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Germany; e-mail: j.hacker@mail.uni-wuerzburg.de

James B. Kaper
Center for Vaccine Development and Department of Microbiology & Immunology,
University of Maryland School of Medicine, Baltimore, Maryland 21201;
e-mail: jkaper@umaryland.edu

Key Words gene transfer, virulence, genome structure, plasmid, bacteriophage

■ Abstract Virulence factors of pathogenic bacteria (adhesins, toxins, invasins,
protein secretion systems, iron uptake systems, and others) may be encoded by partic-
ular regions of the prokaryotic genome termed pathogenicity islands. Pathogenicity
islands were first described in human pathogens of the speciesEscherichia coli, but
have recently been found in the genomes of various pathogens of humans, animals, and
plants. Pathogenicity islands comprise large genomic regions [10–200 kilobases (kb)
in size] that are present on the genomes of pathogenic strains but absent from the
genomes of nonpathogenic members of the same or related species. The finding that
the G+C content of pathogenicity islands often differs from that of the rest of the
genome, the presence of direct repeats at their ends, the association of pathogenicity
islands with transfer RNA genes, the presence of integrase determinants and other mo-
bility loci, and their genetic instability argue for the generation of pathogenicity islands
by horizontal gene transfer, a process that is well known to contribute to microbial evo-
lution. In this article we review these and other aspects of pathogenicity islands and
discuss the concept that they represent a subclass of genomic islands. Genomic islands
are present in the majority of genomes of pathogenic as well as nonpathogenic bac-
teria and may encode accessory functions which have been previously spread among
bacterial populations.
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INTRODUCTION

Over the last few years, the genome sequences of>20 bacterial species have
been determined and analyzed. It became obvious that microbial genomes consist
primarily of core sequences, with a fairly homogeneous G+C content and codon
usage, which encode housekeeping functions and which carry gene clusters with
relatively low mutational capacity. These core sequences include ribosomal-RNA-
specific genes and genes that encode key metabolic proteins such as ATPases [for
a review see Hacker et al (37) and Morschh¨auser et al (78)]. In addition to the
core genome, sequences were discovered that differ from the rest of the genome
in their G+C content and codon usage and that have been acquired via horizontal
gene transfer. For example, the overall amount of horizontally transferred DNA
in theEscherichia coliK-12 genome has been calculated to be∼17% (63). These
regions, which have been designated genomic islands, encode accessory functions
such as additional metabolic activities, antibiotic resistance, or properties involved
in microbial fitness, symbiosis, or pathogenesis.

It has long been known that important pathogenicity factors can be encoded by
mobile genetic elements, which are capable of lateral gene transfer. The presence
of genes encoding diphtheria toxin ofCorynebacterium diphtheriaeon a lysogenic
bacteriophage was discovered nearly half a century ago, and in subsequent years
a variety of toxins have been shown to be encoded on bacteriophages, including
Shiga toxin of enterobacteria, cholera toxin ofVibrio cholerae, neurotoxins of
Clostridium botulinum, and the cytotoxin ofPseudomonas aeruginosa(11, 110).
Other examples of mobile virulence elements include the heat-stable enterotoxin
gene ofE. coli, which is part of a transposon, and genes encoding aV. cholerae
hemagglutinin, which are located on an integron structure (68). In addition, impor-
tant virulence-associated genes of gram-negative pathogens (e.g.Shigella flexneri,
Salmonella entericaand Yersiniaspp.) as well as of gram-positive pathogens
(e.g. Clostridium tetaniandEnterococcus faecalis) are located on plasmids (33,
48, 82). Other virulence determinants are located on the chromosome, where
they are often associated in so-called virulence blocks or virulence cassettes. In
the early 1980s, it was discovered that the presence of chromosomally located
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virulence-associated genes of uropathogenicE. coli (UPEC) differs amongE. coli
strains (38, 66). This observation was also made for intestinalE. coli pathogens
and other pathogenic bacteria of different species and genera (69). In 1990, these
regions were termed pathogenicity islands (PAIs) (34). Although the presence of
PAIs was first described for human pathogens of the familyEnterobacteriaceae, it
has become clear in recent years that animal and plant pathogens may also contain
PAIs. The majority of PAIs are located on the chromosome; however, they can
also be part of bacterial plasmids and phages (37).

This article describes the structures and functions of the various PAIs known to
date and discusses virulence functions encoded on PAIs and their impact on infec-
tious diseases. In addition, the mobility of PAI elements is summarized. Last, but
not least, we discuss PAIs as examples of genomic islands present in the majority of
bacterial genomes, where they act as landmarks for lateral gene transfer. The sig-
nificance of genomic islands, including PAIs, for microbial evolution is discussed.

COMMON FEATURES OF PATHOGENICITY ISLANDS

PAIs in pathogenicE. coli were the first described. It was soon discovered that
pathogenic bacteria of species other thanE. coli, both gram positive and gram
negative, contain in their genomes DNA segments which share many of the below
mentioned features of PAIs. A simplified model of a bacterial PAI is shown in
Figure 1. PAIs possess most, if not all, of the characteristics listed below (36, 37).

PAIs carry genes encoding one or more virulence factors. They were first
described in human pathogens but are also present in plant pathogens such as
Pseudomonas syringae(50). One should keep in mind that in some pathogenic

Figure 1 Model of a bacterial pathogenicity island. Thethin bold linerepresents regions of the
core genome; pathogenicity island-specific sequences are indicated. Theboxrepresent genes. The
arrowsindicate the presence of direct repeats at the ends of the pathogenicity island. Abbreviations:
DR, direct repeats;int, integrase gene;vir, virulence-associated gene;mob, mobility gene;1mob,
pseudo-mobility gene.mobgenes encode integrases, transposases, or other proteins involved in
mobility of the prokaryotic genome.
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bacteria virulence factors contribute to pathogenic potential, whereas in other, non-
pathogenic bacteria the same factors may be important for survival and replication
in particular ecological niches, where they do not create any pathogenic potential
(e.g. the iron uptake system in pathogenicYersiniaspecies and nonpathogenic
E. coli) (88). In nonpathogenic hosts, these DNA segments may act as fitness is-
lands or ecological islands (see section on iron uptake systems below) rather than
as PAIs. A summary of important virulence features encoded by PAIs is given in
Table 1 and discussed below.

PAIs are present in the genomes of pathogenic organisms but absent from the
genomes of nonpathogenic organisms of the same or closely related species. PAIs
were first described as chromosomal DNA regions, but the increasing amount of
sequence data from extrachromosomal elements supports the view that PAIs may
be also part of plasmids or bacteriophage genomes.

PAIs occupy relatively large genomic regions. The majority of PAIs cover
DNA regions of≥10–200 kb. Strains of various species, however, may also
carry insertions of small pieces of DNA which may encode virulence factors.
These DNA regions have been termed pathogenicity islets. From a heuristic point
of view, it is useful to distinguish between islands and islets to account for the

TABLE 1 Major virulence features encoded by pathogenicity islands

Virulence feature Examples

Adherence factors DiarrheagenicEscherichia coli
UropathogenicEscherichia coli
Vibrio cholerae
Listeriaspp.

Toxins UropathogenicEscherichia coli
Staphylococcus aureus

Iron uptake systems UropathogenicEscherichia coli
Shigella flexneri
Yersiniaspp.

Invasions, modulins, effectors DiarrheagenicEscherichia coli
Salmonellaspp.
Shigellaspp.
Listeriaspp.

Type III secretion systems DiarrheagenicEscherichia coli
Pseudomonas syringae
Erwinia spp.
Yersiniaspp.
Salmonellaspp.
Shigellaspp.

Type IV secretion system Helicobacter pylori
Agrobacterium tumefaciens
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apparent differences in size and structure. Some authors, however, prefer the term
PAI also for smaller DNA regions (28).

PAIs often consist of DNA regions that differ from the core genome in G+C
content and in different codon usage, which may reflect the generation of PAIs by
horizontal gene transfer. It should be mentioned here that differences in the G+C
contents of PAIs and the core genome will not be observed if the DNAs of the
donors and recipients have similar or identical G+C contents.

PAIs are often flanked by small directly repeated (DR) sequences. These se-
quences may be generated after integration of PAI-specific DNA regions into the
host genome via recombination.

PAIs are often associated with transfer RNA (tRNA) genes. tRNA loci often
act as integration sites for foreign DNA. The association of PAIs and tRNA loci
may therefore reflect the generation of PAIs by horizontal gene transfer.

PAIs often carry cryptic or functional genes encoding mobility factors such as
integrases, transposases, and insertion sequence (IS) elements or parts of these
elements. PAIs often do not represent homogeneous pieces of DNA but rather
are made up of mosaic-like structures which have been generated by a multistep
process.

PAIs often represent unstable DNA regions. Deletions of PAIs may occur via
the direct repeats (DRs) at their ends or via IS elements or other homologous
sequences located on PAIs. Additionally, a few PAIs [e.g. the high PAI (HPI)
of Yersinia pseudotuberculosis] have the capacity to move from one tRNA site to
another (7), and other PAIs may be mobilized and transmitted by bacteriophages
(e.g. those ofStaphylococcus aureusandV. cholerae) (56, 64). Particular PAIs
represent integrated plasmids, conjugative transposons, or bacteriophages or parts
of such elements.

OCCURENCE OF PATHOGENICITY ISLANDS

PAIs occur in the genomes of various human, animal, and plant pathogens. A
list of PAIs described up to now (see Table 2) shows that many members of the
Enterobacteriaceae(e.g. E. coli, S. flexneri, S. enterica, andYersiniaspp.) cause
either intestinal or extraintestinal infections via virulence factors encoded on PAIs.
Enterobacteria, as well asV. cholerae, P. syringae, and others, show frequent gene
transfer via plasmids and bacteriophages. Such extrachromosomal elements in-
deed seem to represent one source of PAIs (37). Recently it was demonstrated
that the genome of the causative agent of Legionnaires’ disease,Legionella pneu-
mophila, also contains DNA segments which carry type IV secretion-specific genes
and which can be considered PAIs (96, 97).

