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manuscripts should not be exposed to light for long dura-
tion. Some of these traditional materials act as a catalyst 
in the process of deterioration on palm leaf manuscripts. 
Thus, it can be concluded that in Indian palm leaf illustra-
tions, mostly mineral colours have been used.  
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Databases developed till now for studying human–
Mycobacterium tuberculosis (MTB) host–pathogen in-
teractions are scarce and pertain to specific strains of 
pathogen. Therefore, in the present study, a database 
(Mtb-HID) has been developed to serve as a unified 
host–pathogen interaction platform with information 
on interaction between various strains of MTB and 
humans. Mtb-HID is different from other databases 
since it houses information about multiple strains and 
is an extensive integrated repository of experimental 
host–pathogen protein–protein interaction (HP-PPIs) 
data imported from various public databases and  
derived from interolog-based HP-PPIs. Currently, 
Mtb-HID hosts records of interaction between five 
MTB strains and human host. It is freely accessible at 
http://www.pantlab.co.in/mtb-hid/. 
 
Keywords: Database, host–pathogen interaction, humans, 
Mycobacterium tuberculosis. 
 
MYCOBACTERIUM TUBERCULOSIS (MTB) is the causative 
agent of tuberculosis (TB), one of the most devastating 
diseases. Around 10 million people are infected with TB 
worldwide, of which 2.7 million cases belong to India 
alone1. Though extensive efforts have been made by the 
World Health Organization (WHO), it is difficult to pre-
dict whether the disease will be eradicated by 2050 or 
not. The literature suggests that various strains of MTB 
show different patterns of infection in the host2. Viru-
lence and pathogenesis of MTB lead to disease develop-
ment in the host. Several mechanisms of action from the 
pathogen as well as host are involved in establishing the 
disease. Molecular interactions between host cells and 
specific microbial products play an important role in 
gaining pathogenesis. As a result, various changes occur 
in the host cell functioning, thus promoting the pathogen 
to invade the host cell and tissue3. 
 MTB is a member of the Mycobacteriaceae family. It is 
a Gram-positive, acidfast bacterium4. It is considered to 
be acid fast because of its cell wall which is made up of 
lipids. It resists the Gram stain and thus acid is used  
for staining process5. The genome of MTB comprises  
approximately 4.4 million base pairs, containing around 
4000 genes with high GC content6. Though the genome is 
highly conserved due to the co-evolutionary process, 
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strains of MTB from different geographical regions may 
possess different levels of virulence, thus resulting in  
varied epidemiological dominance7,8. An understanding 
of the key characteristics of the pathogen like virulence, 
etiology and nature of the molecular interactions with its 
host is essential to prevent the emergence of disease. 
 There are various TB bacterium strains that exist glo-
bally and vary in their ecological niche. Studies suggest 
that the most widespread lineage of the etiological agent 
of human TB comprises both globally distributed (gene-
ralists) and geographically restricted (specialists) subli-
neages. The globally distributed sublineages infect a 
broader human host range, whereas the restricted ones 
tend to infect only specific populations9,10. Strains of 
MTB have co-evolved with the ancient hominids and are 
still evolving. Based on in silico genome-wide analysis, 
MTB strains are clustered into seven phylogenetic lineag-
es that are adapted to humans and each lineage is asso-
ciated with specific geographical locations11. Lineage 1 is 
Southeast Asian and Oceanian clades, lineage 2 origi-
nated in East Asia comprising ‘Beijing’ strains and is 
highly prevalent. Lineage 2 has been reported for its  
repeated association with drug resistance12. Lineage 3 
represents Central Asian (CAS)/Delhi clades, distributed 
in some countries of East Africa and widely spread in the 
Indian Subcontinent. Lineage 4 covers the EuroAmerican 
strains and is commonly found in America, Europe, the 
Middle East and some parts of Africa. Lineages 2 and 4 
are the most globally distributed of all human MTB  
lineages. Lineages 5 and 6 are localized to West Africa, 
and lineage 7 has recently been observed in Ethiopia or in 
recent Ethiopian emigrants13. 
 Host–pathogen protein–protein interactions (HP-PPIs) 
are often involved in adhering to the target, invading the 
immune defences of the host, colonization, altering the 
molecular events of the host, replicating and persisting 
within the host. Studying HP-PPIs uncovers the nature of 
infection and helps researchers develop armamentarium 
against infectious diseases14,15. There are two experimen-
tal approaches for detecting protein interactions, i.e. (i) 
co-complex methods such as co-immunoprecipitation 
coupled with mass spectrometry, and (ii) binary  
approaches such as luminescence-based mammalian inte-
ractome mapping and yeast two-hybrid system16. These 
processes are expensive and time-consuming. Therefore, 
computational methods have been developed to improve 
the accuracy and efficiency in identifying interactions be-
tween host and pathogen proteins. These include phylo-
genetic profile, interolog method, gene neighbour and 
gene cluster methods17. 
 Readily available data on HP-PPIs are scattered and 
cannot be obtained from a single source. Thus there is a 
need for incorporating all information regarding protein–
protein interactions at a central shareable place. Realizing 
the need for developing a more comprehensive resource 
and up-to-date and organized central repository, the Mtb-

