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We report on the development of a scheme for the typing of Pseudomonas aeruginosa, multiple-locus variable
number of tandem repeat (VNTR) analysis (MLVA). We first evaluated the polymorphisms of 201 tandem
repeat loci selected from more than 3,000 such sequences present in strain PAO1 with a test collection of 12
genotypically distinct clinical strains. Seven VNTR loci which can be easily scored with the technology used
here were identified and used to genotype a collection of 89 clinical isolates that had previously been classified
into 46 ribotypes, including 2 widespread ribotypes. Seventy-one different MLVA genotypes could be distin-
guished. With only two exceptions, strains with identical ribotypes were grouped together upon cluster analysis
of the MLVA data. The 27 isolates with the most frequent ribotype were divided into 14 MLVA types, and the
18 isolates with the second most frequent ribotype were divided into 15 MLVA types. Analysis of a subset of 17
strains belonging to the major ribotype by pulsed-field gel electrophoresis with the enzyme Spel distinguished
seven types, identical to the number of MLVA types in this subset. Our data show that MLVA typing of P.
aeruginosa based on the first set of loci has a high discriminatory power. Because MLVA is highly reproducible
and easily portable among laboratories, it represents a very promising tool for the molecular surveillance of
P. aeruginosa. A free, online strain identification service based on the genotyping data produced herein has been

developed.

Pseudomonas aeruginosa is a ubiquitous gram-negative bac-
terium and a common opportunistic pathogen in hospitals. It is
the most important cause of lung colonization in patients with
cystic fibrosis and has high rates of multidrug resistance (for a
review, see reference 14). Accurate typing and characterization
of isolates are essential to understanding the epidemiology of
this pathogen. Serotyping is traditionally used for strain typing,
but it cannot be easily applied to the mucoid strains found in a
significant proportion of cystic fibrosis patients. The develop-
ment of DNA-based typing methods has circumvented this
difficulty, as well as the problem of the limited discriminatory
power of serotyping. To be useful, a molecular surveillance
tool should be highly discriminatory and reproducible. It
should also be easy to standardize. Furthermore, the resulting
data should be able to be easily stored, retrieved, and com-
pared by use of databases that can be shared between labora-
tories. Finally, the overall cost (including that of labor) of the
methodology should be as low as possible (23). The methods
available at this time for the genotyping of P. aeruginosa in-
clude pulsed-field gel electrophoresis (PFGE), arbitrarily
primed PCR, and ribotyping (1, 10, 19). The first two methods
suffer from a lack of interlaboratory reproducibility (5, 9); and
furthermore, the present “gold standard” with the greatest
discriminatory power, PFGE, is generally too costly and labor-
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intensive for routine clinical strain typing. On the other hand,
automated ribotyping with the RiboPrinter (Qualicon, Wil-
mington, Del.) showed very high interlaboratory reproducibil-
ity (3) but suffered from a lack of discriminatory power when
clinical P. aeruginosa strains were investigated (4).

Genetic markers called minisatellites or variable number of
tandem repeats (VNTRs) were initially developed as the basis
for fingerprinting the DNA of humans (11). More recently,
minisatellites have been shown to exist in bacterial genomes as
well, and the availability of whole-genome sequence data has
opened the way to the systematic evaluation of tandem repeat
polymorphisms (13, 24). When applicable, this method has
been shown to fulfill most of the criteria required for an “ideal”
typing system, including ease of use, speed, high discriminatory
power, and reproducibility. The number of repeat units at each
locus is usually estimated by measuring the sizes of the PCR
products amplified with locus-specific primers flanking the re-
peat region. One kind of VNTR typing assay, often called
multiple-locus VNTR analysis (MLVA), is based on a set of
polymorphic tandem repeat loci. Approximately 20 loci are
used for MLVA with Bacillus anthracis (13), Yersinia pestis
(13), or the Mycobacterium tuberculosis complex (12).

In order to develop an MLVA scheme, one needs to identify
polymorphic minisatellite loci, which must then be individually
checked for variations of the repeat number among strains.
The genome of P. aeruginosa strain PAO1 (20) is relatively rich
in tandem repeats (13). We report on the identification of
seven polymorphic loci and validation of their applicability in
the MLVA scheme. Evaluation of these seven polymorphic
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loci allows a high degree of discrimination among strains with
a high degree of reproducibility and easy scoring.

