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ABSTRACT 24	
  

Rationale: Chronic rhinosinusitis (CRS) is an inflammatory disorder of the sinonasal mucosa 25	
  

associated with microbial colonization. Metastasis of sinus microbiota into the lower airways is 26	
  

thought have significant implications in the development of chronic respiratory disease. 27	
  

However, this dynamic has not been thoroughly investigated in cystic fibrosis (CF) patients, 28	
  

where lower airway infections are the primary driver of patient mortality. Given the high 29	
  

prevalence of CRS in CF patients and the proposed infection dynamic between the upper and 30	
  

lower airways, a better understanding of sinus-lung continuum is warranted.  31	
  

Objective: To compare the microbiome of matched sinus mucus and lung sputum samples from 32	
  

CF subjects undergoing functional endoscopic sinus surgery (FESS) for treatment of CRS.  33	
  

Methods: Mucus was isolated from the sinuses and lungs of twelve CF patients undergoing 34	
  

FESS. 16S ribosomal RNA gene sequencing was then performed to compare bacterial 35	
  

communities of the CF lung and sinus niches. Finally, functional profiling was performed to 36	
  

predict bacterial metagenomes from the 16S dataset, and was used to compare pathogenic 37	
  

bacterial phenotypes between the upper and lower airways. 38	
  

Measurements and Main Results: Bacterial richness was comparable between airway sites, 39	
  

though sinus and lung environments differed in community evenness, with the sinuses 40	
  

harboring a higher prevalence of dominant microorganisms. Beta diversity metrics also revealed 41	
  

that samples clustered more consistently by airway niche rather than by individual. Finally, 42	
  

predicted metagenomes showed that anaerobic metabolism was enriched in the lung 43	
  

environment, while genes associated with both biofilm formation and Gram identity were not 44	
  

variable between sites. 45	
  

Conclusions: Sinus and lung microbiomes are distinct with respect to richness and evenness, 46	
  

while sinus communities have a higher incidence of a dominant taxon. Additionally, ordination 47	
  

analyses point to sinus and lung environments as being stronger determinants of microbial 48	
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community structure than the individual patient. Finally, BugBase-predicted metagenomes 49	
  

revealed anaerobic phenotypes to be in higher abundance in the lung relative to the sinuses. 50	
  

Our findings indicate that while the paranasal sinuses and lungs may still comprise a unified 51	
  

airway in which lower airways are seeded by sinus microbiota, these discrete airway 52	
  

microenvironments harbor distinct bacterial communities.  53	
  

  54	
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INTRODUCTION 55	
  

Cystic fibrosis is an autosomal recessive disease caused by a genetic defect in the 56	
  

cystic fibrosis transmembrane regulator (CFTR) protein (1). Mutations in CFTR result in an 57	
  

impairment of chloride and bicarbonate transport across epithelial cell membranes, leading to 58	
  

impaired mucociliary clearance, a pro-inflammatory milieu, and susceptibility to bacterial 59	
  

infection (2). This is particularly evident in the lower airways, where chronic infections and the 60	
  

ensuing inflammatory response are the primary cause of CF patient mortality (3). Though 61	
  

Pseudomonas aeruginosa is the canonical pathogen of CF lung disease (4), culture-62	
  

independent studies have identified remarkably complex microbiota (including fungi and viruses) 63	
  

that are also thought to contribute to pulmonary decline (5–9). A better understanding of 64	
  

respiratory microbial community dynamics and their interactions with the host will undoubtedly 65	
  

generate new therapeutic strategies. 66	
  

In addition to the lung, CFTR defects manifest at other anatomical sites, including the 67	
  

biliary tree, small intestine, and the paranasal sinuses. In the latter instance, defective CFTR ion 68	
  

transport leads to an increase in mucus viscosity, decreased mucociliary clearance, and 69	
  

obstruction of the sinus ostia (10). Secondary events such as development of hypoxia and 70	
  

impairment of host defenses renders this niche susceptible to bacterial colonization and chronic 71	
  

rhinosinusitis (CRS) – a multi-symptomatic, prolonged inflammatory syndrome (11). Notably, 72	
  

there is a striking incidence of CRS in the CF population relative to non-CF subjects (~16%, 73	
  

(12)). This is particularly evident in patients with classical CF mutations (class I-III), who, based 74	
  

on radiological evidence, have a CRS incidence rate of nearly 100%  (13–15). 75	
  

Culture-based studies have revealed that CF-associated CRS (CF-CRS) patients harbor 76	
  

microbiota that differ from non-CF sinus infections, including Staphylococcus aureus and 77	
  

