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How Bacterial Pathogens were Constructed  
  Ulrich   Dobrindt   and   J ö rg   Hacker   

       1.1 
 Introduction 

 The complete genome sequences of multiple variants of almost all bacterial patho-
gens have already been published. There is large variation in size and content of 
bacterial genomes between different genera and species but also among strains of 
the same species. The adaptive capability ( ‘ versatility ’ ) of bacteria directly correlates 
with genome size  [1] . Genome optimization in bacteria with an intracellular para-
sitic lifestyle, for example,  Chlamydia trachomatis  and  Rickettsia prowazeckii  
(genome size 1.04   Mb and 1.11   Mb, respectively) which live in a constant and rich 
environment, involves marked genome reduction due to the loss of genetic infor-
mation coding for traits and functions that could be obtained from the host. 

 Consequently, the genomes of such bacteria living in close association with their 
host are much smaller than those of environmental bacteria that may be facultative 
pathogens, e.g.  Pseudomonas aeruginosa  (genome size 6.3   Mb), as these organisms 
have to live under different and variable growth conditions. 

 The analysis of these sequences revealed that genomes of pathogenic microbes, 
but also of microbes from other sources, may comprise different numbers of 
circular or linear chromosomes, extrachromosomal linear or circular replicons as 
well as different combinations thereof. The genome of  Vibrio cholerae , the causa-
tive agent of cholera, contains two chromosomes, both of them encode important 
functions  [2, 3] . Most prokaryotes, however, contain a single circular chromosome 
which comprises genes providing the backbone of genetic information required 
for essential cellular processes and which is not transferable  per se . The arrange-
ment of genes on the chromosome is characterized by a frequently clustered 
organization or a close link between functionally related genes. Genes located on 
the  ‘ core ’  part of the chromosome exhibit a relatively homogenous G+C content 
and a specifi c codon usage. The genomic organization of closely related bacteria 
is very similar  [4] . 

 The structure of the  ‘ core ’  regions of the genome, however, is often interrupted 
by the presence of DNA stretches harboring genes with a G+C content and a codon 
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usage which differs from those of the  ‘ core ’  genome. This  ‘ fl exible ’  gene pool 
consists of strain - specifi c  ‘ assortments ’  of genetic information mainly represented 
by mobile genetic elements, such as plasmids, bacteriophages, genomic/patho-
genicity islands (GEIs/PAIs), integrons, IS - elements and transposons (see Figure 
 1.1  and Table  1.1 ), which provide additional traits contributing to the adaptation 
of microbes under certain environmental conditions, e.g. resistance to antibiotics, 
production of toxic compounds as well as other virulence factors  [5] .      

  1.2 
 Composition of the Flexible Gene Pool 

 IS elements and transposons are considered to be  ‘ jumping genes ’  as they can 
frequently change their chromosomal localization. Generally, transposable ele-
ments fall into three groups: (i) insertion sequences (relatively small mobile 
genetic entities that generally encode no functions other than those involved in 
their mobility and exhibit short terminal inverted repeat sequences), (ii) composite 
transposons (fl anked by insertion sequences at both ends), and (iii) non - composite 
transposons (lack fl anking insertion sequences). Many transposons carry antibi-
otic resistance genes  [6] . 

 Integrons can also jump and may carry determinants for antibiotic resistances 
and other properties. They can be considered as a natural genetic engineering 
system because they are assembly platforms, i.e. DNA elements that acquire genes 
embedded in exogenous gene cassettes and convert them to functional genes by 
ensuring their correct expression. They were initially identifi ed because of their 
important role in the spread of antibiotic - resistance determinants. Meanwhile, 

     Figure 1.1     Composition of a bacterial genome. The core genome is shown together with the 
various elements of the fl exible gene pool.  
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larger integron structures, termed superintegrons, have been discovered which 
further support their importance in bacterial genome evolution. The latter contain 
hundreds of accessory genes and constitute a signifi cant fraction of the genomes 
of many bacterial species including important intestinal pathogens such as  Vibrio 
cholerae   [7] . 

