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Abstract The purpose of this study was to evaluate the
possibility of using a semi-automated repetitive DNA
sequences-based polymerase chain reaction (rep-PCR) for
typing Pseudomonas aeruginosa isolates. rep-PCR profiles
obtained by the DiversiLab® system of 84 P. aeruginosa
isolates from distinct epidemiological situations were
obtained. rep-PCR groupings were in good agreement with
the origin of these isolates. Linked rep-PCR profiles were
observed for isolates recovered from a same family of
cystic fibrosis (CF) patients, for the etiological agents of
clustered cases of nosocomial infections, and for some
isolates recovered from a same hospital room. rep-PCR and
pulsed-field gel electrophoresis Spel restricted genomic
DNA (PFGE-Spel) profiles were compared. In a few
instances, rep-PCR revealed genetic divergences among
isolates of a same group of PFGE-Spel profiles. These
divergences could reflect genetic drifts among closely
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related isolates, as illustrated by those observed between
clinical and environmental isolates of a same group of
PFGE-Spel profiles. The interpretation of such differences
will require further studies, but the rep-PCR analysis of P
aeruginosa diversity appeared to be an appropriate method
to investigate infra-specific genetic relatedness.

Introduction

Pseudomonas aeruginosa is an opportunistic pathogen
resistant to many antibiotics and biocides. It is one of the
most important etiological agents of nosocomial pulmonary
tract infections, especially those occurring among immuno-
compromised patients. Sources of P. aeruginosa are
variable, but fecal carriage seems to be one of the main
causes of their presence in the hospital environment [1].
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Hospital facilities like taps and medical devices are often
contaminated by this pathogen, and clinical staff or patients
are often at the origin of these contaminations [1, 2]. P,
aeruginosa can be responsible for acute and chronic
pulmonary infections in cystic fibrosis (CF) patients [3].

The comparison of pulsed-field gel electrophoresis Spel
restricted genomic DNA (PFGE-Spel) is considered to be
the main approach to detect closely related isolates of P,
aeruginosa, and is, therefore, traditionally used for epide-
miological investigations. However, this method presents
some disadvantages, since it is time-consuming and
technically demanding, requiring specialized gel electro-
phoresis equipment and qualified personnel [4]. The
reproducibility of the analyses between laboratories also
needs rigorous and restrictive standardization, and is often
criticized [4, 5]. Considering these disadvantages, a
challenge for the academics and diagnostic companies is
to develop new discriminatory tools that can type bacteria
such as P. aeruginosa with the same reliability as PFGE,
but faster and more easily. For this purpose, the repetitive
sequence-based polymerase chain reaction (rep-PCR) anal-
ysis has been proposed as an alternative. This method
targets non coding repetitive sequences, which are spread
throughout eubacterial genomes and are highly conserved
across species [5, 6]. These repetitive sequences can be
amplified by PCR, leading to PCR products profiles,
visualized by an agarose gel electrophoresis approach,
which can be isolate-specific for some species. A technique
based on rep-PCR, standardized and partially automated, is
now available; the DiversiLab® semi automated rep-PCR
system (Bacterial Barcodes, bioMérieux, Athens, GA,
USA). However, this method has shown a variable
reliability, which appears to be species-related. This
approach, thus, requires a validation for each bacterial
species prior to its use in a routine clinical laboratory [4].
Here, we present a comparison of automated rep-PCR
profiles, obtained by the DiversiLab® system, and profiles
obtained by the PFGE approach, for a set of P. aeruginosa
isolates representing various clinical and epidemiological
situations.

Materials and methods
Bacterial isolates

Eighty-four P. aeruginosa isolates were collected from
three hospitals (Table 1): 43 from Albert Michalon Hospital
(Grenoble, France), 16 from Croix-Rousse Hospital (Lyon,
France), and 25 from Henry Gabrielle Hospital (Lyon,
France). Among the 43 isolates from Albert Michalon
Hospital, seven (GR32—GR38) were isolated from members
of three families (F1-F3) affected by CF and seven came
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Table 1 Pseudomonas aeruginosa isolates used in this study (84
isolates)

Albert Michalon Cystic fibrosis families: seven isolates
EZSPi%}l - Family 1 (F1): two isolates (GR32, GR33)
(43 isolates) g mily 2 (F2): two isolates (GR34, GR35)

- Family 3 (F3): three isolates (GR36, GR37,
GR38)

