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Kalantar KL, Moazed F, Christenson SC, Wilson J, Deiss T,
Belzer A, Vessel K, Caldera S, Jauregui A, Bolourchi S, DeRisi
JL, Calfee CS, Langelier C. Metagenomic comparison of tracheal
aspirate and mini-bronchial alveolar lavage for assessment of
respiratory microbiota. Am J Physiol Lung Cell Mol Physiol 316:
L578-L584, 2019. First published January 17, 2019; doi:10.1152/
ajplung.00476.2018.—Accurate and informative microbiological
testing is essential for guiding diagnosis and management of
pneumonia in patients who are critically ill. Sampling of tracheal
aspirate (TA) is less invasive compared with mini-bronchoalveolar
lavage (mBAL) and is now recommended as a frontline diagnostic
approach in patients who are mechanically ventilated, despite the
historical belief that TA was suboptimal due to contamination from
oral microbes. Advancements in metagenomic next-generation
sequencing (mNGS) now permit assessment of airway microbiota
without a need for culture and, as such, provide an opportunity to
examine differences between mBAL and TA at a resolution pre-
viously unachievable. Here, we engaged shotgun mNGS to assess
quantitatively the airway microbiome in matched mBAL and TA
specimens from a prospective cohort of critically ill adults. We
observed moderate differences between sample types across all
subjects; however, we found significant compositional similarity in
subjects with bacterial pneumonia, whose microbial communities
were characterized by dominant pathogens. In contrast, in patients
with noninfectious acute respiratory illnesses, significant differ-
ences were observed between sample types. Our findings suggest
that TA sampling provides a similar assessment of airway micro-
biota as more invasive testing by mBAL in patients with pneumo-
nia.

lower respiratory tract infection; mini-bronchial alveolar lavage; next-
generation sequencing; pneumonia; tracheal aspirate

INTRODUCTION

Pneumonia causes more deaths each year in the United
States than any other type of infectious disease (7). The ability
to accurately detect etiological pathogens and distinguish them
from background commensal microbiota is essential for guid-
ing optimal antimicrobial treatment. In patients requiring me-
chanical ventilation, less invasive tracheal aspirate (TA) sam-
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pling has historically been considered inferior to specimen
collection by mini-bronchoalveolar lavage/telescoping catheter
(mBAL) due to the potential for oropharyngeal microbiota
contamination (3, 5). This idea has been challenged, however,
by studies demonstrating a lack of clinically significant differ-
ences between sample types (2-5), and a greater acceptance of
TA sampling is now reflected in recent updates to clinical
practice guidelines (10). Despite the broad potential implica-
tions of this shift in diagnostic sampling approach, relatively
little information exists regarding microbial composition dif-
ferences between mBAL and TA specimens and the potential
implications of such differences for both clinical diagnostic
testing and airway microbiome studies. To address this gap in
knowledge, we employed shotgun metagenomic next-genera-
tion sequencing (mNGS) to evaluate the microbial composi-
tions of matched mBAL and TA specimens.

METHODS

We enrolled 52 adults who were intubated within 72 h of intensive
care unit admission with acute respiratory failure according to Uni-
versity of California, San Francisco institutional review board-ap-
proved protocol 10-02701. Demographic and clinical characteristics
of the 52 study subjects are summarized in (Table 1). Two-physician
adjudication based on retrospective medical record review (blinded to
mNGS results) and the US Centers for Disease Control and Preven-
tion surveillance case definition of pneumonia were used to identify
15 subjects with culture-confirmed bacterial pneumonia (PNA-pos;
Ref. 18). Adjudication also identified 12 subjects with a clear alter-
native noninfectious etiology of acute respiratory failure (PNA-neg)
and 25 subjects with acute respiratory illnesses of indeterminate
etiology (PNA-ind), which included those with negative bacterial
cultures but suspected pneumonia based on clinical criteria alone.
Subjects with PCR-confirmed viral etiologies were also included in
the PNA-ind group because occult bacterial coinfection could not be
excluded.

