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Abstract
Background: The microbiota of the lower respiratory tract in patients with non-tuberculous mycobacterial
pulmonary disease (NTM-PD) has not been fully evaluated. We explored the role of the lung microbiota in NTM-PD
by analyzing protected specimen brushing (PSB) and bronchial washing samples from patients with NTM-PD
obtained using a flexible bronchoscope.
Results: Bronchial washing and PSB samples from the NTM-PD group tended to have fewer OTUs and lower Chao1
richness values compared with those from the control group. In both bronchial washing and PSB samples, beta
diversity was significantly lower in the NTM-PD group than in the control group (P = 2.25E-6 and P = 4.13E-4,
respectively). Principal component analysis showed that the PSBs and bronchial washings exhibited similar patterns
within each group but differed between the two groups. The volcano plots indicated differences in several phyla
and genera between the two groups.
Conclusions: The lower respiratory tract of patients with NTM-PD has a unique microbiota distribution that is low
in richness/diversity.
Keywords: Microbiome, Microbiota, Nontuberculous mycobacterium, Nontuberculous mycobacterial pulmonary
disease

Background
Nontuberculous mycobacterial (NTM) pulmonary disease (NTM-PD) is caused by pathogenic species of
NTM [1–4]. NTM-PD can affect subjects of any age but
is more common in those at least 50 years old, and the
incidence and prevalence of NTM-PD is increasing
worldwide [4–7]. However, the pathogenesis of NTMPD is unclear, although several host and microbial factors are implicated [4, 8–12].
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The microorganisms (bacteria, viruses, and fungi) residing in the human body are collectively called the
microbiota [13–15]. As integral components of various
organ systems, these participate in diverse cellular
processes and metabolism and affect the development of
various diseases. Various populations of microorganisms
living in diverse cellular compartments modulate immune system function, the aberrant metabolism that
triggers chronic inflammation, and cellular transformation [14–20]. However, the role of the microbiota in respiratory disease is unclear.
Two recent studies evaluated the role of the microbiota in NTM-PD [15, 21]. Sulaiman et al. collected oral
wash, induced sputum and bronchoalveolar lavage samples from patients with NTM-PD and proposed that patients with NTM disease have a distinct microbial
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environment in the lower airways. This may be associated with components of the lower airway microbiota
including taxa commonly identified as oral commensals
[21]. Philley et al. assessed microbiome diversity in sputa
from healthy women, women with NTM-PD, and
women with both NTM-BD and breast cancer. They
suggested the presence of a distinct pathogenic microbiome other than NTM [15]. However, the oral wash,
sputum, and bronchial aspirate samples used in those
two studies could have become contaminated by bacterial taxa in the upper airway, so they may not be representative of the microbial populations of the lower
respiratory tract.
Here, we used a bronchoscopic approach to explore
the role of the lung microbiota in NTM-PD by analyzing
protected specimen brushing (PSB) and bronchial washing samples obtained from patients with NTM-PD in
comparison with those from control subjects.

Results
Clinical characteristics

A total of 14 and 10 subjects were enrolled in the NTMPD and control groups, respectively. However, three
subjects in the NTM-PD group were excluded because
acid-fast bacillary (AFB) cultures of bronchial washings
were negative. Respiratory samples from 21 subjects (11
in the NTM-PD group and 10 in the control group)
were finally analyzed. The demographic and clinical
characteristics are shown in Table 1. Age, sex, smoking
status, medical history, and comorbid status did not
differ between the groups. BMI was significantly lower
in the NTM-PD than the control group (20.4 [18.1–
22.0] vs. 25.6 [17.6–31.3 kg/m2], P = 0.012). In the
control group, bronchiectasis with endobronchial
secretion, anthracosis, benign bronchial stenosis, and
nonspecific endobronchial secretion were diagnosed
after bronchoscopic examination in six (60.0%), two

Table 1 Demographic and clinical characteristics of the study subjects
Control group
(n = 10)

p-value*

Variable

NTM-PD group
(n = 11)

Age, years

57 [23–74]

57.5 [33–83]

0.863

Female (%)

8 (72.7)

6 (60.0)

0.537

BMI (kg/m2)

20.4 [18.1–22.0]

25.6 [17.6–31.3]

0.012

Height (cm)

159.8 [152.5–183.0]

162.4 [140.0–172.0]

1.000

Weight (kg)

52.0 [45.0–63.0]

60.6 [46.4–85.1]

Smoking status (%)
Never-smoker

8 (72.7)

7 (70.0)

Ex-smoker

1 (9.1)

2 (20.0)

Current smoker

0.051
0.709

2 (18.2)

1 (10.0)

35.0 [10.0–60.0]

11.4 [10.0–40.0]

0.800

Hypertension

1 (9.1)

1 (10.0)

1.000

Hyperlipidemia

1 (9.1)
1 (10.0)

0.476

Smoking level (pack-years)
Comorbidity

Parkinson’s disease

1.000

Past medical history
Pneumonia

1 (9.1)

Tuberculosis

1 (9.1)

Pulmonary embolism

1.000
2 (20.0)

1.000

1 (10.0)

0.476

Canine space abscess

1 (9.1)

1.000

Colon polyp

1 (9.1)

1.000

Final diagnosis after bronchoscopy (in control group)
Bronchiectasis with endobronchial secretion

6 (60.0)

Anthracosis

2 (20.0)

Benign bronchial stenosis

1 (10.0)

Endobronchial secretion

1 (10.0)

