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Desulfovibrio vulgaris Hildenborough is a model organism for studying the energy metabolism of sulfate-reducing bacteria (SRB)
and for understanding the economic impacts of SRB, including biocorrosion of metal infrastructure and bioremediation of toxic
metal ions. The 3,570,858 base pair (bp) genome sequence reveals a network of novel c-type cytochromes, connecting multiple

periplasmic hydrogenases and formate dehydrogenases, as a key feature of its energy metabolism. The relative arrangement of
genes encoding enzymes for energy transduction, together with inferred cellular location of the enzymes, provides a basis for
proposing an expansion to the ‘hydrogen-cycling’ model for increasing energy efficiency in this bacterium. Plasmid-encoded
functions include modification of cell surface components, nitrogen fixation and a type-I1l protein secretion system. This genome
sequence represents a substantial step toward the elucidation of pathways for reduction (and bioremediation) of pollutants such
as uranium and chromium and offers a new starting point for defining this organism’s complex anaerobic respiration.

Sulfate-reducing bacteria (SRB) are anaerobic prokaryotes found
ubiquitously in nature. SRB were the first nonphotosynthetic, anaero-
bic bacteria shown to generate energy (ATP) through electron trans-
fer—coupled phosphorylation. For this process, the SRB typically use
sulfate as the terminal electron acceptor for respiration of hydrogen or
various organic acids, which results in the production of sulfide, a
highly reactive and toxic end-product. Beyond their obvious function
in the sulfur cycle, SRB play an important role in global cycling of
numerous other elements'. For example, in the carbon cycle, the SRB
form part of microbial consortia that completely mineralize organic
carbon in anaerobic environments; polymeric materials (e.g., cellu-
lose) are first depolymerized and metabolized by fermentative
microorganisms, and the resulting organic acid and reduced gas (that
is, CO and H,) end-products are further fermented or oxidized by
other microbes, including SRB. The latter are particularly active in sul-
fate-rich (e.g., marine) environments, where they effectively link the
global sulfur and carbon cycles!2.

Beyond these ecological roles, SRB also have a major economic
impact because of their involvement in biocorrosion of ferrous metals

in anaerobic environments®, described as “industrial venereal dis-
ease—it’s expensive, everybody has it, and nobody wants to talk about
it”%. For example, because SRB are abundant in oil fields, their metab-
olism has many negative consequences for the petroleum industry
(e.g., corrosion of drilling and pumping machinery and storage tanks,
souring of oil by sulfide production, plugging of machinery and rock
pores with biomass and sulfide precipitates). The SRB also contribute
to bioremediation of toxic metal ions>°. Their metabolism increases
the pH, causing toxic metal ions like copper (II), nickel (II) and cad-
mium (II) to precipitate as metal sulfides in acidic aquatic environ-
ments (e.g., mine effluents). Additionally, SRB can deliver electrons
directly to oxidized toxic metal ions, including uranium (VI), tech-
netium (VII), and chromium (VI), converting these into less soluble,
reduced forms. Hence, SRB-mediated reduction represents a poten-
tially useful mechanism for the bioremediation of metal ion contami-
nants from anaerobic sediments®.

Most research on the metabolism and biochemistry of SRB has been
done on the genus Desulfovibrio, a member of the §-proteobacteria”?.
Here we report the genome sequence of D. vulgaris Hildenborough, a
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Table 1 General features of the D. vulgaris Hildenborough genome