Excess mBAL and TA specimens collected on the same day and
within 72 h of patient intensive care unit admission underwent DNA
extraction and sequencing library preparation according to previously
described methods (14, 19). After paired-end Illumina sequencing, we
employed a previously reported bioinformatics pipeline to detect and
profile the airway microbiome. Briefly, this incorporated subtractive
alignment of the human genome [National Center for Biotechnology
Information Genome Reference Consortium human build 38 (GRCh38)]
using Spliced Transcripts Alignment to a Reference (STAR; Ref. 6)
followed by quality filtering using PriceSeqFilter (17). Additional filter-
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Table 1. Demographics and clinical characteristics of study cohort

Total PNA-pos PNA-neg PNA-ind

Total enrolled, n 52 15 12 25
Age, average yr 63 60 64 64
Female sex, n 17 (33%) 3 (20%) 7 (58%) 7 (28%)
Race

Black, n 3 (6%) 1 (7%) 0 (0%) 2 (8%)

Asian American, n 14 (27%) 4 (27%) 2 (15%) 8 (32%)

White, n 27 (52%) 8 (53%) 8 (67%) 11 (44%)

Other, n 4 (8%) 0 (0%) 2 (17%) 2 (8%)

Hispanic ethnicity, n 4 (8%) 2 (13%) 0 (0%) 2 (8%)
Suspected pneumonia type

Community-acquired pneumonia, n 22 (42%) 8 (53%) 0 (0%) 14 (56%)

Hospital-acquired pneumonia, n 8 (15%) 5 (33%) 0 (0%) 3(12%)

Ventilator-associated pneumonia, n 2 (4%) 2 (13%) 0 (0%) 0(0%)

Indeterminate pneumonia status, n 8 (15%) 0 (0%) 0 (0%) 8 (32%)
Immunosuppression, n 18 (35%) 6 (40%) 4 (33%) 8 (32%)
Prior antibiotic use, n 43 (83%) 11 (73%) 12 (100%) 20 (80%)
Bacteremia, n 12 (23%) 4 (27%) 2 (17%) 6 (25%)
30-Day mortality, n 14 (27%) 4 (27%) 2 (17%) 8 (32%)

PNA-ind, pneumonia-indeterminate; PNA-neg, pneumonia-negative; PNA-pos, pneumonia-positive.

ing to remove Pan troglodytes (University of California, Santa Cruz
panTro4) and nonfungal eukaryotes, cloning vectors, and phiX phage
was performed using Bowtie 2 (15). The identities of the remaining
microbial reads were determined by querying the National Center for
Biotechnology Information nucleotide database using Genomic Short-
read Nucleotide Alignment Program (GSNAP) -1 (14, 19). We sequenced
no-template water control samples and restricted analyses to taxa present
at >1% of the microbial population by abundance, as previously de-
scribed (5, 14). No microbe was universally present in every sample,
suggesting that systematic contamination across TA or mBAL sampling
methods was unlikely. Microbial community composition metrics were
calculated using the vegan R package version 2.5.2 (16). P values were
computed using Wilcoxon rank sums. When evaluating community
richness, one outlier (>3 standard deviations above the mean) was
identified and removed before computing significance.

RESULTS

Comparison of mBAL with TA across all patient groups. To
compare the microbial community compositions of matched
mBAL and TA specimens across all patients in the cohort, we
first calculated the Bray-Curtis dissimilarity index, which re-

vealed no significant differences (P = 0.31 by permutational
multivariate ANOVA). We next asked whether within-subject
diversity of the respiratory microbial communities differed by
specimen type and did not observe a significant difference in
the Shannon diversity index [SDI; 1.05 (0.71-1.55) vs. 1.45
(0.74-2.05) for TA and mBAL, respectively; P = 0.057; Table
2], although the P value approached significance. Community
richness (total number of different genera identified in each
sample), however, was higher in mBAL samples than in TA
(P = 0.046; Table 2). Calculation of Spearman correlation
between matched mBAL and TA specimens across all subjects
revealed moderate differences, with a mean correlation of 0.41
(interquartile range: 0.03—0.87; Fig. 1).

