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Abstract

Background: We examined the microbiota of bronchoalveolar lavage (BAL) samples with next-generation se-
quencing (NGS) technology to determine whether its results correlate with those of standard culture methods or
affect patient outcome or both.
Methods: We collected BAL samples in the surgical intensive care unit (SICU) as part of the standard of care for
intubated individuals who had a Clinical Pulmonary Infection Score (CPIS) ‡ 6 points. A portion of the BAL
fluid was sequenced for the 16S region of ribosomal deoxyribonucleic acid (rDNA) with the Roche 454 FLX
Titanium sequencer. Sequences were analyzed through a data-analysis pipeline to identify the appropriate
taxonomic designation (*species) of each 16s sequence. The bacterial microbiota of each BAL sample was
compared with the bacteria identified in the sample through standard culture methods. Correlations between the
taxonomic diversity of the microbiota and clinical outcome were examined through linear regression and
Pearson correlation.
Results: Bronchoalveolar lavage samples from 12 individuals in the SICU who had a CPIS ‡ 6 points were
examined through 454 pyrosequencing. The number of phylotypes (*species) in the samples ranged from 15 to
129. The number of phyla in the BAL samples ranged from 3 to 14. There was little correlation between the
bacteria identified by NGS and those identified with standard culture methods. The same predominant bacterial
strain was identified by both culture and sequencing in only a single sample. The correlation between patient
days on a ventilator and the number of species in BAL samples was significant (r = 0.7435, p = 0.0056; r2 = 0.5528).
Conclusions: Increasing diversity of the bacterial microbiota in BAL samples correlates with the duration of
mechanical ventilation. Bacteria identified through standard culture methods were not well correlated with the
findings of NGS.

Respiratory infection in mechanically ventilated trau-
ma patients presents substantial barriers to recovery.

Trauma patients who develop ventilator-associated or
community-acquired pneumonia have an increased hospital
length of stay and more days of mechanical ventilation than
do similarly injured patients who do not develop pneumonia
[1–3]. A crucial aspect of the proper management of pneu-
monia is early detection and proper identification of the
causative pathogen, which allows aggressive, targeted anti-
biotic therapy. However, traditional culture-based detection
methods require the growth of a bacterial pathogen for a

period of days before it can be identified, and analysis of
bronchoalveolar lavage (BAL) samples reveals that many
patients who exhibit the clinical signs of a respiratory infec-
tion remain culture-negative or yield results described as
‘‘normal flora’’ [4].

Culture-independent methods exist for the specific charac-
terization of bacterial species in a variety of tissue and fluid
samples [5]. However, these methods were until recently too
laborious and costly to constitute feasible clinical alternatives to
bacterial culture. Recent advances in deoxyribonucleic acid
(DNA) sequencing technology, also called next-generation
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sequencing (i.e., 454 pyrosequencing), generate results for sub-
stantially longer base sequences in DNA than do older tech-
niques, and are particularly well suited for the specific
identification of bacteria in clinical samples. By locating bar-
coded primers in the highly conserved regions flanking the
bacterial gene that encodes 16s ribosomal ribonucleic acid
(rRNA), investigators were able to identify simultaneously the
individual species components of mixed bacterial populations
with high sensitivity and at a lower cost than for previous an-
alytic methods [7]. The advent of 454 pyrosequencing has rev-
olutionized thinking about bacterial taxa that inhabit the
human body [8–12]. This technology has also disproved certain
dogmas, including the belief that the lung had a sterile mucosal
surface [13–15].

Studies published previously examined the human bacte-
rial microbiota of secretions and organ surfaces [10,11], in-
cluding the respiratory tract [13,14]. Studies of the
microbiome relative to asthma [14] and chronic obstructive
pulmonary disease [14] as compared with those in healthy
controls demonstrated that the respiratory tract is in fact not
sterile. Although the predominant phyla identified were rel-
ative to disease state (i.e., asthma), the respiratory tract was
also found to be home to a wide array of bacteria. Bacterial
abundance varies extensively among subjects, ranging from a
small number of species/phylotypes to colonization by mul-
tiple species. In a study of sputum samples from patients with
lower respiratory tract infections done with 454 pyrosequen-
cing of 16S rDNA, Zhou et al. found discordant results with
regard to the pathogens identified by traditional culture
methods. In a portion of their samples, they were unable to
identify any pathogens with traditional bacterial culture.
When they examined the same samples with pyrosequencing,
they were able to determine a dominant pathogen as well as a
complex bacterial community [15].

