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Abstract

The nucleotide sequence of the entire genome of a cyanobacterium Gloeobacter violaceus PCC 7421 was
determined. The genome of G. violaceus was a single circular chromosome 4,659,019 bp long with an average
GC content of 62%. No plasmid was detected. The chromosome comprises 4430 potential protein-encoding
genes, one set of rRNA genes, 45 tRNA genes representing 44 tRNA species and genes for tmRNA, B subunit
of RNase P, SRP RNA and 6Sa RNA. Forty-one percent of the potential protein-encoding genes showed
sequence similarity to genes of known function, 37% to hypothetical genes, and the remaining 22% had no
apparent similarity to reported genes. Comparison of the assigned gene components with those of other
cyanobacteria has unveiled distinctive features of the G. violaceus genome. Genes for PsaI, PsaJ, PsaK,
and PsaX for Photosystem I and PsbY, PsbZ and Psb27 for Photosystem II were missing, and those for
PsaF, PsbO, PsbU, and PsbV were poorly conserved. cpcG for a rod core linker peptide for phycobilisomes
and nblA related to the degradation of phycobilisomes were also missing. Potential signal peptides of the
presumptive products of petJ and petE for soluble electron transfer catalysts were less conserved than the
remaining portions. These observations may be related to the fact that photosynthesis in G. violaceus takes
place not in thylakoid membranes but in the cytoplasmic membrane. A large number of genes for sigma
factors and transcription factors in the LuxR, LysR, PadR, TetR, and MarR families could be identified,
while those for major elements for circadian clock, kaiABC were not found. These differences may reflect
the phylogenetic distance between G. violaceus and other cyanobacteria.
Key words: cyanobacterium; Gloeobacter violaceus; thylakoid membranes; genomic sequencing

1. Introduction

Gloeobacter violaceus PCC 7421 (Gloeobacter, here-
after) is a rod-shape unicellular cyanobacterium iso-
lated from calcareous rock in Switzerland.1 It is an
obligate photoautotroph containing chlorophyll (Chl)
a, carotenoids, and phycobiliproteins (phycoerythrin,
phycocyanin and allophycocyanin) with a lower relative
ratio of Chl a to phycobiliproteins than that of typical
cyanobacteria. Gloeobacter is sensitive to strong light
and its generation time is relatively long (approximately
72 hr).1 The recent molecular phylogenetic analysis
shows that the Gloeobacter linage diverged in the earliest
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within the radiation of cyanobacteria and chloroplasts.2

These features strongly support the idea that this species
possesses ancestral characteristics for oxygenic photosyn-
thesis.

In fact, Gloeobacter possesses a number of unique
characteristics. The cells lack thylakoid membranes,
and microscopic observation strongly suggests that
machinery for photosynthesis is located in the cytoplas-
mic membrane instead of thylakoid membranes where
the machinery is found in other cyanobacteria.1 This
means that components facing the lumen in the cyto-
plasm in other cyanobacteria are exposed to periplasm
in Gloeobacter, thus the photosynthetic electron trans-
fer system should co-exist in the cytoplasmic mem-
brane with a respiratory system by sharing some com-
ponents. Thus, it seems likely that several processes
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such as oxygen evolution and electron transfer medi-
ated by cytochrome c553 and plastocyanin occur in the
periplasm instead of the lumen. The morphology of phy-
cobilisomes is distinct from other cyanobacteria: Phyco-
biliproteins form rod-shaped elements and these elements
form bundle-shaped aggregates3 which are situated ver-
tically adjacent to the inner surface of the cytoplasmic
membrane. It is also remarkable that composition of
fatty acids is different: Sulfoquinovosyl diacylglycerol
(SQDG), which is thought to have an important role
in photosystem stabilization, is absent in Gloeobacter4

while the content of polyunsaturated fatty acids (PUFA)
is high.1

To reveal the genetic background responsible for these
characteristics and to obtain clues to the origin and evo-
lution of oxygenic photosynthesis, we determined the nu-
cleotide sequence of the entire genome of Gloeobacter.
Here, we describe the characteristic features of the genes
and the genome of Gloeobacter, and the results of com-
parison with three previously sequenced Cyanobacteria:
Synechocystis sp. PCC 6803 (Synechocystis, hereafter),5

Anabaena sp. PCC 7120 (Anabaena, hereafter),6 and
Thermosynechococcus elongatus BP-1 (Thermosyne-
chococcus, hereafter).7

2. Materials and Methods

2.1. Bacterial strain and genomic libraries
Gloeobacter violaceus PCC 7421 was obtained from the

Pasteur Culture Collection, and the total cellular DNA
was purified according to standard procedures.

