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ABSTRACT

The increasing number of genome sequences for archaea and bacteria show their

adaptation to different environmental conditions at the genomic level. Aeropyrum spp.

are aerobic and hyperthermophilic archaea. Aeropyrum camini was isolated from a

deep-sea hydrothermal vent, and Aeropyrum pernix was isolated from a coastal

solfataric vent. To investigate the adaptation strategy in each habitat, we compared the

genomes of the two species. Shared genome features were small genome size, high GC

content, and a large portion of orthologous genes (86-88%). The genomes also showed

high synteny. These shared features may have been derived from the small number of

mobile genetic elements and the lack of a RecBCD system, a recombinational enzyme

complex. In addition, the specialized physiology (aerobic and hyperthermophilic) of

Aeropyrum spp. may also contribute to the entire genome similarity. Despite having

stable genomes, interference of synteny occurred with two proviruses, A. pernix

spindle-shaped virus 1 (APSV1) and 4. pernix ovoid virus 1 (APOV1), and clustered

regularly interspaced short palindromic repeats (CRISPR) elements. Spacer sequences

derived from the A. camini CRISPR showed significant match with proto-spacers of the

two proviruses infecting A. pernix, indicating A. camini interacted with viruses closely

related to APSV1 and APOV 1. Further, a significant fraction of the non-orthologous
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genes (41-45%) were proviral genes or ORFans probably originating from viruses.

Although the genomes of 4. camini and A. pernix were conserved, we observed

non-synteny that was primarily attributed to virus-related elements. Our findings

indicated the genomic diversification of Aeropyrum spp. are substantially caused by

viruses.
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INTRODUCTION

Between closely related organisms, gene repertoires and genome organizations differ

depending on the ecological characteristics of each habitat. For example,

whole-genomic comparisons of the cyanobacterial Prochlorococcus spp., with

physiological features relevant to the different ecological niches within a stratified

oceanic water column, show gross signatures of this niche differentiation (1). The

members of anaerobic hyperthermophilic archaeal genus Pyrococcus adapt to abiotic

and biotic environmental conditions through positive gene selection (2). Although

genomes of temperate coastal SAR11 isolates are highly conserved in the core genome

common to all strains (3) and show synteny (the conservation of DNA sequence and

gene order) (4), variations exist among genes for phosphorus metabolism, glycolysis,

and C1 metabolism. This suggests the adaptive specialization in nutrient resource

utilization is important to niche partitioning (5).

Aeropyrum species are heterotrophic, aerobic, neutrophilic, and hyperthermophilic

archaea. The two currently known species, Aeropyrum pernix and Aeropyrum camini

were isolated from geographically distinct locations. The type strain of the type species,

A. pernix K1, was isolated from a coastal solfataric vent on Kodakara-Jima Island in

south-western Japan (6), and 11 additional strains were isolated from a coastal shallow



60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

hydrothermal vent and a coastal hot spring in south-western Japan (7). The complete

genome sequence of 4. pernix K1 was determined and it encodes for cytochrome ¢

oxidases (COXs), which are the terminal electron acceptors of the respiratory chain of

most aerobic organisms (8). The type strain, A. camini SY 1, was isolated from a

deep-sea hydrothermal vent chimney at the Suiyo-Seamount in the Izu-Bonin Are,

Japan, at a depth of 1,385 m, and is recognized as the first aerobic hyperthermophilic

archaeon from a deep-sea hydrothermal environment (9). Despite the geographically

distinct habitat of A. pernix and 4. camini, they are phylogenetically closely related

based on their 16S rRNA gene sequences (99%) and are similar in morphology and

growth characteristics, except for some distinguishable physiological properties such as

optimum temperature and pH range for growth (9). To examine the genetic differences

between A. camini isolated from a deep-sea hydrothermal vent and 4. pernix isolated

from a coastal solfataric vent, we report here the complete genome sequence of A4.

camini and compare it to the previously completed genome sequence of 4. pernix. This

comparative genome analysis shows that the genomic variation is partly brought about

by viruses.

