similarity to known AMP
(Rahman et al., 2020).

The majority of the expected proteins were found in vacuolar areas, according to cellular
component analysis (Fig. 21).

GO Names - #GO Statistics

F:nutrient reservoir activity : 12 (5.56%)

P:polysaccharide catabolic process : 18 (8.33%) P:defense response to fungus : 42 (19.45%)

F:chitinase activity : 18 (8.33%)

P:killing of cells of another organism : 24 (11.11%)
P:chitin catabolic process : 18 (8.33%)

F:chitin binding : 18 (8.33%)
C:mitochondrion : 24 (11.11%)

P:cell wall macromolecule catabolic process : 18 (8.34%) —
C:plant-type cell wall : 24 (11.11%)

Fig. 21- Gene Ontology Statistics of the identified Genes

4.8 The discovered genes' computational enzymatic hydrolysis

The proteins were subjected to proteolysis in silico utilizing the proteases through the BIOPEP
database (Minkiewicz et al., 2019). After enzymatic hydrolysis, both the enzymes generated
a total of 635 and 1520 fragments, respectively (Fig. 22). First protease A digestion generated
a higher number of predicted peptide fragments than protease B, likely due to its greater
number of cleavage recognition sites (Huan et al., 2020).
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(1520/505/12)
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(635/337/42)
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(273/82/0)
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(503/1641)
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(138/36/0)
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(235/134/21)

0l Genes
(80/15/2)

Fig. 22- Fragments generated from in-sillico hydrolysis from Protease A and B

4.9 Prediction of Antimicrobial potential of released peptides

Three statistical models were utilized to assess antimicrobial peptides using the CAMP
database. According to Gawde et al. (2022) Protease B(Trypsin) was predicted to be the most

efficient enzyme compared to Protease A(Chemotrypsin).

Protease B cutted peptides were found good in obtaining desired length fragments. Protease
B cleaves peptide bonds at the C-terminal side of amino acids residues. These amino acids
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 is
the two most striking characteristics of AMP, as they enable electrostatic interaction followed
by disruption of negatively charged microbial cell membranes (Ma et al., 2024).

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 peptide hydrophobicity and presence of cationic
residues (P. Kumar et al., 2018; Duan et al., 2021). Amphipathic and hydrophobic residues
allow the peptide to partition and insert within the lipid bilayer, facilitating membrane
disruption (Su et al., 2025; (Kang et al., 2012; Duan et al., 2021). The physicochemical
properties of the predicted AMP candidates were therefore analyzed and are summarized

carefully.

All AMP candidates exhibit a typical molecular weight range of 911 Da to 4284 Da. The
isoelectric point (pl) ranged from 2.08 to 13.07, with the frequency of pl greater than 7
promoting electrostatic attraction to microbial membranes, a hallmark of AMPs as previously
described by Jenssen and colleagues (2006). The net charge was found between the +1 and

+7. +1 charge may also exhibit high antimicrobial potential, provided that the distribution of
hydrophobic and hydrophilic residues is optimized to induce amphipathicity consistent with

the structural frameworks proposed by Powers and Hancock (2003).




Table 3: Antimicrobial peptide physicochemical profiling with in silico techniques
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13;) Source | len | Charge | Wt Bo;t:m pI(fion-t InStﬁ::.ility Eliglflz Allcll:ll:)at GR;AV
o