In addition, bacteria that have the capacity to take up DNA from the environment
via natural transformation, such asHelicobacter pyloriandNeisseria gonorrhoeae,
may carry PAIs (10; JP Dillard & HS Seifert, submitted for publication).
It seems, however, that naturally transformable organisms frequently introduce
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small pieces of DNA into their genomes and that the generation of PAIs repre-
sents an exceptional event. Gram-positive bacteria such asListeria ivanoviiand
S. aureuscarry “classical” PAIs which exhibit the majority of the features dis-
cussed above. Other gram-positive pathogens, such asListeria monocytogenesand
Clostridium difficile, carry on their genomes so-called virulence or pathogenicity
gene clusters, which exhibit a few features of PAIs but differ in many aspects
(23, 61, 64). It is obvious from Table 2 that the occurrence of PAIs is not restricted
to a particular group of pathogens; rather, PAIs are distributed among all groups
of pathogens. In the following sections, virulence factors encoded by PAI-specific
genes are described.

VIRULENCE-ASSOCIATED GENES
ON PATHOGENICITY ISLANDS

Virulence factors encoded on PAIs represent the entire spectrum of bacterial viru-
lence factors, from adhesins to toxins to host defense avoidance mechanisms. This
section briefly reviews the major classes of virulence factors found on PAIs but is
by no means an exhaustive summary.

Adhesins

PAIs located in the genomes of various species and pathotypes encode adhesins,
which mediate the capacity of microbes to attach to specific eukaryotic receptor
molecules. Thus, P fimbriae, which represent important adherence factors of
UPEC, are encoded by UPEC-specific PAIs (35). These attachment factors have
the capacity to bind to galactose–α1-4–galactose-specific receptor molecules on
uroepithelial cells. P-fimbrial genes (papor prs) are often linked to gene clusters
hly and cfn, respectively encoding the UPEC-specific toxinsα-hemolysin and
cytotoxic necrotizing factor 1, a linkage that argues for a strong coevolution of
these factors (4). In addition, UPEC, as well as sepsis- or meningitis-causing
E. coli, have the capacity to produce S fimbriae, which bind to sialic acid-specific
receptors on uroepithelial cells and on brain cells (79). S-fimbria-specific genes
(sfa) are part of a PAI that also carries genes for the iron uptake systemiro, which
was initially found inSalmonellaspp. (U Dobrindt, G Gottschalk, G Blum-Oehler,
J Hacker, unpublished data). Sequence data from PAIs of different UPEC isolates
show the presence of additional genes with significant homologies to adhesin gene
clusters such as those encoding theProteus mirabilisfimbriae (Pmf), the heat-
resistant hemagglutinin of enterotoxigenicE. coli, and a saliva-binding protein of
Streptococcus sanguis(35).

The locus of enterocyte effacement (LEE) PAI of enteropathogenic and en-
terohemorrhagicE. coli (EPEC and EHEC, respectively) encodes an important
intestinal adherence factor called intimin [reviewed elsewhere (51, 52, 81)]. In-
timin is a 94- to 97-kDa outer-membrane protein encoded by theeaegene, which
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shows similarity to theYersiniainvasin adhesin. The role of intimin in disease has
been shown in volunteer and animal studies using isogeniceaemutants. EPEC
and EHEC interact with intestinal epithelial cells in a characteristic pattern, called
attaching and effacing, in which the epithelial cell brush border is effaced and the
bacteria intimately adhere to the epithelial cell membrane. Marked cytoskeletal
changes, including accumulation of polymerized actin, are seen in the epithelial
cell directly beneath the adherent bacteria. Intimin mediates the intimate adher-
ence of the bacteria to the host cell, whereas other factors on the LEE PAI (see
below) signal cytoskeletal changes. Intimin binds to the translocated intimin re-
ceptor (Tir) protein, which is translocated from the bacterium to the host cell via a
type III secretion system encoded on the LEE PAI (58). Tir is also encoded on the
LEE PAI and has effector functions in addition to serving as a receptor for intimin
(see below).

The Vibrio PAI (VPI) of V. cholerae(54, 55) encodes the toxin-coregulated
pilus (TCP), a type 4 pilus that is an essential intestinal adherence factor for this
species. The importance of the TCP as an intestinal colonization factor has been
shown in volunteer and animal studies [reviewed by Kaper et al (53)], although
the TCP has never been shown to actually mediate adherence to epithelial cells.
The TCP definitely mediates interbacterial adherence, and its role in intestinal
colonization may be to increase the colonizing mass of bacteria while some other
factor directly binds the bacteria to epithelial cells. Downstream of thetcp gene
cluster on the VPI is theacf (accessory colonization factor) gene cluster, whose
products play a role in chemotaxis, thereby assisting in intestinal colonization.

Another type 4 pilus ofV. choleraeis the mannose-sensitive hemagglutinin,
which is encoded by a cluster of 16 genes (msh) flanked by 7-base-pair (-bp) DR
sequences (67). The 16.7-kbmshregion is inserted between theyhdAandmreB
genes, which are adjacent to each other on theE. coli chromosome. Volunteer
studies have shown that the mannose-sensitive hemagglutinin is not involved in
intestinal colonization or any other aspect of cholera (102), thus indicating that,
although this region has features of a PAI, it is not involved in pathogenicity. How-
ever, finding that the mannose-sensitive hemagglutinin is essential for formation of
biofilms on abiotic surfaces (111) led Marsh & Taylor (67) to call this an environ-
mental persistence island. Another fitness or persistence island, inV. choleraeEl
Tor, encodes an exopolysaccharide (EPSETr) that is also involved in biofilm forma-
tion (117). EPSETr also mediates the rugose colony type and chlorine resistance.
Thus, the fitness/persistence islands encoding the mannose-sensitive hemagglu-
tinin and exopolysaccharide may be essential for maintenence ofV. choleraein an
environmental reservoir between epidemics.

Secretion Systems

Five distinct mechanisms for extracellular secretion of proteins, known as types I
through V, have been described in gram-negative bacteria. Such secretion mecha-
nisms are essential for the extracellular secretion of virulence factors to the surface
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of the host cell or their direct translocation into the host cell. Extracellular protein
secretion via type II, IV, and V mechanisms requires thesecgeneral secretion
pathway, whereas proteins secreted via type I and III mechanisms do not require
the sec system. Type III and type IV systems are the mechanisms that are most
closely associated with PAIs, although types I, II, and V can also be found on PAIs.

Type III Secretion Systems
Type III secretion systems have been found on PAIs inSalmonella, Yersinia,
Shigella, EPEC, and EHEC as well as in plant pathogens such asP. syringae,
Erwinia spp.,Xanthomonas campestris, andRalstonia solanacearum[reviewed
by Galán & Collmer (32) and by Hueck (46)]. Type III systems are not found on
nonpathogenic members of these species. Some pathogens have two distinct type
III systems; for example,Salmonellahas complete type III systems on both the
SPI-1 and SPI-2 PAIs [reviewed by Groisman et al (33); see also Galan (31)], and
Yersinia enterocoliticahas a chromosomally encoded type III system in addition
to the plasmid-encoded system (39). For most of these PAIs, genes encoding the
type III secretion system and genes encoding the proteins secreted by the type III
system comprise the great majority of the genes contained on the PAI. Although
the sequence and host cell activities of the secreted proteins differ according to the
individual pathogen, the majority of the>20 proteins that comprise the type III
secretion apparatus are highly conserved among the different pathogens [reviewed
by Hueck (46)]. Greater divergence is seen among the proteins secreted by the
type III systems, which are characterized by the lack of a cleavable amino-terminal
signal peptide.

The majority of the proteins comprising the type III secretion apparatus are
located in the inner membrane, but the functions of many of the type III secretion
apparatus proteins are not known. Members of the YscN family (e.g. InvC ofS.
typhimurium, Spa47 ofS. flexneri, and EscN of EPEC/EHEC) are ATPases that
are believed to provide energy for the secretion/assembly process (46). Proteins
of the LcrD family (e.g. InvA ofS. typhimurium, MxiA of S. flexneri, and EscV
of EPEC/EHEC) and proteins of the YscC family (e.g. InvG ofS. typhimurium,
MxiD of S. flexneri, and EscC of EPEC/EHEC) are believed to form channels in
the inner and outer membranes, respectively (112). Some type III systems, such as
those ofS. typhimurium(62),P. syringae(91), and EPEC (59), have filamentous
surface structures that are distinct from flagella and are presumed to function as
channels for translocation of effector proteins into the host cell. Type III systems
have been proposed to act like a needle and syringe, injecting effector proteins into
the host cell.

Thus, PAIs of several mammalian and plant pathogens encode type III secretion
systems that are essential for virulence. In many cases, the PAIs are self-contained
units containing all genes encoding secreted proteins, the secretion apparatus, the
chaperones, etc. Many PAIs also contain genes encoding regulators of the type III
secretion system, but in most, if not all, PAIs the PAI-encoded regulators are in turn
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regulated by regulatory systems encoded outside the PAI (see below). In at least
one case, the LEE PAI of EPEC, the cloned PAI confers all known PAI-associated
phenotypes onE. coli K-12 (70), but in other cases, such as the closely related
LEE of EHEC O157:H7, the cloned PAI does not confer the expected phenotype
on K-12 (25). Some proteins secreted by a type III system are encoded outside
the PAI but still use the secretion system encoded in the PAI. For example, the
SopB and SopE proteins, first identified inS. entericaserovar Dublin, are secreted
via the type III secretion system encoded on theSalmonellaSPI-1 PAI that is
located at 63 min on theS. entericaserovar Typhimurium chromosome. SopB is
encoded on the SPI-5 PAI, located at 20 min on the chromosome (114), and SopE
is encoded on a bacteriophage inserted at 61 min (76). It is unknown whether the
sopBandsopEgenes were originally located on the SPI-1 island and subsequently
relocated or they were introduced intoSalmonellaspp. after SPI-1 was introduced
and somehow adapted to use the preexisting type III secretion system.

