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Abstract

Background: The epsilon proteobacteria, which include many important human pathogens, are
presently recognized solely on the basis of their branching in rRNA trees. No unique molecular or
biochemical characteristics specific for this group are known.

Results: Comparative analyses of proteins in the genomes of Wolinella succinogenes DSM 1740 and
Campylobacter jejuni RM1221 against all available sequences have identified a large number of
proteins that are unique to various epsilon proteobacteria (Campylobacterales), but whose
homologs are not detected in other organisms. Of these proteins, 49 are uniquely found in nearly
all sequenced epsilon-proteobacteria (viz. Helicobacter pylori (26695 and ]99), H. hepaticus, C. jejuni
(NCTC 11168, RMI221, HB93-13, 84-25, CF93-6, 260.94, 11168 and 81-176), C. lari, C. coli, C.
upsaliensis, C. fetus, W. succinogenes DSM 1740 and Thiomicrospira denitrificans ATCC 33889), I | are
unique for the Wolinella and Helicobacter species (i.e. Helicobacteraceae family) and many others are
specific for either some or all of the species within the Campylobacter genus. The primary sequences
of many of these proteins are highly conserved and provide novel resources for diagnostics and
therapeutics. We also report four conserved indels (i.e. inserts or deletions) in widely distributed
proteins (viz. B subunit of exinuclease ABC, phenylalanyl-tRNA synthetase, RNA polymerase {3 '-
subunit and FtsH protein) that are specific for either all epsilon proteobacteria or different
subgroups. In addition, a rare genetic event that caused fusion of the genes for the largest subunits
of RNA polymerase (rpoB and rpoC) in Wolinella and Helicobacter is also described. The inter-
relationships amongst Campylobacterales as deduced from these molecular signatures are in
accordance with the phylogenetic trees based on the 16S rRNA and concatenated sequences for
nine conserved proteins.

Conclusion: These molecular signatures provide novel tools for identifying and circumscribing
species from the Campylobacterales order and its subgroups in molecular terms. Although sequence
information for these signatures is presently limited to Campylobacterales species, it is likely that
many of them will also be found in other epsilon proteobacteria. Functional studies on these
proteins and conserved indels should reveal novel biochemical or physiological characteristics that
are unique to these groups of epsilon proteobacteria.
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Background

The epsilon (g-) proteobacteria comprise one of the five
Classes within the phylum Proteobacteria [1-4]. These
bacteria inhabit a wide variety of ecological niches rang-
ing from gastrointestinal tracts of animals to water reser-
voirs, sewage, oil-field community and deep-sea
hydrothermal vents [2,5-10]. Recent studies show that ¢-
proteobacteria comprise a significant proportion of the
microbial population in deep-sea hydrothermal vents
where, because of their ability to carry out different types
of metabolism using a variety of alternate electron donors
(e.g. H,, formate, elemental sulfur, sulfide, thiosulfate)
and acceptors (e.g. sulfite, elemental sulfur, nitrate), they
play important role in carbon, nitrogen and sulfur cycles
[7,9-13]. A great deal of interest in these bacteria stems
from the fact that many of these species are host-associ-
ated (Helicobacter, Campylobacter, Wolinella) and comprise
important human and animal pathogens [14-16]. Of
these bacteria, Helicobacter pylori is the causative agent for
gastric and peptic ulcers [17,18] and infections with this
and the related species H. hepaticus are important predis-
posing factors in gastric cancers in humans and liver can-
cers in rodents [16,19,20]. Campylobacter jejuni and C. coli
are the most common causes of food-born illnesses such
as diarrhea worldwide [15,21]. C. jejuni infection can also
lead to the neuromuscular disease Guillain-Barre syn-
drome [15,21,22], which causes weakness and paralysis of
muscles. In contrast to the pathogenic nature of Helico-
bacter and Campylobacter, Wolinella succinogenes is a com-
mensal in the gastrointestinal tract of cattle and it is not
known to cause any illness in either animals or humans
[2,5,14,23]. In addition to the host-associated species,
many free-living members which include chemolitho-
trophic and autotrophic bacteria (e.g., Thiomicrospira den-
itrificans, Arcobacter, Caminibacter, Nautilia, Thiovulum)
also form part of the e-proteobacterial group
[4,6,8,10,12,24].

The e-proteobacteria are presently distinguished from
other bacteria based their branching in the 16S rRNA trees
[2,4-6]. Although most of these bacteria assume a spiral
shape sometime during their life cycle [5,25] and they can
also utilize a variety of electron donors and acceptors
(noted above), these characteristics are not unique to this
group [2,4-6,10]. Presently, there is no molecular or bio-
chemical characteristic known that is unique to this group
of bacteria. Within e-proteobacteria, two main orders,
Campylobacterales and Nautiliales, are presently recognized
[8,10,12,24] The Campylobacterales is made up of three
families, Campylobacteraceae, Helicobacteraceae and Hydro-
genimonaceae, whereas the Nautiliales order is comprised
of three genera (Nautilia, Lebetimonas and Caminibacter)
[8,10,12,24]. Except for the 16S rRNA, very little sequence
information is available for species belonging to the
Hydrogenimonaceae family and the Nautiliales order.
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In the past few years, genomic sequences of several e-pro-
teobacterial species from the Campylobacterales order have
become available. The completely sequenced genomes
include those from: Helicobacter pylori 26695 [26], H.
pylori J99[27], H. hepaticus ATCC 51449 [28], Campylo-
bacter jejuni NCTC 11168 [29], C. jejuni RM1221
[30], Wolinella succinogenes DSM 1740 [23] and Thiomicro-
spira denitrificans ATCC 33889 [31]. In addition, genomes
of several Campylobacter species (viz. C. lari, C. coli, C.
upsaliensis and C. fetus) and C. jejuni subsp. jejuni strains
(viz.HB93-13, 84-25, CF93-6, 260.94, 11168 and 81-176)
are now at assembly stage[30] and sequence information
from them is available in the NCBI database. The availa-
bility of these sequences has opened new windows for dis-
covering novel molecular characteristics that are unique to
these bacteria and can be used for their diagnostics as well
as for biochemical and functional studies. Earlier compar-
ative genomic studies on g-proteobacteria have examined
a number of aspects of their gene/protein contents
[14,23,26-30,32-34]. Of these, the studies by Eppinger et
al. [14] and Fouts et al. [30] are particularly detailed. In
these works, genes/proteins that are unique to individual
genomes were identified as well as genes that are com-
monly shared by, but not uniquely present, in a number
of these bacteria (viz. H. pylori, H. hepaticus, C, jejuni and
W. succinogenes). Pair-wise comparison of the gene con-
tents of these bacteria, functional classification of their
genomic inventory, synteny and co-linearity of genes in
various genomes, and examples of gene losses as well as
recombination were also reported [14,30]. Additionally,
Coenye and Vandamme [35] have carried out studies to
identify genes that have been laterally transferred between
g-proteobacteria and other bacteria. However, thus far no
comparative study has examined or identified genes/pro-
teins that are uniquely found in &-proteobacteria at differ-
ent taxonomic levels. Such genes and proteins, because of
their specificity, provide novel means for diagnostics and
taxonomic studies [36-39] and for discovering important
physiological characteristics that are unique to these bac-
teria.

In our recent work, we have used comparative genomics
to identify a large number of signature proteins that are
specific for either alpha proteobacteria [40], chlamydiae
[38] or Actinobacteria [39]. In the present work, we have
carried out systematic BLAST searches on all open reading
frames (ORF) in the genome of Wolinella succinogenes
DSM 1740 and Campylobacter jejuni RM1221 to identify
whole genes/proteins (i.e. signature proteins) that are
unique to g-proteobacteria. These studies have led to iden-
tification of 49 genes/proteins that are uniquely present in
various sequenced e-proteobacteria (including Thiomicro-
spira), as well as many other proteins that are limited to
certain subgroups within the Campylobacterales order.
Additionally, we also describe a number of conserved
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indels in widely distributed proteins that are specific for
either all-available g-proteobacteria or for certain sub-
groups among them. The identified signature proteins
and indels comprise rare genetic changes that have been
introduced at various stages during the evolution of
Campylobacterales (e-proteobacteria) and their species dis-
tribution patterns are supported by the branching order of
these species in phylogenetic trees.

Results and discussion

These studies were undertaken to identify molecular char-
acteristics that are uniquely shared by either all sequenced
e-proteobacteria species, or their subgroups, but which
generally are not found in any other organism. Three dif-
ferent kinds of molecular signatures that are specific for ¢-
proteobacteria are described in the present work. The first
of these consists of whole proteins or open reading frames
(ORFs) that are uniquely found in e-proteobacteria. The
other two characteristics are comprised of rare genetic
changes (RGCs) consisting of either conserved inserts or
deletions (indels) in widely distributed proteins that are
specific for the g-proteobacterial homologs as well as a
gene-fusion event within this group of bacteria. A brief
description of these molecular signatures and their evolu-
tionary significances are discussed below.

