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ABSTRACT 
A conserved gene cluster (also referred to as a conserved gene order) is defined as a cluster of neighboring genes whose gene order is 
conserved across several species. In the present study, we propose a novel workflow which enables sensitive detection of conserved gene 
clusters by taking into account the information of gene order conservation in the step to identify orthologous genes (OGs). Our workflow 
was applied to large-scale comparisons of 101 prokaryotic and 15 fungal genomes. Thereafter, we examined the difference between OGs 
in conserved gene clusters (clustered OGs) and OGs that are not the members of conserved gene clusters (isolated OGs). Our analysis 
confirms the finding in previous studies that, in prokaryotes, protein sequences of clustered OGs are more conserved than those of isolated 
OGs. In addition, this interesting correlation between protein sequence homology and gene order conservation were observed also in 
fungal genomes. To our knowledge, this is the first report of a systematic survey of such correlation in eukaryotic genomes. Furthermore, 
we analyzed evolutionary forces behind the correlation by estimating the rate of synonymous substitutions (KS) and the rate of 
nonsynonymous substitutions (KA). This detailed sequence analysis reveals that although the correlation is consistently observed and 
seems to be a general trend among prokaryotic and fungal genomes, the evolutionary forces behind the correlation are different among 
lineages, suggesting that the joint effect of heterogeneous underlying mechanisms would result in the correlation. 
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INTRODUCTION 
 
The rapid increase of the availability of completely 
sequenced genomes provides us with an opportunity to 
explore the underlying mechanisms for the evolution of 
genome organizations. Especially in prokaryotes, the 
number of completely sequenced genomes has been expo-
nentially increased, with a doubling time of approximately 
20 months for bacteria and approximately 34 months for 
archaea (Koonin and Wolf 2008). As of this writing (9 May 
2009), 812 bacterial and 58 archaeal genomes can be down-
loaded from the NCBI ftp server (ftp://ftp.ncbi.nih.gov/ 
genomes/). These collections of prokaryotic genomes cover 
21 bacterial and four archaeal phyla, indicating that the cur-
rent collections of bacterial and archaeal genomes provide a 
reasonable approximation of the diversity of prokaryotic 
life forms on earth (Koonin and Wolf 2008). 

Structural changes in complete genome sequences have 
been extensively examined, and it has been shown that 
large-scale gene orders (e.g. more than ten genes) are hardly 
conserved even between closely related prokaryotic gen-
omes (Mushegian and Koonin 1996; Tatusov et al. 1996; 
Watanabe et al. 1997; Dandekar et al. 1998; Koonin 2009), 
suggesting that extensive gene shuffling has occurred 
during prokaryotic genome evolution (Koonin et al. 1996). 
On the other hand, gene orders of a few neighboring genes 
have been preserved even between distantly related pro-
karyotic genomes, and physical interactions between the 
proteins encoded by genes in such conserved gene clusters 
are apparent in most cases (Dandekar et al. 1998). Based on 
this observation, the information of the gene order conser-
vation has been used to complement homology-based pre-
diction of protein functions (Huynen et al. 2000; Wolf et al. 

2001; Li et al. 2007). Whereas the homology of protein 
sequences can be used to predict the molecular function of a 
protein, the gene order conservation can be used to predict a 
higher order function (e.g. in which process or pathway a 
particular protein plays a role, or with which other protein it 
interacts) (Huynen et al. 2000). Deepening the understand-
ding of the evolutionary forces that preserve gene orders 
would provide us with valuable biological insights, which 
can be used to increase the accuracy of the protein function 
prediction based on the gene order conservation. 

Here, we are focusing on an interesting finding that 
links between the evolution of protein sequences and the 
evolution of gene orders. Dandekar et al. (1998) performed 
a systematic comparison of nine bacterial and archaeal 
genomes, and found that the degree of protein sequence 
conservation of genes in conserved gene clusters is on ave-
rage substantially higher than that of the other genes. More 
recently, Lemoine et al. (2007) corroborated this finding by 
comparing 107 bacterial and archaeal genomes. This fin-
ding would be an important clue toward unraveling the evo-
lutionary forces that preserve gene orders. However, the 
previous studies do not conduct further analyses for dis-
cussing evolutionary forces behind the correlation between 
protein sequence homology and gene order conservation. 

In the present study, we shed light on the evolutionary 
forces by estimating the rate of synonymous substitutions 
(KS) and the rate of nonsynonymous substitutions (KA). The 
ratio between KA and KS (KA/KS) can be used to assess how 
strong evolutionary pressures have enforced conservation of 
protein sequences because KA/KS = 1 means neutral muta-
tions, KA/KS < 1 purifying selections, and KA/KS > 1 diver-
sifying positive selections (Yang et al. 2000). We can also 
assess how frequently the coding sequence of a gene has 
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been substituted based on the value of KS. We here assume 
that higher degree of protein sequence conservation of clus-
tered OGs can be explained by either stronger selective 
pressures to maintain protein sequences (lower value of 
KA/KS ratio), lower substitution rate of coding sequences 
(lower value of KS), or both. Based upon this assumption, 
we aim at unraveling which of the three explanations is 
appropriate for each taxonomic group. 

For this purpose, we propose a novel workflow which 
enables sensitive detection of conserved gene clusters. Our 
workflow uses the OASYS program in order to identify 
orthologous genes. OASYS can accurately detect one-to-
one orthology relationships of genes by taking into account 
the information of gene order conservation. This makes it 
possible to avoid too stringent criteria for filtering out sus-
picious homologs, and to detect conserved gene clusters 
sensitively. The source code of OASYS is freely available 
http://oasys.dna.bio.keio.ac.jp under the GNU General Pub-
lic License. The algorithm of OASYS is described in the 
same web site. 

In addition, we included fungal genomes in our analy-
ses, enabling us to discuss how general the finding in (Dan-
dekar et al. 1998) is in a wide variety of species, including 
not only prokaryotes but also eukaryotes. The correlation 
between protein sequence homology and gene order conser-
vation in eukaryotes has been less intensively surveyed than 
in prokaryotes. Hillier et al. (2007) reports a slightly related 
finding that the sequence conservation rate of syntenic OGs 
is higher than that of non-syntenic OGs in the comparison 
of nematodes, where syntenic OGs are defined as the OGs 
located on the corresponding chromosomes of different spe-
cies. Note that our definition of clustered OGs and their 
definition of syntenic OGs are substantially different. To 
our knowledge, our analyses of fungi genomes are the first 
attempt to survey in a systematic manner whether the fin-
ding in (Dandekar et al. 1998) can be extended to eukary-
otes. 