MATERIALS AND METHODS

Tandem repeat locus identification. The sequence data (20) for P. aeruginosa
PAO1 were obtained from the World Wide Web (http:/www.genome
.pseudomonas.com) and were processed by using the Tandem Repeats Finder
(TRF) software (http://c3.biomath.mssm.edu/trf.html). The output was then
imported into a database accessible via the Internet (http://minisatellites.u-
psud.fr), as described previously (13, 24). Tandem repeat loci are designated
by using the nomenclature described previously (12); for instance, ms173-
5186_243bp_14U is the tandem repeat locus named ms173, which appears at
position 5186 kb in the PAO1 genome with a 243-bp repeat unit and 14 units
in PAO1 (Table 1).

Isolates and DNA preparation. A total of 102 isolates were included in the
present investigation as representatives of (i) all 53 ribogroups previously iden-
tified (one isolate per ribogroup) (4) and (ii) the geographic distribution of the
two most frequent ribogroups found (87-S-3 [30 additional isolates] and 88-S-2
[19 additional isolates]) (4). The 203 isolates previously studied were clinical
isolates collected from 20 European hospitals between 1997 and 1999 and had
been analyzed by automated ribotyping (4). Fifty-three ribogroups (a ribogroup
being defined as a set of strains showing the same ribotype; i.e., not a single band
difference was detected among their profiles obtained by automated ribotyping
with Pvull) were initially identified among 203 isolates. Four ribogroups com-
prised approximately half of the isolates, with the two most frequent ones being
ribotype 87-S-3, with 43 isolates, and ribotype 88-S-2, with 28 isolates.

The polymorphisms of candidate VNTR loci were initially evaluated by using
a subset of 12 isolates from different ribogroups (see Fig. 2).

Isolates were grown at 37°C in Luria-Bertani broth. One milliliter of an
overnight culture was centrifuged at 5,000 X g for 10 min. A QIAamp DNA mini
kit (Qiagen, Hilden, Germany) was used for DNA extraction, as recommended
by the manufacturer, with an extended lysis step (5 h at 55°C).

Minisatellite PCR amplification and genotyping. The PCR mixtures (15 pl)
contained 1 ng of DNA, 1X Tag Reaction Buffer (Qbiogen, Illkirch, France), 1
U of Tag DNA polymerase (Qbiogen), 200 uM each deoxynucleoside triphos-
phate, and 0.3 uM each flanking primer (for primer sequences, see Table 1).
PCRs were performed in an MJ Research PTC200 thermocycler. Initial dena-
turation at 96°C for 5 min was followed by 30 cycles of denaturation at 96°C for
20 s, annealing at 60°C for 30 s, and elongation at 65°C for 90 s. The final
extension step was 5 min at 65°C. Different annealing temperatures and/or
elongation times were used for ms173-5186_243bp and ms194-5915_12bp (for
ms173, the annealing temperature was 64°C and the extension time was 5 min at
70°C; for ms194, the annealing temperature was 65°C and the extension time was
1 min at 70°C). Five microliters of each of the PCR products was run on standard
1% (ms173), 2% (ms142, ms172, ms194) or 3% (ms010, ms061, ms077, ms127)
agarose gels (Qbiogen or ICN, Aurora, Ohio) in 0.5X TBE (Tris-borate-EDTA)
buffer at a voltage of 10 V/ecm. Gel runs (bromophenol blue position) of 20 cm
(ms127, ms142), 30 cm (ms010, ms061, ms077, ms172), or 40 cm (ms173) were
used according to the PCR product size and motif length. Gels were stained with
ethidium bromide, visualized under UV light, and photographed (Vilber Lour-
mat, Marne la Vallée, France). The size markers used were a 100- or 20-bp
ladder (Bio-Rad, Hercules, Calif.) or a 1-kb ladder plus (Gibco-BRL, Cergy
Pontoise, France). Gel images were analyzed with the Bionumerics software
package (version 3.0; Applied Maths, Sint-Martens-Latem, Belgium).