MATERIALS AND METHODS
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Strain and DNA extraction

A. camini SY1 was obtained from Deutsche Sammlung von Mikroorganismen und

Zellkulturen (DSMZ, Braunschweig, Germany) as DSMZ 16960. A. camini cells were

grown in a cotton-plugged 2,000 ml Erlenmeyer flask containing 500 ml JXTm medium

(7) using an air-batched rotary shaker (RGS-32.TT; Sanki Seiki, Osaka, Japan) at 120

rpm. The pH of the medium was 8.0 and the incubation temperature was 85°C. Cells in

the mid-exponential phase were harvested by centrifugation at 10,000xg for 1 min at

4°C. Cell pellets were stored at -80°C. DNA was extracted using a Wizard genomic

DNA purification system (Promega, Madison, WI) according to the manufacturer’s

instructions. DNA was further purified using phenol/chloroform/isoamyl alcohol

(25:24:1) treatment and precipitated with 2-propanol. The DNA was dissolved in 100 ul

distilled deionized water.

Genome sequencing, functional annotation, and comparative genomics

The genome of A. camini SY1 was sequenced using a Roche 454 GS FLX Titanium

pyrosequencing platform (Roche Diagnostics, Burgess Hill, West Sussex, UK) with an 8

kb paired-end library. The GS FLX sequencing (1/4 plate) resulted in the generation of

about 116 Mb sequences with an average read length of 342 b, providing approximately
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73-fold coverage of the genome. Reads were assembled onto a scaffold including large
10 contigs (> 500 b) using a GS De Novo Assembler ver. 2.3. The gaps between the
contigs were filled by sequencing PCR products using a 3130 Capillary Sequencer
(Applied Biosystems, Foster City, CA). The genome sequence was automatically
annotated with the Microbial Genome Annotation Pipeline ver. 2.02 (10). For each
predicted open reading frame (ORF), validity was confirmed manually by searching for
a putative ribosome binding site (RBS) upstream of the start codon. We modified the
position of the start codon of ORFs with no RBS according to orthologous counterpart
encoded on A. pernix genome; and confirmed its RBS upstream of the newly predicted
start codon. Protein coding sequences were assigned to clusters of orthologous groups
of proteins (COGs) using RPS-BLAST (11) with an e-value threshold of 10° at an
effective database size of 10’. The origins of chromosomal DNA replication were
predicted with the Ori-Finder tool (12). We calculated a genomic similarity score (GSS)
to compute similarity between genomes. This measurement is based on the sum of
bit-scores of shared orthologs, detected as reciprocal best hit (RBH), and normalized
against the sum of bit-scores of the compared genes against themselves (self-bit-scores).
The score has a range from 0 to 1 with a maximum reached when two compared

proteomes are identical (13). Overall similarity between genomes was generated with
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the genome-to-genome distance calculator (GGDC) (14). This system calculates the

genomic distance and estimates DNA-DNA hybridization (DDH) values from a set of

formulas (1, HSP (high-scoring segment pairs) length / total length; 2, identities / HSP

length; and 3, identities / total length). Synteny plots were generated as alignments of

the complete genome nucleotide sequences using MUMMER 3.0 (15) and Mauve 2.3.1

(16). Insertion sequence (IS) elements were identified using the ISfinder database (17).

Multiple copies less than 600 bp long flanked by inverted repeats were identified as

miniature inverted-repeat transposable elements (MITEs) using the Einverted program

from EMBOSS (18).

CRISPR analysis

CRISPR (clustered regularly interspaced short palindromic repeats) elements and

spacers were identified using the CRISPRFinder (19) with manual validation. The

spacer sequences were clustered using CD-HIT-EST (20) with a local sequence identity

threshold of 90%, an alignment coverage threshold for a shorter sequence of 60%, and a

word size set at 7. Two available viral metagenomes from Yellowstone hot springs (21)

and from the Juan de Fuca ridge (22) were retrieved from GenBank trace archive and

from the CAMERA database (23), respectively. A similarity search of spacer sequences
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was performed against the NCBI non-redundant (nr) database and the viral
metagenomes using BLASTN (24) with an e-value threshold of 10~ and a word size set

at 7.

