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Abstract

Background: Catheters are the most common cause of nosocomial infections and are associated with
increased risk of mortality, length of hospital stay and cost. Prevention of infections and fast and correct

diagnosis is highly important.

Methods: In this study traditional semiquantitative culture-dependent methods for diagnosis of bacteria
involved in central venous catheter-related infections as described by Maki were compared with the
following culture-independent molecular biological methods: Clone libraries, denaturant gradient gel

electrophoresis, phylogeny and fluorescence in situ hybridization.

Results: In accordance with previous studies, the cultivation of central venous catheters from |8 patients
revealed that S. epidermidis and other coagulase-negative staphylococci were most abundant and that a few
other microorganisms such as P. aeruginosa and K. pneumoniae occasionally were found on the catheters.
The molecular analysis using clone libraries and sequencing, denaturant gradient gel electrophoresis and
sequencing provided several important results. The species found by cultivation were confirmed by
molecular methods. However, many other bacteria belonging to the phyla Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes were also found, stressing that only a minor portion of the species present
were found by cultivation. Some of these bacteria are known to be pathogens, some have not before been
described in relation to human health, and some were not closely related to known pathogens and may
represent new pathogenic species. Furthermore, there was a clear difference between the bacterial
species found in biofilm on the external (exluminal) and internal (luminal) side of the central venous
catheter, which can not be detected by Maki's method. Polymicrobial biofilms were observed on most of

the catheters and were much more common than the cultivation-dependent methods indicated.

Conclusion: The results show that diagnosis based on molecular methods improves the detection of
microorganisms involved in central catheter-related infections. The importance of these microorganisms
needs to be investigated further, also in relation to contamination risk from improper catheter handling,
as only in vivo contaminants are of interest. This information can be used for development of fast and more

reliable diagnostic tools, which can be used in combination with traditional methods.
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Background

Intravenous catheters are a commonly used medical
device, but their use is often associated with increased
risks for infections [1]. In Europe more than 60% of all
nosocomial infections in European hospitals are associ-
ated with a catheter, the majority being central venous
catheters (CVC) [2].

Diagnosis of CVC-associated infection traditionally relies
on clinical features, quantitative cultivation, Gram stain-
ing, and acridine-orange leucocyte cytospin test of blood
samples [3-5] or on methods that can only be applied fol-
lowing CVC removal |6]. The international reference diag-
nostic method is Maki's semi-quantitative method
(1973), which is based on the removal of the catheter and
rolling the distal tip back and forth on an agar plate [3,7].
Fourteen colony-forming units (CFU) define an insertion
site infection [7]. There are, however, several problems
with these methods for diagnosis. It takes at least 2 days to
obtain a result and as only the catheter tip is rolled back
and forth on the agar plate, bacteria further up the catheter
and on the internal site are not included in the analysis.
Furthermore, it has been shown that many catheters
appear sterile (are culture negative) after removal in cases
where there were signs of infections [8,9]. These observa-
tions suggest additional diagnostic methods are necessary
in cases where CVC-related infections are suspected.

The problem with Maki's method, and other diagnostic
methods based on cultivation, is that they do not always
detect all microorganisms involved in the infections due
to the use of selective growth media and the poor viability
of some microorganisms on these media [10-12]. This
may be due to antibiotic treatment but more likely
because the microorganisms grow in biofilms. Biofilm-
forming bacteria behave quite differently from planktonic
cells and many cultivation-based diagnostic tools are
based on planktonic organisms [13]. A recent European
study of intravascular catheter-related infections found
that the microorganisms most often isolated from intra-
vascular catheters were coagulase-negative staphylococci
(30-51.5%), followed by Candida spp., Staphylococcus
aureus, Enterococcus spp. and Pseudomonas spp. [3,14,15].
Acinetobacter spp. [3,16], Enterobacter spp. [3], Klebsiella
pneumonia [15] (all Gammaproteobacteria) and other bacte-
ria have been identified less frequently. However, as
described above, many biofilm-forming bacteria are
poorly detected [11], so potentially several other bacteria
may be involved in the CVC-related infection without
being detected by traditional culture-based diagnostics.
This means that delayed or even incorrect diagnosis can
occur thus increasing the risk of relapse or systemic infec-
tion, resulting in pain and discomfort, a less satisfactory
outcome for the patient, technical difficulties for the
health care provider and significant costs for the health
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service [17]. These problems demonstrate the need for
new diagnostic methods, independent of cultivation.
Molecular techniques have been used successfully for
identification of bacteria in other systems e.g. [18-20],
including some medico-related [6,21,22], but have only
been used for diagnosis of microbial infections in rather
few cases on individual CVCs using broad range 16S rRNA
gene sequencing (see e.g. [23,24]).

The aim of this study was to compare the traditional, cul-
ture-dependent methods for the diagnosis of bacteria
involved in CVC-infections with several culture-inde-
pendent molecular methods to improve the diagnosis of
CVC-related infections.

Methods

Cultivation

All unselected central venous catheters sent to the Depart-
ment for Clinical Microbiology, Copenhagen, during a 3
months period were included in this study. All catheters
were generally handled under aseptic conditions. The
catheter tips were analysed by Maki's semi-quantitative
method [7], where the catheter tips were rolled back and
forth on blood agar and incubated at 37°C and atmos-
pheric air for 48 hours. Bacteria were further identified
using the Api kit (Biomerieux) of automatic systems for
identification, analysed on a ATB expression 1550 Vitek
Systems (Biomerieux). The cultivation and identification
was always performed by same trained individuals.

For blood culturing the BACTEC 9240 system was used
(BACTEC, Becton Dickinson, Sparks, Maryland, USA). A
minimum of two culture vials per patient, one aerobic
and one anaerobic was filled directly with blood accord-
ing to the manufacturers instruction. Growth of microor-
ganisms are detected by microorganisms releasing CO,
modulating the fluorescence level in the sensor of the
vials, which is subsequently detected by the instrument.
Cultures were continued for up to one week. If detected
positive, one mL from the vial was aliqouted aseptically
for light microscopy (direct unstained and after Gram
stain) and for culturing on a variety of agar plates (Statens
Seruminstitut, Copenhagen, Denmark) for growth
requirements and further identified using the Api kit of
automatic systems for identification, analysed on a ATB
expression 1550 Vitek Systems. The cultivation and iden-
tification was always performed by same trained individ-
uals.

