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The 1,860,725-base-pair genome of Thermotoga maritima MSB8 contains 1,877 predicted coding regions,1,014
(54%) of which have functional assignments and 863 (46%) of which are of unknown function. Genome analysis
reveals numerous pathways involved in degradation of sugars and plant polysaccharides, and 108 genes that have
orthologues only in the genomes of other thermophilic Eubacteria and Archaea. Of the Eubacteria sequenced to date,
T. maritima has the highest percentage (24%) of genes that are most similar to archaeal genes. Eighty-one
archaeal-like genes are clustered in 15 regions of the T. maritima genome that range in size from 4 to 20 kilobases.
Conservation of gene order between T. maritima and Archaea in many of the clustered regions suggests that lateral
gene transfer may have occurred between thermophilic Eubacteria and Archaea.

Thermotoga maritima, a non-spore-forming, rod-shaped bacterium
belonging to the order Thermotogales, was originally isolated from
geothermal heated marine sediment at Vulcano, Italy1, and has an
optimum growth temperature of 80 8C. T. maritima metabolizes
many simple and complex carbohydrates including glucose,
sucrose, starch, cellulose and xylan1,2. Both cellulose and xylan,
through conversion to fuels (such as H2), have great potential as
renewable carbon and energy sources.

T. maritima is also of evolutionary significance, because small-
subunit ribosomal RNA (SSU rRNA) phylogeny has placed this
bacterium as one of the deepest and most slowly evolving lineages in
the Eubacteria3. To elucidate further its unique metabolic properties
and evolutionary relationship to other microbial species, we
sequenced the genome of the type strain T. maritima MSB8 using
the whole-genome random-sequencing method previously
described4,5.

General features of the genome
The genome of T. maritima is a single circular chromosome
consisting of 1,860,725 base pairs (bp) (Fig. 1) with an average
G þ C content of 46%. A single rRNA operon (16S–23S–5S),
containing an isoleucine transfer RNA and an alanyl tRNA in the
spacer region between the small-and large-subunit genes,corresponds
to the one region of the chromosome with a significantly higher G þ C
content (62%). A region of significantly lower G þ C content (34%)
encodes lipopolysaccharide biosynthesis (LPS) proteins.

On the basis of analysis of G þ C ratio, G–C skew6

(G 2 C=G þ C) and asymmetric distribution of oligomers7 in the
T. maritima genome, we could not identify a characteristic bacterial
origin of replication, a situation similar to that observed in the
genomes of the Archaea Methanococcus jannaschii8 and Archaeoglobus
fulgidus5. We assigned base-pair one of the genome at the beginning
of the longest stretch (2.6-kb) of 30-bp repeats (Fig. 2).
Open reading frames. We identified 1,877 open reading frames
(ORFs) (Figs 1, 2; Tables 1, 2), with an average size of 947

nucleotides, using the coding-analysis program GLIMMER9 (see
Methods). Coding sequences cover 95% of the chromosome.
Predicted protein sequences were searched against a non-redundant
protein database and biological roles were assigned to 1,014 (54%)
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Figure 1 Circular representation of the T. maritima MSB8 genome showing

predicted-coding regions and other features. Outer circle, predicted protein-

coding regions on the plus strand classified by role according to the colour code

in Fig. 2 (unknowns and hypotheticals are in black). Second circle, predicted

protein-coding regions on the minus strand. Third circle, x2 composition in 2000-

bp windows (see Methods); bands correspond to x2 values with P < 1:9 3 102 9.

Fourth circle, Archaea-like islandson the genome. Fifth circle, small repeats. Sixth

circle, large repeats (black), large repeats associated with small repeats (red).

Seventh and eighth circles, rRNAs and tRNAs, respectively.
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of them using the classification scheme adapted from ref. 10. Four-
hundred-and-seven (22%) predicted coding sequences matched
hypothetical coding sequences from other species, and 373 (20%)
had no database match. Forty-six stable tRNAs with specificity for
all 20 amino acids were identified.
Repeats. The T. maritima genome has 143 copies of a 30-bp repeat
found in eight distinct clusters on the chromosome (Figs 1, 2).
The 30-bp repeats are interspersed with a unique 39–40-bp
sequence and are followed by a 452-bp sequence to form a structure
identical to that described for the genomes of M. jannaschii8 and A.
fulgidus5. Our examination of the Aquifex aeolicus genome11 reveals
that similar repeats are present, but they are fewer in number, and
shorter, than those in T. maritima. These small/large repeat
structures have only been identified in the genome sequences of
thermophiles.