Haemophilus influenzae in pediatric patients, followed by P. aeruginosa and other opportunistic 78	
  

pathogens as patients age (16). This dynamic generally follows the same temporal succession 79	
  

of the microbiota of the CF lung (17, 18) and several groups have demonstrated a positive 80	
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correlation between the bacteriology of the upper and lower airways in CF subjects (19–21). 81	
  

These observations have led to suggestions that upper airway infections may spread to the 82	
  

lower airways  (20, 21). In fact, compelling evidence has implicated the sinuses as infection foci 83	
  

for lung pathogens, where they first adapt to the host before descending into the lungs (22–25). 84	
  

Genotypic analyses of paired P. aeruginosa isolates between sites also suggest a direct 85	
  

exchange; P. aeruginosa cultured simultaneously from the sinuses and lungs were shown to be 86	
  

genetically identical in 38 of 40 subjects (95%) (26). A significant association between 87	
  

genotypes of isolates cultured from sinus mucus and bronchoalveolar lavage fluid has also been 88	
  

shown (27). These data are reinforced by studies of CF lung transplant patients, where recipient 89	
  

allografts were found to be re-colonized with the same P. aeruginosa clones as those cultured 90	
  

prior to transplantation  (28, 29). Taken together, these observations strongly support the notion 91	
  

of a sinus pathogen reservoir and a single unified airway, in which the treatment of upper airway 92	
  

infections could have profound benefits for CF lung disease management. 93	
  

While P. aeruginosa and S. aureus represent two of the most common organisms 94	
  

isolated from the sinuses in CF subjects (30, 31), culture-independent studies suggest that the 95	
  

CF sinuses are also colonized by an abundance of anaerobes (e.g. Propionibacterium acnes) 96	
  

and other non-canonical pathogens that are infrequently detected by clinical culture (30). These 97	
  

data are consistent with microbiome surveys of CF lung disease, which is now widely 98	
  

recognized to have a polymicrobial etiology (5–9). Recent sequencing studies have evaluated 99	
  

relationships between the microbiota of the oral, nasal and lung cavities in CF patients (32), but 100	
  

to our knowledge, molecular methods have not been used to assess the microbial dynamic 101	
  

between the CF sinuses and lungs at a community level. From a clinical perspective, these data 102	
  

are critical for effective therapy; at present, obtaining sinus cultures is invasive and time-103	
  

consuming, making culture-guided antibiotics difficult to implement. Rather, lower airway 104	
  

sputum cultures are frequently used as a proxy of upper airway disease (33). Since it is 105	
  

generally (and perhaps incorrectly) assumed that any bacterium found in the upper airways is 106	
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present in the lungs  (33), antibiotics are empirically prescribed for sinus infections based on 107	
  

sputum culture. Patient response to this CF-CRS treatment approach is largely ineffective, and 108	
  

patients who fail medical management ultimately require surgical intervention (10, 34, 35). 109	
  

Therefore, a deeper understanding of the ecological relationships between the sinuses and 110	
  

lungs is needed to improve upon treatment strategies.  111	
  

In this cross-sectional study, we used 16S rRNA gene sequencing to directly compare 112	
  

the bacterial community composition of the upper (sinus) and lower (lung) airways in a small 113	
  

cohort of CF patients undergoing functional endoscopic sinus surgery for the treatment of CRS. 114	
  

The primary objective was to compare the diversity of bacterial communities of the sinuses and 115	
  

lungs found by this culture independent approach. As a secondary objective, we performed 116	
  

predictive metagenomic profiling to assess whether differences in predicted bacterial 117	
  

phenotypes are reflective of the niche space in which they are found. We discuss these findings 118	
  

in the context of using lower airway sputum cultures to steer targeted therapies for upper airway 119	
  

infection. 120	
  

METHODS 121	
  

Patient cohort and specimen collection. Twelve participants with CF undergoing 122	
  

functional endoscopic sinus surgery (FESS) were recruited at the University of Minnesota 123	
  

Department of Otolaryngology, Head and Neck Surgery, and informed consent was obtained for 124	
  

all subjects. Prior to FESS, patients provided an expectorated lung sputum sample directly into 125	
  

a Sputocol sputum collection conical tube.  Sinus samples were obtained from the middle 126	
  

meatal region under endoscopic visualization by suctioning secretions into a mucus specimen 127	
  

trap (Cardinal Health, Dublin, OH). 128	
  

Quantitative PCR. Bacterial burden was estimated by quantifying 16S copy number 129	
  

from DNA extracted from clinical specimens using qPCR. Universal 16S rRNA qPCR primers 130	
  