Chromosome Megaplasmid
Size (base pairs) 3,570,858 202,301
G+C percentage 63.2 65.7
Predicted protein-coding genes (CDS)
No. similar to known proteins 1,894 96
No. similar to proteins of unknown function? 372 13
No. of conserved hypothetical proteins? 273 12
No. of hypothetical proteins® 856 31
Total CDSs 3,395 152
Average CDS size (bp) 908 1,131
Percentage coding 86.4 85.0
Number of rRNA operons 5 0
Number of tRNA 68 0
Phaged 4 0
IS transposases 26 2

aUnknown function. Substantial sequence similarity to a named protein for which no function
is currently attributed. PConserved hypothetical protein. Sequence similarity to a translation of
another open reading frame; however, no experimental evidence for protein expression exists.
CHypothetical protein. No substantial similarity to any other sequenced protein. 4Two copies of
nearly identical mu-like bacteriophage (DVU0189-221 and DVU2847-79) are present in the
chromosome. DVU2688-733 represent a third lambdoid bacteriophage and DVU1498-1508
are remnants of a bacteriophage genome.

well-studied strain of this genus. The availability of this genome
sequence greatly expands our understanding of its energy transduc-
tion and electron transport mechanisms. This paves the way for eluci-
dation of the mechanisms by which SRB contribute to metal ion
bioremediation and biocorrosion, as well as of their key roles in bio-
geochemical cycles.

General genome features
The D. vulgaris Hildenborough genome was sequenced by the whole
genome sequencing method. Genome features are listed in Table 1.
The D. vulgaris plasmid, known to contain the nif genes, can be lost
when the organism is cultivated in ammonium-containing
media (G. Voordouw, unpublished observation). The plasmid lacks
homologs to previously characterized plasmid replication or par-
titioning genes. In addition to the genes for MoFe nitrogenase, the
plasmid encodes all essential components of a type III secretion
apparatus (DVUA0106-22). Type III secretion systems have typically
been associated with pathogens and symbionts (e.g., Rhizobium spp.
and Yersinia spp.’) where they translocate bacterial proteins (effect-
ors) into the eukaryotic cells across three biological membranes to
influence host responses. Preliminary analysis suggests the presence
of putative effectors of this type III secretion system!, but it will
be interesting to see which of these putative effector genes are authen-
tic and determine the conditions under which their products are
secreted.

Much of our historical knowledge on SRB physiology derives from
a desire to understand the bacteria’s role in microbially influenced
corrosion, which may involve electron transport from the metal
surface to the SRB sulfate reduction pathway through a hydrogen
intermediate®. The genome sequence reveals multiple candidate
hydrogenases and cytochromes that may be involved in the removal of
hydrogen from metals through electron transfer. It has been postulated
that microbial metabolism may indirectly contribute to the accumula-
tion of corrosive sulfide and organic acid end-products causing local-
ized pitting of metals. Maximum corrosion activity occurs at sites of
intermittent oxygenation, thus supporting the conclusion that corro-
sion by these anaerobes occurs along an oxygen gradient, directly or
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through a series of redox intermediates’. The genome sequence indi-
cates that D. vulgaris has a large family of 27 methyl-accepting chemo-
taxis proteins, including the proteins DcrA and DcrH', which sense
oxygen or redox potential and may be important in positioning the
SRB in the gradients generated across the oxic/anoxic interface. The
roles of these functions in stimulating microbially influenced corro-
sion can now be tested.

Energy metabolism

Desulfovibrio spp. use hydrogen, organic acids or alcohols as electron
donors for sulfate reduction. Although many key components of the
Desulfovibrio energy metabolism are known, the genome sequence
indicates many novel features, including the existence of additional
periplasmic c-type cytochromes and formate dehydrogenases as well
as previously unknown cytoplasmically-oriented, membrane-bound
hydrogenases.

Hydrogen oxidation/sulfur reduction. During chemolithotrophic
growth, D. vulgaris derives energy only from oxidative phosphoryla-
tion by coupling the reduction of sulfate (or other sulfur oxyanions,
e.g. sulfite or thiosulfate) to sulfide with the oxidation of hydrogen
(Fig. 1 and Supplementary Table 1 online). The first step in the process
is periplasmic hydrogen oxidation (Fig. 1 and Supplementary Table 1
online). Although three D. vulgaris periplasmic hydrogenase com-
plexes were previously described!?, genome analysis revealed a fourth
(HynBA-2 isozyme). The exact roles of these hydrogenases have not
yet been established; each of them may have a different specificity or
this redundancy may allow compensation under conditions of stress.
For example, deletion of the genes for Fe-only hydrogenase impairs
chemolithotrophic growth!3, suggesting at least some redundancy in
function.

