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The ε-subdivision of the Proteobacteria is a large group
of CHEMOLITHOTROPHIC and CHEMOORGANOTROPHIC microor-
ganisms with diverse metabolic capabilities that colo-
nize a broad spectrum of ecological habitats.
Representatives of the ε-subgroup can be found in
extreme marine and terrestrial environments ranging
from oceanic hydrothermal vents to sulphidic cave
springs. Although some members are free-living, others
can only persist in strict association with a host organ-
ism. The host-associated members of this group include
both commensal and pathogenic species. As most of the
environmental ε-proteobacteria are not cultivable, their
physiology remains obscure1–3.

Within the ε-proteobacteria, the order Campylo-
bacterales comprises two families, the Helicobacteraceae
and the Campylobacteraceae. There are presently five
complete genome sequences available for this order:
four from the Helicobacteraceae — the genomes of two
distinct strains of Helicobacter pylori, 26695 and J99,
Wolinella succinogenes DSM 1740 and Helicobacter
hepaticus ATCC 51449 — and one from the Campylo-
bacteraceae, Campylobacter jejuni NCTC 11168 (REFS 4–8).
In this article, we focus on these ε-proteobacterial
representatives.

Both of these Helicobacter species, the gastric colo-
nizer H. pylori and the enterohepatic species H. hepaticus,
are classified as cancer-causing microorganisms as

infection can lead to gastric cancer in humans 
and liver cancer in rodents, respectively9–11. The
Campylobacter representative C. jejuni is one of the
main causes of bacterial food-borne illness world-
wide, causing acute gastroenteritis, and is also 
the most common microbial antecedent of
Guillain–Barré syndrome12–15. Besides their patho-
genic potential in humans, C. jejuni persists as a com-
mensal in its avian host reservoir and H. pylori can
persist in the human stomach asymptomatically. The
genus Wolinella is represented by W. succinogenes,
which persists as a commensal in the gastrointestinal
tract of cattle, where it utilizes metabolites produced
in the rumen16.

The availability of complete genome sequences for
these microorganisms allows a comparative analysis
of the genome content and architecture4–8. Our cur-
rent understanding of bacterial pathogenicity mecha-
nisms has been greatly advanced by our increased
knowledge of the genome inventory that is common
to bacterial pathogens. As many pathogenic microor-
ganisms are strictly host-adapted, their genomes have
undergone a process known as reductive evolution,
leading to reduced genome sizes17,18. This process of
deleting genetic information has resulted in
‘orphaned’ cellular processes that can only be under-
stood in their ancestral context. To truly understand
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The availability of these ε-proteobacterial genomes
also allows us to study any genome rearrangements that
have taken place since these microorganisms diverged
from their last common ancestor. These ongoing
dynamic processes and the level of genome plasticity
can be investigated on an intraspecies level — between
the two H. pylori strains22,23 — as well as on an inter-
species level. In this article, we use comparative genomic
analysis to identify factors that define the host specificity
of each microorganism, as well as discussing the limita-
tions of this comparative approach.

General genome features of the εε-proteobacteria
The W. succinogenes genome consists of one 2.11-Mb
circular chromosome and is larger than the genomes of
H. hepaticus (1.80 Mb), H. pylori 26695 (1.67 Mb), H.
pylori J99 (1.64 Mb)and C. jejuni (1.64 Mb) (TABLE 1).
This increased genome size corresponds with a greater
number of predicted genes (2,046) compared with the
revised annotations of the H. pylori 26695 genome
(1,552), and the H. pylori J99 (1495), H. hepaticus (1,875)
and C. jejuni (1,654) genomes24. The genomes of W. suc-
cinogenes, C. jejuni and H. hepaticus have a high gene
density, with a coding area of 94.3% for C. jejuni, 94.0%
for W. succinogenes and 93.0% for H. hepaticus, whereas
only 91.0% of the H. pylori 26695 and 90.8% of the H.
pylori J99 genomes are predicted to be transcribed. The
overall GC content of the W. succinogenes genome
(48.5%) is greater than that of C. jejuni (30.6%), H.
hepaticus (35.9%) and H. pylori 26695 and J99 (39.0%).

the origins and emergence of a pathogen, it is essential
to analyse the genomes of any living relatives that have
largely maintained the gene pool of the last common
ancestor. For the ε-proteobacteria group, W. succino-
genes is such an organism as it encodes complete
metabolic pathways and environmental-sensing sys-
tems that are absent from the genomes of its patho-
genic relatives8. On the basis of phylogenetic compari-
son of 16S rRNA sequences, W. succinogenes seems to
be closely related to the three other species considered
here19,20. As all four species belong to the same sub-
class of the Proteobacteria, they share many analogous
cell structures and biological features. By comparing
the individual gene content and identifying both
shared and species-specific genes, it is possible to
describe specific similarities and differences in the
lifestyle of these organisms, as well as common and
divergent mechanisms for host adaptation. The genes
that are present in all species are likely to be essential
for maintenance of the microorganism in a mam-
malian or vertebrate host, thereby providing a general
strategy for survival and growth as well as providing
common mechanisms for spread and transmission
into larger host populations21. However, although
identification of the genes that are unique to a species
provides an excellent starting point for functional
analysis, a definitive role for these gene products with
respect to their physiological function in a symbiotic,
commensal or pathogenic interaction with the host
cannot be deduced by analysis alone.

Table 1 | General features of sequenced Helicobacteraceae and Campylobacteraceae genomes

Species Wolinella Helicobacter pylori Helicobacter Campylobacter 
succinogenes hepaticus jejuni

Strain DSM 1740 26695 J99 ATCC 51449 NCTC 11168

Host(s) Bovine Human Human Rodent Human & avian

Genome size (bp) 2,110,355 1,667,867 1,643,831 1,799,146 1,641,481

G+C content (%) 48.5 39.0 39.0 35.9 30.6

Open-reading frames

Predicted number 2,046 1,590 (1,552*) 1,495 1,875 1,654

Coding area (%) 93.0 91.0 90.8 93.0 94.3

Average length (bp) 964 945 998 1,082 948

Flexible genome pool

Reported plasmids None None‡ None‡ None None§

Phages and phage-like Prophage-tRNAmet None None 3 phage genes None
elements

IS elements ISWsu1302, IS605, IS606 IS605 (partial), None Cj0752 (partial)
ISWsu1203 IS606

