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ABSTRACT
To examine the role of smoking on the bacterial 
community composition of the upper and the lower 
respiratory tract, a monocentric, controlled prospective 
study was performed, including healthy smokers, 
ex- smokers and never- smokers. Smokers were further 
grouped according to their smoking history. Bacterial 
diversity was analysed using a molecular barcoding 
approach based on directly extracted DNA. Our study 
shows for the first time distinct bacterial response 
patterns in the upper and lower respiratory tract to 
cigarette smoking leading to a higher abundance of 
opportunistic pathogens. The clinical significance of these 
dysbioses for health needs to be further explored.

The airway microbiome is in proximity to the apical 
side of respiratory epithelia and thus forms an inti-
mate interface between the epithelial barrier and the 
external environment.1 It has been proposed that 
smoking modulates the airway microbiome already 
in healthy individuals,1 which then might increase 
the susceptibility to develop respiratory disease.2 
So far, cigarette smoking has been linked either 
to microbial changes of the oral and nasal cavities 
or to that of the lower respiratory tract of healthy 
individuals. In the present study, we investigated 
bacterial diversity patterns along the entire respira-
tory tract, using nasal and oropharyngeal swabs and 
bronchoalveolar lavage from two cohorts of healthy 
never- smokers, ex- smokers and current smokers.

Subjects from two prospective monocentric 
cohorts were investigated (online supplemental 
material S1). Smokers were further stratified: 
long-termsmokersweredefinedby≥10cigarettes
per day and≥10pack-years. Short-term smokers
differed from long- term smokers by a shorter 
smoking history: ≥10 daily cigarettes, but <10
pack-years. Mild smokers consumed <10 daily
cigarettesandhad<5pack-years.Weenrolled58
participants. Standardised sampling and processing 
included deep bilateral nasal swabs (n=46), bilat-
eral oropharyngeal swabs (n=54) and broncho-
alveolar lavage (n=52). Active/passive smoking
exposure was categorised based on nicotine levels 
and its metabolites cotinine, 3- hydroxy- cotinine 
and anabasine, detected by liquid chromatography–
tandem mass spectrometry in urine (online supple-
mental material table S2.1). Microbiome analysis 
includedDNAextraction, 16S rRNAgene ampli-
fication, library preparation, sequencing and subse-
quent bioinformatics analysis (online supplemental 
material S2).

Independent from the smoking status, samples 
from oropharynx and lungs had a similar bacterial 

community structure, with Prevotella, Veillonella, 
Streptococcus and Actinomyces being highly abun-
dant. These four genera were also present in nasal 
samples, but here Corynebacterium and Staphylo-
coccus were dominant, accounting for 47.1% of 
the obtained bacterial reads (online supplemental 
material tables S2.2 and S2.3). When assessing
smoking habits, we found that the relative abun-
dance of Corynebacterium and Dolosigranulum 
for nasal samples correlated negatively with the 
maximum number of cigarettes smoked per day 
(r=−0.31,p=0.06,andr=−0.59,p=0.07,respec-
tively). Their relative abundance also negatively 
correlatedwithsmokingyears(r=−0.38,p=0.01,
and r=−0.42, p=0.18, respectively) and pack-
years(r=−0.44,p=0.005,andr=−0.40,p=0.24,
respectively) (figure 1A). However, the number 
of subjects became very small in this, and the 
following subanalyses, which is why these results 
have to be taken with caution. Staphylococcus 
was positively associated with these three smoking 
factors (figure1A), which was mainly due to Staph-
ylococcus epidermidis. The latter was present in all 
nasal samples but was significantly more abundant 
in samples from long- term and short- term smokers 
comparedwithnever-smokers(p<0.05;figure 1B). 
Staphylococcus aureus, although of high relative 
abundance,wasonlydetectedin15of48partici-
pants and did not correlate with the smoking status. 
Nasal samples showed constant and exclusive pres-
ence of Propionibacterium sp, which correlated 
positivelywith smoking years (r=0.48, p=0.002;
figure 1A). Many samples of never- smokers and 
mild smokers had a high relative abundance of 
Dolosigranulum pigrum in contrast with short- term 
and long-term smokers (p<0.05; online supple-
mentalmaterialfigureS2.2A).Thisstrainnegatively
correlated with all smoking- related parameters. 
Instead, the relative abundance of Prevotella corre-
lated positively with maximum of cigarettes per day 
(r=0.041,p=0.004;figure1A).

For oropharyngeal samples, Firmicutes had a 
higher relative abundance in smokers compared 
withnever-smokers(p<0.05,figure 2B).Although,
the differences of its most common genera Strep-
tococcus and Veillonella were neither associated 
with smoking intensity nor duration. Among
Actinobacteria, the significantly higher abundance
in smokers and ex- smokers compared with never- 
smokers(p<0.05;Figure 3B) was mainly explained 
by the higher abundance of Actinomyces (never- 
smokers vs mild smokers: p=0.005) and Atopo-
bium (never-smokers vs smokers: p<0.05; online
supplemental material figure S2.2B). This genus 
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Figure 1 Influence of cigarette smoke on the nasal microbiota. (A) Upper panel: Correlation array of smoking factors with nasal cavity (n=46) 
genera across smoking parameters and transformed sequencing data (centred log- ratio transformation) to remove constrains introduced by the 
compositionality of the data. The size of the circles shows the significance of the correlation (bigger circle corresponds to a lower p value).The colour 
of the circle indicates the Pearson correlation between 1 (blue, positive correlation) and −1 (red, negative correlation) between taxa (horizontal) and 
smoking parameters (vertical). Lower panel: Pearson correlation of bacterial taxa with smoking- related parameters. Dots represent samples. The line 
corresponds to the fitted linearmodel. CIs of the model are shown in square brackets and by the light blue area. (B) Boxplots show median relative 
abundances of zero- radius operational taxonomic units of Staphylococcus epidermidis among smoking groups. Smoking status: never- smokers (n=10), 
ex- smokers (n=6) and smokers (n=30); smoking history: heavy long- term smokers (long- term: n=9), heavy smokers (short- term: n=9) and mild/
occasional smokers (mild: n=12). Significant differences in relative abundance were determined using pairwise Mann- Whitney U test (p<0.05, FDR 
corrected) and are indicated by horizontal brackets with *(p<0.05). CPD, cigarettes per day; Max- CPD, maximum cigarettes per day.
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correlated positively with cotinine (r=0.41, p=0.002) and
cigarettes per day (r=0.32, p=0.02), but not with long-term
smoking (figure 3B). In contrast toFirmicutes andActinobac-
teria, the relative abundance of Betaproteobacteria was lower in 
the oropharynx from smokers and ex- smokers compared with 
never-smokers (p<0.05). Likewise, the relative abundance of

fusobacterial genus Leptotrichia and Firmicutes strain Centipeda 
periodontii correlated negatively with cotinine and short- term 
smoking parameters (figure3A).

