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Abstract 

 
Bacterial diseases are the reason for millions of deaths worldwide thus preventing them is very important. 

Vaccines are the most cost-effective prevention against many infectious diseases. There are different 

kinds of bacterial vaccines like live attenuated, inactivated, subunit, toxoids and conjugate with each type 

having its own way of providing immunity for preventing human bacterial diseases such as pulmonary 

tuberculosis, diphtheria and many others. In literature, a compiled resource, providing relevant 

information about vaccines against bacterial diseases was not available. In this study, we have developed 

a manually curated exhaustive database of bacterial diseases vaccines, to aid researchers in developing 

novel vaccine candidates. We have created BacVacDB, which is a web-based freely accessible database 

of bacterial vaccines maintaining comprehensive information related to vaccines. This database 

comprises 371 vaccine entries covering 30 human bacterial diseases manually extracted from research 

articles, websites and public databases. Each entry provides detailed information about vaccine name, 

type, age, description, manufacturer, manufacturing country, year of manufacture, clinical phase status, 

etc. We have covered details of both approved vaccines as well as the vaccines undergoing different 

human clinical trials. It provides all the bacterial vaccines information on a single platform to perform 

efficient and time saving search. The database is accessible at 

https://webs.iiitd.edu.in/raghava/bacvacdb/. Protective antigens are very important in the research for the 

development of new and improved vaccines against infectious and non-infectious diseases. Protective 

antigens are those antigens that are specifically targeted by the acquired immune response of the host. 

They are capable of stimulating the production of antibodies and induce cell mediated immunity. 

Identification of protective antigens is the most critical step in the vaccine development process as once 

the protective antigens are identified, researchers can use these antigens to develop effective subunit and 

DNA vaccines. In this study, we have developed prediction method to predict if a particular protein could 

be used as a bacterial protective antigen or not in vaccine development process using different machine 

learning techniques.  

 

 

 

 

 

https://webs.iiitd.edu.in/raghava/bacvacdb/
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Objectives 

  
1. Collection and compilation of bacterial vaccines for human diseases from the literature. 

2. Development of web-server (BacVacDB) to organize human bacterial vaccines information 

in user friendly format. 

3. Implemented different machine learning classification techniques to predict the bacterial 

protective antigens for the vaccine development process against bacterial diseases. 
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Introduction to bacterial diseases 

Disease is a harmful deviation from the normal state of an organism [1]. There could be multiple 

causes of disease like pathogenic microbial infections (typhoid, tuberculosis), immune system internal 

dysfunction (cancer, autoimmune diseases), genetically transferred diseases (down syndrome, 

thalassemia) [2]. A pathogenic organism can be defined as the harmful microorganism causing disease 

in the host. These organisms include bacteria, viruses, fungi, parasites and protozoans [3]. They are 

capable of causing different kinds of infectious diseases and can infect both humans or animals via 

direct or indirect ways like contaminated food (salmonellosis, botulism), contaminated water (cholera, 

typhoid fever), airborne (whooping cough, mumps), exposure to infected person (tuberculosis, 

influenza), insects or animal vectors (plague, malaria) [4][5]. 

Bacteria are ubiquitous single celled organisms, highly adaptable, the simplest forms of life which are 

important in maintaining the environment [6]. They lack a nuclear membrane and divide by binary 

fission, holding their genetic information in a circular double stranded DNA [7]. Most of the bacteria 

can be classified as gram positive or gram negative depending on their cell wall by a procedure called 

gram staining [8]. Bacteria could also be categorized based on their requirement of oxygen, for 

instance, aerobic bacteria (e.g. Bordetella pertussis) require oxygen for their growth while anaerobic 

bacteria (e.g. Clostridia) do not need oxygen for their growth and facultative organisms can grow both 

in the presence or absence of oxygen [5]. Some of the bacterial strains are considered as good since 

they are not harmful and beneficial for our body, for example, the bacteria present in the gut 

(Escherichia coli, Lactobacillus acidophilus and Bifidobacterium bifidum) helps in digestion [9] while 

there are few pathogenic bacterial species that can cause different infectious diseases. Bacteria can 

cause disease in different ways, some make their entry in the skin via a cut, while for others sexual 

activity could be the reason. Staphylococcus and Streptococcus bacteria are mainly associated with 

skin infections [10]. Chlamydia trachomatis and Neisseria gonorrhoeae causes sexually transmitted 

diseases, chlamydia and gonorrhea which can infect both men and women [11]. Food borne diseases 

can be caused by bacterial species such as Clostridium botulinum, Bacillus subtilis and Bacillus cereus 

[12]. Most of these infections are treated using antibiotics [13].  
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Role of antibiotics and vaccines 

Antibiotics are the medications which are prescribed by doctors for treating most of the bacterial 

infections as they help in suppressing the growth of the bacteria [14]. However, overuse of antibiotics 

could lead to antibiotic or antimicrobial resistance (AMR) which is one of the most serious public 

health threat to humans according to World Health Organization (WHO) [15]. According to the US 

Center for Disease Control and Prevention (CDC), more than 2.8 million antibiotic resistance infection 

cases affect people each year in the US [16]. As a result, many bacterial infections such as tuberculosis, 

gonorrhea, pneumonia and food borne infections are becoming difficult to treat [17].  

Bacterial vaccines help in reducing the burden of infections by providing solutions against AMR. They 

are known for strengthening the immune system and boosting the health of the individuals [18]. 

Vaccination induces active immunity and activates the immune system’s memory and makes 

antibodies against the pathogen. Vaccines are effective in preventing infections in all age groups [19]. 

There are vaccines available for preventing many human bacterial diseases such as pneumococcal, 

meningococcal, typhoid, cholera, tetanus etc. Some of the vaccines provide lifelong protection while 

for others a booster dose is required after a few years [20]. There are different types of vaccines which 

are prepared using different processes like they could contain whole bacteria (killed or live attenuated), 

toxoids, capsular polysaccharides or the proteins isolated from it [21]. 

