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Pseudomonas aeruginosa has a wide ecological distribution that includes natural habitats and clinical
settings. To analyze the population structure and distribution of P. aeruginosa, a collection of 111 isolates of
diverse habitats and geographical origin, most of which contained a genome with a different SpeI macror-
estriction profile, was typed by restriction fragment length polymorphism based on 14 single nucleotide
polymorphisms (SNPs) located at seven conserved loci of the core genome (oriC, oprL, fliC, alkB2, citS, oprI, and
ampC). The combination of these SNPs plus the type of fliC present (a or b) allowed the assignment of a genetic
fingerprint to each strain, thus providing a simple tool for the discrimination of P. aeruginosa strains. Thirteen
of the 91 identified SNP genotypes were found in two or more strains. In several cases, strains sharing their
SNP genotype had different SpeI macrorestriction profiles. The highly virulent CHA strain shared its SNP
genotype with other strains that had different SpeI genotypes and which had been isolated from nonclinical
habitats. The reference strain PAO1 also shared its SNP genotype with other strains that had different SpeI
genotypes. The P. aeruginosa chromosome contains a conserved core genome and variable amounts of accessory
DNA segments (genomic islands and islets) that can be horizontally transferred among strains. The fact that
some SNP genotypes were overrepresented in the P. aeruginosa population studied and that several strains
sharing an SNP genotype had different SpeI macrorestriction profiles supports the idea that changes occur at
a higher rate in the accessory DNA segments than in the conserved core genome.

Pseudomonas aeruginosa is a gram-negative bacterium
present in soil and aquatic environments (42). In addition, this
bacterial species is also an important opportunistic pathogen
for humans, animals, and plants. It can produce severe infec-
tions in immunocompromised hosts (29) and is the major fac-
tor for morbidity and mortality in cystic fibrosis patients (13).
Its ecological diversity is probably related to its great metabolic
versatility. Its pathogenic ability derives from the presence of
several cell-associated and secreted virulence factors, such as
elastase, exotoxin A, phospholipase, and alkaline protease,
among others (8, 26, 47). P. aeruginosa uses a type III secretion
system to directly deliver several effector proteins into the
cytoplasm of the host cell, a key step in the cytotoxic and
invasion processes (12, 15, 34, 49). Remarkably, the genes
encoding all of these virulence factors are not clustered in
pathogenicity islands but are rather dispersed in the bacterial
chromosome (45).

An important question regarding P. aeruginosa is whether
the strains isolated from infected patients correspond to spe-
cialized strains adapted to clinical habitats or whether the
virulence of this bacterial species results from a set of traits
that are present in most or all strains from any environment.

Several data support the view that the strains isolated from
nonclinical environments (referred to hereafter as environ-
mental strains) are indistinguishable from clinical isolates in
terms of several genotypic, taxonomic, or metabolic properties
(2, 6, 10, 11, 17, 32, 33). Furthermore, a recent whole-genome
analysis of the presence or absence of strain-specific genes
within a set of 18 strains isolated from clinical and nonclinical
habitats revealed no correlation between genome content and
infection type as well as a remarkable conservation of genes,
including those encoding most known virulence factors (48).

Current knowledge indicates that the P. aeruginosa genome
is made up of a mosaic of a conserved core and variable
accessory segments (10, 14, 17, 31, 41). The core genome is
characterized by a conserved synteny of genes and a low aver-
age nucleotide substitution rate (about 0.5%). Only 2.5% of
the coding sequences exhibit significantly higher sequence di-
versity. Clone- or strain-specific genome islands define the
variable part of the chromosome (4, 10, 16, 19, 21, 32, 36) and
lead to fluctuations in the genome size, which can range from
5.2 to 7 Mbp (36).

Single nucleotide polymorphism (SNP) genotyping of six
genes of the core genome in a collection of 19 environmental
and clinical P. aeruginosa strains and a restriction fragment
length polymorphism (RFLP) analysis of their chromosomes
revealed a high sequence conservation in four of the genes and
a high frequency of recombination within the chromosome,
leading to a random association of alleles (17). This indicates
that the P. aeruginosa gene pool is in linkage equilibrium. Due
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to the frequent exchange of genomic islands and accessory
DNA segments, P. aeruginosa populations would consist of a
series of equivalent genotypes formed by related strains
(termed clones), which form a net-like population structure
(17). A different collection of 73 environmental and clinical
isolates collected from diverse sources was studied by combin-
ing the analysis of some phenotypic traits, the DNA sequences
of three genes, and amplified fragment length polymorphism
pattern analysis (28). The results showed that the isolates could
be grouped into clusters but that the clusters obtained by the
different experimental approaches were not always congruent.
Amplified fragment length polymorphism analyses suggested
the existence of groups of strains (clones) having a related
chromosome structure, although the relatedness and organi-
zation of this clonal population were obscured by DNA rear-
rangements and insertion of large DNA segments at conserved
regions of the otherwise highly conserved chromosomal back-
bone. The detection of clonal complexes suggested a transient
epidemic-like spread of certain genotypes. This epidemic dis-
tribution of P. aeruginosa populations is more clearly detected
when the strains analyzed are collected in a small region or in
a specific environment (3, 22, 27).

