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The diagnosis and management of pneumonia are limited by the use of culture-based techniques of microbial identification,
which may fail to identify unculturable, fastidious, and metabolically active viable but unculturable bacteria. Novel high-
throughput culture-independent techniques hold promise but have not been systematically compared to conventional culture.
We analyzed 46 clinically obtained bronchoalveolar lavage (BAL) fluid specimens from symptomatic and asymptomatic lung
transplant recipients both by culture (using a clinical microbiology laboratory protocol) and by bacterial 16S rRNA gene pyrose-
quencing. Bacteria were identified in 44 of 46 (95.7%) BAL fluid specimens by culture-independent sequencing, significantly
more than the number of specimens in which bacteria were detected (37 of 46, 80.4%, P < 0.05) or “pathogen” species reported
(18 of 46, 39.1%, P < 0.0001) via culture. Identification of bacteria by culture was positively associated with culture-independent
indices of infection (total bacterial DNA burden and low bacterial community diversity) (P < 0.01). In BAL fluid specimens with
no culture growth, the amount of bacterial DNA was greater than that in reagent and rinse controls, and communities were
markedly dominated by select Gammaproteobacteria, notably Escherichia species and Pseudomonas fluorescens. Culture growth
above the threshold of 104 CFU/ml was correlated with increased bacterial DNA burden (P < 0.01), decreased community diver-
sity (P < 0.05), and increased relative abundance of Pseudomonas aeruginosa (P < 0.001). We present two case studies in which
culture-independent techniques identified a respiratory pathogen missed by culture and clarified whether a cultured “oral flora”
species represented a state of acute infection. In summary, we found that bacterial culture of BAL fluid is largely effective in dis-
criminating acute infection from its absence and identified some specific limitations of BAL fluid culture in the diagnosis of
pneumonia. We report the first correlation of quantitative BAL fluid culture results with culture-independent evidence of
infection.

Pneumonia remains a leading cause of death in the United
States (1), and respiratory infections are responsible for a

greater global burden of disease than malignancy, ischemic heart
disease, or diabetes mellitus (2). The diagnosis and management
of pneumonia are limited by the use of conventional culture-
based techniques (3). In recent years, novel culture-independent
techniques of microbial identification have revealed that bron-
choalveolar lavage (BAL) fluid specimens contain diverse com-
munities of bacteria previously undetected via culture-based ap-
proaches (4–6). These techniques, while promising, have not
been systematically compared to conventional culture-based
approaches, including quantitative BAL fluid cultures (7).

In this study, we compared conventional BAL fluid cultures
(which were optimized to identify acute infection) with a cul-
ture-independent research technique, pyrosequencing (which
is designed to identify microbial communities independent of
subjects’ clinical status). Our goal was to identify strengths and
limitations of each technique through parallel application of
complementary approaches. We hypothesized that pyrose-
quencing would identify bacteria in more specimens than cul-
ture, that culture results (including quantitative BAL fluid cul-
ture) would correlate with culture-independent indices of
infection, and that specific features of microbial communities
identified via pyrosequencing would predict the results of bac-
terial culture.

MATERIALS AND METHODS
Ethics statement. All clinical investigations were conducted according to
the principles of the Declaration of Helsinki. The study protocol was ap-
proved by the institutional review board of the University of Michigan
Health System (HUM00042443). All patients provided written informed
consent.

Study population. BAL fluid samples were obtained consecutively
from lung transplant recipients undergoing bronchoscopy at the Univer-
sity of Michigan between 1 November 2011 and 1 August 2012. Clinical
data were abstracted from the electronic medical record. We enrolled 33
subjects and performed 46 bronchoscopies, 21 (45.6%) for an acute clin-
ical indication (dyspnea, cough, radiographic infiltrate, or decline in lung
function) on 16 unique patients, and the remaining 25 (54.3%) as surveil-
lance bronchoscopies on 17 asymptomatic patients. When multiple spec-
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imens were obtain from the same subject, repeat bronchoscopy was per-
formed either due to a change in clinical status (e.g., new suspicion for
infection or rejection) or because of scheduled posttransplant surveillance
bronchoscopies (performed posttransplant at 6 weeks, 3 months, 6
months, and 1 year). Most (29/33, 79%) subjects were male, and most
bronchoscopies (31/46, 67%) were performed within 1 year of transplan-
tation. The most common pretransplant diagnosis was pulmonary fibro-
sis, followed by cystic fibrosis (CF) and chronic obstructive pulmonary
disease (COPD). Patients were receiving antibiotics (beyond routine anti-
Pneumocystis prophylaxis) at the time of 16 (35%) bronchoscopies. All
specimens were tested by PCR for common respiratory viruses (influenza,
respiratory syncytial virus, adenovirus, parainfluenza virus, and human
metapneumovirus) and were negative; all specimens were studied using
fungal and acid-fast bacillus (AFB) culture, and no respiratory pathogens
were identified. Further clinical and demographic details, as well as com-
parison of specimens from symptomatic and asymptomatic subjects, have
been previously reported (8).

