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ABSTRACT

Microorganisms produce an enormous variety of
chemical compounds. It is of general interest for mi-
crobiology and biotechnology researchers to have
means to explore information about molecular and
genetic basis of functioning of different microor-
ganisms and their ability for bioproduction. To en-
able such exploration, we compiled 45 topic-specific
knowledgebases (KBs) accessible through DESM
portal (www.cbrc.kaust.edu.sa/desm). The KBs con-
tain information derived through text-mining of
PubMed information and complemented by informa-
tion data-mined from various other resources (e.g.
ChEBI, Entrez Gene, GO, KOBAS, KEGG, UniPath-
ways, BioGrid). All PubMed records were indexed us-
ing 4 538 278 concepts from 29 dictionaries, with 1
638 986 records utilized in KBs. Concepts used are
normalized whenever possible. Most of the KBs fo-
cus on a particular type of microbial activity, such
as production of biocatalysts or nutraceuticals. Oth-
ers are focused on specific categories of microor-
ganisms, e.g. streptomyces or cyanobacteria. KBs
are all structured in a uniform manner and have a
standardized user interface. Information exploration
is enabled through various searches. Users can ex-
plore statistically most significant concepts or pairs
of concepts, generate hypotheses, create interactive

networks of associated concepts and export results.
We believe DESM will be a useful complement to
the existing resources to benefit microbiology and
biotechnology research.

INTRODUCTION

An overwhelming amount of literature is associated with
the microorganism research area, as they are of special in-
terest to industry and bring about cycling of nutrients and
compounds essential for the survival of all organisms (1).
These microorganisms are found to inhabit diverse envi-
ronments, some more extreme than others, and thus have
adapted or developed mechanisms of resistance that allow
them to find energy, digest food and reproduce (2–4). In
this process, a variety of chemical compounds are produced.
These diverse microbial activity mechanisms are being used
in the production of food, agriculture, petrochemical and
biotechnology industries, medicine and warfare. Some ex-
amples include the use of: (i) microbes to produce dairy,
meat, fish, vegetables, legumes, cereals, beverages and vine-
gar (5), (ii) microbes to alter plant DNA conferring resis-
tance to insects and viruses (6), (iii) plants root bacteria to
convert nitrogen from the air into a form that the plant can
use, like fertilizer, (iv) decomposing microbes in wastewater
treatment plants, composting facilities and landfills (7), or
production of antibiotics (8).

For bacteria, there are currently approximately 12 000
draft and complete genomes that are annotated. Addition-
ally, some microorganisms are adjusted through directed
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evolution or engineered for industrial production of im-
portant chemicals, which makes them the so-called micro-
bial cell factories. Thus, it is of general interest for mi-
crobiology and biotechnology researchers to have means
to explore information about molecular and genetic ba-
sis of functioning of different microorganisms, as well as
their ability for bioproduction, seen from the viewpoint
of interconnections/associations of different concepts such
as chemical compounds, existing functional annotation,
genes/proteins and taxonomy. Associations between con-
cepts can be used to generate networks of concept links that
can be conveniently visualized, which can help in under-
standing: (i) potential influences these entities may have on
each other, (ii) functioning of the microorganism as a whole
and/or (iii) its capacity for specific bioproduction.

To enable such information exploration, we compiled 45
topic-specific knowledgebases (KBs) focused on different
aspects of microbial activities or microbial groups. These
KBs are accessible through DESM portal (www.cbrc.kaust.
edu.sa/desm), which is a platform for discovery, analysis
and exploration of information from these topic-specific
microbial-focused KBs. The KBs are compiled using inte-
gration of text-mining and data-mining and they address
the task of association discovery with respect to the special-
ized but broad spectrum of topics related to microorgan-
isms. In DESM, for the compilation of the background in-
formation, the text-mining part utilized all PubMed records
indexed with 4 538 278 concepts from 29 dictionaries. The
45 topic-specific KBs in DESM used information from 1
638 986 of these indexed PubMed records. Information ex-
ploration is enabled through searches of the text-mined in-
formation and its integration with data-mined information
from external data sources. A more detailed description of
DESM follows.

DATABASE COMPILATION

Overview of DESM design

DESM data are hosted on a PostgreSql server and queried
through an interactive web interface implemented using
PHP and JQuery. The portal provides access to different
KBs that run under the control of DES v2.0, an in house
knowledge exploration platform developed from the previ-
ous version of Dragon Exploration System (DES). Previ-
ous versions of DES have been used for the compilation
of a number of databases and KBs (9–15), as well as for
several patent pending discoveries based on the mined in-
formation. DES v2.0 is a web-based, three-tier application
(Supplementary Figure S1) consisting of data, logic and
presentation tiers. Data are stored and processed by the
data tier that is implemented in open source, PostgreSQL
object-relational database system. DES uses highly struc-
tured data divided into number of databases and multiple
schemas to group similar tables, indexes and functions. The
logic tier utilizes open source, Apache-based web and ap-
plication server. In addition to server scripts, the applica-
tion server hosts a number of indexing and background data
processing utilities. The presentation tier is AJAX-based
(asynchronous JavaScript and XML), which allows for ef-
ficiency and provides the user with a features rich, easy to
use interface.

Construction of individual KBs

The DES system relies on two main components: controlled
vocabularies (dictionaries), which comprise concepts from
specific fields, and PubMed records. The text of all titles and
abstracts of scientific publications referenced in PubMed is
matched against all dictionaries locally to provide a global
index used in DESM to link each concept to its occurrences
within the PubMed records. This indexing is done at the
character level to enable concept highlighting within a sen-
tence, as well as at the document (title and abstract) level
to enable concept occurrence and co-occurrence counts. To
create a KB, the KB index is created from this global in-
dex by restricting it to PubMed identifiers retrieved as a re-
sponse to the PubMed query that defines the topic of the KB
(Supplementary Figure S2). From this KB index, a num-
ber of relations are derived at the KB creation time such
as enriched concepts, enriched associations between these
concepts and potential hypotheses. The enrichment refers to
over-representation of the concepts or pairs of concepts in
the KB as compared to the whole PubMed. This enrichment
is characterized by the default false discovery rate (FDR) of
0.05.

