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Abstract. The evolution of bacteria is associated with
continuous generation of novel genetic variants. The
major driving forces in this process are point mutations,
genetic rearrangements, and horizontal gene transfer. A
large number of human and animal bacterial pathogens
have evolved the capacity to produce virulence factors
that are directly involved in infection and disease. Addi-
tionally, many bacteria express resistance traits against
antibiotics. Both virulence factors and resistance deter-
minants are subject to intrastrain genetic and pheno-

typic variation. They are often encoded on unstable
DNA regions. Thus, they can be readily transferred to
bacteria of the same species or even to non-related
prokaryotes. This review article focuses on the main
mechanisms of bacterial microevolution responsible for
the rapid emergence of variants with novel virulence
and resistance properties. In addition, processes of
macroevolution are described with special emphasis on
gene transfer and fixation of adaptive mutations in the
genome of pathogens.
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Introduction

Bacteria must conserve their genetic information from
one generation to the next. The maintenance of the
correct genomic sequence is ensured by complex enzy-
matic mechanisms managing the faithful replication and
repair of DNA [1, 2]. However, bacteria have to live
and survive under continuously changing environmental
conditions and are therefore compelled to adapt to
them. In addition to regulatory adaptive responses that
act at the level of gene expression, bacteria have also
evolved strategies allowing the generation of genetic
diversity [3, 4]. Point mutations, recombination between
homologous DNA sites, and the action of transposable
genetic elements are major mechanisms by which
genome flexibility is achieved. The capture and spread
of genes by horizontal gene transfer mechanisms involv-
ing plasmids, phages and other mobile elements also
contribute to this process. Finally, the clustering of
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genes on large genomic islands and their mobilization
enables bacteria to gain or lose huge amounts of DNA
involved in the adaption to distinct ecological niches [5,
6]. This mediates the very rapid development of new
bacterial variants (within days or weeks), a process for
which the term ‘microevolution’ was coined. However,
once successfully adapted, microorganisms tend to sta-
bilize the newly generated genotype by adaptive muta-
tions and they can maintain it for millions of years [7].
Evolutionary processes that proceed over longer time
periods are termed ‘macroevolution’. They lead to the
development of completely new variants of organisms,
to the generation of new species and even to the emer-
gence of new genera. Both micro- and macroevolution
have contributed to the impressive diversity of the mi-
crobial world on earth.

The general processes involved in the evolution of bac-
teria also form the basis for the evolution of pathogens.
Pathogenic bacteria often produce virulence or patho-
genicity factors such as adhesins, capsules or toxins
which enable them to cause infections in particular host
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organisms. In addition, pathogenic bacteria are able to
express resistance factors to overcome the action of
antibiotics used in human and veterinary medicine.
Some of the pathogenic microorganisms are perfectly
adapted to one particular host species. For example, the
host spectrum of meningococci or gonococci is re-
stricted to human beings. Other bacteria only cause
disease when they are transferred to a new host organ-
ism. Transmission can be mediated by vector organisms
(e.g. fleas in the case of Yersinia pestis), food (e.g.
enterohaemorrhagic Escherichia coli-EHEC), water
(e.g. Vibrio cholerae) or by technical systems (e.g. Le-
gionella pneumophila) [8—11]. Finally, bacteria belong-
ing to the normal body flora or to the environment can
cause disease when the host is immunocompromised or
the microorganisms are displaced to unusual body sites
(e.g. uropathogenic E. coli, coagulase-negative staphylo-
cocci) [12].

This review describes genetic mechanisms of microevo-
lution underlying the extraordinary capacity of patho-
genic Dbacteria that gives rise to the continuous
emergence of variants with novel virulence and resis-
tance traits. In addition, the article provides insight into
processes of macroevolution with special emphasis on
gene transfer and fixation of adaptive mutations in
pathogen genomes.

Point mutations, deletions and pathoadaptive mutations
are involved in micro- and macroevolution of pathogens

Point mutations are considered as driving forces in slow
evolutionary processes. However, in viruses, mutations
or small deletions can also contribute to the rapid
development of structural genes [e.g. human im-
munodeficiency virus (HIV) protease gene mutations,
leading to protease-inhibitor-resistant HIV variants]
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[13]. In addition, particular genes of bacterial pathogens
exhibit stretches of repeated DNA sequences in pro-
moter regions and/or in the 5 end of virulence genes.
During replication, point mutations can be generated
by slipped-strand mispairing, resulting in expression or
non-expression of particular genes. In gonococci,
meningococci, Mycoplasma sp., and E. coli, phase and
antigenic variation of surface-associated structures is
mediated by these mechanisms [14—17] (see table 1).