Bacille Calmette-Guerin (BCG) vaccine is a live attenuated vaccine for preventing pulmonary 

tuberculosis where the whole cell bacteria have been weakened. It induces trained innate immunity 

enhancing the ability of innate effector cells to respond to non-specific stimuli [19]. Vivotif [22] and 

Typherix [23] are also the examples of live attenuated vaccines which are used for typhoid [24]. 

Another types of vaccines are the toxoids which are chemically inactivated toxins, for instance, the 

vaccines for diphtheria (Tdvax)[25] and tetanus (Tripedia) [26] are toxoids. In addition to this, 

inactivated vaccines contain the killed bacterial cells, inactivated by the use of chemicals, heat or 

radiation, for example, the vaccine for Q-fever (Q-Vax) [27] falls in this category. While conjugate 

vaccines contain the capsular polysaccharides covalently bound to a carrier protein such as the 

vaccines for Haemophilus influenzae type b and Neisseria meningitidis [28]. Subunit vaccines contain 

one or more specific antigens to provoke a response from the immune system. A subunit vaccine for 

preventing Lyme disease (LYMERix, GSK) was licensed in the US in 1998 and was withdrawn in 

2002 due to poor market performance [29]. There are different routes for administering these vaccines 

like intramuscular, intradermal, subcutaneous and oral [30].  
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History of vaccines 

The first laboratory vaccine was developed in 1879 by Louis Pasteur for chicken cholera [31] and this 

experiment facilitated the development of live attenuated cholera vaccine in 1897 and inactivated 

anthrax vaccine in 1904 for humans [32]. The live attenuated vaccine for tuberculosis, BCG was for 

the first time tested in humans in the year 1921 [33] and in 1927 it was used for the first time in new-

borns [34]. The live attenuated plague vaccine was reported in 1920 [35]. In 1948, the whole cell 

pertussis vaccine was first approved in the US for use [36]. The first monovalent (group C) 

meningococcal polysaccharide vaccine was licensed in 1974 [37] while the pneumococcal 

polysaccharide vaccine was first licensed for use in the US in 1977 and a 23-valent polysaccharide 

vaccine (Pneumovax 23, PPSV23) was licensed in 1983 [38]. The first Hib polysaccharide vaccine 

containing type b purified polysaccharide capsule polyribosylribitol phosphate (PRP) was licensed for 

use in 1985 followed by conjugate Hib vaccine ProHIBiT in 1987 and PedvaxHIB in 1989 [39]. In 

2005, the first conjugate meningococcal vaccine, MCV4 (Menactra), was licensed in the United States 

and a second, MenACWY-CRM (Menveo) licensed in 2010 [40]. The overall vaccines timeline with 

different years is described in Figure 1. 

Figure 1: Timeline of bacterial vaccines production and approval 
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Mechanism of vaccines 

Vaccines work by imitating an infection in the body, initially triggering an innate immune response, 

thus generating an antigen specific adaptive immunity. The innate immunity is the first line of defense 

against any pathogen which includes barriers to prevent harmful substances from entering the body. It 

is quick and non-specific [41]. While adaptive immunity is the second line of defense, which is also 

known as acquired or specific immunity. They provide long lasting protection by developing 

immunologic memory [42] It is marked by clonal expansion of B and T lymphocytes. When B cells 

encounter any novel antigen, they produce antibodies specific to the antigen in order to destroy it, and 

also produces memory cells that lasts for decades and can detect the pathogen during subsequent 

exposure [43].  

 

Figure 2: The basic mechanism of action of vaccines.  
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Introduction to protective antigens 

Protective antigens are those antigens that are able to invoke specific and enhanced adaptive immune 

response of the host [44] and induce protection against infectious and non-infectious diseases since 

they stimulate the production of antibodies and cell mediated immunity when introduced inside the 

host. They play an important role in vaccine development, drug design. They could be used as 

biological markers for the diagnosis of different diseases, used in the analysis of host immunity and to 

control allergies. To develop new and improved vaccines, identification of protective antigens is an 

important step in the research and then these protective antigens are further used by researchers to 

develop subunit and DNA vaccines for preventing infectious diseases. [45]. 

 

Objective of thesis 

All of the information related to bacterial vaccines, like its name, approval status, route of 

administration has been dispersed throughout the literature, which makes it time consuming process 

to access any information for the scientific community working in the field of vaccines and immune-

informatics. As per our knowledge, there is no dedicated single platform that compiles all this detailed 

information. Therefore, the objective of the thesis was to have an in-depth analysis of bacterial 

vaccines for different diseases, their types, status, mechanism, approval, efficacy, administration route, 

year and many other important details. After compilation of data, all this information is made available 

in the form of a freely available database “BacVacDB”. We hope that this database could be beneficial 

for the researchers of the scientific community for the development of novel vaccine candidates.  

Since the identification of the protective antigens is most critical step to develop the improved vaccines 

against diseases, in this study we have developed different machine learning techniques to classify if 

a particular protein could be used as bacterial protective antigen or not for developing bacterial subunit 

and DNA vaccines against different bacterial infectious and non-infectious diseases. We hope that this 

could be useful for the researchers working in the field of vaccine development.  
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Introduction 

Vaccines are one of the most cost-effective devices which are known to prevent many deadly 

infectious diseases [46]. With the invention of vaccines, our lives have been easier and we are able to 

defeat many harmful diseases caused by different kinds of microorganisms. Here, we are only focusing 

on the bacterial vaccines (e.g., BCG, Vaxelis) [47] used for preventing human bacterial diseases such 

as pulmonary tuberculosis, diphtheria and many others. As we already know, there are different types 

of bacterial vaccines available in the market, such as inactivated, toxoids, live attenuated, subunit, 

conjugate etc. The manufacturing process of these vaccines include various bacterial cell constituents. 