Sample acquisition and processing. Patients received conscious seda-
tion and nebulized lidocaine. The bronchoscope was advanced via the
mouth or nose and through the vocal cords. As has been previously re-
ported, despite the widely divergent microbiota of the nose and mouth
(9), the route of bronchoscope insertion (oral or nasal) had no detectable
influence on BAL fluid microbiota (8), implying minimal contribution to
BAL fluid communities from upper respiratory tract microbiota. After a
brief airway exam, the bronchoscope was wedged in the right middle lobe
or lingula of the allograft (for surveillance bronchoscopies) or, in the case
of symptomatic patients with available imaging, in the segment with the
most evidence of radiographic abnormality. Collection of BAL fluid spec-
imens was performed with instillation of between 120 and 300 ml of sterile
isotonic saline. Samples were fractionated into two aliquots, with one
processed by the University of Michigan Clinical Microbiology Labora-
tory for bacterial culture. The other was stored on ice, centrifuged at
13,000 rpm (22,500 � g) for 30 min (Hermle Z 231 M microcentrifuge),
separated from its supernatant, and stored at �80°C until the time of
DNA extraction.

Bacterial culture. Bacterial culture was performed according to rou-
tine clinical protocol. BAL fluid was plated on chocolate, sheep blood, and
MacConkey agar plates and incubated for 72 h. Bacteria were identified
and reported if they grew �104 CFU per ml or grew �104 CFU/ml but
were identified as a single Gram-negative bacillus that was the only report-
able pathogen. The following organisms, when identified, were reported
as oral flora: coagulase-negative Staphylococcus spp., alpha-hemolytic
Streptococcus spp., gamma-hemolytic Streptococcus spp., Micrococcus spp.,
Enterococcus spp., Corynebacterium spp., Lactobacillus spp., Bacillus spp.
(other than B. anthracis), Neisseria spp., Haemophilus spp. (other than
Haemophilus influenzae), Eikenella spp., Capnocytophaga spp., and yeast
(other than Cryptococcus spp.).

DNA isolation, quantitative PCR, and 454 pyrosequencing.
Genomic DNA was extracted from BAL fluid pellets, resuspended in 360
�l animal tissue lysis (ATL) buffer (Qiagen DNeasy blood and tissue kit)
and homogenized in UltraClean fecal DNA bead tubes (MO-BIO, Carls-
bad, CA) using a modified protocol previously demonstrated to isolate
bacterial DNA (10). Quantification of bacterial 16S rRNA genes was per-
formed by real-time PCR utilizing TaqMan hydrolysis probes on a Roche
480 LightCycler, as described previously (8, 11–13). The level of detection
(LOD) was determined using a standard curve for the quantitative PCR
(qPCR) assay and was based on the number of copies present in the lowest
16S qPCR standard that is different from the no-DNA standard and falls
within the linear range of the analysis. For pyrosequencing, the V3-to-V5
hypervariable regions of the bacterial 16S rRNA gene were sequenced in
the V5-to-V3 direction using bar-coded primer sets corresponding to
357F (forward) and 929R (reverse) (8). Amplicon libraries were generated
as previously described (8). Primary PCR cycling conditions were 95°C for
2 min followed by 20 cycles of touchdown PCR (95°C for 20 s, followed by
annealing for 30 s beginning at 60°C and decreasing 1°C every 2 cycles

until 50°C, and an elongation of 72°C for 45 s) and 20 cycles of standard
PCR (95°C for 20 s, 50°C for 30 s, and 72°C for 45 s), and then finished
with 72°C for 5 min. This protocol has been optimized for low biomass
samples and produces a low fraction of spurious priming while simulta-
neously not biasing the results from high-biomass communities (14).
Amplicon libraries were sequenced using a Roche 454 GS Junior accord-
ing to established protocols (15). The mean number of high-quality reads
per specimen was 1,633 � 650.