 
MATERIALS AND METHODS 
 
Materials 
 
We downloaded complete sequences of bacterial, archaeal, and 
fungal genomes in GenBank format from the NCBI ftp server 
(ftp://ftp.ncbi.nih.gov/genomes/). The taxonomic classification of 
these genomes was taken from the NCBI Taxonomy Browser 
(http://www.ncbi.nlm.nih.gov/Taxonomy/). 

 
Bacterial genomes 
 
Of 812 currently available bacterial genomes, 83 bacterial gen-
omes were collected so as to cover all available bacterial orders 
(79 bacterial orders). These genomes cover 21 bacterial phyla, in-
cluding two recently proposed bacterial phyla, Gemmatimonadetes 
(Zhang et al. 2003) and Elusimicrobia (Herlemann et al. 2009). A 
list of bacterial genomes used in our analyses and its taxonomy are 
shown in Table 1. 
 
Archaeal genomes 
 
Of 58 currently available archaeal genomes, 18 archaeal genomes 
were collected so as to cover all available archaeal orders (15 ar-
chaeal orders). These genomes cover four archaeal phyla, inclu-
ding two major archaeal phyla, Crenarchaeota and Euryarchaeota, 
as well as two minor archaeal phyla, Korarchaeota (Barns et al. 
1996) and Nanoarchaeota (Huber et al. 2002). A list of archaeal 
genomes used in our analyses and its taxonomy are shown in 
Table 2. 
 
Fungal genomes 
 
All currently available fungal genomes were collected (15 fungal 
genomes). These genomes cover three fungal phyla, Ascomycota, 
Basidiomycota and Microsporidia, and eight fungal orders. A list 
of fungal genomes used in our analyses and its taxonomy are 

shown in Table 3. 
 
In order to survey how generally the correlation between prot-

ein sequence homology and gene order conservation can be ob-
served, we selected 101 prokaryotic species for our analyses which 
cover all currently available prokaryotic orders. This is because 
the computation of reciprocal all-against-all BLAST searches for 
all pairs of the 870 currently available prokaryotic genomes is 
nearly infeasible even with a high performance computing cluster 
system. Table 4 shows that our collection of complete genome 
sequences covers a wider taxonomic space of prokaryotic species 
compared with the work of Lemoine et al. (2007). 

More importantly, in order to investigate whether the finding 
in (Dandekar et al. 1998) can be extended to eukaryotes, we inclu-
ded fungal genomes in our analyses. Although it is more desirable 
to include other eukaryotes such as animals and plants as well as 
fungi, it requires a more complicated (or sophisticated) workflow 
to detect conserved gene clusters because higher eukaryotic gen-
omes have gone through numerous tandem duplication events. 
Thus we analyzed only fungal genomes regarding eukaryotic gen-
omes in the present study, although we have a plan to improve the 
OASYS algorithm so as to be able to accurately identify OGs even 
when there exist tandem duplications and to examine whether the 
correlation between protein sequence homology and gene order 
conservation can be observed also in higher eukaryotes. 
 
Workflow for detecting conserved gene clusters 
 
A conserved gene cluster is defined as a cluster of neighboring 
genes whose gene order is conserved across several species. 
Detecting conserved gene clusters between pairwise genomes is 
one of the most important steps in our analyses. Our purpose is to 
compare evolutionary distances separating orthologous genes 
(OGs) from two organisms between OGs in conserved gene clus-
ters (clustered OGs) and OGs that are not the members of con-
served gene clusters (isolated OGs). Thus, both accurate identifi-
cation of orthology relationships and accurate detection of con-
served gene clusters are necessary to ensure that the differences 
between clustered OGs and isolated OGs are not the artifacts 
caused by inaccurate workflow. 

A difficulty in the identification of OGs is associated with the 
discrimination between orthologs, which are genes evolved by ver-
tical descent from a single ancestral gene, and paralogs, which are 
genes evolved by duplication (Fitch 1970). Given a timing of the 
speciation separating two genomes, paralogs that go through dup-
lication events after the speciation are referred to as in-paralogs, 
whereas paralogs that are duplicated before the speciation are 
referred to as out-paralogs (Remm et al. 2001). In many cases 
where in-paralogs exist, similarity of protein sequences is not suf-
ficient information to determine which of the in-paralogs is func-
tionally equivalent to the ortholog in the other species. Due to this 
uncertainty of functional equivalence between in-paralogs, the vast 
majority of recently proposed methods identify many-to-many or-
thology relationships, i.e. all of in-paralogs are clustered together 
in an orthologous group (Remm et al. 2001; Li et al. 2003; Tatu-
sov et al. 2003; Dehal and Boore 2006; Vilella et al. 2009). 

