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Abstract

The complete genomic sequence of an aerobic thermoacidophilic crenarchaeon, Sulfolobus tokodaii
strain7 which optimally grows at 80°C, at low pH, and under aerobic conditions, has been determined
by the whole genome shotgun method with slight modifications. The genomic size was 2,694,756 bp long
and the G+ C content was 32.8%. The following RNA-coding genes were identified: a single 165-23S rRNA
cluster, one 5S rRNA gene and 46 tRNA genes (including 24 intron-containing tRNA genes). The repet-
itive sequences identified were SR-type repetitive sequences, long dispersed-type repetitive sequences and
Tn-like repetitive elements. The genome contained 2826 potential protein-coding regions (open reading
frames, ORFs). By similarity search against public databases, 911 (32.2%) ORF's were related to functional
assigned genes, 921 (32.6%) were related to conserved ORFs of unknown function, 145 (5.1%) contained
some motifs, and remaining 849 (30.0%) did not show any significant similarity to the registered sequences.
The ORFs with functional assignments included the candidate genes involved in sulfide metabolism, the
TCA cycle and the respiratory chain. Sequence comparison provided evidence suggesting the integration of
plasmid, rearrangement of genomic structure, and duplication of genomic regions that may be responsible
for the larger genomic size of the S. tokodaii strain7 genome. The genome contained eukaryote-type genes
which were not identified in other archaea and lacked the CCA sequence in the tRNA genes. The result
suggests that this strain is closer to eukaryotes among the archaea strains so far sequenced.

The data presented in this paper are also available on the internet homepage
(http://www.bio.nite.go.jp/ E-home/genome list-e.html/).

Key words: aerobic thermoacidophilic crenarchaeon; genome sequencing; whole genome shotgun method;
comparative analysis; plasmid

Introduction

Among the complete genome sequences of thermophilic
archaea reported,!® two genomes were sequenced by
our group: Pyrococcus horikoshii OT3! and Aeropyrum
perniz K1.2 These two species are hyper-thermophilic and
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optimally grow at over 95°C. While P. horikoshii OT3
is an anaerobic euryarchaeon, A. perniz K1 is an aer-
obic crenarchaecon. The entire genomic sequence of
A. perniz K1 was the first and the only complete genomic
data of crenarchaeota. It is also the only known genomic
sequence of a strictly aerobic hyperthermophile. To ob-
tain more information about the genomic sequence data
of A. perniz K1, it is useful to compare the data with
data from closely related species.

We therefore selected Sulfolobus tokodaii strain7, a
species of genus Sulfolobus in crenarchaeon for sequenc-
ing. This strain was isolated from Beppu hotsprings
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in Kyushu, Japan in 1983.6 This species grows under
aerobic conditions, as does A. perniz K1. The opti-
mal growth temperature of S. tokodaii strain7 is 80°C
and the optimal pH is between 2 and 3. The genomic
data of this strain is expected to provide the informa-
tion on not only the thermostability of proteins but also
the characteristics of cells living in an acidic environ-
ment. The genomic size of this strain is approximately
2.7 Mbp,” 1 Mbp larger than the other two species pre-
viously determined by our group: P. horikoshii OT3
and A. perniz K1. In addition to above genomic fea-
tures, S. tokodaii strain7 has no extra-chromosomal ge-
netic unit’ and is able to convert hydrogen sulfide to
sulfate (personal communication from A. Yamagishi and
T. Oshima).

To determine the entire sequence of this genome,
the shotgun libraries with short and long inserts were
constructed both from the entire genomic DNA and
from the restriction fragments of genomic DNA digested
with BssH II. The raw sequencing data from shotgun
clones were assembled using the software PhredPhrap
and Consed.® 19 The remaining sequencing gaps were
filled by walking of long insert shotgun clones.

2. Materials and Methods

2.1. Bacterial strains and genomic DNA

The strain, S. tokodaii strain7 deposited in the Japan
Collection of Microorganisms (JCM number 10545) was
used for genome sequencing in this study. These cells
were inoculated into 100 ml of the Sulfolobus culture
medium!'' which was prepared in 500-ml Erlenmeyer
flasks, and cultured at 80°C with vigorous shaking.
The genomic DNA was isolated principally based on
the method of Yamagishi and Oshima.? Escherichia coli
DH10B was used for the preparation of plasmid clones.

2.2.  Construction of shotgun clones

The S. tokodaii strain7 genomic DNA was sonicated
for 5, 10, and 20 sec at the L position of a sonica-
tor Biorupter (Cosmo Bio, Tokyo, Japan), followed by
size-fractionation by agarose gel electrophoresis. The
fractions from 0.8 to 1.2 kb and from 2.0 to 2.5 kb were
independently cloned into the Hinc II site of pUC118
(Takara Shuzo, Kyoto, Japan). They are referred to as
short-fragment and long-fragment shotgun libraries, re-
spectively.

For the construction of the shotgun libraries from re-
striction fragments, the genomic DNA was prepared in
the agarose-plug as described by Kondo et al.,” and after
complete digestion of DNA in the plugs with BssH II, the
digests were resolved in 0.4% low-melting-point agarose
gel by electrophoresis. The bands were cut out and the
gel was dissolved by incubation at 50°C with Agarase
(FMC, Rockland, ME, USA) overnight. The resul-
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tant solution containing DNA fragments was sonicated,
and the short-fragment shotgun library was prepared as
above, except for BssHII fragment A (945 kb) from
which both short- and long-fragment shotgun libraries
were constructed.

2.3.  Sequencing

Plasmid DNA was prepared by an Autogen 740 auto-
matic DNA preparation system (Autogen, Framington,
MA, USA). The sequencing reaction was performed us-
ing two kinds of cycle sequencing kits, a dye-primer cy-
cle sequencing kit and a dye-terminator cycle sequencing
kit. The sequence data were detected by ABI-DNA se-
quencers (377XL; Perkin-Elmer ABI, Foster City, CA,
USA). Also the dye-terminator cycle sequencing kit was
used for filling the sequencing gaps. The long-fragment
shotgun clones with inserts covering gap regions were
used for filling of gaps by walking with synthesized
primers.

The raw sequence data were first analyzed with the
software Phred.” After the elimination of contaminated
sequences derived from FE. coli or vector DNAs, the
treated data were assembled into contigs using the soft-
ware Phrap® and Consed.” The assembled sequences were
split into 30-kbp segments and the sequence in each seg-
ment was re-assembled and edited by Sequencher (Gene
Codes, Ann Arbor, MI, USA).

2.4. Computational analysis

The criteria used for the assignment of potential
protein-coding regions were similar to those used in
the previous paper.! However, the open reading frames
(ORF's) which had neither similarity nor motif sequences
completely included within longer ORFs were not as-
signed as potential protein-coding regions in this work.
Similarity search of the assigned ORFs was mainly
performed by the Smith-Waterman algolithm.'® The
databases used for similarity search were GenBank re-
lease 109, EMBL release 56.0, Swiss-Prot release 38.0,
PIR release 62.0, and Owl release 31.4.

3. Results and Discussion

3.1.  Determination of entire genome sequence

The physical map of circular genomic DNA of
S. tokodaii strain7 has been reported by Kondo et al.”
According to their observation that the genomic DNA
generates six fragments upon digestion with BssH II,
these six fragments were used for the construction of
fragment-specific shotgun libraries.

The entire genome sequence was determined by the
whole genome shotgun method'* with slight modifica-
tions. The two kinds of shotgun libraries, one with
approximately 1-kb inserts (short-fragment shotgun li-
brary) and the other with approximately 2.2-kb inserts
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(long-fragment shotgun library), were prepared from
the genomic DNA and from BssH II fragment A. From
the other BssH II fragments, only short-fragment shot-
gun libraries were constructed. The clones from the
short-fragment shotgun libraries were sequenced from
one end whereas the clones from the long-fragment shot-
gun libraries were sequenced from both ends. A total of
61,000 readings of raw sequencing data were accumulated
and assembled using PhredPhrap.’8 10

As indicated in the following section, a large number of
long dispersed repetitive sequences were identified from
the consensus sequences of primary contigs generated
by PhredPhrap. To avoid the confusion of assembling
by these repetitive sequences, the nucleotide sequence
of these repetitive units were added in the cross-match
database of PhredPhrap and were not used for contig
assembling. The resulting contigs were separated into
30-kbp regions and the raw data contained in each re-
gion was re-assembled and edited by Sequencher.

To fill the remaining sequencing gaps, the clones car-
rying the end sequences of contigs were selected from the
long-fragment shotgun libraries and sequenced by walk-
ing with synthesized primers. The nucleotide sequences
of long dispersed repetitive units were also determined by
walking the long-fragment shotgun clones which included
each repetitive unit with synthesized primers. All the se-
quences were determined by co-incidence of sequences of
at least two clones per base.

To confirm the authenticity of the genomic sequence
constructed, the restriction pattern of each 15-kb frag-
ment directly amplified from the genomic DNA by long
PCR were compared with those deduced from the se-
quence data.

The total length of the genome finally confirmed was
2,694,756 bp. The nucleotide position was numbered
from the one end of the BssH II restriction site located
on the NotI B and RsrlIl F fragments in the physical
map shown by Kondo et al.”

Distribution of ACGT along the strand of the entire
genome was 33.4% A, 16.3% C, 16.5% G, and 33.8% T,
resulting in a G + C content of 32.8%. Through the pro-
cesses of genomic sequencing, no evidence was obtained
for the presence of an extra-chromosomal unit.

3.2.  RNA coding genes

The entire genomic sequence was subjected to simi-
larity search against the rRNA sequences registered in
the databases. It was found that the S. tokodaii strain7
genome contained a single 165-23S rRNA cluster and
one 5S rRNA. This organization is similar to those of
P. horikoshii OT3! and A. perniz K1.2

Forty-five tRNA genes were identified by searching
with tRNA scan,'® and one tRNA gene for Leu (GAG)
was identified by similarity search. The species of tRNA
genes identified are shown in Table 1. Forty-one of
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these genes were discretely mapped, while the remaining
six tRNA genes were mapped as clusters of two tRNA
genes. As noted in other microorganisms,?16 no tRNA
genes containing A at the first position of the anticodon
were identified. Similar to the archaea genomes already
sequenced, the Met-tRNA gene occurred in triplicate.
However, the sequences had no similarity to one another,
suggesting that the different Met-tRNA species may be
used for the translation initiation of different classes of
genes.