Sequences are available online at the NIH Sequence Read Archive
(accession number SRP041659).

Positive control standards, preprocedure bronchoscope rinse con-
trols, and reagent water controls were analyzed with each sequencing run
as quality controls. Serial positive-control sequencing results are shown in
Fig. 1. According to qPCR, negative-control specimens contained be-
tween 10-fold and 105-fold less bacterial 16S DNA than BAL fluid speci-
mens. Bacterial communities detected in negative-control specimens
were significantly distinct from those detected in the BAL fluid of symp-
tomatic and asymptomatic subjects (see Fig. S1 in the supplemental ma-
terial) (P � 0.001) (PERMANOVA [adonis]).

Data analysis. Sequence data were processed using the software
mothur v.1.27.0 according to the standard operating procedure for 454
sequence data (http://www.mothur.org) using a minimum sequence
length of 250 base pairs (16). A shared community file and a phylotyped
(genus-level grouping) file were generated using operational taxonomic
units (OTUs) binned at 97% identity. OTUs detected in controls were
removed from all BAL fluid specimens prior to analysis. OTU numbers
were assigned in the binning process and classification was carried out
using the mothur implementation of the Ribosomal Database Project
(RDP) Classifier and the RDP taxonomy training set (http://rdp.cme.msu
.edu). Using multiple complementary techniques (culture, microbe-spe-
cific PCR, NCBI BLAST, and phylogenetic tree generation), we have pre-
viously identified two prominent Pseudomonas-classified OTUs in this
data set as Pseudomonas aeruginosa (0153) and Pseudomonas fluorescens
(0969) (8). Comparison of group proportions was performed using Fish-
er’s exact test. Odds ratios were determined using univariable and multi-
variable logistic regression in R (17). Group means were compared using
t test and analysis of variance (ANOVA) with Tukey’s multiple-compari-
son test (17, 18). All analyses were performed in R and GraphPad Prism 6.

RESULTS
Are more bacteria in BAL fluid specimens identified by pyrose-
quencing than by culture? By culture, one or more bacterial spe-
cies were identified and reported in 18 of 46 (39.1%) BAL fluid
specimens. In another 19 (41.3%) samples, bacterial growth was
positive but only oral flora were reported. In contrast, bacterial
DNA was detected by pyrosequencing in 44 (95.7%) specimens, a
significantly greater percentage than had bacteria detected via any
culture growth (P � 0.05) or with species reported (excluding oral
flora specimens) (P � 0.0001) (Fig. 2). Stratification of patients by
clinical status at the time of bronchoscopy did not significantly
alter these results (Table 1), nor did restriction of analysis to the
initial bronchoscopy performed for each subject. Thus, pyrose-
quencing identified bacteria in more specimens than did culture.

What factors predict identification of bacteria via culture?
To identify factors associated with bacterial identification via cul-
ture, we performed univariable and multivariable logistic regres-
sion analyses using host and microbial community factors to pre-
dict two main outcomes for each specimen, (i) any bacterial
growth via culture and (ii) bacterial species reported (excluding
oral flora specimens) (Table 2). Bacterial identification by culture
(i.e., reporting of a respiratory “pathogen”) was positively associ-
ated with total bacterial DNA burden (P � 0.01) and low commu-
nity diversity (P � 0.01) and inversely associated with relative
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abundance of Bacteroidetes at the phylum level (P � 0.03), though
the latter association was not significant when controlled via mul-
tivariable logistic regression for total bacterial DNA and commu-
nity diversity (P � 0.05). The presence of any bacterial growth was
negatively associated with relative abundance of the Proteobacteria
phylum (P � 0.04), driven by two prominent OTUs. Specifically,
the relative abundance of Escherichia sp. (1087) and P. fluorescens
(0969) were negatively associated with any culture growth (P �
0.01 for each). As reported previously, OTU 0969 was identified as