Since all of this information related to bacterial vaccines was scattered in the literature and it is time 

consuming to gather this information from different platforms, we have created BacVacDB 

(https://webs.iiitd.edu.in/raghava/bacvacdb), which is a web-based freely accessible database of 

manually curated bacterial vaccines maintaining comprehensive information. This database comprises 

371 vaccine entries covering 30 human bacterial diseases manually extracted from research articles, 

websites and existing public databases. Each entry provides detailed information about vaccine name, 

type, age, description, manufacturer, manufacturing country, year of manufacture, clinical phase 

status, export, approval, dosage, administration site etc. We have covered 167 entries for approved 

vaccines and 204 entries for vaccines undergoing different human clinical trials. It provides all the 

bacterial vaccines information on a single platform to perform efficient and time saving search. 

 

Data curation 

BacVacDB database was created by manually curating the appropriate information obtained from 

Google search relevant to bacteria and different bacterial vaccines used for preventing human bacterial 

diseases. Information was also obtained by searching for relevant literature from PubMed and 

retrieving it from reliable websites related to vaccines like U.S. Food and Drug Administration 

(FDA)[https://www.fda.gov/], WHO [https://www.who.int/], CDC [https://www.cdc.gov], Electronic 

medicines compendium (emc)[https://www.medicines.org.uk/emc/], ClinicalTrials.gov 

[https://clinicaltrials.gov/] etc. All this information was then represented in tabular format in 

BacVacDB web server to make it human readable.  

 

 

https://webs.iiitd.edu.in/raghava/bacvacdb
https://www.fda.gov/
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Architecture 

BacVacDB database has been built using a standard platform on the Linux-Apache-MySQL-PHP 

(LAMP). MySQL (version 5.7.31) has been used for organizing the data where the main table 

consisted of 33 different columns or fields related to vaccines, bacteria, disease and other related 

information and it was associated with 371 entries of the database.  

Apache (version 2.4.46) as HTTP server was used for designing this database. HTML (version 5), 

PHP (version 7.3.21), CSS (version 3) and JavaScript (version 1.8) were used for developing 

responsive front ends which are compatible with smartphones, tablets and desktops. MySQL have 

been used for creating the back end and PHP programming language was used to develop a common 

interface. The complete architecture of this database is explained in Figure 3. 

Figure 3: The architecture diagram of BacVacDB database covering different modules 
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Web server implementation 

BacVacDB web server is a freely available server built in order to serve the community. It provides 

vast information about the vaccines for human bacterial diseases on a single platform. 

 

Figure 4: The home page of BacVacDB database 

 

Search Module 

This database allows two type of search options for the user – Basic and Advanced search for effortless 

searching.  

Basic Search 

This search option allows the user to search in any field or against multiple fields like disease name, 

vaccine name, bacteria name, type of vaccine, clinical phase status and route of administration. For 

any selected field, user can choose the fields he/she wants to get displayed on the result screen, thereby 

allowing user to customize the search. It also provides the facility to copy the data to clipboard and 

download in csv and excel formats. The Figure 5 represents how the basic search operation can be 

performed. 
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Figure 5: Step by step illustration of the basic search module in BacVacDB 

Advanced Search 

This search is more advanced and complex. Here, the user can give different queries simultaneously 

with the help of different Boolean operators such as AND, OR and NOT and the result will be 

displayed based on these conditions. Any particular query can also be removed using the “Remove” 

button on the table. Like basic search, the user can copy the data entries to clipboard and can download 

data in csv and excel formats. Figure 6 is the pictorial representation of the advanced search.  
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Figure 6: Step by step illustration of the advanced search module in BacVacDB 
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Browse module 

The browse module of this database provides the facility of convenient data navigation within the 

database. The vaccines information enclosed in this module can also be copied to clipboard or 

downloaded in csv or excel format. It allows the users to browse vaccines with respect to the fields 

discussed below. Figure 7 displays different browsing options available in the database. 

Figure 7: The browse module of BacVacDB with different browsing options 

Bacterial Names: It helps the user to browse vaccines based on the bacteria names. This page displays 

different bacterial names and their vaccine counts. A table is displayed with the names of all the 

bacteria covered in this database and their corresponding vaccines count as a hyperlink. By clicking 

on that link, another table will be displayed comprising the information for all those vaccines 

(approved and clinical trials) that are involved in preventing that particular bacterial disease. This 

information can also be copied to clipboard or downloaded in csv or excel format. 

Bacterial Diseases: This module helps in browsing the vaccines based on the name of the bacterial 

disease. 

Vaccine Types: It allows to browse the vaccines based on their type, for instance, combination, 

conjugate, inactivated, subunit, recombinant etc. 

Route of Administration: Here, the vaccines can be browsed with respect to their administration 

route, like intramuscular, oral, intravenous etc. 
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Database statistics 

BacVacDB database holds a total of 371 vaccine entries for 30 human bacterial diseases in total 

extracted from literature, websites and existing databases. In this database, 368 are unique entries for 

the vaccines. To bifurcate further, out of the 371 bacterial vaccines, 167 entries are for approved 

vaccines and 204 are the vaccines undergoing different phases of human clinical trials.  

Figure 8A depicts the vaccines distribution for different bacterial diseases. There are 66 vaccine entries 

for diphtheria, which covers around 22% of total vaccines number, then 20% of vaccines are for 

tetanus (lockjaw) and 15% for pertussis (whooping cough). We analyzed that majority of the vaccine 

are used for preventing diphtheria, tetanus and pertussis diseases. 

Figure 8B presents the contribution of different approved vaccines in preventing bacterial diseases. 

