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Endotracheal (ET) tubes accumulate a biofilm during use, which can harbor potentially pathogenic
microorganisms. The enrichment of pathogenic strains in the biofilm may lead to ventilator-associated
pneumonia (VAP) with an increased morbidity rate in intensive care units. We used quantitative PCR
(gqPCR) and gene surveys targeting 16S rRNA genes to quantify and identify the bacterial community
to detect fastidious/nonculturable organisms present among extubated ET tubes. We collected eight ET

sey‘;‘f‘l’rtds-' ted (VAP tubes with intubation periods between 12h and 23 d from different patients in a surgical and a medi-
Bfor;ﬂ'rg or-associated pneumonia (VAP) cal intensive care unit. Our qPCR data showed that ET tubes were colonized within 24 h. However, the
Quantitative PCR variation between patients was too high to find a positive correlation between the bacterial load and

intubation period. We obtained 1263 near full-length 16S rRNA gene sequences from the diverse bacte-
rial communities. Over 70% of these sequences were associated with genera of typical oral flora, while
only 6% were associated with gastrointestinal flora. The most common genus identified was Streptococcus
(348/1263), followed by Prevotella (179/1263), and Neisseria (143/1263) with the highest relative con-
centrations for ET tubes with short intubation periods, indicating oral inoculation of the ET tubes. Our
study also shows that even though potentially pathogenic bacteria existed in ET tube biofilms within 24 h
of intubation, a longer intubation period increases the opportunity for these organisms to proliferate. In
the ET tube that was in place for 23 d, 95% of the sequences belonged to Pseudomonas aeruginosa, which
is a bacterial pathogen that is known to out compete commensal bacteria in biofilms, especially during
periods of antibiotic treatment. Harboring such pathogens in ET biofilms may increase the chance of VAP,
and should be aggressively monitored and prevented.

16S rRNA gene survey
Endotracheal tube

© 2010 Elsevier GmbH. All rights reserved.

Introduction

Mechanical ventilation is a life-saving medical strategy for
trauma and medically incapacitated patients; however, it is not free
of risk. Ventilator-associated pneumonia (VAP) is one of the most
common acquired infections in intensive care units (ICUs) (Agbaht
et al., 2007; Mayhall, 2007; Rello et al., 2006). The CDC (2005)
reports that patients who are being mechanically ventilated have a
6-21 times higher risk of developing hospital-associated pneumo-
nia compared with patients who are not receiving this treatment.
With increasing public scrutiny of healthcare-associated infections,
hospitals are working to implement prevention strategies to mini-
mize the risk of developing VAP (Coffin et al., 2008).

A variety of bacteria have been closely associated with VAP,
including Staphylococcus spp., Pseudomonas spp., and Acinetobacter
spp. (Agbahtetal.,2007; Masterton et al.,2007; Schultz and Spronk,

* Corresponding author. Tel.: +1 607 255 2480; fax: +1 607 255 4449.
E-mail address: 1a249@cornell.edu (L.T. Angenent).

1438-4221/$ - see front matter © 2010 Elsevier GmbH. All rights reserved.
doi:10.1016/j.ijmm.2010.02.005

2007). In some diagnosed VAP cases, the offending organism was
not identifiable through standard laboratory culturing techniques
(Bahrani-Mougeot et al., 2007; Kollef et al., 2005; Weber et al.,
2007). A number of prevention studies have attempted to reduce or
eliminate the risk of VAP by looking into the effects of oral decon-
tamination, ventilator tube changes, patient positioning, antibiotic
therapies, continued education, silver-coated tubes, and combina-
tions of the aforementioned (Blot et al., 2007; Coffin et al., 2008;
Garnacho-Montero et al., 2007; Gastmeier and Geffers, 2007; Kollef
et al., 2008; Omrane et al., 2007).

Endotracheal (ET) tubes are placed through the highly colonized
oropharynx and larynx into the normally sterile tracheobronchial
tree, creating a direct passage from an external ventilator to the
patient’s lungs (Safdar et al., 2005). Biofilms, which are complex
communities of microbes that produce glycocalyx polysaccha-
rides to protect them from desiccation, chemical treatments, and
immunological attack (Edwards, 2000), have been found along the
inner and outer surfaces of ET tubes after being in place for less
than 24 h (Augustyn, 2007; Inglis et al., 1989; Ramirez et al., 2007;
Sottile et al., 1986). Hypotheses on the origins of the biofilm have
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ranged from the progressive accumulation of an individual’s lower
respiratory tract secretions during inadequate suctioning (Inglis
et al., 1995), colonization of aspirated secretions from the upper
respiratory tract (Bahrani-Mougeot et al., 2007), and environmen-
tal inoculation of forced air from ventilators (Inglis et al., 1989).
Regardless of the inoculum source, researchers are confident that
biofilms are a reservoir of potentially pathogenic bacteria that could
propagate into systemic infections (Di Filippo and De Gaudio, 2003;
Pacheco-Fowler et al., 2004; Ramirez et al., 2007).

Most previous studies have focused on linking tube biofilm
culture analysis with cultured specimens from the patient and
visualizing collected biofilms with scanning electron microscopy
as a function of time and location (Adair et al., 1999; Inglis et
al., 1989, 1995; Sottile et al., 1986; Zur et al., 2004). However,
direct links between biofilm formation and VAP incidences have
not been definitively observed. Each of these studies relied on cul-
turing techniques to determine what organisms were present, yet
studies have shown that there can be significant culturing bias
(Amann et al., 1995; Edwards, 2000; Pace, 1997). To circumvent
this culturing bias, molecular techniques have been developed to
characterize microorganisms without a culturing step. During gene
surveys to identify bacteria, DNA is directly extracted from the
specimen and the bacterial small-subunit rRNA (16S rRNA) gene
is amplified by PCR, sequenced, and identified through a phyloge-
netic approach (Kroes et al., 1999; Ley et al., 2006; Paster et al.,
2001). Notably, the 16S rRNA gene has withstood horizontal gene
transfer, making it highly conserved and an ideal tool for identi-
fying microorganisms that are nonculturable or nonviable (Woese,
1987). Bahrani-Mougeot et al. (2007) and Flanagan et al. (2007)
have each assessed intubated patients with nonculturing tech-
niques. Bahrani-Mougeot et al. (2007) sought to correlate bacterial
pathogens from bronchoalveolar lavage samples to oral swabs col-
lected from patients with clinically diagnosed VAP. Alternatively,
Flanagan et al. (2007) used endotracheal aspirates to determine
the overall change in phylogenetic diversity with antibiotic use in
intubated patients cultured with Pseudomonas spp.