The effect of smoking on the relative abundances of Bacte-
roidetes and Firmicutes, and the proteobacterial genus Neisseria 
(p<0.05;online supplemental figureS2.2B), inoropharyngeal

Figure 2 Influence of cigarette smoke on the oropharyngeal microbiota. (A) Upper panel: correlation array of smoking factors with oropharynx 
(n=54) genera across smoking parameters and transformed sequencing data (centred log- ratio transformation) to remove constrains introduced by 
the compositionality of the data. The size of the circles shows the significance of the correlation (bigger circle corresponds to a lower p value). The 
colour of the circle indicates the Pearson correlation between 1 (blue, positive correlation) and –1 (negative correlation) between taxa (horizontal) 
and smoking parameters (vertical). Lower panel: Pearson correlation of bacterial taxa with smoking- related parameters. Dots represent samples. 
The line corresponds to the fitted linear model. CIs of the model are shown in square brackets and by the light blue area. (B) Boxplots showing 
significantly different median relative abundances of zero- radius operational taxonomic units related to different taxa among smoking groups. 
Smoking status: never- smokers (n=14), smokers (n=34) and ex- smokers (n=6) of paired samples. Significant differences in relative abundance were 
determined using pairwise Mann- Whitney U test (p < 0.05, false discovery rate- corrected) and are indicated by horizontal brackets with *(p<0.05). 
CPD, cigarettes per day; Max- CPD, maximum cigarettes per day.
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samples was also seen in lung samples (figure 2B and online 
supplemental figure S2.2C). In contrast, several γ-proteobacte-
rial and β-proteobacterial species were specific for the microbial 
composition of lung samples (online supplemental material S3) 
and were further positively correlated with all smoking- related 
parameters. Specifically, Acinetobacter bereziniae, Acinetobacter 
johnsonii, Cupriavidus metallidurans, Serratia marcescens and 
Stenotrophomonas maltophilia were strongly influenced both 
by long- term smoking and smoking intensity (figure2A).Aside
from Proteobacteria, also lung- specific Bacteroidetes correlated 

positively with long- term smoking. Contrarily, the relative abun-
dance of species related to the genera Prevotella (r=−0.45,
p=0.001)andVeillonella(r=−0.55,p<0.001)negativelycorre-
lated to pack- years in lung samples (figure2A).

Our study reveals for the first time how individual smoking 
histories affect the bacterial community composition simul-
taneously in the upper and lower respiratory tract of healthy 
individuals.Werevealedtheimpactofsmokingontherelative
abundances of distinct potential pathogenic bacterial groups in 
different areas of the respiratory system.

Figure 3 Influence of cigarette smoke on the lung microbiota. (A) Upper panel: correlation array of smoking factors with lungs (n=52) 
genera across smoking parameters and transformed sequencing data (centred log- ratio transformation) to remove constrains introduced by the 
compositionality of the data. The size of the circles shows the significance of the correlation (bigger circle corresponds to a lower p value). The colour 
of the circle indicates the Pearson correlation between 1 (blue, positive correlation) and –1 (red, negative correlation) between taxa (horizontal) and 
smoking parameters (vertical). Lower panel: Pearson correlation of bacterial taxa with smoking- related parameters. Dots represent samples. The line 
corresponds to the fitted linear model. CIs of the model are shown in square brackets and by the light blue area. The correlation coefficient (upper 
row), the false discovery rate- corrected p value (middle row) and the number of observations (lower row) are shown in the corners of the plots. (B) 
Boxplots showing significantly different median relative abundances of the three most abundant phyla between oropharyngeal and lung samples of 
never- smokers and smokers. Brackets with * indicate significant (p<0.05, pairwise Mann- Whitney U test, Benjamin Hochberg corrected) differences 
between sample group. CPD, cigarettes per day; Max- CPD, maximum cigarettes per day.
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AnaerobicandfacultativeanaerobicActinobacteriaandFirmi-
cutes like Streptococcus and Veillonella could outgrow aerobic 
Proteobacteria such as Neisseria due to the depletion of oxygen 
in the oropharyngeal microbiome.3 Microaspiration from the 
oropharynx is a major source of microbes for the lungs and shapes 
the pulmonary bacterial community composition.4Weconfirmed
the strong overlap of the oropharyngeal and lung microbiota, but 
this dynamic relationship was obviously disturbed by cigarette 
smoke.WhiletherelativeabundanceofProteobacteriawaslowerin
smokers compared with never- smokers in both sampling compart-
ments, among smokers that relative abundance was higher in the 
lungs.Ascigarettesmokeinjureslungepithelia,thelikelihoodof
bacterial colonisation by strong biofilm formers is increased.5 Thus, 
Betaproteobacteria and Gammaproteobacteria, which we found 
exclusivelyinthelungs,mightbecolonisersofinjuredairways.As
mentioned earlier, due to small size of subgroups, these statements 
should be taken with caution. Furthermore, we observed that the 
abundance of these taxa was clearly linked to each other and corre-
latedstronglywithsmokingintensityandduration.Additionally,
these taxa are capable of biofilm formation and are potential patho-
gens. For example, S. maltophilia, a proposed biomarker for cystic 
fibrosis disease severity, is an important, often multidrug- resistant 
opportunistic pathogen due to its biofilm- forming capability and 
its ability to produce antibiotic- inhibiting beta- lactamases.6 Serratia 
marcescens, a potential pathogen resistant to several antibiotics, 
can grow on cigarette tobacco, and might be transported into the 
lungs via tobacco flakes.7 C. metallidurans can cause secondary 
infection in immune- compromised individuals and is associated 
with colonisation of lung lesions.8 A. bereziniae has been associated 
with skin diseases and mucosal infections.9 The parallel decrease 
of Prevotella sp, which is suggested to play a key role in central 
homeostatic processes,10 could further indicate a dysbiosis of the 
lung microbiome, which is driven by the severity and duration of 
smoking exposure. Of note, microbiome data are limited to largely 
descriptive analyses, and, therefore, it is hard to clearly conclude 
to what extent changes in microbial structure are related to clinical 
outcomes.Althoughtheagerangediffersamonggroups,alarger
study is needed to account for potential confounder.
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Both cohorts were recruited at the Center for Clinical Studies, Research Center Borstel, Germany. 

