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Summary

 

Desulfotalea psychrophila

 

 is a marine sulfate-
reducing 

  

dddd

 

-proteobacterium that is able to grow at 

 

in
situ

 

 temperatures below 0

  

∞∞∞∞

 

C. As abundant members
of the microbial community in permanently cold
marine sediments, 

 

D. psychrophila

 

-like bacteria
contribute to the global cycles of carbon and sulfur.
Here, we describe the genome sequence of 

 

D. psy-
chrophila

 

 strain LSv54, which consists of a
3 523 383 bp circular chromosome with 3118 pre-
dicted genes and two plasmids of 121 586 bp and
14 663 bp. Analysis of the genome gave insight into
the metabolic properties of the organism, e.g. the
presence of TRAP-T systems as a major route for the
uptake of C

 

4

 

-dicarboxylates, the unexpected presence
of genes from the TCA cycle, a TAT secretion system,
the lack of a 

  

bbbb

 

-oxidation complex and typical 

 

Des-
ulfovibrio

 

 cytochromes, such as c

 

553

 

, c

 

3

 

 and ncc. 

 

D.

psychrophila

 

 encodes more than 30 two-component
regulatory systems, including a new Ntr subcluster
of hybrid kinases, nine putative cold shock proteins
and nine potentially cold shock-inducible proteins. A
comparison of 

 

D. psychrophila

 

’s genome features
with those of the only other published genome from
a sulfate reducer, the hyperthermophilic archaeon

 

Archaeoglobus fulgidus

 

, revealed many striking dif-
ferences, but only a few shared features.

Introduction

 

Large parts of the Earth’s biosphere, in particular marine
sediments, are predominantly or even permanently cold.
Yet, comparatively little is known about the physiology and
genomics of the organisms naturally occurring in these
environments. It has long been known that, in temperate
marine sediments, up to 50% of carbon remineralization
is coupled to sulfate reduction (Jørgensen, 1982). Recent
studies indicated that carbon turnover and sulfate reduc-
tion in Arctic marine sediments are comparable to those
in temperate environments (Sageman 

 

et al

 

., 1998). Thus,
psychrophilic sulfate-reducing bacteria are assumed to
contribute significantly to the global carbon and sulfur
cycles. 

 

Desulfotalea psychrophila

 

, the sulfate-reducing 

 

d

 

-
proteobacterium, the genome of which we describe here,
was isolated from permanently cold Arctic sediments off
the coast of Svalbard at 79

 

∞

 

N, 11

 

∞

 

E (Knoblauch 

 

et al

 

.,
1999). 

 

Desulfotalea

 

 spp. were shown previously to repre-
sent abundant members of the microbial communities in
Arctic marine sediments (Sahm 

 

et al

 

., 1999; Ravenschlag

 

et al

 

., 2000). 

 

D. psychrophila

 

 grows optimally at 10

 

∞

 

C, but
is also able to grow at temperatures as low as 

 

-

 

1.8

 

∞

 

C
(Knoblauch 

 

et al

 

., 1999). Phylogenetically, most sulfate
reducers belong to the 

 

d

 

-Proteobacteria; however, the
only other sulfate-reducing organism whose genome has
been published previously is 

 

Archaeoglobus fulgidus

 

, an
‘oil-well souring’ hyperthermophilic archaeon isolated
from a markedly different environment (Stetter, 1988;
Klenk 

 

et al

 

., 1997).

 

Desulfotalea psychrophila

 

 strain LSv54 (DSM 12343)
is the type strain of the genus 

 

Desulfotalea

 

 (‘sulfate-
reducing rod’). Members of this genus are Gram-nega-
tive, obligatory anaerobic bacteria that use sulfate as
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main electron acceptor (Knoblauch 

 

et al

 

., 1999). Major
known carbon or energy sources for members of the
genus 

 

Desulfotalea

 

 are lactate, alcohols and hydrogen.
Such compounds are generated by fermentative bacteria
and are known components of porewater in marine sedi-
ments (Sørensen 

 

et al

 

., 1981; Llobet-Brossa 

 

et al

 

.,
2002). 

 

D

 

. 

 

psychrophila

 

 (‘cold-loving’) has thin, long, rod-
shaped cells and an optimal doubling time of 27 h during
growth with lactate at 10

 

∞

 

C. In addition to sulfate, 

 

D. psy-
chrophila

 

 can also reduce thiosulfate and sulfite to sul-
fide. 

 

D. psychrophila

 

 uses several organic acids, alcohols
and amino acids as growth substrates (Knoblauch 

 

et al

 

.,
1999).

Since the publication of the first genome of an extremo-
phile, 

 

Methanococcus jannaschii

 

 (Bult 

 

et al

 

., 1996), many
efforts have been undertaken to extend our knowledge
about genomics of organisms thriving under extreme envi-
ronmental conditions. With the completion of the 

 

D. psy-
chrophila

 

 genome, we expand the temperature range for
organisms with sequenced genomes to a new minimum,
although from the environmental perspective, cold envi-
ronments are common rather than ‘extreme’ on our planet.
Through the analysis of their genomes, extremophilic
organisms have provided unique insights into all aspects
of their biology. Our academic interest in 

 

D. psychrophila

 

was to explore the molecular basis of its physiological
properties only defined by growth experiments to date
(Knoblauch 

 

et al

 

., 1999). The genome sequence of 

 

D.
psychrophila

 

 will also contribute to our general under-
standing of sulfate-reducing bacteria and allow a compre-
hensive comparison with the archaeal counterpart, 

 

A.
fulgidus

 

. For growth to occur in low-temperature environ-
ments, all cellular processes must be adapted to the cold.
This fact, in combination with the diversity of archaea,
bacteria and eukaryotes recently isolated from cold envi-
ronments (Russel and Hamamoto, 1998), highlights the
extent of biological products and processes that might
soon be exploited for biotechnology. Relative to this undis-
puted potential, psychrophiles and their products are
underused in biotechnology; however, recent advances,
particularly with cold-active enzymes, herald rapid growth
for this burgeoning field.

 

Results and discussion

 

General genome features

 

The genome of 

 

D. psychrophila

 

 strain LSv54 consists of
a 3 523 383 bp circular chromosome and two circular
plasmids (121 586 bp and 14 663 bp). Table 1 summa-
rizes the general features of the chromosome and its
annotation. A total of 3118 predicted open reading frames
(ORFs) with an average length of 968 bp were identified
on the chromosome. Seventy-three per cent of the pre-

dicted proteins had homologues in public databases; thus,

 

D. psychrophila

 

 displays a far genetic distance to other
organisms with published genomes. Fifty per cent of the
predicted proteins could be assigned to a functional role.
Six hundred and forty-six of the predicted proteins (21%)
could be assigned to protein families. Several of these
families (containing a total of 308 members) apparently
resulted from recent gene duplications. The members of
these latter families are either unique for 

 

D. psychrophila

 

,
or homologues in other organisms are only distantly
related to the duplicated 

 

D. psychrophila

 

 proteins. The
largest protein families are two-component response reg-
ulators (48 members) and ATP-binding subunits of ABC
transporters (42 members).

