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ABSTRACT

The enrichment analysis is a standard procedure
to interpret ‘omics’ experiments that generate
large gene lists as outputs, such as transcriptomics
and protemics. However, despite the huge success
of enrichment analysis in these classes of experi-
ments, there is a surprising lack of application
of this methodology to survey other categories
of large-scale biological data available. Here,
we report Kegg Orthology enrichMent-Online
DetectiOn (KOMODO), a web tool to systematically
investigate groups of monophyletic genomes in
order to detect significantly enriched groups of
homologous genes in one taxon when compared
with another. The results are displayed in their
proper biochemical roles in a visual, explorative
way, allowing users to easily formulate and
investigate biological hypotheses regarding the
taxonomical distribution of genomic elements. We
validated KOMODO by analyzing portions of
central carbon metabolism in two taxa extensively
studied regarding their carbon metabolism profile
(Enterobacteriaceae family and Lactobacillales
order). Most enzymatic activities significantly
biased were related to known key metabolic traits
in these taxa, such as the distinct fates of pyruvate
(the known tendency of lactate production in
Lactobacillales and its complete oxidation in

Enterobacteriaceae), demonstrating that KOMODO
could detect biologically meaningful differences
in the frequencies of shared genomic elements
among taxa. KOMODO is freely available at
http://komodotool.org.

INTRODUCTION

High-throughput experiments are now a standard proced-
ure in the quest for understanding intrinsically complex
biological systems. A widely adopted approach to help
scientists to interpret the wealth of data produced by
such ‘omics’ experiments is the gene set enrichment
analysis (1). The archetypal use of enrichment analysis
thus far has been the search for significantly biased distri-
bution of biological roles in ‘omics’ experiments that
generate large gene lists as final result, such as trans-
criptomics and proteomics (2). Despite the considerable
success of enrichment analysis when used to analyze
these classes of experiments, there are relatively few appli-
cations of this strategy to survey other categories of
‘omics’ data available. Although some interesting app-
roaches have been developed, such as (i) comparison of
individual genomes in the Gene Ontology space (3); (ii)
analysis of phenotypic data (4); and (iii) study of promoter
regions associated to distinct gene sets (5); there is a vast
unexplored array of possibilities concerning the use of en-
richment analysis to evaluate other biological systems
besides those surveyed by transcriptomics and proteomics
experiments.

*To whom correspondence should be addressed. Tel: +55 19 32115843; Fax: +55 19 32115754; Email: francisco@cnptia.embrapa.br;

franciscolobo(@gmail.com

© The Author(s) 2012. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://komodotool.org

W492 Nucleic Acids Research, 2012, Vol. 40, Web Server issue

In this study, we report the development of a web
tool (KOMODO, Kegg Orthology enrichMent-Online
DetectiOn) that uses an enrichment analysis strategy to
detect biased frequencies in groups of homologous genes
when comparing an especially important biological entity:
the monophyletic taxon. To the best of our knowledge,
this is the first time that this entity is being contemplated
with such enrichment approach. Additionally, KOMODO
goes beyond simply listing the homologous groups differ-
entially distributed in the distinct taxa analyzed: they are
also displayed in their proper biochemical pathways,
allowing users to quickly query their own taxa and
pathways of interest in a visual and explorative way.
To validate our methodology, we analyzed the frequencies
of homologous groups in portions of the central carbon
metabolism (glycolysis and citrate cycle), comparing two
taxa that are extensively genetically and phenotypic-
ally characterized regarding their carbon metabolism
capabilities (Enterobacteriaceae family and Lactobacillales
order). Most of the enzymatic activities differentially rep-
resented were directly related to already known key
metabolical traits in these taxa. The results found for
these extremely well-characterized taxa suggest that
enrichment analysis is a tool capable of detecting biologic-
ally meaningful biases in the distribution of shared
genomic elements across taxa, and inaugurates the use
of enrichment analysis as a tool to systematically charac-
terize the taxon under the ‘omics’ paradigm. KOMODO is
freely available for use at http://komodotool.org.

