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Microbial biofilms associated with intravascular catheter-related
bloodstream infections in adult intensive care patients
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Abstract Catheter-related bloodstream infection (CRBSI) is
one of the most serious complications in hospitalised patients,
leading to increased hospitalisation, intensive care admis-
sions, extensive antibiotic treatment and mortality. A greater
understanding of these bacterial infections is needed to im-
prove the prevention and the management of CRBSIs. We
describe here the systematic culture-independent evaluation
of intravascular catheter (IVC) bacteriology. Twelve IVCs (6
central venous catheters and 6 arterial catheters) were collect-
ed from 6 patients. By using traditional culture methods, 3
patients were diagnosed with catheter colonisation including
1 patient who also had CRBSI, and 3 had no colonisation.
From a total of 839,539 high-quality sequence reads from
high-throughput sequencing, 8 microbial phyla and 76 diverse

microbial genera were detected. All IVCs examined in this
study were colonised with complex microbial communities
including Bnon-colonised IVCs,^ as defined using traditional
culture methods. Two main community types were observed:
Enterobacteriaceae spp., dominant in patients without coloni-
sation or CRBSI; and Staphylococcus spp., dominant in pa-
tients with colonisation and CRBSI. More diverse pathogens
and a higher microbial diversity were present in patients with
IVC colonisation and CRBSI. Community composition did
not appear to be affected by patients’ antibiotic treatment or
IVC type. Characterisation of these communities is the first
step in elucidating roles of these pathogens in disease progres-
sion, and to ultimately facilitate the improved prevention, re-
fined diagnosis and management of CRBSI.

Introduction

Intravascular catheters (IVCs), including central venous cath-
eters (CVCs) and arterial catheters (ACs), are the most fre-
quently used invasive medical devices in hospitals. However,
catheter-related bloodstream infection (CRBSI) is one of the
most serious nosocomial infections [1, 2]. It is associated with
high morbidity, mortality and treatment cost [3]. IVC place-
ment facilitates the access of potential pathogens to the blood-
stream, and also provides a ready surface to which they can
attach and form biofilms [4, 5].

Many microbial species have been identified from IVC
biofilms using traditional culture methods [6]. However, it
has been reported that only a small fraction of attendant mi-
croorganisms could be detected [7, 8]. Therefore, the identities
of microorganisms that participate in catheter biofilm forma-
tion and CRBSImay not be fully determined. Next-generation
sequencing techniques are widely recognised for their time-
and cost-effective descriptions of microbial populations in a
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high-throughput manner [9]. Importantly, these approaches
can also detect and identify microbes without having to cul-
ture the microorganisms. In this study, we present the charac-
terisation of biofilms on IVCs recovered from patients with no
IVC colonisation, with colonisation and with CRBSI using
next-generation sequencing and traditional culture methods.

Materials and methods

The study was carried out in the Intensive Care Unit of the
Royal Brisbane and Women’s Hospital (RBWH), Queens-
land, Australia. Six adult patients with concurrently sited
ACs and CVCs were recruited to this study. Ethical approval
for the study was granted by the hospital Human Ethics Com-
mittee (HREC 2008/024). Written informed consent was pro-
vided by participants or their representatives.

The CVCs were ARROWgard Blue® (chlorhexidine ace-
tate and silver sulfadiazine coated; Arrow Int, Reading, PA,
USA), and the ACs were of the Vygon Leader Cath brand
(Ecouen, France). There was no imposed limitation on dwell
time, and the resiting of catheters always occurred at a new
body site. Guide-wire exchange was not performed. Dressings
and administration sets were maintained by ICU nurses using
unit protocols in accordance with guidelines [6].

The IVC samples were taken by qualified registered nurses
who were experienced in the preparation of specimens for
culture. The distal 2–3 cm of the tip was cut using sterile
scissors and deposited in a sterile container. Twelve IVC tips
were handled under aseptic conditions and immediately
transported to the laboratory for examination, where they were
cultured using the roll-plate culture method [10]. Diagnosis of
CRBSI was made using conventional methods including a
positive IVC tip culture and peripheral venous blood culture
with the same microorganism and no other obvious source of
BSI [6]. Microorganisms were isolated and identified accord-
ing to the standard hospital protocol.