Data are shown as medians (with ranges) or frequencies (with % values)
NTM-PD nontuberculous mycobacterial pulmonary disease, BMI body mass index
*p-values < 0.05 are shown in bold for comparisons between the NTM-PD and control groups
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(20.0%), one (10.0%), and one (10.0%) subject, respectively. Mycobacterium avium, M. intracellulare, and M.
kansasii were cultured from six (54.4%), three (27.3%),
and one (9.1%) NTM-PD patients, respectively (Supplementary Table 1). The NTM species in an AFB culture
from one patient (9.1%) could not be identified.
RNA concentrations of the sequencing libraries

Figure 1 presents the RNA concentrations of the sequencing libraries in the various samples. We excluded
the possibility of environmental contamination introduced by the bronchoscopic channel by constructing
16S sequencing libraries from the negative control samples. However, as shown in Fig. 1, most of the negative
control samples contained very little RNA, preventing
sequencing. We thus assumed that environmental contamination was minimal during sample acquisition.
Bronchial washing samples yielded libraries with higher
RNA concentration compared with PSB samples.
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difference was not statistically significant. Figure 3 shows
the weighted UniFrac distances between all sample pairs
within each sample group, reflecting the distribution of
beta diversity for each group. A higher beta diversity
among samples within a group indicates greater variances in microbial community composition. Significantly
lower beta diversity was observed in the NTM-PD group
than in the control group in both bronchial washing
(P = 2.25E-6) and PSB samples (P = 4.13E-4). In the control group, the microbiota composition had lower beta
diversity in PSBs than bronchial washings (p = 0.0024).
In the NTM-PD group, beta diversity was lower in the
PSBs than bronchial washings, but the differences were
not significant.
When four subjects without bronchiectasis in the control group were excluded from analysis, the beta diversity in bronchial washing and PSB samples from the
NTM-PD group was significantly lower than that of the
remaining six control subjects with bronchiectasis
(Suppl. Fig. 1).

Richness/diversity of the NTM-PD microbiota

Figure 2 shows the microbial richness and alpha diversity of each sample based on the OTU number and
Chao1 richness index. NTM-PD samples had fewer
OTUs (Fig. 2a) and lower Chao1 richness values (Fig.
2b) compared with the control samples, although the

Fig. 1 RNA concentrations in the sequencing libraries from the
different samples. The concentrations are grouped by the sample
acquisition protocol regardless of the group. Differences were
assessed using Student’s t-test; p-values < 0.05 are shown. *P-value
after discarding the two outliers with the highest concentrations
from the PSB protocol. CH, bronchoscopic channel washings
(negative controls); PSB, protected specimen brushing; WA,
bronchial washing

Differences in microbiota composition between the NTMPD and control groups

The PCoA plots for bronchial washings (Fig. 4a) and
PSBs (Fig. 4b) were similar within each group. In the
NTM-PD group, the bronchial washing and PSB samples
were clustered closely, and most could be distinguished
from those of the control group, the patterns of which
were disperse. The proportions of individual phyla in
bronchial washings varied (Fig. 5a and b). Compared
with the control group, the proportions of Ignavibacteriae, Deinococcus–Thermus, Actinobacteria, and Gemmatimonadetes were increased (2.67 vs. 0.48%, 3.16 vs.
0.36%, 5.61 vs. 2.18%, and 0.19 vs. 0.03%, respectively),
and those of Firmicutes and unassigned fractions were
decreased (5.84 vs. 15.27% and 7.16 vs. 27.06%, respectively) in NTM-PD bronchial washings. After adjustment
for BMI, the increase in the proportions of Ignavibacteriae and Deinococcus–Thermus, and the decreases in
proportions of Firmicutes and unassigned fractions
remained significant. The PSBs yielded similar results
(Fig. 5c and d), with minor changes in a few phyla
(Firmicutes, Actinobacteria, and Gemmatimonadetes).
After adjustment for BMI, the increases in proportions
of Deinococcus–Thermus and Ignavibacteriae remained
significant. When four subjects without bronchiectasis in
the control group were excluded from the analysis, the
proportions of Ignavibacteriae, Deinococcus–Thermus,
and Gemmatimonadetes were higher (2.67 vs. 0.25%,
3.16 vs. 0.09%, and 0.19 vs. 0.00%, respectively) in the
NTM-PD bronchial washing samples compared to
samples from the remaining six control subjects with bronchiectasis. By contrast, the proportions of Actinobacteria
and Firmicutes were not different between the NTM-PD
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Fig. 2 Microbial richness in bronchial washing and PSB samples from the control and NTM-PD groups. Three outlier samples (one bronchial
washing and one PSB from the control group and one bronchial washing from the NTM-PD group) with over 900 OTUs and a Chao1 richness
index > 1000 exist outside the plots. a The numbers of OTUs (a measure of microbial richness) in each group. b The Chao1 richness index (a
measure of alpha diversity) in each group. OTU, operational taxonomic unit; CR, control; WA, bronchial washing; PSB, protected specimen
brushing; NTM-PD, non-tuberculous mycobacterial pulmonary disease

