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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-­term smokers were defined by ≥10 cigarettes 
per day and ≥10 pack-­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 
cigarettes and had <5 pack-­years. We enrolled 58 
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 
included DNA extraction, 16S rRNA gene 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, and r=−0.59, p=0.07, respec-
tively). Their relative abundance also negatively 
correlated with smoking years (r=−0.38, p=0.01, 
and r=−0.42, p=0.18, respectively) and pack-­
years (r=−0.44, p=0.005, and r=−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 (figure 1A), 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 
compared with never-­smokers (p<0.05; figure 1B). 
Staphylococcus aureus, although of high relative 
abundance, was only detected in 15 of 48 partici-
pants and did not correlate with the smoking status. 
Nasal samples showed constant and exclusive pres-
ence of Propionibacterium sp, which correlated 
positively with 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-
mental material figure S2.2A). This strain negatively 
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; figure 1A).

For oropharyngeal samples, Firmicutes had a 
higher relative abundance in smokers compared 
with never-­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 to Firmicutes and Actinobac-
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 (figure 3A).

The effect of smoking on the relative abundances of Bacte-
roidetes and Firmicutes, and the proteobacterial genus Neisseria 
(p<0.05; online supplemental figure S2.2B), in oropharyngeal 

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 (figure 2A). 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) and Veillonella (r=−0.55, p<0.001) negatively corre-
lated to pack-years in lung samples (figure 2A).

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. We revealed the impact of smoking on the relative 
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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Anaerobic and facultative anaerobic Actinobacteria and Firmi-
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.4 We confirmed 
the strong overlap of the oropharyngeal and lung microbiota, 
but this dynamic relationship was obviously disturbed by ciga-
rette smoke. While the relative abundance of Proteobacteria 
was lower in smokers compared with never-smokers in both 
sampling compartments, among smokers that relative abundance 
was higher in the lungs. As cigarette smoke injures lung epithelia, 
the likelihood of bacterial colonisation by strong biofilm formers 
is increased.5 Thus, Betaproteobacteria and Gammaproteobac-
teria, which we found exclusively in the lungs, might be colon-
isers of injured airways. 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 correlated strongly with smoking 
intensity and duration. Additionally, these taxa are capable of 
biofilm formation and are potential pathogens. 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 marc-
escens, 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 asso-
ciated 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 dysbi-
osis 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. Although the age range differs 
among groups, a larger study is needed to account for potential 
confounder.
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