High-throughput sequencing

Following processing for culture, catheter tips were suspended
in 200 μl of lysis buffer, which contained 20mg/ml lysozyme,
20 mM Tris-HCl (pH 8.0), 2 mM EDTA, 1.2 % Triton, and
Proteinase K at 37°C overnight. Bacterial genomic DNAwas
extracted from all IVCs using the QIAamp DNA mini kit
(Qiagen, Chadstone, VIC, Australia). For each catheter, a con-
trol (unused) catheter was taken from the original packaging
and rolled back and forth on blood agar plates, with microbial
genomic DNA extracted as above. Targeted genes were am-
plified from purified genomic DNA using the primers F (5’
AAACTYAAAKGAATTGRCGG 3 ’ ) a nd R (5 ’
ACGGGCGGTGWGTRC3’), which would cover variable re-
gions (V6- V8) of the gene encoding 16S rRNA (rrs gene).

For each genomic DNA sample, three replicate polymerase
chain reactions (PCRs) were performed. The PCR products
were purified with the Qiaquick PCR Purification kit (Qiagen,
Australia). Barcoded library construction and paired-end se-
quencing were performed using the Illumina MiSeq platform,
supported and operated by the Australian Centre for
Ecogenomics.

Bioinformatics analysis

The raw 16S rRNA sequence data were trimmed from 3’-
prime end until their average quality score exceeded 25, and
reads containing ambiguous characters were additionally
trimmed at the occurrence of the first BN^. Subsequently,
low-quality reads were identified and excluded using criteria
adapted from Huse et al. [11].

Following these initial sequence quality control assess-
ments, the remaining sequences were analysed using QIIME,
and reads grouped into operational taxonomic units (OTUs)
using a threshold of 97 % sequence identified. Sequences
were chimera checked using ChimeraSlayer. A representative
sequence from each OTUwas then subjected to BLASTalign-
ment with Greengenes database, as implemented in QIIME,
and the OTU table generated through QIIME includes the
frequency with which each OTU was observed in each sam-
ple. These OTU tables can be represented at phylum, class,
order, family and genus/species levels of assignment, and heat
maps at the genus level of assignment were constructed in R,
using the g-plots package (R package version 2.6.0).

Alpha (within sample) diversity metrics were computed
using QIIME. The Shannon diversity and richness values
from these analyses were compared using paired t test, as were
the differences in individual and relative OTU abundance
values. Beta (between-sample) diversity metrics, including
hierarchical clustering and weighted and unweighted Unifrac
distances, were also computed using QIIME and the
FastUnifrac metric. The Jaccard distance was used for princi-
pal coordinate analysis, and further statistical comparisons
were performed using Calypso software [12]. The two-tailed
t test was used to evaluate the difference between variances. A
p value of less than 0.05 was considered significant.

Results

Sample characteristics

The 6 recruited patients had a mean age of 47.2 years, and
66.7 % (4/6) were on systemic antimicrobials at the time of
catheter removal. The mean duration of catheter placement
was 6 days (4–10 days), and there was no difference in dwell
time between ACs and CVCs.
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Three of the 6 CVCs and 0 of the 6 ACs were
colonised (over 15 colony-forming units) on roll-plate
cultures. Isolates were all Staphylococcus spp. One of
the 6 patients was diagnosed with CRBSI. Both colonisa-
tion and CRBSI occurred in patients already receiving
multiple antibiotics.

Microbial genomic DNA was extracted and quantified
from all the IVC samples, and all these DNA samples pro-
duced amplicon libraries for sequencing. Significantly, no mi-
crobial DNAwas recovered and amplified from sterile, unused
IVCs, which indicates that any Bcontaminating DNA^ arising
from the manufacture of the IVCs, or the reagents used, was
negligible. No negative control DNA samples were used for
sequencing and further study.

Bacterial community profiles of IVCs

After quality trimming and chimera checking, 839,539 high-
quality sequence reads from the 12 IVCs were available (an
average of 69,961 reads per sample). The results demonstrated
that the microbial communities on IVCs comprised prokary-
otes assigned to 7 bacterial and 1 archaeal phyla:
Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria,
Euryarchaeota, Firmicutes, Proteobacteria and Thermi. How-
ever, two of these phyla (Firmicutes and Proteobacteria) rep-
resent nearly 90 % of the community’s composition. The
OTUs were further assigned to 76 known genera, including
Staphylococcus (12.8 % of 16S rRNA reads), Streptococcus
(9.7 %), and Enterobacteriaceae (15.9 %).