Most of the compilation of a KB is automated. The man-
ual procedures involve: (i) generation of the query for re-
trieving the relevant PubMed IDs, (ii) selection of relevant
dictionaries and (iii) possible additional cleaning of dictio-
naries by elimination of promiscuous terms.

Populating KBs

Each KB is generated from titles and abstracts retrieved
from PubMed records in response to a specific query, and
complemented by data-mined information from a number
of major resources from biology fields, such as ChEBI (16),
Entrez Gene (17), GO (18), KOBAS (19), KEGG (20), Re-
actome (21), UniPathways (22), PANTHER (23) and Bi-
oGrid (24). Text-mining is performed using 20–29 differ-
ent dictionaries (depending on KB) that include controlled
vocabularies of relevance for the KB’s specific topic. In
DESM, some KBs focus on selected microbial activities,
e.g. production of important compounds such as ethanol,
butanol, acetone, nutraceuticals or biocatalysts, while oth-
ers are focused on selected categories of microorganisms,
e.g. lactobacillus, streptomyces, sulphur-reducing bacteria
or cyanobacteria, which have found use in industrial appli-
cations.

INFORMATION CONTAINED IN KBS

Concepts and dictionaries
The information contained in a KB is seen in DESM
through the concepts identified in the analyzed topic-
specific set of documents, as well as through the poten-
tial associations between these concepts. These concepts are
terms collated into category-specific dictionaries. For exam-
ple, there are dictionaries for ‘Industrially Important En-
zymes’, ‘Chemical Entities of biological interest’, ‘Antibi-
otics’, etc. (the list of the dictionaries we compiled and used
in DESM is given in Table 1). One concept can appear in
various versions in a free text. Thus, to keep non-redundant
information, concepts are normalized (i.e. only one index
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Table 1. Dictionaries used in DES v2.0

Dictionary name Dictionary category Source New/updated Normalized

Archaea (NCBI Taxonomy) Taxonomy Entrez Taxonomy new yes
Bacteria (NCBI Taxonomy) Taxonomy Entrez Taxonomy new yes
Fungi (NCBI Taxonomy) Taxonomy Entrez Taxonomy new yes
Marine Snails (NCBI Taxonomy) Taxonomy Manually compiled and

curated
updated yes

Porifera taxons Taxonomy Manually compiled and
curated

updated yes

Source Microbes for Antibiotics Taxonomy Manually compiled and
curated

new yes

Viroids (NCBI Taxonomy) Taxonomy Entrez Taxonomy new yes
Viruses (NCBI Taxonomy) Taxonomy Entrez Taxonomy new yes
Archaea Genes (EntrezGene) Genes/proteins/transcripts Entrez Gene new yes
Bacteria Genes (EntrezGene) Genes/proteins/transcripts Entrez Gene new yes
Fungi Genes (EntrezGene) Genes/proteins/transcripts Entrez Gene new yes
Viroid Genes (EntrezGene) Genes/proteins/transcripts Entrez Gene new yes
Viruses Genes (EntrezGene) Genes/proteins/transcripts Entrez Gene new yes
Biological Process (GO) Functional annotation GO updated yes
Cellular Component (GO) Functional annotation GO updated yes
Disease Ontology (DO) Functional annotation DO updated yes
Molecular Function (GO) Functional annotation GO updated yes
Pathways Functional annotation KEGG, Reactome,

UniPathway, Panther
updated no

Antibiotics Chemicals/Compounds Manually compiled and
curated

updated yes

Chemical Entities of Biological
Interest (ChEBI)

Chemicals/Compounds ChEBI new yes

Conopeptides Chemicals/Compounds Manually compiled and
curated

updated yes

Drugs (DrugBank) Chemicals/Compounds DrugBank new yes
Enzymes (Intenz) Chemicals/Compounds Intenz new yes
Industrially Important Enzymes (EC) Chemicals/Compounds Manually compiled and

curated
new yes

Metabolytes (Metabolights) Chemicals/Compounds Metabolights new yes
Sponge Compounds Chemicals/Compounds Manually compiled and

curated
updated yes

Toxins (T3DB) Chemicals/Compounds T3DB new yes
Geographic Names General Manually compiled updated no
Human Anatomy General Manually compiled updated no

internally in DESM would represent the concept that may
appear in various versions of names, synonyms and sym-
bols that would all describe the same entity). Concepts in
all dictionaries (except for ‘Pathways’, ‘Human Anatomy’
and ‘Geographical Names’) are normalized (Table 1).

The sources used to compile dictionaries are listed in Ta-
ble 1. There are a number of databases that provide nomen-
clatures for entities in various fields, e.g. Entrez Gene pro-
vides a taxonomy-based nomenclature for genes, which in-
cludes: the gene official name and alternative names, official
symbol, aliases, etc. For one gene, these are provided related
to an Entrez Gene unique identifier. Some other concepts
are derived from the nomenclatures that are in the form
of ontologies, such as ‘Gene Ontology (GO)’ and ‘Disease
Ontology (DO)’. The third group of dictionaries is derived
from the taxonomy information contained in Entrez Tax-
onomy database, such as for ‘Achaea (NCBI Taxonomy)’,
‘Bacteria (NCBI Taxonomy)’, ‘Fungi (NCBI Taxonomy)’,
‘Viruses (NCBI Taxonomy)’, and ‘Viroids (NCBI Tax-
onomy)’. Finally, other dictionaries such as ‘Antibiotics’,
‘Conopeptides’, ‘Sponge Compounds’, ‘Porifera Taxons’,
‘Source Microbes for Antibiotics’, ‘Marine Snails’, ‘Geo-
graphic Names’ and ‘Human Anatomy’ (Table 1) are de-
rived manually from the relevant literature and public re-

sources, and curated, except the last two. All dictionaries are
further cleaned from the ‘common’ English terms and af-
ter that manually cleaned by eliminating promiscuous terms
based on the frequency of their appearance, so as to reduce
the ‘noise’ in the DESM reports.

