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Whole genome plasticity in pathogenic bacteria

Ulrich Dobrindt* and Jérg Hacker?

The exploitation of bacterial genome sequences has so far
provided a wealth of new general information about the genetic
diversity of bacteria, such as that of many pathogens.
Comparative genomics uncovered many genome variations in
closely related bacteria and revealed basic principles involved
in bacterial diversification, improving our knowledge of the
evolution of bacterial pathogens. A correlation between
metabolic versatility and genome size has become evident. The
degenerated life styles of obligate intracellular pathogens
correlate with significantly reduced genome sizes, a
phenomenon that has been termed ‘evolution by reduction’.
These mechanisms can permanently alter bacterial genotypes
and result in adaptation to their environment by genome
optimization. In this review, we summarize the recent results of
genome-wide approaches to studying the genetic diversity of
pathogenic bacteria that indicate that the acquisition of DNA
and the loss of genetic information are two important
mechanisms that contribute to strain-specific differences in
genome content.
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Abbreviations

EHEC enterohaemorrhagic E. coli
GEI genomic island

HPI high pathogenicity island
ORF open reading frame

PAI pathogenicity island

Introduction

It is well known that the broad spectrum of physiological
and virulence properties of bacterial pathogens mirrors the
existence of different subsets of genes enabling the
pathogen’s different lifestyles. During the past few years,
it has become evident that one strain’s genome sequence
is not entirely representative for other members of the
species. The use of ‘whole genome approaches’ to study
the genetic diversity of closely related bacterial strains
increases rapidly. Whereas the comparison of complete
genome sequences is time consuming and not favourable
to compare genomes of several strains of one species,
DNA-DNA hybridization using DNA arrays provides a
cheaper and faster alternative to assessing the genome
content of closely related strains. The results obtained so
far from comparative genomics underline, first, the impor-
tance of gene acquisition and loss for genome evolution
and, second, that the genetic organization reflects the

bacterial lifestyle. In this review, we summarize recent
data of comparative genomics and discuss the general
mechanisms involved in genome plasticity and in the
evolution of bacterial species or variants.

Genome organization of pathogenic bacteria —
gene acquisition and gene loss

The sizes and organization of bacterial genomes vary con-
siderably. The smallest and largest genomes of bacterial
pathogens known so far are those of Mycoplasma genitalium
(580 kb) and Pseudomonas aeruginosa (6300 kb), respectively.
There is significant variation in genome size within bacterial
genera and species. Different numbers and different
combinations of circular or linear chromosomes and extra-
chromosomal linear or circular replicons exist in bacterial
pathogens [1-4]. Bacterial genomes can generally be
considered to be composed of a universally present ‘core’
of genes providing the backbone of genetic information
that should be conserved in most of the bacteria. This
also includes the ‘minimal set’, as has been previously
described [5,6]. The minimal gene set is shared by the vast
majority of bacteria and forms the basic composition of the
core gene pool. However, it is hard to characterize because
it depends on the growth conditions specific to the indi-
vidual bacterial species and because there is no clear
definition of the minimal requirements and processes of
life. The genome also contains a flexible gene pool
consisting of an ‘assortment’ of strain-specific genetic
information that may provide additional properties
enabling these species to adapt to special environmental
conditions. A correlation between metabolic versatility and
genome size has become evident. The large genome size
of P aeruginosa (larger than that of, for example,
Escherichia coli) results from great genetic complexity and
mirrors its greater capacity to adapt to its environment [7].
Differences in genome size among bacterial species reflect
size variations of the flexible gene pool and are mainly due
to the acquisition and loss of genomic DNA. DNA uptake
may involve several mechanisms and results in gain of
additional genetic information (Figure 1a).