Type IV Secretion Systems
Like type III systems, type IV secretion systems have also been closely as-
sociated with PAIs. Type IV systems have been found to be essential for full
virulence of a variety of pathogens, includingH. pylori, Bordetella pertussis,
L. pneumophila, Agrobacterium tumefaciens, andBrucella suis[reviewed by Burns
(9)]. In H. pylori, the type IV system encoded on the Cag PAI has recently been
shown to mediate the translocation of the CagA protein to host cells (95). CagA
plays an important role in the induction of host cellular growth changes induced
by H. pylori. In B. pertussis, the type IV secretion system (also called the Ptl
transporter) is essential for secretion of pertussis toxin to mammalian cells (9). A
type IV secretion system inB. suiswas recently shown to be necessary for full
virulence of this organism in an in vitro infection model (81a).

The type IV secretion system (which has also been called a type V secretion
system, a term that we reserve for autotransporting proteins as discussed below)
was first described in the plant pathogenA. tumefaciens, wherein it mediates trans-
fer of DNA into plant cells. The type IV system in this species is encoded on the
∼200-kb Ti plasmid, which is essential for crown gall tumorigenesis of higher
plants [reviewed by Winans et al (113)]. Part of the Ti plasmid, called T-DNA,
is transferred into plant cells, where it is integrated into the host genome. The
transferredAgrobacteriumgenes are expressed in the plant cell, which causes the
infected cells to proliferate, ultimately resulting in crown gall tumors. Approxi-
mately 20vir genes are responsible for this transfer of T-DNA, and many of the
Vir proteins show sequence similarity to Cag proteins ofH. pylori and Ptl pro-
teins ofB. pertussis(e.g. VirB4 is similar to Cag3 and PtlC, VirB7 is similar to
CagT and PtlI, etc.). InA. tumefaciens, the VirB4, VirB7, VirB9, VirB10, and
VirB11 proteins assemble to form the core of the transporter while VirB2 forms
a pilus. Little information is available on the functions of the type IV proteins of
the mammalian pathogens.
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In L. pneumophila, a cluster of genes calleddot(107) oricm(96, 97) was shown
to be essential for intracellular replication in host cells. The proteins encoded by
these genes show sequence similarity to the VirB proteins and are also essential for
transfer of plasmid DNA from one bacterial cell to another. The role of this type IV
secretion system in the pathogenesis of disease due toL. pneumophilais assumed to
involve transfer of protein virulence factors, rather than DNA, into eukaryotic cells,
but the translocated proteins have not yet been identified. Recently another gene
cluster, specific for a second type IV secretion system termed Lvh (forLegionella
vir homologs), was detected on a putative PAI of theL. pneumophilagenome; the
function of this system, however, has yet to be elucidated (97).

Other Secretion Systems
Type III or type IV secretion systems are invariably associated with PAIs and are
nearly always essential for full virulence of a pathogen. Other protein secretion
systems of gram-negative bacteria have also been found to be encoded on PAIs,
but the association of these other systems with PAIs is not yet as strong as it is for
type III or type IV systems. As more genomic sequences become available and
the evolution of these secretion systems is further characterized, it is possible that
most, if not all, representatives of these specialized protein secretion systems will
be recognized as being part of PAIs or other genomic islands.

The type I secretion system was first described in theE. coliα-hemolysin, which
is encoded on PAIs in most UPEC strains and on the pO157 plasmid of EHEC
O157:H7. This secretion system requires three proteins: an inner-membrane
ATPase that provides energy for the system (HlyB forE. coli hemolysin), a mem-
brane fusion protein that spans the periplasm (HlyD), and the TolC outer-membrane
protein [for a review see Dobrindt & Hacker (22)]. Other examples of proteins se-
creted by type I systems include theB. pertussisadenylate cyclase, thePasteurella
haemolyticaleukotoxin, and proteases ofP. aeruginosaandErwinia chrysanthemi.

Type II secretion systems are exemplified by the pullulanase secretion system
of Klebsiella oxytoca, which requires 14 proteins, most of which are located in
the inner membrane [reviewed by Lory (65) and by Pugsley et al (85, 86)]. The
outer-membrane protein PulD forms a pore in the outer membrane, through which
the type II-secreted proteins are believed to pass. PulD is a homolog of the YscC
family of proteins, which are involved in type III secretion, and homologs of
other components of the pullulanase system are involved in secretion of type 4
pili of V. choleraeand other organisms. Type II systems are primarily involved
in extracellular secretion of degradative enzymes, although some toxins are also
secreted via this mechanism. Proteins secreted via type II systems include cel-
lulase and pectinase enzymes ofErwinia, elastase, phospholipase C, and toxin A
of P. aeruginosa, amylase and protease enzymes ofAeromonas hydrophila, and
chitinase, protease, and cholera toxin ofV. cholerae. Although the genes encoding
the type II secretion apparatus are usually clustered, the genes encoding proteins
secreted by the apparatus are frequently unlinked to these clusters and in one case
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may not even be on the same chromosome. InV. cholerae, the Eps type II secre-
tion system is encoded on the large chromosome while a protein secreted by this
system, the Hap protease, is encoded on the small chromosome (105). Type II
systems can be found on mobile genetic elements as well as on the core genomes
of nonpathogenic members of the same species. For example, the pO157 viru-
lence plasmid of EHEC encodes an apparently intact type II system (8), but the
proteins secreted by this system and the contribution of this system to virulence
of EHEC are unknown. A cryptic yet apparently intact type II system is also
encoded in theE. coli K-12 chromosome (27), but the proteins secreted by this
system and the environmental conditions necessary for this system to function are
not known.

The type V secretion system encompasses a group of proteins known as auto-
transporters [reviewed by Henderson et al (42)]. This system has also been called
type IV in some publications. Examples of the autotransporters include the im-
munoglobulin A (IgA) protease ofN. gonorrhoeae, pertactin ofB. pertussis, the
vacuolating cytotoxin (Vac) ofH. pylori, SepA ofS. flexneri, and EspC of EPEC.
Rather than a cluster of genes encoding a multicomponent secretion apparatus, the
secreted protein and the secretion apparatus are encoded in a single open reading
frame. The autotransporters are exported from the cytoplasm via thesecpathway
with cleavage of an amino-terminal signal peptide. The C-terminal portion of the
protein then forms aβ-barrel structure which inserts into the outer membrane and
serves as a pore for the passage of the mature protein. Some autotransporters, such
as pertactin, remain attached to the bacterial cell surface, while other members of
this class, such as IgA protease, are cleaved, thereby leaving the C-terminal por-
tion in the outer membrane and releasing the mature protein into the extracellular
milieu. Examples of autotransporters which are encoded on PAIs include EspC
of EPEC (52) and the IgA protease ofN. gonorrhoeae(84). The SHI-1 (formerly
she) PAI of S. flexnericontains genes for two different yet related autotransporters,
SigA and Pic (formerly ShMu), within a 12-kb region (41, 87).

Invasins, Modulins, and Effectors

Some of the best characterized PAIs provide the host bacterium with the ability
to invade epithelial cells and/or modulate host cell activities. At least five PAIs
(named SPI-1 through SPI-5; Table 2), encoding various virulence phenotypes,
including epithelial cell invasion and macrophage apoptosis (SPI-1), intracellular
proliferation and systemic spread (SPI-2), intramacrophage survival (SPI-3 and
SPI-4), and intestinal fluid secretion and inflammation (SPI-5), have been de-
scribed forSalmonella[reviewed by Groisman et al (33)]. The best-characterized
SalmonellaPAI, SPI-1, encodes a type III secretion system and several proteins
that are translocated into host cells via this type III system [reviewed by Gal´an
(31), Galán & Collmer (32), and Groisman et al (33)]. The SipB and SipC proteins
form part of the protein translocation system, allowing translocation of effector
proteins into epithelial cells. The SipA protein binds cellular actin and inhibits
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depolymerization of actin filaments, thereby promoting localized actin cytoskele-
ton reorganization. The SopE protein, which is encoded outside SPI-I but secreted
via the SPI-1 type III secretion system (see above), initiates the invasion process
by activating small GTPases such as Rac and Cdc42, thereby leading to activation
of mitogen-activated protein kinase pathways and membrane ruffling. Another
translocated protein, SptP, inactivates Rac and Cdc42, thereby restoring normal
cell architecture after bacterial internalization (30). The SPI-2 island also encodes
a type III secretion system, but the proteins secreted by this system are not as well
defined as those secreted by the SPI-1 system. One protein translocated into host
cells by the SPI-2 secretion system, SpiC, was recently shown to inhibit cellular
trafficking in macrophages (106).

Two PAIs located on plasmids inShigellaandYersiniaspp. also encode proteins
that mediate internalization and other host cell responses. The type III secretion
system encoded on theShigellavirulence plasmid is essential for invasion of host
epithelial cells by this pathogen (73, 82, 104). Several Ipa proteins secreted by this
type III system are essential for invasion, although the exact functions of these
proteins are unknown. IpaB and IpaC are inserted into host cell membranes (3),
and IpaC has been specifically implicated in induction of actin polymerization and
filopodia formation (103). The IpaA protein binds to the focal adhesion protein
vinculin, resulting in F-actin depolymerization (5). TheYersiniaYop virulon pro-
tects the organism from macrophages by disrupting the phagocytic and signaling
functions of these cells and ultimately inducing apoptosis (15, 16, 48). This region
encodes a type III secretion system that translocates a number of effector proteins
into host cells. The YopH protein has a tyrosine phosphatase activity, and it in-
hibits phagocytosis and disrupts focal adhesions of HeLa cells. The YopE protein,
for which no enzymatic activity has been described, also inhibits phagocytosis and
disrupts the cytoskeleton of HeLa cells. The YpkA protein ofYersinia pestisand
Y. pseudotuberculosis, also known as YopO inY. enterocolitica, is a serine/threonine
kinase whose target protein is as yet unidentified. The YopT protein induces a cy-
totoxic effect in cells, leading to disruption of the actin filaments and alteration
of the cell cytoskeleton, while mutants defective for production of YopM exhibit
reduced virulence in the mouse by an as-yet-unknown mechanism.