Regulatory genes which control coordinated gene ex-
pression under changing environmental conditions have
also been found to be subject to point mutations and
small deletions. In many bacteria, the stress response is
regulated by alternative sigma factors [18]. The mode of
action of these factors has been extensively studied in
Bacillus subtilis, E. coli and Staphylococcus aureus [19—
23]. They are involved in sporulation (B. subtilis), sta-
tionary and heat shock response (E. coli) and also in
the expression of virulence genes (S. aureus, E. coli).
Mutations and deletions in such genes were demon-
strated in Salmonella sp. and S. aureus and exhibited a
pleiotropic effect on gene expression which also influ-
enced the virulence traits of these organisms [24-26].

Mutations in structural genes of putative virulence fac-
tors can also modify or knock out the encoded proteins
and influence their function during pathogenesis. Many
of these mutations represent so-called pathoadaptive
mutations which enable single bacterial clones to be-
come more pathogenic without the acquisition of addi-
tional genes. This mechanism is based on random
mutagenesis which offers the bacterium a strong advan-
tage under a selective pressure [7]. Pathoadaptive muta-
tions are mainly observed in bacterial species that are
opportunistic or non-primary pathogens (table 2). Thus,
the type 1 fimbriae of enterobacteria (particular of E.
coli) were altered by pathoadaptive mutations leading

Table 1. Genetic mechanisms involved in phase and antigenic variation contributing to microevolution in pathogenic bacteria.

Genetic mechanism Bacterial species

Functional effect

Point mutations Neisseria meningitidis and

N. gonorrhoeae

Deletions Haemophilus influenzae
Escherichia coli
Staphylococcus epidermidis
E. coli

N. gonorrhoeae
Mycoplasma pneumoniae

E. coli
Salmonella spp.

DNA modification

Homologous recombination
Site-specific recombination

Insertion sequence integration/
excision

N. meningititis

S. epidermidis

phase variation of pili, capsules and
lipopolysaccharide

capsule variation
loss of P-fimbriae and haemolyisn
loss of biofilm production

phase variation of P, S, K99-fimbriae

antigenic variation of pili and surface proteins
antigenic variation of surface proteins

phase variation of type-1 fimbriae
antigenic variation of flagellae

phase variation of capsule production

phase variation of biofilm formation
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Table 2. Examples of pathoadaptive mutations that confer altered bacterial pathogenicity according to Sokurenko et al. [7].

Bacterial species

Pre-existing
gene

Gene function

Functional effect
of mutation

Adaptive advantage in virulence

variation of
amino acid
sequence
knockout

knockout

variation of
amino acid
sequence
knockout

knockout

knockout of one
of two copies
knockout

increased tropism to uroepithelial
and neural basement membranes

intracellular persistence, and in-
creased antibiotic resistance
increased activity of genes (e.g.
toxins)

expansion of tissue tropism and
inhibition of platelet aggregation

surface expression of actin-
polymerization factor

activation of endotoxin

increased capsule production

evasion of phagocytosis

E. coli fimH adhesion
S. aureus hemB synthesis of electron transport
chain components
S. aureus sigB alternative transcription factor,
regulation
Group A speB extracellular and cell surface
Streptococcus protease
Shigella, ompT surface protease
enteroinvasive
E. coli
Shigella, cadA lysine decarboxylase
enteroinvasie
E. coli
Haemophilus bex A polysaccharide export
influenzae
Pseudomonas mucA downregulation of alginate produc-
aeruginosa tion
Chlamydia omp1 adhesion, immune escape

trachomatis

variation of
amino acid
sequence

expansion of tissue tropism

to variants with increased binding capacity to extracel-
lular matrix proteins, and enhanced tissue penetration
[27, 28]. These mutations occur in a limited number of
E. coli strains that cause urinary tract infections and
meningitis and they are suggested to be part of a
macroevolutionary process leading to E. coli variants
with greater tissue invasion potential.