Conversely, because of close adaptation of parasites and
intracellular pathogens (e.g. Mycoplasma spp., Chlamydia
trachomatis, Mycobacterium leprae and Rickettsia prowazekii) to
the physiologically stable environments of their host cells, a
reductive genome evolution occurred that led to the loss of
genes not essential for life within the host (a phenomenon
termed ‘evolution by reduction’), but leaving genes
responsible for functions needed for the performance of key
metabolic steps and for interconversions of metabolites
obtained from the host. A typical feature of ‘evolution by
reduction’ is a considerably high fraction of pseudogenes
within genomes [8-11]. Other bacterial species or patho-
types (i.e. strains of a bacterial species that cause the
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Figure 1
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Bacterial genome plasticity: evolutionary mechanisms and large-scale
analysis. (a) Genome evolution is mainly due to the acquisition and loss
of genetic information. Several mechanisms can result in DNA uptake or
in the reduction of genome content (shaded areas). Mobile genetic
elements such as plasmids, bacteriophages and pathogenicity islands

play an important role in DNA acquisition. (b) DNA array-based analysis
of genome plasticity requires sequence information obtained by
complete genome sequencing or by subcloning of DNA regions of
interest. On the basis of sequence information, DNA arrays can be
developed that facilitate large-scale comparison of genetic diversity.

same type of infection, for example, uropathogenic E. co/i
(UPEC) that cause urinary tract infection, enterohaemor-
rhagic E. co/i (EHEC) that cause haemorrhagic colitis and
haemolytic uraemic syndrome, etc.) that underwent
genome content reduction during their evolution include
Yersinia  pseudotuberculosis, from which Yersinia pestis
emerged, and non-pathogenic E. co/i, from which Stigella
spp. emerged. Several genes present in Y. pseudotuberculosis
are absent or non-functional in Y. peszis [12°]. When patho-
genic Shigella spp. arose from a non-pathogenic K. coli
ancestor, the loss of the ompT and cadA (‘black hole’) genes
contributed to their evolution [13,14]. The deletion of a
large chromosomal region (‘black hole’) present in about
90 % of all E. co/i strains but absent in enteroinvasive E. coli
and Stigella strains promotes the virulence of these intestinal
pathogens. This chromosomal region contains several genes,
including cadA, which codes for the enzyme lysine decar-
boxylase and ompT. The lack of cadA and ompT supports
the virulence of Shige/la and enteroinvasive FE. coli, as

cadaverine, a product of the CadA-catalyzed enzymatic
reaction, inhibits the enterotoxin activity of these strains, and
as the expression of the ompT-encoded protease interferes
with the VirG protein required for intercellular spread.

Genetic mechanisms leading to

genome plasticity

The tremendous genetic diversity observed among
pathogenic bacteria mirrors their different lifestyles and
physiological versatilities and evolves from adaptation to
their niches or growth conditions. Although the chromosomal
organization of more closely related bacteria is more
conserved, considerable genome variability exists within
different genera and among different isolates of a single
bacterial species. For example, the chromosomes of differ-
ent enterobacterial species share a highly homologous
common backbone that is interrupted by many variable
regions [15-19]. Several mechanisms are involved in this
adaptive evolution (Figure 1a, Table 1). Point mutations
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Table 1

Mechanisms contributing to genome plasticity.

Genetic element or mechanism

Consequences

Gain of properties
Point mutation
Homologous recombination

Transformation

IS elements, composite transposons
Integrons

Conjugative transposons, plasmids

Bacteriophages

GEls or PAls, pathogenicity islets

Alteration of gene expression

DNA rearrangements, inversion, duplication, deletion of DNA
Integration of horizontally acquired DNA

Gain of additional genetic information

Insertion, deletion, inversion of DNA, alteration of gene expression
Transfer of genes, DNA rearrangements

Conjugation

Horizontal gene transfer

Mobilization of other plasmids

Generalized or specialized transduction

Horizontal gene transfer

Horizontal gene transfer

Integration and deletion of large DNA regions

Loss of properties

Point mutation
Homologous recombination
Transposition

Alteration of gene expression, loss of function
DNA rearrangements, deletion of DNA, integration of horizontally acquired DNA
Alteration of gene expression, loss of function

GEl, genomic island; IS, insertion; PAI, pathogenicity island.

contribute to genetic variation. Homologous recombination
creates DNA rearrangements, e.g. deletions, duplications
and inversions. Chromosomal rearrangements have been
frequently observed during the genome comparison of
different isolates of several bacterial species [7,10,16,17,20].
Numerous repetitive elements within the genomes of
Neisseria meningitidis strains are regarded to be involved in
antigenic variation and genome fluidity, as they may facili-
tate recombination [21,22]. Homologous recombination
also affects genome organization by mediating the integration
of horizontally acquired mobile genetic elements [23].
"Transformation of DNA generally increases the gene content.