A clear view on the structure and dynamics of P. aeruginosa
populations is relevant both to understand the biology of this
ubiquitous bacterial species in different habitats and to per-
form epidemiological studies to trace nosocomial infections
(27). Current analyses on this topic have been performed fo-
cusing either on a few markers on many strains or on many
markers on only a few strains (3, 6, 10, 17, 22, 27, 28, 48).
However, a consistent picture of P. aeruginosa populations
would benefit from the analysis of large numbers of strains by
using many, rather than a few, genetic markers and by using
highly discriminative tests. To this end, 111 strains were se-
lected, mainly from our own collections of more than 5,000
isolates, to gather a group containing strains from a broad
range of sources and habitats (both clinical and nonclinical
environments) and in which most of the strains represented a
unique clone according to the SpeI macrorestriction fragment
fingerprint, which is the current “gold standard” for genotyping
P. aeruginosa (25). We have looked for SNPs in seven con-
served loci of the core genome in these 111 strains. This has led
to find a combination of 14 SNPs which, together with the type
of fliC gene variant present (a or b), allows the assignment of
a highly discriminative signature to individual strains. Assum-
ing linkage equilibrium, we could expect free recombination of
loci and one unique SNP marker genotype per clone. However,
in some cases, an SNP genotype was shared by two or more
strains. The possible meaning of these findings is discussed.

MATERIALS AND METHODS

Bacterial strains and culture media. The P. aeruginosa strain collection used
consisted of 111 isolates obtained from patients with different pathologies and
from various countries (87 strains), from different nonclinical environments
(termed environmental strains, 20 isolates), or from other unknown sources. A
detailed description is provided in Table 1. The strains were kindly provided by
F. Baquero (Ramón y Cajal Hospital, Madrid, Spain) and I. Attrée (CHU—
Grenoble, Grenoble, France) or belonged to our own collections. Some strains
were purchased from the American Type Culture Collection or Colección Es-
pañola de Cultiros Tipo. Bacterial strains were cultivated in Luria-Bertani me-
dium (35) unless otherwise stated.

RAPD genotyping. Genotyping by the random amplified polymorphic DNA
(RAPD) method was performed as described previously (7). One isolate per
RAPD type was further typed by analyzing the SpeI macrorestriction pattern of
its genome by pulsed-field gel electrophoresis (PFGE) as described below.

PFGE. Samples were analyzed as described in reference 33, with minor mod-
ifications. P. aeruginosa strains were grown overnight at 37°C in Luria-Bertani
medium, centrifuged for 10 min at 1,500 � g, and suspended in 75 mM NaCl and
25 mM EDTA (pH 7.4) to a concentration of 5 � 109 cells/ml. The cell suspen-
sion was mixed 1:1 with 2% (wt/vol) low-melting-point agarose to prepare the
agarose plugs. The embedded cells were digested for 48 h at 56°C with proteinase
K (1 mg/ml in 0.5 M EDTA [pH 9.5], 1% [vol/vol] N-lauryl-sarkosine). Agarose
plugs were equilibrated and stored in 10 mM EDTA and 10 mM Tris-HCl (pH
7.4) at 4°C until used. One-third to one-half of a plug was equilibrated in SpeI
buffer (50 mM NaCl, 6 mM Tris-HCl [pH 7.5], 10 mM MgCl2). Digestion was
performed overnight at 37°C in 90 �l of enzyme buffer with 4 U of SpeI, 0.1 mg
of bovine serum albumin/ml, and 5 mM dithiothreitol. Separation of DNA
fragments was performed by PFGE in a CHEF-DR III apparatus (Bio-Rad),
with a 1.5% (wt/vol) agarose gel, 0.5� Tris-borate-EDTA buffer, and a linear
ramping from 8 to 50 s for 24 h, 12 to 25 s for 22 h, and 1 to 14 s for 14 h. DNA
fragments were visualized by ethidium bromide staining. Genotypes were defined
from the evaluation of SpeI fragment patterns as described in reference 30.