In the present study we used 454 pyrosequencing to ana-
lyze the microbiota in BAL samples from mechanically ven-
tilated patients in a surgical intensive care unit (SICU). Our
objective was to examine the bacterial diversity of BAL sam-
ples as related to clinical outcomes.

Patients and Methods

Study participants

Patients in the SICU of Parkland Memorial Hospital in
Dallas, TX, were enrolled in the study under a protocol ap-
proved by the institutional review board of the University of
Texas–Southwestern Medical Center. As part of the standard
of care, patients with a Clinical Pulmonary Infection Score
(CPIS) ‡ 6 points underwent BAL [16,17]. Samples of BAL
fluid were collected with an unprotected catheter in accor-
dance with standard operating procedures developed by a
large-scale collaborative project named Inflammation and the
Host Response to Injury [18].

DNA extraction

A 1-mL aliquot of unmodified BAL fluid was stored at
- 80�C for molecular analysis. The remaining BAL fluid was
submitted to the clinical pathology laboratory of Parkland
Memorial Hospital for microbial identification. After thaw-
ing, samples were centrifuged at 14,000 rpm for 30 sec and
resuspended in 500 mcL of RLT buffer (Qiagen, Valencia, CA)

(with b-mercaptoethanol). A sterile 5-mm steel bead (Qiagen)
and 500-mcL sterile 0.1-mm glass beads (Scientific In-
dustries, Bohemia, NY) were used for complete bacterial
lysis in a Qiagen TissueLyser (Qiagen) that was run at 30Hz
for 5 min. The lysed samples were then centrifuged briefly
and 100 mcL of 100% ethanol was added to a 100-mcL ali-
quot of the sample supernatant. This mixture was added to a
DNA spin column, and DNA recovery protocols were fol-
lowed as described in the instructions for use of the QIAamp
DNA Mini Kit (Qiagen), beginning at step 5 of the tissue-
treatment protocol. Deoxyribonucleic acid was eluted from
the column with 30 mcL of water, and the samples were di-
luted to a final concentration of 20 ng/mcL. The DNA in the
samples was quantified with a Nanodrop spectrophotome-
ter (Nyxor Biotech, Paris, France).

Pyrosequencing

Bacterial tag-encoded FLX amplicon pyrosequencing (bTE-
FAP) was done as described previously [6,19–23], but with the
new technique of bacterial tag-encoded FLX titanium amplicon
pyrosequencing (bTETAP). This technique is based on bTEFAP
but utilizes titanium-containing reagents and titanium-based
procedures, with a one-step PCR, a mixture of hot start and
hot start high-fidelity Taq polymerases, and amplicons origi-
nating from the 28F 5¢GAGTTTGATCNTGGCTCAG to 519R
5¢GTNTTACNGCGGCKGCTG regions of the rRNA of Escher-
ichia coli, and provides results for the V1–V3 regions of the 16S
ribosome.

Analysis of bacterial diversity data

Following pyrosequencing of the 16S rRNA in the patient
specimens, all unsuccessful sequence readings, low-quality
sequence ends, and tags were removed, and any non-bacterial
ribosome sequences and chimeras were removed from the
specimens with the use of software described previously
[6,19–22]. Sequences shorter than 350 bp according to the
bTEFAP method were excluded. To determine the identity of
the remaining bacteria in each specimen, 16S rRNA sequences
were first examined with a distributed BLASTn .NET (nu-
cleotide BLAST) algorithm [24] against a database of high-
quality 16s bacterial sequences derived from the National
Center for Biotechnology Information, and characterized as
being of high quality according to the criteria of the Ribosomal
Data Project ver. 9 [25]. The resulting BLASTn outputs were
compiled with a .NET and C# analysis pipeline and validated
through taxonomic distance methods, and were analyzed
through data reduction as described previously [12,26]. Rar-
efaction to estimate maximum diversity was done to yield
high-quality readings, with 16S rRNA sequences trimmed to
220 bp and depleted of non-ribosomal sequences and chime-
ras, as described previously [27].