The LEE PAI of EPEC and EHEC encodes a type III secretion system that is es-
sential for formation of the attaching-and-effacing histopathology seen with these
pathogens [reviewed by Frankel et al (29) and by Kaper & colleagues (52, 81)].
The EspA, EspB, and EspD proteins are secreted via the type III system and are
believed to be part of a protein translocation complex with EspA, forming a fil-
amentous structure on the surface of the bacterium, and with EspB and EspD,
perhaps forming a pore in the host cell membrane (29, 109). The Tir protein is
translocated into host cell membranes via the type III system and serves as a recep-
tor for the LEE-encoded intimin adhesin (58). Tir may also serve to nucleate host
cell actin and to transmit signals to the host cell following intimin-Tir binding.

The human pathogenL. monocytogenesand the animal pathogenL. ivanovii
have the capacity to survive and replicate intracellularly in eukaryotic cells (61).
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The internalization ofL. monocytogenesas well as ofL. ivanovii is triggered by
membrane proteins termed internalins (InlA and InlB). The genes encoding theL.
monocytogenes-specific large internalins InlA and InlB are located in a particular
chromosomal region, but their expression depends on the presence of the PrfA
regulator, which is part of the PAI-like Prf virulence gene cluster present in the
genomes of both species. In addition to the large internalins InlA and InlB,Listeria
strains express so-called small internalins (InlC to InlI), which are secreted into
the medium and which also contribute to internalization and host cell specificity.
The genes encoding the small internalins ofL. ivanoviiare part of two PAIs termed
LIPI2 and theinlCD gene cluster. Whereas the latter is only 5 kb in size and is
linked to a tRNA cluster, LIPI2 is 18 kb and represents an unstable DNA region
exclusively located on theL. ivanoviigenome.

Toxins

Toxin Genes on Mobile Genetic Elements
Many bacterial pathogens harbor plasmids or bacteriophages which encode impor-
tant toxins. Thus, the heat-labile and heat-stable enterotoxins of enterotoxigenic
E. coli, as well as pore-forming toxins of various enterobacteria, cytolysins of
enterococci, enterotoxins ofS. aureuswith superantigen activity, and neurotoxins
of pathogenic clostridia andBacillus anthracis, are plasmid encoded [for a review
see Dobrindt & Hacker (22)]. In addition, the cholera toxin genes, the genes en-
coding diphtheria toxin, the Shiga toxin genes of pathogenic enterobacteria, the
C. botulinumneurotoxin, and various enterotoxins ofS. aureusandStreptococcus
pyogeneswith superantigen specificity are located on phages. In addition, unortho-
dox toxins, factors which modulate host signaling or which may act as effector
molecules in bacterial host-cell interactions, are encoded by plasmids and phages.
Because so many bacterial toxin genes are located on plasmids and bacteriophages,
it is not surprising that PAIs also often carry toxin-encoding genes.

Pore-Forming Toxins
The prototypes of pore-forming PAI-encoded toxins areα-hemolysins of UPEC
termed HlyA (22). These toxins are transported by a type I secretion system and
have the capacity to lyse erythrocytes and other eukaryotic cells following inser-
tion into the eukaryotic cell membrane. The genes encoding the type I transport
system,hlyB andhlyD, as well as a thehlyC gene encoding an HlyA-modifying
enzyme, are clustered on PAIs of UPEC and, to a minor extent, on bacterial plas-
mids. On PAIs, but not on plasmids, thehly gene cluster is often colocalized with
P-fimbrial genes and loci encoding cytotoxic necrotizing factor 1. The importance
of the hemolysin for UPEC is corroborated by the fact that particular strains often
carry two PAIs with twohlydeterminants on their genomes. Interestingly, the large
virulence plasmid of EHEC carries ahlygene cluster similar to the PAI-locatedhly
determinant of UPEC (8, 35). Another example of a pore-forming toxin encoded
by a PAI or PAI-like structures is listeriolysin O of pathogenicListeria species.
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Listeriolysin O is able to lyse erythrocytes and other cells in a cholesterol-dependent
manner but is also necessary for lysis of the vacuoles of eukaryotic cells before
L. monocytogenesspreads through the cytoplasm. The gene encoding listeriolysin
O is part of the so-called PrfA virulence gene cluster ofL. monocytogenesand
L. ivanovii(also termed LIPI1), which carries virulence genes and theprf-specific
regulatory region (61). Theprf locus exhibits some characteristics of PAIs but is
considered a chromosomal DNA segment rather than a typical PAI.

Proteases, Lipases, and Enterotoxins
Various bacteria of pathogenic and even nonpathogenic species and subtypes pro-
duce enzymes with proteolytic activities, many of which play a role in pathogenic-
ity. The corresponding genes are often located on PAIs or on PAI-like structures
of gram-positive bacteria. Thus, theprf virulence gene cluster ofL. monocy-
togenesandL. ivanovii (LIPI1) carries the genes for two phospholipases (plcA
andplcB) and a locus encoding a metalloprotease (mpl). In L. ivanovii, but not in
L. monocytogenes, another PAI (termed LIPI2) encodes a sphingomyelinase
(SmcL) (61). Furthermore, enterotoxigenicBacteroides fragilisstrains produce
another metalloprotease, termed fragilysin. This enterotoxin causes fluid accumu-
lation in lamb ligated ileal loops (115). The corresponding gene,bft, is inserted
into theB. fragilischromosome on a small (6-kb) DNA segment, termed the BfPAI,
that appears to be of plasmid origin, suggesting a potential mechanism for intro-
duction into this species (28). In addition, several other proteolytic proteins with
enterotoxic activity have been found to be encoded on PAIs. The EspC protein of
EPEC, encoded within a 15-kb PAI that is present in some but not all lineages of
EPEC, is an autotransporter that increases the short-circuit current in rat jejunal
tissue (52). Related proteins with similar functions are the EspP protein, encoded
on the EHEC virulence plasmid, and the Pic protease/mucinase ofS. flexneriSHI-
1, which degrades gelatin and mucin. It is interesting that another enterotoxin
of Shigella, ShET1, which causes fluid accumulation in rabbit ileal loops, is also
encoded in the SHI1 PAI ofS. flexneriby two open reading frames that are on the
DNA strand opposite that encodes the Pic protease/mucinase (26, 87).

Toxins with Other Enzymatic Activities
Many toxins have the capacity to modify host cell components such as small G
proteins or elongation factors. While some of these toxins (e.g. cholera toxin
and diphtheria toxin) are encoded by bacteriophages, others are known to be
encoded by PAIs. Thus, the gene encoding cytotoxic necrotizing factor 1 is part
of PAIs of UPEC, where it is often located next tohly and pap gene clusters.
cytotoxic necrotizing factor 1 has the capacity to modify the RhoA protein, a small
GTPase, by deamidation. Interestingly, thecnf2gene, encoding a toxin of similar
function, is part of a plasmid of enterotoxigenicE. coli (22, 35). Furthermore,
the genes encoding the enterotoxins ofC. difficile, TcdA and TcdB, which exhibit
glycosyltransferase activity and also modify GTPases, are part of the pathogenicity
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locus, a DNA segment of 19 kb of theC. difficilegenome which exhibits some, but
not all, features of PAIs (23). In addition, the pertussis toxin gene clusterptx of
B. pertussishas features of PAIs.ptx encodes a very complex toxin which ADP-
ribosylates small G proteins. Another toxin with enzymatic activity is the Shiga
toxin (encoded bystx), which specifically cleaves the 28S eukaryotic ribosomal-
RNA molecule. Whereas in pathogenicE. coli and other enterobacterial species
thestxgenes are part of phage genomes, inShigella dysenteriaethestx locus is
located on the chromosome. Thestxregion exhibits features of integrated phages
which in turn could be considered as PAIs or PAI-like structures (71).

Superantigens
Superantigens have the capacity to bind to the T-cell receptor molecule and in turn
activate these cells in a nonspecific manner. Many of these toxins are produced
by S. pyogenesandS. aureus, in which the corresponding genes are often located
on bacteriophages or plasmids. The toxic shock syndrome toxin (TSST)-1 toxin
of S. aureus, however, is part of a 15-kb PAI (SaPI) which represents a defective
bacteriophage. The SaPI can be mobilized by helper phages and transferred to
other strains (64). Similar PAIs have been found in differentS. aureusisolates,
indicating that the occurrence of SaPIs is a general phenomenon inS. aureus.

Iron Uptake Systems

Survival and multiplication of microbes in certain ecological niches depend on
the ability of these organisms to scavenge essential nutrients such as iron. For
pathogenic bacteria the acquisition of iron is a prerequisite for the infectious pro-
cess, but nonpathogenic organisms also need sufficient iron ions (74). At least two
different strategies are used by bacteria to meet their iron needs: the expression of
receptors for iron carriers (e.g. heme, hemoglobin, lactoferrin, and transferrin) and
the synthesis and secretion of siderophores, which are low-molecular-weight, high-
affinity iron-binding compounds. The gene clusters for two different siderophore
systems, yersiniabactin and aerobactin, are part of PAIs, while a hemin uptake
system of enterobacteria is part of an islet.