Twenty-four tRNA genes were found to contain 11-
to 57-bp long introns. These genes containing introns
and the organization of the introns in each gene are
summarized in Table 2. In all of the intron-containing
tRNA genes except for the tRNA-Leu (GAG), tRNA-Glu
(UUC) and tRNA-Glu (CUC) genes, the introns were
identified 1 bp downstream from the 3’ end of the anti-
codon triplet. The intron in the tRNA-Leu (GAG) gene
had been inserted 4-bp upstream from the 5’ end of an-
ticodon region. The 17 bp-long intron portion was as-
signed within the D-loop of two tRNA-Glu genes. The
Insertion position of these introns was similar to that of
the tRNA-Thr (UGU) gene identified in the A. perniz K1
genome.?

In contrast to tRNA genes in other archaea, most
of the tRNA genes identified did not contain the 3’
terminal CCA sequence. On the other hand, tRNA
nucleotidyltransferase,'” that catalyzed the addition of
the CCA sequence to tRNA transcripts, was found on
this genome (ST0952). In bacteria, the 3’ CCA is gener-
ally encoded on the tRNA genes. The role of E. coli
tRNA nucleotidyltransferase is the repair of tRNA 3’
ends.'® 20 In eukaryotes, where CCA is rarely encoded by
tRNA genes, tRNA nucleotidyltransferase is essential.?!
Although the role of tRNA nucleotidyltransferase is un-
clear in S. tokodaii strain7, the structure of tRNA genes
and the presence of a CCA-adding enzyme are similar to
eukaryotic cells.

The genes for all tRNA synthetases have been identi-
fied in the assigned ORF's, except for those for tRNAG?
and tRNAAs".  Instead, similar to Bacillus subtilis*?
and Deinococcus radiodurans,®® the three subunits of
Glu-tRNAS!™ amidotransferase (ST1283, ST0282, and
STS140), which were necessary for transamidation of
Glu-tRNAS™ and Asp-tRNAAS" were identified.

3.3.  Repetitive sequences identified

Three types of repeating units including Tn-like ele-
ments were found on the genome of S. tokodaii strain7.

The first type, named type A, is comprised of repet-
itive sequences composed of LR and SR segments,
and is divided into two subtypes based on the se-
quences of SR segments. The subtype A-I repeti-
tive unit contained 24 bp-long well-conserved SR seg-
ments (GMTAATCCWTAATGGAATTGAAAG) and a
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Table 1. Summary of assigned tRNA genes.

UUU (Phe) UCU (Sen) UAU 1yn) UGU wysp:
UUC )| © UCC (ser O ||UAC myn o) UGC iy @ |
UUA e Q UCA ser a .. & ! UGA ®ny;
UUG Lew) [} UCG (ser) 8 ||UAG @ UGG ) 5]
I iLew) CCU (Pro) CAU His) CGU A
(Leu) (=] cCcC {Frm| (9] CAC His) [ #] CGC (A o
IL&.“-, s CCA (Pro | (@) 1CAA {"r"‘rln'p_ O CGA cms)si (@]
(Leu) '] CCG (Pro) O (Gln) O CGG (A O
I (lie) ACU (Thr) (Asn) AGl_._J (Ser) |
me | O ACC (The @) {Asn) O :
A ilhed | ACA (Thr) ) o (Lysh @l
(Met) | (@] ACG (mhn: ] (Lys) ) o]
1 vl | (Asp)
(Val) O GAC (Asp) &
] Q GAA (Gl | G .
GUG (Val) 8] GAG (Gl =]

tRNA genes assigned are indicated by O and those with introns by ©
*: All three tRNAM® possessed the introns

Table 2. The size and position of introns in the intron-containing tRNA genes.

tRNA-TD IRNA species anticodon gene size Intron position® Intron size mature (RNA

int} start end (mt} {nt)
STIRNAD2 tRNA-Glu TTC 91 22%% 38 17 74
STIRNAD3 {RNA-Lys TTT 99 39 63 25 74
STIRNAD4 {RNA-Lys CTT 101 39 65 27 74
STIRNADE IRNA-Cys GCA 88 38 51 14 74
STIRNADS RN A-Met CAT 98 39 62 24 74
STIRNALL IRNA-Thr CGT 98 39 62 24 74
STIRNALS IRNA-Met CAT 93 39 57 19 74
STIRNA16 IRNA-Tyr GTA 93 39 57 19 74
STIRNA18 IRNA-Ser CGA 111 39 64 26 85
STIRNA19 IRNA-Leu CAG 101 41 56 16 85
STIRNA20 IRNA-Glu CTC 91 22% 38 17 74
STIRNA21 IRNA-Ser TGA 95 39 49 11 84
STIRNA23 IRN A-Phe GAA 91 39 55 17 74
STIRNA25 IRNA-Leu TAG 101 41 56 16 85
STIRNA26 IRNA-Leu GAG 104 k¥ Rl 52 19 85
STIRNA27 IRNA-Pro GGG 94 41 58 18 76
STIRNA29 IRNA-Ile GAT 90 39 54 16 74
STIRNA3IL IRNA-Thr TGT 92 40 56 17 75
STIRNA32 IRNA-Arg GCG 88 40 52 13 75
STIRNAZZ IRNA-Leu CAA 97 40 52 13 84
STIRNA34 IRNA-Met CAT 87 40 51 12 75
STIRNA36 IRNA-Arg ccr 99 40 63 24 75
STIRNA40 IRNA-Tm CCA 131 39 95 ST 74
STIRNA46 IRNA-Arg TCT 91 40 55 16 75

*: Nucleotide positions from the 5’ end of tRNA genes.
**: These numerals indicated the unusual position or size of introns.

variable 36- to 169-bp sequence, followed by 223 bp-,
244 bp-, or 310 bp-long LR segments. This type of
repetitive unit was present at three different positions
with 48, 104, and 119 repeats of SR segments (coor-
dinates: 2,667,399-2,664,097; 2,678,286—2,671,319; and
2,693,179-2,685,053).

The subtype A-II repetitive unit was composed of 73
and 113 repeats of 25-bp-long well-conserved SR seg-

ments (GATGAATCCCAAAAGGAATTGAAAG) and
a variable 33- to 45-bp spacer sequence, followed by
228-bp-long LR segments. These repetitive units were
identified at two different positions (coordinates: 30,837—
25,997 and 32,475-39,835).

The second type of repetitive sequences was Tn-like
elements. This was extracted by analysis of ORFs that
are present in repetitive sequences. Out of nine ORFs
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Table 3. The lengths and coordinations of the Tn-like elements and dispersed repetitive sequences.

type of length coordinates direction
repetitive sequence (nt)
Tn-like element 1779 57900 - 59678 <
660704 - 662475 <
1034923 - 1036702 >
1077993 - 1079772 >
1157568 - 1159339 =
1907731 - 1909502 >
2562560 - 2564337 <
truncated Tn-like element 345 120380 - 120715 >
715738 - 716074 >
740655 - 740991 <
Te0848 - T6l184 <
1115939 - 1116276 <
1146000 - 1146426 >
1623632 - 1623968 <
1777801 1778137 =
1784191 - 1784527 <
dispersed repetetive unit
subtype I 1459 1309109 - 1310567 >
1367448 - 1368906 <
subtype I1 1322 823496 - 824817 <
885027 - BB6348 >
1164946 - 1166267 <
1922728 - 1924049 <
subtype I1T 844 163506 - 164343 <
269897 - 270739 <
833260 - 834103 <
1164031 - 1164874 <
2269440 - 2270271 <
subtype IV 518 2304814 - 2395331 >
2396410 - 2396927 =

assigned as transposases, seven ORFs with 136 amino
acid residues were located within the highly conserved
1779-bp-long sequences. Thus, these regions were as-
signed as a Tn-like element. However, the inverted re-
peats, which were generally identified at the border of
Tn elements were not found. In addition to this complete
Tn-like element, its truncated form was also identified.
The end region of each truncated element was identical
to the end sequence of the Tn-like element. The size of
this element was 352 bp long and the transposase was not
found in this truncated element. The position and direc-
tion of these Tn-like repetitive elements and truncated
form of the Tn-like element are summarized in Table 3.

The third type of repetitive units comprised four sub-
types of different repeating units from 518 bp to 1459 bp,
and appeared dispersed along the entire genome. The
length and coordinate of these four different repetitive
sequences are summarized in Table 3. These long repet-
itive sequences often interfered with the assembly of raw
sequencing data, but the problem could be minimized
by registration of repetitive sequences into a cross-match
database in PhredPhrap. The biological significance of
these repeats, except for the Tn-like element, is not
known.

3.4. Assignment and similarity search of potential
protein-coding regions

The assignment of potential protein-coding regions
was performed as the previous paper! with some mod-
ifications. The ORFs which consist of longer than
100 codons starting with ATG or GTG were designated
by a two-letter code (ST) plus a four-digit number indi-
cating the ORF position. The ORFs which were entirely
included within longer ORF on either strand and showed
neither similarity nor motif sequences were not assigned
as potential protein-coding regions. There were a total
of 2558 ST-class ORFs.

Subsequently, shorter ORFs consisting of 50 to
99 codons were extracted from the regions where no
ST-class ORF was assigned plus a neighboring 150-bp re-
gion overlapping the next ST-class ORFs. Among these
short ORF's, those which possessed significant similar-
ity to either the registered sequences in databases or to
protein motifs were taken as potential protein-coding re-
gions and named with a three-letter code (STS) plus a
three-digit number indicating the ORF position. The or-
ganization of all ORF's assigned among the entire genome
is shown in Fig. 1.