Genomic islands WsuGI I and II cag PAI cag PAI HHGI1 None

Regions of deviating Genomic islets & islands, Genomic islets & islands, Genomic islets & islands, Genomic islets & islands, EPS/LOS
GC content DNA-restriction/ DNA-restriction/ DNA-restriction/ DNA-restriction/ synthesis & flagella 

modification system, modification system, modification system, modification system, modification
translation machinery translation machinery translation machinery translation machinery

References 8 4 5 7 6

*Revised number of predicted Helicobacter pylori 26695 ORFs24. ¶In W. succinogenes. ‡Eight plasmids (pHP51, pHP489, pHPM8, pHP180, pHP186, pHel4, pHe5 and
pHPO100) have been detected in a variety of other H. pylori strains. §Three plasmids (pVir, pCJ419 and pTet) have been sequenced in other C. jejuni strains. cag PAI,
cytotoxin-associated pathogenicity-associated island; EPS, extracellular polysaccharide biosynthesis; GI, genomic island; IS, insertion sequence; LOS,
lipooligosaccharide biosynthesis.
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26695 and C. jejuni. The orthologue identities for the
two Helicobacter species range from 21% to 90% (aver-
age 51.2%), for W. succinogenes and H. hepaticus from
19% to 90% (average 47%) and 22% to 96% (average
47%) for C. jejuni and H. hepaticus. These interspecies
comparisons show identity ranges that are similar to
those reported for Chlamydia pneumoniae and
Chlamydia trachomatis (22–95% with an average of
62%, based on 859 open reading frames, ORFs)26. This
indicates that the four compared organisms, despite
being separate species, share a pool of homologous gene
products. As expected, the proteins with the greatest
sequence identity are associated with translation and
important metabolic functions, whereas those with the
least identity are associated with uncharacterized or
hypothetical proteins.

The flexible genome pool
Of these four ε-proteobacterial species, only H. pylori and
W. succinogenes share multiple sets of flexible genomic
elements — such as insertion sequence (IS) elements —
that enhance intragenomic recombination and therefore
contribute to the dynamics and diversity of a genome
and have a role in speciation27. Genome analysis of the

Although all members of the ε-proteobacteria
generally have small genomes, a feature that has been
observed as an adaptive trait for various other host-
adapted bacteria, the commensal W. succinogenes has
a markedly larger genome compared with its close
pathogenic relatives. Together with the observation of
an asymmetric GC-skew in W. succinogenes (BOX 1),
this indicates that all four genomes are derived from a
larger ancestral genome.

Phylogeny and gene-content analysis
The close relatedness of these four species has been
demonstrated using morphological, physiological and
molecular classification methods, and this is reflected in
their gene content as they share ~50% of their
genes19,20,25 (FIG. 1). A high level of functional conserva-
tion has been maintained, as many ORTHOLOGUES with a
high degree of identity were detected in the predicted
protein sequences of these organisms. For genes shared
between W. succinogenes and C. jejuni, the identities
range from 22% to 91%, with an average of 48.4%.
Orthologue identities between W. succinogenes and H.
pylori 26695 range from 21% to 91% (average 50.8%)
and from 19% to 90% (average 45.9%) for H. pylori

ORTHOLOGUES

Homologous genes that
originated through speciation.

Box 1 | GC-skew in microbial genomes

In most bacterial genomes, a difference in base
composition between the leading and lagging strand is
observed — usually, the leading strand is enriched in G
and T, whereas the lagging strand is enriched in A and
C. Deviations from the base frequencies of A=T and
G=C are called AT- and GC-skews. The GC-skew is
usually stronger than the AT-skew, so frequently only
the GC-skew is considered. A method of measuring 
GC-skew is to plot (G–C)/(G+C) in a sliding window
along the sequence. This gives the percentage of excess
of G over C — a value that is positive in the leading
strand and negative in the lagging strand.

What causes GC-skew? The reasons are still poorly
understood. The leading and the lagging strands are
probably subject to different mutational pressure owing
to differences in the time spent as single-stranded DNA during replication and thereby different exposure to DNA-
damaging conditions. As T–G and G–T mispairs are dominant over complementary C–A and A–C pairs, the more
error-prone strand would be relatively richer in G and T. Another theory relies on hydrolytic deamination of
cytosine, which occurs predominantly in single-stranded DNA. The asymmetric structure of the replication fork
leaves the lagging-strand template temporarily 
single-stranded, making it more susceptible to cytosine deamination. Deamination of cytosine leads to the
formation of uracil, which pairs with adenine during replication causing a C to T mutation. Consequently,
C to T deamination would increase the percentage of G and T in that strand and the percentage of C and A in 
the complementary strand.

Why is a GC-skew analysis so important? As GC-skew is positive in the leading strand and negative in the lagging
strand, the GC-skew changes sign at the origin and terminus where the leading strand becomes the lagging strand
and vice versa. This makes GC-skew analysis a useful tool to identify the origin and the terminus in circular
chromosomes. Local changes, which are visible as diagram distortions, can mark recent rearrangements such as
sequence inversions or integration of foreign DNA. The loss of DNA would not change the basic shape of the 
GC-skew curve, whereas recent incorporation of external DNA would probably result in a local deviation.

In practice, the visualization of the GC-skew can suffer from local fluctuations. So it is better to work with the
cumulative GC-skew, which sums up the values of neighbouring sliding windows from an arbitrary start to a given
point in the sequence. The figure shows the GC-skew and cumulative GC-skew of the Wolinella succinogenes
DSM1740 genome and illustrates how the GC-skew changes sign at the origin and the terminus of replication.
The cumulative GC-skew shows a minimum and maximum at these positions, respectively.
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genome encode gene products that are involved in
extracellular polysaccharide (EPS) and lipooligosac-
charide (LOS) biosynthesis and flagellar modification.
No genomic islands can be observed in the C. jejuni
genome; this is in contrast to the genomic islets and
islands that have been reported for the three related
Helicobacteraceae genomes. So far, no plasmids have
been found in W. succinogenes and H. hepaticus,
although several plasmids have been reported for 
H. pylori and C. jejuni28,36,37. The presence of the WsuGI
genomic island in the W. succinogenes genome might
indicate that this genomic region once existed as an
autonomous plasmid, as has been observed for the
SYNTENIC virulence plasmid pVir of C. jejuni36. These
findings indicate the present status of the  flexible gene
pool of these organisms and show that the ε-proteo-
bacteria, in principle, have the ability to harbour plas-
mids; their occurrence and distribution could be
dependent on the particular isolate examined.