338F and 518R were used  (36, 37). QuantiTect SYBR Green (Qiagen, Valencia, CA) was used 131	
  

according to manufacturer’s instructions. Reactions were prepared in triplicate as described 132	
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previously, with adjustments to the amplification protocol  (38). Additional details can be found in 133	
  

the data supplement.  134	
  

DNA extraction, Library Preparation, and Sequencing. The Powersoil DNA Isolation 135	
  

Kit (MoBio, Carlsbad, CA) was used to extract genomic DNA from 300 µL of mucus, following 136	
  

the manufacturer’s protocol. Purified DNA was submitted to the UMN Genomics Center (UMGC) 137	
  

for 16S library preparation using a two-step PCR protocol  (39). The V4 region of the 16S gene 138	
  

was amplified and sequenced on an Illumina MiSeq using TruSeq version 3 2x300 paired-end 139	
  

technology. Water and reagent control samples were also submitted for sequencing and did not 140	
  

pass quality control steps due to 16S rRNA gene content below detection thresholds. 141	
  

Sequence analysis. Raw 16S rRNA gene sequence data were deposited as fastq files 142	
  

in the NCBI Sequence Read Archive under accession number PRJNA374847. Sequence data 143	
  

were obtained from UMGC and analyzed using a pipeline developed by the UMN Informatics 144	
  

Institute in collaboration with the UMGC and the Research Informatics Solutions (RIS) group at 145	
  

the UMN Supercomputing Institute  (40). Details are provided in the data supplement.   146	
  

Prediction of sinus and lung metagenomes based on 16S rRNA data. Metagenomes 147	
  

were inferred from 16S rRNA data using Phylogenetic Investigation of Communities by 148	
  

Reconstruction of Unobserved States (PICRUSt) (v. 1.0.0)  (41). PICRUSt uses marker gene 149	
  

survey data to predict metagenome functional content of microorganisms through ancestral 150	
  

state reconstruction. We implemented PICRUSt scripts to infer metagenomes from the quality 151	
  

filtered OTU table. Briefly, OTUs were normalized by 16S copy number using the script 152	
  

normalize_copy_number.py. Normalized OTUs were used to predict KEGG orthology (KO)-153	
  

based metagenomes of our samples through input into the script predict_metagenomes.py with 154	
  

an additional per-sample Nearest Sequenced Taxon Index (NTSI) calculation. Finally, predicted 155	
  

metagenomes were further categorized by KEGG pathways using the 156	
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categorize_by_function.py script. Output of this script was filtered to only include those 157	
  

pathways that accounted for ≥1% of count data in each sample.  158	
  

We then used BugBase (https://bugbase.cs.umn.edu) to summarize predicted 159	
  

metagenomes by bacterial phenotype. BugBase combines functionalities of PICRUSt, 160	
  

Integrated Microbial Genome comparative analysis system (IMG4) (42), the PATRIC bacterial 161	
  

bioinformatics database  (43), and the KEGG database  (44), to identify specific OTUs that 162	
  

contribute to a community-wide phenotype. The main script was run with default settings using 163	
  

the same filtered OTU table as used in PICRUSt. 164	
  

Statistical Analyses. All statistical analyses were carried out in GraphPad Prism 6.0 165	
  

unless stated otherwise. Significance was assessed at the α = 0.05 level. A non-parametric 166	
  

paired t-test (Wilcoxon matched-pairs signed rank test) was used to assess significance when 167	
  

comparing metrics between sinus and lung samples. For alpha diversity metrics, a 168	
  

nonparametric t-test was used with 999 Monte Carlo permutations, implemented through the 169	
  

compare_alpha_diversity.py script in QIIME  (45). Within-patient and between-sample type 170	
  

taxonomy correlations were calculated using the QIIME script compare_taxa_summaries.py 171	
  

using Spearman correlation with 999 permutations. Permutational analysis of variance and 172	
  

homogeneity of dispersion tests were carried out using the ‘adonis’, ‘betadisper’, and 173	
  

‘permutest’ functions in the ‘vegan’ R package (v. 2.4.1) (46). 174	
  

Ethics Statement. Studies were approved by the Institutional Review Board at UMN 175	
  

(IRB no.1403M49021). Subjects provided informed written consent prior to sample collection. 176	
  