PFGE typing and analysis. DNA for PFGE was prepared as described previ-
ously (21) and digested with Spel (New England Biolabs, Beverly, Mass.). Elec-
trophoresis in a CHEF DRIII apparatus (Bio-Rad, Milano, Italy) was at 6 V/cm
and 14°C for 21 h, with switching times linearly ramped from 5 to 23 s. The gels
were stained with ethidium bromide and visualized under UV illumination with
the E.A.S.Y. Win32 system (Herolab, Wiesloch, Germany).

Data analysis. Band size estimates were exported from the Bionumerics soft-
ware and converted to numbers of units. The resulting data were imported back
into Bionumerics software for use for clustering analysis with the categorical
coefficient and Ward clustering parameter. Use of the categorical coefficient
implies that the character states are considered unordered. The same weight is
given to a large or a small number of differences in the number of repeats at any
locus. The website used for identification (http://bacterial-genotyping.igmors.u-
psud.fr/) was developed by using the BNserver application (version 3.0; Applied
Maths).
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RESULTS

Screening for informative and reliable VNTR loci in the P.
aeruginosa genome. The TRF software (2) identified more than
3,000 tandem repeats within the P. aeruginosa PAO1 genome.
Because no general rule has been described to predict tandem
repeat polymorphisms directly from the sequence of a single
allele (7, 13), present approaches rely upon systematic testing,
especially for species in which only one genome has been
sequenced (12). Since distinct alleles of VNTR loci with longer
repeat units are generally easier to score on agarose gels, we
decided to evaluate loci with repeat units more than 9 bp long.
A total of 201 such tandem repeats with at least seven units
each in the PAOI1 sequence were identified with TRF software
and were evaluated. Of these, 23 gave weak amplification sig-
nals with the set of primers used and were not considered
further. One hundred seventy loci within the screening strain
collection were monomorphic and were considered of very
limited value for P. aeruginosa strain typing. Finally, only eight
loci were polymorphic, defined here as showing at least two
alleles among the screening strain collection (Table 1). Figure
1 shows examples of the PCR products obtained for the dif-
ferent loci. The number of alleles per locus ranged from 2 to
16. The two most polymorphic loci, at positions 0098 kb
(ms010) and 1844 kb (ms061), varied by multiples of 6-bp units
instead of the 12-bp repeat unit initially suggested by the da-
tabase. The locus at position 5915 (ms194) varied by multiples
of 12-bp units. Although the alleles at this locus were highly
polymorphic, they could not be easily and reproducibly scored
with the technology used here (ordinary agarose gel electro-
phoresis), given the range of allele sizes (600 to 700 bp), and
this locus was therefore not characterized further.

MLVA of clinical P. aeruginosa isolates. MLV A analysis with
the seven loci selected was then performed with the extended
representative collection of 102 strains (Fig. 1 illustrates the
setup of the MLVA assay for the seven loci). One or two loci
of 13 strains (12%) could not be amplified (total number of
missing PCR products, 17; data not shown). The PCR products
could therefore be scored for all seven loci in 89 strains. The
quality of the data produced was evaluated by retyping 10
coded samples. The correct MLVA genotype (Fig. 2) could be
assigned to each coded sample. Figure 2 shows the results of
clustering analysis for the 89 strains. PAO1 was included,
based on the genome sequence data available and the esti-
mated repeat numbers indicated in Table 1. MLVA discrimi-
nated 72 genotypes. This was higher than the number of ri-
botypes (46 in this set of strains) and serotypes (12 among the
68 typeable strains). Isolates with different ribotypes were all
distinguished by MLVA, with only two exceptions: isolate
18A218 (ribotype 171-S-2) and isolate 18A403 (ribotype 172-
S-8) from Spain (the ribotype patterns were very similar) (4).
All isolates with identical ribotypes were clustered together,
with only two exceptions: isolate 09A318 (ribotype 87-S-3) and
isolate 12A241 (88-S-2). However, although strain 09A318
clustered in a distinct branch, at five of seven loci its MLVA
genotype showed alleles that are generally encountered in the
other strains of ribotype 87-S-3. On the contrary, strain 12A241
also had a discrepant serotype (serotype O1) compared to
those of all other strains of ribotype 88-S-2 (serotype O11), so
one can suspect a strain mix-up in this case. Ribotypes 87-S-3
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TABLE 1. Characteristics of tandem repeat loci

