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ABSTRACT  Nasopharyngeal and oropharyngeal samples are commonly used to direct therapy for lower
respiratory tract infections in non-expectorating infants with cystic fibrosis (CF).

We aimed to investigate the concordance between the bacterial community compositions of 25 sets of
nasopharyngeal, oropharyngeal and bronchoalveolar lavage (BAL) samples from 17 infants with CF aged
~5 months (n=13) and ~12 months (n=12) using conventional culturing and 16S-rRNA sequencing.

Clustering analyses demonstrated that BAL microbiota profiles were in general characterised by a
mixture of oral and nasopharyngeal bacteria, including commensals like Streptococcus, Neisseria,
Veillonella and Rothia spp. and potential pathogens like Staphylococcus aureus, Haemophilus influenzae
and Moraxella spp. Within each individual, however, the degree of concordance differed between
microbiota of both upper respiratory tract niches and the corresponding BAL.

The inconsistent intra-individual concordance between microbiota of the upper and lower respiratory
niches suggests that the lungs of infants with CF may have their own microbiome that seems seeded by,
but is not identical to, the upper respiratory tract microbiome.
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Introduction

Cystic fibrosis (CF) is a life-limiting hereditary disease that causes chronic lung infections. During early
childhood, the lungs of patients with CF become colonised by a complex array of microbes comprising
many more bacterial species than those considered as “typical CF pathogens” [1-3]. The core lung
microbiome of paediatric patients with CF seems to consist of the genera Streptococcus, Rothia, Prevotella,
Actinomyces, Veillonella, Gemella, Neisseria and Haemophilus [1], which presumably spread from the
upper respiratory tract (URT) to the lower respiratory tract (LRT) through dispersal by micro-aspiration
or inhalation [4-7].

In theory, direct lung sampling in infants with CF by bronchoalveolar lavage (BAL) [8] would be most
representative of the local presence and relative abundance of respiratory pathogens within LRT microbial
communities. However, 1) because of the invasive nature of BAL, 2) because infants and young children
with CF do not spontaneously expectorate sputum and 3) because of the lack of practical experience with
obtaining induced sputum in these patients [8, 9], clinicians generally use alternative specimens including
nasal, nasopharyngeal (NP) and oropharyngeal (OP) samples for microbial surveillance [10-15]. Recent
cross-sectional studies [16, 17] in older children with CF have shown that the upper and lower airways on
average harbour similar bacterial communities. However, intra-individual concordance analyses, which in
our opinion are more relevant for the individual patient, were absent until recently and are only available
for adults with end-stage CF disease [18]. These analyses have shown that the microbiota of the throat and
(explanted) lung tissue are highly discordant.

We investigated the NP, OP and BAL microbiota profiles in infants with CF using both next-generation
sequencing techniques and routine culturing at two consecutive time-points in the first year of life. We
aimed to 1) assess both the inter- and intra-individual concordance of bacterial communities harbouring
various respiratory niches, 2) study the potential additive value of the use of 16S-rRNA-based sequencing
over traditional culturing in the management of patients with CF and 3) evaluate the temporo-spatial
variation in lung microbiota in infants with CF.

Methods

Study population and design

Infants with CF were recruited through a prospective two-centre observational study, established around a
microbial surveillance programme for infants diagnosed with CF by newborn screening in the Netherlands [8].
The programme and study population are described in detail in the supplementary methods [19]. For the
current study, we collected successive intra-individual sets of NP, OP and BAL samples from infants with CF
during their first year of life. Questionnaires on baseline characteristics and the patient’s respiratory status were
obtained at all sampling moments.

Ethical statement
The study (NL10/337) was approved by the paediatric medical ethics committees of the University Medical
Centre Utrecht and the Erasmus Medical Centre and undertaken according to Good Clinical Practice guidelines.

