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Gene classification based on orthologous relations is an important problem to understand
species-universal or species-specific conservation of genes in genomes associated with phenotype in species. In the present study, we proposed a classification system of genes based on
configuration of networks concerning bidirectional best-hit relations (called orthologous relation group), which makes it possible to compare multiple genomes. We have applied this
method to five Bacillus species (B. subtilis, B. anthracis, B. cereus, B. halodurans, and B.
thuringiensis). With regards to the the five species, 4,776 orthologous relation groups have
been obtained, and those are classified into 113 isomorphic groups. An isomorphic group may
contain only orthologs or a combination of orthologs and paralogs. Gene functions and the
conservativeness are discussed in view of configuration of orthologous relation groups.

to those with orthologous relationships, derived
from a lineage-speciﬁc duplication 5) . Analysis
of inparalogs is important for detecting lineagespeciﬁc adaptations. In the present study, we
address graph conﬁgurations based on BBH relationships of genes in multiple genomes to detect paralogous genes.
Gene classiﬁcation based on BBH relations
in multiple genomes is the important problem
to understand conservation of genes in individual genomes, and classiﬁcation of orthologs
based on clustering algorithm 6),7) has been proposed in the context of multiple genomes. In
the closely related species, the network conﬁguration constructed by orthologs in multiple genomes is also important to understand
gene duplication process concerning inparalogs
which are bona ﬁde orthologs by deﬁnition proposed by Remm, et al. 4)
Here we present a classiﬁcation of genes using
conﬁguration of networks concerning BBH relations, which reﬂects diversity of orthologs in
more than two genomes based on simple networks in the closely related species. We also
examine relationship between the conﬁguration
and gene function. The present approach has
been applied to ﬁve Bacillus species (B. subtilis, B. anthracis, B. cereus, B. halodurans, B.
thuringiensis).

1. Introduction
With the progress in determining genome sequences, the relationships between genes from
diﬀerent genomes can be represented naturally
as a system of homologous families such as orthologs and paralogs. The conventional approach to the identiﬁcation of orthologs between two genomes is the so-called bidirectional
best-hit (BBH) criterion, that is, if ith gene of
genome st (denoted by gi (st )) is the best-hit
of the jth gene of genome su (gj (su )) and vice
versa, genes gi (st ) and gj (sj ) are regarded as a
pair of orthologs. Given the existence of oneto-many and many-to-many orthologous relationships, the task of identifying orthologs is
redeﬁned as the delineation of clusters of orthologous group (COG). The identiﬁcation of
COGs was based on consistent pattern of triangle graphs of BBH relations between genes 1) .
However, orthologous grouping is not a simple task because of co-orthologous relationship
of genes between species. Co-orthologs are paralogs produced by duplication of orthologs subsequent to a given speciation event that separates the given lineage from the other lineage under consideration, which is commonly
observed between species 2)∼4) , and should be
classiﬁed logically into outparalogs and inparalogs, that is, the former corresponds to those
without orthologous relationships, derived from
an ancestral duplication, and latter corresponds

2. Method
In this work we determined ortholog pairs of
genes using BBH relationship. If ith gene of
genome su which is denoted by gi (su ) is the
highest hit to jth gene of genome sv , i.e., gj (sv )
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and vice versa, genes gi (su ) and gj (sv ) are regarded as a pair of orthologs 1) . The orthologous pair is represented as [gj (sv ), gi (su )]. In
the case of multiple genomes (>2), we can represent all the ortholog pairs of genes as a graph
G(N, E), where N and E are a set of nodes
corresponding to genes and a set of edges corresponding to the orthologous relations, respectively. Now, the connected components of this
graph can be considered as the clusters of genes.
Such a cluster, i.e., a group of closely related
genes represented by a non-separable subgraph
is referred to as orthologous relation group
(ORGroup). The ORGroup of Fig. 1 (a) consists of gh (st ), gi (su ), and gj (sv ) connected by
BBH relations between all pairs among them.
Grouping of orthologous genes based on the
ORGroup is utilized and referred to as clusters of orthologous group by Tatsusov, et al. 1)
Triangle relation of orthologous genes in three
genomes is fundamentally important property
of ORGroups. There are three cases for conﬁguration of orthologous relation of genes in
three genomes (Fig. 1 (a), (b), and (c)); (i) when
genes for three genomes have the bidirectional
best-hit relation to each other, those are very
highly conserved with respect to each other
(Fig. 1 (a)); (ii) in the case that one gene of
a genome, for example gh (st ) in Fig. 1 (b), has
the bidirectional best hit relations to genes of
two other genomes, gj (sv ) and gi (su ), and gene
gj (sv ) does not have bidirectional best hit re-

Fig. 1 BBH relations among three species.