SNP analysis by DNA sequencing. To search for SNPs in alkB2, this gene was
sequenced in 20 strains (listed below). To this end, genomic DNA was PCR
amplified by using either AlkB2-1 and AlkB2-2 or AlkB2-3 and RR1-20 as
primers (Table 2). The DNA fragments obtained were sequenced with the same
primers as above.

SNP analysis by RFLP. Boiled colonies of each of the 111 strains were
subjected to PCR with adequate primers to amplify DNA fragments containing
the SNP to be analyzed (Table 2). PCR was performed by using the Ready-to-go
PCR beads kit (Amersham) as specified by the supplier. Amplified DNA was
digested with the restriction enzyme discriminating each SNP, and the fragments
generated were analyzed by agarose gel electrophoresis and ethidium bromide
staining. To detect the SNP in the oprL gene, an artificial restriction site was
created in the direct primer and mismatch PCR (5) was performed. In brief, the
primer was designed so that its 3� end is 1 bp upstream from the SNP, and it
contains a mismatch close to the 3� end, which generates a restriction site for
BstUI if the sequence contains a cytosine at the site of the SNP but not if the base
is a thymidine. Therefore, the presence or absence of the BstUI site allows for
the analysis of the SNP.

Analysis of fliC. P. aeruginosa strains contain one of two variants of the fliC
gene (a type and b type), which encode flagellins of different molecular weights
(1). Therefore, a PCR approach was undertaken to identify which variant was
present in each strain. The oligonucleotides used for PCR, indicated in Table 2,
rendered DNA fragments of 997 or 1,018 bp (a type fliC) or of 1,300 bp (b type
fliC).

Nucleotide sequence accession number. The EMBL GenBank accession num-
bers for alkB2 are as follows: strain RR1, AJ33602; strain 892, AJ633605; strain
K9, AJ633603; strain G7, AJ633606; strain SG1, AJ633604; strain DSM 1128,
AJ633607; strain DM, AJ633608; strain HJ2, AJ633609; strain 63741, AJ633610;
strain SG31, AJ633611; strain ATCC 10145, AJ633612; strain ATCC 15691,
AJ633613; strain ATCC 33356, AJ633614; strain ATCC 33818, AJ633615; strain
PAK, AJ633616; strain 19G12, AJ633617; strain CECT 119, AJ633618; strain
ATCC 15524, AJ633619; strain CHA, AJ633620.

RESULTS

Strain panel analyzed. The investigated strain panel (Table
1) consists of 20 strains available from public culture collec-
tions and 91 isolates from the local collections of the collabo-
rating laboratories and their partners. The Geneva collection,
which mainly consists of contemporary sequential isolates from
tracheal aspirates of intubated patients treated at intensive
care units (7), was first screened by RAPD genotyping. One
strain per RAPD type was then analyzed in its SpeI macror-
estriction fragment pattern to ensure that only unique clones
were incorporated into the common panel. Two isolates with
the same RAPD and SpeI profile were also included as inter-
nal controls (strains 3D10 and 18F8). Strains from the Han-
nover collection were selected to include all abundant clones,
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such as C, J, K, M, and TB (33), and all clones found in more
than one habitat, considering a source and geographic origin as
diverse as possible, as well as the whole collection period from
1982 onwards. About 1,600 of the more than 3,000 P. aerugi-
nosa isolates of the Hannover collection have been typed by
macrorestriction fragment pattern analysis. For the purpose of
this study, unique SpeI genotypes were each represented by
just one strain. In other words, even the abundant clones were
represented by one isolate. Pairs of strains which were previ-
ously known to have the same SNP combination at oriC, citS,
ampC, and oprL and which contained related SpeI genotypes
(17) were included as internal controls only in a few cases. The
Madrid collection (strains NAG96 to MVV28 in Table 1) also
included isolates with unique RFLP macrorestriction profiles.
The panel was completed with other strains from diverse ori-
gins.