Sampling and storage methods

Flexible fibre-optic bronchoscopy was performed under general anaesthesia in accordance with standard
safety and monitoring procedures for bronchoscopy. Preceding the BAL procedure and following
sedation, the posterior nasopharynx was swabbed transnasally [20] and the oropharynx was swabbed
transorally with an ESwab 482CE nylon flocked flexible sterile swab (Copan Diagnostics, Brescia, Italy)
and stored in Amies Transport Medium [21]. At the start of the BAL procedure (for the detailed
protocol, please refer to the supplementary methods), the tip of the scope was wiped with a sterile gauze
to serve as a negative control for bacterial DNA background noise [22]. The bronchoscope was
introduced through the laryngeal mask; BAL was performed by instilling 1 mL-kg™"' of sterile 0.9% saline
and retrieved using low-pressure suction. To prevent URT contamination, suction was not performed
during the introduction of the bronchoscope until the tip passed the carina. BAL fluid was collected
during different lavage cycles successively from at least two and a maximum of five locations: the right
middle lobe, lingula/left upper lobe, left lower lobe and other lung segments [23]. In one of the two study
centres, BAL fluids from different lobes were pooled per individual for logistic reasons. All BAL samples
were immediately sealed in a sterile container and, together with the separate NP and OP swabs,
transported to the clinical microbiology laboratories of each of the two CF reference centres. BAL fluid
and the Amies medium of both URT samples were subsequently vortexed and aliquoted. One aliquot was
frozen within 8 h at —80°C until further sequence analysis. Another aliquot was used for plating on
Columbia blood, chocolate, MacConkey and mannitol salt agar media and Bur-cep plates (for details, see
supplementary methods).
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Microbiomic analysis

Bacterial DNA isolation and quantification

DNA was isolated from 200 pL of NP Amies medium [24], 200 uL of OP Amies medium, 300 uL BAL fluid
and from our negative control samples (200 pL lysis buffer (NP and OP) and 300 puL phosphate-buffered
saline from the tip-of-the-bronchoscope gauze (BAL)). The total bacterial load of the samples was
established by quantitative PCR using a primer-probe set targeting the bacterial 16S-rRNA gene [24-26].
To avoid environmental contamination in our 16S-rRNA sequencing analyses, we considered only
respiratory samples with a sufficient overall bacterial load, defined as samples with a bacterial density of
>0.3 pguL ™" above the background environmental control samples. To confirm that low bacterial density
NP and BAL samples were not driven by environmental cross-contamination, we concurrently sequenced a
subset of our lowest density NP and BAL samples (n=22) with background environmental control samples
(n=27), including DNA isolation controls and pre-procedural tip-of-the-bronchoscope DNA controls
(i.e. gauze-controls). For further details, refer to the supplementary methods.

Amplicon library preparation

A PCR amplicon library was generated by amplifying the V5-V7 hypervariable region of the bacterial
16S-rRNA gene as described in the supplementary methods using a 454 GS-FLX-Titanium Sequencer
(Life Sciences, Roche, Hongkong, China).

Data processing

The raw sequences obtained were processed using QIIME version 1.8 [27]. Sequences were checked for
quality using split_library.py using default parameters (supplementary methods). Subsequently, barcodes
and primers were trimmed off and chimeric sequences were identified and removed using chimeraslayer.
Next, reads were aligned and clustered into operational taxonomic units (OTUs) using UCLUST at 97%
similarity. Aligned sequences were taxonomically annotated using the Greengenes 16S-rRNA database
(version 13.8) and categorised into potential pathogens of CF or general commensals based on literature
findings [28-31]. Data are available through the NCBI GenBank database: accession number SRP081002.
For each sample, o-diversity indices (Shannon diversity, number of observed species and Chao 1 diversity
index) were calculated at a rarefaction depth of 1100 sequences per sample [32, 33].