Thus, a total of 2826 ORFs were assigned along the en-
tire genomic sequence (ST-class ORFs = 2558, STS-class
ORFs = 268). The average size of the ORFs was
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Table 4. Summary of functional classification of ORFs.

functional categories number of ORFs
Amino acid biosynthesis 77
Purines, pyrimidines, nucleosides, and nucleotides 55
Fatty acid and phospholipid metabolism 41
Biosynthesis of cofactors, prosthetic groups, and carriers 53
Central intermediary metabolism 34
Energy metabolism 184
Transport and binding proteins 92
DNA metabolism 45
Transcription 47
Protein synthesis 109
Protein fate 42
Regulatory functions 12
Cell envelope 21
Cellular processes 34
Other categories 23
Unknown function 42
Conserved hypothetical protein 921
total 1832

267 amino acid residues, and the longest one consisted
of 1933 residues (ST0620). The 2826 assigned ORF's oc-
cupy 83.9% of the entire genome. The G + C content in
these coding regions was 33.52%, and that in non-coding
regions was 28.51%.

For the assignment of gene function, the products
name in public databases with a Zscore greater than
or equal to 20, or with over 30% amino acid sequence
identity along the entire coding region, were taken for
ST-class ORFs. The name of gene products with a Zscore
greater than or equal to 12 were also used for STS-class
ORFs. Among ST- and STS-class ORFs, there were
911(32.2%) ORFs with assigned function, 921 (32.6%)
showed significant similarity to registered sequences with
unknown function, and 145 (5.1%) contained some mo-
tifs. The remaining 849 ORFs showed no significant sim-
ilarity to the sequences in public databases and protein
motif sequence. The predicted products of ORFs with
known functions are summarized in Table 11, in which
all products predicted are classified according to func-
tional categories.

The ORFs showing similarities to the registered genes
with known functions were classified according to the
functional categories and are provided in Table 4; the
product names are listed in Table 11. As indicated in
Table 4, this genome contained a large number of genes
related to energy metabolism. This may be due to the
heterotrophic feature of this microorganism, which use a
large number of compounds as the energy source.

The codon usages of the proteins encoded by the
2826 ORF's are summarized in Table 5. The codons with
A or U at the third position appeared to be more fre-
quently used, probably reflecting the relatively low G+ C
content of this strain.

3.5.  Other features
3.5.1.

Since S. tokodaii strain?7 is aerobic, the genes involved
in the TCA cycle were searched, and all of the genes
in this cycle were identified on the genome. Two copies
of the genes coding for citrate synthase and two subunits
of 2-oxoacid:ferredoxin oxidoreductase,2* which plays the
same role in archaea as alpha-ketoglutarate dehydroge-
nase, were identified in the genome. This result suggests
that S. tokodaii strain7 has a complete TCA cycle system
similar to that found in mitochondria of eukaryotes.

On the other hand, some genes in the respiratory
chain which participate in the production of ATP were
not identified by similarity searching. In particular, cy-
tochrome ¢ was not identified in this microorganism.
This feature is similar to that in A. perniz K1. As cy-
tochrome ¢ has an important role in electron transfer to
oxygen in eukaryotes, it is likely that this microorgan-
ism uses a different molecule for the same function or
possesses a different pathway. Participation of Rieske
iron-sulfur protein and/or sulfocyanin in place of cy-
tochrome c¢ has been suggested in Sulfolobus species.

Genes related to respiration

3.5.2.  ORFs related to sulfide metabolism

S. tokodaii strain7 is known to oxidize hydrogen sul-
fide to sulfate intracellularly, and this feature has been
applied for the treatment of industrial waste water
(personal communication from A. Yamagishi and T.
Oshima). By similarity search of the genes relating to
this pathway, a total of eight ORFs were detected as
genes related to sulfide metabolism (from hydrogen sul-
fide to sulfate). These ORFs and their products are sum-
marized in Table 6. These enzymes seem to be enough to
oxidize sulfur from hydrogen sulfide to sulfate. Although
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Table 5. Codon usages of the predicted proteins coded for by the 2826 ORFs.

UUU (prey 24003 31.53| UCU (Sen 14563 19.13
UUC (khey 10453 13.73|| UCC (sen 3715 4.88
UUA (Lewy 36642 48.14|| UCA (sen 12912 16.96
| UUG (Lew 7685 10.10]] UCG (80 2509 3.30

UAU (Tyn 27402 36.00[[ UGU (Cyst 3569 4.69
UAC yo 9701 12.74|| UGC s 1395 1.83
UAA swop 1532 2.01| UGA seepr 812 1.07
UAG swop 482 0.63|| UGG am 7716 10.14

CUU (Lewy 14179 18.63|| CCU (Pro) 10889 14.31
CUC Lews 4243 5.57|| CCC oy 3211 4.22
CUA iLewy 12512 16.44|| CCA ) 13048 17.14
CUG (Lewy 2916 3.83|| CCG (P} 2622 3.44

CAU (Hisy 7283 Q.ﬁ CGU A 1103 145
CAC i) 2636 346| CGC (ary 355 047
CAA Gy 11842 15.57|| CGA agd 700 092
CAG iy 3964 521 CGG w271 0.36

AUU () 30581 40.17|] ACU o 16723 22.00
AUC er 6932 9.11)| ACC mn 3368 4.42
AUA me 37755 49.60| ACA o 12969 17.04
AUG Men 15580 20.47|| ACG (The 3096 4.07

AAU (asm 26487 34.80( AGU (sen 12679 16.66
AAC (asmy 10515 13.81|| AGC (sen 4328 5.69
AAA  Lysy 39298 51.63|| AGA (arg) 19962 2622
AAG (Lys 21379 28.09|| AGG w9091 11.94

GUC (vah 4210 5.53|| GCC Al
GUA vah 22471 29.52(| GCA (Al 15919 2091
GUG vah 6357  8.35|| GCG w2969 390

GUU ivap 22315 29.32|| GCU (Al 19352 25.42|
3927 5.16|

GAU (Aspy 27892 36.64| GGU iy 18010 23.66
GAC (aspp 7224 9.49|| GGC @iy 4105 5.39
GAA (Gl 35726 46.93|| GGA (@) 19959 26.22
GAG Gl 17583 23.10|| GGG @iy 5585 7.34

Numerals in the second column are the sum of codons present, and those in the third
column are the frequency of occurrence per thousand in ORF's of S. tokodaii strain7

Table 6. List of ORF's related to HaS oxidizing reactions.

ORF-ID  Length of predicted product predicted function
ORF (a. a.)
ST0615 384  sulfide dehydrogenase H.S = Sulfar + i—];
ST0971 390  sulfide dehydrogenase (flavocytochrome ¢) flavoprotein chain - H,S = Sulfar + H,
STI010 208 sulfite oxidase 50,7 + 0, + H,0 =50, + H0,
STi839 270 thiosulfate red electron t L protein H,S = 5,0,
ST2564 293 thiosulfate sulfurtransferase 8,0,% + cyanide = 50, + thiocyanate
ST2566 628 sulfite reductase H,S + 3 Oxidized Ferredoxin + 3 H,0 = 80, + 3 Reduced Ferredoxin
ST2567 239 ine phosphosulfate reductase 50 +H, =50, + H,0

sulfate adenylyltransferase

ST2568 412

ATP + 50" = PPi + AMP-S0,*

the products of these ORFs have not yet been isolated,
confirmation of their activities would provide the valu-
able information for sulfide metabolism in this microor-
ganism and facilitate the improvement of this system for
industrial applications.

8.5.3.  Possible integration of plasmid into chromosome

It has previously been reported that Sulfolobus sp.
NOBSH2 contains 41,229 bp long plasmid, pNOBS8.2%:26
However, no extra-chromosomal genetic unit was de-
tected in the analysis in the present study, whereas these
two strains belong to the same genus. To clarify the
possibility that a plasmid had been integrated into this
genome, we searched ORF homologues of pNOBS. As
indicated in Table 7, a total of 37 gene families, consist-
ing of 66 ORFs, were identified in the S. tokodaii strain7
genome, although their organization and the number of
genes included in each gene family are variable in the
genome. These results imply that a plasmid from an an-
cestral species was integrated into the S. tokodaii strain7
genome, and following rearrangement and duplication of
the genome resulted in the variation of the order and

copy number of genes originally encoded by the plasmid.
Peng et al. previously showed that pHEN7, a plasmid
isolated from S. islandicus, was integrated into the host
chromosome by integrase encoded by the plasmid itself.?”
The length of the plasmid is very short, 7.83 kb, and the
integrase is highly similar to that found in SVV1 virus.?®
Two kinds of integrases were identified in the genome of
S. tokodaii strain7, one was partially similar to that in
SSV1 virus and the other was highly similar to the inte-
grase/recombinase possessed in bacteria. The mechanism
of integration in S. tokodaii strain7 may be different from
that in S. islandicus.

Out of the 66 ORF's identified, the functions of only
three genes were assigned, and the remaining 63 ORF's
were assigned as genes with unknown function. These
genes with unknown function may be indispensable for
S. tokodaii strain7, as these genes have been maintained
in the genome until now.