MATERIALS AND METHODS

The main steps for the development of KOMODO are rep-
resented in Figure 1. A deeper explanation of this process is
described in the Supplementary File 1. To develop
KOMODO we initially downloaded, parsed and stored
genomic data from KEGG (6) in a local database that
contains, for virtually all taxa present in the KEGG
database, their total number of genomes in KEGG and
their number of genomes that possess a given KEGG
Orthology (KO) group—the KEGG database object to rep-
resent sets of homologous genes (Figure 1, step A). For any
analysis to be performed (Figure 1, step B), the user is
required to input three parameters: the two taxa being
compared (a test taxon 7 and a background taxon B), a
KEGG pathway for visualization, and two values for
upper and lower significance cut-offs (Figure I, step C,
blue squares). With these parameters KOMODO queries
the local database to obtain four numbers for each KO: N
(number of genomes in 7), n (number of genomes in B), X
(number of genomes in 7" with the specified KO) and x
(number of genomes in B with the specified KO; Figure 1,
step D). After this step, KOMODO performs a chi-square
test to evaluate if the ratios p0 (x/(f — x)) and pl (X/(T — X))
derivate from the same distribution by testing the likeliness
of null (HO, p0=pl) and alternative (HI, p0#pl)
hypotheses (Figure 1, step E). The widely adopted false
discovery rate (FDR) is used to control Type 1 error in
this multiple hypothesis testing scenario (Figure 1, step F).
The results found are displayed in two manners (Figure 1,

step G). KOMODO generates a clickable webpage through
the KEGG API tool to allow users to explore the KO dis-
tribution in a particular biochemical pathway. Specifically,
under- or over-represented enzymatic activities are dis-
played in shades of red and green, respectively, colored ac-
cording to the g-values found. It is also possible to download
the entire results found as a text file for use in further
analyses. KOMODO takes roughly a minute or less to
generate the results.

RESULTS AND DISCUSSION

To evaluate the capacity of KOMODO to detect biologic-
ally meaningful differences in the frequencies of groups of
homologous genes in distinct taxa, we studied the distri-
bution of enzymatic activities from two central carbon
pathways (glycolysis and citrate cycle) in two of the
most phenotypically well-characterized bacterial taxa re-
garding carbon metabolism: (i) the Enterobacteriaceae
family (from now on referred to as the ENT group) and
(i1) the Lactobacillales order (from now on referred to as
the LAB group). The ENT group is composed of
Gram-negative, LPS producing, facultative anaerobic
bacilli able to completely oxidize a variety of sugars to
CO, when in aerobic growth through glycolysis, citrate
cycle and oxidative phosphorylation or to several other
end products (such as lactate and ethanol) through fer-
mentative processes when in anaerobic growth (7). The
LAB group is composed of Gram-positive, anaerobic or
microaerophiles bacilli, able to metabolize several sugars
through glycolysis to produce lactate, a key marker of this
taxon, as well as other end products, such as formate,
ethanol and acetate (8). Some LAB members can also
use pyruvate to fuel an incomplete version of the citrate
cycle to generate intermediates for the synthesis of amino
acids (8.9).

The ENT and LAB groups are expected to have
common enzymatic capabilities due to the shared
portion of their evolutionary history as well as to
possible convergent events caused by their occurrence in
similar metabolic niches (sugar-rich environments), but
they also possess known key lineage-specific metabolic
traits, such as lactate production in LAB or the capability
of growth in a medium containing citrate as single carbon
source in ENT. Therefore, they constitute two reliable
gold-standard taxa to evaluate the ability of KOMODO
to highlight their known shared and specific metabolic
traits. We chose to analyze the ENT and LAB groups
by the indirect comparison of them using as background
group the most specific taxon to encompass them (the
Bacteria Domain). A direct comparison of the test taxa
against each other can be found in the Supplementary File
1. The g-value cut-offs for significance were defined as 0.01
(cut-off 1) and 0.00001 (cut-off 2). The test taxa ENT and
LAB and the background taxon Bacteria contained 107,
74 and 1005 complete genomes, respectively. The main
findings of this analysis follow below, but we strongly en-
courage readers to examine the Supplementary File 1 for a
thorough description of our findings.
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Figure 1. Pipeline used for implementation of KOMODO. Orange boxes denote flat files from KEGG or generated by KOMODO. Purple boxes
represent programs developed in this study. Green cylinder represents the relational database generated for this study. Blue boxes indicate the
user-supplied information needed for KO enrichment analysis. The sequential steps for analysis are highlighted by yellow dots. (A) Parsing of KEGG
information to generate KO count and genome number per taxa; data stored in a local relational database. (B) Program ‘web.php’ coordinates the
entire pipeline by getting user-defined parameters (step C) to search in the relational database (step D), make the statistical testing (steps E, F and G),

and generate a dynamic webpage and a flat file as final results (step G).