Because oropharyngeal microbiota have historically been sus-
pected to compromise TA specimens, we next evaluated for
differences in the abundance of common oropharyngeal microbi-
ota (5). Surprisingly, we found no statistically significant differ-
ences between mBAL and TA specimens with respect to Pre-
votella, Veillonella, Streptococcus, Fusobacterium, Rothia, or
Neisseria abundance (Table 2). Assessment of microbial relative

Table 2. Microbial community metrics in TA and mBAL samples, including differences between subjects with pneumonia and
those with respiratory failure due to etiologies other than respiratory infection, and abundance differences for common
oropharyngeal microbes by genus rpM between all TA and mBAL samples, irrespective of PNA group, calculated using

Wilcoxon rank sum

TA mBAL
Metric Median (IQR) PNA-pos vs. PNA-neg Median (IQR) PNA-pos vs. PNA-neg mBAL vs. TA (All Samples)
Richness 6.00 (4.00-9.00) P=65x%102 8.00 (4.00-13.50) P=12X1073 P =46x102
Shannon diversity 1.05 (0.71-1.55) P =47X1072 1.45 (0.74-2.05) P=52X10"° P=57X%x10"2
TA mBAL
Genus Mean rpM (IQR) Mean rpM (IQR) mBAL vs. TA
Prevotella 0.07 (0.00-0.06) 0.02 (0.00-0.03) P = 0.15
Veillonella 0.03 (0.00-0.02) 0.03 (0.00-0.02) P =099
Streptococcus 0.20 (0.00-0.33) 0.18 (0.00-0.34) P = 0.88
Fusobacterium 0.02 (0.00-0.00) 0.01 (0.00-0.00) P = 0.53
Rothia 0.03 (0.00-0.03) 0.01 (0.00-0.00) P = 0.31
Neisseria 0.04 (0.00-0.02) 0.03 (0.00-0.02) P =0.72

IQR, interquartile range; mBAL, mini-bronchial alveolar lavage; PNA-neg, pneumonia-negative; PNA-pos, pneumonia-positive; rpM, reads per million reads

mapped; TA, tracheal aspirate.
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Fig. 1. Fraction of total microbial sequencing reads represented by each genus in matched mini-bronchial alveolar lavage (left column) and tracheal aspirate (right
column) specimens. Summary of the Spearman correlation p-values for pairwise comparisons in each PNA group is listed under each header. Legend colors
correspond to the topmost abundant microbes across all samples, with red shading indicating microbes with established respiratory pathogenicity as recently
defined (13), blue indicating genera known to be common oropharyngeal microbiota, and yellow/gray indicating other microbial genera. Category Other refers
to all other microbes identified and those identified at abundance <1%. IQR, interquartile range.

abundance (total genus alignments per million reads sequenced)
also revealed no significant interspecimen type differences [me-
dian = 43.30 (interquartile range: 6.69-327.93) vs. 26.89 (5.66—
167.63); P = 0.60].

Comparison of mBAL and TA as a function of pneumonia
status. We reasoned that differences in microbial composition
between mBAL and TA specimens would be most clinically
significant if they impacted diagnostic accuracy in patients
with pneumonia and thus assessed taxonomic similarity be-
tween the PNA-pos and PNA-neg groups. We found signifi-
cantly greater correlation in subjects who were PNA-pos com-
pared with subjects who were PNA-neg [pairwise Spearman
correlation of 0.75 (0.67-1.00) vs. 0.19 (—0.22 to 0.55); P =
1.62 X 1073], suggesting that pathogen dominance of the lung
microbiome during infection may drive compositional similar-
ity (1, 14).

For both sample types, a culture-confirmed pathogen was the
most abundant microbe detected by mNGS in 14 (93% of)
subjects who were PNA-pos and the second most abundant in
the remaining subject [Table 3; Supplemental Table S1 (https://
doi.org/10.17504/protocols.io.wqnfdve)]. Gram-negative patho-
gens were cultured from a relatively high percentage of subjects
who were PNA-pos (65%) compared with prior surveillance
studies (8). mNGS of mBAL specimens detected all 23 culture-
identified microbes, whereas mNGS of TA samples identified 22.
The discrepant microbe was from a polymicrobial culture and was
detected by mNGS in the TA specimen but present at <1%
relative abundance and, therefore, indistinguishable from back-
ground using our bioinformatic approach [Table 3; Supplemental
Table S1 (https://doi.org/10.17504/protocols.io.wgnfdve)].