HID (Mycobacterium tuberculosis and human protein–
protein interaction database) has been developed. It is a 
manually curated database of experimental data as well as 
data obtained from HP-PPIs between human host and 
MTB based on interolog method. 
 The strategy can be summarized as follows: (a) Collec-
tion of experimental HP-PPIs data. (b) Application of  
interolog method to determine the unknown HP-PPIs of 
different strains of MTB. (c) Curation of database. (d) 
Removal of redundancy. (e) Creating a user-friendly  
interface for the list of interacting proteins of various 
MTB strains. (f) Direct access to UniProt for further  
information about any protein. 
 Various databases on host–pathogen interactions have 
been developed by several research groups as summa-
rized below. However, the Mtb-HID (http://www.pantlab. 
co.in/mtb-hid/) is a dedicated database that provides  
information about host–pathogen interaction of various 
strains of MTB not incorporated till now by the existing 
repositories. 
 A concise account of the available resources is pre-
sented as: (1) PHI-Base (http://www.phi-base.org/) is a 
host–pathogen interaction database which carries infor-
mation on interactions between various infectious species 
and their host18. (2) PHIDIAS, The Pathogen–Host  
Interaction Data Integration and Analysis System (http:// 
www.phidias.us/), is a server which contains information 
curated from the literature, gene expression data and 
host–pathogen interaction data for pathogens with high 
priority in public health and biological defence19. (3) 
PATRIC database, the Pathosystems Resource Integration 
Center database (https://www.patricbrc.org/), provides 
several analysis tools to support biomedical research on 
infectious diseases. Besides various infectious agents, it 
also provides information on host–pathogen interaction of 
MTB H37Rv strain (reference strain) with human host20. 
(4) PATH (obsolete) was the first specialized database for 
host–pathogen interaction on MTB17. (5) The generalized 
HPI databases contain only the information on the labora-
tory reference strain H37Rv17,21–23. 
 Therefore, Mtb-HID has incorporated information on 
strains not covered in the currently available databases. 
The comparative analysis and statistics shown in Table 1 
will provide a clear picture for the need of a new data-
base. 
 The HP-PPIs data obtained from experimental as well 
as interolog method have been manually curated in Mtb-
HID. The proteome data of the studied MTB strains as 
well as Homo sapiens have been collected from UniProt 
Proteome database and used for primary analysis 
(https://www.uniprot.org/proteomes/)23. The unknown 
HP-PPIs were identified through Biana Interolog Predic-
tion Server (BIPS; http://sbi.imim.es/web/index.php/ 
research/servers/bips)24. The proteins of MTB and H. sa-
piens were considered homologous if they shared at  
least 30% identity and 80% sequence overlap with 
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Table 1. Human–Mycobacterium tuberculosis (MTB) specific host–pathogen protein–protein interactions (HP-PPIs) in different databases 

Database/server Data of strains Number of HP-PPIs 
 

PHI-Base Information on interactions between various infectious  Sixteen interactions in case of MTB H37Rv. 
  species and their hosts.  
 For MTB, only the strain H37Rv was studied.  
 