In addition to the 30-bp repeat structures, eight classes of large
repeats, more than 200 bp in length and with .95% identity to each
other, are present in the T. maritima genome (Fig. 1, Table 1).
Multigene families. We identified 214 gene families (P # 10 2 5 over
60% of the length of the sequence—see Methods) in T. maritima. Of
these families, 126 consist of two members, and the largest gene
family (of ATP-binding subunits of ABC transporters) contains
67 members. Two other large families (one with 22 members and
one with 47 members) consist exclusively of proteins involved in
transport. Fifteen families, unique to T. maritima, consist of
proteins with no database match. Eleven of these families
have two members, and the largest group has seven members
(http://www.tigr.org/tdb/mdb/mdb.html).

Solute uptake and metabolism
Several transporters reflecting the heterotrophic metabolism of this
species are present, including those for importing maltose (malE),
ribose (rbsB) and spermidine and/or putrescine (potD), as well as
several carbohydrate transporters whose specificity is unknown.
Carriers for the uptake of amino acids and oligopeptides, and ion-
transport systems for the acquisition of K+ (trkA/H), Mg2+ (mgtE),
NH+

4 (amt), PO2−
4 (pstA/C/B/S) and both oxidized and reduced

forms of iron (feoA/B) are present. The large number of transporters
for carbohydrates and amino acids (Figs 3, 4) suggests that the
environment in which T. maritima is found is rich in organic
material.

The predominant mechanism of transport in T. maritima is ATP-
coupled solute flux. Eighty-four percent of the proteins in the
transport category are subunits of ATP-binding cassette (ABC)
transporters. Phylogenetic comparisons of the periplasmic solute-
binding protein (SBP) component (Fig. 4) roughly parallels the
families defined in other Eubacteria12 with a marked expansion of
proteins specific for oligopeptides. Nine of the eleven oligopeptide
systems appear to be in operons with genes essential for sugar
metabolism (Fig. 5). Of the published genomes, only Pyrococcus
horikoshii13 has an oligopeptide transporter associated with a sugar
degrading enzyme (b-galactosidase). This operonic structure sug-
gests that there is coordinate regulation of peptide import with
sugar degradation in these two organisms, although it is far more
extensive in T. maritima. This contrasts with classical regulatory
networks where the transported substrate affects transcription of
the ABC transporter genes14.

Almost 7% of the predicted coding sequences in the T. maritima
genome are involved in metabolism of simple and complex sugars,
more than twice the percentage seen in other eubacterial and
archaeal species sequenced to date. Several genes encoding proteins
involved in the sequential degradation of xylan are present. Genes
encoding endoglucanases (celA/B) and b-glucosidases (bglB) that
are involved in cellulose degradation were identified, confirming the
presence of the cellulolytic systems predicted by biochemical studies
of this organism15. T. maritima does not have a complex system for
the degradation of plant cellulosic materials, as described for the
thermophilic bacterium Clostridium thermocellum, in which the
degradation of cellulose depends on a multienzyme complex known
as the cellulosome, composed of between 14 and 26 subunits16.

Glucose catabolism in T. maritima involves the Embden-Meyer-
hof and Entner-Doudoroff glycolytic pathways. In addition, the
non-oxidative branch of the pentose-phosphate pathway appears to
be involved in glucose breakdown. Genome analysis indicates that
T. maritima can metabolize glycerol, gluconate and numerous
sugars including amylose, maltose and galactose, as well as the
amino acids aspartate, threonine and glycine (Fig. 3). CoA-SH-
dependent ferredoxin oxidoreductases specific for pyruvate, as well
as partial and complete operons for ferredoxin oxidoreductases of
unknown specificity, are also present on the genome.

Biosynthetic pathways for nine amino acids were identified in
T. maritima (Fig. 3). In addition, genes that encode proteins for
the biosynthesis of biotin, folic acid, haem, porphyrin, lipoate,
menaquinone, ubiquinone, pantothenate and pyridoxine were
identified. T. maritima may also synthesize glycogen as a storage
polysaccharide.

Along with an ability to gain energy through a fermentative
metabolism, T. maritima can grow as a respiratory organism,
generating energy in the presence of Fe(III) (ref. 17). Growth with
sulphur as the terminal electron acceptor does not produce ATP18,
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Table 1 General features of the T. maritima MSB8 genome

General features
.............................................................................................................................................................................

Length of sequence 1,860,725
G + C ratio 46%
Total no. of sequences 30,140
Average read length (bp) 531
Open reading frames 1,877
Protein coding regions 95%
Ribosomals 1 5S–16S–23S
tRNAs 46 (10 clusters/19 single genes)
.............................................................................................................................................................................