Whole proteins or ORFs that are unique for the epsilon-
proteobacteria (Campylobacterales order) and
Helicobacteraceae family

The e-proteobacteria-specific proteins were identified as
described in the Methods section. Generally, a protein was
considered to be epsilon-proteobacteria specific if all sig-
nificant alignments (or hits) in a PSI-BLAST search with
the query protein were from g-proteobacteria species. In a
few cases, where the E values of 1 or 2 hits from other spe-
cies also exhibited borderline significance, but there was a
large increase in E value from the last e-proteobacteria hit
in the search to these other proteins, such proteins were
also regarded as e-proteobacteria-specific. In Table 1, I list
some characteristics of 53 proteins that could be regarded
as specific for most sequenced &-proteobacteria based on
these criteria. Forty-one of these 53 proteins were present
in all sequenced e-proteobacteria genomes and for them
all significant alignments/hits were from this group. How-
ever, in three instances (viz. WS0216, WS0260 and
WS1495) the E value for one e-proteobacteria was just
above the default threshold value (.005) for significance.
For three other proteins, WS0316, WS1874 and WS2146,
1-3 hits from other bacteria exhibited borderline signifi-
cance, but there was a large jump in E values from the last
g-proteobacteria hit to these other proteins (see Table 1),
indicating that these proteins are also g-proteobacteria-
specific. Eight other proteins in this Table (WS0865,
WS1211, WS1235, WS1329, WS1640, WS1752, WS1771
and WS2059) are missing in 1-2 g-proteobacteria species,
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which could be due to selective gene loss [33]. Of these 8
proteins, WS1211, WS1752 and WS2059 are present in
almost all sequenced g-proteobacteria except T. denitrifi-
cans. The phylogenetic position of T. denitrificans within e-
proteobacteria is presently not clear (discussed later).
Hence, absence of these proteins in T. denitrificans could
be explained by either earlier divergence of this species in
comparison to other sequenced &proteobacteria, or due
to gene loss.

For the protein WS0230 listed in Table 1, in addition to
various g-proteobacteria, homologs with very low E values
(e-90 range) were also found in two &-proteobacteria
belonging to the Desulfovibrio genus. In phylogenetic trees
based on 16S rRNA [2,41], various proteins [42,43], and
in analyses based on conserved indels [44], &-proteobac-
teria generally branch in close proximity to the g-proteo-
bacteria. Hence, the shared presence of the WS0230
homologs in Desulfovibrio genus and e-proteobacteria may
reflect either a deep phylogenetic relationship that exist
between these two groups [43-45], or it could result from
lateral gene transfer [46]. Based on the available data we
are unable to distinguish between these possibilities.
However, it is interesting to note that a 1 aa insert in a con-
served region of the RecA protein, which was previously
indicated to be specific for g-proteobacteria [44], and is
present in all available g-proteobacteria homologs, is also
commonly present in Desulfovibrio and Lawsonia species
(belonging to Desulfovibrionaceae family) (results not
shown).

Table 1 also lists the available information regarding pos-
sible cellular functions of these proteins. Most of these
proteins are of unknown functions. However, in a
number of cases weak but significant similarity is
observed to conserved domains found in other proteins in
the databases [47], or to particular COG families [48]. The
information of this kind, along with the genomic context
of these ORFs, provide useful leads for exploring the cel-
lular functions of these conserved hypothetical proteins
[49-52]. Of the proteins that are found in all sequenced &-
proteobacteria, WS0266 and WS0802 were experimen-
tally identified as plasminogen binding proteins [53]. It
has been suggested that these proteins may enable these
bacteria to coat their exterior surface with plasminogen
and thus they could be involved in enhancing their viru-
lence. The putative functions of several other proteins are
indicated in Table 1 and they include a putative helicase
(WS0086), a Cbb3 type cytochrome oxidase (WS0180), a
protein related to the FixH family (WS0185) of Rhizobium,
a protein WS0316 containing the RDD domain, two pro-
teins (WS0476 and WS0480) which contain
molybdopterin_binding (MopB) domain found in
NADH oxidoreductase I. Also found were two proteins
implicated in flagellar function (WS0490 and WS0575)
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Table I: Proteins that are uniquely present in most epsilon proteobacteria (Campylobacterales)

Wolinella Accession Length Possible/Predicted Function Comments
Genome ID No. Number
WS0030 NP _906303.1 68aa Probable periplasmic protein, tat-domain All significant hits from e-Proteobacteria
WS0086 NP_906354 181 aa Putative helicase, gnl|CDD|14084, COG4951 All significant hits from e-Proteobacteria
WS0133 NP_906397 397 aa  Putative integral membrane protein All significant hits from e-Proteobacteria
WS0134 NP 906398.1 2l14aa Conserved hypothetical protein All significant hits from e-Proteobacteria
WS0154 NP_906417.1 336 aa Probable membrane protein All significant hits from e-Proteobacteria
WS0159 NP_906422 203 aa Conserved hypothetical protein, unknown All significant hits from e-Proteobacteria
function
WS0169 NP_906432 92aa  Possible membrane protein (corresponds to All significant hits from e-Proteobacteria
Cj0692c and HP0748)
WS0172 NP 906435  675aa Putative membrane protein, similar to HP0358 Al significant hits from e-Proteobacteria
WS0180 NP_906442 74aa  Related to Cbb3-type cytochrome oxidase, All significant hits from e-Proteobacteria
subunit 3, gnl|CDD| 13876, COGA4736
WS0184 NP_906445.1 205aa Probable membrane protein Al significant hits from e-Proteobacteria
WS0185 NP_906446 163 aa Related to FixH protein, gnl|CDD|23975 All significant hits from e-Proteobacteria
WS0216 NP_906474 330 aa Conserved hypothetical protein, unknown All significant hits from ¢-Proteo; E value for C.
function upsaliensis is higher than the threshold.
WS0260 NP_906515.1 142aa Conserved hypothetical protein, unknown All significant hits from e-Proteobacteria; E value
function for C. lari is above the threshold.
WS0266 NP 906520 271 aa Conserved protein, H. pylori homolog may be All significant hits from e-Proteobacteria;
related to the plasminogen binding protein pgbA. Jonsson et al. (2004)
WS0316 NP_906567 163 aa Conserved protein related to the RDD family; Besides e-Proteo, three other hits were below
gnl|CDD|25144, pfam06271 the threshold value; Large jump in E value from
last g-Proteo (6E-15) to the first of these hits
(.003).
WS0447 NP_906689 328 aa Putative membrane protein, corresponds to All significant hits from e-Proteobacteria
antigen P44Hh9 of H. hepaticus.
WS0448 NP_906690 276 aa  Probable periplasmic protein All significant hits from e-Proteobacteria
WS0476 NP_906716 77 aa NuoE, Putative NADH Oxidoreductase | All significant hits from e-Proteobacteria
WS0480 NP 906720 428 aa Putative NADH Oxidoreductase | All significant hits from g-Proteobacteria
WS0490 NP 906728 778 aa Flagellar functional protein, Pfla All significant hits from e-Proteobacteria
WS0520 NP 906757.1 247 aa TonB domain protein All significant hits from e-Proteobacteria
WS0563 NP 906797 164 aa Putative integral membrane protein; identified by  All significant hits from e-Proteobacteria
similarity to PIR:B71953
WS0575 NP 906809 217 aa Putative lipoprotein, The C. lari homolog is a All significant hits from e-Proteobacteria.
secreted protein involved in flagellar motility.
WS0604 NP_906835 390 aa Probable periplasmic protein All significant hits from e-Proteobacteria
WS0802 NP_907015 333 aa Probable lipoprotein; identified as plasminogen All significant hits from g-Proteobacteria;
binding protein pgpB. Jonsson et al. (2004)
WS0865 NP_907074.1 126 aa Conserved hypothetical protein, unknown All significant hits from e-Proteobacteria; missing
function in C. jejuni.
WSI1039 NP_907239 156 aa  Conserved hypothetical protein, unknown All significant hits from e-Proteobacteria
function
WS1040 NP 907240.1 236aa Conserved hypothetical protein, unknown All significant hits from g-Proteobacteria
function
WS1235 NP_907415 412 aa Putative periplasmic protein; COG5659 All significant hits from e-Proteobacteria; not
found in H. hepaticus.
WS1244 NP_907424 167 aa  Putative lipoprotein All significant hits from e-Proteobacteria
WSI1329 NP 907504 246 aa Putative periplasmic protein All significant hits from &-Proteobacteria; absent
in H. pylori.
WS1344 NP_907515.1 123 aa Putative periplasmic protein All significant hits from e-Proteobacteria
WS1349 NP_907520.1 [110aa Probable membrane protein All significant hits from e-Proteobacteria
WS1485 NP 907639.1 89aa  Probable integral membrane protein All significant hits from g-Proteobacteria
WS1495 NP 907647 87aa  Conserved hypothetical protein, unknown All significant hits from &-Proteo; The E value for
function C. lari (next best hit) above the threshold.
WS1496 NP 907648 208 aa Probable periplasmic protein All significant hits from g-Proteobacteria
WS1640 NP_907771 117 aa Probable integral membrane protein All significant hits from e-Proteobacteria; absent
in H. pylori.
WSI1730 NP 907855 183 aa Conserved hypothetical protein, unknown All significant hits from e-Proteobacteria
function
WSI1755 NP 907877 168 aa Probable lipoprotein All significant hits from g-Proteobacteria
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Table I: Proteins that are uniquely present in most epsilon proteobacteria (Campylobacterales) (Continued)

