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ABSTRACT

We present herein the first complete genome
sequence of a thermophilic Bacillus-related species,
Geobacillus kaustophilus HTA426, which is com-
posed of a 3.54 Mb chromosome and a 47.9 kb plas-
mid, along with a comparative analysis with five other
mesophilic bacillar genomes. Upon orthologous
grouping of the six bacillar sequenced genomes, it
was found that 1257 common orthologous groups
composed of 1308 genes (37%) are shared by all
the bacilli, whereas 839 genes (24%) in the
G.kaustophilus genome were found to be unique to
that species. We were able to find the first prokaryotic
sperm protamine P1 homolog, polyamine synthase,
polyamine ABC transporter and RNA methylase in the
839 unique genes; these may contribute to thermo-
phily by stabilizing the nucleic acids. Contrasting
results were obtained from the principal component
analysis (PCA) of the amino acid composition and
synonymous codon usage for highlighting the ther-
mophilic signature of the G.kaustophilus genome.
Only in the PCA of the amino acid composition
were the Bacillus-related species located near, but
were distinguishable from, the borderline distin-
guishing thermophiles from mesophiles on the
second principal axis. Further analysis revealed
some asymmetric amino acid substitutions between
the thermophiles and the mesophiles, which are
possibly associated with the thermoadaptation of
the organism.

INTRODUCTION

Many thermophiles and hyperthermophiles have been isolated
from hot springs and other thermal environments (1).
The complete genome sequences of 19 thermophilic or
hyperthermophilic prokaryotic species have been determined.
The genomic information should facilitate the study of

thermophily in the prokaryotic cells and thermostability of
the proteins. In fact, the features of the genomic sequence,
which discriminate between thermophiles and mesophiles, can
be simply identified by using principal component analysis
(PCA) of the amino acid composition (2–4) or relative synon-
ymous codon usage (3–5).

Comparative genomics is another useful approach for
extracting candidate genes associated with thermophily. A
previous study has shown that a phylogenetic pattern search
against the clusters of orthologous groups (COGs) database (6)
retrieved only one hyperthermophile-specific gene: reverse
gyrase (7). Reverse gyrase, which is similar to some type I
DNA topoisomerases from mesophiles, is thought to help DNA
to function at high temperatures by increasing topological
links between the two DNA strands. Indeed, the reverse gyrase
gene has been identified in the genomes of hyperthermophiles,
except the recently determined Thermus thermophilus genome
(8). Despite this remarkable result, many other crucial genes
responsible for thermophily are probably still hidden in the
genome. However, identifying such genes through comparison
of a variety of genomes is generally not easy, because
phylogenetically related thermophiles share many genes that
are not directly associated with thermophily, and phylogen-
etically distant thermophiles may have different mechanisms
for thermoadaptation. One of the effective approaches in
revealing thermophily-related genes based on genomic
information is to compare genomes between closely related
organisms, including both thermophiles and mesophiles. This
approach is also effective for understanding thermoadaptation
from the viewpoint of evolution, although the genomic
sequences from an appropriate set of organisms are needed,
which have not yet been obtained.

Aerobic endospore-forming Gram-positive Bacillus-related
species have been isolated from various terrestrial soils and
deep-sea sediments (9–11). It is known that Bacillus-related
species can grow in a wide range of environments, at pH 2–12,
in temperatures between 5 and 78�C, in salinity from 0 to
30% NaCl, and in pressures from 0.1 MPa (atmospheric
pressure) to at least 30 MPa (corresponding to the pressure
at a depth of 3000 m) (12,13). The complete genome
sequences of five mesophilic bacilli with different phenotypic
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properties, Bacillus subtilis (14), Bacillus halodurans, (15),
Oceanobacillus iheyensis (16), Bacillus cereus (17) and
Bacillus anthracis (18), have already been determined,
although the complete genome sequence of a thermophilic
Bacillus-related species has not yet been established. These
species are positioned as representatives of major diverged
clusters in the 16S rRNA tree (Supplementary Figure 1).

Geobacillus kaustophilus HTA426, which was isolated
from the deep-sea sediment of the Mariana Trench (19,20),
is a thermophilic Bacillus-related species whose upper tem-
perature limit for growth is 74�C (optimally 60�C). It is
known that there are at least 12 other thermophilic
Geobacillus species, which have been reclassified from the
genus Bacillus (21).

Here, we report the complete nucleotide sequence of the
genome of G.kaustophilus. We provide the first comparative
analysis of the thermophilic genome with those of five
other phylogenetically related mesophilic bacilli, B.subtilis,
B.halodurans, O.iheyensis, B.anthracis and B.cereus, in
order to highlight the thermophilic features of the genome.
Special emphasis is placed on the mechanisms of adaptation of
the bacilli to high-temperature environments.

MATERIALS AND METHODS

Sequencing, gene prediction and annotation

The genome of G.kaustophilus HTA426 was primarily
sequenced using the whole-genome random-sequencing
method used in our previous studies (15,16). The predicted
protein-coding regions were initially defined by searching for
open reading frames longer than 100 codons, in a manner
similar to previous investigations. Searches of protein data-
bases for amino acid similarities and annotation were per-
formed using the same method as described in the previous
study (15,16). The functional assignment for annotated CDSs
identified in the G.kaustophilus genome followed the protocol
used for B.subtilis (14).