Chromosomal coding sequences
.............................................................................................................................................................................

No. similar to known proteins 1,014
No. of conserved hypotheticals 407
No. similar to proteins of unknown function 83
No. without a database match 373

Total 1,877
.............................................................................................................................................................................

Repeats
.............................................................................................................................................................................

Class Length Copies Database match

SR-01 30 143 tttccatacctctaaggaattattgaaaca

LR-01 1,897 2 hypothetical protein
LR-02 1,403 2 a-glucosidase
LR-03 1,137 4 putative transposase
LR-04 1,082 2 methyl-accepting chemotaxis protein
LR-05 858 2 putative transposase
LR-06 555 2 helicase
LR-07 252 2 excinuclease
LR-08 241 2 putative transposase
.............................................................................................................................................................................

Figure 2 Linear representation of the T. maritima MSB8 genome. The locations of

each predicted protein-coding region (colour-coded by biological role), RNA

genes, tRNAs and repeat elements are indicated. Arrows represent the direction

of transcription for each predicted coding region. Numbers next to the tRNA

symbols represent the number of tRNAs at a locus. Numbers next to GES

represent the number of membrane-spanning domains predicted by the Gold-

man, Engelman, and Steitz scale as calculated by TopPred45 for that protein. Only

proteins with five or more GES domains are shown. Presumed transporter

specificity is indicated above predicted coding regions identified as transporters.

Transporterabbreviationsare as follows: +, cations;H+, protons;K+, potassium;Pi,

phosphate; Zn, zinc; aa, amino acids; Na+, sodium; COH, sugar; aaX, oligopep-

tides; mal, maltose; rib, ribose; s/p, spermidine/putrescine; ura, uracil; ant,

antibiotics; Fe2+, iron(II); Fe3+, iron (III); NH+
4, ammonium; bcaa, branched chain

amino acids; g3Pi, glycerol-3-phosphate; glyc, glycerol; chro, chromate; Mg2+,

magnesium; question marks (?) indicate where substrate specificity is uncertain

or unknown. Members of paralogous gene families are identified by family

number in a box above the predicted coding region.
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but this pathway allows for the elimination of growth inhibitory H2

which is produced during fermentative growth. Various flavopro-
teins and iron-sulphur proteins have been identified as potential
electron carriers.

Response to environmental stimuli
T. maritima demonstrates a carbohydrate-dependent thermotactic
response to temperature gradients between 50 and 105 8C (ref. 19).

Motility is regulated by a two-component histidine kinase signal-
transduction pathway that is assembled from products of the Che
genes (cheA/B/C/D/R/W/Y) and seven methyl-accepting chemotac-
tic transducer proteins (MCPs). Genes encoding T. maritima MCPs
are most closely related to homologues in Bacillus subtilis, with
specificity for both amino acids and carbohydrates. Although
T. maritima demonstrates no chemotactic response to serine19, the
presence of amino-acid-specific MCPs indicates that T. maritima
may respond to aspartate, threonine and glycine, which appear to be
catabolized by this bacterium.

In addition to the chemotactic-response kinases, other members
of the two-component signalling family identified in T. maritima
are likely to have a role in monitoring and responding to environ-
mental stimuli such as temperature and nutrients. This group of six
signalling partners includes the previously identified histidine-
kinase (hpkA)/response-regulator (drrA) pair belonging to the
OmpR–PhoB subfamily of transcriptional regulators20.

Although no heat- or cold-shock response has been experimen-
tally demonstrated in T. maritima, the genome contains genes
encoding heat-shock proteins (dnaJ/K, groEL/ES, grpE, hslU/V and
hsp) and cold-shock proteins (encoded by cspB/L), which probably
help regulate responses to changes in ambient temperature and
growth conditions. T. maritima also contains genes encoding a
general stress protein (ctc) and a stationary-phase-survival protein
(surE), both of which are presumably involved in stress survival.

Cellular activities
Protein secretion, competence and transformation. In addition to
the Sec-A-dependent secretory pathway, T. maritima has two
specialized export systems. The first, which is assembled from
homologues of FliH/P/R and FlhA/B21, is probably associated with
the secretion and assembly of the single T. maritima flagellum19. The
second is a type-II secretion pathway that is assembled from the
general secretion pathway proteins D, E and F (homologues of the
PulD transport family of Klebsiella oxytoca22). The T. maritima type-
II secretion pathway probably serves as the primary mechanism for
secretion of degradative enzymes required for the utilization of
polysaccharides.