Isolation of biofilm and DNA extraction

The internal site of the catheters was flushed with approx-
imately 10 mL DNA buffer (0.5 M Tris/HCI, 0.5 M NaCl
and 5 mM EDTA) and the biofilm was collected in a tube
(samples called internal/I). Biofilm from the external site
was removed with a scalpel and transferred to DNA buffer
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(samples called external/E). The catheter was then cut
open and biofilm from the internal site was removed and
transferred to the DNA buffer used to flush the internal
site (internal samples/I). For some catheters it was not
possible to separate biofilm from the internal from the
external site and a separate clone library was constructed
(mixed samples/M). The DNA extraction were performed
using the FastDNA® SPIN kit for soil from QBiogene. The
samples were centrifuged at 13,000 rpm at 10 min and the
supernatant was removed so there were approximately
100-150 pL sample left. The pellet was resuspended in
the remaining supernatant and transferred to the Lysing
Matrix E tube and DNA extraction was performed accord-
ing to the protocol for the FastDNA® SPIN kit for soil. As
negative control a new catheter was rolled back and forth
on blood agar and flushed and scraped as mentioned
above.

16S rRNA gene amplification

The 16S rRNA genes were amplified by polymerase chain
reaction (PCR) using Tag DNA polymerase with primers
8F (616V; [25]) and 1390R [26] targeting conserved
domains. The samples were amplified according to [20]
(using ANME primers, various numbers of cycles). Ampli-
fication of samples for DGGE were done using primer
341F-GC [27] and primer 907R [26]. Negative controls
including water and PCR mix were included for every five
samples and were always negative indicating there was no
contamination of the reagents. Stringent procedures were
employed to avoid contamination, e.g. by using a PCR
cabinet with UV light and all DNA handling was done
with aerosol filter pipette tips to avoid cross contamina-
tion.

Denaturant gradient gel electrophoresis (DGGE)

DGGE analyses of the amplicons were performed on 8%
polyacrylamide gels containing denaturant gradients of
20-70%. Electrophoresis was performed in 1 x TAE buffer
at 100 V overnight using the D-GENE™ gel system (Bio-
rad) and the gels were stained with Sybr Gold solution.
The most intensive DGGE-bands were excised and pre-
pared for sequencing. The excised bands were re-ampli-
fied with PCR and the PCR products were thereafter
purified with NucleoSpin Extract II Machery Nagel. The
similarities of the sequences from reamplified and cut
DGGE bands (approximately 550 bp) were analyzed
using the NCBI Blast search tool at http://
www.ncbi.nlm.nih.gov/blast/.

Cloning, sequencing and phylogenetic analysis

The amplified 16S rRNA gene products were purified with
a Qiaquick PCR purification kit (Qiagen). Cloning was
performed using a TOPO TA Cloning® kit for sequencing
(Invitrogen life technologies). Plasmids were purified
using a Fastplasmid mini kit (Eppendorf). Purified plas-
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mids were amplified using M13 primers to test for inserts
with correct length. The clones were sequenced using a
MegaBase 100 DNA sequencing system (Amersham phar-
macia). Similarity searches of the retrieved 16S rRNA gene
sequences against sequences deposited in publicly accessi-
ble databases were performed using the NCBI Blast search
tool at http://www.ncbi.nlm.nih.gov/blast/. All clones
were initially sequenced using the forward primer 8F, and
based on the results; they were grouped according to the
accession number of the closest relative in the NCBI data-
base. Randomly selected members of each group were
sequenced using the reverse primers 1390R and 907R to
gain consensus sequences representing each group
(almost full length ~1350 bp). All the clones with the
closest relative being an uncultured bacterium were also
sequenced using the reverse primers. Operational taxo-
nomic units (OTUs) were identified using search results of
at least 97% similarity. Checks for chimeric sequences
were conducted using the CHECK_CHIMERA program
from Ribosomal Database Project http://
rdp.cme.msu.edu and the program BELLEROPHON [28].

The ARB software was used for phylogenetic analysis
http://www.arb-home.de. The sequences were aligned
using the FastAligner, and subsequent manual refine-
ment. Unambiguously aligned sequences were analysed
using the distance, parsimony, and maximum likelihood
approaches with default settings. Additionally, the Bacte-
ria sequence conservation filter of the ssu_jan04_corr_opt
ARB database (available at http://www.arb-home.de) was
applied. Phylogenetic trees were constructed using the
consensus sequences representing the different groups of
bacteria, then the partial sequences were added to the
existing consensus trees by the "add species to existing
tree" function in the ARB software. Prior a filter was made
to define which positions to be used in adding the partial
sequences (data not shown). Generally, the results
obtained by NCBI Blast Search corresponded well to the
positions in the phylogenetic tree. The coverage ratio (C)
for each of the clone libraries were calculated with C = (1
- (n1-N-1))-100%, where n1 is the number of OTUs con-
taining only one sequence and N is the total number of
clones analysed [18].

Fluorescence in situ hybridization (FISH)

The FISH procedure was performed on fixed biofilm [29],
and visualized with a Zeiss LSM 510 (Carl Zeiss, Oberko-
chen, Germany) confocal laser scanning microscope. The
following oligonucleotide probes were used: EUB338,
EUB338-1I, and EUB338-1II, called EUBmix (all Bacteria;
[30,31]), and GAM42a (Gammaproteobacteria; [32]). Oli-
gonucleotides were 5'-labelled with 5(6)-carboxyfluores-
cein-N-hydroxy-succinimide ester (FLUOS) or with
sulphoindocyanine dyes (Cy3) (Thermo Hybaid, Ger-
many).
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Nucleotide accession numbers

GenBank accession numbers for 16S rRNA gene consen-
sus sequences determined in this study are EU160495-
EU160582.

Results

Catheter samples

Eighteen central venous catheters were collected from
seven different wards at Copenhagen University Hospital,
Denmark (Table 1). Suspicion of infection was raised in
cases of blood cultures with low-level pathogenic bacteria
like coagulase negative staphylococci (especially if recur-
rent), positive blood cultures without another obvious
focus of infection or cases with signs of infection at inser-
tion site of the CVC. Finally, some CVCs were sent for cul-
turing as routine, even without suspicion of infection.

