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ThermophilyThermophily by Phylogeny by Phylogeny 

Schwartzman and Lineweaver, Biochem. Soc. Trans. (2004) 
32, 168-171 

Maximum observed 
growth temperatures

• Metazoans 50 °C
• Microbial Euk 65 °C
• Bacteria 95 °C
• Archaea 121 °C



Challenges in ArchaeaChallenges in Archaea
• Genetic systems for only a few species

• Understanding of basic processes such as 
transcription, translation, & DNA repair is far 
behind bacteria & euks

• Questionable gene predictions & functional 
assignments are the rule, not the exception

• Functional genomics studies are few (~20)

• Comparative genomics is limited compared to 
Bacteria and Eukarya



Our ApproachesOur Approaches
• Comparative genomics

–need more genomes

• DNA microarrays
• Traditional molecular biology
• RNA gene discovery

–Computational
–Small RNA and mRNA sequencing (454)



Archaeal Genome Tree (early Archaeal Genome Tree (early 
2006)2006)

Crenarchaea



PyrobaculumPyrobaculum
P. aerophilum

• a crenarchaeote
• hyperthermophile: 70-102 °C (opt 95)
• micro-aerobic (<2.5% O2 ) and 

anaerobic
• facultative autotroph, neutral pH
• sequence completed, 2001

Pyrobaculum genus:
• wide respiratory versatility
• some facultative aerobes, some microaerobes, some anaerobes
• widespread and abundant in geothermal systems (marine & fresh 

water)
• potential alternative, non-acidophile model system for crenarchaea



Home ofHome of P. aerophilumP. aerophilum

Vulcano, Italy

Photos by Steve O'Meara & Chuck Wood



oxygen nitrate nitrite arsenateselenate
ferric 
iron

thio-
sulfate

sulfur

Pyrobaculum 
aerophilum

X

Pyrobaculum 
calidifontis

X X

Pyrobaculum 
arsenaticum

X X X

Pyrobaculum 
islandicum

X X

Thermoproteus
tenax

Sulfolobus 
solfataricus
Pyrococcus 

furiosus

TheThe Pyrobaculum Pyrobaculum genus: genus: 
high respiratory versatilityhigh respiratory versatility

X no growth
growth
better growth
best growth

Favorite Thermophile Models



DOE Community Sequencing Program 2006

Selection: Four Pyrobaculum & Caldivirga



Varied LifestylesVaried Lifestyles
Optimal
Growth 

Oxygen Req. Nutrition Isolation Electron Acceptors

P. aerophilum 100°C, 
pH 7

Facultative
microaerobe

Facultative
Autotroph

Shallow marine
water hole,
Italy

Oxygen, nitrate, nitrite,
arsenate, selenate,
selenite, thiosulfate,
ferric iron

P. arsenaticum 95°C,
pH 6

Strict
anaerobe

Facultative
autotroph

Hot spring,
Italy

Sulfur, thiosulfate,
arsenate, selenate

P. islandicum 100°C, 
pH 6

Strict
anaerobe

Facultative
autotroph

Geothermal
power plant,
Iceland

Sulfur, thiosulfate,
sulfite, L-cystine,
oxidized glutathione,
ferric ion, arsenate

Thermoproteus
neutrophilus

85°C,
pH 6.5

Strict
anaerobe

Obligate
autotroph

Hot spring,
Iceland

Sulfur only

P. calidifontis 90-95°C, 
pH 7

Facultative
aerobe

Heterotroph Hot spring, 
Philippines

Oxygen, nitrate

Caldivirga
maquilingensis

85°C, 
pH 4.0 
(2.3-6.4)