Fig. 3 The beta diversities of each group. Each dot represents a
weighted UniFrac distance between the microbial compositions of
two samples in the same group. Differences were assessed using
Student’s t-test; p-values < 0.05 are shown. CR, control; WA, bronchial
washing; PSB, protected specimen brushing; NTM-PD, nontuberculous mycobacterial pulmonary disease

group and control subjects with bronchiectasis (Suppl.
Fig. 2A). In PSB samples from the NTM-PD group, the
proportions of Deinococcus–Thermus and Ignavibacteriae
were higher (7.16 vs. 0.60% and 5.84 vs. 0.54%, respectively)
compared to the remaining six control subjects with bronchiectasis (Suppl. Fig. 2B).
The microbiota fractions at the genus level (or higher
level OTU classifications in the absence of genus-level
taxonomic information) in bronchial washings and PSBs
were compared between the NTM-PD and control groups
(Fig. 6). The proportions of various genera differed between the groups in bronchial washings and PSBs. In
bronchial washings, the proportions of Ignavibacterium,
Pseudomonas, Meiothermus, Rhodococcus, Dechloromonas,
Cytophagaceae family, Alcaligenaceae family, Phos-Hee51
family, Blastocatellaceae family, Hyphomicrobium, Candidatus Nomurabacteria classes, Comamonadaceae family,
and Nitrospira and JG30-KF-CM45 orders were increased,
whereas those of Propionibacterium, Bukholderia–Paraburkholderia, Dermacoccaceae, Enhydrobacter, and unassigned fractions were decreased in the NTM-PD
compared with control groups. After adjustment for BMI,
the increase in the proportions of Ignavibacterium,
Pseudomonas, Meiothermus, Rhodococcus, Dechloromonas,
Cytophagaceae family, and Alcaligenaceae family, and the
decreases in the proportions of Bukholderia–Paraburkholderia, and unassigned fractions remained significant. In
the PSB samples, the proportions of Pseudomonas, Cytophagaceae family, Meiothermus, Comamonadaceae family,
Alcaligenaceae family, Ignavibacterium, Rhodococcus,
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Fig. 4 PCoA plots for the bronchial washing and PSB samples from the NTM-PD and control groups, based on weighted UniFrac distances. a
Bronchial washing samples. b PSB samples. NTM-PD, non-tuberculous mycobacterial pulmonary disease; PSB, protected specimen brushing

Dechloromonas, Saprospiraceae, and Pirellula were increased, whereas those of Bukholderia–Paraburkholderia,
Sphingomonas, Staphylococcus, and unassigned fractions
were decreased in the NTM-PD group compared with the
control group. After adjustment for BMI, the increases in
the proportions of Pseudomonas, Cytophagaceae family,
Meiothermus, Comamonadaceae family, Alcaligenaceae
family, and Ignavibacterium, and the decrease in the proportion of Sphingomonas remained significant. The proportions of Pseudomonas, Rhodococcus, Cytophagaceae,
and Alcaligenaceae were consistently higher in bronchial
washings and PSBs from the NTM-PD group compared
with the control group (Fig. 7). With the exception of the
proportion of Rhodococcus in bronchial washing samples,
the differences in the proportions of the four microbes
remained significant after adjustment for BMI. When four
control subjects without bronchiectasis were excluded
from the analysis, the proportions of Ignavibacterium,
Meiothermus, Pseudomonas, Rhodococcus, Dechloromonas,
Alcaligenaceae family, Phos-Hee51 family, Nitrospira,
Blastocatellaceae family, Cytophagaceae family, Hyphomicrobium, Candidatus Nomurabacteria classes, JG30-KFCM45 orders, and Comamonadaceae family were still
greater, and those of Bukholderia–Paraburkholderia, Propionibacterium, and unassigned fractions were lower in
the NTM-PD bronchial washing samples compared to
samples from the remaining six control subjects with
bronchiectasis. By contrast, the proportions of Dermacoccaceae and Enhydrobacter did not decreased (Suppl.
Fig. 3A). In PSB samples from the NTM-PD group, Cytophagaceae family, Pseudomonas, Meiothermus, Comamonadaceae family, Ignavibacterium, Alcaligenaceae family,
and Pirellula increased compared to samples from the
remaining six control subjects with bronchiectasis. By
contrast, the proportions of Rhodococcus, Dechloromonas,

Saprospiraceae, Bukholderia–Paraburkholderia, Sphingomonas, Staphylococcus, and unassigned fractions did not
differ between the two groups (Suppl. Fig. 3B).

Discussion
Patients with NTM-PD provided bronchial washing and
PSB samples with lower microbial richness as well as
non-significant lower alpha diversity. The significantly
lower beta diversity observed in bronchial washing and
PSB samples from the NTM-PD group indicates smaller
variances in microbial community composition compared to the control group. Beta diversity was also significantly lower in bronchial and PSB samples from the
NTM-PD group when only six control subjects with
bronchiectasis were analyzed, Therefore, NTM-PD, but
not bronchiectasis, is associated with a homogenous microbial community composition. The two sampling approaches yielded similar microbiome distributions, but
the PSB samples from the NTM-PD group exhibited
lower alpha and beta diversities than did bronchial washing samples. In the bronchial washing and PSB samples
from the NTM-PD group, some phyla and genera increased, while others decreased compared to the control
group and the control subgroup with bronchiectasis.
These differences remained significant after adjustment
for BMI.
Respiratory samples (especially PSBs) from NTM-PD
patients tended to exhibit lower alpha diversities compared with those from control subjects. In a previous
study, the alpha diversities of sputum samples from females with NTM-PD and those with both NTM-PD and
breast cancer were significantly lower than those of samples from healthy females, consistent with our results
[15]. In another study, the alpha diversities in oral
washes, sputum, and BAL samples did not differ in
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Fig. 5 The phylum fractions in bronchial washing (a and b) and PSB (c and d) samples from the NTM-PD and control groups. The volcano plots
show the relative fold changes and whether they were significant. Differences were assessed using Student’s t-test; the p-values of all phylum
fractions in the NTM-PD compared with the control group are shown (a, c). Red indicates statistical significance (p < 0.05) after adjustment for
BMI (by ANCOVA). NTM-PD, non-tuberculous mycobacterial pulmonary disease; PSB, protected specimen brushing; BMI, body mass index

NTM-positive versus -negative sputum cultures [21].
However, in this study, oral washings exhibited higher
alpha diversities than those of sputum, which in turn exhibited a bacterial load of approximately 100-fold greater
than that of BAL samples. Furthermore, PSB samples
from the NTM-PD groups exhibit a non-significantly
lower alpha diversity compared to bronchial washing
samples from both groups and PSB samples from the
control group.