In addition to the modification of structural and regula-
tory genes, point mutations also contribute to the devel-
opment of bacterial resistance to antibiotics. For
example, in E. coli, mutations in the gyrase and topoiso-
merase genes cause resistance to fluorquinolone antibi-
otics [29]. The resistance to rifampicin and streptomycin
in mycobacteria and other microorganisms is mediated
by point mutations in the RNA polymerase and riboso-
mal genes, respectively [30]. During the treatment of an
infection with these antibiotics, resistant bacterial sub-
clones emerge very rapidly. Therefore, this mechanism
can also be considered as a microevolutionary process.
The generation of large deletions of the bacterial chro-
mosome represents another major principle of genome
plasticity. Excisions are frequently observed in Strepto-
myces spp., where large deletions comprising up to 800
kb of DNA occur [31]. The deleted parts of the chromo-
somes are often flanked by either perfect or imperfect
repeats, which may play a role in illegitimate recombi-
nation. The permanent generation of new genetic vari-

ants due to deletions may enable Streptomyces to adapt
to its environments. In other species, such as Bacillus
subtilis or cyanobacteria, excisions of DNA fragments
which interrupt coding regions have been described [32].
The excision of 42 kb of the B. subtilis genome is a very
good example of ‘developmental’ deletions because the
interrupted sporulation (spo) genes are fused following
this deletion, leading to a functional active sporulation
determinant [33]. The integration and excision of plas-
mids into and from chromosomes as well as the site-spe-
cific excision or sequential deletion of other genetic
segments (e.g. pathogenicity islands) may also play a
role in bacterial adaptation during pathogenesis [6].
Thus, pathogenicity islands of pathogenic Yersinia,
uropathogenic E. coli and Helicobacter as well as cap-
sule genes of Haemophilus influenzae may undergo such
deletion mechanisms leading to variants with com-
pletely new virulence traits [7] (see table 1). Recently, we
were able to show that the ica gene cluster of S. epider-
midis encoding the genes for the synthesis of a sugar
polymer which mediates biofilm formation can undergo
deletions of a DNA fragment of more than 100 kb in
size (unpublished observations). Furthermore, the inter-
gration and excision of the virulence plasmid of en-
teroinvasive E. coli (EIEC) strongly influences the
expression of virulence-associated genes, presumably by
alternating DNA supercoiling.
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Generation of genetic diversity by homologous and
site-specific recombination

Homologous and site-specific recombination events
contribute considerably to both antigenic variability
and to the development and spread of antibiotic resis-
tance in important human pathogens. Homologous re-
combination is mediated by regions of nucleotide
sequence homology in two functional DNA molecules
that participate in the process. It involves DNA cleav-
age, homologous base pairing and the formation of a
typical cross-over structure which is subsequently re-
solved [34, 35]. The process depends on the action of the
RecA protein and can involve intragenic rearrange-
ments on the same replicon and the uptake and integra-
tion of extracellular DNA. In Neisseria gonorrhoeae, for
example, the nearly inexhaustible capacity for pili diver-
sity is based on the presence of one or two copies of a
pilin gene in an expression locus and, additionally,
multiple silent pilin gene variants on the chromosome
[15, 16, 36, 37]. Pilin variation occurs by RecA-depen-
dent intragenic recombination between a silent locus
and the expression locus on the same chromosome. A
second mechanism is based on the natural competence
of Neisseria and involves the horizontal uptake and
subsequent homology-dependent integration of DNA
that is released from neighbouring bacteria.

In Streptococcus pneumoniae, the capacity of capsule
variation contributes to the evasion of the host immune
system and hampers the development of an effective
pneumococcal vaccine. Serotype switchs are based on
recombinational exchange at the ¢ps locus which carries
clustered genes that are common to all pneumococci
and other, non-homologous genes that mediate the
structural differences between the capsular serotypes
[38]. Genes adjacent to the cps locus as well as ho-
mologous stretches within the gene cluster have been
identified as possible cross-over points during capsule
gene recombination. The emergence of penicillin resis-
tance is another serious problem in these human patho-
gens [39]. It is due to penicillin-binding proteins (PBPs),
with diminished binding affinity to beta-lactam antibi-
otics, which had arisen from recombinational exchange
between the PBP-encoding genes of S. pneumoniae and
the corresponding DNA from related, intrinsically resis-
tant streptococcal species [40, 41]. The capacity of pneu-
mococci for uptake and integration of extracellular
DNA by natural competence and transformation is
regarded as the driving force in these processes.