The amount of laterally acquired genetic information is
unexpectedly high in many bacterial pathogens [24,25°°].
The great importance of horizontal gene transfer for the
evolution of genetic diversity is underlined by the sub-
stantial number of functional and non-functional accessory
genetic elements (plasmids, bacteriophages and genomic
islands [GEIs]) detected in genomes of different patho-
genic bacteria. These accessory elements are important
‘carriers’ of genetic information containing many genes
coding for pathogenic features of many bacteria.
Transposable genetic elements (e.g. insertion [IS] ele-
ments, transposons and integrons) contribute to genome
variability by transposition events [26] and can be involved
in mobilization of genetic information. Obligate intracellu-
lar parasites tend to contain fewer accessory and repetitive
DNA eclements than do extracellular pathogens. This is
probably because of their isolation from genetic exchange
with other bacteria [9,27]. In the genomes of the different
C. trachomatis and C. pneumoniae strains sequenced so far,
no IS elements or other dispersed repeated sequences that

may be involved in chromosomal rearrangements have
been detected. In the case of M. leprae, only three bacte-
riophage-related genes and 26 transposase gene fragments
have been identified within the genome, whereas the
genome of M. tuberculosis strain H37Rv contains at least
two prophages and 56 intact or truncated IS elements. In
addition, multiple copies of dispersed repetitive sequences
(RLEP, REPLEP and LEPREP) are present within the
genome of M. /eprae TN. They exhibit some features of
classical IS elements and are several hundred basepairs in
size. These elements are considered to be involved in
genomic reorganization.

GEIs represent an important type of flexible genetic ele-
ment. It is assumed that mobile genetic elements were
involved in the evolution of many GEIs. Some of them are
still mobile elements. GEls represent ‘foreign” DNA enti-
ties that can be subdivided according to their size and
encoded functions. They are at least 10 kb in size. DNA
regions smaller than 10 kb are considered to be genomic
islets. These elements can provide a certain advantage for
the host cell under specific conditions. If virulence-associat-
ed genes are located on such a genomic element ('Table 2),
it is considered to be a pathogenicity island (PAI) [28]. Some
PAIs represent laterally transferable DNA regions. The so-
called ‘high pathogenicity island’ (HPI) initially discovered
in Yersinia spp. encodes a siderophore system. The HPI core
element has been detected in many other enterobacteria
[29,30] and represents a ‘broad-host-range GEI’ that con-
tributes to adaptation to different growth conditions. This
DNA element can ‘move’ within the chromosome between
the three different asparaginyl-tRNA genes of Y. peszis and
Y. pseudotuberculosis. The HPI consists of a highly conserved
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Examples of mobile genetic elements of pathogenic bacteria.

Species or genetic element Designation

Virulence factors or functions

Pathogenicity islands

UPEC PAl I536—PAl lll536, PAl 1395—PAl ll396, PAl IcEr073
EPEC LEE

espC-PAI
Vibrio cholerae O1, 0139 VPI

Staphylococcus aureus
Exotoxin-PAl
Enterotoxin-PAl

Pathogenicity islets
E. coli, Shigella dysenteriae

Salmonella enterica sv. Typhimurium
Streptococcus pyogenes

Plasmids
Extraintestinal Escherichia coli

chuA or shuA locus
msgA/pagC locus
vir region

pHIy152, Vir plasmid, pCol

Intestinal E. coli
Shigella flexneri

pO157, EAF plasmid, Vir plasmids
pWR100, pWR501

Clostridium tetani pCL1
Bacteriophages

Clostridium botulinum cl
Corynebacteria diphtheriae B

E. coli (EHEC) H19, 933
S. aureus (0%

V. cholerae CTXo

TSST-1-PAI (SaPlI1, SaPI2, SaPlbov)