The chromosome contains seven complete 16S

 

-

 

23S

 

-

 

5S operons. Two of them are interrupted between the 16S
and 23S rDNAs by genes for tRNA

 

ile

 

 and tRNA

 

ala

 

 (Fig. 1).
Three of the rDNA operons are located in a cluster at
83.3

 

∞

 

 on the chromosome circle (position 806 225–
827 008), which generated a challenge for the assembly
of the genome. A total of 64 tRNA genes were identified
(Fig. 1). None of them contains an intron, and only 12
are clustered in six tandems of tRNA

 

val

 

 and tRNA

 

asp

 

(2 888 212–2 889 554). The gene for tmRNA (Williams
and Bartel, 1996) has been identified. In addition to the
tRNAs for the 20 regular amino acids, 

 

D. psychrophila

 

 also
contains 

 

selC

 

 for the selenocysteine tRNA. The other
components necessary for the selenocysteine system,
selenocysteine synthetase (

 

selA

 

), the specific elongation
factor (

 

selB

 

) and the selenophosphate synthetase (

 

selD

 

),
are also present in the genome (Fig. 1). Nine genes with
the selenocysteine codon UGA were identified: dTDP-
glucose 4,6-dehydratase, ribosomal protein S6 (two UGA
codons each), Fe-S oxidoreductase, heterodisulfide
reductase subunit A, the 

 

d

 

-subunit of methyl viologen-
reducing hydrogenase, as well as four genes for formate
dehydrogenase 

 

a

 

-subunits (Fig. 1). Two of these formate
dehydrogenases are of the membrane-bound 

 

Wolinella

 

type, whereas the other two enzymes are cytoplasmic with
similarities to the enzymes from 

 

Ralstonia

 

 and 

 

Des-

 

Table 1.

 

General genome features

 

a

 

.

Genome size (bp) 3 523 383
G+C content (%) 46.8
Coding density

 

b

 

 (%) 86.6
Predicted protein coding sequences 3 118

with homologues in databases 2 265
with functional assignments 1 545
belong to at least one COG 2 032
contain PFAM domains 1 665
with homologous 3D structure known  752
with 

 

≥

 

2 

 

trans

 

-membrane regions  532
with coiled-coil regions  69

 

a.

 

 Chromosome only, without plasmids.

 

b.

 

 1.02% from 86 genes encoding stable RNAs.



 

Desulfotalea psychrophila 

 

genome sequence

 

3

 

© 2004 Blackwell Publishing Ltd, 

 

Environmental Microbiology

 

ulfovibrio

 

. No inteins have been identified in the proteome
of 

 

D. psychrophila

 

.
Origin and terminus of replication are located at 72.4

 

∞

 

and 231.4

 

∞

 

, respectively, on the circular chromosome
(Fig. 1). Evidence for the postulated 

 

oriC

 

 was derived from
the minimum of the cumulative G+C skew and the close
proximity of several DnaA binding sites. The genes for
DNA polymerase III (

 

dnaN

 

) and the subunits of DNA
gyrase B (

 

gyrB

 

) are located upstream of 

 

oriC on the
leading strand.

The genome contains five regions with low G+C content
(<40%). One of these regions (1 271 920–1 290 190)
contains a cluster of 32 informational proteins (ribosomal
proteins, translation elongation factors and RNA poly-
merase a-subunit); the other regions (249 000–259 200,
1 271 920–1 290 190, 1 577 790–1 586 810 and
1 293 990–2 303 700) encode conserved hypothetical
proteins and predicted proteins without functionally
characterized homologues in other genomes. The
genome also contains five regions of high G+C content
(>53%) encoding genes for cobalamin biosynthesis
(229 900–240 770), menaquinone and coenzyme F390
biosynthesis (274 000–285 430), branched-chain amino

acid biosynthesis (998 490–1008 150), a large 267 kDa
(2630 amino acids) protein with a homologue in
Pseudomonas aeruginosa (2 406 930–2 417 870) and a
functionally diverse ORF cluster (2 810 890–2 823 140)
(Fig. 1). The chromosome has only relatively few repeats
and mobile elements (Fig. 1). Only five complete IS ele-
ments were identified (besides fragments for three partial
elements). The amino acid sequence of one of the IS
elements (DP0860 + DP0861) is identical to Escherichia
coli insAB, indicating a recent acquisition of this mobile
element. Furthermore, the chromosome harbours four
phage-related integrases (Fig. 1).

The G+C content of both plasmids is significantly lower
than that of the chromosome (46.8%): large plasmid
43.6%, small plasmid 27.5%. The large plasmid is domi-
nated by genes for conjugal transfer functions, trbB-
CEIJLFGM and traCGFIJ, and plasmid-specific functions,
e.g. plasmid partition protein ParF or TrfA. The large plas-
mid also encodes a complete pyruvate dehydrogenase
complex and a functionally uncharacterized large protein
of 472 793 Da (4749 amino acids). Coding regions for
three IS elements were identified; however, all trans-
posase-encoding regions appear to be fragmentary and

Fig. 1. Structural representation of the chromosome. Circles (from inside outwards): 1, GC skew; 2, G+C content; 3, G+T content; 5, location of 
rRNA operons (red) and tRNAs (blue); 4, IS elements (dark blue), phage-related integrases (light blue), location of genes with selenocysteine 
codons (red) and the selenocysteine genes, selABCD (yellow); 6, complemented repeats; 7, reverse repeats; 8, forward repeats. The origin (ORI) 
and terminus (TER) of replication are indicated.
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are probably non-functional. As on the chromosome, one
putative reverse transcriptase/maturase has been identi-
fied. In the case of the small plasmid, only three genes
with assigned functions were detected: replication protein
RepA, a putative primase PrmN1 and a homologue of
TrsK/TraK for which involvement in DNA transfer during
conjugal transposition has been predicted (Alarcon-
Chaidez et al., 1997).

Special features of the proteome

Distribution of role categories. Proteins involved in infor-
mation processing constitute the largest fraction of pre-
dicted functions (15%), followed by energy conservation
and carbohydrate metabolism/transport (10%). General
transport functions (9%) and defence mechanisms (4%)
indicate the importance of interaction with the environ-
ment for D. psychrophila. Seven per cent of the predicted
proteins are involved in nucleotide or amino acid metab-
olism and transport, and more than 2% belong to signal
transduction. Twenty-seven per cent of the predicted pro-
teins represent hypothetical proteins.

Sensory functions and regulation of gene expression.
Most putative histidine kinases (HKs) from D. psychrophila
could be assigned to six of the 12 recently defined phylo-
genetic groups (Koretke et al., 2000): Ntr (19 members),
Hybrid (five members), Pho (four members), Nar, Cit and
Che (one member each). No members of the HK groups
Sam, Syn, Anti-Sigma, Mth, Lyt and Arf were found
(Fig. 2). In many Bacteria, about two-thirds of all HKs fall
into the Hybrid group. In contrast, most HKs from D. psy-
chrophila cluster in the Ntr group, where they form a new
subcluster of phylogenetically distinct HKs. This subclus-
ter does not include any non-Desulfotalea members, even
when considering the newest HK entries in the public
databases (Fig. 2). Three of the nine members of this new
Ntr subcluster show highest sequence similarity among
each other and are located directly next to each other on
the genome. A common trait of all nine members is the
fusion of an HK domain to a response regulator (RR). All
defined HK clusters and domain organizations of their
respective members are supported by the co-evolution of
RR clusters and domains (Fig. 2). Furthermore, D. psy-
chrophila has a large number (seven out of 31) of HKs
fused to a periplasmic-binding protein. Such fusions have
only occasionally been observed in other organisms.