Glycolysis

Glycolysis is the common name of several partially
overlapped biochemical pathways that anaerobically
convert glucose to a key intermediate of metabolism,
pyruvate, producing ATP and NADH during the
process (10). After pyruvate production, several metabolic
branches are known, such as the several classes of fermen-
tative processes (alcoholic, lactic, malonic, etc) that restore
the oxidative balance of the cell. Another alternative at
this point is to further oxidize pyruvate through the
citric acid cycle and the oxidative phosphorylation, also
restoring the oxidative balance and producing consider-
able quantities of NADH and ATP (11). The Figures 2
and 3 depict the analysis of the glycolytic pathway for the
ENT and LAB groups, respectively.

Trunk glycolysis

Glycolysis is conceptually divided into a trunk portion and
its lower and upper parts (12). Trunk glycolysis comprises
the shared portion of the Embden—Meyerhof-Parnas, the
Entner—Doudoroff and the pentose phosphate pathways,
and converts glyceraldehyde 3-phosphate to pyruvate
(Figures 2 and 3, blue arrows). This set of five enzymes
provides key three-carbon intermediates to several
anabolic pathways, including the biosynthesis of amino
acids and fatty acids and is possibly the oldest portion of
glycolysis, being shared by the three Domains of Life (12).
The pattern we observed in our results supports this fact,
since the trunk glycolysis enzymatic activities displayed

practically no significant differences in either test taxa.
Additionally, all trunk glycolytic enzymes were very
abundant in the two test taxa as well as in the background
taxon, with frequencies always >0.9. An interesting
taxon-specific metabolic trait was detected in the trunk gly-
colysis: the bypass step catalyzed by the enzyme
glyceraldehyde-3-phosphate dehydrogenase NADP+ de-
pendent, which was strongly over-represented in the LAB
group (Figure 3, EC:1.2.1.9, lower purple arrow). This
bypass step generates a molecule of NADPH, an essential
molecule for several anabolic pathways that is usually
produced in pentose-phosphate pathway or in photosyn-
thesis, but not commonly produced in glycolysis (10). This
unusual finding led us to investigate the pentose-phosphate
in the LAB group, where the key enzymes transketolase
(EC:2.2.1.1) and transaldolase (EC:2.2.1.2) were
under-represented in this taxon (Supplementary File 1,
Supplementary Figure S1). The ENT group, on the other
hand, possessed no such bias (Supplementary File 1,
Supplementary Figure S2). Together, our findings suggest
that the LAB group uses the bypass step observed in gly-
colysis to produce NADPH, a phenotype already suggested
by in vivo studies (13).

Upper glycolysis

Very much unlike trunk glycolysis, the upper portion of
glycolysis contained several enzymatic steps significantly
over-represented; most of them common to both test taxa.
Of special interest was the phosphotransferase (PTS)
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Figure 2. KEGG Orthology enrichment analysis of the glycolytic pathway in the ENT group. Yellow boxes denote KOs where no difference was
observed between test and background taxa. Black boxes denote KOs not observed in test or background taxa. Green and red boxes denote KOs
significantly more and less represented in the test lineage when compared with the background one, respectively. Darker and lighter tones of both
green and red boxes denote g-values between 0.05 and 0.00001 and smaller than 0.00001, respectively. Blue, pink, orange and purple arrows indicate
trunk glycolysis enzymes, L-lactate dehydrogenase, PEP carboxykinase and taxon-specific enzymatic activities, respectively.

system, a group of several KOs strongly over-represented
in both taxa (EC:2.7.1.69). The PTS system is a sugar
transport mechanism composed of distinct groups of hom-
ologous genes that are widespread in several bacterial
clades (14). Previous studies in fact suggest that this
sugar transport system appears to be correlated with the
niche occupied by the organisms where it is observed, with

bacteria living in sugar-rich environments tending to
possess significantly more distinct PTS genes (14).
Together, the common over-represented enzymatic acti-
vities at upper glycolysis suggest that the two test taxa
are able to perform several sugar transformation steps at
the beginning of glycolysis, a finding consistent with their
known metabolic niche (sugar-rich environments).
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Figure 3. KEGG Orthology enrichment analysis of the glycolytic pathway in the LAB group. The color schema and ¢-value cut-offs are the same as

utilized in Figure 2.