For 3 patients it was not possible to receive any data at all
about the catheterization. From the patients with availa-
ble information, the time of catheterization ranged from
5 days to 3 months. In 9 cases there were suspicion of
infection and in 6 cases the catheter had previously been
changed, and in one case the catheter was changed several

Table I: Information on catheters
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times. All patients received antibiotic treatment before or
during catheterization based on suspicion of infection.

Cultivation data

Immediately after removal of the catheters from the
patients, the catheter tip was analysed by Maki's semi-
quantitave method (Table 2). S. epidermidis and other
coagulase-negative staphylococci were most abundant
and P. aeruginosa, K. pneumoniae and some fungi were
detected on one catheter each. Cultivation did not detect
any bacteria on seven of the catheters although there was
suspicion of infections in four of these based on blood
cultivation data (Table 1). Two catheters had mixed
growth based on cultivation (1 and 18), and the bacteria
on catheter 18 could not be identified further. Coagulase-
negative staphylococci, streptococci, E. faecium, C.
jeikeium, S. aureus, P. aeruginosa and L. lactis were identi-
fied in blood samples mainly before the catheters were
removed.

Molecular methods
It was possible to separate the biofilm from the external
and internal sites for 14 of the 18 catheters. For 4 of the

Catheter number Duration of insertion Change of catheter

Suspicion of infection

Blood cultivation Antibiotic treatment

| 9 days No No Not taken MEM
2 3 months No No Not taken CIP, FLC, sulfotrime
3 2 months No Yes Coagulase-negative MEM, diclocile, VAN
staphylococci 2 weeks before,
S. aureus in swab
4 14 days No No Not taken CXM
5 2-3 weeks ! Yes E. faecium 2 days earlier MEM, CIP,
metronidazole, FLC
6 3 weeks Yes Yes Streptococci 6 days earlier VAN, MEM, CIP,
fluconazol
7 17 days Yes ? Not taken MEM, GEN, VAN
8 No data available Lactococcus lactis 2 days
earlier
9 No data available Not taken
10 2-3 weeks ? Yes E. faecium 2 days earlier Caspofungin
Il 8 days Yes Yes E. faecium and coagulase- CIP, MEM, fucidine,
negative staphylococci 2 days  metronidazole
earlier. Fungi | day later
12 2 weeks ? Yes Corynebacterium jeikeium 5 VAN, GEN, FLC, PIP,
days earlier and in swab tazabactam, VRC
13 > 4 weeks Yes No Coagulase-negative MEM, CIP,
staphylococci 8 days later metronidazole,
caspofungin
14 10 days Yes, several times  Yes S. aureus 16 days earlier and MEM, CIP, VAN, fucidine,
fungi 7 and |1 days earlier amphotericinB
15 5 days No Yes P. aeruginosa 4 days earlier CIP, MEM
and in swab
16 17 days Yes No Not taken MEM, CIP, GEN, colistine
17 5 days No Yes Not taken CIP, MEM
18 No data available Not taken

Data about the catheters including insertion time, catheter changes, suspicion of infection, blood cultivation, and the antibiotic treatment the patient
retrieved during catheterization.
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Table 2: Cultivation data
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Species No. of catheters Percent [%] Catheter number
No growth 7 36.8 3,6,7,9,10,12,16
Coagulase-negative staphylococci 4 21.1 2,13,14,15

S. epidermidis 4 21.1 1,4,5,8

P. aeruginosa | 5.3 17

K. pneumoniae | 53 |

Fungi | 5.3 I

Mixed growth | 5.3 18

Cultivation data from the 18 CVC investigated. All except those identified as mixed growth were quantified to more than 15 CFU.

catheters (sample number 9, 10, 12 and 18) this was not
possible and a separate clone library was constructed
based on subsamples from these mixed biofilms (called
mixed/M).

Clone libraries
The results are presented in Table 3 and they are based on
both partial and consensus sequences. All of the bacteria

Table 3: Clone library data

detected by cultivation, excepting K. pneumoniae, were
also detected in the clone libraries, however in all cases a
large number of other bacteria were also present. The
most abundant clone on the external site was S. epider-
midis, which was also found to be abundant by cultiva-
tion. Fungi were not included in the molecular analysis.

Bacterial species External Internal Mix
Alphaproteobacteria Afipia broomeae 3 (98%)
Bradyrhizobium japonicum 5 (96-98%)
Bradyrhizobium sp. | (96%)
Betaproteobacteria Acidovorax sp. 3 (94-99%)
Alcaligenes sp. 2 (96-98%)
Burkholderia cepacia I (96%)
Burkholderia sp. 1 (97%) 3 (98-99%)
Delftia tsuruhatensis 1 (96%)
Diaphorobacter sp. 1 (98%)
Massilia sp. 2 (97-98%)
Gammaproteobacteria Acinetobacter junii 11(90-99%)
Acinetobacter sp. 10(98-99%)
Pseudomonas aeruginosa 1 (95%) 11(94-99%)
Pseudomonas sp. 1 (97%)
Serratia sp. 2 (99%)
Stenotrophomonas maltophilia 3 (98-99%) 3 (96-98%) 1 (97%)
Stenotrophomonas sp. 3 (96-99%)
Deltaproteobacteria Uncultured Deltaproteobacteria 9 (97-99%)
Firmicutes Enterococcus faecium 1 (99%) 2 (98%)
Enterococcus lactis 1 (98%)
Peptostreptococcus octavius 5 (93-95%)
Staphylococcus epidermidis 34 (88-99%) 16 (95-99%) 5 (96-99%)
Staphylococcus haemolyticus 3 (95-98%)
Staphylococcus pasteuri 3 (91-99%)
Streptococcus pneumoniae I (97%)
Uncultured Bacillales bacterium 1 (92%)
Actinobacteria Corynebacterium sp. 1 (99%)
Kocuria rhizophila 1 (99%)
Micrococcus luteus 1 (97%)
Propionibacterium acnes 2 (98%)
Unknown Uncultured bacterium clone 654931 2 (98-99%) 1 (99%)
Uncultured organism clone MC06041 | I (95%)
Total 62 62 35