However, in-paralogs could be under different evolutionary 
pressures. Evolutionary biologists consider that one of the in-para-
logs have retained the ancestral function and the other in-paralogs 
have acquired new lineage-specific functions. Thus, the one of in-
paralogs would be under the evolutionary pressures to maintain 
protein sequences, whereas the others would not be (Ohno 1970; 
Zhang et al. 1998; Moore and Purugganan 2003; Rodriguez-
Trelles et al. 2003; Thornton and Long 2005; Han et al. 2009). In 
order to focus on the correlation between protein sequence homo-
logy and gene order conservation, and to exclude the undesirable 
effects of in-paralogs, our workflow identifies one-to-one ortho-
logy relationships rather than many-to-many. Even when there 
exist in-paralogs, our workflow identifies one-to-one orthology 
relationships by selecting the orthologous gene pairs that are 
located on the corresponding chromosomal positions. Since such 
OGs tend to have retained the ancestral function (Dandekar et al. 
1998; Overbeek et al. 1999a, 1999b; Snel et al. 2000; Notebaart et 
al. 2005), the OGs identified by our workflow would be less 
affected by in-paralogs. 
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Table 1 List of the bacterial genomes used in our analyses. 
Phylum Class Order Species Genome Size (kb) No. of Genes
Chloroflexi Chloroflexi Chloroflexales Chloroflexus aggregans 4,685 3,730 
  Herpetosiphonales Herpetosiphon aurantiacus 6,785 5,278 
 Dehalococcoidetes not defined Dehalococcoides ethenogenes 1,470 1,580 
 Thermomicrobia Thermomicrobiales Thermomicrobium roseum 2,921 2,854 
Deinococcus-Thermus Deinococci Deinococcales Deinococcus radiodurans 3,284 3,167 
  Thermales Thermus thermophilus 2,116 2,238 
Cyanobacteria Gloeobacteria Gloeobacterales Gloeobacter violaceus 4,659 4,430 
 not defined Chroococcales Cyanothece sp. ATCC 51142 5,460 5,304 
  Nostocales Nostoc punctiforme 9,059 6,690 
  Oscillatoriales Trichodesmium erythraeum 7,750 4,451 
  Prochlorales Prochlorococcus marinus 1,670 1,921 
  not defined Acaryochloris marina 8,362 8,383 
Proteobacteria Alphaproteobacteria Caulobacterales Caulobacter vibrioides 4,017 3,737 
  Rhizobiales Rhizobium etli 6,530 5,963 
  Rhodobacterales Dinoroseobacter shibae 4,418 4,187 
  Rhodospirillales Acidiphilium cryptum 3,963 3,559 
  Rickettsiales Rickettsia conorii 1,269 1,374 
  Sphingomonadales Sphingopyxis alaskensis 3,374 3,195 
 Betaproteobacteria Burkholderiales Burkholderia mallei 5,232 5,189 
  Hydrogenophilales Thiobacillus denitrificans 2,910 2,827 
  Methylophilales Methylobacillus flagellatus 2,972 2,753 
  Neisseriales Neisseria meningitidis 2,272 2,063 
  Nitrosomonadales Nitrosomonas europaea 2,812 2,461 
  Rhodocyclales Aromatoleum aromaticum 4,727 4,590 
  Bdellovibrionales Bdellovibrio bacteriovorus 3,783 3,587 
Proteobacteria Deltaproteobacteria Desulfobacterales Desulfotalea psychrophila 3,660 3,234 
  Desulfovibrionales Desulfovibrio vulgaris 3,661 3,091 
  Desulfuromonadales Geobacter sulfurreducens 3,814 3,445 
  Myxococcales Myxococcus xanthus 9,140 9,140 
  Syntrophobacterales Syntrophobacter fumaroxidans 4,990 4,064 
 Epsilonproteobacteria Campylobacterales Helicobacter pylori 1,663 1,504 
  Nautiliales Nautilia profundicola 1,676 1,730 
  not defined Nitratiruptor sp. SB155-2 1,878 1,843 
   Sulfurovum sp. NBC37-1 2,562 2,438 
 Gammaproteobacteria Acidithiobacillales Acidithiobacillus ferrooxidans 2,982 3,147 
  Aeromonadales Aeromonas hydrophila 4,744 4,122 
  Alteromonadales Alteromonas macleodii 4,412 4,072 
  Cardiobacteriales Dichelobacter nodosus 1,389 1,280 
  Chromatiales Alkalilimnicola ehrlichei 3,276 2,865 
  Enterobacteriales Escherichia coli 4,640 4,149 
   Salmonella enterica 5,134 4,758 
   Yersinia pestis 4,702 4,202 
  Legionellales Legionella pneumophila 3,576 3,206 
  Methylococcales Methylococcus capsulatus 3,305 2,956 
  Oceanospirillales Chromohalobacter salexigens 3,697 3,298 
  Pasteurellales Pasteurella multocida 2,257 2,015 
  Pseudomonadales Pseudomonas aeruginosa 6,264 5,566 
  Thiotrichales Thiomicrospira crunogena 2,428 2,196 
  Vibrionales Vibrio cholerae 4,033 3,835 
  Xanthomonadales Xanthomonas campestris 5,079 4,467 
 not defined not defined Magnetococcus sp. MC-1 4,720 3,716 
Aquificae Aquificae Aquificales Aquifex aeolicus 1,591 1,560 
Chlamydiae Chlamydiae Chlamydiales Chlamydia muridarum 1,080 911 
Verrucomicrobia Opitutae not defined Opitutus terrae 5,958 4,612 
 Verrucomicrobiae Verrucomicrobiales Akkermansia muciniphila 2,664 2,138 
 not defined not defined Methylacidiphilum infernorum 2,287 2,472 
Planctomycetes Planctomycetacia Planctomycetales Rhodopirellula baltica 7,146 7,325 
Spirochaetes Spirochaetes Spirochaetales Treponema pallidum 1,138 1,036 
Bacteroidetes Bacteroidia Bacteroidales Bacteroides fragilis 5,241 4,231 
 Flavobacteria Flavobacteriales Flavobacterium johnsoniae 6,097 5,017 
 Sphingobacteria Sphingobacteriales Cytophaga hutchinsonii 4,433 3,785 
Chlorobi Chlorobia Chlorobiales Chlorobaculum tepidum 2,155 2,245 
Fusobacteria Fusobacteria Fusobacteriales Fusobacterium nucleatum 2,175 2,067 
Thermotogae Thermotogae Thermotogales Thermotoga maritima 1,861 1,858 
Acidobacteria Acidobacteria Acidobacteriales Acidobacteria bacterium Ellin345 5,650 4,777 
 Solibacteres Solibacterales Solibacter usitatus 9,966 7,826 
Gemmatimonadetes Gemmatimonadetes Gemmatimonadales Gemmatimonas aurantiaca 4,637 3,935 
Nitrospirae Nitrospira Nitrospirales Thermodesulfovibrio yellowstonii 2,004 2,033 
Dictyoglomi Dictyoglomia Dictyoglomales Dictyoglomus thermophilum 1,960 1,912 
Elusimicrobia Elusimicrobia Elusimicrobiales Elusimicrobium minutum 1,644 1,529 
Actinobacteria Actinobacteria Actinomycetales Mycobacterium tuberculosis 4,412 3,989 
  Bifidobacteriales Bifidobacterium longum 2,260 1,729 
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Our workflow starts with parsing GenBank files. Subse-
quently, one-to-one orthology relationships of genes are identified 
by the OASYS program. Thereafter, OGs that are strictly adjacent 
in both genomes are clustered together in order to detect conserved 
gene clusters, in which neither insertion/deletion of genes nor in-

version is allowed. This clustering criterion is the same as the 
work of Lemoine et al. (2007). 