Here, 36 entries are for tetanus followed by diphtheria (35), pertussis (26), and then other diseases. 

Figure 8C represents the different types of bacterial vaccines. Under this, combination vaccines are 

present in the majority (131), conjugate (64), inactivated (56), recombinant (31) and many others.  

Figure 8D represents the vaccines based on their route of administration. It has been observed that 

most of the vaccines (260) are administered intramuscularly, 37 orally, 26 subcutaneously followed 

by others. 

Our data suggests that combination vaccines have been preventing bacterial diseases such as 

diphtheria, pertussis, tetanus, Hib and typhoid. While conjugate vaccines prevent diseases like typhoid, 

diphtheria, pertussis, Meningococcal disease, Pneumococcal, Bacillary Dysentery (Shigellosis) and 

Campylobacteriosis. Live attenuated vaccines for diseases such as TB, cholera, leprosy, plague, 

typhoid, Bacillary dysentery (Shigellosis), E. coli Infections and Tularemia (Rabbit fever). 
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Figure 8: BacVacDB statistics with respect to bacterial diseases, number of approved 

vaccines, type of vaccines and route of administration 

 

Web server availability 

Bacterial vaccines play an important role in preventing diseases caused by harmful strains of bacteria. 

A number of vaccines are already approved by the regulatory authorities [48][49] and are in use, while 

others are undergoing different phases of human clinical trials. Under this study, we have curated 

important information related to vaccines for human bacterial diseases in order to serve the community 

and all of this information is made available as a freely available web resource named “BacVacDB”. 

This database holds relevant important about vaccines like their name, types, dosage, mechanism of 

action etc. on a single platform for efficient search. This server is compatible with all the latest gadgets 

and it could be freely accessed from https://webs.iiitd.edu.in/raghava/bacvacdb/. 

 

Comparison with existing methods 

BacVacDB is the first database which is solely dedicated to bacterial vaccines for human use. It 

consists of 371 vaccine entries for 30 bacterial diseases which is a vast piece of information as 

compared to other databases such as Vaccine Investigation and Online Information Network 

(VIOLIN) (http://www.violinet.org/). The Vaxquery component of the VIOLIN database mostly 

https://webs.iiitd.edu.in/raghava/bacvacdb/
http://www.violinet.org/
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contain vaccines which are licensed for animals (cattle, pigs) and only covers around 135 vaccines 

that are for human use for preventing 16 human bacterial diseases. Huvax 

(https://www.violinet.org/huvax/), another component of VIOLIN database, is a web based human 

licensed vaccine database that contains 110 human licensed vaccines for 12 bacterial diseases, which 

is less as compared to BacVacDB. Another knowledgebase, Vaccine Knowledge Project 

(https://vk.ovg.ox.ac.uk/vk/), managed by Oxford Vaccine Group holds around 31 vaccines for 7 

human bacterial diseases. Therefore, in this study, we have made an attempt to compile all the relevant 

information about bacterial vaccines for treating diseases in humans. We have incorporated all the 

details on a single platform in the form of a database or web resource named “BacVacDB”. Some 

other information like year of manufacture, form of presentation, approval, repurposing, post-

vaccination, dose type is also incorporated. 

Applications of database 

To the best of author’s knowledge, currently no database exists which is solely dedicated to the 

bacterial vaccines. Thus, a single platform with all the relevant information about bacterial vaccines 

and its corresponding diseases would make it easier and save time to mine information related to them. 

It is a small contribution to the scientific community working in the field of vaccines and immune-

informatics, pharmaceutical industry and researchers to gather relevant information and will help in 

the development of novel vaccine candidates.  

 

Discussion 

One of the greatest challenges of 21st century is the treatment and preventing of bacterial diseases. The 

overuse or misuse of antibiotics make the bacteria resistant to it, which is very dangerous for human 

health since we can’t suppress the growth of the bacteria if it becomes resistant. This is when vaccines 

come in the picture for our rescue. The bacterial vaccines play an important role in our lives and they 

help in preventing critical diseases caused by the strains of bacteria. It would be of great help if all the 

bacterial vaccines could be accessed from a single platform by the scientific community or general 

public to save their time and effort. Taking this perspective in consideration, BacVacDB database was 

created which is a web-based platform containing massive information related to bacterial vaccines 

for human use. It is a user-friendly interface and could be freely accessed from the below link 

https://webs.iiitd.edu.in/raghava/bacvacdb. We believe that this database will be very useful for the 

scientific community and general public. 

https://www.violinet.org/huvax/
https://webs.iiitd.edu.in/raghava/bacvacdb
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Introduction 

Protective antigens can be defined as the antigens that are targeted by the host acquired immunity and 

able to induce protection in the host against many infectious and non-infectious diseases [50]. When 

protective antigens are introduced in the host, they stimulate the production of antibodies and induces 

the cell mediated immunity against the pathogen causing the disease [51] They elicit a protective 

immune response which is generally experimentally verified on any laboratory animal model [52]. 

They are an important component of research areas, and plays a vital role in vaccine development, 

drug design and as biological markers for the diagnosis of different diseases, for example they could 

be used in the diagnosis of AIDS based on their presence or absence. They are also proven to be helpful 

in the control of allergies [51]. Identification of protective antigens is the most critical step and after 

they are identified, researchers use these protective antigens to create new and improved DNA and 

subunit vaccines for different diseases. The identification process of the protective antigens is 

illustrated in figure 9. In this study, our aim is to predict whether a particular protein could be used as 

a bacterial protective antigen (BPAgs) or not. We have developed prediction models using different 

machine learning (ML) techniques to classify a particular protein as BPAgs. This will help in the 

development of different vaccines against bacterial diseases by utilizing these BPAgs.  