Facultative
microaerobe

Heterotroph Hot spring, 
Philippines

Sulfur, thiosulfate,
sulfate



Sequencing CompleteSequencing Complete
Species Genome

Size (bp)
G/C
Content

Protein 
Genes

Genes 
w/ PFAM 
Hits

Unique 
Genes

P. aerophilum 2,222,430
(completed 2001)

51.4% 2650 1509
57%

125+

P. arsenaticum 2,121,076 55.0% 2407 1353
56%

50

P. islandicum 1,826,402 49.6% 2045 1181
58%

33

Thermoproteus
neutrophilus

1,761,005 60% 2030 1160
57%

33

P. calidifontis 2,009,313 57.1% 2117 1285
61%

41

Caldivirga
maquilingensis

2,077,575 43.1% 2147 1301
61%

80

• First-pass protein gene predictions from DOE’s Oakridge National Labs 
annotation pipeline system (Critica, Glimmer)



Phylogenetic relationship?Phylogenetic relationship?

• 16S rRNA is 98-99% identical, need better 
resolution

• Higher-resolution methods
– DNA-based

• Full genome alignment similarity (phylo-HMM)
• Dot plot / synteny

– Protein-based 
• Average orthologous protein similarity



Phylogenetic Tree Based on 7Phylogenetic Tree Based on 7--way way 
Full Genome AlignmentFull Genome Alignment

Phylo-HMM estimates divergence based on DNA alignment 
(Seipel & Haussler, 2004)



FullFull--genome Dot Plotsgenome Dot Plots

Pyrococcus 
comparisons

From Zivanovic et al., 
NAR 30: 1902-10



FullFull--Genome Alignment Dot PlotsGenome Alignment Dot Plots
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OutsideOutside--Genus Dot PlotsGenus Dot Plots

P.aerophilum P.islandicum
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Unusually Short Operons in Unusually Short Operons in 
PyrobaculumPyrobaculum

• Average operon is relatively short

• Even highly conserved long operons 
are short in Pyrobaculum



Average Length of Predicted Average Length of Predicted 
Operons (Operons (ArkinArkin Lab)Lab)

Operons Genes/Operon

P. aerophilum 414 2.72

Halobacterium 
sp.

306 2.76

M. acetivorans 760 2.85

S. sulfolobus 554 2.90

P. abyssi
P. furiosus

344
426

3.25
3.17

E. coli 834 3.34



Ribosomal Protein Gene Cluster #1Ribosomal Protein Gene Cluster #1 
(table from KEGG)(table from KEGG)

P. aerophilum
• Scattered to 7 loci

H

Species Genes

H
H

H
H
H
H

T

T

H = Hyperthermophiles
T= Thermophiles

Halobacterium



Ribosomal Protein Gene Cluster #2Ribosomal Protein Gene Cluster #2

P. aerophilum • Scattered to 9 loci

Halobacterium



Pyrobaculum Core SetPyrobaculum Core Set

• 1369 Reverse Best-Blast (COG-like) 
ortholog groups found in all Pyrobaculum 
species (Core)

• Pyrobaculum-specific Core
– 121 of these are found only in Pyrobaculum 
– Zero hits to Pfam protein domains
– All but 3 labelled as “hypothetical”





Protein % Identity against Protein % Identity against 
P.aerophilumP.aerophilum

Species Core
Genes
(N=1369)

Pyrobaculum-specific
Genes
(N=121)

P. arsenaticum 76.6% 65.4%

P. islandicum 73.7% 62.5%

Thermoproteus
neutrophilus

73.2% 61.4%

P. calidifontis 72.1% 59.2%

Thermoproteus
tenax

58.2%
(N=1208)

41.8%
(N=85)

Caldivirga
Maquilingensis

46.7% N/A



New Pyrobaculum Elaboration on an New Pyrobaculum Elaboration on an 
Old System?Old System?

