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ABSTRACT

OGtree is a web-based tool for constructing
genome trees of prokaryotic species based on a
measure of combining overlapping-gene content
and overlapping-gene order in their whole genomes.
The overlapping genes (OGs) are defined as adja-
cent genes whose coding sequences overlap
partially or entirely. In fact, OGs are ubiquitous in
microbial genomes and more conserved between
species than non-OGs. Based on these properties,
it has been suggested that OGs can serve as better
phylogenetic characters than non-OGs for recon-
structing the evolutionary relationships among
microbial genomes. OGtree takes the accession
numbers of prokaryotic genomes as its input. It
then downloads their complete genomes from the
National Centre for Biotechnology Information and
identifies OGs in each genome and their ortho-
logous OGs in other genomes. Next, OGtree com-
putes an overlapping-gene distance between each
pair of input genomes based on a combination of
their OG content and orthologous OG order. Finally,
it utilizes distance-based methods of building
tree to reconstruct the genome trees of input pro-
karyotic genomes according to their pairwise
OG distance. OGtree is available online at http://
bioalgorithm.life.nctu.edu.tw/OGtree/.

INTRODUCTION

The increasing availability of complete prokaryotic
genomes provides us with an opportunity to reconstruct
their genome trees based on the whole genomic infor-
mation of organisms rather than based on individual
genes or a small number of genes. In addition to sequence-
based phylogenomic approaches, methods based on whole
genomes, like those based on gene content (i.e. the
presence and absence of genes) (1,2) and gene orders
(3–5) can be used to construct more precise and robust

phylogenetic trees that are less influenced by anomalous
events. As pointed out in refs (6,7) however, the genome
trees constructed only based on gene content or gene order
may not be suitable for microbial genomes, because gene
content (respectively, gene order) might have changed too
little (respectively, too much) for biologists to perform
adequate analyses of evolutionary distances between
closely (respectively, distantly) related genomes. More
recently, to address these problems, Luo et al. (6,7) have
proposed an alternative way to reconstruct genome trees
of bacteria based on the presence and absence of
overlapping genes (OGs) in their complete genomes.
The OGs are defined as adjacent genes whose coding

sequences partially or entirely overlap. OGs are ubiqui-
tous in microbial genomes, because approximately a third
of all genes in all the microbial genomes sequenced to date
are overlapping (8,9). In fact, there is a strong relationship
between the total number of genes and the number of OGs
(8,9). In addition, it has been reported that OGs are more
conserved between species than non-overlapping genes
(10–12), because a mutation in the overlapping region
causes changes in both genes and therefore natural
selection against such mutations should be stronger.
Based on these properties, Luo et al. (6,7) have reported
that OGs can serve as better phylogenetic characters than
non-OGs for reconstructing the evolutionary relationships
among bacterial genomes.
For the phylogenetic reconstruction of bacterial gen-

omes, Luo et al. (6) defined the orthologous OG pairs
between two different genomes, say i and j, to be pairs of
genes that overlap in genome i and have orthologous
counterparts that overlap in genome j. In an analogous
method to that used in the analysis of gene content, they
defined a new distance measure between two genomes
based on the normalized number of their shared ortho-
logous OG pairs. Based on this definition, they utilized
current distance-based approaches of building tree, such
as neighbor-joining (NJ) and unweighted pair-group
method using arithmetic averages (UPGMA), to construct
the genome trees of many completely sequenced bacterial
genomes. In addition, Luo et al. (7) have further
maintained an interactive database server, called
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BPhyOG (http://cmb.bnu.edu.cn/BPhyOG/), which allows
the user to browse the genome trees of some bacterial
genomes that were calculated in advance on the basis of
shared orthologous OG pairs. However, their genome
trees are not greatly consistent with those produced by
traditional phylogenetic approaches based on 16S rRNAs
and concatenation of multiple proteins (refer to the
Experiments section for details).
In fact, during evolutionary process, species genomes

are subject to genome rearrangements (e.g. reversals and
transpositions) that alter the order and orientation of
genes on the genomes, leading to that the orders of
orthologous genes, as well as the ones of orthologous OG
pairs certainly, even between two closely related species
may not be conserved. This suggests that not only OG
content but also orthologous OG order should be
considered to reconstruct the genome trees of prokaryotic
species. For this purpose, we define the OG distance
between two genomes based on a measure of combining
OG content and order in their whole genomes (refer to the
Methods section for its detailed definition). We then use
UPGMA, as well as NJ and FM (Fitch–Margolias), to
build the genome tree of prokaryotic genomes according
to their pairwise OG distance.
We have developed a web-based tool, called OGtree

(http://bioalgorithm.life.nctu.edu.tw/OGtree/), for con-
structing the genome trees of prokaryotes based on OG
distance between prokaryotic complete genomes. In
addition, we have tested our OGtree on several Proteo-
bacteria complete genomes to assess its quality of genome
tree reconstruction. Compared with the phylogenetic trees
produced by Luo et al. (6,7) the genome trees constructed
by our OGtree are quite consistent with those reference
trees that were reconstructed based on 16S rRNAs as well
as concatenation of multiple proteins. All these results
have suggested that our OGtree can serve as a useful tool
for constructing more precise and robust genome trees for
prokaryotic genomes.