Bacterial identification

On the basis of the BLASTn-derived sequence-identity
method described above, which uses the percent of the full-
length query sequence that aligns with a given database se-
quence, and with validation through taxonomic distance
methods, bacteria were classified at the appropriate taxo-
nomic levels according to the following criteria: (1) sequences
having > 97% identity (< 3% divergence) with known or
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well-characterized 16s sequences were considered species-
specific; (2) those with 95%–97% identity were considered
genus-specific; (3) those with 90%–95% identity were con-
sidered as belonging to a bacterial family; and (4) those with
80%–90% identity were resolved as being within an order.
After resolution according to these parameters, the percentage
of each of the bacteria identified in a BAL sample was ana-
lyzed individually to provide information about their relative
abundance within and among the BAL samples according to
the relative numbers of sequence readings in a given sample.
The results of the evaluations at a given taxonomic level other
than the species level represent all sequences resolved to the
level of identification of their primary genera or closest rela-
tive (where indicated). Measurements of alpha diversity were
made with Quantitative Insights into Microbial Ecology
(QIIME) software (open source software, University of Col-
orado, Boulder, CO; www.qiime.org) [28] on a rarified set of
1,590 sequences from each BAL sample over 10 iterations with
the results averaged for each sample. The species operational
taxonomic units (sOTUs) for the bacteria within a sample
were calculated with 3% divergence to determine the pre-
dicted numbers of OTUs. Shannon a diversity (index to
quantify the uncertanity of predicting the next entity in se-
quence) and chao1 (a richness index) indices were also cal-
culated for each sample subjected to QIIME [29,30]. Bacterial
identification and quantification according to the culture
procedure used as the standard of care were done by the
pathology department of Parkland Memorial Hospital ac-
cording to standardized protocols [31].

Statistical analysis

Statistical analyses were done with Prism 5 (GraphPad
Software San Diego, CA) and the predictive analystics soft-
ware (PASW) statistical package 17.0 (IBM, Armonk, NY).
Regression statistics were calculated by simple linear regres-
sion, and correlation values were estimated with the Pearson
correlation coefficient, r. The Fisher exact test was used to
compare the next-generation sequencing (NGS) method,
through 454 pyrosequencing, with culture as a means of
bacterial identification.

Results

Table 1 presents demographic data for the 12 subjects en-
rolled in the study. The subjects ranged in age from 18 to 64
years, with a mean ( – SD) of 45.6 – 17.5 years. The study
sample was primarily male (83%) and Caucasian (75%). Total
intensive care unit length of stay ranged from 4 to 36 d (mean:

20.4 – 13.5 d) and the range for days of ventilation was 4–19 d
(mean: 11.5 – 4.4 d). Six of the subjects were receiving broad-
spectrum antibiotic treatment before BAL was done. The
difference in number of bacterial species identified in the
antibiotic-treated group of subjects was not significantly dif-
ferent from that in the group not given antibiotic treatment
(p = 0.364; Fig. 1). The total duration of antibiotic treatment
ranged from 4 to 29 d (mean: 12.25 – 7.5 d).

Table 2 presents the flora identified in BAL specimens by
standard culture methods. Culture failed to grow an organism
or the organisms found were considered ‘‘normal respiratory
tract flora’’ in three BAL samples.

Analysis with 454 pyrosequencing yielded 47,789 se-
quences with an average of 3,982 sequence readings per BAL
sample. Pyrosequencing identified a mean of 60.5 species per
BAL sample (range: 15–128 – 37 species), an average of 43.4
genera (range: 12–101 – 30 genera), and 7.3 phyla (range:
3–14 – 3 phyla). Table 2 lists the two most predominant bac-
terial species identified in each BAL sample as determined by
the relative percentages of sequences identified in the sample.
The Fisher exact test was used to test the concordance be-
tween the pyrosequencing and culture methods of identifying
bacterial species. Detection of bacterial species with the two
methods was discordant (p = 0.009). Overall, the major species
identified are listed in Table 3, with the predominant phyla