 177	
  

RESULTS 178	
  

Patient Cohort. The primary goal of this study was to examine variability in bacterial 179	
  

communities between the upper and lower airways. Twelve CF adults with CRS who were 180	
  

scheduled to undergo functional endoscopic sinus surgery (FESS) were recruited for the study. 181	
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Prior to surgery, each patient provided an expectorated sputum sample, and sinus mucus was 182	
  

collected at the beginning of FESS. These samples are herein referred to as “sinus” and “lung” 183	
  

samples, denoting their anatomical origin. Clinical data were also collected that included CF 184	
  

genotype, microbiology cultures from sinus specimens, spirometry and Sino-Nasal Outcome 185	
  

Test (SNOT-22) scores, and prior FESS procedures (Table 1). CF genotype was available for 186	
  

11 of the 12 patients, with 6 patients being homozygous for ΔF508, 3 heterozygous ΔF508, and 187	
  

2 heterozygous non-ΔF508 mutations. Clinical culture data was also available for 11 of 12 sinus 188	
  

samples. Of these, 7 were positive for Pseudomonas aeruginosa, and 5 were positive for 189	
  

Staphylococcus aureus. The average SNOT-22 score across our patient cohort was 35 ± 17, 190	
  

consistent with previous reports of CF patients undergoing FESS  (47). 191	
  

Bacterial load in CF sinus and lung samples. Quantitative polymerase chain reaction 192	
  

(qPCR) analysis of 16S ribosomal RNA (rRNA) gene copy number was performed to estimate 193	
  

bacterial load (Fig. 1). On average, sinus specimens contained 2.72 x 104 (IQR = 2.69 x 103 – 194	
  

1.72 x 105) 16S gene copies per 10 ng genomic DNA, while lung sputum harbored 5.33x105 195	
  

(IQR=6.1x103 - 5.02x105) per 10 ng of genomic DNA. These data suggest a modest but 196	
  

significant difference in 16S gene abundance between sample types (Fig. 1A, P=0.0425). 197	
  

Interestingly, patient age was positively associated with 16S gene abundance in sinus samples, 198	
  

but this relationship was not observed for the lower airways (Fig. 1B).  We also assessed the 199	
  

relationship between bacterial load and two clinical metrics: FEV1%, the gold standard 200	
  

spirometry metric used to assess obstructive lung diseases  (48), and the SNOT-22 survey used 201	
  

to assess an array of sinus disease symptoms (47). SNOT-22 scores did not significantly 202	
  

correlate with 16S copy number in either sinus or lung samples, nor did FEV1% (Fig. 1B). 203	
  

These results are consistent with previous studies where no association was found between 204	
  

bacterial load and lung function or quality-of-life  (49). Taken together, these data suggest that 205	
  

the specific composition of each bacterial community rather than its overall abundance 206	
  

contributes to disease states in both sinus and lung niches. 207	
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Bacterial community membership varies with respiratory tract location. Bacterial 208	
  

community composition of paired sinus and lung samples was profiled using 16S rRNA gene 209	
  

sequencing. After filtering sequences for quality and subsampling to an even depth, 51 genera 210	
  

were identified across all samples (Fig. 2).  211	
  

To investigate genera that accounted for the majority of sequences, we adopted the 212	
  

definition of a dominant genus (the most abundant genus with at least twice the abundance of 213	
  

the second most abundant genus) from Coburn et al.  (9). A dominant genus was present in 214	
  

100% of sinus samples but only 33% of lung samples. Pseudomonas and Staphylococcus were 215	
  

the dominant genus in five sinus samples each (42%), while Streptococcus and Burkholderia 216	
  

were each dominant in a single sinus sample (Fig. 2). As expected, only Pseudomonas and 217	
  

Staphylococcus were dominant organisms in the lower airways. The median relative abundance 218	
  

of the most abundant genus was 0.88 (IQR = 0.75 - 0.99) in each sinus sample, and 0.42 (IQR 219	
  

= 0.34 - 0.78) for lung samples. The most abundant sinus OTUs were Pseudomonas, 220	
  

Staphylococcus, and Streptococcus. By contrast, lung samples harbored an abundance of 221	
  

Pseudomonas, Veillonella, and Prevotella, consistent with previous studies  (5–9). Interestingly, 222	
  

although many taxa were shared between sample pairs, the absence of a known CF pathogen 223	
  