Cohort 1 (“Borstel Healthy Cohort”) was recruited from February 2016 to January 2017. For 

Cohort 2 (“LuMEn cohort”) recruiting started in March 2017 and finished in July 2020.  

The two cohorts represent a cross-section from the same population defined by identical inclusion 

and exclusion criteria: Caucasian adult individuals (≥ 18 years) were eligible if they had no 

evidence of (1) a respiratory infection or systemic glucocorticoid therapy in the month before 

enrolment, (2) antibiotic therapy in the last two months, (3) diabetes mellitus, (4) pregnancy or 

lactation, (5) active tuberculosis or history thereof, (6) immunosuppression, (7) known pulmonary 

disease (except for COPD stage GOLD I/II). Participants were excluded if they had a medical 

contraindication for bronchoscopy as judged by the investigator (e.g. allergy to sedative 

medication).  

The demographic data of both cohorts is listed in Table S1.1. Medical, environmental and 

socioeconomic data were assessed by a standardised questionnaire. The study was approved 

by the independent Ethics Committee of the University of Luebeck (cohort 1, ref.15-194; cohort 

2, ref. 16-145). Oral and written informed consent from all study subjects was obtained according 

to ICH/GCP standards. Cohort 1 is registered at the German Register for Clinical Trials 

(DRKS00016932). Cohort 2 is registered at clinicaltrials.gov (NCT03562442).  

Participants were assigned either to smokers, ex-smokers or never-smokers, according to their 

smoking history as defined by the Centers for Disease Control and Prevention 

(https://www.cdc.gov/nchs/nhis/tobacco/tobacco_glossary.htm). Smokers were further classified. 

Long-term smokers were defined by ≥ 10 cigarettes per day and ≥ 10 packyears. Short-term 

smokers differed from long-term smokers by a shorter smoking history: ≥ 10 daily cigarettes, but 

< 10 packyears. Mild smokers consumed less than 10 daily cigarettes and had < 5 packyears. 
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The study group included 24 female and 34 male subjects (n=58). Gender, age and BMI were 

similar across smokers and never-smokers (n=58; Figure S1). Ex-smokers were significantly 

older compared to the other groups and had stopped smoking for 19 years (median; Table S1.2). 

Allocation of smokers to individual groups of smoking histories accorded with levels of urine 

cotinine and anabiasine (Table S1.2). Concentrations were determined from unprocessed urine 

samples by chromatography (LC)-tandem mass spectrometry. 

SOP-guided bio-sampling and processing included deep bilateral nasal swabs (; n=46), bilateral 

oropharyngeal swabs (; n=54) and bronchoalveolar lavage (BAL; n=52). Oropharyngeal and nasal 

samples (Mast swab TM, Mast Group Ltd., UK) were frozen in cryotubes on dry ice immediately 

after sampling. Unused sterile swabs were included for microbiome analyses as controls per lot. 

Participants underwent flexible bronchoscopy according to current German guidelines.29 The 

bronchoscope was wedged into a sub-segmental bronchus of the middle lobe. BAL was 

performed in 15 x 20ml fractions up to a total volume of 300ml using sterile saline solution (0.9%). 

Sterile saline solution was added as control for the microbiome analyses. Due to possible 

contamination, the recovery of the first BAL fraction was discarded. The remaining fractions were 

pooled and frozen at -80°C.  
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Table S 1.1: Summary of baseline characteristics of the two pooled cohorts. 

 Cohort 1 (Borstel healthy 
cohort) 

Cohort 2 (LuMEn 
cohort) 

Pooled cohorts 

Number, n 
36 22 58 

Age in years,  median (IQR) 
26.5 (23.3-39) 29 (24-39) 28 (24-39) 

Male, n (%) 
24 (66.7) 10 (45.5) 34 (58.6) 

Body mass index  [kg/m²],  median (IQR) 
24.2 (22.2-26.8) 24.8 (21.8-26.5) 24.5 (21.8-26.5) 

Never smokers, n (%) 4 (13.9) 11 (50) 15 (25.8) 

Smokers, n (%) 25 (69.4) 11 (50) 36 (62.1) 

 Smoking duration in years, median (IQR) 
8 (3-17) 15.5 (7.3-18.3) 10 (4.8-17.5) 

 Current cigarettes per day, median (IQR)  
12 (4-18) 15.5 (13.3-21.5) 14.5 (7.8-19.3) 

 Maximum number of cigarettes per day, 
median (IQR)  

20 (15-30) 30 (21.3-40) 20 (15.5-30) 

 Cumulative packyears, median (IQR) 
5 (3-12) 15 (6.3-19.3) 7 (4.5-16.5) 

Ex-Smokers, n (%) 
6 (16.7) - 6 (10.3) 

 Smoking duration in years, median (IQR) 
19 (16-20) - 19 (16-20) 

 Maximum number of cigarettes per day, 
median (IQR) 

30 (7-30) - 30 (7-30) 

 Cumulative packyears, median (IQR) 
5 (3-25) - 5 (3-25) 

Data are presented as n, n (%) and median (interquartile range). 
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Table S1.2: Participant characteristics stratified by smoking history 