For genome sequencing, four random genomic libraries
with three types of cloning vectors were constructed from
the total DNA to minimize cloning bias: GLE and GLB
with approximately 1.0-kb (element clones) and 2.5-kb
inserts (bridge clones), respectively, both cloned into
M13mp18, GLP with 9.4-kb inserts on average (plasmid
clones) cloned into pUC18, and GLL bearing inserts of
approximately 18-kb in a BAC vector, pBeloBAC11.

2.2. DNA sequencing
The entire genome of Gloeobacter was determined by

the whole-genome shotgun method in combination with
the “bridging shotgun” strategy.8

The nucleotide sequences of one end of the element
clones and both ends of the clones from the other
three libraries were analyzed using the Dye-terminator
Cycle Sequencing kit with DNA sequencers type 377XL
(Applied Biosystems, USA). The accumulated sequences
were assembled using the Phrap program (Philip
Green, University of Washington, Seattle, USA). The
end-sequence data from the bridge, plasmid, and BAC
clones facilitated the gap-closure process as well as accu-
rate reconstruction of the sequence of the entire genome.
The final gaps in the sequences were filled by the primer

walking method. The RNA sequencing method was
adopted for the regions that were difficult to sequence due
to high GC contents or stable secondary structures. A
lower threshold of acceptability for the generation of con-
sensus sequences was set at a Phred score of 20 for each
base. The integrity of the reconstructed genome sequence
was assessed by walking through the entire genome with
the end sequences of the BAC clones.

2.3. Gene assignment and annotation
Protein- and RNA-encoding regions were assigned by

a combination of computer prediction and similarity
searches, as described previously.

Prediction of protein-encoding regions was carried out
with the Glimmer 2.02 program.9 Prior to prediction,
the matrix was generated for the Gloeobacter genome
by training with a dataset of 2411 open reading frames
that showed a high degree of sequence similarity to
genes registered in the non-redundant protein database
(nr-database). All of the predicted protein-encoding re-
gions equal to or longer than 90 bp were translated into
amino acid sequences, which were then subjected to sim-
ilarity search against the nr-database with the BLASTP
program.10 In parallel, all the predicted intergenic se-
quences were compared with those in the nr-database us-
ing the BLASTX program to identify genes that had es-
caped prediction. For predicted genes that did not show
sequence similarity to known genes, only those equal to
or longer than 150 bp were considered as candidates.

The functions of the assigned genes were deduced on
the basis of the sequence similarity of their presumptive
protein products to those of genes of known function and
to the protein motifs in the Pfam database.11 For genes
that encode proteins of 100 amino acid residues or more,
a BLAST score of 10−20 was considered significant. A
higher E-value was considered significant for genes en-
coding smaller proteins. For the motif search against the
Pfam database, a score of less than 10−4 was considered
significant.

Genes for structural RNAs were assigned by similar-
ity search against the in-house structural RNA database
that had been generated based on the data in GenBank
(rel. 124.0). tRNA-encoding regions were predicted using
the tRNA scan-SE 1.21 program12 in combination with
similarity searches.

Comparison of the gene components between
Gloeobacter and other cyanobacteria was performed by
taking two factors, the BLAST2 bit score and the ra-
tio of alignment length, into consideration. A lower
threshold of acceptability was set at one-fourth of the
bit score reported by self-comparison of the translated
amino acid sequences by the BLASTP program. Only
amino acid sequences whose alignments extended over
at least 0.6 times the length of the query sequence were
considered similar. With lower stringency, two protein-
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encoding genes were considered similar if the BLAST2
score was less than 10−4.