Adhesins, a-hemolysin, cytotoxic necrotizing factor 1,
heat-resistant agglutinin 1, siderophore system

Adhesin, type Il secretion
EspC protein (enterotoxin)

Pili, regulation

TSST-1
Exotoxin
Enterotoxin, serine protease

Heme uptake
Outer-membrane protein, intramacrophage survival
M-like proteins, proteases

a-Hemolysin, cytotoxic necrotizing factor 2,
aerobactin (iron uptake)

Adhesins, LT, ST enterotoxins, catalase, hemolysin
Invasins, type Ill secretion proteins, enterotoxin
Tetanus toxin

Botulinum toxin A, B
Diphtheria toxin A, B
Shiga toxin A, B
Enterotoxin A, B
Cholera toxin A, B

EAF, EPEC adherence factor; EHEC, enterohaemorrhagic E. coli; EPEC, enteropathogenic E. coli; LEE, locus of enterocyte effacement; LT,
heat-labile enterotoxin; PAI, pathogenicity island; SaPl, S. aureus pathogenicity island; ST, heat-stable enterotoxin; TSST-1; toxic-shock toxin 1;

UPEC, uropathogenic E. coli; VPI, V. cholerae pathogenicity island.

core and a host-strain-dependent, variable part [31-33]. The
locus of enterocyte effacement (LEE)-PAI of EHEC and
enteropathogenic E. co/i (EPEC) strains has been indepen-
dently acquired by different evolutionary lineages of
E. coli and exhibits structural variations, depending on the
lineage [34,35°%,36]. The genetic structure of the Shigella
island 2 (SHI2)-PALI is also variable in Skigella spp. [37,38].
Thus, GEIs and PAIs contribute to inter- and intraspecific
variability in genome content [23].

Plasmids contribute to genome plasticity because of
their transferability and their ability to mobilize other
co-resident plasmids. In addition, these usually extrachro-
mosomal elements can be chromosomally integrated
[39-42]. Many virulence-associated determinants and
antibiotic resistance genes are located on plasmids ('Table 2).
Genetic exchange between plasmids and other replicons is
a constantly ongoing process [24,43], exemplified by the
similarities between PAl-specific regions of K. co/i and
Shigella flexneri virulence plasmids.

Bacteriophages play a major role in the evolution of
pathogenic bacteria. Important virulence genes are
bacteriophage-encoded (Table 2). PAl-like structures in
Vibrio cholerae and Staphylococcus aureus (designated

V. cholerae pathogenicity island [VPI] and §. aureus patho-
genicity island 1 [SaPI1], respectively) can be mobilized
by propagation of the helper phage CP-T1 (in the case of
the VPI), or of the phages 13 and 800 (in the case of the
SaPII), suggesting that they represent defective prophages
[44,45]. Helper-phage-mediated mobilization of DNA
regions could be of general importance for genome plastic-
ity, as functional bacteriophage integrase genes or
corresponding pseudogenes are located on many GEls.
Expression of an integrase gene may mobilize several
chromosomal regions within one bacterial strain. For
example, the defective prophage P4 can be mobilized by
the P2 helper phage [46]. These broad-host-range phages
can be detected in other enterobacteria. Several enter-
obacterial PAls contain a functional or non-functional
integrase gene of the P4 family [47]. Thus, induction of a
P2 phage or expression of a P4 integrase could result in the
excision of multiple chromosomal regions.

Comparative genomics of pathogenic bacteria
Many bacterial populations are clonal. E. co/i isolates can be
grouped into particular clones that have started to evolve
under competition as distinct genetic types. They arose in
parallel by loss of and by ordered gain of genetic information
and are maintained during adaptation to their niches.
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Table 3

Comparison of genetic diversity among closely related bacteria.