Comparison of protein coding sequences

A. pernix and Hyperthermus butylicus genome sequences were downloaded from the
RefSeq database (25). Putative orthologous genes were identified as RBH using
BLASTP (26) with a coverage threshold of 50% for both gene sequences and an e-value
threshold of 10 at an effective database size of 10’. Paralogous genes were identified
by searching non-orthologous genes against their own proteomes using BLASTP (26)
with the parameters noted above and a local identity threshold of 75%. ORFans were
identified as sequences without a significant match to those in the NCBI nr database
using BLASTP (26) with an e-value threshold of 10 at an effective database size of 107,
Genes acquired by horizontal gene transfer (HGT) events were predicted as previously
described (27). Genes were compared to the nr database using BLASTP (26) with an
e-value of 10~ and default parameters. Each gene whose top non-identical hit was not a
gene of a member of the order Desulfurococcales had a normalized bit score (BLAST

bit score to homologue divided by BLAST bit score to self) more than 25% greater than
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the best hit to a Desulfurococcales gene, and had a bit score greater than 67 was flagged

as a putative inter-order HGT gene. The donor species were assigned according to the

top non-identical comparisons. The unclassified genes in the analysis noted above were

further inspected by searching the distributions of homologs in crenarchaeal genomes.

In A. camini, genes that are homologous to A. pernix genes and to its own genes were

predicted to be orthologs and paralogs, respectively. Genes whose homologs were

distributed in up to five genomes and over five genomes were predicted to be HGT

genes and depleted genes in A. pernix, respectively. The identical criteria were applied

to A. pernix.

RESULTS AND DISCUSSION

General features

The genome of A. camini consisted of a single circular chromosome with no

extra-chromosomal elements. The general features of the circular chromosome were

compared with those of 4. pernix (Table 1). The chromosomes were similar in size (A4.

camini: 1,595,994 bp and A. pernix: 1,669,696 bp) and in %G+C content (4. camini:

56.7% and A. pernix: 56.3%). Each genome had a single copy of the 16S-23S rRNA

operon, a single distantly located 5S rRNA gene and a total of 47 tRNA genes coding

10
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for all 20 amino acids. A similar number of ORFs were identified (4. camini: 1,645 and

A. pernix: 1,700). Of all the ORFs, 70.6% and 70.9% were classified by COG in 4.

camini and A. pernix, respectively. Although most archaeal genes are predicted to use an

AUG start codon, a large percentage of the predicted start codons were GUG (4.

camini: 27% and A. pernix: 30%) or UUG (A. camini: 41% and A. pernix: 38%). Similar

values in start codon usage were obtained from archaeal H. butylicus (28).

Their orthologous genes were identified using the RBH approach. Each of the

genomes carried 1,455 (86-88%) orthologous genes (Table 2). Genes involved in the

Embden-Meyerhof pathway and the tricarboxylic acid cycle were conserved in both

genomes (data not shown). The closest relative of Aeropyrum spp. is a

peptide-fermenting, sulfur-reducing, and hyperthermophilic archaecon H. butylicus (29) ;

A. camini and H. butylicus shared 772 (46-47%) orthologous genes and A. pernix and H.

butylicus shared 769 (45-46%) orthologous genes. The functional distribution of

non-orthologous genes between Aeropyrum spp. and H. butylicus were inspected (Fig.

1). A COG category with the greatest number of the non-orthologous genes was energy

production and conversion (C) except for two categories of general function prediction

only (R) and function unknown (S). This was consistent with the fact that Aeropyrum

spp. are aerobic, whereas H. butylicus is an anaerobic sulfur-reducer. Aeropyrum spp.

11



186  contained genes encoding COXs and H. butylicus contained genes encoding a sulfur

187  reductase instead of COXs (data not shown). Genome variation between A. camini and

188  A. pernix was described below in detail.

189 The A. pernix genome harbours at least two oriC sites on non-coding regions

190  containing crenarchaeal origin recognition boxes (ORBs), the binding sites for

191  Orcl/Cdc6 proteins, and ori-specific uncharacterized motifs (UCMs) (30). In the A.

192  camini genome, we predicted two oriC sites on non-coding regions located between

193 ACAM 0493 and ACAM 0494, where four copies of ORB and an UCM were present,

194 and ACAM 1253 and ACAM 1254, where an UCM was present (Fig. 2B and C). Both

195  oriC sites coincided with two GC disparity minima described by a Z-curve analysis (Fig.

196 2A).