WSI1771 NP_907893 183 aa  Putative membrane protein

WSI1773 NP 907895 351 aa  Putative membrane protein

WSI1777 NP_907899.1 80aa Conserved hypothetical protein, unknown
function

WSI1814 NP_907930.1 85aa Conserved hypothetical protein, unknown
function

WS 1874 NP_907984 352aa HolA, DNA polymerase lll, delta subunit;
gnl|CDD| 11180, COG1466

WS1965 NP_908068 121 aa Conserved hypothetical protein, unknown
function

WS1990 NP_908093 118 aa Conserved domain DUF 177: COGI1399

WS2120 NP_908218.1 162aa Conserved hypothetical protein, unknown
function

WS2123 NP_908221 246 aa Conserved hypothetical protein, unknown
function

WS2146 NP_908240 147 aa  Contains Sua5_yciO_yrdC domain involved in
binding to dsRNA; gnl|CDD| 15330

WS0230 NP 906487  432aa Show significant similarity to deacylase domain;
gnl|CDD|12932, COG3608

WS2059 NP_908159 259 aa Conserved hypothetical protein, unknown
function

WS1752 NP_907874 145 aa Conserved hypothetical protein, unknown
function

WSI211 NP 907393 621l aa

Homologous to CiaB invasion antigen of C. jejuni

All significant hits from e-Proteobacteria; absent
in H. pylori.

All significant hits from e-Proteobacteria

All significant hits from ¢-Proteobacteria

All significant hits from e-Proteobacteria

All significant hits except one from g-Proteo; E
value for Geo. metallireducens hit (.003).
All significant hits from e-Proteobacteria

All significant hits from ¢-Proteobacteria
All significant hits from e-Proteobacteria

All significant hits from ¢-Proteobacteria

All significant hits except one from &-Proteo; E
value changes from 3e-19 to 2e-4 for M. synoviae
Besides &-Proteo, homologs with very low E
values also present in two Desulfovibrio species.
All significant hits from g-Proteo; not found in T.
denitrificans.

All significant hits from g-Proteo; not found in C.
fetus and T. denitrificans.

All significant hits from &-Proteo; not found in H.
pylori and T. denitrificans. Konkel et al. (1999)

The species distribution of these proteins was determined by BLASTp and PSI-BLAST searches as described in the Methods section. Unless
otherwise indicated all of these proteins are uniquely found in the following sequenced genomes: H. pylori 26695, H. pylori |99, H. hepaticus ATCC
51449, C. jejuni (various strains: NCTC 11168, RMI1221, HB93-13, 84-25, CF93-6, 260.94, 11168 and 81-176), C. lari, C. coli, C. upsaliensis, C. fetus, W.

succinogenes DSM 1740 and Thiomicrospira denitrificans ATCC 33889.

[23], a protein (WS0520) with TonB domain and another
protein (WS1874) containing a domain related to the
DNA polymerase delta subunit, a protein (WS2146)
showing some similarity to Sua5 domain involved in
binding to double stranded DNA, and a protein WS0230
showing similarity to deacylase domain. In addition, sev-
eral proteins are predicted to be either periplasmic or
membrane proteins. It should be emphasized that most of
these functional predictions or annotations are based on
weak similarity to conserved domains (CD) as identified
by the CD search program implemented with the BLAST
program [47]. Although this information is very useful,
the actual functions of most of these proteins, which
exhibit very little similarity to other molecules in the data-
base, remain to be determined. Among the proteins listed
in Table 1 that are missing in some e-proteobacteria,
WS1211 is a homolog of the C. jejuni invasion antigen
(CiaB), which is recognized as an important factor in its
pathogenicity[14,54]. Of the proteins listed in Table 1, 10
proteins  (WS133-WS134, WS184-WS185, WS447-
WS448, WS1039-WS1040 and WS1495-WS1496) are
present in clusters of two in the genome, and they could
be involved in related functions [51,52].

Several of the proteins listed in Table 1 (e.g., WS0086 and
WS2123) exhibit a high degree of sequence conservation

across various g-proteobacteria species. A partial nucleo-
tide sequence alignment for the WS0086 coding sequence
for various e-proteobacterial species is shown in Figure 1.
A large number of positions in the alignments are com-
pletely conserved in various Campylobacterales species and
there are several long stretches (boxed) showing a high
degree of sequence conservation. The PCR primers and
other molecular probes based on these conserved regions
could provide novel and specific means for identification
of both new, as well existing Campylobacterales species and
possibly different e-proteobacteria.

The comparative analysis of W. succinogenes genome has
also identified 11 proteins that are uniquely found in
Wolinella and Helicobacter species (Table 2). Of these 11
proteins, the first 7 are present in all 4 of the sequenced
species/strains from these genera, whereas the last 4 pro-
teins are only found in W. succinogenes and H. hepaticus
but missing in the two H. pylori strains. All of these pro-
teins are of unknown function. The Wolinella and Helico-
bacter genera are part of the Helicobacteraceae family and
these uniquely shared proteins provide potential molecu-
lar markers for this family.

Our analysis also reveals that 99 proteins in the genome

of W. succinogenes DSM 1740 show no significant similar-
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W.succinogenes 194 TTATCAATGATCGAGACAAGGTTGAAAATATTETCATCGACTACAACGGACGCAACACGGAACGATTTTGGCATAGGGCTCAGTTGT
T.denitrificans 191 TAATAAACAAACATGGTAAAGTAGAAAATATTETAATTGATTATAACGGGAATGATCCAGAGCGCTTTTATCATAAGACTCAACTTC
H.pylori 191 TCATTTTGCGTAACGATAAGGTGGAAAACATCHTGTTTGATTATAATGGGAGGAATCCGGAGCGTTTTTATCATAAGGCGCAGTTAT
H.hepaticus 194 TGCTTGCTAAAGGAGGAAAAGTGGAAAATATTETTTTTGATTACAATGGGCGTAATCCTGAAAAATTCTATCATCGTGCTCAACTGC
C.jejuni 194 TAATAACAAAAGATAATAAAGTAGAAAATATTETCTTTGATTATAATGGTTTTAATGCTGAAAGATTTTATCACCGTGCACAACTTA
C.coli 194 TAATCACCAAAGACAATAAAGTAGAAAATATTETTTTTGATTATAATGGTTTTAATGCTGAAAGATTTTATCATCGTGCGCAGCTTA
C.upsaliensi 194 TTATCACGAAAGATGATAAGGTCGAAAATATCHTTTTTGACTATAATGGCTTTAACGCTGAGAGGTTTTGGCATAGAGCACAGCTTA
C.lari 161 TAATCAATAGTTTTGATAAGGTTGAAAATATTATATTTGATTATAATGGTTTTAATGCAGAGCGTTTTTGGCATAGAGCACAGCTTG
C.fetus 188 TAATTAGTAAAAATGATAAGATAGAAAATATAQTTTTTGATTATAATGGTAGAACTCCAGAGCGTTTTTGGCATAAGGCACAACTTA

* * ** * kkkkk kk Mk * kk kk kk Kk * k% * kK ** * *k *
W.succinogenes TGCTTAGAGAGGAGGGCTTTATGAACTTCA(CGCCTACAACTCTAGAACTCCAGGGAGATTGCACCTCTATATCCACAAAGGGCACACAA
T.denitrificans TGCTTCQAGAAGAGGGTTTTATAAATTTTACTGCTTACAAAACAAGAACTGAGGGACATCTTCATGTATATATTCATAAAGGTCATACTA
H.pylori TGCTTCETGAGGAAGGTTTTATGAATTTTACCGCTTATAACACGAAGACGCCAGGGCATTTGCATTTGTATGTGCATAAGGGGCATACEG
H.hepaticus TTTTACGIGAAGAAGGTTTCTTAAATTTTACAGCATTTTGCTCTAAAACACCAGGACATTTGCACCTCTRTATACATAAAGGACATACAG
C.jejuni TTTTAAGAGAAGAAGGTTTTATAAATTTCACAGCCTATAAGACTAAAACTCCAGGACATTTACATCTTTRTATTCACAAAGGACACACEG
C.coli TTTTGCGIGAAGAAGGTTTTATAAATTTTACAGCTTACAAAACAAAGACTCCAGGTCATTTACATCTTTRTATTCACAAAGGTCACACTG
C.upsaliensi TCCTACGCGAAGAGGGTTTTATTAATTTTACAGCCTACAAAACTAAAACGCCAGGACATTTGCATCTTTRTATCCATAAAGGACACACEG
C.lari TTTTAAGAGAAGAAGGCTTTATTAATTTTACTGCTTATAGAACAAGAACTAATAATCATTTACATTTGTRCATCCATAAAGGGCATACAA
C.fetus TGCTTAGAGAAGAGGGTTTTATAAATTTTACAGCGTATGAAAGTAAGACTCCGGGCCATCTTCATCTGTRTGTTCATAAAGGTCACACTA