Expected
Motit 1O Of PCR
a Associated open units % G+C % . b Estimated size No. of Polymorphism
Locus name . length . . Primer sequence product .
reading frame (bp) in content Conservation length in range (bp) alleles index
PAOL PAOL (bp)

ms010-0098_6bp© PA0081 6 11 65 100 L: GCAGGAACGCTTGCAGCAGGT 167 143-233 16 0.91
R: CTTCGCCGACCCAGGGATCA

ms061-1844_6bp” pscP 6 12 65 98 L: CTTGCCGTGCTACCGATCC 127 85-139 10 0.87
R: CCCCCATGCCAGTTGC

ms077-2263_39bp© pcoA 39 5 57 93 L: GCGTCATGGTCTGCATGTC 442 349-520 7 0.61
R: TATACCCTCTTCGCCCAGTC

ms127-3496_15bp PA3115 15 8 72 52 L: CTCGGAGTCTCTGCCAACTC 210 210-225 2 0.45
R: GGCAGGACAGGATCTCGAC

ms142-3873_115bp PA3463 115 7 66 94 L: AGCAGTGCCAGTTGATGTTG 890 200-775 7 0.68
R: GTGGGGCGAAGGAGTGAG

ms172-5083_54bp PA4541 54 12 64 72 L: GGATTCTCTCGCACGAGGT 789 573-843 8 0.75
R: TACGTGACCTGACGTTGGTG

ms173-5186_243bp PA4625 243 14 61 81 L: CTGCAGTTCGCGCAAGTC 3,503 1,073-4,718 10 0.82
R: ATTTCAGCCAGCGTTACCAA

ms194-5915_12bp° algP 12 45 70 64 L: CCTTAGGAGGCGCTGGTC 690 600-700 8 0.78

R: AGCTGCTGGCAAGGCTCT

“ Loci are listed according to their positions in the PAO1 genome. The proposed reference name includes the size of the repeat unit.

P L, left; R, right.

¢ The observed length variations do not fit with the repeat unit proposed in the minisatellite database but, rather, suggest a smaller (ms010, ms061, ms194) or a larger (ms077) unit for tandem repeat variation. This
is due to the emergence of a new tandem repeat unit within a larger tandem repeat. The new unit sequence is derived from the preexisting repeat but has a different length. This was checked in particular for ms077 by
sequencing the different alleles (data not shown; the data are available on request).
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09A318  Paeru#072  Greece  87-S3
03D021  Paeru#097  France  88-S5
15A178  Paeru#006  Portugal  147-S3
20C099  Paeru#009 UK. 149-52
01A129  Paeru#011  Austra  87-S-1
220019 Paeru#019  Turkey  149-S3
030009 France  99-52
10M41  Paeru#012  Hay 162-56
184020  Paeru#014  Spain 170-56
05A345  Paeru#015  France  161-S6
092068  Paeru#023  Greece 17254
1SED70  Paeru#028  Portugal  169-S8
014150 Autra  169-52
032081  Paeru#007  France  169-S3
06A340  Paeru#132  France  145-S3
20C090  Paeru#018 UK. 149-51
05A347  Paeru#095  France  355-S3
08M61  Paerut087  Gemany 88-S4
22A147 Paeru#054 Turkey 170-87
092086  Paeru#089  Greece  162-S4
08D038  Paerut086  Gemany 96-S3
01A152  Paeru#022  Austra  141-S6
05C020  Paeru#052  France  87-S7
08D005  Paeru#008  Gemany  169-S-1
17A152  Paeru#017  Spain 170-54
01A105  Paeru#032  Austra  88-S6
PAO1
05480 France  95-53
07C038  Paeru#003  Gemany 145-S5
16A157 Paeru#027 Spain 170-82
042036 France  99-S4
05A117  Paeru#092  France  354-S3
05/249  Paeru#093  France  354-S6
220032  Paeru#085 Tukey  149-S6
12/283  Paeru#074  Netherands 87-S3
18D006  Paeru#083  Spain 87-53
05A194  Paeru#059  France  87-S3
042060  Paeru#1d4  France  87-S3
05C001  Paeru#066  France  87-S3
05C024  Paeru#067  France  87-S3
05A296  Paeru#44  France  87-S3
15A302  Paeru#079  Portugal  87-S3
05A362  Paeru#i14  France  87-S3
15379  Paeru#080  Portugal  87-S3
05C088  Paeru#071  France  87-S3
220023 Paeru#084  Tukey  87-S3
052058  Paeru#130  France  87-S3
03C023  Paeru#0s5  France  87-S3
03C030  Paeru#0s6 France  87-S3
114003 Paeru#073  hay 87-53
05A378  Paeru#064  France  87-S3
_I 05M00  Paeru#101  France  87-S3
05341  Paeru#062  France  87-S3
05M91  Paeru#065 France  87-S3
05C052  Paeru#068  France  87-S3
05C053  Paeru#069  France  87-S3
14ED30  Paeru#075  Poland  87-S3
15A125  Paeru#076  Potugal  87-S3
15285  Paeru#077  Portugal  87-S3
15A4292  Paeru#078  Potugal  87-S3
17C055  Paeru#010  Spain 98-56
014308  Paeru#021  Austra 14157
35C022 South Afrca 148-55
05A398  Paeru#030  France  98-S8
054593  Paeru#096  France  355-57
09A296  Paeru#034  Greece  88-S2
160038 Paeru#047  Spain 88-52
04A163  Paeru#i42  France  96-S-1
032061  Paeru#025 France  87-S8
062075  Paeru#033  France  88-S2
03C001  Paeru#088  France  169-S<
19211 148-87
12mR241 88-52
18M03  Paeru#031  Spain 172-58
184218 Paeru#053  Spain 171-82
04CO10  Paeru#001  France  161-S<4
210096  Paeru#049  Abana  88-S2
_‘:' 21D098  Paeru#050  Abana  88-S2
13010  Paeru#045  Poland  88-S2
11C007  Paeru#041  Hay 88-52
11C026  Paeru#043  Hay 88-52
11C010  Paeru#0dd  hay 88-52
18ED49  Paeru#048  Spain 88-52
11A113 Paeru#036 taly 88-S-2
11A192 Paeru#038 Italy 88-5-2
114240 Paeru#039  Hay 88-52
104353  Paeru#035  Htay 88-52
226042 Paeru#051  Tukey  88-S2
11A172  Paeru#037  htay 88-52
114265  Paeru#040  tay 88-52