Competence has not been demonstrated in T. maritima, but it is
possible that the type-II general secretion pathway proteins D, E and F,
and the type IV pilin leader peptidase, type IV pilin-related protein
and pilT identified in T. maritima may function in natural competence
and transformation, as described for other organisms23. In addition, T.
maritima has homologues of the competence genes dprA, comM and
comE of Haemophilus influenzae, and comEA and comFC of B. subtilis.
There are other protein-coding sequences with weak homology to
competence genes from B. subtilis. This suggests that there may be
an inherent system for the uptake of exogenous DNA, facilitating
genetic exchange between T. maritima and other organisms.
Transcription and translation. Genes encoding the three subunits
(a, b, b9) of the core RNA polymerase were identified in T. maritima
(rpoA/B/C, respectively) along with four j factors; jA (also named
j70) (rpoD), jE (rpoE), jH (fliA) and j28 (spoOH). Although jA has
been previously identified in T. maritima24, the roles and specificity
of the remaining j factors in transcription regulation are unknown.
The nusA/B/G transcription antitermination genes and a member of
the greA/B transcription-elongation-factor family were identified
along with the rho transcription-termination factor.

The genome of T. maritima is similar to other sequenced bacterial
genomes in that the gene for glutaminyl tRNA-synthetase is miss-
ing. An alternative synthesis mechanism is the transamidation of
Glu-tRNAGln to Gln-tRNAGln by Glu-tRNAGln amidotransferase, a
heterotrimeric enzyme found in both Eubacteria and Archaea25.
Like Helicobacter pylori26, T. maritima lacks an asparaginyl-tRNA
synthetase. Transamidation of Asp-tRNAAsn is presumably involved
in generation of Asn-tRNAAsn, similar to that reported in the
archaeon Haloferax volcanii27.
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Table 2 T. maritima MSB8 gene list