An originality of our workflow is to use the information of 
gene order conservation in the step to identify OGs. Suppose that 
two genomes, GA and GB, have evolved from a common ancestor, 
and the gene order of three neighboring genes have not been dis-
rupted. Let the descendant of the gene cluster in GA and GB be {ai-1, 
ai, ai+1} and {bi-1, bi, bi+1}, respectively. In addition, suppose that bi 
is duplicated after the speciation of GA and GB, and GB comes to 
encode a new gene b’i as shown in Fig. 1. In this case, a heuristic 
homology search tool like BLAST might yield a smaller similarity 
score for the gene pair (ai, bi) than the gene pair (ai, b’i) even 
though the gene pair (ai, bi) be truly orthologous. Then, the gene 
pair (ai, bi) would not be identified as orthologous by the methods 
based only on protein sequences and therefore the conserved gene 
cluster of {ai-1, ai, ai+1} and {bi-1, bi, bi+1} would not be detected. 
On the other hand, the information of gene order conservation en-
hances to identify three one-to-one orthology relationships, (ai-1, 
bi-1), (ai, bi), and (ai+1, bi+1), which would yield the detection of the 
conserved gene cluster of the three OGs. Accordingly, in order to 

Table 1 (Cont.) 
Phylum Class Order Species Genome Size (kb) No. of Genes
  Rubrobacterales Rubrobacter xylanophilus 3,226 3,140 
Firmicutes Bacilli Bacillales Bacillus subtilis 4,215 4,105 
   Staphylococcus aureus 2,814 2,615 
  Lactobacillales Streptococcus pneumoniae 2,046 1,914 
Firmicutes Clostridia Clostridiales Clostridium acetobutylicum 4,133 3,848 
  Halanaerobiales Halothermothrix orenii 2,578 2,342 
  Natranaerobiales Natranaerobius thermophilus 3,191 2,906 
  Thermoanaerobacterales Thermoanaerobacter tengcongensis 2,689 2,588 
Tenericutes Mollicutes Acholeplasmatales Acholeplasma laidlawii 1,497 1,380 
  Entomoplasmatales Mesoplasma florum 793 682 
  Mycoplasmatales Mycoplasma pneumoniae 816 689 
 

Table 2 List of the archaeal genomes used in our analyses. 
Phylum Class Order Species Genome Size (kb) No. of Genes
Crenarchaeota Thermoprotei Desulfurococcales Aeropyrum pernix 1,670 1,700 
  Nitrosopumilales Nitrosopumilus maritimus 1,645 1,795 
  Sulfolobales Sulfolobus solfataricus 2,992 2,977 
  Thermoproteales Pyrobaculum aerophilum 2,222 2,605 
Euryarchaeota Archaeoglobi Archaeoglobales Archaeoglobus fulgidus 2,178 2,420 
 Halobacteria Halobacteriales Haloarcula marismortui 4,275 4,240 
   Halobacterium salinarum 2,571 2,622 
 Methanobacteria Methanobacteriales Methanothermobacter thermautotrophicus 1,751 1,873 
 Methanococci Methanococcales Methanocaldococcus jannaschii 1,740 1,786 
 Methanomicrobia Methanomicrobiales Methanospirillum hungatei 3,545 3,139 
  Methanosarcinales Methanosarcina acetivorans 5,751 4,540 
 Methanopyri Methanopyrales Methanopyrus kandleri 1,695 1,687 
 Thermococci Thermococcales Pyrococcus abyssi 1,769 1,782 
   Thermococcus kodakarensis 2,089 2,306 
 Thermoplasmata Thermoplasmatales Picrophilus torridus 1,546 1,535 
   Thermoplasma acidophilum 1,565 1,482 
Korarchaeota not defined not defined Candidatus Korarchaeum cryptofilum 1,591 1,602 
Nanoarchaeota not defined not defined Nanoarchaeum equitans 491 536 
 

Table 3 List of the fungal genomes used in our analyses. 
Phylum Class Order Species Genome Size (kb) No. of Genes
Ascomycota Eurotiomycetes Eurotiales Aspergillus fumigatus 29,385 9,630 
   Emericella nidulans 29,699 9,410 
 Sordariomycetes Hypocreales Gibberella zeae 36,354 11,628 
  Sordariales Neurospora crassa 37,101 10,082 
 Saccharomycetes Saccharomycetales Yarrowia lipolytica 20,551 6,472 
   Debaryomyces hansenii 12,250 6,334 
   Eremothecium gossypii 8,766 4,722 
   Kluyveromyces lactis 10,729 5,336 
   Candida glabrata 12,300 5,192 
   Pichia stipitis 15,441 5,816 
   Saccharomyces cerevisiae 12,157 5,880 
 Schizosaccharomycetes Schizosaccharomycetales Schizosaccharomyces pombe 12,591 5,003 
Basidiomycota Tremellomycetes Tremellales Filobasidiella neoformans 19,052 6,475 
 Ustilaginomycetes Ustilaginales Ustilago maydis 19,695 6,548 
Microsporidia not defined not defined Encephalitozoon cuniculi 2,498 1,996 

 
Table 4 Taxonomic space covered by our analyses and the work of 
Lemoine et al. (2007). 
Domain Rank Lemoine et al. (2007) Our analyses 
Bacteria Phylum 14 21 
 Class 20 35 
 Order 43 79 
Archea Phylum 3 4 
 Class 10 11 
 Order 12 15 
Fungi Phylum 0 3 
 Class 0 7 
 Order 0 8 
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sensitively detect conserved gene clusters even if there exist in-
paralogs, OGs are need to be identified based not only on the in-
formation of protein sequences but also on the information of gene 
order conservation. 

 
Parsing GenBank files 
 
We used the Bio::SeqIO module in the BioPerl package (Stajich et 
al. 2002) to parse GenBank files drawn from the NCBI FTP server. 
For each CDS feature in a GenBank file, we extracted the locus 
tag, protein sequence, chromosomal positions of coding sequences, 
and genetic code that is used to translate the coding sequences. 
The coding sequence for the CDS feature was obtained by extrac-
ting the DNA sequences from the whole genome sequence des-
cribed in the GenBank file by using the chromosomal positions of 
coding sequences. Then, we assigned our unique gene ID to the 
CDS, and the DNA sequence, protein sequence, chromosomal 
position, and genetic code were associated with the gene ID. 

 
Identifying orthologous genes 
 
A file containing all protein sequences was created for each orga-
nism. Subsequently, we executed reciprocal all-against-all BLAST 
searches by using the BLASTP program (Altschul et al. 1990) 
with default parameters. Suspicious BLAST hits were filtered out 
by eliminating the BLAST hits whose bit score is lower than 50 
bits and the BLAST hits whose matching segment is shorter than 
the half length of the protein sequences. Then, we used the 
OASYS program (version 0.2) with default parameters to identify 
one-to-one orthology relationships of genes. 

