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The extraordinary plasticity of bacterial genomes raises
concerns about the adequacy of laboratory-adapted
reference strains for the study of ‘real world’ patho-
genesis. Some laboratory strains have been sub-
cultured for decades since their first isolation and
might have lost important pathophysiological charac-
teristics. Evidence is presented that bacteria rapidly
adapt to in vitro conditions. Genomic differences
between laboratory reference strains and corresponding
low-passage clinical isolates are reviewed. It appears
that no bacterial strain can truly represent its species.
For DNA microarray and proteomic studies, this limi-
tation might be overcome by the summation of
individual genomes to produce a species-specific virtual
supragenome.

Introduction

Bacterial growth conditions in vitro are strikingly differ-
ent from in vivo ecosystems, including bacterial infections.
Growth within multispecies communities in complex and
changing environments of the ‘real world’ contrasts with
the standardized and idealized conditions in laboratory
monocultures (Figure 1). Despite these differences,
microbial research is largely based on laboratory-adapted

reference strains that are essentially non-pathogenic
[1-3]. As outlined in Box 1, laboratory strains, such as K12
of Escherichia coli, PAO1 of Pseudomonas aeruginosa and
COL of Staphylococcus aureus, have been sub-cultured for
decades since their first isolation. A variety of genotypes
have consequently evolved over time [4]. As a result,
current PAO1 strains from various laboratories express
notably different biofilm phenotypes under ostensibly
identical growth conditions (P. Stoodley, unpublished).
The extraordinary plasticity of bacterial genomes,
which might be best illustrated by the diversity in genome
sizes within one species [5,6], is only now being fully
appreciated. This high degree of genetic flexibility,
however, raises concerns about the adequacy of labora-
tory-adapted reference strains for the study of ‘real-world’
pathogenesis. In the course of sequential in vitro passage,
laboratory reference strains might have significantly
differentiated from non-passaged clinical samples. There-
fore, any research conducted on the basis of current
laboratory strains and their genome sequence could miss
important pathophysiological mechanisms that only are
present in clinical strains. This limitation obviously
affects DNA microarray studies, but it also influences
proteomic studies that virtually reconstruct proteins on
the basis of the sequenced genome of a laboratory

Figure 1. Conventional sampling and passage techniques enrich for planktonic populations that have adapted to idealized in vitro growth conditions. (a) In vivo, bacteria
predominantly grow as biofilms — complex multispecies communities in a continually changing milieu. (b) The first selection for planktonic populations occurs during
sampling, in which predominantly detached biofilm and planktonically grown cells are collected. (¢) The sequential passage of broth cultures selects for planktonic cells,
whereas surface-adherent biofilm phenotypes are left behind. (d) By the time bacteria are maintained in a surface-adherent manner on agar media, many of the biofilm
phenotypes that enable survival in the ‘real world’ — and their specific genetic information - might have disappeared.
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Box 1. The ‘family history’ of three laboratory reference
strains

Escherichia coli K12

Originally isolated from the stool of a convalescent diphtheria
patient in 1922, K12 was sequentially passaged for 50 years in the
bacteriology department at Stanford University before various
derivative strains were typed and categorized [44]. In 1997 the
genome of MG1655 was sequenced, a derivative of K12 that had
been cured of the temperate lambda phage by ultraviolet irradiation
and the F plasmid by acridine orange [45].

Pseudomonas aeruginosa PAO1

The strain was originally isolated from a burn wound in 1955 by B.W.
Holloway in Melbourne, Australia [46]. Subcultures have been
passaged on laboratory media for more than three decades and
shared among microbiological laboratories all over the world. The
actual ATCC strain (BAA-47) represents a descendent of the original
strain that had been passaged in the laboratories of V.N. Krylov and
H.W. Ackermann. The PAO1 genome sequenced in 2000 was derived
from a strain of B.W. Holloway’s collection, which had been
maintained in the laboratory of P. Phibbs, University of Georgia [4].