In contrast to the recombination events described
above, some genetic systems promote recombination
only at specific sites. Site-specific recombination is char-
acterized by the presence of unique nucleotide se-
quences in both DNA molecules that participate in
recombination [42]. These sequences are recognized by
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recombinases, which then catalyze the joining reactions.
Several bacterial genomes use site-specific recombina-
tion to control phase variation of surface antigens (e.g.
type-1 fimbriae expression in E. coli, flagella phase
transition in Salmonella) [43—46] (table 1). The integra-
tion of some bacteriophages (e.g. 4 phage in E. coli)
takes place by site-specific recombination [47]. Another
important phenomenon is the capture, spread and ex-
pression of antibiotic resistance determinants by inte-
grons [48]. Integrons are genetic units comprising a
site-specific recombinase gene, a specific attI nucleotide
sequence for the integration of mobile gene cassettes
and a promoter for the expression of the integrated
cassette genes. The gene cassette itself represents inde-
pendent mobile elements that can also exist outside
from integrons in free circularized forms. Most cassettes
encode antibiotic resistance genes and many of the
resistance traits observed in Enterobacteriaceae and
pseudomonads are part of integrons. However, in V.
cholerae, integrons can also harbour genes that are
involved in pathogenesis, and it is presumed that the
acquisition and spread of DNA by integron-like struc-
tures are an evolutionary process that predated the
antibiotic era [49]. It is therefore likely that integrons
play a more general role in the evolution of the bacterial
genome.

Bacterial insertion sequence elements mediate mutations
and DNA rearrangements

Bacterial insertion sequence (IS) elements are small
mobile DNA units that encode only features necessary
for their own mobilization [50]. In general, they consist
of the genetic information for a transposase protein and
inverted repeat sequences that exactly define the borders
of the element. IS elements can be regarded as repetitive
DNA sequences that are randomly distributed on the
bacterial chromosome. They also occur on plasmids,
phages and in composite transposons where the IS often
forms the ends of the element. IS elements have the
capacity to cause irreversible inactivation of genes by
random and in some cases also by site-specific transpo-
sition [51, 52]. However, in N. meningitidis and S.
epidermidis, distinct elements (i.e. IS1301 and I1S256,
respectively) contribute to the reversible inactivation of
virulence genes (table 2, fig. 1) [53, 54]. As indicated in
figure 1, the ica genes of S. epidermidis, encoding the
production of the polysaccharide adhesin PIA, repre-
sent the target site for the integration and precise exci-
sion of 1S256, leading to repression and reactivation of
the ica-specific genes. In N. meningitidis, 1S1301 also
mediates phase variation of capsule synthesis by a simi-
lar mechanism. In addition to simple transposition, IS
elements also give rise to complex DNA rearrangements
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including deletions, inversions, gene amplifications and
the fusion of two DNA molecules by cointegrate forma-
tion [4]. Most of these reactions are mediated by specific
actions of the IS transposase. However, IS elements can
also be passively involved in recombination, since their
nucleotide sequences represent homologous DNA
stretches which can serve as recombinational cross-over
points. These IS-mediated mechanisms apparently play
a major role in genome flexibility. They are involved in
the creation of new antigenic variants, and since many
IS elements are associated with antibiotic resistance
genes, they also contribute considerably to the spread of
these genes among bacterial populations [55, 56].

Plasmids, phages and pathogenicity islands

Virulence genes of pathogenic bacteria, which encode
toxins, adhesins, invasins or other virulence factors may
be located on transmissible genetic elements such as
transposons, plasmids or bacteriophages. In addition,
such genes may be part of particular regions on the
bacterial chromosome, termed ‘pathogenicity islands’