Principal component analysis

The coding sequences of 149 prokaryotic genomes were
obtained from the NCBI ftp site (ftp://ftp.ncbi.nih.gov/
genbank/genomes/Bacteria). The amino acid composition of
the translated sequence and the relative synonymous
codon usage (RSCU) of genes in these genomes and the
G.kaustophilus genome were subjected to PCA after the elim-
ination of genes smaller than 150 codons. For calculating the
amino acid composition, proteins containing at least two trans-
membrane segments, as predicted by the PSORT program
(22), were also eliminated. RSCU for each gene is a 59
dimensional vector, whose elements were defined as

RSCUi = jCa ið Þ j
XiP

j2Ca ið Þ
Xj

,

where Xi is the number of occurrences of the i-th codon, which
codes for the amino acid a(i), Ca is a set of codons that code for
the amino acid a and jC j is the cardinality of the set C (23);
we considered 59 codons from which stop codons and Met and
Trp codons that have no synonymous codons were excluded.
PCA and other statistical analyses were performed using the R
statistical package (http://www.r-project.org/).

To examine the effect of overrepresentation of some closely
related organisms, we also prepared two additional sets of
organisms: one set includes only one strain from each species
and the other set includes only one species from each genus
except for the genus Bacillus. Since the results of the PCAs
with these sets of organisms showed very similar patterns to
that of the complete set of organisms, here we show only the
result of the complete set of organisms.

Identification of asymmetric amino acid substitutions

The counts of amino acid substitutions between
G.kaustophilus and other Bacillus-related species were tabu-
lated using multiple alignments of amino acid sequences in
1056 common orthologous groups (see below) showing one-
to-one correspondences across all genomes; the CLUSTALW
program (24) was used for creating the alignments. In this
statistical analysis, the gaps appearing in the alignment col-
umns are also treated as a single character. Let nAB be the
number of sites at which amino acid A in a mesophilic bacillar
genome changed to amino acid B in the G.kaustophilus
genome, and assume that nAB > nBA. The statistical significance
of the observed asymmetry between amino acids A and B was
evaluated by the probability P(X > nAB), assuming that X
follows the binomial distribution Bi(nAB + nBA, 0.5). Here,
we considered the asymmetry significant when P < 10�5.
This implies that type I error rate of multiple testing with
210 substitution patterns between 21 characters (including
the gap character) is at most 0.21%.

Orthologous gene grouping

Orthologous groups in the Bacillus-related species were estab-
lished from the all-against-all similarity results of applying the
clustering program on the MBGD database (25). The common
orthologs conserved in all Bacillus-related genomes were then
selected for constructing multiple alignments. Since these
orthologs generally display complicated mutual relationships,
such as many-to-many correspondences and fusion or fission
of domains, we selected only those orthologs with one-to-one
correspondences without domain splitting, in order to simplify
the analysis.

RESULTS AND DISCUSSION

General features

The genome of G.kaustophilus is composed of a single circular
chromosome (3 554 776 bp) and a plasmid (47 890 bp), with a
mean G+C content of 52.1 and 44.2%, respectively (Table 1
and Figure 1). We identified 3498 protein-coding sequences
(CDSs), with a mean size of 862 nt, and the coding sequences
were found to cover 86% of the chromosome. Predicted pro-
tein sequences were compared with sequences in a non-redun-
dant protein database, and biological roles were assigned to
1914 CDSs (54.7%). In this database search, 1096 CDSs
(31.3%) were identified as conserved proteins of unknown
function in comparison with proteins from other organisms
(Figure 2D). We found that 75.2% of the genes started with
ATG, 13.5% with GTG and 11.3% with TTG. These values are
similar to those of other Bacillus-related species, except that
the ratio of ATG (83.1%) in the initiation codon of B.anthracis
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is a little bit higher than that of the others. On the other hand,
42 CDSs were identified in the plasmid designated as
pTHA426 (Figure 1), and the mean size of the CDSs
(906 nt) was much larger than that identified in the plasmids
of B.cereus (645 nt) and B.anthracis (639–645 nt). There is a
difference in the pattern of the initiation codon between the
chromosome and the plasmid of G.kaustophilus. The ratio of
ATG in the chromosome is more than 11 percentage points
higher and the ratio of GTG is 8 percentage points lower than
the ATG and GTG ratios of the plasmid, respectively (Table 1).
The number of predicted proteins with biological roles was 24
(57.1%). The G.kaustophilus genome was found to contain
nine copies of the rRNA operon and 87 tRNA species orga-
nized into 11 clusters involving 81 genes plus 6 single genes.

A new database specifically established for the G.kausto-
philus sequences, ExtremoBase, will be accessible at http://
www.jamstec.go.jp/jamstec-e/bio/exbase.html. The data will
be also available through the MBGD server (http://mbgd.
genome.ad.jp/) with additional functions for ortholog group-
ing and comparative genome analysis.

Transposable elements

The G.kaustophilus genome possesses 91 genes encoding
putative transposases (Tpases) categorized into 31 groups,
which seem to be carried by various insertion sequences (ISs).
Although the number of groups was slightly greater than the
case of B.halodurans (27 groups), the number of those genes
was less than the 112 found in the B.halodurans genome.

However, the total number of Tpase genes in G.kaustophilis
genome is much greater than that of four other sequenced
bacilli, B.subtilis (none), O.iheyensis (21 genes), B.cereus
(28 genes) and B.anthracis (12 genes) (Figure 3). Forty-
three of the Tpase genes in the G.kaustophilus genome are
similar to the sequences present in the genomes of thermo-
philic bacteria such as Geobacillus stearothermophilus (26),
Thermoanaerobacter tengcongensis (27) and Thermotoga
maritima (28). The remaining 48 genes are similar to those
of mesophilic bacteria such as B.halodurans, O.iheyensis (29)
and B.cereus, and also to those of mesophilic archaea such as
Methanosarcina mazeri (30) and Methanosarcina acetivorans
(31). Of the 48 genes, 9 genes showed significant homology
to Tpases carried by IS642, IS653 and IS654 identified in
the B.halodurans genome, which are categorized into the
IS630 family, the IS650/IS653 family and the IS256 family,
respectively (32). The first family has been reported only in
B.halodurans and G.stearothermophilus, and the latter
two families were known before this study only in
B.halodurans among the bacilli (29). Recently, we showed
that B.halodurans genome contains a new transposon,
which is very similar to the one identified in thermophilic
G.stearothermophilus genome (33). Thus, it is clear that
insertion sequences, such as the IS and the transposon, are
shared not only between thermophiles but also between ther-
mophiles and mesophiles. On the other hand, no evidence of
horizontal gene transfer between hyperthermophilic archaea
and G.kaustophilus was obtained through the analysis of
Tpases in this study.