Study group Smokers 
Never-

smokers 
Ex-smokers  p-val1 p-val p-val 

 Total 
Long-
term 

Short-term Mild Total Total NS-S2 NS-
ES3 ES-S4 

Number, n 36 15 9 12 16 6    

Male, n (%) 
23 

(63.9) 
9 (60) 5 (55.6) 9 (75) 6 (37.5) 5 (83.3) 0.77 0.06 0.634 

Age in years, median 
(IQR) 

27.5 
(23-34) 

33 (28-
49.5) 

21 (19-28) 
26 (22.8-

26) 
26 (24-

39) 
59 (49.5-

63.5) 
0.46 0.0002 

0.0000
4 

Body mass index 
[kg/m2], median (IQR) 

24.2 
(21.5-
26.5) 

26.7 
(24.7-
29.5) 

21.5 (21.2-
23.7) 

24.7 
(22.5-
25.4) 

24.3 
(20.6-
26.2) 

24.9 (23.9-
26.3) 

0.409 0.495 0.444 

Current cigarettes per 
day, median (IQR) 

14.5 (8-
19) 

16.3 
(13.5-20) 

14.5 (9.5-
17.9) 

4 (2-7) - - - -  

Maximum cigarettes 
per day, median (IQR) 

20 (16-
30) 

30 (22-
37.5) 

20 (17-30) 10 (8-15) - 30 (7-30) - - 

0.441 

 

Packyears, median 
(IQR) 

7 (5-17) 
18.5 

(14.3-
31.5) 

5 (5-6.3) 1 (0.8-4) - 4.5 (3-25) - - 0.471 

Years of smoking, 
median (IQR) 

10 (5-
18) 

17 (13-
21.5) 

5 (5-8) 
8 (0.8-
11.5) 

- 14.5 (4.5-24) - - 0.466 

Years since smoking 
cessation, median 

(IQR) 
     19 (18-23)    

Nicotine serum levels 
[µg/l], median (IQR) 

500 (60-
643) 

500 (458-
719.5) 

482 (247-
1381) 

24 (5-
284.5) 

- - - - - 

Cotinine urine levels 
[µg/l] , median (IQR) 

985 
(341-
1645) 

1333 
(1102-
1666) 

1041 (500-
1880) 

211 
(45.8-
756) 

- - - - - 

3-hydroxy-cotinine 
urine levels [µg/l], 

median (IQR) 

2960 
(938-
7796) 

4354 
(1982-
7184.5) 

7804 
(6780-
8218) 

534 (144-
1128) 

- - - - - 

Anabasine urine levels 
[µg/l] , median (IQR) 

8 (0-17) 11 (6-14) 15 (10-21) 0 (0-7.5) - - - - - 

Data are presented as n, n (%) and median (interquartile range). 1p-values are based on Chi-square tests 

for proportions, and t-tests for independent means of numerical variables.2Nevers-smokers vs. smokers 

(total). 3Nevers-smokers vs. ex-smokers. 4Ex-smokers vs. smokers (total) 
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Figure S1: Schematic overview on the structure of the two cohorts and the samples analyzed  
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Supplementary methods and results 

DNA extraction 

Due to the low bacterial content of the samples and the therefore high risk of contamination, all 

steps for DNA extraction, PCR, and amplicon library preparation were performed using biosafety 

cabinets, as it is recommended for low biomass samples1. 5ml BAL was unfrozen and centrifuged 

at 24.000xg/10 min. Cell pellets were dissolved in 180µl lysozyme solution (10mg/ml) and 

incubated for 45 min at 37°C. DNA extraction was performed using the PureLink™ Genomic DNA 

Mini Kit (ThermoFisher Scientific, Altham, USA) according to the manufacturer’s protocol for 

Gram-positive Bacteria. As the supernatants from the initial centrifugation step could contain free 

DNA released during the freezing and thawing of the BAL, we collected the DNA from the 

supernatants via standard Ethanol precipitation of nucleic acids and combined the extracts from 

the pellet and the supernatant. We performed DNA extraction of nasal and pharyngeal swabs 

using the PureLink™ Microbiome DNA Purification Kit (ThermoFisher Scientific, Altham, USA) 

according to the manufacturer’s protocol for buccal swabs. To identify contaminants deriving from 

DNA extraction kits and the working environment, we included DNA extraction control samples. 

For nasal and oropharyngeal samples, we included 2 PureLink™ Microbiome DNA Purification 

Kit controls (per lot) and 2 controls using unused sterile nasal swabs and pharyngeal swabs, 

respectively.  

For BAL extractions, we included four controls for the DNA extraction procedure (two for the 

ethanol precipitation of the supernatant (one per extraction procedure) and two controls of the 

PureLink™ Genomic DNA Mini Kit (one per extraction procedure). In addition, to avoid 

confounding of potential contamination of the saline solution and bronchoscope flushing prior to 

use, we extracted DNA from 5 ml of sterile saline solution and 5ml of bronchoscope flushings of 

three samples (ID_1552; ID_1657; ID_1580). Further, we included one negative control for each 

PCR performed in the library preparation.  
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16S rRNA gene library preparation.  

As excess amount of human and human mitochondrial DNA can have a strong effect on the 

accuracy of  amplicon sequencing, we selected a primer pair which was shown to be specific for 

Bacteria while covering the whole bacterial diversity2. We used the primer pairs 347F-803R, which 

amplifies the hypervariable regions V3-4 of the 16S rRNA gene3 with added overhanging 

sequences at their 5′ ends that were compatible with Nextera XT indices for multiplexing. Each 

PCR reaction contained 12.5µl NEBNextHighFidelity 2xPCRMasterMix (New England Biolabs, 

Ipswich, USA), 0.5µl Primers (concentration) and between 10-80ng of template DNA. PCRs were 

performed in triplicates to reduce common PCR bias and using the hot-start technique to reduce 

the probability of dimer formation. We used 1/100 dilutions of the mock community HM-782D (BEI 

Resources, NIAID, NIH, USA) to spike one negative extraction control of each sample type, one 

negative PCR control and one sample as positive control. PCR conditions were as follows: 30 

sec of initial denaturation at 98°C; 28 cycles including denaturation at 98°C for 30 sec, 45 sec 

annealing at 58°C and 30 sec elongation at 72°C; a final 5 min elongation step at 72°C. Success 

of each PCR was verified by agarose gel electrophoresis and pooled triplicates were purified with 

Agencourt AMPure XP paramagnetic beads (Beckman Coulter, Brea, USA). Purified PCR 

products were checked for dimers and were quantified using the DNF-473 Standard Sensitivity 

NGS Fragment Analysis Kit on the Fragment Analyzer (Advanced Analytical, Ankeny, USA). 