METHODS

As used in the studies of genome rearrangements, we
utilize a signed integer to represent a gene encoded in a
chromosome, with its sign indicating the transcriptional
orientation of the corresponding gene (e.g. ‘+’ stands for
50 ! 30 and ‘�’ stands for 30  50 ). Moreover, we use a
pair of signed integers (x, y) to represent an OG of x and y.
Basically, there are three possible overlapping types (or
structures/directions) of OGs (11,13): (i) unidirectional
OGs with sign (+,+) or (�,�), that is, the 30 end of one
gene overlaps with the 50 end of the other, (ii) convergent
OGs with sign (+,�), that is, the 30 ends of the two genes
overlap and (iii) divergent OGs with sign (�,+), that is,
the 50 ends of the two genes overlap. It has been reported
that in prokaryotic genomes unidirectional OGs are
most widespread, convergent OGs are less common and
divergent OGs are rare (8,9,13).
For our purpose, the orthologous OG pairs we

considered here are further restricted to those orthologous
OG pairs with the same (i.e. conserved) overlapping

structures. Let fc1, c2, . . . , cng denote the set of total
orthologous OG pairs between two given genomes Gi

and Gj. Then we represent these two genomes by two
permutations Gi¼ ða1, a2, . . . , anÞ and Gj¼ ðb1, b2, . . . , bnÞ,
respectively, on the same set of fc1, c2, . . . , cng. We also say
that, for example, ak precedes akþ1 in genome Gi, where
1 � k < n, and an precedes a1 if Gi is circular. For
simplicity of our description, we here assume Gi and Gj

to be circular, because the genomes of prokaryotes are
typically circular. Two consecutive OGs, say (u, v) and
(x, y) with (u, v) preceding (x, y), in Gi determine a
breakpoint if neither (u, v) precedes (x, y) nor ð�y, � xÞ
precedes ð�v, � uÞ in Gj. It is not hard to see that the
number of breakpoints in Gi is equal to the number of
breakpoints in Gj. Then, we define the overlapping-gene
distance Di,j between Gi and Gj as follows.

Di, j ¼ wo �
bi, j
n

� �
þ wc �

xi � n

xi
þ
xj � n

xj

� �

In the above formula, bi, j denotes the number of break-
points in genome Gi with respect to genome Gj, and xi and
xj denote the numbers of total OGs in Gi and Gj,
respectively. Note that if the considered genomes are
linear, the denominator of the first term in the right hand
of this equation should be n� 1, because in this case it is
the maximum number of breakpoints between Gi and Gj.
Basically, Di, j evaluates the distance between Gi and Gj by
considering the orthologous OG order measure as defined
in the first term (i.e. the normalized breakpoint distance)
and the OG content measure as defined in the second term
(i.e. the sum of the ratios of OGs found in one genome but
not found in another genome to the number of total OGs
found in a genome). Then wo and wc can be considered as
the weight of orthologous OG order and the weight of OG
content, respectively, where both of their defaults are 1’s
in OGtree.

Subsequently, we describe the details about the proce-
dures we used to develop our OGtree. The first step is to
download complete genomes from the National Centre for
Biotechnology Information (NCBI) according to the
accession numbers specified by the user. The putative
genes are then extracted from each of these genomes on
the basis of the coding sequence (CDS) annotation.
Inevitably, some of these putative genes may be mis-
annotated in each genome downloaded from the NCBI.
We may therefore exclude those genes that were annotated
as being unknown, hypothetical or putative for a stringent
analysis. In addition, horizontal gene transfer (HGT), the
transfer of genes between different species, has been
reported to be very common in prokaryotes (14). It may
obscure the OG pairs with which we hope to reconstruct
the genome tree of prokaryotes. Hence, we offer an
additional option in our OGtree to remove those genes
that were annotated as horizontally transferred genes at
the HGT-DB database (14), where HGT-DB currently
provides the lists of putative horizontally transferred genes
for a large number of prokaryotic complete genomes.

