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Abstract: 

 

Anaerobic and aerobic bacteria were quantitated in respiratory samples across three cystic fibrosis 

(CF) centres using extended culture methods. Subjects, ages 1-69 years, who were clinically stable 

provided sputum (n=200) or bronchoalveolar lavage (n=55). Eighteen anaerobic and 39 aerobic 

genera were cultured from 59% and 95% of samples, respectively; 16/57 genera had a ≥5% 

prevalence across centres. Analyses of microbial communities using co-occurrence networks in 

sputum samples showed groupings of oral, including anaerobic, bacteria whereas typical CF 

pathogens formed distinct entities. Pseudomonas was associated with worse nutrition and F508del 

genotype, whereas anaerobe prevalence was positively associated with pancreatic sufficiency, 

better nutrition and better lung function. A higher ratio of total anaerobe/total aerobe colony forming 

units was associated with pancreatic sufficiency and better nutrition. Subjects grouped by factor 

analysis who had relative dominance of anaerobes over aerobes had milder disease compared to a 

Pseudomonas-dominated group with similar proportions of subjects being homozygous for F508del. 

In summary, anaerobic bacteria occurred at an early age. In sputum producing subjects anaerobic 

bacteria were associated with milder disease suggesting that targeted eradication of anaerobes may 

not be warranted in sputum producing CF subjects. 

 

  



 

Introduction 

Antibiotic therapies for cystic fibrosis (CF) respiratory infections are targeted at specific bacteria, 

typically Staphylococcus aureus, Pseudomonas aeruginosa, and other gram-negative species. 

However, both culture-dependent and culture-independent molecular methods have redefined CF 

respiratory infections as polymicrobial, with a diverse lower airway bacterial community [1]. 

Anaerobic conditions have been described in CF lower airways [2, 3]. Importantly, obligate and 

facultative anaerobic bacteria, typically associated with the oral cavity, have been cultured in 

abundance from CF respiratory samples [4, 5]. Indeed, extended anaerobic culture methods 

identified anaerobic bacteria in high numbers in >60% of CF sputum samples from adults [6].  

 

The role of anaerobic bacteria in CF lower airways disease is not clearly understood. Studies have 

identified anaerobic bacteria from direct lung samples, suggesting their presence does not simply 

reflect salivary contamination during sampling [7]. In vitro studies have demonstrated that anaerobes 

release virulence factors, including proteases and pro-inflammatory short chain fatty-acids, [8, 9] 

suggesting that anaerobes may be pathogenic in the CF lung. In contrast, in vivo molecular studies 

indicate that greater anaerobe diversity is associated with milder disease. [10, 11]. Molecular 

methods highlight the breadth of bacteria and novel preparation methods and metagenomics 

address a short-coming of conventional next-generation sequencing, i.e. the amplification of 

sequences of non-viable bacteria [12-14]. Bacterial abundance can be measured by qPCR; 

however, 16S rRNA copy numbers per genome vary between genera and quantitation of different 

genera in multi-species infections remains imprecise [15, 16]. Culture allows enumeration of the 

different bacterial genera in a poly-microbial infection, demonstrates viability and growth in lower 

airways and enables subsequent in vitro studies [17, 18]. Culturing anaerobic and bacteria not 

typically considered as pathogenic is also relevant to clinical care; i.e. would knowledge about 

abundance of these bacteria be useful for treatment?   

 

Here we assessed the association of strict anaerobes with disease severity in CF across ages at 

three CF centers with different genetic and geographic backgrounds and medications. Although “CF 

pathogens” can grow under anaerobic conditions, this likely reflects adaptation to the micro-

environment and not distinct genera/infections. We focused on strict anaerobic bacteria to match 

genera reported in molecular studies and to ascertain the load and viability of these anaerobes in 

lower airways in relation to typical CF pathogens. We used extended culture methods attempting to 

investigate the role of anaerobes in CF lung disease. The key questions investigated were: 1) does 

the prevalence of anaerobes vs. aerobes in subjects with CF change as a function of age and 



 

site/climate; 2) are there associations between prevalence or quantity of anaerobes and genotype, 

disease severity, and medications; and 3) are community structures established by anaerobes and 

do they differ across ages, disease severity, or associations with aerobes? 

 

Methods   

Subjects and sample collection 

People diagnosed with CF attending CF Centres in Belfast (Adult and Paediatric CF Clinics, Belfast 

Health and Social Care Trust), University of North Carolina (UNC) at Chapel Hill (UNC Hospital 

Pediatric and Adult Clinics) and Dublin (Beaumont Hospital and Our Lady's Children's Hospital, 

Crumlin) were prospectively enrolled into this study between July 2010 and November 2013. 

Subjects who had undergone transplant, were taking cystic fibrosis transmembrane conductance 

regulator potentiators/modulators, or enrolled in interventional therapeutic trials were excluded. 

Ethical approval for the study was obtained at each institution and informed consent/assent obtained 

from all adults, parents, and paediatric subjects, respectively. Either bronchoalveolar lavage (BAL) 

or sputum (if able to expectorate), and concomitant clinical information were collected when subjects 

were clinically stable, defined as not having received antibiotics beyond chronic maintenance 

therapy and ≥6 weeks post-completion of IV antibiotic therapy. Bronchoscopy was performed at 

UNC if a child had a procedure requiring anaesthesia, and for routine surveillance at Dublin. At both 

sites, bronchoscopy was performed utilizing a laryngeal mask airway (LMA) or endotracheal tube 

(ETT).  

 

Clinical data 

Demographics, anthropometrics, lung function, medication history, and disease complications were 

entered into a centralised database. Genotype was categorised by number of F508del alleles. 

Disease severity was assessed by nutritional status, pancreatic status, and lung function (forced 

expiratory volume in 1 second; FEV1) if subjects were able to reliably perform spirometry per 

ATS/ERS criteria [19]. For comparisons of body mass index (BMI) across paediatric and adult age 

ranges, BMI was stratified into poor, acceptable, and well-nourished categories based on percentiles 

in children (≤5 %ile, 6–50 %ile, >50 %ile) and absolute BMI in adults [20].  