Staphylococcus aureus COL

Isolated from the air of an operating theatre in England and cultured
by the Central Public Health Laboratory in Colindale (i.e. COL), the
strain was first described in 1966 [47]. Later on, it was transferred to
L. Sabath’s laboratory and maintained by serial passage on agar
medium, providing the basis for a publication in 1972 [48]. In 1976,
the strain was sent to B. Wilkinson’s laboratory, where stock
solutions were frozen down. The COL genome was sequenced
based on cultures from this stock (TIGR databases).

reference strain. Sequential passage in planktonic cul-
tures might be particularly fatal for biofilm-forming
subpopulations, which will be left behind adherent to the
vessel wall when planktonic cells are removed for sub-
culture (Figure 1). As a result, genes controlling the
spatial and metabolic interactions within complex biofilms
could be lost. Importantly, major laboratory reference
strains show impaired biofilm formation compared with
clinical representatives of the same species [6].

To substantiate our concerns about using laboratory
reference strains, we present evidence that (i) bacterial
genomes evolve during serial in vitro passage and (ii) that
these alterations are not random, but the result of specific
growth conditions. Important genomic differences
between three laboratory reference strains and individual
clinical isolates of the same species are reviewed. We
emphasize the fact that no clinical strain, let alone a
laboratory reference strain, can truly represent a species.
Rather, the complete species-genome is dispersed
throughout the population, as detailed in the distributed
genome hypothesis developed by Garth Ehrlich and
colleagues [7].

Learning from Pasteur

The history of the Bacille Calmette—Guerin (BCG) vaccine
provides an illustrative example for the evolution of
bacterial strains in vitro; repetitive passage has trans-
formed virulent mycobacteria into an attenuated live
vaccine [8]. Recognizing from the work of Louis Pasteur
that laboratory adaptation of bacteria is associated with
attenuation of virulence towards the host, Calmette
performed 230 passages before first exposing a human to
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the evolved strain in 1921. Attenuation of virulence had
already been reported after 15 passages, but continued
over 1173 passages until the lyophilisation of BCG in 1961
[8]. Until this time the vaccine strain had been distributed
all over the world and passaged further in individual
laboratories. Behr et al. [8] established a genealogy of BCG
vaccine strains by comparing genetic alterations over time
and between different strains. The observed deletions,
single nucleotide polymorphisms and duplications are
thought to account for the phenotypic differences observed
between current vaccine strains [8].

Several studies have documented that genetic altera-
tions during serial passage are not random. In planktonic
cultures, selection for rapidly growing bacteria occurs at
the expense of genes that are unnecessary in vitro [9-11].
Edwards et al. [9] randomly inactivated individual genes
in E. coli before growing planktonic cultures for 60 to 90
generations. Out of a total of 40 gene inactivations that
provided fitness advantages, 17 were found in operons
required for flagella production. Flagellar loss is believed
to provide substantial savings in energy and amino acid
requirements, but it reduces surface adhesion and biofilm
formation. Cooper et al. [10] analyzed the gene expression
of 12 E. coli populations after 20 000 generations in
planktonic culture. Populations had adapted to a rich-
medium environment and exhibited substantial gains in
competitive fitness relative to their ancestors. Eight out of
twelve populations showed mutations that resulted in a
downregulation of flagella and guanosine tetraphosphate
(ppGpp) concentrations. The latter is believed to stimulate
growth by increasing tRNA and rRNA transcription rates.
In S. aureus, sequential in vitro cultures selected for
mutations within the agr operon, thereby decreasing the
production of virulence factors and increasing the growth
yield [11].

It is crucial to recognize that standard laboratory
growth conditions might fail to reproduce adaptive
processes found in vivo. Point mutations that convert
non-mucoid P. aeruginosa into an alginate-producing
mucoid phenotype prevail in the lungs of patients with
cystic fibrosis (CF), but are rare under standard labora-
tory conditions [12]. To induce the in vitro generation of
mucoid phenotypes and antimicrobial-resistant small-
colony variants, bacteria must be challenged with sub-
lethal concentrations of antimicrobials, a phage or
surfactants [13,14]. The fact that these phenotypic
switches are closely related to improved biofilm formation
[13,15] again underlines the selective disadvantage of
conventional laboratory growth conditions for biofilm-
forming populations. Two recent publications correlate
biofilm formation with the expression of cytotoxic (type III
secretion) phenotypes, thereby illustrating the impact of
the bacterial mode-of-growth on the expression of viru-
lence factors [16,17].