To our knowledge, all studies with nonculturing techniques
have sampled tracheal aspirates or bronchoalveolar lavage flu-
ids rather than ET tube biofilms, which is advantageous for a
time-resolved sampling study because ET tubes are not removed
during ventilation to prevent infection. However, such studies
will not completely ascertain the pool of pathogens present
because biofilms harbor specific pathogens. Here, we sampled
the entire biofilm surrounding eight extubated ET tubes from
different patients. These eight ET tubes had been in place for con-
ventional intubation periods between 12h and 23 d to mimic
time-resolved sampling. We performed 16S rRNA gene surveys on
biofilm communities from a relatively large tube surface area. The
sequencing was performed with a Sanger-sequencing platform to
generate near full-length sequencing reads to identify pathogens
on a species level. We also used a direct quantitative PCR (qPCR)
approach to quantify the bacterial loads. The information from
these nonculture-based techniques allowed us to identify potential
pathogens in the biofilm, and gave us the opportunity to postulate
the period during which these pathogens proliferated, the likely
inoculum source, and possible interventions to further reduce the
incidence of VAP.

Materials and methods
Patient recruitment and sampling
The study population consisted of patients selected on a basis

of ventilation duration from the Barnes-Jewish Hospital Medical
Intensive Care Unit (ICU) and Surgical ICU. The patients were all

above the age of 17 with mechanical ventilation for 12h to 23
d (mean 6 d). Barnes-Jewish Hospital is a 1252-bed tertiary care
teaching hospital affiliated with Washington University School of
Medicine, St. Louis, MO. The institutional review board of Barnes-
Jewish Hospital approved a verbal consent to be obtained from
either the patient or family following physician-prescribed extuba-
tion allowing study enrollment and access to patient information.
Results of cultures obtained for clinical reasons and antibiotic
treatment were acquired from the patients’ charts retrospectively
(Table 1). The extubated tubes were deposited in sterile bags and
kept on ice (less than 12 h) until ET tube duration was determined.
Not all tubes were further studied. We chose eight ET tubes for fur-
ther study based on the length of intubation period. The samples
are classified as A-H from the shortest to the longest intubation
period (Table 1).

Sample preparation and DNA extraction

Each tube was segmented into three equal portions (~10cm
each) from the oral cavity down: proximal, medial, and distal. The
ET tube pieces were individually stored at —80 °C until DNA extrac-
tion. A rigorous extraction protocol adapted from Cury and Koo
(2007) was used to maximize the DNA yield from within the accu-
mulated biofilm encasing the interior and exterior of the removed
ET tubes. In short, the ET tube segments were removed from the
—80°C freezer and further cut down to 0.5-cm long tubes, which
were cut longitudinal into four pieces. A 25-ml sterile phosphate
buffer solution (PBS) was added to the pieces and stored at —80°C
overnight. The samples were thawed and subjected to three rounds
of 30-s vortex, 60-s sonication at 7 W, and 10-minrestinanice bath.
The PBS was transferred into a new vial and the ET tube pieces were
washed with two additional 10-ml aliquots of PBS. The PBS effluent
from each ET segment was centrifuged at 5,040 g for 10 min (Sor-
vall RC-5B, Thermo Fisher Scientific, Waltham, MA) and decanted.
The remaining cell pellet was resuspended in extraction buffer and
subjected to abead-beating phenol-chloroform extraction protocol
(Ley et al., 2006).

DNA quantification

Quantitative PCR (qPCR) was used to determine the bacterial
DNA load within each sample in triplicate using SYBR green chem-
istry. Wells contained 2 pl of extracted template and 23 .l of SYBR
green mix (ABgene, Rockford, IL) supplemented with 0.25 U UDP-
N-glycosidase, and 10 wM universal bacterial primers (forward
primer 331F 5'-TCCTACGGGAGGCAGCAGT-3’; reverse primer 797R
5-GGACTACCAGGGTATCTAATCCTGTT-3'; Integrated DNA Tech-
nologies, Coralville, IA) to target 16S rRNA genes (Nadkarni et
al., 2002). Triplicate samples were analyzed with a Stratagene
Mx3000P gPCR system (Cedar Creek, TX), using the program out-
lined and verified by An et al. (2006) (i.e., 40 cycles at 95 °C for 155,
1min at 60°C, 30s at 72 °C with data collection temperatures of
85°C to 88°C and analysis of a final melting curve). To generate a
standard curve for qPCR, DNA was extracted from Escherichia coli,
and quantified using a PicoGreen dsDNA Quantitation Kit (Molec-
ular Probes, Eugene, Oregon). The standard curve of E. coli DNA
ranged from 0.034 pg/l to 34.7 ng/l with an R? of 0.94. An analysis
of variances (ANOVA) test was performed with the qPCR data using
R Project for statistical computing software (www.r-project.org). A
two-way ANOVA was used to determine the significance of patient
and ET tube section location. A correlation analysis was also con-
ducted to determine the correlation between the concentration of
DNA along each ET tube section and the duration of intubation.
For this analysis it was assumed that each data set had a bivariate
normal distribution.
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Table 1
Individual ET tube details.
ET tube Intubation Laboratory results Non-chimeric OTUs  RDP % match to Matching Potential pathogen Antibiotic
duration sequences potential pathogen sequences treatment
A 12h No positive cultures 171 61 98.2 1 Fusobacterium None
nucleatum; DQ440557
97.6 2 Granulicatella adiacens;
AY879300
B 18h Day 1: MRSA from a 193 47 99.1 3 Abiotrophia None
nasal swab PCR para-adiacens;
AB022027
99.3 61 Neisseria perflava;
AJ247246
C 23h No positive cultures 151 56 97.2 1 Haemophilus Cefoxitin
parainfluenzae;
AY362908
97.7 4 Neisseria perflava;
AJ247246
D 2d Day 1: MRSA from a 87 36 98.2 2 Abiotrophia Cefepime, linezolid
trachea aspirate para-adiacens;
AB022027
98.0 1 Staphylococcus aureus;
BA000017
E 6d Day 1: MRSA from a 102 30 97.2 1 Haemophilus Ceftriaxone,
nasal swab PCR parainfluenzae; ampicillin,
AB098612 metronidazole,
vancomycin
99.1 7 Abiotrophia
para-adiacens;
AB022027
100 2 Neisseria perflava;
AJ247246
F 7d No positive cultures 223 62 97.8 20 Neisseria mucosa; Cefazolin,
AJ239279 gentamicin
G 7d Day 3: Enterococcus 212 83 98.5 1 Fusobacterium Ciprofloxacin,
spp. in the urine nucleatum; DQ440565 ampicillin
97.8 2 Enterococcus faecalis;
AB272354
97.1 1 Prevotella nigrescens;
AF414842
H 23d Day 2: MRSA from a 124 23 100 2 Staphylococcus aureus; Ceftriaxone,
nasal swab PCR CP000046 ciprofloxcin,
metronidazole,
cefepime,
vancomycin,
linezolid,
meropenem
Day 18: Pseudomonas 100 117 Pseudomonas
aeruginosa from a aeruginosa; AY826613
trachea aspirate
Total 1263 3312 228

@ Total number of independent OTUs for the study.