3.5.4. ORFs related to eukaryote-type gene families

Many genes assigned on archaeal genomes are often
identified in eukaryotes or eubacteria.?? 3! During sim-
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Table 7. S. tokodait ORFs orthologous to genes coded in plasmid pNOBS.

genes in pNOBS  Length number of

(o a.) identified ORFs

8. tokodati ORF-1D orthulogous w pNOBE genes

ORF01 116 3 STI310 $TO251 STI317
ORF02 188 1 ST0159
ORFO3 8l 5 STOTS8  STOZ36  STSIS6 STS229  ST1340
ORF04 an 2 STI308 STI3I8
ORFOS 537 2 STI307 ST2280
ORFO6 72 1 STS202
ORFOT 50 3 STS147 STSI80 STS202
ORFO08 406 k] STI056 ST2325 ST2008
ORF0Y 57 1 STSUZY
ORF10 1025 1 ST1326
ORF17 253 2 ST2505 ST1338
ORFI8 o 7 STSIS6 STSU3S ST5149 STSI48 STI340 STSI57 $T0236
ORF19 97 4 STSIS6 STS149 STOI73 STS03S
ORF20 108 1 ST1342
ORF22 164 1 ST1344
ORF23 L 1 5TS162
ORF24 2 2 STS163  §TS072
ORF25 02 1 STS 164
ORF26 1t 3 ST1345 STS(45 ST2503
ORF27 43 4 ST1346 STO313 ST2498  ST0255
ORF28 80 4 STS146 STS224 STO837 STIRYD
ORFM 245 3 STISSO STI3I1 STO254
ORF31 630 1 ST1312
ORF34 86 1 ST1479
ORF37 52 1 STS159
ORF38 02 1 STI315
ORF39 165 1 STI1316
ORF40 65 2 STS1SS STSIS
ORF41 10 3 STO251 STI3l0 STI317
ORF42 205 1 ST2077
ORF43 4 1 ST1343
ORF44 93 7 STS033 STI486 STS220 STSI48 STI060 STI339  STO766
ORF45 at0 2 STI308 STI3IR
ORF46 315 1 STI320
ORF48 142 1 ST1321
ORF50 152 1 STI316
ORF52 51 2 STS154 STS152
total 81

Table 8. S. tokodaii ORFs with similarity to the eukaryote-type genes.

ORE-ID  Length of predicted product distribution
ORFs {aa)
ST0059 462 selenium-binding protein 2 human, mouse, plant, C. elegans
ST0155 353 flug protein. A, nidulans
ST0233 288  hypothetical protein. 8. cerevisiae
ST0467 548  DNA replication licensing factor human. mouse, frog, fruit fly, 5. pombe
ST0779 583  acylamino-acid-releasing enzyme. human, ral, pig, C. elegans
5T0940 767  oligosaccharyl transferase stt3 subunit. human, mouse
ST0945 254  hypothetical protein. §. cerevisiae , C. elegans
ST1110 386 nonspecitic lipid-transfer protein. mouse, rat
ST1257 108 s100 caleium-binding protein a3. human, mouse
ST1350 363 nonspecific lipid-transfer protein. human
ST1603 125 hypothetical protein. 8. cerevisiae
ST1745 565  acylamino-acid-releasing enzyme. human, rat, pig. C. elegans
ST2082 360 sterol-regul y el binding protein. human, C. griseus
ST2367 297 serine/threonine protein phosphatase pp2a catalytic subunil. plant, human, mouse, fruit fly, 5. cerevisiae

ilarity search of the S. tokodaii strain7 ORFs against
public databases, we found that 14 ORFs show similar-
ity to gene families that are only identified in eukary-
otes. The homologues of these ORFs are not detected
either in other archaea or bacteria. These ORFs and
predicted gene products are given in Table 8. In ad-
dition to these eukaryotic-type genes, this strain con-

tained 37 archaea-specific ORFs and 53 ORF's which are
present both in archaea and eukaryotes. Identification of
eukaryote-specific genes together with the absence of the
CCA sequence in tRNA genes suggests that this strain
is closer to eukaryote among archaea that have had their
genomes completely sequenced.

[Vol. 8,
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Table 9. Homologous ORF's identified by sequence comparison among the 2826 ORF's of S. tokodaii strain?.

number of homologous ORFs*
in one group

12
11
10

bt s Oh o= 00 D

total

number of groups total ORFs

1 12

1 11

1 10

4 36

] 48

11 77
14 54
25 125
56 224
94 282
281 562
494 1471

*: ORFs with Zscore higher than 8 in SW search and
amino acid identity higher than 30% in 70% of the entire

region were taken.

Table 10. List of the same ORFs identified on the S. tokodaii strain7 genome.

predicted function length of ORFs

ORFs included in one same gene families

{a.a.)
transposase 136 STOD43 ST2553 STI0M8 ST1096 ST1904 STO6S0 ST1158
insertion element protein 242 STO142 ST1907 ST1139 ST1082 STO671
not assigned 235 ST0143 STO857 ST1165 ST2259 ST1981
330 STO847 STO907 ST1167 ST1916 ST2230
240 5T0l62 STITI9 STO7YE STI987
347 STO041 STIO098 STI050
108 STOD42 STI097 STI049
not assigned 350 STO0S5 ST1957 STI769
not assigned 381 STO152 ST2431 ST2008
not assigned 168 S§T0254 ST1311 STI8S0
not assigned 434 STDAT8 ST1160 STI1906
not assigned 144 STO679 STI159 STI905
IS hypothetical protein 202 STI092 ST1939 ST2495
not assigned 328 STO046 STO099
ferredoxin 104 STO163 ST1175
not assigned 123 STOBSG STITLS
IS element DNA-binding protein 34 ST1122 STI908
insertion element protein 100 ST1156 ST2015
not assigned 470 ST1304 STI360
transposase 340 ST1779 ST2430
not assigned 353 ST1952 ST2181
sulfocyanin 220 ST2393 ST2394

8.5.5.  Duplication of ORFs

By sequence comparison among the ORF's, 1471 ORFs
were grouped into 494 families (Table 9). The result can
be interpreted that ORFs in each group were generated
by duplication of an ancestral sequence. Such homolo-
gous ORF's were present in the genome as either tandem
repeats of a single ORF or the repeats of a single or a
cluster of ORF's at different locations.

Within these families, we detected 22 families that are
composed of ORFs which have over 95% length iden-
tity and over 95% amino acid identity. The gene fam-
ilies detected are summarized in Table 10. In addition
to transposase and IS-element related proteins, sixteen
kinds of proteins which possessed the same sequence were
detected at different positions in the genome. This result

suggests that rearrangement or duplication of the genome
may continue to occur.

3.5.6.

The structure of the operon encoding H*-ATPase
(ST1435, ST1436, ST1437, ST1438, ST1439, STS172)
of this strain has already been reported by Denda et
al.3273% Data comparison indicated that the length of
the delta subunit is 80 amino acids shorter than that
of ST1435. Because some subunits which were present
in E. coli*® or Synecococcus®™ were not identified in the
operon cloned from S. tokodaii strain7, Denda et al. sug-
gested two possibilities: One is that the operon encodes
all of the genes necessary for the whole ATPase complex
and the other is that the operon encoding the subunits of

Other notable genes
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ATPase were split into two (or more) independent oper-
ons. Our data suggest that one more ORF (ST1434)
upstream of ST1435 may be included in this operon as
the subunit of the HT-ATPase. It seems reasonable to
conclude that this operon in S. tokodaii strain7 contains
all of the genes of the whole ATPase complex.

The genes containing inteins, defined as the
self-splicing portions of a polypeptide sequence,>®3? have
been identified in the genome of P. horikoshii OT3' and
A. perniz K1.2 However, no genes with the intein por-
tion were identified in the S. tokodaii strain7 genome.
Like all other aerobic organisms, the gene for superox-
ide dismutase?%% 42 was also present in this organism
(ST2283).

The entire genomic sequence of S. tokodaii strain7 is
the third sequence from aerobic thermophilic crenar-
chaeota. The comparison of this genome with other ar-
chaea or thermophilic microorganisms may provide im-
portant information about the difference between eur-
yarchaeota and crenarchaeota, as well as differences of
the thermostability of proteins and the origin or evolu-
tion of eukaryotes. More detailed analysis of gene or-
ganization and gene structure in comparison with other
archaeal genomes is under investigation.
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Table 11. List of ORF's showing similarities to registered genes with known function.