FIG. 2. Dendrogram deduced from the clustering analysis of the 90 strains (including strain PAO1). The first column on the left identifies the isolates
(the screening set comprised strains 03D021, 15A178, 03D009, 09A068, 08A461, 08D005, 01A105, 04A036, 05A400, 35C022, 03C001, 19A211). The
second column indicates the DNA batch, and the third column indicates the country of origin of each isolate. The fourth column indicates the ribotype,
as reported previously (4). The fifth column contains the serogroup for isolates which could be typed by serotyping. The sixth column indicates the PFGE
type and subtype of isolates tested by PFGE, while the last seven columns indicate the MLVA types (repeat copy number) at loci ms010, ms061, ms077,
ms127, ms142, ms172, and ms173, respectively. The number of units is deduced from the sizes of the PCR products and was formally checked by

sequencing only for the ms077 locus (data not shown).
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(27 isolates) and 88-S-2 (18 isolates) were subdivided into 14
and 15 MLVA types, respectively. The subtyping results were
in good agreement with the geographic origins of the strains, as
isolates with the same MLVA genotype most often originated
from the same center (indicated by the two first numbers of the
isolate code in Fig. 2).

In order to compare the discriminatory power of MLVA
with that of the present gold standard, 17 ribotype 87-S-3
isolates were also typed by PFGE. PFGE resulted in seven
distinct types, which were further distinguished into 12 sub-
types (indicated in Fig. 2 by Arabic numbers and lowercase
letters), according to published criteria (22); among the iso-
lates in this set, seven types were also distinguished by MLVA.

The results of a comparison of the MLVA genotypes with
the serotyping data were in agreement with the single origin of
serotype O12 postulated earlier (18) as well as with the greater
genotypic diversity of serotype O11 isolates (21).

The MLVA genotypes of the strains studied here were
loaded onto our web server. They can be accessed and com-
pared with the MLVA genotypes of new, unknown strains.
Identification queries can be run from the strain identification
page (http://bacterial-genotyping.igmors.u-psud.fr/), as de-
scribed elsewhere (12).