* * H *kk kk kk k% * kk kk *k ** * * * % * k% * K|k * kk kk kk kk k%

W.succinogenes CCTTACAAGAGGCTTATCAGCTGGGCAAAATGCTCTCCATGAAGCTCTCCCAAAAGATGCCAACHGAGTGGAGGATGTTCCCCARTCAAG
T.denitrificans CCCTTCAAGAAGCTATTCAGCTAGGAAAAATGATAAGTATGAAATTAGCAGCAAAACAGCCAAANCAGTGGAGAATGTTTCCAARTGCTG
H.pylori AATTAGGCGAGGGTGAAAGGCTGATTAAAACTTTATCCATGAAATTAGCGCAAGGGTTGCCTAAAGAATGGAGGGTTTTCCCTAGCAATG
H.hepaticus AGATTAATGAGGGAAAACGTTTGGCTAAAACGCTTTCTATCAAGTTGGCTCAACGCTGTCCTAAAGAATGGAGAGTGTTTCCTAGTGATG
C.jejuni CGTTAAACGAAGGTTATTCTTTAGCGTCTAAACTTTCAATGATGTTTGCAAGTAAAATGCCAGTAGAATGGAAGGTGTTTCCTAGTATGG
C.coli CGTTAAACGAAGGTTATTCTTTAGCGTCTAAACTTTCAATGATGTTTGCAAGTAAAATGCCAGTTGAATGGAAGGTGTTTCCAAGTATGG
C.upsaliensi CTTTAAATGAGGGCTATGCTCTAGCCTCTAAACTTTCTATGATGTTTGCTAGTAAAATGCCTATTGAATGGAAAGTTTTTCCTAGTATGG
C.lari CCTTTAATGAAGCTTGTTCTTTGGGCTCAAAATTATCTTTGCTCTTTTCTCAAAAAATGCCAGTGGAATGGAAGGTTTTTCCTAGTATGG
C.fetus CTTTAAGCGAAGGATATCAGATAGCAAATAGATTATCTGTTATGTTGGCTCAAAAGTTGCCTCAAGAATGGAGAATGTTTCCTAGTCTTG

* *k Kk * * * * * ok * % * kkkk * kk kk ok *
W.succinogenes AGTTGCCGCGARBAGTTTAATATTTTAGCEATCCCCTATGAGGTCTACGCCARAGAGCGTGGGGCTTCATGGGTAAGACACATGTGA 546
T.denitrificans ATATGCCAGATGEATTATAACATTTTAACACTTCCAATGGAAGTTTACTCTAAAGAGCGTGGTGCCTCTTGGTCAAAACACATGTAG 543
H.pylori AATGGCCTAAGEAATTTAATATTTTAGCITTACCTTATGAAGTGTTTGCAAAAGAGCGCGGGAGCTCTTGGGCGAAGCATTTATAA 543
H.hepaticus AAATGCCTTCARATTTTAACATTTTAGCLTTGCCCTATGATGTTTATGCTAAAGAGCGTGGAGCATCTTGGGCAAGACATATGTAG 546
C.jejuni ATGTACCTAGGEAATTTAATATTTTAATATTGCCTTATGAGGTTTATCAAAAAGAACGAGGAAGTTCTTGGTCTAAGCATATGTAA 546
C.coli ATATTCCTAGAGAGTTTAATATATTAATACTACCCTATGAAGTCTATCAAAAAGAACGAGGCAGTTCTTGGTCTAAACATATGTAA 546
C.upsaliensi ATATGCCAAGGEATTTTAATATTTTAGTEGTGCCTTATGAGGTTTATCAAAAAGAACGCGGTAGCTCGTGGTCTAAATATATGTAA 546
C.lari ATATACCTAGAGAATTTAATATATTAACLTTGCCTTATGAAGTATATCAAAAAGAACGCGGTGCTTCTTGGTCTAAACATATGTAA 513
C.fetus ATTTGCCTCGCEAGTTTAATATTTTAGCETTGCCTTATGCTCTATATCAAAAAGAGCGTGGAGCTAGCTGGTCAAAGCATATGTAA 543

* * * * ok kkk Kkk Khkk * k% * * ok *hkkkk *kk kk * kK * * * *
Figure |

Partial nucleotide sequence alignment for an e-proteobacterial specific protein VWWS0086. The initial part of this alignment, which
is less conserved and some of which is also missing in C. lari, is not shown. The asterisks (*) denote residues that are com-
pletely conserved. A number of conserved regions that are suitable for designing PCR primers or other diagnostic probes are

boxed.

ity to any other protein in the databases [see Additional
file 1]. Barr et al. [23] have previously indicated a much
higher number (i.e. 490) of such proteins. However, since
their analysis, genomes of several g-proteobacteria as well
as numerous other organisms have become available
[28,30,31,55]. Because of this, and our employment of
more stringent criteria for identification of group-specific
proteins, the number of such proteins is considerably
smaller than indicated originally [23]. Sixteen of these
proteins are present in seven clusters (WS0261-WS0262;
WS0531-WS0532; WS1446-WS1447; WS1573-WS1674;
WS1888-WS1889; WS2027-WS2028-WS2029; WS2032-

WS2033-WS2034) in the W. succinogenes DSM 1740
genome.

Proteins specific for the Campylobacter genus

We have also performed BLAST searches on various pro-
teins found in the genome of C. jejuni RM1221 to identify
proteins that are unique to the Campylobacter species.
Fouts et al. [30], who sequenced the genomes of several
Campylobacter species/strains had reported comparative
studies on them. Their work identified several proteins
that were specific for the C. jejuni RM1221 and C. jejuni
NCTC 11168 strains (Supplementary Table S7 in their
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Table 2: Proteins specific for the Wolinella and Helicobacter species (Helicobacteraceae family)

Wolinella Genome ID No. Accession Number Length Possible/Predicted Function

WS0068 NP _906337.1 79 Hypothetical protein, unknown function
WS0584 NP _906816.1 171 Hypothetical protein, unknown function
WS1041 NP_907241.1 277 Hypothetical protein, unknown function
WSI1051 NP_907250.1 80 Hypothetical protein, unknown function
WS1084 NP_907280.1 8l Hypothetical protein, unknown function
WS2139 NP_908234.1 161 Hypothetical protein, unknown function
WS2156 NP_908250.1 137 Hypothetical protein, unknown function
WS06822 NP _906910.1 217 Hypothetical protein, unknown function
WS08052 NP 907018.1 110 Hypothetical protein, unknown function
WS08282 NP_907039.1 125 Hypothetical protein, unknown function
WS16242 NP_907756.1 221 Hypothetical protein, unknown function

Homologs showing significant similarities to these proteins are only detected in the sequenced Wolinella and Helicobacter genomes (W. succinogenes

DSM 1740, H. pylori 26695, H. pylori ]99 and H. hepaticus ATCC 51449).
2 These proteins are only found in W. succinogenes and H. hepaticus.

paper), but they did not look for proteins that were
uniquely shared by either all or different Campylobacter
species. Our analyses have identified 15 proteins (Table 3)
that are uniquely present in all of the sequenced Campylo-
bacter species viz. C. fetus, C. lari, C. upsaliensis, C. coli and
C. jejuni (NCTC 11168, RM1221, HB93-13, 84-25, CF93-
6,260.94, 11168 and 81-176). Three additional proteins
listed in Table 3, CJE0368, CJE1499 and CJE1574 are
missing in only one of the Campylobacter species, which is
likely due to gene loss. Eighteen other proteins (Table 4)
are present in all of the Campylobacter species, except C.
fetus. Among the sequenced Campylobacter species, C. fetus
exhibits deepest branching in various phylogenetic trees
(see next section). Hence, the absence of these proteins in
C. fetus could be explained by their introduction in a com-
mon ancestor of the other Campylobacter species after
branching of C. fetus. Ten other proteins (Table 5) are
commonly present in C. upsaliensis, C. coli and C. jejuni
only indicating a closer relationship among these species.
The genes for these proteins were likely introduced or
evolved in a common ancestor of these three species. Like-
wise, 28 other proteins listed in Table 6, which are only
found in C. coli and C. jejuni (different strains) points to a
specific relationship between these species to the exclu-
sion of all others. Most of these proteins are of unknown
function. However, in a few cases, where any similarity to
conserved domain present in other proteins has been
identified by BLAST searches, such information is noted in
various Tables.