Table 1. Demographic Information for Twelve Bronchoalveolar Lavage Samples

BAL
1

BAL
2

BAL
4

BAL
6

BAL
7

BAL
8

BAL
9

BAL
10

BAL
11

BAL
13

BAL
14

BAL
15

Mean
(range)

Age (years) 64 52 18 56 56 24 60 32 54 18 49 64 45.6 (18–64)
Hospital LOS (days) 17 45 24 61 17 28 10 34 20 73 80 4 34.4 (4–80)
Length of stay in ICU 14 36 16 56 14 18 10 19 18 21 19 4 20.4 (4–56)
Ventilator days 8 19 14 8 9 15 10 17 15 9 10 4 11.5 (4–19)
Total days of Abx

therapy
8 29 9 9 5 19 4 16 9 15 19 4 12.3 (4–29)

Abx = antibiotic; BAL = bronchoalveolar lavage; ICU = intensive care unit; LOS = length of stay.

FIG. 1. Mean number of bacterial species identified in
bronchoalveolar lavage (BAL) samples by 16s rRNA pyr-
osequencing, according to the use or non-use of antibiotics
(ABX) before collection of the BAL sample.
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identified through 16s rRNA sequencing being Proteobacteria
(52.8%; chiefly represented by gram-negative organisms such
as Escherichia and Salmonella), Firmicutes (24.5%; chiefly con-
sisting of gram-positive organisms such as Streptococcus, Sta-
phylococcus, and Clostridium), and Tenericutes (15.7%; such as
Mycoplasma). Diversity indices for each sample are listed in
Table 4.

Figure 2 shows the correlation between the day of venti-
lation on which a BAL sample was collected and the number
of species in the sample identified by 16S rRNA sequencing
(r = - 0.274, p = 0.388; r2 = 0.075). The correlation between the
number of species identified by 16S rRNA sequencing and
total number of days of ventilation (Fig. 3) was significant
(r = 0.7435, p = 0.0056; r2 = 0.5528).

Discussion

Traditional culture methods are considered the gold stan-
dard for identifying bacteria in the clinical setting. However,
many patients showing signs of an infection have results of
bacterial culture that remain negative even though their
symptoms resolve frequently with antibiotic treatment.
Therefore, a method of identifying bacteria that is both inde-
pendent of and more sensitive than culture is desirable. In the
present study, we used a culture-independent, DNA-based

method to identify bacterial populations in BAL samples from
mechanically ventilated trauma patients. With this, we iden-
tified a broad and diverse range of bacteria that showed poor
concordance with the results of culture. The organisms iden-
tified with the DNA-based method were chiefly those com-
monly encountered in clinical practice, with a mixture of
gram-positive and gram-negative organisms and Mycoplasma.
The DNA-based method was also able to identify multiple
species simultaneously within the same BAL sample. These
findings are concordant with reports published previously
that the pulmonary tract is not sterile [32]. These results are
surprising and may have a significant effect on clinical care.

When comparing the bacteria identified in a single specific
BAL sample through culture and the culture-independent
method, low levels of concordance were observed. This lack
of concordance is not unfounded, with previous studies
having demonstrated little concordance between bacteria
identified through traditional methods of culture in ante-
mortem and post-mortem clinical samples [33,34]. Of the 12
BAL samples examined in the present study, both culture and
the NGS method identified the same predominant species
(Haemophilus sp.) in only a single sample. The three samples
that were culture-negative or denoted as containing normal
respiratory tract flora were identified as containing predom-
inantly Mycoplasma and Klebsiella. Although some of the

Table 3. Fifteen Most Common Bacterial Species Identified in Fifteen Bronchoalveolar Lavage (BAL)