197

198  Genome phylogenetics

199 DDH values estimated by DDGC three formulas were 63.57, 18.86, and 51.97,

200  respectively. Given that the DDH values for species delineation cut-off are above 70

201  (31), these data were comparable to the previous report that A. camini is a different

202  species from 4. pernix (9). GSS based on orthologous genes was 0.87 and nucleotide

203  identity was 73.2-76.6% with a range of 86.2-90.2% of the two chromosomes,

12



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

indicating the close relationship of 4. camini and A. pernix. Genome synteny decreases

with phylogenetic distance, although this relationship varies depending on the group

examined (32, 33). Next, we analyzed the degree of genome synteny between 4. camini

and 4. pernix.

Genome synteny between A. camini and A. pernix

There were no large-scale rearrangements in the nucleotide alignment of 4. camini

and A. pernix chromosomes, confirming the close relationship of them (Fig. 3).

Comparisons of closely related archaeal and bacterial genomes generally show

disruptions of synteny with a characteristic X-shape pattern in the dot-plots (34). The

factors that affect genome rearrangements are not well understood, but presumably may

be associated with the state of recombination systems and the abundance of mobile

elements in the respective genomes (35). It is suggested that the low frequency of

recombination in Corynebacterium spp. is likely due to the absence of RecBCD, a well

characterized recombinational enzyme complex in bacteria (36). The RecBCD system

was missing in archaea (37) including Aeropyrum spp. Thermoacidophilic archaea

Sulfolobus spp. show poor genome synteny owing to genome rearrangements induced

by a large number of mobile elements like IS elements (34-201 IS elements) and MITEs

13
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(61-143 MITESs) (38). The A. camini genome carried two IS elements (ACAM_0659

and ACAM_0660) belonging to the IS 607 family and four MITEs, and 4. pernix

carried no IS element and 26 MITEs, indicating that homologous recombinations are

less likely to occur at mobile elements. Further, hyperthermophilic organisms are highly

specialized in the narrow range of habitat and isolated from one another by geographic

barriers (39). Aeropyrum spp., therefore, can be defined as specialists in the concept of

specialists as opposed to generalists, where specialists often have small genomes

encoding genes essential for cell maintenance, while most generalists have large

genomes encoding additional genes for signal transduction or metabolism allowing

survival in variable environments (35, 40). In the highly ‘specialized’ small genome of

Aeropyrum, the disruption of gene regulation derived from synteny breaks may be

limited due to elimination of individuals associated with reduced fitness.

Virus-related elements

Although both genomes showed synteny, we observed some synteny disruptions. The

most prominent were contained in virus-related elements. First, 4. pernix contains two

proviral regions that were induced under suboptimal conditions (41). Both viruses

containing circular double-stranded (ds) DNA genomes were isolated and named as

14
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Aeropyrum pernix spindle-shaped virus 1 (APSV1) and Aeropyrum pernix ovoid virus 1

(APOV1) (41). The proviral sequences were absent from the A. camini genome at the

conserved tRNA sequences homologous with a#tP sites, the recombination sites for

viruses (Fig. 3), although we could not rule out the possibility that 4. camini was cured

of the proviruses in isolation step repeated at least three times (9). A translocated

inversion of 2 kbp sequence was identified upstream of the integrated APSV1 genome.

The inversion might be caused by 12 bp inverted repeat observed in that region.

Second, synteny disruptions were observed in the CRISPR elements (Fig. 3). The

CRISPR system is a recently recognized defense mechanism in archaea and bacteria

against foreign DNA such as viruses and plasmids (42). CRISPR allows cells to

specifically recognize and destroy target sequences using spacers derived from invaders

and, in many respects, parallels the function of the eukaryotic RNA interference system

(43). CRISPR spacers effectively act as libraries of previous invasion by

extra-chromosomal elements. In practice, host-virus interactions are investigated by the

analysis of CRISPR spacers in the natural cyanobacterial community (44). 4. camini

contained four CRISPR loci (Aca 1-4) composed of 14, 15, 27, and three repeat-spacer

units, respectively (Table 3). Aca 1 and Aca 3 were interrupted by genes which did not

show similarity to any other available protein sequences. According to the CRISPRdb

15
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database, the A. pernix genome carried three CRISPR loci (Ape 1-3) composed of 26,

41, and 18 repeat-spacer units, respectively (Table 3). Each non-coding sequence

upstream of the first CRISPR of all CRISPR elements was AT-rich (%G+C content

ranging from 31.5 to 52.0% lower than that of each genome sequence) and included a