 

Bacterial isolation and identification  

Standardised culture protocols were used across the three sites as previously described [6] with 

further details provided in the Supplement. Briefly, samples were treated for 15 minutes with 

dithiothreitol prior to serial dilution and plating on both, selective and non-selective media (Table 



 

S1). Plates were incubated under aerobic- microaerophilic and anaerobic conditions for between 2 

and 7 days. All bacteria detected were quantified (colony forming units/gram sputum; CFU/g or 

CFU/mL in BAL) by total viable count (TVC). Each distinct colonial morphotype was identified by full 

length16S rRNA gene sequencing. Strict anaerobes were defined as bacteria known not to survive 

under atmospheric oxygen tension, whereas facultative anaerobic and aerobic bacteria that grew 

under anaerobic conditions were included as aerobes in all analyses. 

 

Statistical analysis  

Demographics, markers of disease severity, and bacterial prevalence (presence of bacteria at CFU 

>0) were compared across clinical sites using chi-square or Fisher’s exact tests for categorical 

variables and Mantel-Haenszel mean score chi-square for ordinal variables. Associations between 

presence of bacteria and markers of disease severity were assessed by a Mantel-Haenszel mean 

score chi-square test. Analyses were stratified by site as described.  

 

Multivariable logistic regression was used to test for factors that predict prevalence of specific 

bacterial genera. Predictors were identified via a stepwise model selection (with significance level for 

entry or staying in the model of p=0.10 and p=0.05, respectively).  

Analyses that included bacterial quantities/density were log transformed to account for non-normal 

distributions using log10(CFU/g+1) to incorporate samples with no detectable bacteria. Bacterial 

diversity measures included richness (number of counted taxa), evenness and diversity (Shannon-

Wiener index). Analyses of bacterial communities (network analyses and factor analysis) were 

conducted on sputum bacterial quantity for the most common genera. Co-occurrence (network 

analysis) between taxonomic groups was calculated as previously described [21]. Factor analysis as 

an unsupervised method to group genera was conducted using varimax rotations to achieve 

independent factor groupings. These factors were used to assign each subject to a group defined by 

their dominating factor based on similarity of bacterial quantities (see details in Supplement).  

 

Results   

Subjects and samples 

Two-hundred and fifty-five subjects were enrolled. Sputum samples (n=200) were obtained at all 

three sites whereas BAL (n=55) samples were collected only at UNC (n=24) and Dublin (n=31). All 

samples from children <6 years were BAL (n=39). Either sputum (n=34) or BAL (n=12) were 

collected from subjects in the 6–<18 years group; for subjects ≥18 years, 166 sputum and 4 BAL 

samples were collected. 



 

 

Subject characteristics by site are shown in Table 1. Site-specific differences in the study subjects 

included older age and fewer subjects positive for F508del mutations in Belfast compared with UNC 

or Dublin. Fewer subjects in Belfast were undernourished, and, despite being an older cohort, FEV1 

values in Belfast were similar to those in UNC and Dublin, consistent with milder disease in Belfast. 

Use of chronic medications was lower in those contributing BAL versus sputum (Table S2A, B).  

 

Prevalence and abundance of genera with age  

Eighteen anaerobic and 39 aerobic genera were cultured (Table S3) representing 167 species 

(Table S4). The prevalence of one or more strict anaerobic genus at any CFU in a sample was 59% 

and was higher in sputum (67%) than BAL samples (31%), p<0.001. Aerobic bacteria were present 

at any CFU in 197/200 (99%) of sputum and in 51/55 (93%) BAL samples. Mean±SEM TVC were 

higher for aerobic than anaerobic bacteria in sputum (2.27x108±3.80x107 vs. 2.86x107±2.07x107 

CFU/g; p<0.001), and BAL (3.97x107±3.71x107 vs. 2.27x104±1.61x104 CFU/ml; p<0.001).  

Ratio of anaerobic to aerobic viable counts for BAL and sputum showed no differences across age 

groups (Fig S1A). Bacterial richness was lower in BAL (3.03±0.31) compared with sputum 

(5.18±0.16), p<0.001 but similar within each sample type over age sextiles that approximate clinical 

progression (Figure 1A). Shannon diversities showed similar trends (Figure S1B). Sixteen genera, 

which had a ≥5% prevalence across BAL and sputum samples, are shown by age sextiles in Table 

S5. The most prevalent anaerobic and aerobic genera across all ages were Prevotella (51%) and 

Streptococcus (82%), respectively. More prevalent bacteria were more abundant with the exception 

of Burkholderia, with a 5% prevalence but being most abundant when present, and Prevotella with 

high prevalence but low abundance. Changes in prevalence of the most frequently cultured 

anaerobes and aerobes with age showed decreasing prevalence from childhood to mid-adulthood 

with subsequent increases for anaerobic genera and Streptococcus. These trends were inverse for 

Pseudomonas (Figure 1B).  

 

Analyses of samples by sites revealed differences in bacterial richness across sites but similar 

diversity in sputum samples (Figure S2A). There were no differences in richness nor diversity in 

BAL samples from Dublin versus UNC (Figure S2B). The prevalence of Pseudomonas was highest 

at UNC with Burkholderia, Haemophilus, Actinomyces, Rothia and Gemella being more prevalent in 

Belfast. Neisseria prevalence was lowest in Belfast. Dublin had the lowest prevalence of Prevotella 

and Veillonella. Further details are shown by site and sample type in Table S3 and Figure S3. 



 

 

Relationship between bacterial prevalence, abundance and disease severity 

In subjects who produced sputum (n=200) anaerobes were associated with phenotypically milder 

disease, e.g. better lung function and BMI and with pancreatic sufficiency, absence of insulin and 

chronic antibiotic use, but not genotype (Figure 2A). H. influenzae, an aerobe observed in early CF 

disease followed a similar pattern (Figure 2B). Staphylococcus exhibited an intermediate pattern 

with negative associations, i.e. was less prevalent, with use of chronic antibiotics (Figure 2C). The 

pattern for Pseudomonas; however, was distinctly different from anaerobes. Pseudomonas 

prevalence was positively associated with worse BMI, number of F508del alleles, and chronic 

antibiotics (Figure 2D).  