In our study and those of others, most subjects with
NTM-PD were slender postmenopausal women, indicating that a lean body and a lack of estradiol are associated
with development of NTM-PD [21–23]. Estradiol protects against NTM infection. Indeed, ovariectomized
mice had a higher NTM burden in the lung at 3–6
weeks after infection compared to sham-operated mice
and E2-treated ovariectomized mice [24]. Moreover,
long-term E2 administration in ovariectomized mice
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Fig. 6 Comparisons of genus (or higher-level OTU classifications in the absence of genus-level taxonomic information) in bronchial washing and
PSB samples from the NTM-PD and control groups. a Bronchial washing samples. b PSB samples. The volcano plots show the relative fold
changes and whether they were significant. Differences were assessed using Student’s t-test; the p-values for each genus (or higher-level OTU in
the absence of genus-level taxonomic data) represent the statistical significance of abundance changes in the NTM-PD group compared with the
control group. Red indicates statistical significance (p < 0.05) after adjustment for BMI (by ANCOVA). NTM-PD, non-tuberculous mycobacterial
pulmonary disease; PSB, protected specimen brushing; BMI, body mass index

increased IL-1β secretion and inducible nitric oxide synthase expression, promoting the killing of intracellular
mycobacteria by macrophages [25]. Slender individuals
with NTM-PD exhibited abnormal expression of not
only IFN-γ and IL-12, which inhibit the development of
NTM-PD [5], but also leptin and adiponectin, two important immune modulating adipokines secreted by fat
tissue [26]. Adipocytes are also reported to regulate the
expression of IL-12 and receptors in the presence of inflammation [27]. Collectively, the lack of estradiol, and
adipose tissue and the resulting elevated levels of
proinflammatory mediators impair resistance to
colonization by external microbes, thus leading to lossof-containment of pathogens and consequently mycobacterial infection. and this process may be similar to
that of Mycobacterium tuberculosis [28]. In our study,
this vulnerability to colonization by external microbes in
patients with NTM-PD may explain the elevated richness of Pseudomonas, Rhodococcus, Comamonadaceae,
Nitrospiraceae, and Cytophagaceae in lower airway samples, which, like NTM, are abundant in groundwater and
treated water [29–31]. Chronic and intermittent Pseudomonas infection is associated with NTM infection [32],
and Rhodococcus and other species of Actinomycetales
are frequently identified in humans or animals with confirmed or suspected mycobacterial infection [33–38].

Coinfection with these microbes may lead to the establishment of homogenous microbial communities in patients with NTM-PD, who showed lower within-group
diversity (beta diversity) than the control subjects in this
study.
Our work had several limitations. First, as we did
not evaluate upper airway samples (oral washes and
sputum), we do not know whether the upper airway
microbiome differed between the groups. Second, we
did not measure the levels of inflammatory biomarkers (such as cytokines) or determine neutrophil
or lymphocyte counts. Therefore, it is unclear
whether communities of microbes contribute to the
buildup of inflammation and whether microbial products or metabolites lead to the development of respiratory diseases. Further research using biomarkers
or other cellular markers is needed to elucidate the
association between inflammation and the microbiome
composition in NTM diseases. Finally, we found that
16S rRNA sequencing identified mycobacteria in only
54.5% of bronchial washing samples and 27.3% of PSB
samples from NTM-PD patients (Supplementary
Table 2). Similarly, 16S rRNA sequencing identified
NTM in only 47% of BAL samples from subjects
whose sputum was positive for NTM cultures despite
use of a nested mycobacterial microbiome approach.

Kang et al. BMC Microbiology

(2021) 21:84

Page 8 of 11

Fig. 7 The genera and families exhibiting significant increases in bronchial washing and PSB samples from the NTM-PD compared with control
groups. Differences were assessed using Student’s t-test; the p-values are shown if p < 0.05. a Pseudomonas, b Rhodococcus, c Cytophagaceae, and
d Alcaligenaceae. *, P < 0.05 after adjustment for BMI (by ANCOVA); NTM-PD, non-tuberculous mycobacterial pulmonary disease; PSB, protected
specimen brushing; BMI, body mass index

Thus, 16S rRNA gene sequencing is not adequately
sensitive, and technical improvements are needed [21,
39].
Despite these limitations, our study had certain merits.
We compared bronchial washings and PSBs within subjects. PCoA revealed that the microbiome distributions
were similar, suggesting that both bronchial washings
and PSBs reflect the lower airway status of NTM-PD patients. The PSB samples exhibited the lowest alpha and
beta diversities and lacked oral commensals such as Firmicutes, thus optimally reflecting lower airway status.
Also, several microbes differed between the NTM-PD
and control groups. Patients with NTM-PD have a distinct lower-airway environment, which may be associated with microbial taxa thought of as environmental.

These data suggest a connection between the pathogenesis of NTM-PD and colonization by environmental microbes, which warrants further mechanistic studies.