Next, we use BLASTP program to determine putative
orthologous genes between two genomes by using
bidirectional best hit (BBH) approach. A BBH is defined
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to be a pair of genes a and b from two genomes Gi and Gj

such that b is the best hit (i.e. most similar gene), when a
is compared against all genes of Gj and vice versa. It has
been evidenced that such a BBH approach of identifying
putative orthologs works reasonably well for bacterial
genomes (15). In addition, we use Inparanoid (14) as an
alternative to identify putative orthologous genes between
any two genomes. It has been demonstrated that
Inparanoid is the best among five currently existing
methods of automatically detecting orthologous genes
(16). After that, two adjacent genes in each genome are
identified as OGs, or an OG pair, if their CDSs overlap
partially or completely. Two OGs, say (a, c) and (b, d),
from different genomes are then considered as an
orthologous OG pair if a and b, as well as c and d, are
orthologous to each other, and (a, c) and (b, d ) have the
same overlapping structure.

Finally, for any two genomes Gi and Gj, we compute
their OG distance Di, j on basis of their OG pairs. Then we
apply distance-based approaches of building trees, such as
UPGMA, NJ and FM, to the matrix of OG distance
between genomes for constructing genome trees of the
input prokaryotic genomes.

USAGE OF OGTREE

Input

OGtree provides an intuitive user interface as illustrated in
Figure 1. The user can submit a job by entering or pasting

a set of accession numbers of prokaryotic genomes in
FASTA-like format (i.e. a single-line description begin-
ning with a right angle bracket followed by a line of the
accession number of a prokaryotic species), as well as an
email address via which the user will be notified of the
OGtree result when the submitted job is finished.
In addition, the user is allowed to change or modify the
default settings of all parameters, including the chromo-
somal type of input prokaryotic genomes (e.g. circular or
linear), the distance-based method used by OGtree to
build the genome tree (e.g. UPGMA, NJ or FM), the
weights of OG content and order (e.g. any non-negative
real numbers), the method used by OGtree to identify the
orthologous genes (e.g. BBH or Inparanoid) and the
thresholds of its E-value, alignment coverage in sequence
and similarity, whether or not to delete all the CDSs
whose translated products were annotated as hypothetical,
putative and unknown proteins in the NCBI, and whether
or note to delete all the CDS that were annotated as
horizontally transferred genes at the HGT-DB database.
For details, we refer the user to the help page of OGtree
that can be easily reached via the link in the OGtree
interface.

Output

In the output page, OGtree will show the OG distance
matrix calculated according to the prokaryotic complete
genomes downloaded from the NCBI (Figure 2), followed
by a genome tree constructed using UPGMA, NJ or FM

Figure 1. OGtree web interface.
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method based on this OG distance matrix (Figure 4).
OGtree also provides in the output page with a text
file of computed OG distance matrix in the PYLIP
format and a text file of constructed genome tree in the
Newick format, so that the user can download them
for post-processing analysis. In addition, OGtree
provides each entry in the OG distance matrix with a
link, through which the user can further review the details
of related information, including genes and OG pairs
extracted from each downloaded genome (in diagonal),
orthologous OGs identified between each pair of input
prokaryotic genomes (in upper-right triangle), and their
orders in each of compared genomes (in lower-left
triangle).

EXPERIMENTS

13 c-Proteobacteria complete genomes

In this experiment, we selected 13 g-Proteobacteria as the
testing dataset that consists of Buchnera aphidicola
(abbreviated as Ba, NC_002528), Escherichia coli (Ec,
NC_000913), Haemophilus influenzae (Hi, NC_000907),
Pseudomonas aeruginosa (Pa, NC_002516), Pasteurella
multocida (Pm, NC_002663), Salmonella typhimuriu
(St, NC_003197), Vibrio cholerae (Vc, NC_002505),
Wigglesworthia brevipalpis (Wb, NC_004344), Xanthomo-
nas axonopodis (Xa, NC_003919), X. campestris (Xc,
NC_003902), X. fastidiosa (Xf, NC_002488), Yersimia
pestis CO92 (YpC, NC_003143), and Y. pestis KIM
(YpK, NC_004088). In addition, we used the phylogenetic
trees constructed based on 16S rRNAs and concate-
nation of 205 orthologous proteins (17) as reference
trees (Figure 3a and b) and compared the genome trees
obtained by our OGtree to those phylogenetic tree
(Figure 3c) predicted by Luo et al. (6). Basically, these
two references have almost the same tree topology, just
with a slight difference in the position of V. cholerae. The
species of V. cholerae was placed as a neighbor of
P. aeruginosa in the reference tree constructed using the
concatenation of 205 proteins, whereas it was placed a

little away from P. aeruginosa in the reference tree of 16S
rRNAs.