Functional classification of the genomic inventory
To compare the gene content of all four genomes by a
standardized method, the predicted ORFs were classified
on the basis of the cluster of orthologous groups (COG)
database38. When the distribution of the COG cate-
gories is compared between the four species, areas in
which each of the microorganisms specializes become
apparent (FIG. 2).

The W. succinogenes genome contains fewer genes
in the categories of translation and cell-envelope
components, which have important roles in bacteria–
host interactions, than the other three compared
organisms. This finding parallels the observation that
the genomes of the two Helicobacter species and 
C. jejuni contain many genes that have been anno-
tated as outer membrane proteins, albeit belonging to
different protein families.

Another important feature of the H. pylori 22695
genome is the high percentage of genes that are predicted
to be involved in DNA replication and modification39.

two H. pylori strains revealed the presence of two types
of IS element, IS605 and IS606. Although H. pylori
26695 harbours five complete copies of IS605 and two
complete copies of IS606, the genome of the second
sequenced H. pylori strain, J99, only encodes one com-
plete copy of IS606 and no complete IS605 element4,5.
These H. pylori-specific IS elements are not only found
integrated into the core chromosome, but are also
encoded on plasmids as part of the FLEXIBLE GENOME POOL in
some H. pylori strains28. The W. succinogenes chromo-
some harbours two types of IS elements, multiple copies
of IS1302 and a single complete copy of ISWsu1203, as
well as disrupted partial copies8,29. By contrast, the
genomes of H. hepaticus and C. jejuni do not contain any
detectable full-length IS elements, although C. jejuni
encodes one ORF with partial similarity to an IS605
transposase of H. pylori6, which might be indicative of the
presence of IS elements in other Campylobacter isolates.
All IS elements found in these ε-proteobacterial species
belong to the IS3 family of IS elements, which are charac-
terized by the highly conserved DDE motif, which is also
found in retroviral integrases30.

The lack of IS elements and the absence of repetitive
DNA sequences, except for ribosomal RNA genes and
three other examples of duplicated genes, are character-
istic features of the C. jejuni genome, even though this is
not reflected in a reduced amount of genetic recombi-
nation6. The lack of IS elements might be compensated
for by the abundance of LOW-COMPLEXITY ZONES and simple
sequence repeats that function as potential target sites
for recombination31,32. In the genomes of W. succinogenes
and H. pylori, the IS elements flank regions that are char-
acterized by a GC content that is different to the rest of
the genome, indicating that these regions were acquired
by the incorporation of foreign DNA into the core
genome by lateral gene transfer33,34. This observation is
supported by the co-localization of mobility genes, such
as transposases and integrases with homology to bacte-
riophage genes and transfer RNA loci35. The three
regions of deviating GC content in the C. jejuni core

FLEXIBLE GENOME

A bacterial chromosome
represents a mosaic structure
composed of ancestral DNA, the
core genome, and the
horizontally acquired flexible
genome pool.

LOW-COMPLEXITY ZONES

Genomic regions with a high
level of repetitiveness of distinct
nucleotides.

SYNTENIC

A genomic region found in two
organisms with a colinear order
of genes (or nucleotides).
Syntenic regions are found in
chromosomal or plasmid-
encoded replicons.

PARALOGOUS

Homologous genes that
originated by gene duplication

TWO-COMPONENT SIGNAL

TRANSDUCTION SYSTEMS

A signal-transduction system
using two components — a
histidine protein kinase (HPK)
and a response regulator (RR)
— to sense and respond to
external stimuli. The HPK
autophosphorylates at a histidyl
residue following stimulation
and transfers that phosphoryl
group to a cognate RR at its
aspartyl residue to induce a
conformational change in the
regulatory domain, which in
turn activates an associated
domain.
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Figure 1 | Comparative gene content analysis of sequenced ε-proteobacteria. Comparing the gene content of
Wolinella succinogenes DSM 1740 (Wsu) against Helicobacter pylori strain 26695 (Hpy), Helicobacter hepaticus ATCC 51449
(Hhe) and Campylobacter jejuni NCTC 11168 (Cje). The Venn diagrams show the number of shared and species-specific
open reading frames (ORFs) among the four genomes.
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As H. pylori is naturally competent, the genome encodes
many DNA restriction and methylation systems —
consisting of many pseudogenes as well as active genes
— to degrade foreign DNA4,5. The large number of
pseudogenes present in the H. pylori genome compared
with those of the other species might be indicative of a
genome in the process of decay, as has been observed
for many bacterial pathogens and symbionts40. By con-
trast, both W. succinogenes and C. jejuni have few
pseudogenes. Also, only these two organisms have a
large number of genes that have been categorized as
important for energy metabolism and ion transport,
which is indicative of an organism that is not restricted
to a distinct ecological niche in a host.

The number of signal-transduction proteins in 
C. jejuni, H. pylori and H. hepaticus is surprisingly small
compared with the number in W. succinogenes. This is
due to the presence of a large number of PARALOGOUS sig-
nalling genes, histidine kinases and their corresponding
regulators of TWO-COMPONENT SIGNAL-TRANSDUCTION SYSTEMS,
as well as numerous methyl-accepting chemotaxis
proteins in the W. succinogenes genome41,42 (TABLE 2).
Limited environmental-sensing capabilities and
reduced sets of metabolic pathways have been sug-
gested to be characteristic of host-adapted pathogens
because specialized adaptation to a particular host can
result in a small genome17,18,43. In accordance with this,
the non-pathogenic W. succinogenes has the largest set
of transcriptional regulators of the four compared
microorganisms, with an additional copy of the sigma
factor σ54 and two copies of σ24 that are not present in
the three other genomes. Interestingly, no orthologues
of cheB/cheR can be detected in the genomes of
W. succinogenes and H. pylori (TABLE 2). As the function
of these methylases and demethylases has not been
proven experimentally in H. hepaticus and C. jejuni,
the omission of these genes in H. pylori and W. succino-
genes could be suggestive of a gene function that has also
been targeted for deletion in other ε-proteobacteria. It
therefore remains to be shown how this class of bacteria
confers an adaptive response to a given stimulus44.
Although the COG classification is extremely useful, it is
expected that the largest advance in our understanding
of the host specificity of these microorganisms will
come from analysing the 20–35% of predicted genes
that are specific to each species and show no homology
to sequences already deposited in the databases.