Table 1. General features of the G. kaustophilus genome and its comparison with those of Bacillus-related species

General features G.kaustophilus
HTA426

O.iheyensis
HTE831

B.halodurans
C-125

B.cereus
ATCC14579

B.anthracis
Ames

B.subtilis
168

Chromosome
Size (bp) 3 544 776 3 630 528 4 202 352 5 411 809 5 227 293 4 214 630
G+C content (mol%)
Total genome 52.1 35.7 43.7 35.3 35.4 43.5
Coding region 52.9 36.1 44.4 35.9 36.0 43.4
Non-coding region 47.0 31.8 39.8 32.7 32.6 43.6
Predicted CDS number 3498 3496 4066 5234 5311 4106
Average length (bp) 862 883 879 835 794 896
Coding region (%) 86 85 85 81 81 87
Initiation codon (%)

AUG 75.2 79.5 78 75.3 83.1 78
GUG 13.5 7.8 12 11.9 9.1 9
UUG 11.3 12.7 10 12.8 7.8 13

Stable RNA (%) 1.70 1.04 1.02 1.2 1.09 1.27
Number of rrn operon 9 7 8 13 11 10
Mean G+C content 58.5 52.7 54.2 52.6 52.6 54.4
Number of tRNA 87 69 78 108 86 86
Mean G+C content 59.1 58.8 59.5 59.2 59.1 58.2

Plasmid pHTA426 — — pBClin15 pX01 pX02 —
Size (bp) 47 890 — — 15 100 181 677 94 829 —
G+C content (mol%) 44.2 — — 38.1 32.5 33.0 —
Non-coding region 44.5 — — 38.4 33.7 34.2 —
Coding region 43.8 — — 35.4 29.7 30.6 —
Predicted CDS number 42 — — 21 217 113 —
Average length (bp) 906 — — 645 645 639 —
Coding region (%) 79.5 — — 89.8 77.1 76.2 —
Initiation codon (%)

AUG 64.3 — — 75.3 75.3 75.3 —
GUG 21.4 — — 11.9 11.9 11.9 —
UUG 14.3 — — 12.8 12.8 12.8 —
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The genome also contains at least 21 putative phage-
associated genes, which are similar to those of Streptococcus
pyrogenes, Lactococcus lactis, B.subtilis and Clostridium
perfringens. These genes are distributed within a 40 kb-region
(approximately) corresponding to the region, 535–575 kb from
the oriC of the G.kaustophilus genome. The sequence
homology and the organization of the phage-related genes
in G.kaustophilus genome is comparatively similar to those
of prophage 315.1, identified in S.pyrogenes M3, which is
classified into the Siphoviridae family (34).

Orthologous relationships among the six
bacillar genomes

Out of 3498 genes predicted in the G.kaustophilus chromo-
some, 839 (24%) categorized into 757 groups were unique
genes, which possess no orthologous relationships to the
other five sequenced bacillar genomes, and 488 (14%)
genes categorized into 419 groups were orphans, showing
no significant similarity to any other gene products
(Figure 2B and D). The 1257 common orthologous groups

composed of 1308 genes are shared among all six sequenced
bacillar genomes (Figure 2C and Supplementary Table S1).
Recently, it was shown that 271 genes are indispensable for the
growth of B.subtilis in nutritious conditions (35). Out of 1308
common genes, 233 show correspondences to the B.subtilis
essential genes. Through a series of orthologous analyses of
the six bacilli used in this study, four essential genes, ymaA,
ydiO, tagB and tagF, associated with purine/pyrimidine bio-
synthesis, DNA methylation and teichoic acid biosynthesis,
were found to be unique to the B.subtilis genome. Teichoic
acids are composed of cell-wall teichoic acid and lipoteichoic
acid (36). It is known that six genes (tagA, tagB, tagD, tagE,
tagF and tagO) are associated with teichoic acid biosynthesis
in B.subtilis, with all genes except tagE being essential for
growth. The five other Bacillus-related species, however, lack
some of these genes; remarkably, G.kaustophilus lacks
all genes except tagE, suggesting that these bacilli may
have a different pathway for teichoic acid biosynthesis.
G.kaustophilus genome lacks eight more B.subtilis essential
genes (totally 16 genes), mrpB, mrpC, mrpF, glyQ, glyS,
menA, ppaC and ydiP associated with Na+/H+ antiporter
for pH homeostasis, glycyl-tRNA synthetase, inorganic
pyrophosphatase and DNA methyltransferase.

As shown in Figure 2A, it was found that 189 orthologous
groups composed of 221 genes are commonly shared among the
five mesophilic bacilli, but not by G.kaustophilus. In these
mesophile-specific orthologs, there are 20 genes encoding
ABC transporter (10 ATP-binding proteins, 6 permeases and
4 substrate-binding proteins) filed into function category 1.2
(transport/binding proteins and lipoproteins), 20 genes encod-
ing transcriptional regulator (category 3.5.2, regulation), and 11
genes encoding proteins for immunity to bacteriotoxin-related
proteins, toxic anion resistance-related proteins and catalase
(category 4.2, detoxification) (Figure 2 and Supplementary
Table S2). This is one of the significant differences between
thermophilic G.kaustophilus and mesophilic bacillar genomes.
The set of 839 unique genes of G.kaustophilus contains 22
individual ABC transporter genes (10 ATP-binding proteins,
7 permeases and 5 substrate-binding proteins), whereas there
are only six and three genes categorized into 3.5.2 and 4.2,
respectively (Figure 2B and Supplementary Table S3).