Statistical analysis

Data analyses were performed in either IBM SPSS version 21 (IBM, Armonk, NY, USA) or R version 3.1
software. We used (paired) t-tests or Mann-Whitney U-tests to calculate the statistical significance of
differences between groups for continuous data. Correlation coefficients were calculated using a
non-parametric Spearman correlation. The statistical significance of differences in o-diversity indices
between niches was evaluated by repeated measures ANOVA with Bonferroni post hoc tests. A non-metric
multidimensional scaling (nMDS) plot and hierarchical clustering dendrogram (iTol) [34] based on the
Bray-Curtis dissimilarity matrix were used to visualise differences in the overall microbial community
composition between niches. The statistical significance of these differences was calculated by
permutational ANOVA (PERMANOVA, vegan package R) [35]. Next, we used Kruskal-Wallis tests with
Benjamini-Hochberg correction for multiple testing and subsequent Nemenyi post hoc tests to detect
significant differences in the relative abundance of the 100 highest-ranking OTUs between niches (NP or
OP versus BAL). The top 100 OTUs were based on the mean abundance of these OTUs within our sample
set of 75 samples (n=25, per respiratory niche). Bray-Curtis similarity (1—(Bray—Curtis dissimilarity),
where 1.0 means perfect similarity between both samples, was used to determine overall similarities in
microbial composition 1) within individual sample sets of NP, OP and BAL (as reference for BAL samples
we used the lavage of the lingula, if available, or alternatively another location or a pooled sample);
2) between different lung lavage locations per BAL; and 3) between early and later BAL samples. To assess
the concordance of the most abundant bacterial species between niches, log,-transformed ratios (NP over
BAL or OP over BAL) of the relative abundance (+0.00001) of these bacteria were calculated.

Results

Characterisation of study population

A total of 25 NP-OP-BAL sets from 17 infants with CF were collected during routine elective
bronchoscopy at baseline; comprising 13 sets from infants <9 months of age (“Early”, range 3-8 months)
and 12 sets from infants >9 months of age (“Later”, 9-13 months) [36, 37]. Eight of the infants were
sampled at two time points with a median interval between both sampling moments of 8 months (range
5-10). BAL samples were taken from on average three (range 2-5) lung lobes. Baseline characteristics of
infants in both age groups are depicted in table 1.
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TABLE 1 Patients’ characteristics

Parameter Infants BAL-early’ BAL-laterf
Total 17 13 12
Sex male 8 (47) 7 (54) 4 (33)
CFTR mutation

Severe: mostly F508del/F508del” 15 (88) 11 (85) 11(92)

Milder: R334W - c1132 C>T 1(6) 11(8) 1(8)

Mild: F508del/R117H 1(6) 1(8) 0(0)
Elective BALT 13 (100 12 (100)
Respiratory symptoms during BAL* 2 (15) 2(17)
(Prophylactic) antibiotic use in previous month? 8 (62) 11 (92)
Age months mean (range) 4.6 (3-8) 12.4 (9-13)
Weight kg 6 (5-9) 10 (9-11)
Height cm 63 (57-73) 76 (72-84)

Data are presented as n (%), unless otherwise indicated. BAL: bronchoalveolar lavage; CFTR: cystic fibrosis
transmembrane conductance regulator. *: F508del/F508del (n=10), F508del/y1092X (n=1), F508del/
2183AA>G [(n=1), 1717-1G>A/2183AA>G (n=1), DF508/G461R, 1513>A (n=1), F508del/N1303K (n=1];
1. according to a Dutch clinical surveillance protocol; *: patient’s respiratory status (presence of cough,
rhinorrhoea or shortness of breath) was defined as asymptomatic or symptomatic; 8: by protocol, patients
on antibiotics prophylaxis (mostly trimethoprim-sulfamethoxazole or amoxicillin) were asked to stop
antibiotic prophylaxis for 3 days preceding the BAL procedure; f: number of BAL procedures.

Density data and sequencing results

On average, we observed the highest bacterial density in OP samples, followed by NP and BAL samples.
The density of samples and environmental control samples (gauze-controls and DNA isolation controls)
are depicted in supplementary figure S1. Concurrent sequencing of our lowest density samples and
environmental controls confirmed that there was negligible cross-contamination between the environment
and our lowest density samples (supplementary results).