As mentioned before, some misannotated genes may be
included in the genomes of public databases. Therefore,
we may exclude those CDSs annotated as being unknown,
hypothetical or putative from each downloaded genome in
our analysis, as done in ref. (6). However, we found that
most of the CDSs in W. brevipalpis are currently
annotated as unknown, hypothetical or putative, leading
us to find no orthologous OG pair between W. brevipalpis
and other species, if all these CDSs in W. brevipalpis are
removed from our analysis. Here, instead of this method,
we first removed those genes currently annotated as
horizontally transferred genes at the HGT-DB database
(14) and then applied more stringent criteria of identifying
putative orthologous genes by using BBH and setting the
parameters with at least 80% of each authentic CDS
sequence involved in the alignment and a minimum
E-value of 10�9.

Consequently, the NJ and FM trees (Figures 4b and c,
respectively) we obtained using OGtree have the same tree
topology, which slightly differ from the one in the
UPGMA tree (Figure 4a) with respect to the positions
of W. brevipalpis and B. aphidicola. The two endosym-
bionts of W. brevipalpis and B. aphidicola were placed as
neighbor taxa in the NJ and FM trees, whereas they were
as a sister group in the UPGMA tree.

In the comparison of the phylogenetic trees inferred by
Luo et al. (6), our genome trees show more precise and
robust phylogenies for the completely sequenced genomes
of 13 g-Proteobacteria. For instance, the topology of the
UPGMA tree (Figure 4a) we constructed here based on
the OG distance is completely consistent with that in the
reference tree based on 16S rRNAs (Figure 3a), and nearly
consistent with that in the reference tree constructed using
the concatenation of 205 proteins (Figure 3b). It is worth
mentioning that the two endosymbionts W. brevipalpis
and B. aphidicola were separated from each other in the
UPGMA tree (Figure 3c) constructed by Luo et al. (6).
In contrast, W. brevipalpis and B. aphidicola in our
UPGMA tree, as well as in both reference trees, were

Figure 2. An example of OG distance matrix computed by OGtree for 13 g-Proteobacteria: (lower triangle) OG distance between two genomes;
(diagonal) numbers of genes (numerator) and OG pairs (denominator) identified in each genome; (upper triangle) number of orthologous OGs
identified between two genomes.
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placed as a sister group, suggesting that there should be a
common origin for these two species both of which are
symbiotic and have reduced genomes.

Among the three tree-building methods in our experi-
ment, the UPGMA method produced a much more
congruent genome tree compared to both the NJ and
FM methods, if they were based on the OG distance we
defined in this study. This characteristic was also pointed
out by Luo et al. (6,7) in their studies only on the basis of
the content of OG pairs. It has been reported that
evolution of OGs occurs at a universal mutation rate
across bacterial genomes (8,9). Perhaps due to this
property, the UPGMA method is more suitable for the
reconstruction of phylogenies particularly based on OG
pairs, when compared to the NJ and FM methods.

18 Proteobacteria complete genomes

In the second experiment, we reconducted the above
experiment but with including additional two
a-Proteobacteria, Caulobacter crescentus (abbreviated as
Cc, NC_002696) and Rickettsia conorii (Rc, NC_003103),

and three b-Proteobacteria, Nitrosomonas europaea (Ne,
NC_004757), Neissenia meningitidis MC58 (NmM, NC_
003112) and N. meningitidis Z2491 (NmZ, NC_003116).
In the UPGMA tree constructed by Luo et al. (7), as was
shown in Figure 5a, the species N. europaea, a
b-Proteobacteria, was separated from the other two
b-Proteobacteria N. meningitidis MC58 and N. meningi-
tidis Z2491 and was placed in the group containing all
13 g-Proteobacteria. In contrast, all these three
b-Proteobacteria in our UPGMA tree was placed as a
sister group, as illustrated in Figure 5b. Particularly, the
testing a-, b- and g-Proteobacteria correctly form three
monophyletic clades in our UPGMA tree.

SUMMARY

OGtree is a web-based tool for reconstructing genome
trees of prokaryotes according to their pairwise OG
distance. The OG distance defined here is based on a
combination of OG content and orthologous OG order.
In this study, we have demonstrated that our OGtree was
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Figure 4. (a) UPGMA tree, (b) NJ tree and (c) FM tree constructed by OGtree for 13 g-Proteobacteria.
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Figure 3. (a) NJ tree constructed using 16S rRNA sequences, (b) NJ tree constructed based on concatenation of 205 proteins and (c) UPGMA tree
constructed by Luo et al. (6) for 13 g-Proteobacteria, where the reference trees shown in (a) and (b) were adapted from refs (6) and (17), respectively.
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able to construct more precise and robust genome trees for
some prokaryotic genomes. Therefore, we believe that our
OGtree can provide interesting insights into the study of
evolutionary relationships of completely sequenced pro-
karyotic genomes.
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Figure 5. (a) UPGMA tree inferred by Luo et al. (7) and (b) UPGMA tree produced by our OGtree using 18 Proteobacteria genomes.
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