Determination of SNPs in selected genes. Seven loci were
analyzed for SNPs suitable for discrimination of P. aeruginosa
strains. The loci were chosen according to several criteria: they
should be highly conserved, they should belong to different
categories (regulatory, structural, or metabolic genes), and
they should be evenly distributed through the P. aeruginosa
genome. Several SNPs had already been described at oriC (the
origin of replication), citS (citrate synthase), ampC (chromo-
somal beta-lactamase), oprI (outer membrane protein OprI),
fliC (flagellin) (17), and oprL (28). A subset of these reported
SNPs in which the less frequent sequence variant was present
in more than 15% of the analyzed strains were selected for our
analyses. Sequencing of alkB2 in P. aeruginosa strain RR1 had
shown the presence of several SNPs relative to strain PAO1
(24). To determine whether any of these SNPs could be useful
to our study, alkB2 was sequenced in 20 P. aeruginosa strains
(strains and EMBL GenBank accession numbers are indicated
in Materials and Methods). Forty-two SNPs were found. Thir-
ty-nine of them were present in less than 15% of the strains
analyzed and were therefore discarded. One of them (at posi-
tion 1017, with numbering relative to the translation start site)
was present in all but the reference strain PAO1 and was
discarded as well. Two SNPs were detected that changed in
more than 15% of the 20 strains, namely G3A at position 471
and A3G at position 1047. These two SNPs were chosen for
further analyses. Therefore, the complete set of SNPs selected
to analyze the P. aeruginosa population structure included one
at oriC, two at citS, one at oprI, seven at ampC, one at oprL,
and two at alkB2 (Table 1). P. aeruginosa strains are known to
encode either a- or b-type flagellins that differ by 35% in
primary structure (1, 39). Since these two fliC variants (a type
and b type) can be used as a discrimination test (39, 40), the
presence of each variant was also evaluated as a discrimination
tool.

An important aspect to take into account when using SNPs
for strain typing is whether the loci and the SNPs considered
show genetic linkage or are rather randomly associated (this is,
they are in linkage equilibrium). Previous work had shown that
oriC, citS, ampC, oprI, and fliC are not genetically linked (17).
Furthermore, the seven SNPs selected at ampC have a random
association as well (40). As will be shown below, the complete
set of SNPs analyzed in this work are also in linkage equilib-
rium. Therefore, the selected SNPs can be used as a way to
discriminate between strains.
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Analysis of the selected SNPs in the complete P. aeruginosa
strain collection (composed of 111 strains) was performed by
RFLP of PCR-amplified DNA, since in most cases, one of the
variants of the SNP corresponds to a target for a restriction
enzyme which is missing in the alternative variant. In the case
of oprL, where such a target was not available, an artificial
restriction site was created at one of the oligonucleotides used
in the PCR. The results of the RFLP analyses are shown in
Table 1. The profile of SNPs for each strain is referred to as the
SNP genotype. Strain PAO1 was taken as the reference strain,
and its sequence for each SNP is indicated in Table 1. For the
other strains, the sequence is shown only when it differs from
PAO1. The genes citS, ampC, oprI, and fliC, as well as the oriC
locus, had been previously fully sequenced in some of the
strains tested, namely strains 892, K9, G7, DM, 63741, ATCC
10145, DSM 1128, HJ2, ATCC 15691, ATCC 33356, ATCC
33818, ATCC 21776, H2, SG1, and SG31 (17). The results
obtained by RFLP were fully consistent with the reported
sequence data, indicating that the method is reliable. Further-
more, in the case of the 20 strains in which the alkB2 gene had
been sequenced, the RFLP method also gave consistent re-
sults.

Linkage analysis and frequency of SNPs. To analyze the
possible linkage among all of the SNPs characterized, we de-
termined the index of association (IA), which is a measure of
linkage disequilibrium (38). IA is defined as VO/(VE�1), where
VO is the observed variance and VE the expected variance of
the mean number of SNPs at which two P. aeruginosa strains
differ. Calculations were performed by using the software
available at http://www.mlst.net. The value of IA was estimated
by generation of 1,000 randomized data sets under the assump-
tion of random association of loci. Using each genotype as a
unit, as described before (17), the value of IA was 0.161, which

indicates no evidence of association among the different SNPs
analyzed, with a significance level of P � 0.001. The SNP set
can therefore be used for strain typing.

An additional important requisite for an SNP to be useful in
strain typing is that the less-frequent variant should be present
in a significant fraction of the clones, with 50% being the ideal
value. Table 3 shows the frequency of each SNP in the P.
aeruginosa collection screened. The less-frequent variants of
the SNPs selected in this study were present in 15 to 49% of the
strains, values that are high enough to consider these SNPs
suitable for strain typing. Since no linkage was detected among
the SNPs characterized, the theoretical discrimination effi-
ciency of this set of SNPs can be estimated by multiplying the
accumulated frequencies of all of the SNPs considered. If this
hypothesis is correct, the discrimination ability of this set of
SNPs ranges from 2.7 � 10�3 in the worst case (a strain with
all of the most frequent SNPs) to 1.5 � 10�8 in the best case
(a strain with all of the less-frequent SNPs).