Library preparation was performed according to the Illumina guidelines for 16S rDNA gene 

amplicon preparation with slight modifications 

(https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-

metagenomic-library-prep-guide-15044223-b.pdf). Indexing of PCR products was performed 

using primers of the Nextera® XT Index Kit v2 Set A and Set C (Illumina, Inc., CA, USA). 25µl 

Indexing PCR reactions contained 2.5µl of forward and reverse indexing primers, 12.5µl 2xPCR 
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Master Mix and 10ng the NEBNext® High-Fidelity 2xPCR Master Mix (New England Biolabs Inc., 

MA, USA). PCR conditions were as follows: 30 sec of initial denaturation at 98°C; 8 cycles 

including denaturation at 98°C for 30 sec, 30 sec annealing at 55°C and 30 sec elongation at 

72°C; a final 5 min elongation step at 72°C. Verification of PCR success, purification and 

quantification of PCR products was performed as it was described for the amplicon PCR. PCR 

products were diluted to 4 nmol/L, pooled prior to sequencing which was performed on a MiSeq® 

System (Illumina, Inc., CA, USA) using the MiSeq® Reagent Kit v3 (600 cycles) for paired end 

sequencing. For sequencing, 8pM of DNA spiked with 20% PhiX were loaded and the sequencing 

was performed according to the MiSeq® System User Guide (Illumina, Inc., CA, USA). The 

paired-end amplicon sequencing was performed with a MiSeq® sequencer from Illumina 

according to the manufacturer’s guidelines. The obtained reads are available under the BioProject 

accession PRJNA501806 of the NCBI.   

Sequence processing 

Processing of the raw reads was done according to the FASPA protocol4. In short, USEARCH 

v.10.2.2405 and was applied to merge demultiplexed raw reads into a single file. Removal of 

primers and quality filtering using a maximum expected error rate of 1.0. as a threshold was done 

using VSEARCH6. Denoising was performed using the Unoise3 algorithm7 which also identifies 

sequencing errors and chimeras, to identify zero-radius operational taxonomic units (zOTUs). We 

filtered the resulting set of sequences to keep ZOTUs with a minimum length of 350bp and the 

resulting ZOTU table was reanalyzed using the UNCROSS algorithm8 which removes sequencing 

errors that could lead to a wrong barcoding assignment through cross-talk9. Taxonomy down to 

the genus level was predicted using RDP reference database v1610 using the SINTAX algorithm11 

with a confidence cut-off at 0.5. Further assignment of the ZOTUs to the species level was 

performed for selected ZOTUs using blastn 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch). As short reads of the 16S 
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rRNA gene are not reliable in allowing phylogenetic resolution to the species level, the obtained 

sequence variants were assigned to species if the following criteria were met: (1) 100% percent 

sequence match to an isolate/cultivate of which the full 16S rRNA gene sequence was available; 

(2) unambiguous assignment – the ZOTU sequence matches only to one particular bacterial 

species. A taxonomic tree in the Newick format was generated with the cluster–agg command in 

USEARCH. Non-prokaryotic ZOTUs (eukaryotes, chloroplast, and mitochondria), as well as 

singletons, were removed. Total number of ZOTUs was 7057192 in 250 total samples (28229 

ZOTUs per sample). As described above we included negative controls at all stages of laboratory 

processing  as it was recommended for respiratory microbiota studies.1,12 The usage of a 

denoising algorithm further allowed us to differentiate contaminating ZOTUs from sample ZOTUs 

of the same lineage by oligotyping.18 PCR controls had a none or almost no reads. DNA extraction 

control samples had a much low read number and, which were most abundant in the samples 

were mainly not detected in the associated controls. zOTUs which were detected in all negative 

extraction controls and the mock community negative extraction control were removed. as it was 

recommended by Salter et al. The three individuals (ID_1552, ID_1657, ID_1580) of whom also 

BAL controls (sterile saline solution and bronchoscope flushings, for all participants the same 

bronchoscope was used) were available, had low read numbers and their microbial communities 

resembled those of the DNA extraction controls (Table S2.4). To further test the potential impact 

of contamination we compared a negative PCR control, negative extraction control and positive 

control (one BAL sample male NS) that were spiked with mock community to estimate the 

contamination bias introduced by PCR and the DNA extraction. Spiking of negative PCR and 

extraction controls showed an expected number and taxonomic assignment of ZOTUs of the 

expected mock strains (Table S2.5). In particular, negative PCR control had 48981 of 49343 of 

the reads assigned to the mock community strains, the negative extraction control 94100/95692 

ZOTUs assigned to mock strains. The sample spiked with and without the mock community 

showed that the used amount of mock DNA was comparable to that of the sample (19551/43698). 
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Data processing also successfully distinguished between mock strains and real sample strains 

showing an overlap of the sample-specific ZOTUs in the spiked and not spiked sample (Table 

S2.5).  

Statistical analysis  

Following sequence processing and removal of contaminant ZOTUs we had a total number of 

4069990 ZOTUs in 168 samples with per sample averages of 18038 for nasal, 27488 for 

oropharyngeal samples and 27266 for BAL. To enable downstream analyses in R (http://www.R-

project.org) we used a custom R-script4 to transform the output files from sequence processing 

into a phyloseq object13 and a format suitable for the Rhea pipeline14. We used rarefaction 

analysis to control for the sufficiency of sequencing depth and removed the most undersampled 

specimen. Rhea scripts were used for the following analysis steps from rarefaction to correlation 

analyses. Rarefaction analysis of nasal cavity, oropharynx and BAL: the most undersampled 

specimen were removed resulting in 46 nasal, 54 oropharyngeal and 52 BAL samples for the 

statistical analyses. Samples were normalized to 10000 reads of ZOTUs/sample. Tests for group 

separation (as whole and pairwise) according to categorical metadata using PERMANOVA (999 

permutations): pairwise categorical differences between taxa and ZOTUs were calculated using 

the Mann-Whitney U test with FDH correction. Correlation analyses: taxonomic variables were 

centre log-transformed to remove compositional constraints, and then Pearson correlations with 

numeric metadata variables were calculated for all pairs and tested for significance before and 

after Benjamin-Hochberg (FDH) correction. Heat-trees, displaying hierarchical abundance 

distribution of taxonomic lineages were generated using the R-package metacoder15. Median 

taxonomic abundance differences were calculated using  Mann-Whitney U test to create 

differential heat trees.  
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Figure captions 