P. fluorescens and was taxonomically distinct from P. aeruginosa
(OTU 1053), by multiple complementary techniques (culture,
microbe-specific PCR, NCBI BLAST, and phylogenetic tree gen-
eration) (8). The negative association between Escherichia sp. and
bacterial growth remained significant (P � 0.04) even after con-
trolling for total bacterial DNA and community diversity via mul-
tivariable logistic regression. All reported associations remained
significant when controlled via multivariate logistic regression for
antibiotic exposure. Altogether, detection and identification of

FIG 1 Reproducibility of pyrosequencing protocol. Positive control mixtures of fixed amounts and types of bacterial 16S rRNA gene amplicons (3.3 ng of total
DNA comprising equal parts from each listed plasmid) were serially resequenced using the same GS Junior system. The run corresponding to the current study
is identified (run 10).

FIG 2 Detection of bacteria in BAL fluid specimens by pyrosequencing and conventional culture techniques. BAL fluid specimens with bacteria detected via
culture (any culture growth) are divided into those with specific species identified and reported (bacterial species reported) and those for which only oral flora
was reported (“oral flora” only). Proportions compared using Fisher’s exact test.
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bacteria via culture were dependent on both indices of acute in-
fection (total bacterial DNA and low community diversity) and
specific features of community membership, including a negative
association with the relative abundance of the Proteobacteria phy-
lum and two prominent Gammaproteobacteria OTUs.

How do the bacterial communities detected in BAL fluid
specimens with culture growth of only oral flora differ from
those with no culture growth? The designation of BAL fluid cul-
ture results as oral flora, common both in our study and in clinical
practice, is of uncertain clinical significance. We compared pyro-

sequencing results of specimens with only oral flora reported and
specimens with no bacterial growth (“culture negative”). The two
groups did not differ from each other in total bacterial DNA nor in
community diversity (P � 0.05), while each contained signifi-
cantly less bacterial DNA (P � 0.05) and greater community di-
versity (P � 0.05) than specimens for which one or more species
were reported (Fig. 3A and B). Both groups had greater bacterial
DNA levels than reagent water and bronchoscope rinse controls
(P � 0.01). Oral flora and culture-negative specimens differed
greatly in their bacterial community composition. At the phylum

TABLE 1 Sensitivity of pyrosequencing and culture in detecting bacteria stratified by patient clinical status

Patient clinical
status (n)

No. (%) of BAL specimens with bacteria identified

Pyrosequencing Culture growth: any
Culture growth: species
identified

Culture growth: oral
flora only

Symptomatic (22) 21 (95.4) 18 (81.8) 12 (54.5) 6 (27.3)
Asymptomatic (24) 23 (95.8) 19 (79.2) 6 (25.0) 13 (54.2)

TABLE 2 Univariable logistic regression of predictors of bacterial identification

Predictor(s)

Outcome: bacterial growth (any)
Outcome: bacterial species reported
(excluding oral flora)

P value Odds ratio (95% CI)a P value Odds ratio (95% CI)

BAL fluid feature(s)
Bacterial DNA (16S rRNA

genes)
0.025 12.61 (2.06–175.7) 0.007 3.58 (1.53–10.26)

% Neutrophils 0.946 1.00 (0.97–1.04) 0.148 1.02 (0.99–1.05)
% Lymphocytes 0.053 0.94 (0.88–0.99) 0.508 0.98 (0.91–1.03)

Antibiotics
Prior 30 days 0.151 0.20 (0.01–1.29) 0.595 1.42 (0.40–5.55)
Prior 7 days 0.668 0.20 (0.01–1.29) 0.566 0.69 (0.19–2.40)
At time of BAL fluid collection 0.465 1.91 (0.38–14.30) 0.906 1.08 (0.29–3.85)

Diversity
Inverse Simpson 0.280 0.94 (0.83–1.07) 0.245 0.92 (0.77–1.04)
Shannon index 0.114 0.44 (0.14–1.11) 0.013 0.37 (0.15–0.77)

