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Chapter 1 

 

General introduction 

 

Gene repertoires and genome organizations differ between closely 

related microbial organisms depending on the ecological characteristics of 

each habitat (Cohan and Koeppel 2008). The cyanobacterial 

Prochlorococcus spp. account for a significant fraction of primary production 

in the ocean (Goericke and Welschmeyer 1993) and show physiological 

features relevant to the different ecological niches within a stratified oceanic 

water column (Moore et al. 1998; West et al. 2001). The whole-genomic 

comparisons of the Prochlorococcus spp. strains show gross signatures 

according to this niche differentiation (Rocap et al. 2003). 

Alpha-proteobacterium Pelagibacter ubique which belongs to the SAR11 

clade in the phylogenetic tree based on the 16S rRNA gene is the most 

abundant microorganism in the ocean (Morris et al. 2002). The genomes of 

the SAR11 isolates are highly conserved in the core genes that are common 

to all strains (Medini et al. 2005) and show synteny (the conservation of DNA 

sequence and gene order) (Bentley and Parkhill 2004). However, variations 

exist among genes for phosphorus metabolism, glycolysis, and C1 metabolism, 

suggesting that adaptive specialization in nutrient resource utilization is 

important for niche partitioning (Grote et al. 2012). This adaptation at the 

genomic level was also observed in archaea. The members of the genus 

Pyrococcus are anaerobic and hyperthermophilic archaea (Fiala and Stetter 
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1986). The archaeal Pyrococcus spp. strains also encode genes for survival 

under high hydrostatic pressure which has been subject to positive selection  

(Gunbin et al. 2009). 

Aeropyrum species are heterotrophic, aerobic, neutrophilic, and 

hyperthermophilic archaea (Sako et al. 1996). They grow at temperatures up 

to 100°C and this is the highest growth temperature among the strictly 

aerobic organisms (Sako et al. 1996). The two currently known 

species, Aeropyrum pernix and Aeropyrum camini, were isolated from 

geographically distinct locations (Sako et al. 1996; Nakagawa et al. 2004). 

The type strain of the type species, A. pernix K1, was isolated from a coastal 

solfataric vent on Kodakara-Jima Island in southwestern Japan (Sako et al. 

1996), and 11 additional strains were isolated from a coastal shallow 

hydrothermal vent and a coastal hot spring in southwestern Japan (Nomura 

et al. 2002). The complete genome sequence of A. pernix K1 was determined 

(Kawarabayasi et al. 1999). The type strain A. camini SY1 was isolated from 

a deep-sea hydrothermal vent chimney at the Suiyo Seamount in the 

Izu-Bonin Arc, Japan, at a depth of 1,385 m (Nakagawa et al. 2004). In 

chapter 2, I report the complete genome sequence of A. camini and compare 

it to the genome sequence of A. pernix in order to examine the genetic 

differences depending on habitats. This comparative genomic analysis 

showed that the genomic variation between A. camini and A. pernix is 

exerted partly by viruses, although they possess small and highly syntenic 

genomes. 

Aeropyrum spp. belong to the archaeal phylum crenarchaeota. The 
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crenarchaeota comprises of thermophilic and hyperthermophilic organisms. 

They inhabit solfataric hot spring or marine hydrothermal vent (Garrity and 

Holt 2001). The majority of them grow optimally at temperature > 80°C and 

utilize sulfur compounds widely present in thermal environments (Garrity 

and Holt 2001). In general, their genome sizes are relatively small and range 

from 1.3 to 3.0 Mbp (Podar et al. 2008). A phylogenetic birth-and-death 

maximum likelihood model suggests that this is attributed to extensive gene 

loss especially during the diversification of taxonomic family-level groups 

(Csűrös and Miklós 2009; Wolf et al. 2012). Therefore, I hypothesized that 

some crenarchaea as well as Aeropyrum spp. are specialized in their own 

habitat with small and conservative genome; nevertheless their genomic 

diversification is driven by viruses through coevolution between hosts and 

viruses. In chapter 3, I performed a comprehensive comparative analysis of 

closely related crenarchaeal genomes. 
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Chapter 2 

 

Comparative genomic analysis of the hyperthermophilic archaea 

Aeropyrum camini and Aeropyrum pernix 

 

Introduction 

Aeropyrum spp. are aerobic, heterotrophic, and hyperthermophilic 

marine archaea. A. pernix K1 was isolated from a coastal solfataric vent on 

Kodakara-Jima Island in southwestern Japan (Sako et al. 1996), and 11 

additional strains were isolated from a coastal shallow hydrothermal vent 

and a coastal hot spring in southwestern Japan (Nomura et al. 2002). A. 

camini SY1 was isolated from a deep-sea hydrothermal vent chimney at the 

Suiyo Seamount in the Izu-Bonin Arc, Japan, at a depth of 1,385 m and is 

recognized as the first aerobic hyperthermophilic archaeon from a deep-sea 

hydrothermal environment (Nakagawa et al. 2004). A. camini is the sole 

strain from a deep-sea environment among Aeropyrum strains. Despite the 

geographically distinct habitats of A. camini and A. pernix, they are 

phylogenetically closely related based on their 16S rRNA gene sequences 

(99%, Fig. 2-1) and are similar in morphology and growth characteristics, 

except for some distinguishable physiological properties such as optimum 

temperature and pH range for growth (Nakagawa et al. 2004). In this 

chapter, I determined the complete genome sequence of A. camini and 

compared it with the A. pernix genome to determine the genetic differences 

between close relatives in distinct habitats. 
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Figure 2-1. Maximum likelihood tree of the16S rRNA genes of the members in the phylum 

crenarchaeota. Methanopyrus kandleri was used as an outgroup in the analysis. Bootstrap 

values higher than 50 from 100 samplings are shown at branch points. 
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Materials and Methods 

 

Strain and DNA extraction 

A. camini SY1 was obtained from the 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 (Nomura et al. 2002), 

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 growth phase were harvested by 

centrifugation at 10,000 × g for 1 min at 4°C. Cell pellets were stored at 

-80°C. DNA was extracted by using a Wizard genomic DNA purification 

system (Promega, Madison, WI, USA) according to the manufacturer's 

instructions. DNA was further purified by using phenol-chloroform-isoamyl 

alcohol (25:24:1) treatment and precipitated with 2-propanol. The DNA was 

dissolved in 100 μl distilled deionized water. 

