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Abstract

The complete genome sequence of Thermoplasma acidophilum, an acid- and heat-loving archaeon, has
recently been reported. Comparative genomic analysis of this ‘extremophile’ is providing new insights
into the metabolic machinery, ecology and evolution of thermophilic archaea.

Genomics has invigorated diverse biological fields, from bio-
medicine to biophysics to evolutionary biology. Important
biomedical goals and drivers have done much to shape con-
temporary genome biology, but fundamental biological
questions also play a central role in genomics. The consider-
able effort directed towards completing microbial genome
sequences across a broad range of phylogenetically diverse
microbial lineages, for example, has been an important
strategic approach in the emerging field of comparative
microbial genomics. Interestingly, some of the first whole-
genome sequences have been derived from microorganisms
that thrive in ‘extreme’ habitats of elevated temperature, low
pH, or high salinity. At least ten complete genome sequences
are now available from such archaeal and bacterial
‘extremophiles’. A recent addition to the list of completed
genome sequences is that of Thermoplasma acidophilum, a
thermoacidophilic archaeon [1,2]. This newly completed
whole-genome sequence adds interesting and important
grist to the mill of comparative microbial genomics, shed-
ding light not only on metabolism in extreme conditions but
also on the evolution and ecology of archaea.

The extreme team

The limits of temperature, pressure, pH, and water activity at
which life can thrive are not yet precisely defined. It is now
well documented, however, that microbes can flourish in set-
tings that chemically and physically challenge the very fabric
of life. Microbial life is now known to exist at temperatures of
at least 113°C, at pH values approaching zero, and at salinities
found in saturated brines. The majority of microbial record

holders for growth at extremes all belong to the domain
Archaea. Their unusual phenotypic properties, unique evolu-
tionary relationships, remarkable adaptations, and small
genome size have made these microbes a natural focus of
whole-genome sequencing efforts, ever since the method was
developed. To date, at least ten complete genome sequences
from archaeal and bacterial extremophiles have been
reported (Table 1) [1,3-11]. Many more genome sequences
from similar microbes are either complete and undergoing
annotation or are currently being sequenced [12].

Thermoplasma acidophilum

Imagine a discarded coal pile in a rural Indiana setting,
burning slowly and steadily over time, like an unattended
barbecue. This seems an unlikely place to look for life. Yet
this is just the habitat from which the acid-loving archaeon T.
acidophilum was first isolated by Darland and colleagues [2],
in the late 1960s. T. acidophilum is an unusual microorgan-
ism from a variety of perspectives. It grows at very low pH
values, ranging from 0.8 to 4.0, and at temperatures ranging
from 45 to 63°C. Unlike most microorganisms, 7. aci-
dophilum has no cell wall - its cytoplasm is separated from
the outside world by a thin membrane composed of phytanyl
and biphytanyl ether lipids bound to a glycerol backbone. This
membrane lipid composition, along with the evolutionary
affinities of its ribosomal RNAs and some conserved proteins,
identify T. acidophilum as an archaeon. Although T. aci-
dophilum appears to fall within the archaeal subgroup Eur-
yarchaeota, it is only distantly related to the extremely
halophilic and methanogenic archaea. Interestingly, a number
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Table |

Extremophiles with completely sequenced genomes

Organism Domain* Genome size Phenotypet Reference

(base pairs)

Methanococcus jannaschii ~ AE 1,644,970 H [3]
Methanobacterium AE 1,751,377 T [4]
thermoautotrophicum
Archaeoglobus fulgidus AE 2,178,400 H [5]
Aquifex aeolicus B 1,551,335 H [6]
Pyrococcus horikoshii AE 1,738,505 H [7]
Thermotoga maritima B 1,860,725 H [8]
Aeropyrum pernix AC 1,699,695 H [9]
Thermoplasma acidophilum ~ AE 1,564,905 T [n
Halobacterium strain AE 2,014,239 EH [10]
NRC-1
Pyrococcus abyssii AE 1,765,505 H [

*Domains: A, Archaea; E, Euryarchaeota; C, Crenarchaeota; B, Bacteria.
TPhenotypes: H, hyperthermophile (growth optima > 80°C);

T, thermophile (growth optima > 40°C); EH, extreme halophile (absolute
growth requirement for NaCl > 2 M NacCl).

of new relatives of T. acidophilum have recently been identi-
fied: some grow at pH values approaching zero [13], some live
at lower temperatures and low pH [14], and some thrive at
near-neutral pH in cold, aerobic marine habitats [15].