Common and unique features
Despite their different lifestyles, all four microorganisms
share a large number of genes that have been identified
as virulence factors in the two Helicobacter species and
C. jejuni. These include genes that encode haemolysins
and related proteins, adhesion factors, proteins involved
in type IV secretion, invasins, antigenicity factors and
toxins10,45,46 (TABLE 2).

One of the most important differences between the
four species is the urease activity of H. pylori and 
H. hepaticus. The physiological function of urease activity
is the conversion of urea into ammonia and carbon
dioxide. In H. pylori, the ammonia that is produced
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Figure 2 | Functional classification of the genome inventory of sequenced ε-
proteobacteria. All predicted protein-coding genes of the four organisms (Wolinella
succinogenes DSM 1740 (Wsu) (a); Campylobacter jejuni NCTC 11168 (Cje) (b); Helicobacter
pylori strain 26695 (Hpy) (c); and Helicobacter hepaticus ATCC 51449 (Hhe) (d)) are classified and
coloured according to the 26 categories of the cluster of orthologous groups (COG) database.
Values given represent percentage of genome content. Proteins with no hit <e-15 were assigned
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defined COG category are also grouped into the ‘No hits’ category. About 20–35% of all genes in
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Escherichia coli K12 MG-1655 and Chlamydia trachomatis D/UW-3/CX for comparison.
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Table 2 | Common and unique features of the sequenced Campylobacterales genomes

Species W. succinogenes H. pylori H. hepaticus C. jejuni

Strain DSM 1740 26695 J99 ATCC 51449 NCTC 11168

Virulence factors & toxins

Urease ure* Urease operon Urease operon Urease operon None

Cytolethal-distending toxin None None None cdtABC cdtABC

C. jejuni invasion antigen B ciaB None None ciaB ciaB

Vacuolating cytotoxins vacB vacA‡, 3 vacA vacA‡, 3 vacA vacB vacB
paralogues, vacB paralogues, vacB

Cytotoxin-associated genes None cagA, cagE§ cagA, cagE§ None None

Neutrophil-activation protein nap nap nap dps Bacterioferritin

Adhesion & antigenicity factors

Hop and hor proteins None 33 genes 32 genes 10 genes None

Flagellar sheath adhesin None hpaA hpaA None None

Major outer membrane protein 2 orthologues None None None momP

Fibronectin-binding protein cadF None None None cadF

Fibronectin- & fibrinogen- Yes Yes Yes Yes Yes
binding protein

Major cell binding factor None None None HH1481 peb1, peb2/peb3

Adhesive lipoprotein None None None None jlpA

Immunogenic protein Yes None None None None

Motility

Flagellum Yes Yes Yes Yes Yes

Contingency genes Yes Yes Yes Yes Yes

Carbohydrate-active enzymes**

(Trans-)glycosydases 4 genes 2 genes 2 genes 4 genes 3 genes

Glycosyltransferases 20 genes 20 genes 22 genes 23 genes 25 genes

Carbohydrate esterases 2 genes 2 genes 2 genes 3 genes 1 gene

Glycosylation system

General N-linked glycosylation 15 genes None None None 13 genes

LOS locus None None None None Yes¶

Lipoproteins## 18 genes 14 genes 16 genes 19 genes 22 genes

Transport and metabolism

Nickel transport# nikA,A2,B,D,E nixA, hpn nixA nikABCDE$ None

Iron metabolism (Fe2+, Fe3+) fur, tonB/exbBD, fur, tonB/exbBD, feoB, fur, tonB/exbBD, fur, tonB/exbBD, fur, tonB/exbBD, 
feoAB, fec type, fec type, frpB, ceuE feoB, fec type, feoB, frpB, cfrA feoAB, chuABCD, 
frpB frpB, ceuE ceuBCDE, cfrA

Multidrug efflux transporter cmeABC cme(A)B cmeB cmeAB cmeABC+

N2-fixation locus Yes None None None None

Sensing and regulation

Two-component signal 39 HK, 52 RR 4 HK, 6 RR 4 HK, 6 RR 9 HK, 6 RR 7 HK, 12 RR
transduction system

Transcription factors and σ70, σ54 (2), σ28 σ70, σ54, σ28, flgMR σ70, σ54, σ28, flgMR σ70, σ54, σ28, flgMR σ70, σ54, σ28, flgMR
regulators σ24(2), flgMR

Methyl-accepting chemotaxis 31 genes 3 genes 4 genes 8 genes + cheB/cheR 10 genes + cheB/cheR

Restriction and modification≠

R/M system(s) Type I (1), type II (3) Type I (5), type II (18), Type I (4), type II Type I (1), type II (7) Type I (1), type II (4)
type III (4) (18), type III (4)

Secretion machinery

Type IV secretion system WsuGI cag PAI cagPAI HHGI1 pVirø

Flagellar export system Yes Yes Yes Yes Yes

*W. succinogenes harbours a single urease accessory gene. ‡Reported virulent H. pylori strains lacking vacA. §Part of H. pylori cag PAI. **Numbers according to CAZy (see Online
links.) N-linked glycosylation cluster arranged syntenically between C. jejuni and W. succinogenes. ¶Genetic basis for molecular mimicry in C. jejuni. ##Numbers according to
DOLOP (see Online links). #Used for urease production. $Next to urease operon. +Mediates antibiotic resistance of C. jejuni. ≠Numbers according to the REBASE (see Online links).
øType IV secretion system arranged syntenically between W. succinogenes and C. jejuni pVir. DPS starvation-inducible DNA-binding protein, HK, histidine kinase, LOS,
lipooligosaccharide; RR, response regulator.
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exclusively found in H. pylori include the cytotoxin-
associated protein CagA, which is secreted via the
cytotoxin-associated gene (cag) pathogenicity-associated
island (PAI)-encoded type IV secretion machinery,
and disrupts multiple signalling pathways in the host
cell. Another example is the vacuolating cytotoxin
autotransporter VacA and three further paralogues54,55.
Recently an alternative contact-dependent mechanism
for the transfer of VacA into host cells was discovered56.