Furthermore, in DESM, when dictionaries are compiled
from various sources we integrated them into a unified for-
mat, in our case a relational database schema. This schema
keeps track of the imported concepts, including their con-
stituent terms, and the dictionaries they are assigned to.
This schema also allows normalization by keeping track of
term source database identifiers.

When a single term is shared by multiple concepts within
the same dictionary it becomes ambiguous. Therefore, such
terms are excluded from that dictionary. In this case, the
corresponding concept can still be text-mined through other
versions of its name. However, terms or whole concepts can
appear in several dictionaries, e.g. proteins and enzymes,
chemicals and drugs, genes and disease, etc. In such cases,
an index record is created for the same term for each dictio-
nary it belongs to.

When PubMed document title and abstract are pre-
sented, the terms are highlighted in different colors for eas-
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ier recognition of concepts belonging to different dictionar-
ies.

When concepts are presented in a tabular format, only
those that are statistically enriched in the KB are listed, so
as to increase chances to keep those most relevant to the KB.
This is achieved by determining the P-value for concept en-
richment in the KB as opposed to the whole PubMed. The
P-values are calculated based on the hypergeometric test for
enrichment. This P-value is corrected for multiplicity test-
ing based on the Benjamini–Hochberg method (25). Note
that this P-value is also known as FDR. We used a default
FDR of 0.05. The concepts are by default ranked based on
FDR. In all cases in DESM the P-values are determined as
described above.

Associations of concepts

An association between the concepts A and B is any for-
mal connection/link between the concepts. In order for
an association to be useful, it should be meaningful. This
means the link between the concepts A and B should
make sense in a specific context. Thus, to increase the
chances for this, in DESM we rely on the assumption that
two concepts A and B have more chances to be mutually
dependent/associated/linked if they co-occur (in the same
document) within the context of the KB more than would
be expected by chance. To provide for this, in DESM, only
the co-occurrences of the statistically enriched concepts in
the same documents are used to compute two measures of
association: Point-wise Mutual Information (PMI) (26) and
FDR. These measures of the strength of association are
used in DESM to rank the co-occurring concepts. We used
a default FDR of 0.05 to list the potential associations.

Hypotheses

Consider concepts A, B and C. If concept A and B are as-
sociated, and concepts B and C are associated, according
to the Swanson linking technique (27) it can be hypothe-
sized that concepts A and C are also associated by transi-
tion, even if this information is not directly reported. For
example, if an association between disease A and protein
B is reported in one document (e.g. protein B is highly ex-
pressed in disease A), and another document reports an as-
sociation between protein B and drug C (say drug C inhibits
expression of protein B), then, it can be hypothesized from
these two pieces of disjoint data that drug C might have an
effect on disease A. Swanson linking is performed in DESM
and indirect links representing potential hypotheses are re-
ported.

IMPROVEMENTS INCORPORATED IN DES V2.0

DES v2.0 is a completely new redevelopment and is signifi-
cantly advanced compared to the previous versions of DES.
These extensions include:

(i) A significant expansion of the controlled vocabular-
ies: Some new dictionaries, not present in the previous
versions, were added, and some of the existing dictio-
naries were updated (Table 1). This led to a 6-fold in-

crease in the number of terms used for document in-
dexing (from less than one million to over six million
terms).

(ii) Various optimizations: The significant size of the re-
sulting index affects backend processes such as index-
ing time, KB creation/rebuilding time, as well as KB
queries (frontend responsiveness). A number of opti-
mizations were implemented to speed up KB queries.
Backend processes were also significantly optimized to
enable easier periodic data cleaning, re-indexing and
KB rebuilding within reasonable time frames. This
also included a hardware upgrade of the database
host.

(iii) Concept normalization: Normalization enables the
capturing of term variations of the same concept in
text, and assigning these alternatives to the same stan-
dard identifier that can be recognized by external data
sources (e.g. Entrez gene identifier). Previous versions
of DES lacked this feature, but newly compiled and
updated dictionaries within DES v2.0 contain normal-
ized concepts in almost all cases. Any further exten-
sion of DES v2.0 will also implement normalization
of concepts.

(iv) Concept and association enrichments: Term frequen-
cies were used in previous DES versions to rank terms
and their co-occurrences. This led to common terms
(e.g. ‘protein’) and their corresponding associations
to be highly ranked, even if they have little relevance
to the KB or they represented too general concepts
to convey useful information in the context of a spe-
cific KB. In DES v2.0, concepts and associations are
ranked based on how much they are ‘over-represented’
within the specific KB. Concept normalization has
helped to more accurately determine the enrichments.

(v) Inclusion of external information: Normalization en-
ables linking text-mined data to external data sources.
Within DESM in particular, KOBAS pathways were
enriched based on gene/protein mentions within the
text. So currently, there is a wealth of information
that is incorporated within DES v2.0, such as gene–
gene interactions (BioGrid), gene-pathway associa-
tions (KOBAS), GO ontology enrichments based on
gene/protein mentions (GO annotations).

(vi) DES v2.0 web interface and the network viewer also
underwent a number of changes, which were mainly
based on feedback from users of the system. The aim
was to make these simple, intuitive and easy to use.
Network representation is based on Cytoscape (28)
and other graphical representations of concepts and
associations are based on Krona (29).