Epidemiological investigation of a nosocomial
infection : seven isolates

- Two clinical isolates (GR40, GR44)
- Four water samples (GR39, GR41, GR42, GR45)
- One sample issued from an endoscope (GR43)

Randomly picked CF clinical isolates: 29 isolates
(GR1-GR29)

Outbreak 1 (O1): four isolates (PSE2.17, PSE2.21,
PSE2.23, PSE2.25)

Outbreak 2 (02): three isolates (PSE2.37, PSE2.38,
PSE2.39)

Outbreak 3 (O3): four isolates (PSE2.48, PSE2.54,
PSE2.63, PSE2.64)

Outbreak 4 (O4): two isolates (PSE3.22, PSE3.23)

Outbreak 5 (O5): three isolates (PSE3.36, PSE3.37,
PSE3.38)

Henry Gabrielle Twenty-one water network isolates
Hospital
(25 isolates)

Croix-Rousse
Hospital
(16 isolates)

Four clinical isolates (poel21, poel22, poel26,
poel30)

from an epidemiological investigation of a P. aeruginosa-
infected patient, of which two were clinical isolates (GR40
and GR44), four came from hospital facilities (GR39,
GR41, GR42, and GR45), and one was isolated from an
endoscope (GR43). The last 29 isolates from Albert
Michalon Hospital were isolated from the sputum of
unrelated CF patients. The 16 isolates collected from
Croix-Rousse Hospital were clinical isolates recovered
from five independent events of clustered cases of
nosocomial infections (named O1 to OS5). The 25 isolates
from Henry Gabrielle Hospital were isolated from tap water
or tap nozzle aerators (21 isolates) and from long-stay
patients (four isolates) during an epidemiological investi-
gation of the spread and persistence of P. aeruginosa in a
hospital unit over a period of three years [1].

PFGE-Spel typings

All PFGE-Spel restricted genomic DNA profiles were
performed and analyzed as indicated in Lavenir et al. [1].
PFGE-Spel profiles were interpreted according to the
guidelines proposed by Romling et al. and adapted from
Tenover et al. [7, 8]. Isolates showing profiles with less
than six band changes were defined as ‘linked isolates,’
and for the isolates from Henry Gabrielle, they were
grouped into clones or clonal complexes according to
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Lavenir et al. [1]. Most PFGE-Spel profiles defined as
linked showed less than two DNA band changes. PFGE
profiles showing six or more band changes were consid-
ered as ‘different,” and, thus, not to have originated from a
recent common ancestor.

Automated rep-PCR DNA fingerprinting

Bacterial isolates were cultured on Columbia agar plates for
24 h at 37°C. Total bacterial DNA was extracted by the
UltraClean™ Microbial DNA Isolation Kit (MO Bio
Laboratories, Carlsbad, CA, USA) following the manufac-
turer’s instructions. The yields of extracted total DNA were
estimated by NanoDrop quantification (0.25 puM to
0.5 uM). rep-PCR was performed using the DNA Pseudo-
monas fingerprinting kit (Bacterial Barcodes, bioMérieux,
Athens, GA, USA) in a final volume of 25 pL. Thermal
cycles included an initial denaturation of 94°C for 2 min,
followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 50°C for 30 s and extension at 70°C for 90 s,
and a final extension at 70°C for 3 min. rep-PCR profiles
were obtained using the microfluidic DNA chips (Bacterial
Barcodes) and an Agilent 2100 BioAnalyzer (Agilent
Technologies, Santa Clara, CA, USA).

rep-PCR fingerprinting profiles were compared by the
DiversiLab® (version 3.3) software using the Pearson
correlation coefficient (Bacterial Barcodes). The isolates
were characterized as ‘linked isolates’ (similarity above
95% and two or less peak changes) or ‘different’ (similarity
less than 95% or more than two peak changes).

Results
Randomly picked CF clinical isolates

Twenty-nine randomly picked CF clinical isolates from
Albert Michalon Hospital were analyzed by the rep-PCR
and PFGE-Spel approaches. Figure 1 shows the rep-PCR
profiles obtained by the DiversiLab® system. Significant
DNA products ranging from 100 to about 1,000 bp were
detected. Most profiles were found to be ‘different’ (more
than two band changes), except those of isolates GR17 and
GR19 (Fig. 1 and Table 2). PFGE-Spel analysis showed all
isolates to have distinct profiles (data not shown), and were,
thus, defined as ‘different’ by this approach (Table 2).