Secretion systems. Secretion systems such as the type
III and type IV secretion systems have a crucial role
in bacterial virulence35,57. No type III system other
than the flagellar export apparatus is observed in the
compared microorganisms. The two Helicobacter
species and W. succinogenes all carry numerous ortho-
logues of virulence (vir) genes in their core genome,
which are likely to assemble the type IV secretion
machinery. These type IV systems are encoded on
genomic regions categorized as genomic islands,
namely W. succinogenes WsuGI I, H. hepaticus HHGI1
and H. pylori cag PAI. The deviating GC content of
these regions, as well as their co-localization with
mobility loci such as IS elements and transposases, is
indicative of acquisition via horizontal gene transfer.
In C. jejuni, the type IV secretion system is part of the
flexible genome pool and is encoded on the C. jejuni
virulence plasmid pVir36,58. The genetic variability
and diversity that has been reported for many
Campylobacter strains is therefore supported by the
presence of several plasmids, the repertoire of contin-
gency genes and the exchange of genetic material due
to natural transformation59,60.

Remarkably, the comparative analysis reveals an
almost undisturbed syntenic arrangement of the type
IV system in the W. succinogenes genomic island WsuGI
I and the C. jejuni virulence plasmid pVir8,36. By contrast,
the genomic islands of the two Helicobacter species do
not have a similar gene order, indicating a different
origin for the secretion systems of these species. The
type IV secretion machinery that is found in these 
ε-proteobacteria species therefore seems to have been
acquired independently from different sources57.

Although bacterial secretion pathways can be
expressed in non-pathogenic and pathogenic organisms,
their usage might differ according to their ecological
habitat. For example, in pathogenic H. pylori strains
these virulence factors contribute to the pathogenicity
of the organism, whereas in W. succinogenes the same
factors might be essential for persistence in its ecological
niche as a rumen symbiont or commensal. In general,
the use of the term virulence factor is based on the initial
identification of these virulence determinants in the
context of pathogenic organisms, and does not take
into account the presence and different physiological
functions of these factors in non-pathogenic organ-
isms. Therefore, these factors might be better
described as ‘host-interaction factors’. However, it
could take just a few recombination or mutational
events to cross the border between commensalism
and pathogenicity40,61.

buffers the acidic environment of the human stomach,
while increasing the pH level. Both C. jejuni and W.
succinogenes lack this activity, although W. succinogenes
has retained a single orthologue of a urease accessory
protein. H. pylori and H. hepaticus use two different
systems for nickel uptake and transport, which are
required for optimum urease activity. C. jejuni has no
nickel transport system. Although W. succinogenes has
no urease activity, it has a nickel transport system that
is orthologous to the system that is found in H. hepati-
cus. The location of the nickel operon next to the urease
cluster on the H. hepaticus chromosome reflects the com-
position of the urease enzyme as a metalloprotein with
two bound nickel ions. In W. succinogenes, nickel uptake
is a prerequisite for [NiFe] hydrogenase maturation,
whereas in the related pathogenic Helicobacter species,
nickel is required to form the catalytic centre of the
urease complex.

In all four microorganisms, iron metabolism is an
elaborate process, and involves up to five iron-uptake
systems, which demonstrates the importance of an
extended iron metabolism for this class of bacteria. Due
to their strict association with mammalian hosts, iron
acquisition is a major concern as most of the iron in a
mammal is complexed with various proteins47,48. The
ability of pathogens to obtain iron from transferrins,
ferritin, haemoglobin and other iron-containing host
proteins is essential for persistence in the mammalian
host environment49.

The cmeABC locus encodes a multidrug efflux pump,
which contributes to the resistance of C. jejuni to a broad
range of antimicrobials as well as to the colonization of
host tissue50. Orthologous genes can be detected in the
related Helicobacteraceae, in particular in the W. suc-
cinogenes genome, which carries a cmeABC cluster that
resembles the C. jejuni locus (TABLE 2). As in the related
Helicobacter species H. pylori and H. hepaticus this gene
cluster is incomplete, the reported resistance of H. pylori
strains to diverse antibiotics might not be mediated via
this multidrug efflux transport system and instead
might be mediated by unrelated ABC-type multidrug
transport systems.

A key pathogenicity factor of C. jejuni, the invasion
antigen CiaB, is essential for host-cell invasion51. An
orthologue has been described in W. succinogenes, and
a gene with high homology is found in the genome of
H. hepaticus8. However, a putative physiological role for
these two gene products in the host interaction process
has still to be determined. In H. pylori, this gene seems
to have been selectively lost from a shared ancestral
gene pool, and it is therefore not required for successful
interaction with the host. A similar pattern is found
for the cytolethal-distending toxins (CdtABC), which
are found in C. jejuni and H. hepaticus, but not in 
W. succinogenes and H. pylori. These cytotoxins cause
host cells to arrest during their cell cycle by inflicting
DNA damage52. This suggests that the cdt genes might
be part of the flexible gene pool as they have been iden-
tified in several Gram-negative pathogenic bacteria and,
like the CiaB invasion antigen, they are not generally
required for host interaction53.Virulence factors that are
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Species-specific and syntenic regions. The high genomic
variability of the individual species has contributed to
the distinct physiological differences that were originally
used to discriminate between these species. Apart from
the known virulence determinants, species-specific gene
clusters (SSC) were identified in each genome. These
gene clusters might have important roles in the
observed host and organ specificity (stomach versus gut
versus liver), as well as the pathogenic potential of the
four microorganisms.