(vii) In the original version, the PubMed documents were
retrieved and indexed on the fly. In DES v2.0 the whole
local installation of PubMed is indexed in advance,
and only the PubMed identifiers of the topic-specific
PubMed records are obtained by querying PubMed
directly.

UTILITIES

DESM provides users with a number of tools to explore, fil-
ter and visualize enriched concepts and their associations.
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The instructions are provided on the KBs help pages. Users
have possibility to explore statistically most significantly
enriched concepts from numerous used dictionaries. It is
possible to find associations of a particular concept from
all or specific dictionaries, to explore pairs of concepts, as
well as to generate hypotheses. The networks of associated
concepts can be incrementally built and interactively ad-
justed. In all scenarios, the concepts or pairs of concepts are
ranked based on the P-values corrected for multiplicity test-
ing, point-wise mutual information or number of PubMed
documents where concepts are found. Concepts from most
of the dictionaries are normalized. Some concepts such as
pathways are not normalized due to the disparities of path-
way contents when pathways appear in different reposito-
ries. The help instructions are provided. Users have possi-
bility to export many types of information of interest. As
an example, if KB for production of biocatalysts is consid-
ered, one can find information linking genes/proteins from
bacteria and archaea, bacterial and archaea species, differ-
ent pathways, metabolites, enzymes, toxins, etc. to help ex-
ploring underlying mechanisms of biocatalysts production
across various microorganisms.

In order to access any of the KBs users have to click on
the ‘Open Knowledgebases’ tab from the main menu on the
top of the DESM homepage. Then any of the KBs can be
selected from the left side table and opened by clicking on
the ‘Open’ button at the right top of the page. The content of
the KB can be explored through the ‘Concepts’, ‘Associated
Concepts’, ‘Hypotheses Explorer’ and ‘KOBAS Pathways’
links on the left side menu. Here we briefly describe each of
them.

Concepts

Concepts can be ranked by P-value, frequency of appear-
ance in KB (KB frequency), frequency of appearance in the
whole PubMed (PubMed frequency) or alphabetic order.
As the concepts are normalized, a number of terms may
represent the same entity. In the literature view, a concept
is expanded to display synonyms, and its occurrences are
highlighted within the text according to a dictionary-based
color-scheme. Concepts can be filtered using the search
functionality, by dictionary or by restricting their P-value,
or raw counts. Concepts also have a right click menu to
bring up their associated concepts in tabular format, as a
pie chart or as a Cytoscape (28) network.

Associated concepts

Concept pairs can be ordered by P-value, PMI or co-
occurrence counts. Similarly, associations can be filtered by
searching on one or both contributing concepts by, (i) dic-
tionary, (ii) restricting the P-value, PMI or (iii) the term co-
occurrence frequency.

Hypotheses explorer

Ranking of the most promising hypotheses as explained
above.

KOBAS pathway (KEGG Orthology Based Annotation Sys-
tem)

Even though a number of pathway sources are used to com-
pile the pathway dictionary in DESM, only a small propor-
tion gets matched to the text. In particular, long name path-
ways have a higher probability to have text variations and
consequently be missed by the parser. In DESM, taxonomy
specific pathway enrichment is also provided through the
use of external gene-to-pathway annotations.

KOBAS (KEGG Orthology Based Annotation System,
http://kobas.cbi.pku.edu.cn) provides such annotations
which integrate a number of pathway databases, namely:
KEGG PATHWAY, PID (30), BioCarta (31), Reactome,
BioCyc (32) and PANTHER (23). Over-represented path-
ways for a particular taxonomic category are identified by
first extracting the genes within the knowledge-base be-
longing to the taxonomy, and using that as a sample in-
put against the corresponding KOBAS annotation as back-
ground for calculating the enrichment P-values. Separately
from these, each concept can be explored also through the
graphical interactive network view. This is accessible by
right click on the term of interest and choosing the ‘Net-
work’ option.

Network view

Users can be interested in various scenarios involving a
number of concepts from various dictionaries, where these
scenarios are mostly set out with exploratory tasks that
consequently develop into targeted investigations or cura-
tion tasks. Sifting through term pairs in tabular format is
not always the best option and the network viewer is more
suited for this kind of general-purpose exploration. Using
the network view, the user can incrementally build a net-
work of concepts and their associations, by choosing one or
more dictionaries at each step, and trimming out irrelevant
links as they progress. The nodes in the network represent
concepts and they are color-coded and assigned different
shapes to allow for an easier visual distinguishing of vari-
ous types of concepts. The ‘Help’ page explains the use of
the network view.

EXAMPLES OF POTENTIAL USE

Identification of candidate antitubercular drugs via drug
repositioning

To demonstrate how DESM can be used to possibly iden-
tify drugs suitable for repositioning, we consider identify-
ing a candidate drug to treat tuberculosis. Studies show
that when oxygen and nutrients are depleted, the tricar-
boxylic acid cycle (TCA) is down-regulated and the alter-
nate glyoxylate cycle sets in to produce energy (33). More-
over, it has been demonstrated that during down-regulation
of TCA cycle, inhibition of the glyoxylate cycle enzyme,
isocitrate lyase, is fatal to Mycobacterium tuberculosis (34).
Mycobacterium tuberculosis is the infectious agent for tuber-
culosis disease, the greatest killer worldwide only second to
HIV/AIDS (35). Thus, scientific research has been focused
on isocitrate lyase as potential drug target for the identifica-
tion of new antitubercular drugs. However, Mycobacterium
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Figure 1. A step-wise illustration of how DESM can be used to short-list candidate antitubercular drugs via drug repositioning. This search focused

toward identifying drugs that target isocitrate lyase for the treatment of tuberculosis, where . The
numbers associated with edges indicate the number of PubMed documents where the concepts linked by the edge co-occur.

tuberculosis/isocitrate lyase-related research is sluggish ow-
ing to it requiring biosafety level three facilities and My-
cobacterium tuberculosis itself being slow growing. To sup-
port Mycobacterium tuberculosis/isocitrate lyase-related re-
search, DESM can be used to possibly identify candidate
antitubercular drugs via drug repositioning.