The electrons generated by periplasmic hydrogen oxidation are pos-
sibly stored within the periplasm in multiheme c;-type cytochromes
until they are passed through the inner membrane via electron shuttles
(Fig. 1 and Supplementary Table 1 online). The tetrahemic cyto-
chrome ¢; (DVU3171) is generally regarded as the primary electron
acceptor from periplasmic hydrogen oxidation and accounts for the
majority of the c-type cytochromes of the periplasm!4. However,
genome analysis indicates the presence of three alternate c;-type
cytochromes (DVU2524, DVU2809 and DVU0263); localization of
two of these (DVU2524 and DVU2809) suggests roles in dedicated
pathways. Specifically, DVU2524 may serve as a dedicated electron
acceptor for HynBA-2 (NiFe-hydrogenase isozyme 2), and DVU2809
is part of an operon encoding a formate dehydrogenase, suggesting
that this tetraheme cytochrome c; accepts electrons arising from for-
mate oxidation (see below).

Intermolecular electron transfer between the various c-type
cytochromes creates a vast network of interconnected hemes!>. This
network likely provides the electrical wiring for connecting multiple
periplasmic redox proteins and may also serve as a capacitor for stor-
age of low-potential electrons originating from hydrogen or formate
oxidation. Furthermore, the cytochrome network provides electrons
for the reduction of metal ions, (Fig. 1 and Supplementary Table 1
online) Cr(VI) or U(VI). Historically, electrons for metal ion red-
uction were believed to be transferred solely by cytochrome c;
(DVU3171). When the corresponding gene in Desulfovibrio desulfuri-
cans G20 was knocked out, over 90% of the reduction of U(VI) from
externally supplied H, was blocked; however, there was only a 50%
decrease in the reduction of U(VI) with lactate or pyruvate as the elec-
tron donor®. Therefore, although this cytochrome is involved in metal
ion reduction, the alternative tetraheme cytochromes likely play a role
as well.
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Figure 1 D. vulgaris c-type cytochrome network. Diagrammatic view of the c-type cytochrome network
potentially present in the periplasm of D. vulgaris Hildenborough, and the associated periplasmic
hydrogenases and transmembrane complexes. Multiple pathways are predicted for electrons from
hydrogen supplied externally or produced in the cytoplasm. The protons generated from hydrogen
oxidation could then be used to drive ATP synthesis through the F,Fy ATP synthase (DVU0774-80)
pictured in the cytoplasmic membrane (far left). The electrons generated from hydrogen oxidation are
transferred into the c-type cytochrome network for delivery through the cytoplasmic membrane via
membrane-bound electron carriers for reduction of the terminal electron acceptors sulfate or
thiosulfate. For locus identification of genes, see Supplementary Table 1 online.

SOs—» APS—»SO3™—»S™ + 2H"—» H,S

level ATP synthesis coupled to the conversion
of acetyl-CoA to CoA and acetate. Thus,
D. vulgaris can ferment pyruvate, but the
thermodynamics of lactate oxidation to pyru-
vate with hydrogen production is highly
endergonic!321,

A chemiosmotic model for energy trans-
duction from lactate oxidation termed
“hydrogen cycling” has been proposed??: the
protons and electrons produced in lactate and
pyruvate oxidation react with a cytoplasmic
hydrogenase to form hydrogen, which dif-
fuses across the membrane where it is reoxi-
dized by periplasmic hydrogenases to form a
proton gradient (Fig. 2 and Supplementary
Table 2 online). This proton gradient is used
for additional ATP synthesis. This model
requires both periplasmic and cytoplasmic
hydrogenase isozymes. Whereas periplasmic
hydrogenases have been demonstrated!>?3,
cytoplasmically  oriented  hydrogenases
have remained controversial. The genome
sequence indicates the presence of genes
for two membrane-bound hydrogenases,
(echABCDEF** and  cooMKLXUHF'32%),
which both have active sites facing the
cytoplasm. Either of these could be involved