Logistic regression adjusting for covariates with p <0.05 identified through stepwise modeling 

revealed a lower prevalence of anaerobes in pancreatic insufficient subjects (Table 2). With respect 

to aerobes, a lower prevalence of Haemophilus and Staphylococcus was associated with use of 

azithromycin. Pseudomonas prevalence again was associated with F508del alleles and azithromycin 

and inhaled antibiotic use. For BAL, clinical or site variables were not associated with bacterial 

prevalence.  

No associations were observed for absolute anaerobic or aerobic viable counts and clinical variables 

or study site in sputum or BAL. However, the calculation of ratio of anaerobe/aerobe CFU showed 

that subjects with relatively higher load of anaerobes had milder disease (pancreatic sufficiency and 

higher BMI) than aerobe-dominated subjects (Figure S4).   

 

Community structure in sputum and association with subject characteristics 

Bacterial communities reflecting the 16 genera with prevalence of ≥5% were explored in sputum 

samples (n=200) using microbial co-occurrence network analysis. Bacteria typical of the oropharynx 

e.g. Streptococcus, Rothia, and Gemella associated with each other. In contrast, Staphylococcus, 

Pseudomonas and Burkholderia each formed distinct entities (Figure 3).  

 

Next, factor analysis was used to reduce the complexity of the microbiota per sample into a set of 

variables that best defined sample community composition. The bacterial community compositions 

were generally consistent with the co-occurrence networks. Five components/factors explained 49% 

of the variation (Table 3). Factors 1 and 2 were dominated by oral-associated bacteria, including 

Streptococcus, Gemella, and Rothia. Factor 3 included Haemophilus and Neisseria. Factor 4 was 



 

dominated by obligate anaerobes. Pseudomonas defined factor 5, which was also negatively 

associated with Staphylococcus and Burkholderia.  

 

To define the clinical relevance of these microbial communities, patient sputum samples were 

defined by their dominating factor (Table 4). Thus, each sample was assigned to groups 1 through 

5. There were no differences in pancreatic status, use of azithromycin, mucolytics, and anaerobic or 

aerobic bacterial load/density between groups. Groups 4 and 5 had the highest percentage of 

F508del homozygous subjects yet differed significantly with regard to both anaerobes and 

Pseudomonas. The group with higher anaerobic density/diversity (Group 4) tended to have higher 

FEV1 and a lower incidence of poor nutritional status compared with the Pseudomonas dominated 

Group 5. Notably, Group 3 included the fewest subjects with poor nutritional status and most with 

high FEV1, compared with other groups, but had the highest proportion of subjects <20 yrs.   

 

Discussion:   

Anaerobic and aerobic bacteria were cultured from respiratory samples across all age ranges to 

assess bacterial prevalence and quantify density in CF respiratory secretions. The prevalence and 

quantities of both anaerobic and aerobic bacteria were lower in BAL compared to sputum. 

Interestingly, ratio of anaerobes/aerobes in BAL i.e. incorporating quantity were similar to sputum. 

Facultative anaerobes and micro-aerophilic bacteria were also cultured in both sample types (Table 

S3) and were included with aerobes, potentially underestimating the true anaerobic burden in the CF 

lung. Pseudomonas and Staphylococcus also grow anaerobically, a growth-mode associated with 

persistence in chronic infection but the focus in this study was on strict anaerobes as described in 

molecular studies. The prevalence of anaerobes and Streptococcus declined from early childhood to 

early adult-hood, i.e. a time when many patients experience worsening disease. In older ages, 

anaerobes were more prevalent again, possibly related to less severe disease (Fig 1B) as reflected 

by the higher anaerobe/aerobe ratio in subjects with better nutritional status (Fig. S4). Anaerobic 

and streptococcal species are highly abundant in oral secretions and are detected in the oral cavity 

in the first months of life [22]. Although oral secretions are a source of contamination of sputum and 

BAL, the high abundance of anaerobic genera makes sample contamination an unlikely explanation 

for our findings. Although BAL samples were obtained via ETT or LMA, which decreases the risk of 

contamination, the lower anaerobe prevalence in BAL compared with sputum likely reflects the 

younger BAL subject age with lower bacterial load and sample dilution. Aerobe prevalence and 

abundance was also lower in BAL than sputum. Typically, BAL is assumed to represent a 30–80 fold 

dilution of epithelial lining fluid [23, 24].  



 

The source of CF lower airway oral bacteria likely reflects micro-aspiration as reported in healthy 

subjects, in whom oral bacteria are found in proximal airways but continuous muco-ciliary clearance 

prevents growth to high densities [25, 26]. We suggest that starting in infancy, abnormal muco-ciliary 

clearance in CF enhances retention of aspirated flora in an anaerobic airway environment, allowing 

anaerobic bacteria to proliferate. Such a scenario is consistent with recent CF infant BAL 

microbiome analyses [27-29]. 

 

The contribution of anaerobic bacteria to lung disease is not clearly understood. This large study, 

which analyzed samples from 255 CF subjects across 3 sites and a wide age range, characterised 

the anaerobic and aerobic microbial community composition in the CF airways using extended 

culture methods. A prior molecular study had shown geographical differences in the CF microbiome 

[30]. In our study, differences occurred by study sites but not by continent, making climate a less 

relevant factor than genotype (e.g. F508 del) and associated disease severity. We observed that 

anaerobic bacteria were more prevalent in sputum of subjects with milder disease. Higher lung 

function, increased BMI, pancreatic sufficiency and absence of requirement for insulin were 

associated with higher prevalence of anaerobes in univariate analyses (Figure 2). Lower prevalence 

of anaerobes and Haemophilus in subjects on azithromycin could be due to the antibacterial activity 

of azithromycin. Azithromycin exhibits good activity against those organisms in non-CF disease; 

however, high rates of resistance are seen in CF that may mitigate its activity [31, 32]. Notably, 

associations with pancreatic sufficiency remained significant when adjusting for multiple medications 

and clinical parameters (Table 2). A sensitivity analyses with p=0.1 for staying in the model, included 

FEV1 for Pseudomonas, azithromycin and insulin for anaerobes, and hypertonic saline for 

Haemophilus (Table S6).   