Conclusion
Lower respiratory samples from NTM-PD patients exhibited a unique microbiome that was less rich/diverse
compared to that of the control subjects, with some
phyla and genera being increasing in abundance, and
others decreasing. Further studies are required to verify
these findings and to determine whether those microbes
interact (positively or negatively) with NTM to provoke
inflammation and/or antibiotic resistance independent
of the NTM-PD status.
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Methods
Study subjects and sample collection

Patients who underwent bronchoscopy due to a suspicion of NTM-PD on chest CT in a 1600-bed tertiary
university medical center in Incheon, Republic of Korea
between August 2017 and August 2018 were prospectively enrolled in the NTM-PD group after providing
written informed consent. NTM-PD was suspected when
nodular bronchiectatic lesions typical of NTM-PD were
observed on chest computed tomography [40–42]. Patients who underwent bronchoscopy to examine suspicious endobronchial lesions that were not typical of
NTM-PD, tuberculosis, malignancy, or any known disease or condition of the lower respiratory tract except
bronchiectasis were enrolled in the control group. The
exclusion criteria were malignancy at any site; an infection or serious disease of the neural, cardiovascular,
renal, hepatobiliary, gastrointestinal, hematological, or
respiratory system; use of any antibiotic during the prior
month; perceived vulnerability; and refusal to participate.
All patients underwent bronchoscopy, and we collected
PSB and bronchial washing samples. Prior to bronchoscopy, all subjects received topical anesthesia (lidocaine
delivered via a nebulizer) and were sedated with midazolam and fentanyl. The bronchoscopic channels were
washed with 5 mL of sterile 0.9% (w/v) saline (negative
control samples). In the NTM-PD group, respiratory
specimens were collected from lesional bronchi using a
protected brush; each brush was chopped into small
pieces (using a sterile wire cutter), suspended in 5 mL of
sterile 0.9% (w/v) saline, and vortexed. Lesional bronchi
were also washed with 5 mL of sterile saline. In the control group, PSB and bronchial washing samples were collected from random bronchi. We recorded the subjects’
demographic and clinical characteristics including data
on age, sex, height, weight, body mass index (BMI),
smoking status and level, comorbidities, and medical
history.
DNA extraction

DNA was extracted from respiratory specimens on the
day of bronchoscopy using the PowerSoil DNA Isolation
Kit from Mo Bio Laboratories Inc. (Carlsbad, CA) according to the manufacturer’s instructions (manual ver.
07272016).
PCR and sequencing

The V3–4 regions of bacterial 16S rRNA genes were amplified using PCR. PCR was conducted in reaction mixture
with a total volume of 25-μL containing 2.5 μL of DNA
extract, 12.5 μL of KAPA HiFi Hotstart readyMix (Kapa
Biosystems, Boston, MA), 5.0 μL of 1 M forward primer
(5′- TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGCCTACGGGNGGCWGCAG-3′), and 5.0 μL of 1 M
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reverse primer (5′ -GTCTCGTGGGCTCGGAGATGTG
TATAAGAGACAGGACTACHVGGGTATCTAATCC3′). PCR comprised in initial denaturation at 95 °C for 3
min, followed by 25 cycles of denaturation at 95 °C for 30
s, annealing at 51 °C for 30 s, and extension at 72 °C for
30 s, followed by a final extension at 72 °C for 5 min. Template size distributions were explored using the Agilent
Technologies 2100 Bioanalyzer (Agilent, Palo Alto, CA)
fitted with a DNA 1000 chip. The library was sequenced
from both ends using the Illumina MiSeq sequencer based
at Macrogen (Seoul, Republic of Korea). FASTQ files were
generated from the base-calls using the Illumina software
package bcl2fastq.
Sequence analysis and microbial diversity

The analytical tools of QIIME ver. 1.9.1 were used to
process sequence data and perform taxonomic analysis
[43]. Paired reads were merged using FLASH ver. 1.2.11
(minimum overlap 10 bp; maximum overlap 100 bp;
maximum allowed mismatch:overlap length ratio 0.25)
[44]. Chimera detection and operational taxonomic unit
(OTU) clustering were performed using the cd-hit-dup
and cd-hit-otu programs of CD-HIT ver. 4.5.4 [45]. Sequences were aligned using the parallel_align_seqs_
pynast.py script and taxonomic assignment conducted
using the assign_taxonomy.py script and the UCLUST
method [46]. SILVA ver.128 served as the reference
database for sequence alignment and taxonomic assignment [47]. The Chao1 richness index was evaluated
using QIIME, which yields both the alpha and beta diversities (the latter was calculated using the weighted
UniFrac distances). We employed QIME to assess dissimilarity among the samples. UniFrac is a phylogenetic
distance metric used to compare phylogenetic distances
among different samples [15]. We performed principal
coordinate analysis (PCoA) to plot these phylogenetic
metrics [15].
Statistical analysis

Continuous variables were compared by the t-test or
analysis of covariance (ANCOVA), and frequencies were
compared by Fisher’s exact test. A p-value < 0.05 was
considered indicative of statistical significance. False discovery rate (FDR) adjustment of p-values was not conducted due to the small number of samples. Statistical
analysis was performed using MATLAB ver. R2019a
(MathWorks, Natick, MA).
Ethics statement

The study protocol was reviewed and approved by the
Institutional Review Board of Gachon University Gil
Medical Center (IRB approval number: GAIRB2017–
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065), Incheon, Republic of Korea. The study was registered at clinicaltrials.gov (no. NCT04079400).