G.kaustophilus shares 1773–2014 orthologous genes with
the other five bacilli, corresponding to 53.4–62.0% of all genes
in the HTA426 genome. If the relative physical distribution of
orthologous genes in the genomes between G.kaustophilus
and other Bacillus-related species is the same, a diagonal
line should appear from the lower left to the upper right in
Figure 4. However, there are many orthologous genes deviated
from the line, although the physical distributions of the ortho-
logous genes between G.kaustophilus and B.subtilis, and
between G.kaustophilus and O.iheyensis are largely collinear
(Figure 4B and D). The difference in the physical distributions
of orthologous genes in the genomes presumably occurred due
to various minor inversion and horizontal gene transfer. On the
other hand, 1056 are common orthologous genes possessing
one-to-one correspondences among the six bacilli and these
common orthologs represent 23.7–36% of each genome. Most
of the common genes were found to be distributed in the
collinear regions, but the direction of collinearity of the
orthologs between G.kaustophilus and B.cereus changes at
�28–33� from the ter region in both directions (Figure 4C).

0

1.0M

2.0M

3.0M

G. kaustophilus
HTA426

3,544,776 bp

A

0

10K

20K
30K

40K

pHTA426
47,890 bp

B

Figure 1. Circular representation of the thermophilic G.kaustophilus HTA426
genome. (A) chromosome; (B) plasmid pHTA426. The distribution of CDSs is
depicted by colored boxes according to the functional category and the direction
of transcription (the outer circle is the plus strand; the inner circle is the minus
strand; red represents the cell wall, sensors, motility and chemotaxis, protein
secretion, cell division and transformation/competence; magenta represents
transport/binding proteins and lipoproteins and membrane bioenergetics;
gold represents sporulation and germination; yellow-green represents
intermediary metabolism; gray represents DNA replication, DNA
restriction/modification and repair, DNA recombination, and DNA
packaging and segregation; pink represents RNA synthesis; blue represents
protein synthesis; forest green represents miscellaneous functions; sky blue
represents conserved CDSs with unknown function; and coral represents non-
conserved proteins). The third and fourth circles indicate the distribution of
rRNA and tRNA in the genome, respectively.
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The physical distribution of orthologous genes between
G.kaustophilus and B.halodurans is very similar to the case
of B.cereus (Figure 4A), and a similar result has been pre-
viously documented in a comparison between B.subtilis and
B.halodurans. It has been reported that the B.halodurans gen-
ome has an inversion between the regions around 112–153�

and 212–240�, due to the action of IS elements (14,32).

Principal component analyses for characterizing the
genomic features related to thermophily

The features of the genomic sequence determining thermo-
philes and mesophiles can be easily identified through PCA
(or correspondence analysis, a similar technique) of the amino
acid composition and the relative synonymous codon usage, as
mentioned previously. In both analyses, whereas the first prin-
cipal component (PC1) correlated with the G+C content of the

chromosome, the second PC (PC2) clearly correlated with the
optimal growth temperature, so that thermophiles and meso-
philes can be distinguished from each other along the second
axis. We attempted PCA in order to confirm whether the
G.kaustophilus genome has a signature similar to that of other
thermophiles (Figure 5 and see also Supplementary Figure 2).
In both analyses, all thermophiles whose genomes have already
been reported were located above the borderline, distinguishing
thermophiles from mesophiles, except Thermosynochococcus
elongatus (37), whose upper growth temperature limit (60�C)
is rather low in comparison to that of other thermophiles.
G.kaustophilus was located above the borderline in the PCA
of amino acid composition, but below the borderline in the PCA
of synonymous codon usage. Thus, the G.kaustophilus genome
is the first complete thermophilic genome that clearly shows
different tendencies between the PCAs of synonymous codon
usage and amino acid composition.

K 757
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SHIK 105SCAK 99HCAK 51 CAIK 42SHAK 10 SCIK 8SHCK 8 HCIK 6 HAIK 4 SAIK 4

CAK 109SHK 63 HIK 50 SIK 20SAK 7HAK 7 SCK 6HCK 5 AIK 2CIK 1

1.1     cell wall    
1.2     transport etc.       
1.3     sensor    
1.4     membrane bioenergetics 
1.5     mobility etc.           
1.6     protein secretion   
1.8     sporulation    
1.9     germination             
2.1.1  specific pathways  
2.1.3  TCA cycle
2.2     metabolism of amino acids
2.3     nucleic acids 
2.4     lipids

 3
40
 5
 2
 6
 4
 8
 3
10
 1
 7
 1
 8

2.5    coenzymes etc. 
3.1    DNA replication 
3.2    DNA restriction 
3.5.1 initiation
3.5.2 regulation
3.8    protein modification
3.9    protein folding 
4.1    adaptation
4.2    detoxification
4.3    antibiotic production
4.4    phage-related
4.6    miscellaneous
5       unknown function
         total

 Category   number
  1
  1
  4
  1
 21
  2
  2
  1
 11
  1
  4
  1
 73
221

A
1.1     cell wall    
1.2     transport etc.       
1.3     sensor    
1.4     membrane bioenergetics 
1.5     mobility etc.           
1.8     sporulation    
1.9     germination             
2.1.1  specific pathways 
2.1.2  main glycolytic pathways 
2.1.3  TCA cycle
2.2     metabolism of amino acids
2.3     nucleic acids 
2.4     lipids
2.5     coenzymes etc. 
2.6     phosphate 