ORFID Lengik Predicted Prodact Locw Fcore [} ORED Length Fredicted Produce Lowun T
1aa) Lenliny laay I
A wcitl by nthesis STUR 195 uridine § -monapbosphare synihase Swiss_PouCHRESS 10RO 610
Aromatic amiso aced famiky Salvage of nucheosides and saclatide
STNTI 151 dehydnginas smthase Swiss_ProcPI019 RIS STIMRS 371 Snethylbkadenoin phosphiorylise Swiss_ PN 5141 mw
ITT A phosphushibimaie | cabunyvinglansicrase Swise_Prot Q57025 B ST 13T S-maihylshioadenasing phosphorylsse Swise_ProcPSOMY  (M2E1 6T
M5 anthranilste phosphoribosyliFsferse Swins_ Pt PITRE SR A0 ST 188 u " Swin_ProcPIIOS 1130 VR
433 anthranilste synthase componest 1 Swiss_ProcQU6LIM 1S5 STUME N dine prefearing Swiss_Prot: A s247
193 anthrunilsts synibass componess [ <w|l _Proc Qo619 042 ST2U1S M6 imosine uridine peeferring nuckooside hydrolase Swiss_Prot F!W ness  TLIe
B arAdCH proiein R STUHES1 176 purine phophoribosy Byl § Frot: 64531 3% 308
M) chorismale symihase Tt STOANL 206 uraci) phosphoribosy irasslense Swin_Praf47IT6 4431 Mm
St dehydriuinase debydeatine K20 rher
246 indole- Lglycercl phiphate synthise " LR STUNE 264 bets-urvidopropunis: Swin v M8 MM
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a Ir'|'!0|'|hll| wynthase bl sobeami 19587 STINM4 A% xanthine dehydrogenmse Swiss_PeocPTTIES E R A R
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STUTE 159 aspurase-semiakleydde debmirogenise Swiss_ProcgpATase 9530 STIMT 238 daomoscyl-facyl-carer protein] roductae Swisa_Prod FW113
STIMI M7 ssquriokiness Swise_Proc Q5704 Lt STOSI4 W7 acotyl4"oA sceryhransiersse Swiss_Prot: 5159
E LT ssine giammi-synibise Swine_ProtPSS2IT @4 STI3U MK acyl carries proicis synthase Swins_Pros:P43T1 |
ST2I¥ 15 dibydrodipicodinae synthase .'{wus_?mlqﬂwﬁ AT STm7? M7 dlphwumnug*cuhl lase. Swies_ProaP12377
STH™ 296 dibydrsfipicolinas synihss Swise_Proc Po6ws ik 1] STIMET 281 isoprenyl synthase Swns_Proe QST
STI3] 480 homocare synihase Swive_Proc(GHTHT GRS ST2353 36 wulfolgd hisynihesis protein sl Swins_Pro PaAG2
STI519 M2 bhomoserine debydrogenase Swiss_Prov 1P 2966 A0 e,
STUS0S W06 homoserne kinsss ﬁwulj\nl(ﬁs‘ill A2 S*Iﬁlﬁ 39 Thydroxybutyryl £'oA debydratase Swiss_PronPS 2046
STISE 3D auceingl-aminopimelsse dewccinglase Swiv_ B 5THIS 4029 STUMA 652 T-hydnaybutyryl-CoA dehydnagenass Swise_Pros:PS204|
ST AT threonuse synihase Swiss_Procidnae 4 STI507 M8 Lhydraybuiyryl oA dehydnogenase Swins_Proa P14743
STIMM W5 thrvonise synihase Swise_ProcQIRARI 10542 STHMM #0 Vhydromybuiyryl CoA debydnsgenase Swiss_Proa: PS4
Gilutasmate family ST2413 278 I-hydomybuiyryl-CoA dehydnogenass Swiss_Proa:P5 204 |
ST9 M0 woerylghnamase kinase Swise ProcQE0R2  NAT 344R1 ST066 39 acyl-UoA dednlrogesase Siwien_Prot: 71330
SS9 W7 acotylomithine aminomansierase Swiss_Proc(00156 6575 A STOOT6 400 acyl-CoA debydrogenase Swiss_Pros: 45457
ST2%40 4 scctylomathine deacotylasc Swins_Frot P2INIR A 574 STINRT 360 acyb-Uod debpdrogenase Swiss_Proe: P 2007
STISIZ 46 angiminossccinam byase Swiss_ProcQFR3L MK 8604 STHG 36 oyl CoA debydgesuse Swias_Prog PASSET
STISN ¥ srginnosecvinate synihsss Swiss_ProtQE0IT4 TARY 47656 STITO M acyd-Cod debpirogrsase Swice_Pros: PASHAT
STHO0 157 glusamase debydrogenase Swhs Prot PRINAT ELES] 9814 STINE 374 acydb-CoA debvidrogesase Swisn_Prot PA5AST
ST2241 421 glusmale dehydmogonase Swise_ProcPHNISS  1HI9 TR960 STI256 579 acyl-Uoh debydmogosase Swiss_Pron Pasan?
STION 63 glumae synthase lurge subumic Swina_ Pt PSSOIR 34T HLALY STU06T 372 alpha-methylacyl-CisA mcemas Swins_Proe:PT65 1R
STNIS6 4K glutamine syniheuse T 37566 STO0H 354 emoyl-CoA hydratase Swiss_Proa PTaM2
STOSAE 429 ghtamine synihetase “®w E STMIA 258 enayl-Cof bydrstae Swiss_Pros PSS9
STI3ET 473 glusamise synihesase 1R800 TRu81 ST2IT 280 enoyl Cof hydrstase Swans_Pros 77487
STOI0S 363 Noaceryh-gumms gliamy|-phosphate reductiss— Swiss_TProt Q58406 B928 44160 STUMS 243 fasy-acid--Co debydratase Swise_Pros: P20
STI245 M6 ornithine carbamoylrsssierase Swiss_Proc(1742 Sea0 ST0062 810 ey acedCo ligase Swins_Proe (00
FTOR46 250 pyrmodine-Scarbonylae reduciase Swiss_ProcPTa572 5361 STTT 536 famy-aced-CoA ligase Swns_Proa:Qo0sid
mﬂ Tamily STORBI 226 ghyceruphosphory] diester phospbalicnlcrae Swiss_Pros PR4527
8 3R6 eiwopropylmalate sypthase Swiss_Proc (58505 N STUI2 S bong chain-fairy-acid -CoA lagase Swiss_ProsPasal
STI0E 822 Dhwpropylnadate synthase Swine ProtQT] BLTO STHIA 454 fowg-chain-fairy-acid--Cah lgase Swine_Pros: PIL6ET
STsas Fisopropylmalae dehyiiratase large sobons Swiss_ProcO27430 9107 . Cremeral
SToan Lisupropylimalaie debyiratase small subunll Swisa_PraJWETL 7305 53m ETSINT W0 acylphosphatuse Swies_Pros PISETT WS
ST Visupropylmalate dehydrogenase® U 86837 19350 jo0 STISU2 1M blosin carbomyl camier prosein S ProaPI1S 3L
STy weehilactale synthase large satenst Swine_Frot02137 ISEE 29 STSG3 513 hickin carbonylase Swaes_Proa (254820 BT 55281
SITeL aceolactate synihase lage st Swise Pt @I SN 27593 SI0T1 MY ctenaae Swie_Proe P72 3200
STEMT acetolactate synthase large estwne a6 STO7 W7 nonspecic lipud-iransfer protein Swss_Proc PA2020 5347
SED 3 aceiolactale synthase Large sben 2068 STOM6 373 nonspocdic liphl-tansfer poein Swins_ProaOTHE 40 TH
STITL S0 débydeony-acid debydraiase 45,586 STLLW 86 nonspecsic lipud-transfer proein Swiss_ProcPIA0N 2008
STIS 352 kewl-meid reduckrismmencos oy STITH W1 nonapeciv lipid-tranfer proin Swie_Pre QTR 3168
STUMS 8 dhvonine dehydraisss 4625 STMIR W7 nonspesdic lipid-iransfer procein Swis_ProoQUTioN G672
Serine lamity
STIM0 M0 cysieine systase Swaa_ProcPLANE ERNLY 11054 Becmynthests of colactors. prosthetic grosps. and carriers
STO&M 297 D-F-phosphoghoersie debmirgesase Swise_ ot 45637 2R&1 31023 i, gy, sind oteal it
STIA 313 D3 phosplogiyceraie debpilrogesase S ProfBHd B335 44628 STINIL 384 chil) protein Swis PS03 TTEY 36
ETIN4 433 werine hydrosymetbyhransforass Swime_Proe- (58561 809 a7 STIRME 268  chili protein Swims_Proc (eI s 10
Histidios Tmily. sT242 cotabamin Mosyaiiesis proiess cobl) Swaa PeePIEM MW W4T
ETI4S% 8T ATF phosphoribosy lirssd oase. Swima_Proe 033771 144060 329 STIM4 505 cobyre acid synihass Swis_Proc USSR T 37466
STi462 249 sl protesn (oyvlase) WJ’M Q13774 L&) .t STodsy 457 acil ac-dismide synthase Swins_Pros P20046 R B EE ]
EF1466 10T Bl prviein damidotrassdersse | Swis_Proa 033777 L1568 SR STN24 336 delia-aminolovulinic acid dehydralase Swiee_ProcQ601 TR T} ST088
STI464 194 mamtidined dehydrogensse Swma PraO83778 12430 AL ST WM gl I 2.1 amis 3 N uy
STI458 286 mistidinod-phosphats sminotransforas: Swise_ProcO33TT0 (3274 58.246 STO22 412 ghesamyi-IRNA reductase Swims_ProcO24 L) Xl
STI8AL 194 imidassleglycensl phosphase debydratae Swma Pre03ITI) 4796 AAA21 SI0217 2M porphobilinogen desninase Swas Proc(fTUm0 O BSR4 MM
STI465 108 phosphonbosyl- AMP cyclohydralase L 567 BH.0BS STI8I7 221 prevomin-2 :.‘D-m:wyhuml’crlu Swnss_Proc(KIRL BH ns
STIAT 119 phospleriboayd AMI cyclobydrolase TIRE Tiam STIN2Y 283 pecuorsin. 3 Mranslerase Swia Pro(Qisi TET 42678
STHA0 230 phosplenibosyormiming- S -amincimidasole (Lo 52155 STIR2S 221 pecomin-3b =I7 -mathyransferase Swies_Proc (09504 M XS
carbemamide nbveide somesse STIREE 27T precoin <1 Emethyliranslerase Swas ProeQOOEN MW7 #0010
Grreral STIAL 192 poecorrin BW decarbonylase Swns_ProcSTRIG SLi4 WOIL
STUIES 323 amisetranslerase 170e 3108 ST 333 precumin ks metbylmutss: Swaw PSRN 4608 33676
STOTHE 4% amiscsransferase SOHK 31756 STO2L 229 seoheme synisase Swis_Proc (87808 ne Rom
STHI4 441 amisctransferass. LA 12493 FT0S63 230 ureporphyrin-[I1 C-methyiresferss Swime_ProtPRIS6H Tm e
STUT 433 D bydassoinase S040 a0 |_§“.,,
STIOM 413 Debydsasoinase Swins_Pros Q184 AL 27602 TI896 374 lipoate-protein ligase Swiws_Proe-PSAS11 nm 1T
STHIE 481 [hhydessolnase Bwis Prociedsnd @38 410 M s wbsguancne
STIESS 641 - Swiss o012 0RO 37452 STOI&D 212 Voctaprenyl4 arboxy.- Swnes_Procs TLI adosk
STI68S 303 N w&ylhyﬂﬂm—:fﬂﬁhmw&ul Swise_ProtQI0Rd 7016 3780 ST 297 4 hydnxyhmmwulmthr Swiws_Prot (521366 L 26500
3 Swmm FCRUBS DA MM
Parines, cleusides, and S0k S _Proc (54234 4 26501
T-Decayribonusetide metabeolim STMIL 33 nﬂmmwmhﬂurnmm Swis_ProcP2IS0T M4 V1S4
STIZH A3 ritesclonalde-diphinphate reductase large swhunil Swise_ ProcTT4 407 A5
Mascleatide Nmiu.u* inlerconversions STEMY !13 wolactise tosyil S Proc {423 L]
SR whenylsss kinass Swiss_Proc(0S9EI 626 SUaK0 ST 323 molyhdenum cofactor biosynihesis protain A Swiss_Proc Q57567 it
§TOa10 wdenylste kinase Swisi_ProiPHOE 17833 TE29 SIS 13K molyhienun colactor hivsyaihesis eotein 8 Swi P PHISE 400
STO2R nuckensisda diphosphate kinas: Swiss_Prot (58661 vl 0741 STo472 151 hyh il actor bi Swm_Proc (5 L
ST 845 molybdopecrin biosynihicsis moch proscis Sl Proo(iA206 TR
450 acdemylosucinate byase Swiss_ProvOSESED  GRIG 44400 STIMS 388 molybdopeerin hiosynihesis me A proseis 5140
13 slenyhuceinaie synibeiae Swins_Prot QAME] 11046 e STOS2T 236 mlybdopierin convertng fachor M7
“y pheci anaferase Swiss_ProtQSTRST W04} 4153 STSI®) 93 pherin4-alpha-carbissdunine dehydralase s1a1
403 smadophosphonbuvaySranslerase Swiss_ProlQSTRST - &541 4120 Passothenate and coensyme A
171 st 8 adenony | riphosphacase Swiss_ProcQSE2Te 204 AL008 STO88 267 Fmcthyl-2. ¥ Swins_Proe P4 2096 wWAE  &R4
185 GMP synthase Swiss_ProvPA0ST 1557 31THD Ribuflavin, FMN. and F:
AT GMIP syntbase Swiss_Prot (25168 S0.80 a2 sfowd 157 k’-lmwlhyl - ribity Bumssine synisase Swuss_Proe(5TI5| L7440
354 joosise 8 moncphosphate dehydrogenise Swiss_ProcUSRUG) 4048 4380 STIMS 315 GTPcychobydrolue Sww_Pe00sI7) 4T 88eT)
47T phosphorihosy lumine —glhyvine ligas: Swiss_ProcQFEMT 080 A6 Thasrodrin, ﬂm-nium.'lm.h-m;
Bd phusphorniony lusmsimidatole ctvylae Swiss_ Pt O0BST 16402 TOTHD Eyrath) garmma-ghetam Beanspe plalase Swin_PrcPlRUSA W81 AN
ATPas subanit sTHn IAII mmddlm Swaa_Preg PAT 308 ELEL I K5
ST0806 157 phospl carbonyl Swiss. 5 513 KL 166 STS171 B dhioredoxin Swies_Proa:P52231 M5 NS
catalytiv subunit STMM 335 dhionedoxin reductase Swies_Pros P16 Sim TS5
STIa0) 24 pl 1 arbvigamide Swiss Poc PI2046  TOS6 41048 STE 3 dioredoin teductae Swaes_Pros 333 980 41042
synthase STHI 327 shioredaxin reductase Swaes_Proe 012423 B LR
ST 39 li-lig: Swins_F 48421 Thisssane
STI8 150 phosphoribosylomnybghycinamidine synthase | Swiss_Prot- 'l 41 e STOSHG 840 phosphomseibylpyrimbdine kinase IR A" ]
ST M3 phosphoribosylfomydghvcinamidine synthase [l Swiss_ProtP| 2042 165 STINM 402 phosphomethylpyrimiding kinase i IR TE TS
STINT M phosphoribosylglycinumide fmySransfers: Swise_Frot5HAR| A7 STIRS 420 chismine biosynibesis proteis thit” Swiss_| Hvl QSR431  LIRAY &S
EIR4E 201 ribase-plumpliate pyropbosplukinase Swias Pt Q42983 48 269 ST2I 36H shiusine biveynihess protcin thil Swive_Proe02TTI0 TIAY O A6ARS
Pyrimidines STOMY 266 shinmine blosyutbetic snzyme Swisi_Pros(2846  1M02 RS54
STI480 208 aspartate carbamoyltransferass catalyne subunit Swiss_Prot(55138 10505 0.0M ..l..:uh.u.an
ST 163 aspanaie carbamoyliranatersse regulaiory sobosit  Swiss_Proc P14%66 10378 TS '}T’ Hlutasmioe dependent NAIN+ | synihetase. Swiin Prot D6TOR] 3624
STI504 149 cachamoy|-phosphate synibase large sabamit 75.760 snm 4?‘ L-aspariate anidase (quinolinate wynihetase B Swiss_ProaPH012 7640
ETI803 377 cashamiry|-ploaphalc syniiaue small subunit ThAM ST2% 170 NHi3kdependent NATK+) synihetase Swise_Proa (127554 T3
SIOTH M) carbon-monoxide d 20518 ETIION 376 shootinate-sschootide pyrophsphorylas: Swiss_PraI2T8A) 7066
STITEL 744 carbon-monaxide debydrogenase lup el pLERL STH9T 321 guinolinete synihetase A Swiss_ProuQ5TES0 (0245
ST23 06 carbon-mononiske debydrigenase large subseit D08 Chlorophyll
STUAGE I casbon-monaxide dle subuinit 25788 STION 312 chlomphyll s caygenise Swin Prots 2006
STITEY 283 carbon-monoxide hunit 28054 STOOSA 532 magnesi wph; Swiss, AT
STITAZ B35 carbon- mmm:ldnuytu'm.:-mdl nmlnm 2062 annidative cyclase 66 kd sbunit
55,600 Cinasal
31w STOSEDT 200 imchorismalass Swiss_Prot: 37532 ¥IT M0
46556
Swins_| 'Pnt‘lmlﬁ'l 912 Central inbermedary metaholism
Swe_ProcPIERY 74 WA Amini sugars
Swms_Proc(0ESE (401 4,504 ST2URG 592 ;Inmumme ]mw “6-phosphaie aminotrmsferase Swiss_| Peu Qsa2id HEST MR
Swe_Pro QOTI0 SO TR §T284% A phuaph Swi X B ILIE
—— Swiss_Proe:5 ST2S46 371 M. .mmlm.;umw £ phosphite deacetylase FEC I T
STISAZ 190 thymidybac Kinae Swie_Proa:Q3TT4 n.,.},.,..
STISEY 313 thymidylate kinase Swise_Proe: 139464 §TISe a7 (mpolyp.mphuue Swie Pt P48 % 2038k