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12866-021-02141-1.
Additional file 1: Table S1. NTM species cultured from the NTM-PD
group. NTM, nontuberculous Mycobacterium; NTM-PD, non-tuberculous
mycobacterial pulmonary disease.
Additional file 2: Table S2. Rate of Mycobacterium identification by 16S
rRNA sequencing.
Additional file 3: Figure S1. Beta diversities. In the control group, four
subjects without bronchiectasis were excluded from the analysis. Dots
represents the weighted UniFrac distance between the microbial
compositions of two samples in the same group. Differences were
assessed using Student’s t-test; the p-values are shown if p < 0.05. CR,
control; WA, bronchial washing; PSB, protected specimen brushing; NTMPD, non-tuberculous mycobacterial pulmonary disease.
Additional file 4: Figure S2. Phylum fractions in bronchial washing (A)
and PSB (B) samples from the NTM-PD group and six control subjects
with bronchiectasis. The volcano plots show relative fold changes and
their significance. Differences were assessed using Student’s t-test; the pvalues from the comparisons between all phylum fractions in the NTMPD group and the six control subjects with bronchiectasis are shown.
NTM-PD, non-tuberculous mycobacterial pulmonary disease; PSB, protected specimen brushing.
Additional file 5: Figure S3. Genera (or higher-level OTU classifications
in the absence of genus-level taxonomic information) in bronchial washing and PSB samples from the NTM-PD group and six control subjects
with bronchiectasis. (A) Bronchial washing samples. (B) PSB samples. Volcano plots show relative fold changes and their significance. Differences
were assessed using Student’s t-test; the p-values for each genus (or
higher-level OTU) represent the significance of abundance changes in
the NTM-PD group compared with six control subjects with bronchiectasis. NTM-PD, non-tuberculous mycobacterial pulmonary disease; PSB,
protected specimen brushing; OTU, operational taxonomic unit.
Acknowledgments
We are especially grateful to Hyun Joo Im, a clinical research coordinator for
her devotion to our study
Authors’ contributions
SML conceptualized and designed this study. SK, SML and SPL contributed
equally to subjects’ enrollment and sample collection. HK and SJ generated
the microbiota data and carried out data analysis. SML drafted the initial
manuscript under the supervision of HK, SK, SJ and SPL. SJ coordinated and
supervised the laboratory work. SK, HK, SJ, SML and SPL contributed
significantly to data interpretation, manuscript writing and editing of the
manuscript. All authors read and approved the final manuscript.
Funding
This work was supported by the Gachon University Gil Medical Center (Grant
number: 2016–18). The funders had no role in the design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.
The authors have no other financial relationships relevant to this article to
disclose.
Availability of data and materials
Analysis script: https://www.sysbiolab.org/respiratory-analysis
The datasets used and/or analyzed during the current study available from
the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The study protocol was reviewed and approved by the Institutional Review
Board of Gachon University Gil Medical Center (IRB approval number:

Page 10 of 11

GAIRB2017–065), Incheon, Republic of Korea. The study was registered at
clinicaltrials.gov (no. NCT04079400). Specimens were collected after
obtaining written informed consent from study subjects.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
Division of Pulmonology and Allergy, Department of Internal Medicine, Gil
Medical Center, Gachon University College of Medicine, 21, Namdong-daero
774 beon-gil, Namdong-gu, Incheon 21565, Republic of Korea. 2Department
of Health Sciences and Technology, GAIHST, Gachon University, Incheon,
Republic of Korea. 3Department of Genome Medicine and Science, Gachon
University College of Medicine, Incheon, Republic of Korea. 4Gachon Institute
of Genome Medicine and Science, Gil Medical Center, Gachon University
College of Medicine, 38-13 Dokjeom-ro 3 beon-gil, Namdong-gu, Incheon
21565, Republic of Korea.
1

Received: 30 May 2020 Accepted: 1 March 2021

References
1. Haworth CS, Banks J, Capstick T, Fisher AJ, Gorsuch T, Laurenson IF, et al.
British Thoracic Society guideline for the management of non-tuberculous
mycobacterial pulmonary disease (NTM-PD). BMJ Open Respir Res. 2017;4(1):
e000242. https://doi.org/10.1136/bmjresp-2017-000242.
2. Diel R, Jacob J, Lampenius N, Loebinger M, Nienhaus A, Rabe KF, et al.
Burden of non-tuberculous mycobacterial pulmonary disease in Germany.
Eur Respir J. 2017;49(4). https://doi.org/10.1183/13993003.02109-2016.
3. Krieger D, Schonfeld N, Vesenbeckh S, Bettermann G, Bauer TT, Russmann H,
et al. Is delamanid a potential agent in the treatment of diseases caused by
Mycobacterium avium-intracellulare? Eur Respir J. 2016;48(6):1803–4. https://
doi.org/10.1183/13993003.01420-2016.
4. Chalmers J, Aksamit T, Carvalho A, Rendon A, Franco I. Non-tuberculous
mycobacterial pulmonary infections. Pulmonol. 2018;24(2):120–31.
5. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin F, et al.
An official ATS/IDSA statement: diagnosis, treatment, and prevention of
nontuberculous mycobacterial diseases. Am J Respir Crit Care Med. 2007;
175(4):367–416. https://doi.org/10.1164/rccm.200604-571ST.
6. Hwang JA, Kim S, Jo KW, Shim TS. Natural history of Mycobacterium avium
complex lung disease in untreated patients with stable course. Eur Respir J.
2017;49(3). https://doi.org/10.1183/13993003.00537-2016.
7. Koh WJ, Moon SM, Kim SY, Woo MA, Kim S, Jhun BW, et al. Outcomes of
Mycobacterium avium complex lung disease based on clinical phenotype.
Eur Respir J. 2017;50(3). https://doi.org/10.1183/13993003.02503-2016.
8. Yoo JW, Jo KW, Kang BH, Kim MY, Yoo B, Lee CK, et al. Mycobacterial
diseases developed during anti-tumour necrosis factor-alpha therapy. Eur
Respir J. 2014;44(5):1289–95. https://doi.org/10.1183/09031936.00063514.
9. Fletcher LA, Chen Y, Whitaker P, Denton M, Peckham DG, Clifton IJ. Survival
of Mycobacterium abscessus isolated from people with cystic fibrosis in
artificially generated aerosols. Eur Respir J. 2016;48(6):1789–91. https://doi.
org/10.1183/13993003.00849-2016.
10. Griffith DE, Aksamit TR. Understanding nontuberculous mycobacterial lung
disease: it's been a long time coming. F1000Res. 2016;5:2797. https://doi.
org/10.12688/f1000research.9272.1.
11. Kwon YS, Koh WJ. Diagnosis and treatment of Nontuberculous
mycobacterial lung disease. J Korean Med Sci. 2016;31(5):649–59. https://doi.
org/10.3346/jkms.2016.31.5.649.
12. Stout JE, Koh WJ, Yew WW. Update on pulmonary disease due to nontuberculous mycobacteria. Int J Infect Dis. 2016;45:123–34. https://doi.org/1
0.1016/j.ijid.2016.03.006.
13. Agusti A, Bel E, Thomas M, Vogelmeier C, Brusselle G, Holgate S, et al.
Treatable traits: toward precision medicine of chronic airway diseases. Eur
Respir J. 2016;47(2):410–9. https://doi.org/10.1183/13993003.01359-2015.
14. Chan AA, Bashir M, Rivas MN, Duvall K, Sieling PA, Pieber TR, et al.
Characterization of the microbiome of nipple aspirate fluid of breast cancer
survivors. Sci Rep. 2016;6:28061. https://doi.org/10.1038/srep28061.