Gene identificationnumbers that correspond to those in Fig. 2 are listedherewith the
prefix TM followed by the commonnameassigned to each protein, the three- or four-
letter gene name in parentheses, the organism with the most significant match in
braces and the percent similarity to thebestmatch. Eachgene identified is listed in its
functional role category (adopted from ref.10). In cases where the substrate
specificity of a protein could not be unambiguously determined, a more general
common name was used and no gene name was assigned. In some cases a gene
without known substrate specificity could be confidently assigned to a particular
family as found in PROSITE (http://expasy.hcuge.ch/sprot/prosite.html/) or SWISS-
PROT (http://expasy.hcuge.ch/sprot/). The term ‘related’ is used in two ways in the
common names: (1) when the TM protein is a partial but significant match to a
database protein: the TM protein is assigned to the Unknown role category; or (2)
when the TM protein is a very good match to a database protein whose function is
not found in T. maritima: the TM protein may be assigned to a role category
appropriate to the known function of the database match. Abbreviations are as
follows: Common names: AA, amino acid; NH3, ammonia; NH4+, ammonium; AFS,
authentic frameshift; APM, authentic point mutation; Bprt, binding protein; BRAA,
branched chain AA; Cl−, chloride; CoA, coenzyme A; DHase, dehydrogenase; dep,
dependent; elong, elongation; fam, family; flgr, flagellar; init, initiation; Fe, iron; Fe3+,
iron(III); Fe2+, iron(II); LPS, lipopolysaccharide; Mg2+, magnesium; Mn2+,
manganese; OP, oligopeptide; PPase, phosphatase; P, phosphate; PPR,
phosphoribosyl; K+, potassium; prt, protein; put, putative; RDase, reductase; reg,
regulation, regulator, regulatory; rel, related; ssDNA, single stranded DNA; Na+,
sodium; S, sulfur; sub, subunit; Sase, synthase, synthetase; term, termination; Tase,
transferase; transp, transporter; Zn, zinc. Organism of best match: Ac, Acinetobacter
calcoaceticus; Ab, Agaricus bisporus; Ar, Agrobacterium radiobacter; At,
Agrobacterium tumefaciens; Ae, Alcaligenes eutrophus; Alc, Alcaligenes sp.; Alt,
Alteromonas sp.; Amy, Amycolata sp.; Ana, Anabaena sp.; Ath, Anaerocellum
thermophilum; Aa, Aquifex aeolicus; Atl, Arabidopsis thaliana; Af, Archaeoglobus
fulgidus; Art, Arthrobacter sp.; Aca, Azorhizobium caulinodans; Av, Azotobacter
vinelandii; Bbv, Bacillus brevis; Bca, Bacillus caldolyticus; Bce, Bacillus cereus; Bci,
Bacillus circulans; Bf, Bacillus firmus; Bl, Bacillus licheniformis; Bm, Bacillus
megaterium; Bac, Bacillus sp.; Bsp, Bacillus sphaericus; Bst, Bacillus
stearothermophilus; Bs, Bacillus subtilis; T4, Bacteriophage T4; Bn, Bacteroides
nodosus; Bt, Bacteroides thetaiotaomicron; Bv, Beta vulgaris; Bp, Bordetella
pertussis; Bb, Borrelia burgdorferi; Bbr, Brevibacillus brevis; Bli, Brevibacterium
linens; Ba, Brucella abortus; Ce, Caenorhabditis elegans; Cj, Campylobacter jejuni;
Ca, Candida albicans; Ch, Capra hircus; Cc, Caulobacter crescentus; Cp, Chlamydia
psittaci; Cr, Chlamydomonas reinhardtii; Cau, Chloroflexus aurantiacus; Cac,
Clostridium acetobutylicum; Cla,Clostridium acidiurici; Chi,Clostridium histolyticum;
Cpa, Clostridium pasteurianum; Cpe, Clostridium perfringens; Clo, Clostridium sp.;
Ct, Clostridium thermocellum; Cam, Cornyebacterium ammoniagenes; Dd,
Desulfovibrio desulfuricans; Df, Desulfovibrio fructosovorans; Dg, Desulfovibrio
gigas; Dv, Desulfovibrio vulgaris; Dt, Dictyoglomus thermophilum; Eco, Eikenella
corrodens; Ea, Enterobacter aerogenes; Ef, Enterococcus faecalis; Ech, Erwinia
chrysanthemi; Ec, Escherichia coli; Eac, Eubacterium acidaminophilum; Eg, Euglena
gracilis; Fi, Fervidobacterium islandicum; Hi, Haemophilus influenzae; Hp,
Helicobacter pylori; Hs, Homo sapiens; Kp, Klebsiella pneumoniae; Lf, Lactobacillus
fermentum; Lp, Lactobacillus pentosus; Ll, Lactococcus lactis; Lpn, Legionella
pneumophila; Lm, Leptospira meyeri; Lmo, Listeria monocytogenes; Mc,
Mesembryanthemum crystallinum; Mta, Methanobacterium thermoautotrophicum;
Mtf, Methanobacterium thermoformicicum; Mj, Methanococcus jannaschii; Mk,
Methylobacterium extorquens; Mlu, Micrococcus luteus; Ma, Microcystis
aeruginosa; Mo, Micromonospora olivasterospora; Mmu, Mus musculus; Ml,
Mycobacterium leprae; Ms, Mycobacterium smegmatis; Mt, Mycobacterium
tuberculosis; Mg, Mycoplasma genitalium; Mp, Mycoplasma pneumoniae; Mx,
Myxococcus xanthus; Nf,Naegleria fowleri; Ng,Neisseria gonorrhoeae; Nos,Nostoc
sp.; Pd, Paracoccus denitrificans; Pha, Pasteurella haemolytica; Pan, Podospora
anserina; Pg, Porphyromonas gingivalis; Pm, Propionigenium modestum; Pa,
Pseudomonas aeruginosa; Pc, Pseudomonas cichorii; Pf, Pseudomonas
fluorescens; Pp, Pseudomonas putida; Pse, Pseudomonas sp.; Ps, Pseudomonas
stutzeri; Psy, Pseudomonas syringae; Pfu, Pyrococcus furiosus; Ph, Pyrococcus
horikoshii; Pyr, Pyrococcus sp.; Rn,Rattusnorvegicus; Ra,Reclinomonas americana;
Rc, Rhodobacter capsulatus; Sc, Saccharomyces cerevisiae; Se,
Saccharopolyspora erythraea; Sch, Salmonella choleraesuis; Sd, Shigella
dysenteriae; Sa, Staphylococcus aureus; Sx, Staphylococcus xylosus; Sau,
Stigmatella aurantiaca; Sb, Streptococcus bovis; Sm, Streptococcus mutans; Sp,
Streptococcus pneumoniae; St, Streptococcus thermophilus; Sco, Streptomyces
coelicolor; Ss, Sulfolobus solfataricus; Ssc, Sus scrofa; Syn, Synechococcus sp.;
SPCC, Synechocystis PCC6803; Scy, Synechocystis sp.; Tb, Thermoanaerobacter
brockii; Tth, Thermoanaerobacterium thermosaccharolyticum; Tl, Thermococcus
litoralis; Tm, Thermotoga maritima; Tn, Thermotoga neapolitana; Ta, Thermus
aquaticus; Tt, Thermus thermophilus; Td, Treponema denticola; Tp, Treponema
pallidum; Va, Vibrio alginolyticus; Vc, Vibrio cholerae; Vp, Vibrio parachaemolyticus;
Ws, Wolinella succinogenes; Xl, Xenopus laevis; Ye, Yersinia enterocolitica.
.............................................................................................................................................................................
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Cell division. The gene content of T. maritima demonstrates that
the basic mechanism of cell division is similar to that found in other
Eubacteria. The ftsA/H/Y/Z genes were identified along with two
genes from the min locus, minC/D. These genes function together to
specify the position and formation of the constricting ring that leads
to final division.
Detoxification. Proteins for detoxification in this strict anaerobe
include two NADH oxidases (nox), a putative alkyl hydroperoxide
reductase, a heavy-metal-resistance transcriptional regulator and
the periplasmic divalent cation-tolerance protein (cutA).