 

Genome sequencing and functional annotation 

The genome of A. camini SY1 was sequenced by using a Roche 454 

GS FLX Titanium pyrosequencing platform (Roche Diagnostics, Burgess Hill, 

West Sussex, United Kingdom) with an 8-kb paired-end library. GS FLX 

sequencing (one-quarter plate) resulted in the generation of about 116-Mb 

sequences with an average read length of 342 bases, providing 

approximately 73-fold coverage of the genome. Reads were assembled onto a 
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scaffold including 10 large contigs (> 500 bases), using GS De 

Novo Assembler version 2.3. The gaps between the contigs were filled by 

sequencing of PCR products using a 3130 capillary sequencer (Applied 

Biosystems, Foster City, CA). The genome sequence was automatically 

annotated with Microbial Genome Annotation Pipeline version 2.02 

(Sugawara et al. 2009). 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. I modified the position of the 

start codon of ORFs with no RBS according to the orthologous counterpart 

encoded on the 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) by using RPS-BLAST 

(Marchler-Bauer et al. 2002), with an E value threshold of 10−6 at an 

effective database size of 107. The origins of chromosomal DNA replication 

were predicted with the Ori-Finder tool (Gao and Zhang 2008). 

 

Comparative genomics 

I 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 hits (RBHs), 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 (Alcaraz et al. 2010). Overall 

similarity between genomes was generated with the genome-to-genome 
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distance calculator (GGDC) (Auch et al. 2010). This system calculates the 

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

a set of formulas (1, HSP [high-scoring segment pair] length/total length; 2, 

identities/HSP length; 3, identities/total length). Synteny plots were 

generated as alignments of the complete genome nucleotide sequences by 

using MUMMER 3.0 (Kurtz et al. 2004) and Mauve 2.3.1 (Darling et al. 

2010). Insertion sequence (IS) elements were identified by using the ISfinder 

database (Siguier et al. 2006). Multiple copies < 600 bp long flanked by 

inverted repeats were identified as miniature inverted-repeat transposable 

elements (MITEs) by using the Einverted program from EMBOSS (Rice et al. 

2000). 

 

CRISPR analysis 

CRISPR (clustered regularly interspaced short palindromic repeat) 

elements and spacers were identified by using CRISPRFinder (Grissa et al. 

2007) with manual validation. The spacer sequences were clustered by using 

CD-HIT-EST (Li and Godzik 2006), 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 (Schoenfeld et al. 2008) and from the Juan de Fuca ridge (Anderson 

et al. 2011) were retrieved from the GenBank trace archive and from the 

CAMERA database (Seshadri et al. 2007), respectively. A similarity search of 

spacer sequences was performed against the NCBI nonredundant (nr) 

database and the viral metagenomes by using BLASTN (Altschul et al. 1990), 
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with an E value threshold of 10−5 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 (Pruitt et al. 2007). Putative 

orthologous genes were identified as RBHs by using BLASTP (Altschul et al. 

1997), with a coverage threshold of 50% for both gene sequences and an E 

value threshold of 10−6 at an effective database size of 107. Paralogous genes 

were identified by searching nonorthologous genes against their own 

proteomes using BLASTP (Altschul et al. 1997), 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 by 

using BLASTP (Altschul et al. 1997), with an E value threshold of 10−6 at an 

effective database size of 107. 

Genes acquired by horizontal gene transfer (HGT) events were 

predicted as previously described (Rhodes et al. 2011). Genes were compared 

to the nr database by using BLASTP (Altschul et al. 1997), with an E value 

of 10−5 and default parameters. Each gene whose top nonidentical hit was 

not a gene of a member of the order Desulfurococcales, that had a normalized 

bit score (BLAST bit score to the homolog divided by the BLAST bit score to 

self) > 25% higher than the best hit to a Desulfurococcales gene, and that 

had a bit score of > 67 was flagged as a putative interorder HGT gene. The 

donor species were assigned according to the top nonidentical comparisons.  

The unclassified genes in the analysis noted above were further 
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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. 
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Results and Discussion 

 

General features 

The genome of A. camini consisted of a single circular chromosome 

with no extrachromosomal elements. The general features of the circular 

chromosome were compared with those of A. pernix (Table 2-1). The 

chromosomes were similar in size (A. camini, 1,595,994 bp; A. pernix, 

1,669,696 bp) and in percent G+C content (A. camini, 56.7%; 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 for all 

20 amino acids (Table 2-2). Similar numbers of ORFs were identified (A. 

camini, 1,645; A. pernix, 1,700). Of all the ORFs, 70.6% and 70.9% were 

classified into COG categories in A. camini and A. pernix, respectively.  

 

Table 2-1. Genome statistics of Aeropyrum species. 

 
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 (% of total genes) 50 (2.95%) 50 (2.86%) 

No. of ORFs (% of total genes) 1645 (97.1%) 1700 (97.1%) 

Genes assigned to COGs 

(% of total ORFs) 
1162 (70.6%) 1205 (70.9%) 
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Table 2-2. tRNA gene assignment in A. camini. 

UUU (Phe) 

 

UCU (Ser) 

 

UAU (Tyr) 

 

UGU (Cys) 

 

UUC (Phe) ○ UCC (Ser) ○ UAC (Tyr) ◎ UGC (Cys) ◎ 

UUA (Leu) ○ UCA (Ser) ○ UAA (Stop) 

 

UGA (Stop) 

 

UUG (Leu) ○ UCG (Ser) ◎ UAG (Stop) 

 

UGG (Trp) ○ 

CUU (Leu) 

 

CCU (Pro) 

 

CAU (His)   CGU (Arg) 

 

CUC (Leu) ○ CCC (Pro) ◎ CAC (His) ○ CGC (Arg) ○ 

CUA (Leu) ○ CCA (Pro) ○ CAA (Gln) ○ CGA (Arg) ○ 

CUG (Leu) ○ CCG (Pro) ◎ CAG (Gln) ○ CGG (Arg) ○ 

AUU (Ile) 

 

ACU (Thr) 

 

AAU (Asn) 

 

AGU (Ser) 

 

AUC (Ile) ○ ACC (Thr) ○ AAC (Asn) ○ AGC (Ser) ○ 

AUA (Ile) 

 

ACA (Thr) ○ AAA (Lys) ◎ AGA (Arg) ◎ 

AUG (Met) ◎a ACG (Thr) ◎ AAG (Lys) ◎ AGG (Arg) ○ 

GUU (Val) 

 

GCU (Ala) 

 

GAU (Asp) 

 

GGU (Gly) 

 

GUC (Val) ○ GCC (Ala) ○ GAC (Asp) ◎ GGC (Gly) ○ 

GUA (Val) ○ GCA (Ala) ○ GAA (Glu) ○ GGA (Gly) ○ 

GUG (Val) ○ GCG (Ala) ○ GAG (Glu) ○ GGG (Gly) ○ 

tRNA genes identified are indicated by circles and those containing 

introns by double-circles. 

aTwo of the three Met-tRNA genes possess an intron. 
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Although most archaeal genes are predicted to use an AUG start codon, a 

large percentage of the predicted start codons were GUG (A. camini, 27%; A. 

pernix, 30%) or UUG (A. camini, 41%; A. pernix, 38%). Similar values in the 

start codon usage were obtained from the archaeon H. butylicus (Brügger et 

al. 2007).  