 

Our culture based findings are consistent with observations from molecular microbiome studies 

describing higher diversity with less severe CF lung disease [5, 33], and decreasing diversity in 

patients with more rapid lung function decline [5, 11]. Our quantitative cultures allowed these 

relationships to be extended to anaerobic and aerobic bacterial density, anaerobe/aerobe ratio and 

diversity. A higher anaerobe/aerobe ratio was associated with pancreatic sufficiency and better 

nutrition, with trends for higher lung function in those with higher anaerobes/aerobe ratio (Figure 

S4). However, associations between absolute aerobic or anaerobic bacterial concentrations/density 

and FEV1 were not detected. We hypothesise that the absence of such an association partly reflects 

the spatial heterogeneity of CF lung disease, with bacterial density reflecting disease severity in 

focal bronchiectatic areas, whereas FEV1 reflects the overall extent of diseased lung. The 



 

hypothesis that FEV1 is not sufficiently sensitive to detect regional, bronchiectatic disease is 

supported by a study that reported associations between anaerobic density in CF patients and lung 

clearance index but not FEV1 [34]. Moreover, it should be noted that age-based CF-specific lung 

function parameters developed for children [35] are not available for adults, and effects of genetic 

mutations on lung function were not included. Thus, although we used GLI references for 

comparison across body size and centre, analyses of relationships of bacterial density with FEV1 

may have been more sensitive if CF- and age-specific references were available. 

 

Analyses of anaerobe pathogenicity in vitro may also yield insight into the relationships between 

anaerobes and CF disease severity. Prevotella was the most abundant and prevalent anaerobic 

genus in this study and has been reported consistently in other studies [5, 6, 10, 36-38]. In vitro 

studies of laboratory strains of Prevotella demonstrated that they produce short-chain fatty acids and 

proteases that may be pro-inflammatory [9]. However, Prevotella elicits less pro-inflammatory 

responses in respiratory cell lines and murine models than classic aerobic pathogens [39]. Thus, 

conceivably the relatively lower virulence of anaerobes contributes to their association with a milder 

CF phenotype. 

 

Co-occurrence networks to visualise potential bacterial interactions showed groupings of orally-

derived anaerobic bacteria, which occupied niches distinct from the known pathogens (e.g. 

Pseudomonas, Staphylococcus) that were themselves highly dissimilar (Figure 3). Both, 

Burkholderia and Pseudomonas release products that are toxic to other bacteria, which may 

contribute to their distinct niches as well as their dominance [40]. CF Registry data also demonstrate 

decreasing prevalence of Staphylococcus in older patients as Pseudomonas prevalence increases, 

suggesting a similar community competition for these two bacteria [41, 42]. 

 

Factor analyses (Table 3) revealed bacterial groupings similar to the co-occurrence networks. These 

factors enabled testing of associations with clinical parameters based on samples defined by the 

highest factor loadings (Table 4). Group 4 with highest prevalence and diversity of anaerobes had 

milder disease than the Pseudomonas-dominated group but not the mildest disease, possibly 

reflecting that group 4 exhibited the highest proportion of F508del homozygote subjects and 

moderate/high rates of Pseudomonas. 

 

A challenge to the present study is inclusion of paediatric to adult ages necessitating comparisons 

between BAL and sputum. For age wide comparisons prevalence was used as surrogate in addition 



 

to ratio of anaerobic/aerobic bacterial load. Similar to prior studies, this study is limited by its 

observational design and thus cannot determine association versus causality with respect to 

anaerobe-induced disease severity. This difference impacts consideration of targeted anaerobe 

antibiotic therapy in subjects with CF. A recent study in infants with CF demonstrated more airway 

inflammation in children whose airway microbiome was dominated by anaerobes compared with 

“sterile” airways [29]. Anaerobes also may condition the lower CF airway to promote infection with 

more classic pathogens [43]. Such data may support treatment of anaerobes in early CF disease. In 

contrast, bacterial culture and molecular studies in older, sputum-producing subjects suggest that a 

diverse lung microbiota with relatively abundant anaerobes is associated with milder disease. 

Conceivably, higher anaerobic diversity in adults with milder disease reflects lower antibiotic use in 

such subjects [44] and/or lower intrinsic virulence of anaerobes [39]. Therefore targeted “eradication” 

of anaerobes in older patients when clinically at baseline might result in little clinical benefit and 

more resistant organisms. Anaerobes may increase at onset of exacerbations; therefore their role 

may fluctuate with short term changes in disease state [6, 14]. Anaerobes are not routinely cultured 

for in the clinical setting. This approach may be justified in older subjects if antimicrobial therapy is 

not being considered. 

 

In summary, anaerobic bacteria were detected in CF respiratory secretions at all ages. In the age 

groups investigated in this study, aerobes dominated over anaerobes with respect to bacterial 

numbers. The prevalence of anaerobic genera was associated with milder disease and less use of 

antibiotics, suggesting that a diverse anaerobic microbiota may be a marker of better health in older 

subjects with CF. Sputum anaerobic/aerobic bacterial genera clustered into communities, which 

were associated with clinical outcomes. Cross-sectional studies do not permit distinction of 

anaerobes as markers versus causative factors in the severity of lung disease. Collectively, our data 

suggest that targeted eradication of anaerobes in the context of aerobic pathogenic bacteria may not 

be warranted until further data are available.  
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Figure Legends:  

Figure 1: Changes in bacterial communities and prevalence with subject age. a) Richness 

across age sextiles b) Prevalence of anaerobes, aerobes, and specific genera.  

Footnote: a) Richness, defined as number of anaerobic and aerobic genera detected at any colony 

forming unit (CFU) per sample, did not differ between the age groups within sample types. As 

bacterial density and prevalence was lower in BAL (=bronchoalveolar lavage) than sputum, the 

different sample type is marked (vertical line). Box indicates 25-75 quartiles with horizontal lines 

indicating the median. Whiskers are 1.5 times the interquartile range.  

b) Prevalence for the most prevalent bacteria are shown by age groups/range in years. The number 

of samples for each group is provided in parenthesis. Only bronchoalveolar lavage samples (BAL) 

are included in subjects <6 years, as indicated by the vertical line. Bacterial density and prevalence 

was lower in BAL (=bronchoalveolar lavage) than sputum 

 

Figure 2: Prevalence as percent of subjects within the category with any CFU/g sputum for a) 

Anaerobes, b) Haemophilus, c) Staphylococcus, and d) Pseudomonas in sputum and their 

association with clinical characteristics. 

Footnote: 200 sputum samples included. Seven subjects had missing data for FEV1, and 8 for BMI. 