1 x IS256

1x IS256
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(Pais) [6]. Pais allow bacteria to gain or lose huge
amounts of DNA and they are regarded as elements
that mediate bacterial macroevolution in ‘quantum
leaps’ [5]. Pais are found in both Gram-negative and
Gram-positive bacteria (table 3). They are present in the
genome of pathogenic strains of a given species but
absent or only rarely present in those of non-pathogenic
variants of the same or related species. They comprise
large DNA regions (up to 200 kb DNA) and often carry
more than one virulence gene (fig. 2). The G + C con-
tent often differs from that of the remaining bacterial
genome and, in most cases, Pais are flanked by specific
DNA sequences, such as direct repeats or IS elements.
In some bacteria (e.g. uropathogenic E. coli, Yersinia
spp., Helicobacter pylori), Pais represent unstable ge-
netic elements and tend to delete at high frequencies. In
addition, they may undergo duplications and amplifica-
tions. Pais are often associated with tRNA loci, which
may represent target sites for their chromosomal inte-
gration. The presence of bacteriophage attachment sites
and cryptic genes on Pais, which are homologous to
phage integrase genes, replication origins of plasmids or
IS elements, indicate that these particular genetic ele-

11 x IS256

Y E—

4500 bp

icaR |—|

icaA

icaB icaC

by

B

icaC 3121 atgaagaaaa ataaacttga

3201 aatcacttta gaaaatgaac
RP62A/15
tctcaattat taacaacatt

agatgtctga tagttcacte

3301 aaattacgaa tcagtaacta

3401 tctatagtta tagtgaatca cttatcaccg cttettettt
RP62A/72
tatcttatat catttacaaa

RP62A/51;RP62A/66

3501 aattatgcag ttctttgtte

3601 tcttatctac attatttttt
RP62A/57

aggtggttac

RP62A/1;RP62A/2

3701 actttttett

RP62A/85

3801 tgttttattt atcgetgttt

3901 ggagtctgta tgcactttaa

4001 ctetttttge ttacaccaac

4101 gttaagagag ttttatatat

attagtgtat
atattgcaat
taaattatet
taaaaagcag
attaatttta
gaataatgac acttttcatc aattcatgac
attggctata attatgaaaa aatattatet
ccggtagtga ttattggaat gtcacaagct
aactatgtta ttaaatacta ttaaagctat
atatttgaag ataatacaat tgttttcttg

tcagatttgt aattggaaaa caaccgtaca

ttacgtgegt ttatttgtgt cataatcatc gtgacacact
229/3

attttcggea cccctagttt

tactaacgca

attatatacg caatattttt tataatattg

tttttcaaga tttaagtata tttttattcc atatctttta atcggcottgt

tttatcgaaa atgttgtttt tcattatcat
RP62A/96

tagtaaaatt ttgctgettt

aggacaatgg tatggctatt

RP62A/94

gattgttcaa tagcatttat agtccaacaa

tcattattat ccattaagcg aaaatacaat gatattagga tggatattct

ttottagaaa aatatttaat tatagttatt atgttaactt taggcgcata

ttacttatac gttaacatta tataatagtg tcatgttctt cttattacta

tagtgcattt tcctttttca tttatttgtt gcacccaatt atcttagatt

gcgatttcac ttttaatgat tctaggaatt tgtataggcg tcggaatgat

agttacaatt tgaccaatac cagcctaact ggaattaa 4188

Figure 1. Phase variation of biofilm formation in S. epidermidis by insertion and precise excision of 1S256 in the ica operon [54]. (4)
Overview of the ica operon which mediates the production of a polysaccharide adhesin. The number and positions of IS256 insertions
detected in two S. epidermidis wild-type strains are marked by arrows. (B) Detailed representation of the IS256 insertions in the icaC
nucleotide sequence. IS256 target sites which become duplicated during the insertion of the element are underlined. Double lines mark
identical target sequences identified in different insertional mutants. The wild-type nucleotide sequence can be restored by the complete
excision of IS256, including the initially duplicated 8-bp target sites. The designations above the targets indicate the individual names

of the variants.
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ments were previously able to spread among bacterial
populations by horizontal gene transfer. Interestingly,
in some species, Pais are closely associated with bacte-
riophages. It was recently shown that the Pai of V.
cholerae, which encodes a type IV pilus, is located on a
bacteriophage. This phage can be transferred between
V. cholerae strains and the Pai-encoded pilus acts as a
receptor for another phage carrying the cholera toxin
gene [57]. In S. aureus, the Pai which encodes the toxic
shock syndrome toxin-1 is not an integral part of a
bacteriophage genome; however, the Pai is excised, cir-
cularized and mobilized to another strain by a particu-
lar transducing phage [58]. It is tempting to speculate
that in other species also, Pais are linked to bacterio-
phages and it is conceivable that at least some of them
represent parts of ‘old’ viruses which were adapted to
the host genome during evolution.