Phylum (% relative abundance)
Bacteroidetes 0.158 1.05 (0.99–1.15) 0.034 0.94 (0.88–0.99)
Proteobacteria 0.041 0.97 (0.93–0.99) 0.179 1.01 (0.99–1.03)
Firmicutes 0.102 1.05 (1.00–1.14) 0.566 1.01 (0.98–1.03)

Family (% relative abundance)
Enterobacteriaceae 0.005 0.85 (0.74–0.94) 0.157 0.95 (0.87–1.01)
Prevotellaceae 0.115 1.13 (1.02–1.41) 0.077 0.95 (0.89–0.99)
Pseudomonadaceae 0.259 0.99 (0.96–1.01) 0.118 1.02 (1.00–1.04)
Staphylococcaceae 0.605 1.03 (0.98 to NA) 0.317 1.06 (1.00–1.27)
Streptococcaceae 0.142 1.24 (1.03–1.81) 0.495 0.98 (0.93–1.03)
Veillonellaceae 0.180 1.63 (1.09–5.35) 0.166 0.92 (0.81–1.02)

OTU (% relative abundance)
0969 (P. fluorescens) 0.008 0.94 (0.88–0.97) 0.053 0.95 (0.89–0.99)
1053 (P. aeruginosa) 0.525 1.06 (0.99 to NA) 0.055 1.70 (1.12–3.36)
1054 (Bordetella) 0.868 0.99 (0.93–1.08) 0.660 1.01 (0.95–1.07)
1072 (Streptococcus) 0.145 1.49 (1.07–3.53) 0.422 0.97 (0.90–1.03)
1077 (Veillonella) 0.159 1.53 (1.07–4.21) 0.181 0.93 (0.81–1.02)
1087 (Escherichia) 0.005 0.85 (0.74–0.93) 0.160 0.95 (0.88–1.01)
1095 (Prevotella) 0.121 1.24 (1.03–1.91) 0.153 0.96 (0.89–1.00)
1098 (Staphylococcus) 0.604 1.02 (0.98 to NA) 0.315 1.06 (1.00–1.27)

a CI, confidence interval; NA, not applicable.
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level, culture-negative specimens contained significantly more
Proteobacteria and less Bacteroidetes than did oral flora specimens
(P � 0.05) (Fig. 3C and D). Among the culture-negative speci-
mens, all but one (seven of eight) contained more than 70% Pro-
teobacteria (Fig. 3C). Families with increased relative abundance
among oral flora specimens included Prevotellaceae, Streptococ-
caceae, and Veillonellaceae (P � 0.05 for all). Table 3 lists the five
most prominent OTUs detected via pyrosequencing according to
culture results. Among prominent OTUs, Escherichia sp. (1087)
and P. fluorescens (0969) were found in greater abundance among
culture-negative specimens than among oral flora specimens (P �
0.001 and P � 0.05, respectively). These two Gammaproteobacte-
ria OTUs comprised nearly 60% of all OTUs in this group and
were responsible for the marked Proteobacteria dominance of the
culture-negative group seen in Fig. 3C and Table 3. Thus, BAL
fluid specimens with oral flora growth were, on average, compa-
rable to specimens with no culture growth with regard to culture-
independent indices of infection, but contained markedly diver-
gent bacterial communities. Specifically, oral flora specimens

contained greater abundances of bacteria typically detected in the
pharynx, while specimens with no growth were markedly domi-
nated by select Gammaproteobacteria, including Escherichia sp.
and P. fluorescens (Table 3).

Can pyrosequencing identify cases of pneumonia missed by
conventional culture techniques? While our results confirmed
that BAL fluid culture growth and species identification were
strongly associated with evidence of acute infection (BAL fluid
neutrophilia, high bacterial DNA burden, and low community
diversity), implying that current culture-based techniques are ef-
fective in identifying instances of respiratory infection, we sought
to determine whether pyrosequencing identified any cases of
acute infection missed by conventional culture-based techniques.

Figure 4A is a case illustration of BAL fluid acquired from a
patient with clinical evidence of pneumonia (cough, decreased
lung function, and radiographic lung infiltrate), no culture
growth via BAL fluid culture (including negative fungal, AFB, and
viral testing), but overwhelming community dominance by Esch-
erichia sp. (1087) demonstrated by pyrosequencing (“BAL 1”).