Here, we take into account that the role of isocitrate
lyase in bacterial and fungal pathogenesis has been reported
(36). Some example include: (i) pathogenesis of fungus Lep-
tosphaeria maculans upon infection of canola (Brassica na-
pus) (37), (ii) pathogenesis of fungus Magnaporthe grisea
upon infection of rice blast (38) and (iii) pathogenesis of
fungus Candida albicans upon infection of the human host
(39). Thus, an anti-fungal drug that targets isocitrate lyase
directly or indirectly may be a candidate drug that can be
repositioned for tuberculosis treatment.

C. albicans is a common pathogen while Saccha-
romyces cerevisiae is rarely found in human hosts. Even
so, both fungi are readily phagocytosed by macrophages.
Macrophages efficiently kill S. cerevisiae, while C. albi-
cans cells grow in a filamentous morphology thereby killing
macrophages in the process. Nonetheless, S. cerevisiae has
been used as a model organisms to study fungal primary
response to phagocytosis; it was observed that enzymes of
the glyoxylate cycle where highly induced including key en-
zymes, isocitrate lyase and malate synthase (40). Based on
these observations for S. cerevisiae, it is interesting to an-
alyze the glyoxylate pathway in C. albicans when this or-
ganism is inside the macrophage. C. albicans homologs of
isocitrate lyase were induced upon phagocytosis (40). Thus,

for the below drug repositioning demonstration we use S.
cerevisiae because it has been used as a model organism to
study fungal phagocytosis, shown to induce isocytrate lyase
in this process and will likely not provide a patentable drug
but instead provide a mere plausible demonstration of how
DESM can be used to derive candidate drug that could be
repositioned.

Drug repositioning demonstration. The
‘DESM Isocitrate Glyoxylate Lyase’ Knowledge-
base is used for this demonstration. Highlight the
‘DESM Isocitrate Glyoxylate Lyase’ Knowledgebase,
then click ‘Open’ in the right side pane. Select the term
‘isocitrate glyoxylate-lyase (succinate-forming)’, then right
click to generate a ‘network’. Select ‘isocitrate glyoxylate-
lyase (succinate-forming)’, and expand its association
with the ‘Fungi’ and ‘Bacteria’ dictionaries. Then, select
‘Saccharomyces cerevisiae’ (one of the fungi retrieved),
and expand its association with the ‘Enzyme’, ‘Disease’
and ‘Drug’ dictionaries. Similarly, select ‘Mycobacterium
tuberculosis’, and expand its association with the ‘Enzyme’,
‘Disease’ and ‘Drug’ dictionaries. For the ‘Fenicol’ drug,
expand its association with the ‘Enzyme’, ‘Disease’ and
‘Bacteria’ dictionaries. Select all enzymes, drugs and
diseases except ‘Tuberculosis, antepartum’, ‘Ecthyma
contagiosum’, ‘Fenicol’ and ‘isocitrate glyoxylate-lyase
(succinate-forming)’, right click to remove selected terms
(Figure 1). Figure 1 demonstrates that ‘Fenicol’ is as-
sociated with ‘Saccharomyces cerevisiae’ and ‘isocitrate
glyoxylate-lyase (succinate-forming)’ and is not linked
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Figure 2. An illustration of how DESM can be used to quickly screen existing bibliography and confirm that most co-occurrences of Archaea and the
human body are linked to the oral cavity, the gastro-intestinal tract and feces (or closely related terms), and that the vast majority of taxa belonged to

the methanogens, where . The numbers associated with edges indicate the number of PubMed documents
where the concepts linked by the edge co-occur.

to ‘Mycobacterium tuberculosis’, even though ‘Mycobac-
terium tuberculosis’ is linked to ‘isocitrate glyoxylate-lyase
(succinate-forming)’. This finding suggests that ‘Fenicol’ is
a plausible candidate drug that can be considered for treat-
ment of Mycobacterium tuberculosis-associated diseases,
‘Tuberculosis, antepartum’ and ‘Ecthyma contagiosum’, if
these associations cannot be found in a literature search
as well. Figure 1 only shows the network based on the
‘Fenicol’ drug (for visual simplicity), however, several drugs
are usually associated with each fungi and bacterium. This
procedure can be applied to the other fungi and bacteria
not tested, to generate a list of plausible candidate drug
that can be considered for treatment of Mycobacterium
tuberculosis-associated diseases. However, it must be noted
that all drugs candidates short-listed in this manner must
be further verified with a literature search.

Archaea in the human body

Members of the domain Archaea have been chronically ne-
glected when compared with Bacteria, but research in the

field is currently witnessing a wave of new discoveries and
renewed interest in their diversity, ecology and applications
(41). The widespread use of molecular-based methodolo-
gies was vital to this shift. Most importantly, they showed
that Archaea were much more diverse and ubiquitous than
anticipated challenging the long-standing perception that
they were restricted to extreme environments. Indeed, they
populate and thrive in a variety of moderate environments,
are involved in symbiotic relationships, and surprisingly
have even been detected in several parts of our bodies (42–
46). Some studies point to a possible link between their pres-
ence and certain medical conditions (47–49).