Blast results of the retrieved sequences from the three clone libraries from external, internal and mixed biofilm samples. Numbers refers to
abundance of the different clones and the numbers in parentheses denote the percent ID, the clones have been identified with in the Blast search.
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Further phylogenetic analysis of the sequences obtained
from the 3 clone libraries and their closest relatives found
by the BLAST search were performed in ARB. The methods
applied generally resulted in congruent tree topologies,
and the maximum likelihood tree is shown illustrating
the phylogeny of the consensus sequences (Figure 1).
Three phyla were represented in the clone library for the
external site: Proteobacteria (Beta-, Gamma- and Deltapro-
teobacteria), the Firmicutes, and the Actinobacteria. The
group with most clones in this clone library was the Firmi-
cutes, dominated by the staphylococci (constituted 59.7%
of the identified clones). "Uncultured Deltaproteobacteria"
was represented with 9 sequences (constituted 14.5% of
the identified clones) while a number of clones were
found 1-3 times. Two sequences (number 206 and 261)
were denoted "uncultured bacterium clone 654931" from
the BLAST search, but as can be seen by the phylogenetic
tree (Fig. 1), they seem to belong to the Betaproteobacteria.

The internal site was represented by 3 phyla: the Gamm-
aproteobacteria, Firmicutes, and Actinobacteria. The Gamm-
aproteobacteria was the biggest group with 39 sequences
(62.9%), followed by the coagulase-negative staphyloco-
cci constituting 30.6% of the clone library.

The mixed sample contained Proteobacteria (Alpha-, Beta-
and Gammaproteobacteria), Firmicutes, and Actinobacteria.
Firmicutes accounted for the biggest group, followed by
the Alpha- and Betaproteobacteria. It was the only clone
library containing Alphaproteobacteria. The phylogenetic
relationship of clone number 107 was resolved using
ARB, which supported its relatedness to Corynebacterium

Sp.

The coverage ratio for the 3 clone libraries was high for the
clone library of the internal site (96.8%) and for external
site (90.2%), indicating that most of the organisms in the
sample had been detected. The lowest coverage ratio is
from the mixed sample (85.8%), which was based only
on 35 sequences, compared to approximately 60
sequences for both the external and internal site.

Denaturant gradient gel electrophoresis (DGGE)

DGGE was performed on biofilm samples from the indi-
vidual catheters in order to gain more information about
the bacterial diversity. In most DGGE lanes several bands
were present, which means that numerous species were
present in the original biofilms. The number of clear
bands ranged from 2 to 14. Selected bands were excised,
reamplified and sequenced in order to identify the bacte-
ria represented by that band. Figure 2 presents a represent-
ative DGGE gel, demonstrating the variety of banding
patterns and the numbers represent bands applicable for
reamplification and sequencing. A band on the DGGE gel
is assumed to represent one bacterial species/subspecies
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and accordingly there seemed to be several species present
in the biofilm on both the external and internal site of the
individual catheters. It was possible to cut out bands from
all the samples except from the internal site of catheter 16.
In the majority of the samples, more than one band was
applicable for reamplification and sequencing, even
though some of the bands appear rather weak on the
images. The presence of only one species was found in
biofilm from three catheter samples using DGGE, whereas
the biofilm from the other catheter samples was definitely
polymicrobial. The bacteria identified using DGGE are
described in Additional file 1. On many catheters the
DGGE results, especially the external site, were consistent
with the cultivation data. However, many other microor-
ganisms were identified on the individual catheters and
significant differences were observed between samples
from internal and external site in most cases.

Fluorescence in situ hybridization (FISH)

The abundance of bacteria in most samples was too low
for FISH detection. To illustrate the potential of the
method, it was possible to locate Gammaproteobacteria in
sample 2 by FISH with probe GAM42a (data not shown).
Interestingly, the clone libraries and DGGE also detected
Gammaproteobacteria in this sample in contrast to the cul-
tivation data (catheter 2, Table 2).

Discussion

The comprehensive combination of molecular methods
used in this study has not been used in relation to micro-
bial colonization of CVC previously, but has recently been
used in another study related to human health on athero-
sclerotic lesions in patients with coronary heart disease
[21]. These methods substantially improved the diagnos-
tic outcome in the study and thus strongly support the
finding in this study that the traditional culture-depend-
ent methods can benefit from supplemental molecular
diagnostics.

Five important results were obtained from the compari-
son of the cultivation results with the results from the
molecular analysis using clone libraries, DGGE and
sequencing: 1) The species found by cultivation was also
found by molecular methods, 2) Many other bacteria (or,
more correctly, clones or sequences) were also found
stressing that only a minor part of the species present was
found by cultivation, 3) Some of these bacteria described
by molecular methods are not closely related to known
pathogens and may represent new pathogenic species or
harmless colonizers, 4) There was a clear difference
between the bacterial species on the external and internal
site of the CVC, 5) Polymicrobial biofilms seem much
more common than the cultivation-dependent methods
indicated. These results are further discussed below.
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Clone 3421, EU160548
Clone 3981, EU160554
Clone 3161, EU160543
Clone 3621, EU160551
Clone 211E, EU160500
Clone 252E, EU160517
L Clone 129M, EU160573
Stenotrophomonas maltophilia, AJ293470
[~ Clone 3251, EU160544
Clone 3501, EU160549
Pseudomonas aeruginosa, AY486357
Clone 297E, EU160528
Clone 3301, EU160546
glone 239[, EUI 68515
— _ Clone 3071, EU160541 .
Clone 311, EU160582 - Gammaproteobacterta
Clone 361, EU160533
Clone 231, EU160531
Clone 471, EU160534
Clone 611, EU160535
Clone 641, EU160536
Clone 271, EU160532
Clone 78I, EU160571
Clone 191, EU160530
Clone 18I, EU160529
Clone 721, EU160537
Acinetobacter junii, AY7866470
Clone 121M, EU160568
Clone 134M, EU160575
Serratia marcescens, AY043386 —

Figure |

Phylogenetic tree based on sequences obtained from the biofilm samples. "|" after a clone number refers to a bio-
film sample from the internal site, "E" refers to a biofilm sample from the external site, and "M" refers to biofilm from a mixed
sample. Only consensus sequences are shown in the tree. The scale bar of 0.1 corresponds to 10% estimated sequence devia-
tion. Gammaproteobacteria, the Firmicutes and Actinobacteria were present on all three sample types, while Beta- and Deltaproteo-
bacteria were only present in samples from the external site and Alphaproteobacteria in mixed samples.
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Figure 2

Example of a typical DGGE gel. The sample presentin a
lane is written at top of the lane. "I" refers to a biofilm sample
from the internal site and "E" to a biofilm sample from the
external site. The numbers denote bands which were appli-
cable for reamplification and sequencing.