 4
31
 1
 6
 6
 8
 6
21
 5
 1
16
 3
15
12
 1

3.2     DNA restriction
3.3     DNA recombination 
3.5.2  regulation
3.6     RNA modification
3.7.2  aminoacyl-tRNA
3.7.3  initiation
3.9     protein folding 
4.1     adaptation
4.2     detoxification
4.3     antibiotic production
4.4     phage-related
4.5     transposon, IS 
4.6     miscellaneous
5        unknown function
6        non conserved
          total

  3
  1
 10
  3
  1
  1
  1
  1
  3
  4
 10
 37
  3
206
419
839

B

1.1     cell wall    

1.2     transport etc.       

1.3     sensor    

1.4     membrane bioenergetics 

1.5     mobility etc. 

1.6     protein secretion

1.7     cell division     

1.8     sporulation    

1.9     germination

1.10   transformation, competence          

2.1.1  specific pathways 

2.1.2  main glycolytic pathways 

2.1.3  TCA cycle

2.2     metabolism of amino acids

2.3     nucleic acids 

2.4     lipids

2.5     coenzymes etc. 

2.6     phosphate

2.7     sulfur

3.1     DNA replication

3.2     DNA restriction

31

73

11

50

19

12

18

54

 6

12

50

19

13

93

55

44

51

 2

 3

17

14

3.3     DNA recombination 

3.4     DNA packaging

3.5.1  initiation

3.5.2  regulation

3.5.3  elongation

3.5.4  termination

3.6     RNA modification

3.7.1  ribosomal protein

3.7.2  aminoacyl-tRNA

3.7.3  initiation

3.7.4  elongation

3.7.5  termination

3.8     protein modification

3.9     protein folding 

4.1     adaptation

4.2     detoxification

4.4     phage-related

4.5     transposon, IS 

4.6     miscellaneous

5        unknown function

          total

   13  

    7

    9

   52

    6

    4

   19

   54

   23

    6

    5

    2

   17

    7

   28

   15

    5

    1

   12

  376

1308

C
1.1     cell wall    

1.2     transport etc.       

1.3     sensor    

1.4     membrane bioenergetics 

1.5     mobility etc. 

1.6     protein secretion

1.7     cell division     

1.8     sporulation    

1.9     germination

1.10   transformation, competence          

2.1.1  specific pathways 

2.1.2  main glycolytic pathways 

2.1.3  TCA cycle

2.2     metabolism of amino acids

2.3     nucleic acids 

2.4     lipids

2.5     coenzymes etc. 

2.6     phosphate

2.7     sulfur

3.1     DNA replication

3.2     DNA restriction

3.3     DNA recombination 

 52

256

 23

 84

 48

 13

 19

 88

 22

 14

177

 32

 17

188

 71

 94

109

  7

  3

 18

 28

 18

3.4     DNA packaging

3.5.1  initiation

3.5.2  regulation

3.5.3  elongation

3.5.4  termination

3.6     RNA modification

3.7.1  ribosomal protein

3.7.2  aminoacyl-tRNA

3.7.3  initiation

3.7.4  elongation

3.7.5  termination

3.8     protein modification

3.9     protein folding 

4.1     adaptation

4.2     detoxification

4.3     antibiotic production

4.4     phage-related

4.5     transposon, IS 

4.6     miscellaneous

5        unknown function

6        non conserved

          total

  10

  14

 134

    7

   4

  31

  58

  26

   8

   5

   3

  24

   8

  34

  31

   8

  32

  80

  16

1096

 488

3948

D

Figure 2. Summary of the orthologous relationships between the six bacillar genomes and the functional assignment of the genes belonging to each group. A,
B.anthracis; C, B.cereus; I, O.iheyensis; S, B.subtilis; H, B.halodurans; and K, G.kaustophilus. The figure in the box shows the number of orthologous groups for each
combination of species. (A) Breakdown of the genes (221 genes) categorized into 189 common orthologous groups in all bacilli except for G.kaustophilus.
(B) Breakdown of genes unique to G.kaustophilus (839 genes) categorized into 757 groups, which have no orthologous relationships to the other five bacilli.
(C) Breakdown of the genes (1308 genes) categorized into 1257 common orthologous groups in all six bacilli. (D) Breakdown of all genes identified in the
G.kaustophilus genome. Note that the number of orthologous groups does not coincide with the number of genes, because the paralogous genes of G.kaustophilus are
included in each orthologous group.
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In the case of the PCA of amino acid composition, we were
able to find the borderline distinguishing thermophiles from
mesophiles at 0.0164 on the second principal axis. G.kausto-
philus is positioned on this borderline, along with the thermo-
philic Thermoplasma acidophilum (38) and Thermoplasma
volcanicum, which can grow at temperatures of up to
62–67�C (39). On the other hand, the PC2 positions of the
five mesophilic Bacillus-related species are below the
borderline (Figure 5A). Therefore, the genomes of the six
Bacillus-related species can serve as good material for study-
ing the mechanisms of thermostabilization of proteins and
thermophily of microbes, since a limited number of amino
acid changes yielding differences in PC2 positions, as
shown in Figure 5, seem to reflect differences in thermophily
or thermostability among these six bacilli.

