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The euryarchaea Picrophilus torridus and Picrophilus oshimae are
able to grow around pH 0 at up to 65°C, thus they represent the
most thermoacidophilic organisms known. Several features that
may contribute to the thermoacidophilic survival strategy of P.
torridus were deduced from analysis of its 1.55-megabase genome.
P. torridus has the smallest genome among nonparasitic aerobic
microorganisms growing on organic substrates and simulta-
neously the highest coding density among thermoacidophiles. An
exceptionally high ratio of secondary over ATP-consuming primary
transport systems demonstrates that the high proton concentra-
tion in the surrounding medium is extensively used for transport
processes. Certain genes that may be particularly supportive for
the extreme lifestyle of P. torridus appear to have been internal-
ized into the genome of the Picrophilus lineage by horizontal gene
transfer from crenarchaea and bacteria. Finally, it is noteworthy
that the thermoacidophiles from phylogenetically distant branches
of the Archaea apparently share an unexpectedly large pool of
genes.

Picrophilus torridus is a thermoacidophilic euryarchaeon thriving
optimally at 60°C and pH 0.7. Strains of this species were first
isolated from a dry solfataric field in northern Japan. In addition to
being moderately thermophilic, the Picrophilaceae are the most
acidophilic organisms known and are also able to grow at negative
pH values. It was reported for P. forridus that even adaptation to
conditions such as those in 1.2 M sulfuric acid is possible (1).
Another unusual trait of Picrophilus is a very low intracellular pH
of 4.6, in contrast to other thermoacidophilic organisms that
maintain internal pH values close to neutral (2, 3). The high
specialization of Picrophilus strains for growth in extremely acidic
habitats is evident from their inability to grow at pH values above
4.0, and makes them model organisms to study thermoacidophilic
adaptation. Points of major interest include questions about prop-
erties and mechanisms that ensure viability under these conditions.
Specific adaptation mechanisms can be expected at the levels of (7)
structure and function of biomolecules and (sub-)cellular struc-
tures, (if) physiology and metabolic features, and (iif) regulation of
gene expression. For example, P. torridus cells need a specifically
adapted membrane. Indeed, the membrane of P. forridus displays
a very low proton permeability, is highly acid stable, and loses its
integrity when incubated at pH 7 (2). Furthermore, an acid-stable
cell envelope and acid-resistant extracellular enzymes for the
degradation of polymeric or oligomeric carbon sources are re-
quired. Finally, the organism needs to generate metabolic energy in
substantial amounts to maintain the intracellular pH at an accept-
able value.

The phylogenetic position of P. torridus lies within the order of
Thermoplasmales, which comprises the thermoacidophilic group of
the euryarchaeal branch of the domain Archaea, consisting of the
Thermoplasmaceae, Ferroplasmaceae, and Picrophilaceae (Fig. 1). A
second group of thermoacidophiles can be found inside the cren-
archaeal branch, the Sulfolobaceae. With only a few exceptions,
members of both groups are aerobic or microaerophilic, hetero-
trophic organisms that are often found to share the same habitat
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(4-6). After analysis of a number of archaeal and bacterial ge-
nomes, it has been argued that microorganisms that live together
swap genes at a higher frequency (7, 8). With the genome sequence
of P. torridus, five complete genomes of thermoacidophilic organ-
isms are available, which allows a more complex investigation of the
evolution of organisms sharing the extreme growth conditions of a
unique niche in the light of horizontal gene transfer.

Methods

Sequencing Strategy. Genomic DNA of P. torridus strain DSM 9790
was extracted and sheared randomly. A shotgun library was con-
structed by using fractions with sizes ranging from 2 to 3 kb. All
generated sequences were assembled into contigs with the PHRAP
assembling tool (9) and have been edited with GAP4 of the STADEN
software package (10). A total of 25,694 sequences were aligned
leading to a database with a 9.4-fold coverage and a statistical error
rate of below 1 in 2,000,000 bp. Gap closure was accomplished by
primer walking on plasmids originating from the plasmid library
and from PCRs with chromosomal DNA as template. Gene and
gene order comparison with already sequenced genomes served
as verification for the assembly of the contigs to the closed
chromosome.