Mobility and chemotaxis. Mobile cells of D. psychrophila
have only been reported for old cultures (Knoblauch et al.,
1999). The genes for 22 proteins involved in flagellar orga-
nization have been identified, with only a few of the fli and
flh homologues from E. coli remaining unaccounted for. In

addition, we identified two clusters of che genes [che-
ABR(W)Y], but not cheCDJLVXZ. While one cheABRWY
cluster is ‘traditional’, the domain architecture of the sec-
ond cheABR-Y cluster is very unconventional for the
kinase. The complete mechanism of mobility in D. psy-
chrophila remains unresolved at present.

Surface structures. The surface proteins of D. psychro-
phila apparently possess the structural domains known
from some pathogens. We have identified a surprisingly
large number of autotransporters similar to Yersinia pestis
YapF. Four very large cell surface proteins were identified,
two of them having a complex domain structure with local
similarity to a surface protein of the pathogen Salmonella
enterica, one is similar to RTX exoproteins (primarily
known from pathogenic Vibrio spp. and enterohaemor-
rhagic E. coli), and one is similar to adhesion proteins
known from proteobacterial pathogens. Furthermore, we
identified eight TolC-like outer membrane efflux pores and
one classical 16-stranded porin, but no classical S-layer
protein.

Vitamins and cofactors. Analysis of the genome corrobo-
rates the fact that D. psychrophila does not require vitamins
for growth (Knoblauch et al., 1999). We have identified 85
coding regions (2.6% of the predicted proteins) to be
involved in biosynthesis of vitamins, cofactors and pros-
thetic groups, including pathways for the biosynthesis of
thiamine, folate, nicotinamide, riboflavin and porphyrin. A
stretch of 13 consecutive genes encoding most compo-
nents of cobalamin biosynthesis and a metal ion transport
system has been identified at 23.8∞ on the circular chro-
mosome. The cobalamin biosynthesis in D. psychrophila
seems to be most closely related to that of Pseudomonas
aeruginosa (http://www.genome.ad.jp/kegg/).

Secretion of proteins. Export of metal cofactor-containing
enzymes such as formate dehydrogenase and hydroge-
nases to the periplasm is probably mediated by the TAT
system, which allows translocation of the mature proteins
across the cytoplasmic membrane (Berks et al., 2003).
This system is composed of a channel-forming subunit
(tatA) and a receptor complex (tatBC) that is involved in
signal peptide recognition. All three genes are present in
the genome, with three copies for tatC. Upstream of the
tatABC genes, a tatE homologue was detected, the func-
tion of which is currently unknown. Apparently, the general
secretion system (Sec) is also present in D. psychrophila,
as indicated by many identified signal leader peptides.

Structural and genomic aspects of Psychrophilia

The first whole-genome sequence of a psychrophilic bac-
terium, as presented here, allows the investigation of

http://www.genome.ad.jp/kegg/
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genome-wide characteristics that distinguish psychro-
philes from mesophiles and thermophiles. Draft genome
sequences of the psychrophilic Methanogenium frigidum
(Franzmann et al., 1997) and the psychrotolerant Metha-
nococcus burtoni (Franzmann et al., 1992) were gener-
ated recently to study adaptation to different temperatures
(Saunders et al., 2003). Comparative analysis revealed
that proteins predicted from the partial genomes of these
two archaea are characterized by a higher content of non-
charged polar amino acids, particularly glutamine (Gln)
and threonine (Thr), and a lower content of hydrophobic
amino acids, particularly leucine (Leu). We compared the
codon and amino acid composition of D. psychrophila with
that of a selection of published genomes of organisms
with optimal growth temperatures ranging from 27∞C
(Streptomyces lividans) to 100∞C (Pyrobaculum aerophi-
lum). The results indicated that there is no strict correla-
tion between the optimal growth temperature and the
nucleotide composition at any codon position. A notewor-
thy exception might be that D. psychrophila appears to
have unusually few guanines (21.6%) and unusually many
thymines (30.9%) in the third codon position. Our results
in amino acid composition in D. psychrophila do not cor-
roborate the observation of Saunders and colleagues
(2003) for cold-adapted archaea, namely a higher content
of non-charged polar amino acids, particularly Gln and
Thr. For Gln, this may be the case relative to the hyper-
thermophiles (83–100∞C, 1.8% Gln), but the coding
regions in the genomes of Pseudomonas putida (28∞C,
4.7%), E. coli (37∞C, 4.3%) and Deinococcus radiodurans
(30∞C, 4.1%) all contain more Gln codons than D. psy-
chrophila (10∞C, 3.9%). Also for Thr, D. psychrophila
(10∞C, 5.0%) has a lower fraction of codons compared
with some mesophiles such as S. lividans (27∞C, 6.8%),
D. radiodurans (30∞C, 5.8%) and E. coli (37∞C, 5.6%). In
fact, D. psychrophila’s composition of Leu codons and
codons for several other amino acids resembles more
closely that observed in hyperthermophiles than that in
mesophiles. It might be worth noting that D. psychrophila
contains unusually many codons for cysteines (2.2%),
compared with mesophiles (average 0.9%) and hyperther-
mophiles (average 0.8%), but this might result from the
many redox proteins for the sulfur metabolism, an obser-
vation corroborated by the so far published genes of Des-
ulfovibrio spp. (http://www.kazusa.or.jp/codon).

The low temperatures in D. psychrophila’s regular hab-
itat supposedly exert no constraints on the stability of its
mRNA. Chargaff differences (a measure of purine loading
in mRNAs) are greater in thermophiles than in non-ther-
mophiles (Lao and Forsdyke, 2000). The pressure to
purine load affects codon choice in thermophiles, indicat-
ing that some features of their amino acid composition,
e.g. a high level of glutamic acid (Glu; 8.4%), might reflect
a purine-loading pressure resulting from constraints on

mRNA (Lao and Forsdyke, 2000). The purine-loading
index (PLI) of D. psychrophila (0.51) is significantly lower
than that of the hyperthermophiles (0.55–0.57) and corre-
sponds to the PLI found in many mesophiles (0.50) and
even the moderately thermophilic Thermus thermophilus
(optimal growth temperature 75∞C), thus indicating that
purine loading is only a relevant feature in hyperthermo-
philes (optimal growth temperature >85∞C). The fraction
of Glu codons in the genome of D. psychrophila equals
that found in most mesophiles (5.6%) and is far below that
found in hyperthermophiles (8.4%).

Cold shock proteins. Cold shock proteins (CSPs) are
induced upon cold shock and are thought to bind a single-
stranded (ss)RNA motif (DB box and RNP1), resulting in
reduced secondary structure formation in the RNA and
thus increased translation efficiency. Nine D. psychrophila
homologues of known CSPs were identified. A search
pattern [AAxTGGxTx(5–25)TTxGGxT] was generated by
looking for similarities between known DB box and RNP1
motifs and the D. psychrophila sequences. A new search
with this pattern provided an additional nine putative cold
shock-inducible proteins, of which five had this pattern
shortly after their transcriptional start. These hypothetical
and conserved hypothetical proteins provide suitable tar-
gets for experimental investigation of their function. In
addition to the regular CSPs, we identified three members
of group 1 CSPs: PNP, RBFA and NUSA; 12 members of
group 2 CSPs, five probable DNA-binding proteins HU,
DNA-binding protein H-NS, DNA gyrase subunit A, topoi-
somerase IV subunit A, RecA, DnaK, trigger factor, trans-
lation initiation factor IF-2; and five copies of FABF (group
3 CSPs).