The network view tool in the ‘DESM Human Microbes’
KB is used to illustrate the relationship between archaea
and human anatomy. This demonstration includes: (i) se-
lecting an appropriate sub-group of parts of the human
body, after multiple rows of expansion based on the human
anatomy dictionary; (ii) expanding each human anatomy
term using the Archaeal taxa dictionary, so as to highlight
the co-occurrence of specific archaea within each location;
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Figure 3. An illustration of how to generate a more topic-specific network, instance specifically on Metanobrevibacter oralis and associated diseases (chronic
peridementitis, pericoronitis and disease of supporting structures of teeth), we quickly identified a network of associated microbial and archaeal taxa, where

. The numbers associated with edges indicate the number of PubMed documents where the concepts linked by
the edge co-occur.

(iii) expanding each obtained archaeal taxa using the Dis-
ease ontology dictionary to link the location in the human
body, and presence of archaea to a specific disease.

The network view generated using DESM (Figure 2) al-
lowed us to quickly screen the existing bibliography and
confirm that most co-occurrences of Archaea and the hu-
man body are linked to the oral cavity, the gastro-intestinal
tract and feces (or closely related terms), and that the vast
majority of taxa belonged to the methanogens. The high-
est number of co-occurrences at the species level consisted
of Methanobrevibacter smithii, Methanosphaera stadmanae
and Methanobrevibacter oralis. Furthermore, the species
of the genus Methanobrevibacter were seemingly linked
with several human diseases, which were directly related
to their preferential location in the human anatomy (e.g.
Methanobrevibacter oralis was linked to teeth, and to three
different dental pathologies).

The prevalence of methanogens, as the most abundant ar-
chaea in human bodies, as well as the higher incidence of
these three species is in good agreement with previous stud-
ies (47,48,50). Methanobrevibacter smithii is widely recog-
nized as the most abundant archaea in our bodies, most im-

portantly in our grastrointestinal tract (51), while M. oralis
is the dominant archaeal species in the oral cavity (52,53).
Also, the link between the aforementioned Methanobre-
vibacter species and these pathologies has been previously
noted by other researchers and is at the center of several
recent studies and ongoing debate on the exact role of ar-
chaea, which might be linked to syntrophy (49,50).

Focusing our attention specifically on Metanobrevibacter
oralis and associated diseases (chronic peridementitis, peri-
coronitis and disease of supporting structures of teeth), we
quickly identified a network of associated microbial and
archaeal taxa (Figure 3). An interesting observation was
the co-occurrence of specific bacterial species that were si-
multaneously linked to M. oralis and to one or more of
the three dental pathologies. Particularly noteworthy within
this community were Porphyromonas gingivalis, Tannerella
forsythia and Prevotella intermedia, as they were linked to all
three pathologies, and to M. oralis. Fittingly, a recent study
discussed possible direct and indirect interactions between
10 bacterial species intimately associated with periodontitis,
which included the three bacterial species listed above, and
M. oralis (49).
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The knowledge of the microbial network associated with
specific diseases is vital for the elucidating possible inter-
actions between these different microbes, effects in these
pathologies and possible new treatments. DESM provides
an easy-to-use, and quick methodology to explore such net-
works of interactions between human anatomy, microbial
networks and disease.

CURRENT STATUS AND UPDATES

Up-to-date statistics of the DESM are available on the web-
site. We intend to update DESM KBs on a six months basis.
In the future we plan to extend our list of KBs and dictio-
naries and encourage users to provide feedback.

AVAILABILITY AND REQUIREMENTS

KBs are accessible through the DESM portal (www.
cbrc.kaust.edu.sa/desm) using any of the mainstream web
browsers including Firefox, Chrome and Safari. As far as we
know the only feature that has browser inter-compatibility
issues is the network export option that is only available
through Chrome. The use of DESM is free for academic and
non-profit users.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENT

The computational analysis for this study was performed on
Dragon and Snapdragon compute clusters of the Compu-
tational Bioscience Research Center at King Abdullah Uni-
versity of Science and Technology.

FUNDING

Competitive research funding from King Abdullah Univer-
sity of Science and Technology (KAUST) in Saudi Arabia.
Funding for open access charge: King Abdullah University
of Science and Technology (KAUST).
Conflict of interest statement. None declared.

REFERENCES
1. Caron,D.A. (1994) Inorganic nutrients, bacteria, and the microbial

loop. Microb. Ecol., 28, 295–298.
2. Gerday,C., Aittaleb,M., Arpigny,J.L., Baise,E., Chessa,J.P.,

Garsoux,G., Petrescu,I. and Feller,G. (1997) Psychrophilic enzymes:
a thermodynamic challenge. Biochim. Biophys. Acta, 1342, 119–131.

3. Park,I., Lee,J. and Cho,J. (2012) Partial Characterization of
alpha-Galactosidic Activity from the Antarctic Bacterial Isolate,
Paenibacillus sp. LX-20 as a Potential Feed Enzyme Source.
Asian-Australasian J. Anim. Sci., 25, 852–860.

4. Amato,P. and Christner,B.C. (2009) Energy metabolism response to
low-temperature and frozen conditions in Psychrobacter
cryohalolentis. Appl. Environ. Microbiol., 75, 711–718.

5. Bourdichon,F., Casaregola,S., Farrokh,C., Frisvad,J.C., Gerds,M.L.,
Hammes,W.P., Harnett,J., Huys,G., Laulund,S., Ouwehand,A. et al.
(2012) Food fermentations: microorganisms with technological
beneficial use. Int. J. Food Microbiol., 154, 87–97.

6. Sasaya,T., Nakazono-Nagaoka,E., Saika,H., Aoki,H., Hiraguri,A.,
Netsu,O., Uehara-Ichiki,T., Onuki,M., Toki,S., Saito,K. et al.
(2014) Transgenic strategies to confer resistance against viruses in rice
plants. Frontiers Microbiol., 4, 409.