Using 16S-based sequencing we obtained a total of 590227 sequences (mean number of sequences per
sampletsp: NP 5754+2084, OP 4490+1717 and BAL 4705+1610), grouped into 259 OTUs (excluding
singletons) and representing 15 taxonomic phyla with more than 10 attributed sequences assigned.

Nasopharyngeal and oropharyngeal communities compared to bronchoalveolar lavage communities

at population level

Variation in ecological diversity between niches

The Shannon diversity index, accounting for both species richness and evenness, differed significantly
between sample sites (repeated-measures ANOVA, p<0.001): the lowest diversity was observed for NP
microbiota (mean diversity index (DI) 1.9, 95% CI 1.4-2.5, p=0.001 for NP versus BAL) followed by BAL
(DI 3.1, 95% CI 2.6-3.5) and OP microbiota (DI 3.3, 95% CI 2.9-3.8, p=0.352 for OP versus BAL).
A similar pattern was observed for other diversity measures (figure 1).
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FIGURE 1 Boxplot of a-diversity analyses for nasopharyngeal (NP, yellow), oropharyngeal (OP, green) and
bronchoalveolar lavage (BAL, blue] samples over time. a] Chao 1 diversity index, b] number of observed
species, c) Shannon diversity index. Eight infants with cystic fibrosis were sampled twice, i.e. when 3-
8 months of age (E) and when =9 months (L). Statistical significance in relative abundance between early and
later obtained samples was assessed by paired t-tests (p values depicted] and between the niches by
repeated ANOVA with Bonferroni post hoc tests (data in main text]. Ns: not significant.
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Similarity of bacterial community structure between niches

Phylum-level comparison of NP, OP and BAL bacterial communities is shown in supplementary figure S2.
Because NP and OP samples were used as proxy for BAL samples [10-14], we evaluated the general
concordance between microbiota profiles of these two niches and BAL samples. A nMDS plot based on the
Bray-Curtis dissimilarity matrix was used to visualise differences in the overall microbiota composition
between the three niches (PERMANOVA unadjusted R?=0.11, p<0.001); this showed that BAL microbiota
were generally positioned between the groups of NP and OP microbiota (figure 2), suggesting that BAL
microbiota represent a mixture of bacterial communities originating from both URT niches. On average, the
NP microbiota differed more than the OP microbiota from the BAL microbiota (NP versus BAL
PERMANOVA unadjusted R?=0.07, p=0.002; OP versus BAL PERMANOVA unadjusted R*=0.04, p=0.07). In
conjunction with these results, hierarchical clustering of samples overlapped between all three niches, with
BAL microbiota profiles mixing in with both NP and OP profiles (figure 3).