PCR amplification, cloning, and sequence analysis

16S rRNA genes from extracts of each section of the ET tubes
were PCR amplified with a 30-cycle touchdown PCR (initial 2 min
denaturing step at 94°C, followed by 30 cycles at 92°C for
30s, 45°C for 90s, and 72°C for 90s, and a final 72°C exten-
sion for 15min). The 50-pl reaction mixes contained 1.25U of
GoTaq (Promega Corp, Madison, WI), 0.4 pmol/ul forward and
reverse universal primers (8F 5-AGAGTTTGATCCTGGCTCAG-3/;
1391R 5'GACGGGCGGTGWGTRCA-3’; Integrated DNA Technolo-
gies) targeting bacterial 16S rRNA genes (Lane et al., 1985), 0.5 mM
MgCl,, 0.2 mM dNTPs, 0.8 mg/ml BSA, and 2 .l of template. Positive
and negative control reactions were included with each reaction
set, and BSA was added to impede amplification inhibition. PCR-
amplified products of the proximal, medial, and distal portions
of the ET tubes were combined, cleaned, and concentrated (Mon-
tage PCR cleaning kit, UFC7 PCR50, Millipore, Billerica, MA) before
being sent to the Genome Sequencing Center, Washington Uni-
versity School of Medicine, for cloning, purification, and Sanger
sequencing on an ABI 3730 capillary sequencer (Applied Biosys-

tems, Foster City, CA). 16S rRNA gene sequences were edited and
assembled into consensus sequences using PHRED and PHRAP
aided by XplorSeq (Frank, 2008). Bases with a PHRAP quality score
<20 were trimmed from the dataset and chimeras were detected
and removed using Bellerophon (Huber et al., 2004). Next, the
remaining sequences were aligned using the NAST online tool
(DeSantis et al., 2006a) to determine the rRNA secondary struc-
ture information with phylogenetic identification. These sequences
were then compared to the greengenes public database and the
alignment of each sequence with the three closest matches were
imported into the computer application software ARB (Ludwig et
al., 2004). A pair-wise identity of 97% or greater was used to bin
sequences into “species”-level operational taxonomic units (OTUs)
(Goebel and Stackebrandt, 1994; Stackebrandt and Ebers, 2006).
The generated distance matrices were used in the program DOTUR
to assess the number of OTUs and to cluster them by pair-wise iden-
tity with a furthest-neighbor algorithm (Schloss and Handelsman,
2005). Assignment of the majority of sequences to phyla was based
on their position after parsimony insertion to the ARB dendro-
gram in the greengenes database (DeSantis et al., 2006b). Phyla
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classifications were double-checked and sequence match scores
(%ID) were calculated for non-chimeric sequences with the Ribo-
somal Database Project II (RDP) (Cole et al., 2007). The program
jModelTest 0.1 with an Adaike Information Criterion to rank 88
candidate models with an objective scoring method (Posada, 2008)
was used to identify the best phylogenetic tree model. The best-fit
model was then analyzed through a heuristic algorithm with PAUP
(Wilgenbusch and Swofford, 2003). Finally, UniFrac was used to
conduct a jackknife replication weighted test, replicated 100 times
to compare the eight ET tube biofilm environments by cluster-
ing them based upon the diversity and relative abundance of the
sequences found within each sample (Lozupone et al., 2006).

Nucleotide sequence accession numbers

Near full-length 16S rRNA gene sequences were deposited in
GenBank under accession numbers F]557249-F]558511.

Results
Bacterial quantification

We measured the relative concentration of 16S rRNA genes
(measured as ng of bacterial DNA) from three segments for eight
ET tubes with qPCR to report a log average DNA load per 9-cm long
segment of ET tube (Fig. 1). Within 24 h of intubation in the patient,
a bacterial biofilm had been formed on the proximal, medial, and
distal sections of ET tubes B and C. Even after a 12-h intubation
period, a relatively large quantity of bacterial DNA was observed
on the proximal section of the ET tube A (Fig. 1). We found a statis-
tically significant correlation of the DNA load for proximal, medial,
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and distal sections of each ET tube within patients (p <0.001), but
not between patients (p=0.06). In addition, a multiple correlation
analysis between the duration of intubation and biofilm DNA load
for each segment (proximal, medial, or distal) was not statisti-
cally significant (p =0.17). Thus, from this work we cannot conclude
whether bacterial loads in biofilms increase over the intubation
period due to the large variation in DNA loads.

Sequence analysis

Directly collected DNA extracts from the uncultured ET tubes
were pooled from the proximal, medial, and distal sections, and
characterized with a gene sequencing survey. A total of 1263
non-chimeric, near full-length 16S rRNA gene sequences were gen-
erated in this study. Distance-based operational taxonomic unit
(OTU) analysis resulted in 331 different OTUs based on a 1% cut-
off (Table 1). The phylogenetic distribution of all the sequences
collected in this study exemplifies the diversity of abundant
microbes found in these biofilms. When all 1263 sequences from ET
tube biofilms were pooled, they represented five different phyla:
Proteobacteria, Actinobacteria, Bacteroidetes, Fusobacteria, and Fir-
micutes (Fig. 2). For the individual ET tubes, sequences from: (1)
the phyla Actinobacteria and Firmicutes were found in each of the
ET tube biofilms even though there was a considerable variance in
their relative concentrations; (2) the phyla Proteobacteria and Bac-
teroidetes were found within all the biofilms except for ET tube G
and ET tube H; and (3) the phylum Fusobacteria was only present
in biofilms of ET tubes A, B, and C, which were in place for 12h,
18 h, and 24 h, respectively (Fig. 2). This phylum was identified at
relatively low levels and its abundance decreased from 1.8%, 1.0%,
and 0.6% with an increasing intubation period for ET tubes A, B, and
C, respectively (Fig. 2).

M Proximal ET Tube Section
Medial ET Tube Section
M Distal ET Tube Section

2d 6d 7d 7d

NA]
D E F G H
23d

Fig. 1. Quantitative PCR log average concentration of bacterial 16S rRNA gene DNA found within the biofilm of triplicate samples of each 9-cm long ET tube section. Error
bars indicate the 95% confidence intervals of triplicate qPCR tests for each ET tube section.
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Fig. 2. Phylum comparison of sequences from each ET tube sample.