In bacteria it is well established that plasmids, transpo-
sons and integrons contribute considerably to the
spread of antibiotic resistance genes. However, bacteria
can also evolve resistance by acquiring large chromoso-
mal DNA fragments. Thus, in staphylococci, the emer-
gence of methicillin resistance is due to the acquisition
of the mecA gene that encodes an additional PBP with
a low binding affinity for beta-lactam antibiotics [59].
The mecA determinant and its adjacent regulatory genes
represent the core sequence of a 51.7-kb DNA element
(mec) that is unique to methicillin-resistant staphylo-
cocci and absent in susceptible strains. The origin of the
mec DNA is not clear, but it is suggested that a mecA
precursor comes from a coagulase-negative species and
the regulatory genes have evolved from beta-lactamase
plasmids [60]. In different strains, mec was located on
the same Smal-generated chromosomal fragment. The
entire element has been completely sequenced and
analysed [61]. It contains terminal inverted repeats and
is bounded by a characteristic pair of 15-bp direct
repeats. Moreover, the mec determinant carries IS ele-
ments and clustered antibiotic resistance genes which
are due to the integration of plasmid pUBI10 and
transposon Tn5354. Additionally, two open reading
frames encoding putative site-specific recombinases
were identified and it is speculated that these enzymes
mediate the spontaneous site-specific excision of the
element. It is assumed that mec does not represent an
independent mobile element. However, it was shown
that it can be mobilized to plasmids and by phage
transduction [62, 63]. These properties show a striking
similarity to the Pai paradigm described above, and the
mec determinant can therefore be considered as a ‘resis-
tance island’.

Horizontal gene transfer by plasmids is another impor-
tant mechanism of bacterial evolution, and the spread
of antibiotic resistance traits by these mobile elements
has been extensively studied. However, in addition to
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resistance genes, plasmids of many bacterial pathogens
can also carry important virulence factors. Virulence
plasmids are harboured by the pathogenic Yersinia (Y.
pestis, Y. enterocolitica, Y. pseudotuberculosis), Shigella
and several groups of diarrhoeagenic E. coli where they
contribute significantly to the virulence of these mi-
croorganisms. An impressive example is given by en-
terohaemorrhagic E. coli (EHEC) strains where
virtually all isolates carry large plasmids about 75-100
kb in size [64, 65]. Nucleotide sequencing and expres-
sion studies of pO157, a prototype plasmid of this
group, showed that it carries the genetic information for
a pore-forming cytotoxin (i.e. EHEC-haemolysin), a
bifunctional catalase-peroxidase (KatP), and a complex
type II secretion system (Etp) which is apparently in-
volved in the secretion of virulence factors [66—68].
Additionally, plasmid pO157 encodes a secreted protein
of about 104 kDa (EspP) that shows strong homologies
to autotransporter proteins [69]. These proteins possess
a C-terminal domain responsible for their own trans-
port through the outer membrane. It was shown that
EspP acts as a serine protease with pepsin and the
human coagulation factor V as possible substrates.
Since deficiencies of factor V result in prolonged bleed-
ing, EspP could increase the haemorrhage into the
gastrointestinal tract observed in patients with EHEC
infections. Accordingly, EspP might be an accessory
virulence factor of EHEC. Moreover, on plasmid
pO157, genes or groups of genes are flanked by com-
plete and incomplete ISs. The ISs are suggested to have
contributed to the evolution of the large virulence plas-
mids. They could transfer genes into the plasmid either
by regular transposition events or by homologous re-
combination between similar ISs. Additionally, they
could mediate the exchange of genes between the plas-
mid and the bacterial chromosome of this important
pathogen.

Conclusions

Particular genetic mechanisms contribute to the evolu-
tion of microbes. These mechanisms include point mu-
tations, DNA rearrangements and gene transfer
processes [70]. The development of pathogenic bacteria
is also directed by these mechanisms, which can act in
short time intervals (microevolution) or over longer
periods of time (macroevolution). It is interesting that
the evolution of the resistance mechanisms of patho-
genic bacteria shows features similar to the develop-
ment of pathogenic traits. Thus, point mutations in
genes contributing to virulence (e.g. adhesins, capsules)
or resistance (e.g. topoisomerase) lead to new variants
with new properties. Genetic rearrangements may result
in new membrane proteins, important for pathogenic



Table 3. Examples of bacterial pathogenicity islands (Pais) according to Hacker et al. [6].