FIG 3 Culture-independent analysis of BAL fluid specimens according to culture results. BAL fluid specimens were separated and analyzed according to their
culture results: oral Flora only, no growth via culture, and bacterial species identified and reported. Specimens were compared for (A) bacterial DNA burden, (B)
Shannon diversity index, and relative abundance of bacterial phyla for (C) Proteobacteria and (D) Bacteroidetes. Group means compared using unpaired ANOVA
with Tukey’s multiple-comparison test. NS, not significant; LOD, limit of detection.
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Based on the lack of culture growth, the patient’s clinicians did not
initially treat him with antibiotics. After the patient received fluo-
roquinolone therapy for an unrelated indication, his respiratory
symptoms improved. A subsequent BAL fluid specimen obtained
1 month later (performed for rejection surveillance) grew oral
flora by culture, and pyrosequencing revealed near-eradication of
Escherichia sp. (“BAL 2”). Even via culture-based studies, E. coli is
among the more common etiologies of health care-associated
pneumonia (19). Our findings raise the possibility that the prev-
alence of Escherichia sp. respiratory infections may be underap-
preciated.

Figure 4B is a case illustration of a separate patient with clinical
evidence of pneumonia (dyspnea, sputum production, and radio-
graphic lung infiltrate) whose BAL fluid culture results were re-
ported exclusively as oral flora with no further identification to the
species level; fungal, AFB, viral, and Pneumocystis studies were
negative. Given these results, the patient’s clinicians withheld an-
tibiotic therapy. Our subsequent pyrosequencing analysis re-
vealed extremely low community diversity and overwhelming
abundance of Corynebacterium sp. Although Corynebacterium
spp. are found among pharyngeal microbes, the extremely low
community diversity shown by pyrosequencing in this case is in-
consistent with that of an oral microbial community and instead
represents an acute infectious state. Corynebacterium spp. are un-
common but well-documented causes of respiratory infection
(20), and our findings raise the possibility that they and other
pharynx-associated microbes may be underappreciated as respi-
ratory pathogens due to occasional misdesignation as oral flora in
respiratory cultures.

Thus, these two cases illustrate that pyrosequencing identifies
cases of bacterial pneumonia missed or unappreciated by standard
culture techniques, by both identification of an uncultured organ-
ism (as in the Escherichia sp.) and determining an overall change
in bacterial community structure that can clarify whether a cul-
tured species reflects contamination, normal colonization, or in-
fection (as in the Corynebacterium sp.).

Do quantitative bacterial culture results correlate with cul-
ture-independent evidence of acute P. aeruginosa pneumonia?
The threshold of 104 CFU/ml is commonly applied to BAL fluid

cultures to distinguish acute infection from colonization, but its
utility is controversial (7). We designed an analysis to determine
whether this threshold accurately discriminates between patients
with and without culture-independent evidence of acute pneu-
monia (total bacterial DNA burden, low community diversity,
and high relative abundance of the dominant OTU). We com-
pared the six specimens that grew �104 CFU/ml P. aeruginosa
with the three specimens that grew P. aeruginosa �104 CFU/ml
and the eight specimens without any bacterial growth. Specimens
above the 104 CFU/ml threshold had significantly higher amounts
of bacterial DNA (P � 0.01), lower community diversity (P �
0.05), and greater relative abundance of P. aeruginosa (P � 0.001)
than specimens below the threshold (Fig. 5). By all of these indices,
specimens below the 104 CFU/ml threshold were indistinguish-
able from specimens without bacterial growth via culture (P �
0.05). These data provide culture-independent support for the
threshold value of 104 CFU/ml for use in the diagnosis of P. aerugi-
nosa pneumonia.