Phylogenetics and comparative genomics
The availability of the complete genome sequence of T. maritima is
important for evolutionary studies, as T. maritima has been sug-
gested to be one of the deepest branching eubacterial species, on the
basis of phylogenetic analysis of SSU rRNA genes3. Although SSU
rRNA analysis has been useful in identifying and characterizing
bacterial strains and species, many questions remain regarding the
validity of evolutionary conclusions based on SSU rRNA analysis
(see, for example, ref. 28).

To capitalize on the information contained in completed genome
sequences, and to reduce complications caused by different species
sets in phylogenetic analyses of different genes29, we identified a
subset of 33 genes (see Methods) for which homologues were
conserved in all species sequenced to date4,5,8,11,13,26,30–39 (Table 3).
This subset was used to generate multiple sequence alignments and
phylogenetic trees using both parsimony and distance methods (see
Methods).

A few significant patterns arise from the analysis of these
phylogenies. First, for the majority of genes, the Archaea constitute
a distinct monophyletic group separate from the Eubacteria, a
phylogenetic pattern also found in SSU rRNA trees. However, this
finding does not relate to whether the Archaea as a whole are
monophyletic, as the species of Archaea represented here are all
Euryarchaeota. Second, most yeast genes group with the archaeal
genes as found for SSU rRNA. In addition, in almost all trees, species
that are part of the same bacterial phyla group together (for
example, Escherichia coli and H. influenzae, Borrelia burgdorferi
and Treponema pallidum). Beyond this, there are significant differ-
ences in the topologies of different genes, and there is little
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agreement between these gene trees and the rRNA tree. In particular,
we find little support for the rRNA-based positions of Aquifex and
Thermotoga.

The lack of congruence of trees for different genes could result
from the limited number of species represented by the completed
genomes and/or the small size of some of these genes. However, we
believe that the differences are real both because of high bootstrap
support and because differences in topology have been found by
others in the analysis of other genes28. Mechanisms that could lead
to these differences include gene duplication, gene loss and hori-
zontal gene transfer. Thus we conclude that, based on single-gene
analysis, the phylogenetic position of Aquifex and Thermotoga, and
the nature of the deepest branching eubacterial species, should be
considered to be ambiguous.

Phylogenetic analysis of individual genes has limited evolution-
ary studies to a small percentage of the genes in any given genome.
As an alternative to single-gene phylogenetic analysis, we compared
T. maritima’s genome sequence to those of the completely
sequenced microbial species by observing patterns of similarity
(see Methods). Of the 1,877 predicted coding sequences in the
T. maritima genome, 52% are most similar to proteins in eubacterial
species, most to the Gram-positive bacterium B. subtilis (21%) and
to A. aeolicus (15%). In addition, 24% of the predicted coding
sequences are most similar to proteins in archaeal species (Table 4),

almost half to P. horikoshii. This similarity of T. maritima to the
Archaea contrasts with the other Eubacteria in which no more than
16% of the coding sequences in A. aeolicus, and 7% of the coding
sequences in B. subtilis, are most similar to archaeal proteins. By
whole-genome similarity comparison, T. maritima appears to be the
most Archaea-like of all sequenced Eubacteria4,11,26,31–38.

The Archaea-like nature of the T. maritima genome does not
necessarily reflect a closely shared common ancestor between
T. maritima and the Archaea, as the extensive similarity between
these species could have arisen in many ways. These include loss of
these genes in other lineages, extensive sequence divergence in
mesophilic Eubacteria (coupled with a retention of such genes in
the thermophilic Archaea and T. maritima) and, alternatively, that a
few genes in the T. maritima genome with strong similarity to
archaeal genes have expanded into large gene families, resulting in
more genes with a higher level of similarity to archaeal genes.
Such mechanisms could lead to similarity between Archaea and
T. maritima regardless of the evolutionary history of these species.