Pathogenic microorgan-  Pai designation Virulence genes encoded Size (kb) Boundary Associated genes Deletion frequency
ism
Escherichia coli 536 Pai I hly 70 16 bp DR selC 10~4-10—7
(uropathogenic) Pai II hly, prf 190 18 bp DR leuX 1074-10-3
E. coli 196 Pai IV hly, pap 170 - pheV ?
(uropathogenic) Pai V hly, prs, enf 1 110 135 bp DR pheR 10—3
E. coli E2348/69 LEE (Pai III)  eae, espAB, sep A-1 35 - selC stable
(enteropathogenic)
Yersinia pestis HPI (pgm hms HFRS, fyuA, irpB-D 102 1S100 - 10~4-10—3
locus)
Y. enterocolitica HPI fyuA, irp2 (irpl) 45 - asnT 10-3
Salmonella typhimurium  SPI 1 inv, spa, hil 40 - - stable/unstable
SPI 11 type III secretion system, two-component regulatory system 40 - valV stable
Helicobacter pylori Cag Pai cagA-T 40 31 bp DR gir unstable
Dichelobacter nodosus Vap region vapA-E 11.9 19 bp DR serV ?
Vrl region vrl 27 - ssrA ?
Vibrio cholerae VPI acf, tep, toxT, int 45 att sites ssrA stable
Staphylococcus aureus SaPI, SaPIl tst 15.2 17 bp tyrB, trp transferable by phages

Abbreviations: DR, direct repeat; Aly, haemolysin gene; se/C selenocysteine tRNA gene; prf, P-related fimbrial gene cluster; leuX, leucine tRNA gene; pap, pili associated with pyelonephritis
genes; pheV phenylalanine tRNA gene; prs, P-related sequence; cnf I cytotoxic-necrotizing factor I gene; LEE, locus of enterocyte effacement; eae A, E. coli attaching and effacing gene; esp,
enteropathogenic E. coli secreted protein gene; sep, secretion of E. coli protein genes; HPI, high-pathogenicity island; pgm, pigmentation locus; ims HFRS, hemin storage protein gene HFRS;
fyu, ferric yersiniabactin uptake; irp, genes encoding iron-repressible proteins; IS, insertion element; asnT, asparagine tRNA gene; SPI, Salmonella pathogenicity island; inv, invasion genes;
spa, secretion protein antigen gene; hil, hyperinvasion locus; valV valine tRNA gene; Cag, cytotoxin-associated antigen; glr, glutamate racemase; Vap, virulence-associated protein; vrl,
virulence-related locus; serV, serine tRNA; ssrA, small stable RNA; VPI, vibrio pathogenicity island; acf, accessory colonization factor; tcp, toxin-coregulated pilus; toxT, transcriptional
activator gene; int, integrase gene; att, attachment; SaPl, S. aureus pathogenicity island; zsz, toxic shock syndrome toxin gene.
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Figure 2. Genetic structure of pathogenicity island (Pai) II of uropathogenic E. coli 536. The Pai comprises representative genetic
elements characteristic for Pais. These elements include direct repeats (DR), a tRNA gene (leuX), a cryptic integrase locus (int) and

virulence gene clusters (ily, prf).

processes (e.g. in gonococci or Mycoplasma), and in
new variants of PBPs conferring resistance to antibi-
otics (e.g. in pneumococci). The Pais are of particular
importance for the evolution of virulence. These DNA
fragments exhibit specific features and are found in
pathogenic variants of many bacteria. Their genetic
composition, however, represents a common theme of
particular genome segments found in many pathogenic
and non-pathogenic bacteria. The mecA region of
pathogenic staphylococci, conferring methicillin resis-
tance, shows similar features to Pais. In addition, non-
pathogenic bacteria carry islands encoding factors
important for symbiosis (e.g. Rhizobia), sugar
metabolism (e.g. Salmonella senftenberg) or degradation
of xenobiotic compounds (e.g. Pseudomonas putida).
These structures were therefore termed genomic islands
as they play an important role in the development of
microbes. Pais may represent just one example of ge-
nomic islands, which have contributed to the evolution
of pathogenesis in the past and will presumably do so in
the future.
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