DISCUSSION

In this study, we used a culture-independent technique of bacte-
rial identification, pyrosequencing of 16S rRNA amplicon librar-
ies from metagenomic DNA samples, to systematically identify
the strengths and limitations of current clinical microbiology
techniques. While culture-independent pyrosequencing success-
fully identified bacterial communities in a greater percentage of
specimens, conventional bacterial culture was largely successful in
identifying the dominant microbe present in instances of acute
infection, as confirmed via novel culture-independent indices of
acute infection (high total bacterial DNA burden, low bacterial
community diversity, and predominance of specific taxonomic
groups). We did identify specific instances in which bacterial re-
spiratory pathogens were not identified by culture, due either to a
complete lack of bacterial growth (as with Escherichia sp.) or to
misclassification of pathogen growth as oral flora (as with Coryne-
bacterium sp.). These case illustrations demonstrate the poten-
tial utility of incorporating features of microbial community
composition into the discrimination of acute infection from
colonization, contamination, or apparent sterility. Finally, our

TABLE 3 Most abundant OTUs in BAL specimens separated by culture results

Culture result (n)
Rank (mean overall
relative abundance) OTU

Specimens in which OTU
was detected (no. [%])

Relative abundance
(when present) (mean � SD)

Oral flora reported (19) 1 Prevotella sp. (1095) 15 (78.9) 26.9 � 25.1
2 Streptococcus sp. (1072) 16 (84.2) 13.8 � 12.9
3 Pseudomonas fluorescens (0969) 11 (57.9) 19.7 � 15.3
4 Veillonella sp. (1077) 14 (73.7) 11.6 � 7.3
5 Escherichia sp. (1087) 13 (68.4) 10.6 � 9.4

No growth (8) 1 Escherichia sp. (1087) 8 (100.0) 30.1 � 26.2
2 Pseudomonas fluorescens (0969) 7 (87.5) 30.8 � 17.5
3 Bordetella sp. (1054) 6 (75.0) 9.1 � 6.9
4 Pseudomonas sp. (0776) 7 (87.5) 6.2 � 2.6
5 Aquabacterium sp. (0908) 3 (37.5) 11.2 � 13.9

Species identified (17) 1 Pseudomonas aeruginosa (1053) 9 (52.9) 47.9 � 39.2
2 Staphylococcus sp. (1098) 7 (41.2) 30.8 � 40.8
3 Stenotrophomonas sp. (1039) 4 (23.5) 44.5 � 36.3
4 Bordetella sp. (1054) 8 (47.1) 18.5 � 18.0
5 Escherichia sp. (1087) 9 (52.9) 11.3 � 9.5
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analysis is the first to provide culture-independent support for
the threshold value of 104 CFU/ml for use in the diagnosis of
bacterial pneumonia.

This is the first culture-independent analysis of the quantita-

tive BAL fluid culture approach for the diagnosis of pneumonia.
Use of quantitative BAL fluid cultures is both widespread and
controversial (7). A frequent criticism of quantitative BAL fluid
cultures is the uncorrected dilution effect introduced by the vari-

FIG 4 Case illustrations of the limitations of bacterial culture. (A) Two years after bilateral lung transplant for pulmonary fibrosis, a 52-year-old man developed cough
and decreased lung function. Computed tomography (CT) scan revealed basilar ground-glass opacities. Bronchoscopy was performed (BAL 1). Bacterial culture revealed
no bacterial growth, but subsequent analysis with pyrosequencing revealed overwhelming abundance of Escherichia sp. In following weeks, treatment with a fluoro-
quinolone for an unrelated indication resulted in improved respiratory symptoms. A repeat BAL fluid specimen obtained 1 month later (BAL 2) resulted in oral flora
reported via culture; subsequent pyrosequencing revealing increased community diversity and near absence of Escherichia sp. (B) Five years after bilateral lung transplant
for COPD, a 59-year-old woman developed dyspnea, cough, and sputum production. CT scan revealed multifocal infiltrates. Bronchoscopy revealed purulent secretions
with a predominantly neutrophilic BAL fluid cell count, but culture results were reported only as oral flora. Subsequent analysis of the BAL fluid via pyrosequencing
revealed overwhelming abundance of Corynebacterium sp., with low community diversity and high bacterial DNA burden.