Periplasm

Cytoplasm

Hydrogenase activity and electron storage occur in the periplasm
whereas sulfate reduction occurs in the cytoplasm, therefore, electrons
must cross the cytoplasmic membrane. Before genome analysis, the
Hmc complex (DVU0531-36, containing a hexadecaheme c-type
cytochrome) represented the only known D. vulgaris transmembrane
electron circuit!>"17. However, genome analysis indicates the presence
of four alternate transmembrane electron conduits (Fig. 1 and
Supplementary Table 1 online). The presence of multiple conduits
provides an explanation for the observation that deletion of the hmc
operon only partially inhibits growth of D. vulgaris in the presence of
hydrogen and sulfate!®.

In the cytoplasm, D. vulgaris uses sulfate as the principal terminal
electron acceptor, generating sulfide, in a process designated as dissim-
ilatory sulfate reduction (Fig. 1 and Supplementary Table 1 online). In
summary, the genome sequence adds detail to our understanding of
D. vulgaris growth on hydrogen and sulfate through physically sepa-
rated hydrogen oxidation and sulfate reduction reactions, resulting in
a proton gradient that is consumed by the F,F-ATP synthase complex
(DVU0774-80)".

Carbon metabolism and hydrogen cycling. D. vulgaris belongs to
the group of incompletely-oxidizing sulfate reducers, where acetic acid
is often an end-product of organic acid and alcohol oxidations provid-
ing electrons for sulfate reduction (Fig. 2 and Supplementary Table 2
online). The preferred substrate, lactate, is oxidized to pyruvate by a
membrane-bound lactate dehydrogenase (DVU0600) and pyruvate is
further oxidized primarily by pyruvate:ferredoxin oxidoreductase
(DVU3025, POR)%°. However, there are genes encoding a number of
alternative oxo-organic acid oxidoreductases that could react with
pyruvate (DVU1569-70, DVU1944—47, DVU1950-51, DVU3347-50

in H, production from lactate. Additionally,

c0ooMKLXUHF could be involved, together
with CO dehydrogenase (DVU2098), in hydrogen production from
CO according to the overall equation CO + H,0 — CO, + H, (ref. 13).
In any case, the hydrogen produced could then be captured by
periplasmic hydrogenases to form a proton gradient. Thus, the
genome sequence indicates the presence of novel complexes that are
involved in energy transduction (e.g., ‘hydrogen cycling’) for which the
exact mechanism remains to be worked out!*2°,

The mechanism of energy conservation associated with formate
oxidation is more straightforward than for lactate (Fig. 2 and
Supplementary Table 2 online). Electrons from formate oxidation are
probably donated to the periplasmic tetraheme cytochrome network
and used for cytoplasmic sulfate reduction after import through the
multiheme-containing transmembrane electron conduits (Fig. 1
and Supplementary Table 1 online). In contrast to the cellular organi-
zation of hydrogenases and formate dehydrogenases in Escherichia
coli?”?8, the operon structure of the D. vulgaris formate dehydroge-
nases suggests that the subunits are not membrane-bound and that
they interact with the cytochrome network instead. The multiple
periplasmic formate dehydrogenases may be specialized for the oxi-
dation of formate that diffuses into the periplasm from external
sources, or of formate that diffuses into the periplasm from the cyto-
plasm. The latter might be part of a mechanism to form a proton gra-
dient from lactate oxidation through formate ‘cycling’ analogous to the
model for hydrogen ‘cycling’ (Fig. 2 and Supplementary Table 2
online). Thus, formate production would be the second example of a
mechanism to move protons through the membrane, by diffusion of
an uncharged species, with release of the protons in the periplasm by
oxidation and subsequent recapture of the associated electrons for sul-
fate reduction.
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Figure 2 Hydrogen and formate cycling in D. vulgaris. Diagrammatic
representation of the contribution of hydrogen and formate cycling proposed
to occur during oxidation of organic acids by D. vulgaris Hildenborough.