FIGURE 3 shows all predicted ORFs in the W. succino-
genes genome and their functional classification; the
corresponding orthologous genes in the H. pylori,
H. hepaticus and C. jejuni genomes are depicted
according to their respective positions. This represen-
tation shows that the orthologues are spread throughout
the entire chromosome. However, there are clusters of
species-specific genes in all three microorganisms. As a
common characteristic, many of the uncategorized
genes are arranged in clusters and co-localize with
reported virulence genes (see online supplementary
material S2 (table)). The largest clusters in H. pylori
contain the cytotoxin-associated genes of the cag PAI as
well as the urease operon, one of the main virulence
factors in H. pylori. Additionally, we identified clusters
of hypothetical genes of unknown function that do not
have any matching homologues in the databases (see
online supplementary material S2 (table)); as well as
two large sets of consecutive predicted ORFs centred
around a homologue of the virB4 gene (FIG. 3). In the 
H. hepaticus genome, the HHGI1 genomic island —
which, like the H. pylori cag PAI, encodes a set of type IV
virulence genes — and the urease operon are clearly
detectable (FIG. 3). In C. jejuni a species-specific cluster

Phase-variable contingency genes. Contingency genes
are characterized by intragenic repetitive sequences that
mediate antigenic variation. These genes are prone to
replication slippage and mispairing, which affects the
expression level and can lead to the on/off-switching of
a gene, known as phase variation62,63. The potential
phase-variable genes containing these characteristic
intragenic motifs code for proteins that are intimately
involved in microorganism–host interactions for the
compared ε-proteobacterial species (see online supple-
mentary material S1 (table)). Phase-variable genes pro-
vide these organisms with the capability to alter their
host-recognizable epitopes and adhesins. For C. jejuni it
has been shown experimentally that the encoded phase-
variable genes are involved in the biosynthesis of the
capsule and modification of the lipopolysaccharide
components64. Certain H. pylori strains mimic human
LEWISX,Y ANTIGENS using fucosyltransferases, which have a
role in adhesion to the gastric host tissue15,65,66.

Expanded HOMOPOLYMERIC TRACTS are important 
features of the genomes of the two Helicobacter species ,
particularly H. hepaticus, as well as C. jejuni6,67. The obvi-
ous lack of these motifs in W. succinogenes is compensated
by an abundance of genes with repetitive dinucleotide
sequences. The gene products of these putative phase-
variable genes in W. succinogenes function in identical
molecular pathways to the known phase-variable pro-
teins of C. jejuni and the two Helicobacter species. It
therefore seems likely that antigenic variation is a
common strategy used by these microorganisms for
adaptation, specialization and persistence in hepatic
or gastrointestinal niches within their distinct hosts,
such as the human stomach, the rodent liver or the
bovine rumen.

LEWIS ANTIGENS

Fucosylated carbohydrate
antigens usually found on the
surface of eukaryotic cells. They
are structurally related to the
human ABH blood group
system.

HOMOPOLYMERIC TRACTS

The simplest but most frequent
low-complexity zones in
prokaryotes are simple sequence
repeats (SSR), which consist
either of homopolymeric tracts
or multimeric repeats. These
genomic regions are prone to
slippage and mispairing.

Helicobacter pylori Helicobacter hepaticus Campylobacter jejuni

ure

ureCdt

Cdt

HHGI1
EPS

LOSPAI

a b c

Figure 3 | Species-specific and syntenic regions of sequenced ε-proteobacteria. Comparing the gene content of Wolinella
succinogenes DSM 1740 with Helicobacter pylori strain 26695 (a), Helicobacter hepaticus ATCC 51449 (b) and Campylobacter
jejuni strain NCTC 11168 (c). The corresponding orthologous genes are shown in the middle circle, their order is given with respect
to their original location in the genome. Orange blocks highlight species-specific clusters (SSC) spanning more than four open
reading frames (ORFs) without orthologues in W. succinogenes. The genomic islands of H. pylori (cag PAI) and H. hepaticus (HHGI1)
are clearly detectable. The two innermost circles reveal syntenic regions between W. succinogenes and the three other
microorganisms. The order and orientation is given by the compared organism; syntenic regions of the same orientation are labelled
with red arrowheads, whereas inverted regions are shown by blue arrowheads. The other colours match those in FIG. 2. Cdt,
cytolethal-distending toxins, EPS, exopolysaccharide biosynthesis, HHGI 1, H. hepaticus genomic island 1, LOS,
lipooligosaccharide biosynthesis, PAI, pathogenicity-associated island, ure, urease operon.
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Genome-wide and local co-linearity analysis
As these four closely related species share a last common
ancestor, the genome rearrangements that have con-
tributed to their evolution have been investigated
(FIG. 4). The two sequenced strains of H. pylori are
examples of the co-linear succession that would be
expected for organisms that belong to the same
species and show only strain-to-strain variation4,5,68.
For H. pylori strains 26695 and J99, the comparison
results in an almost undisrupted diagonal (FIG. 4a).

encoding the H. hepaticus shared cytolethal-distending
toxins (CdtABC) and multiple hypothetical proteins
can be detected as well as the C. jejuni-specific LOS
and EPS loci (FIG. 3). The H. pylori OMPs are often
flanked by hypothetical proteins within these species-
specific regions. This might indicate that these proteins
contribute to the structure of these outer membrane
proteins as part of the H. pylori-specific adhesion
mechanism to a host cell (see online supplementary
material S2 (table)).
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Figure 4 | Genome-wide co-linearity analysis. The positions of orthologous genes along the chromosome are plotted as
open reading frame (ORF) numbers. The x- and y-axes represent the two genomes being compared. The origin of replication
(ori) is clearly detectable in Wolinella succinogenes DSM 1740 and Campylobacter jejuni NCTC 11168, as predicted by a bias
of G towards the leading strand (G+C skew), therefore the positions of each pair of homologous genes relative to their ori can
be calculated87,88. a | A co-linearity plot between Helicobacter pylori strains 26695 and J99. The presence of a diagonal line
clearly illustrates the conserved gene order between the two strains. The genus-level comparisons are shown in b–g.
To derive the co-linearity factor, the x and y coordinates of the orthologous pairs were used. For each pair of neighbouring
ORFs (xi, xi+1) on the query genome, the position of the orthologues (yj, yj+1) on the target genomes was found. The difference
Min (| yi+1 - yi |, #Orfs - | yi+1 - yi |) between the positions on the target genome was calculated. The difference values for all
the ORF pairs were summed and divided by the number of ORFs to obtain the co-linearity factor. The resulting co-linearity
factor for the strain-to-strain comparison is 18, whereas the species-to-species comparison gives 213 in the case of W.
succinogenes/C. jejuni (d) and 214 in the case of W. succinogenes/H. pylori 26695 (b). Comparison of H. pylori 26695 and 
C. jejuni (f) results in a factor of 247, H. hepaticus and H. pylori 26695 (e) of 173, H. hepaticus and C. jejuni (g) of 212 and 
H. hepaticus and W. succinogenes (c) 112.
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C. jejuni, which is in agreement with the published
16S rRNA phylogenetic trees19,20. Therefore, W. suc-
cinogenes might be considered as an out-group to the
three pathogenic microorganisms, allowing differen-
tial analysis not only of gene content, but also their
respective genome structures.