Microorganisms on CVC as detected by molecular methods
Many different bacterial species were found using the
molecular techniques and many of them have been iso-
lated from CVCs in our study or in other studies. These

http://www.biomedcentral.com/1472-6890/8/10

include coagulase-negative staphylococci, S. aureus, Ente-
rococcus spp., Corynebacterium spp., Micrococcus spp., Bur-
kholderia spp., Stenotrophomonas spp., Pseudomonas spp.
Acinetobacter spp. and Enterobacter spp.

Other bacterial species were found, which hitherto have
not been related to CVC colonization, but are well known
in relation to other infections. Acidovorax sp. (clones were
found with 94-99% similarity to known Acidovorax) was
initially classified as Pseudomonas, they are environmental
bacteria, found in soil, water and as plant pathogens, but
has recently been isolated from blood cultures from a
human patient with sepsis, indicating that this organism
has a pathogenic potential in the healthcare setting [33].
Massilia timonia (97-98% similarity) has been involved in
human infections, e.g. wound infections [34] and also
been isolated from blood cultures from an immunocom-
promised patient [35]. Peptostreptococcus octavius (93-95%
similarity) is a member of the human microflora and is
frequently isolated from sites of infections and comprise
approximately one quarter of all isolates from anaerobic
infections [36]. Both Massilia sp. and P. octavius are slowly
growing and fastidious and therefore may be difficult to
detect using the culture-dependent method, if the incuba-
tion time is less than 48 h and is not anaerobic. Propioni-
bacterium acnes (98% similarity) is part of the normal
microflora of human skin and is recognized for its role in
acne vulgaris [37], but do also cause infections in patients
with implantable prostheses, where it has been associated
with prosthetic valve related endocarditis [38].

Lastly, some bacteria were identified that have not been
related to human health before e.g. the alphaproteobacte-
rial Afipia, which have been isolated from hospital water
supply and is thereby present in the hospital environment
[39]. The clones identified as Afipia broomeae had a simi-
larity of 98%. Bradyrhizobium sp. has been isolated in bio-
film in dental waterline tubing [40], but not found to be
related to any human diseases. These are symbiotic nitro-
gen fixers that can be found in the roots of plants [41] and
they were identified with a similarity of 96-98%. The bet-
aproteobacterial Delftia tsuruhatensis (96% similarity) is a
terephthalate-assimilating bacterium [42] and Diaphoro-
bacter sp. (98% similarity) is a denitrifying bacterium [43]
and are both isolated from activated sludge.

On seven catheters no growth were observed with the cul-
tivation, but all catheters were represented by bands on
the DGGE, which were possible to amplify and sequence,
except catheter 7, where "no significant match" was
achieved by sequence analysis. The results obtained by
DGGE from the catheters with no growth in many cases
showed bacteria, not normally isolated from central
venous catheters, including Delftia tsuruhatensis, Propioni-
bacterium acnes and Afipia sp. They were also found in the
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clone libraries. However, the blood cultivation data from
these seven patients before the catheters were removed
correlated with DGGE results in catheter number 3 and
11, but not number 6, 10 and 12. A relatively big group
from the external site in the clone library was the "uncul-
tured Deltaproteobacteria" and they were also detected in
biofilm from the external site of catheter 16 using DGGE.
Unfortunately, the clones could not be identified further.
The Deltaproteobacteria includes amongst others a large
group of sulfate-reducing bacteria [44].

Generally, most bacteria found by the DGGE approach
were also identified in the clone library, except some
uncultured organisms and some sequences related to Wol-
bachia and Jenibacter molonis. In contrast, many bacteria
were found only in the clone library, supporting that
DGGE only detects the dominating bacteria present in a
sample.

So even though many of the bacteria found in the clone
libraries have not previously been related to CVC-related
infections, several are related to the hospital environment
and may be involved in nosocomial infections. Many
sequences were found where the closest relatives were
uncultured organisms, of which the significance is
unknown. However, many of these results were based on
a relatively low similarity with known organisms, and
they could either be really unknown species or be a result
of PCR or sequencing errors. Therefore, the role of the
detected, but relatively unknown bacteria needs to be
resolved in future studies in order to investigate whether
they are of importance for biofilm-formation or patho-

genicity.

The presence of many bacteria in the biofilm from the
CVC not detected by cultivation could potentially be due
to DNA from dead bacteria ("naked DNA"), either by nat-
ural death or antibiotic treatment, as all the patients
included in this study received antibiotics during catheter-
ization. Interestingly, it was found using chinchillas as
model system that antibiotic-treated bacteria can persist
in a viable state for weeks and can be detected by molecu-
lar methods and not cultivation-dependent methods [45],
while bacterial DNA from non-viable microorganisms
could not be detected by any method. Due to the fact that
antibiotics often are used on patients with CVC-related
infections cultivation will be hampered and DNA based
techniques may be useful in such patient populations
[46].

Microbial populations on internal (luminal) and external
(exluminal) site of CVC

When the external and internal site of the catheters were
compared the differences in the microbial composition
was observed both using DGGE and by comparing the
three clone libraries. The clone libaries showed that bio-
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films from catheters from the external site was dominated
by the Firmicutes, especially the staphylococci. The second
most abundant group was the "uncultured Deltaproteobac-
teria" and they were only found on the external site. The
internal site of the CVC was colonized mainly by the Gam-
maproteobacteria. Another study conducted by Donlan
[15] supports these observations. It was found that the
extent and location of biofilm correlated to the duration
of catheterization: short term (< 10 days) catheters had
greater biofilm formation on the external surface and
long-term catheters (30 days) had more biofilm forma-
tion on the catheter inner lumen. Furthermore, some spe-
cies of the Gammaproteobacteria, like Pseudomonas sp.
appeared to sustain growth in intravenous fluids better
than for example the staphylococci [15], which is in
accordance with our results.