Orthologous genes between A. camini and A. pernix were identified 

by using the RBH approach. Each of the genomes carried 1,455 (86 to 88%) 

orthologous genes (Table 2-3). Genes involved in the Embden-Meyerhof 

pathway and the tricarboxylic acid cycle were conserved in both genomes. 

 

 

 

 

 

 

 

 

 

 

 

The closest relative of Aeropyrum spp. is a peptide-fermenting, 

sulfur-reducing, and hyperthermophilic archaeon, H. butylicus (Zillig et al. 

1990); A. camini and H. butylicus shared 772 (46 to 47%) orthologous genes, 

and A. pernix and H. butylicus shared 769 (45 to 46%) orthologous genes 

Table 2-3. Characteristics of protein coding genes encoded on the 

A. camini and A. pernix genomes. 

 
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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(Fig. 2-2). The functional distribution of nonorthologous genes 

between Aeropyrum spp. and H. butylicus was inspected (Fig. 2-3). The COG 

category with the greatest number of nonorthologous genes was energy 

production and conversion (C), except for two categories, 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. contained genes encoding COXs, and H. 

butylicus contained genes encoding a sulfur reductase instead of COXs. 

Genome variation between A. camini and A. pernix is described below in 

detail.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Orthologous genes of A. camini, A. pernix, and 

H. butylicus. The overlapping circle plots show the numbers 

of the orthologous genes shared between the genomes. 
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Figure 2-3. 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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 The A. pernix genome harbors at least two oriC sites on noncoding 

regions containing crenarchaeal origin recognition boxes (ORBs), the binding 

sites for Orc1/Cdc6 proteins, and ori-specific uncharacterized motifs (UCMs) 

(Robinson and Bell 2007). In the A. camini genome, I predicted two oriC sites 

on noncoding regions located between ACAM_0493 and ACAM_0494. 

Both oriC sites coincided with two GC disparity minima described by a 

Z-curve analysis (Fig. 2-4A). Four copies of the ORB and an UCM were 

present between ACAM_0493 and ACAM_0494, and an UCM was present 

between ACAM1253 and ACAM 1254 (Fig. 2-4B and C). 
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Figure 2-4. 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 in A. camini (A.c.ORB1-4) are compared to 

the consensus ORB sequences in A. pernix (A.p.ORBs), where dots indicate 

nonconserved bases. 
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Genome phylogenetics 

DDH values estimated by three GGDC formulas were 63.6, 18.9, and 

52.0, respectively. Given that the DDH values for the species delineation 

cutoff are above 70 (Wayne et al. 1987), these data were comparable to a 

previous report that A. camini is a different species from A. 

pernix (Nakagawa et al. 2004). The GSS based on orthologous genes was 

0.87, and nucleotide identity was 73.2 to 76.6%, with a range of 86.2 to 90.2% 

for the two chromosomes, indicating the close relationship of A. 

camini and A. pernix. Genome synteny decreases with phylogenetic distance, 

although this relationship varies depending on the group examined 

(Tamames 2001; Rocha 2003). Next, I analyzed the degree of genome synteny 

between A. camini and A. pernix. 

 

Genome synteny between A. camini and A. pernix 

There were no large-scale rearrangements in the nucleotide 

alignment of A. camini and A. pernix chromosomes, confirming the close 

relationship of them (Fig. 2-5). Comparisons of closely related archaeal and 

bacterial genomes generally show disruptions of synteny with a 

characteristic X-shape pattern in the dot plots (Novichkov et al. 2009). 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 (Koonin and 

Wolf 2008). It has been suggested that the low frequency of recombination 

in Corynebacterium spp. is likely due to the absence of RecBCD, a 
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well-characterized recombinational enzyme complex in bacteria (Nakamura 

et al. 2003). The RecBCD system was missing in archaea (Blackwood et al. 

2013), including Aeropyrum spp. Thermoacidophilic archaeal Sulfolobus spp. 

show poor genome synteny owing to genome rearrangements induced by a 

large number of mobile elements such as IS elements (34 to 201 IS elements) 

and MITEs (61 to 143 MITEs) (Brügger et al. 2004). The A. camini genome 

carried two IS elements (ACAM_0659 and ACAM_0660) belonging to the 

IS607 family and four MITEs, and A. pernix carried no IS element and 26 

MITEs, indicating that homologous recombinations are less likely to occur at 

mobile elements. Furthermore, hyperthermophilic organisms are highly 

specialized in their narrow range of habitat and are isolated from one 

another by geographic barriers (Whitaker et al. 2003). Aeropyrum spp. 

therefore can be defined as specialists in the concept of specialists as opposed 

to generalists, where specialists often have small genomes harboring genes 

essential for cell maintenance and most generalists have large genomes 

harboring additional genes for signal transduction or metabolism, allowing 

survival in variable environments (Koonin and Wolf 2008; Newton et al. 

2010). In the highly “specialized” small genomes of Aeropyrum spp., the 

disruption of gene regulation derived from synteny breaks may be limited 

due to elimination of individuals associated with reduced fitness. 
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Figure 2-5. 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 red boxes, filled boxes, and thin lines, 

respectively, on the two nucleotide alignments. A translocated inversion upstream of 

the proviral region was indicated by an empty arrow. 
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Virus-related elements 

Although both genomes showed synteny, I observed some synteny 

disruptions. The most prominent disruptions were contained in virus-related 

elements. First, A. pernix contains two proviral regions that were induced 

under suboptimal conditions (Mochizuki et al. 2011). Two viruses containing 

circular double-stranded DNA (dsDNA) genomes were isolated and 

named Aeropyrum pernix spindle-shaped virus 1 (APSV1) and Aeropyrum 

pernix ovoid virus 1 (APOV1), respectively (Mochizuki et al. 2011). The 

proviral sequences were absent from the A. camini genome at the conserved 

tRNA sequences homologous with attP sites (Fig. 2-6), the recombination 

sites for viruses, although I could not rule out the possibility that A. 

camini was cured of the proviruses in the isolation step, repeated at least 

three times (Nakagawa et al. 2004). A translocated inversion of a 2-kbp 

sequence was identified upstream of the integrated APSV1 genome (Fig. 2-5 

A, an empty arrrow). The inversion might be caused by a 12-bp inverted 

repeat observed in that region. 