In contrast to the results of the PCA of the amino acid
composition, the synonymous codon usage in the
G.kaustophilus genome does not show any distinguishable
thermophilic pattern (Figure 5B). The thermophilic pattern
in the synonymous codon usage is probably due to natural
selection related to thermophily acting on the nucleotide
sequence; it may be related to mRNA thermostability or the

stability of codon–anticodon interactions (4,5). This pattern
also seems to reflect the dinucleotide composition of genomic
sequences, which may be related to the flexibility of the DNA
molecule; purine–purine (RR) or pyrimidine–pyrimidine (YY)
dinucleotides are predominant in thermophiles (40)
(Supplementary Figure 2B). The G.kaustophilus genome
did not appear to have been subjected to such selective pres-
sure [e.g. the RR + YY value of the G.kaustophilus genome
(50.7%) was less than that of the B.subtilis genome (53.2%)].
Some specific factors involved in the stabilization of DNA or
RNA, of which some candidates will be listed below, might
compensate for the lack of this genomic signature.

Generally, it is known that the G+C content in rRNA and
tRNA, rather than that of the entire genome, linearly correlates
with growth temperature in thermophilic archaea, although
discriminating moderate thermophiles from mesophiles
through the G+C content in the RNA molecules alone is gen-
erally not easy (41). Indeed, the mean G+C content in the
tRNA of the G.kaustophilus genome was 59.1%, a value
slightly lower than in B.halodurans and B.cereus (Table 1).
On the other hand, the mean G+C content in the rRNA operons
in the G.kaustophilus genome was found to be 58.5% (Table 1).

Figure 3. Distribution of major Tpase genes in the six bacillar genomes. The Tpase genes categorized into 31 kinds are represented by triangles. The direction of each
triangle matches the transcriptional direction. Ori represents the region of the replication origin of the chromosome.
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This value is 4–6 percentage points higher than that of meso-
philic Bacillus-related species (52.7–54.4%) with maximum
temperatures for growth ranging from 42 to 58�C. However,
this difference in the rRNAs was less than the difference in the
genomic G+C contents between G.kaustophilus (52.1%) and
the mesophilic bacilli (35.3–43.7%), probably due to the stron-
ger constraints imposed on the rRNA operons. We examined
the relationship between the G+C content in the 16S rRNA and
that in the entire genome and confirmed a clear correlation
between these values among various mesophiles (Figure 6).
On the other hand, the rRNAs of the hyperthermophiles
showed apparently higher G+C contents than those of the
mesophiles regardless of their genomic G+C contents. The
G+C content in the 16S rRNA of G.kaustophilus genome
was moderately, but still, significantly higher than those of
the mesophiles, even when the difference in the genomic G+C
content was taken into consideration (Figure 6). Therefore, we
conclude that the higher G+C content in rRNA is one of the
thermophilic signatures in the G.kaustophilus genome.

Asymmetric amino acid substitution patterns

We tried to identify amino acid substitutions showing signifi-
cant asymmetry between G.kaustophilus and other Bacillus-
related species, using multiple alignments of 1056 common
orthologous groups that have one-to-one correspondences
across all genomes. The resulting asymmetric substitutions
were plotted on the plane generated by the first two principal
components, as in Figure 5, according to the difference in the
PC scores yielded by each substitution (Figure 7).

There were 39 asymmetric substitutions commonly identi-
fied between G.kaustophilus and all other Bacillus-related
species (red circles in Figure 7). Remarkably, all of these
substitutions increase the PC1 scores of the G.kaustophilus
proteins, corresponding to an increase in the chromosomal
G+C content. On the other hand, 24 out of 39 substitutions
increase the PC2 scores of the G.kaustophilus proteins, pre-
sumably corresponding to an increase in the thermostability of
the proteins. These substitutions generally increase the content
of Arg, Ala, Gly, Val and Pro in the G.kaustophilus proteins,
while decreasing Gln, Thr, Asn and Ser (Figure 7 and see also
Supplementary Figure 2A). However, the overall increase in
the PC2 score by these common substitutions is less remark-
able than that in the PC1 score.

In contrast, among species-specific asymmetric substitu-
tions (those with larger and smaller differences are shown
in Figure 7, represented by green and black circles, respec-
tively), we were able to find a substantial number of substitu-
tions that increase the PC2 scores of the G.kaustophilus
proteins, especially, when we compared them with those of
the B.subtilis or O.iheyensis proteins (Figure 7). Indeed, 8 out
of 10 and 15 out of 18 large asymmetric substitutions (green
circles) found in B.subtilis and O.iheyensis proteins, respec-
tively, were found to increase the PC2 scores of
G.kaustophilus proteins. In particular, there are four
asymmetric substitutions (QE, SE, DE and NK) found in
the comparison with the O.iheyensis genome and located in
the upper-left quadrant of the principal component plane,
which cannot be explained by the difference in GC/AT
mutation pressure; instead, they are likely to be explained

Figure 4. Comparison of ortholog organization between G.kaustophilus and four other bacillar genomes. The y- and x-axes show G.kaustophilus and the other
genomes, respectively. (A) Orthologs between G.kaustophilus and B.halodurans. (B) Orthologs between G.kaustophilus and B.subtilis. (C) Orthologs between
G.kaustophilus and B.cereus. (D) Orthologs between G.kaustophilus and O.iheyensis. Light-colored dots represent the orthologs possessing one-to-one
correspondences between the two genomes. Dark-colored dots, which represent the common orthologs across the six bacillar genomes, are overlaid on the
light-colored dots.
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by the difference in selection pressure related to the thermo-
stability of proteins.

The order of the number of asymmetric substitutions was
not equivalent to the order of the similarity of each
species with the G.kaustophilus proteins. Indeed, the
former order was B.halodurans (50 substitutions) < B.subtilis
(82 substitutions) < B.cereus (84 substitutions) < O.iheyensis
(92 substitutions), whereas the average identities
between G.kaustophilus and other Bacillus-related species
in the 1056 orthologous protein sequence alignments
were B.subtilis (64.0%) > B.cereus (63.0%) > B.halodurans

(61.3%) > O.iheyensis (57.0%). Therefore, the difference in
Figure 7 cannot be explained by the difference in evolutionary
distance only.