Genus-level analysis showed that the OP and BAL samples contained comparable abundances of the
commensals Neisseria, Streptococcus, Rothia, Veillonella, Gemella and Prevotella spp., whereas the NP and
BAL samples contained comparable abundances of potential pathogens like S. aureus, H. influenzae and
Moraxella (Kruskal-Wallis (with Benjamini-Hochberg correction) and Nemenyi post hoc tests) (table 2
and supplementary figure S3). Corynebacterium and Dolosigranulum spp. were almost exclusively detected
in the NP samples. Pseudomonas ssp. abundance was low for all three niches; therefore, no clinically
relevant differences could be detected.
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FIGURE 2 Two-dimensional non-metric multidimensional scaling (nMDS) plot of the microbial community
composition in the nasopharyngeal (NP), oropharyngeal (OP) and bronchoalveolar lavage (BAL) samples. A
nMDS plot based on the Bray-Curtis dissimilarity matrix was used to simultaneously visualise individual
samples (dots) originating from NP (yellow), OP (green) and BAL (blue); the co-clustering of the 15 most
abundant bacterial species among the three niches (based on the n=75 cohort); and the standard deviations
around the geometric mean of samples stratified by niche (ellipses). The beta-diversity (i.e. inter-individual
variability of microbiota) was highest in the NP followed by OP and BAL samples. The overall bacterial
community composition of BAL samples shows overlap with community compositions of both the NP and OP
niches. Furthermore, S. aureus, Corynebacterium, Dolosigranulum and Moraxella are more strongly related to
NP samples, whereas streptococci, Rothia, Prevotella and Neisseria are enriched in OP and BAL samples. The
numbers behind the operational taxonomic unit (OTU) names represent the hierarchical number of that 0TU
for its genus based on average relative abundance (e.g. Streptococcus (2) is the second dominant
Streptococcus observed on group level).
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FIGURE 3 Niche-based hierarchical clustering of microbiota profiles. Branches and edges are coloured according to the niche of origin. The length
of the branches corresponds with the (average) Bray-Curtis dissimilarity between (clusters of) samples (scale bar equal to a value of 0.01 shown).
The first column of stacked bar charts shows the relative abundance of microbiota on a phylum level; the second column represents the 15 overall
highest ranked operational taxonomic units (OTUs) per niche (nasopharyngeal (NP), oropharyngeal (OP) and bronchoalveolar lavage (BAL) (n=25
each)) of the originating dataset. Early- and later-obtained samples are depicted in light and dark grey, respectively. The numbers behind
the operational taxonomic unit (OTU) names represent the hierarchical number of that OTU for its genus based on average relative abundance
(e.g. Corynebacterium (2) is the second dominant Corynebacterium observed on group level).

Nasopharynx or oropharynx microbiota compared to bronchoalveolar lavage at the individual level

For potential clinical applications, we additionally calculated the within-individual concordance between
NP, OP and BAL microbiota by Bray—Curtis similarity measures. Owing to the high inter-lobe concordance
within subjects, as described in the following section, we used the lingula, sampled in 24 out of 25 of the
lavage samples, as representative of the lung microbiome in these analyses. We observed variable
intra-individual concordance between NP and BAL microbiota as well as between OP and BAL microbiota
for the majority of patients, with most samples failing to exceed an overall microbiota similarity index of 0.6
(figure 4). We also observed a modest increase in overall similarity indices between NP and BAL samples
and OP and BAL samples from early to later sampling moments.

At the species level, we observed large differences in concordance between niches: e.g. we observed a high
intra-individual concordance between OP and BAL samples for the abundance of Streptococcus (S. mitis),

https://doi.org/10.1183/13993003.02235-2016
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TABLE 2 Differences in microbial community composition between niches

OTUs g value p value Relative abundance %
All three niches NP-BAL OP-BAL NP OoP BAL
Streptococcus (1) 0.006 0.012 0.842 17.5 34.2 30.2
Moraxella 0.393 0.708 0.862 20.4 0.4 8.9
Neisseria 0.011 0.007 0.956 2.5 10.6 7.6
Staphylococcus aureus 0.004 0.941 0.007 9.6 0.1 8.5
Streptococcus (2) 0.020 0.051 0.820 2.5 5.8 3.5
Veillonella dispar 0.001 0.002 0.698 0.8 5.1 4.0
Prevotella melaninogenica 0.008 0.018 0.878 0.6 6.9 2.3
Rothia mucilaginosa <0.001 0.003 0.203 1.1 5.8 2.5
Gemellaceae 0.005 <0.001 0.614 2.7 2.6 4.1
Haemophilus influenzae 0.242 0.398 0.415 WA 0.0 3.9
Dolosigranulum 0.136 0.438 0.887 6.9 0.0 0.0
Corynebacterium (1) 0.003 0.040 0.984 6.3 0.0 0.0
Corynebacterium (2) 0.010 0.085 0.962 5.7 0.0 0.0
Prevotella 0.028 0.022 0.808 0.2 2.4 2.3
Lactobacillales 0.005 0.006 0.942 0.8 1.5 1.4
Porphyromonas (1) 0.011 0.010 0.995 0.2 2.0 1.2
Streptococcus (3) 0.002 0.016 0.314 0.3 1.9 0.8
Actinomyces <0.001 0.002 0.500 0.4 1.7 0.8
Corynebacterium (3) 0.620 0.967 0.969 2.3 0.0 0.0
Porphyromonas (2) 0.004 0.015 0.901 0.0 0.9 1.4

