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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 pheno-
type 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 re-
lation 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.

1. Introduction

With the progress in determining genome se-
quences, the relationships between genes from
different genomes can be represented naturally
as a system of homologous families such as or-
thologs and paralogs. The conventional ap-
proach to the identification of orthologs be-
tween two genomes is the so-called bidirectional
best-hit (BBH) criterion, that is, if ith gene of
genome s; (denoted by g¢;(s:)) is the best-hit
of the jth gene of genome s, (g;(s.)) and vice
versa, genes g;(s;) and g;(s;) are regarded as a
pair of orthologs. Given the existence of one-
to-many and many-to-many orthologous rela-
tionships, the task of identifying orthologs is
redefined as the delineation of clusters of or-
thologous group (COG). The identification of
COGs was based on consistent pattern of trian-
gle graphs of BBH relations between genes ).

However, orthologous grouping is not a sim-
ple task because of co-orthologous relationship
of genes between species. Co-orthologs are par-
alogs produced by duplication of orthologs sub-
sequent to a given speciation event that sep-
arates the given lineage from the other lin-
eage under consideration, which is commonly
observed between species?~% | and should be
classified logically into outparalogs and inpar-
alogs, that is, the former corresponds to those
without orthologous relationships, derived from
an ancestral duplication, and latter corresponds
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to those with orthologous relationships, derived
from a lineage-specific duplication®. Analysis
of inparalogs is important for detecting lineage-
specific adaptations. In the present study, we
address graph configurations based on BBH re-
lationships of genes in multiple genomes to de-
tect paralogous genes.

Gene classification based on BBH relations
in multiple genomes is the important problem
to understand conservation of genes in indi-
vidual genomes, and classification of orthologs
based on clustering algorithm ©-7) has been pro-
posed in the context of multiple genomes. In
the closely related species, the network con-
figuration constructed by orthologs in multi-
ple genomes is also important to understand
gene duplication process concerning inparalogs
which are bona fide orthologs by definition pro-
posed by Remm, et al. %)

Here we present a classification of genes using
configuration of networks concerning BBH re-
lations, which reflects diversity of orthologs in
more than two genomes based on simple net-
works 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. sub-
tilis, B. anthracis, B. cereus, B. halodurans, B.
thuringiensis).

2. Method

In this work we determined ortholog pairs of
genes using BBH relationship. If ith gene of
genome s, which is denoted by g¢;(s,) is the
highest hit to jth gene of genome s,,, i.e., g;(sy)
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and vice versa, genes g;(s,) and g;(s,) are re-
garded as a pair of orthologs). The ortholo-
gous pair is represented as [g;(sy), ¢i(sy)]- In
the case of multiple genomes (>2), we can rep-
resent 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 cor-
responding to the orthologous relations, respec-
tively. 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) con-
sists of gn(s¢), gi(su), and g;(s,) connected by
BBH relations between all pairs among them.
Grouping of orthologous genes based on the
ORGroup is utilized and referred to as clus-
ters of orthologous group by Tatsusov, et al. )
Triangle relation of orthologous genes in three
genomes is fundamentally important property
of ORGroups. There are three cases for con-
figuration of orthologous relation of genes in
three genomes (Fig. 1 (a), (b), and (¢)); (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 gp(s;) in Fig. 1 (b), has
the bidirectional best hit relations to genes of
two other genomes, g;(s,) and g;(s,), and gene
gi(sy) does not have bidirectional best hit re-
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Fig.1 BBH relations among three species.
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lation to gene g;(s,), these two genes can be
regarded as not so highly conserved with re-
spect to each other in view of gene comparison
of different genomes; and (iii) when two genes
(gn(st) and g;(s,)) from two genomes have the
bidirectional best hit to each other, and each of
them has the bidirectional best hit to two differ-
ent genes (g;(s,) and gx(s,)) in a third genome,
we can detect two duplicated genes via ortholo-
gous relation (Fig.1(c)). In the present study,
multiplicated genes detected via orthologous re-
lations 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 diame-
ter is always 1. Larger diameter of an ORGroup
indicates increased indirect relations among its
genes.