PHIDIAS Information on interactions of 42 pathogens with their hosts. Phinet PHIDIAS does not contains PHI network 
  A centralized source to search, compare and analyse   information for MTB. 
   integrated genome sequences, conserved domains and   
   gene expression data.  
 
PATRIC Information of various infectious agents. Twenty-four interactions of MTB H37Rv. 
 For MTB H37Rv strain was studied. 
 
PATH Host–pathogen interaction-based on sequence motifs. 118 interactions of MTB H37Rv. 
  Dedicated to MTB H37Rv strain.  
 
Mtb-HID HPI-based on experimental and interlog based method  Total 3198 interactions (H37Rv-698, H37Ra-698, 
   protein–protein interaction study.  Erdman – 698, ATCC 35801–676. 
 Dedicated to strains of MTB.  CAS_NITR204–428). 
 Currently contains HP-PPIs of strains H37Rv, H37Ra,  
   ATCC 35801 / TMC 107/Erdman, ATCC 35801 and 
  CAS_NITR204. 

 
 

 
 

Figure 1. Architecture of Mycobacterium tuberculosis host–pathogen interaction database (Mtb-HID). 
 
 
E-value less than 1 × e–10. In this study we have set ho-
mology condition using filters, i.e. Blast and Joint E-
value ≤5e–10 % and joint-identities ≥80, query sequence 
coverage ≥80 and template sequence coverage ≥90. The 
protein sequences were also filtered by predictions based 
on cluster of orthologous genes defined by eggNOG25. 
These protein–protein interactions were validated through 
the String database version 10.5 (https://string-db.org). 
This database shows a wide range of information on pro-
tein–protein interactions retrieved through text mining, 
homology prediction and other techniques. Interolog-
based mapping approach was used to generate the com-
plete interactome of all the studied strains of MTB with 
reference to humans26. 
 Mtb-HID was developed as a relational database using 
MySQL. User interface of Mtb-HID has been developed 

on the Bootstrap framework that makes it the mobile-first 
website. The server scripting and back end were devel-
oped in CodeIgniter framework MVC architecture. Mtb-
HID runs on a Linux system using an Apache 2 web 
server. The functionality and internal structure of Mtb-
HID were tested using white-box and black-box respec-
tively. After successful testing, the system has been 
hosted on http://www.pantlab.co.in/mtb-hid/. Ajax, 
jQuery JSON tools and technique were used to make the 
search and advanced search operations more user-
friendly. The publicly accessible web server has three-tier 
architecture (Figure 1). Figure 2 shows the web interface 
of Mtb-HID. Users can retrieve HP-PPIs by searching for 
proteins in UniProt query format (e.g. P9WPU7) using 
bootstrap form (front end) of the database. Query is 
processed through PHP (middle tier) to extract data from 
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Figure 2. Screenshot of the web interface of Mtb-HID. 
 
 

 
 

Figure 3. Screenshot of the browse page of Mtb-HID that allows users to access the host–pathogen interaction (HPI) between 
different Mycobacterium tuberculosis strains and human host. 

 
 
the relational database. The result related to a query is 
then presented to the users. 
 The simple browse page allows users to select the 
MTB strains. As the strains get clicked, the detailed table 
on host–pathogen interacting proteins is displayed. The 
strain-specific interactions can be studied through the 
browse page (Figure 3). Currently, the web server hosts 
information on five strains, i.e. H37Rv, H37Ra, ATCC 

35801/TMC 107/Erdman, ATCC 35801 and CAS_ 
NITR204. 
 The interaction of any MTB protein to the human host 
protein can be searched through the advanced search page 
of the website by entering any MTB protein name or  
its UniProt ID. A list of interacting proteins matching to 
the query is shown. The query will be searched in the  
dataset of all strains. For example, if one searches for 
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Figure 4. Screenshot of advanced search of Mtb-HID that allows users to access HPI (M. tuberculosis strains with human host) 
of the desired protein using protein name or its UniProt ID on a single page. 