ORF Prediction and Annotation. ORFs likely to encode proteins were
predicted by the YACOP software package (11) (www.g2l.bio.uni-
goettingen.de/software), based on the algorithms CRITICA (12),
ORPHEUS (13), and GLIMMER (14). Automatic and manual anno-
tation was accomplished with the ERGO annotation tool (Integrated
Genomics), which was refined by searches against PFAM, PROSITE,
PRODOM, and COGS databases, in addition to the BLASTP (15) versus
SWISSPROT, NR, and TCDB databases. Putative signal peptides were
predicted by using the SIGNALP program (16).

Homology Prediction and Horizontal Gene Transfer. For gene com-
parison, homology was specified as 30% amino acid sequence
identity. Ortho- and paralogous sequences were counted only once.
The threshold for specifying genes into the categories archaeal,
bacterial, eukaryotic, or thermoacidophilic was set at a BLAST
e-value of 1e-05 at the amino acid sequence level.

Results

General Features of the P. torridus Genome. The genome of P.
torridus consists of a 1,545,900-bp large single circular chromosome
and contains 1,535 ORFs (Table 1). A total of 92% of the sequence
is coding, which represents the highest coding density in the
genomes of the thermoacidophile group (89%, 87%, 85%, and 85%
for Thermoplasma acidophilum, Thermoplasma volcanii, Sulfolobus
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Fig. 1.

16S rRNA phylogenetic tree. Highlighted are the two thermoacidophilic groups of the archaea. Sequences were aligned with the CLUSTALW algorithm.

The tree was build by neighbor joining by using the Kimura 2-parameter for distance calculation.

solfataricus, and Sulfolobus tokodaii, respectively). For 74% of all
OREFs found in the genome, it was possible to assign a function. Of
the 397 hypothetical ORFs, 79 are unique to P. torridus, whereas
318 showed similarities to hypothetical ORFs of other organisms.
Interestingly, 174 of the latter ORFs have orthologs only in the
genomes of other thermoacidophilic organisms, indicating that the
thermoacidic environment forms an old and genetically distinct
niche of life (see supporting information, which is published on the
PNAS web site). This is supported by whole genome comparison of
the amino acid sequences of the complete genomes of three
prominent members of the thermoacidophilic group, P. torridus, T.
acidophilum, and the crenarchaeon S. solfataricus, for homology
(Fig. 2). P. torridus and T. acidophilum display significant homology
in 66% of all genes, and these two euryarchaea share 58% and 62%
genes, respectively, with the crenarchaeon S. solfataricus, but only
~35% with the phylogenetically more closely related euryarchaeon

Table 1. General features of the P. torridus genome sequence

General features Number
Size, bp 1,545,900
Coding region, % 91.7
G + Ccontent, % 36
Total number of ORFs 1,535
ORFs with assigned function 983
ORFs without function 553
ORFs without function or similarity 73
ORFs without function, with similarity 480
ORFs with putative signal peptides 121
ORFs involved in transport 170
Stable RNAs
rRNAs 15S; 1 16S; 1 23S
tRNAs 47
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Pyrococcus furiosus, meaning that in this case ecological closeness
overrides phylogenetic relatedness. The statement that P. torridus
shares nearly the same number of homologs with 7. acidophilum
and S. solfataricus but significantly fewer homologs with Pyrococcus
furiosus remains true even when lowering the threshold for homol-
ogy prediction from 30% to 25% identity.

The genome sequence data indicate that, in contrast to a previous
report (4), the DNA-dependent RNA polymerase (RNAP) of P.

P. torridus
1.55 Mbp

T. acidophilum
1.56 Mbp
S. solfataricus

2.99 Mbp

Fig. 2. Occurrence of homologous ORFs in P. torridus, T. acidophilum, and
S.solfataricus. The size of the circles is proportional to the size of the genomes.
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torridus is identical in subunit composition and highly similar in
amino acid sequence to the RNAPs of Ferroplasma acidarmanus
and T. acidophilum. The subunit composition of the S. solfataricus
RNAP is different from the one of P. torridus, underlining the
phylogenetic distance of these two organisms observed in the
16S-rRNA tree (Fig. 1).

