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ABSTRACT

The microbial genome database for comparative
analysis (MBGD) (available at http://mbgd.genome.
ad.jp/) is a comprehensive ortholog database for
flexible comparative analysis of microbial genomes,
where the users are allowed to create an ortholog
table among any specified set of organisms. Be-
cause of the rapid increase in microbial genome data
owing to the next-generation sequencing technol-
ogy, it becomes increasingly challenging to main-
tain high-quality orthology relationships while allow-
ing the users to incorporate the latest genomic data
available into an analysis. Because many of the re-
cently accumulating genomic data are draft genome
sequences for which some complete genome se-
quences of the same or closely related species are
available, MBGD now stores draft genome data and
allows the users to incorporate them into a user-
specific ortholog database using the MyMBGD func-
tionality. In this function, draft genome data are
incorporated into an existing ortholog table cre-
ated only from the complete genome data in an in-
cremental manner to prevent low-quality draft data
from affecting clustering results. In addition, to pro-
vide high-quality orthology relationships, the stan-
dard ortholog table containing all the representative
genomes, which is first created by the rapid clas-
sification program DomClust, is now refined using
DomRefine, a recently developed program for im-
proving domain-level clustering using multiple se-
quence alignment information.

INTRODUCTION

During the last two decades, microbial genome data have
been accumulated at an accelerating pace, and now approx-
imately 3000 complete sequences covering species across
a wide taxonomic range are available. These complete ge-
nomic data are a valuable resource for investigating mi-
crobial diversity by comparative analysis. However, recent
advances in next-generation sequencing technologies have
drastically reduced sequencing costs and are now changing
the style of microbial genome sequencing projects (1); ge-
nomic sequences of tens or even hundreds of strains of a
particular species can be simultaneously determined (2). A
majority of genomic sequences are now released as draft
genome sequences, for which some complete genome se-
quences of the same or closely related species are available.
The RefSeq microbial genome database has been recently
reorganized to accommodate this situation, where genomes
of the same species are collected into a directory and rep-
resentative genomes are selected for each species after sev-
eral quality checks (3). To effectively utilize these data in
medical, industrial or other applications, a comparative ge-
nomics approach is essential.

MBGD is a microbial genome database for compara-
tive analysis based on ortholog analysis (4). The central
function of MBGD is to provide a set of ortholog groups
(an ortholog table) constructed among a specified set of
genomes using a hierarchical clustering program, Dom-
Clust (5). Remarkable features of MBGD in comparison
to the related databases allowing microbial genome com-
parison such as IMG (6), MicrobesOnline (7), eggNOG (8)
and OMA (9) is its flexibility in ortholog analysis. In addi-
tion to the standard (default) ortholog table that contains
a representative set of genomes covering the entire taxo-
nomic range, MBGD provides a taxon-specific ortholog ta-
ble constructed for each major taxon in each taxonomic
rank (superkingdom, phylum, class, order, family, genus
and species) (10). Moreover, MBGD allows the users to up-
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Figure 1. Overview of the data construction procedure in MBGD. Precomputed ortholog tables are colored in light yellow and user-generated ortholog
tables are colored in light pink. Three methods (DomClust followed by DomRefine, DomClust only and MergeTree) to create these ortholog tables are
shown with different arrows. MergeTree is a program for adding genomes incrementally to an existing ortholog table (base cluster), and thus is represented
by two arrows: a base cluster is shown by a solid arrow and an added genome is shown by a broken arrow.

load their own genome sequences for incorporation into the
ortholog analysis by dynamically executing ortholog clus-
tering (MyMBGD functionality) (11). By virtue of these
features, MBGD provides the users a flexible environment
for microbial comparative genome analysis, suitable for
comparisons of both closely and distantly related genomes.

To date, MBGD incorporates only complete genome
data. This strategy preserves the quality of ortholog
classification because in incomplete genome data, the
presence/absence of orthologs of given genes generally can-
not be correctly determined, impeding correct ortholog
identification. Moreover, incorporating draft genome data
into all-against-all comparative analysis is not realistic be-
cause they accumulate much more rapidly than complete
genome data and, thus, will quickly exhaust our computa-
tional resources. However, the recent accumulation of draft
genome sequence data described above motivated us to in-
corporate these draft data into MBGD to facilitate compar-
ative analysis of these vast amounts of data. Our strategy for
using draft genome data is two-fold: (i) to expand the stan-
dard ortholog table by adding only taxonomically unique
draft genomes and (ii) to allow the users to incorporate
draft genomes into ortholog analysis on an on-demand ba-
sis via MyMBGD functionality. For the latter purpose, we
have enhanced the MyMBGD interface to allow the users
to incorporate not only their uploaded genomes but also the
specified draft genome data stored in MBGD.