DISCUSSION

Although the P. aeruginosa genome is relatively rich in tan-
dem repeats, only 8 of the 201 tandem repeats tested by the
protocol described here proved to be polymorphic. This is in
contrast to the polymorphism found in other bacterial species,
including some with low levels of genetic polymorphism at
housekeeping loci, such as B. anthracis, Y. pestis, and M. tuber-
culosis (12, 13). It is very unlikely that the low levels of diversity
of VNTR loci found in the present sample are due to the
screening strain collection chosen, since these 12 strains could
all be distinguished by ribotyping and had originated from
seven different countries. Our results show that minisatellite
loci are more stable in P. aeruginosa than in other species with
lower overall population genetic diversity. This suggests dis-
tinct evolutionary mechanisms for tandem repeats, such as
various levels of slipped strand mispairing and repair during
replication (15). The present investigation evaluated all tan-
dem repeats with a repeat unit of 9 bp or more and at least 7
units. Additional polymorphic markers could be identified by
using different queries. For instance, querying of the P. aerugi-
nosa tandem repeat database (http:/minisatellites.u-psud.fr)
for tandem repeats with an internal conservation of at least
90% identifies 50 such loci, none of which was investigated
here. It is likely that more polymorphic loci may be obtained if
loci with unit lengths smaller than 9 bp (the threshold used in
our screening procedure) are chosen, since in the present study
the smallest units were the most polymorphic (Table 1).

One of the eight polymorphic markers identified, ms194
(position 5915), was not used in the final analysis because of
the difficulty of scoring the alleles by simple agarose gel elec-
trophoresis. Preliminary sequencing results showed that the
level of sequence diversity at this locus is very high and that
alleles containing an identical number of repeat units can have
distinct sequences (data not shown). This tandem repeat is
located within algP, a gene implicated in the regulation of

J. CLIN. MICROBIOL.

mucoidy in P. aeruginosa, and its associated polymorphism was
first described by Deretic and Konyecsni (8). The use of an-
other approach, such as polyacrylamide gel or capillary elec-
trophoresis, which offer higher degrees of resolution, would
probably solve this issue, albeit at a higher overall cost.

One (and sometimes two) of the seven loci of 12% of the
strains typed failed to be amplified, despite multiple amplifi-
cation attempts. This may reflect the fact either that the cor-
responding locus is missing or that sequence divergence results
in mispriming. Further investigations will be required (includ-
ing tests with new primer pairs) before this lack of amplifica-
tion can be used as additional data. In the course of this
preliminary investigation, the corresponding strains were not
included in the final analysis (Fig. 2).

The collection of isolates tested here was originally assem-
bled with two distinct but complementary aims: first, to be
representative of European clinical P. aeruginosa isolates, and
second, to include geographically diverse strains from among
the two most frequent ribotypes in order to check if MLVA
could subdivide these two groups of isolates. The validity of
MLVA for clustering analysis and evaluation of the phyloge-
netic relationships among strains is not yet formally estab-
lished. In a recent work, Le Fleche et al. (12) empirically
selected clustering parameters to analyze strains from the M.
tuberculosis complex. This was made possible by the extensive
knowledge of the evolutionary relationships and the underlying
epidemiology independently generated with other markers to
distinguish M. tuberculosis complex strains. The same param-
eters have been applied in the present study. The clustering
proposed here (Fig. 2) shows similarities with the clustering
reported previously, which was based on ribotyping: isolates
not distinguished by ribotyping are also generally clustered by
MLVA (Fig. 2). This suggests that MLVA does retain some
amount of phylogenetic information which can be used to trace
the evolutionary histories and relationships of genotypes, as
has also been found for other organisms (12). Exceptions to
this general rule are easily explained by the fact that cluster
analysis is based on only a few informative characters, and
therefore, a difference at a single locus can alter the position-
ing of strains in the dendrogram. Conversely, alleles of differ-
ent origins may be of identical size (homoplasy), which will also
alter the clustering analysis. Allele sequencing, at least with a
representative strain collection, may eventually help correct
some of these inconsistencies. In any case, for more distantly
related genotypes, the relationships depicted by clustering
analysis may become increasingly less meaningful, especially in
light of the relatively frequent occurrence of horizontal trans-
fer among P. aeruginosa strains (6, 16, 17), which can obscure
the evidence of a common ancestral lineage among strains.
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