 

 

 

 

 

Figure 2-6. Two proviral regions (APOV1 and APSV1) were present in the A. 

pernix genome and absent in the A. camini genome. Proviral regions, tRNAs, and ORFs 

are shown as red boxes, green vertical lines, and arrows, respectively. Orthologous 

genes are shown in navy blue highlighted by orange. 
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Second, synteny disruptions were observed in the CRISPR elements 

(Fig. 2-5). The CRISPR system is a recently recognized defense mechanism 

in archaea and bacteria against foreign DNA such as viruses and plasmids 

(Sorek et al. 2008). 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 (Makarova 

et al. 2006). CRISPR spacers effectively act as libraries of previous invasion 

by extrachromosomal elements. In practice, host-virus interactions are 

investigated by the analysis of CRISPR spacers in the natural cyanobacterial 

community (Kuno et al. 2012). A. camini contained four CRISPR loci (Aca_1 

to Aca_4), composed of 14, 15, 27, and 3 repeat-spacer units, respectively 

(Table 2-4). Aca_1 and Aca_3 were interrupted by genes that did not show 

similarity to any other available protein sequences. According to the 

CRISPRdb database, the A. pernix genome carried three CRISPR loci (Ape_1 

to Ape_3), composed of 26, 41, and 18 repeat-spacer units, respectively (Table 

2-4). Each noncoding sequence upstream of the first CRISPR of all CRISPR 

elements was AT rich (percent G+C content ranging from 31.5 to 52.0% lower 

than that of each genome sequence) and included a RBS, a TATA box, and a 

B recognition element. Therefore, the sequences were considered to be leader 

sequences that are transcription initiation sites for the CRISPR (Fig. 2-7, 

empty boxes) (Lillestøl et al. 2006). CRISPR-associated (cas) genes were 

adjacent to Aca_1, Aca_3, and Ape_2 (Fig. 2-7) but not to the others. 

CRISPR/Cas types are classified on the basis of their repeat sequences, 

leader sequences, and cas genes (Makarova et al. 2011a). 



2. Comparative genomic analysis of Aeropyrum 

23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

24 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

25 
 

In a previous report, the Ape_2 CRISPR/Cas system was determined to 

belong to DNA-targeting subtype I-A (Makarova et al. 2011a). A subtype I-A 

CRISPR/Cas system homologous to the Ape_2 CRISPR/Cas system was 

identified in A. camini (Aca_3 CRISPR/Cas system) (Fig. 2-7). 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 the CRISPR/Cas 

system notwithstanding the presence in the Aca_1 CRISPR/Cas system 

of cas3 peculiar to the type I CRISPR/Cas system (Fig. 2-7). 

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

camini and A. pernix, respectively, and no significant matches were found 

among them. When all 144 spacers were compared to the NCBI nr nucleotide 

database, 3 spacers (2 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 2-4). This strongly suggested that Aeropyrum spp. 

CRISPR/Cas may have been functional, at least in the past. A. 

pernix encoded a spacer (Ape_1_4) significantly matched with the genome of 

APSV1 integrated into its genome. In general, single-nucleotide mutation of 

targeted sequences can render CRISPR/Cas ineffectual (Barrangou et al. 

2007; Deveau et al. 2008). A. pernix may avoid destroying its own genome 

due to 5 nucleotide discrepancies between the Ape_1_4 spacer and the 

proviral sequence (Table 2-5). Of three provirus-matching spacers in Aca_3, 

two spacers showed synonymous and nonsynonymous substitutions 

compared with their corresponding putative protospacers in proviruses 



2. Comparative genomic analysis of Aeropyrum 

26 
 

(Table 2-5), indicating that A. camini interacted with viruses that 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 from Yellowstone hot springs (Schoenfeld et al. 2008) and 

the Juan de Fuca ridge (Anderson et al. 2011) other than the APSV1 and 

APOV1 genomes. It is noteworthy that none of the CRISPR spacers matched 

the nonorthologous genes of Aeropyrum spp., which are extrachromosomal 

elements in most cases (described below). In this research, I examined only 

144 spacers collected from two Aeropyrum spp. More CRISPR spacers might 

enable us to identify the spacers matched with nonorthologous genes. 
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Nonorthologous genes in A. camini and A. pernix 

Along with the virus-related elements that primarily contributed to 

the synteny disruptions, nonorthologous genes were located on nonsyntenic 

regions scattered over the A. camini and A. pernix genomes. In the A. 

camini genome, on the other hand, 56 nonorthologous genes (29%) were 

localized at kbp 13 to 22, kbp 314 to 331, kbp 407 to 411, and kbp 687 to 715. 

In the A. pernix genome, except for the proviral regions, 73 nonorthologous 

genes (30%) were localized at kbp 190 to 211, kbp 284 to 305, kbp 726 to 764, 

kbp 1279 to 1286, and kbp 1599 to 1644. 

Of these genes, notable metabolic pathways missed in A. camini were 

on the nonsyntenic regions at kbp 726 to 764 and kbp 1279 to 1286 in A. 

pernix, reflecting the smaller genome of A. camini than that of A. 

pernix. L-Rhamnose is a common component of the cell wall in bacteria 

(Giraud and Naismith et al. 2000) and is also found in the cytoplasmic 

membrane of the methanogenic archaeon Methanospirillum hungatei 

(Sprott et al. 1983). The rmlABCD genes, involved in a 

nucleotide-activated L-rhamnose (dTDP-L-rhamnose) synthesis pathway, 

were identified (APE_1178 to APE_1181) on the nonsyntenic region at kbp 

726 to 764 in A. pernix. Cobamides (e.g., coenzyme B12) are unique for their 

structural complexity, and archaea synthesize them through salvaging 

cobinamide from the environment (Escalante-Semerena 2007). Clustered 

genes involved in the cobinamide-salvaging pathway were found on the 

nonsyntenic region at kbp 1279 to 1286 in A. pernix. These facts implied 

that A. camini may not be able to synthesize L-rhamnose and cobamides. 
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A previous report showed the geographical distribution of gene 

contents (e.g., mobile elements) among Sulfolobus islandicus strains from 

hot springs separated by distance (Reno et al. 2009). This suggests that the 

variation of metabolic pathways in Aeropyrum implies their locality, 

although the pathways are not necessarily responsible for environmental 

adaptation. Meanwhile, genetic islands are found within genomes of S. 

islandicus strains from a single hot spring (Cadillo-Quiroz et al. 2012). The 

variation among strains might be found in future analyses of more 

Aeropyrum species genomes. 