The GC skew analysis was performed as described by
Lobry.13

3. Results and Discussion

3.1. Sequencing and structural features of the Gloeobac-
ter genome

The nucleotide sequence of the entire genome of
Gloeobacter was determined according to the modified
whole genome shotgun method as described in Materials
and Methods. A total of 38,303 random sequences corre-
sponding to approximately 4.5 genome-equivalents were
assembled to generate draft sequences. Then finishing
was carried out by visually editing the above sequences
and by gap closing with additional sequencing to ob-
tain sequence data having a Phred score of 20 or higher.
The integrity of the final genome sequence was assessed
by comparing the insert length of each BAC clone with
the computed distance between the end sequences of the
clones. The genome of Gloeobacter thus deduced was
a circular molecule of 4,659,019 bp with an average GC
content of 62%. No plasmid was detected in the course
of genome sequencing. The nucleotide position was num-
bered from one of the recognition sites of the restriction
enzyme Swa I (Fig. 1 and Fig. 1 in the Supplement sec-
tion).

The innermost circle of Fig. 1 shows uneven distribu-
tion of GC content along the genome, some of which
are attributed to the presence of genes for transposases
and glycosyltransferase-like proteins as is also observed in
Thermosynechococcus and Anabaena.6,7 Two regions of
lower GC content at the coordinates of 189 kb–207 kb and
2894 kb–2907 kb were situated adjacent to trnL-UAA
and trnR-CCU, respectively, suggesting insertion of ex-
ogenous DNA elements into the tRNA genes. This spec-
ulation is supported by the fact that a 19-bp duplication
of the 3′ terminal region of trnR-CCU, which is likely to
be transferred from the potential DNA element during
the insertion process, was observed at the opposite end
of the 2894 kb–2907 kb region. No such duplication was
detected for the 189 kb–207 kb region, probably due to
accumulation of mutations.

A GC skew analysis was performed to locate the prob-
able origin and terminator of DNA replication, but no
apparent shift was observed in any region of the genome.

An 8-bp palindromic sequence (5′-GCGATCGC-3′)
named HIP1 is frequently found in the genomes of a
variety of cyanobacteria.14 HIP1 was present in the
Gloeobacter genome (318 copies) but the frequency of
occurrence was much lower (1 copy per 14,651 bp) than
those of Thermosynechococcus (1 copy per 705 bp),
Synechocystis (1 copy per 1131 bp), and Anabaena
(1 copy per 1219 bp).

3.2. Assignment of RNA-encoding genes
Based on the sequence similarity to the reported struc-

tural RNAs and gene prediction by the tRNA scan-SE
program, one copy of an rRNA gene cluster was as-
signed at the coordinates of 1,567,799–1,572,715 of the
genome in the order of 16S-trnI-trnA-23S-5S in the
counter-clockwise direction (Fig. 1 in the Supplement
section). A total of 45 tRNA genes including those in
the rRNA gene cluster representing 44 tRNA species were
also identified (Fig. 1 and Table 1, Table 2, Fig. 1, and
Fig. 2 in the Supplement section). Most of the tRNA
genes were dispersed on the genome and were likely to
be transcribed as single units, except for those in the
rRNA gene cluster and trnT-GGU–trnY-GUA genes at
coordinates 1,412,926–1,413,090, which were oriented in
the same direction with an 11-bp gap between them.

There are two types of trnL-UAA in cyanobacteria,
one with and the other without a group I intron.15

Gloeobacter had an intron-less trnL-UAA. This gene
was unique in that it has a shorter variable region (5 bp)
than those of Thermosynechococcus, Synechocystis, and
Anabaena (17 bp) and that it has a more diverse
aminoacyl stem region: 5′-CCGAGCG for Gloeobacter
compared to 5′-GGGGGCG for Thermosynechococcus
and Anabaena, and 5′-GGGGGTG for Synechocystis.
trnfM-CAU assigned at the coordinates of 3,218,774–
3,218,507 contained an intron, as reported in other
cyanobacteria.15

Gloeobacter had a single gene (coordinates 2,366,323–
2,366,579) for tm (transfer-messenger) RNA known
to be involved in degradation of aberrantly synthe-
sized proteins. The 5′ and 3′ portions of this gene,
which are separated by a 7-bp intervening sequence,
had the capacity to encode an acceptor RNA and
a coding RNA, respectively, and it is likely that
the two RNAs generated by processing form a sin-
gle functional tmRNA molecule by base-paring. Such
“two-piece” type genes have been found in several
Prochlorococcus and Synechococcus species, while tm-
RNAs in Thermosynechococcus, Synechocystis, and
Anabaena are contiguously encoded.16,17 However, se-
quence similarity of the tmRNA gene in Gloeobacter to
that of Prochlorococcus was limited to its 5′ half, and the
remaining half had to be assigned based on the common
secondary structure. A tag peptide was predicted to be
17 amino acid residues, ATNNVVPFARARATVAA.