(e.g. Pseudomonas, Achromobacter, Staphylococcus) in lung sputum was not predictive of its 224	
  

absence in the paired sinus sample, suggesting that infections at either site could be 225	
  

perpetuated by different pathogens within a given individual.  226	
  

Based on this observation, in addition to prior studies supporting the notion of bacterial 227	
  

metastasis between the upper and lower airways, we were interested in the extent to which 228	
  

genera were shared between sites in each individual subject. Spearman correlations between 229	
  

genera in matched pairs revealed that within-patient similarities allowed for significant positive 230	
  

correlation between sites in ten of twelve sample pairs (average Spearman ρ = 0.45) (Table 231	
  

E1). A group-wise comparison of sinus and sputum samples showed a weaker correlation 232	
  

(Spearman ρ = 0.32, P = 0.001). This result highlights the potential for bacterial communities of 233	
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the upper and lower airways to be similar within a given patient, yet the group correlation 234	
  

underlines the general dissimilarity in bacterial communities between the sinus and lung 235	
  

microenvironments.  236	
  

Bacterial diversity varies between the upper and lower airways. As described above, 237	
  

a small subset of taxa dominated most of the sequences detected in each sample. To 238	
  

investigate this further, two alpha diversity metrics, Observed OTUs and Shannon diversity 239	
  

index, were used as measures of community richness (biodiversity) and evenness (equitability)  240	
  

(50, 51). Observed OTUs in lung sputum were greater than in sinus samples, indicating greater 241	
  

taxonomic richness, though the difference was not significant (Fig. 3A). Using the Shannon 242	
  

diversity index, it was determined that the sinus niche was characterized by increased 243	
  

unevenness as compared to the sputum samples, consistent with the high prevalence of 244	
  

dominant genera in the sinus communities surveyed (Fig. 3B). When genera were ordered by 245	
  

rank, an average of 10 and 20 genera accounted for 99% of the sequences in sinus and lung 246	
  

samples, respectively (Fig. 3C). These data indicate that the lung environment harbors a 247	
  

bacterial community that is greater in both richness and evenness when compared to the 248	
  

sinuses in CF subjects.  249	
  

Spearman correlations were then calculated to assess the relationships between 250	
  

bacterial load, alpha diversity metrics and patient clinical data (Fig. 3D). These data revealed a 251	
  

significant inverse correlation between Shannon diversity in the sinus and lung (ρ=-0.664, P = 252	
  

0.022). Because the data show a similar richness between sites, and both sinus and lung 253	
  

Shannon diversity revealed positive relationships with observed OTUs (sinus ρ=0.881, P = 254	
  

3.35x10-4; lung, ρ=0.774, P = 0.007), it can be inferred that the difference in diversity is driven 255	
  

by evenness in these niches. Lung Shannon diversity is also positively correlated with lung 16S 256	
  

rRNA gene copy number (ρ=0.678, P =0.019). These data also reiterate the positive correlation 257	
  

between sinus 16S rRNA gene copy number and patient age (ρ=0.624, P = 0.033) as shown in 258	
  

Fig. 1B. Altogether, these data demonstrate that bacterial diversity differs between the sinus 259	
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and lung niches in CF patients. A decrease in diversity at either site is associated with the 260	
  

decrease in even distribution of bacterial taxa and is associated with patient age.  261	
  

Ordination reveals respiratory tract location as a strong descriptor of 262	
  

phylogenetic variance. To explore multivariate relationships between samples, ordination was 263	
  

used to visualize the beta diversity of airway microbiota. Of interest was whether bacterial 264	
  

communities would cluster more closely by (a) patient or (b) sampling site. Previous studies 265	
  

characterizing the microbiomes of the upper and lower respiratory tract (albeit not in matched 266	
  

pairs) show many shared taxa between sites, but also inter-individual variation  (32, 52). In 267	
  

addition, evidence suggests that bacterial metastasis between the upper and lower airways in 268	
  

CF subjects is commonplace  (23, 28, 29). Based on these previous studies and our alpha 269	
  

diversity analyses (Fig. 2), we hypothesized that sample pairs would cluster more closely by 270	
  

patient, and vary with sample type (between patients).  271	
  

To address this hypothesis, we compared samples utilizing the weighted Unifrac 272	
  

distance, an abundance-sensitive, phylogenetically relevant beta diversity metric  (53). This 273	
  

metric was calculated to determine phylogenetic pairwise distances between each sample, then 274	
  

plotted using principal coordinates analysis (PCoA). Contrary to our hypothesis, variation within 275	
  

patient sinus and lung pairs was such that they did not cluster together nearly as strongly as 276	
  

they did by sample type (Fig. 4A). Permutational analysis of variance yielded a strong 277	
  