The RDP sequence match algorithm was used to identify the
sequences from ET tube biofilms with a specific interest to identify
potential pathogenic bacteria. Out of 1263 non-chimeric sequences,
228 were >97% identical to known potential pathogens (Table 1).
The most notable potential pathogens identified included Pseu-
domonas aeruginosa, Haemophilus parainfluenzae, Staphylococcus
aureus, Fusobacterium nucleatum, Neisseria perflava, and Prevotella
nigrescens (Table 1). To further verify the relatedness of these poten-
tial pathogens to cultured and uncultured sequences in public
databases, we performed maximum likelihood, maximum parsi-
mony, and neighbor joining analyses on the sequences that were
identified within four bacterial phyla: (1) Proteobacteria, Fusobac-
teria, and Bacteroidetes (Fig. 3A); and (2) Firmicutes (Fig. 3B). These
analyses produced similar trees, with similar bootstrap support
at resolved branches (data not shown), and here we show max-
imum likelihood trees. Several sequences from our study were
closely related to multiple uncultured oral sequences within the
phyla of Proteobacteria, Fusobacteria, and Bacteroidetes from public
databases (besides being related to cultured sequences), identifying
some overlap of oral flora to ET tube biofilm flora. For the phylum
Proteobacteria, 117 sequences in 21 different OTUs from ET tube H
were found to be similar to P. aeruginosa (Fig. 3A). Four ET tubes
(B, C, E, and F) exhibited members of the genus Neisseria in 20 dif-
ferent OTUs. We found 49 different OTUs that were similar to the
genus Prevotella and that were diverse (Fig. 3A). Similarly, 74 OTUs
with sequences from different ET tubes (except tube H) were dis-
persed within Steptococcus spp. (Fig. 3B). In addition, some of these
OTUs were similar to uncultured oral and fecal clones (Fig. 3B).
Two sequences (in different OTUs) from ET tube G were similar to
sequences of the potentially pathogenic Enterococcus faecalis. Like-
wise, two sequences from ET tube H were closely related to the
potentially pathogenic S. aureus (Fig. 3B). Sequences from multiple
ET tubes were found to belong to a single OTU (i.e., in the gen-
era Neisseria, Haemophilus, Fusobacterium, Prevotella, Streptococcus,
Abiotrophia, and Staphylococcus), indicating that different patients
carried very similar microbes.

A weighted environmental clustering test differentiated the
bacterial communities in the ET tubes (Fig. 4). The biofilm com-
munity from ET tubes B and F and from A, C, D, E, and G were
clustered. Among all biofilm communities, the bacterial composi-
tion for tube A and C were most similar to each other (with relatively
short intubation periods), while ET tube H (with the longest intu-
bation period) was characterized with a bacterial community that
was most different from all other tubes. The phylum Proteobac-
teria played an important role in the weighted differentiation of
the tube communities because of the presence/absence of very
abundant proteobacterial species in the biofilm. More than 95% of
the sequences from ET tube H were similar to Pseudomonas spp.
sequences while they were not found in any of the other ET tubes,
explaining the differentiation of tube H. In addition, 52% and 14% of
the sequences in ET tubes B and F, respectively, belonged to Neis-
seria spp., partly explaining why the communities for these tubes
clustered together.

Discussion

Our study clearly identified potential pathogens that are har-
bored in the biofilms of ET tubes. To obtain this information, we
extubated ET tubes and physically removed the biofilms to be
included in the analysis. Here, we discuss additional findings from
this work. We realize that the patient population for this study was
heterogeneous and small (n =8), and therefore further studies with
alarger patient population are necessary to investigate if the trends
that we have postulated from this heterogeneous group remain
valid.

Significant spatial differences in bacterial loads on ET tubes were
not found

Studies have attempted to use fractal dimensions, porosity, and
weight to quantify biofilms (Yang et al., 2000). This study used qPCR
with universal bacterial primers to estimate the relative quantity
of bacterial DNA (An et al., 2006; Nadkarni et al., 2002), which accu-
mulated along three segments of eight collected ET tubes. Herein
the standard curve was based upon a pure E. coli culture, but within
the actual samples we have shown that there is indeed a large vari-
ation of bacterial species present that may have different 16S rRNA
operon copy numbers. For future work a more accurate standard
curve may be from a mix of oral and gastrointestinal (GI) bacterial
species found within this study. Multiple reports have previously
found a higher biofilm presence in the distal third of ET tubes (Adair
et al,, 1999; Feldman et al., 1999; Koerner, 1997; Zur et al., 2004)
due to build up of respiratory secretions. However, here we did
not find that this correlated with a higher bacterial load in the dis-
tal third of ET tubes compared to the proximal and medial thirds
(Fig. 1). In addition, a clinically observed tendency for mucus accu-
mulation on ET tubes over time (Adair et al., 1999; Feldman et al.,
1999; Koerner, 1997; Zur et al., 2004) did not necessary correlate
with biofilm or quantitative culture analyses (Zur et al., 2004; Inglis
etal., 1989). We also did not determine an accumulation of bacteria
in the biofilm over the intubation period.

Oral communities likely inoculated the ET tubes

The most common genus identified in this study was Streptococ-
cus (348/1263). The presence of Streptococcus species in all but the
ET tube H biofilm (Fig. 3) was not surprising because Streptococcus
spp. are considered normal flora of the nasopharynx and upper res-
piratory tract through which ET tubes are placed (Wolf and Daley,
2007). However, Streptococcus spp. has the ability to coaggregate
with other microbes and form biofilms. This gives them the ability
to start colonization and initiate the formation of biofilms (Cury and
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Fig.3. Maximum likelihood phylogenetic distribution of select 16S rRNA gene sequences collected in this study from the phyla (A) Proteobaceria, Fusobacteria, and Bacteroidetes
and (B) Firmicutes. Reference sequences from the NCBI database are included with their accession numbers. Individual sequences that represent one OTU are labeled with
“ET” followed by the sample label and the unique sequence identity. The number of sequences in the OTU found in this study is given in parentheses following the sequence
identity. The scale bar represents base changes per site. Only the OTUs with a large similarity to cultured sequence entrees are shown. The bootstrap numbers are based on
the neighbor-joining method.

Koo, 2007; Diaz et al., 2006). Specific metabolic relationships have
been established within oral microbial flora between Streptococcus
spp. and Actinomyces spp., and Streptococcus spp. and Veillonella
spp. (Diaz et al., 2006; Palmer et al., 2003). Streptococcus spp. and
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I

Fig. 4. Environmental cluster analysis to differentiate each ET tube biofilm envi-
ronment. The percentage of times each node was recovered in the 100 replicate
analyses is indicated.