This table depicts the differences with regard to the 20 most abundant OTUs between NP, OP and BAL
samples (n=25 each] calculated by Kruskal-Wallis, with Benjamini-Hochberg correction for multiple
testing (q value) and Nemenyi post hoc tests (only considering NP-BAL and OP-BAL comparisons). p<0.05
are shown in bold. OTU: operational taxonomic units; NP-BAL: comparison between nasopharyngeal and
bronchoalveolar lavage samples; OP-BAL, comparison between oropharyngeal and bronchoalveolar lavage
samples; NP: nasopharyngeal; OP: oropharyngeal; BAL; bronchoalveolar lavage.

Neisseria and Rothia, whereas the concordance between the abundance of Moraxella and S. aureus was more
similar between NP and BAL samples. The intra-individual concordance of H. influenzae was relatively low
for NP and BAL as well as for OP and BAL samples (supplementary figure S4). Microbiota profiles of all NP,
OP and BAL samples of all participants are provided in the supplementary results (supplementary figure S5).

Comparison of microbial composition between different lobes
Based on the European Respiratory Society recommendation to execute a BAL routinely in two or more lobes
[8], we hypothesised that different lung locations might have distinct microbial compositions. We studied this
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FIGURE 4 Intra-individual concordance between nasopharyngeal (NP) and oropharyngeal (OP) microbiota profiles
and their paired bronchoalveolar lavage (BAL) microbiota based on Bray-Curtis similarity. a) “Early” sets,
b) “Later” sets. For each individual, we calculated the intra-individual Bray-Curtis similarity between NP and BAL
samples (reference: lingula when available) (yellow) and OP and BAL samples (reference: lingula when available)
(green), respectively. The similarity index ranges from 0 (no similarity between both samples) to 0.85 (where 1.0
would mean perfect similarity between the samples). We defined a similarity score of >0.6 as high. The meanzsp
similarity index, represented by a horizontal dashed line, of early OP-BAL (green) sets was 0.45+0.27 and of later
sets was 0.5520.16, and of NP-BAL (yellow) sets was 0.20+0.23 and of later sets was 0.31£0.24.
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by comparing the different lung lobes within and between individuals. In total 71 BAL locations from 25 BAL
procedures (two to five lung regions per BAL) were available for analysis: concordance between microbiota
profiles of different lobes from the same BAL procedure within individuals was high (figure 5), and
significantly higher than the similarity of lung microbiota between subjects (mean similarity: within-subject
0.73, between-subject 0.28, p<0.001) (supplementary figure S6).

Temporal variation of BAL microbial composition

We studied temporal variation in BAL microbiota over an average of 8 months in eight infants during their
first 13 months of life. On average, we observed an increase in microbiota diversity over time (Shannon
index: Early 2.2, Later 3.9; figure 1). Comparable increases in diversity were observed over time for the NP
and OP niches (figure 1). Additionally, we calculated the stability of microbiota profiles over time by
calculating the Bray—Curtis similarity index between the early and the later BAL sample of each individual,
and compared this to the similarity of the samples from each child with those from the other infants. We
observed low intra-individual concordance between early and later BAL samples (supplementary figure S7),
indicating significant changes in lung microbiota over time (supplementary figure S6).

Comparability between conventional culturing and 16S-based sequencing results

To allow comparison with the current standard of practice, i.e. conventional culturing, we compared our
sequencing with culturing results (supplementary methods) comparing the most abundant Staphylococcus,
Moraxella and Haemophilus OTUs with S. aureus, M. catarrhalis and H. influenzae culture results,
confirming that culture results for S. aureus, M. catarrhalis and H. influenzae correlated strongly with the
respective S. aureus (r,=0.451), M. catarrhalis (r;=0.517) and H. influenzae OTUs (r,=0.276, all p<0.001;
supplementary figure S8). Moreover, the sensitivity of sequencing in detecting potential pathogens was
higher compared to conventional culture, as shown by supplementary figure S8.