7. Vidali,M. (2001) Bioremediation. An overview. Pure Appl. Chem., 73,
1163–1172.

8. Lewis,K. (2013) Platforms for antibiotic discovery. Nat. Rev. Drug
Discov., 12, 371–387.

9. Bougouffa,S., Radovanovic,A., Essack,M. and
Bajic,V.B. (2014) DEOP: a database on osmoprotectants and
associated pathways. Database : J. Biol. Databases
Curation, 2014, bau100.

10. Sagar,S., Kaur,M., Radovanovic,A. and Bajic,V.B. (2013) Dragon
exploration system on marine sponge compounds interactions. J.
Cheminformatics, 5, 11.

11. Dawe,A.S., Radovanovic,A., Kaur,M., Sagar,S., Seshadri,S.V.,
Schaefer,U., Kamau,A.A., Christoffels,A. and Bajic,V.B. (2012)
DESTAF: a database of text-mined associations for reproductive
toxins potentially affecting human fertility. Reprod. Toxicol., 33,
99–105.

12. Maqungo,M., Kaur,M., Kwofie,S.K., Radovanovic,A., Schaefer,U.,
Schmeier,S., Oppon,E., Christoffels,A. and Bajic,V.B. (2011) DDPC:
Dragon Database of Genes associated with Prostate Cancer. Nucleic
Acids Res., 39, D980–D985.

13. Sagar,S., Kaur,M., Dawe,A., Seshadri,S.V., Christoffels,A.,
Schaefer,U., Radovanovic,A. and Bajic,V.B. (2008) DDESC: Dragon
database for exploration of sodium channels in human. BMC
Genomics, 9, 622.

14. Kaur,M., Radovanovic,A., Essack,M., Schaefer,U., Maqungo,M.,
Kibler,T., Schmeier,S., Christoffels,A., Narasimhan,K., Choolani,M.
et al. (2009) Database for exploration of functional context of genes
implicated in ovarian cancer. Nucleic Acids Res., 37, D820–D823.

15. Essack,M., Radovanovic,A., Schaefer,U., Schmeier,S., Seshadri,S.V.,
Christoffels,A., Kaur,M. and Bajic,V.B. (2009) DDEC: Dragon
database of genes implicated in esophageal cancer. BMC
Cancer, 9, 219.

16. Hastings,J., de Matos,P., Dekker,A., Ennis,M., Harsha,B., Kale,N.,
Muthukrishnan,V., Owen,G., Turner,S., Williams,M. et al. (2013)
The ChEBI reference database and ontology for biologically relevant
chemistry: enhancements for 2013. Nucleic Acids Res., 41,
D456–D463.

17. Maglott,D., Ostell,J., Pruitt,K.D. and Tatusova,T. (2011) Entrez
Gene: gene-centered information at NCBI. Nucleic Acids Res., 39,
D52–D57.

18. GeneOntology,C. (2015) Gene Ontology Consortium: going forward.
Nucleic Acids Res., 43, D1049–D1056.

19. Xie,C., Mao,X., Huang,J., Ding,Y., Wu,J., Dong,S., Kong,L.,
Gao,G., Li,C.Y. and Wei,L. (2011) KOBAS 2.0: a web server for
annotation and identification of enriched pathways and diseases.
Nucleic Acids Res., 39, W316–W322.

20. Kanehisa,M. (2013) Molecular network analysis of diseases and
drugs in KEGG. Methods Mol. Biol., 939, 263–275.

21. Croft,D., Mundo,A.F., Haw,R., Milacic,M., Weiser,J., Wu,G.,
Caudy,M., Garapati,P., Gillespie,M., Kamdar,M.R. et al. (2014) The
Reactome pathway knowledgebase. Nucleic Acids Res., 42,
D472–D477.

22. Morgat,A., Coissac,E., Coudert,E., Axelsen,K.B., Keller,G.,
Bairoch,A., Bridge,A., Bougueleret,L., Xenarios,I. and Viari,A.
(2012) UniPathway: a resource for the exploration and annotation of
metabolic pathways. Nucleic Acids Res., 40, D761–D769.

23. Mi,H., Lazareva-Ulitsky,B., Loo,R., Kejariwal,A., Vandergriff,J.,
Rabkin,S., Guo,N., Muruganujan,A., Doremieux,O., Campbell,M.J.
et al. (2005) The PANTHER database of protein families, subfamilies,
functions and pathways. Nucleic Acids Res., 33, D284–D288.

24. Chatr-Aryamontri,A., Breitkreutz,B.J., Oughtred,R., Boucher,L.,
Heinicke,S., Chen,D., Stark,C., Breitkreutz,A., Kolas,N.,
O’Donnell,L. et al. (2015) The BioGRID interaction database: 2015
update. Nucleic Acids Res., 43, D470–D478.

25. McLaughlin,M.J. and Sainani,K.L. (2014) Bonferroni, Holm, and
Hochberg corrections: fun names, serious changes to p values. PM &
R : J. Inj. Funct. Rehabil., 6, 544–546.

26. Bouma,G. (2009) Processing Texts Automatically. Proc. Biennial
GSCL Conf., 2009, 31–40

27. Bekhuis,T. (2006) Conceptual biology, hypothesis discovery, and text
mining: Swanson’s legacy. Biomed. Digit. Libr., 3, 2.

28. Shannon,P., Markiel,A., Ozier,O., Baliga,N.S., Wang,J.T.,
Ramage,D., Amin,N., Schwikowski,B. and Ideker,T. (2003)

 at K
ing A

bdullah U
niversity of Science and T

echnology on N
ovem

ber 16, 2015
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://www.cbrc.kaust.edu.sa/desm
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkv1147/-/DC1
http://nar.oxfordjournals.org/


10 Nucleic Acids Research, 2015

Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res., 13, 2498–2504.

29. Ondov,B.D., Bergman,N.H. and Phillippy,A.M. (2011) Interactive
metagenomic visualization in a Web browser. BMC
Bioinformatics, 12, 385.