The intracellular pH of 4.6 of Picrophilus cells is unusually low
even compared to other thermoacidophiles, which maintain intra-
cellular pH values close to neutral (2, 17). It was therefore assumed
that not only the extracellular but also the intracellular proteins
display acid stability, offering the unique opportunity for a genome-
wide survey of the encoded polypeptides for the possible reasons of
acid stability. A comparative analysis of the isoelectric point dis-
tribution and amino acid composition of the genome-derived
proteome of P. torridus and other prokaryotes was carried out (see
supporting information). In both cases, distributions strikingly
different from the average could only be found in Halobacterium sp.
However, P. torridus showed a slight increase of the average
isoleucine content of its proteins compared to the reference or-
ganisms. In accordance, it was recently argued that an increase in
hydrophobic amino acid residues on the protein surface may
contribute to acid stability (18).

Clearly, one of the major keys to the adaptation of P. torridus to
the acidic environment is the nature of its cell wall and membrane.
The membranes of Picrophilus mainly consist of polar ether lipids
like caldarchaeol and modified derivatives thereof. S-layer proteins
apparently linked to polysaccharide chains form the cell wall (4).
We could detect several ORFs necessary for diether and tetraether
lipid biosynthesis and a putative S-layer protein gene (data not
shown). However, it was not possible to deduce reasons for the acid
resistance of the membrane or cell wall by the genome sequence
alone.

Replication, Repair, and Restriction. The replication apparatus of P.
torridus is of the classical archaeal type. An ORF encoding an
Orcl/Cdc6 homolog that recognizes the replication origin was
found near an ORF for a DNA-helicase that is probably involved
in the unwinding of the parental duplex DNA in cooperation with
single-strand DNA binding proteins and a topoisomerase. Coding
sequences for a two-subunit gyrase were found in the genome,
whereas no reverse gyrase gene could be detected. Synthesis of the
RNA/DNA primer can be accomplished by a two-subunit primase,
and genes coding for all of the DNA—polymerase complex proteins
necessary for strand elongation were identified: “clamp loader” and
“sliding clamp” polypeptides as well as three DNA polymerases of
the DNA polymerase families X, B, and D. RNA primers attached
to the 5’ end of the Okazaki fragments can be removed by an
endonuclease and a ribonuclease before gap-filling and joining by
a ligase.

To ensure DNA integrity, P. torridus contains the coding capacity
for a large number of repair and recombination proteins. Two
repair endonucleases of types III and IV, one repair endonuclease
of type V, three repair DNA helicases, two proteins with MutT-like
domains, and the repair proteins RadA, RadB, MREI11, and Rad50
are exclusively involved in DNA repair or, in part, play a role in
recombination processes, together with a RecJ exonuclease ho-
molog and the topoisomerase and ligase already mentioned. Un-
common in archaea is the deoxyribodipyrimidine photolyase gene,
which shows high similarity to bacterial orthologs. Besides a type 11
restriction/modification system usually found in the genomes of
other thermoacidophiles, P. forridus also possesses a type I system.

Amino Acid Metabolism. In contrast to 7. acidophilum and T.
volcanii, biosynthetic pathways for all 20 amino acids were detected
in the P. torridus genome. With respect to the utilization of amino
acids, a major source of carbon and energy for Picrophilus, it has
been reported that Picrophilus oshimae cells rapidly take up the
amino acids histidine, proline, glutamate, and serine, although only
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glutamate, proline, and leucine were able to drive respiration (2).
Genome analysis of P. torridus revealed that this organism possesses
particular genes and pathways for the degradation of aspartate,
glutamate, serine, arginine, histidine, glycine, threonine, and the
aromatic amino acids phenylalanine and tyrosine. The breakdown
of serine, glycine, and histidine in P. forridus requires an operating
folate or modified folate C1 metabolism. We found some of the
genes for later steps in tetrahydrofolate (THF) biosynthesis as well
as all genes needed for the backbone of the one-carbon transfer
reactions, from THF and formate to 5.10-methylene THF. The
availability of a one-carbon folate pool can greatly enhance the
metabolic capacity of an organism because it can be used to gain
reducing equivalents by various catabolic reactions and to provide
C1 compounds for nucleotide, methionine, and panthotenate bio-
synthesis (19). In P. torridus, most of the genes at the periphery of
the one-carbon folate pool have catabolic functions apart from
some involved in purine and methionine biosynthesis. No genes for
THF-dependent reactions have been found for the synthesis of
panthotenate, formylmethionine—tRNA, or thymidine. In most
archaea, C1 compounds are carried by modified pterin-containing
compounds that are structurally related to folate (20). This also
seems to be the case in P. torridus because we found ORFs for
tetrahydrofolate rather than tetrahydromethanopterin biosynthesis
in its genome sequence. Bearing the high number of homologous
ORFs between P. torridus and S. solfataricus in mind (see above),
it is noteworthy in this context that a modified folate with structural
features common to both methanopterin and folate was identified
in S. solfataricus ATCC 35091 (21).