 Transferable genetic elements such as bacteriophages and plasmids can func-
tion as vehicles laterally transporting genetic information, thus playing an impor-
tant role in bacterial evolution. Bacteriophages may carry genes that bring about 
new functions or modify existing ones upon becoming part of the host genome. 
Bacteriophages often carry toxin genes, e.g. the cholera toxin determinant, the 
genes encoding diphtheria toxin or the Shiga toxins. Plasmids are circular, self -
 replicating DNA molecules. They are autonomous molecules and exist in cells as 
extrachromosomal genomes, although some plasmids can be inserted into a bacte-
rial chromosome. The role of transferable elements as vectors as well as the 
constantly ongoing recombination between different mobilizable and transferable 
DNA elements is exemplifi ed for example by the description of the association of 
multi - drug resistance and virulence determinants in form of a large virulence 
plasmid in multi - drug - resistant  Salmonella enterica  serotype Typhimurium that 
carries several virulence genes and two class 1 integrons  [8]  or a multi - resistance 
plasmid of  Klebsiella pneumoniae  that resembles enterobacterial integrative and 
conjugative elements as well as plasmids found in  Yersinia pestis   [9, 10] . 

  Table 1.1    Mobilizable and transferable accessory genetic elements of the fl exible gene pool 
that contribute to genome plasticity.    

   DNA element     Size     Characteristics  

  Pathogenicity/
Genomic Island  

  20 – 200   kb    Modular, mosaic - like composition, 
site - specifi c insertion into tRNA genes  

  Plasmids    2 – 200   kb    Modular, mosaic - like composition, 
sometimes chromosomal insertion possible, 
can transfer transposons and IS elements  

  Integrative and 
conjugative elements  

  30 – 150   kb    Site - specifi c insertion into tRNA genes, 
modular composition  

  Prophages    40 – 100   kb    Site - specifi c insertion frequently into tRNA 
genes  

  (Conjugate) 
Transposons  

  20 – 100   kb    Mainly in Gram - positive bacteria  

  (Super - )Integrons     ∼ 100   kb    Mainly in Gammaproteobacteria, many 
promoter - less gene cassettes  

  Transposons    2.5 – 25   kb    Flanked by IS elements  

  Insertion sequences    0.7 – 2.5   kb    Encode only their integrase  
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  Genomic island s ( GEI s) are large chromosomal sectors which are part of the 
fl exible gene pool as they represent formerly transferred DNA regions.  Pathogenic-
ity island s ( PAI s) are particular GEIs present in pathogenic bacteria but absent in 
the majority of closely related non - pathogenic variants. They carry one or more 
virulence - associated gene(s) and are frequently associated with tRNA genes as well 
as fl anked by repeat structures. As PAIs are often unstable and as they contain 
mobility genes coding for integrases or transposases they contribute to the dynamic 
character of chromosomes in pathogens  [5, 11] . Certain conjugative and self -
 transmissible genetic elements exhibit features of plasmids and bacteriophages as 
they can be transferred by conjugation and can integrate into the bacterial chromo-
some. Such integrative and conjugative elements (ICEs) may function as progeni-
tors of some PAIs/GEIs during genome evolution  [12] . 

 Accessory genetic elements like transposons, integrons, insertion elements and 
genomic or pathogenicity islands (GEIs, PAIs) represent major constituents of 
the fl exible gene pool. The genomic islands are seldom fi xed but rather bear the 
potential for ongoing rearrangements, deletions and insertions. As a result, the 
stable chromosomal backbone and the fl exible gene pool are constantly undergo-
ing repeated insertions and deletions leading to new variants, pathotypes and over 
a long - term process to new species. Thus, such genomes are composed of clonally 
evolving DNA regions that are periodically disrupted due to exchange of already 
existing gene blocks by homologous recombination, and insertion of horizontally 
acquired DNA segments. The majority of strain -  or pathotype - specifi c regions have 
accumulated over time by repeated horizontal gene transfer, frequently with suc-
cessive transfers of different elements into identical loci of the core chromosome. 
The existence of so many different horizontally - acquired sequences in genomic 
islands differentiating closely related strains indicates that many of them are only 
temporarily present in the genome or provide a specifi c advantage to the individual 
lifestyle of particular strains.  