Analogies of laboratory reference strains with obligate
intracellular bacteria might help us to explain adaptive
processes in the former (Box 2).

Are clinical strains different?
Improvements in genome sequencing, genomic subtrac-
tion techniques and constructing DNA arrays have
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Box 2. Analogies to obligate intracellular bacteria

Both laboratory reference strains and obligate intracellular bacteria,
such as chlamydia, rickettsia and mycoplasma, exclusively grow in a
highly specific environment. Growth conditions are characterized by
an abundance of nutrients and the restricted exposure to foreign
bacterial DNA, abolishing the acquisition of new genetic material.
These features could explain the reduced genome size of obligatory
intracellular and laboratory-adapted bacteria compared with free-
living organisms, which contain considerably more mobile genetic
elements and repeated sequences [49]. The unselectively rich milieu
in eukaryotic cells and standard growth media renders the
biosynthesis of many molecules optional [49]. Assuming that
bacterial genomes are prone to the deletion of non-essential DNA
[21], their coding genes might subsequently degrade. Both rickettsia
and chlamydia rely on host cells for their supply of nucleoside
monophosphates and appear to have discarded all genes involved in
their synthesis [50]. Up to 25% of non-coding DNA in intracellular
bacteria has been suggested to represent such ancient genes in a
state of degradation [49,50]. By contrast, free-living bacteria have
a low amount of non-coding DNA [51], which presumably reflects a
faster elimination rate to keep up with the high rates of DNA influx by
horizontal gene transfer.

facilitated the genetic comparison of individual strains
within one species. Important genetic differences between
laboratory reference strains and their clinical counter-
parts have been described for E. coli, P. aeruginosa and
S. aureus. The greater virulence of clinical isolates has not
only been related to the presence of individual genes [18] or
gene clusters (referred to as pathogenicity islands) [19,20]
but also to the inactivation of individual genes [21].

Genome comparisons between uropathogenic, entero-
pathogenic and the avirulent laboratory reference strain
K12 of E. coli revealed that only 39% of their combined set
of proteins is common to all strains [22]. Genome
comparisons between the enterohemorrhagic E. coli
0157:H7 and K12 strains revealed a total of 1632
0157:H7-specific open reading frames [19]. Both strains
contained a conserved (98.4% nucleotide sequence iden-
tity) backbone genome of 4.1 megabases (Mb) interrupted
by strain-specific islands [19,23]. Strain-specific islands
measured 1.4 Mb for O157:H7 and 0.5 Mb for K12,
respectively. Differences in G+ C content and the codon
usage between the backbone genome and genes on the
islands suggest that strain-specific regions have been
imported from other bacteria by horizontal gene transfer.
Prophages and prophage-like elements occupy more than
half of the O157:H7-specific sequences [19]. The higher
rate of defective DNA mismatch repair systems in
0157:H7 [24] (and many other pathogenic bacteria)
might enable more frequent mutations and horizontal
gene transfer to take place, which further promotes
pathogenicity [25,26]. Taken together, the laboratory
reference strain K12 is characterized by a smaller genome
with fewer pathogenicity islands and possibly impaired
genetic plasticity compared with the clinical strain.

To elucidate the evolution of E. coli strains, Reid et al.
[24] built phylogenetic trees by comparing gene sequences.
The laboratory strain K12 differed from pathogenic
strains by a surprisingly high number of nucleotide
changes [24]. On the basis of this discrepancy, the genetic
separation of K12 and O157:H7 was set back to as long as
4.5 million years ago. However, because K12 is the product
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of innumerable in vitro passages, an alternative expla-
nation is possible: the limited selection pressure of
idealized growth conditions in vitro might have tolerated
the accumulation of as many genetic alterations within
decades as hostile natural environments would have in
thousands of years.