CFU=colony forming unit. BMI=body mass index. FEV1-forced expiratory volume in 1 second, 

expressed as %predicted per global lung initiative (GLI) reference [45]. PS=pancreatic sufficiency. 

PI=pancreatic insufficiency. AZM=azithromycin. Inh. AB=inhaled antibiotics (tobramycin, colistin and 

aztreonam).  BMI categories are 1 - poor nutritional status; 2 - adequate; 3 - well-nourished. 

Categories for FEV1 are 1: <40% predicted; 2: 40–80%; 3: >80%. Numbers per category are given 

as percentage of subjects positive for this characteristic, where each category, e.g. BMI 1 can reach 

100%. Comparisons are by Mantel-Haenzel mean score chi-square test stratified by site. 

 

Figure 3: Bacterial co-occurrence network between genera detected by extended microbial 

culture. 

Footnote: The sixteen genera detected in ≥5% of sputum samples are contained within the network. 

Co-occurring microbial taxa are shown with nodes (circles) denoting a particular genus within the 

network and each line (edge) a significant co-occurrence relationship (Spearman's rank correlation 

coefficient for positive correlations (blue lines); adjusted p-value <0.05 (False discovery rate (FDR 

correction)[46]. The size of the corresponding nodes demonstrates the relative proportion of each 



 

genera within the current study and the thickness of edges represents the strength of the 

corresponding associations. 

  



 

Table 1: Patient Demographics by site 

 Clinical Site  

 Overall 
N=255 
N (%) 

B 
N=75 
N (%) 

C 
N=65 
N (%) 

D 
N=115 
N (%) 

 

p values1 

Age(years)      

    Mean 21.9 29.1 16.1 20.5  

    Std Dev 12.7 12.2 10.3 12.1  

    Median 21.6 26.2 14.5 22.0  

    Minimum 1.0 8.3 1.0 1.0  

    Maximum 68.2 68.2 50.0 61.2  

      

Age(years) 255 75 65 115 <.0001 

    0–<6  39 (15%) 0 (0%) 14 (22%) 25 (22%)  

    6–<13 21 (8%) 4 (5%) 13 (20%) 4 (3%)  

    13–<18 25 (10%) 6 (8%) 9 (14%) 10 (9%)  

    18–<25 77 (30%) 22 (29%) 18 (28%) 37 (32%)  

    25–<30 44 (17%) 19 (25%) 5 (8%) 20 (17%)  

    30+ 49 (19%) 24 (32%) 6 (9%) 19 (17%)  

      

Gender 255 75 65 115 0.13 

    Female 115 (45%) 29 (39%) 36 (55%) 50 (43%)  

    Male 140 (55%) 46 (61%) 29 (45%) 65 (57%)  

      

F508del mutation 251 74 63 114 0.001 

    Homozygote 131 (52%) 29 (39%) 45 (71%) 57 (50%)  

    Heterozygote 99 (39%) 34 (46%) 15 (24%) 50 (44%)  

    None 21 (8%) 11 (15%) 3 (5%) 7 (6%)  

      

Pancreatic status 255 75 65 115 0.61 

    PI 223 (87%) 64 (85%) 59 (91%) 100 (87%)  

    PS 32 (13%) 11 (15%) 6 (9%) 15 (13%)  

      

BMI 235 74 65 96 0.01 

    undernourished 26 (11%) 3 (4%) 9 (14%) 14 (15%)  

    acceptable 118 (50%) 34 (46%) 37 (57%) 47 (49%)  

    well nourished 91 (39%) 37 (50%) 19 (29%) 35 (36%)  

      

FEV1 % predicted 212 74 51 87 0.02 



 

GLI 

    <41% 42 (20%) 10 (14%) 5 (10%) 27 (31%)  

    41–80% 115 (54%) 48 (65%) 28 (55%) 39 (45%)  

    >80% 55 (26%) 16 (22%) 18 (35%) 21 (24%)  

      

Sample Type 255 75 65 115 <0.0001 

    BAL 55 (22%) 0 (0%) 24 (37%) 31 (27%)  

    Sputum 200 (78%) 75 (100%) 41 (63%) 84 (73%)  

      

Chronic antibiotics 173 (68%) 58 (77%) 43 (66%) 72 (63%) 0.10 

Flucloxacillin 18 (7%) 8 (11%) 1 (2%) 9 (8%) 0.09 

Azithromycin 127 (50%) 44 (59%) 37 (57%) 46 (40%) 0.02 

Inhaled antibiotics2 130 (52%) 42 (56%) 30 (47%) 58 (52%) 0.58 

      

Any mucolytic 205 (80%) 59 (79%) 54 (83%) 92 (80%) 0.79 

    DNAse 164 (64%) 54 (72%) 43 (66%) 67 (58%) 0.15 

    Hypertonic saline 109 (43%) 15 (20%) 37 (57%) 57 (50%) <0.0001 

      

Inhaled 
corticosteroids 

105 (41%) 31 (41%) 36 (55%) 38 (33%)  
0.004 

      

Antacid3 129 (51%) 32 (43%) 41 (63%) 56 (49%) 0.05 

      

Insulin 34 (13%) 7 (9%) 8 (12%) 19 (17%) 0.35 

B=Belfast, Northern Ireland; C=Chapel Hill, USA; D=Dublin, Ireland. PS=pancreatic sufficiency. 

PI=pancreatic insufficiency. BMI=body mass index. FEV1-forced expiratory volume in 1 second 

expressed as % predicted based on GLI=global lung initiative reference values[45]. 

BAL=bronchoalveolar lavage AZM=azithromycin. Patients were continuously enrolled at each site, 

not necessarily reflecting the study site population.   

1: Comparisons across sites using chi- square, Mantel-Haenszel mean score chi-square, or Fisher’s 

exact test.  

2: tobramycin, colistin and aztreonam. 3: antacids, H2-blockers and proton pump inhibitors. 