Nov. 2006

lation to gene gi (su ), these two genes can be
regarded as not so highly conserved with respect to each other in view of gene comparison
of diﬀerent genomes; and (iii) when two genes
(gh (st ) and gi (su )) from two genomes have the
bidirectional best hit to each other, and each of
them has the bidirectional best hit to two diﬀerent genes (gj (sv ) and gk (sv )) in a third genome,
we can detect two duplicated genes via orthologous relation (Fig. 1 (c)). In the present study,
multiplicated genes detected via orthologous relations are referred to as ‘paralogous genes’ or
simply ‘paralogs’.
The tightness of genes in an ORGroup can be
measured by using the concept of diameter of a
graph. The diameter of a graph is the longest
path among all of the pairs of vertices in the
graph. In the case of small diameter, genes in
ORGroups are closely connected to each other,
for example, in a complete graph, that is, in
the case where all genes in an ORGroup have
orthologous relations to each other, the diameter is always 1. Larger diameter of an ORGroup
indicates increased indirect relations among its
genes.
3. Results and Discussion
3.1 ORGroup without Paralogous
Genes
In the present study we examined orthologous
relations among genes of ﬁve Bacillus species
(B. subtilis, B. anthracis, B. cereus, B. halodurans, B. thuringiensis). Among the members of Gram-positive bacteria, B. subtilis is the
best-characterized aerobic, endospore-forming,
rod-shaped bacterium commonly found in soil,
water source and in association with plants 8) .
B. halodurans is an alkaliphilic bacterium that
grows optimally above pH 9.5 9) . B. cereus,
B. thuringiensis and B. anthracis belong to
the B. cereus sensu lato group of rod-shaped,
Gram-positive, spore-forming bacteria 10) . B.
anthracis is the etiological agent of anthrax, an
acute fatal animal and human disease that was
employed as a bioterror agent in the autumn
of 2001 11) . In the present study, B. subtilis,
B. anthracis, B. cereus, B. halodurans, and B.
thuringiensis are abbreviated as BS, BA, BC,
BH, and BT, respectively. To identify orthologs
we selected BBH relations with a signiﬁcant
BLASTP E-value smaller than 10−6 .
With regard to the ﬁve Bacillus species, all
ORGroups with more than one gene were classiﬁed into 113 isomorphic groups as shown in
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Fig. 2 All isomorphic groups in the five Bacillus genes. Genes and BBH
relations are represented by nodes and edges. Paralogous genes are
represented by identical colors other than white. Graph ID is written
in black color under each graph. The two integers in parenthesis are
the number of genes and the number of BBH relations, respectively.
The number following the parenthesis represents ID-number for each
type of isomorphic graphs. Total number of corresponding ORGroups
and the diameter in parenthesis is written above each graph using red
color.

Fig. 2. An ORGroup may contain only orthologs or a combination of orthologs and paralogs. Each of the identical ORGroups containing paralogous genes corresponding to a particular isomorphic group contains a set of paralogs
of the same size and shows identical BBH relations between paralogous genes, between paralogous and other genes, and between the other

genes. We observed 4,776 ORGroups that are
without paralogous genes and can be classiﬁed
into 18 isomorphic groups. The largest four
isomorphic groups are (3,3)-1, (5,10)-1, (4,6)-1,
and (2,1)-1 which corresponds to 1,587, 1,445,
693, and 924 ORGroups, respectively. The
ID numbers of isomorphic groups, for example,
(3,3)-1, (5,10)-1 and so on are same as those
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Table 1 Combination of species and its occurrence in complete-type ORGroups.
Graph ID
(2,1)-1

BA
(5311)
BA

BT
(5117)

BC
(5234)

BT
BT

BH
(4066)
BH

BS
BH

BA

BT
BA
BA
(3,3)-1

BA
BT

(4,6)-1

BA
BA
BA

BC
BC
BC
BC

BS
BS
BH

BT
BT
BT

BA
BA
BA

BS
(4105)