These analyses have also identified a large number of pro-
teins that are specific for the C. jejuni species (Table 7).
The first 5 proteins listed in this table are present in all
sequenced C. jejuni strains (NCTC 11168, RM1221,
HB93-13, 84-25, CF93-6, 260.94, 11168 and 81-176),
whereas the remainder are missing or have been lost from
a few of the strains.

Conserved indels and other rare genetic changes specific
for epsilon proteobacteria

Conserved indels in protein sequences provide another
useful kind of molecular signatures for taxonomic and
diagnostic studies. In our recent work, conserved indels
that are distinctive characteristics of many different
groups of bacteria (e.g., Chlamydiae, Proteobacteria,
alpha proteobacteria, Actinobacteria, Cyanobacteria, Deino-
coccus-Thermus, Aquificae, etc.) have been identified
[44,56-60]. To identify conserved indels that may be spe-
cific for e-proteobacteria, the sequence alignments of var-
ious proteins constructed in earlier work were examined.
These studies have led to identification of 4 conserved
indels that are specific for this group. The characteristics of
these indels and of the proteins in which they are found
are briefly described below.

In Figure 2, I present sequence information for two con-
served indels that are uniquely present in various
sequenced g-proteobacterial homologs, but which are not
found in the corresponding proteins from any other
organism. The first of these indels is a 3 aa insert in the B
protein of the Uvr ABC system (Fig. 2A), which plays a key
role in the nucleotide excision repair process [61]. The sec-
ond indel consists of a 2 aa deletion in the enzyme pheny-
lalanyl-tRNA synthetase (Fig. 2B), which is required for
protein synthesis. Both these proteins are widely distrib-
uted in bacteria and sequence information for only repre-
sentative species from other bacteria is presented. The
indels in both these proteins are flanked by highly con-
served regions and the unique presence of these indels in
all available e-proteobacteria homologs strongly indicate
that they are distinctive molecular characteristics of these
bacteria. Two additional conserved indels that are specific
for only certain e-proteobacteria are shown in Figure 3.
The top panel in this Figure shows a 1 aa insert in the FtsH
protease that is uniquely present in all sequenced &-pro-
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Table 3: Proteins specific for all sequenced Campylobacter species
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Geneomic ID Possible Function (length)
[Accession Number]

Geneomic ID Possible Function (length)
[Accession Number]

CJE0368 [YP_178387]b hypothetical protein (398)

CJE0399 [YP_178418] hypothetical protein (140)

CJE0627 [YP_178642] probable membrane protein (144)
CJEO751 [YP_178762] hypothetical protein (144)

CJE0754 [YP_178765] membrane protein, putative (164)
CJE0790 [YP_178795] membrane protein, putative (163)
CJE0888 [YP_178890] prevent-host-death family protein (71)
CJE0986 [YP_178984] Putative periplasmic protein (156)
CJE1022 [YP_179020] putative periplasmic protein (244)

CJEI'I56 [YP_179147] putative membrane protein (154)
CJEI'173 [YP_179164] outer membrane protein MapA (214)
CJEI222 [YP_179210] probable periplasmic protein (150)
CJEI367 [YP_179354] hypothetical protein (110)

CJEI499 [YP_179485]b acyl carrier protein, putative (74)
CJEI574 [YP_179557]> hypothetical protein (231)

CJEI623 [YP_179604] putative ATP/GTP-binding protein (187)
CJEI670 [YP_179651] hypothetical protein (142)

CJE1745 [YP_179718] hypothetical protein (230)

These proteins are uniquely found in all of the following Campylobacter genomes, unless otherwise indicated: C. jejuni (various strains: NCTC | 1168,
RMI221, HB93-13, 84-25, CF93-6, 260.94, 11168 and 81-176), C. lari, C. coli, C. upsaliensis and C. fetus.

2— missing in C. upsaliensis
b— missing in C. lari.

Table 4: Campylobacter-specific proteins that are missing in C. fetus

Geneomic ID Possible Function (length)
[Accession Number]

Geneomic ID Possible Function (length)
[Accession Number]

CJE0037 [YP_178064] hypothetical protein (215)
CJE0039 [YP_178066] hypothetical protein (107)
CJEOI93 [YP_178217] hypothetical protein (115)
CJE0455 [YP_178474] putative lipoprotein (299)
CJE0470 [YP_178489] membrane protein, putative (318)
CJE0476 [YP_178495] hypothetical protein (111)
CJE0867 [YP_178869] putative periplasmic protein (339)
CJE0899 [YP_178901] small hydrophobic protein (101)
CJE0929 [YP_178931]b putative lipoprotein (161)

CJE0959 [YP_178957] hypothetical protein (210)

CJEI180 [YP_179170]= hypothetical protein (83)

CJEI221 [YP_179209] prepilin-type N-terminal cleavage/
methylation domain protein (220)

CJEI327 [YP_179314] putative periplasmic protein (268)

CJEI351 [YP_179338] hypothetical protein (67)

CJEI378 [YP_179365] hypothetical protein (106)

CJEI572 [YP_179555] lipoprotein, putative (176)

CJEI849 [YP_179819] probable periplasmic protein (254)

CJE1890 [YP_179860] Ribbon-helix-helix protein, copG family
(82)

These proteins are uniquely present in all of these species unless otherwise noted: C. jejuni (various strains: NCTC 11168, RM1221, HB93-13, 84-25,

CF93-6, 260.94, 11168 and 81-176), C. lari, C. coli, and C. upsaliensis.
2— missing in C. upsaliensis
b— missing in some C. jejuni strains

Table 5: Proteins uniquely found in C. jejuni, C. coli and C. upsalienesis

Geneomic ID [Accession  Possible Function (length)
Number]

Geneomic ID [Accession  Possible Function (length)
Number]

CJE0052 [YP_178077]> hypothetical protein (90)
CJE0053 [YP_178078]> hypothetical protein (67)
CJE0079 [YP_178103]2 hypothetical protein (34)
CJE0413 [YP_178432] hypothetical protein (83)
CJEO761 [YP_178770] putative periplasmic protein (182)

CJEI095 [YP_179088]2 site-specific recombinase XerC, putative
(86)

CJE1096 [YP_179089]2 hypothetical protein (76)

CJEI099 [YP_179092]> hypothetical protein (43)

CJEI795 [YP_179766] membrane protein, putative (173)

CJE1803 [YP_179773] hypothetical protein (292)

a— missing in some C. jejuni strains

teobacteria, except T. denitrificans. The absence of this
indel in various other bacteria as well T. denitrificans indi-
cates that this indel is an insert that was introduced in a
common ancestor of Helicobacter, Campylobacter and
Wolinella, after the branching of T. denitrificans. The lower

panel in Fig. 3 shows a highly conserved insert in the 3 '-
subunit of RNA polymerase (RpoC) that is uniquely
present in various Campylobacter species, except C. fetus.
RpoC homologs are present in all sequenced genomes
and the identified insert is not found in any other &-pro-
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Table 6: Proteins unique to C. jejuni and C. coli
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Geneomic ID
[Accession Number]

Geneomic ID
[Accession Number]

Geneomic ID
[Accession Number]

Geneomic ID
[Accession Number]

CJEI150 [YP_179141] CJE1098 [YP_179091]
CJEI153 [YP_179144] CJEI101 [YP_179094]
CJEI 154 [YP_179145] CJE1093 [YP_179086]
CJEI125 [YP_179117] CJE0835 [YP_178839]
CJEI126 [YP_179118] CJE0690 [YP_178702]
CJEI 104 [YP_179097] CJE0671 [YP_178684]
CJEI105 [YP_179098] CJE0477 [YP_178496]

CJE0425 [YP_178444] CJEIN31 [YP_179123]
CJE0387 [YP_178406] CJEI375 [YP_179362]
CJE0388 [YP_178407] CJEI376 [YP_179363]
CJE0389 [YP_178408] CJEI392 [YP_179379]
CJE0266 [YP_178289] CJEI550 [YP_179533]
CJE0053 [YP_178078] CJEI551 [YP_179534]
CJE0067 [YP_178092] CJEI552 [YP_179535]

teobacteria or other organism. This insert was likely intro-
duced in a common ancestor of the Campylobacter after
branching of C. fetus.

In addition to these conserved indels, Zakaharova et al.
[62] have identified a rare genetic event that causes fusion
of two different genes within certain groups of e-proteo-
bacteria. The two largest and highly conserved subunits of
RNA polymerase (RpoB and RpoC, each approximately
1400 aa) are encoded by two distinct genes in various bac-
teria [62]. However, a rare genetic event has led to the
fusion of these genes in Helicobacter and Wolinella species,
such that RpoB and RpoC are now made as a single large
polypeptide (= 2900 aa) (Fig. 4). In contrast, in Campylo-
bacter and T. denitrificans, similar to other bacteria, sepa-
rate genes encode for these proteins. This rare genetic
event provides evidence of a specific relationship between
Helicobacter and Wolinella species, which are part of the
Helicobacteraceae family.