Potential genes for small RNAs showing sequence simi-
larity to a B subunit of RNase P, SRP (signal recognition
particle) RNA and 6Sa RNA were assigned to the genome
based on sequence similarity to reported genes.

3.3. Assignment of protein-encoding genes
The potential protein-encoding regions were assigned

by a combination of computer prediction by the Glimmer
program and similarity search as described in Materials
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Figure 1. Circular representation of the chromosome of Gloeobacter violaceus sp. PCC 7421. The scale indicates the location in bp
starting from the Swa I recognition site. The bars in the outermost and the second circles show the positions of the putative
protein-encoding genes in the clockwise and counter-clockwise directions, respectively. Genes whose functions could be deduced by
sequence similarity to genes of known function are depicted in green, and those whose function could not be deduced are in red.
The bars in the third circle indicate the positions of predicted tRNA genes and those in the fourth circle the positions of genes for
structural RNAs including rRNAs and small RNAs. The innermost circle with a scale shows the average GC percent calculated with
a window size of 10 kb.

and Methods. Glimmer predicted a total of 4951 poten-
tial protein-encoding regions in the genome after train-
ing with a dataset of 2411 sequences of highly probable
protein-encoding genes in the genome. By taking the
sequence similarity to known genes and the relative posi-
tions into account to avoid overlaps, the total number of
potential protein-encoding genes finally assigned to the
genome was 4430 (Table 1 and Fig. 1 in the Supplement
section). The average gene density was one gene every
1052 bp. The putative protein-encoding genes thus as-
signed starting with either an ATG, GTG, TTG, or ATT
codon are denoted by a serial number with three let-
ters representing the species name (g), whether the ORF
was longer than or shorter than 100 codons (l or s), and
the transcription direction on the circular map (r or l)
(Fig. 1). The codon usage frequency of the whole gene
components in the genome is tabulated in Table 1 in the
Supplement section.

Functional assignment of the 4430 potential protein-
encoding genes in the genome was performed by simi-
larity search against the nr- and Pfam databases as de-
scribed in Materials and Methods. A total of 1836 (41%)
showed sequence similarity to genes of known function,
1635 (37%) to hypothetical genes, and the remaining
959 (22%) did not show significant similarity to any reg-

istered genes (Table 1 and Fig. 1).
The potential protein-encoding genes whose function

could be anticipated were classified into 14 categories
of different biological roles, according to the principle of
Riley.18 The numbers of genes in each category are sum-
marized in Table 1, and the name of each gene is listed
in CyanoBase at http://www.kazusa.or.jp/cyanobase/.
The location, length and direction of these genes are indi-
cated on the gene map in the Supplement section (Fig. 1),
with color codes corresponding to functional categories.

3.4. Characteristic features of the predicted genes and
the genome

3.4.1. Comparison of gene components among
cyanobacteria

Gene components of Gloeobacter were compared
with those in the chromosomes of three cyanobacte-
ria, Thermosynechococcus (2475 genes),7 Synechocystis
(3264 genes),5 and Anabaena (5368 genes),6 and
of Gram-negative and a Gram-positive bacteria,
Escherichia coli (4279 genes)19 and Streptomyces
coelicolor (7512 genes),20 respectively, as a control un-
der the criteria described in Materials and Methods.
Comparison with higher stringency indicated that
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Table 1. Features of the assigned protein-encoding genes and
their functional classification.