Of all the nonorthologous genes, paralogous genes were identified (5 

genes for A. camini and 16 genes for A. pernix) in the range of 3 to 7% by 

performing searches against their own proteomes (Table 2-3). In the A. 

pernix genome, eight paralogous genes were annotated as encoding 

hypothetical proteins with no conserved domains; however, these nucleotide 

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

into ORFans (86 genes for A. camini and 31 genes for A. pernix), which did 

not show similarity to any other available protein sequences in the nr 

database; HGT genes (22 genes for A. camini and 45 genes for A. pernix); 

and proviral genes (70 genes for A. pernix) (Table 2-3). HGT events are likely 

to occur among organisms with similar life-styles and habitats, in particular 

among archaeal and bacterial hyperthermophiles (Rhodes et al. 2011). The 

donors of the HGT genes identified in the Aeropyrum spp. genomes were 

thermophiles or derived from environmental sequences collected from the 

thermophilic environment in the range of 82 to 84% (Table 2-6). These data 
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were compatible with the concept that Aeropyrum spp. are specialized in the 

thermophilic environment. The unclassified genes in the analysis described 

above were inspected further (Table 2-7).  

 

Table 2-6. Donor of the HGT genes in A. camini and A. pernix. 
 

ORF Donor 
Thermal 

environmenta 

ACAM_0016 Alicyclobacillus acidocaldarius + 

ACAM_0017 Clostridium scindens － 

ACAM_0018 
uncultured marine microorganism 

HF4000_ANIW141A21 
－ 

ACAM_0231 Kyrpidia tusciae + 

ACAM_0232 Vulcanisaeta distributa + 

ACAM_0233 Metallosphaera sedula + 

ACAM_0344 Acidilobus saccharovorans + 

ACAM_0357 Acidilobus saccharovorans + 

ACAM_0363 Aciduliprofundum boonei + 

ACAM_0365 Archaeoglobus profundus + 

ACAM_0374 Vulcanisaeta distributa + 

ACAM_0743 Candidatus Caldiarchaeum subterraneum + 

ACAM_0756 Halorubrum lacusprofundi － 

ACAM_0757 Acidilobus saccharovorans + 

ACAM_0765 Nodularia spumigena － 

ACAM_1511 Sphaerobacter thermophilus + 

ACAM_1512 Candidatus Caldiarchaeum subterraneum + 

ACAM_1606 Ferroglobus placidus + 

ACAM_1607 Ferroglobus placidus + 

ACAM_1611 Archaeoglobus profundus + 

ACAM_1614 Archaeoglobus profundus + 

ACAM_1621 Pyrobaculum aerophilum + 

APE_0025.1 Pyrococcus furiosus + 

APE_0026 Thermobispora bispora + 

APE_0028 Stackebrandtia nassauensis － 



2. Comparative genomic analysis of Aeropyrum 

31 
 

Table 2-6. Continued.  

APE_0031.1 Pyrobaculum aerophilum + 

APE_0203.1 Pyrobaculum calidifontis + 

APE_0266.1 Candidatus Caldiarchaeum subterraneum + 

APE_0275.1 Aciduliprofundum boonei + 

APE_0276.1 Thermococcus sp. AM4 + 

APE_0276a Thermococcus gammatolerans + 

APE_0287 Candidatus Caldiarchaeum subterraneum + 

APE_0288 Actinosynnema mirum － 

APE_0302.1 Candidatus Korarchaeum cryptofilum + 

APE_0303 Candidatus Korarchaeum cryptofilum + 

APE_0304.1 Candidatus Korarchaeum cryptofilum + 

APE_0472 Thermococcus sp. AM4 + 

APE_0472a Thermofilum pendens + 

APE_0688 Clavibacter michiganensis subsp. michiganensis － 

APE_1061.1 Acidilobus saccharovorans + 

APE_1183 Sulfolobus islandicus M.14.25 + 

APE_1188 Desulfovibrio fructosovorans － 

APE_1189.1 Pyrobaculum aerophilum + 

APE_1191 Pyrobaculum islandicum + 

APE_1192 Ferroglobus placidus + 

APE_1209b Archaeoglobus fulgidus + 

APE_1245.1 Thermofilum pendens + 

APE_1275 Thermanaerovibrio acidaminovorans + 

APE_1473a Acidilobus saccharovorans + 

APE_1558 Candidatus Caldiarchaeum subterraneum + 

APE_1588 Caldicellulosiruptor obsidiansis + 

APE_1921 Vulcanisaeta distributa + 

APE_1929.1 Candidatus Caldiarchaeum subterraneum + 

APE_2041.1 Acidilobus saccharovorans + 

APE_2042.1 Flavobacterium johnsoniae － 

APE_2240 Sulfolobus acidocaldarius + 

APE_2242.1 Chloroflexus aurantiacus + 

APE_2380.1 Archaeoglobus fulgidus + 

APE_2520.1 Pyrococcus horikoshii + 
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Table 2-6. Continued.  

APE_2521.1 uncultured archaeon － 

APE_2522.1 Achromobacter piechaudii － 

APE_2523.1 Thermotoga lettingae + 

APE_2524.1 Archaeoglobus profundus + 

APE_2577.1 Acidianus two-tailed virus + 

APE_2581 Sulfolobus solfataricus 98/2 + 

APE_2604a.1 Acidilobus saccharovorans + 

APE_2617.1 Thermococcus gammatolerans + 

a Pluses and dashes indicate that the donors are from thermal environment and 

non-thermal environment, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

35 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

38 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

39 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

42 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

44 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

45 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

46 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

49 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

54 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

55 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

57 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

58 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Comparative genomic analysis of Aeropyrum 

61 
 

Surveys for viral metagenomes suggest that the diversity of viral 

sequences is vast and remains largely unexplored (Edwards and Rohwer 

2005). 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 

(Koonin and Wolf 2008). ORFans probably derived from viruses and proviral 

genes accounted for 41 to 45% of nonorthologous genes. Two viruses 

infecting A. pernix were isolated from environmental samples collected at 

the coastal Yamagawa hot spring in Ibusuki, Japan: a dsDNA 

virus, Aeropyrum pernix bacilliform virus 1 (APBV1) (Mochizuki et al. 2010), 

and the single-stranded Aeropyrum coil-shaped virus (ACV) (Mochizuki et al. 