The observation that all common asymmetric substitutions
between G.kaustophilus and other Bacillus-related species
increase the PC1 scores, indicates that the observed substitu-
tion bias is mainly due to the GC/AT directional mutation
pressure (40), which itself cannot be considered as a direct
cause of the thermostabilization of proteins in general. Indeed,
as indicated in Figure 5 as well as in the previous studies
(2,3,42), increase in G+C content seems to be a completely

Figure 5. Distribution of G.kaustophilus along the first and second axes of the PCA. (A) PCA of the amino acid composition of 150 prokaryotic genomes. (B) PCA of
synonymous codon usage in 150 prokaryotic genomes. Mesophiles are denoted by circles. Red: crenarchaeota; orange: euryarchaeota; gray: nanoarchaeota; green:
hyperthermophilic bacteria; purple: firmicutes; blue: actinobacteria; magenta: proteobacteria; white: cyanobacteria; and black: others. In addition, aae: Aquifex
aerolicus; afu: Archaeoglobus fulgidus; ape: Aeropyrum pernix; mja: Methanococcus jannaschii; mka: Methanopyrus kandleri; mth: Methanobacterium
thermoautotrophicum; neq: Nanoarchaeum equitans; pab: Pyrococcus abyssi; pai: Pyrobaculum aerophilum; pfu: Pyrococcus furiosus; pho: Pyrococcus
horikoshii; sso: Sulfolobus solfataricus; sto: Sulfolobus tokodaii; tac: Thermoplasma acidophilum; tel: Thermosynechococcus elongatus; tma: Thermotoga
maritima; tte: Thermoanaerobacter tengcongensis; tth: Thermus thermophilus; tvo: Thermoplasma volcanicum; BA: B.anthracis; BC: B.cereus; BH:
B.halodurans; BS: B.subtilis; GK: G.kaustophilus; and OI: O.iheyensis. The following mesophilic microorganisms above the borderline are shown in red, etc.:
Clostridium tetani; cpe: Clostridium perfringens; fau: Fusobacterium nucleatum; mac: Methanosarcina acetivorans; and mma: Methanosarcina mazei.
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independent process from thermoadaptation. One of the plau-
sible explanations is that accelerated amino acid changes
caused by the GC/AT mutation pressure, combined with the
subsequent natural selection, facilitated the adaptation of

G.kaustophilus to an environment with a higher temperature
through the increase in the thermostability of all its proteins.
Recently, Nishio et al. (42) reported a similar observation,
according to which the increase in G+C content in the
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Corynebacterium efficiens genome beyond that in the
Corynebacterium glutamicum genome, could account for
the major patterns of asymmetric amino acid substitutions,
possibly associated with the increase in the thermostability
of C.efficiens (43). Thus, such a scenario might apply more
generally for mesophilic bacteria in their adaptation to envir-
onments with higher temperatures.

However, by this hypothesis alone, it is difficult to explain
the substantial differences in the substitution patterns among
mesophilic bacilli. An alternative hypothesis is that the com-
mon ancestors of these bacilli have some thermophilic fea-
tures, and that the current mesophilic bacilli have lost these
features during the course of evolution. In this case, the dif-
ference in substitution patterns among the organisms can be
explained as a difference in the extent to which the thermo-
stability of proteins has decreased in each organism. In this
connection, the position of the Bacillus-related species on
the PC2 axis in the PCA of the amino acid composition is
remarkable; it is located near the borderline, distinguishing
thermophiles from mesophiles (Figure 5).

Candidate genes involved in the thermophilic
phenotype

Although it is not clear what the upper temperature limit for
bacterial life is, or what specific factors will set this limit, it is
generally assumed that the limit will be dictated by molecular
instability. Actually, DNA duplex stability is apparently
achieved at high temperatures by elevated salt concentrations,
polyamines, cationic proteins and supercoiling, rather than the
manipulation of G+C ratios (43). RNA stability is enhanced by
covalent modification, and the secondary structure is also
probably critical. We found some genes in a set of unique
G.kaustophilus genes, which seem to be involved in the sta-
bilization of DNA and RNA, such as protamine, spermidine/
spermine synthase, tRNA methyltransferase (MTase) and
rRNA MTase (Supplementary Table S3).

DNA topology is affected by the interaction with cationic
proteins, numerous examples of which have been identified
in hyperthermophiles. The small basic proteins bind DNA
in vitro with substantial increases in Tm, and have been var-
iously shown to bend DNA or form nucleosome structures
(43). Protamine is a protein that binds DNA in sperm, repla-
cing histones and allowing chromosomes to become more
highly condensed than it is possible with histones. Surpris-
ingly, a gene (GK 1739) was found to show significant simi-
larity (51%) to sperm protamine P1 from Phascolarctos
cinereus (Koala bear). Since there has been no report of pro-
karyotic protamine-like gene thus far, this is the first such
discovery in prokaryotes. Archaeal histones belonging to
the HMf family are homologs of eukaryal nucleosome core
histones, and have been shown to bind to and compact archaeal
DNA both in vitro and in vivo (44). Histone-like proteins from
Sulfolobus (45) have no eukaryal homologs, but, like the HMf
proteins, they also compact DNA and increase the Tm of DNA
in vitro. Therefore, the protamine P1-like protein identified in
G.kaustophilus presumably behaves similarly to archaeal
histone-like proteins in supporting life at high temperatures.