The siderophore system of the phenolate type termed yersiniabactin (Ybt) is
encoded by the so-called HPI first described for the pathogenicYersiniaspp.
Y. pestis, Y. pseudotuberculosis, andY. enterocolitica(7). The Ybt system, how-
ever, is also encoded by nonpathogenicE. coli, by definedE. coli pathotypes
such as enteroaggregativeE. coli (94), non-O157 EHEC (57), and extraintestinal
E. coli, as well as by other enterobacteria such asCitrobacterspp. andS. enterica
serotype IIIb (94; TÖlschläger, T Zhang, E Carniel, J Heesemann, W Rabsch, H
Tschaepe, H Karch, J Hacker, unpublished data). The HPI consists of a core ele-
ment, common to all HPI-positive species, comprising 12 yersiniabactin-encoding
genes and additional loci at the right end which are specific for particular species
and pathotypes.Y. pestisandY. pseudotuberculosisalso carry hemin storage locus
genes, which are located next to the HPI sequences but which are not part of the
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island. It is interesting that the HPI is located next to one of three asparagine tRNA
loci. In Y. pseudotuberculosisthe island has the capacity to move from one tRNA
locus to the other (7).

Aerobactin has long been known as an important hydroxamate iron uptake
system of pathogenic and nonpathogenicE. coli, in which the corresponding gene
cluster (termedaer or iut) may be part of large virulence plasmids which also
encode the colicin ColV. InS. flexneri, however, theaer (iut) locus is part of a 23-
to 30-kb PAI which is located next to theselClocus. The island, termedShigella
PAI 2 (SHI-2), is unstable, and in species others thanS. flexneri(e.g.S. boydiiand
E. coli) the aerobactin PAI seems to be located at a chromosomal site different
from that ofselC(80, 108). The finding that theaer determinant of theShigella
PAI is linked to sequences with homology to ColV-specific genes confirms the
view that the PAI may be generated following integration of plasmids encoding
the aerobactin system as well as colicin biosynthesis. Whereas the two siderophore
systems yersiniabactin and aerobactin are encoded by PAI genes, the hemin uptake
systemchu(for E. colihemin uptake) orshu(for Shigellahemin uptake) is encoded
by a 5-kb DNA fragment located at position 78 on theE. coli linkage map. This
region is considered an islet rather an island, but nevertheless thechu (shu) gene
products seem to be important for the pathogenesis of EHEC andShigella(116).

Iron uptake systems are encoded by pathogenic as well as nonpathogenic mem-
bers of the same species; however, they are more prevalent in pathogenic strains.
This supports the hypothesis that iron uptake systems, as part of genomic islands in
nonpathogenic strains, may contribute to the fitness of these organisms as well as
their adaptability to particular environments, whereas in pathogenic bacteria these
systems contribute to virulence. Accordingly, in nonpathogenic strains such DNA
fragments are considered fitness islands while in pathogenic strains they represent
PAIs.

Other Virulence-Associated Genes

O Antigen Synthesis
Although most novel pathogens arising by transfer of a PAI are thought to have
emerged hundreds, thousands, or millions of years ago, one novel pathogen with
a newly acquired (or at least newly recognized) PAI has emerged within the
past decade. Historically,V. choleraestrains associated with epidemic cholera
exclusively possessed the O1 lipopolysaccharide antigen. In 1992, epidemic
V. choleraewith a different O antigen, O139, emerged in India and Bangladesh.
The O139 clone arose from an O1 El Tor strain when a 22-kb region encoding the
O1 lipopolysaccharide antigen was replaced by a 35.8-kb region containing thewbf
genes, which are responsible for synthesis of the O139 polysaccharide [reviewed
by Karaolis & Kaper (55)]. Like PAIs, the O139wbf region has a G+C content
(average, 42%) lower than that of the genome (47.5%), it contains an IS, and it
is inserted at a specific chromosomal site (99). The substitution of the O139wbf
genes for the O1 genes had a dramatic effect on the virulence ofV. choleraeand the
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epidemiology of cholera in India and Bangladesh. Before 1992, the majority of
cholera cases were in individuals<15 years of age, because substantial immunity
is acquired by adulthood in countries in whichV. choleraeis endemic. When the
O139 strain emerged, the majority of cases were in individuals>15 years old whose
immunity against O1 strains apparently did not protect against O139 strains (53).

Serum Resistance
PAI-encoded proteins have also been implicated in mediating serum resistance.
The sac-4gene, encoding serum resistance toN. gonorrhoeae, was recently re-
ported to be contained on a PAI that is found preferentially in isolates from persons
with disseminated gonococcal infections rather than those from cases of uncompli-
cated gonorrhea (JP Dillard & HS Seifert, submitted for publication). This island
is not present in strain FA1090, the strain for which theN. gonorrhoeaegenomic
sequence was recently obtained. The Pic protein ofS. flexneriand enteroaggrega-
tive E. coli, which is encoded on the SHI-1 PAI ofS. flexneri, confers serum
resistance onE. coli K-12 strains expressing this protein (41).

Immunoglobulin A Proteases
Proteases of nonenterobacterial species with homology to the degradating pro-
teinase toxins of the Pic family (see section on toxins above) have the capacity
to cleave IgA1 molecules. For the enterobacterial IgA-like protease family (Tsh,
EspC, EspP, and Pic), an IgA-degrading activity has not been demonstrated so far
(41, 42). Other pathogenic organisms, such asHaemophilus influenzae, N. gon-
orrhoeae, Neisseria meningitidis, andStreptococcus pneumoniae, synthesize IgA
proteases, while commensal strains of these species do not show this activity. The
corresponding genes, however, have not formally been described as PAIs.

Apoptosis
Several PAI-encoded proteins that are secreted via type III secretion systems
have been shown to induce apoptosis in host cells. The SipB protein, encoded on
theSalmonellaSPI-1 island, and the IpaB protein, encoded on theShigellaviru-
lence plasmid, induce apoptosis in macrophages by binding to caspase-1 (43, 44).
The Y. pseudotuberculosisYopJ andY. enterocoliticaYopP proteins, which are
homologous proteins encoded on theYersiniavirulence plasmids, also induce
apoptosis in macrophages (75, 77). These Yops exhibit a high degree of similarity
to AvrRxv from the plant pathogenX. campestris. AvrRxv, which mediates a
programmed cell death pathway in plant cells, is secreted by the type III secretion
system encoded in thehrp gene cluster (92), a PAI of plant pathogens.

Capsule Synthesis
Many pathogenic bacteria have the capacity to synthesize capsules; so far, how-
ever, the genomic locations of the corresponding genetic determinants have not
been carefully described. The capsule synthesis locus of extraintestinalE. coli
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represents an exception, because in one particularE. coli K1 strain the 20-kb seg-
ment could be mapped next to thepheVtRNA locus. It is still uncertain whether
thekpsgene cluster itself forms a PAI as suggested recently (13). A similar ob-
servation was made for the locus encoding the exopolysaccharide PAI of a biofilm-
positive subgroup ofS. epidermidis. The corresponding genes, termedica, are also
located on a particular DNA segment of>100 kb which is absent in biofilm-
negative strains. Further studies will be neccessary to answer the question of
whether theica region can be considered a PAI (118; I L¨osner, J Hacker,
W Ziebuhr, unpublished data).

Plant Tumorigenesis
The Ti virulence plasmid ofA. tumefaciensencodes the ability to cause crown
gall tumors in higher plants. As noted above, the Ti plasmid encodes a type IV
secretion system (encoded by thevirBDE regions) that transfers one, two, or three
fragments of DNA into host plant cells [reviewed by Winans et al (113)]. The
transferred DNA, which possesses characteristics more typical of plant DNA than
of bacterial DNA, encodes proteins that produce plant hormones such as auxin
that cause neoplastic growth of transformed plant cells. Another group of proteins
encoded by transferred DNA directs the synthesis by plant cells of opines, which
are in turn used by the bacterium for nutrition. The bacterial proteins required for
the uptake, degradation, and utilization of opines are encoded by other genes on
the Ti plasmid (e.g.occ, mop, andaga).

Genes and Gene Products of Unknown Function
Among the emerging DNA sequence data for partly or entirely sequenced PAIs
of various bacteria, many intact open reading frames which may encode putative
new virulence factors have been detected. It has been suggested that a functional
analysis of these genes and their products will certainly lead to the discovery of
new virulence strategies used by PAI-positive bacterial pathogens (35, 83). Ad-
ditionally, in the genomic islands of the gram-negative pathogenDichelobacter
nodosushave been identified thevapandvpl regions, which exhibit many features
of PAIs. The contribution of thevapandvpl regions and their products to virulence
of the bacteria, however, is not yet clear. The DNA sequences of particular open
reading frames identified on theD. nodosusgenomic islands show strong homolo-
gies to toxin, adhesin, and enzyme gene clusters of other pathogenic organisms,
and it has been suggested that the corresponding products may play a role in the
pathogenesis of this important veterinary pathogen (12).

REGULATION OF PATHOGENICITY ISLANDS

PAIs frequently contain genes encoding regulators of virulence factor genes located
on the same island. However, various arrangements of regulators and regulatory
factors are possible, including PAI-encoded regulators that are specific for PAI
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genes, PAI-encoded regulators that also regulate genes located outside the PAI,
and regulators encoded outside the PAI that regulate genes encoded on the PAI.
The last class includes regulators, present only in pathogens, which regulate
primarily virulence factors genes as well as regulators, present in both pathogenic
and nonpathogenic members of the species, that may also regulate housekeep-
ing genes in addition to virulence factors. The best-characterized regulatory sys-
tems of PAIs feature a regulatory cascade in which PAI-encoded regulators of
PAI-encoded virulence genes are themselves regulated by systems encoded out-
side the PAI.

Two major classes of regulators that are encoded on PAIs or that specifically
regulate PAI genes are AraC-like proteins and two-component response regulators.
Other classes of regulators include alternate sigma factors and histone-like proteins.
A few of the better-characterized PAI regulators are reviewed to illustrate the
spectrum of regulatory systems, but for many PAIs, little information concerning
regulation is currently available.