CF isolates from three families

CF P aeruginosa isolates (n=7) from three families
undergoing medical surveillance at Albert Michalon Hospital
were analyzed by the rep-PCR and PFGE Spel analyses. rep-
PCR divided the isolates into two distinct groups. Isolates of
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Fig. 1a—¢ Examples of profiles produced by semi-automated repetitive
DNA sequences-based polymerase chain reaction (rep-PCR) among the 29
clinical isolates of Pseudomonas aeruginosa collected in Albert Michalon
Hospital. a Profiles of unlinked isolates (index of similitude <95% and
more than two peaks different). b Profiles of unlinked isolates (index of
similitude >95% but more than two peaks different). ¢ Profiles of linked
isolates (index of similitude >95% and exactly two peaks different). Black
arrows indicate the peaks that are different between the two profiles

families F1 and F2 were defined as related (Table 2). Isolates
of the third family F3 (GR36, GR37, GR38) had linked
profiles that were found to be distinct from those of families
F1 and F2 (Table 2). The PFGE-Spel analysis confirmed
these data. The profiles of isolates from a same family were
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Table 2 The typing of 84 clinical and environmental isolates of P. Clonal complexes (CC) were determined according to Lavenir et al.
aeruginosa collected in Albert Michalon Hospital, Croix-Rousse [1] (strains of a same CC PFGE profile with lessthan seven Spel DNA
Hospital, and Henry Gabrielle Hospital by rep-PCR and PFGE. band changes)

Hospital

Isolates ID

PFGE

rep-PCR

Albert Michalon Hospital

Croix-Rousse Hospital

Henry Gabrielle Hospital

Cystic fibrosis Families

F1
F2

F3

Epidemiological study
GR39

GR40

GR42

GR45

GR41
GR44
GR43

Randomly picked CF clinical isolates

0Ol
02
03
04
05
poe92 (room RS)
poe93 (room RS)

poe91 (room RS5)
poe95 (room RS)

poe97 (room RS)
poe98 (room RS)

poel09 (room R11)
poell0a (room R11)

poell2 (room R12)
poell3a (room R12)

poel22 (clinical isolate)

poel00 (room RY)
poel01 (room R8)

poel21 (clinical isolate)
poel26 (clinical isolate)

poel05 (room R9)

poe90a (room R2)
poe99a (room R7)

poell4
poel3la (room R7)

poe89 (room R2)
poel02 (room R8)

poel07 (room R10)
poel08 (room R10)
poel30 (clinical isolate)

Linked isolates

Linked isolates

Different
Different
Different
Different

Different
Linked isolates

All different

Linked isolates®
Linked isolates
Linked isolates®
Linked isolates
Linked isolates
Linked isolates (CC 2)

Linked isolates (CC 3)

Linked isolates (CC 4)

Different
Linked isolates (CC 6)

Linked isolates (CC 7)

Different
Linked isolates (CC 22)

Linked isolates

Linked isolates

Different
Different
Different
Different
Linked isolates

Twenty-seven different isolates
Two linked isolates

Linked isolates
Linked isolates
Linked isolates
Linked isolates
Linked isolates
Different

Different

Linked isolates

Linked isolates

Different

Linked isolates

Linked isolates

Different
Linked isolates

Linked isolates

Different

*Outbreak 1 and outbreak 3 were related by PFGE
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identical, and those of families F1 and F2 were defined as
related.

Epidemiological investigation of a nosocomial outbreak
at Albert Michalon Hospital

The source of the etiological agents involved in a
nosocomial outbreak at Albert Michalon Hospital was
investigated by rep-PCR and PFGE-Spel analyses. The
rep-PCR profiles were found to be different between
isolates GR39, GR40, GR42, and GR45. Profiles of isolates
GR41, GR43, and GR44 were found to be related, and were
defined as linked. The PFGE-Spel analyses were in line
with these results, except that the profile of isolate GR41
was found to be different from those of isolates GR44 and
GR43 (Table 2).

Clinical outbreak isolates of the Croix-Rousse Hospital

Isolates (n=16) from five P. aeruginosa nosocomial out-
breaks at Croix-Rousse Hospital were analyzed. The rep-
PCR profiles were found to be linked for isolates of each
nosocomial outbreak, but to be different between outbreaks
(Table 2). PFGE-Spel typings were in line with these
results, but isolates of outbreak O1 (PSE2.17, PSE2.21,
PSE2.23, PSE2.25) were found to be similar to those of
isolates of outbreak O3 (PSE2.48, PSE2.54, PSE2.63,
PSE2.64). The PFGE profiles of these two outbreaks were
defined as linked (Table 2).