Reduced a-diversity of the human respiratory microbiome
has been described as an ecological marker of infection (1, 14),
and thus we next asked whether SDI differed by specimen
type. We found that SDI differed significantly between sub-
jects who were PNA-pos and subjects who were PNA-neg
within mBAL samples, and a similar, albeit less significant,
difference was also observed within TA samples (P = 5.2 X
107% and 4.7 X 1072, respectively; Fig. 2; Table 2). Commu-
nity richness (total number of different genera identified in
each sample) was decreased in subjects who were PNA-pos
compared with subjects who were PNA-neg when assessed by
mBAL and trended toward significance when assessed by TA
(P =12 X 1072 and 6.5 X 1072, respectively; Table 2). In
addition, we calculated SDI and richness for patients in the
PNA-ind group with culture-negative suspected pneumonia.
Unlike the subjects who were PNA-pos, we did not observe
significant differences in terms of SDI and richness compared
with the subjects who were PNA-neg for either fluid type (P =
0.211 and P = 0.679 for SDI of mBAL and TA, respectively;
P = 0.156 and P = 0.756 for richness of mBAL and TA,
respectively).

To explore differences in sample type as a function of pneu-
monia status further, we compared mBAL versus TA across each
patient subgroup (PNA-pos, PNA-ind, and PNA-neg) with respect
to Shannon diversity and richness [Supplemental Fig. S1 (https:/
doi.org/10.17504/protocols.io.wqnfdve)]. ~ Whereas  overall,
mBAL samples trended toward increased community richness,
we observed that this was driven largely by differences in the
PNA-neg group. In subjects who were PNA-neg, significant
differences between sample types were observed with respect to
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Fig. 2. Shannon diversity index in subjects who were pneumonia-positive
(PNA-pos; A) vs. subjects who were pneumonia-negative (PNA-neg; A) by
specimen type [mini-bronchial alveolar lavage (mBAL), left; tracheal aspirate
(TA), right]. Subjects who were PNA-pos had lower diversity compared with
subjects who were PNA-neg when assessed by either specimen type.

SDI and richness (P = 5.0 X 1073 and 4.0 X 10~2, respectively)
as well as by Spearman correlation [0.19 (—0.22 to 0.55)]. In
contrast, in subjects who were PNA-pos, no differences were
observed between fluid types based on SDI or richness (P = 0.46
and 0.88, respectively).

DISCUSSION

Advances in genome sequencing have revealed that the lung,
previously considered sterile, supports diverse microbial com-
munities that play a role in both health and disease (5). With
the use of shotgun mNGS, we compared the microbial com-
positions of matched mBAL and TA samples from critically ill
adults. Across all patient groups, moderate differences were
observed based on Spearman correlation, differences ap-
proached significance with respect to a-diversity (SDI; P =
0.057), and richness was significantly higher in mBAL samples
(P = 0.046). In contrast, we did not find systematic differences
in the abundance of oropharyngeal microbes or in (3-diversity,
measured by Bray-Curtis index. Notably, however, we found
that fluid type differences became inconsequential in the set-
ting of clinically identified pneumonia and became more pro-
nounced in patients with noninfectious acute respiratory ill-
nesses.

Prior studies using 16S rRNA amplicon sequencing have
observed differences in community richness in the setting of
pneumonia (11, 12), and although we only found significant
differences by mBAL, those for TA trended toward signifi-
cance and may have demonstrated an association with a larger
sample size. Finally, despite the historical assumption that TA
specimens are compromised by oropharyngeal contamination,
we found that abundance of oropharyngeal microbiota did not
significantly differ by sample type.

Reflective of current practices in the intensive care unit, the
majority of patients in this study received broad-spectrum
antibiotics before sample collection. As such, the possibility
that antibiotic exposure may have driven compositional simi-
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larity between fluid types must be considered. The observation
that a greater fraction of subjects who were PNA-neg versus
subjects who were PNA-pos received antibiotics, however,
suggests this may be less likely.

Together, our data indicate that from a metagenomic per-
spective, TA sampling is an effective alternative to more
invasive mBAL testing for patients with pneumonia, a conclu-
sion consistent with findings of prior clinical studies (2, 4) and
the clinical practice guidelines from the Infectious Diseases
Society of America and the American Thoracic Society (10).
Future studies with a larger sample size may clarify trends in
diversity differences that approached, but did not reach, sig-
nificance. These results may help inform both culture-indepen-
dent clinical microbiological testing and research on the lung
microbiome.
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