The VPI ofV. choleraecontains at least three regulatory genes,toxT, tcpP, and
tcpH. ToxT is a member of the AraC family of transcriptional activators (21) and
activates transcription of thetcpgenes, which code for the major virulence factor
encoded on the VPI, TCP. ToxT also regulates thectx genes, encoding cholera
toxin, which are located on a filamentous phage inserted outside the VPI. ToxT
is itself regulated by TcpP and TcpH, which are cytoplasmic membrane proteins
encoded on the VPI (40). Transcription oftoxT is also regulated by the ToxR and
ToxS proteins, which are encoded outside the VPI. ToxR and ToxS are present
in nonpathogenic strains ofV. cholerae, as well as in otherVibrio spp., and they
regulate the OmpU and OmpT outer-membrane proteins ofV. cholerae, which
are the major porins of this species. Thus, the ToxRS regulon, which controls
expression of housekeeping genes inV. cholerae, has been adapted by thetoxT
regulator encoded on the VPI. [Expression ofctxandtcp is also regulated by other
factors encoded outside the VPI, such as cAMP receptor protein (CRP) (98)]. It is
interesting that TCP and ToxRS are encoded on the larger of the twoV. cholerae
O1 chromosomes, whereas in the classical biotype,ctxgenes are contained on both
the larger and the smaller chromosomes (105), an unusual example of prokaryotic
trans-chromosomal regulation.

Another well-characterized example of PAI genes regulated by proteins en-
coded within and outside of the PAI is the SPI-1 island ofSalmonella[reviewed
by Cotter & Miller (17), Groisman et al (33), and Hueck (46)]. The HilA and
InvF proteins are encoded on SPI-1 and belong to the OmpR/ToxR and AraC
families of transcriptional activators, respectively. HilA regulates InvF, which in
turn regulates expression of thesip genes, encoding proteins secreted by the type
III secretion system, located on SPI-1 (19). HilA also directly regulates expres-
sion of the components of the type III system apparatus. ThehilA gene is itself
regulated by proteins encoded both inside and outside SPI-1. The HilC and HilD
proteins, encoded on SPI-1, are members of the AraC family of regulators that
derepress expression ofhilA (93). The PhoP and SirA proteins are encoded outside
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SPI-1 and also modulate expression ofhilA. PhoP is the response regulator of the
PhoP/PhoQ two-component regulatory system which responds to environmental
Mg2+ ion concentrations and acts as a negative regulator of HilA. SirA is the
response protein of another two-component system for which the cognate sensor
protein has not yet been identified. In contrast to the negative effect of PhoP, SirA
acts as a positive regulator of HilA expression. Environmental signals such as
pH, osmolarity, oxygen, and Mg2+ concentration are detected by such global reg-
ulatory systems, which then regulate expression of the SPI-1-encoded virulence
factors through HilA, supercoiling, or other mechanisms which have yet to be
characterized (17, 33).

The plasmid-encoded Yop virulon of pathogenicYersiniaspp. is regulated by
a global regulator called VirF (LcrF inY. pestisandY. pseudotuberculosis), which
belongs to the AraC family [reviewed by Cornelis et al (16)]. VirF directly binds
to the promoter regions of the several operons in the Yop virulon and is itself
strongly regulated by temperature, being expressed at 37◦C but not at 26◦C. This
temperature regulation involves a chromosomally encoded protein called YmoA
which resembles histone-like proteins and acts as a negative regulator ofvirF.
An additional level of control may involve feedback inhibition by a repressor(s)
(LrcQ in Y. pseudotuberculosisand YscM1 and YscM2 inY. enterocolitica) that
is normally expelled via the type III secretion system and is similar to the secreted
anti-sigma factor involved in regulation of flagellum synthesis. In addition, another
regulator of pathogenic yersiniae, YbtA, is encoded by the HPI. YbtA belongs to
the AraC class of regulatory elements and seems to be involved in the expression
of both HPI-specific genes and determinants located outside the HPI (88).

The LEE PAIs of EPEC and EHEC encode a transcriptional activator of the
H-NS family called Ler which controls expression of the type III secretion system
and the Tir/intimin receptor/adhesin (72). Ler also controls expression of fimbriae
encoded outside the LEE (24) and is itself regulated by integration host factor (IHF)
and quorum sensing (100). The quorum-sensing regulatory system is encoded in
pathogenic as well as nonpathogenicE. coli strains, but the onlyE. coli genes so
far known to be regulated by quorum sensing are the LEE genes. EHEC is notable
for the low infectious dose required for disease (∼100 organisms), and it has been
proposed that the quorum-sensing system of EHEC allows the organism, in the
presence of high concentrations of coliforms in the colon, to induce expression of
the intimin and Tir proteins necessary for intestinal colonization (100). Regulation
of the EPEC LEE is not identical to that of the EHEC LEE, and variations include
the presence of an AraC homolog (PerA), encoded on the large virulence plasmid
of EPEC, which regulates expression of the EPEC, but not the EHEC, Ler and the
transcription of some LEE genes of EHEC, but not EPEC, by the RpoS alternate
sigma factor (100). UPEC strains carry fimbrial adhesin determinants that consist
of structural genes and two regulatory loci, which in the case of P fimbriae were
termed PapB and PapC. The Prf fimbrial operon located on PAI II of strain 536
also encodes such regulators which activate the S-fimbrial determinant (sfa) in
addition to the P-fimbrial genes. Thesfadeterminant is located on another PAI.
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The process in which one group of PAI-located genes is regulated by regulators
encoded by another PAI has been termed cross-talk activation (79).

An alternate sigma factor is also involved in regulation of thehrpgene cluster in
the plant pathogenP. syringaewhich appears to be the plant pathogen equivalent of
the PAIs found in mammalian pathogens [reviewed by Hutcheson (47)]. Thehrp
cluster encodes a type III secretion system that is regulated by four proteins encoded
on thehrp PAI. HrpL is an alternate sigma factor that is essential for transcription
of all genes of thehrp regulon excepthrpR, hrpS, andhrpL. The HrpL sigma factor
is similar toσ 28, which controls expression of genes involved in biosynthesis of
flagella. Transcription ofhrpL itself is dependent on theσ 54 alternate sigma factor
and is positively regulated by the HrpR and HrpS proteins. The HrpR and HrpS
proteins both exhibit similarity to response regulators of two-component systems
such as NtrC but they do not appear to be typical two-component regulators,
because they lack the N-terminal domain that functions in typical two-component
regulators to modulate activity through phosphorylation. A fourth protein, HrpV,
negatively regulates genes in thehrp regulon by an unknown method, perhaps via
HrpR and HrpS. Homologs of the regulatory components HrpL, HrpS, and HrpV
have also been implicated in regulation of type III secretion systems on PAIs in
Erwinia strains that are pathogenic for plants.

The examples presented above represent only a sampling of the various regu-
lators and regulatory mechanisms found in PAIs. Similar regulatory mechanisms
are also seen with genes that are not encoded in PAIs. However, one recently
described regulatory mechanism, involving translation of rare tRNAs, may be
specific for regulation of genes encoded on PAIs. This mechanism, defined by the
so-called minor codon hypothesis, is described below in the section on the role of
tRNAs.

JUNCTION SITES OF PATHOGENICITY ISLANDS

PAIs represent distinct DNA segments which differ from the core genome by
several features (see above). Therefore, the boundary regions of the majority of
PAIs have a specific DNA composition, preferentially of DR DNA sequences.
As indicated in Figure 1, one of the two PAI junction sites is very often part of
the 3′ end of tRNA genes or of similar gene loci encoding the small regulatory
RNAs (e.g.ssrAfor D. nodosus) (12) or the geneglr, encoding glutamate racemase
(e.g. Cag PAI ofH. pylori) (10). The length of the DRs ranges from 9 bp (in UPEC
CFT073) to 135 bp (PAI in UPEC J96 and LEE PAI in particular EHEC strains).
In most cases the DRs comprise 16 to 20 bp (35).

The DR DNA sequences were probably generated following insertion of pre-
PAI elements such as bacteriophages or plasmids into the core genomes of the host
organisms. It should be mentioned here that the 3′ ends of tRNA loci very often
act as attachment sites for the integration of bacteriophages. Thus, the strong as-
sociation between tRNA genes and PAIs may argue for a development of PAIs
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from former bacteriophages (89; see also section on mobility genes on PAIs
below). In addition, the DR segments may act as target sequences for the ac-
tion of integrases/excisionases in deletion processes, since many PAIs have the
tendency to delete (see section on transfer and deletion of PAIs below). In most
cases these deletion processes are RecA independent, and it seems that particular
integrases, preferentially those encoded by PAIs, may be involved in the deletion
processes. IS elements, in contrast, flank PAIs in very few cases (e.g. the PAI-like
element of thestx gene inS. dysenteriae) (71). IS elements or portions thereof
are, however, very often part of PAI segments. This is also true for Rhs sequences
and other repeated DNA segments which do not form junction sites for PAIs but
often act as targets for partial deletions of PAI-specific sequences (7).

THE ROLE OF tRNA LOCI

About 75% of the PAIs identified so far are associated with tRNA loci (see Table 2).
It has been known for many years that tRNA genes may act as landmarks for
the integration of foreign DNA, either of plasmids and phages or, in the case
of eukaryotes, of retroviruses (45, 89). It is interesting that extrachromosomal
genetic elements themselves often carry tRNA genes or parts of them. This is true
for plasmids of streptomycetes but also for bacteriophages of enterobacteria, such
as the T4 phage or the phage carrying Shiga toxin genes. In addition, in eukaryotes,
mitochondrial as well as plastidic DNA molecules harbor tRNA loci. It is therefore
suggested that the extrachromosomal elements integrate into the chromosomes of
their host organisms by homologous recombination between tRNA genes of the
chromosome and their extrachromosomal counterparts, thereby keeping the tRNA
loci intact. It seems that the 3′ ends of the tRNA genes may preferentially act as
targets for integration. DNA sequence data for many PAIs and their associated
tRNA genes show that overlaps of 15–25 nucleotides exist between the 3′ ends of
the tRNA loci and PAI-specific sequences (45).