Number of genes %

Amino acid biosynthesis 106 2.4

Biosynthesis of cofactors, prosthetic groups, and carriers 141 3.2

Cell envelope 1 1.4

Cellular processes 6 1.9

Central intermediary metabolism 0 0.7

Energy metabolism 102 2.3

Fatty acid, phospholipid and sterol metabolism 53 1.2

Photosynthesis and respiration 158 3.6

Purines, pyrimidines, nucleosides, and nucleotides 46 1.0

Regulatory functions 195 4.4

DNA replication, recombination, and repair 68 1.5

Transcription 44 1.0

Translation 193 4.4

Transport and binding proteins 226 5.1

Other categories 327 7.4

Subtotal of genes similar to genes of known function 1836 41.5

Similar to hypothetical protein 1635 36.9

Subtotal of genes similar to registered genes 3471 78.4

No similarity 959 21.6

Total 4430 100.0

3

8

6

1301 Gloeobacter genes comprising 29% of the 4324 po-
tential protein-encoding genes had matched genes in the
three cyanobacterial genomes. After subtraction of genes
showing sequence similarity to those of either of E. coli
or S. coelicolor, 610 Gloeobacter genes could be listed
as those unique to four cyanobacteria. Approximately
half of them were genes of known function, which in-
clude those related to antenna components, chlorophyll
synthesis, photosystems and carbon fixation.

On the other hand, even with lower stringency where
most members of a given gene family can be clustered,
995 Gloeobacter genes (23%) showed no sequence simi-
larity to genes in the five bacterial genomes used for com-
parison. Moreover, 684 out of 995 genes were not similar
to any of the registered genes, indicating that these genes
are likely to be unique to Gloeobacter.

3.4.2. Genes related to photosynthesis
Genes related to photosynthesis and their copy number

in the genome of Gloeobacter as well as those of the other
three cyanobacteria are listed in Table 3 in the Supple-
ment section. There are plenty of unique characteristics
in the photosynthesis of Gloeobacter as described in In-
troduction, and distinctive features of the genes for pho-
tosynthesis in Gloeobacter revealed in this study are as

follows.
There was a set of genes for PsaA (glr3438), PsaB

(glr3439), PsaC (gsl3287), PsaD (glr3701), PsaE
(gsl3408), PsaF (glr2732), PsaL (glr2236), and PsaM
(gsl2401), but those for PsaI, PsaJ, PsaK, and PsaX
were missing. PsaF is a trans-membrane protein and
its N-terminal region is believed to interact with solu-
ble electron transfer catalysts such as plastcyanin (PetE)
and cytochrome c553 (PetJ).21 The presumptive prod-
uct of psaF (glr2732) in Gloeobacter (181 amino acid
residues) was longer than those of other cyanobacteria
(approximately 164 amino acid residues), which is at-
tributed to the longer N-terminal region of the less con-
served sequence.

Genes for PsbA (glr0779, glr1706, glr2322, glr2656,
gll3144), PsbB (glr2999), PsbC (glr2324), PsbD
(glr2323), PsbE (gsr0856), PsbF (gsr0857), PsbH
(gsr3002), PsbI (gsl3634), PsbJ (gsr0859), PsbK
(gsr2807), PsbL (gsr0858), PsbM (gsl2997), PsbN
(gsl3001), PsbO (glr3691), PsbT(gsr3000), PsbU
(gll2873), PsbV (gll2337, gll2338), PsbX (gsr1874), and
Psb28 (glr1041, gsl0928) were assigned to the genome,
but those for PsbY, PsbZ, and Psb27 seemed to be
missing. PsbO, PsbU, and PsbV, components of
oxygen-evolving complex, are located on the surface of
thylakoid membranes on the lumen side,22 and the amino
acid sequence of each protein is well conserved (45% to
62%) among Thermosynechococcus, Synechocystis, and
Anabaena. The presumptive products of the correspond-
ing genes in Gloeobacter, however, showed much lower
sequence identity of less than 31%, correlating with the
speculation that these proteins are exposed to periplasm
in Gloeobacter instead of lumen, as is the case in other
cyanobacteria.

With respect to the genes for phycobilisomes, cpcG for
a rod core linker peptide and nblA related to degrada-
tion of phycobilisomes were absent in the Gloeobacter
genome. In addition to apcE (glr1245) encoding a
phycobilisome core-membrane linker polypeptide, two
genes showing sequence similarity to apcE, glr2806, and
glr1262, were found in the genome. These genes ex-
hibited a novel structure composed of three tandem re-
peats having a coding capacity of N-terminal 190 amino
acid residues of CpcC, a rod linker component, which is
also similar to phycoerythrin-associated linker proteins,
CpeC, CpeD and CpeE. glr1262 was situated in a cluster
of genes related to phycoerythrin, pebA–pebB–glr1262–
cpeC–cpeD–cpeE (glr1260–glr1265 at the coordinates of
1,335,838–1,344,638). There was another gene cluster
related to phycoerythrin, cpeR–cpeZ–cpeY–cpeA–cpeB–
ycf58–cpeS–cpeT (glr1186–glr1193) at the coordinates of
1,264,757–1,275,461 in the Gloeobacter genome.