Protein and Peptide Degradation. Because P. forridus is believed to
live as a scavenger (4), peptides and proteins are important growth
substrates. Proteins can be degraded by several predicted extracel-
lular acid proteases, including two thermopsin-like proteins and two
serine proteases. Most of these proteins possess a putative trans-
membrane helix at their C-terminal end, which is thought to serve
as a membrane anchor. Similar hydrophobic C termini are also
observed with exported proteins from other archaea (22) and also
seems to be true for other extracellular proteins of P. forridus. We
found four ATP-binding cassette (ABC) transporters for the up-
take of di- and oligopeptides, which can be further degraded to free
amino acids by a tricorn peptidase, two tricorn cofactors (F2 and
F3), an acylaminoacyl peptidase, a proline dipeptidase, and a
metallo-carboxypeptidase.

Protein Synthesis and Export. A large number of ORFs predicted to
encode chaperones were found: the Hsp60 system (two thermo-
some subunits and two prefoldin/Gim subunits), a VAT-protein, a
Lon-2-related ATPase, two Hsp20 proteins, and the complete
Hsp70 system DnaK, Dnal, and GrpE, which is found in the
euryarchaeal branch of the thermoacidophiles and in methanogens,
but is absent from most other archaea (8, 23). Genes required for
the twin arginine and signal recognition particle protein export
systems can be detected, and a total of 121 putatively exported
proteins are predicted by the SIGNALP algorithm. Most of them have
been annotated as transporters, exported binding proteins, pro-
teases, components of the respiratory chain, or hypothetical pro-
teins. A total of 38% of the predicted exported proteins possess a
C-terminal transmembrane helix that could serve as membrane
anchor. Interestingly, in five genes annotated as ABC-transport
binding proteins, we were able to detect signal peptides but no
means for anchoring the proteins to the cell wall or membrane.

Transporters. The genome of P. forridus contains a large number of
genes coding for transporters (Fig. 2). A total of 170 ORFs, or 12%
of all genes, play a role in transport. A total of 21 transporters are
predicted to be involved in drug export. We assume that most of
these are required in detoxification of the cell, because we could not
detect any genes for secondary metabolite biosynthesis. Uptake
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systems for Fe3*, NH;, Cu?*, Mn2*, Zn?*, SO;~, and phosphate
were found, as well as two proton/sodium exchangers and transport
channels for CI~ and K* (Fig. 3). Besides the K* channel, the
organism possesses a K*-transporting ATPase whose functional
role is most probably potassium uptake to invert the Ay to positive
inside, which is necessary to cope with the high ApH, by counter-
acting the proton influx and bringing the proton motive force to a
range found also in neutrophiles and other acidophiles (3). Also
present are several transporters for nucleotides and a number of
organic acids. A large number of ORFs seem to be necessary for the
uptake of peptides, amino acids (34 ORFs), and sugars (32 ORFs).
Nearly half of them code for primary ABC-transporter subunits.
Primary transporters of the ABC-transporter type usually comprise
five subunits and use the free energy of ATP hydrolysis as energy
source. In contrast, active secondary transporters are single subunit
proteins and use the transmembrane electrochemical gradient of
protons or sodium ions to drive the transport.

We determined the overall ratio of secondary to primary trans-
porters for thermoacidophilic archaea. Interestingly, the ratio for
the representatives of the euryarchaeal branch, the thermoplas-
males, was unusually high (10:1 and 5.6:1 for T. acidophilum and P.
torridus, respectively) compared to other microorganisms such as S.
solfataricus (2.7:1), E. coli (2.6:1), Pyrococcus horikoshii (1.5:1), or
Thermotoga maritima (0.5:1). Because we could not find any
candidate genes for secondary transporters that use Na* to drive
the transport, we believe that P. forridus relies mainly on the high
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proton motive force to drive its metabolite transport. The large
number of ABC-transporter genes for peptide and sugar uptake on
the other hand indicates the importance of such compounds as
nutrient source, and points to the need of high-affinity transporter
systems for the efficient uptake of these substrates.