 

 

  



 

Table 2: Odds ratios from logistic regression models of bacterial prevalence in sputum 

 

Variables evaluated for model inclusion were: gender, age, centre (B=Belfast; C=UNC; D=Dublin), 

FEV1 and BMI as categories (as in Figure 2), F508del, pancreatic status, chronic use of flucloxacillin, 

azithromycin, inhaled antibiotics, DNase, hypertonic saline, corticosteroids and antacids.   “ – “ 

indicates these variables were not selected for the final model because they were not significant 

predictors as determined by stepwise model selection with p=0.10 for entry and p=0.05 for staying in 

the model. 1 Difference is not significant but comparison included in model for comparison to D vs. B.  

  

 Anaerobes 

N=197 

Haemophilus 

N=197 

Staphylococcus 

N=200 

Pseudomonas 

N=195 

F508del (1 vs 0) -- -- -- 8.24 (1.00, 68.20) 

F508del (2 vs 0) -- -- -- 17.63 (2.13,146.04) 

Pancreatic 
insufficiency  

0.12 (0.03, 0.53) -- -- -- 

Azithromycin -- 0.41 (0.18, 0.92) 0.35 (0.19, 0.62) 2.26 (1.10, 4.67) 

Inhaled antibiotics -- 0.26 (0.12, 0.57) -- 3.97 (1.96, 8.05) 

Center C vs. B 0.58 (0.22, 1.52)1  0.41 (0.15, 
1.08)1 

-- -- 

Centre D vs. B 0.17 (0.08, 0.38) 0.17 (0.07, 0.41) -- -- 



 

Table 3: Loadings from Factor Analysis showing groupings of bacteria with each other based on 

quantity in sputum (n=200). 

 

 Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

Streptococcus 0.672 -0.056 0.166 -0.032 -0.076 

Gemella 0.574 0.274 0.087 0.109 -0.098 

Rothia 0.550 0.434 -0.162 0.121 0.004 

Stenotrophomonas 0.496 -0.329 -0.123 -0.138 0.300 

Granulicatella 0.035 0.608 0.219 -0.095 0.150 

Lactobacillus -0.085 0.597 -0.282 0.122 -0.081 

Actinomyces 0.320 0.562 0.135 -0.094 -0.235 

Neisseria 0.028 -0.075 0.736 -0.057 0.106 

Haemophilus 0.162 0.263 0.65 0.123 -0.166 

Fusobacterium -0.182 0.101 0.049 0.654 0.209 

Porphyromonas 0.014 -0.201 -0.162 0.630 0.022 

Prevotella 0.378 -0.027 0.352 0.557 -0.092 

Veillonella 0.165 0.275 0.108 0.454 -0.236 

Pseudomonas -0.034 -0.097 -0.051 0.051 0.735 

Staphylococcus -0.245 -0.265 0.325 0.160 -0.491 

Burkholderia 0.179 0.039 -0.318 -0.097 -0.533 

Eigen-Value  2.42 1.62 1.37 1.31 1.16 

Variance explained 11.41% 9.94% 9.80% 9.31% 8.90% 

 

Five factors explain 49% of the total variation. Blue indicating positive associations and red negative 

associations with darker colour indicating the robustness of associations.  

  



 

 

Table 4: Patient characteristics within the groups characterised by bacterial communities identified by Factor Analysis 
 

 Group 1 Group 2 Group 3 Group 4 Group 5 p-value a 

N per group 48 35 46 27 44  

Age 27.56±1.49 28.62±1.75 22.99±1.53 24.34±1.99 26.82±1.56 0.089 

<20 years (% ) 27% 17% 43% 37% 20% 0.048 

% homozygote F508del 40 54 37 64 61 0.046 

% null F508del 15 11 6 4 2 0.2 

FEV1 % (GLI) 59.47±3.17e 55.79±3.78c 75.64±3.28c, 

d,e 
61.58±4.26 57.08±3.35d 0.0002 

BMI (m/kg2)  21.9±0.52 22.9±0.7 21.8±0.5 20.8±0.7 20.8±0.5 0.1 

BMI category (% poor  
nutritional status) 

10 6 2 15 29 0.0033 

inh. antibiotics (% use) 67 66 35 56 78 0.0007 

Pseudomonas pos. (%) 38 37 39 59 91 <0.0001 

Staphylococcus pos. (%) 31 49 78 70 27 <0.0001 

Any anaerobe (%) 81 60 72 100 32 <0.0001 

Aerobe richness 6.83±0.43c 6.69±0.50d 6.07±0.44 5.7±0.57b 4.57±0.45c,d 0.0038 

Anaerobe richness 1.75±1.19c  1.20±0.23 1.59±0.20d 3.22±0.26b 0.68±0.21c,d <0.0001 

Group 1, 2 dominated by oral bacteria; Group 3 Haemophilus-Neisseria; Group 4 anaerobes; Group 5 Pseudomonas-dominated. a - p-

values for comparison of categorical (Pearson) or continuous variables (ANOVA) across groups. Adjusted difference (Tukey’s): b – 

differs from all other groups; c, d, e – Indicate differences to corresponding letter by row. 



 

 

BMI=body mass index. FEV1-forced expiratory volume in 1 second expressed as % predicted based on GLI=global lung initiative 

reference values [45]. Inh. Antibiotics=inhaled antibiotics including colistin, tobramycin, aztrenoam, 



 
 

 



Figure 2



 



 
 

Supplemental Methods: 

 

Clinical data 

Lung function (best of three measures) was entered as litres and transformed into percent of predicted 

value for age, gender, height and race based on Global Lung Initiative (GLI) reference equations [1]. Level 

of lung function was categorised as >80%, 40–80%, and <40% predicted. Medication use was obtained 

from clinical records and/or per patient report.  

 

2.3. Bacterial isolation and identification  

Patients were enrolled continuously at each site based on ability to expectorate a sufficient volume (300 

mg). Typically the patients who provided sputum samples, were those who routinely expectorate sputum. In 

case of samples with salivary contamination, only the obvious mucus plugs were used for culture or, if 

insufficient material, the sample was not cultured. Standardised culture protocols were used across the 

three sites with training of staff from UNC and Dublin undertaken by Belfast staff at study initiation. Samples 

were placed in anaerobic pouches and transferred to the laboratories for processing in anaerobic cabinets. 

Culture was performed at each site under aerobic, microaerophilic and anaerobic conditions as follows.  