 

 

Figure 9: Figure depicting the identification process of BPAgs for vaccine development 
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Materials and methods 

Dataset curation 

The positive data for BPAgs was extracted from the Protegen 

[45](https://www.violinet.org/protegen/), which is a web based central database of protective antigens. 

It contains 660 experimentally verified BPAgs in total, out of which 195 belong to Gram positive and 

465 to Gram negative bacteria. The negative data was collected from AlgPred2 [53] server 

(https://webs.iiitd.edu.in/raghava/algpred2/) which contains all the proteins that do not cause allergy 

or any other reaction in humans. The total non-protective sequences were 10, 075 in total.  

The positive data for BPAgs consist of 655 sequences from the Protegen database, while the negative 

data contains 10, 075 sequences which is a very large number of sequences as compared to the positive 

data. In order to keep the number of sequences as equal, we randomly selected 655 sequences from 

the negative data to make the total number of sequences as consistent.  

 

Data preprocessing 

The negative dataset was already preprocessed but we performed some basic preprocessing step on 

the positive dataset, like removing the sequences containing non-standard amino acids (BJOUZX). 

There are 655 positive and 655 negative sequences in the final dataset. 

 

Internal and external validation 

The datasets were then randomly divided into two parts: (i) training dataset which holds 80% data and 

(ii) validation dataset with remaining 20% data [54]. The training files consist of 524 sequences each, 

while the validation files consist of 131 sequences each. In internal validation, we developed 

prediction models which were then evaluated using five-fold cross validation technique [55]. In this 

technique, sequences are divided randomly into five folds, out of which four are used for training and 

the remaining fifth one is used for testing. This process is repeated five times so that each dataset is 

used at least once for testing. The performance of all five sets were averaged in order to calculate the 

final result. In the case of external validation, we evaluated the performance of the model, which was 

developed on the training dataset on the validation dataset. The architecture of creating dataset and 

building models for the prediction of BPAgs is shown in Figure 10. 

 

https://www.violinet.org/protegen/
https://webs.iiitd.edu.in/raghava/algpred2/
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Figure 10: Schematic representation of methodology followed for creating dataset and building 

models for the prediction of BPAgs 

 

Input features for prediction 

We used the standalone version of Pfeature (https://webs.iiitd.edu.in/raghava/pfeature/) which is a web 

server for computing the peptide and protein features. We computed 14 features in total, which are 

described in Table 1 with their feature vectors. 

 

 

 

 

https://webs.iiitd.edu.in/raghava/pfeature/
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Table 1: List of different features used in the study with their vector size 

Features Vector size 

Amino Acid Composition (AAC) 20 

Dipeptide Composition (DPC) 400 

Tripeptide Composition (TPC) 8000 

Atom Type Composition (ATC) 5 

Bond Type Composition (BTC) 4 

Physico-Chemical Properties (PCP) 30 

Residue Repeats Index (RRI) 20 

Distance Distribution of Repeats (DDR) 20 

Shannon Entropy of a Protein (SEP) 1 

Shannon Entropy of a Residue (SER) 20 

Shannon Entropy of Physicochemical Property (SPC) 25 

Pseudo Amino Acid Composition (PAAC) 21 

Amphiphilic Pseudo Amino Acid Composition (APAAC) 23 

Quasi-Sequence Order (QSO) 42 

 

ML techniques 

We implemented various ML techniques using the python scikit-learn package. It features various 

classification, regression and clustering algorithms. In our study, we used seven ML classifiers from 

this package for the BPAgs prediction. These classifiers include Decision Tree (DT), Logistic 

Regression (LR), Random Forest (RF), k-Nearest Neighbors (KNN), Support Vector Classification 

(SVC), Gaussian Naive Bayes (GNB) and XGBoost (XGB). We tuned different parameters which are 

present on these classifiers during the run and reported the results that are obtained on the best 

parameters.  

 

Performance measures 

The performance of our methods was measured using different threshold dependent and threshold 

independent parameters. Threshold dependent parameters are Sensitivity (Sen), Specificity (Spc), 

Accuracy (Acc) and Matthews Correlation Coefficient (MCC). Below is the formula for these 

parameters: 

 

𝑆𝑒𝑛 =
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
∗ 100 
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𝑆𝑝𝑐 =
𝑇𝑁

𝑇𝑃 + 𝐹𝑁
∗ 100 

𝐴𝑐𝑐 =
𝑇𝑃 + 𝑇𝑁

𝑇𝑃 + 𝐹𝑃 + 𝑇𝑁 + 𝐹𝑁
∗ 100 

𝑀𝐶𝐶 =
(𝑇𝑃 ∗ 𝑇𝑁) − (𝐹𝑃 ∗ 𝐹𝑁)

√(𝑇𝑃 + 𝐹𝑃)(𝑇𝑃 + 𝐹𝑁)(𝑇𝑁 + 𝐹𝑃)(𝑇𝑁 + 𝐹𝑁)
 

  

where TP = correct positive predictions; TN = correct negative predictions; FP = false positive 

predictions; FN = false negative predictions. In case of threshold independent parameters, Area Under 

Receiver Operating Characteristics (AUROC) curve was calculated where a ROC curve was drawn 

between false positive and false negatives.  

 

Results 

 

Machine learning model performance on various features 

AAC based models 

It tells us the fraction of each amino acid type within a protein or peptide. It can be used for classifying 

different proteins and peptides. In our study, we used this feature for developing prediction methods 

using ML techniques. As per the result, RF based models were better as compared to other models 

with an AUC of 0.91 on training and 0.92 on validation dataset.  