RBS, TATA box, and B recognition element. Therefore, the sequences were considered

to be leader sequences which are transcription initiation sites for the CRISPR (Fig. 4

empty boxes) (45). CRISPR-associated (cas) genes were adjacent to Aca 1, Aca 3, and

Ape 2 (Fig. 4), but not to the others. The CRISPR/Cas types are classified on the basis

of their repeat sequences, leader sequences, and cas genes (46, 47). In a previous report,

Ape 2 CRISPR/Cas system was determined as the DNA targeting subtype I-A (46). A

subtype I-A CRISPR/Cas system homologous to Ape 2 CRISPR/Cas system was

identified in A. camini (Aca_3 CRISPR/Cas system) (Fig. 4). The CRISPR type of the

other CRISPR (Aca 1, Aca 2, Aca 4, Ape 1, and Ape 3) was not identified due to the

uniqueness of the typical repeats and the leader sequences, or the absence of signature

genes for a subtype of CRISPR/Cas system notwithstanding the presence in Aca 1

CRISPR/Cas system of cas3 peculiar to the type I CRISPR/Cas system (Fig. 4).

Fifty-nine and 85 CRISPR spacers were retrieved from A. camni and A. pernix,

respectively, and no significant matches were found among them. When all 144 spacers

16
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were compared to the NCBI nr nucleotide database, three spacers (two spacers in Aca 3

and a spacer in Ape 1) and a spacer in Aca_3 showed a significant match to the

genomes of APSV1 and APOV1, respectively (Table 3). This strongly suggested the

Aeropyrum CRISPR/Cas may have been functional at least in the past. 4. pernix

encoded a spacer (Ape _1_4) significantly matched with the genome of APSV1

integrated in its genome. In general, single nucleotide mutation of targeted sequences

can render CRISPR/Cas ineffectual (48, 49). A. pernix may avoid destroying its own

genome due to 5 nucleotide discrepancies between Ape 1 4 spacer and the proviral

sequence (Table 4). Of three provirus-matching spacers in Aca_3, two spacers showed

synonymous and non-synonymous substitutions compared with their corresponding

putative proto-spacers in proviruses (Table 4), indicating A. camini interacted with

viruses which were closely related to APSV1 and APOV1. All CRISPR spacers did not

show a significant match with any other nucleotide sequences in the nr database or viral

metagenomes in the Yellowstone hot springs (21) and the Juan de Fuca ridge (22) other

than the APSV1 and APOV1 genomes. It is noteworthy that none of the CRISPR

spacers matched the non-orthologous genes of Aeropyrum spp. which are

extrachromosomal elements in most cases (described below). In this research, we

17
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examined only 144 spacers collected from two Aeropyrum spp. More CRISPR spacers

might enable us to identify the spacers matched with non-orthologous genes.

Non-orthologous genes in 4. camini and A. pernix

Along with the virus-related elements that primarily contributed to the synteny

disruptions, non-orthologous genes were located on non-syntenic regions scattered over

the genomes. In 4. camini genome, on the other hand, 56 non-orthologous genes (29%)

localized at 13-22 kbp, 314-331 kbp, 407-411 kbp, and 687-715 kbp. In A. pernix

genome, except for the proviral regions, 73 non-orthologous genes (30%) localized at

190-211 kbp, 284-305 kbp, 726-764 kbp, 1279-1286 kbp, and 1599-1644 kbp.

Of these, notable metabolic pathways missed in 4. camini on the 726-764 kbp and

1279-1286 kbp non-syntenic regions in 4. pernix, reflecting the smaller genome of 4.

camini than that of 4. pernix. L-rhamnose is a common component of the cell wall in

bacteria (50), and is also found in cytoplasmic membrane of methanogenic archaeon

Methanospirillum hungatei (51). RmIABCD genes involved in a nucleotide-activated

L-rhamnose (dTDP-L-rhamnose) synthesis pathway were identified (APE_1178-1181)

on the 726-764 kbp non-syntenic region in A. pernix. Cobamides (e.g., coenzyme By, )

are unique for their structural complexity, and archaea synthesize them through

18



311  salvaging cobinamide from the environment (52). Clustered genes involved in the

312  cobinamide salvaging pathway were found on the 1279-1286 kbp non-syntenic region

313  in A. pernix. These facts implied that A. camini may not be able to synthesize

314  L-rhamnose and cobamides.

315 A report shows geographical distribution of gene contents (e.g., mobile elements)

316  among Sulfolobus islandicus strains from hot springs separated by distance (53). This

317  suggests that the variation of metabolic pathways in Aeropyrum implies their locality,

318 although the pathways are not necessarily responsible for environmental adaptation.