Actinomyces spp. were both found within all ET tube biofilms except
for ET tube H, and Streptococcus spp. and Veillonella spp. were found
in ET tube biofilms A, B, C, E, and F. In addition, these two pairs of
associations were found in all ET tube biofilms that were in place for
less than 24 h, verifying that they may be important for biofilm for-
mation. Over 70% of the sequences (894/1263) that were collected
from these ET tubes were associated with genera of typical oral
flora. This verifies previous findings that superior concentrations
of natural oral flora are responsible for the development of biofilm
that can ultimately cause VAP (Bahrani-Mougeot et al., 2007; Jones
and Munro, 2008). Bahrani-Mougeot et al. (2007), in particular,
found that 88% of the patients in their study diagnosed with VAP
had overlapping pathogens within the bronchoalveolar lavage fluid
and oral cavity. Only 6% (74/1263) of sequences found in our study
were among genera of typical Gl flora. Our work, thus, supports the
findings of Garrouste-Orgeas et al. (1997), who determined that GI
colonization was not the primary source of pathogens responsible
for VAP even though GI flora can colonize ET tubes with refluxed
gastric fluids.

Potentially pathogenic bacteria were able to colonize ET tube
biofilms

Approximately 20% of the sequences collected in this study were
similar to sequences from known potentially pathogenic organ-
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isms (Table 1). Further analyses with phylogenetic tools, such as
with the maximum likelihood algorithm, confirmed these results
(Fig. 3). Six of the potential pathogens that were identified from
the ET tubes have been linked to endocarditis: S. aureus, Gran-
ulicatella adiacens, H. parainfluenzae, Abiotrophia para-adiacens, N.
perflava, and N. mucosa (Christensen and Facklam, 2001; Forward,
2006; Kang et al., 2009; Saez Nieto et al., 1998). However, while
each of these organisms are commonly linked to endocarditis, S.
aureus was recently identified as one of the most common causes
of endocarditis (Kang et al., 2009). N. perflava and N. mucosa have
also been associated with meningitis (Saez Nieto et al., 1998). F.
nucleatum and P. nigrescens are normal flora of the mouth, which
can cause significant periodontal disease (Falagas and Siakavellas,
2000; Jacinto et al., 2008). Workers have suggested that F. nuclea-
tum forms synergistic relationships with Prevotella spp. to increase
their pathogenic potential within the oral cavity and other organs
(Jacinto et al., 2008). The biofilm surrounding ET tubes A and G
each contained sequences of F. nucleatum and Prevotella spp. In
addition, ET tubes B and C also contained sequences at the genus
level with >95% identity to Fusobacterium and Prevotella. There-
fore, these synergistic microbes may become pathogenic for the
patient populations due to their establishment in ET tube biofilms.
Sequences similar to the potential pathogenic genus Enterococcus
were only identified in the biofilm from ET tube G, which had been
in place for 7 days. Urine from this patient cultured positive for
Enterococcus spp. on the third day of intubation (Table 1), indicat-
ing systemic colonization with urinary tract infection. Enterococcus
spp. are opportunistic pathogens found naturally within the human
intestinal flora. E. faecalis, in particular, is associated with 80-90%
of human enterococci infections (Mohamed and Huang, 2007) and
sequences closely related to this species were found in ET tube G
(Fig. 4B). It is likely that E. faecalis on this ET tube that was present
for 7 days originated from the GI tract either through refluxed gas-
tric fluids, colonized in the oral cavity followed by colonization of
respiratory tract as reported previously (Bahrani-Mougeot et al.,
2007), or externally from colonization of healthcare workers hands
followed by ET tube manipulation.

Although methicillin-resistant S. aureus (MRSA) was identified
by nasal PCR swabs or trachea aspirates in four of the patients by
the Barnes-Jewish Hospital department of laboratories (ET tubes B,
D, E, and H), only ET tubes D and H had high enough relative num-
bers of S. aureus to be cloned and sequenced with our gene survey
method (Table 1). ET tube D was collected from a patient diagnosed
with community-acquired pneumonia, while ET tube H came from
a patient positively colonized with MRSA upon admission and with
the highest number of ventilator days. ET tube biofilms B and E
came from patients positive for MRSA by nasal PCR analysis upon
admission, but correlating sequences were not found to be predom-
inant within the sequenced biofilm extracts. This may be attributed
to S. aureus being carried asymptomatically within the anterior
nares and on the skin (Wolf and Daley, 2007). MRSA detection on
admission is used as an infection control measure to prevent the
spread of hospital-acquired MRSA (Wenzel et al., 2008). Therefore,
S. aureus within ET biofilms may not be determined solely by intu-
bation duration, but a combination of intubation duration, days of
hospitalization, and prior MRSA colonization.

Prolonged ET intubation periods with antibiotic treatment may
support pathogenic proliferation

Nearly 95% (117/124) of the sequences collected from ET tube
H were identified to be >97% identical to P. aeruginosa. This ET
tube had been in place for 23 days, the longest of all the tubes
collected. Trachea aspirate specimens from this patient were pos-
itive for P. aeruginosa through laboratory cultures 18 days after
intubation (Table 1). P. aeruginosa is a ubiquitous Gram-negative

gammaproteobacterium found in water, soil, plants, and animal
tissue (Wagner and Iglewski, 2008). Its genome is nearly twice
the size of E. coli and includes genes for a variety of metabolic
pathways enabling P. aeruginosa to sustain within diverse environ-
ments (Bjarnsholt and Givskov, 2007). The genome of P. aeruginosa
includes an array of antimicrobial defenses and virulence fac-
tor offensives, making it a recalcitrant opportunistic pathogen for
susceptible patients. In the hospital setting, Pseudomonas sp. infec-
tions are typically associated with cystic fibrosis patients, chronic
wounds, and foreign objects inserted into the body on which
biofilms may persist, including contact lenses, catheters, and ET
tubes (Bjarnsholt and Givskov, 2007). The proliferation behavior
of P. aeruginosa became apparent in ET tube H after a 23-day
intubation period in conjunction with broad-spectrum antibiotic
treatment, resulting in >95% of all sequences to be closely related
to P. aerigunosa. Flanagan et al. (2007) showed that antibiotic usage
is highly correlated to a decrease in microbial diversity of daily
endotracheal aspirates from P. aeruginosa-colonized patients. Our
work here supports such a loss of bacterial diversity in intubated
patients colonized with P. aeruginosa and undergoing antibiotic
treatment, with ET tube H having the lowest OTU number/non-
chimeric sequences ratio compared to the other ET tubes (Table 1).