Samples by 16s rRNA Pyrosequencing
a,b

Species BAL 1 BAL 2 BAL 4 BAL 6 BAL 7 BAL 8 BAL 9 BAL 10 BAL 11 BAL 13 BAL 14 BAL 15

Staphylococcus aureus 99.58 7.75 0.05 0.03 0 7.64 0 7.61 13.50 0 0 0
Mycoplasma spp. 0 0 0 89.64 0 0 6.84 1.35 0.30 19.67 68.96 0
Haemophilus influenzae 0 0 36.72 0 0 0 42.24 17.96 0.30 39.19 0 0.05
Haemophilus spp. 0 0 58.22 0.03 0 0 32.71 14.48 0.56 26.87 0 0.05
Pseudomonas spp. 0 7.44 0 0 0.02 1.91 0 0.83 4.25 0.00 0.02 91.56
Klebsiella spp. 0 3.15 1.71 2.31 35.16 0.54 1.54 3.17 1.19 9.47 29.95 0.05
Streptococcus spp. 0.15 41.32 0.23 0.68 0.35 2.33 3.45 3.30 5.97 4.01 0 0
Stenotrophomonas maltophilia 0.01 0.52 0 0.08 28.81 0.17 0 0.83 0 0 0 0.07
Stenotrophomonas spp. 0 0.36 0.02 0 19.92 0.58 0 1.17 1.76 0 0.00 0.12
Prevotella spp. 0 1.03 0.16 3.27 0.31 0.91 5.29 4.57 0.63 0.01 0.15 0.02
Ruminococcus spp. 0 0 0.00 0.11 0.02 2.74 0 5.35 7.27 0.01 0 0.10
Streptococcus anginosus 0.08 15.50 0.02 0 0 0.96 0.04 0.96 0.93 0 0 0
Escherichia spp. 0 0.77 0.02 0 6.13 0.17 0 1.26 0.76 0 0 0
Methylomicrobium spp. 0 0 0 0 0 8.97 0 0 2.65 0 0 0
Pseudomonas aeruginosa 0 0.52 0 0 0 0 0 0 0.27 0 0 6.40

aPrevalence was determined by total number of sequences identified across all samples, with the most prevalent species listed in
descending order of prevalence.

bRepresentation of percent sequences identified in each particular BAL specimen is denoted for the 15 most prevalent species.

Table 4. Diversity Indices for Each Bronchoalveolar Lavage Sample
a

Sample ID BAL 1 BAL 2 BAL 4 BAL 6 BAL 7 BAL 8 BAL 9 BAL 10 BAL 11 BAL 13 BAL 14 BAL 15

sOTU 35 116 73 69 76 150 110 148 193 98 43 30
Shannon 0.91 4.0 2.2 1.7 2.7 6.2 2.9 5.17 6.5 3.3 2.0 0.8
chao1 65 160.6 104.2 127.0 82.3 226.5 169.7 254.6 240.9 170.7 43.1 37.4

aAlpha diversity measurements made with Quantitative Insights into Microbial Ecology (QIIME) software were made on a rarified set of
1,590 sequences from each sample over 10 iterations and averaged. The 3% divergence species operational taxonomic units (sOTUs) were
calculated to determine the predicted numbers of OTUs. Shannon and chao1 indices were calculated for each sample and are listed
accordingly.

BAL = bronchoalveolar lavage.
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species of these two genera are described as atypical patho-
gens for pneumonia [35], other studies have identified
‘‘atypical pathogens’’ as the predominant species in respira-
tory tract infections [15]. These findings are similar to previ-
ously published data for comparisons of traditional culture
and culture-independent methods [6]. Zhou et al. [15], in their
examination of sputum samples from patients with lower
respiratory tract infections, found statistically significant dif-
ferences in the two methods’ sensitivity in detecting bacteria.
A potential explanation for the disparity in the results with the
two methods may be the ability of DNA-based methods to
identify bacteria that are difficult to culture or dead, and
therefore undetectable via culture. Additionally, there may be
a bias in culture-based methods toward bacteria that grow
more readily than and outcompete bacteria that do not grow

well in culture [6], whereas these latter bacteria may survive
or thrive quite well in vivo.

Although the standard method of culture primarily iden-
tifies one or two species of bacteria in a particular specimen,
our findings suggest that the respiratory tract is colonized
simultaneously by multiple bacterial species. In a small
number of BAL samples, we identified more than 450 species
of bacteria that varied both in their presence and prevalence in
these samples. Interestingly, in several samples that were
culture-negative, we identified organisms (Mycoplasma) that
are relevant clinically and difficult to culture. Previous studies
have suggested that Mycoplasma is present in a substantial
percentage (*40%) of patients with suspected ventilator-
acquired pneumonia [36].