The high degree of disorder has caused the separation
of genes that are jointly regulated in other subgroups of
the Proteobacteria. The structural genes of the flagellar
motor provide an example of this observation. In all
four species, the genes for this structure, which encode
more than 20 gene products, are dispersed throughout
the entire genome70. How and whether they are jointly
regulated remains unclear from the functional analysis
currently available.

The rearrangement described in the co-linearity
analysis reflects the extensive recombination that has
occurred since these species diverged from their last
common ancestor and that presumably had an
important role in the speciation process. In this
regard, it is tempting to speculate on the allowable
degree of differential recombination that is possible
within an organismal lineage, while maintaining the
status of being the same biological species. The obser-
ved lack of operon organization within the genomes of
this bacterial subgroup raises the question of how the
functionality of the regulatory network is achieved.
The study of environmental strains of species that are
closely related to human pathogens has identified
many ‘orphaned’ processes in the metabolism and the
signalling circuitry of an organism. It will therefore be
useful to re-assemble the complete set of physiological
capabilities of the last common ancestor of this group of
bacteria to draw conclusions on the emergence of their
interaction with a distinct host.

Recombinatorial rearrangements
To visualize all the recombinatorial events that have
occurred, direct matches (two or more pairs of ortho-
logues that have maintained their order with respect to
the origin (ori)), opposite matches (two or more pairs of
orthologues that have reversed their order with respect
to the ori but maintained their relative order) and sin-
gletons (orthologues that are not adjacent to other
orthologues) are plotted against each other (FIG. 5).
Despite an almost random arrangement of many
orthologues on a genome-wide scale, one can still
observe local co-linearity by a representation that takes
into account only two or more pairs of co-linear genes.
Examples are those that encode metabolic and multi-
subunit enzyme complexes, such as the ribosomal genes
or the genes coding for the F-type ATPase. These groups
of clustered genes are of particular interest because they
have maintained their order in the genomes of all four
species, even though in some cases their orientation
with regard to the origin of replication has changed.

Gene loss and acquisition
Through a series of deletion and recombination events
driven by host adaptation and speciation, the genomes of
all four species have lost genes, albeit at different rates. In

The only two positions at which the order is interrupted
are the result of a single recombination event69. The
random pattern of the other plots (FIG. 4b–g) illustrates
the lack of genome-wide co-linearity (FIG. 4b–g). The cal-
culated co-linearity factors reflect the phylogenetic
relationship between the organisms and outlines the
position of W. succinogenes as phylogenetically inter-
mediate between the two Helicobacter species and 
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Figure 5 | Visualization of intra- and interspecies recombinatorial events. Direct matches
are two or more pairs of orthologues that have maintained their order with respect to the origin
(ori). Opposite matches have reversed their order with respect to the ori but maintained their
relative order. Singletons are orthologues that are not adjacent to other orthologues. When two or
more neighbouring orthologous pairs are considered in the pair-wise comparisons, local co-
linearity (a–d) between Wolinella succinogenes DSM 1740 and the related pathogens can be
seen. The intraspecies comparison between the Helicobacter pylori strains 26695 (Hpy) and J99
(jhp) revealed recombinatorial rearrangements (a). Parts b–d show the calculated interspecies
comparisons. Cje, Campylobacter jejuni NCTC 11168.
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genome analysis of a bacterial subgroup can identify
strain-specific, lineage-specific or even niche-specific
genomic regions of the analysed species or phylum, and
can help to explain differences in lifestyle and disease
manifestation26,68,74–76.

The comparative approach is valuable from an
evolutionary point of view as it is an excellent tool to
track the evolutionary processes of loss, acquisition and
variation of genetic information77. In a more global
approach, shared ancestral gene pools can be detected.
The reconstruction of ‘minimal gene sets’ of the last
common ancestor can elucidate the origin and adaptive
traits of microbial species72. For C. jejuni and H. pylori, a
reconstruction of a tentative common ancestor has been
presented using a modular protein approach78.

In addition to the core chromosome, analysis of the
flexible genome pool should also be part of a compar-
ative analysis. The almost complete identity of the
chromosome in some bacterial species provides no
clues to the differences observed in their biology and
pathogenic potential. These distinctions are largely
anchored in the varied presence and gene content of
specific plasmids and other mobile genetic elements;
examples include members of the Bacillus cereus sensu
lato group and isolates of C. jejuni36,79. Comparative
analysis of these elements could help to elucidate their
evolutionary origins, as observed for the W. succinogenes
WsuGI genomic island, which is part of an autonomous
plasmid in C. jejuni. These analyses allow the identifi-
cation of unique and common evolutionary traits that
contribute to speciation and help to identify the pro-
portion of horizontally acquired genes in a particular
organism.

However, it is noteworthy that access to a microbial
genome provides just a snapshot of a momentary state in
microbial evolution. It does not provide information on
the genome plasticity in different isolates. Genotyping
and re-sequencing isolates with different physiological
capabilities or pathogenic potential can address these
questions by analysing stretches of sequence that are
dispersed throughout the genome of the compared
species31,80. For the compared ε-proteobacteria, the
intraspecies diversity of different C. jejuni and H. pylori
isolates has been studied in detail22,23,59,81–84.

The sequenced genome of a type strain can be a
reference for further fundamental analysis of the simi-
larities and differences among diverse isolates. Using this
approach, highly variable regions in strains or different
clinical isolates that are mutational ‘hot spots’ can be
identified. In the ε-proteobacteria subgroup examples
include the high-plasticity zones (HPZ) of H. pylori,
which are composed of highly repetitive DNA, these
regions are crucial for this pathogen to persist and evade
immune clearance31,85.