There are two types of protochlorophyllide reduc-
tase in cyanobacteria, a light-independent enzyme inher-
ited from photosynthetic bacteria and a light-dependent
one newly acquired during its evolution. Gloeobacter
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Figure 2. Genes encoding motifs of transcriptional factors in cyanobacteria. The number of the genes that are capable of coding for
proteins that also contain motifs of transcriptional factors shown in the horizontal axis are plotted in the vertical axis. The color
codes indicate the species of cyanobacteria as shown in the figure.

had genes for both light-independent (chlBLN: glr0215,
gll2370, and gll2369, respectively) and light-dependent
(por : glr2486) enzymes. This observation indicates
that cyanobacteria has acquired the light-dependent en-
zyme in the very early phase of its evolution because
Gloeobacter is believed to have diverged the earliest
within the radiation of cyanobacteria.

Synechocystis have two similar genes, pspA for phage
shock protein A and Vipp1.23 Vipp1 is known to
be essential for formation of thylakoid membranes
in Synechocystis and in a higher plant, Arabidopsis
thaliana.24 The C-terminal region of Vipp1, approxi-
mately 30 amino acid residues, is well conserved and is
believed to encode a domain related to the above func-
tion, and PspA lacks this region. glr0898 in Gloeobacter
showed higher sequence similarity to that of Vipp1 than
pspA, but a region corresponding to the C-terminal con-
served region was missing. glr0898 may reflect the in-
termediate state of a gene during the evolutional process
between Vipp1 and pspA.

Genes for the cytochrome b6f complex, petA (glr3039),
petB (gll1919), petC (glr3038), petD (gll1918), petG
(gsl0511), and petN (gsl3700), were assigned to the
genome. There was another set of petB (gll1870) and
petD (gll1869) with lower sequence similarity at the coor-
dinates of 1,990,482–1,991,508. petM and petL could not
be detected in this study, but this may be due to a low
degree of conservation for small polypeptides. N-termini
of the presumptive products of petJ and petE for solu-
ble electron transfer catalysts were less conserved than
the remaining portions, probably reflecting the differ-
ence of targeting sites, the cytoplasmic membrane in
Gloeobacter and thylakoids in other cyanobacteria.

It has been reported that the Gloeobacter cells do not
contain SQDG, which is one of the major fatty acid com-

ponents of thylakoid membranes.4 In accordance with
this, neither sqdB nor sqdX required for biosynthesis of
SQDG25,26 was found in the Gloeobacter genome. SQDG
plays a significant role in accommodation of photosyn-
thetic apparatus on thylakoid membranes together with
phosphatidylglycerol. Gloeobacter, in the absence of
both thylakoids and SQDG, should have an alternative
mechanism to secure photosynthesis on the cytophasmic
membrane.

3.4.3. Genes related to signal transduction
The translated amino acid sequences of all the as-

signed genes in the Gloeobacter genome as well as three
cyanobacterial genomes were subjected to search against
the Pfam database to find DNA-binding motifs spe-
cific to transcription factors. As a result, 110 out of
4430 presumptive gene products in Gloeobacter were as-
signed as putative transcription factors, and were clas-
sified into 14 families, as shown in Fig. 2. It is notable
that Gloeobacter contained a relatively large number of
transcription factors in the LuxR, LysR, PadR, TetR,
and MarR families, and that 14 out of 20 members of
the LuxR family were hybrids with response regulators
in the two-component signal transduction system.

A total of 76 genes were assigned to be members of the
two-component system, including 27 genes for sensor his-
tidine kinases, 12 for hybrids of sensor histidine kinases
and response regulators, and 37 for response regulators.
Twenty-seven out of 37 genes for response regulators con-
tained motifs of transcription factors.