[Vol. 8,

220z 1snbny /| uo Jasn aansnp Jo uswpedaq ‘S M AQ 289/ /¥/SZ 1 /v/8/o191E/ydIeasaIeup/wod dnoolwepede//:sdyy wol) papeojumo(



No. 4]

Y. Kawarabayasi et al.

Table 11. Continued.

ORF 1) Lengih Predicred Product Lowus Twcore L3 ORFID Lengih Predicied Proaduc Locw Fams L]
laa) Libertity laa) lidgnsity
STUSH 172 wargee pyophospalase® PIR 2 12267 hOn STISIN 30 2 ferredeain 2 172 mis
STiwm M0 phelli-like peotein S P63 PN (RS STITET  Ms 2 doin o 2 01 324
amine hiosymhess STIRRE 331 scehoin ulilizstion acul prosein na .06
';'—?nn; 308 agmeinese Swha_PQETIST JRAT a0 STISM ) seoln wilieathon scul’ prosein 6635 00N
STUMA 300 wpermidine synihase Swmas_Pron ORISE ELE TS 8L STM 19 sewin utilization scul” prossia TR0 43
Sublur metabolisis STIS0 363 scel-Cod synibase BICTI T
STOTIN 196 NADH-dependent FMN axydorndsctas: Swim_ProPHSS0 IO 6 ST 862 ...-ymm-,m..k WIS 4Lek2
STIT 10 phosphosdenceise phosphosulfate reductase Swi_Poc08937  TTS5 4Ty STUTM ) AT ST
ST2568  d12 sullfate sdenylyliransforns: Swss_Pros POES 38 4503 WS STH7R3 &4 BS54 40
ST2%66 A28 sullie rodectan: Swia_PrtPA26TY SA 71 0900 ST 7 ™ 3%
STUIT M1 sulfer oxygesase redaciase Swiss_Prov P28 IKSS6 88TM) STI%06 &% A7.84 am
STITR 267 thiosulfase sulfursansferass Swise_ProcQS0036 718 41481 STIBOZ &30 LU M3
STIS6 9 dhiosullabe sulfursransfcrasc Swise Prot N3 ESA] ST sT2m0 &6 wLEy  MhLi6)
Miimpen fxsson ST §7a CIT T TR )
ST2T T besA prosein Swes PPN 4241 WISE ST M wn s
ST2846 276 modelatmm ATP-rinding protesn Sowizss_Pron PAZ0I0 s 3342 STae . 307 aimn 17T
STIus6 504 sodwlaton protein Swon_Proc(AReSR ALe B STO0SY 344 AU 5T
Nipen e STIMB0 334 Sume PrcPIDNL W25 3607
STI023 cyanaic s Swin_ProtJA004K 915 4208 STHR 133 Swas PocPa2I2 AR08 52SM
ST M enantiomes selective amiduse Swes P (27580 4997 45 T84 ML Swms_Proc PA96ES LLE T )
ST2469 M0 morphine f-dehydrogenase Swiss_Pro:P2I045 BT us» ST2282 M2 Swme_Pros PAII2R N4 N
STISI T npimeserae Swes_PocPITIRI 2TW WM ST MY Swos_ProcPWME 11509 WO33T
STIOAN 490 wrease sipha subunit Swimi_PeQOTHWT 8935 S50m0 ST2605 30 Swma_Proc P20 LR
STION 1M wwese gamma whuni Swiwe_Prm: PAIE2T M1 w7 STSONS M Swms_Prot P12V Wi 4h0m
Flegraation o amess acads STam T LY 2447
STHHD sulfile casdase Swizs P01 M4 41313 STI786 251 31955
Ciemaral STNSS: &1 48,756
ST 191 2byumony-6-ono-S-phesylbess 14 dienoute bvidrols Swi_ProcPTI0 2230 3NAN STam8 458 15
NTIT8 31 Ddyubusyheps-Ld-diene- | T-dioals fsomersse  Swiss_ProcPMATY ST MWTS STUORL 4T3 HRL
STIAS 501 &-bydroxyphenylaceiss S-monooxypenase PIRCEANI 173 e STUME 654 s
I wbamit AT 255 Ll
STOME B0 glycerol debiydmogenase Swin_PRUQSRIZT BAET A5 T4S STUR2Y 281 20688
STOS41 821 meshylmalonyl-CoA decarbonylase alpha subonit  Swiss_Prot PS4S41 - 51984 ST7a v 38.5%6
ST2006 140 methylmabonyl-Cak mstase sipha sibunil Swin_ProlQISGS 400 42434 10784 1ms 64,750
ST084 308 phosphassse Swie_Provi6715% 1990 2EAM STIRIL 311 8,05
STI0N] 63 quinolise 2-oxidoredectase Swiss_Prot: POK?93 138 26768 SToLIE 414 46473
STISTL 693 guinolioe 2o alorodecLas: Swisa_Prot PR43T auw EM STITH A7 636
STOS M1 NAD-depandens slootol dehydmgenase 28908
Facrpy metabulinm STISA 181 pyrovaie fermdoun onidonductis S8
STOIS ytochrome b Swiss_Prot: PY¥AE0 STIZIZ 416 eochesy 4RAM
ST0EIT eysochome b Swhna_Prod: TSR0 STLIS6 343 gly X.phosplte B985
STi667 eyschrome b Swiss_Pron: PR8I STUTT 506 NADF-depondon Y-phosph. W
STR0T b (WL AFITGI9 et
e MADH debydrogenase Swiss_Prot 0817 STISK 02 phosphoenolpyruvase sarboxykinase (T
T3 NADH debydrogenisse Swins_Prot: P393 STORIE  ¥F phosphosoalpyruvae syntase A
<1805 NATH debydrogeaass wbunis | WL AP STL208 phosphoenal symihase 6158
STIY A -plassgumons auidunedustasn st | Swins_rot PM2032 STIIT 413 pheosphoglycersie Kinae i
T NADH-plassoguanone s idoreductase sbunil 2 Swkas_Proc U625 ETI6IT 4 pyruvaie Kinese L
STX2H6 NA D plassoguanons oxidomduciase subunit 3 Swiss_Iot PI6259 T3 I incscphasphaiy someras am
SR NADH plastocpeinan onidreducti sbanit 4 Swiss_ P 96230 Pentoss S
sTan7 NADH plassgainone axidorsductse sbanit § Swiss_ProcP19125 STI glucoss | debydrogenass M5
sTun A D -plastoginons ouidoreductse abunil § Swina_Proc F26RS0 ST2%6 253 glucoss | deby ¥
ST NADH plastoguinone e subumit 6 Swiss_ProcP2A523 STIM 219 ribose 5-phosphste immerase W
ST NADH-plastogemone o idimductse sibunil & Swine_Prot 77427 ST268 273 ewsaketolase a0
STSMe NADH omidoreductsse sabunie 41 Sweinn_Proc PN ST 313 wesketolase a7
STsT NADH ubiquinone oxidoredectase subunic K. Swiss_Proc (75151 dehydngenas
ST [ —— Swins_Prot- P 147 482 ide dehydrogensse B
STI puincd xidass pelyeptide | Swiss_Prot PS04 STIAW 437 diydelipusamide debydnogensse L
STMod gl onidase palypeptide I Swins_Prot PIMH] BT 455 bypoainads debydrogenase w7
ST aonidase potypepiade [ Swiss_Prot PS4 STIAAS 412 Epoamide debydrogenass nan
T2 gl conidaas polypepise [ Swina_Prot 3479 S
ST010m Riesie o ssliur prosein Swiss_Iroc PI0TSE SE.‘_‘E ol Swins_Proc 059645 19653 61LET
ST Rieske irom-sslfur prosin PIR: 5715348 5 33 betagalacivsidase Swisa_Pros PLAZER ST40 M6R4D
STI666 Ricsks won-selfur prosein. R 5T154% STI6 396 dgod proseis Swues_ProcPH A58 Lok M7
STOIM4 sulfiocyasis (hlue copper prowin} Swiss_Proc-{35 1765 STIS6L 370 dgoA proscis Swim_PrePI4SE 43 26T
§T2393 sulfiacy s (blise coppes proeia Swiss_lProc(8 1763 STHII W2 dgod prosei Swiss_ProcPIASE S5O0 MGS
ST264 sulfocysnin thive copper protsis Swiss_Prot-83785 ST 311 frsctokinass Swis P PSOMS W4 26084
m“.‘ ST 223 henulose: & phosphale synthase Swis_ProcPAOS  SOAL 36ASA
STO619 Fhpdryisahutyraie dehydrogenas: Swins_Pros55TO2 Rad 342 STOT4 288 ribukinass Swnan_Prot PIG4S 1wal 26102
il !Il swetamulase Swiss_Proc{XTEI MM AEEI STIN 290 ribokinase Swins_Prod: PSS SERL Jes
ST1206 wmseoamethy bransforase Sowina_ProtPS4261 5696 nm STIMI 3% srhitol dehydnagenms Swins_Pros QU604 a5 T
(ghycine cleavige sysicm T proteing TCA cvele
STIOH ¥4 arginine deiminase Sovims_Proa: P11 743 IR.0R7 FTI435 2K Jomoscid-femredonin onidoncductass sipba subunit  pigeacasy 19666 SeTE
STINA 142 glycine cleavage symems H proicin Sowiun_Proc P2 s141 41480 STIN0  A27 J-omomcid-femedinin sxidreductase abpha subunit® P K- 4919 716 WML