 

Table 2: Performance of different ML based models using AAC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 71.95 72.71 72.33 0.79 0.45 70.23 77.86 74.05 0.79 0.48 

RF 84.16 83.97 84.07 0.91 0.68 87.02 83.97 85.50 0.92 0.71 

LR 79.77 79.96 79.87 0.88 0.60 84.73 80.15 82.44 0.89 0.65 

XGB 81.68 81.87 81.78 0.89 0.64 82.44 81.68 82.06 0.89 0.64 

KN 82.63 82.25 82.44 0.90 0.65 83.20 86.26 84.73 0.91 0.70 

GNB 78.44 78.05 78.24 0.85 0.57 85.50 80.92 83.21 0.89 0.67 

SVC 79.96 79.58 79.77 0.88 0.60 84.73 80.15 82.44 0.89 0.65 
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DPC based models 

It indicates the composition of the residues present in a pair in the peptide. When used for developing 

prediction methods, RF based models performed better with an AUC of 0.91 on training and 0.92 on 

validation datasets. 

 

Table 3: Performance of different ML based models using DPC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 63.74 63.93 63.84 0.69 0.28 68.70 68.70 68.70 0.77 0.37 

RF 83.40 82.06 82.73 0.91 0.66 83.97 79.39 81.68 0.92 0.63 

LR 81.68 81.68 81.68 0.89 0.63 83.97 83.21 83.59 0.90 0.67 

XGB 80.92 81.10 81.01 0.89 0.62 80.92 84.73 82.82 0.90 0.66 

KN 80.15 81.68 80.92 0.89 0.62 76.34 83.21 79.77 0.90 0.60 

GNB 78.05 78.05 78.05 0.84 0.56 75.57 81.68 78.63 0.84 0.57 

SVC 80.53 84.16 82.35 0.90 0.65 86.26 75.57 80.92 0.89 0.62 

 

TPC based models 

A tripeptide is formed from three consecutive amino acids and it provides local order. It was used for 

developing prediction models for classification where RF turns out to be best with an AUC of 0.90 on 

training and 0.91 on validation dataset. 

 

Table 4: Performance of different ML based models using TPC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 59.92 60.12 60.02 0.61 0.20 57.25 66.41 61.83 0.66 0.24 

RF 80.15 83.78 81.97 0.90 0.64 83.20 79.39 81.30 0.91 0.63 

LR 82.06 81.49 81.78 0.90 0.64 80.15 81.68 80.92 0.89 0.62 

XGB 74.05 73.66 73.86 0.83 0.48 78.63 73.28 75.95 0.85 0.52 

KN 80.73 79.58 80.15 0.88 0.60 74.81 78.63 76.72 0.88 0.54 

GNB 49.24 90.84 70.04 0.70 0.44 47.33 85.50 66.41 0.66 0.36 
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SVC 80.15 82.82 81.49 0.90 0.63 80.92 79.39 80.15 0.88 0.60 

 

PAAC based models 

It is used to compute the pseudo amino acid composition of a peptide. In our study when we used 

PAAC based models, then RF and XGB performed better as compared to other models. RF achieved 

an AUC of 0.91 on training and 0.92 on validation dataset while XGB achieved an AUC of 0.89 on 

training and 0.92 on validation dataset. 

 

Table 5: Performance of different ML based models using PAAC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 72.14 71.95 72.04 0.79 0.44 69.47 71.76 70.61 0.78 0.41 

RF 84.54 84.92 84.73 0.91 0.70 84.73 84.73 84.73 0.92 0.70 

LR 80.73 80.73 80.73 0.88 0.62 83.97 83.21 83.59 0.89 0.67 

XGB 83.02 83.59 83.30 0.89 0.67 80.15 88.55 84.35 0.92 0.69 

KN 82.63 82.25 82.44 0.90 0.65 83.21 86.26 84.73 0.91 0.70 

GNB 78.05 78.24 78.15 0.85 0.56 81.68 80.92 81.30 0.89 0.63 

SVC 79.96 79.77 79.87 0.88 0.60 84.73 80.15 82.44 0.89 0.65 

 

APAAC based models 

It computes amphiphilic pseudo amino acid composition of a peptide. In our study, RF based models 

were better as compared to other models with an AUC of 0.91 on training and 0.92 on validation 

dataset. 

 

Table 6: Performance of different ML based models using APAAC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 68.89 70.23 69.56 0.78 0.39 75.57 75.57 75.57 0.85 0.51 

RF 83.40 83.40 83.40 0.91 0.67 84.73 87.02 85.88 0.92 0.72 

LR 80.73 80.34 80.53 0.88 0.61 83.97 83.21 83.59 0.90 0.67 
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XGB 81.68 81.49 81.58 0.89 0.63 80.15 83.20 81.68 0.90 0.63 

KN 81.68 82.06 81.87 0.90 0.64 83.21 87.79 85.50 0.91 0.71 

GNB 78.44 79.01 78.72 0.86 0.57 79.39 82.44 80.92 0.89 0.62 

SVC 79.77 80.15 79.96 0.88 0.60 84.73 80.15 82.44 0.89 0.65 

 

DDR based models 

It computes the distribution of residue based on the distance from N-terminal, C-terminal and inter 

distances between same residue within the peptide or protein sequence. When used this feature for 

developing prediction models, RF performed better with an AUC of 0.90 on training and 0.91 on 

validation datasets. 

 

Table 7: Performance of different ML based models using DDR 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 68.51 68.70 68.61 0.74 0.37 70.99 78.63 74.81 0.80 0.50 

RF 81.49 82.25 81.87 0.90 0.64 83.97 80.15 82.06 0.91 0.64 

LR 77.29 78.05 77.67 0.84 0.55 77.10 78.63 77.86 0.83 0.56 

XGB 81.49 81.49 81.49 0.88 0.63 83.97 77.86 80.92 0.90 0.62 

KN 77.10 76.91 77.00 0.86 0.54 77.86 73.28 75.57 0.87 0.51 

GNB 32.06 89.12 60.59 0.66 0.26 23.66 93.13 58.40 0.68 0.23 

SVC 77.67 77.10 77.39 0.83 0.55 77.10 76.34 76.72 0.83 0.53 

 

QSO based models 

It is used to compute Quasi-Sequence Order of a peptide. In our study, RF was better as compared to 

other models. It achieved an AUC of 0.91 on training and 0.92 on validation dataset. 