 
 
cytochrome c oxidase subunit 1 using UniProt ID 
P9WP71 (COX1_MYCTU), totally 325 results are re-
trieved, including Q0Z7F1_Human (cytochrome c oxi-
dase subunit 2) and Q2HJS3_HUMAN (cytochrome c 
oxidase subunit 3). Details of each ID can be obtained by 
clicking on the result; the hyperlinks will navigate the 
page to UniProt Knowledgebase (Figure 4)27. 
 In addition, an FAQ section has been incorporated in 
the web server which will help users better understand 
the host–pathogen interaction analysis. Users can directly 
contact the system administration for any query through 
the ‘Contact Us’ page. 
 TB is preventable and curable, but the rise of drug  
resistance, i.e. MDR (multi-drug resistance) and XDR 
(extensive drug resistance) is a major concern in the 
treatment of the disease. Studies suggest that an individu-
al can harbour multiple strains of MTB28. It has also been 
reported that different strains show various patterns of  
infection in the host2,12. The initial research on drug dis-
covery for TB was done on MTB laboratory strains 
H37Rv or at H37Ra. Detailed analysis of other strains is 
also required and needs exploration in the field of host–
pathogen interactions. The study of diversified patterns  
of infection can be obtained through HP-PPIs. This is 
particularly important for drug discovery to identify  
potential drug targets present in all the strains of MTB,  
so that one drug can act on all the strains efficiently. The 
existing host–pathogen interaction servers house data 
mostly of H37Rv strain of MTB which is a laboratory 
strain. Mtb-HID is different since comprehensive data on 
the HPPPIs of five strains have been made available.  
We plan to extend the database by incorporating all inte-
ractions from various other MTB strains also in the  
future. 
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To study the effects of storage conditions on vermi-
compost, an experiment was conducted with freshly 
prepared, un-dried fresh vermicompost (60% mois-
ture), and pre-air dried vermicompost (30% moisture) 
stored in polythene bags for a period of four weeks 
under different moisture and aeration conditions. 
Three different storage conditions were tested by plac-
ing fresh and pre-dried vermicompost in: (1) open 
bags, (2) holed bags and (3) sealed bags. Vermicom-
post properties were analysed weekly for four weeks 
after storage. The moisture content declined in both 
fresh and pre-dried vermicompost, with a maximum 
decline under open bag condition, followed by holed 
and sealed bags. In the sealed airtight bags with fresh 
vermicompost, a rapid decline in total organic carbon, 
nitrogen and electrical conductivity was observed dur-
ing the first and second week of storage, possibly due 
to microbially-triggered volatilization losses. How-
ever, such decline was lacking in pre-dried vermicom-
post. In open and holed bags, the carbon and nitrogen 
were retained and rather increased during storage, 
possibly due to ongoing aerobic decomposition and no 
volatilization losses. The highest nutrient quality was 
observed under predried holed bag conditions, possibly 
due to optimal microbial activity releasing nutrients, 
combined with no volatilization losses. It was con-
cluded that fresh vermicompost must be air-dried be-
fore its storage in bags. Storage of air-dried 
vermicompost under aerobic conditions using open/ 
holed bags appears to be the best option for retaining 
nutrients and quality of vermicompost. 
 
Keywords: Carbon, electrical conductivity, nitrogen, 
quality, storage conditions, vermicompost. 
 
VERMICOMPOST is widely used as an organic source of 
nutrients and carbon due to its high availability of  
nutrients and also for improving soil aeration, water-
holding capacity, buffer capacity, and cation exchange 
capacity of soils1,2. Application of agrochemicals for 
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