We believe, however, that much of the similarity between
T. maritima and the Archaea is due to shared ancestry of portions
of the genome as a result of extensive lateral gene transfer between
these lineages (Tables 3, 4). One line of evidence consistent with
previous studies which have argued in support of lateral transfer40 is
that the 451 Archaea-like genes in T. maritima are not uniformly
distributed among the biological role categories (Table 4). The
majority of genes involved in housekeeping functions such as
transcription, translation, DNA replication and cell division are
most similar to orthologues in eubacterial species. In contrast, 49%
of transporters (92), 60% of electron transport proteins (28) and
42% of conserved hypothetical proteins (173) are most similar to
archaeal genes. Another observation which would support lateral
gene transfer is that 81 of the Archaea-like genes in the T. maritima
genome are clustered in 15 regions of the chromosome that range in
size from ,4 to 20 kb. The genes, and conservation of gene order in
seven of these regions, have only been described in the genome
sequences of thermophilic Archaea. In addition, two of the clustered
regions are associated with the 30-bp repeat elements found among
Archaea and T. maritima, lending support to the idea that these
repeat elements may be involved in gene transfer.

x2-analysis of the genome sequence (see Methods) lends addi-
tional support to the theory of lateral gene transfer in T. maritima.
Based on the assumption that the DNA composition is relatively
uniform throughout the genome, there are at least 51 regions in the
chromosome (Fig. 1) that have a significantly different composition
(P # 1:9 3 10 2 9). Forty-two of these regions include genes and
repeat structures that have highest levels of similarity to regions on
the chromosomes of other thermophiles, including the thermo-
philic Archaea and Aquifex. All of the 30-bp small repeat areas have a
x2 composition that is substantially different from the rest of the
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Table 3 Genes shared by the T. maritima MSB8 genome

33 homologues in the completed genomes
apt, argS, eno, ftsZ, gcp, gltX, groES, hisT, pheS, pgk, prs rplA, rplB, rplC, rplE, rplF,
rplK, rplN, rplR, rplV, rpsB, rpsC, rpsD, rpsE, rpsG, rpsH, rpsJ, rpsK, rpsL, rpsM, rpsQ,
rpS, secY.
.............................................................................................................................................................................

T. maritima genes matching only hyperthermophiles:
108 total; 93 hypothetical proteins; flgA putative; s-layer-related protein; rubrerythrin
putative; 2 ABC transporters; glutamate synthase-related protein; glutaredoxin
putative; putative glycerate kinase; putative hydrogenase; putative NADH
dehydrogenase; putative LPS biosynthesis protein; putative phosphonopyruvate
decarboxylase; putative pyruvate formate lyase activating enzyme; alanine
acetyltransferase-related protein; sensory box protein.
.............................................................................................................................................................................

T. maritima genes matching only Archaea
71 total; 64 hypothetical proteins; 2 ABC transporters; glutamate synthase-related
protein; putative glycerate kinase; putative hydrogenase; rubrerythrin; sensory box
protein.
.............................................................................................................................................................................

Table 4 Top eubacterial or archaeal match in T. maritima by role ID

Role category Eubacteria Archaea Eukaryotes None
.............................................................................................................................................................................

Amino acid biosynthesis 49 20 2 1
Purines, pyrimidines, etc. 32 11 2 0
Fatty acid and phospholipid metab. 12 3 0 0
Biosynthesis of cofactors etc. 22 10 0 0
Central intermediary metabolism 27 12 1 3
Autotrophic metabolism 0 0 0 0
Energy metabolism 117 56 1 18
Transport 89 92 0 7
DNA metabolism 45 6 0 2
Transcription 17 0 0 0
Translation 118 6 0 6
Regulatory functions 61 9 0 0
Cell envelope 57 9 1 7
Cellular processes 55 10 0 0
Other 9 8 0 1
Hypotheticals 213 173 2 19
Unknown 52 26 0 5

TOTAL 975 451 9 69
.............................................................................................................................................................................
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genome. Compositional bias as seen in these x2 distributions has
previously been used in support of lateral gene transfer41.