Several clinical and environmental isolates of
P. aeruginosa have been compared with the laboratory
reference strain PAO1 [6,20,27,28]. Similar to E. coli, a
highly conserved backbone genome contrasted with
significant differences in hypervariable regions. Within
hypervariable regions, between 0.4% and 19% of the
genomes of non-laboratory strains are missing in PAO1
[6,20,27]. It has been hypothesized that the predecessor of
the current PAO1 possessed many of the genes found
throughout P. aeruginosa isolates, but that whatever was
not advantageous in a laboratory environment has been
progressively deleted [6]. By contrast, three PAO1-specific
islands were detected [27]. Inserted strain-specific regions
include the P. aeruginosa genomic islands (PAGI); their
codon-usage pattern differs significantly from the PAO1
genome [20]. The selective advantage of these patho-
genicity islands has been attributed to the protection
against oxidative damage (PAGI-1), to additional meta-
bolic functions and transporters (PAGI-2 and 3), to altered
flagellin-glycosylation or to unspecified transcriptional
regulations [20,29,30]. For example, PAGI-1 has been
found in 85% of isolates from sepsis and urinary tract
infections and appears to confer virulence traits [20]. The
genome island pKLC102 is a hybrid of plasmid and phage
origin [31]. Its coexistence as a plasmid and a genome
island suggests its intraclonal evolution from a mobile
ancestor via a reversibly integrated state to irreversible
incorporation and dissipation in the chromosome.

Phenotypic comparisons between strains derived from
lungs of CF patients and PAO1 revealed that adaptive
responses to one environment attenuate the performance
in another setting. The majority of CF-isolates expressed
reduced planktonic growth in vitro and decreased lung
colonization in a mouse model, but showed more efficient
biofilm formation [6].

In addition to a genetically stable backbone, the
S. aureus genome includes roughly 22% of strain-specific
sequences, which are organized into 18 large hypervari-
able regions containing prophages, plasmids, transposons
and insertion sequences [32]. A maximum of 12% of open
reading frames were absent in any clinical strain
compared with the laboratory strain COL [32]. Clusters
of strain-specific genes (the pathogenicity islands) encode
antibiotic resistance, virulence factors and an extraordin-
ary heterogeneity of superantigens [33,34]. Allelic vari-
ations within these islands further increase genetic
variability among S. aureus strains [35].

Genomic diversity among clinical strains
In vivo, bacteria have developed elaborate strategies to
cope with particular habitats that result in significant
genetic diversity within one species. Mechanisms of this
genomic plasticity are summarized in Box 3.

The specific assembly of pathogenicity islands in enter-
obacteria has resulted in disease-associated clones [22]. For
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Box 3. Mechanisms of genomic plasticity
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Genomic plasticity depends on point mutations, gene rearrange-
ments, deletions and horizontal gene transfer [35]. The latter includes
recombination as well as the insertion of mobile genetic elements
(bacterial phages, conjugative plasmids, transposons and insertion
elements). The localization of many virulence-associated genes within
such mobile genetic elements underscores the importance of
horizontal gene transfer for the evolution of pathogenicity [52]. The
rate of horizontal transfer correlates with the content of mobile and
repeated elements within a genome [53]. Interactions between mobile
elements are therefore thought to accelerate the successive acqui-
sition of virulence factors. For example, in Vibrio cholerae pili formed
by one phage are indispensable for host colonization, but also as a
receptor for a second phage carrying the cholera toxin gene [54].

As the inflow of genetic material through horizontal gene transfer
does not appear to have resulted in genome size expansions,
reductive evolutionary processes must occur at similarly high
frequencies [55]. The addition of a foreign gene might increase
the probability of loss of some resident function of lower selective
value [55].

E. coli, distinct genotypes can be attributed to individual
intestinal and extraintestinal pathologies. However, for
P, aeruginosa a firm correlation could not be established
between specific clones and habitats, arguing against a
pronounced genetic specialization in this species [36].

In contrast to community-acquired methicillin-resistant
S. aureus (MRSA), nosocomial strains contain a hetero-
geneity of superantigen gene clusters and a high number of
transposons and insertion sequences [33,35]. This arsenal
might enable them to resist a hostile hospital environment,
but represents a burden for rapid growth [33].