Firmicutes and Actinobacteria were often detected using
DGGE, both on biofilm from the external and internal
site, while the "uncultured Deltaproteobacteria" were only
found on biofilm from the external site of catheter
number 16. This illustrates a preferential PCR amplifica-
tion of these "uncultured Deltaproteobacteria" may have
occurred in the clone library. The mixed biofilm sample
was dominated in approximately equal extent by the Fir-
micutes, the Alpha- and Betaproteobacteria and was the only
clone library to include Alphaproteobacteria. DGGE
detected Alphaproteobacteria both in internal biofilm from
two samples and also in a mixed sample, exemplifying
few of the differences obtained by the two molecular
approaches.

As Maki's semi-quantitative method was used, the bacteria
identified by cultivation must primarily represent bacteria
on the external site of the catheters. This was, however,
not supported by this study. All bacteria identified by cul-
tivation, except for K. pneumoniae, were found by rRNA
gene sequencing. This one missing species could either be
due to incomplete coverage of the clone libraries or
because of loss of material during the rolling of the cathe-
ter back and forth on the agar plate prior to the removal
of biofilm for the molecular analysis. Importantly, the
cultivation approach could have been more intensive in
this study, using e.g. sonication to remove cells or anaero-
bic cultivation techniques, which would probably have
resulted in a higher diversity in the detected microorgan-
isms.

Polymicrobial infections

Using traditional cultivation some reported colonizations
on CVC have been polymicrobial, whereas monospecies
infections seem to be observed most common [14].
DGGE clearly demonstrated that catheters were in most
cases colonized with several species in contrast to the cul-
tivation data primarily showing presence of one or none
species. However, in accordance with previous reports,
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separate bands were observed in some lanes in the DGGE
gels representing the same species, for example in sample
1 (external and internal site), sample 6 and 13 (external
site) and sample 8 and 11B (internal site) [47-49] and
may be due to more than one allele of 16S rRNA genes
being present in the same species or presence of different
strains of the identified microorganisms with differences
in only one or few base pairs. Interestingly, there seemed
to be an increased bacterial diversity in biofilm from cath-
eters with a longer insertion time.

Molecular methods for diagnosis?

Theoretically Maki's semi-quantitative method, the inter-
national diagnostic standard [3] primarily detects bacteria
on the outer surface of the catheter [3]. However, methods
that detect and quantify biofilms both on the inner and
the outer surface of catheters will improve detection of
biofilm colonizations [15]. Improved methods are also
needed for diagnosis while the catheter still is in use [17].
This means that it is essential with an earlier and more
precise identification of the pathogens most frequently
associated with infections [50,51]. Improvements to the
measurement of the efficacy of antimicrobial agents on
these bacteria are also required, due to their growth in bio-
films [51].

Our observations do not allow us to conclude that all bac-
teria detected in the biofilm on CVC are important for the
biofilm formation or pathogenicity [52]. There is also a
potential risk of catheter contamination during removal,
even though the clinicians work carefully and aseptically,
so we can not completely exclude the possibility that
some of the detected microorganisms (using cultivation
and molecular methods) did not colonize the catheters in
vivo. However, the present study provides a basic list of
potential pathogens related to colonizations of CVC, and
is a starting point for further investigations. The next step
could be to include more catheters in a similar study to
increase the available data. Development of a quantitative
PCR assay for quantification of the abundance of particu-
lar target organisms is also a possibility, e.g. directly on
catheter biofilm but also measured in blood samples
drawn through the CVC, which could detect the microor-
ganisms on the internal site of the catheters still in situ [6].

Conclusion

The use of molecular techniques has the potential to sub-
stantially improve microbiological diagnosis in CVC-
related infections when combined with existing methods
based on cultivation and staining.

Competing interests
The authors declare that they have no competing interests.

http://www.biomedcentral.com/1472-6890/8/10

Authors' contributions

MKSL carried out the molecular studies and drafted the
manuscript. CM and NH had all patient contact and per-
formed the cultivation analysis. TRT and PHN designed
and coordinated the study and helped to draft the manu-
script. All authors read and approved the final manu-
script.

Additional material

Additional file 1

Word format, DGGE data, Identity of bacteria found on the individual
catheters, based on sequenced DGGE-bands. X indicates that the species
was identified on the catheter. "I" refers to a biofilm sample from the
internal site, "E" refers to a biofilm sample from the external site, and "M"
is a mixed sample. Accession number for closest relatives are included if
they were unknown microorganisms. For catheter number 7 no DGGE
data was obtained.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1472-
6890-8-10-S1.doc]

Acknowledgements

The Danish Technical Research Council supported this study under the
innovation consortia "BIOMED". We thank Jane lldal and Lars Christo-
phersen for their valuable technical assistance. Aaron Marc Saunders is
acknowledged for reading the manuscript.

References

. Raad I: Intravascular-catheter-related infections. Lancet 1998,
351:893-8.

2. Lyytikainen O, Lumio J, Sarkkinen H, Kolho E, Kostiala A, Ruutu P:
Nosocomial bloodstream infections in Finnish hospitals dur-
ing 1999-2000. Clin Infect Dis 2002, 35(2):e14-9.

3.  Bouza E, Burillo A, Munoz P: Catheter-related infections: diag-
nosis and intravascular treatment. Clin Microbiol Infect 2002,
8:265-74.

4, Chatzinikolaou I, Hanna H, Hachem R, Alakech B, Tarrand |, Raad I:
Differential quantitative blood cultures for the diagnosis of
catheter-related bloodstream infections associated with
short- and long-term catheters: a prospective study. Diagn
Microbiol Infect Dis 2004, 50:167-72.

5. Cicalini S, Palmieri F, Noto P, Boumis E, Petrosillo N: Diagnosis of
intra vascular catheter-related infection. | Vasc Access 2002,
3:114-9.

6.  Warwick S, Wilks M, Hennessy E, Powell-Tuck J, Small M, Sharp J, Mil-
lar M: Use of quantitative 16S ribosomal DNA detection for
diagnosis of central vascular catheter-associated bacterial
infection. J Clin Microbiol 2004, 42:1402-8.

7. Maki D, Weise C, Sarafin H: A semiquantitative culture method
for identifying intravenous-catheter-related infection. N Engl
J Med 1977, 296:1305-1309.