Growth at low temperature depends on the ability of
cells to synthesize proteins at low temperature (Thomas
and Cavicchioli, 2003). Analysis of modelled protein struc-
tures from cold-adapted archaea showed a strong enrich-
ment of Gln, Thr and hydrophobic residues and fewer
charged residues in the solvent-accessible area (Saun-
ders et al., 2003). Even though no modelling was per-
formed with the predicted proteins, the overall codon
frequency in the genome indicates that this effect might
be less pronounced in D. psychrophila. A detailed analysis
of the transcription elongation factor G from low temper-
ature-adapted bacterium Arthrobacter globiformis SI55
(Berchet et al., 2000) suggested several structural fea-
tures that might be important for activity and flexibility at
low temperatures: fewer salt bridges in intra- and interdo-
main positions; increased solvent interactions mediated
by greater charge and polarity on domain surfaces; loop
insertions; loss of proline residues in loop structures; and
an increase in hydrophobicity in core regions. Psychro-
philic or psychrotolerant organisms have a superior ability
to perform translation at low temperature, and proteins

http://www.kazusa.or.jp/codon
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involved in translation might therefore by crucial for the
organisms’ ability to grow. D. psychrophila maintains
genes for three highly conserved but distinct translation
elongation factors G that might contribute to this process.

The mean G+C content of the tRNAs from D. psychro-
phila (60.4%) is significantly higher than that in the protein
coding regions (46.2%) and corresponds to the mean
G+C contents of tRNAs from mesophiles. Thus, there
seems to be no specific effect of low temperature habitats
on the G+C content of tRNAs of the organisms living
therein. Previous studies on tRNAs from psychrophilic
bacteria indicated that the maintenance of flexibility at low
temperature is important for tRNA function, and that this
is mainly achieved through post-transcriptional incorpora-
tion of dihydrouridine (Dalluge et al., 1997), whereas in
hyperthermophiles, a variety of modified nucleotides is
incorporated (McCloskey et al., 2001). D. psychrophila
encodes a putative dihydrouridine synthase (DP2602) in
its genome, in addition to a dozen other tRNA-modifying
enzymes. As this is in contrast to cold-adapted archaea,
which belong to those organisms with the lowest level of
tRNA modification (Noon et al., 2003), it might be of inter-
est to study the tRNA modification in D. psychrophila
experimentally. In addition, D. psychrophila might use a
new mechanism of transcriptional regulation involving a
response regulator fused to HEAT repeats; this type of
fusion protein has no homologues in the current data-
bases. D. psychrophila also has DEAD box RNA heli-
cases, which are involved in essential cellular processes,
e.g. translation initiation and ribosome biogenesis. Such
helicases have recently been implicated in enabling bac-
teria to survive cold shock and grow at low temperature
(Lim et al., 2000).

Lipids. Cold adaptation has long been known to influence
the properties of the cytoplasmic membrane. A decrease
in the phase transition temperature is achieved by an
increased ratio of unsaturated fatty acids (Gounot and
Russell, 1999). In D. psychrophila, unsaturated fatty acids
can account for about 80% of total fatty acids (Knoblauch
et al., 1999; Könneke and Widdel, 2003). Correspond-
ingly, D. psychrophila possesses, in addition to the
enzymes of regular fatty acid biosynthesis, two copies of
b-keto-acyl-CoA synthase I, which elongates unsaturated
fatty acids.

Metabolic capacities

The prominent role of sulfate-reducing bacteria during
carbon remineralization in marine sediments prompted us
to reconstruct the metabolic capacities of D. psychrophila
previously defined with growth experiments (Knoblauch
et al., 1999) at the genomic level. Integration of identified
genes/pathways (Figs 3 and 4) will contribute to our gen-

eral understanding of the molecular physiology of sulfate-
reducing bacteria and allow selection of key target genes
for in situ expression analysis (Neretin et al., 2003).

C4-dicarboxylates. Uptake of malate, fumarate and succi-
nate probably occurs preferentially via TRAP transporters,
as the genome contains genes for eight complete Dct-
PQM sets, two individual binding proteins (DctP) and one
individual permease (DctM). Interestingly, TRAP trans-
porters are apparently not encoded in the genome of A.
fulgidus (Klenk et al., 1997). The recently recognized
TRAP-T family (Shaw and Kelly, 1991; Rabus et al.,
1999a) is unique in combining a high-affinity periplasmic
substrate-binding protein (DctP) with H+-driven per-
meases (DctMQ). In addition, four H+ or Na+/C4-dicarbox-
ylate symporters (Dcu or DAACS families) were detected.
After uptake, C4-dicarboxylates can be metabolized via
reactions of the TCA cycle. The presence of malic enzyme
allows conversion to pyruvate/acetyl-CoA for anabolic pur-
poses.

Alcohols. Ethanol most probably enters the cells by sim-
ple diffusion across the cytoplasmic membrane. Alcohol-
and acetaldehyde dehydrogenases (adh) oxidize ethanol
to acetyl-CoA. A total of nine alcohol and four aldehyde
dehydrogenases were predicted.

Amino acids. Among the 54 proteins involved in amino
acid transport (about nine ABC transport systems), six
Na+- or H+-dependent symporters possibly function in the
uptake of alanine, glycine and serine. Deamination of
alanine to pyruvate is catalysed by alanine dehydroge-
nase (ald; three paralogues). Glycine is converted to
serine by the glycine cleavage system (gcs) and glycine
hydroxymethyltransferase (glyA). Serine dehydratase
(sdh) finally allows the formation of pyruvate from serine.

Lactate. Sulfate-reducing bacteria are most often culti-
vated with lactate. In D. psychrophila, uptake of lactate
probably proceeds via an H+-dependent permease (lctP).
Oxidation of lactate to pyruvate is catalysed by lactate
dehydrogenase (ldh). The divergently orientated lctP and
ldh genes are closely linked on the genome sequence.

Pyruvate. Conversion of pyruvate to the central interme-
diate acetyl-CoA is probably catalysed by pyruvate:ferre-
doxin oxidoreductase (por, pfor, ofor). PorABC gene
products are closely related to archaeal counterparts,
whereas the pfor gene product is homologous to the
enzyme from Desulfovibrio africanus. Recently, the struc-
ture of PFOR from D. africanus was resolved, demonstrat-
ing the involvement of TPP and Fe/S clusters during
catalysis (Chabriere et al., 1999). Evidence for only one
subunit of pyruvate dehydrogenase typical of aerobic
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Fig. 3. Integration of predicted proteins involved in uptake and catabolism of known growth substrates and in energy generation. Transport systems 
(brown) allow uptake of organic substrates and electron acceptors. Catabolic enzymes (grey) are mostly localized in the cytoplasm. Periplasmic 
hydrogenases and formate dehydrogenase are exported in the folded state via the TAT system (yellow). Proteins involved in respiratory energy 
generation are indicated in green. Several proteins (blue) allow detoxification of oxygen. C, cytoplasm; CM, cytoplasmic membrane; P, periplasm; 
OM, outer membrane.