Figure S2.1. Phylogenetic structure  

Comparison of the phylogenetic structures of nasal, oropharyngeal and lung microbial 

communities. To compare between body sites only samples were included that were available 

from all three body sites (n=38). A Heat tree. The labeled tree on the left shows the taxonomic 

information (d_domain; p_phylum; c_class; o_order; f_family) and is the key for the unlabeled 

smaller trees (right).  Smaller trees represent a comparison between body sites in the columns 

and rows. Coloured taxa are significantly (p < 0.05 based on Mann-Whitney U test with FDR 

correction) more abundant (based on log2-transformed ratio of median proportions) in the body 

site indicated in the respective column or row.  B Box plots median relative abundances of the 4 

genera which were found in all samples of the three body sites. Significant differences in relative 

abundance were determined using pairwise Mann-Whitney U test (p < 0.05, FDR corrected) and 
are indicated by horizontal brackets with a * (p<0.05) or **(p<0.005) in the middle. C Genera and 

zero-radius operational taxonomic units (ZOTUs) shared between oropharyngeal, lung and nasal 

samples (n=38). The left pie charts show genera occurring in 100% of the samples in at least one 

body site, the pie chart in the middle shows genera occurring in at least 90% of samples in at 

least one body site. The pie chart on the right shows ZOTUs occurring in at least 90% of samples 

in at least one body site. 

 

Figure S2.2.  Influence of smoking on nasal, oropharyngeal, lung genera and zOTUs  

Box plots showing significantly different median relative abundances of genera and ZOTUs 

between groups. The numbers below the group names indicate the group-specific detection rate 

(in percent) of the respective taxon/zOTU. Significant differences in relative abundance were 

determined using pairwise Mann-Whitney U test (p < 0.05, FDR corrected) and are indicated by 
horizontal brackets with a * (p<0.05) or **(p<0.005) in the middle. A nasopharyngeal microbiome 

(n=46): groups are defined by the smoking status: ex-smoker (n=6), never-smoker (n=10), smoker 

(n=30); or different smoking intensities: long-term (n=9), short-term (n=9), mild (n=12). B 

oropharyngeal microbiome: (n=54): groups are defined by the smoking status: ex-smoker (n=6), 

never-smoker (n=14), smoker (n=34); or different smoking intensities: long-term (n=13), short-

term (n=9), mild (n=12). C lung microbiome: (n=52): groups are defined by the smoking status: 

ex-smoker (n=6), never-smoker (n=13), smoker (n=33); or different smoking intensities: long-term 

(n=13), short-term (n=9), mild (n=11). 
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Table S2.1. Nicotine metabolite threshold values for smoke exposure. 

Metabolites Nonsmoker Smoker 

nicotine, tobacco alkaloid < 2µg/l, no passive or active 
exposure 

< 1000µg/l,active 
consumption 

nicotine metabolite cotinine < 5µg/l, no passive or active 
exposure 

< 1000µg/l,active 
consumption 

nicotine metabolite 3-OH 
cotinine 

< 50µg/l, no passive or active 
exposure 

< 3000µg/l,active 
consumption 

Anabasine, tobacco 
metabolite 

< 2µg/l, no passive or active 
exposure 

< 10µg/l,active consumption 

2µg/l synthetic nicotine 
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Table S2.2. Most abundant genera . 

Nasopharynx       Oropharynx       
Bronchoalevolar 
lavage       

Genus 
NSW 
<x>1 

NS
W 
x̃2 

NSW 
p/a3 Genus 

PHS 
<x>1 

PHS 
x̃2 

PHS 
p/a3 Genus 

BAL 
<x> 

BAL 
x̃ 

BAL 
p/a 

Corynebacteriu
m 

24.65 20.
83 

0 Prevotella 25.02 25.3 0 Prevotella 27.89 28.6
8 

0 

Staphylococcus 22.40 11.
57 

0 Veillonella 18.90 18.7 0 Streptococcus 15.22 13.6
5 

0 

Dolosigranulum 9.65 0.0
0 

19 Streptococcus 17.05 16.2 0 Veillonella 14.06 13.8
5 

0 

Streptococcus 7.72 1.9
6 

0 Leptotrichia 5.48 4.23 0 Fusobacterium 4.67 3.78 0 

Peptoniphilus 5.34 1.6
3 

6 Actinomyces 4.35 3.82 1 Megasphaera 2.88 2.48 0 

Moraxella 4.73 0.0
0 

23 Fusobacterium 3.83 3.54 0 Leptotrichia 2.82 1.81 1 

Anaerococcus 3.43 1.0
3 

2 Haemophilus 2.84 1.85 0 Actinomyces 2.03 2.03 0 

g_Actinomycetal
es 

2.84 0.7
5 

9 Megasphaera 2.38 2.18 22 Haemophilus 1.91 1.49 1 

Finegoldia 2.60 0.8
6 

8 g_Pasteurellaceae 2.03 0.00 0 g_Prevotellaceae 1.84 1.23 3 

Prevotella 2.44 0.7
5 

0 Lachnoanaerobaculu
m 

1.47 1.23 0 Alloprevotella 1.79 0.92 0 

Veillonella 2.16 0.6
8 

0 Granulicatella 1.33 0.85 0 Neisseria 1.70 0.31 8 

g_Neisseriacea
e 

1.44 0.0
0 

16 Atopobium 1.30 1.16 12 Porphyromonas 1.66 1.53 1 

Propionibacteriu
m 

1.32 0.4
1 

0 Neisseria 1.26 0.04 1 Acinetobacter 1.62 0.16 1 

Haemophilus 1.07 0.3
2 

2 Porphyromonas 1.05 0.35 0 Gemella 1.33 0.70 0 

Rothia 0.87 0.3
0 

3 Rothia 0.96 0.40 1 g_Pasteurellacea
e 

1.14 0.04 13 
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Actinomyces 0.68 0.1
3 