association with samples clustering by sample type, rejecting the null hypothesis the groupings 278	
  

had the same centroid (P=0.019). A homogeneity of dispersion test lent further confidence to 279	
  

this conclusion, as we could not reject the null hypothesis that the two groups of samples (sinus 280	
  

and lung) had the same dispersion (P=0.107). Lung samples demonstrated considerable 281	
  

phylogenetic variation when compared to sinus samples (Fig. 4A). When relative abundances 282	
  

from our dominant taxa (Pseudomonas and Staphylococcus) were overlaid, a strong association 283	
  

was revealed with much of the spatial orientation of samples in the PCoA (Fig. 4B). This 284	
  

analysis demonstrates that other factors, most notably the sampling site and dominant genera, 285	
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contribute to the overall community structure. These analyses also suggest that the upper and 286	
  

lower airways select for unique bacterial community structures, despite sharing individual 287	
  

genera. 288	
  

Predicted metagenomes show conservation of most phenotypes between 289	
  

respiratory tract location. To gain insight into the functional capacity of airway bacterial 290	
  

communities, an open-source bioinformatics tool, Phylogenetic Investigation of Communities by 291	
  

Reconstruction of Unobserved States (PICRUSt) (41), was implemented to infer the 292	
  

metagenomic content of sinus and lung microbiota based on OTUs identified through 16S rRNA 293	
  

sequence analysis. Sequences derived from all 24 samples had a low Nearest Sequenced 294	
  

Taxon Index (NSTI) average of 0.017, indicating a high relatedness between bacteria found in 295	
  

the samples to sequenced genomes, and suggesting a high prediction accuracy for the overall 296	
  

dataset. Twenty unique KEGG pathways were represented in the inferred metagenomes, and 297	
  

showed striking similarity between sinus and lung samples (Fig. E1). This suggests that the 298	
  

functional capacity of the airway bacterial communities are relatively similar, despite the 299	
  

taxonomic diversity between sample types (Fig. 4). 300	
  

To further summarize the PICRUSt output, we utilized BugBase, a bioinformatics tool 301	
  

that infers community-wide phenotypes from PICRUSt-predicted metagenomes, and calculates 302	
  

phenotypic differences between sample groups. BugBase identified that gene functions 303	
  

associated with an anaerobic phenotype were enriched in lung relative to sinus samples (P = 304	
  

0.01), and could be attributed to three genera: Veillonella, Prevotella, and Porphyromonas (Fig. 305	
  

5A). Gram-negative cell wall structure and the ability to form biofilms are two bacterial 306	
  

phenotypes often associated with pathogenicity in the human respiratory system (54). BugBase 307	
  

analysis shows that these bacterial phenotypes do not differ significantly between sinus and 308	
  

lung samples. Gram-negative bacteria contributing to this phenotype were more varied in lung 309	
  

samples and included Veillonella, Prevotella, Neisseria, Stenotrophomonas species, supporting 310	
  

the increased richness observed in these samples. Biofilm-forming bacteria were observed in 311	
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both sinus and lung predicted metagenomes. This phenotype was influenced by the presence of 312	
  

Pseudomonas in both airway sites, but Burkholderia and Achromobacter both differentiated 313	
  

sinus from lung samples, while Neisseria and Stenotrophomonas were more highly represented 314	
  

for this phenotype in lung samples. Altogether, these data demonstrate that when bacterial 315	
  

phenotypes are predicted from 16S rRNA sequence data, results point towards the lung 316	
  

environment being a more anaerobic niche, but that other phenotypes classically linked to 317	
  

bacterial pathogenicity, such as biofilm formation, are similar between the two sites.  318	
  

 319	
  

DISCUSSION 320	
  

It is poorly understood how bacterial communities of the upper airway contribute to the 321	
  

etiology of CF-associated CRS. It is also not known how the upper airways contribute to lower 322	
  

airway infections that represent the primary cause of CF patient morbidity. Numerous studies 323	
  

have proposed that the paranasal sinuses may be a reservoir for bacteria with pathogenic 324	
  

potential to adapt to the respiratory system, ultimately contributing to the worsening condition of 325	
  

the CF patient  (23, 24, 28). It was therefore of interest to take an ecological approach towards 326	
  

exploring bacterial diversity in both the upper and lower airways within CF subjects with CRS, to 327	
  

better understand the relationship of microbiota throughout the interconnected airways.  328	
  