  1.3 
 Mechanisms Involved in Genome Dynamics 

 Different mechanisms contribute synergistically to dynamic bacterial genome 
evolution: fi rst, point mutations can be accumulated and result in the diversifi ca-
tion of genes. Second, variation in the bacterial genome organization results from 
transposition, site - specifi c as well as homologous recombination of DNA regions. 
Repeated sequences, notably mobile DNA elements, play a major role in the overall 
genome plasticity as they facilitate recombination and these DNA rearrangements 
may cause relocation or deletion of genomic regions. DNA recombination also 
causes gene duplication. Duplicated genes can evolve as orthologues or by diver-
gent evolution as paralogues. Additionally, foreign genetic material is acquired by 
horizontal gene transfer. This acquisition of genetic material results in extremely 
dynamic genomes in which substantial amounts of DNA are introduced into and 
deleted from the chromosome. The extent of gene acquisition in bacteria differs 
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considerably between different genera and species and may be responsible for up 
to 15% of the complete genome sequence  [13] . The combination of such evolution-
ary mechanisms during prokaryotic genome evolution can be nicely illustrated by 
the shuffl ing and disruption of operons in many bacteria due to rearrangements 
and gene transfer  [14] .  

  1.4 
 Bacterial Genome Optimization Using   E  scherichia coli   as a Model 

 The species  Escherichia coli  comprises pathogenic and non - pathogenic variants  [5, 
15, 16] . Pathogenic isolates may cause infections of the intestine as well as extrain-
testinal infections such as urinary tract infections, sepsis and meningitis. Com-
mensal  E. coli  have the capacity to colonize the intestine of humans and many 
animals without causing any harm. 

 The pheno -  and genotypic variability of pathogenic and commensal  E. coli  cor-
relate with their genome content.  E. coli  genomes vary in size from 4.6 to 5.6   Mb 
 [17] . These size differences among individual  E. coli  genomes indicate the presence 
of different amounts of strain - specifi c genetic information, which may represent 
up to 30% of the complete genome content. Genes for many virulence traits as 
well as antibiotic resistance genes of IPEC (intestinal porcine epithelial cell line - 1) 
and ExPEC, especially those characteristic of the different pathotypes, may be 
encoded on mobile and accessory genetic elements, e.g. genomic and pathogenic-
ity islands or transposons  [5, 18 – 21] , plasmids and bacteriophages  [22 – 26] . 

  Extraintestinal pathogenic  E. coli   ( ExPEC ) are epidemiologically and phylogeneti-
cally distinct from many commensal strains as well as from IPEC. A variety of 
virulence factors directly contribute to pathotype - specifi c disease and their distri-
bution is thus restricted to the corresponding pathotypes. For instance, the ETT - 1 
type III secretion system and its translocated effectors are usually indicative of 
 enterohemorrhagic  E. coli   ( EHEC ) and  enteropathogenic  E. coli   ( EPEC ). The heat -
 stable or heat - labile enterotoxins are characteristic of  enterotoxigenic  E. coli   ( ETEC ) 
 [16] . Certain invasion genes such as  ibeA  as well as the K1 capsule determinant 
are frequently present in invasive ExPEC  [27] . In many cases, however, ExPEC 
and commensal  E. coli  share a large fraction of their genome  [15, 28, 29] . There 
are also many so - called virulence - associated factors in ExPEC such as colicins, 
certain fi mbriae, siderophore systems and toxins  [15, 30 – 32]  that have probably 
evolved to enhance survival in the gut and/or transmission between hosts, 
and therefore will be shared with some commensal strains and sometimes even 
with IPEC. 