 
Detecting conserved gene clusters 
 
In order to detect conserved gene clusters, we input the results of 
the OASYS program into the dpd clustering program included in 
the OASYS distribution. In this computation, the threshold of the 
distance between OGs to cluster together was set at 1.0. By doing 
so, only the strictly adjacent OGs are clustered together. 
 
Computing PAM distance 
 
Given two protein sequences, we computed the global alignment 
of the two sequences by using the needle program included in the 
EMBOSS package (version 6.0.1) (Rice et al. 2000). This compu-

tation was executed with default parameters. Subsequently, the 
PAM distance separating the two protein sequences was computed 
by using protdist program included in the Phylip package (version 
3.68) (Felsenstein 2005). This computation was executed with de-
fault parameters except for setting the model at the Dayhoff PAM 
matrix. In this setting, the DCMut model (Kosiol and Goldman 
2005) was used to compute PAM distances. 

 
Estimating KA and KS values 
 
In order to obtain the alignment of two coding sequences, we 
reused the alignment of two protein sequences, which had been 
calculated to compute PAM distances. The alignment of two DNA 
sequences were simply calculated by matching protein sequences 
and DNA sequences. Thereafter, we used the yn00 program inclu-
ded in the PAML package (version 4.2) (Yang 1997) to estimate 
the KA and KS values. The yn00 program is an implementation of 
the algorithm proposed by Yang and Nielsen (2000), which takes 
into account transition/transversion rate bias and base/codon fre-
quency bias. In this computation, the yn00 program was executed 
with default parameters except for setting the “icode” parameter at 
the genetic code of the input coding sequences. Since several gen-
etic codes cannot be analyzed by the yn00 program, we modified 
the program so that all genetic codes accepted by NCBI (http:// 
www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi) can be ana-
lyzed. To our knowledge, there is no appropriate method to com-
pute KA and KS values in the case where the genetic codes of two 
coding sequences are different. Accordingly, we could neither 
compute KA and KS values nor conduct further analyses in such 
cases. 
 
RESULTS AND DISCUSSION 
 
Validation of our workflow 
 
In order to validate the effectiveness of our workflow, we 
compared the results of our workflow with three alternative 
approaches. The first alternative approach is the method 
used in (Lemoine et al. 2007). They applied the RSD (recip-
rocal smallest distance) method (Wall et al. 2003) to the 
identification of putative OGs, and additional orthologs (in-
paralogs) are detected by reconstructing a phylogenetic tree 
for each gene family and by using an ad hoc algorithm to 
determine whether each internal node of the phylogenetic 

Fig. 1 An illustration of a genome evolution with a duplication event. We here suppose that two genomes, GA and GB, have evolved from a common 
ancestor, and the gene order of three neighboring genes have not been disrupted. The descendant of the gene cluster in GA and GB are referred to as {ai-1, 
ai, ai+1} and {bi-1, bi, bi+1}, respectively. In addition, we suppose that bi is duplicated after the speciation of GA and GB, and GB comes to encode a new gene 
b’i. 
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tree corresponds to a speciation event, or a duplication 
event. The union of the OGs obtained from the RSD 
method and the OGs obtained from the ad hoc phylogenetic 
approach is used to detect conserved gene clusters. Accor-
dingly, the Lemoine’s method allows many-to-many ortho-
logy relationships and might detect false positives. To avoid 
detecting false positives, they used very strict cutoff criteria 
to filter out homologous gene pairs. The second and third 
alternative approaches use the RBH (reciprocal best hit) 
method (Tatusov et al. 1997) and the Syntenator program 
(Rodelsperger and Dieterich 2008) to identify OGs, respec-
tively. The RBH method is a well-known method to identify 
OGs and is based only on similarities of protein sequences. 
Meanwhile, Syntenator identifies OGs by simultaneously 
finding conserved gene orders, and therefore is based not 
only on the information of protein sequence homology but 
also the information of gene order conservation. In our 
workflow and alternative approaches, the same algorithm is 
applied to the clustering of adjacent OGs. Note that we 
applied our clustering algorithm also to the OGs identified 
by Syntenator even though Syntenator detects not only OGs 
but also conserved gene orders because the definition of 
conserved gene orders in Syntenator allows insertions/dele-
tions of genes, and is slightly different from our definition 

of conserved gene clusters. The differences in the results of 
conserved gene clusters among alternative approaches 
directly reflect the differences in the algorithm to identify 
OGs. 

Table 5 shows the number of the OGs identified by the 
four alternative methods, as well as the number of clustered 
OGs. Table 6 summarizes the statistics of the conserved 
gene clusters detected by the four alternative approaches. 
We can see in Table 6 that our workflow tends to detect a 
larger number of conserved gene clusters compared with the 
RBH approach, and the maximum size of the conserved 
gene clusters detected by our workflow was greater than the 
method used in (Lemoine et al. 2007). Moreover, the histo-
grams of the size of conserved gene clusters show that the 
difference in the number of conserved gene clusters 
between the RBH method and our workflow is mostly due 
to the difference in the number of conserved gene clusters 
whose size is two (Fig. 2), indicating that our workflow 
enables sensitive detection of small conserved gene clusters. 
Thanks to this sensitiveness, our workflow could detect a 
larger number of clustered OGs than the other three methods 
(Table 5). Table 5 also shows that the number of OGs 
detected by our workflow is a little greater than the RBH 
method and largely greater than the Lemoine’s method. 

Table 5 Number of orthologous gene pairs identified by four alternative approaches. 
Lemoine et al. (2007) RBH Syntenator OASYS E. coli proteome Compared with 

Totala Clusteredb Totala Clusteredb Totala Clusteredb Totala Clusteredb 
S. enterica 2,592 700 (27%) 3,003 2,737 (91%) 2,511 2,378 (95%) 3,014 2,768 (92%) 
B. subtilis 994 229 (23%) 1,090 225 (21%) 155 142 (92%) 1,100 272 (25%) 
B. thetaiotaomicron 802 128 (16%) 893 134 (15%) 64 64 (100%) 898 152 (17%) 
M. acetivorans 431 60 (14%) 518 48 (9%) 77 77 (100%) 537 65 (12%) 

a Number of OGs identified by each method 
b Number of clustered OGs. Percentage of OGs in conserved gene clusters is also shown in parentheses 
 

Table 6 Statistics of conserved gene clusters detected by three alternative approaches. 
Lemoine et al. (2007) RBH Syntenator OASYS E. coli proteome 

Compared with No. of clustersa,c Max sizeb No. of clustersa Max sizeb No. of clustersa Max sizeb No. of clustersa Max sizeb

S. enterica - 20 431 39 346 44 429 44 
V. cholerae - 10 318 22 107 22 330 22 
P. aeruginosa - 12 250 22 94 22 267 22 
M. loti - 9 112 9 102 8 141 9 
B. subtilis - 9 92 10 40 10 110 10 
M. tuberculosis - 6 52 9 10 5 62 9 
C. tepidum - 9 54 10 8 22 59 10 
M. acetivorans - 3 22 4 17 5 30 4 

S. solfataricus - 3 12 3 7 4 14 3 
a Number of conserved gene clusters detected by each method 
b Maximum size of conserved gene clusters detected by each method 
c Since the detailed results of the work of Lemoine et al. (2007) are not available, the number of conserved gene clusters cannot be examined. 