30. Schaefer,C.F., Anthony,K., Krupa,S., Buchoff,J., Day,M., Hannay,T.
and Buetow,K.H. (2009) PID: the Pathway Interaction Database.
Nucleic Acids Res., 37, D674–D679.

31. Yi,M., Horton,J.D., Cohen,J.C., Hobbs,H.H. and
Stephens,R.M. (2006) WholePathwayScope: a comprehensive
pathway-based analysis tool for high-throughput data. BMC
Bioinformatics, 7, 30.

32. Karp,P.D., Billington,R., Holland,T.A., Kothari,A.,
Krummenacker,M., Weaver,D., Latendresse,M. and Paley,S. (2015)
Computational Metabolomics Operations at BioCyc.org.
Metabolites, 5, 291–310.

33. Wayne,L.G. and Lin,K.Y. (1982) Glyoxylate metabolism and
adaptation of Mycobacterium tuberculosis to survival under
anaerobic conditions. Infect. Immun., 37, 1042–1049.

34. Munoz-Elias,E.J. and McKinney,J.D. (2005) Mycobacterium
tuberculosis isocitrate lyases 1 and 2 are jointly required for in vivo
growth and virulence. Nat. Med., 11, 638–644.

35. World,Health Organization. (2015).
36. Dunn,M.F., Ramirez-Trujillo,J.A. and Hernandez-Lucas,I. (2009)

Major roles of isocitrate lyase and malate synthase in bacterial and
fungal pathogenesis. Microbiology, 155, 3166–3175.

37. Idnurm,A. and Howlett,B.J. (2002) Isocitrate lyase is essential for
pathogenicity of the fungus Leptosphaeria maculans to canola
(Brassica napus). Eukaryot. Cell, 1, 719–724.

38. Wang,Z.Y., Thornton,C.R., Kershaw,M.J., Debao,L. and Talbot,N.J.
(2003) The glyoxylate cycle is required for temporal regulation of
virulence by the plant pathogenic fungus Magnaporthe grisea. Mol.
Microbiol., 47, 1601–1612.

39. Kibbler,C.C., Seaton,S., Barnes,R.A., Gransden,W.R.,
Holliman,R.E., Johnson,E.M., Perry,J.D., Sullivan,D.J. and
Wilson,J.A. (2003) Management and outcome of bloodstream
infections due to Candida species in England and Wales. J. Hosp.
Infect., 54, 18–24.

40. Lorenz,M.C. and Fink,G.R. (2001) The glyoxylate cycle is required
for fungal virulence. Nature, 412, 83–86.

41. Eme,L. and Doolittle,W.F. (2015) Microbial diversity: a bonanza of
phyla. Curr. Biol., 25, R227–R230.

42. Conway de Macario,E. and Macario,A.J. (2009) Methanogenic
archaea in health and disease: a novel paradigm of microbial
pathogenesis. Int. J. Med. Microbiol., 299, 99–108.

43. Probst,A.J., Auerbach,A.K. and Moissl-Eichinger,C. (2013) Archaea
on human skin. PloS One, 8, e65388.

44. Leininger,S., Urich,T., Schloter,M., Schwark,L., Qi,J., Nicol,G.W.,
Prosser,J.I., Schuster,S.C. and Schleper,C. (2006) Archaea
predominate among ammonia-oxidizing prokaryotes in soils. Nature,
442, 806–809.

45. Karner,M.B., DeLong,E.F. and Karl,D.M. (2001) Archaeal
dominance in the mesopelagic zone of the Pacific Ocean. Nature, 409,
507–510.

46. Preston,C.M., Wu,K.Y., Molinski,T.F. and DeLong,E.F. (1996) A
psychrophilic crenarchaeon inhabits a marine sponge: Cenarchaeum
symbiosum gen. nov., sp. nov. Proc. Natl. Acad. Sci. U.S.A., 93,
6241–6246.

47. Eckburg,P.B., Lepp,P.W. and Relman,D.A. (2003) Archaea and their
potential role in human disease. Infect. Immun., 71, 591–596.

48. He,J., Li,Y., Cao,Y., Xue,J. and Zhou,X. (2015) The oral microbiome
diversity and its relation to human diseases. Folia Microbiol. (Praha),
60, 69–80.

49. Horz,H.P., Robertz,N., Vianna,M.E., Henne,K. and
Conrads,G. (2015) Relationship between methanogenic archaea and
subgingival microbial complexes in human
periodontitis. Anaerobe, 35, 10–12.

50. Bang,C. and Schmitz,R.A. (2015) Archaea associated with human
surfaces: not to be underestimated. FEMS Microbiol.
Rev., 39, 631–648.

51. Samuel,B.S., Hansen,E.E., Manchester,J.K., Coutinho,P.M.,
Henrissat,B., Fulton,R., Latreille,P., Kim,K., Wilson,R.K. and
Gordon,J.I. (2007) Genomic and metabolic adaptations of
Methanobrevibacter smithii to the human gut. Proc. Natl. Acad. Sci.
U.S.A., 104, 10643–10648.

52. Kulik,E.M., Sandmeier,H., Hinni,K. and Meyer,J. (2001)
Identification of archaeal rDNA from subgingival dental plaque by
PCR amplification and sequence analysis. FEMS Microbiol. Lett.,
196, 129–133.

53. Lepp,P.W., Brinig,M.M., Ouverney,C.C., Palm,K., Armitage,G.C.
and Relman,D.A. (2004) Methanogenic Archaea and human
periodontal disease. Proc. Natl. Acad. Sci. U.S.A., 101, 6176–6181.

 at K
ing A

bdullah U
niversity of Science and T

echnology on N
ovem

ber 16, 2015
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

http://nar.oxfordjournals.org/