8.  Timsit J: Diagnosis and prevention of catheter-related infec-
tions. Curr Opin Crit Care 2007, 13:563-71.

9. Cormican M: Device-associated infection: the biofilm-related
problem in health care. Biofilms in Medicine, Industry and Environ-
mental Biotechnology 2003.

10. Costerton W, Veeh R, Shirtliff M, Pasmore M, Post C, Ehrlich G: The
application of biofilm science to the study and control of
chronic bacterial infections. | Clin Invest 2003, 112:1466-1477.

I'l. Fux CA, Costerton JW, Stewart PS, Stoodley P: Survival strategies
of infectious biofilms. Trends in Microbiol 2005, 13:34-40.

12. Amann R, Ludwig W, Schleifer KH: Phylogenetic identification
and in situ detection of individual microbial cells without cul-
tivation. Microbiol Rev 1995, 59:143-169.

Page 10 of 11

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1472-6890-8-10-S1.doc
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9525387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12087538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12087538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12087538
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12047403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12047403
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15541601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15541601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15541601
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17639472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17639472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15070980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15070980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15070980
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=323710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=323710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17762237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17762237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14617746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14617746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14617746
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7535888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7535888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7535888

BMC Clinical Pathology 2008, 8:10

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Trautner B, Darouiche R: Catheter-associated infections:
pathogenesis affects prevention. Arch Intern Med 2004,
164:842-50.

Bouza E, San Juan R, Munoz P, Pascau |, Voss A, Desco M: A Euro-
pean perspective on intravascular catheter-related infec-
tions report on the microbiology workload, aetiology and
antimicrobial susceptibility (ESGNI-005 Study). Clin Microbiol
Infect 2004, 10:838-42.

Donlan R: Biofilms and device-associated infections.
Infect Dis 2001, 7:277-81.

Linde HJ, Hahn J, Holler E, Reischl U, Lehn N: Septicemia due to
Acinetobacter junii. | Clin Microbiol 2002, 40:2696-7.

Schinabeck M, Ghannoum M: Catheter-related infections-diag-
nosis, treatment and prevention. Clin Microbiol Newsletter 2003,
25:113-118.

Juretschko S, Loy A, Lehner A, Wagner M: The microbial commu-
nity composition of a nitrifying-dentrifying activated sludge
from an industrial sewage treatment plant analyzed by the
full-cycle rRNA approach. | Syst Appl Microbiol 2002, 25:84-99.
Neufeld JD, Mohn WW: Unexpectedly high bacterial diversity
in arctic tundra relative to boreal forest soils, revealed by
serial analysis of ribosomal sequence tags. Appl Environ Micro-
biol 2005, 71:5710-5718.

Thomsen TR, Ramsing NB, Finster K: Biogeochemical and molec-
ular signatures of anaerobic methane oxidation in a marine
sediment. Appl Environ Microbiol 2001, 67:1646-1656.

Ott S, El Mokhtari N, Musfeldt M, Hellmig S, Freitag S, Rehman A,
Kuhbacher T, Nikolaus S, Namsolleck P, Blaut M, Hampe |, Sahly H,
Reinecke A, Haake N, Gunther R, Kruger D, Lins M, Herrmann G,
Folsch UR, Simon R, Schreiber S: Detection of diverse bacterial
signatures in atherosclerotic lesions of patients with coro-
nary heart disease. Circulation 2006, 113:929-37.

Sakamoto M, Rocas IN, Siqueira JF Jr, Benno Y: Molecular analysis
of bacteria in asymptomatic and symptomatic endodontic
infections. Oral Microbiol Immunol 2006, 21:112-22.

Lau S, Woo P, Woo G, Yuen K: Catheter-related Microbacterium
bacteremia identified by 16S rRNA gene sequencing. | Clin
Microbiol 2002, 40:2681-5.

Woo PC, Tsoi HW, Leung KW, Lum PN, Leung AS, Ma CH, Kam KM,
Yuen KY: Identification of Mycobacterium neoaurum isolated
from a neutropenic patient with catheter-related bactere-
mia by 16S rRNA sequencing. | Clin Microbiol 2000, 38:3515-7.
Juretschko S, Timmermann G, Schmid M, Schleifer K-H, Pommeren-
ing-Roser A, Koops H-P, Wagner M: Combined molecular and
conventional analysis of nitrifying bacterium diversity in acti-
vated sludge: Nitrosococcus mobilis and Nitrosospira-like bac-
teria as dominant populations. Appl Environ Microbiol 1998,
64:3042-3051.

Lane DJ: 16/23S rRNA sequencing. In Nucleic acid techniques in
bacterial systematics Edited by: Stackebrandt E, Goodfellow M. Chich-
ester: Wiley; 1991:113-175.

Muyzer G, De Waal EC, Uitterlinden AG: Profiling of complex
microbial populations by denaturing gradient gel electro-
phoresis analysis of polymerase chain reaction-amplified
genes coding for 16S rRNA. Appl Environ Microbiol 1993,
59:695-700.

Hugenholtz P, Huber T: Chimeric 16S rDNA sequences of
diverse origin are accumulating in the public databases. Int |
Syst Evol Microbiol 2003, 53:289-293.

Amann RI: In situ identification of microorganisms by whole
cell hybridization with rRNA-targeted nucleic acid probes.
In Molecular Microbial Ecology Manual Edited by: Akkermans ADL, van
Elsas |D, de Bruijn FD. London: Kluwer Academic Publications; 1995.
Amann R, Binder BJ, Olson R, Chrisholm SWV, Devereux R, Stahl D:
Combination of 16S rRNA-targeted oligonucleotide probes
with flow cytometry for analyzing mixed microbial popula-
tions. Appl Environ Microbiol 1990, 56:1919-1925.

Daims H, Brihl A, Amann R, Schleifer K-H, Wagner M: The
domain-specific probe EUB338 is insufficient for the detec-
tion of all Bacteria: Development and evaluation of a more
comprehensive probe set. Syst Appl Microbiol 1999, 22:434-444.
Manz W, Amann R, Ludwig W, Wagner M, Schleifer K-H: Phyloge-
netic oligodeoxynucleotide probes for the major subclasses
of proteobacteria: problems and solutions. Syst Appl Microbiol
1992, 15:593-600.

Emerg

33.
34.

35.

36.