ATP

Glycine

C1-THF

Serine

Alanine

Acetate Acetyl-P

GcsABHTL

GlyA

Sdh

Ald

CisY

AcoN

Idh

KorAB ?

SucCD

SdhAB

FumBC

Malate
Mdh

Succinate

Fumarate

DctM

DctQ
DctP

H+ H+

Xred
CO2

NADPH
CO2

Ethanol
Adh Adh

Ack Pta

DgaA

Na+/ H+ Na+/ H+

Mao

DcuB

Na+/ H+ Na+/ H+

Pyruvate

Acetyl-CoA

Ldh

PorA-D
Pfor
OforAB

[H]

NADH

NADH

TatABC

Formate-DH Ni/Fe-
Ni/Fe/Se-

Hydrogenases

Maturation

HypA-F
HynD

FdhC

FdhB

FdhA

Formate CO2 + H+

HynC cyt

HynB Fe/S

HynA Ni

H2 2 H+

HysAB
Ni/Fe/Se

H2 2 H+

Ndh1-10 H+
NADH

NAD+

NqrA-E Na+
NADH

NAD+

ATP

ADP + Pi
H+H+ AtpABDEFGX

SulP

H+ H+

SulfateAPSSulfiteSulfide

Thiosulfate

SatAprABDsrA-D

Tst

ATP

PPi2 Pi

PpaC

C
ydA

B

O2

H2O

2 O2
•- + 2 H+

Sod (Rbr)
H2O2 + O2

2 H2O2 H2O + O2

Cat (Rbo)

C CM P OM

HynACD

H2
NADPHNADP

CysT

CysP?

C
ysA

ADP + Pi

(S
ulfate, thiosulfate)out

(S
uc

ci
na

te
, f

um
ar

at
e,

 m
al

at
e)

ou
t

(A
la

ni
ne

, 
se

rin
e,

 g
ly

ci
ne

) o
ut

Lactate

LctP

H+

H+

(Lactate)out

CO2, NH3
NADH

Glycine
H2O

NH3, NADH

NH3

ATP

CO2

Xred

Xred

[H] [H] [H]

? ? ?

[H] [H]

[H]

0 1 2 3

Nucleotides [Mb]

Catabolism

Transporters

Respiration

C4-Dicarboxylate
Aminoacid 
Lactate
Sulfate 

Aminoacids
Hydrogen
Formate 
Alcohol / Aldehyde

NADH dehydrogenases
Sulfate reduction
ATP-synthase
Oxygen-reduction

Fig. 4. Genomic organization of genes 
involved in transport, catabolism and respira-
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for metabolic reconstruction (Fig. 3).

organisms  was  obtained.  It  should  be  noted  that
D. psychrophila also encodes predicted proteins similar to
pyruvate formate lyase. The presence of phosphotrans-
acetylase (pta) and acetate kinase (act) principally allows
energy generation during acetate formation.

TCA cycle. Many genes from the TCA cycle are present
in the genome of D. psychrophila. The implicated possi-
bility of complete oxidation would be unexpected, as D.
psychrophila was originally described as an incomplete

oxidizer (Knoblauch et al., 1999). In Desulfobacter sp., the
TCA cycle is known as the route for complete oxidation of
acetyl-CoA to CO2, whereas other completely oxidizing
sulfate-reducing bacteria use the C1/CO-dehydrogenase
pathway (Rabus et al., 1999b). No evidence was obtained
for this pathway to be functional in D. psychrophila, but it
is present in A. fulgidus (Klenk et al., 1997).

Previous studies (Knoblauch et al., 1999) indicated that
D. psychrophila LSv54 cannot grow with propionate or
higher fatty acids. Consistent with these findings, neither
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genes for methyl-malonyl CoA mutase required for propi-
onate utilization nor key components (FadAB) of the b-
oxidation complex could be detected in the genome. In
contrast, more than 50 proteins involved in b-oxidation
were predicted for A. fulgidus (Klenk et al., 1997).

Formate. Utilization of formate could possibly occur in the
periplasm and cytoplasm. Two putative operons each cod-
ing for a periplasmic formate dehydrogenase (fdhABC)
were detected in the genome. They are homologous to
the enzyme from Wolinella succinogenes (Bokranz et al.,
1991). The a-subunits (fdhA) carry twin-arginine motif-
containing leader peptides, implying export of the mature
protein via the TAT export system. In addition, most of the
hyc genes coding for cytoplasmic formate hydrogenlyase
in E. coli (Sauter et al., 1992) were found.

Hydrogen. Several hydrogenases are present in D. psy-
chrophila. The hynBAC and the hysAB genes code for
periplasmic Ni/Fe and Ni/Fe/Se hydrogenase respectively.
The HynB and HysB subunits carry the twin-arginine
motif-containing leader peptides, directing export via the
TAT export system. The hynBAC genes are located in a
large putative operon structure together with the hypFC-
DEhynDhypAB genes, which are involved in hydrogenase
maturation. In addition, hnd genes were detected, which
probably code for an NADP-reducing hydrogenase
reported previously for Desulfovibrio fructosovorans
(Malki et al., 1995).

Regeneration of NAD. NADH dehydrogenases are usu-
ally required for regeneration of NAD and channelling of
electrons into the respiratory chain. In D. psychrophila, we
detected the ndh1–10 genes coding for H+-translocating
NADH dehydrogenase complex. In addition, the nrqA–E
genes encode a Na+-translocating NADH-quinone oxi-
doreductase, possibly allowing the generation of a sodium
gradient. The latter could energize Na+-dependent sym-
porters of organic substrates.

Sulfate reduction. The main mode of energy generation
in D. psychrophila is sulfate reduction. Sulfate uptake was
previously suggested to be driven by an ion gradient (Cyp-
ionka, 1989). Accordingly, an H+-dependent symporter
(sulP) for sulfate was predicted. Interestingly, evidence
was also obtained for the presence of an ABC transporter
(cysPTA) for sulfate/thiosulfate, which was also found in
A. fulgidus (Klenk et al., 1997). Activation of the chem-
ically sluggish sulfate to adenosine-5¢-phosphosulfate
(APS) is performed by ATP-sulfurylase (sat; two para-
logues). This reaction is facilitated by pyrophosphatase
(ppaC)-catalysed hydrolysis of PPi. APS is reduced to
sulfite by APS reductase (aprAB). The final step probably
involves a six electron reduction of sulfite to sulfide,

carried out by dissimilatory sulfite reductase (dsrABCD).
Consistent with the ability of D. psychrophila to use thio-
sulfate as an electron acceptor, a thiosulfate sulfurtrans-
ferase (tst) was identified, which forms sulfite from
thiosulfate. The mode of electron transfer from e.g. the
quinone pool to the enzymes of sulfate reduction remains
elusive so far.

ATPase. Proton gradients generated by periplasmic for-
mate dehydrogenase, hydrogenases or H+-translocating
NADH-dehydrogenase complex are exploited by an F1/
F0-type ATPase (atpABDEFX) to form ATP.