 

Fig. 2 Histogram of the size of conserved gene clusters. The sizes of the conserved gene clusters detected by the RBH method and our workflow 
(OASYS) are compared. (A) Histogram of the size of conserved gene clusters detected by comparing E. coli and V. cholerae. (B) Histogram of the size of 
conserved gene clusters detected by comparing E. coli and M. tuberculosis. 
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This result indicates that a number of bona fide OGs are 
missed by the Lemoine’s method, possibly due to very strict 
cutoff criteria to filter out homologous gene pairs. Our 
workflow avoids false positives of OGs by using the infor-
mation of gene order conservation in order to distinguish 
genuine orthologous gene pairs from the other homologous 
gene pairs, and therefore, does not need to use such too 
stringent cutoff criteria. 

As an example of the differences between the RBH 
method and our workflow, we here focus on a conserved 
gene cluster detected between E. coli and M. tuberculosis, 
which is composed of sulfate and thiosulfate transport 
genes. As illustrated in Fig. 3, our workflow detects the 
conserved gene cluster composed of four OGs, whereas the 
workflow based on the RBH method detects the conserved 
gene cluster composed of three OGs. This is because our 
workflow identifies cysP as the ortholog of subI, on the 
other hand, the RBH method identifies sbp. In E. coli, 
mutation experiments and presumption based on sequence 
homology suggest that CysP, CysU, CysW and CysA form a 
complex of sulfate/thiosulfate ABC transporter, and mRNAs 
of these subunits are cotranscribed (Hryniewicz et al. 1990; 
Sirko et al. 1990). Also in M. tuberculosis, subI, cysT, cysW, 
and cysA1 are predicted to constitute an operon (Alm et al. 
2005; Price et al. 2005). Taken together, subI in M. tuber-
culosis seems to play an equivalent role as cysP in E. coli. 
This example indicates that our workflow can correctly 
identify bone fide OGs by taking into account the informa-
tion of gene order conservation, and demonstrates that our 
workflow can avoid underestimating the size of conserved 
gene clusters. 

Compared with the Syntenator program, OASYS 
detects a larger number of conserved gene clusters while the 
maximum size of conserved gene clusters tends to be small-

ler in the comparisons of distantly related genomes (Table 
6). The number of OGs and clustered OGs detected by 
OASYS were consistently greater than Syntenator, although 
the percentages of OGs in conserved gene clusters detected 
by Syntenator were greater than those of OASYS (Table 5). 
These results indicate that the advantage of OASYS over 
Syntenator lies in the sensitivity to identify both clustered 
and isolated OGs, which can be accomplished by detecting 
small conserved gene clusters sensitively, whereas Synte-
nator is suitable to detect large conserved gene clusters 
especially in the comparisons of remotely related genomes. 
From the point of view that OGs will be used to statistically 
test the differences between clustered and isolated OGs in 
our analyses, it is needed to detect isolated OGs sensitively 
as well as clustered OGs, and therefore, OASYS is more 
appropriate for our analyses than Syntenator. 
 
Results of comparing prokaryotic genomes 
 
We applied our workflow to all pairwise combinations of 
the 101 prokaryotic (83 bacterial and 18 archaeal) genomes 
listed in Tables 1 and 2, and one-to-one orthology relation-
ships of genes and conserved gene clusters were computed 
for each pair of genomes. The number of OGs and the per-
centage of OGs in conserved gene clusters are visualized in 
Figs. 4A and 4B, respectively, and these results are sum-
marized in Table 7. We can see in Table 7 that the percen-
tage of OGs in conserved gene clusters exceeded 10% in 
almost cases of bacteria-bacteria genome comparisons 
(98.2%) and archaea-archaea genome comparisons (88.2%). 
Even when comparing bacterial and archaeal genomes, for 
722 of 1,494 genome pairs (48.3%), the percentage of OGs 
in conserved gene clusters exceeded 10%, indicating that 
local gene orders are substantially conserved even between 

Fig. 3 Conserved gene cluster of sulfate and thiosulfate transport genes. Colored arrows represent genes, and homologous genes are depicted as the 
arrows having the same color, e.g. both cysA in E. coli and cysA1 in M. tuberculosis are blue-colored, representing that the two genes are homologous. 
Orthologous genes detected by each method are connected by colored broken lines. Conserved gene clusters are depicted as colored blocks. (A) A 
conserved gene cluster detected by our workflow is illustrated. Four orthologous gene pairs, (cysA, cysA1), (cysW, cysW), (cysU, cysT), and (cysP, subI), 
were detected by our workflow. The clustering of neighboring OGs results in a conserved gene cluster whose size is four. (B) A conserved gene cluster 
detected by the RBH method is illustrated. Four orthologous gene pairs, (cysA, cysA1), (cysW, cysW), (cysU, cysT), and (sbp, subI), were detected by the 
RBH method. The clustering of neighboring OGs yields a conserved gene cluster whose size is three. 
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bacterial and archaeal genomes. 
Further sequence analyses were conducted for the gen-

ome pairs where more than 300 OGs were detected and the 
percentage of OGs in conserved gene clusters exceeded 
10%. First, the PAM distance, which is the number of ac-

cepted point mutations per 100 residues, were computed for 
each orthologous gene pair. Then, we examined whether the 
PAM distances of clustered OGs are significantly lower 
than those of isolated OGs. In our statistical test, the null 
hypothesis (H0) assumes that the population distribution of 

Table 7 Results of our workflow in the comparison of prokaryotic genomes. 
No. of genome pairs  