BC
BC
BC
BC

BH
BH
BH
BH
BH
BH
BH

BC
BT
BT

BC
BH

BT

BC
BC
BC

BS
BS
BS

BS
BS
BS
BS
BS

BH
BS
BT
BH
BS
BA
BT
BH
BS
BA
BT
BC
BH
BA
BT
BC
BS
(5,10)-1
BA
BT
BC
BH
BS
Graph ID corresponds to that in Fig. 2. The parentheses
represents the number of genes for each species.

in Fig. 2. The numbers of ORGroups belonging to the other isomorphic groups are smaller
than 30. So in the ﬁve Bacillus species, 78%
of the ORgroups that are without paralogous
genes are complete graphs based on BBH relations, that is, graphs with all possible BBH
relations. The isomorphic group (5,10)-1 is the
most important complete graph because in this
case all pairs of genes in the ﬁve genomes have
BBH relations to each other, and therefore such
ORGroups consist of highly conserved genes.
In B. subtilis, 272 genes have been determined
as essential genes by gene disruption experiments 12) , that is, a gene is assigned the tag
‘essential’, if its disruption in the genome appears to be lethal to the cell. All of the essential genes belong to the isomorphic groups
of the type (5,10)-1. The ORGroups that are
the complete graphs of maximum possible size,
i.e., comprising of the number of genes equal to
the number of species analyzed tend to contain
very highly conserved genes concerning house
keeping. Thus, it can be suggested that genes
included in the ORGroups comprizing of complete graphs are highly conserved and uniquely
exist in multiple genomes.

The number of
combinations
8
14
15
16
24
26
146
151
222
302
4
5
5
7
8
9
12
17
23
33
1,464
5
27
34
209
418
1,445
under the species abbreviation

In this study a complete ORGroup of size ﬁve
contains ﬁve genes, one from each of the ﬁve
species. But the complete ORGroups of size
three or four may not be identical to each other
in consideration of the related species. The
number of occurrences of diﬀerent combinations
of species in case of isomorphic groups (2,1)1, (3,3)-1, (4,6)-1 and (5,10)-1 are summarized
in Table 1. The highest occurrence among
those combinations is 1,464 for the combination
of (BA, BT, BC) in isomorphic group (3,3)-1.
This implies that very large number of orthologous genes are highly conserved among these
three species BA, BT, and BC. This conservation property of genomes is associated with the
fact that BA, BC, and BT are classiﬁed into the
same group and are very similar bacteria 10) . In
case of isomorphic group (4,6)-1, two combinations involving four species occurred relatively
higher number of times, one of them is BA, BT,
BC, BS (418 ORGroups) and the other is BA,
BT, BC, BH (209 ORGroups).
3.2 ORGroups Containing Paralogous
Genes
In case of ORGroups containing paralogous
genes, the occurrences of six isomorphic groups,
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(6,10)-1, (8,13)-1, (7,11)-1, (4,3)-1, (5,6)-1 and
(6,7)-1 are much higher than the others. Their
occurrences are 55, 53, 33, 21, 21 and, 20,
respectively. In the present study paralogous
genes are deﬁned as a pair of genes for same
species in an ORGroup that are connected by
a path of indirect BBH relations. Obviously
at least 3 BBH relations are needed to obtain
a pair of paralogous genes. The diameter of
all the above mentioned six isomorphic groups
is 3. Therefore the paralogous gene pairs obtained from ORGroups belonging to these six
isomorphic groups are expected to be highly
conserved. In the present study 95 isomorphic
groups that contain paralogous genes were obtained (Fig. 2), and only six isomorphic groups
are dominant. 172 out of 328 ORGroups, i.e.,
52% of the ORGroups that contain paralogous
genes corresponds to these six dominant groups.
The major six isomorphic groups that contain
paralogous genes can be derived from three fundamental isomorphic groups that do not contain paralogous genes denoted by (3,3)-1, (4,6)1, and (5,10)-1 as shown in Fig. 3. The isomorphic groups (4,3)-1, (5,6)-1, and (6,10)-1 (at the
middle part of Fig. 3) can be derived by adding
just a single gene to isomorphic groups (3,3)-1,
(4,6)-1, and (5,10)-1 (at the left side), respectively. On the basis of strong structural similarity between the corresponding pairs of these
isomorphic groups, we can detect strongly conserved pairs of paralogous genes. We guess that
the number of duplicated genes increases with
the increment of the number of genes in com-

Fig. 3 Relation between major isomorphic groups
without and with paralogous genes. Details are
described in the text.