Cytochromes. Redox proteins have been intensively
investigated in sulfate-reducing bacteria over recent
years (Rabus et al., 1999b). In the well-studied Des-
ulfovibrio species, many cytochromes have been identi-
fied and biochemically characterized. They were shown
to be involved in electron transfer, e.g. from the periplas-
mic hydrogenases. Thus, it was a major surprise that D.
psychrophila did not contain any homologue of cyto-
chromes c553, c3 or ncc. With respect to transmembrane-
spanning Hmc, only partial sequences could be
detected. This finding was supported by the absence of
absorption bands typically known for c-type cyto-
chromes (Fig. 5). Analogously, such cytochromes
appear to be absent in sulfur-reducing Desulfurella ace-
tivorans (Bonch-Osmolovskaya et al., 1990), whereas
they are present in sulfur-reducing Desulfuromonas ace-
toxidans (Pfennig and Biebl, 1976). The genome of the
sulfur- and metal-reducing Geobacter sulfurreducens
even contained 111 cytochrome-encoding genes (Methe
et al., 2003). In A. fulgidus also, only a few cytochrome-
encoding genes were detected (Klenk et al., 1997).
Considering the unfavourable redox potential of cyto-
chromes relative to the terminal electron acceptor sul-
fate, some sulfate reducers may use alternative electron
carriers. In fact, we detected a flavodoxin (DP0917),
which could function in periplasmic electron transfer,
because it carries a leader peptide (twin-arginine con-
taining). It will be a promising future goal to define the
alternative electron carriers used by D. psychrophila and
the extent to which cytochromes are present in
genomes of other sulfur- and sulfate-reducing bacteria.
The lack of c-type cytochromes may not contradict the
suggested Fe(III)-reducing capacity of D. psychrophila
(Knoblauch et al., 1999), as their role in Fe(III) reduction
is disputed, and alternative electron shuttles between
the cell and Fe(III) should also be considered (Straub
and Schink, 2003).

Oxygen. The relation of sulfate-reducing bacteria to oxy-
gen has long been disputed. Over the last several years,
evidence has accumulated that Desulfovibrio species pos-
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sess oxygen-reducing systems (Cypionka, 2000). Inter-
estingly, D. psychrophila contains genes (cydAB) possibly
encoding a cytochrome D ubiquinol oxidase, which is
involved in the terminal step of oxygen respiration at low
oxygen concentrations (Green et al., 1988). Such a cyto-
chrome was recently purified from Desulfovibrio gigas and
shown to reduce O2 in the presence of NADH (Lemos
et al., 2001). Some Desulfovibrio sp. were also shown to
reduce O2 in the periplasm (Baumgarten et al., 2001).
Superoxide dismutase (sod) and catalase (cat) are also
present in D. psychrophila, allowing oxygen detoxification.
Both  enzymes  have  long  been  known  to occur in sul-
fate-reducing bacteria (Hatchikian et al., 1977).
Rubrerythrin and rubredoxin oxidoreductases were
recently described in Desulfovibrio vulgaris as an alterna-
tive oxygen protection system functioning similarly to
superoxide dismutase/catalase (Lumppio et al., 2001).
The coding rbr and rob genes are also present in D.
psychrophila. To date, sulfate-reducing bacteria have not
been demonstrated to grow aerobically (Cypionka, 2000),
but rather to be growth inhibited by O2 (Fareleira et al.,
2003). This suggests that the above-mentioned systems
function primarily in oxygen detoxification. As marine sed-
iments generally contain dynamic oxic–anoxic interfaces
with varying oxygen penetration depth, such systems are
likely to be essential for survival. In addition, sulfate-reduc-
ing bacteria may actually respond to exposure to O2 by
directed migration to more anoxic zones, as indicated by

band formation in gradient cultures of Desulfovibrio
(Eschemann et al., 1999). Such behaviour could be also
expected for D. psychrophila, as it possesses a chemot-
axis system (see above).

Genomic organization. The organization of the genes
described above is displayed in Fig. 4. Although genes
involved in transport and catabolism are basically distrib-
uted across the entire genome, those coding for respira-
tory functions appear to be clustered in the middle section
of the genome. Overall, the first half of the genome con-
tains the majority of the respective genes.

Comparative genomics

The genetic distance of D. psychrophila from all other
organisms with published genomes becomes obvious
from the list of top hits generated by FASTA comparison
with a database containing all presently published
genomes. The largest fraction of 138 top hits (4.4% of the
searched predicted proteins) is related to Magnetococcus
mc1, with the next most frequently hit genome being that
of Vibrio cholerae (102 hits, 3.3%), Desulfitobacterium
hafniense (86 hits, 2.8%) and Thermoanaerobacter teng-
congensis (82 hits, 2.6%). Number 19 on this ranking list
is E. coli (26 hits, 0.8%), followed by the only other pub-
lished genome of a sulfate reducer, A. fulgidus (24 hits,
0.8%). The largest fraction of the derived proteins, 839
(27.0%), have no detectable homologues outside the D.
psychrophila genome.

Archaeoglobus fulgidus. Only 396 of the predicted pro-
teins in D. psychrophila (12.8%) appear to have homo-
logues in the genome of A. fulgidus on the basis of a ratio
>0.2 between the heterologous score and the selfscore
of the D. psychrophila protein. Presumably, most of the
genes behind these ORFs belong to the universal gene
set shared by all organisms. For only 24 of these 396
proteins is the respective A. fulgidus homologue the most
similar protein. Besides nine conserved hypotheticals,
these proteins function in energy metabolism and trans-
port. Five proteins are exclusively shared between the two
sulfate reducers and are not found in any of the other
genomes: four conserved hypotheticals and a probable
heterodisulfide reductase A subunit. There are only seven
clusters with more than four A. fulgidus homologues in a
close neighbourhood on the D. psychrophila genome.
These  clusters  contain  genes  for  (i)  the  biosynthesis
of lysine and arginine; (ii) probable Ni/Fe hydrogenase
subunits and accessory proteins; (iii) a sugar ABC
transporter; (iv) probable methyl viologen-reducing
hydrogenase subunits; (v) heterodisulfide reductase sub-
units; (vi) indolepyruvate:ferredoxin oxidoreductase sub-
units and a probable high-affinity branched-chain amino

Fig. 5. Difference spectra (reduced minus oxidized) of cell-free 
extracts of D. psychrophila (lower line) and D. vulgaris (upper line). 
For D. vulgaris, c-type cytochromes could be detected. Numbers 
shown indicate the experimentally determined wavelengths of 
absorption (nm) for specific peaks. They fall into the range of a, b and 
g absorption bands of c-type cytochromes as described by Poole 
(1994). For D. psychrophila, no indication of the presence of cyto-
chromes was observed.
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acid ABC transporter; and (vii) one functionally diverse
cluster.