In line with testing intra-individual concordance between microbiota of the three respiratory niches, we
repeated these analyses for the conventional culture results. In general the positive predictive value (PPV)
and negative predictive value (NPV) was moderate to high for all cultured bacteria (table 3). However,
conventional cultures often failed to detect the complete set of pathogens identified in the lung in the
corresponding NP and OP samples (28% and 50% of sample sets, respectively; supplementary figure S9).

Discussion

The most interesting finding of our study was that the degree of concordance between the microbial
communities of either the NP or OP with their corresponding BAL microbiota was variable within the
individual patient when studied by either conventional culture or sequencing technology. This suggests a
limited diagnostic value of both types of URT samples to determine microbial colonisation profiles in
infants with CF. The work of Zemanick et al. [38] is the only other study determining airway microbiota in
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TABLE 3 Positive and negative predictive values of upper respiratory tract samples for
presence of bacteria in the bronchoalveolar lavage

Nasopharynx Oropharynx
Potential pathogen PPV NPV PPV NPV
S. aureus 100 (52-100) 53 (29-75) 100 (63-100) 61 (32-85)
P. aeruginosa® 0 92 (72-99) 100 (5-100) 100 (81-100)
H. influenzae 67 (13-98) 72 (50-88) 100 (40-100) 78 (52-93)
M. catarrhalis 75 (22-99) 100 (81-100) 0 86 (64-96)
Gneg-o' 100 (5-100) 83 (61-95) 75 (22-99) 83 (58-96)

Data are presented as the PPV and NPV (95% Cl) of the presence of pathogens and Gneg-o in
nasopharyngeal (n=25) and oropharyngeal (n=25] samples for the presence of these bacteria in
bronchoalveolar lavage. PPV: positive predictive value; NPV: negative predictive value; Gneg-o: bacteria of
the Enterobacteriaciae family and non-fermenting bacteria. #: only detected once in an oropharyngeal
sample and twice in bronchoalveolar lavage; ": Escherichia coli was most frequently cultured.

saliva and OP samples, induced sputum and expectorated sputum from children with CF; they concluded
that induced sputum may be a better proxy for lung colonisation than OP swabs. Our study confirms their
opinion on the limited role of OP swabs, and also shows that NP samples, which according to the World
Health Organization (WHO) are the gold standard for detecting respiratory pathogens in the general
population, are also not an appropriate substitute.

A second interesting finding was that the concordance between URT and BAL increased over time: this
might have been a result of antibiotic use providing similar selective pressure in URT and lung niches.
Antibiotics might also explain why with progressing disease microbiota diversity decreased and the
microbiota composition of the niches started to look more similar. Alternatively, micro-aspiration of URT
secretions and gastro-oesophageal reflux might induce community mixing, although clinically only a
quarter of our patients used anti-reflux medication for this problem.

At the population level, however, our study showed that OP microbiota profiles resembled lung microbiota
more closely in composition and diversity than did NP microbiota, although we observed a distinction
between the plausible origin of commensals (OP microbiota) and those of respiratory pathogens (NP
microbiota). The generally higher concordance between OP and lung is consistent with previous studies in
young [16] and school-age children [39] and adolescents [17] with early-stage CF. Although we cannot rule
out that the resemblance between OP and BAL niches was a result of contamination during BAL procedures,
the low intra-individual concordance observed between both niches seems to refute this possibility.

Furthermore, we concluded that the lung microbiota of children changed significantly over an 8-month interval,
and was accompanied by an increase in diversity, suggesting there is still a dynamic development of lung
microbiota in the second half of the first year of life. From previous research we know that, in CF patients,
diversity peaks during childhood and then falls during the second decade of life, when it is more frequently
dominated by P. aeruginosa [1, 40-42]. These data therefore support the conclusion that regular samples should
be obtained to create an accurate picture of the dynamics of bacteria populating the LRT in infants with CF.