0 Centipeda 0.96 0.68 1 Centipeda 1.13 0.67 2 

Granulicatella 0.40 0.0
6 

3 Stomatobaculum 0.95 0.90 0 Campylobacter 1.07 0.91 0 

Gemella 0.39 0.1
0 

2 Campylobacter 0.87 0.63 4 Rothia 1.06 0.71 0 

Fusobacterium 0.28 0.0
9 

5 g_Prevotellaceae 0.87 0.68 5 Granulicatella 0.95 0.72 0 

Porphyromonas 0.28 0.0
5 

7 Alloprevotella 0.82 0.16 25 Atopobium 0.91 0.82 0 

Lactobacillus 0.27 0.0
2 

12 Lactobacillus 0.68 0.00 0 g_Saccharibacteri
a 

0.89 0.62 0 

Micrococcus 0.25 0.0
6 

4 Gemella 0.64 0.29 2 Parvimonas 0.89 0.34 2 

Megasphaera 0.24 0.0
5 

3 Oribacterium 0.62 0.52 2 Selenomonas 0.65 0.46 2 

Neisseria 0.21 0.0
0 

15 Selenomonas 0.51 0.15 7 Oribacterium 0.61 0.40 1 

Leptotrichia 0.20 0.0
9 

3 Peptostreptococcus 0.43 0.11 2 Parabacteroides 0.45 0.08 7 

Atopobium 0.19 0.0
2 

8 g_Saccharibacteria 0.40 0.27 19 Dialister 0.40 0.18 3 

Campylobacter 0.18 0.0
3 

8 g_Lachnospiraceae 0.34 0.00 25 Capnocytophaga 0.35 0.11 3 

Pseudomonas 0.18 0.0
1 

10 Bifidobacterium 0.33 0.00 6 Lachnoanaerobac
ulum 

0.31 0.21 2 

Gordonia 0.17 0.0
0 

26 Capnocytophaga 0.25 0.03 6 Lactobacillus 0.31 0.00 21 

Arthrobacter 0.15 0.0
0 

18 Parvimonas 0.25 0.05 5 Stenotrophomona
s 

0.30 0.08 2 

Lachnoanaerob
aculum 

0.15 0.0
2 

8 Eubacterium 0.19 0.12 19 Cupriavidus 0.27 0.07 2 

Acinetobacter 0.14 0.0
2 

6 g_Bacteroidetes 0.17 0.00 4 Eubacterium 0.26 0.12 8 

Dialister 0.12 0.0
0 

14 Dialister 0.13 0.04 27 Catonella 0.25 0.15 4 
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Stomatobaculu
m 

0.11 0.0
2 

11 g_SR1_genera_incert
ae_sedis 

0.11 0.00 4 g_Clostridiales 0.25 0.19 1 

g_Prevotellacea
e 

0.10 0.0
1 

7 g_Clostridiales 0.11 0.08 10 g_uncl_SR1 0.25 0.00 21 

1<x>: mean genus abundance. 2 x:̃ median genus abundance. 3 p/a:number of samples where the genus was not detected. 
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Table S2.3. Comparison of core genera between body sites 

 Core genus 
abundance/presence 

Group comparison core genera3 

GENUS 
Site          <x>1          p/a2 

Site 
1 

Site 
2 

FDR corrected p-value 

Actinomyces BAL 2.03 0 BAL NSW < 0.001 

Actinomyces NSW 0.68 0 BAL PSH < 0.001 

Actinomyces PHS 4.35 0 NSW PSH < 0.001 

Alloprevotella BAL 1.79 0 BAL NSW 0.062 

Alloprevotella NSW 0.04 14 BAL PSH 0.189 

Alloprevotella PHS 0.82 5 NSW PSH 0.127 

Atopobium BAL 0.91 0 BAL NSW < 0.001 

Atopobium NSW 0.19 8 BAL PSH  0.131 

Atopobium PHS 1.30 0 NSW PSH < 0.001 

Campylobacter BAL 1.07 0 BAL NSW < 0.001 

Campylobacter NSW 0.18 8 BAL PSH  0.156 

Campylobacter PHS 0.87 0 NSW PSH < 0.001 

Corynebacterium BAL 0.04 8 BAL NSW < 0.001 

Corynebacterium NSW 24.65 0 BAL PSH 1 

Corynebacterium PHS 0.02 8 NSW PSH 0.08 

Fusobacterium BAL 4.67 0 BAL NSW < 0.001 

Fusobacterium NSW 0.28 5 BAL PSH 0.467 

Fusobacterium PHS 3.83 1 NSW PSH < 0.001 

Gemella BAL 1.33 0 BAL NSW < 0.001 

Gemella NSW 0.39 2 BAL PSH 0.011 

Gemella PHS 0.64 0 NSW PSH < 0.001 

Granulicatella BAL 0.95 0 BAL NSW 0.125 

Granulicatella NSW 0.40 3 BAL PSH 0.081 

Granulicatella PHS 1.33 0 NSW PSH 0.007 

Haemophilus BAL 1.91 1 BAL NSW 0.092 

Haemophilus NSW 1.07 2 BAL PSH 0.336 

Haemophilus PHS 2.84 0 NSW PSH 0.0474 

Lachnoanaerobaculu
m BAL 0.31 2 

BAL NSW 
0.470 

Lachnoanaerobaculu
m NSW 0.15 8 

BAL PSH 
< 0.001 

Lachnoanaerobaculu
m PHS 1.47 0 

NSW PSH 
0.011 

Leptotrichia BAL 2.82 1 BAL NSW < 0.001 

Leptotrichia NSW 0.20 3 BAL PSH 0.058 

Leptotrichia PHS 5.48 0 NSW PSH < 0.001 

Megasphaera BAL 2.88 0 BAL NSW < 0.001 

Megasphaera NSW 0.24 4 BAL PSH 0.263 
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Megasphaera PHS 2.38 0 NSW PSH < 0.001 