Polycationic polyamines, which increase the Tm of DNA
and protect ribosomes from thermal inactivation in vitro,
have been observed in hyperthermophiles. The polyamines

participate in many cellular processes through their binding
to DNA, RNA and phospholipids, not only in thermophiles but
also in mesophiles. There is an interesting report according to
which most spermines and spermidines exist as a polyamine–
RNA complex in mesophilic Escherichia coli cells (46). A
comprehensive analysis of the polyamines in hundreds of
bacterial and archaeal species, from mesophiles to hyperther-
mophiles, has been carried out previously (47–49). The results
showed that some kinds of polyamine, such as norspermine
and norspermidine, occurred mainly in hyperthermophilic
archaea (43). A hyperthermophilic bacterium, T.thermophilus,
produced unusual polyamines (homocaldohexamine) in addi-
tion to norspermine and norspermidine, and inactivation of the
basic genes related to polyamine synthesis, such as speA, speB
and speE, resulted in a loss of the hyperthermophilic pheno-
type (growth defect at 78�C) (50). Thus, it is thought that these
polyamines may play unique roles in supporting hyperthermo-
philic life. On the other hand, thermophilic Geobacillus spe-
cies do not produce polyamines specific to hyperthermophiles,
but produce spermine as a major polyamine; spermine is not
produced by mesophilic Bacillus-related species, such as
B.halodurans, B.subtilis and B.cereus, which we used for com-
parative analysis in this study (49). The genomes of five spe-
cies, i.e. all except for O.iheyensis, contain a common gene for
spermidine synthase, and other unique genes for it were iden-
tified in the B.anthracis, B.cereus and O.iheyensis genomes in
addition to the common gene. Since it became clear that
G.kaustophilus possesses unique genes for spermine/spermi-
dine synthase and polyamine ABC transporter (permease)
among the six sequenced bacilli, these genes seem to be strong
candidates responsible for thermophily in these bacilli.

All types of cellular RNA contain modified nucleosides, but
the largest number and greatest variety are found among
tRNAs, and >80 different modifications have been identified
to date in the tRNAs of various organisms (51). Modifications
consist of simple chemical alterations of the nucleoside (e.g.
methylation of the base or ribose, base isomerization, reduc-
tion, thiolation or deamination) or more complex hypermodi-
fications. The structural stabilization of ribonucleic acids in
hyperthermophiles is particularly important in tRNAs, where
there is a requirement for the maintenance of a complex three-
dimensional structure. Actually, it has recently been reported
that the inactivation of the gene for tRNA MTase in T.thermo-
philus resulted in a thermosensitive phenotype (growth defect
at 80�C), which suggests a role for the N1-methylation of
tRNA adenosine-58 in the adaptation of life to extreme tem-
peratures (52). The six bacillar genomes were found to share
five orthologous tRNA MTases and four orthologous rRNA
MTases, and the G.kaustophilus genome was found to contain
three more unique tRNA or tRNA/rRNA MTase genes lacking
orthologous relationships to the five other bacilli. Thus, these
genes also seem to be strong candidates responsible for
thermophily, although their specificity in the modification
of tRNA is still not clear.

CONCLUSION

In this paper, we have attempted to highlight the genes
involved the thermophilic phenotype and the genomic features
related to thermophily by PCA of the amino acid composition
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and asymmetric amino acid substitution based on comparative
analysis of thermophilic G.kaustophilus with five other meso-
philic Bacillus-related species. G.kaustophilus presumably
shares some similar basic mechanisms for thermophily with
other thermophiles or hyperthermophiles, while also having
mechanisms unique to thermophilic Bacillus-related species.
Although we were able to find strong candidates responsible
for thermophily in a unique-gene set of G.kaustophilus (839
genes), half of those genes are orphan, and 24.6% of them are
conserved in other organisms but are as yet functionally opa-
que, as shown in Figure 2 and Supplementary Table S3. There-
fore, another candidate responsible for thermophily may be
among those genes whose function is not yet known. It will be
necessary to do further comparative analysis with other ther-
mophilic Bacillus-related species as a second step in revealing
hidden capacity for thermophily.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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Schoberth,S.M. (1986) Distribution of polyamines in representative
species of archaebacteria. System Appl. Microbiol., 7,
241–245.

48. Hamana,K., Hamana,H., Niitsu,M., Samejima,K., Sakane,T. and
Yokota,A. (1994) Occurrence of tertiary and quaternary branched
polyamines in thermophilic archaebacteria. Microbios, 79,
109–119.

49. Hamana,K. (1999) Polyamine distribution catalogues of clostridia,
acetogenic anaerobes, actinobacteria, bacilli, helicobacteria and
haloanaerobes within Gram-positive eubacteria.—Distribution of
spermine and agmatine in thermophiles and halophiles.—Microbiol.
Cult. Coll., 15, 9–28.

50. Oshima,T., Hamasaki,N., Uzawa,T. and Friedman,S.M. (1989)
Biochemical functions of unusual polyamines found in the cells of
extreme thermophiles. In Goldemberg,S.H. and Algranati,I.D. (eds), The
Biology and Chemistry of Polyamines. IRL Press, Oxford,
pp. 1–10.

51. McCloskey,J.A. and Crain,P.F. (1998) The RNA modification
database—1998. Nucleic Acids Res., 26, 196–197.

52. Droogmans,L., Roovers,M., Bujnicki,J.M., Tricot,C., Hartsch,T.,
Stalon,V. and Grosjean,H. (2003) Cloning and characterization of tRNA
(m1A58) methyl-transferase (Trml) from Thermus thermophilus HB27, a
protein required for cell growth at extreme temperatures. Nucleic Acids
Res., 31, 2148–2156.

Nucleic Acids Research, 2004, Vol. 32, No. 21 6303