We additionally compared our sequencing result with conventional culture results. For decades, a large
body of literature has tried to estimate the PPVs and NPVs of oropharynx cultures for lung colonisation.
In 1991 Ramsey et al. [43] stated that the presence of S. aureus, P. aeruginosa and H. influenzae in
oropharyngeal cultures of very young children with CF is highly predictive for carriage in the lung
(high PPV). They also stated that the absence of these organisms in the URT does not rule out their
presence in the lower airways (low NPV). However, later studies have generated conflicting information on
this subject [13, 14]. In our cohort, we observed high PPVs and NPVs for culture results of both URT
niches predicting lung colonisation when measured per bacterial species. However, and more importantly,
the complete set of pathogens in the lung was only rarely observed in any of the corresponding URT
niches, underlining the low predictive value of URT cultures for lung colonisation.

Altogether, our data suggest that the lungs of infants with CF have their own independent microbiome that
seems seeded by, but is not identical to, the URT microbiome. In this study, we determined the additional
value of multi-lobar sampling [8] this early in life, to decipher whether there are different ecosystems
present within the lungs. We observed high concordance between the microbiota profiles of different lobes
within individual infants, which is consistent with other studies in healthy individuals [44, 45] and adult
patients with stable CF [46]. This finding might have been a result of the still fairly healthy lungs in this
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infant population: it is therefore still plausible that among CF patients with an unstable phenotype and/or
chronic infection and inflammation, individual lobes might develop their own microbial community and
pathogens over time. To be able to capture this phenomenon, BAL procedures might be advantageous over
induced sputum samples. In infants, however, induced sputum samples may be preferred because of their
low invasive nature and repeatability.

The strength of this study is that we used 16S-rRNA-based sequencing to answer clinically relevant
questions. Using this technique, we were able to characterise the complete microbial communities residing
in both the URT and LRT of infants with CF, giving a more detailed picture of the composition and relative
contribution of different bacteria than would be possible using conventional culturing. Furthermore, we
focused our analyses on the intra-individual rather than the inter-individual concordance of sequencing
and culturing results, which strongly corresponds to clinical decision making in individual patients. To
appreciate the results of our study, several limitations of our study should be taken into account. It was not
possible to assess the potential impact of antibiotic use in our study population owing to the young age and
a relatively short follow-up time. For this, prolonged follow-up is necessary. Second, sampling of lung
secretions in living subjects requires a bronchoscope to pass through the oropharynx; although we took
procedural precautions during BAL and laboratory procedures to avoid confounding by oropharyngeal
contamination, this cannot be ruled out completely. Furthermore, because environmental contamination
could have had an impact on our findings, we additionally sequenced and subsequently clustered “negative”
controls together with our lowest density samples, showing negligible cross-contamination between the
environment and samples. In addition, because we only targeted a small fragment of the 16S-rRNA gene,
species-level annotations were based on a level of uncertainty; targeting more or longer fragments could
solve this limitation. Last, our patients were asymptomatic at the time of the BAL procedure; therefore, we
cannot extrapolate our findings to situations of active infection.

In conclusion, we have demonstrated inconsistent intra-individual concordance between microbiota of the
upper and lower respiratory niches. Furthermore, we have shown that microbiota are highly concordant
between different lobes of the lungs. Finally, we observed a dynamic development of lung microbiota in
the second half of the first year of life. More work is needed to design alternative and less invasive
methods to monitor lung colonisation, e.g. through the use of induced sputum in non-expectorating
infants. Whether these data can be reliably extrapolated to infants with symptomatic CF needs to be
evaluated. Moreover, we recommend investigating the additive effect of microbiota profiling above
conventional culture methods in order to guide treatment of (infectious) lung disease in infants with CF.
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