Two recent studies on S. aureus provide good examples
for the plasticity of bacterial genomes in response to
environmental stresses. Robinson et al. [37] investigated
the emergence of MRSA following the introduction of
methicillin in 1959. According to their model, methicillin
resistance has emerged at least 20 times following the
acquisition of mobile genetic elements known as staphyl-
ococcal cassette chromosome mec (SCCmec), producing
five major lineages of MRSA. A second study reported that
genome alterations within one S. aureus strain were
significantly more frequent during chronic lung infection
in patients with CF than during nasal colonization in
healthy individuals [38]. This suggests that the exposure
to host defenses and sub-inhibitory antibiotic concen-
trations might promote genetic alterations. Out of 19
genetic differences between consecutive samples from
individual patients, 8 could be related to phage mobiliz-
ation, indicative of an enhanced potency of lateral gene
transfer. Preliminary data further suggested that intra-
chromosomal inversions and duplications had occurred.

The observation that quorum-sensing, plasmids and
phages are key players in both horizontal gene transfer
and biofilm formation suggests that the capacities to form
biofilms and to exchange genetic material are closely
related. Notably, a particular quorum-sensing system in
Streptococcus mutans promotes both genetic competence
and biofilm formation [39]. Consequently, transformation
frequencies were 10 to 600-fold higher in biofilm-grown
bacteria than in planktonic cells. K12 dramatically
improved biofilm formation after the acquisition of
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Pathogenicity islands, clusters of strain-specific mobile genetic
elements, might loose characteristic mobility genes over time and
become integrated into the core genome. The existence of homolo-
gous genes on plasmids might then be the only indication that these
genes represent chromosomal integrations of former mobile genetic
elements [35]. Although most groups of Gram-negative and Gram-
positive pathogens contain pathogenicity islands, none has been
found in Chlamydia spp., the spirochetes and most streptococcal
species [35]. In chlamydia and spirochetes, this lack of pathogenicity
islands correlates with a reduced genome size and the inability to
replicate outside a host and might be due to their parasitic life style. By
contrast, streptococci have a high degree of flexibility in their lifestyle
despite the lack of pathogenicity islands. This presumable contradic-
tion has been explained by the high rate of recombination in these
bacteria. Newly-acquired mobile genetic elements would instantly be
recombined, resulting in mosaic gene structures and counteracting
the emergence of typical pathogenicity islands. The estimate that 10%
of the S. pyogenes genome comprises bacteriophages and trans-
posons [56] supports this hypothesis.

conjugative plasmids [26]. Thereby, cell-cell contacts
through conjugative pili enhance biofilm formation,
which provides a sufficient density of potential bacterial
recipients to assure high transfer rates of plasmids [26].
Furthermore, biofilm formation mediates prophage
expression in Gram-positive and Gram-negative organ-
isms [40,41]. This upregulation not only favors horizontal
gene transfer, but has recently been recognized to induce
biofilm dispersal in P. aeruginosa [42].

The supragenome

The genetic plasticity of bacteria in response to the
environment, fueled by high rates of horizontal gene
transfer in biofilms, results in genetic diversity within a
species that is currently difficult to quantify. Even non-
passaged clinical strains will never be representative of
their species. Only the summation of species-specific
‘communal gene-pools’ in a virtual supragenome can
fully characterize the genome of an individual species
[43]. This genetic reservoir could provide a major,
previously unrecognized survival advantage at the popu-
lation level.

Ehrlich et al. [43] are currently establishing the first
supra-genome for Haemophilus influenzae. The genetic
analysis of DNA fragments from 10 clinical strains
revealed that 11% of the sequences were not represented
in the genome of the reference strain H. influenzae Rd. On
the basis of these data, the supragenome is expected to
double the size of the reference strain genome.

Concluding remarks

No individual genome can truly represent a bacterial
species. Thus, the interpretation of any study result must
not only consider the experimental conditions, but also the
genetic background of the bacterial strains used. Labora-
tory reference strains might have lost important patho-
physiological characteristics and therefore might be
inadequate to document ‘real-world’ pathogenesis. The
close link between horizontal gene transfer and biofilm
formation is increasingly recognized. The impaired biofilm
formation of laboratory reference strains compared with
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clinical strains might indicate further-reaching genetic
alterations affecting bacterial virulence on a broader level.