There were 15 genes for serine/threonine protein ki-
nases, but none of them were similar to those of other
three cyanobacteria except for portions of the protein
kinase domains. The presumptive products of gll0585,
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glr1096, and glr4072 contained 5 to 7 repeats of a TPR
domain known to be related to protein-protein interac-
tions. Among 7 genes for protein phosphatase, gll0589
showed a low level of sequence similarity to pppA for
serine/threonine protein phosphatase. The presumptive
products of gll2757, gll1405, and gll0158 contained a con-
served domain of protein phosphatase 2C.

Gloeobacter had a larger number of genes (14 genes)
for sigma factors than Thermosynechococcus (7 genes),
Synechocystis (9 genes) and Anabaena (12 genes). These
include one gene (glr2572) for SigA, 5 genes (gll1334,
gll0203, gll3008, gll3762, gll4359) for group 2 sigma,
6 genes (gll1739, gll2708, glr1158, glr1764, glr3584,
glr4357) for ECF (extracytoplasmic function)-type sigma
and 2 genes (gll0669, glr2668) for group 3 sigma. gll0669
was similar to genes for ECF-type sigma factors in
Streptomyces and alpha-proteobacteria, and genes sur-
rounding gll0669 showed sequence similarity to those of
proteobacteria, suggesting an exogenous origin of this re-
gion.

3.4.4. Genes related to circadian rhythm
Circadian rhythms have intensively been studied in

cyanobacteria, and genes involved in various processes
of circadian timing and regulation have been identified
in many species of cyanobacteria.27 These genes include
kaiABC as the major genetic elements of the circadian
clock, sasA, cikA, ldpA, and pex as input modifiers,
and rpoD2 and cpmA as output modifiers. Even af-
ter intensive search, we could not detect kaiABC in
the Gloeobacter genome. It is therefore likely that
Gloeobacter does not have a genetic controlling system
for circadian rhythms and that cyanobacteria have ac-
quired this system after divergence of the Gloeobacter
lineage. Alternatively, Gloeobacter might have lost such
genes. With respect to genes for input modifiers, only
gll3769 could be identified as ldpA, and none of the re-
maining genes showed significant sequence similarity to
sasA, cikA, and pex. On the contrary, two genes, gll3762
and gll1462, were assigned as rpoD2 and cpmA, respec-
tively, as output modifiers.

3.4.5. Genes for WD repeat proteins
A total of 14 genes for proteins containing WD-repeats

were identified in the Gloeobacter genome. The presump-
tive products of 13 genes contained 6 to 15 WD-repeats
at the C-terminal portions with unique N-terminal re-
gions of 260–1090 amino acid residues, while that of
glr0535 was composed of 8 WD-repeats for the entire
length. Eleven genes encoding 14 or 15 WD-repeats
showed sequence similarity to WD-repeat protein genes
in Anabaena and could be classified into two groups.
gll0725, gll3661, glr2244, and glr1630 were capable of
coding for polypeptides with unique N-terminal portions
of 1050–1090 amino acid residues and were similar to

all0283, all0284, and all2124 in Anabaena. gll2655,
gll2888, gll4351, gll4356, glr1175, glr1965, and glr2821
formed another group encoding unique N-terminal re-
gions of 469–581 amino acid residues showing sequence
similarity to alr7129, alr2800, and alr0029. These genes
seem to be shared only by Gloeobacter and Anbaena, but
their biological role remains to be studied.

A Hat protein containing 11 WD-repeats at the
C-terminus is located in thylakoid membranes, and is
known to be involved in high-affinity transport of inor-
ganic carbon.28 Genes with conserved N-terminal unique
regions of approximately 500 amino acid residues of
the Hat protein are found in Thermosynechococcus,
Synechocystis and Anabaena but not in Gloeobacter,
suggesting the presence of an alternative system for the
transport of inorganic carbon in the cytoplasmic mem-
brane.

3.4.6. Insertion sequences
Seventy-four genes for putative transposases were as-

signed to the Gloeobacter genome, of which 52 were iden-
tified as components of insertion sequences (ISs). A total
of 47 copies of ISs, 32 of which are likely to retain intact
structure, were classified into 14 groups mainly on the
basis of the type of the transposases and the length of
inverted repeats. Structural features of each IS group
are summarized in Tables 4 and 5 and in Fig. 3 in the
Supplement section.