Isolates from hospital facilities and water networks

Lavenir et al. divided a series of P. aeruginosa isolates from
the water network, tap nozzle aerators, and long-stay
infected patients into clones and clonal complexes by
PFGE-Spel analysis [1]. Isolates of this study were selected
according to these groupings and their origin. Isolates of a
same room, of distinct rooms but found to be related by
PFGE typings, and from a dominant clone recovered from
tap water and tap nozzle aerators of several rooms of the
unit, and a case of nosocomial infection at the Henry
Gabrielle Hospital, were analyzed. rep-PCR analysis divid-
ed the isolates into 11 groups. Isolates from tap water and
tap nozzle aerators from room RS5 of the hospital unit were
divided into three distinct groups, with two isolates (poe92
and poe93) having specific and distinct profiles (Table 2),
and all other isolates showing linked profiles. These last
few profiles were also observed for isolates recovered from
tap water and the tap nozzle aerator of another room (R11).
However, the PFGE-Spel data showed these isolates to be
divided into two groups of linked isolates (clonal complex
CC2 and CC3). Lavenir et al. demonstrated that the profiles
within each group showed a maximum of one DNA band

change [1]. The isolates shown to have unique rep-PCR
profiles (poe92 and poe93) had PFGE profiles that were
grouped with those of isolates poe91 and poe95. All of
these isolates had been recovered from tap water and tap
nozzle aerators of room RS5. The CC3 group clustered
profiles from the other isolates of rooms 5 and 11
investigated in this study. For the other isolates, in most
cases, a good congruence was observed between the rep-
PCR and the PFGE Spel groupings and the classification
into groups of linked or different profiles (Table 2).
However, a series of isolates (#=9) from clonal complex
CC22, defined on the basis of PFGE profiles, showed rep-
PCR profiles and groupings not in line with the definition
of this complex. The rep-PCR analysis divided isolates of
CC22 into three entities; two groups of four isolates, and an
isolate with a unique profile. Interestingly, the clinical
isolate of this complex was found to have a distinct and
unique rep-PCR profile. Three other clinical isolates of
nosocomial infections were also investigated in this
epidemiological investigation. Two of these, poel21 and
poel26, were found to be linked by rep-PCR, and the other
isolate was found to have a unique profile. These groupings
were in line with the PFGE data set, which showed the
poel21 and poel26 isolates to have identical profiles.

Discussion

In this study, the use of the semi-automated rep-PCR typing
method to investigate various P. aeruginosa epidemiolog-
ical issues was tested. rep-PCR data sets were compared
with those derived from the PFGE-Spel typing method for a
set of P aeruginosa isolates recovered from randomly
picked CF clinical infections, patients of three CF families,
infectious outbreaks, and hospital facilities or medical
devices. To our knowledge, even if rep-PCR has been
already used to type P. aeruginosa strains, this is the first
report comparing the efficacy of the semi-automated rep-
PCR and the PFGE-Spel typing methods on isolates of this
bacteria [9]. As described in other studies, the semi-
automated rep-PCR approach presented many advantages.
First of all, the DiversiLab® system was fast [5, 10],
allowing an analysis of 13 isolates in a few hours, while the
PFGE analysis required two to three days. This rapidity was
found to be a major advantage in dealing with epidemio-
logical outbreaks [10]. rep-PCR was also found to be easy
to perform and not to require much technical expertise.
Most steps in the rep-PCR approach involve limited human
intervention (contrary to PFGE). Concerning the analysis of
the rep-PCR profiles, the DiversiLab® system provided a
user-friendly Internet-based computer-assisted data analy-
sis. Users can, thus, keep track of their data sets, create
libraries of profiles, or compare their profiles with those
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provided by the “Barcodes” library [5, 11]. Combined
analysis of new and old data sets can be performed, without
additional experiments, whereas for PFGE, DNA profiles
often need to be re-run on a same agarose gel. The rules of
rejection of relation between isolates during interpretation
were easily applied (i.e., similarities less than 95% and
more than two peak changes). However, visual inspection
of the profiles was found to be essential prior to analysis in
order to avoid misinterpretations. A biologist was found to
be essential for the final interpretation of the similarities.
This important step remains, as for the PFGE Spel method,
a possible source of error.