Although in principle many tRNA genes can be used as integration sites for PAIs
and other extrachromosomal elements,in praxi particular preferences exist. The
tRNA genes frequently associated with PAIs (see Table 2) also quite often harbor
attachment sites for bacteriophages, indicative of the development of PAIs from
former bacteriophage genomes. One of the tRNA loci most frequently associated
with PAIs is theselC gene, encoding the selenocysteine-specific tRNAsec. In
enterobacteria the bacteriophageφR73 and five different PAI elements can be
located next toselC(35). Three differentE. coli-specific PAIs, leading to different
E. colipathotypes, as well as PAIs ofS. entericaandS. flexneriare associated with
theselClocus. In addition, the two identical phenylalanine-specific tRNA genes
pheVandpheU(also termedpheR) often act as targets for PAI formation. The idea
that PAIs may represent a particular subtype of genomic island is corroborated by
the fact that not only three different PAIs but also two genomic islands, encoding
an alternative sucrose uptake system inS. entericaand the nitrogenase system in
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Mesorhizobium loti, are located next to thepheRandpheU loci (37; see Tables
2 and 3). In addition, tRNA-associated PAIs also have the capacity to be deleted
from the genomes of their respective pathogens, leading to a truncation of the
tRNA-specific genes. In the case of UPEC strain 536, the tRNA genesleuXand
selC, located next to PAI I and PAI II, became truncated at their 3′ ends after
deletion of the two PAIs, which consequently leads to tRNA-specific mutations. It
therefore seems that only tRNA genes with another identical locus in the genome
(e.g. phenylalanine-specific tRNAs), genes which encode tRNAs with wobble
capacity (e.g.leuX), or nonessential tRNAs (e.g.selC) are frequently used as
integration sites for PAIs.

Many authors have suggested that the presence of particular tRNAs that are
less frequently used than others (so-called minor tRNAs) may have a modulatory
effect on the translational efficiency of particular target genes (the minor codon
hypothesis). The evolutionary advantage of extrachromosomal genetic elements
carrying additional tRNA genes may be a more effective expression of genes with
a larger amount of the corresponding codon located on the respective element.
Thus, the genes present on PAI II of UPEC strain 536 that are located next to
the leuX tRNA have a significantly larger number ofleuX-specific codons than
genes located on the rest of the core genome. Therefore, it was not surprising
thatleuXmutants were less virulent than theirleuX-positive counterparts, because
many genes located on PAI II, such as that encodingα hemolysin, and also other
genes were less frequently expressed (90). For type I fimbriae, whose expression

TABLE 3 Examples of genomic islands

Organism Property Type of island Genetic feature Size (kb)

Mesorhizobium loti Nitrogen fixation Symbiosis Integrated plasmid 500

Pseudomonas putida Chlorocatechol Degradation Integrated plasmid 105
degradation

Salmonella senftenberg Sucrose uptake Metabolism Conjugative 100
transposon

Staphylococcus aureus MecA protein Resistance Location on 52
chromosome

Salmonella Multiresistance Resistance Location on 14
typhimuriumDT 104 chromosome

Various bacteria Type III secretion Secretion Location on Variable
Type IV secretion chromosome

or plasmid

Various bacteria Iron uptake Fitness Location on Variable
chromosome
or plasmid
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is also affected by the presence ofleuX, it was shown that the translation of the
fimB-specific positive regulator gene, which harbors an unusually large number of
leuXcodons, is strongly affected by the presence of theleuX-specific tRNA5

Leu.
It is interesting that theleuXgene itself is regulated by global regulators such as
the alternative sigma factors RpoS and RpoH, providing additional support for
the minor codon hypothesis (U Dobrindt & J Hacker, unpublished data). Besides
leuX, other minor tRNA genes, such asargU andleuZ, influence the expression of
particular virulence-associated genes such as the fimbrial genes ofS. enterica.

MOBILITY GENES ON PATHOGENICITY ISLANDS

A variety of mobility genes are found on PAIs, particularly genes encoding phage
integrases and ISs/transposons. However, the presence and functionality of these
mobility genes can differ greatly among PAIs, from genes that encode intact and
functional integrases to mutated genes that encode nonfunctional integrases to PAIs
that contain no apparent integrase genes. These mobility genes and the protein
products they encode can lead to the formation, integration, deletion, and mobility
of PAIs as described below in the section on transfer and deletion of PAIs.

Several PAIs contain sequences that show homology to genes encoding in-
tegrases of bacteriophage P4 and retronphageφ73. P4 integrase sequences are
present in the HPI ofYersinia, a PAI which is also found in enteroaggregative
E. coli(94), some Shiga toxin-producingE. coli(STEC) serotypes (57), and UPEC
(PAI IV536) (94). This integrase appears to be intact and functional in the majority
of strains, in contrast to the P4 integrases encoded in PAI II536 of UPEC and in
E. coliK-12, both of which appear to be defective due to the presence of premature
stop codons. Integrases that are more closely related to the integrase ofφ73 are
found in PAI I536of UPEC, the SHI-2 PAI ofShigellaspecies (108), and in thevap
(for virulence-associated protein) regions ofD. nodosus(12, 35). The integrase
present in theV. choleraeVPI most closely resembles that of the cryptic bacterio-
phage CP4-57 (53% amino acid identity) but also exhibits substantial homology
with the P4 integrase (32% identity) and theD. nodosus vap-encoded integrase
(34% identity). The substantial homology among integrases from different genera
suggests that these sequences could be transferred among a wide range of bacterial
species.

The integrases and other bacteriophage proteins encoded on PAIs are usually
assumed to have played a role in the original mobilization of the PAI, but there
are some phages that appear to have been inserted into the PAI after the origi-
nal mobilization of the PAI into the chromosome. One such phage is the 933L
prophage of the EHEC O157:H7 LEE, which is absent from the closely related
LEE of EPEC E2348/69 (83). Similar phages may have nevertheless played a role
in the mobilization of other PAIs, because an integrase gene nearly identical to
that of 933L is also present in theShigellaSHI-2 PAI (108).

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 2
00

0.
54

:6
41

-6
79

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 S
A

N
G

E
R

 C
E

N
T

R
E

 o
n 

04
/1

9/
05

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FRD/FQU P2: FQP

August 11, 2000 11:13 Annual Reviews AR110-19

668 HACKER ¥ KAPER

Numerous IS elements and transposon sequences can be found in PAIs. In
some cases, such elements may have played a role in the original mobilization
or subsequent rearrangement of the PAI, or they may have inserted afterward and
played little or no role in PAI formation. The insertion of IS605into thecagPAI of
H. pylori appears to have played no role in the original mobilization of this PAI
but has played a major role in its subsequent evolution (18). The SHI-2 PAI of
S. flexneri, which encodes the aerobactin iron transport system, contains numer-
ous partial and complete IS elements, including IS3, IS629, IS600, IS2, and IS1
(80, 108). Comparison of SHI-2 islands fromS. flexneristrains SA100 (serotype
2a) and M90T (serotype 5a) revealed essentially identical insertion sites, aerobactin
genes, and IS elements on the left side of the PAI but substantial differences in
IS elements and other sequences on the right side of the island. The SHI-2 PAIs
in Shigella sonneiandShigella boydiihave the same insertion site and aerobactin
genes but exhibit major differences in the IS elements on their left sides.

In addition to mediating rearrangements of PAIs over long time frames (macro-
evolution), IS elements can also mediate important changes over very short time
frames, as is seen in the phase variation of the polysaccharide intercellular adhesin
of Staphylococcus epidermidis, which is a microevolutionary process. Alternating
insertion and excision of IS256 into different sites of theS. epidermidis icagene
cluster controls expression of the polysaccharide intercellular adhesin, which is a
major component of staphylococcal biofilms (118).

TRANSFER AND DELETION
OF PATHOGENICITY ISLANDS

The VPI ofV. choleraewas recently shown to be mobilizable from one strain of
V. choleraeto another by transduction (56). This island encodes several proteins
whose predicted sequences are similar to those of proteins of bacteriophages or
eukaryotic viruses as well as a protein that is highly homologous to theE. coli
cryptic prophage (CP4-57) integrase (60). Furthermore, the VPI is flanked by
20-bp DR sequences that resemble phageatt sites (56). Culture supernatants of
VPI-positiveV. choleraestrains contained sequences present on the VPI, as shown
by polymerase chain reaction, but did not contain sequences of other chromosomal
genes located outside the VPI (56). Cell-free phage preparations from a strain
marked by insertion of a kanamycin resistance gene into the VPI were found to be
capable of transferring the marked VPI into a previously VPI-negative recipient
strain. These results suggest that transfer of the VPI via phage transduction could
play an important role in the evolution of pathogenicV. choleraestrains from
nonpathogenic strains.

The staphyloccocal PAIs (SaPIs) encode the TSST, a property which has been
previously shown to be transferable. It became clear from studies by Novick &
coworkers that the SaPI is part of a defective bacteriophage of 15 kb which has the
capacity to be excised and circulated by helper phages such asφ13 andφ80α (64).
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After excision, the islands are transduced to other staphylococcal strains with high
frequencies. Thus, the SaPI belongs to the group of mobile PAIs that may have
been derived from bacteriophages.