Kang et al. BMC Microbiology

(2021) 21:84

15. Philley JV, Kannan A, Olusola P, McGaha P, Singh KP, Samten B, et al.
Microbiome Diversity in Sputum of Nontuberculous Mycobacteria Infected
Women with a History of Breast Cancer. Cell Physiol Biochem. 2019;52(2):
263–79. https://doi.org/10.33594/000000020.
16. Hosgood HD 3rd, Sapkota AR, Rothman N, Rohan T, Hu W, Xu J, et al. The
potential role of lung microbiota in lung cancer attributed to household
coal burning exposures. Environ Mol Mutagen. 2014;55(8):643–51. https://
doi.org/10.1002/em.21878.
17. Goedert JJ, Jones G, Hua X, Xu X, Yu G, Flores R, et al. Investigation of the
association between the fecal microbiota and breast cancer in
postmenopausal women: a population-based case-control pilot study. J Natl
Cancer Inst. 2015;107(8). https://doi.org/10.1093/jnci/djv147.
18. Coburn B, Wang PW, Diaz Caballero J, Clark ST, Brahma V, Donaldson S,
et al. Lung microbiota across age and disease stage in cystic fibrosis. Sci
Rep. 2015;5:10241. https://doi.org/10.1038/srep10241.
19. Hieken TJ, Chen J, Hoskin TL, Walther-Antonio M, Johnson S, Ramaker S, et al.
The microbiome of aseptically collected human breast tissue in benign and
malignant disease. Sci Rep. 2016;6:30751. https://doi.org/10.1038/srep30751.
20. Wu J, Liu W, He L, Huang F, Chen J, Cui P, et al. Sputum microbiota
associated with new, recurrent and treatment failure tuberculosis. PLoS One.
2013;8(12):e83445. https://doi.org/10.1371/journal.pone.0083445.
21. Sulaiman I, Wu BG, Li Y, Scott AS, Malecha P, Scaglione B, et al. Evaluation of
the airway microbiome in nontuberculous mycobacteria disease. Eur Respir
J. 2018;52(4). https://doi.org/10.1183/13993003.00810-2018.
22. Chan ED, Iseman MD. Slender, older women appear to be more susceptible
to nontuberculous mycobacterial lung disease. Gend Med. 2010;7(1):5–18.
https://doi.org/10.1016/j.genm.2010.01.005.
23. Uwamino Y, Nishimura T, Sato Y, Tamizu E, Asakura T, Uno S, et al. Low
serum estradiol levels are related to Mycobacterium avium complex lung
disease: a cross-sectional study. BMC Infect Dis. 2019;19(1):1055. https://doi.
org/10.1186/s12879-019-4668-x.
24. Tsuyuguchi K, Suzuki K, Matsumoto H, Tanaka E, Amitani R, Kuze F. Effect of
oestrogen on Mycobacterium avium complex pulmonary infection in mice. Clin
Exp Immunol. 2001;123(3):428–34. https://doi.org/10.1046/j.1365-2249.2001.01474.x.
25. Calippe B, Douin-Echinard V, Laffargue M, Laurell H, Rana-Poussine V, Pipy B,
et al. Chronic estradiol administration in vivo promotes the proinflammatory
response of macrophages to TLR4 activation: involvement of the
phosphatidylinositol 3-kinase pathway. J Immunol. 2008;180(12):7980–8.
https://doi.org/10.4049/jimmunol.180.12.7980.
26. Kartalija M, Ovrutsky AR, Bryan CL, Pott GB, Fantuzzi G, Thomas J, et al.
Patients with nontuberculous mycobacterial lung disease exhibit unique
body and immune phenotypes. Am J Respir Crit Care Med. 2013;187(2):197–
205. https://doi.org/10.1164/rccm.201206-1035OC.
27. Nam H, Ferguson BS, Stephens JM, Morrison RF. Impact of obesity on IL-12
family gene expression in insulin responsive tissues. Biochim Biophys Acta.
2013;1832(1):11–9. https://doi.org/10.1016/j.bbadis.2012.08.011.
28. Naidoo CC, Nyawo GR, Wu BG, Walzl G, Warren RM, Segal LN, et al. The
microbiome and tuberculosis: state of the art, potential applications, and
defining the clinical research agenda. Lancet Respir Med. 2019;7(10):892–
906. https://doi.org/10.1016/S2213-2600(18)30501-0.
29. Pavlik I, Gersl M, Bartos M, Ulmann V, Kaucka P, Caha J, et al. Nontuberculous
mycobacteria in the environment of Hranice abyss, the world's deepest
flooded cave (Hranice karst, Czech Republic). Environ Sci Pollut Res Int. 2018;
25(24):23712–24. https://doi.org/10.1007/s11356-018-2450-z.
30. Kaestli M, O'Donnell M, Rose A, Webb JR, Mayo M, Currie BJ, et al.
Opportunistic pathogens and large microbial diversity detected in sourceto-distribution drinking water of three remote communities in northern
Australia. PLoS Negl Trop Dis. 2019;13(9):e0007672. https://doi.org/10.1371/
journal.pntd.0007672.
31. Mannisto MK, Salkinoja-Salonen MS, Puhakka JA. In situ polychlorophenol
bioremediation potential of the indigenous bacterial community of boreal
groundwater. Water Res. 2001;35(10):2496–504. https://doi.org/10.1016/
s0043-1354(00)00527-3.
32. Abidin NZ, Gardner AI, Robinson HL, Haq IJ, Thomas MF, Brodlie M. Trends in
nontuberculous mycobacteria infection in children and young people with
cystic fibrosis. J Cyst Fibros. 2020. https://doi.org/10.1016/j.jcf.2020.09.007.
33. Patel S, Wolf T. Cavitary lung lesions due to coinfection of Rhodococcus
equi and Mycobacterium kansasii in a patient with acquired
immunodeficiency syndrome. Am J Med. 2002;112(8):678–80. https://doi.
org/10.1016/s0002-9343(02)01089-6.