Concerning the reliability of the semi-automated rep-
PCR approach, the choice was made, in this study, to
compare the data sets obtained with those derived from
PFGE-Spel analyses. However, these methods make use of
totally different strategies. On the one hand, rep-PCR
makes use of short-repeated stretches of DNA found among
eubacterial genomes, allowing the comparison of rep-
containing PCR products ranging in size from about 100
to 1,000 bp. On the other hand, the PFGE-Spel approach
makes use of rare Spel cutting sites among the P.
aeruginosa genomes, allowing the comparison of restricted
genomic DNA profiles with DNA bands ranging in size
from about 50,000 to 500,000 bp. These two kinds of DNA
sequences, rep and Spel cutting sites, are more than likely
to be under distinct selective pressures, with the rep repeats
more inclined to be directly involved in recombination
events. However, Spel analysis of restricted genomic DNA
will also be affected by recombinational events, but on a
larger scale, e.g., a large inversion of a part of a
chromosome. It is such genomic instabilities which make
these two methods good candidates for an estimation of
very closely related isolates which have emerged from a
same mother clone just a few days or months ago.

In most instances, a good agreement between the rep-
PCR and PFGE-Spel data sets was observed in this study.
However, some discrepancies in the classification of the
isolates into linked or different (unique) profiles were
observed. These discrepancies between PFGE and rep-PCR
data sets that were previously reported by Ross et al. raises
the important question of which data set to consider as
representative of the true situations [12]. For example,
finding clinical, water, and endoscope isolates of a same
hospital unit as related by rep-PCR seems quite logical, and
can suggest that tap water contamination was at the origin
of the endoscope contamination. However, some discrep-
ancies with the PFGE data sets were harder to understand,
such as the grouping of isolates from two distinct clonal
complexes (e.g., CC2 and CC3). Such a disagreement
between the PFGE and rep-PCR analyses could occur
because of several reasons. First, it might be the true
situation, and reflects the conservation of particular genetic

@ Springer

background. Second, the analysis might have been affected
by contaminating peaks or ‘bumps,” not representing true
rep-containing PCR products, and creating a misclassifica-
tion of the isolates. Additional analyses will be required to
clarify these discrepancies.

In several epidemiological situations, the rep-PCR data
sets appeared to be in line with those derived from PFGE-
Spel analyses. For example, most outbreak isolates were
found to be linked to a particular outbreak, and to be
different from one outbreak to another by rep-PCR and
PFGE. The only exception was a link observed by PFGE
between the isolates of two outbreaks. rep-PCR was, thus,
shown to be efficient enough to conclude that an outbreak
had occurred at the time of observation of these infections.
rep-PCR can, thus, be considered as suitable for a real-time
follow-up of an outbreak, as proposed for other micro-
organisms [4, 5, 13]. It is, thereby, possible to establish the
first links between isolates during an outbreak, to exclude
unrelated cases, or to rapidly identify contamination
sources in order to initiate decontamination as soon as
possible.

It also appears that rep-PCR combined with PFGE data
sets might bring further insights into the understanding of
genetic relatedness among a population of P. aeruginosa.
For example, the isolate of a nosocomial infection poel30
was linked by PFGE analysis to a dominant clone of P,
aeruginosa found largely distributed among a long-stay
hospital unit (CC22). Isolates of this clone were recovered
from the tap water and tap nozzle aerators of several rooms
of the unit. The rep-PCR data set suggests that these
isolates, even though they are part of a same clone
(identical PFGE profiles), appear to have undergone some
sort of genetic drift, leading to three sub-divisions among
this clonal lineage. Most interestingly, the clinical isolate
appears to have significantly diverged from the other
isolates. This data, thus, suggest that fine genetic modifi-
cations might have played a role in the colonization of the
patient by this isolate. This will need to be investigated
further.

In conclusion, rep-PCR provided results similar to those
obtained by the PFGE-Spel typing method. It was found to
be most reliable on P aeruginosa nosocomial outbreak
isolates. For the other situations, its use will need further
investigations, but the inferences based on the rep-PCR
data sets did not appear to be aberrant. rep-PCR could also
bring further insights on the genetic proximity of isolates
belonging to a same clone or clonal complex defined by the
PFGE approach. However, the reasons for the genetic
divergences observed in these last few cases will, again,
require further validation by DNA sequence analysis of the
rep-PCR DNA products. Such studies will bring a novel
view on the rep-PCR data sets that could improve the
interpretation guidelines of the profiles.
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