Shared genotypes. Comparison of the SNP profiles of the
111 isolates analyzed showed that several strains shared the
SNP and fli genotypes (Fig. 1). In some cases, this finding was
to be expected. For example, the strain pairs 892 and 63741, or
SG1 and SG31, had been introduced as internal controls be-
cause they were known in advance to share 100% nucleotide
sequence identity in the loci oriC, citS, oprI, ampC, fliC, and
pilA and to share highly related or identical SpeI fragment
fingerprints (17). Similarly, strains 3D10 and 18F8 were known
to share the same RAPD profile and were isolated at the same
hospital. In other cases, the shared SNP genotypes appear in
strains that have been isolated from a single site (strains ATCC
15522, ATCC 15524 and ATCC 15528) (Table 1). For all other
strains, however, shared SNPs profiles suggest unanticipated
relatedness, since the SNP set used had a minimum estimated

TABLE 2. Primers used for PCRs and endonucleases used to analyze SNPs at the indicated loci by RFLP

Locus Primer Primer sequencea PCR fragment size (bp) Endonuclease used in
RFLP analysisb

SNP detected
(position)c

Presence of the
restriction site
in strain PAO1

oriC oriC dir AGAACCTGACGGCCGTTCTT 632 AlwNI T3C (267) No
oriC inv AAGTTCCACGGACACGGATAT

oprL oprL dir GCGCTACCTGGTGCTGCAGCG 114 BstUI T3C (396) No
oprL inv GCGACGGTTCTGAGCCCAGGA

alkB2 RR1-20 CGATCTGCTCTGCCAGGCTG 820 MspA1I G3A (471) No
AlkB2-3 CTTGTAGGCGTGCGGGAGGA

alkB2 AlkB2-2 GTGCGCGGCCACCATGTACA 779 Fnu4HI A3G(1047) No
AlkB2-1 TTTCCGCACAGGGCTCCACG

citS Cit6 CCATCGCGGCTACCCCATCG 872 AciI A3G (533) No
Cit3 GCTTCGTTCGCGCCCCCATG MnlI G3C (896) No

oprI oprI dir ATTTCCCCGGCTGGGAGATTGC 341 AciI T3C (195) No
oprl inv CGAGGGACCGGTTTTCAACAGG

ampC 1162 GGTCGAACCAATCTCTGCTCC 762 MspI G3A (789) Yes
1161 CATGAGCCGTTCGAACGGCTG MnlI C3T (883) Yes

ampC 1160 CCTGACCCAGGACAAGATGC 489 BstUI C3T(1060) Yes
1428 AGGTTGGCATCGACGAAGCGC HinfI G3A(1150) No

AlwNI G3C(1166) No
ampC 1427 CAGTACGCCCAGGGCTATGGC 519 AgeI T3C(1585) Yes

1163 GGCCTTCAGCGGCACCTTGC BsrI C3A(1639) No
fliC Fla1 GCCTGCAGAACGCCAACC 997 or 1018 (type a)

Fla2 GGCAGCTGGTTGGCCTG 1300 (type b)

a Primers for oriC, citS, and ampC are based on those described in reference 40.
b Some of the PCR fragments served to analyze more than one SNP by RFLP. In those cases, more than one endonuclease is indicated for each fragment and the

absence or presence of the corresponding target in strain PAO1 is indicated in the adjacent column.
c The position of each SNP at the corresponding locus is indicated as specified in Table 1.
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discrimination ability of 2.7 � 10�3. In most cases, the strains
sharing the SNP genotype had very different origins and had
been isolated in different countries, in different years, and even
from different habitats (environmental and clinical). This is the
case with strains PAO1 (reference strain, isolated in the 1950s
in Australia), the clonal variants 3D10 and 18F8 (both from
Switzerland), and strain SFQ47 (from Spain). Similarly, strains
PT22 (a freshwater isolate from Germany), CHA (a highly
virulent clinic isolate from a cystic fibrosis patient in France),
and ATCC 14886 (of environmental origin) also share the
same SNP profile. The last example is one of the most inter-
esting, as it shows that environmental strains may cluster with
highly virulent clinical isolates, reinforcing the idea that P.
aeruginosa strains may not only survive in different habitats but
keep their metabolic and infective properties independent of
the habitat where they are found.