With 3.66 Mbp (including the two plasmids), the size of
the D. psychrophila genome surpasses that of A. fulgidus
(2.18 Mbp, no plasmids) by more than two-thirds. The
predicted proteins of D. psychrophila outnumber those of
A. fulgidus by almost 700. With an average of 968 bp, the
protein coding regions of D. psychrophila appear to be
significantly longer than those of A. fulgidus (822 bp),
although the coding density appears to be lower in D.
psychrophila (86.6%, Table 1) than in A. fulgidus (92.2%).
It is evident that these numbers depend at least in part on
the applied annotation strategies, e.g. annotation/deletion
of small hypothetical coding regions without any similarity
to known proteins. Both organisms are relatively rich in
gene families, with 21% of the predicted D. psychrophila
proteins and 30% of the predicted A. fulgidus proteins
belonging to such families. While the ATP-binding sub-
units of ABC transporters (about 40 members in each
organism) and the histidine kinases/response regulators
belong to the largest protein families identified in both
organisms, only A. fulgidus contains a large family of acyl-
CoA ligases. Inteins appear to be absent in both organ-
isms. The G+C content of DNA in both organisms is
rather similar: 46.8% in D. psychrophila versus 48.5% in
A. fulgidus. This is unexpected when considering that
their optimal growth temperatures differ by 73∞C and their
extreme growth temperatures by 97∞C. Only for the first
codon position is the G+C content of both organisms
similar (D. psychrophila 52%, A. fulgidus 53%), whereas
D. psychrophila has a higher G+C content at the second
codon position (42% versus 37%) and a significantly
lower G+C content at the third position (45% versus
58%).

Both genomes contain in one of their high G+C content
(>53%) regions a cluster of genes that are involved in
coenzyme biosynthesis (D. psychrophila, cobalamin; A.
fulgidus, haem). In contrast, a cluster of ribosomal protein-
encoding genes is present in one of two high-G+C islands
in A. fulgidus, whereas it is localized in one of five low-
G+C islands in D. psychrophila. The genome of A. fulgidus
contains three copies of the typical archaeal SRSR ele-
ment (short randomly spaced repeats), which is absent in
D. psychrophila. Although A. fulgidus encodes only one
unlinked rDNA operon, D. psychrophila has seven highly
conserved and linked rDNA operons (Fig. 1). The gene for
7S RNA is present only in the A. fulgidus genome. D.
psychrophila encodes more tRNA genes (64) than A.
fulgidus (46). In D. psychrophila, none of these tRNAs
contains an intron, whereas five are found in A. fulgidus
tRNAs. Neither the genes for the selenocysteine system
(selABCD) nor any putative genes with selenocysteine
codons are present in A. fulgidus; however, this system
appears to play a role in D. psychrophila. In contrast to A.

fulgidus, genes coding for all 20 tRNA-synthetases,
including glutamine and asparagine synthetase, are
present in D. psychrophila. However, like A. fulgidus, it
also contains the gatABC genes (encoding Glu-tRNA ami-
dotransferase) for in situ transamidation of Glu to Gln. In
addition to the class I Lys aminoacyl-tRNA synthetase
found in A. fulgidus, D. psychrophila also possesses a
class II enzyme.

Genes of numerous transporters for physiologically
important ions, amino acids and peptides have been iden-
tified in both organisms. Transporters for the uptake of
carbohydrates and lipids as an energy source are rather
specific for A. fulgidus. Both organisms harbour a signifi-
cant number of genes for two-component regulatory sys-
tems (D. psychrophila even more than A. fulgidus), which
enable them to maintain complex regulatory and sensory
systems, including that for chemotaxis (Che). The genes
for the structural basis of motility (flagella) are also present
in both genomes, as well as the suite of genes necessary
for the synthesis of most vitamins and cofactors. The
defence mechanism against alien DNA depends in both
organisms on one single type I restriction–modification
system; genes for type II restriction–modification systems
have not been identified. As expected from the strikingly
different habitats of the two organisms, D. psychrophila
harbours a suite of cold shock proteins, which are missing
in the genome of A. fulgidus.

Other genomes and gene families. More than one-third
of the D. psychrophila genes for which we could not detect
any homologue in the other genomes are located within
eight stretches of 33–74 ORFs (Fig. 6). These stretches
are allowed to contain a limited number of ORFs with
homologues. The G+C content in four of these stretches
is decreased by 2.2% to 3.8% compared with the sur-
rounding area of the genome; however, no indications for
specific functions in these regions can be described.

A preliminary comparison with data from the genome
of G. sulfurreducens (Methe et al., 2003) identified more
than 100 clusters of two to 61 homologues with identical
gene order. Most frequently, these clusters contain genes
encoding transporters, two-component response regula-
tors, ribosomal proteins, hydrogenases/dehydrogenases
and proteins involved in flagellar, cell wall and lipopolysac-
charide biosynthesis.

Conclusion

Coastal sediments off Svalbard represent the typical nat-
ural habitat of D. psychrophila. Nutrient and redox gradi-
ents established by microbial activities in such sediments
can be disturbed by tidal activity, fluctuating organic input
and bioturbation. In particular, bioturbation by worms and
by walruses feeding on mussels causes intensive mixing
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of the Svalbard sediment and oxygen penetration down to
about 20 cm depth (Hop et al., 2002; Finke, 2003). To
survive sudden oxygen exposure until aerobic members
of the microbial community have consumed the oxygen,
D. psychrophila is likely to depend on its own oxygen
detoxification systems. The suite of identified regulatory
proteins should enable D. psychrophila to adapt its metab-
olism effectively to changing environmental conditions,
e.g. to temporary availability of amino acids.

Comparison of the genomes of D. psychrophila and
A. fulgidus reveals only a few specifically shared fea-
tures, in particular the genes involved in sulfate reduc-
tion and several islands of common hypothetical
proteins. Instead, plenty of striking differences were rec-
ognized, e.g. in their metabolism. The differences
caused by D. psychrophila being a bacterium and A.
fulgidus being an archaeon, as well as the regions that
are unique in both genomes, clearly outnumber the
shared features and indicate that the fraction of the
genomic inventory that is necessary for sulfate reduction
is rather small. Considering the lack of c-type cyto-
chrome-encoding genes, which are abundant in
Desulfovibrio spp., the question of a general genome

evolution among bacterial sulfate reducers arises. To
refine the minimal genomic basis that is generally com-
mon to sulfate reducers, a comprehensive comparison
considering the genomes from several diverse species
is needed. In this context, the current sequencing
projects on D. vulgaris (http://www.tigr.org), Desulfovibrio
desulfuricans and D. acetoxidans (both http://
www.jgi.doe.gov) will provide a promising opportunity.

Experimental procedures

Cultivation of cells and preparation of genomic DNA

Desulfotalea psychrophila strain LSv54 (DSM 12343) and D.
vulgaris Hildenborough (DSM 644) were grown in bicarbon-
ate-buffered, sulfide-reduced mineral media with lactate
(20 mM) as the only source of organic carbon, as described
previously (Widdel and Bak, 1992; Knoblauch et al., 1999).
D. psychrophila was cultivated at 10∞C and D. vulgaris at
37∞C. Cells were harvested in the exponential growth phase,
frozen in liquid nitrogen and stored at -80∞C. Genomic DNA
from D. psychrophila was prepared from about 3 g of cells
(wet weight), essentially according to the method described
by Rabus and colleagues (2002).