3. Results and Discussion

3.1 ORGroup
Genes

In the present study we examined orthologous
relations among genes of five Bacillus species
(B. subtilis, B. anthracis, B. cereus, B. halo-
durans, B. thuringiensis). Among the mem-
bers 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®.
B. halodurans is an alkaliphilic bacterium that
grows optimally above pH 9.59. B. cereus,
B. thuringiensis and B. anthracis belong to
the B. cereus sensu lato group of rod-shaped,
Gram-positive, spore-forming bacteria'?). 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, 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 1076,

With regard to the five Bacillus species, all
ORGroups with more than one gene were clas-
sified into 113 isomorphic groups as shown in

without Paralogous
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Fig.2 All isomorphic groups in the five Bacillus genes.
relations are represented by nodes and edges.

Genes and BBH
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 or-
thologs or a combination of orthologs and par-
alogs. Each of the identical ORGroups contain-
ing paralogous genes corresponding to a partic-
ular isomorphic group contains a set of paralogs
of the same size and shows identical BBH rela-
tions between paralogous genes, between paral-
ogous 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 BA BT BC BH BS The number of
(5311)  (5117) (5234) (4066)  (4105) combinations

(2,1)-1 BA BH 8
BT BS 14

BT BH 15

BA BS 16

BC BS 24

BC BH 26

BT BC 146

BA BC 151

BA BT 222

BH BS 302

(3,3)-1 BT BH BS 4
BT BC BH 5

BC BH BS 5

BA BC BH 7

BT BC BH 8

BA BH BS 9

BA BC BS 12

BA BT BS 17

BT BC BS 23

BA BH BS 33

BA BT BC 1,464

(4,6)-1 BA BC BH BS 5
BT BC BH BS 27

BA BT BH BS 34

BA BT BC BH 209

BA BT BC BS 418

(5,10)-1 BA BT BC BH BS 1,445

Graph ID corresponds to that in Fig. 2. The parentheses under the species abbreviation
represents the number of genes for each species.

in Fig.2. The numbers of ORGroups belong-
ing 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 re-
lations, 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 experi-
ments '2), that is, a gene is assigned the tag
‘essential’, if its disruption in the genome ap-
pears to be lethal to the cell. All of the es-
sential 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 com-
plete graphs are highly conserved and uniquely
exist in multiple genomes.

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 orthol-
ogous genes are highly conserved among these
three species BA, BT, and BC. This conserva-
tion property of genomes is associated with the
fact that BA, BC, and BT are classified into the
same group and are very similar bacteria'?). In
case of isomorphic group (4,6)-1, two combina-
tions 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 ob-
tained 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 ob-
tained (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 fun-
damental isomorphic groups that do not con-
tain paralogous genes denoted by (3,3)-1, (4,6)-
1, and (5,10)-1 as shown in Fig. 3. The isomor-
phic 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), respec-
tively. On the basis of strong structural simi-
larity between the corresponding pairs of these
isomorphic groups, we can detect strongly con-
served pairs of paralogous genes. We guess that
the number of duplicated genes increases with
the increment of the number of genes in com-

Isomorphic groups

without paralogs

A ANY

with paralogs

(3,3)-1 (4,3)-1 (6,7)-1

| [ ‘]%

a o) d O c omme o)
(4,6)-1 (5,6)-1 (8,13)-1
(5,10)-1 (6,10)-1 (7,11)-1

Fig.3 Relation between major isomorphic groups
without and with paralogous genes. Details are
described in the text.
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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 =0.012NG — 0.023 (1)

Here, R represents the ratio of the occur-
rences 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 rela-
tively 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 func-
tion is important to validate and explain conser-
vativeness 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 (clus-
ters of orthologous groups of proteins) func-
tional categories for several species have been
developed by Tatsusov, et al. V) This classifica-
tion is useful for comparison of genes in case
of distantly related organisms. However, the
function class defined in COG functional cate-
gories is not always suitable for the purpose of
comparison of genomes of closely related organ-
isms, because of lack of species-specific function
classes. For example, it is fundamentally im-
portant 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 func-
tional categories. So, we used the categories
based on functional classification of the Bacil-
lus subtilis protein-coding genes '), which com-
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Function Category