To further validate the significance of the shared SNP pro-
files, oriC, oprL, alkB2, citS, oprI, ampC, and fliC were fully
sequenced in strains CHA and ATCC 14886. Interestingly, the
sequences of all these loci were identical in the two strains.
This corroborates again the accuracy of the RFLP method
used to identify SNPs. Even more, the fact that these two
strains share not only the SNPs analyzed but also the full
sequence of the analyzed genes verifies that the two strains are
highly related.

PFGE analysis. To gain additional information on the ge-
nome organization of the strains sharing the SNP genotype, the
SpeI fragment patterns of strains having the same SNP geno-
type were compared on adjacent lanes by PFGE (Fig. 2).
Strains PAO1, 3D10, and 18F8, which share the same SNP
profile, also show the same macrorestriction pattern. It was
expected that strains 3D10 and 18F8 share the same SpeI
macrorestriction pattern, since they are clonal variants inten-
tionally introduced as an internal control in the typing assays.
However, it was not expected that they would share the pattern
with strain PAO1. Strain SFQ47, which shares the SNP geno-
type with PAO1, 3D10, and 18F8, has a different PFGE profile.
Similarly, strains RP1 (clinical, Germany; clone J), HJ2 (clin-
ical, Germany; clone M), ZW79 (clinical, United Kingdom),

NCC81 (clinical, Spain), and 60B5 (clinical, Switzerland) share
the same SNP genotype but have different SpeI macrorestric-
tion patterns. Strains PT22 (environmental, Germany), CHA
(clinical, France), and ATCC 14886 (environmental) show
PFGE profiles that, although related in their fragment pattern,
differ in several bands in spite of having the same SNP geno-
type. Finally, strains VSF17 (isolated in Spain) and K9 (Ger-
many), which also share the SNP profile, have different mac-
rorestriction patterns. Similar PFGE assays (data not shown)
indicated that strain pairs G7 (clinical, Germany; clone G) and
SS1 (clinical, Germany; clone K), DSM 288 and DSM 1253,
ATCC 15691 (type strain) and A5670 (clinical, Germany), and
PT20 (environmental strain, Germany) and ZW88 (clinical,
United Kingdom) have different macrorestriction profiles, al-
though they share identical SNP genotypes.

DISCUSSION

Analysis of the evolution of bacterial populations is an im-
portant task for understanding their epidemiology and ecolog-
ical behavior. To that goal, powerful molecular tools capable of
discriminating between different isolates are required. In the
case of P. aeruginosa, PFGE is the current gold standard.
However, this method is time-consuming and difficult to apply
to the study of large numbers of isolates. Furthermore, results
from different laboratories are not always easy to compare
(25). Multilocus sequence typing (and derived techniques like
SNP typing) has been shown to be a powerful technique with
several bacterial species (9, 23, 43). An SNP typing method to
discriminate P. aeruginosa isolates was performed on the basis
of the sequence of 7 conserved loci in 20 strains (17, 28; this
work). The 14 SNPs analyzed mapped at oriC (1 SNP), oprL (1
SNP), alkB2 (2 SNPs), citS (2 SNPs), oprI (1 SNP), and ampC
(7 SNPs). In addition, the variant of fliC, a or b, present in each
strain was scored. The selected SNPs, many of which had
already been described (17, 28), are not genetically linked (17,
40; this work), and in all cases, the less-frequent SNP variant
was present in more than 15% of the sequenced strains. A
simple RFLP method was designed to analyze the SNPs in a
collection of 111 strains obtained from different origins and
habitats. This allowed the definition of an SNP-based genetic
fingerprint for each strain. For each SNP, the less-frequent
variant was observed to be present in 15% (ampC) to 49%
(alkB2) of the analyzed strains. Therefore, and considering the
lack of linkage among them, the selected SNPs are useful for
strain genotyping. A hypothetical phenotype containing the
most frequent variant of each SNP should appear with a fre-
quency of 2.7 � 10�3 (a value obtained by multiplying the
frequencies at which the most frequent variant of each SNP
appears, as deduced from the data in Table 3). This means that
that RFLP method used should allow discrimination between
P. aeruginosa strains with an accuracy of more than 99.97%.