5

plete ORGroups. Therefore, we estimate that
the ratio of the occurrences of a derived group
to that of the corresponding complete group
should have a relation with the total number of
genes in the complete ORGroups. Actually, we
found the following linear relation represented
in Eq. (1).
R = 0.012N G − 0.023
(1)
Here, R represents the ratio of the occurrences of a derived group (shown in middle part
of Fig. 3) to that of the corresponding complete
group (shown in left part of Fig. 3) and NG is
the number of genes in a complete graph. High
linear correlation coeﬃcient (0.997, n=3) was
obtained in the context of Eq. (1). With regard
to the ﬁve Bacillus genomes, the ratio R is 0.013
for (4,3)-1 to the complete graph (3,3)-1, 0.030
for (5,6)-1 to (4,6)-1, and 0.038 for (6,10)-1 to
(5,10)-1. Other isomorphic groups containing
paralogous genes whose occurrences are relatively higher are (6,7)-1, (8,13)-1, and (7,11)-1.
One characteristic of these groups is that they
contain complete subgraphs.
3.3 Comparative Genomics Based on
ORGroups
Examination of the relation of conservation of
genes obtained in the present study to cell function is important to validate and explain conservativeness of BBH relations and to understand
the essentiality of genes in genomes. Genes of
the ORGroups corresponding to the isomorphic
group (5,10)-1, that is, where all pairs of genes
in the ﬁve genomes have BBH relations to each
other, are expected to be very highly conserved
as mentioned in Section 3.1. So we examined
the function categories of genes related to the
isomorphic group (5,10)-1. The COG (clusters of orthologous groups of proteins) functional categories for several species have been
developed by Tatsusov, et al. 1) This classiﬁcation is useful for comparison of genes in case
of distantly related organisms. However, the
function class deﬁned in COG functional categories is not always suitable for the purpose of
comparison of genomes of closely related organisms, because of lack of species-speciﬁc function
classes. For example, it is fundamentally important to examine diversity or conservation of
genes concerning endospore-formation process
in Bacillus species. Unfortunately, this type of
category has not been considered in COG functional categories. So, we used the categories
based on functional classiﬁcation of the Bacillus subtilis protein-coding genes 13) , which com-
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Fig. 4 Relative amount of genes in ORGroups corresponding to isomorphic
group (5,10)-1with respect to all genes of B. subtilis calculated for
individual function categories.

prises of 5 categories (1, cell envelope and cellular processes; 2, cytochrome; 3, genetic information pathway; 4, intermediary metabolism;
and 5, other functions).
Figure 4 shows the relative amount of
genes in ORGroups corresponding to isomorphic group (5,10)-1 compared to the total number of genes in B. subtilis calculated for individual function categories. Function categories for which the aforementioned relative
amount is larger than 0.5 are as follows, (i) 1.2
Cell division, (ii) 3.3 DNA packaging and segregation, (iii) 3.4 DNA replication, (iv) 3.6
Protein foliding, (v) 3.7 Protein modiﬁcation,
(vi) 3.8 Protein synthesis, (vii) 3.9 RNA modiﬁcation, (viii) 4.4 Metabolism of prosthetic
groups and coenzymes, and (ix) 4.6 Metabolism
of nucleotides and nucleic acids. Over half of
genes in most of the categories concerning genetic information pathway tends to be classiﬁed into ORGroups with isomorphic conﬁguration (5,10)-1. Only, 3.1 Competence regu-