Lower glycolysis/Citrate cycle

Similarly to the pattern observed at the upper portion of
glycolysis, the lower portion of this pathway also pre-
sented a considerable plasticity in the two test taxa, but
with far more differences among them when compared
with the upper portion. At the lower portion, we
observed the only two enzymatic activities with opposite
and inverted trends when comparing the test taxa, a
finding highly correlated with the distinct fates of

pyruvate in the ENT and LAB groups. The first of
these trends was observed in the enzyme lactate dehydro-
genase, which was under-represented in the ENT
group and strongly over-represented in the LAB group
(EC:1.1.1.27, pink arrows in Figures 2 and 3, respectively).
The other divergent and inverted trend is the enzyme
phosphoenolpyruvate (PEP) carboxykinase, which was
strongly over-represented in the ENT group and
under-represented in the LAB group (Figures 2 and 3,
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orange arrows, EC:4.1.1.49). The lactate dehydrogenase
trend is a consequence of pyruvate commitment with
lactate production in virtually all LAB members as well
as in a few ENT members. The PEP carboxykinase
enzyme is a known starting point to gluconeogenesis,
given that it fuels this pathway with oxaloacetate to
generate PEP.

One of the main sources of oxaloacetate in cellular me-
tabolism is the citrate cycle, which suggested that the
opposite pattern observed in PEP carboxykinase is due
to possible differences in the citrate cycle in the two test
taxa under analysis. When analyzing the citrate cycle
pathway in ENT and LAB groups this was indeed the
case (Supplementary File 1, Supplementary Figures S3
and S4, respectively). The ENT group possessed a
complete version of this pathway, with most of the enzym-
atic steps being strongly over-represented. This pattern is
expected due to the known capability of ENT members to
fully oxidize pyruvate to CO, through this pathway. The
LAB group, on the other hand, possessed an incomplete
version of this pathway, with most enzymatic activities
strongly under-represented and a clear split of the citrate
cycle into its oxidative and reductive branches (10). The
partial citrate cycle found in the LAB group is related to
the few members known to possess only an incomplete
version of this pathway to fuel the biosynthesis of amino
acids (8,9). Overall, the results depicted at the lower
portion of glycolysis and in the citrate cycle are comple-
mentary and detected some of the key metabolic differ-
ences of the ENT and LAB groups regarding the distinct
fates of pyruvate. At the lower glycolysis, it was also
observed one ENT-specific enzymatic activity linked to a
widely known phenotypical trait of this taxon. A key
metabolical ability of Escherichia coli and other ENT
members is their capability to grow utilizing citrate as
the only carbon source (15). The enzymatic activity for
this phenotype is due to the acetyl-CoA synthetase,
which was found to be over-represented in this test
taxon (Figure 2, lower purple arrow, EC:6.2.1.1).

CONCLUDING REMARKS

Complete genomes publicly available are now numbering
in the thousands, and many more are expected to appear
with the widespread use of next-generation DNA
sequencing technologies (16). Additionally, a great effort
is concomitantly underway to produce deep annotation
information of distinct genomes to the same basic func-
tional elements, such as the distinct coding regions, groups
of homologous genes, operons and promoters, each of
them associated to several dictionaries of biological roles
(17). Consequently, the vast number of complete genomes
available can be divided in groups based on biological
criteria, such as taxonomic or environmental classifica-
tion, and surveyed for the detection of biased distribution
of distinct genomic components across them. Recently,
several studies have proposed distinct methodologies to
detect significantly biased biological roles as a function
of the biological niche where genomic sequences have
been sampled, a tendency induced by the maturation of

the use of next-generation sequencing technologies to
survey the genomic composition of distinct environments
on earth (18,19). On the other hand, there have been vir-
tually no previous attempts to develop a software that
allows users to systematically look for significant distribu-
tion bias of biological features across the distinct existing
taxa. It is widely accepted nowadays that several prokary-
otic taxa higher than species possess ecological coherence.
In other words, members of a taxon share general life
strategies or traits that distinguish them from members
of other taxa. Some obvious examples are the phylum
Cyanobacteria (all known members are photoautotrophic)
or the phylum Chlamydiae (all known members are
obligate intracellular symbionts). Therefore, the study of
the distribution of groups of homologous genes in higher
order taxa can detect important properties to help under-
standing ecological traits of microbial communities (20).
We believe KOMODO inaugurates the use of enrichment
analysis as a statistical tool to systematically survey the
distribution of shared genomic elements in distinct taxa in
a quantitative way, making it possible to investigate how
speciation shaped the genomic content of distinct taxa.
The natural extension of this work will be the development
of more general software to allow users to survey other
genomic components significantly biased in a given group
of genomes when compared with another by integrating
the information available in the growing number of new
genomic databases that are populating the field of compu-
tational biology (21).
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