In summary, completion of the sequence of the T. maritima
genome has revealed a degree of similarity with the Archaea in terms
of gene content and overall genome organization that was not
previously appreciated. Although the core of T. maritima may be
eubacterial, almost one quarter of the genome is archaeal in nature.
The mosaic nature of T. maritima appears to be the result of
extensive lateral gene transfer with the Archaea. The accumulating
evidence for the high frequency of lateral transfer events, and the
lack of congruence among the phylogenies of different genes,
indicates that the emphasis of phylogenetic studies on individual
genes as indicators of organismal evolution is probably not accurate.
Undoubtedly, our understanding of the complex relationships
among prokaryotes will continue to increase as other microbial
genome sequencing projects are completed. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Whole-genome random sequencing procedure. The type strain,
T. maritima MSB8, was grown from a culture derived from a single cell
isolated by optical tweezers and provided by R. Huber (University of
Regensburg). Cloning, sequencing and assembly were as described for genomes
sequenced by TIGR4,5. One small-insert plasmid library (1.5–2.5 kb) was
generated by random mechanical shearing of genomic DNA. One large-
insert lambda library was generated by partial Tsp5091 digestion and ligation
to l-DASHII/EcoRI vector (Stratagene). In the initial random sequencing
phase, ,7-fold sequence coverage was achieved with 27,789 sequences from
plasmid clones (average read length, 531 bases). The plasmid and l-sequences
were jointly assembled using TIGR Assembler42. Sequences from both ends of
546 l-clones served as a genome scaffold, verifying the orientation, order and
integrity of the contigs. Sequence gaps were closed by editing the ends of
sequence traces and/or primer walking on plasmid clones. Physical gaps were
closed by direct sequencing off genomic DNA, or combinatorial PCR followed
by sequencing of the PCR product. The final genome sequence is based on
30,140 sequences.

Paralogous gene families were constructed by searching the ORFs against
themselves using BLASTX43, identifying pairwise matches above P # 102 5 over
60% of the query search length, and subsequently clustering these matches into
multigene families. Multiple sequence alignments for these protein families
were generated using MSA (G. G. Sutton & T. Bussey, personal communica-
tion), an annealing algorithm, and the alignments were scrutinized.

For the comparative genomics, the T. maritima ORFs were added to a set of
all ORFs from 16 published microbial genomes4,5,8,11,13,26,30–39. This dataset was
searched against itself using BLASTX43, and pair-wise matches were identified,
clustered and converted to multiple sequence alignments as above. From this
set of alignments a subset of 33 homologous gene families (P # 10 2 5 over 60%
of the query search length) were identified. These alignments were enhanced
using the CLUSTAL X program, and regions of the alignments that were
ambiguous, hypervariable or that contained large alignment gaps were
excluded from subsequent phylogenetic analysis. Phylogenetic trees were
generated from the curated alignments using the PAUP 4.0.0d64 and
PHYLIP computer programs. Parsimony analysis was conducted using the
heuristic search algorithm of PAUP and protpars of PHYLIP. Distance-based
trees were generated using the neighbour-joining algorithm of ref. 44. One
hundred bootstrap replicates were conducted for all trees. For all PAUP
analyses, multiple step matrices were used in calculation of distances and in
parsimony analysis. The whole genome set of pairwise BLASTX43 search results
was also used to determine ‘best hits’ of T. maritima and A. aeolicus to other
genomes.

For the x2 analysis we computed the distribution of all 64 trinucleotides
(3mers) for the complete genome, and then computed the 3mer distribution in
2,000 bp windows across the genome. We used windows that overlapped by half
their length; that is, 1,000 bp. For each window, we computed the x2 statistic on
the difference between its 3mer content and that of the whole genome. A large
value of this statistic means that the composition within the window is different
from the rest of the genome. Figure 1 illustrates those regions of the genome
with x2 values whose probability is less than 1:9 3 10 2 9; the probability values
for these regions are based on the assumption that the DNA composition is
relatively uniform throughout the genome. Because this assumption may be
incorrect, we prefer to interpret high x2 values merely as indicators of regions
on the chromosome that appear unusual and that demand further scrutiny.
ORF prediction and gene family identification. An initial set of ORFs likely
to encode proteins was identified by GLIMMER9, and those shorter than 30
codons were eliminated. ORFs that overlapped were visually inspected, and in
some cases removed. ORFs were searched against a non-redundant protein
database as previously described4. Frameshifts and point mutations were
detected and corrected where appropriate as described previously26. Remaining
frameshifts and point mutations are considered to be authentic and corre-
sponding regions were annotated as ‘authentic frameshift’ or ‘authentic point
mutation’ respectively. Two sets of hidden Markov models (HMMs) were used
to determine ORF membership in families and superfamilies. These included
527 HMMs from pfam v2.0, and 199 HMMs from the TIGR orthologue
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resource. TopPred45 was used to identify membrane-spanning domains
(MSDs) in proteins.
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