 

Table 8: Performance of different ML based models using QSO 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 69.66 70.04 69.85 0.77 0.40 75.57 70.99 73.28 0.80 0.47 
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RF 83.21 82.06 82.63 0.91 0.65 87.02 81.68 84.35 0.92 0.69 

LR 80.15 79.96 80.06 0.89 0.60 83.21 81.68 82.44 0.90 0.65 

XGB 82.25 82.63 82.44 0.90 0.65 82.44 80.15 81.30 0.89 0.63 

KN 82.06 82.63 82.35 0.90 0.65 84.73 84.73 84.73 0.91 0.70 

GNB 78.05 78.44 78.24 0.85 0.57 75.57 85.50 80.53 0.88 0.61 

SVC 81.68 81.87 81.78 0.90 0.64 81.68 77.86 79.77 0.89 0.60 

 

RRI based models 

It measures the number of continuous runs of a residue type in a sequence. When used this feature for 

developing prediction models, RF proved to be better with an AUC of 0.83 on training and 0.84 on 

validation dataset. 

 

Table 9: Performance of different ML based models using RRI 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 63.36 63.74 63.55 0.69 0.27 68.70 59.54 64.12 0.70 0.28 

RF 73.66 73.09 73.38 0.83 0.47 78.63 72.52 75.57 0.84 0.51 

LR 69.47 69.85 69.66 0.76 0.39 70.23 70.23 70.23 0.77 0.40 

XGB 72.14 71.95 72.04 0.81 0.44 70.99 70.99 70.99 0.79 0.42 

KN 71.76 72.33 72.04 0.80 0.44 77.86 74.05 75.95 0.83 0.52 

GNB 61.26 68.51 64.86 0.70 0.30 60.31 64.12 62.21 0.67 0.24 

SVC 69.08 69.28 69.18 0.76 0.38 74.81 65.65 70.23 0.76 0.41 

 

ATC based models 

It is the fraction of Carbon, Hydrogen, Nitrogen, Oxygen and Sulphur atoms present in a protein 

sequence. In our study, KN was better as compared to other models and achieved an AUC of 0.82 on 

training and 0.86 on validation dataset. 
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Table 10: Performance of different ML based models using ATC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 71.18 71.37 71.28 0.77 0.43 70.99 73.28 72.14 0.77 0.44 

RF 76.72 77.29 77.00 0.83 0.54 80.15 77.10 78.63 0.85 0.57 

LR 75.38 75.57 75.48 0.81 0.51 74.81 79.39 77.10 0.85 0.54 

XGB 75.57 75.76 75.67 0.82 0.51 77.10 71.76 74.43 0.83 0.49 

KN 75.19 75.19 75.19 0.82 0.50 80.92 74.81 77.86 0.86 0.56 

GNB 72.90 72.52 72.71 0.79 0.45 68.70 79.39 74.05 0.82 0.48 

SVC 75.95 74.24 75.10 0.81 0.50 77.86 76.34 77.10 0.85 0.54 

 

BTC based models 

It computes the bond composition of each amino acid residue of the sequence. Here, four types of 

bonds are considered that are total number of bonds, hydrogen bond, single bond and double bond. In 

our study when we developed prediction models based on this feature, SVC performed better. It 

achieved an AUC of 0.71 on training and 0.73 on validation dataset. 

 

Table 11: Performance of different ML based models using BTC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 52.67 54.77 53.72 0.56 0.07 59.54 56.49 58.01 0.62 0.16 

RF 56.68 55.53 56.11 0.59 0.12 61.07 54.20 57.63 0.61 0.15 

LR 67.56 63.74 65.65 0.70 0.31 62.60 66.41 64.50 0.72 0.29 

XGB 56.30 57.06 56.68 0.58 0.13 61.83 48.86 55.34 0.60 0.11 

KN 54.96 52.10 53.53 0.57 0.07 61.07 55.72 58.40 0.62 0.17 

GNB 52.10 50.57 51.34 0.51 0.03 81.68 13.74 47.71 0.44 -0.06 

SVC 64.89 65.27 65.08 0.71 0.30 61.83 66.41 64.12 0.73 0.28 

 

SEP based models 

It computes the Shannon entropy of a protein sequence. In our study, XGB performed better using the 
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SEP feature. XGB achieved an AUC of 0.69 on training and AUC of 0.69 on the validation dataset. 

 

Table 12: Performance of different ML based models using SEP 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 61.26 62.60 61.93 0.67 0.24 58.78 63.36 61.07 0.65 0.22 

RF 59.16 60.12 59.64 0.66 0.19 58.02 59.54 58.78 0.65 0.18 

LR 0.00 100.00 50.00 0.63 0.00 0.00 100.00 50.00 0.67 0.00 

XGB 61.64 63.36 62.50 0.69 0.25 54.20 66.41 60.31 0.69 0.21 

KN 63.36 63.36 63.36 0.68 0.27 54.20 61.83 58.02 0.68 0.16 

GNB 58.78 61.07 59.92 0.62 0.20 58.02 51.15 54.58 0.58 0.09 

SVC 49.24 50.00 49.62 0.53 -0.01 100.00 0.00 50.00 0.67 0.00 

 

SER based models 

It computes the Shannon entropy of the residues of the peptide or protein sequence. When we used 

this feature in our study to develop prediction models, RF and KN both performed well. RF achieved 

an AUC of 0.91 on training and 0.92 on validation while KN achieved an AUC of 0.90 on training 

and 0.92 on validation dataset. 