Porphyromonas BAL 1.66 1 BAL NSW < 0.001 

Porphyromonas NSW 0.28 7 BAL PSH 0.003 

Porphyromonas PHS 1.05 1 NSW PSH 0.03 

Prevotella BAL 27.89 0 BAL NSW < 0.001 

Prevotella NSW 2.44 0 BAL PSH 0.107 

Prevotella PHS 25.02 0 NSW PSH < 0.001 

Staphylococcus BAL 0.02 24 BAL NSW < 0.001 

Staphylococcus NSW 22.40 0 BAL PSH NA 

Staphylococcus PHS 0.00 35 NSW PSH NA 

Streptococcus BAL 15.22 0 BAL NSW < 0.001 

Streptococcus NSW 7.72 0 BAL PSH 0.0546 

Streptococcus PHS 17.05 0 NSW PSH < 0.001 

Veillonella BAL 14.06 0 BAL NSW < 0.001 

Veillonella NSW 2.16 0 BAL PSH < 0.001 

Veillonella PHS 18.9 0 NSW PSH < 0.001 
1mean genus abundance. 2number of samples where the genus was not detected. 3 Mann-Whitney 

UTest, Benjamin-Hochberg (FDR) corrected.  Nasal cavity (NSW),  oropharynx (PHS), lungs (BAL).
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Table S2.5. Comparison of BAL samples with BAL controls (bronchioalveolar flushings and sterile saline solution).  

  ID_1552 SSL1  BW2    ID_1657 SSL1  BW2    ID_1580 SSL1  BW2 

NOR3 40908 4244 4394  NOR 17986 4874 11604  NOR 39448 3797 2160 

NOR-204 24652 712 53  NOR-20 11644 7 1070  NOR-20 24901 193 235 

ZOTU3 2387 200 36  ZOTU77 1853 0 0  ZOTU7 5929 73 10 

ZOTU21 2048 14 0  ZOTU3 1819 3 167  ZOTU3 3405 20 96 

ZOTU6 1958 39 1  ZOTU7 1169 0 217  ZOTU9 2002 0 33 

ZOTU7 1912 153 11  ZOTU30 997 0 0  ZOTU6 1777 0 0 

ZOTU11 1674 31 0  ZOTU81 779 0 0  ZOTU18 1220 21 5 

ZOTU12 1510 1 0  ZOTU9 639 0 120  ZOTU30 1055 5 0 

ZOTU48 1354 2 2  ZOTU12 455 3 50  ZOTU23 890 1 0 

ZOTU254 1351 0 0  ZOTU11 406 0 30  ZOTU11 855 0 35 

ZOTU315 1276 0 0  ZOTU24 384 0 0  ZOTU47 788 24 0 

ZOTU9 1187 163 0  ZOTU83 365 0 3  ZOTU179 772 0 0 

ZOTU18 1086 3 0  ZOTU23 329 1 20  ZOTU46 712 0 0 

ZOTU44 1037 53 1  ZOTU6 297 0 115  ZOTU119 650 0 0 

ZOTU34 867 4 2  ZOTU114 270 0 0  ZOTU51 628 43 43 

ZOTU384 811 0 0  ZOTU406 269 0 65  ZOTU33 585 0 12 

ZOTU46 720 16 0  ZOTU46 268 0 0  ZOTU53 579 0 0 

ZOTU35 694 1 0  ZOTU48 253 0 0  ZOTU111 550 0 1 

ZOTU47 584 24 0  ZOTU18 245 0 200  ZOTU85 542 0 0 

ZOTU111 566 0 0  ZOTU56 243 0 18  ZOTU40 528 1 0 

ZOTU83 565 0 0  ZOTU315 238 0 0  ZOTU76 512 5 0 

ZOTU100 543 8 0  ZOTU61 187 0 6  ZOTU24 463 0 0 

ZOTU377 522 0 0  ZOTU74 179 0 59  ZOTU104 459 0 0 
1Sterile saline solution used in bronchoscopy           
2Bronchoscope washing with sterile solution prior to usage         
3Number of total 16S rRNA gene reads following quality filtering, removal of short reads, denoising and sequence error 
correction   
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   4Number of  16S rRNA gene reads of the 20 most abundant zOTUs following quality filtering, removal of short reads, denoising and 
sequence error correction.
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Figure S2.119 
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Figure S2.2 
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Online suppl. material S3. BAL genera prevalently or exclusively found in BAL samples  

Genus Phylum/class BAL x̅1 NSW x̅ PHS x̅ BAL x̃2 NSW x̃ PHS x̃ 
ND3-BAL  

(%) 

ND-NSW  

(%) 

ND-PHS  

(%) 

Alloprevotella Bacteroidetes 1.79 0.04 0.82 0.92 0.003 0.16 0 37 13 

Acinetobacter γ-proteobacteria 1.62 0.14 - 0.16 0.02  3 16 100 

Stenotrophomonas β-proteobacteria 0.30 0.01 - 0.08 - - 5 66 100 

Cupriavidus β-proteobacteria 0.27 - - 0.07 - - 5 74 100 

Solobacterium Firmicutes 0.03 - 0.01 0.02 - 0.01 11 68 26 

Serratia γ-proteobacteria 0.14 - 0.00 0.05 - - 11 71 100 

Unclassified Enterobacteriaceae γ-proteobacteria 0.15 0.03 - 0.04 - 0.001 13 55 100 

Tannerella Bacteroidetes 0.12 - 0.09 0.07 - 0.01 13 68 26 

Treponema Spirochaetae 0.18 - 0.06 0.08 - 0.01 18 76 32 

Fretibacterium 
Bacteroidetes 0.16 - 0.03 0.07 - - 21 68 47 

Unclassified Comamonadaceae 
β-proteobacteria 0.11 - - 0.03 - - 21 68 92 

Parabacteroides 
Bacteroidetes 0.45 - - 0.08 - - 21 74 100 

1 Mean genus relative abundance. 2Median genus relative abundance. 3ND=not detected: Percentage of 

samples in which the genus is absent.  For comparison, data is based on samples that were available for 

nasal cavity (NSW), oropharynx (PHS) and BAL(n=38). 
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