37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

52.

http://www.biomedcentral.com/1472-6890/8/10

Shetty A, Barnes R, Healy B, Groves P: A case of sepsis caused by
Acidovorax. | Infect 2005, 51:e171-2.

Sintchenko V: Massilia timonae: A unusual bacterium causing
wound infection following surgery. Clin Microbiol Newslett 2000,
22:149-151.

La Scola B, Birtles R, Mallet M, Raoult DI: Massilia timonae gen.
nov., sp. nov., isolated from blood of an immunocompro-
mised patient with cerebellar lesions. | Clin Microbiol 1998,
36:2847-52.

Hill KE, Davies CE, Wilson MJ, Stephens P, Lewis MA, Hall V, Brazier
J, Thomas DW: Heterogeneity within the gram-positive anaer-
obic cocci demonstrated by analysis of 16S-23S intergenic
ribosomal RNA polymorphisms. | Med Microbiol 2002,
51:949-57.

Perry AL, Lambert PA: Propionibacterium acnes. Lett Appl Microbiol
2006, 42:185-8.

Pan SC: Endocarditis caused by Propionibacterium acnes: an
easily ignored pathogen. | Infect 2005, 51:€229-31.

La Scola B, Mallet M, Grimont P, Raoult D: Bosea eneae sp. nov.,
Bosea massiliensis sp. nov. and Bosea vestrisii sp. nov., isolated
from hospital water supplies, and emendation of the genus
Bosea. Int | Syst Evol Microbiol 2003, 53:15-20.

Singh R, Stine O, Smith D, Spitznagel JJ, Labib M, Williams H: Micro-
bial diversity of biofilms in dental unit water systems. Appl
Environ Microbiol 2003, 69:3412-20.

Soberon M, Lopez O, Morera C, Girard M, Tabche M, Miranda J:
Enhanced nitrogen fixation in a rhizobium etli ntrC mutant
that overproduces the Bradyrhizobium japonicum symbiotic
terminal oxidase cbb3. Appl Environ Microbiol 1999, 65:2015-9.
Shigematsu T, Yumihara K, Ueda Y, Numaguchi M, Morimura §, Kida
K: Delftia tsuruhatensis sp. nov., a terephthalate-assimilating
bacterium isolated from activated sludge. Int | Syst Evol Micro-
biol 2003, 53:1479-83.

Khan ST, Hiraishi A: Diaphorobacter nitroreducens gen nov, sp
nov, a poly(3-hydroxybutyrate)-degrading denitrifying bac-
terium isolated from activated sludge. | Gen Appl Microbiol 2002,
48:299-308.

Wagner M, Roger AJ, Flax JL, Brusseau GA, Stahl DA: Phylogeny of
dissimilatory sulfite reductase supports an early origin of sul-
fate respiration. | Bacteriol 1998, 180:2975-2982.

Post ], Aul J, White G, Wadowsky R, Zavoral T, Tabari R, Kerber B,
Doyle W, Ehrlich G: PCR-based detection of bacterial DNA
after antimicrobial treatment is indicative of persistent, via-
ble bacteria in the chinchilla model of otitis media. Am |
Otolaryngol 1996, 17:106-1 1.

Heininger A, Binder M, Schmidt S, Unertl K, Botzenhart K, Doring G:
PCR and blood culture for detection of Escherichia coli bac-
teremia in rats. | Clin Microbiol 1999, 37:2479-2482.

Wang Y, Zhang Z, Ramanan N: The actinomycete Thermobispora
bispora contains two distinct types of transriptionally active
16S rRNA genes. | Bacteriol 1997, 179:3270-3276.

James G, Swogger E, Wolcott R, Pulcini ED, Secor P, Sestrich |,
Costerton J, Stewart P: Biofilms in chronic wounds. Wound Repair
Regen 2007, 13:13.

Andersen A, Hill K, Stephens P, Thomas D, Jorgensen B, Krogfelt K:
Bacterial profiling using skin grafting, standard culture and
molecular bacteriological methods. | Wound Care 2007,
16:171-5.

Nichols R, Raad I: Management of bacterial complications in
critically ill patients: Surgical wound and catheter-related
infections. Diagn Microbiol Infect Dis 1999, 33:121-130.

Tenke P, Riedl C, Jones G, Williams G, Stickler D, Nagy E: Bacterial
biofilm formation on urologic devices and heparin coating as
preventive strategy. Int | Antimicrob Agents 2004, 23:567-74.
Fenollar F, Raoult D: Molecular diagnosis of bloodstream infec-
tions caused by non-cultivable bacteria. Int | Antimicrob Agents
2007, 30:7-15.

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http:

www.biomedcentral.com/1472-6890/8/10/prepub

Page 11 of 11

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15111369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15111369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15355416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15355416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15355416
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11294723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12089313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16204479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16204479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16204479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11282617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11282617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11282617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16490835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16490835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16490835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16476021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16476021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16476021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12089308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12089308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10970421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9687471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9687471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7683183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7683183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7683183
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12656186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12656186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2200342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2200342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2200342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10553296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10553296
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16230200
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9738031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9738031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9738031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12448679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12448679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12448679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16478502
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16291276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16291276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12656146
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12788744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12788744
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10223993
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10223993
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13130036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13130036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12682868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12682868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12682868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9603890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9603890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9603890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8820185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8820185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8820185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10405388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10405388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9150223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9150223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17444383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17444383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17444383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10091035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10091035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10091035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15037330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15037330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15037330
http://www.biomedcentral.com/1472-6890/8/10/prepub

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cultivation
	Isolation of biofilm and DNA extraction
	16S rRNA gene amplification
	Denaturant gradient gel electrophoresis (DGGE)
	Cloning, sequencing and phylogenetic analysis
	Fluorescence in situ hybridization (FISH)
	Nucleotide accession numbers


	Results
	Catheter samples
	Cultivation data
	Molecular methods
	Clone libraries
	Denaturant gradient gel electrophoresis (DGGE)
	Fluorescence in situ hybridization (FISH)


	Discussion
	Microorganisms on CVC as detected by molecular methods
	Microbial populations on internal (luminal) and external (exluminal) site of CVC
	Polymicrobial infections
	Molecular methods for diagnosis?

	Conclusion
	Competing interests
	Authors' contributions
	Additional material
	Acknowledgements
	References
	Pre-publication history