The quality of ortholog classification is another impor-
tant issue common to all ortholog databases. One of the
prominent features of MBGD is that the ortholog clas-
sification is at the domain level for the proper classifica-
tion of proteins that have experienced domain fusion or
fission events, as in the Clusters of Orthologous Group
(COG) database where classification was performed with
manual modification (12). Here, the domain-level classifi-
cation is created using the clustering procedure based on
local alignment-based sequence similarities rather than us-
ing existing domain databases such as Pfam, as in some
other databases or programs (13,14). In MBGD, Dom-
Clust (5) efficiently performs domain-level ortholog classifi-
cation using all-against-all protein sequence similarities, but
sometimes it generates problematical classifications because
domain-level classification is not always easy when only
pairwise similarity relations are used. Recently, we devel-
oped a program to refine domain-level ortholog classifica-
tion using multiple sequence alignment information, named
DomRefine (15). We now use DomRefine to refine the stan-
dard ortholog table.

Here, we describe the recent enhancement of MBGD fo-
cusing on a novel data-processing strategy to accommodate
the large amount of genomic data while preserving the qual-
ity of ortholog classification.
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Figure 2. Modification of the domain-level classification in the standard
ortholog table by DomRefine. (A) An example of modification by Dom-
Refine. Here, two clusters A and B are merged into a new cluster AB.
In this case, the number of clusters is reduced from two to one (cluster-
level modification) and the numbers of domain-reorganized genes and
of classification-changed genes are two and four, respectively (gene-level
modification). (B) The effect of cluster-level modification by DomRefine.
(C) The effect of gene-level modification by DomRefine.

DATA SOURCES

MBGD collects genomic data of both prokaryotic microbes
and eukaryotic microbes (fungi and protozoa) along with
four multicellular eukaryotes (human, fruit fly, Caenorhab-
ditis elegans and Arabidopsis thaliana) for comparison
purposes. For prokaryotic complete genomes, we com-
bined three data sources, Gene Trek in Prokaryote Space
(GTPS) (16) from DDBJ, GenBank (17) and RefSeq (3)
from NCBI, as previously described (10). For other data,
we used the RefSeq genome database available at the NCBI
Genomes ftp site. We used the data in a Bacteria DRAFT
directory for prokaryotic draft genomes and those in Fungi
and Protozoa directories for eukaryotic microbial genomes.
In addition, for eukaryotic draft genomes, we used the in-
formation in an ASSEMBLY REPORTS directory to ob-
tain the corresponding RefSeq entries. Draft genome data
are discarded if the number of contigs is >2000. The latest
MBGD release (2014-02) includes 2823 complete genomes
and 5566 draft genomes, including 46 complete and 114
draft eukaryotic genomes.

OVERVIEW OF THE DATA-PROCESSING PROCE-
DURE

The current data construction procedure in MBGD is sum-
marized in Figure 1. In MBGD, a representative organism
set is defined by selecting one genome from each genus in the
increasing order of release date from the complete genome
data. The standard ortholog table is created from these

representative genomes using DomClust followed by the
DomRefine procedure (see below). The genes in the other
genomes are then assigned to one of the ortholog groups
in the standard ortholog table to create an extended or-
tholog table that contains all the complete genomes stored
in MBGD using an incremental procedure implemented
in the MergeTree program (10), which incrementally adds
genomes to a given ortholog table (named base cluster).

In the new version, we also created another extended or-
tholog table named ‘draft-plus’ by adding draft genomes be-
longing to unique genera not included in the representative
organism set to the standard ortholog table. In addition to
these standard and extended ortholog tables, taxon-specific
ortholog tables are generated for each taxonomic group us-
ing DomClust.

Besides these precomputed ortholog tables, MBGD al-
lows the users to dynamically create their own ortholog ta-
bles. There are two routes for the users to generate new or-
tholog tables. If the target genomes are all published com-
plete genomes, MBGD executes clustering using the pre-
calculated all-against-all similarities stored in MBGD. In
contrast, if the target genomes include user-uploaded or
draft genomes, all-against-all similarities including these
genomes are dynamically calculated. For the latter route,
the enhanced MyMBGD interface enables the users to cre-
ate a user-generated ortholog table (see below).