For hydrogen cycling, reducing equivalents (2H* + 2e) generated from
lactate or pyruvate oxidation are suggested to be a substrate for one of two
membrane-bound hydrogenases that have a cytoplasmic orientation. The
gaseous hydrogen diffuses to the periplasm where any of several candidate
hydrogenases (Fig. 1) would oxidize the hydrogen with the electrons released
being captured by the c-type cytochrome network. The electrons could then
be channeled through the cytoplasmic membrane by one of several putative
transmembrane protein conduits (Fig. 1). For formate cycling, a similar
path is proposed. Formate generated from pyruvate would, when protonated,
diffuse into the periplasm and be reoxidized by one of three isozymes of
formate dehydrogenase. Formate supplied externally would also be oxidized
in the periplasm. Electrons would be transferred directly or indirectly to

the c-type cytochrome matrix for subsequent delivery to the cytoplasmic
membrane where sulfate is then reduced. In all cases, protons generated
would contribute to the proton gradient supporting transport processes

and ATP synthesis. For locus identification of genes, see Supplementary
Table 2 online.

Although growth on hexoses has never been demonstrated in
D. vulgaris, genes for enzymes catalyzing each of the steps in glyco-
lysis are readily recognized in the genome sequence?’, suggesting
enzymatic activities similar to those demonstrated for the close rela-
tive Desulfovibrio gigas®®. The metabolic capacity to store glycogen
would also appear to be present in D. vulgaris, and this polymer
has been proposed to be a source of reductant for oxygen consump-
tion®!, Clearly, during growth on organic acids, a full complement of
enzymes for gluconeogenesis is needed for cell wall biosynthesis and
modification.

D. vulgaris does not mineralize organic carbon substrates but pro-
duces acetate as an end-product. We did not identify two genes for tri-
carboxylic acid (TCA) cycle enzymes in the genome. First, we did not
identify a typical o-ketoglutarate dehydrogenase, but sequences with
strong similarity to a ferredoxin-dependent o-ketoglutarate syn-
thase®? were evident (DVU1569-70, DVU1944—47). Second, we did
not find a gene homologous to citrate synthase. This is unexpected
because earlier work demonstrated citrate synthase activity in extracts
of D. vulgaris®®. This activity produced citrate with a stereochemistry
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opposite to that of the E. coli enzyme, perhaps accounting for the lack
of the identification of a citrate synthase in the D. vulgaris genome.
Whether the TCA cycle functions oxidatively or only reductively
remains to be determined; however, it is likely to have a biosynthetic
function because acetate is not oxidized.

D. vulgaris is known to use lactate, pyruvate, ethanol, malate
and fumarate®* but not riboses or hexoses. Consistent with this, it
has one of the largest sets of carboxylate transporters described in
bacteria, including six paralogs of the E. coli LctP lactate trans-
porter and three sets of tripartite ATP-independent periplasmic trans-
porters. D. vulgaris appears to have some capacity for carbohydrate
uptake, including a glycerol channel and a probable ribose ABC
transporter. It also has an unusual set of phosphotransferase system
(PTS) genes organized in three clusters: DVU0829-31, encoding the
general energy coupling proteins HPr and Enzyme I, and a distant
homolog of a sorbose Enzyme IID; DVU1630-34, encoding two
Enzyme IIAs, Enzyme IIB, a distant homolog of Enzyme IIC and a
putative kinase; and DVU0981 encoding a multidomain protein with
both a HPr and an Enzyme I domain. Thus, it appears to contain
sufficient PTS components to form at least one complete sugar PTS
transporter, although the substrate specificity of such a system is
unclear. D. vulgaris possesses a variety of systems for uptake of nitroge-
nous compounds including urea, ammonia, amino acids and
oligopeptides.