1| Bju00l | 21 1 2394 | 078 | 875 928 67% | 135.6 15
2 | Bjuooz | 21 1 2408 | 082 | 875 928 67% | 13852 | 152
3 | Bju003 | 21 1 2316 | 079 | 822 928 67% | 15233 | 1.54
4 | Bju004 | 21 1 2360 | 156 8.75 928 67% | 15333 | 1.56
5 | Bju00s | 21 1 2408 | 082 | 875 5.69 67% | 13952 | 15
6 | Bu0os | 16 1 1828 | 082 82 7.07 31% | 4875 | 047
7 | Bju007 | 21 | 125 | 2235 | -07 8.76 9.71 52% | 14857 | 124
8 | Bjuoos | 28 | -1 | 2942 | 0.94 453 20.22 39% | 3852 | -021
9 | Bju009 | 22 0 | 2334 | 031 581 26.62 41% | 10591 | 036
10 | Bjuolo | 22 0 | 2318 | 007 4381 26.62 45% | 11045 | 048
11 | Bjuoll | 16 | 225 | 911 | 395 | 1035 27.44 25% | 3625 | -1.03
12 | Bjuol2 | 13 0 1452 | 005 | 583 2745 54% 53 0.6
13 | Bju013 | 14 3 159 | 14 10.29 29.76 36% | 97.14 | 034
14 | Bjuol4 | 22 0 | 2332 | 003 581 30.05 45% 115 0.46
15 | Bju0ls | 22 | 025 | 219 | 125 6.72 302 32% | 3091 | 03
16 | Bju0l6 | 22 | 025 | 2128 | 128 6.72 31.95 27% | 2636 | -035
17 | BuOI7 1 gy | 0284 | 252 8.59 3221 2% 0 11.98
18 | Bju01s | 16 1 1802 | 071 82 33.94 38% 55 | 0256
19 | Bju019 | 17 4 1872 | 274 | 1126 4121 29% | 4588 | -126
20 | Bju020 | 12 1 1330 | 029 | 859 4127 2% | 7333 | 046
21 | Bju021 | 22 | 075 | 2197 | 1.8 54 42.65 32% | 3091 | 075
2 | Bju022 | 22 | 075 | 2193 | 147 54 43.08 32% | 3091 | -0.55
23 | Bju023 | 20 0 | 2017 | 006 5.99 45.72 40% 117 0.45
24 | Bju024 | 15 3 1599 | 221 10.3 50.4 27% | 5867 | -128
25 | BUO25 1 5, 0o |? g(f | o 5.99 51.89 35% 112 0.34
26 | Bju026 | 20 | 325 | 2177 | 268 10.3 59.56 20% 44 1.63
27 | Bju027 | 22 4 | 2424 | 297 | 1126 60.38 23% | 5318 | -1.54
28 | Bju028 | 19 4 | 2142 | 299 | 1126 62.17 26% | 4632 | -1.48
29 | Bju029 | 18 1 2045 | 117 9.18 63.42 33% 65 2048
30 | Bju030 | 25 4 | 2751 | 298 | 1126 65.06 20% | 508 | -1.64
31 | Bju03l | 25 5 | 2712 | 324 | 1202 7448 20% | 312 | -1.64
32 | Bju032 | 14 1 1562 | 029 8.03 745 50% 90 0.46
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33 | Bju033 14 1 1576 0.22 8.03 74.5 50% 97.14 0.49
34 | Bju034 | 30 0 2478 -1.06 6 80.61 67% 86 0.79
35 | Bju035 | 40 1 3234 -1.28 8.75 81.82 68% 82 0.83
36 | Bju036 | 14 7 1774 5.72 11.75 85.41 14% 27.86 -23
37 | Bju037 | 10 4.25 1354 6.32 9.8 175.42 30% 0 -1.57

4.11 Secondary Structure Prediction

The a-helical structures, a common functional motif in AMPs (Huang et al., 2010), was
predicted in only half of the AMP sequences (Fig.23). The a-helical AMPs are needed for
forming the amphipathic structures. The predominant structural patterns observed in this
study were non-ordered conformations, with some sequences predicted to contain B-turns and

extended strand conformations.

Some AMP candidates consisted only of random coil conformation. The occurrence of
random coil, B-turn, and extended conformations may suggest a strong preference for non-

lytic mechanisms or structures with induced-fit folding.




Protein Structure

|

|

Composition
{ " !
High a-helix Moderate a-helix Low a-helix
(=50%) (40-<50%) (<40%)
Bju012 Bju020 . Bju001
Bju021 Bju030 Bju002
Bju003
Bju022 Bju026
Bju004
Bju023 Bju005
Bju027 ' Bju006
Bju029 Bju007
Bju008
Bju031
Bju009
Bju032 ;
Bju010
Bju033 | Bju011
Bju034 ~ Bju013
Bju014
Bju035
Bju015
Bju016
Bju017
Bju018
Bju019
Bju024
Bju025
Bju028
Bju036
Bju037

Fig. 23- Secondary structures formed by different putative AMPs
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4.12 Computational Analysis of AMP Allergenicity and Toxicity

Checking the safety of AMPs derived from Brassica juncea protein is important, 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), about 80% peptide sequences were predicted
to be non-toxic. Overall, the low anticipated toxicity indicates that the majority of choices are

appropriate for additional experimental study (Lin et al., 2018).

AlgPred database is used to identify Some possibly allergic AMPs, with only one was
predicted to be the highly allergenic. These candidates require in vitro verification before any
wet lab application, as in in sillico predictions must be experimentally validated to confirm

the safety and non-immunogenicity of AMPs for further application.
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CHAPTER S
CONCLUSION AND FUTURE SCOPE

This investigation developed a systematic flow of in silico profiling and genome wide
screening of the cryptic antimicrobial potential in the innate immunity and primary seed
storage system of Brassica juncea. Homologous parent genes were successfully mapped in 37
putative AMPs were found to be distributed across five functional groups: 14 napins, 7
cruciferins, 4 oleosins, 6 chitinases and 6 defensins. A library of peptide fragments derived
from the protein by simulating its endogenous proteolytic processing through computational
enzymatic hydrolysis was then created and classified with predictive machine learning
algorithms. The resulting data showed that a majority of these simulated fragments shared
several features commonly found in classical membrane-active AMPs, such as flexible
random-coil secondary structure, and positive net surface charges which would enable

electrostatic disruption of the cell.

All these results together indicate that the seed storage and defence protein families of
Brassica juncea could be a source of putative AMP precursors for the discovery and

development of novel plant-derived AMPs for future biotechnological applications.
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