Relative amount of genes
0.0 05 1.0
T

1.1 Adaptation to atypical condition (AD)
1.2 Cell division (CD)

1.3 Cell wall (CW)

1.4 Germination (GE)

1.5 Membrane bioenergetics (MB)

1.6 Motility and chemotaxis (MO)

1.7 Protein secretion (SE)

1.8 Signal transduction (ST)

1.9 Sprulation (SP)

1.10 Transformation/competence (TC)

2.1 Cytoplasmic protiens (CY)

3.1 Competence regulatory (CR)

3.2 Detoxification (DE)

3.3 DNA packaging and segregation (DP)

3.4 DNA replication (DR)

3.5 DNA repair, restriction/modification (DM)
3.6 Protein folding (PF)

3.7 Protein modification (PM)

3.8 Protein synthesis (PS)

3.9 RNA modification (RM)

4.1 Metabolism of carbohydrates (MC)
4.2 Degradation (DG)

4.3 Metabolism of amino acids (MA)
4.5 Metabolism of lipids (ML)

4.7 Metabolism of phosphates (MP)

Antibiotic production (AP)
5.2 Phage-related functions (PF)
5.2 Transposable elements (TE)

1.11 Transport/binding proteins and lipoproteins (TB)

4.4 Metabolism of prosthetic groups and coenzymes (MP)

4.6 Metabolism of nucleotides and nucleic acids (MN)

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 cel-
lular processes; 2, cytochrome; 3, genetic infor-
mation pathway; 4, intermediary metabolism;
and 5, other functions).

Figure 4 shows the relative amount of
genes in ORGroups corresponding to isomor-
phic group (5,10)-1 compared to the total num-
ber of genes in B. subtilis calculated for in-
dividual function categories. Function cate-
gories 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 seg-
regation, (iii) 3.4 DNA replication, (iv) 3.6
Protein foliding, (v) 3.7 Protein modification,
(vi) 3.8 Protein synthesis, (vii) 3.9 RNA mod-
ification, (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 ge-
netic information pathway tends to be classi-
fied into ORGroups with isomorphic configu-
ration (5,10)-1. Only, 3.1 Competence regu-

latory, 3.2 Detoxification, 3.5 DNA repair re-
striction/modification, and 3.10 RNA synthesis
are exceptions. This indicates that genes in-
cluded 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 or-
ganisims '¥. 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 path-
ways 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) be-
tween (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 corre-
sponds 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 !*) with
pathogenicity. Species-specific conserved func-
tions 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 be-
longing to each functional category is calcu-
lated with respect to all genes in ORGroups

of type (3,3)-1 and (5,10)-1 separately. Fig-
ure 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 com-
pared to those in the ORGroups of type (5,10)-
1. This indicates that the genes under func-
tion 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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The number of groups including paralogus
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1.1 Adaptation to atypical condition.

1.11 Transport/binding proteins and lipoprotiens
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.1 Competence regulatory

3.10 RNA synthesis

4.1 Metab. of carbohydrates

4.7 Metab. of phosphates

5.1 Antibiotic production

5.2 Phage-related functions

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 be-
longing 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 cor-
responding to (3,3)-1 is larger than that in OR-
Groups corresponding to (5,10)-1, but an op-
posite situation has been found in case of the
relative number of pairs of paralogs in B. sub-
tilis. The fatty acid composition of the cyto-
plasmic membrane lipids of bacterial cells plays
key roles to adaptation phenomenon and di-
verged 19~21) | This indicates that the process
of the fatty acid synthesis is diverged in the

five Bacillus species, but, the fatty acid syn-
thesis in three pathogens (BA, BC, BT) are
conserved and their adaptation strategy may
be very similar. Consequently it can be sug-
gested that, species-specificity of five Bacillus
species is derived from gene functions TB, RS
and CW. This is reasonable that optimiza-
tion of adaptation of atypical conditions for sur-
vival can be carried by Transport/binding pro-
tein and lipoproteins, and the transcription fac-
tors, which are main components in RS, and are
highly diverged among species. This is also val-
idated by Fig. 6, which shows histogram of the
distribution of paralogous genes with respect to
function categories. The total pairs of paralo-
gous 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 num-
bers 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 rela-
tions is one of the important problems to under-
stand species-universal or species-specific con-
servation of genes in genomes associated with
phenotype in species. The proposed classifica-
tion system of genes based on networks config-
ured by bidirectional best-hit relations makes it
possible to compare gene composition in multi-
ple genomes and the highly conserved paralogs
can be detected by constructing orthologous re-
lation groups. Depending on the number of oc-
currences of complete ORGroups involving dif-
ferent combination of species, the closely re-
lated group of species can be determined. Fur-
thermore classification of ORGroups to isomor-
phic groups configured by BBH makes it pos-
sible to estimate conservation and diversity of
genes in multiple genomes. Also, relation be-
tween conservation and function categories of
genes in the five Bacillus genomes has been re-
alized and explained.
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