The CF-CRS patient cohort showed striking inter-individual variability in bacterial 329	
  

community membership, consistent with prior microbiome studies surveying microbiota in the 330	
  

upper and lower airways of individuals with CF  (32). Despite the considerable variability 331	
  

between patients, we found that while lung samples harbored an increased diversity in terms of 332	
  

evenness, FESS-derived sinus samples were less diverse due to the dominance of either 333	
  

Staphylococcus or Pseudomonas. Interestingly, this contrasts with a previous study of paired 334	
  

lung, nasal and throat swab samples in pediatric CF patients, which reported the inverse 335	
  

relationship between upper and lower airway bacterial communities (32). Given the shared taxa 336	
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observed between sampling sites in our patient cohort, the data does not rule out the sinuses as 337	
  

a source of this colonization. Analysis of bacterial diversity in this study continually pointed to 338	
  

the presence of dominant and highly abundant taxa as being important in delineating these two 339	
  

respiratory environments. We observed that 100% of sinus communities profiled were 340	
  

characterized by a single dominant genus, most commonly Pseudomonas or Staphylococcus. 341	
  

Pseudomonas in particular is a genus associated with declining lung function in CF patients (9). 342	
  

It was intriguing that several sinus samples had dominant genera that are considered canonical 343	
  

CF pathogens, yet these bacteria went undetected in the paired lung samples. This is an 344	
  

important finding in the context of treatment of upper and lower airway infections, as these data 345	
  

indicate that respiratory cultures from the two sites are not necessarily interchangeable for the 346	
  

determination of antibiotic therapy.  347	
  

Often in microbiome surveys, individual community members may differ dramatically 348	
  

from sample to sample, but functional capabilities remain conserved (55). The present study 349	
  

highlights this relationship in the airways. Contrasting the differences in bacterial diversity 350	
  

between the sinus and lung niches, we found that the predicted functional capacity of the 351	
  

bacterial communities in both niches was similar. Yet, interestingly, a small number of BugBase-352	
  

inferred phenotypes differed significantly between sample groups. In the context of the bacterial 353	
  

contribution to CF disease, it is plausible that there are many similarities in the 354	
  

microenvironments of the upper and lower respiratory system that may contribute, or even result 355	
  

from these conserved microbial functions. These data support the hypothesis that the sinuses 356	
  

can harbor bacterial genera, such as Pseudomonas, that are well adapted to the respiratory 357	
  

environment and contribute to lower lung morbidity. 358	
  

Altogether, data presented here demonstrate that despite the unified nature of the 359	
  

airways, bacterial communities of the sinuses and lungs are distinct. Whereas CF sinuses are 360	
  

typically dominated by a single organism, the lower airways exhibit greater diversity, marked by 361	
  

the presence of an anaerobic bacterial phenotype. Despite differences in diversity, bacterial 362	
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populations share many predicted functional capabilities. Shared taxa between the sample pairs 363	
  

reflects the interconnectedness of the airway, though differences suggest CF sinus and lung 364	
  

microenvironments may play a crucial role in dictating the prevalence and abundance of 365	
  

canonical CF pathogens in the lower airways. Data presented here can be translated to the 366	
  

clinic by informing caregivers to utilize respiratory cultures originating from samples taken from 367	
  

the location of infection. Secondly, we advocate for the usefulness of 16S rRNA gene 368	
  

sequences in the clinical setting to supplement clinical culture data. In the future, it will be 369	
  

imperative to conduct longitudinal experiments surveying paired upper and lower respiratory 370	
  

tract samples in CF patients to explore temporal shifts in bacterial diversity as airway infections 371	
  

evolve.  372	
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TABLES 541	
  

Table 1 – Summary of subject clinical data 542	
  

Patient Sex Age CFTR Genotype FEV1% SNOT-22 Prior 

FESS (#) 

Polyposis PA SA 

1 M 25 ΔF508/R553X 66 21  Yes   

2 M 31 ΔF508/ΔF508 49 41 Yes(2) Yes Yes  

3 M 28 ΔF508/ΔF508 74 21  Yes Yes  

4 M 42 ΔF508/ΔF508   Yes(4) Yes Yes Yes 

5 M 31 ΔF508/ΔF508 95 20 Yes(2) Yes   

6 M 26 G551D/2789+5G>A 105 8  Yes  Yes 

7 F 19 Unknown/Unknown 37 50 Yes(4)    

8 F 26 ΔF508/1717-1G>A 98 59 Yes(1) Yes Yes Yes 

9 F 32 ΔF508/ΔF508 31 34 Yes(1) Yes Yes  

10 M 41 1717-1G-7A/3849+10kbc-T1 72 23 Yes(1) Yes   

11 F 36 ΔF508/ΔF508 61 36 Yes(1)  Yes Yes 

12 M 31 ΔF508/394delTT 57 58 Yes(3) Yes Yes Yes 

Avg. +/- 

s.d. 