STANDARD ORTHOLOG TABLE REFINED BY Dom-
Refine

Although MBGD can provide various specialized ortholog
tables, the standard (default) ortholog table covering the en-
tire taxonomic diversity is the most important for general
use. Unfortunately, however, preserving the quality of or-
tholog classification generally becomes more difficult when
a more diverse set of genomes is to be incorporated. Thus,
improving the domain-level classification in the standard
ortholog table is a critical issue. In this release, the Dom-
Refine pipeline was used to improve the domain-level clas-
sification generated by DomClust to create a refined ver-
sion of the standard ortholog table. DomRefine takes Dom-
Clust output as input, and for each pair of domain-level or-
tholog groups that are adjacent in at least one common pro-
tein, it constructs a multiple sequence alignment containing
both groups and tries to modify the domain organization by
maximizing the sum of the domain-level alignment scores
(domain-specific sum-of-pairs or DSP score) of the multi-
ple sequence alignment (15) (Figure 2A). During this opti-
mization procedure, DomRefine also tries to split a cluster
into smaller groups according to the phylogenetic gene tree
constructed from the multiple sequence alignment (15).

After the refinement, the number of clusters changed
from 354,725 in the DomClust output to 339,894 in the
DomRefine output, among which 43,461 DomClust clus-
ters were reorganized into 28,630 DomRefine output (Fig-
ure 2B). However, the effect of refinement is greater than it
appears here because the majority of the clusters are single-
ton or very small clusters. At the gene level, domain reorga-
nization occurred in 15.7% and classification was changed
in 46.6% of the genes (Figure 2C).
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Figure 3. An example of domain reorganization by DomRefine. Shown are the domain organizations of the gene entry hdn:HDEN 1124 in the MBGD
gene information pages in the version 2014-01 (A; without refinement) and 2014-02 (B; after refinement). In each figure, the first line indicates the domain
organization in MBGD and the subsequent lines indicate the domains identified by HMMER search against the databases included in InterPro (19).

Classification quality can be evaluated by comparison
with a reference classification. Here, we use the TIGRFAMs
database (18) as a reference classification and the num-
ber of one-to-one corresponding clusters with TIGRFAMs
(NTIGR

1to1) as a measure of agreement, as in our previous
work (15). Then NTIGR

1to1 is increased from 1228 in Dom-
Clust output to 1328 in DomRefine output. An example of
a protein in which domain reorganization occurred is shown
in Figure 3. Here, the domain organizations of the gene en-
try hdn:HDEN 1124 (hypothetical protein from Hyphomi-
crobium denitrificans ATCC 51888) before and after refine-
ment are shown, together with the domain search result us-
ing InterPro (19). This gene was originally split into four
domains, but after refinement the first and last pairs of do-
mains are respectively merged into two domains (Figure 3)

and now the N-terminal half has a one-to-one correspon-
dence with a TIGRFAMs entry TIGR02594 (a conserved
protein family with unknown function).

Previously, MBGD did not store the multiple sequence
alignment information for each ortholog group but gener-
ated it dynamically upon request. Because DomRefine gen-
erates a multiple sequence alignment and a phylogenetic
tree for each ortholog group as by-products, MBGD now
stores these data and returns them upon request for the
standard ortholog group. This feature can shorten the re-
sponse time for returning an alignment, particularly for a
large ortholog group.
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Figure 4. An example session of the MyMBGD analysis, where comparison of Staphylococcus aureus genomes was performed focusing on two strains,
930918-3 and D30, which are indicated with ‘a’ and ‘b’, respectively. (A) The MyMBGD interface for specifying a set of genomes in taxon-specific com-
parison mode. Complete genomes are shown in light yellow and draft genomes are shown in light blue. (B) Occurrence-pattern display in which ortholog
groups that are present in strain D30 and absent in strain 930918-3 are extracted and summarized according to occurrence pattern. The occurrence pattern
corresponding to the transposon-like cluster containing the FtsK/SpoIIIE family protein is indicated with ‘x’. (C) Genome region map comparison viewer
showing gene order conservation around the ortholog group of the FtsK/SpoIIIE family protein. Here, orthologous genes are drawn in the same color
and pattern.
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Table 1. Taxonomic diversity of the standard and the draft-plus ortholog
tables

Standard
(742 genomes)

Standard + draft
(427 genomes)

Phylum 50 57
Class 63 82
Order 133 168
Family 262 336

THE DRAFT-PLUS STANDARD ORTHOLOG TABLE

A part of the draft genomes are used to extend the standard
ortholog table to create the draft-plus ortholog table. For
this purpose, a set of draft genomes, each of which belongs
to a unique genus not included in the representative organ-
ism set, is added to the standard ortholog table using the
MergeTree program. In the release 2014-02, the number of
representative genomes in the standard table is 742 and the
draft-plus table includes additional 427 draft genomes. This
increases the taxonomical diversity of the target organisms;
the number of unique taxa increases by approximately 30%
at the family, order and class levels and increases even at
the phylum level (Table 1). Among the 427 draft genomes,
72 are eukaryotes, whereas 37 of the 742 genomes are eu-
karyotes in the standard ortholog table. Thus, eukaryotic
microbial genomes are substantially increased in the draft-
plus ortholog table, reflecting the release of the majority of
eukaryotic genomes as draft sequences.