Alla No. of OGs � 300b %Clustered � 10%c (No. of OGs � 300) AND (%Clustered � 10%)d

bacteria-bacteria comaprisons 3,403 3,204 (94.2%) 3,342 (98.2%) 3,143 (92.4%) 
archaea-archaea comparisons 153 136 (88.9%) 135 (88.2%) 135 (88.2%) 
bacteria-archaea comparisons 1,494 812 (54.4%) 722 (48.3%) 497 (33.3%) 
Total 5,050 4,152 (82.2%) 4,199 (83.1%) 3,775 (74.8%) 

a Number of all pairwise combinations of genomes 
b Number of genome pairs where more than 300 OGs were identified 
c Number of genome pairs where the percentage of OGs in conserved gene clusters exceeded 10% 
d Number of genome pairs where more than 300 OGs were identified and the percentage of OGs in conserved gene clusters exceeded 10% 

 

Fig. 4 Results of comparing prokaryotic genomes. A column or a row in these matrices corresponds to a prokaryotic organism, and the result of 
comparing two prokaryotic organisms is shown in the corresponding cell. The color of each cell represents the degree of (A) the number of OGs identified 
by our workflow, (B) the percentage of OGs in conserved gene clusters, (C) the logarithm (base 10) of the p-value of the difference in PAM distance, (D) 
the logarithm (base 10) of the p-value of the difference in KA/KS ratio, and (E) the logarithm (base 10) of the p-value of the difference in KS value. 
Analyses corresponding to black-colored cells were not conducted. 
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the PAM distances of clustered OGs is identical to the 
population distribution of the PAM distances of isolated 
OGs. The alternative hypothesis (H1) assumes that the 
population distribution of the PAM distances of clustered 
OGs has a smaller mean than that of isolated OGs. Since 
the population of PAM distances cannot be assumed to be 
normally distributed, Mann-Whitney U-test (Wilcoxon 
1945; Mann and Whitney 1947) was employed to compute 
the p-values. Fig. 4C visualizes the p-value computed for 
each pair of genomes, and the results are summarized in 
Table 8. Of 3,143 bacterial genome pairs analyzed, signifi-
cant difference in PAM distance was detected for 3,137 
genome pairs (99.8%) with the p-value cutoff at 0.01. Of 
135 archaeal genome pairs analyzed, significant difference 
in PAM distance was detected for 130 genome pairs 
(96.3%). These results confirm the previous finding in 
(Dandekar et al. 1998) that the degree of protein sequence 
conservation of clustered OGs is substantially higher than 
that of isolated OGs. Moreover, the significant difference in 
PAM distance was observed for 322 genome pairs of bac-

terial and archaeal genomes (64.8%), suggesting that the 
finding of Dandekar et al. (1998) is a general trend among 
prokaryotic genomes. 

In order to shed light on the evolutionary forces behind 
the correlation between protein sequence homology and 
gene order conservation, we estimated the rate of synony-
mous substitutions (KS) and the rate of nonsynonymous 
substitutions (KA) for each orthologous gene pair. Subse-
quently, we conducted statistical tests to assess whether the 
KA/KS ratio (or KS value) of clustered OGs is significantly 
lower than that of isolated OGs. In these statistical tests, the 
null and alternative hypotheses are assumed in a similar 
manner to the statistical tests for the difference in PAM dis-
tance. Figs. 4D and 4E visualize the p-values computed for 
each pair of genomes, and the results are summarized in 
Table 8. We can see in Table 8 that, of 3,589 prokaryotic 
genome pairs that show the significant difference in PAM 
distance, significant difference was detected both in KA/KS 
ratio and in KS value for 875 genome pairs (24.4%). For 
1,317 prokaryotic genome pairs (37.0%), there were signifi-

Fig. 4B. 
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cant differences in KA/KS ratio, but no significant difference 
in KS value. For 883 prokaryotic genome pairs (28.1%), sig-
nificant differences in KS value were observed, but no signi-
ficant difference in KA/KS ratio was detected. These results 
interestingly indicate that although the correlation between 

protein sequence homology and gene order conservation is 
consistently observed and seems to be a general trend 
among prokaryotic genomes, the underlying mechanisms 
behind the correlation are different among lineages. 

Dandekar et al. (1998) postulates a hypothesis for the 

Fig. 4C. 

Table 8 Number of genome pairs that show significant difference. 
No. of genome pairs  

Significant difference 
in PAM distancea 

Significant difference 
in both KA/KS and KS

b
Significant difference 
only in KA/KS

c 
Significant difference 
only in KS

d 
Significant difference 
neither in KA/KS nor 
KS

e 
bacteria-bacteria comaprisons 3,137 856 (27.3%) 1,157 (36.9%) 883 (28.1%) 241 (7.7%) 
archaea-archaea comparisons 130 19 (14.6%) 51 (39.2%) 28 (21.5%) 32 (24.6%) 
bacteria-archaea comparisons 322 0 (0.0%) 109 (33.9%) 18 (5.6%) 195 (60.1%) 
Total 3,589 875 (24.4%) 1,317 (37.0%) 929 (25.9%) 468 (13.0%) 

a Number of genome pairs that show a significant difference in PAM distance between clustered OGs and isolated OGs 
b Number of genome pairs that show a significant difference both in KA/KS ratio and KS value 
c Number of genome pairs where a significant difference in KA/KS ratio was detected but no significant difference in KS value was observed 
d Number of genome pairs where a significant difference in KS value was detected but no significant difference in KA/KS ratio was observed 
e Number of genome pairs that do not show any significant difference neither in KA/KS ratio nor KS value 
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underlying mechanism and explains why the gene order 
conservation can be useful to predict gene functions from 
the point of view of co-adaptation (Fisher 1930; Wallace 
1991; Pazos and Valencia 2008). Proteins that interact phy-
sically tend to be co-adapted, and co-adapted genes would 
be under positive selection to form clusters of co-adapted 
genes and/or selective pressures to maintain gene clusters in 
order to reduce the chance of genetic recombination per-
turbing co-adapted pairs of genes. Moreover, genes whose 
products interact physically should exhibit a lower rate of 
mutation, because of the selective constraints imposed by 
the interaction. Taken together, gene order conservation 
should correlate with protein sequence homology and the 
interaction of proteins. Our results provide an impact on the 
hypothesis because there are cases that higher degree of 
protein sequence conservation would be caused by lower 
substitution rate of coding sequences rather than stronger 
selective pressures to preserve protein sequences, which 
cannot be explained by the hypothesis of Dandekar et al. 
(1998). Thus, our finding requires another hypothesis for 

the underlying mechanisms that yield the correlation bet-
ween protein sequence homology and gene order con-
servation. For example, we can explain the correlation from 
the point of view of regional variation in mutation rates 
(Wolfe et al. 1989; Baer et al. 2007). Though neutral 
mutation rates were once considered to be uniform along 
with chromosomes, it has been discovered in multicellular 
organisms that they can vary among segmental regions of a 
single chromosome (Bear et al. 2007; Fox et al. 2008). 
Moreover, it has been reported that the rate of nucleotide 
substitutions for each segmental region is correlated with 
the recombination rate in eutherian genomes (Hardison et al. 
2003). We postulate that the rate of nucleotide substitutions 
might be correlated with the recombination rate and/or the 
rearrangement rate (Semon et al. 2007) also in prokaryotic 
genomes, and such correlation could yield the correlation 
between protein sequence homology and gene order conser-
vation. 
 