Reference species or strain Investigated species or strain Percentage of ORFs missing References
from the reference strain
Escherichia coli MG1655 (K12) E. coli EDL933 (EHEC) 12 [17]
E. coli MG1655 (K12) E. coli 536 (UPEC) 9 [53]
E. coli MG1655 (K12) E. coli IHE3034 (MENEC) 5 [53]
E. coli MG1655 (K12) Klebsiella pneumoniae 342 27 [54]
Streptococcus pneumoniae KNR.7/87 S. pneumoniae strains (n=20) 10* [55]
Helicobacter pylori strains J99 and 26695 H. pylori strains (n=15) 22* [59°]
Mycobacterium tuberculosis H37Rv M. tuberculosis strains (n=19) 0.3f [60]
M. tuberculosis H37Rv Mycobacterium bovis 2.3* [50]
M. tuberculosis H37Rv M. bovis BCG strains (n=13) 3.3* [50]

*Percentage of ORFs that are missing in at least one of the investigated strains. fAverage number of M. tuberculosis H37Rv-specific ORFs
missing in the tested strains. EHEC, enterohaemorrhagic E. coli; MENEC, meningitis-causing E. coli; UPEC, uropathogenic E. coli.

Because of horizontal gene transfer, their further evolution
is constantly in progress [25°°,35]. However, in certain
bacterial species (Streptococcus pneumoniae, Streptococcus
pyogenes, N. meningitidis and S. aureus), an unusually high
frequency of recombination results in disintegration of the
‘clonal frame’ [48]. In P aeruginosa populations, a high
recombination frequency leads to random distribution
of alleles and formation of hierarchically equivalent
genotypes. These genotypes show no adaptation to their
habitats and exhibit such versatility that their colonization
of different niches does not require specialization [49].

DNA microarrays facilitate the investigation of the genetic
diversity among different bacterial strains (Figure 1b, Table 3).
"This technology was used for the first time to compare
several Mycobacterium bovis vaccine strains. Several chromo-
somal deletions in different vaccine strains were discovered
in comparison to their progenitor, these deletions possibly
being responsible for the variable effectiveness of the BCG
vaccine [50]. DNA microarray technology and techniques
for comparing complete genome sequences have now
been used several times to analyze the genome content
and genetic variability of different bacterial species.
Interestingly, the analysis of complete genome sequences
of a non-pathogenic E. co/i and two EHEC strains revealed
that a surprisingly great proportion of the flexible gene pool
consists of uncharacterized open reading frames (ORFs)
without any obvious function (about 38% of the E. co/i K12
strain MG1655-specific ORFS, and 35% of the EHEC
strain EDIL.933-specific ORFs).

Other major constituents of the flexible gene pool are
mobile and accessory genetic elements or non-functional
fragments of these elements [15-17,51]. Comparison of the
genetic diversity of different non-pathogenic E. co/i strains
using E. coli MG1655-specific DNA macroarrays confirmed
that chromosomal variations exist all over the chromosome
and that the flexible gene pool consists of a high number
of putative ORFs and mobile genetic elements [52°].
Using DNA macroarrays, DNA-DNA hybridization of

genomic DNA of seven different pathogenic E. co/i isolates
with that of the non-pathogenic E. co/i K12 strain MG1655
demonstrated that 5-10% of all translatable E. co/i strain
MG1655-specific ORFs were not detectable in the differ-
ent pathogenic K. co/i isolates. About 50-60% of these
ORFs can be functionally grouped as hypothetical and
unclassified. ORFs categorized as components of mobile
genetic elements also showed a high variability with
respect to their presence in these strains (U Dobrindt,
unpublished data; [53]). An K. co/i Kl12-specific DNA
microarray was also used to analyze the gene content of the
closely related maize endophyte, Klebsiella pneumoniae 342.
Approximately 70% of the E. co/i K12-specific ORFs were
found to be at least 55% identical to ORF's of this K/ebsiella
strain [54] (see also Update). A §. pneumoniae-specific
DNA microarray was used to compare the genome contents
of 20 §. pneumoniae isolates. The presence of up to 10% of
the genes varied in different strains tested. Seven out of
ten large gene clusters belonging to this group of variable
genomic regions are associated with transposases and one
resembles a prophage, indicating that they represent
putative mobile genetic elements [55]. The comparison of
complete genome sequences of a pathogenic and a non-
pathogenic 8. aureus strain showed that a considerable
fraction of genes secemed to be horizontally acquired.
Many virulence-associated as well as antibiotic resistance
genes were located on mobile accessory DNA elements
[24]. These data stress the importance of horizontal gene
transfer and mobile genetic elements for genetic diversity
among pathogenic bacteria.