 30.5 +/- 

6.5 

 67.7 +/- 

24.3 

35 +/- 

17.2 

    

 543	
  

544	
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FIGURES 545	
  
 546	
  

 547	
  

Figure 1. 16S gene copies are greater in CF lung sputum compared to sinus samples, 548	
  

and correlate with patient age. Quantitative PCR was used to enumerate 16S rRNA gene 549	
  

copies per 10 ng of genomic DNA isolated from sinus and lung samples. A. Comparison of 16S 550	
  

rRNA gene copies in sinus and lung sample pairs by qPCR. (Wilcoxon signed-rank test 551	
  

P=0.0425). B. Spearman correlations with 16S rRNA gene copies and patient clinical data. In 552	
  

sinus samples, 16S copies are positively and significantly correlated with patient age. 553	
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 554	
  

Figure 2. Bacterial community composition of the upper and lower airways. Stacked bar 555	
  

plots of relative abundances of genera in paired sinus and lung samples demonstrate 556	
  

dominance of Pseudomonas, Staphylococcus, and Streptococcus genera. Red patient numbers 557	
  

indicate samples where bacterial membership was significantly correlated within pairs. Data for 558	
  

these relationships is presented in Table E1. Pie charts show the average abundance of genera 559	
  

for each sample type across the patient cohort. 560	
  

 561	
  

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
Ab

un
da

nc
e

Lung

1 2 3 4 5 6 7 8 9 10 11 12

0.0

0.2

0.4

0.6

0.8

1.0

R
el

at
iv

e 
Ab

un
da

nc
e

Sinus

1 2 3 4 5 6 7 8 9 10 11 12

Average

Average

Pseudomonas

Genera

Veillonella
Prevotella
Staphylococcus
Streptococcus
Stenotrophomonas
Haemophilus
Neisseria
Rothia
Porphyromonas
Burkholderia
Fusobacterium
Lactobacillales
Oribacterium
Campylobacter
Capnocytophaga
Actinomyces
Actinobacillus
Corynebacterium
Achromobacter
Other < 2%

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 7, 2017. ; https://doi.org/10.1101/125187doi: bioRxiv preprint 

https://doi.org/10.1101/125187
http://creativecommons.org/licenses/by-nc-nd/4.0/


	
   26	
  

 562	
  

Figure 3. Alpha diversity of CF sinuses differs from CF lung sputum. A. Observed OTUs 563	
  

are modestly greater in lung samples compared to the sinuses. Lung samples display 564	
  

significantly greater evenness in OTU distribution relative to sinus samples (Wilcoxon signed 565	
  

rank test, P = 0.0161). B. Rank abundance curves reveal that both sinus and lung bacterial 566	
  

communities are dominated by a few organisms. 10 and 20 genera represent 99% of the 567	
  

sequences for sinus and lung samples, respectively. C. Spearman correlation heat map shows 568	
  

association of bacterial diversity (Observed OTUs, Shannon), bacterial 16S gene abundance, 569	
  

and clinical factors. (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). 570	
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 571	
  

Figure 4. Ordination of weighted Unifrac distances shows clustering by sample type and 572	
  

dominant organism. A. Samples show more similarity by sample type rather than sampled 573	
  

individual (P=0.019). Color and shape denote patient and sample type, respectively. Sinus and 574	
  

lung samples do not cluster by patient, but do show clustering by sample type. B. PCoA colored 575	
  

by relative abundance of dominant organisms (defined in text), shows sinus sample grouping is 576	
  

highly dependent on relative abundance of Pseudomonas and Staphylococcus. 577	
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 578	
  

 579	
  

Figure 5. BugBase analysis of PICRUSt predicted metagenomes.  A. Anaerobic metabolism 580	
  

phenotype is significantly enriched in lung samples (Wilcoxon signed-rank test, P=0.01). B. 581	
  

Biofilm formation does not differ significantly with sample type (Wilcoxon signed-rank test, 582	
  

P=0.57). C. Gram-negative phenotype is driven by presence of Veillonella Prevotella and 583	
  

Pseudomonas in lung samples (Wilcoxon signed-rank test, P=0.47). (* P ≤ 0.05, ** P ≤ 0.01, *** 584	
  

P ≤ 0.001 585	
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