Transcriptional analysis based on sequence data is
focused on the analysis of promoter regions, the overall
operon organization and identification of transcrip-
tional regulators, as well as the classification of sensing
capabilities. However, comparative genome analysis is
inadequate to understand those cases in which the
observed phenotype or pathogenic potential is based

this regard, it is likely that W. succinogenes, due to its
genome size and gene content, has lost the least genetic
information so far, as it still has the largest amount of
genes coding for extended signalling and metabolic
capabilities. Examples of gene loss include signalling
cascades in H. pylori that are missing ‘upstream’ compo-
nents but which are still present in W. succinogenes. The
drive to a smaller genome might also have been respon-
sible for the particularly high coding frequency, which is
highest in C. jejuni, at 94.3%. The lower coding frequency
of the Helicobacter species is indicative of an ongoing
effort to degrade these genomes even further. This is
reflected by the large number of pseudogenes that are
found in the H. pylori genome and the general tendency
for genome plasticity, which can be observed in the high
rates of mutation and recombination and which, as a
consequence, lead to the high variability of strains that is
observed for Helicobacter species.

Although this class of bacteria tend to delete genetic
information, there is evidence that gain of genetic infor-
mation is also important. This is particularly true for the
two Helicobacter species and W. succinogenes, where hori-
zontal gene transfer accounts for 5–6% of the present
genetic information34,71. In the case of W. succinogenes,
this percentage does not include the additional 450 kb of
genetic information that is present compared with the
Helicobacter genomes and therefore cannot be explained
by horizontal gene transfer alone.

This comparative genomic analysis has identified
genes from a shared ancestral gene pool that are essential
for the maintenance of these organisms in mammalian
hosts, as well as species-specific genes that mediate host
and tissue specificity72.A large proportion of the species-
specific genes co-localize in regions of the individual
genomes that have not been identified as genomic
islands, which contrasts with the observation that no
genome-wide co-linearity is present between these
closely related genomes.

Comparative genomics: power and limitations
Genome sequencing and comparative genomics are
undoubtedly of immense value for researchers who wish
to investigate common and unique traits in microbial
adaptation and speciation73. The genome data are starting
points for subsequent research that considers the many
interactions between a microorganism and its ecological
niche and surrounding environment. The initial findings
of a sequence analysis must be followed by experimental
work to elucidate or confirm the physiological function
of the identified gene products. Sequence data cannot
be used to elucidate all aspects of the biology of a partic-
ular species, but the continued generation of genomic
and experimental data gives researchers an insight into
the complexity of an organism’s biology and allows
questions to be posed regarding genome dynamics and
diversity (FIG. 6).

Comparisons between the genome sequences of
commensal bacteria and those of pathogenic bacteria
can identify genes that are involved in the observed
host specificity and the mechanisms of the
host–microorganism interaction. A comparative
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this will provide the fundamental basis to answer various
questions covering all aspects of microbial life and could
help to clarify the evolutionary origin, phylogenetic
relationship and emergence of an organism.

Conclusions
Studying the evolutionary process of adaptation to a
specific host at the genomic level identifies sets of genes
that are either species-specific or are part of the species
gene pool. The species-specific genes identified in a com-
parative analysis can then be used by all laboratories
studying the molecular mechanisms of the interactions
of this bacterial species with its host. It is therefore

on alterations in the regulatory circuitry in response to a
dynamically changing environment. The Pseudomonas
aeruginosa quorum-sensing circuitry is such an example,
wherein the expression of virulence determinants
depends on the density of the Pseudomonas population86.

Monitoring RNA levels in transcriptomic arrays is a
powerful tool but is not sufficient to cover all aspects of
an organisms’ regulatory network to answer questions of
post-transcriptional regulation and post-translational
modification. To answer these questions, proteomic and
structural analysis of proteins and their native complexes
and investigation of their enzymatic and catalytic func-
tions are essential.As more sequencing data are gathered,

Physiology and Ecology

 • Lifestyle: environmental, symbiont, commensal or

pathogenic potential (facultative/obligate/opportunistic)

 • Complexity of lifecycle and stages

 • Habitat: geographical distribution and environmental diversity

 • Ecological niche: free-living to host associated

 • Metabolism and sensing: specialist to versatile generalist 

 • Cultivation conditions

 • Metagenomics: (unculturable) microbial communities

Genomic adaptation

 • Genome size

 • Coding density

 • Functional classification of genome inventory

Metabolic and secretory pathways

Sensing capabilities

Multidrug resistance

Virulence determinants

 • Genomic redundancy

 • Contingency genes and pseudogenes

 • Flexible genome pool

 GEIs, plasmids, phages, IS elements

Comparative Genome Analysis

• Phylogenetic analysis and evolutionary origin

 • Core genome and specific gene sets

 • Minimal gene set of LCA

 • Genomic diversity

 Influx and efflux of genetic information

 Comparison of genomic repertoire

 • Genome dynamics and plasticity

High plasticity zones

Syntenic blocks and genomic rearrangments

 • Genome polymorphisms

Repetitive sequences, IS elements, SNPs

 • Genotyping - re-sequencing of isolates

Te
nt

at
iv

e 
re

co
ns

tr
uc

tio
n

Biology of
organism

Sequencing
project

Bioinformatic
approach

Experimental
approach

 • Functional classification of (Glyco-)proteome

 • Structural analysis of proteins and complexes 

 • Differential expression patterns

 • Post-translational modifications

 • Promoter analysis

 • Operon structure

 • Microarray analysis

 • Genotyping

Transcriptomic and proteomic analyses

Data collection

Dynamically Changing Environment and 
Regulatory Circuits

 • Quorum and environmental sensing

 • Host repertoire

 • Lifestage: spore, vesicle, capsula

 • Lifecycle: infection, persistence

In vivo

In vitro

Genome sequencing Re-sequencing

Basis for experimental design

In vivo conditions

In vitro assays
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insertions and deletions (indels) that affect either
genes or regulatory elements, which cannot be assessed
by the methodology used in this study; functional
genomics techniques, such as transcriptomics and pro-
teomics, will therefore be required to study the effects
of these genomic variations. The same is true for the
hypothetical genes with no assigned function, which
account for as much as one-third of the gene content
of the sequenced ε-proteobacteria. The impact of these
genes on the physiology of these microorganisms must
be further elucidated by experimental studies.

Last, but not least, it is important to note that,
although there is a stringent correlation between the
absence of certain genes and a potential physiological
function, the opposite does not hold true. For example,
the absence of a particular set of genes can rule out
certain physiological capabilities but the presence of
virulence factors is essential, but not sufficient, for an
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