Page 11 of 11

34. Kanzara T, Hall A, Namnyak S, Owa T. Misidentification of Mycobacterium
fortuitum in an immunocompetent patient presenting with a unilateral neck
mass. BMJ Case Rep. 2014;2014. https://doi.org/10.1136/bcr-2014-203857.
35. Wang HY, Kim H, Kim S, Bang H, Kim DK, Lee H. Evaluation of PCR-reverse
blot hybridization assay for the differentiation and identification of
Mycobacterium species in liquid cultures. J Appl Microbiol. 2015;118(1):142–
51. https://doi.org/10.1111/jam.12670.
36. Keerthirathne TP, Magana-Arachchi DN, Madegedara D, Sooriyapathirana SS.
Real time PCR for the rapid identification and drug susceptibility of
mycobacteria present in bronchial washings. BMC Infect Dis. 2016;16(1):607.
https://doi.org/10.1186/s12879-016-1943-y.
37. Sahraoui N, Muller B, Guetarni D, Boulahbal F, Yala D, Ouzrout R, et al.
Molecular characterization of Mycobacterium bovis strains isolated from
cattle slaughtered at two abattoirs in Algeria. BMC Vet Res. 2009;5:4. https://
doi.org/10.1186/1746-6148-5-4.
38. Mohamed AM, Abou El-Ella GA, Nasr EA. Phenotypic and molecular typing
of tuberculous and nontuberculous Mycobacterium species from
slaughtered pigs in Egypt. J Vet Diagn Investig. 2009;21(1):48–52. https://doi.
org/10.1177/104063870902100107.
39. Macovei L, McCafferty J, Chen T, Teles F, Hasturk H, Paster BJ, et al. The hidden
'mycobacteriome' of the human healthy oral cavity and upper respiratory tract.
J Oral Microbiol. 2015;7:26094. https://doi.org/10.3402/jom.v7.26094.
40. Tveiten H, Brantsaeter AB, Mengshoel AT. Non-tuberculous mycobacterial
pulmonary infections. Tidsskr Nor Laegeforen. 2018;138(19). https://doi.org/1
0.4045/tidsskr.18.0077.
41. Jeong YJ, Lee KS, Koh WJ, Han J, Kim TS, Kwon OJ. Nontuberculous
mycobacterial pulmonary infection in immunocompetent patients:
comparison of thin-section CT and histopathologic findings. Radiology.
2004;231(3):880–6. https://doi.org/10.1148/radiol.2313030833.
42. Chung MJ, Lee KS, Koh WJ, Lee JH, Kim TS, Kwon OJ, et al. Thin-section CT
findings of nontuberculous mycobacterial pulmonary diseases: comparison
between Mycobacterium avium-intracellulare complex and Mycobacterium
abscessus infection. J Korean Med Sci. 2005;20(5):777–83. https://doi.org/1
0.3346/jkms.2005.20.5.777.
43. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequencing
data. Nat Methods. 2010;7(5):335–6. https://doi.org/10.1038/nmeth.f.303.
44. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957–63. https://
doi.org/10.1093/bioinformatics/btr507.
45. Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the nextgeneration sequencing data. Bioinformatics. 2012;28(23):3150–2. https://doi.
org/10.1093/bioinformatics/bts565.
46. Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics. 2010;26(19):2460–1. https://doi.org/10.1093/bioinformatics/btq461.
47. Glockner FO, Yilmaz P, Quast C, Gerken J, Beccati A, Ciuprina A, et al. 25
years of serving the community with ribosomal RNA gene reference
databases and tools. J Biotechnol. 2017;261:169–76. https://doi.org/10.1016/j.
jbiotec.2017.06.1198.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