 As many  E. coli  virulence - associated genes may be located on transmissible 
genetic elements such as bacteriophages, plasmids or transposons, individual 
DNA regions can be exchanged between the chromosome and mobile genetic 
elements with the capacity to integrate into and excise from the bacterial chromo-
some. Accordingly, several identical or closely related virulence determinants can 
be found on the chromosome or on mobile DNA elements. 
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 So - called colicin plasmids represent an interesting example of such mobile ele-
ments which in large part exhibit considerable sequence similarity to PAIs in  E. 
coli  and contribute to PAI evolution and the spread of virulence traits among 
individual strains. Large colicin plasmids are found primarily in virulent, mainly 
septicemic  E. coli  strains and they seem to be a characteristic marker for  avian 
pathogenic  E. coli   ( APEC ), causing systemic infections in poultry for example. The 
genetic structure of such plasmids from APEC highly resembles that of other large 
colicin and related plasmids and several PAIs of  E. coli   [33]  as they carry several 
genes that have been previously associated with APEC virulence such as those 
coding for colicins, toxins and factors involved in serum resistance. It also contains 
several operons associated with iron acquisition including the aerobactin system 
( iuc/iut ), the  iro  determinant coding for salmochelin, the  sit  operon, coding for an 
ABC transport system involved in iron and manganese transport and the  eitA - D  
genes that code for a putative iron transport system. The operons coding for the 
siderophore systems  sit ,  iut  and  iro  as well as the  iss  gene involved in serum resist-
ance can be found on the bacterial chromosome as well as on the colicin plasmids 
 [34] . In APEC, these determinants are exclusively found on colicin plasmids 
whereas in other pathogenic enterobacteria they are frequently located on chro-
mosomal PAIs  [33, 35] . 

 As already mentioned, many PAI regions exhibit notable homology to fragments 
of mobile genetic elements such as bacteriophages and virulence plasmids. In 
addition, multiple copies of accessory DNA elements in one genome facilitate 
homologous recombination within one or between different islands or horizon-
tally - acquired DNA elements thus leading to rearrangements, deletions and acqui-
sition of  ‘ foreign ’  DNA. Consequently, many PAIs have a mosaic - like modular 
structure. Although many of them superfi cially resemble each other with respect 
to the presence and/or genetic linkage of certain virulence determinants, PAI 
composition, structural organization and chromosomal localization can be highly 
variable even among strains of the same patho -  or serotype  [36, 37] . A recent 
comparative genomic and phylogenetic analysis of 20 commensal and pathogenic 
 E. coli  strains indicated that genome variability within the  E. coli  species is restricted 
to a small number of conserved chromosomal positions. These hot spots of gene 
acquisition and loss correspond to regions of abundant and parallel insertions and 
deletions of DNA and can comprise between 10 and 157 genes  [38] . Such large 
genomic regions seem to be more permissive to the insertion/deletion of accessory 
DNA elements as once they are chromosomally inserted they serve as preferred 
regions for other insertion/deletion events. The resulting larger regions are then 
distributed within  E. coli  by homologous recombination between their fl anking 
genes rather than by dissemination of the individual accessory elements compris-
ing these genomic hot spots  [38] . 

 It has been shown that the virulence features of pathogenic microbes may not 
only vary between different strains, but also between different time points of infec-
tion within a single strain. To analyze the fl exibility of PAIs, we used the method 
of  ‘ island probing ’   [39 – 41] . Using this method it was possible to calculate the dele-
tion rate of respective PAIs. With a deletion rate of 10  − 3  to 10  − 4 , they can be excised 
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from their respective genome. The integrases, which are encoded by the respective 
PAIs are involved in this deletion processes. Generally they act highly specifi cally 
at their respective target sites  [42, 43] , but may sometimes also have the capacity 
to engage in  ‘ cross - talk ’  and thus also to be involved in the excision of another 
island. PAI deletion may be benefi cial in the course of an infection as later stages 
of infection may develop into chronic infections. Under these conditions, several 
virulence - associated traits, especially toxins, may be disadvantageous.  

  1.5 
 Genome Plasticity during Infection 

 Variation in the bacterial genome organization results in large part from transposi-
tion and homologous recombination. Repeated sequences, notably mobile DNA 
elements, play a major role in genome plasticity. Repeated DNA sequences play a 
primordial role in the overall genome plasticity as they are frequently involved 
in recombination events. It is postulated, and also frequently observed, that 
 ‘ useless ’  or somehow deleterious genes are lost from bacterial genomes (genome 
reduction). Without a positive selection pressure, a gene will be lost rapidly. 
This loss will be even more rapid if the particular gene is part of a mobile DNA 
element  [44] . 