Fig. 1 Comparing microbial communities on intravenous catheters
(IVCs) from patients with and without colonisation by a a relative
abundance on IVCs of most abundant operational taxonomic units
(OTU) across samples; b a significantly different microbial group

(p<0.05, ANOVA). Significant differences between groups (t test) are
annotated as *p<0.05, **p<0.01. c Principal coordinate analysis of
phylogenetic distance among communities according to the weighted
Unifrac metric
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The microbial communities present on CVCs and ACs
were not different from each other in terms of their alpha
diversity metrics (Shannon–Weaver, p=0.28; richness p=
0.72; evenness p=0.28; and Simpson, p=0.30). Principal co-
ordinate analyses also suggested that microbial communities
present on these catheters could not be differentiated on the
basis of catheter type (Fig 1S).

Furthermore, the microbial communities on IVCs from pa-
tients treated with antibiotics (4 out of 6) were indistinguish-
able from those patients who did not receive antibiotics; both
in terms of principal coordinate analysis or their alpha diver-
sity metrics (Shannon–Weaver, p=0.28; richness p=0.52;
evenness p=0.32; and Simpson, p=0.35; Fig. 2S).

Catheter colonisation, CRBSI impact on biofilm
community composition

The biofilm communities present upon patients with colonisa-
tion and CRBSI were significantly different from those without
colonisation and CRBSI, as shown by OTU abundance
(Fig. 1a), the principal coordinate analysis (Fig 1b) and alpha
diversity metrics (Shannon–Weaver, p=0.04; richness p=0.12;
evenness p=0.08; and Simpson, p=0.03). The microbial com-
munities on IVCs from patients who were diagnosed with IVC
colonisation were predominant by Staphylococcus. The abun-
dance of Staphylococcus increased on IVCs from patients with
CRBSI, while Enterobacteriaceae dominated in patients with-
out colonisation or CRBSI (Fig. 1c). The microbial communi-
ties recovered from patients with colonisation and CRBSI pos-
sessed a high abundance of Acinetobacter, Staphylococcus,
Stenotrophomonas and Aerococcus, while a greater abundance
of Enterobacteriaceae, Pseudomonas and Propionibacterium
was found from patients without colonisation or CRBSI
(Fig. 1a). Greater microbial diversity and a higher proportion
of pathogens were present on patients with colonisation and
CRBSI, which indicate that they may trigger the process of
clinically significant microbial colonisation and CRBSI.

Discussion

This study provides the first culture-independent examination
of microbial biofilms on IVCs from patients with no infection,
catheter colonisation and CRBSI (detected by culture). Two
main community types were observed: Enterobacteriaceae
spp., dominant in patients without colonisation or CRBSI;
and Staphylococcus spp., dominant in patients with colonisa-
tion and CRBSI. Microbial diversity was lower in patients
without colonisation or CRBSIs. In our previous studies, we
used 454 pyrosequencing to characterise microbial communi-
ties on IVCs and found that Gram-negative bacteria predom-
inated on IVCs when only non-colonised IVC samples were
examined from patients without CRBSI [7, 13]. Such results

suggest that Gram-negative bacteria might pre-colonise IVCs
without causing infection and might be merely Bnormal^
colonisers on IVCs. In this study, complex microbial biofilms
were present on patients with CRBSI instead of single bacte-
rial species, as described using culture methods, with Gram-
positive Staphylococcus spp. dominant on microbial biofilms.
Community composition did not appear to be affected by
patients’ antibiotic treatment or IVC type.

Moreover, only CVCs, not ACs, were associated with IVC
colonisation or CRBSI using culture methods. Yet, on molec-
ular study, ACs had similar bacterial communities to CVCs.
The possible explanations for this might include:

1. DNA-based molecular methods might detect DNA on
IVCs from dead bacteria.

2. ACs have only a single infusion fluid, whichmight reduce
bacterial growth (such as lipid-rich propofol or parenteral
nutrition administered via CVCs.

3. Traditional culture methods only examine microbial
biofilms on external IVC surfaces and leave the bacteria
on inner surfaces under evaluation and ACsmay have had
inner surface colonisation, related to multiple access for
blood sampling.

It has been reported that ACs are an under-recognised cause
of CRBSI and are associated with infection rates similar to
those of short-term CVCs [14]. This study supports the asser-
tion that ACs should be considered an equally likely site of
catheter colonisation in critically ill patients as CVCs.

Characterisation of microbial biofilms is the first step in elu-
cidating the roles of these pathogens in disease progression and
in ultimately facilitating the prevention, diagnosis and manage-
ment of CRBSI. Limitations of this study included the small
sample size and the lack of IVCs from patients with Gram-
negative CRBSI. Future study with larger cohorts of patients
with and without CRBSI is required to verify the results.
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