319  Meanwhile, genetic islands are found within genomes of S. islandicus strains from a

320  single hot spring (54). The variation among strains (4. camini and 4. pernix,

321  respectively) might be found in future analysis of more Aeropyrum spp. genomes.

322 Of the all non-orthologous genes, paralogous genes were identified (4. camini: five

323  genes and 4. pernix: 16 genes) in the range of 3-7% by searching against their own

324  proteomes (Tables 2 and S1). In A. pernix genome, eight paralogous genes were

325  annotated as hypothetical proteins with no conserved domains; however, these

326  nucleotide sequences contained the MITEs noted above. The other genes were classified

327  into ORFans (4. camini: 86 genes and A. pernix: 31 genes) which did not show

328  similarity to any other available protein sequences in the nr database, HGT genes (4.
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camini: 22 genes and A. pernix: 45 genes) and proviral genes (4. pernix: 70 genes)

(Tables 2 and S1). HGT events are likely to occur among organisms with similar life

styles and habitats in particular among archaeal and bacterial hyperthermophiles (27).

The donors of the HGT genes identified in the Aeropyrum genomes were thermophiles

or derived from environmental sequences collected from the thermophilic environment

in the range of 82-84% (Table S2). These were compatible with the concept that

Aeropyrum spp. are specialized in the thermophilic environment. The unclassified genes

in the analysis above were further inspected (Table S1).

Surveys for viral metagenomes suggest the diversity of viral sequences is vast and

remains largely unexplored (55). Therefore, it seems plausible that a major fraction of

archaeal and bacterial ORFans are derived from the poorly explored but vast viral gene

pool; although it is impossible to rule out that ORFans have homologs in multiple

genomes that avoid detection because of their rapid evolution (35). ORFans probably

derived from viruses and proviral genes accounted for 41-45% of non-orthologous

genes. From environmental samples collected at the coastal Yamagawa hot spring in

Ibusuki, Japan, two viruses infecting A. pernix were isolated: a dsSDNA virus,

Aeropyrum pernix bacilliform virus 1, APBV1 (56), and a single-stranded Aeropyrum

coil-shaped virus, ACV (57). A. camini could not be infected by ACV (57) and its

20
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susceptibility to the infection by APBV1 was not tested (56). Morphologically diverse

virus-like particles were also observed in Yamagawa hot spring (56). Our analysis

showed that most CRISPR spacers in A. camini and A. pernix lacked similarity to any

other nucleotide sequences in the database. These data indicated that Aeropyrum spp.

were challenged by diverse and uncharacterized viruses.

Here we show that Aeropyrum may be specialized in aerobic and thermophilic

environment, and accordingly, possess small and conservative genomes; nevertheless,

Aeropyrum interact with diverse viruses and their genomic diversification are

substantially caused by the viruses.
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FIGURE LEGENDS

Figure 1. Numbers of non-orthologous genes between Aeropyrum spp. and H. butylicus

assigned to COG functional categories. The one letter code for COG categories is the
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377

378

379
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381

382

following: E, amino acid transport and metabolism; G, carbohydrate transport and

metabolism; D, cell division and chromosome partitioning; N, cell motility and

secretion; M, cell envelope biogenesis, outer membrane; B, chromatin structure and

dynamics; H, coenzyme metabolism; Z, cytoskeleton; V, defense mechanisms; C,

energy production and conversion; W, extracellular structures; S, function unknown; R,

general function prediction only; P, inorganic ion transport and metabolism; U,

intracellular trafficking and secretion; I, lipid metabolism; Y, nuclear structure; F,

nucleotide transport and metabolism; O, posttranslational modification, protein turnover,

chaperones; A, RNA processing and modification; L, DNA replication, recombination,

and repair; Q, secondary metabolites biosynthesis, transport, and catabolism; T, signal

transduction mechanisms; K, transcription; J, translation, ribosomal structure and

biogenesis.