 

Fig. 4D. 
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Results of comparing fungal genomes 
 
We applied our workflow to all pairwise combinations of 
the 15 fungal genomes listed in Table 3, and one-to-one or-
thology relationships of genes and conserved gene clusters 
were computed for each pair of genomes. The number of 
OGs and the percentage of OGs in conserved gene clusters 
are visualized in Figs. 5A and 5B, respectively. These fig-
ures show that more than 1,000 OGs were detected even 
between distantly related fungal genomes (Fig. 5A), where-
as the percentage of OGs in conserved gene clusters did not 
exceed 10% when comparing fungal genomes across 
classes (Fig. 5B), suggesting that extensive gene shuffling 
has been occurred during fungal genome evolution. 

We conducted further sequence analyses for the genome 
pairs, where more than 500 OGs were identified and the 
percentage of OGs in conserved gene clusters exceeded 
10%. Similar to the analyses of prokaryotic genomes, the 
difference in PAM distance between clustered and isolated 

OGs was statistically tested for each pair of fungal genomes, 
and the results are visualized in Fig. 5C. To our surprise, 
the significant differences were observed in more than half 
of fungal genome pairs. Especially in the comparison of 
genomes in the subphylum Pezizomycotina, strongly signi-
ficant difference was observed. In order to demonstrate that 
the correlation between protein sequence homology and 
gene order conservation observed in fungal genomes is 
independent of the algorithm of OASYS, we examined 
whether the correlation can be detected by an alternative 
approach. We identified OGs between A. fumigatus and A. 
nidulans by using the Syntenator program (Rodelsperger 
and Dieterich 2008), and the OGs identified were clustered 
by the dpd clustering program in the OASYS distribution. A 
Mann-Whitney U-test showed a significant difference in 
PAM distance between clustered and isolated OGs (p-value 
� 1.28×10-20). We also computed the p-value in the com-
parison of G. zeae and N. crassa, and a significant dif-
ference was observed (p-value � 6.77×10-3). These results 

Fig. 4E. 
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Fig. 5 Results of comparing fungal genomes. A column or a row in these matrices corresponds to a fungal organism, and the result of comparing two 
fungal organisms is shown in the corresponding cell. The color of each cell represents the degree of (A) the number of OGs identified by our workflow, 
(B) the percentage of OGs in conserved gene clusters, (C) the logarithm (base 10) of the p-value of the difference in PAM distance, (D) the logarithm 
(base 10) of the p-value of the difference in KA/KS ratio, and (E) the logarithm (base 10) of the p-value of the difference in KS value. Analyses 
corresponding to black-colored cells were not conducted. 
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indicate that the correlation between protein sequence 
homology and gene order conservation observed in fungal 
genomes is independent of our workflow and would be a 
genuine trend in fungal genomes. 

In order to survey the evolutionary forces behind the 
correlation observed in fungal genomes, the differences in 
KA/KS ratio and KS value between clustered and isolated 
OGs were statistically tested (Figs. 5D and 5E). Fig. 5D 
shows that strong significant difference in KA/KS ratio was 
observed when comparing genomes in the subphylum 
Pezizomycotina, whereas no significant difference in KA/KS 
ratio was detected when comparing genomes in the class 
Saccharomycetes. On the other hand, Fig. 5E shows that 
significant difference in KS value was observed both in the 
comparisons of Pezizomycotina genomes and in the com-
parisons of Saccharomycetes genomes. From these results, 
regarding Saccharomycetes genomes, higher degree of 
protein sequence conservation of clustered OGs would be 
caused by lower substitution rate of coding sequences. Re-
garding Pezizomycotina genomes, the correlation between 
protein sequence homology and gene order conservation 
would be mainly caused by stronger selective pressures to 
preserve protein sequences, and lower substitution rate of 
coding sequences also contribute to the correlation. 

Based on our results of fungal genome comparisons, the 
finding of Dandekar et al. (1998) that, in prokaryotes, 
protein sequence of clustered OGs are more conserved than 
those of isolated OGs could be extended to eukaryotes. This 
extension would imply the possibility to predict function of 
eukaryotic genes, or at least fungal genes, based on gene 
order conservation because the approaches to predicting 
function of prokaryotic genes are motivated by the finding 
in (Dandekar et al. 1998). Since the approaches to pre-
dicting gene function based on gene order conservation has 
been believed to be limitedly useful for prokaryotic genes, 
further works remain to determine whether the function of 
eukaryotic genes can be predicted based on gene order 
conservation. The correlation between protein sequence 
homology and gene order conservation is very general trend 
in prokaryotes because such correlation was observed even 
between bacterial and archaeal genomes. On the other hand, 
in fungi, the correlation was observed only in the com-
parisons of closely related genomes, and was not detected 
between remotely related genomes. Accordingly, the infor-
mation of gene order conservation obtained from the com-
parison of closely related genomes would be more useful to 
predict function of fungal genes than that obtained from the 
comparison of remotely related genomes. 
 
CONCLUSIONS 
 
We proposed a novel workflow that enables sensitive detec-
tion of conserved gene clusters by utilizing not only the 
information of protein sequence similarities but also the 
information of gene order conservation. Based on the work-
flow, we confirmed the finding of Dandekar et al. (1998) 
that the degree of protein sequence conservation of clus-
tered OGs is substantially higher than that of isolated OGs 
in prokaryotes by a large-scale comparison of 101 prokary-
otic genomes, and extended to eukaryotes by analyzing 15 
fungal genomes. Detailed analyses based on the rate of 
synonymous substitutions (KS) and the rate of nonsynony-
mous substitutions (KA) unravel that heterogeneous mecha-
nisms would underlie behind the correlation between pro-
tein sequence homology and gene order conservation. It is 
expected that future works will survey whether the finding 
of Dandekar et al. (1998) can be extended to higher euka-
ryotes, and develop approaches to predicting function of 
eukaryotic genes based on gene order conservation. 
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