Evolutionary significance of the signature proteins and
conserved indels

It is important to understand at what point during the
evolution of e-proteobacteria, the above-described molec-
ular characteristics evolved or were introduced. To deter-
mine their evolutionary significance, phylogenetic trees
were constructed for the sequenced g-proteobacteria spe-

Table 7: Proteins specific for Campylobacter jejuni

cies based on 16S rRNA and a concatenated dataset of
sequences for 9 highly conserved proteins (viz. RpoB,
RpoC, Hsp70, Hsp60, elongation factor (EF)-Tu, EF-G,
Gyrase A, Gyrase B and alanyl-tRNA synthetase). In the
16S rRNA tree, the e-proteobacterial species under consid-
eration formed two clades (Fig. 5A). One clade consisted
of various Campylobacter species whereas the other clade
included Helicobacter, Wolinella and T. denitrificans. In the
latter clade, T. denitrificans formed a deep branching out-
group of the Helicobacter and Wolinella species, but a spe-
cific association of T. denitrificans to these species was not
supported by the bootstrap score of the node (<50%) (Fig.
5A) [8,12]. In contrast to the rRNA tree, in the tree based
on concatenated protein sequences, all of the internal
nodes were reliably resolved. In this tree, T. denitrificans
formed a deep branching lineage showing no specific rela-
tionship to either the Helicobacter/Wolinella clade or to the
Campylobacter species (Fig. 5B). A similar deep branching
of T. denitrificans in comparison to other sequenced g-pro-
teobacteria is observed in phylogenetic trees based on
Hsp70, RpoC, Gyrase A, Gyrase B and EF-Tu protein
sequences (results not shown).

Using the above trees as reference points, the evolutionary
stages where different e-proteobacteria-specific genes/pro-
teins or other molecular signatures likely evolved is
depicted in Fig. 5C. The genes for the first 49 proteins

Geneomic ID
[Accession Number]

Geneomic ID
[Accession Number]

Geneomic ID
[Accession Number]

Geneomic ID
[Accession Number]

CJE0392 [YP_I78411]* CJE0213 [YP_178236]
CJE0602 [YP_178618]* CJE0216 [YP_178239]
CJE0668 [YP_178681]* CJE0223 [YP_178246]
CJE0669 [YP_|78682]* CJE0225 [YP_178248]
CJE1760 [YP_179732]* CJE0239 [YP_178262]
CJE0204 [YP_178227] CJE0240 [YP_178263]
CJE0205 [YP_178228] CJE0245 [YP_178268]
CJE0206 [YP_178229] CJE0247 [YP_178270]
CJE0208 [YP_178231] CJE0248 [YP_178271]
CJE0211 [YP_178234] CJE0253 [YP_178276]

CJE0257 [YP_178280] CJE1053 [YP_179048]
CJE0259 [YP_178282] CJE1054 [YP_179049]
CJE0267 [YP_178290] CJE1424 [YP_179410]
CJE0268 [YP_178291] CJEI431 [YP_179417]
CJE0271 [YP_178294] CJE1432 [YP_179418]
CJE0574 [YP_178590] CJEI433 [YP_179419]
CJE0946 [YP_178948] CJE1470 [YP_179456]
CJE1046 [YP_179042] CJE1629 [YP_179610]
CJE1048 [YP_179043] CJE1829 [YP_179799]
CJE1052 [YP_179047] CJE1840 [YP_179810]

The first 5 proteins marked by * are present in all C. jejuni strains (NCTC | 1168, RM 1221, HB93-13, 84-25, CF93-6, 260.94, | 1168 and 81-176).

The other proteins are missing in one or more strains.

Page 9 of 17

(page number not for citation purposes)


http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179141
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179091
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178444
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179123
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179144
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179094
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178406
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179362
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179145
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179086
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178407
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179363
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179117
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178839
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178408
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179379
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179118
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178702
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178289
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179533
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179097
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178684
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178078
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179534
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179098
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178496
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178092
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179535
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178411
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178236
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178280
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179048
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178618
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178239
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178282
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179049
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178681
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178246
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178290
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179410
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178682
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178248
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178291
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179417
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179732
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178262
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178294
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179418
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178227
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178263
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178590
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179419
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178228
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178268
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178948
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179456
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178229
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178270
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179042
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179610
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178231
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178271
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179043
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179799
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178234
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_178276
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179047
http://www.ncbi.nih.gov/entrez/query.fcgi?db=Nucleotide&cmd=search&term=YP_179810

BMC Genomics 2006, 7:167 http://www.biomedcentral.com/1471-2164/7/167

303 — 346
(A) Campylobacter jejuni 57165787 ENYARHLTGLKEGDTPYTLFDYFA |IKN [RKFLVIVDESHVSLPQ
Campylobacter coli 57167692
Campylobacter upsaliensis 57242081
Epsilon Campylobacter lari 57240601
Campylobacter fetus 86154496
PrOteObaCteria Wolinella succinogenes 34483969
Helicobacter hepaticus 81835926
Helicobacter pylori 8134789
T. denitrificans 78498431
Haemophilus influenzae 68058420 ---S-Y-S-RN--EP-P----- TV--
[Yersinia pestis 45435696 ---S-Y-S-RGP-EA-P----- TI--
Vibrio cholerae 15642773 ---S-Y-S-RA--EP-P----- TV--
Xylella fastidiosa 9105897 ---8 --KAP-EP-P- -TI--
Nitrosomonas europaea 30180384 ---S---S-RQP--P-P- -TV--
Rickettsia bellii 91205909 ---S-FF--R-A-EP-P- -V--
Rhodospirillum rubrum 83592469 ---8----- RRP--P-P---E-LP --
Geobacter sulfurreducens 39985298 ---S-YFD-RTP-EP----L---P ITVS-
Chlamydia trachomatis 3329029 ---S--F--AAP-EP-TC-L---P -I----QT---
Cytophaga hutchinsonii 48854187 ---S-YFD-RMP-QR-FC-I---P TI--
Chlorobium tepidum 21647543  ------ IA-R-P-ER-WC-L---P T---
Other Leptospira interrogans 45658769  ---S----- R-P-ER-AC-I---Q TI--
BaCterla Nostoc sp. PCC 7120A 17130478 ---S---A-RQA-EP-ES-I---P TV--
Chloroflexus aurantiacus 76259521 ---S---D-RAP-Q--W--L---P DD--IFI----IT---
Aquifex aeolicus 8134784
Thermus thermophilus 7546428 -TV--
Deinococcus radiodurans 6460084 -TV--
Thermotoga maritima 8134790 KD-I-FI----ITV--
Bacillus subtilis 2636043 DD-MIV------ TI--
Mycoplasma penetrans 26554342 KDW-L------ MMV - -
Staphylococcus aureus 49244073 DDW--MI----- T---
Nocardia farcinica 54015378 ---S--ID-RPA-SA-A--L---P ED--LVI----- TV--
Thermobifida fusca 71915332 ---S5--FD-RAP-SP-N--L---P ED---VI----- TV--
Mycobacterium leprae 13093274 ---S5--ID-RGP-TP-A--L---P ED--LVI----- TV—
(B) 272 315
fCampylobaCter jejuni 57166530 LEVLGCGIVDPNVYNFVGY ENVSGYAFGLGVERFAMLLHQIPDL
Campylobacter coli 57167929
Campylobacter lari 57240609
Camplyobacter upsaliensis 57242238
E 1 Campylobacter curvus 109674453
ps1 on < Campylobacter concisus 109672737
1 Campylobacter fetus 86155402
PrOtCObaCterla Wolinella succinogenes 34483385
Helicobacter hepaticus 32261575  --------- NQK-FDA--H K----mmmmmmmmmm oo - RVN- -
Helicobacter pylori 11135456  ------- M-NNA-FEAI- ----- F---M-I--L---TC--N--
T. denitrificans 78497607  —------------ FEA-K- Q---—mmmmmm e m - I---G--
\A. pompejana epibiont 7G3 34558832 @ ------------- FKA--- __ KD------------------ R----
Vibrio vulnificus 27361838  ------- M-H---LRS--1I
Xanthomonas campestris 78036777 @ ------- M-H---LRS--1I
Xylella fastidiosa 9105631  ------- M-H---LKN--I|-S|-CYT-F------------ RYGVD- -
Nitrosomonas europaea 30138574  ------- M-H---M-H--L|-S|-EHI-F-------- L---RYGVN--
Thiobacillus denitrificans 74317029  ------- M-H---FRH--V|-A|-RFI-F-------- L---RYGVD--
Rickettsia typhi 51459917
Rickettsia rickettsii 42453714
Other Rhodospirillum rubrum 83594852
B Geobacter sulfurreducens 39983500
Bacterla < Desulfovibrio vulgaris 46450358
Flavobacterium sp.MED217 86143689
Cellulophaga sp. MED134 86131253 --IM---M----- LENC-I|-S|KEY--F---M-ID-I-L----- S-I
Synechocystis sp.PCC 6803 16331530 ---M---M----- MEA---|--|-VYT-F-A-F------- V----D-I
Nostoc sp. PCC 7120 17133982 ---M---M----- MKS--- |N-|-IYT-F-A-F------- V----D-I
Fusobacterium nucleatum 34763289 I-IM---M---E-FKY--L|N-|DE-N-F---V-I--VT--R-G-G--
Thermotoga maritima 4981352 --I--A-M----- FLN-- - beed -EWT----- M----I---KYG-A-I