2012). A. camini could not be infected by ACV (Mochizuki et al. 2012), and its 

susceptibility to infection by APBV1 was not tested (Mochizuki et al. 2010). 

Morphologically diverse virus-like particles were also observed at the 

Yamagawa hot spring (Mochizuki et al. 2010). This 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. 

The variable gene component is responsible for expanding 

physiological and ecological capabilities of microorganisms (Gogarten and 

Townsend 2005), most notably antibiotic resistance among bacterial 

pathogens (Dobrindt et al. 2004). Although the variable genes 
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in Aeropyrum spp. were mostly derived from viruses with unknown 

functions, they are potentially responsible for the acquisition of new 

functions. If every unique microbial strain contains a different set of variable 

genes, the size of the pan-genome (the total set of genes found in all strains) 

(Medini et al. 2005) becomes vast in a large microbial population. 

Each Aeropyrum spp. strain appears to share conserved small genomes 

encoding genes required for cell maintenance and, at the same time 

the Aeropyrum population’s pan-genome may be extended by viruses to give 

a significant genetic reservoir exploited for adaptive purposes, resulting in 

the increased fitness of the population in changeable extreme environments. 

Here I show that Aeropyrum spp. may be specialized in aerobic and 

thermophilic environments and accordingly possess small and conservative 

genomes; nevertheless, Aeropyrum spp. interact with diverse viruses, and 

their genomic diversification is substantially caused by viruses. 
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Chapter 3 

 

Comparative genomic analysis of the thermophilic crenarchaea 

 

Introduction 

 Microorganisms are classified into two categories, generalist or 

specialist, depending on their life cycle strategies (Newton et al. 2010). 

Generalists inhabit in broad ecological niches, employ flexible mechanisms 

for energy and carbon acquisition, and possess large genomes encoding 

variable metabolic genes or transcriptional regulators (Newton et al. 2010; 

Koonin and Wolf 2011). Meanwhile, specialists survive in relatively constant 

environments, utilize a restricted sort of resources, and possess small 

genomes encoding only essential genes (Parter et al. 2007; Koonin and Wolf 

2011). The small genomes of the specialists are believed to be achieved by 

genome streamlining (Giovannoni et al. 2005). Genome streamlining is the 

theory that they are expected to minimize genomes due to the unnecessary 

cost of replicating DNA with no adaptive value (Giovannoni et al. 2014). For 

example, abundant marine alpha-proteobacterium Pelagibacter ubique owns 

the smallest genome among free-living organisms and is likely to lose 

non-essential genes (Giovannoni et al. 2005). 

 In chapter 2, despite their geographically and environmentally 

different habitat, streamlined genomes of A. camini and A. pernix share a 

large proportion of orthologous genes and show high synteny (Daifuku et al. 

2013). Their genomic variation is, however, observed at virus-related 
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elements like proviral regions, defense system against foreign genetic 

elements (FGEs) (i.e. CRISPR), and ORFans probably derived from viruses 

(Daifuku et al. 2013). Although they own streamlined syntenic genomes, 

their genomic diversification is substantially exerted by viruses (Daifuku et 

al. 2013). 

 The members of the genus Aeropyrum belong to the archaeal phylum 

crenarchaeota. The crenarchaeota comprises of thermophilic and 

hyperthermophilic organisms. They inhabit solfataric hot spring or marine 

hydrothermal vent (Garrity and Holt 2001). The majority of them grow 

optimally at temperature > 80°C (Garrity and Holt 2001). In chapter 3, I 

performed a comparative genomic analysis of closely related crenarchaea to 

inspect the hypothesis that crenarchaea as well as Aeropyrum spp. are 

specialized in their own habitat with the small and conservative genomes; 

nevertheless their genomic diversification is driven by FGEs including 

viruses. 

 

 

Materials and Methods 

 

Comparative genomics 

 Fully sequenced crenarchaeal genomes were downloaded from the 

RefSeq database (10 July 2014) (Pruitt et al. 2007). Data for isolation sites 

were obtained from the Integrated Microbial Genomes database (Markowitz 

et al. 2008). Putative orthologous genes were identified as RBHs among all 
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pairs of genomes in the same genus by using BLASTP (Altschul et al. 1997) 

with a coverage threshold of 50% for both gene sequences and an E value 

threshold of 10-6 at an effective database size of 107. GSS was calculated as 

described in chapter 2. To evaluate the conservation of genome structure, 

Synteny Index (SI) between two genomes was calculated according to the 

method described elsewhere (Novichkov et al. 2009). Briefly, for each 

orthologous gene pair between two genomes, the maximum number of 

orthologous gene pairs was counted in a sliding window of seven genes. The 

orthologous gene pair with more than five orthologous gene pairs in the 

flanking regions were determined to be located on the synteny region. SI was 

calculated as follows: SI = (Nb - Ns)/Nb, where Nb is the total number of 

RBHs and Ns is the number of RBHs on the synteny region. SI ranges from 0 

to 1 and decrease with the syntenic disruptions. Genes potentially derived 

from viruses are identified by searching nonorthologous genes against 

RefSeq-viral database (Pruitt et al. 2007) by using BLASTP with an E value 

threshold of 10-6 at an effective database size of 107. ORFans were identified 

as described in chapter 2.  

 

Bioinformatic tools 

Synteny plots were generated as alignments of the nucleotide 

sequences by using MUMMER 3.0 (Kurtz et al. 2004). IS elements were 

identified by using the ISfinder database (Siguier et al. 2006) as described in 

chapter 2. Geographic distances between isolation sites were calculated at 

the Geospatial Information Authority of Japan web site 
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(http://vldb.gsi.go.jp/sokuchi/surveycalc/surveycalc/bl2stf.html) by using the 

Geodetic Reference System 1980 (GRS80). 