Use of alternate electron acceptors. Although D. vulgaris is best
known for using sulfate (or other sulfur oxyanions) as the terminal
electron acceptor, the genome contains pathways for the reduction of
other terminal electron acceptors (i.e., oxygen, nitrite and metal ions).
Perhaps D. vulgaris uses these to derive energy for growth, to prevent
competition by bacteria using these other electron acceptors or to pro-
tect the cell from inhibition of the sulfate reduction pathway by these
alternative electron acceptors. For example, each of the two subunits of
a periplasmic nitrite reductase (DVU0624-25, NrfHA) have multiple
c-type heme binding sites (PS00190 domain: NfrH, four sites; NfrA,
five sites), indicating that electrons for nitrite reduction may be drawn
from the periplasmic cytochrome c; network. However, the lack of
experimental evidence that D. vulgaris can grow by using nitrite as a
terminal electron acceptor suggests that NrfHA likely functions only
to prevent inhibition of sulfate reduction by nitrite®.

The possible use of oxygen as a terminal electron acceptor by
Desulfovibrio species has been a topic of intense debate®. Genome
analysis has revealed that D. vulgaris does possess a high-affinity termi-
nal oxidase (DVU3270-71) homologous to the D. gigas enzyme that
allows oxygen respiration under microaerophilic conditions®’.
Additionally, D. vulgaris contains genes for a low affinity aa3-type ter-
minal cytochrome ¢ oxidase (DVU1812-15, cox) adjacent to the genes
for monoheme cytochrome c-553 (DVU1817, cyf). Although the pres-
ence of these genes suggests that D. vulgaris should have the potential
to respire oxygen both under microaerophilic and fully aerobic condi-
tions?®, sustainable growth of D. vulgaris in oxygen has never been
demonstrated. These oxidases may have evolved for protection from
the damaging effects of oxygen3. Protection against oxygen inactiva-
tion may also be provided by a cytoplasmic, nonenergy-conserving
respiratory chain that terminates with rubredoxin-oxygen oxidore-
ductase (DVU3185, roo (ref. 39)). Interestingly, the gene for this termi-
nal oxidase is preceded by those for rubredoxin (DVU3184, rub) and
superoxide reductase (DVU3183, sor (ref. 40)), which has an oxygen-
stable ferrous iron in its active site. The gene organization suggests that
Sor helps to remove oxidative stress by reducing superoxide anions
formed in the Roo-catalyzed reaction. The hydrogen peroxide is then
further reduced to water by rubrerythrin-1 (DVU3094, rbrl)*142,
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The genome sequence indicates the presence of two additional
Rbr-homologs, rubrerythrin-2 (DVU2318, rbr2) and nigerythrin
(DVU0019, ngr), that could also contribute to the reduction of hydro-
gen peroxide. In addition to Sor and Rbr, oxygen defense proteins that
are typical for the anaerobic world, D. vulgaris has a periplasmic iron
superoxide dismutase (DVU2410, Fe-Sod) and a plasmid-encoded
catalase (DVUA0091).

DISCUSSION

The genome sequence of D. vulgaris allowed the identification and ini-
tial characterization of the bacterium’s complex, periplasmic cyto-
chrome network, and has provided a more complete picture of its
transmembrane electron transport and cytoplasmic sulfate reduction
capabilities. The number of hydrogenase isozymes recognized has
expanded and, for the first time, candidates for cytoplasmic isozymes
have been revealed. This is the first evidence for cytoplasmic isozymes,
which are a critical component of the ‘hydrogen-cycling’ model of
energy conservation. In addition to hydrogen and hydrogenases, the
unexpectedly high number of formate dehydrogenases, suggests a sec-
ond system of chemiosmotic energy conservation by the diffusion of
an uncharged metabolic intermediate, formate, from the cytosol with
subsequent periplasmic oxidation. The contribution of these enzymes
to the cellular energy budget can now be explored through mutagene-
sis, microarray or other gene expression experiments, combined with
physiological characterization?®. The recognition of the importance of
this mode of energy conservation in microbial metabolism lags far
behind that of fermentation and traditional respiration but may be
found almost universally. The sequence also allows in-depth charac-
terization of mechanisms for SRB-mediated biocorrosion and metal
ion bioremediation and provides the intellectual foundation necessary
to either effectively contain this microorganism (and others like it),
through the use of oxygen, nitrite or biocidal agents, or to realize its
utility for environmental remediation purposes.