Acknowledgements

This work was supported by the Swiss National Science Foundation grant
81BE-69256 (C.F.) and the National Institutes of Health RO1 grant
GM60052-02 (P.S.).

References

1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

Sauer, K. et al. (2002) Pseudomonas aeruginosa displays multiple
phenotypes during development as a biofilm. /. Bacteriol. 184,1140-1154
Schembri, M.A. et al. (2003) Global gene expression in Escherichia coli
biofilms. Mol. Microbiol. 48, 253-267

Wagner, V.E. et al. (2003) Microarray analysis of Pseudomonas
aeruginosa quorum-sensing regulons: effects of growth phase and
environment. J. Bacteriol. 185, 2080-2095

Stover, C.K. et al. (2000) Complete genome sequence of Pseudomonas
aeruginosa PAO1, an opportunistic pathogen. Nature 406, 959-964
Dobrindt, U. et al. (2003) Analysis of genome plasticity in pathogenic
and commensal Escherichia coli isolates by use of DNA arrays.
J. Bacteriol. 185, 1831-1840

Head, N.E. and Yu, H. (2004) Cross-sectional analysis of clinical and
environmental isolates of Pseudomonas aeruginosa: Biofilm for-
mation, virulence, and genome diversity. Infect. Immun. 72, 133—144
Ehrlich, G.D. et al. (2004) Role for Biofilms in Infectious Disease. In
Biofilms (Ghannoum, M.A. and O’toole, G. eds), pp. 332-358, ASM
press

Behr, M.A. (2002) BCG—different strains, different vaccines? Lancet
Infect. Dis. 2, 86-92

Edwards, R.J. et al. (2002) A simple method for genome-wide
screening for advantageous insertions of mobile DNAs in Escherichia
coli. Curr. Biol. 12, 863-867

Cooper, T.F. et al. (2003) Parallel changes in gene expression after
20,000 generations of evolution in Escherichia coli. Proc. Natl. Acad.
Sci. U. S. A. 100, 1072-1077

Somerville, G.A. (2002) In vitro serial passage of Staphylococcus
aureus: changes in physiology, virulence factor production, and agr
nucleotide sequence. JJ. Bacteriol. 184, 1430-1437

Schurr, M.J. et al. (1996) Control of AlgU, a member of the sigma
E-like family of stress sigma factors, by the negative regulators MucA
and MucB and Pseudomonas aeruginosa conversion to mucoidy in
cystic fibrosis. J. Bacteriol. 178, 4997-5004

Drenkard, E. and Ausubel, FM. (2002) Pseudomonas biofilm for-
mation and antibiotic resistance are linked to phenotypic variation.
Nature 416, 740-743

Govan, J.R. and Fyfe, J.A. (1978) Mucoid Pseudomonas aeruginosa
and cystic fibrosis: resistance of the mucoid from to carbenicillin,
flucloxacillin and tobramycin and the isolation of mucoid variants in
vitro. J. Antimicrob. Chemother. 4, 233—240

Hentzer, M. et al. (2001) Alginate overproduction affects Pseudo-
monas aeruginosa biofilm structure and function. J. Bacteriol.
183, 5395-5401

Hogardt, M. et al. (2004) Expression of Pseudomonas aeruginosa exoS
is controlled by quorum sensing and RpoS. Microbiology. 150, 843—-851
von Gotz, F. et al. (2004) Expression analysis of a highly adherent
and cytotoxic small colony variant of Pseudomonas aeruginosa
isolated from a lung of a patient with cystic fibrosis. J. Bacteriol.
186, 38373847

Choi, J.Y. et al. (2002) Identification of virulence genes in a pathogenic
strain of Pseudomonas aeruginosa by representational difference
analysis. J. Bacteriol. 184, 952-961

Hayashi, T. et al. (2001) Complete genome sequence of enterohemor-
rhagic Escherichia coli O157:H7 and genomic comparison with a
laboratory strain K-12. DNA Res. 8, 11-22

Liang, X. et al. (2001) Identification of a genomic island present in the
majority of pathogenic isolates of Pseudomonas aeruginosa.
J. Bacteriol. 183, 843-853

Ochman, H. et al. (2000) Lateral gene transfer and the nature of
bacterial innovation. Nature 405, 299-304