Importantly, the exceptionally high ratio of secondary to primary
solute transport systems found in Picrophilus indicates that the
predominant use of proton-driven secondary transport represents
a highly relevant strategy for the adaptation of this organism to its
extremely acidic environment. In contrast, in most hyperthermo-
philic bacteria and archaea primary uptake systems are preferred
(22). This strategy of acidophilic adaptation can also be observed
in the genomes of other thermoacidophilic euryarchaea like 7.
acidophilum and F. acidarmanus, but not in thermoacidophilic
organisms of the crenarchaeota, and thus seems to be a trait only
common to the former branch.

Energy Metabolism. Polymeric sugar compounds outside of the cell
are subject to enzymatic attack by an extremely acid-stable glu-
coamylase that has recently been investigated (24). Genes for five
ABC transport systems and seven secondary transporters were
identified for the uptake of oligomeric and monomeric sugars. The
fate of glucose in the cell is less clear. P. forridus most likely
catabolizes glucose via a nonphosphorylated variant of the Entner—
Doudoroff (ED) pathway (Fig. 3), which is usually used by ther-
moacidophilic archaea (23, 25, 26). Genes for all steps have been
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assigned, including a gluconate dehydratase gene, which to date has
not been identified in other genomes. The predicted gluconate
dehydratase shares high similarity with the predicted galactonate
dehydratase genes of enterobacteria and orthologs are clustered
with the KDG aldolase gene in S. solfataricus and with the glucose
dehydrogenase gene in T. acidophilum. This finding indicates that
a completely promiscious nonphosphorylated ED pathway (27)
operates in P. torridus.

Except for the fructose-1,6-bisphosphate aldolase, all genes
required for the Embden—Meyerhof-Parnas (EMP) pathway are
present. In contrast to 7. acidophilum and S. solfataricus, P. torridus
possesses a phosphofructokinase gene that would be unnecessary
unless its reaction product is further cleaved in an aldolase reaction
or vice versa in the gluconeogenic orientation of the pathway. We
therefore assume that a nonclassical fructose-1,6-bisphosphate
aldolase may be present in P. forridus and that the EMP pathway
is used, at least, for gluconeogenesis.

Pyruvate as the final product of glucose breakdown can be
converted to acetyl-CoA by either a NAD*-dependent pyruvate
dehydrogenase or a ferredoxin-dependent pyruvate oxidoreduc-
tase. It is unclear at present whether both enzymes operate in vivo.
It is possible that the ferredoxin-dependent enzyme is used in the
reverse direction for anabolic purposes, i.e., for growth on C2-
compounds such as acetate, because P. torridus has no glyoxylate
pathway.

P. torridus appears to contain a complete set of genes for the
oxidative tricarboxylic acid (TCA) cycle. In parallel, the organism
maintains the coding capacity for the 2-methylcitrate pathway for
the oxidation of propionyl-CoA, employing enzymes of the TCA
cycle responsible for the conversion of succinate to oxaloacetate. A
gene coding for a propionyl-CoA synthase has been detected,
enabling P. forridus to grow on propionate. Interestingly, it was
reported previously that the addition of propionate, lactate, acetate,
or formate to P. oshimae cells inhibited respiration (3). Because we
also found a lactate-2-monooxygenase, which converts lactate and
0.5 O, to pyruvate, two acetyl-CoA synthetases, parts of a formate
hydrogen lyase operon, and a formyl-tetrahydrofolate synthetase, it
is possible that the tested compounds are not metabolized in
substantial amounts, but that the enzymes and pathways serve
mainly as a means of protection against uncoupling of the respi-
ratory chain by organic acids. It must be noted that the formyl-
tetrahydrofolate ligase ORF shows high similarity to bacterial
ORFs, and a lactate monooxygenase homolog has so far not been
detected in any other archaeal genome. We therefore conclude that
at least some of the organic acid metabolic pathways have been
acquired by horizontal gene transfer. Because compounds such as
acetic or propionic acid function as uncouplers at low pH because
of the diffusion of the undissociated form into the cell followed by
dissociation, they may be very harmful for extreme thermoacido-
philes. Therefore, the acquisition of efficient pathways for the
degradation of organic acids may have been important for the
evolution of the extreme thermoacidophily found in the Picrophilus
lineage.