\

Figure 2

Partial sequence alignments of the B protein from exinuclease ABC complex (A) and phenylalanyl-tRNA synthetase (B) show-
ing two conserved indels that are specific for ¢-Proteobacteria and not found in other organisms. The dashes (-) in the align-
ment show identity with the amino acid on the top line. The accession numbers of the sequences (second column) and position
of the sequence in C. jejuni homolog (on top) are indicated. Sequence information for only representative species is shown.
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(A) - 293 - 343

Campylobacter jejuni 57166802 GGNDEREQTLNQLLAEMDGFGTE| S| SPVIVLAATNRPEVLDAALLRPGRFDR
Campylobacter upsaliensis 57506024  ————mm—mmmmm e -l
Campylobacter lari 57241541  ——————————mmm e -\l--------——
Campylobacter coli 57168002 -
S'Proteo < Campylobacter fetus 86155394 K
Helicobacter hepaticus 32262371 -
Helicobacter felis 2660540 N
Helicobacter pylori 15645683 N
Wolinella succinogenes 34482752 -
Thiomjcrospira \T. denitrificans 78498407 L |
( Pse. haloplanktis 76874730
Psychromonas sp. CNPT3 90409009
Chromobacterium violaceum 34499252
Ralstonia eutropha 72122355
Cytophaga hutchinsonii 48856042
Chlorobium chlorochromatii 78170568
Chlamydia trachomatis 3329313
Other Chlamydophila pneumoniae 15618906
Borrelia burgdorferi 2688712
BaCteria < Pro. marinus MIT913 33634945
Syn. elongatus PCC 6301 56685514
Dehalococcoides ethenogenes 57225259
Deinococcus radiodurans 6458747
Deinococcus geothermalis 94556213
Clostridium acetobutylicum 15023472
Clostridium tetani 28212045
Bifidobacterium adolescentis 85666505

(B) 218 262

( Campylobacter jejuni RM1221 57166337 TNSEAKKKTIIKRLKVVENFLNSN |[LNANTDSDEAVP| NRPEWMMIT
Campylobacter jejuni NCTC 11168 6967950 — |
Campylobacter jejuni 84-25 88596912 --—-——---- e — b
Other Campylobacter jejuni CF93-6 86148956  —————————m——mm—mmm e
C 1 b t Campylobacter Jjejuni 81-176 87304735 -
ampy obacter < Campylobacter jejuni HB93-13 86153857 ——————————— e | .
Species Campylobacter jejuni 260.94 86151719  ————m—m——m e e
Campylobacter coli RM2228 57504731 [ NNED———| —— -
Campylobacter upsaliensis RM3195 57242437 - —T-T——-ED———| —————————
Campylobacter lari RM2100 57240978 --S—NI--V—-] -———————
C.fetus \_Campylobacter fetus 86155510 ----—-——--—-V--———---8—-G| = [|-——————-
Wolinella succinogenes 34482607  -—---------—-————-S-I--G _  ——————- L-
Helicobacter hepaticus 32261909 @ --—-—-—-—---V-—-—--—-5-1--G6 = —————— I—
Other Helicobacter pylori 26695 15645812  ---D-——-KL---——--S$-——-G  ——————— =
S'Pl‘Ote() He}icc}bacte{f pylor% J.99. 41017814 —-—-D-——-KL-——————- S----¢ =~ —————— L-
Thiomicrospira denitrificans 78497095 -K-——--T-—-A-—--——-1I-5-———-G —N-A---L-
Ehrlichia canis 72393944 -T--M-R-K-V-—--RI-——-I--G -K-——-IL-
Anaplasma marginale 21666267 —-S5--M-R-KVV---RII---IA-G
Other Rickettsia sibirica 34580864 -8--V-—-KLV-——-L-———— E-E
Bartonella henselae 49238205 -T--L-Q-KL-———— I-———— E-G
Bacteria Buchnera aphidicola 21672327  —---T-R-KLT--I-LL-S-IQ--
Zymomonas mobilis 56543202 -K--L-P-K-——---—--S-IE-G
Brucella melitensis 17982688 -T-DL-Q-KLM--—-I—-—-——— E-G
Mesorhizobium loti 14021284 -T--L-Q-KYL-————————— ME-G
Figure 3

Partial sequence alignments of the FtsH protease (A) and RNA polymerase ' subunit (B) showing two conserved indels that
are specific for the indicated subgroups of g-Proteobacteria. The dashes (-) denote identity with the amino acid on the top line.
Sequence information for only representative species is shown.

listed in Table 1 as well as the conserved indels in PheRS ~ common ancestor of the Campylobacterales or e-proteobac-
and exinuclease B protein, which are unique to almost all  teria. The genes for the last three proteins listed in Table 1
sequenced e-proteobacteria, were likely introduced in a  (viz. WS1211, WS1752 and WS2059) that are absent in T.
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~1400
T. denitrificans, ad
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~1400 aa

C. jejuni and

RNA Polymerase 3 subunit (RpoB)

RNA Polymerase 3° subunit (RpoC)

other Bacteria

~2900 aa

Helicobacter and
Wolinella

RNA Polymerase 3 subunit (RpoB) + RNA Polymerase 3’ subunit (RpoC)

Figure 4

Diagrammatic representation of the arrangements of two largest subunits of RNA polymerase, i.e. § subunit (RpoB) and f3' sub-
unit (RpoC) in different bacteria. In contrast to other bacteria where these proteins are made as distinct polypeptides, in Heli-
cobacter and Wolinella a rare genetic event has led to fusion/joining of the genes for these proteins so that they are now made

as a single large polypeptide.

denitrificans but present in all (or most) other g-proteobac-
teria were likely introduced in a common ancestor of the
Helicobacter, Wolinella and Campylobacter after the diver-
gence of T. denitrificans. The insert in the FtsH protease
was also likely introduced at this stage. The proteins listed
in Table 2 were introduced in a common ancestor of the
Wolinella and Helicobacter genera, and it is expected that
some of them will constitute distinctive characteristics of
the Helicobacteraceae family. The rare genetic event leading
to the fusion of rpoB and rpoC genes also occurred at a sim-
ilar stage. The proteins listed in Tables 3 to 7 that are
unique to either all sequenced Campylobacter species or
various species within this genus, were introduced at dif-
ferent stages in the evolution of this group (Fig. 5C). The
observed species distribution patterns of these proteins
strongly support the branching pattern of Campylobacter
species in the phylogenetic trees (Figs. 5A and 5B). The
inference from these proteins and the phylogenetic trees
that C. fetus is one of the deepest branching species within
the Campylobacter genus is also strongly supported by the
large insert in RpoC (Fig. 3B), which is present in all
Campylobacter species except C. fetus.

Conclusion

The comparative genomics of e-proteobacteria reported
here have led to identification of a large number of molec-
ular signatures (e.g., whole proteins, conserved indels and
a gene-fusion event) that are distinctive characteristics of
these bacteria. Our analyses indicate that these character-
istics have been introduced at various stages in the evolu-
tion of e-proteobacteria, but once introduced, they were
generally stably retained in various descendents of these
lineages with minimal gene loss or lateral gene transfer to
other bacteria. Sequence information for these proteins or
molecular signatures is presently available only from the
Campylobacterales species and no information is available

from the Nautiliales order, which comprise the other main
group within g-proteobacteria. However, the genomes of
several e-proteobacteria (e.g. Nautilia, Caminibacter, Arco-
bacter, Sulfurovum, Nitratiruptor) covering all of its main
groups are currently in progress (noted in ref. [10]). Based
upon our work on signature sequences for other groups of
bacteria [56-59], we expect that many of the signatures
identified in the present work (Table 1) will also be found
in different g-proteobacteria, whereas several other will
prove to be specific for only the Campylobacterales order.
The primary sequences of many of these genes/proteins
are highly conserved and they provide novel diagnostic
tools for these bacteria by means of PCR amplification
and fluorescence in situ hybridization methods. Mono-
clonal and polyclonal antibodies based upon these pro-
teins provide another means for their detection.
Additionally, these Campylobacterales or e-proteobacteria
specific proteins also provide potential targets for devel-
oping therapeutics and vaccines that are specific for these
bacteria. The identified signature proteins and RGCs also
provide novel and definitive molecular means for circum-
scribing a number of taxonomic groups within Campylo-
bacterales (e-proteobacteria) and for identifying species
belonging to these groups.