Understanding ET tube biofilms will help guide interventions to
prevent VAP

ET tube biofilms are suspected in playing a part in the devel-
opment of at least some VAP. Potential mechanisms of infection
with bacteria from ET tubes include: relatively large biofilm
pieces sloughing off and “falling” into the lower respiratory tract
(Edwards, 2000); individual cells becoming aerosolized and aspi-
rated into the lungs; individual cells being in liquid contact using
motile capabilities to move deep into the lungs (Luna et al., 2009).
The presence of the ET tube prevents the body’s natural clearance
mechanisms for preventing respiratory infections (Vincent, 2004).
Although many of the organisms found in the biofilms in this study
are not recognized as common pathogens causing VAP, in many
cases patients with suspected VAP never have a pathogen identi-
fied. Further studies linking 16S rRNA sequences found on ET tubes
with those found in tracheal aspirates or bronchoalveolar lavage
specimens may clarify whether organisms from the biofilm cause
some of these VAPs. In addition, the biofilm from the ET tube that
had been in place for 23 days demonstrates that known pathogens
can dominate the ET tube biofilm placing the patient at higher
potential risk for VAP. ET tubes coated with antimicrobial agents
have been developed (Kollef et al., 2008) to help mitigate biofilm
formation. Similar tubes have been shown to have less biofilm when
measured by culture in animal models (Berra et al., 2004). 16S
rRNA surveys may provide a more sensitive way to evaluate the
mechanism of this technology at reducing VAP.

Acknowledgements

The financial support for S.D. Perkins was through a graduate fel-
lowship from the National Science Foundation. We would also like
to thank the personnel of the medical and surgical intensive care
unit of Barnes-Jewish Hospital in St. Louis, MO for their assistance
in collecting the extubated tubes, and Geoffrey I. Gordon of the Cen-
ter for Genome Sciences at Washington University Medical School
for use of the qPCR system. Finally, we thank Ruth Ley, Miriam
Rosenbaum, Jeff Fornero, Julie Griffith, and anonymous reviewers
for helpful suggestions.



510 S.D. Perkins et al. / International Journal of Medical Microbiology 300 (2010) 503-511

References

Adair, C.G., Gorman, S.P., Feron, B.M., Byers, L.M., Jones, D.S., Goldsmith, C.E., Moore,
J.E., Kerr, J.R,, Curran, M.D., Hogg, G., Webb, C.H., McCarthy, GJ., Milligan, KR.,
1999. Implications of endotracheal tube biofilm for ventilator-associated pneu-
monia. Int. Care Med. 25, 1072-1076.

Agbaht, K., Diaz, E., Munoz, E., Lisboa, T., Gomez, F., Depuydt, P.O., Blot, S.I., Rello,
J.,2007. Bacteremia in patients with ventilator-associated pneumonia is associ-
ated with increased mortality: a study comparing bacteremic vs. nonbacteremic
ventilator-associated pneumonia. Crit. Care Med. 35, 2064-2070.

Amann, R.I., Ludwig, W., Schleifer, K.H., 1995. Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiol. Rev. 59,
143-169.

An, H.R,, Mainelis, G., White, L., 2006. Development and calibration of real-time PCR
for quantification of airborne microorganisms in air samples. Atmos. Environ.
40, 7924-7939.

Augustyn, B., 2007. Ventilator-associated pneumonia. Crit. Care Nurs. 27, 32-40.

Bahrani-Mougeot, F.K,, Paster, B.J., Coleman, S., Barbuto, S., Brennan, M.T., Noll, J.,
Kennedy, T., Fox, P.C., Lockhart, P.B., 2007. Molecular analysis of oral and res-
piratory bacterial species associated with ventilator-associated pneumonia. J.
Clin. Microbiol. 45, 1588-1593.

Berra, L., De Marchi, L., Yu, ZX,, Laquerriere, P., Baccarelli, A., Kolobow, T., 2004.
Endotracheal tubes coated with antiseptics decrease bacterial colonization
of the ventilator circuits, lungs, and endotracheal tube. Anesthesiology 100,
1446-1456.

Bjarnsholt, T., Givskov, M., 2007. The role of quorum sensing in the pathogenic-
ity of the cunning aggressor Pseudomonas aeruginosa. Anal. Bioanal. Chem. 387,
409-414.

Blot, S.I, Labeau, S., Vandijck, D., Van Aken, P., Claes, B., 2007. Evidence-based
guidelines for the prevention of ventilator-associated pneumonia: results of a
knowledge test among intensive care nurses. Int. Care Med. 33, 1463-1467.

CDC, 2005. Ventilator-associated Pneumonia. United States Department
of Health and Human Services, Atlanta, USA. http://www.cdc.gov/
ncidod/dhgp/dpac_ventilate.html.

Christensen, JJ., Facklam, RR., 2001. Granulicatella and Abiotrophia species from
human clinical specimens. J. Clin. Microbiol. 39, 3520-3523.

Coffin, S.E., Klompas, M., Classen, D., Arias, K.M., Podgorny, K., Anderson, D.J., Burstin,
H., Calfee, D.P., Dubberke, E.R,, Fraser, V., Gerding, D.N., Griffin, F.A., Gross, P.,
Kaye, K.S., Lo, E., Marschall, J., Mermel, L.A,, Nicolle, L., Pegues, D.A., Perl, T.M.,
Saint, S., Salgado, C.D., Weinstein, R.A., Wise, R., Yokoe, D.S., 2008. Strategies to
prevent ventilator-associated pneumonia in acute care hospitals. Infect. Contr.
Hosp. Epidemiol. 29 (1), S31-40.

Cole, J.R., Chai, B., Farris, RJ., Wang, Q., Kulam-Syed-Mohideen, A.S., McGarrell,
D.M,, Bandela, A.M., Cardenas, E., Garrity, G.M., Tiedje, J.M., 2007. The riboso-
mal database project (RDP-II): introducing myRDP space and quality controlled
public data. Nucleic Acids Res. 35, D169-172.

Cury, J.A., Koo, H., 2007. Extraction and purification of total RNA from Streptococcus
mutans biofilms. Anal. Biochem. 365, 208-214.

DeSantis, T.Z., Hugenholtz, P., Keller, K., Brodie, E.L., Larsen, N., Piceno, Y.M., Phan,
R., Andersen, G.L., 2006a. NAST: a multiple sequence alignment server for com-
parative analysis of 16S rRNA genes. Nucleic Acids Res. 34, W394-W399.

DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber,
T., Dalevi, D., Hu, P., Andersen, G.L., 2006b. Greengenes, a chimera-checked
16S rRNA gene database and workbench compatible with ARB. Appl. Environ.
Microbiol. 72, 5069-5072.

Di Filippo, A., De Gaudio, A.R.,2003. Device-related infections in critically ill patients.
Part II. Prevention of ventilator-associated pneumonia and urinary tract infec-
tions. J. Chemother. 15, 536-542.

Diaz, P.I, Chalmers, N.I, Rickard, A.H., Kong, C., Milburn, C.L,, Palmer Jr., RJ.,
Kolenbrander, P.E., 2006. Molecular characterization of subject-specific oral
microflora during initial colonization of enamel. Appl. Environ. Microbiol. 72,
2837-2848.

Edwards, C.,2000. Problems posed by natural environments for monitoring microor-
ganisms. Mol. Biotechnol. 15, 211-223.

Falagas, ML.E., Siakavellas, E., 2000. Bacteroides, Prevotella, and Porphyromonas
species: a review of antibiotic resistance and therapeutic options. Int. J. Antimi-
crob. Agents 15, 1-9.

Feldman, C., Kassel, M., Cantrell, ], Kaka, S., Morar, R, Goolam Mahomed, A.,
Philips, J.I, 1999. The presence and sequence of endotracheal tube coloniza-
tion in patients undergoing mechanical ventilation. Eur. Respir. J. 13, 546-
551.

Flanagan, J.L., Brodie, E.L., Weng, L., Lynch, S.V., Garcia, O., Brown, R., Hugenholtz,
P., DeSantis, T.Z., Andersen, G.L., Wiener-Kronish, J.P., Bristow, ]., 2007. Loss of
bacterial diversity during antibiotic treatment of intubated patients colonized
with Pseudomonas aeruginosa. J. Clin. Microbiol. 45, 1954-1962.

Forward, K.R., 2006. An evaluation of extended incubation time with blind subcul-
ture of blood cultures in patients with suspected endocarditis. Can. J. Infect. Dis.
Med. Microbiol. 17, 186-188.

Frank, D.N., 2008. XplorSeq: a software environment for integrated management
and phylogenetic analysis of metagenomic sequence data. BMC Bioinformatics
9, 420.

Garnacho-Montero, J., Sa-Borges, M., Sole-Violan, ., Barcenilla, F., Escoresca-Ortega,
A., Ochoa, M., Cayuela, A., Rello, J., 2007. Optimal management therapy for
Pseudomonas aeruginosa ventilator-associated pneumonia: an observational,
multicenter study comparing monotherapy with combination antibiotic ther-
apy. Crit. Care Med. 35, 1888-1895.

Garrouste-Orgeas, M., Chevret, S., Arlet, G., Marie, O., Rouveau, M., Popoff, N., Schlem-
mer, B., 1997. Oropharyngeal or gastric colonization and nosocomial pneumonia
in adult intensive care unit patients. A prospective study based on genomic DNA
analysis. Am. ]. Respir. Crit. Care Med. 156, 1647-1655.

Gastmeier, P., Geffers, C., 2007. Prevention of ventilator-associated pneumonia:
analysis of studies published since 2004. J. Hosp. Infect. 67, 1-8.

Goebel, B.M., Stackebrandet, E., 1994. Cultural and phylogenetic analysis of mixed
microbial populations found in natural and commercial bioleaching environ-
ments. Appl. Environ. Microbiol. 60, 1614-1621.

Huber, T., Faulkner, G., Hugenholtz, P., 2004. Bellerophon: a program to detect
chimeric sequences in multiple sequence alignments. Bioinformatics 20,
2317-2319.

Inglis, TJ., Millar, M.R,, Jones, ].G., Robinson, D.A., 1989. Tracheal tube biofilm as a
source of bacterial-colonization of the lung. J. Clin. Microbiol. 27, 2014-2018.

Inglis, TJ., Lim, T.M., Ng, M.L,, Tang, E.K., Hui, K.P., 1995. Structural features of tra-
cheal tube biofilm formed during prolonged mechanical ventilation. Chest 108,
1049-1052.

Jacinto, R.C., Montagner, F., Signoretti, F.G., Almeida, G.C., Gomes, B.P., 2008.
Frequency, microbial interactions, and antimicrobial susceptibility of Fusobac-
terium nucleatum and Fusobacterium necrophorum isolated from primary
endodontic infections. J. Endod. 34, 1451-1456.

Jones, D.J., Munro, C.L., 2008. Oral care and the risk of bloodstream infections in
mechanically ventilated adults: a review. Intens. Crit. Care Nurs. 24, 152-161.

Kang, N., Wan, S., Ng, C.S., Underwood, M.]., 2009. Periannular extension of infective
endocarditis. Ann. Thorac. Cardiovasc. Surg. 15, 74-81.

Koerner, RJ., 1997. Contribution of endotracheal tubes to the pathogenesis of
ventilator-associated pneumonia. J. Hosp. Infect. 35, 83-89.

Kollef, M.H., Shorr, A., Tabak, Y.P., Gupta, V., Liu, L.Z., Johannes, R.S., 2005. Epidemi-
ology and outcomes of health-care-associated pneumonia: results from a large
US database of culture-positive pneumonia. Chest 128, 3854-3862.

Kollef, M.H., Afessa, B., Anzueto, A., Veremakis, C., Kerr, K.M., Margolis, B.D., Craven,
D.E., Roberts, P.R., Arroliga, A.C., Hubmayr, R.D., Restrepo, M.I., Auger, W.R,,
Schinner, R., 2008. Silver-coated endotracheal tubes and incidence of ventilator-
associated pneumonia: the NASCENT randomized trial. JAMA 300, 805-813.

Kroes, 1., Lepp, P.W., Relman, D.A., 1999. Bacterial diversity within the human sub-
gingival crevice. Proc. Natl. Acad. Sci. U.S.A. 96, 14547-14552.

Lane, D.J., Pace, B., Olsen, G.J., Stahl, D.A., Sogin, M.L., Pace, N.R., 1985. Rapid deter-
mination of 16S ribosomal RNA sequences for phylogenetic analyses. Proc. Natl.
Acad. Sci. U.S.A. 82, 6955-6959.

Ley, R.E., Turnbaugh, P.J., Klein, S., Gordon, ].I., 2006. Microbial ecology: human gut
microbes associated with obesity. Nature 444, 1022-1023.

Lozupone, C., Hamady, M., Knight, R., 2006. UniFrac—an online tool for comparing
microbial community diversity in a phylogenetic context. BMC Bioinformatics
7,371.

Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, Buchner,
A, Lai, T., Steppi, S., Jobb, G., Forster, W., Brettske, 1., Gerber, S., Ginhart, AW.,
Gross, O., Grumann, S., Hermann, S., Jost, R., Kénig, A,, Liss, T., Liissmann, R., May,
M., Nonhoff, B., Reichel, B., Strehlow, R., Stamatakis, A., Stuckmann, N., Vilbig, A.,
Lenke, M., Ludwig, T., Bode, A., Schleifer, K.H., 2004. ARB: a software environment
for sequence data. Nucleic Acids Res. 32, 1363-1371.

Luna, C.M,, Sibila, O., Agusti, C., Torres, A., 2009. Animal models of ventilator-
associated pneumonia. Eur. Respir. J. 33, 182-188.

Masterton, R., Craven, D., Rello, ]., Struelens, M., Frimodt-Moller, N., Chastre, ].,
Ortqvist, A., Cornaglia, G., Lode, H., Giamarellou, H., Bonten, M.J., Eraksoy, H.,
Davey, P., 2007. Hospital-acquired pneumonia guidelines in Europe: a review of
their status and future development. ]. Antimicrob. Chemother. 60, 206-213.

Mayhall, C.G., 2007. In pursuit of ventilator-associated pneumonia prevention: the
right path. Clin. Infect. Dis. 45, 712-714.

Mohamed, J.A., Huang, D.B., 2007. Biofilm formation by enterococci. J. Med. Micro-
biol. 56, 1581-1588.

Nadkarni, M.A., Martin, F.E., Jacques, N.A., Hunter, N., 2002. Determination of bac-
terial load by real-time PCR using a broad-range (universal) probe and primers
set. Microbiology 148, 257-266.

Omrane, R,, Eid, J., Perreault, M.M., Yazbeck, H., Berbiche, D., Gursahaney, A., Moride,
Y.,2007.Impact of a protocol for prevention of ventilator-associated pneumonia.
Ann. Pharmacother. 41, 1390-1396.

Pace, N.R., 1997. A molecular view of microbial diversity and the biosphere. Science
276, 734-740.

Pacheco-Fowler, V., Gaonkar, T., Wyer, P.C., Modak, S., 2004. Antiseptic impregnated
endotracheal tubes for the prevention of bacterial colonization. J. Hosp. Infect.
57,170-174.

Palmer Jr., RJ., Gordon, S.M,, Cisar, J.O., Kolenbrander, P.E., 2003. Coaggregation-
mediated interactions of streptococci and actinomyces detected in initial human
dental plaque. J. Bacteriol. 185, 3400-34009.

Paster, B.J., Boches, S.K., Galvin, J.L, Ericson, RE., Lau, CN. Levanos, V.A,
Sahasrabudhe, A., Dewhirst, F.E., 2001. Bacterial diversity in human subgingival
plaque. J. Bacteriol. 183, 3770-3783.

Posada, D., 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25,
1253-1256.

Ramirez, P., Ferrer, M., Torres, A., 2007. Prevention measures for ventilator-
associated pneumonia: a new focus on the endotracheal tube. Curr. Opin. Infect.
Dis. 20, 190-197.

Rello, ]., Allegri, C., Rodriguez, A., Vidaur, L., Sirgo, G., Gomez, F., Agbaht, K., Pobo,
A., Diaz, E., 2006. Risk factors for ventilator-associated pneumonia by Pseu-
domonas aeruginosa in presence of recent antibiotic exposure. Anesthesiology
105, 709-714.



S.D. Perkins et al. / International Journal of Medical Microbiology 300 (2010) 503-511 511

Saez Nieto, ].A., Marcos, C., Vindel, A., 1998. Multicolonization of human nasophar-
ynx due to Neisseria spp. Int. Microbiol. 1, 59-63.

Safdar, N., Crnich, CJ., Maki, D.G., 2005. The pathogenesis of ventilator-associated
pneumonia: its relevance to developing effective strategies for prevention.
Respir. Care 50, 725-741.

Schloss, P.D., Handelsman, J., 2005. Introducing DOTUR, a computer program for
defining operational taxonomic units and estimating species richness. Appl.
Environ. Microbiol. 71, 1501-1506.

Schultz, MJ., Spronk, P.E., 2007. Positive blood cultures or Gram-negative pathogens
with ventilator-associated pneumonia: what'’s the real killer? Crit. Care Med. 35,
2215-2216.

Sottile, F.D., Marrie, TJ., Prough, D.S., Hobgood, C.D., Gower, D.J., Webb, LX,
Costerton, J.W., Gristina, A.G., 1986. Nosocomial pulmonary infection: possi-
ble etiologic significance of bacterial adhesion to endotracheal tubes. Crit. Care
Med. 14, 265-270.

Stackebrandt, E., Ebers, J., 2006. Taxonomic parameters revisited: tarnished gold
standards. Microbiol. Today 33, 152-155.

Vincent, J.L., 2004. Ventilator-associated pneumonia. J. Hosp. Infect. 57, 272-280.

Wagner, V.E., Iglewski, B.H., 2008. P. aeruginosa biofilms in CF infection. Clin. Rev.
Allergy Immunol. 35, 124-134.

Weber, DJ., Rutala, W.A,, Sickbert-Bennett, E.E., Samsa, G.P., Brown, V., Nieder-
man, M.S., 2007. Microbiology of ventilator-associated pneumonia compared
with that of hospital-acquired pneumonia. Infect. Contr. Hosp. Epidemiol. 28,
825-831.

Wenzel, R.P., Bearman, G., Edmond, M.B., 2008. Screening for MRSA: a flawed hospi-
tal infection control intervention. Infect. Contr. Hosp. Epidemiol. 29, 1012-1018.

Wilgenbusch, J.C., Swofford, D., 2003. Inferring evolutionary trees with PAUP*. Curr.
Protoc. Bioinformatics, Chapter 6: Unit 64.

Woese, C.R,, 1987. Bacterial evolution. Microbiol. Rev. 51, 221-271.

Wolf, ]., Daley, AJ., 2007. Microbiological aspects of bacterial lower respiratory tract
illness in children: atypical pathogens. Paediatr. Respir. Rev. 8,212-219.

Yang, X., Beyenal, H., Harkin, G., Lewandowski, Z., 2000. Quantifying biofilm struc-
ture using image analysis. J. Microbiol. Methods 39, 109-119.

Zur, K.B., Mandell, D.L., Gordon, R.E., Holzman, L., Rothschild, M.A., 2004. Electron
microscopic analysis of biofilm on endotracheal tubes removed from intubated
neonates. Otolaryngol. Head Neck Surg. 130, 407-414.