STING 116 glyciss chravage sysiem H protein Swisn_[o(WTIY \:m 547 ST MM Tomoscidfemedonin onidorsductass bets subunil P89 1M 7w
STIHUS 148 glycene cleavage syaem H potesn Swiss_Proa: 12 1834 ] A0 ST WS Towosod--femedoxin oxidoreductase beta subunit® g c a0 IB6SE 99672
STI2NT M9  glycise debydrogosass sehens | Swins_Pros:P54176 IIJ"1 44881 ST BSS  acomitas hydralase Swnea_Prog: P12 HR N0
{ghyeine clesrage syatzm Pproteis sebans) STOSET 173 clirsie synibase Swis_ProcSiSsd 6501 5130
STIXM 505 glycine debydmgesase sobus 1 Swins_ProcP5S43TT 11233 49263 STIROS 37K citrte vynthase Swiss_Prod: PADI 4K GhEI AEMS
{ghreine cleavage system Pjrosicim ssbust) ST AN fumarsie hydratase Swiss P PMMG]L 13645 7850
$T1264 L-asparginase Swin_ProaR03N IMBY A6 ST26 49 NADP-dependeni ivocitrain debydropmase Swin_Proc PR B612 49678
STINT L-asparaginsse Swhs Pl W07 SO0 STHRO IR malaie debiydrogenase Swin_PreaPIAI42  RSE JTENM
STiie 5 M lale facemdse Swums_Pro:PYASE aam Mo STMST 566 waccinate delydeogenase subunis A Swrins_Pros:P5 1054 o0 45008
STUT26 44 phesol iydrouylase PIRHT3574 O 3160 ST 120 sccinate debydogenase sbunit B Swins_ Pra Q10761 545 W7
Actubic ST 290 eaccinate delbydrogenase subunis C PIR:S76574 T4 33482
ST 100 3 ik Swase_Pron:PTT266 BT M STIET 37 wacvinate detydrogenase ssbunid C PR B3 0708 43671
STHNS 474 phemylsoriyd-Cod ligse PR D301 e mm STOSH 116 sucvinake debydeopenass subuni (1 OWLSASDHABCIE RZLTT $71.M9
ST 49 phesylaceryl-CoA ligase PIRBEILLS N T ] STOM62 15 waccinyl-CoA synthetase alpha ssbunit Swiss_ProtQ88641 095 SKeAT
Anesoibic STRGY 372 wwccinylCoA systhetase bols sbuni Swies Proa(3TeS1 BRI S64AH
ETITSY W1 snacroble dimethyl sulfonide peduciase Swiss_ProcP187T8 4004 51456 Bi xin and degraddation of podyesccharides
STIMS W96 ansenbic glycerol-J-phosphae dehydropmase  Swiss_ ProcP10M W4 IO m 17 amylse Swin_ProcQI0TE AR 44000
subinit STEZT 050 alphacamylase Swha_ProcHOTER LIS 4dies
STI5T4 367 Lcamisine dehydratase Swiss_Prot PT6S 1§ 510 ALise STI0E 951 alpha-mannosidase Swiss_Prot P21 139 27e RIn
STIRW I phaBl Swiss ProtPE8018 3383 0072 ST2AAT 135 dalickl monaphoaplale sunnose aynthase Swin_ProuASSrn W38 3214
TP i i IR ST 716 glyoogen debranching encyme Swiss_ProcQIOTET (8072 SO
STSITS 55 ATF synthase protein & Swin_ProvQM042 10 A STORIE 572 granule-bound starch synthuse Swis_PecPHIM 2301 a8
m“l! 51 ATP synibase protein § Swiss_ProcQU2653 w17 MO hakralkane:
STIR3G 200 I-baloalkancic ackl debalopenass Swins_Prot: PO 0 uN
,rrmu ﬂ Mﬁhp- Swian Proc QA | ] ST28%0 01 2 haloalkanoic scid debalopenase Swiss_Prot P00 RTET B AT
STi664 ISR ot A OWLSAY 0108 92 nher
ST 311 cytochrome h 5566 wtoms B OWLSAYI0I08) 102,55 STHS 114 dehydropenass Swiss_ProuPIT200 e Nan
STO6I1 969 eywochroie ¢ oxldese putypeplide | Swiss_ProcPIISIE 2R STHMT 560 dehydropenace Swiss_ProtQUES0  J1o4 9EE
STUATE 522 qm:m polypeptide | Swiss_ProcPIIS18 N ST 167 debydrogenass Swins_Proat PYHAY L) 1,780
STS 93 cylocheoms ¢ oxidese polypeptide | Swins_Proc PIISIK x4 STUS61 171 debydropenase Swins_ProcPTT165 S0AT  4MAMe
ST2995 S cytochsome ¢ oxldase polypeptide | Swiss_ProcQUea7) 535 STO68 M0 glycotate oxidase subunit giel) Swis_PocPSHTS 5507 2030
STOIS 147 cytochenme © oxidase polypeptide 11 Swiss_ProcQoadd | nn ST2206 276 plycodaie oxidess subunil gheF: Swine_Peot PS2073 o4 e
STIME 367 cymochmome P45 Swin_Proc(Asoan 4859 ST 316 mespyrociechss Swine_ProcPORI2T Wi AW
STITM 282 sloctron assder Mavoprotein alpha subunil Swiss_ProcP1i574 48
STI%Y 41 .m nldnﬂ.lw'nbm subunit Swiss_ProcP7080 4673 Tramport asd binding proteim
STUTS 1M AT 10855 Amine sids. and mmines
STINST 487 [eﬂﬁlr.ﬂ.n Swiss_Proc POO211 2106 ST1757 wmino scid iransporier Swins_Prot PU6G 1813 4074
§TSI 91 Swine_ProtPSI658 ne STRMME - i) oligopeptide sranaporser ATF-busding protcin Swlas_Prol 24137 462
STSI0F - W9 hnlm'- Swlan_Pros FYIBSH 00 ST 22 oligopeptide sansporier ATP bisbiay protein Swins_Prot P60 a8 A500
STAY 1M fermdonin® PR 4007 [ 10002 481 oligopeptide wansponer permease protein Swiss_Prot P08 LLL) 476
STITM 602 o paosein Swins_ProcPTILSE  6L76 STOMM 53 oligopeptide transporier permease protein Swin_ProcS39] 4657 36606
STIT?S M4 fid” prossin Swise_ProtPI0331 2.0 STI4T 179 peptide ransporter ATP-hinding protcis Swlan_Prot Peszm mos sl
STIS 406 fal’ prossia Swiss_ProcPHSTS .73 §T2536 311 peptide wrunsponer ATP binding protein Swiss_Proc PSS ne B.660
STINTY M5 hetercdisulfide reductase Swing_Pros: PAI00G 1281 STI537 WD pepside aansporicr ATP-binding protein Serinn_Prl-Pas4 IATE IT4AM
STHIS0 85 WAL debydropense subunil 11 CWLAFITEET4 A0 ST242 FM pepeide ransporter ATP-binding proteis Swhs_ProcPUa0S 4545 457M
STSIM G4 NADH i B Al Swiss_Proc 2184 STI3 311 pepede raneparier ATP-binding protein Swin_PotPSR4E 4131 M4
FTOOM0 S oxidoreductms Swima_Pros 12347 L STIA4 40 peptide ransportct permeass peolesn Swias_Prot Pasise Ha? |
SISO 33 photosysiem | reaction centre subumie VI (FS11)  Swiss_PraPS2Ted 088 STI32 K8 pepeide ransponier permesse protein Swiss ProcPied 41T NLE47
ST 210 pedusinlike protein Swim_ProuiQSTTSS  M.07 STI535 333 poptide transporter permease proten Swins ProcQU7TTI 508 30380
STO002  3TH reductass S Prot: PG 5730 T840 380 peplide sransporicr e Swis_ProcFTT¥08 1w R0
STONI 245 peductase Swms_ProcPSASS4 11w STI841 355 poptide ransporier permesse protn Swim_ProcPTT4R3  SEOL WS4
STIZ0 368 reductess Swiei_ProbETEI0 3120 STMT6 42 prodinehoiaine iransporia Swa Pt PITRE3 M BT
STIW 26 bt Swisa_ProcPI0 113 Aidis
ETI0 144 rubrerythris Swiss P P93 4686 STIZIE 103 mywgoban Swina_Prot:PIZIRY LE TR £ 1]
SIS I8 wulfide debydrogensse |||.-«-m==u-wq Swiss_ProvQUASH 101 ST 458 phosphsie Sums PrcPiiff 4543 26470
subunii STIO03 27 wubfels wransponer permeass prolem Suwim_ProcPLETOS  WH 3120
STRTE 30 ﬂmm-lﬂ“"ﬂl‘whl Swies_Prot PE1S40 an Illbd?uua.w' aloolods, and scids
flavoprotein sbanit STI618 445 4-meshyl-o-phihalase/phifalste prrmesss Swim_ProcPT7228 4183 336A4
m"w 4 terminad emidass small hydnophobic subunit (WL AADDXPRBY 6208 STOSM 174 omalate:formale ssporier Swia_PrecPATIS 12704 M
STi853 364 oxalaseformane ssaponer Swim_ProcPOSTIS (1408 2017
s‘nu. LU 2 Swis P DNSES] 12064 STORIL 476 wigar waniponey Swma Proe32733 41 M0