Sputum and BALF samples were treated for 15 minutes with Sputalysin® (Calbiochem, La Jolla, CA) in 

accordance with the manufacturer’s instructions, and serial 10-fold dilutions prepared in quarter-strength 

Ringers lactate (Oxoid, Basingstoke, UK) supplemented with 0.05% (wt/vol) L-cysteine (Sigma-

Aldrich,Dorset,UK). One hundred–microliter aliquots were spread plated onto the agars and incubated as 

indicated in the table. After incubation, the total viable counts of each distinct colony type were determined. 

For each condition (medium and aerobic and anaerobic growth), isolates of each distinct colony type were 

subcultured under the appropriate conditions and were identified by full-length 16s rRNA sequencing. 

 

Table S1: Incubation conditions for each medium and oxygen status 

Target  

organism  

  Incubation  

Media  Temp (C)  Atmosphere  Time  

Aerobes    ABA  35-37  air  2-3 days  

Microaerophiles 

e.g. Streptococci (milleri 

group),  

ABA, McKay agar 35-37  5% CO2  2-3 days  

Haemophilus influenzae  BCA  35-37  5% CO2  2-3 days  

Anaerobes  ABA, KVLB  35-37  anaerobic  5-7 days  

ABA, Anaerobe Basal Agar; BCA, Chocolate blood agar containing bacitracin; KVLB, Kanamycin-
vancomycin laked blood agar   



 
 

 

Strict anaerobes were defined as those known not to survive under atmospheric oxygen tension. Facultative 

anaerobes i.e. those able to grow under aerobic or anaerobic conditions were included as aerobic bacteria, 

as were any typical aerobic genera growing on anaerobic culture conditions e.g. Pseudomonas.  

All bacteria detected were quantified (colony forming units/gram sputum; CFU /g or CFU/mL in BAL) by 

total viable count (TVC) and identified by full length16S rRNA sequencing at a central laboratory to the 

species level. For statistical analyses genus level results are reported to allow sufficient numbers per 

group.  

 

2.4. Statistical analysis  

Multivariable logistic regression was used to test for characteristics that may predict prevalence of certain 

bacterial genera. Predictors were identified via stepwise model selection (with significance level for entry 

or staying in the model of p=0.10 and p=0.05, respectively). Potential predictors included center, gender, 

continuous age, FEV1, BMI, number of F508 del alleles, pancreatic status, and prescription of nine chronic 

medications. To include as many participants as possible, stepwise selection was also performed 

excluding characteristics with >5 participants with missing values (FEV1, BMI, and inhaled corticosteroids) 

when these factors were not selected by the initial analyses. Final models were then fit including only 

selected predictors.  

A sensitivity analysis was also conducted with significance for entry and staying in the model at p=0.1 to 

evaluate for potential important predictors with a strong odds ratio that nearly missed the p < 0.05 criteria. 

(Table S6). 

 

Analyses that included bacterial quantities were log transformed to account for non-normal distribution 

using log10(CFU/g +1), to incorporate samples with undetectable bacteria. Diversity measures included 

richness (number of counted taxa) and evenness and diversity (Shannon-Wiener index). Analyses of 

bacterial communities (network analyses and factor analysis) were conducted on sputum bacterial quantity 

for the sixteen most common genres (≥5 % of samples). By applying a filtering step prior to the generation 

of any potential co-occurrence networks, we reduced both the overall complexity of the data due to rare 

taxa, as well as the effect of false-positive correlations arising from spurious associations caused by poorly 

represented genera within the dataset. Network, co-occurrence analysis was generated by calculating all 

possible Spearman´s rank correlation coefficients () between the pairs of retained genera. The resulting 

network inference was generated by calculating all possible Spearman´s rank correlation coefficients () 

between the pairs of retained genera. Furthermore, to reduce the likelihood of potential false-positive 

and/or spurious associations between corresponding taxon pairs, correction for multiple testing was 

performed by Benjamini-Hochberg-Yekutieli false discovery rate (FDR) correction on the original p-values 



 
 

[3]. Valid co-occurrence, or mutual exclusion (negative association), between two different taxa if the 

Spearman’s correlation coefficient () were defined as both >0.2 (positive association), or <-0.2 (negative 

association), and an adjusted p<0.05. For the final reconstructed co-occurrence network; all nodes 

represent taxa classified as belonging to the same genera, with the edges (i.e., connections) 

corresponding to a significant correlation between nodes (i.e., taxa; based on  and significance according 

to the adjusted p-value). 

 

Factor analysis was conducted on quantity of the sixteen most prevalent bacteria. Factor analysis is an 

unsupervised, exploratory method that can be used to group variables into a smaller number of latent 

constructs. In this case, genera quantities were tested to obtain co-occurring genera groups, where related 

bacteria have high loading/weighting on one or more factors. The varimax rotation aligns the factor 

structure to be orthogonal, so that, as much as possible, each variable occurs in only one factor, and the 

factors are independent. Genera were assigned to a factor based on the highest magnitude of loading 

across factors. Factor analyses was conducted using JMP. Factor groups were compared for markers of 

disease severity using chi-square test for categorical and ANOVA for continuous variables to test of 

bacterial networks associated with clinical characteristics.   

 

Analyses were conducted using SAS 9.2, factor analysis was performed in JMP® Pro 12.0.1 (SAS). Graphs 

were prepared in GraphPad Prism 7.02. Co-occurrence network analyses were performed in the R 

environment (http://www.R-project.org) using vegan (version 2.4-1) and igraph (version 1.1.2) [4]. Post 

analysis and visualisation of the resulting co-occurrence network was performed within the Gephi package 

(release 0.9.1) [5].  A Spearman rank correlation coefficient () was calculated to measure the strength of 

association between different taxa, as implemented in the Hmisc (version 3.12-2) in R [6]. 