Welch, R.A. et al. (2002) Extensive mosaic structure revealed by the
complete genome sequence of uropathogenic Escherichia coli. Proc.
Natl. Acad. Sci. U. S. A. 99, 17020-17024

www.sciencedirect.com

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

TRENDS in Microbiology Vol.13 No.2 February 2005

Perna, N.T. et al. (2001) Genome sequence of enterohaemorrhagic
Escherichia coli 0157:H7. Nature 409, 529-533

Reid, S.D. et al. (2000) Parallel evolution of virulence in pathogenic
Escherichia coli. Nature 406, 64—67

Reisner, A. et al. (2003) Development and maturation of Escherichia
coli K-12 biofilms. Mol. Microbiol. 48, 933-946

Ghigo, J.M. (2001) Natural conjugative plasmids induce bacterial
biofilm development. Nature 412, 442-445

Spencer, D.H. et al. (2003) Whole-genome sequence variation
among multiple isolates of Pseudomonas aeruginosa. J. Bacteriol.
185, 1316-1325

Wolfgang, M.C. et al. (2003) Conservation of genome content and
virulence determinants among clinical and environmental isolates
of Pseudomonas aeruginosa. Proc. Natl. Acad. Sci. U. S. A. 100,
8484-8489

Larbig, K.D. et al. (2002) Gene islands integrated into tRNA(Gly)
genes confer genome diversity on a Pseudomonas aeruginosa clone.
J. Bacteriol. 184, 6665-6680

Arora, S.K. et al. (2004) Sequence polymorphism in the glycosylation
island and flagellins of Pseudomonas aeruginosa. J. Bacteriol. 186,
2115-2122

Klockgether, J. et al. (2004) Sequence analysis of the mobile genome
island pKLC102 of Pseudomonas aeruginosa C. J. Bacteriol. 186,
518-534

Fitzgerald, J.R. et al. (2001) Evolutionary genomics of Staphylococcus
aureus: insights into the origin of methicillin-resistant strains and the
toxic shock syndrome epidemic. Proc. Natl. Acad. Sci. U. S. A. 98,
8821-8826

Baba, T. et al. (2002) Genome and virulence determinants of high
virulence community-acquired MRSA. Lancet 359, 1819-1827
Kuroda, M. et al. (2001) Whole genome sequencing of methicillin-
resistant Staphylococcus aureus. Lancet 357, 1225-1240

Schmidt, H. and Hensel, M. (2004) Pathogenicity islands in bacterial
pathogenesis. Clin. Microbiol. Rev. 17, 14-56

Kiewitz, C. and Tummler, B. (2000) Sequence diversity of Pseudo-
monas aeruginosa: impact on population structure and genome
evolution. J. Bacteriol. 182, 3125-3135

Robinson, D.A. and Enright, M.C. (2003) Evolutionary models of the
emergence of methicillin-resistant Staphylococcus aureus. Anti-
microb. Agents Chemother. 47, 3926-3934

Goerke, C. et al. (2004) Increased Frequency of Genomic Alterations in
Staphylococcus aureus during Chronic Infection Is in Part Due to
Phage Mobilization. «J. Infect. Dis. 189, 724-734

Li, Y.H. et al. (2002) A quorum-sensing signaling system essential for
genetic competence in Streptococcus mutans is involved in biofilm
formation. JJ. Bacteriol. 184, 2699-2708

Stanley, N.R. et al. (2003) Identification of catabolite repression as a
physiological regulator of biofilm formation by Bacillus subtilis by use
of DNA microarrays. J. Bacteriol. 185, 1951-1957

Whiteley, M. et al. (2001) Gene expression in Pseudomonas aeruginosa
biofilms. Nature 413, 860-864

Webb, J.S. et al. (2003) Cell death in Pseudomonas aeruginosa biofilm
development. J. Bacteriol. 185, 4585-4592

Erdos, G. et al. (2003) Development and characterization of a pooled
Haemophilus influenzae genomic library for the evaluation of gene
expression changes associated with mucosal biofilm formation in otitis
media. Int. J. Pediatr. Otorhinolaryngol. 67, 749-755