Using different methods from those of most genome
sequencing projects, Ruepp et al. [1] have recently published
the full genome sequence of T. acidophilum. The most fre-
quently employed method for acquiring whole genome
sequences is the whole-genome ‘shotgun’ strategy [16]. This
now-standard approach couples random shotgun cloning
and sequencing of large numbers of small DNA fragments
(approximately sevenfold genome coverage in fragments of
1-3 kilobases in size) with subsequent assembly in silico to
derive contiguous genome sequence. Final gap filling is
achieved by sequencing large-fragment clones that form an
effective scaffold around the genome, by using PCR to bridge
gaps, or by other similar methods. Instead of this approach,
Ruepp et al. [1] used a more directed approach, ‘shotgun
primer walking’, to obtain the complete T. acidophilum
genome sequence. This approach combines a preliminary
shotgun sequencing effort with constant monitoring to
reduce redundant sequencing effort. Subsequent PCR ampli-
fication and primer-walking strategies then fill remaining
gaps. The approach taken by Ruepp et al. required 7,855
sequencing reactions to cover the 1.56 megabase 7. aci-
dophilum genome, about a third of the number of reactions
that would have been required using a standard shotgun
sequencing strategy for a similiarly sized genome [1]. The
trade-off in the approach is the effort required constantly to
monitor results and adjust the sequencing strategy, so as to

maintain sequence quality in the face of the overall reduced
redundancy. Ruepp et al. [1] point out, however, that high-
quality genome sequence data could be obtained with the
method, even with just twofold sequence coverage.

Ruepp et al. [1] found that the single, circular, 1,564,905
base-pair genome of T. acidophilum contained 1,509 open
reading frames (ORFs), one third of which had homologs
present in all three domains of life. At a density of about one
ORF per kilobase pair, genes appear as densely packed in
T. acidophilum as they are in other archaeal and bacterial
genomes. About 16% of the genome, or 240 ORFs, were ‘sin-
gletons’, having no recognizable homologs in the current
databases. About 55% (823 ORFs) could be assigned func-
tion on the basis of similarity to annotated database
sequences. In terms of representation in functional cate-
gories, only transport facilitation proteins were notably
unusual, comprising a relatively larger proportion of the
T. acidophilum genome than is found in other sequenced
archaeal genomes.

As in other genome studies, what was missing from the
T. acidophilum genome was perhaps more surprising than
what was present. Although T. acidophilum can respire
anaerobically using sulfur as a terminal electron acceptor, no
sulfur-respiratory genes similar to those of the archaeon
Archaeoglobus fulgidus were found. Instead, bacterium-like
sulfur-reducing proteins were identified, and these appear to
be responsible for sulfur metabolism in T. acidophilum.
Additionally, although T. acidophilum has flagella and is
motile, no recognizable chemotaxis proteins were found. The
same is true of a number of other microbes (Methanococcus
Jjannaschii, Aeropyrum pernix and Aquifex aeolicus, for
example), and suggests that the chemotactic signal transduc-
tion proteins in these organisms are likely to be found
among functionally unassigned ORFs.

Evolutionary considerations

The origin of the eukaryal nucleus remains a mystery, but a
number of hypotheses have been proposed, mostly centered
on a common theme. This theme derives from the fact that
proteins involved in transcription and translation often
specifically link archaea with eukarya, to the exclusion of bac-
teria. This molecular link between eukarya and archaea led to
the general notion that the eukaryal nucleus may have
resulted from the symbiotic engulfment of an archaeon by a
protoeukaryal organism [17]. More recently, it has been pro-
posed that a thermoacidophile, specifically resembling Ther-
moplasma, was the archaeon that contributed genetic
material to the evolving eukaryal nucleus [18,19]. The Ther-
moplasma-like archaeon was suggested to contribute, among
other things, chromatin and nucleosomal organization, as
well as cytoskeletal fibers, as a consequence of the endosym-
biotic association [18]. The data of Ruepp et al. [1] provide no
support for the hypothesis that a Thermoplasma-like



ancestor contributed to the formation of the eukaryal
nucleus. No eukaryal features unique to T. acidophilum,
such as proteins of the nuclear pore complex, the exocyst, or
the cytoskeleton, were found in the archaeon’s genome
sequence [1].

Lateral gene transfer is an increasingly hot topic in the field
of comparative genome analyses. Interestingly, the genome
of T. acidophilum has a relatively high number of ORFs
(252, or 17%) that were most similar to those found in a
single organism, the crenarchaeote Sulfolobus solfataricus.
This result is unexpected, as the full genome sequence of
S. solfataricus is not yet available, whereas the completed
genomes of quite a few other archaea (crenarchaeotes and
euryarchaeotes) were available for comparison. Why are 17%
of the protein-encoding genes of 7. acidophilum most
similar to a single distantly related crenachaeote, S. solfa-
taricus? Ruepp et al. [1] propose that lateral gene transfer is
the answer. Gene exchange between these microbes is pre-
sumably facilitated by their adaptation to the same unique
niche (a high temperature, low pH environment), which is
occupied by few other species. A similar argument may hold
for two hyperthermophilic bacteria, Aquifex aeolicus and
Thermotoga maritima, each with 20-25% of their genes
being more similar to archaeal homologs than to bacterial
ones [6,8]. The lesson is intuitive: organisms that live
together swap genes at higher frequency. It appears that
ecology and genomics, disciplines that on the surface appear
quite removed from one another, are beginning to converge.
It may well be that environmental microbiology will con-
tribute importantly to our understanding of gene distribu-
tions among different microbial genomes. Conversely,
whole-genome analyses may provide significant information
about the population dynamics and specific interactions of
naturally ocurring microbial species.
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