Phage transfer has been implicated in the transfer of other PAIs and PAI-like
structures. The genes responsible for the serotype 1a O antigen ofS. flexneri
are encoded on a 5.8-kb region that is flanked by 45-bpatt sequences and IS
elements (1). The overall G+C content of this area (40%) is significantly below
the 50%Shigellagenome content. On one side of this region is a gene whose
predicted protein product shows significant homology to integrases of P22 and
other bacteriophages. This region is inserted at thethrW tRNA gene, and in fact
the 3′ end of this gene is identical to theattRsequence. One final example is the
SopE protein ofSalmonella, which is secreted via the type III secretion system
encoded on the SPI-1 PAI. The SopE protein is not encoded on SPI-I but instead
is encoded within a temperate bacteriophage belonging to the P2 family (76).

Certain PAIs do not have the capacity to move from one bacterial strain to
another but are, however, able to jump from one site to another in the genome of
a bacterial pathogen. The HPIs of pathogenic enterobacteria, encoding the iron
uptake system yersiniabactin inY. pseudotuberculosisandY. pestis, carry intact
integrase genes and are flanked by DRs of 17 kb (88). The HPIs inYersiniaare
usually located in the asparagine-specific tRNA geneasnT. In particular strains of
Y. pseudotuberculosis, however, the HPI first detected inasnT, over a short time
period, has also been found to be located in two other asparagine-specific tRNA
genes,asnWandasnV, indicating a transfer of the element from one target site to
another (7). It has been suggested that such mobility events of PAIs may also occur
during infections and may represent examples of PAI-induced microevolutionary
processes.

In addition, certain PAIs have a tendency for deletion of particular PAI-specific
sequences or of the whole genetic element. On one hand, such deletions may occur
over longer time intervals in order to optimize the structure of the PAI elements and
to reduce the genetic burden by eliminating genes whose products are not further
used (see also below and Figure 2). On the other hand, in contrast to the processes
of macroevolution, in many organisms PAIs show deletions in a short time range.
Such processes of microevolution have been detected for the Cag PAI ofH. pylori,
which has a tendency to decrease in size over short time intervals (10). In addition,
the HPI and also the hemin storage locus ofY. pestiscarry many Rhs elements
which may act as landmarks for frequent deletion processes (7). Furthermore,
in other organisms, such as UPEC, whole PAI elements can be deleted. In these
cases recombinases/integrases located on the corresponding PAI may be involved
in the deletion processes (4, 35). For PAI I and PAI II ofE. coli 536, however,
the PAI-encoded recombinases are not intact, thereby suggesting that integrases
of other PAIs or encoded by the rest of the genome are probably involved in the
deletion processes. It is suggested that the deletion processes may play a role in the
adaptation of pathogenic microbes during certain stages of infection. Therefore,
genetic flexibility of pathogenic microbes may create selective advantages over

A
nn

u.
 R

ev
. M

ic
ro

bi
ol

. 2
00

0.
54

:6
41

-6
79

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 S
A

N
G

E
R

 C
E

N
T

R
E

 o
n 

04
/1

9/
05

. F
or

 p
er

so
na

l u
se

 o
nl

y.



P1: FRD/FQU P2: FQP

August 11, 2000 11:13 Annual Reviews AR110-19

670 HACKER ¥ KAPER

Figure 2 Evolutional stages of pathogenicity island formation. Thevertical line represents
the evolutionary progress; thehorizontal linerepresents a time scale. Thethin line represents
parts of the core genome; thedouble linerepresents pathogenicity island-specific DNA. The
boxesindicate genes, and theasterisksindicate mutations. Abbreviations: tRNA, transfer RNA
genes; int, integrase gene; vir, virulence-associated gene; mob, mobility gene (e.g. gene encoding
transposase).

other, less-flexible organisms and may finally result in proper replication in host
organisms or other ecological niches.

CONCLUSION: Pathogenicity Islands, Genomic Islands,
and the Evolution of Microbes

The key processes of Darwinian evolution can be described by the terms genetic
variability, phenotype formation, and natural selection. There is no doubt that the
permanent generation of new genetic variants represents the main prerequisite for
evolution. The term macroevolution describes evolutionary processes which oc-
cur within a longer period of time and which lead to the formation of new species
or pathotypes (78). In contrast, microevolution, which generates new variants of
given species or pathotypes, takes only days or weeks. Both processes, macro- and
microevolution, are also involved in the generation and adaptation of pathogenic
microbes.

The majority of pathogenic bacteria show evidence of horizontal gene transfer,
which together with the generation of point mutations and genetic rearrangements
represents one major source for the creation of new genetic variants. The analysis
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of the structure of PAIs revealed that these genetic elements have been generated
after lateral gene transfer processes. Thus, PAIs contributed to the development of
pathogenic variants, preferentially in macroevolution. The ongoing processes of
rearrangements, deletions, and transfer of PAIs, however, also have a strong impact
on microevolution and adaptation of pathogenic microbes during acute infectious
processes.

As indicated in Figure 2, PAIs can be considered genetic fossils owing to their
particular stages in the evolutionary process of pathogens. Integrated newly ac-
quired DNAs seem to represent, from the evolutionary point of view, the youngest
types of PAIs. The complete or incomplete phages which are identical toS. aureus
PAIs and theV. choleraeVPI encoding the TCP may represent PAIs at the begin-
ning of their career as evolutionary chronometers (56, 64). If a PAI significantly
contributes to the fitness and probably also the pathogenic potency of its host
organism the mobility genes involved in transfer, deletion, or excision will be
inactivated or even deleted. In other words, selection for stability and homing of
the formerly acquired DNA takes place. The HPIs ofYersinia, the PAIs of UPEC,
and the Cag island ofH. pylori may represent such “middle-aged,” adolescent-
type PAIs (18, 88). Over time, for example periods of thousands of years, the sizes
of successful PAIs tend to be reduced to include just the important genes required
for their key functions, and the PAIs become more and more condensed (e.g. the
LEE island of EPEC) (52). Thus, theSalmonellaSPI-1, which was introduced
into the genome of the common ancestor ofS. entericaandSalmonella bongori
100 million years ago, is already part of the core genome of both organisms (33).
It is our assumption that there exist genetic segments which are former PAI regions
but already have been adapted to the core genome of the host and which are no
longer detectable as PAIs. In these cases the evolutionary progress has terminated.

Over the past few years, research on PAIs has attracted much attention. How-
ever, important questions concerning the development and selection of PAIs remain
unanswered. One major question is: Where do the PAI-specific DNA segments
come from? From our point of view it is very difficult to answer this question.
The overall number of prokaryotes in the soils, fresh waters, and oceans has been
estimated to comprise 150,000–200,000 different species; however, only∼4000
have been described so far. The majority of the bacterial species are not culturable
in the laboratory, and therefore analyses of their genomes have been largely im-
possible. It has been suggested that the enormous amount of genetic information
present in the genomes of species not yet described may be a source for many ge-
netic elements, including PAIs. In the case of theYersiniaHPI it is suggested that
members of thePseudomonadaemay be donors for this DNA; however, this has
not yet been verified. The further development of microbial ecology will certainly
open new avenues to approach the important question of the source of PAI-specific
DNA in the future.

Another question is: What are the selective forces for the development of PAIs?
Pathogenic organisms as well as nonpathogenic microbes have to overcome envi-
ronmental restrictions for survival and replication and have to compete successfully
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in their ecological niches. These ecological processes, more so than the processes
of disease formation, are of evolutionary relevance. The occurrence of infectious
diseases does not necessarily contribute to the evolutionary fitness of microbes.
It is therefore suggested that from an evolutionary view point, many PAIs rep-
resent fitness islands because they were selected in the natural environment of
microbes to stimulate their survival and replication. Thus, P fimbriae of UPEC,
whose genes are components of PAIs, contribute to adherence of these microbes
in the gut (14). Iron uptake systems, of course, are necessary for the survival
of microbes in various niches. As the ecological niches and reservoirs of many
pathogens (e.g. pathogenicShigella) are not yet known, it is not possible now to
fully answer the question on the selective pressures leading to PAI generation.

The third question of interest is: What are the host equivalents of PAIs? The
acquisition of new genetic material by the microbes, of course, may generate new
phenotypes which may interact with host structures. If the acquisition and genera-
tion of PAIs were to generate more-aggressive microbes, they would destroy their
hosts and would therefore be unsuccessful in evolutionary terms. On the other
hand, the generation of new relevant microbial phenotypes for host interaction
should also select for new host structures such as receptor variants or alterations
in signal transduction pathways. Such changes in host genes will be important
for overcoming hyperpathogenicity and for development of new strategies for an
appeasement of hosts and microbes. These host strategies are largely unknown
to date, and the study of host-pathogen coevolution at the genetic level will be a
major topic in the years to come. The development of DNA chips which represent
whole host genomes, including the human genome, will certainly help to address
these important questions in the future.

The accumulating sequence data for genomes of pathogenic as well as non-
pathogenic bacteria have shown that genetic structures similar to PAIs are also
part of the genomes of many nonpathogenic bacteria. These regions were termed
genomic islands because they were found to possess many features of PAIs, often
differing from the rest of the core genome in G+C content and coding usage,
and they often carry mobility genes (integrases and transposases). As with PAIs,
genomic islands are often be linked to tRNA genes and may be flanked by re-
peated DNA at their ends. Last, but not least, genomic islands may represent
genome regions of high instability. Many genomic islands, of course, do not
contribute to pathogenicity, and their gene products are rather involved in symbio-
sis, in degradation of xenobiotic compounds, in the generation of new metabolic
properties, or in the expression of antibiotic resistance phenotypes (6, 37, 49; for
details see Table 3). As already mentioned, iron uptake systems and bacterial
secretion pathways can be expressed either by pathogenic or by nonpathogenic
bacteria. In both cases they seem to contribute to fitness and adaptation of the
strains. It therefore appears that PAIs represent a genomic-island subgroup whose
members are, by definition, restricted to pathogenic bacteria. The analysis of
PAIs, however, not only opens new insights into the evolution of pathogens but also
contributes to the formulation of evolutional principles of prokaryotes in general.
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