Bachman, B. (1972) Pedigrees of Some Mutant strains of Escherichia
coli K12. Bacteriological Rev. 36, 527-557

Blattner, F.R. (1997) The complete genome sequence of Escherichia
coli K-12. Science 277, 1453-1474

Holloway, B. (1955) Genetic recombination in Pseudomonas aerugi-
nosa. J. Gen. Microbiol. 13, 572-581

Dyke, K.G. et al. (1966) Penicillinase production and intrinsic
resistance to penicillins in Staphylococcus aureus. Lancet 1, 835-838
Sabath, L.D. et al. (1972) Suppression of intrinsic resistance to
methicillin and other penicillins in Staphylococcus aureus. Anti-
microb. Agents Chemother. 2, 350-355

Frank, A.C. et al. (2002) Genome deterioration: loss of repeated
sequences and accumulation of junk DNA. Genetica 115, 1-12
Andersson, J.0. and Andersson, S.G. (1999) Insights into the
evolutionary process of genome degradation. Curr. Opin. Genet. Dev.
9, 664-671


http://www.sciencedirect.com

—M TRENDS in Microbiology Vol.13 No.2 February 2005

63

51 Homma, K. et al. (2002) A systematic investigation identifies a 54 Karaolis, D.K. et al. (1999) A bacteriophage encoding a pathogenicity

significant number of probable pseudogenes in the Escherichia coli island, a type-IV pilus and a phage receptor in cholera bacteria.
genome. Gene 294, 25-33 Nature 399, 375-379
52 Dobrindt, U. and Hacker, J. (1999) Plasmids, phages and patho- 55 Andersson, J.0. and Andersson, S.G. (2001) Pseudogenes, junk
genicity islands: Lessons on the evolution of bacterial toxins. In The DNA, and the dynamics of Rickettsia genomes. Mol. Biol. Evol. 18,
comprehensive sourcebook of bacterial protein toxins (2nd edn) (Alouf, 829-839
J.E. and Freer, J.H. eds), Academic Press 56 Ferretti, J.J. et al. (2001) Complete genome sequence of an M1
53 Mira, A. et al. (2002) Microbial genome evolution: sources of strain of Streptococcus pyogenes. Proc. Natl. Acad. Sci. U. S. A.
variability. Curr. Opin. Microbiol. 5, 506—512 98, 4658-4663

Endeavour

the quarterly magazine for the history
and philosophy of science

You can access Endeavour online via
ScienceDirect, where you'll find a
collection of beautifully illustrated

articles on the history of science, book

reviews and editorial comment.

Featuring

Sverre Petterssen and the Contentious (and Momentous) Weather Forecasts for D-Day, 6 June 1944 by J.R. Fleming
Food of Paradise: Tahitian breadfruit and the Autocritique of European Consumption by P. White and E.C. Spary
Two Approaches to Etiology: The Debate Over Smoking and Lung Cancer in the 1950s by M. Parascandola
Sicily, or sea of tranquility? Mapping and naming the moon by J. Vertesi
The Prehistory of the Periodic Table by D. Rouvray
Two portraits of Edmond Halley by P. Fara

and coming soon

Fighting the ‘microbe of sporting mania’: Australian science and Antarctic exploration in the early twentieth century
by P. Roberts
Learning from Education to Communicate Science as a Good Story by A. Negrete and C. Lartigue
The Traffic and Display of Body Parts in the Early-19th Century by S. Alberti and S. Chaplin
The Rise, Fall and Resurrection of Group Selection by M. Borrello
Pomet’s great “Compleat History of Drugs’” by S. Sherman
Sherlock Holmes: scientific detective by L. Snyder
The Future of Electricity in 1892 by G.J.N. Gooday
The First Personal Computer by J. November
Baloonmania: news in the air by M.G. Kim

and much, much more. ..
Locate Endeavour on ScienceDirect (http://www.sciencedirect.com)

www.sciencedirect.com


http://www.sciencedirect.com

	Can laboratory reference strains mirror ‘real-world’ pathogenesis?
	Introduction
	Learning from Pasteur
	Are clinical strains different?
	Genomic diversity among clinical strains
	The supragenome
	Concluding remarks
	Acknowledgements
	References