By default, MBGD uses the standard ortholog table as
the default ortholog table, but the users can switch to using
the draft-plus table by clicking ‘Draft-plus’ button on the
top page. On the other hand, because the extended ortholog
table has the same cluster IDs as the original one, the users
can see the information of the corresponding draft-plus or-
tholog group from each ortholog cluster page.

ENHANCEMENT OF MYMBGD: INCORPORATING
DRAFT GENOMES IN ADDITION TO USER GENOMES
INTO ORTHOLOG ANALYSIS

The MyMBGD interface allows the users to upload their
own genome data to the MBGD server and incorporate
them into ortholog analysis by calculating all-against-all
similarities between the uploaded genomes and the pre-
stored complete genomes, followed by ortholog clustering
(11). The users can now specify the draft genomes prestored
in MBGD in addition to the uploaded user genomes as the
target of analysis.

There are two ways to incorporate them into the ortholog
analysis: creating ortholog groups from scratch using Dom-
Clust or adding to an existing (either standard or taxon
specific) ortholog table using MergeTree. Overall, the users
can choose from the following three modes of analysis: (i)
taxon-specific comparison mode, where the users first choose
a taxon to be analyzed and then specify a set of genomes
to be compared within that taxon. In this mode, the users
can create an ortholog table either from scratch by choos-
ing arbitrary set of genomes in that taxon or by adding new
genomes to a taxon-specific ortholog table; (ii) mapping on
the standard ortholog table mode, in which selected genomes

will be added to the standard ortholog table using Merge-
Tree; and (iii) free genome selection mode, which is equiv-
alent to the previous MyMBGD mode, in which the users
can freely choose a set of genomes to compare including
user genomes, complete genomes and draft genomes and
conduct ortholog analysis using DomClust.

Figure 4 shows an example session of the taxon-
specific comparison mode in the new MyMBGD interface,
where strains of Staphylococcus aureus including five draft
genomes and 48 complete genomes are specified for com-
parison (Figure 4A). Here, these draft genomes include
strains D30 and 930918-3, which have been investigated
as models for nasal carrier and noncarrier strains, respec-
tively (20). S. aureus is a versatile human pathogen and its
infection in hospitals and the emergence of drug-resistant
strains poses a worldwide problem. Comparison of these
two strains is interesting in terms of infectious mechanisms
because the presence of S. aureus in the nose increases the
risk of its infection (21). After ortholog clustering among
these genomes is completed, occurrence (presence/absence)
pattern analysis can be conducted on the cluster map page;
in this example, ortholog groups included in the D30 strain
but not in the 930918-3 strain are extracted and displayed
(Figure 4B). For some ortholog groups in which a user is
interested, a detailed analysis can be conducted using any
functionality in MBGD. In this example, by selecting a par-
ticular occurrence pattern (indicated with ‘x’ in Figure 4B),
one can identify a transposon-like cluster carrying several
genes including a FtsK/SpoIIIE family protein and TraG
protein, which was listed as an interesting observation by
the original authors (20). The arrangement of these genes
in each chromosome can then be compared on the genome
region map comparison viewer (Figure 4C).

CONCLUSIONS AND FUTURE PERSPECTIVES

By the enhancements introduced here, MBGD now allows
the users to incorporate publicly available draft genome
data in addition to complete genome data into comparative
analysis. This functionality can facilitate the use of the vast
amount of sequence data in various studies. The refined ver-
sion of the standard ortholog table can also provide a good
basis for large-scale genomics studies, including the draft
genome annotation accomplished in the draft-plus ortholog
table created in this study, and possibly for metagenome
analysis in future. Given that the accelerated increase in ge-
nomic data will continue, we need to continue to seek more
efficient ways to process and manage these data. In particu-
lar, managing all-against-all similarity relationships is likely
to become a critical issue in the near future. Another impor-
tant issue is to provide more effective data presentation for
a large-scale comparative analysis. To overcome the limita-
tions of conventional web browser-based data retrieval, we
are also preparing a Resource Description Framework ver-
sion of MBGD that can be retrieved by a SPARQL query.
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