 

 

Results and Discussion 

 

Phylogenetic distance and genomic synteny 

 GSSs and SIs were calculated between genomes in the same genus 

(240 pairs of genomes). GSSs ranged from 0.60 to 1.0 and SIs ranged from 0 

to 0.40 (Table 3-1). For example, the following three distinguishable patterns 

are shown (Fig. 3-1): (A) high synteny with rare transposition of individual 

genes between A. pernix and A. camini (GSS = 0.87 and SI = 0.015); (B) 

synteny within limited regions between Pyrobaculum neutrophilus and 

Pyrobaculum sp. 1860 (GSS = 0.73 and SI = 0.18); (C) extensive decay of 

synteny between Sulfolobus solfataricus 98/2 and Sulfolobus tokodaii (GSS = 

0.61 and SI = 0.39). I found a statistically significant negative correlation 

between GSSs and SIs (R2 = 0.96, P < 0.01, Fig. 3-2). The majority of the data 

points (229 pairs of GSS and SI) fell inside the 95% prediction interval; the 

compared data between the members of the genus Sulfolobus (209 pairs), 

Pyrobaculum (18 pairs), Desulfurococcus (1 pair), and Thermoproteus (1 

pair). The minority of the data points (11 pairs of GSS and SI), however, fell 

outside the prediction interval. Of these, one data point, which is attributed 

to the comparison between S. solfataricus P2 and S. tokodaii, fell up outside 

the prediction interval. Another ten data points fell down outside the 
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prediction interval; the compared data between the members of the genus 

Aeropyrum (1 pair), Staphylothermus (1 pair), Desulfurococcus (2 pairs), 

Metallosphaera (1 pair), Pyrobaculum (3 pairs), Thermofilum (1 pair), and 

Vulcanisaeta (1 pair). 
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Figure 3-1. Comparison of the chromosomes of crenarchaea. MUMMER 

nucleotide alignment, where dots indicate similar sequences in the same 

orientation (red) or reverse orientation (blue), shared by the two species. (A) A. 

pernix and A. camini (GSS = 0.87 and SI = 0.015). (B) P. neutrophilus and 

Pyrobaculum sp. 1860 (GSS = 0.73 and SI = 0.18). (C) S. solfataricus 98/2 and S. 

tokodaii (GSS = 0.61 and SI = 0.39). 
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Figure 3-2. Relationship between GSSs and SIs. The equation for the linear 

regression trend line (y = ax + b), the coefficient of determination (R2), and the 

level of significance for the correlation (P) are shown. The linear regression 

trend line and the 95% prediction interval are shown in solid line and dashed 

lines, respectively. The association between GSSs and SIs is significant (P = 

2.2E-172). 
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The conservation of genomic synteny of archaea and bacteria 

generally decreases with increasing phylogenetic distance (Yelton et al. 2011). 

Ten pairs of crenarchaea including genus Aeropyrum, however, revealed 

highly syntenic genomes regardless of their phylogenetic distance (Fig. 3-2). 

One of the factors associated with the synteny disruptions is the abundance 

of IS (Filée et al. 2007). ISs carry genes encoding the enzymes, the 

transposases, that catalyze their movement and are generally flanked by 

terminal inverted repeats (Filée et al. 2007). Multiple copies of IS on a 

genome can be the basis of homologous recombination (Brügger et al. 2004). 

The number of IS ranged from 0 to 378 (Table 3-1). Sulfolobus spp. (excluding 

S. acidocaldarius strains) possess a large number of ISs (22 to 378). Their 

genomic synteny collapsed according to their phylogenetic distance (Fig. 3-2). 

In contrast, crenarchaea excluding Sulfolobus spp. possess a small number of 

IS (equal to or less than 20). Their genomic synteny varied depending on the 

compared species. For example, the genomic synteny was conserved 

regardless of the phylogenetic distance between A. camini and A. pernix, but 

not between P. aerophilum and P. arsenaticum. The abundance of IS did not 

fully explain the degree of the genomic synteny, although the genomic 

integrity may be partly due to the small amount of IS. 

Another factor of the genomic integrity may be the selective 

constraint whether synteny disruptions are allowed or not. The synteny 

disruptions are involved in the alteration of the transcriptional architecture 

(Yoon et al. 2011). The transcriptional changes can be lethal in natural 

environment and may not be allowed for the crenarchaea which is restricted 
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to a narrow range of habitat. In contrast, genomic rearrangements may be 

allowed for the crenarchaea which adapt to variable habitats (Fig. 3-2). 

Next, I calculated Conservation Degree (CD) as the distance between 

each data point and the regression line in Fig. 3-2 in order to measure the 

degree of syntenic conservation considering the phylogenetic distance. The 

distance for the data point up and down the regression line were represented 

by plus and minus, respectively. The CDs decreased with the increasing 

degree of genomic synteny considering the phylogenetic distance. The CDs 

ranged from -0.12 to 0.044 for all the data points (Fig. 3-3). Specifically, CDs 

ranged from -0.12 to -0.044 and -0.041 to 0.044 for the ten data points 

including Aeropyrum spp. observed down outside the prediction interval as 

described above and for the others, respectively. A statistically significant 

positive correlation was observed between CDs and the average genome size 

of the compared pair of genomes (R2 = 0.50, P < 0.01, Fig. 3-3) with an 

exception of the compared data between D. fermentans and D. 

kamchatkensis (CD = -0.021 and the average genome size = 1.4 Mbp). 
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Figure 3-3. Relationship between CDs and average genome size of a compared pair 

of genomes. The equation for the linear regression trend line (y = ax + b), R2, and P 

are shown. The linear regression trend line is shown in solid line. CD is positively 

associated with genome size (P = 1.1E-37). 
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Phylogenetic divergence and geographic distance 

Phylogenetic divergence is promoted by the geographic distance for 

the specialists which does not expand their habitat area easily (Whitaker et 

al. 2003; Reno et al. 2009). I investigated the relationship between GSSs 

(phylogenetic distance) and the distance of isolation sites among different 

species. Both values were statistically correlated in crenarchaea including 

Aeropyrum spp. observed down outside the prediction interval in Fig. 3-2 (R2 

= 0.76, P < 0.01, Fig. 3-4A), suggesting that these crenarchaea are highly 

restricted in their own habitat as specialists. Meanwhile, I found no 

significant correlation between GSSs and the distance for the other 

crenarchaea (R2 = 0.0014, P > 0.01, Fig. 3-4B), suggesting that the 

crenarchaea are likely to adapt to relatively variable environment as 

generalists and disperse easily. 