The cellular functions of most of the g-proteobacteria-spe-
cific proteins are not known. Although a number of these
proteins exhibit weak sequence similarity to conserved
domains in other proteins, their actual functions may be
quite different, and determining them constitute an
important task for the future. Likewise, it is also of much
interest to understand the functional significance of the
conserved indels in various proteins (viz. RpoC, PheRS,
FtsH, exinuclease B) that are specific for different taxo-
nomic groups/clades of e-proteobacteria. Since these
indels, which are located in highly conserved regions, are
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(A) 16S rRNA Tree (B) Concatenated Sequences Tree
C. jejuni 500 C. coli
93 C. coli SOQ_EC. Jjejuni
75 : 500 : -
C. lari C. upsalienesis
100 Sl 500 il
C. upsaliensis —— C. lari
100 — C. fetus 436 C. fetus
T. denitrificans 500 5001 W. succinogenes
100 —— W. succinogenes _ 5 'il H. hepaticus
9£|——H.hepnticus H. pylori
H. pylori T. denitrificans
(C) Evolutionary Significance of Proteins in Proteins in Table 7
the Signature Proteins and Indels Table 6
Proteins in\ .
C. coli
Proteins in Table 4, Table 5
Conserved indel in RpoC C. jejuni

18 Proteins \A . .
in Table 3 C. upsalienesis
WS1211, WS1752 and \ 4

WS2059; Conserved
indel in FtsH Protease
C. fetus

- —1
W. succinogenes
Common Ancestor of
&- Proteobacteria or H. hepaticus
Campylobacterales
H. pylori

49 Proteins in Table 1; I. denitrificans

Conserved indels in

Exinuclease B and PheRS 11 proteins in Table 2;

Rare genetic event
causing fusion of
rpoB and rpoC genes

Figure 5

Phylogenetic trees based on (A) 16S rRNA and (B) concatenated sequences for 9 proteins (AlaRS, Gyrase A, Gyrase B, EF-Tu,
EF-G, Hsp60, Hsp70, RpoB and RpoC) containing 7919 aligned positions. The sequences were bootstrapped either 100 (A) or
500 times (B) and bootstrap scores for all nodes above 50% are shown. (C) A model depicting the evolutionary stages where
different Campylobacterales- (or e-proteobacteria) specific proteins and other RGCs were introduced.

retained by all (available) members of these clades it is  tance to understand how the functions of these proteins
highly likely that they are functionally important (and  are modified by these indels and the physiological signif-
essential) for these bacteria. Thus, it is of much impor-  icance of these modifications for these bacteria. Further
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studies on these g-proteobacteria specific proteins and
indels thus may lead to the discovery of novel biochemi-
cal and physiological characteristics that are uniquely
shared by these bacteria.

Methods

Identification of proteins that are specific for epsilon
proteobacteria

To identify proteins that are specific for e-proteobacteria,
all proteins in the genomes of W. succinogenes DSM 1740
[23] were analyzed. This genome was chosen for a
number of reasons. First, of the sequenced g-proteobacte-
ria genomes, W. succinogenes genome is among the largest
(2.11 Mb) with 2043 ORFs [23]. Hence, one expects that
minimal gene loss has occurred in this bacterium and that
it should contain maximal number of genes that may be
present in other g-proteobacteria. Second, phylogenetic
and comparative studies have indicated that W. succino-
genes forms an outgroup to various Helicobacter species
and thus lies in an intermediate position between mem-
bers of the Helicobacteraceae and Campylobacteraceae fami-
lies [6,14]. Thus, BLAST searches on proteins from this
genome should enable us to identify proteins that are
unique to the Helicobacteraceae family as well as those
shared with other taxonomic groups of e-proteobacteria.
To identify proteins that are specific for the Campylobacter
species, the genome of C. jejuni RM1221 was analyzed.
The BLASTp searches were initially performed on each
individual protein or ORF in these genomes against all
available sequences in the NCBI sequence database, to
identify all related gene/protein in other organisms
[63,64]. These searches were performed using the default
parameters as set by the BLAST program, except that the
low complexity filter was turned off. The expected values
(E-values) of different hits from these searches were
inspected to identify putative e-proteobacteria-specific
proteins [38,40]. The proteins that were of interest to us
generally involved large increase in E-values from the last
g-proteobacteria hit in the blast search to the first hit from
any other organism. Further, the E values of these latter
hits were expected to be in a range higher than 104, which
indicates weak level of similarity that could occur by
chance. However, higher E-values are sometimes accepta-
ble for smaller proteins as the magnitude of the E-value
depends upon the length of the query sequence [63]. All
promising proteins identified by the above criteria were
further analyzed using the position-specific iterated (PSI)
BLAST program [63]. This program creates a position-spe-
cific scoring matrix from statistically significant align-
ments produced by the BLASTp program and then
searches the database using this matrix. The PSI-BLAST
program is more sensitive in identifying weak but biolog-
ically relevant sequence similarity as compared to the
BLASTp program [63]. The output of the PSI-BLAST pro-
gram divides the various hits into two categories, i.e.

http://www.biomedcentral.com/1471-2164/7/167

sequences producing significant alignment versus those
where the E values are worse than the threshold (default
value set at .005). For most of the proteins that are indi-
cated to be specific for different subgroups within g-pro-
teobacteria, all significant alignments were from the
indicated groups. In a few cases, where an isolated hit has
an E value slightly below the threshold value (arbitrarily
set), but there was a large jump in E value from the last ¢-
proteobacteria hit, such proteins were also regarded as
specific for the indicated groups. All of the identified
group-specific proteins were also examined for the pres-
ence of any conserved domain [47] and this information
along with the genome identification number of the pro-
tein, its accession number, sequence length, etc. was tabu-
lated. In the description of various proteins in the text, the
"WS" and "CJE" parts of the descriptors indicate the iden-
tification numbers of the proteins in the genomes of W.
succinogenes DMS 1740 and C. jejuni RM1221, respec-
tively.

Identification of conserved indels that are specific for
epsilon proteobacteria

Multiple sequence alignments for large number of pro-
teins have been created in our earlier work [44,56,60]. To
search for conserved indels that might be specific for &-
proteobacteria, these alignments were visually inspected
to identify any indel that was uniquely present in &-pro-
teobacteria species, and which was flanked by conserved
sequences. The indels that were not flanked by conserved
regions were not considered. The specificity of these
indels for e-proteobacteria was evaluated by carrying out
detailed BLAST searches on short sequence segments (usu-
ally between 60-100 aa) containing the indel and the
flanking conserved regions. The purpose of these BLAST
searches was to obtain sequence information from all
available bacteria homologs to determine the presence of
the identified indels in various species. The sequence
information for these indels was compiled into signature
files such as those presented in Figures 2 and 3.

Phylogenetic analysis

Phylogenetic trees for the sequenced e-proteobacteria spe-
cies were constructed based on 16S rRNA sequences as
well as a number of conserved proteins (viz. RNA
polymerase 3 subunit (RpoB), RNA polymerase B ' subu-
nit (RpoC), DNA gyrase A subunit (GyrA), DNA gyrase B
subunit (GyrB), Hsp70, Hsp60, alanyl tRNA synthetase
(AlaRS), elongation factor-G (EF-G) and elongation fac-
tor-Tu (EF-Tu) proteins) The 16S rRNA and protein
sequences were downloaded from the Ribosomal Data-
base Project-1I site [65] and NCBI databases, respectively
and aligned using the CLUSTALx program [66]. A neigh-
bor-joining bootstrapped trees based on rRNA sequences
was constructed by the Juke's and Cantor [67] method.
The sequences for various proteins were concatenated into
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a large dataset containing 7919 aligned positions (RpoB
(1440), RpoC (1559), GyrA (880), GyrB (814), Hsp70
(661), Hsp60 (552), AlaRS (912), EF-G (698) and EF-Tu
(403)) and a neighbor-joining bootstrap tree based on
this was constructed by Kimura's methods [68]. All gaps in
the sequences were omitted during phylogenetic analyses.
The trees were constructed using the PHYLIP [69] and the
TREECON programs [70] and they were rooted using the
chlamydiae species which is a deep branching group in
comparison to e-proteobacteria [41-43,45].

Abbreviations

CD, conserved domain; Indel, insert or deletion; ORF,
open reading frame; ORFans, open reading frames of
unknown functions; PheRS, phenylalanyl-tRNA syn-
thetase; RGC, rare genetic change; RpoB and RpoC, RNA
polymerase 3 and f '-subunits, respectively.
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