To prevent further acidification of its already low intracellular
PH, active respiration is required. In contrast to its close relative, the
microaerophilic 7. acidophilum, P. torridus is an obligate aerobe and
uses a more complex electron transport chain to generate a
membrane potential (Fig. 3). Although no complete set of quinone
synthesis genes was identified, many genes for protein complexes
that feed electrons into the transport chain were found, including
several quinone oxidoreductases. Among the latter are a pyruvate
oxidase, a CO dehydrogenase, the formate lyase complex men-
tioned above, and a sulfide—quinone oxidoreductase. In addition, a
gene for a putative sulfide dehydrogenase, which transfers the
electrons directly to cytochromes, was found.

All type I NADH oxidoreductase-homologous genes of Para-
coccus denitrificans are found in P. torridus except the ones coding
for the electron input module, nuoEFG. The same is true for the
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complex I of T. acidophilum and F. acidarmanus, but not for
members of the Sulfolobales that lack some of the integral mem-
brane and electron transfer subunits. We therefore assume that the
complex I in thermoacidophiles of the euryarchaeota is able to
transfer protons over the cytoplasmic membrane. However, most
archaea do not contain genes for homologs of the subunits of the
electron input module, which oxidizes NADH and subsequently
channels the electrons to the membrane-associated quinone reduc-
tase module. It is still unknown how electrons are fed into the
transport chain in organisms without the NADH input module and
whether NAD™" or ferredoxin is the electron mediator between
metabolism and the electron transport chain (28, 29)

Quinol oxidation in P. torridus is accomplished by a complex
similar to the SoxM complex, which has been described in Sulfolo-
bus acidocaldarius (30). This complex consists of the quinone
oxidase and the terminal oxidase with a blue copper protein
(sulfocyanin) as electron shuttle between the two. Although we
could find homologs of the quinone oxidase in the 7. acidophilum
and S. solfataricus genomes, significant similarities of the terminal
oxidase part are only found with bacterial cytochrome ¢ oxidases.
Genes similar to the blue copper protein gene of P. torridus were
only found in the Sulfolobus and Ferroplasma genomes. Thus, based
on the detection of genes for a putative proton pumping NADH
dehydrogenase (complex I) as well as those for quinol and cyto-
chrome oxidation and those for an ApA;-type ATPase, it can be
concluded that P. forridus obviously has an efficient respiratory
system that accomplishes the expulsion of protons with a rate
sufficiently high to prevent overacidification of the cytoplasm. In
addition, the proton gradient upheld in this way can be extensively
exploited for solute transport, as mentioned above. Because several
components of the respiratory chain of P. forridus are by far most
similar to genes from organisms of the distant crenarchaea or
bacteria but are not found in members of the Thermoplasmaceae,
we assume that these were obtained relatively late in evolution by
horizontal gene transfer.

Porphyrin Metabolism. P. torridus seems to be able to synthesize
porphyrins like cytochromes and adenosylcobalamin. We found 28
genes that are required to synthesize adenosyl-cobalamin from
glutamate, which represents nearly 2% of the whole genome.
Synthesis starts with L-glutamate and proceeds via glutamate-1-
semialdehyde and aminolevulinate to uroporphyrinogen III, the
last common precursor of the porphyrins. For cobalamin biosyn-
thesis, uroporphyrinogen III is converted to precorrin 2 in which
either Co?* is inserted in organisms employing the anaerobic route
yielding cobalt-precorrin 2, or which undergoes a methylation step
followed by an oxygen-dependent ring contraction yielding pre-
corrin 3 in the aerobic pathway. Organisms using the anaerobic
pathway are known to possess type II, or “early” metal ion
chelatases for cobalt insertion (31). P. forridus contains no type II
metal chelatase-homologous genes and, in contrast to Thermo-
plasma and Sulfolobus, seems to employ the aerobic pathway, where
the insertion of the cobalt ion takes place after the main modifi-
cations of the porphyrin ring system, and is catalyzed by a type I or
“late” metal ion chelatase protein complex similar to CobNST of
Pseudomonas denitrificans. However, most enzymes of the porphy-
rin biosynthesis of P. torridus revealed their highest similarity scores
with sequences deduced from the porphyrin biosynthesis genes of
other thermoacidophilic archaea that employ the anaerobic path-
way, thus indicating that the late metal ion chelatase complex was
acquired later through horizontal gene transfer.