Physical genome organization and genome content in
terms of functionality in the naturally competent organism
H. pylori is largely conserved. According to two complete
H. pylori genome sequences, approximately 6% of the
genes are strain-specific. Only two chromosomal regions,
the PAI and the so-called plasticity zone (a chromosomal
region that exhibits a higher rate of DNA reorganization
than the rest of the chromosome), were identified to be hot
spots for strain-specific genes that exhibit several features,
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indicating that lateral gene transfer or extensive recombi-
national events had occurred. However, in spite of this
functional and organizational analogy, identical gene
sequences in H. pylori strains are extremely rare. This
extensive nucleotide diversity underlines the importance
of extremely frequent recombination for diversity in this
species [55-58]. A DNA array was developed on the basis
of the completely sequenced genomes of two H. pylori
strains and was used for genome analysis of 15 H. pylori
clinical isolates. In contrast to the results obtained from the
comparison of the two available complete H. pylori genome
sequences, the DNA array-based genome comparison
revealed that about 22% of H. pylori genes were not
detectable in all strains tested. The majority of them repre-
sents genes that encode unknown proteins or proteins that
affect genetic exchange [59°].

Similarly, two C. trachomatis and two C. pneumoniae
genomes were found to be almost identical in gene content
and gene order. Marked differences with respect to gene
order and genome organization between C. trachomatis and
C. pneumoniae as well as between the genomes of the two
strains of these Chlamydia species tested were only visible
near the origins of replication and termination where chro-
mosomal inversions occurred. This chromosomal region,
termed ‘plasticity zone’, exists in both species and shows
a higher degree of recombinational activity than the rest
of the chromosome. The mechanisms responsible for
rearrangements in the plasticity zone are unclear [27].

Conclusions

Comparative genomics contributes significantly to our
understanding of bacterial evolution and bacterial patho-
genesis. The increasing knowledge of genetic diversity of
bacteria obtained from comparative genome analyses indi-
cates that bacterial genomes are constantly evolving
structures. Mechanisms contributing to genome plasticity
include point mutations, DNA rearrangements and hori-
zontal gene transfer. The acquisition by a variety of bacteria
of foreign DNA coding for novel phenotypes is an impor-
tant factor in the evolution of bacterial pathogens. Mobile
genetic elements are frequently involved in horizontal gene
transfer of virulence-associated genes. Acquisition of genet-
ic information as a result of lateral spread of mobile genetic
elements contributes to constant and rapid evolution of
bacterial pathogens. Additionally, genetic diversity arises
from deletion and loss of chromosomal regions. The larger
genome complexity of physiologically versatile bacteria, in
comparison to the reductive genome evolution of parasitic
or symbiotic bacteria, suggests that the genome content
mirrors the lifestyles of these bacteria, and results from the
ongoing process of genome optimization.

Update

Recent work by Akman and Akso [61] has demonstrated
that DNA arrays may also be used for assessing data on the
genome content and general biology of closely related
bacteria in the absence of entire genome sequences. In

order to gain information on genome composition and
general gene expression patterns of Wigglesworthia glossinidia
(a non-culturable obligate endosymbiont of the tsetse fly
and a member of the Enterobacteriaceae), an £. co/i K-12-
specific macroarray was used for genome comparison and
expression analysis. According to DNA-DNA hybridization
experiments, the Wigglesworthia genome size was estimated
to be smaller than 770 kb and about 650 orthologues of
E. coli genes were detected (approximately 85% of the
entire genome). The expression profiles suggest that this
endosymbiont may be a facultative anaerobic bacterium
that utilizes ammonia as a major nitrogen source.
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