METHODS

Strain. The strain chosen for whole genome sequencing was D. vulgaris
subsp. vulgaris Hildenborough (NCIMB 8303), which was originally isolated in
1946 from clay soil near Hildenborough, Kent (UK)®. Because its nif genes—
containing plasmid®’ is easily lost, a freeze-dried culture obtained from the
NCIMB was inoculated directly into 100 ml of Postgate’s Medium C, a lactate-
and sulfate-containing medium®. The grown culture was immediately used for
DNA extraction using the method of Marmur, modified to include digestion
with proteinase K**. Before random libraries were made, the DNA extracted
from this culture was used to confirm the presence of nif genes by Southern
hybridization. The genomic sequence is thus as closely related to that of the
originally deposited strain as possible.

Sequencing. Cloning, sequencing and assembly were as described for genomes
sequenced by TIGR*. Plasmid libraries with one small-insert (2-3 kbp) and
one large-insert (10-12 kbp) were constructed in pUC-derived vectors after
random mechanical shearing (nebulization) of genomic DNA. Sequencing was
achieved at a success rate of 86% with an average read length of 599 bp. The
plasmid sequences were jointly assembled using TIGR Assembler. The coverage
criteria were that every position required at least double-clone coverage (or
sequence from a PCR product amplified from genomic DNA), and have either
sequence from both strands or two different sequencing chemistries. The
sequence was edited manually, and additional PCR*® and sequencing reactions
were done to close gaps, improve coverage and resolve sequence ambiguities.
All repeated DNA regions were verified by PCR amplification across the repeat
and sequencing of the product. The final genome is based on 54,926 sequences.

Genome analysis. The replicative origin was determined by colocalization of
genes (dnaA, dnaN, recF and gyrA) often found near the origin in prokaryotic
genomes and GC nucleotide skew (G-C/G+C) analysis?’. On this basis, we

designated base pair one in an intergenic region that is located in the putative
origin of replication.

An initial set of open reading frames likely to encode proteins (CDSs) were
predicted as previously described®®. All predicted proteins larger than 30 amino
acids were searched against a nonredundant protein database as previously
described®®. Frameshifts and point mutations were detected and corrected
where appropriate. Remaining frameshifts and point mutations are considered
to be authentic and were annotated as ‘authentic frameshift’ or ‘authentic point
mutation. Protein membrane-spanning domains were identified by TopPred*®.
The 5 regions of each CDS were inspected to define initiation codons using
homologies, and position of ribosomal binding sites and transcriptional termi-
nators. Two sets of hidden Markov models were used to determine CDS mem-
bership in families and superfamilies: pfam v11.0 (ref. 49) and TIGRFAM:s 3.0
(ref. 50). Pfam v11.0 hidden Markov models were also used with a constraint of
a minimum of two hits to find repeated domains within proteins and mask
them.

Domain-based paralogous families were then built by doing all-versus-all
searches on the remaining protein sequences using a modified version of a pre-
viously described method*’.

Requests for material should be addressed to gdv@tigr.org. The annotated
genome sequence and the gene family alignments are available on the World
Wide Web at http://www.tigr.org/tigr-scripts/ CMR2/GenomePage3.spl?data
base=gdv. The sequences have been deposited in GenBank with accession no.
AE017285 (chromosome) and AE017286 (plasmid).

Note: Supplementary information is available on the Nature Biotechnology website.
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