Traces of large-scale genome rearrangements by an
IS-mediated homologous recombination could be de-
tected. ISGL5 generates 8-bp direct repeats on both sides
of the IS during insertion, as shown in Table 5 in the
Supplement section. However, the 8-bp sequence on one
side of ISGL5b, GATTTACC, was found not on the other
side of this IS but on the proximal side of ISGL5d located
827 kb apart in the opposite direction. This observation
strongly suggests that inversion of the 827-kb segment of
the genome took place by homologous recombination be-
tween two ISGL5 elements. Evidence of another genome
rearrangement could be found in the structure of ISGL2d
and ISGL2e. ISGL2d (179 bp) and ISGL2e (260 bp) are
located 432 kb apart in the opposite direction, but are
likely to be 5′ and 3′ portions, respectively, of a single
ISGL2 (963 bp) because the same 6-bp sequence, CCT-
TAG, was present next to the inverted repeat sequence of
each IS. Together with the fact that ISGL12b, a segment
of ISGL12, was found adjacent to ISGL2d, it is probable
that insertion of ISGL12 into ISGL2 followed by recom-
bination with another ISGL12 in the genome occurred
during the evolution of this species.

We could detect very recent insertion of an IS during
the course of genome sequencing. After assembly of the
random sequences generated from multiple Gloeobacter
cells, two sequences for a single gene encoding an HlyD
family secretion protein (gll2454), one with and the other
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without ISGL4, were obtained. The inserted IS had an
identical 1160-bp sequence with those of ISGL4c, ISGL4d
and ISGL4g, and a 10-bp repeat, GGTAAAAGC, was
observed on both sides of the IS. These observations
strongly suggest that insertion of ISGL4 occurred dur-
ing the propagation of the Gloeobacter cells.

3.4.7. Inteins
Genes encoding proteins with inteins have been re-

ported in Synechocystis (dnaE, dnaB, gyrB, and dnaX),
Anabaena (dnaE and dnaB) and Thermosynechococcus
(dnaE).29 Gloeobacter had two genes encoding an in-
tein, gll0034 (dnaB) and gll3966 for ribonucleotide re-
ductase subunit alpha. No intein was identified in DnaE
(Glr3934), GyrB (Gll2506), or DnaX (Glr1609).

The inteins in DnaB in Synechocystis and Anabaena
share similar characteristics: They are 428 and 429 amino
acid residues in size, and located at the coordinates
of 390–817 and 381–809 amino acid residues from the
N-termini, respectively. The DnaB intein in Gloeobacter,
on the other hand, was 258 amino acid residues long
and was situated 222–479 amino acid residues from the
N-terminus, suggesting that it has a different origin than
the other two cyanobacteria.

A gene encoding ribonucleotide reductase subunit al-
pha had not been identified in cyanobacteria, and gll3966
was the first example. The presumptive product of
gll3966 had two inteins at the coordinates of 194–606
and 756–1122 amino acid residue from the N-terminus.
The first intein showed sequence similarity to an in-
tein Pab RIR1-2 in ribonucleoside diphosphate reduc-
tase in Pyrococcus abyssi, and the second intein was sim-
ilar to an intein Dra-RF78101 RIR1 found in ribonucleo-
side diphosphate reductase alpha subunit in Deinococcus
radiodurans R1, ATCC13939/RF78101.

3.4.8. Group II intron
Group II introns are the self-splicing ribozyme. Some

of the group II introns are known to transpose with
the aid of self-encoded maturase.30,31 One copy of the
group II intron (GlvI1) could be identified at the coor-
dinates of 168,850–171,364 in the Gloeobacter genome
(Fig. 1 in the Supplement section). Domain IV of GlvI1
had a coding capacity of a maturase (gll0177), which
was similar to maturase genes in Cal.x1 of Calothrix and
TelI4e (tlr1161), TelI4c (tlr0522) and TelI4b (tlr0308) of
Thermosynechococcus. GlvI1 was located in the inter-
genic region between glr0176 and glr0178, therefore, it is
not known whether this intron is functional or not.

The sequences as well as the gene information shown in
this paper are available in the Web database, CyanoBase,
at http://www.kazusa.or.jp/cyanobase/. The sequence
data analyzed in this study have been registered
in DDBJ/GenBank/EMBL (the accession number:
BA000045).
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