latory, 3.2 Detoxiﬁcation, 3.5 DNA repair restriction/modiﬁcation, and 3.10 RNA synthesis
are exceptions. This indicates that genes included in genetic information pathway tend to
be highly conserved and remain as single copies
across genomes, which is consistent with the
fact that genes concerning genetic information
pathway tend to be single orthologs in human,
ﬂy, worm and yeast that have not undergone
duplication and elaboration in the various organisims 14) . Among intermediary metabolism
categories, most of the genes classiﬁed into
metabolism of prosthetic groups and coenzymes
(category ID = 4.4) and nucleotides and nucleic
acids (4.6) are also classiﬁed into the isomorphic
group (5,10)-1. This indicates that the pathways for those metabolites are highly conserved
in comparison to the other metabolic pathways.
Thus, the ORGroups comprising of complete
graphs that include genes from all the species
are very highly conserved and associated with
fundamental genes concerning house keeping.
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Fig. 5 Relation of relative frequencies of genes in function categories (a) between (5,10)-1 and (3,3)-1, and (b) between (5,10)-1 and multiple
paralogues in B. subtilis. Equivalent relation between two frequencies
(y = x) is represented by a broken line. Abbreviation of a function
category corresponds to that in Fig. 4.

The largest number of ORGroups corresponds to the isomorphic group (3,3)-1. Among
them, 92% of ORGroups consist of genes
from three Bacillus species, BA, BT, and BC,
which are classiﬁed as common group 10) with
pathogenicity. Species-speciﬁc conserved functions for these three pathogenic species can be
examined by comparing gene distributions in
function categories in the context of (5,10)-1
and (3,3)-1. The relative amount of genes belonging to each functional category is calculated with respect to all genes in ORGroups

of type (3,3)-1 and (5,10)-1 separately. Figure 5 (a) shows the relative amounts of (3,3)-1
against those of (5,10)-1. The number of genes
in the ORGroups of type (3,3)-1 which belong
to transport/binding proteins and lipoprotein
(TB), RNA synthesis (RS), Cell wall (CW), and
Metabolism of lipid (ML) is much larger compared to those in the ORGroups of type (5,10)1. This indicates that the genes under function categories TB, RS, CW, and ML are highly
conserved in these three pathogenic Bacillus
species which is not the case for all ﬁve Bacil-
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Fig. 6 Histogram showing distribution of paralogous genes with respect to
function categories. Paralogous were not detected in the function
categories, 1.2, 2.2, 3.4, 3.6, 4.8, and 5.2 in all five species.

lus species analyzed in the present study. On
the other hand the relative amounts of genes belonging to some function categories are smaller.
Similar situation can be observed in the relation
between (5,10)-1 and paralogous genes detected
in B. subtilus except for the case of ML. The
relative amount of ML genes in ORGroups corresponding to (3,3)-1 is larger than that in ORGroups corresponding to (5,10)-1, but an opposite situation has been found in case of the
relative number of pairs of paralogs in B. subtilis. The fatty acid composition of the cytoplasmic membrane lipids of bacterial cells plays
key roles to adaptation phenomenon and diverged 15)∼21) . This indicates that the process
of the fatty acid synthesis is diverged in the

ﬁve Bacillus species, but, the fatty acid synthesis in three pathogens (BA, BC, BT) are
conserved and their adaptation strategy may
be very similar. Consequently it can be suggested that, species-speciﬁcity of ﬁve Bacillus
species is derived from gene functions TB, RS
and CW. This is reasonable that optimization of adaptation of atypical conditions for survival can be carried by Transport/binding protein and lipoproteins, and the transcription factors, which are main components in RS, and are
highly diverged among species. This is also validated by Fig. 6, which shows histogram of the
distribution of paralogous genes with respect to
function categories. The total pairs of paralogous for BS, BH, BC, BT, and BA detected by
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the BBH relations are 172, 58, 171, 221 and
153, respectively. Again, relatively large numbers of paralogous genes for transport/binding
proteins and lipoprotein (TB), RNA synthesis
(RS), and Cell wall (CW) were obtained for all
Bacillus species.
4. Conclusions
Gene classiﬁcation based on orthologous relations is one of the important problems to understand species-universal or species-speciﬁc conservation of genes in genomes associated with
phenotype in species. The proposed classiﬁcation system of genes based on networks conﬁgured by bidirectional best-hit relations makes it
possible to compare gene composition in multiple genomes and the highly conserved paralogs
can be detected by constructing orthologous relation groups. Depending on the number of occurrences of complete ORGroups involving different combination of species, the closely related group of species can be determined. Furthermore classiﬁcation of ORGroups to isomorphic groups conﬁgured by BBH makes it possible to estimate conservation and diversity of
genes in multiple genomes. Also, relation between conservation and function categories of
genes in the ﬁve Bacillus genomes has been realized and explained.
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