We did not find cobS or cobT homologs in P. torridus, but we did
find two genes homologous to magnesium chelatase subunits chll
and chlD flanking the cobN gene. Comparative studies with other
prokaryotes (data not shown) showed that this is not uncommon,
and it has recently been suggested that Chll and ChlD may take over
the function of CobS and CobT (32).
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Coping with Oxygen Stress. As a strict aerobic organism, P. forridus
possesses several mechanisms to protect the cell against oxidative
damage. We found genes coding for a superoxide dismutase, three
putative peroxiredoxin-like proteins, and an alkyl hydroperoxide
reductase that is present only in thermoacidophilic archaea and
Pyrococcus furiosus. Flanking the predicted OriR region (support-
ing information), a B-carotene biosynthetic operon strongly resem-
bling genes from marine e-proteobacteria and corynebacteria was
detected. B-Carotene formation in other archaea has only been
predicted for S. solfataricus and biochemically studied in Halobac-
teria (33, 34).

Conclusions

P. torridus lives in an extremely hostile environment and grows at
the lowest pH values known among all organisms. Even adaptation
to conditions such as in 1 M sulfuric acid is possible (4). Points of
major interest include questions about properties and mechanisms
which ensure viability under these conditions. Specific adaptation
mechanisms can be expected at the levels of (i) structure and
function of biomolecules and (sub)cellular structures, (i) physiol-
ogy and metabolic features, and (iif) regulation of gene expression.
For example, P. torridus cells need a specifically adapted mem-
brane. Indeed, the membrane of P. torridus displays a very low
proton permeability, is highly acid stable, and loses its integrity
when incubated at pH 7 (2). Furthermore, an acid-stable cell
envelope and acid-resistant extracellular enzymes for the degrada-
tion of polymeric or oligomeric carbon sources are required. Finally,
the organism needs to generate metabolic energy in substantial
amounts to maintain the intracellular pH at an acceptable value.

To prevent further acidification of its already low intracellular
pH, active respiration is required. Genes for a putative proton
pumping NADH degydrogenase (complex I) have been detected,
as have those for quinol and cytochrome oxidation. Genes for an
ApA;-type ATPase were also present. This organism obviously
accomplishes the expulsion of protons with the necessary rate, and
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the proton gradient upheld in this way can be extensively exploited
for solute transport, as is evident from the large number of
secondary transport systems.

Organic acids, such as acetic or propionic acid, function as
uncouplers at low pH because of the diffusion of the undisso-
ciated form into the cell followed by dissociation. Genes encod-
ing enzymes for the degradation of these compounds as soon as
they enter the cell are present.

Itis important to note that many genes that enhanced the abilities
of P. torridus to cope with its extremely acidic environment have
been obtained by horizontal gene transfer. This includes some of
the organic acid degradation pathways, the main components of the
electron transport chain, and mechanisms to deal with oxygen
stress.

P. torridus has the smallest genome of a nonparasitic free living
organism. The genomes of thermophilic methanogenic archaea
and hyperthermophilic bacteria are not much larger (=~1.6-1.8
megabases). These organisms, which all grow at higher temper-
atures than P. forridus, have to cope with a temperature-
dependent increased error rate in their nucleic acids due to
cytosine deamination (35), which amongst other factors may
have led to selective pressure favoring small genomes. P. torridus,
albeit being only moderately thermophilic (7p 60°C), in addi-
tion must cope with pH values around 0 in the medium and an
extremely low intracellular pH. Although the consequences for
cell physiology and DNA integrity are not yet understood, we
believe that the combination of two extremophilic conditions,
low pH and high temperature, may have led to the small size and
one of the highest coding densities for the genome of P. torridus.
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