FIG 5 Culture-independent analysis of quantitative BAL fluid cultures. BAL fluid specimens were divided into three groups based upon quantitative culture results as
follows: P. aeruginosa �104 CFU/ml, P. aeruginosa �104 CFU/ml, and no bacterial growth. Specimens were compared by (A) bacterial DNA burden, (B) Shannon
diversity index, and (C) relative abundance of OTU 1053 (P. aeruginosa). Group means compared by unpaired ANOVA with Tukey’s multiple-comparison test.
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able amount of saline instilled and collected in the BAL fluid pro-
cedure and the unknown alveolar surface area lavaged. Our anal-
ysis of specimens with P. aeruginosa growth revealed that the total
bacterial DNA detected in specimens above the 104 CFU/ml
threshold is, on average, more than 30-fold greater than that de-
tected in specimens with growth below the threshold, a difference
far greater than would be expected given procedural variation in
saline instillation and return. Moreover, variable dilution between
BAL fluid samples should have no impact on the relative abun-
dance of bacterial species within a community, and our results
demonstrate that specimens with growth above the 104 CFU/ml
threshold have decreased community diversity and higher pre-
dominance of the cultured organism by a factor of greater than 15.
Our analysis focused on a limited number of specimens contain-
ing one pathogen (P. aeruginosa) in one clinical setting. We have
provided a proof-of-principle analysis demonstrating how cul-
ture-independent findings can complement conventional cul-
ture-based techniques in the discrimination of infection from its
absence. Future studies of quantitative BAL fluid cultures should
consider incorporating culture-independent techniques into the
reference standard of infection.

A surprising and novel observation in this study is the stark
predominance of Gammaproteobacteria spp. among culture-neg-
ative BAL fluid specimens. Most notably, the combination of two
OTUs, Escherichia sp. (1087) and P. fluorescens (0969), comprised
the majority of bacteria detected in culture-negative specimens.
Neither OTU was abundant in the pyrosequencing results of re-
agent and bronchoscope rinse control specimens, and these con-
trol specimens had significantly less bacterial 16S DNA than cul-
ture-negative specimens. Furthermore, these OTUs were rarely
found in the healthy oral flora-positive samples or in samples
from healthy non-transplant recipients, as we have previously re-
ported (8). Thus, while we cannot comment on the viability of
these bacteria, they are clearly not attributable to background con-
tamination in low-biomass specimens. A previous study of BAL
fluid specimens obtained from patients with ventilator-associated
pneumonia similarly detected Escherichia sp. and P. fluorescens via
a culture-independent approach but not via culture of the same
specimen (5). These results raise the provocative hypothesis that
the absence of culture growth, rather than indicating the absence
of bacteria, may sometimes reflect the active inhibition of growth
by prominent community members. P. fluorescens actively inhib-
its in vitro growth of organisms via production of numerous anti-
microbial metabolites (21, 22), and in one reported study was
cultured from specimens only after samples were dialyzed (23).
Thus, culture negativity may reflect the presence of active culture
inhibitors in the samples. Alternately, these results might reflect
the adaptation of bacteria to a specific host niche that is not rep-
licated by routine in vitro culture conditions. P. fluorescens and
Escherichia spp. are both well documented to persist in a viable but
not culturable state in the environment (24–26). We have previ-
ously observed that P. fluorescens and an Escherichia sp. exhibit a
strongly positive association with each other (8), raising the pos-
sibility of indirect growth inhibition via co-occurrence of two spe-
cies. As pyrosequencing identifies bacteria via DNA sequencing
rather than reproduction, this technique alone is unable to dis-
criminate viable from nonviable community members.

Our studies reflected the standard practices of a clinical micro-
biological laboratory and did not use exhaustive culture tech-
niques for the identification of bacteria. The detection of bacteria

via BAL fluid culture in our study most certainly might have been
increased using alternate media and culture conditions, but the
objective of our study was to investigate the question through the
use of BAL fluid culture protocols as currently practiced. We be-
lieve that this context and the comparison are of greater relevance
to practicing microbiologists and clinicians. Next-generation se-
quencing platforms are, in their current versions, too expensive,
impractical, and unvalidated for use in clinical microbiology lab-
oratories, but they do offer a means of investigating, in a targeted
and rational manner, potential specific improvements in our cur-
rent culture-based protocols as well as development of potential
culture-independent diagnostic adjuncts. Finally, our BAL fluid
specimens were obtained from a limited number of lung trans-
plant recipients; the generalizability of our findings should be ex-
plored in subsequent studies utilizing BAL fluid acquired patients
in other disease states.
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