 

Table 13: Performance of different ML based models using SER 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 74.62 74.62 74.62 0.81 0.49 70.99 81.68 76.34 0.82 0.53 

RF 83.59 84.35 83.97 0.91 0.68 84.73 83.21 83.97 0.92 0.68 

LR 80.15 81.30 80.73 0.89 0.62 84.73 79.39 82.06 0.90 0.64 

XGB 80.53 80.53 80.53 0.89 0.61 78.63 83.97 81.30 0.89 0.63 

KN 81.88 82.25 82.06 0.90 0.64 83.21 86.26 84.73 0.92 0.70 

GNB 80.53 80.15 80.34 0.88 0.61 83.21 83.97 83.59 0.90 0.67 

SVC 80.34 81.30 80.82 0.89 0.62 85.50 80.15 82.82 0.90 0.66 
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SPC based models 

It calculates the Shannon entropy of a particular physicochemical property in a sequence. When we 

used this descriptor for developing models, RF proved to be better with an AUC of 0.87 on training 

and 0.89 on validation dataset. 

 

Table 14: Performance of different ML based models using SPC 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 65.65 66.41 66.03 0.72 0.32 74.05 58.02 66.03 0.69 0.33 

RF 78.44 77.67 78.05 0.87 0.56 80.15 80.15 80.15 0.89 0.60 

LR 78.82 78.82 78.82 0.87 0.58 77.86 83.97 80.92 0.88 0.62 

XGB 76.53 75.76 76.15 0.86 0.52 80.92 79.39 80.15 0.83 0.60 

KN 77.48 78.05 77.77 0.85 0.56 77.10 85.50 81.30 0.87 0.63 

GNB 70.23 71.18 70.70 0.77 0.41 71.76 74.81 73.28 0.81 0.47 

SVC 77.48 77.48 77.49 0.84 0.55 79.39 79.39 79.39 0.87 0.59 

 

PCP based models 

It computes the fraction of each standard physico-chemical property in the sequence. In our study 

using this feature for developing models, highest performance was of RF with an AUC of 0.87 on 

training and 0.90 on validation dataset. 

 

Table 15: Performance of different ML based models using PCP 

ML Training Dataset Validation Dataset 

 Sen Spec Acc AUC MCC Sen Spec Acc AUC MCC 

DT 69.47 69.28 69.37 0.76 0.39 77.10 69.47 73.28 0.78 0.47 

RF 78.44 79.77 79.10 0.87 0.58 80.92 80.15 80.53 0.90 0.61 

LR 79.96 79.77 79.87 0.88 0.60 83.21 79.39 81.30 0.89 0.63 

XGB 78.82 78.63 78.72 0.85 0.57 83.21 82.44 82.82 0.89 0.66 

KN 73.86 73.66 73.76 0.81 0.48 77.10 78.63 77.86 0.87 0.56 
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GNB 72.33 71.95 72.14 0.79 0.44 72.52 74.81 73.66 0.84 0.47 

SVC 74.43 74.24 74.33 0.81 0.49 79.39 74.05 76.72 0.86 0.54 

 

Discussion 

Protective antigens are the one that invokes specific and enhanced adaptive immune response. They 

elicit a protective immune response thereby they are very important in vaccine preparation and drug 

design. One of the major challenges in vaccine development is the identification of the protective 

antigens that give rise to protective immune response. Since the laboratory methods of isolating an 

antigen from a microbial pathogen are very expensive and time consuming, computational methods 

are useful to predict the protective antigens. In this study, we have developed ML models to predict 

the protein as BPAgs. The positive and negative dataset is processed from Protegen database and 

AlgPred2 web server respectively and then different features of the protein are extracted from the 

Pfeature standalone server. We have utilized different classifiers like DT, SVC, KNN, MLP, RF, LR 

and XGB where for most of the features or descriptors, highest AUC is observed on RF based models. 

These identified BPAgs can then be used by researchers for the development of subunit and DNA 

based bacterial vaccines to prevent against bacterial diseases. We hope that this prediction method 

could be useful for the researchers working in the field of vaccine development.  

 

Conclusion 

Since bacterial protective antigens are of immense importance in the research area for developing 

subunit and DNA vaccines against different bacterial diseases, in this study we have made an attempt 

to develop ML prediction models to classify the protein as BPAgs. We have used different ML 

classifiers for the prediction like DT, SVC, KNN, MLP, RF, LR and XGB. The highest AUC achieved 

is 0.92 mostly seen in the case of RF based models. We hope that it could be beneficial for the 

researchers and the scientific community to develop vaccines based on these protective antigens.  
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Chapter 4 

 

Summary 
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In this study, we have made an attempt to compile the bacterial vaccines for different human bacterial 

diseases in order to contribute in healthcare and to serve scientific community, students and general 

public to gather massive information about the vaccines that are used for preventing different bacterial 

diseases and they have made a huge positive impact regarding the health of the people. We have made 

available all this massive information about vaccines, their types, mechanism, routes etc. in the form 

of a web server BacVacDB which can be freely accessed from 

https://webs.iiitd.edu.in/raghava/bacvacdb/. This server provides the facility to allow users to perform 

basic and advanced search regarding the vaccines and to browse the vaccines with respect to different 

options like bacterial diseases, bacterial names, vaccine types and route of administration. We have 

manually curated the information for 167 approved and 204 clinical trial vaccines.  

Also, we have developed a prediction method based on different ML classification techniques for 

predicting if a protein could be used as a BPAgs or not for the vaccine development against bacterial 

diseases. Here, we have collected the positive dataset from Protegen database and negative data from 

AlgPred2 server. We used 14 different features of proteins which were generated using Pfeature 

standalone tool and then applied different ML classification techniques on the same. We hope that this 

would be of great help to the scientific and academic community and also to general public.  
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