Figure 2. Prediction of A. camini replication origins. (A) The GC disparity curve for the

A. camini genome. In the genome map, predicted oriC and cdc6 genes are shown. (B)

The structure of the predicted oriC region is shown. ORB elements, UCMs, and ORFs

flanking the oriC site are shown as black boxes, white boxes, and open rectangles,

respectively. (C) Alignments of ORB sequences are presented. The four ORB sequences
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395
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in 4. camini (A.c.ORB1-4) are compared to the consensus ORB sequences in 4. pernix

(A.p.ORBs), where dots indicate non-conserved bases.

Figure 3. Comparison of the chromosomes of A. camini and A. pernix. (A) MUMMER

nucleotide alignment, where dots indicate similar sequences shared by the two species.

(B) Mauve nucleotide alignment, where the height of plots is proportional to the level of

sequence identity in that region. Proviral regions, CRISPR elements, and MITEs are

shown on the map in gray boxes, filled boxes, and thin lines, respectively, on the two

nucleotide alighnments.

Figure 4. Schematic representation of the Ape 2, Aca 3, and Aca_1 CRISPR/Cas

systems. ORFs, leader sequences, and CRISPRs are shown as arrows, empty boxes, and

filled boxes, respectively. Cas genes are indicated in gray.
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TABLES

Table 1. Genome statistics of Aeropyrum.

Value for species

Attribute A. camini A. pernix
Genome size (bp) 1,595,994 1,669,696
G—+C content (%) 56.7 56.3

Total genes 1695 1750

RNA genes 50 (2.95%) 50 (2.86%)
No. of ORFs 1645 (97.1%) 1700 (97.1%)

Genes assigned to COGs

1162 (70.6%)

1205 (70.9%)
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576

Table 2. Characteristics of protein coding genes encoded on the 4. camini and 4.

pernix genome.

Value for species

Characteristic A. camini A. pernix
No. of ORFs 1,645 1,700
orthologous genes 1,455 1,455
paralogous genes 5 16
ORFans 86 31
proviral genes 0 70
HGT genes 22 45
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Daifuku et al. Fig. 1.
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B A. camini
140 - OA. pernix
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Figure 1. Numbers of non-orthologous genes between Aeropyrum spp. and H. butylicus assigned to COG
functional categories. The one letter code for COG categories is the following: E, amino acid transport and
metabolism; G, carbohydrate transport and metabolism; D, cell division and chromosome partitioning; N,
cell motility and secretion; M, cell envelope biogenesis, outer membrane; B, chromatin structure and
dynamics; H, coenzyme metabolism; Z, cytoskeleton; V, defense mechanisms; C, energy production and
conversion; W, extracellular structures; S, function unknown; R, general function prediction only; P,
inorganic ion transport and metabolism; U, intracellular trafficking and secretion; I, lipid metabolism; Y,
nuclear structure; F, nucleotide transport and metabolism; O, posttranslational modification, protein
turnover, chaperones; A, RNA processing and modification; L, DNA replication, recombination, and repair;
Q, secondary metabolites biosynthesis, transport, and catabolism; T, signal transduction mechanisms; K,
transcription; J, translation, ribosomal structure and biogenesis.
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Figure 2. Prediction of 4. camini replication origins. (A) The GC disparity curve for the A. camini genome. In the
genome map, predicted oriC and cdc6 genes are shown. (B) The structure of the predicted oriC region is shown. ORB
elements, UCMs, and ORFs flanking the oriC site are shown as black boxes, white boxes, and open rectangles,
respectively. (C) Alignments of ORB sequences are presented. The four ORB sequences in A. camini (A.c.ORB1-4)
are compared to the consensus ORB sequences in A. pernix (A.p.ORBs), where dots indicate non-conserved bases.



A. camini

Daifuku et al. Fig. 3.
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Figure 3. Comparison of the chromosomes of A. camini and A. pernix. (A) MUMMER nucleotide
alignment, where dots indicate similar sequences shared by the two species. (B) Mauve nucleotide
alignment, where the height of plots is proportional to the level of sequence identity in that region.
Proviral regions, CRISPR elements, and MITEs are shown on the map in gray boxes, filled boxes,
and thin lines, respectively, on the two nucleotide alighnments.



Daifuku et al. Fig. 4.
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Figure 4. Schematic representation of the Ape_2, Aca_3, and Aca_1 CRISPR/Cas systems. ORFs, leader sequences,
and CRISPRs are shown as arrows, empty boxes, and filled boxes, respectively. Cas genes are indicated in gray.
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