Holiday junction resolvase TATA Binding Protein



Conserved Gene NeighborhoodsConserved Gene Neighborhoods

• Definition: Genes are in same neighborhood if:
– they are on same strand
– separated by maximum of 2 genes
– like “operons” but not necessarily driven by same promoter

• 285 conserved neighborhoods
– 772 predicted promoters / transcripts
– 2.7 promoters / neighborhood

911/1369 (68%) of core genes found in a conserved 
neighborhood

Therefore => Strong suppression of shuffling within core gene 
neighborhoods



““ViralViral”” / Foreign DNA Insertions?/ Foreign DNA Insertions?

• Often flanked by tRNAs OR C/D box sRNA genes
• Insertion regions extremely numerous, roughly 1 / 10kb
• Region circled upper right, high G/C content



Large Insertions Across Genome v.Large Insertions Across Genome v. 
Sudden Changes in G/C ContentSudden Changes in G/C Content



How Fluid Are these Genomes?How Fluid Are these Genomes?

Observations:
1. Operons are relatively short 
2. Many insertions in genomes, many 

with non-native G/C content

3. Excessive number of “young” introns 
in tRNAs



NonNon--canonical Introns in Archaeacanonical Introns in Archaea

Marck & Grosjean, RNA 9:1516-31 (2003)



Many Many manymany oddodd--ball intronsball introns

Non-canonical tRNA 
introns in each 
new Pyrobaculum 
genome are more 
numerous than 
those found in all 
other sequenced 
species

Species tRNAs w/ 
Non- 
canonical
introns

Total non- 
canonical 
introns

P. aerophilum 19 19

P. calidifontis 33 45

P. arsenaticum 15 15

P. islandicum 26 32

Caldivirga
maquilingensis

2 2

A. pernix 5 5



Non-canonical tRNA introns change 
frequently among different species

P.aero  ggcgggcccggtgggattc----------------gaacccacgacctacggcttaggaggctcggcggaccgaggctgggtccaccgccgctct-atcctgactgagctacgggc
P.arse  ggcgggcccggtgggattc----------------gaacccacgacctacggcttaggagg------------------------ccgccgctct-atcctggctgagctacgggc
P.cali  ggcgggcccggtgggattcgtaggcggctttgcctgaacccacgacctacggcttaggagg------------------------ccgccgctct-atcctgactgagctacgggc
P.isla  ggcgggcccggtgggattc----------------gaacccacgacctacgggttaaaagcctcggcagacctagccgggtcct-ccgccgctct-aaccgggctgagctacgggc
C.maqu  ggcgggcccggtgggattt----------------gaacccacgacctacggcttaggagg------------------------ccgccgctctaatccatgctgagctacgggc

P.aero  ccccggtagctcagtccggcagag----------------------cggcgg--------------------gctgcag------------acccgtaggtcccgggttcaa
P.arse  ccccggtagctcagtccggcagagtgcgagagttgcacccggagagcggcgg--------------------gctgcag------------acccgtaggtcccgggttcaa
P.isla  ccccggtagctcagtccggcagag----------------------cggcggaggaccgccagtccgccgacgctgcaggctacggcagccacccgtaggtcccgggttcaa
C.maqu  ccccggtagctcagcacggtagag----------------------cggcgg--------------------gctgcag------------acccgtaggccccgggttcaa

• Mechanism of intron insertion is not known
• All tRNAs are single copy, so removal is 
absolutely required to be functional



In SummaryIn Summary
• Pyrobaculum & Caldivirga genomes are complete, 

all are publicly available

• Unusually short operons but highly conserved 
neighborhoods 

• Extensive tRNA intron insertions and “foreign 
DNA” inserted into all Pyrobaculum species 
– Possible adaptive advantage?

• Many new non-coding RNA gene candidates, and 
other repeat families



Future DirectionsFuture Directions
• Complete comparative study of metabolic 

genes/pathways among 5 species

• Identification of all non-coding RNA genes 
in known Pyrobaculum

• Development of a genetic system for 
Pyrobaculum calidifontis 

• Identification of conserved Pyrobaculum 
transcription binding sites genome-wide 
using existing microarray data
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