Fig. 6. Functional and comparative representation of the chromosome. Outer circle, predicted coding regions on the plus strand are colour coded 
by role categories. Second circle, predicted coding regions on the minus strand are colour coded by role categories (see above for plus strand). 
Third circle, hypothetical proteins without known homologues. Fourth circle, predicted proteins with a homologue in A. fulgidus. Fifth circle, 
members of novel gene families.

http://www.tigr.org
http://
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Genome sequencing, assembly and gap closure

Genomic DNA from D. psychrophila was sequenced using
a conventional whole-genome shotgun strategy. Fragments
of 1–2.5 kbp and 2.5–6 kbp were isolated after mechanical
shearing, end-repaired and cloned via A-T cloning in
pGEM-T easy vector (Promega). More than 20 000 plasmid
DNAs were isolated on BioRobots 9600 (Qiagen). About
40 000 sequence reactions were generated from the plas-
mid templates using primers pGEM1-abi (forward) and
pGEM2-abi (reverse) and either ABI BigDyeTM Terminator
chemistry (Applied Biosystems) or ET-Terminator chemistry
(Amersham Biosciences). Sequence reactions were analy-
sed on automated sequencers, ABI PRISM instrument
models 377-96, 3100 and 3700, providing average useable
read lengths of 677 nt. Sequence traces were first pro-
cessed with PHRED for base calling (Ewing and Green,
1998) and data quality assessment (Ewing et al., 1998),
then assembled with PHRAP (P. Green, University of Wash-
ington) and visualized and edited with CONSED (Gordon
et al., 1998). In this process, we also used the program
GAP4 from the Staden package (Staden et al., 2000).
Primer walking on templates from the two plasmid libraries
closed all but 233 gaps, for which no gap-spanning clones
could be identified. These physical gaps were closed by
direct sequencing on PCR fragments generated with the
long-distance sequencer method described by Hagiwara
and Harris (1996). After sequence finishing and polishing,
the genome had a 6.4-fold sequence redundancy and an
average PHRED score above 40. The final chromosome
sequence was assembled from 34 078 sequence reads.
The two plasmids were assembled from 799 and 77
sequence reads respectively.

Prediction and annotation of ORFs

Open reading frames were predicted by three indepen-
dent ORF-finding programs: GLIMMER (Delcher et al.,
1999), CRITICA (Badger and Olsen, 1999) and ORPHEUS

(Frishman et al., 1998). A non-redundant list of ORFs was
generated from the three sets of ORFs by parsing the
results with PERL scripts as described by Glöckner and
colleagues (2003). This set of non-redundant ORFs was
the basis for the annotation performed with PEDANT-PRO

(BioMax) (Frishman et al., 2001), which in addition to
BLAST searches against a non-redundant database auto-
matically collected results from analyses performed with
BLOCKS, PROSITE, PFAM, 3D, SCOP and COG. All automati-
cally generated assignments were reviewed and curated
in two manual annotation rounds. Frameshifts were
detected and corrected after the first round of manual
annotation. Remaining frameshifts are considered to be
authentic. ORFs overlapping with validated ORFs were
deleted from the final ORF list when no functional assign-
ment could be justified. The N-termini of the predicted
proteins were adjusted to the best database match only
in cases where sufficient reason for shortening of the N-
terminus was available. Gene designations were taken
from SWISSPROT (Boeckmann et al., 2003) or from
respective references. Functional assignment of identified
transporters was carried out using the transporter classifi-
cation system (Saier, 2000; Busch and Saier, 2003).

Gene family identification and comparative genomics

All predicted proteins from the D. psychrophila genome as
well as from all other published genomes in the SIMAP data-
base (Mewes et al., 2004) were compared using FASTA (Pear-
son and Lipman, 1988) and the BLOSUM50 similarity matrix
(Henikoff and Henikoff, 1993). D. psychrophila families as
well as homologues from other genomes were identified by
screening the SIMAP output with custom-made PERL scripts.
The ratio between the optimal score obtained from a D.
psychrophila protein and its homologue in the SIMAP data-
base and the selfscore of the D. psychrophila protein was the
guiding selection criterion. Ratios below 0.20 were ignored;
in some (denoted) analyses, cut-off values greater than 0.20
were necessary to increase selectivity.

Histidine kinases were found with PSI-BLAST (Altschul et al.,
1997) for the NtrB kinase domain against the non-redundant
database. Using the last PSI-BLAST checkpoint file, a search
was performed on the D. psychrophila proteome database
and all hits (e < 1) were extracted. Those hits were then
checked manually for histidine kinase motifs (H-N-D-F-G
boxes). The genes remaining after manual inspection were
then included in the alignment used for generating the phy-
logenetic tree in Fig. 2 (from alignment of only the histidine
kinase domains). Response regulators were found by the
same procedure as histidine kinases, using CheY as PSI-
BLAST seed. A few proteins could not be classified (DP0338,
DP2649 and DP2841) because of degenerate receiver
domains. DNA repeats in the genome were analysed with
REPUTER (Kurtz et al., 2001), and GENEWIZ (Pedersen et al.,
2000) was used for whole-genome visualization.

Preparation of cell-free extracts and analysis of 
cytochromes

Frozen cell pellets were resuspended in 0.1 M Tris-HCl
buffer (pH 7.5) to a concentration of ª 200 mg ml-1 (wet
weight). Cell breakage was performed with the PlusOne
sample grinding kit (Amersham Biosciences), according to
the manufacturer’s instructions. Cell-free extracts were
obtained by centrifugation (12 000 r.p.m., Biofuge 13;
Heraeus Instruments). The analysis of cytochromes was
essentially carried out as described by others (Masau
et al., 2001). Absorption of cytochromes in cell-free
extracts was monitored at room temperature with a UV/
Vis spectrometer (Lambda 20) equipped with a 1 cm light
path. Extracts were diluted 10 times in 0.1 M Tris-HCl
buffer (pH 7.5). When recording the absorption spectra,
0.1 M Tris-HCl buffer was used as reference. Extracts
were oxidized by adding ammonium persulfate and, after
measurement of absorption, they were completely
reduced by adding Na-dithionite. Then the reduced spec-
trum was measured with the same extract. Difference
spectra were obtained by manually subtracting the spectra
of the oxidized extract from the spectra of the reduced
extract.

Supporting information and database submission

The complete annotation data are available on the home
page of the REGX Project (Real Environmental GenomiX),
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http://www.regx.de. A BLAST server is available for public use.
The nucleotide sequence of the chromosome and the two
plasmids was submitted to EMBL under accession numbers
CR522870 (chromosome) CR522871 (large plasmid) and
CR522872 (small plasmid).
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Glossary of expressions and abbreviations not 
explained elsewhere in the manuscript

Chargaff difference, deviation from Chargaff’s second parity
rule (balance of purines and pyrimidines); hypothetical pro-
teins, predicted proteins without homologues in public data-
bases; NUSA, transcription termination factor; PNP,
polyribonucleotide nucleotidyltransferase; RBFA, ribosome-
binding factor A; TCA cycle, tricarboxylic acid cycle; tmRNA,
10Sa RNA or SsrA that tags unfinished protein for proteoly-
sis; TPP, thiamine pyrophosphate; TRAP-T system, Tripartite
ATP-independent Periplasmic Transporter.

Note added in proof

A third genome of a (mesophilic) sulfate reducer has
meanwhile been published by Heidelberg and colleagues
(2004), Nat Biotechnol 5: 554–559.
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