135

220z 1snbny /| uo Jasn aansnp Jo uswpedaq ‘S M AQ 289/ /¥/SZ 1 /v/8/o191E/ydIeasaIeup/wod dnoolwepede//:sdyy wol) papeojumo(



136 Complete Genome Sequence of S. tokodaii strain7

Table 11. Continued.
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Table 11. Continued.
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luw-.nu and degradation of surlsce poly saccharides and chaidde:s STI4TE 141 Bsiiding drisd nuckeoids-bending (HINT protrin Swiss_Proc(58276  &154 &4 0
STi988 176 &D!-a-ﬂyiwh—u A.5-apimarase Swise_ProcPITTR0 BEA} 48] ST 150 Bdatidine i nuckeotde-banding (HINT) protein Swie ot PTI78 M4 W23
STI9T0 273 JTOPS-dehydnorhameoe reiucise Swis_Prot F2632 TS A0 STO76 30 imerferon-gamma indecible protein Swias_Froc PI6ST M N
STI9T2 3200 dTOP-glucoss & f-defrydratace Swin_ProcP2TEZ O 60OR 4 A0 ST WS iplerferon-gamms isbacible proein Swima_Proc PIAST H“us WA
STI6S 118 CiDP-messose rynophouphoryles Swrine_Prot 14| 940 ®IE I5TI6 STI9E} 422 imevferon-gamms idecible procein Swias_ProcPRGS 1 B%  MIN
STORIG ALy | pheospiate nocleotidy lanilerase Swisa_ProtPHHIZ  2REL 3RAM ST 112 M protein Swis_[rot PHMG6E TS N
STIHS A0l glocoss-|-phospiais thymidylylmansicrase Swise_ProcPIB0TS 4136 MM STISES0 20 ety franslerase Swan_PocPeEE 00 M09
STWTL M4 |-tz hymidytybranilerass Swia_ProcPOR0TS US4 472 STIRI0 431 mmge proisin Swas_ProcPasesy M) 202
ST2352 298  gluvse-|-phosphate thymi Swins. s 3 ST M mucrysiatin Swm_fot(H4087 W46 29286
ST T4 glycosylrmnaforas: Swin_PrcQI0768 6446 31160 ST23M M| mo-erysaliin Swins_Proc(QI84KE 348 BaR
STHQL 41T Wyabwumay eisthas Swin_ProcQuinss 1988 Nhim STSIES RS mitnogen finatiom protein mil W OWLAPUENSST  10s?  2i.75
ST22R6 157  mannost- |-phosphais puanybybeansicrae Swise_ProcPITRN)  BTAL  6A.266 STIZES 4% seclools proscis Swa PociUELES G148 RS
STI243 439 phospbo-sugar it Swias_Proc(IBS00 B3 136 ST 298 macleotide-binding protes Swas_ProcQETIN KRS0 42356
STHRT 306 LD glucose 4 Swies_ProcipiTesd  Ssam 307 ST2604 204 Pirin Swiss_ProcPAGRST  11T4 500980
STHST 34 UDPN -nq-lglmnl—-e dobchyl phosphate  Swiss_ProcPIMES 17651 T3IT ST 135 pesteln KE2 Swme_Pot(QINI4 400 45T
- iylg e mming phosphotrassferase STITSZ M7 ropest motid containing pene protein Swia_ProcQI0SH 48 1746
STHR 262 ,lp,-w wealietase Swis_Puoetdus TR 44040 STIMG  BH0 SAV prolein Swis_Proc(U7590 TI &S00
Beosyntbesis of mombrane sther-linked lpids ST0376 747 SAV peoein Swi_ProcQUting (439 K230
STSE A2 permnylgeranyl pyrophosphate systhetase: Swma_ P PUM6S 1148 681 STOS6E K06 SAV protzin Swis_Proc(ET500 4640 40162
Membranes. lipogeoteing, st porin ST 462 schenium-hinding prossin Swine_ProcQeM36 10136 4068
STIS 511 ooler membrans protcis WL A0S 208 M M STIS A4 aipl proesin PIRL 545033 LTS I T
ST A% ster membrans proicis Swis ProaBTIT4 1300 31383 STSOMS M sl nuckess ribosseopriein PR RIS 462 Sam
ither STORX 3R vegl 36 prosein Swiss_Proc58873 5604 Bl
STOMAE 31X iolS protein Swms_ProsP54560 s TRn ST 322 eyl 36 proscin Swise_Pre 38558 B400 36AD)
STITI 23 isnsmembrane proicin Swin_ProcBER ME 3N STIOHS (3} vinslence-assocised prosein Swi_PrcPTI63 3641 RS
STSEM 7% vire cost protsin EWL M2 AUT NS

The columns from left to right represent the ORF ID, length of amino acid residues of ORF's, probable
gene products, locus of genes which showed the highest similarity to corresponding ORF's, Zscore taken
from Smith-Waterman similarity search, and percent identity between the reported genes and assigned

ORFs.
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Figure 1. Gene map of the Sulfolobus tokodaii strain7 genome. A total of 2826 putatively identified potential protein-coding rggions
are shown, and the direction of transcription is indicated by arrows. Each line in the figure represents 100,000 bp of sequence in the
S. tokodaii strain7 genome. Positions are given by numbers above or below the tic marks in each row. The ORF§ are color coded
by role category as described in the key. ORF ID numbers placed above or below the ORFs correspond to those in Table 11. The
rRNA operon and tRNA genes, are labeled.
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Figure 1. Continued.
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Figure 1. Continued.
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