A detailed analysis of the results obtained showed that sev-
eral strains shared the same SNP genotype. Some of the strains
sharing the same SNP profile had different SpeI macrorestric-
tion profiles. In other cases, the SpeI macrorestriction profiles
were clearly related, although they differed in several bands.
An interesting case is that of isolates PT22, ATCC 14886, and
CHA, which shared their SNP genotype and had different,
although related, SpeI macrorestriction profiles. Strains CHA

TABLE 3. Frequencies of SNPs

Gene SNP Position
no. Enzyme

% of strains
the same as

PAO1a

% of strains
not the
same as
PAO1b

oriC T3C 267 AlwNI 59 41
oprL T3C 396 BstUI 44 56
alkB2 G3A 471 MspA1I 49 51
alkB2 A3G 1047 Fnu4HI 38 62
citS A3G 533 AciI 69 31
citS G3C 896 MnlI 45 55
oprI T3C 195 AciI 25 75
ampC G3A 789 MspI 79 21
ampC C3T 883 MnlI 80 20
ampC C3T 1060 BstUI 77 23
ampC G3A 1150 HinfI 71 29
ampC G3C 1166 AlwNI 85 15
ampC T3C 1585 AgeI 78 22
ampC C3A 1639 BsrI 35 65

a fliC type b (the same as in PAO1) appeared in 39% of the strains.
b fliC type a (not the same as in PAO1) appeared in 61% of the strains.
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and ATCC 14886 shared not only the SNP genotypes but the
full sequence of all the loci analyzed in this work, which high-
lights the relatedness of these two strains. Strain CHA is a
highly virulent clinical isolate, whereas strains PT22 and ATCC
14886 were isolated from nonclinical (environmental) habitats.
This observation supports the view that P. aeruginosa isolates
that thrive in nonclinical habitats have probably all needed
traits to infect mammals (2). Another interesting example is
that of strains 3D10, 18F8, SFQ47, and PAO1, which are
clinical isolates from different countries. On the whole, 13
groups of strains sharing SNP genotypes were found, 8 of
which (groups 1, 2, 3, 4, 6, 7, 8, and 10) (Fig. 1) include strains
that have different SpeI macrorestriction profiles. Strains K9
and VSF17 shared an SNP genotype that should appear with a
very low theoretical frequency, 9.8 � 10�7, a value that sug-
gests that this finding is not casual. Previous analyses have
demonstrated that some PFGE-defined clones have wide-
spread distribution (33). Indeed, two of the five strains from
group 6 (Fig. 1), which have different SpeI genotypes but the
same SNP genotype, belong to the most abundant clones in our
strain collection (strains RP1 and HJ2, which belong to clones
J and M, respectively). This collection includes isolates from
numerous sources of diverse geographical origin (33). It is thus
conceivable that these overrepresented genotypes define
strains that are widely distributed. Notably, the PAO1 geno-
type is also overrepresented. Strain PAO1 was originally iso-
lated form a burned patient in Australia 50 years ago (45). This
suggests that the most prevalent strains are maintained in the
environment for at least several decades, which may be the

FIG. 1. Shared SNP profiles. The locations of the SNPs at each gene are indicated both by position and by the restriction enzyme used in the
RFLP analysis, identified in Table 1. Strain groups are as follows: 1, PAO1, 3D10, SFQ47, and 18F8; 2, ZW88 and PT20; 3, K9 and VSF17; 4, G7
and SS1; 5, ZW92 and DGA138; 6, RP1, HJ2, ZW79, NCC81, and 60B5; 7, DSM 288 and DSM 1253; 8, ATCC 15691 and A5670; 9, AL5846 and
PT36; 10, PT22, CHA, and ATCC 14886; 11, 892 and 63741; 12, SG1 and SG31; 13, ATCC 15522, ATCC 15524, and ATCC 15528. Changes relative
to strain PAO1 are shaded. The expected frequency of each SNP combination is indicated in the rightmost column, obtained by multiplying the
frequencies at which each of the 14 individual SNPs appears in the strain collection analyzed, plus the type of fliC, as deduced from Table 3.

FIG. 2. SpeI macrorestriction profiles of strains sharing the same
SNP genotypes, performed by PFGE. The strains analyzed corre-
sponded to groups 1 (PAO1, 3D10, SFQ47, and 18F8), 2 (VSF17 and
K9), 6 (RP1, HJ2, ZW79, NCC81, and 60B5) and 10 (PT22, CHA, and
ATCC 14886), as defined in the legend to Fig. 1.
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consequence of a better ecological adaptation. It should be
noted that the bias deliberately introduced in our strain col-
lection to avoid clonal variants has to be taken into account
when using our results to evaluate the P. aeruginosa population
structure. It is clear that our collection underscores the possi-
ble epidemic structure of natural populations, but we still de-
tected the presence of some prevalent strain types that had a
highly related core sequence (same SNP genotype), although
they differed to a substantial extent in the SpeI macrorestric-
tion profile.