 

Analysis of protein-coding sequences 

The ratio of the orthologous genes between genomes in all encoded 

genes ranged from 0.62 to 0.87. I found a statistically significant positive 

correlation between CDs and the ratio of the orthologous genes (R2 = 0.39, P 

< 0.01, Fig. 3-5A), indicating that the ancestors of specialists share essential 

genes. I searched genes derived from viruses among the nonorthologous 

genes between genomes. The ratio of the genes significantly matched with 

genes in the RefSeq-viral database in the nonorthologous genes ranged from 

0.027 to 0.15. CDs positively correlated with the ratio of the genes matched 

with RefSeq-viral genes (R2 = 0.084, P < 0.01, Fig. 3-5B). Viral metagenome  
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Figure 3-4. Relationship between GSS and distance between isolation sites 

among species in the same genus. The equation for the linear regression trend 

line (y = ax + b), R2, and P are shown. The linear regression trend line is shown 

in solid line. (A) Crenarchaea with conservative genomes including Aeropyrum 

spp. The association between GSS and distance is significant (P = 1.0E-3). (B) 

The other crenarchaea. The association between GSS and distance is not 

significant (P > 0.01). 
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analyses suggest that the diversity of viral sequences remains largely 

unexplored (Edwards and Rohwer 2005). Therefore, it appears plausible that 

a major fraction of archaeal and bacterial ORFans are derived from the 

poorly explored gene pool (the viral metagenome), although it is impossible 

to rule out that ORFans have homologs in multiple genomes that avoid 

detection because of their rapid evolution (Koonin and Wolf 2008). The ratio 

of the ORFans in the nonorthologous genes ranged from 0.02 to 0.44. CDs 

negatively correlated with the ratio of the ORFans (R2 = 0.20, P < 0.01, Fig. 

3-5C). 

Aeropyrum spp. are specialists and interact with distinct population 

of viruses, and their genomic diversification is considerably caused by 

viruses (Daifuku et al. 2013). The genomic diversification of the crenarchaeal 

specialists may also be affected by viruses, in spite of their syntenic genomes 

and their similar gene repertory (Fig. 3-5A). On the other hand, the 

crenarchaea generalists which possess plastic and relatively large genomes 

diversify not only by viruses, but also by internal factors such as genomic 

rearrangements (Fig. 3-2). 

Prokaryotes are exposed to FGEs like extracellular membrane 

vesicles (MVs) and viruses in natural environment. MVs are produced by all 

three domains of life and contain proteins, DNA, and RNA (Gaudin et al. 

2014). Hosts have variety of defense mechanisms like CRISPR elements and 

toxin-antitoxin systems against FGEs (Makarova et al. 2011b). Viruses 

develop counter-defense systems (Labrie et al. 2010), while MVs does not. 

While the generalist genomes of geographically distinct strains of S. 
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acidocaldarius is nearly identical and there may be no geographic barriers 

between the local populations (Mao and Grogan 2012), the coevolutionary 

interactions between host and virus may lead to locality of the community 

(Brockhurst et al. 2007; Kunin et al. 2008; Koskella et al. 2011). Even the 

crenarchaeal generalists may be restricted to a narrow range of habitat 

through adaptation to local virus population and transform into specialists. 

 In conclusion, some crenarchaea (e.g. Aeropyrum) possess 

conservative and small genomes and specialize in their habitat and the other 

crenarchaea (e.g. Sulfolobus) possess large genomes with extensive genomic 

rearrangements and can adapt to variable habitats. Regardless of the 

conservative genomes of specialists, their diversification is partly 

maintained by viruses. 
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Figure 3-5. CDs are plotted against (A) the ratio of the orthologous genes in all genes, 

(B) the ratio of the genes mached with RefSeq-viral genes in nonorthologous genes, 

and (C) the ratio of the ORFans in nonorthologous genes. The equation for the linear 

regression trend line (y = ax + b), R2, and P are shown. The linear regression trend 

line is shown in solid line. CDs are negatively correlated with both the ratio of the 

orthologous genes and the ratio of the ORFans (P = 1.8E-16 and P = 3.3E-8, 

respectively). CDs are positively correlated with the ratio of the genes matched with 

RefSeq-viral genes (P = 4.6E-4). 
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Chapter 4 

 

General overview 

 

 The increasing number of genome sequences of archaea and bacteria 

leads to show their adaptation to different environmental conditions at the 

genomic level. Aeropyrum spp. are aerobic and hyperthermophilic 

archaea. A. camini was isolated from a deep-sea hydrothermal vent, and A. 

pernix was isolated from a coastal solfataric vent. In chapter 2, I compared 

the genomes of the two species to investigate the adaptation strategy in each 

habitat. Their shared genome features were a small genome size, a high GC 

content, and a large portion of orthologous genes (86 to 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 A. pernix ovoid virus 1 (APOV1), 

and clustered regularly interspaced short palindromic repeat (CRISPR) 

elements. CRISPR spacer sequences observed in the A. camini showed 

significant matches with protospacers of the two proviruses found in the 

genome of A. pernix, indicating that A. camini interacted with viruses closely 

related to APSV1 and APOV1. Furthermore, a significant fraction of the 
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nonorthologous genes (41 to 45%) were proviral genes or ORFans probably 

originating from viruses. Although the genomes of A. camini and A. 

pernix were conserved, I observed nonsynteny regions that were attributed 

primarily to virus-related elements. These findings indicated that the 

genomic diversification of Aeropyrum spp. is substantially caused by viruses. 

 The archaeal phylum crenarchaeota is composed of thermophilic or 

hyperthermophilic organisms. I hypothesized that although crenarchaea as 

well as Aeropyrum spp. interact with distinct community of viruses and their 

genomic diversification is caused by viruses, although they are highly 

specialized in narrow range of habitat and possess streamlined genomes. In 

chapter 3, to test this hypothesis, I performed a comprehensive comparative 

genomic analysis of crenarchaea (240 pairs of crenarchaea). Genomic 

sysnteny depended on phylogenetic distance. Crenarchaea including marine 

hyperthermophilic Aeropyrum spp. showed high genomic synteny regardless 

of phylogenetic distance. The degree of genomic conservation correlated with 

genome size. The crenarchaea with less synteny disruptions and small 

genomes (1.4 - 2.3 Mbp) are likely to be isolated by geographic distance, 

implying that the ancestors of the crenarchaea are highly specialized in their 

own habitat. On the other hand, the other crenarchaea with plastic and large 

genomes are likely to be cosmopolitan as generalists. Although the 

specialists shared a higher ratio of ortholgous, some of their nonorthologous 

genes were probably derived from viruses. These findings suggested that 

genomic diversification of the specialists was partly promoted by viruses in 

spite of their small and conservative genomes.
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