 Recent studies suggest that genome plasticity seems to be accelerated under  in 
vivo  conditions as it may facilitate adaptation to various host conditions. During 
infection, a strong selection pressure is exerted on the pathogen, leading to vari-
ations in the clonal lineages. Pheno -  and genotypic changes have been reported 
for consecutive  Escherichia coli  isolates from recurrent bacteremia cases. In some 
patients,  E. coli  isolates from consecutive recurrent bacteremia episodes exhibited 
an alteres ability to express long chain LPS, capsule or fl agella  [45] .  E. coli , the 
major cause of  urinary tract infection s ( UTI ), may also cause  asymptomatic bac-
teriuria  ( ABU ), i.e. a carrier state without causing symptoms. This resembles a 
state of commensalism with a bacterial monoculture rather than a complex fl ora. 
Accordingly, ABU is an interesting model in which to study mechanisms of com-
mensalism and the driving forces within the pathogen and host. Geno -  and 
phenotypic analyses of ABU isolates demonstrated that many ABU strains arose 
from virulent variants by gene loss. It has been suggested that attenuation 
may constitute a general mechanism for mucosal pathogens to evolve towards 
commensalism  [46] . 

 For example, phage mobilization contributes signifi cantly to genome alteration 
in  Staphylococcus aureus  cystic fi brosis isolates during infection. Such a genome 
alteration could be linked to bacteriophage mobilization, phage conversion or 
deletion.  [47] . Similarly, a recent complete sequence and comparative analysis of 
the genomes of two representative  P. aeruginosa  strains isolated from  cystic fi brosis  
( CF ) patients with that of other  P. aeruginosa  isolates indicated that niche adapta-
tion is a major evolutionary force infl uencing the composition of bacterial genomes. 
Unlike the genome reduction seen in host - adapted bacterial pathogens, the genetic 
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capacity of  P. aeruginosa  is determined by the ability of individual strains to acquire 
or discard genomic segments, giving rise to strains with customized genomic 
repertoires  [48] . 

 The gastric pathogen  Helicobacter pylori  shows immense genetic variability in 
gene content and at the sequence level within human populations  [49 – 51] . Com-
parison of the genome content of 21 closely related pairs of isolates taken from 
the same patient at different time points showed that the great majority of genetic 
changes were due to homologous recombination. These results suggest that adap-
tation of  H. pylori  to the host individual may principally occur through sequence 
changes rather than loss or gain of genes  [52] . Nevertheless, comparative genomic 
 analysis of chronic atrophic gastritis  ( ChAG )  H. pylori  isolates also suggests that 
certain genes may have been lost or gained during progression to adenocarcinoma. 
Furthermore, adaptation to ChAG also includes alteration in the expression of 
genes encoding components of metal uptake and utilization pathways, outer mem-
brane proteins and virulence factors  [53] .  

  1.6 
 Conclusions 

 Comparative genomics indicate that a permanent process of construction and 
deconstruction of microbial genomes represents an important mechanism of 
genome evolution, both in short - term intervals (microevolution) as well as in long -
 term periods (macroevolution). These processes, which have been analyzed in 
detail for  E. coli , are also valid for other pathogenic as well as non - pathogenic 
microbes. Pathogenicity or genomic islands, may exhibit a particular  ‘ life cycle ’  of 
deconstruction and reconstruction: accessory genetic elements can integrate into 
the core genome preferentially in a site - specifi c manner (see Figure  1.2 ). Following 
 ‘ reduction ’ , particular islands lose gene clusters whose products do not contribute 
to better survival and transmission of the strain. Following re - integration of addi-
tional transposons or IS - elements, classical PAIs will be generated. Islands can 
delete from the chromosome, but they have the capacity to re - integrate and trans-
fer. It can therefore be concluded that the analysis of the mechanisms involved in 
destruction and restructuring of bacterial genomes results in a model of the evo-
lutionary processes of microbes in general.    
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