Our results show that the use of RFLP for SNP genotyping
can be a very powerful technique to discriminate between
strains, but it is still unable to discriminate among highly re-
lated strains (for example, those having the same SNP profile
but different macrorestriction patterns). This can have practi-
cal consequences when attempting to use this method to per-
form epidemiological studies to monitor an outbreak of a par-
ticular strain. To this end, the discriminatory ability should be
improved even more by the addition of other markers or traits,
for example, the presence or absence of genomic islands or of
genes known to be present in some but not all P. aeruginosa
strains.

The accumulation of molecular data in recent years and the
growing evidence of the occurrence of horizontal gene transfer
among bacteria in nature (reviewed in reference 37), have led
to consideration that bacterial populations are not invariably
clonal but range from the highly sexual Neisseria gonorrhoeae
to the almost strictly clonal Salmonella (38). In this work, we
have used both PFGE and SNP genotyping to analyze the P.
aeruginosa population structure in a large and heterogeneous
collection of strains. The sequence analysis of the loci studied
here indicate that the core genome of P. aeruginosa is highly
stable during evolution, since very few changes (even at the
third position of the amino acid codons) were detected in
strains isolated from different places and within a 50-year time
lapse (17; this work). A similar result has been recently ob-
tained for Escherichia coli with an in vitro model of bacterial
evolution (20). On the other hand, the results obtained with
the PFGE analysis support the view that, during evolution,
large fragments of DNA (genome islands) can be excised from
the genome or integrated into it, which then results in different
macrorestriction patterns when analyzed by PFGE (16, 32) and
confers genome diversity to this bacterial species (19). The
population structure of P. aeruginosa is still under discussion,
although recent data point to the idea that this species can
display an epidemic population structure (28). The conserva-
tion of the SNP genotypes and the divergence of SpeI macro-
restriction patterns in strains sharing the same SNP profile
agree with the idea that the core genome of P. aeruginosa is
highly conserved and that its evolution and structure rely more
on acquisition, loss, and rearrangements of genome islands and
genome islets than on point mutations. Therefore, and as
noted earlier (17, 28), RFLP analysis of the chromosome and
SNP analysis of individual genes measure different evolution-
ary forces. Horizontal gene transfer has an important role in
bacterial adaptation to different habitats. In particular, P.
aeruginosa populations can exchange large DNA blocks that
integrate at specific sites (4, 17–19, 21, 32, 36). P. aeruginosa is
characterized by its great biochemical and ecological versatil-
ity, and the genome size can vary as much as 30% in different

isolates. In other words, horizontal gene transfer may have a
more important role than point mutations on the adaptation of
P. aeruginosa to different habitats.
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1987. Virulence factors of Pseudomonas aeruginosa. Antibiot. Chemother.
39:136–148.

9. Enright, M. C., and B. G. Spratt. 1999. Multilocus sequence typing. Trends
Microbiol. 7:482–487.

10. Ernst, R. K., D. A. D’Argenio, J. K. Ichikawa, M. G. Bangera, S. Selgrade,
J. L. Burns, P. Hiatt, K. McCoy, M. Brittnacher, A. Kas, D. H. Spencer,
M. V. Olson, B. W. Ramsey, S. Lory, and S. I. Miller. 2003. Genome
mosaicism is conserved but not unique in Pseudomonas aeruginosa isolates
from the airways of young children with cystic fibrosis. Environ. Microbiol.
5:1341–1349.

11. Foght, J. M., D. W. Westlake, W. M. Johnson, and H. F. Ridgway. 1996.
Environmental gasoline-utilizing isolates and clinical isolates of Pseudomo-
nas aeruginosa are taxonomically indistinguishable by chemotaxonomic and
molecular techniques. Microbiology 142:2333–2340.

12. Frank, D. W. 1997. The exoenzyme S regulon of Pseudomonas aeruginosa.
Mol. Microbiol. 26:621–629.

13. Govan, J. R., and J. W. Nelson. 1992. Microbiology of lung infection in cystic
fibrosis. Br. Med. Bull. 48:912–930.

14. Heuer, T., C. Bürger, G. Maass, and B. Tümmler. 1998. Cloning of prokary-
otic genomes in yeast artificial chromosomes: application to the population
genetics of Pseudomonas aeruginosa. Electrophoresis 19:486–494.

15. Holder, I. A., A. N. Neely, and D. W. Frank. 2001. Type III secretion/
intoxication system important in virulence of Pseudomonas aeruginosa infec-
tions in burns. Burns 27:129–130.

16. Kiewitz, C., K. Larbig, J. Klockgether, C. Weinel, and B. Tümmler. 2000.
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