When we stratified our data according to use or non-use of
antibiotic therapy at the time of BAL, we found no significant
difference in the mean number of bacteria in BAL samples.
There was also no correlation of the number of days of me-
chanical ventilation a subject had had before the BAL proce-
dure with the number of bacterial species identified by 454
pyrosequencing.

A major barrier to recovery from trauma is the total number
of days on which a patient receives mechanical ventilation.
When correlating the number of bacterial species identified in
the BAL samples in our study with the total number of days on
which the patient from whom the sample came had required
mechanical ventilation, we found a significant correlation be-
tween these two variables. We surmise that continued me-
chanical ventilation probably permits the expansion and
selection of particular phyla of organisms rather than facilitat-
ing such expansion as a generalized effect for all microbes. Al-
though some of the patients who had BAL were treated with
antibiotics after their BAL specimens were collected, patients
with increased multi-species colonization had mechanical ven-
tilation for a longer period than those with fewer species iden-
tified by 16S rRNA sequencing. Additionally, the inability of
standard culture methods to identify a potential pathogen for a
perceived respiratory infection in a mechanically ventilated
patient from whom the culture specimen was taken may hinder
the patient’s recovery by impeding effective antibiotic therapy.
Recent data suggest that timely and correct antibiotic use in
sepsis improves outcomes significantly [37]. The use of culture-
independent methods such as 16S rRNA pyrosequencing for
identifying bacteria in BAL samples may provide an effective
alternative for such identification in samples that are culture-
negative or that yield inconclusive results with standard cul-
ture, and can be much more rapid and specific.

The present pilot study had several limitations, primarily in
its small number of BAL samples. However, the findings of the
study are surprising, and should be confirmed in a larger study
with targets for analysis identified by the present work. Ad-
ditionally, the use of the 16S rRNA sequencing to identify bac-
terial taxa currently precludes establishment of the antibiotic
sensitivity pattern of a putative pathogen. A further limitation of
16S rRNA sequencing is the inability to absolutely quantify
bacterial counts in a sample. Methods are being developed to
assist in such quantification, but were not used in the present
study. The existing data derived from NGS also suffer from a
lack of standardization across studies of lung microbiota.
However, as NGS advances, it is inevitable that a scientific
consensus of sampling methodology, analysis, and data pre-
sentation across studies of pulmonary microbiota will occur [30].

FIG. 2. Number of bacterial species identified in bronch-
oalveolar lavage (BAL) sample relative to the number of
days for which the patient was on a ventilator before col-
lection of the sample. Each point represents an individual
BAL sample. Closed circles represent patients who were not
receiving antibiotics at the time of sample collection. Closed
triangles represent patients who were receiving antibiotic
treatment at the time of sample collection.

FIG. 3. Plot of linear regression of number of bacterial
species identified in bronchoalveolar lavage (BAL) samples
versus days of ventilation. Each closed circle represents a
single BAL sample from one patient. Closed circles represent
individuals who were not receiving antibiotics at the time of
BAL-sample collection. The solid triangles represent indi-
viduals who were receiving antibiotic treatment at the time
of BAL-sample collection.
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The findings in the present study permit the conclusion that
the respiratory tract is occupied by a community of multiple
bacterial species. This multi-species colonization may not only
affect recovery from traumatic injury but may increase the
susceptibility to respiratory infection. More sensitive, accu-
rate, and timely identification of the microbial organisms
present in the respiratory tract may hold promise for im-
proving the clinical management of mechanically ventilated
patients.

In conclusion, our study, albeit done with a relatively small
number of samples, indicates that NGS can identify numerous
bacteria in BAL fluid samples from mechanically ventilated
trauma patients in whom such bacterial identification is
clinically indicated. The concordance between our results
with this method and those with standard culture techniques
was disparate, a finding that is currently of unknown clinical
relevance. The predominant organisms identified through
NGS technology are generally those encountered typically in
clinical practice based upon our experiences.
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