 

 

 

  

http://www.r-project.org/


 
 

RESULTS: Supplemental Tables and Figures 

 

Table S2A: Patient Demographics by site for sputum samples 
 Clinical Site  

 Overall 
N=200 
N (%) 

B 
N=75 
N (%) 

C 
N=41 
N (%) 

D 
N=84 
N (%) 

 
p values

1
 

Age(years)      

    Mean 26.1 29.1 21.5 25.7  

    Std Dev 10.5 12.2 8.6 8.7  

    Median 23.9 26.2 19.9 23.5  

    Minimum 8.3 8.3 9.1 12.4  

    Maximum 68.2 68.2 50.0 61.2  

      

Age(years) 200    0.04 

    0–<6  0 (0%) 0 (0%) 0 (0%) 0 (0%)  

    6–<13 12 (6%) 4 (5%) 6 (15%) 2 (2%)  

    13–<18 22 (11%) 6 (8%) 6 (15%) 10 (12%)  

    18–<25 75 (38%) 22 (29%) 18 (44%) 35 (42%)  

    25–<30 43 (22%) 19 (25%) 5 (12%) 19 (23%)  

    30+ 48 (24%) 24 (32%) 6 (15%) 18 (21%)  

      

Gender 200 75 41 84 0.30 

    Female 86 (43%) 29 (39%) 22 (54%) 35 (42%)  

    Male 114 (57%) 46 (61%) 19 (46%) 49 (58%)  

      

BMI 193 74 41 78 0.008 

    undernourished 24 (12%) 3 (4%) 7 (17%) 14 (18%)  

    acceptable 96 (50%) 34 (46%) 24 (58%) 38 (49%)  

    well nourished 73 (38%) 37 (50%) 10 (24%) 26 (33%)  

      

F508 del mutation 198 74 40 84 0.001 

    Homozygote 98 (49%) 29 (39%) 30 (75%) 39 (46%)  

    Heterozygote 84 (42%) 34 (46%) 10 (25%) 40 (48%)  

    None 16 (8%) 11 (15%) 0 (0%) 5 (6%)  

      

Pancreatic status 200 75 41 115 0.93 

    PI 172 (86%) 64 (85%) 35 (85%) 73 (87%)  

    PS 28 (14%) 11 (15%) 6 (15%) 11 (13%)  

 
FEV1 % predicted GLI 

192 74 38 80 0.02 

    <41% 42 (22%) 10 (14%) 5 (13%) 27 (34%)  

    41–80% 108 (56%) 48 (65%) 24 (63%) 36 (45%)  

    >80% 42 (22%) 16 (22%) 9 (24%) 17 (21%)  

      

Chronic antibiotics 154 (77%) 58 (77%) 35 (85%) 61 (73%) 0.30 

Flucloxacillin 11 (6%) 8 (11%) 0 (0%) 3 (4%) 0.03 

Azithromycin 120 (60%) 44 (59%) 32 (78%) 44 (52%) 0.02 

Inhaled antibiotics
2
 118 (60%) 42 (56%) 23 (56%) 53 (65%) 0.41 

      

Any mucolytic 174 (87%) 59 (79%) 39 (95%) 76 (90%) 0.02 

    DNAse 151 (76%) 54 (72%) 33 (41%) 64 (76%) 0.59 

    Hypertonic saline 82 (41%) 15 (20%) 26 (63%) 41 (49%) <0.0001 

      

Inhaled corticosteroids 92 (49%) 31 (41%) 36 (55%) 38 (33%)  
0.01 



 
 

      

Antacid
3
 105 (53%) 32 (43%) 26 (70%) 35 (47%) 0.01 

      

Insulin 31 (16%) 7 (9%) 6 (15%) 18 (21%) 0.12 

B=Belfast, Northern Ireland; C=Chapel Hill, USA; D=Dublin, Ireland. PS=pancreatic sufficiency. 

PI=pancreatic insufficiency. BMI=body mass index. FEV1-forced expiratory volume in 1 second expressed 

as % predicted based on GLI=global lung initiative reference values[1]. AZM=azithromycin.  

1: Comparisons across sites using chi- square, Mantel-Haenszel mean score chi-square, or Fisher’s exact 

test.  

2: tobramycin, colistin and aztreonam. 3: antacids, H2-blockers and proton pump inhibitors. 

  



 
 

Table S2B: Patient demographics by site for bronchoalveolar lavage (BAL) samples 
 

  Overall 
N=55 
N (%) 

C 
N=24 
N (%) 

D 
N=31 
N (%) 

 
p 

values
1
 

Age(years)     

    Mean 6.6 6.7 6.5  

    Std Dev 6.9 4.7 8.2  

    Median 4.0 5.0 3.9  

    Minimum 1.0 1.0 1.0  

    Maximum 33.8 15.0 33.8  
     

Age(years) 55 24 31 0.03 

    0–<6  39 (71%) 14 (58%) 25 (81%)  

    6–<13 9 (16%) 7 (29%) 2 (6%)  

    13–<18 3 (5%) 3 (13%) 0 (0%)  

    18–<25 2 (4%) 0 (0%) 2 (6%)  

    25–<30 1 (2%) 0 (0%) 1 (3%)  

    30+ 1 (2%) 0 (0%) 1 (3%)  

     

Gender 55 24 31 0.59 

    Female 29 (53%) 14 (58%) 15 (48%)  

    Male 26 (47%) 10 (42%) 16 (52%)  

     

BMI 42 24 18 0.52 

    undernourished 2 (5%) 2 (8%) 0 (0%)  

    acceptable 22 (52%) 13 (54%) 9 (50%)  

    well nourished 18 (43%) 9 (38%) 9 (50%)  

     

F508 del mutation 53 23 30 0.54 

    Homozygote 33 (62%) 15 (65%) 18 (60%)  

    Heterozygote 15 (28%) 5 (22%) 10 (33%)  

    None 5 (9%) 3 (13%) 2 (7%)  
     

Pancreatic status 55 24 31 0.12 

    PI 51 (93%)  (100%) 27 (87%)  

    PS 4 (7%) 0 (0%) 4 (13%)  
     

FEV1 % predicted GLI  
(n) 

20 13 7  

    <41% 0 (0%) 0 (0%) 0 (0%) 0.66 

    41–80% 7 (35%) 4 (31%) 3 (43%)  

    >80% 13 (65%) 9 (69%) 4 (57%)  
     

Chronic antibiotics 19 (35%) 8 (33%) 11 (35%) 1.00 

Flucloxacillin 7 (12%) 1 (4%) 6 (19%) 0.12 

Azithromycin 7 (13%) 5 (21%) 2 (6%) 0.22 

Inhaled antibiotics
2
 12 (22%) 7 (30%) 5 (16%) 0.32 

     

Any mucolytic 31 (56%) 15 (63%) 16 (52%) 0.59 

    DNAse 13 (24%) 10 (42%) 3 (10%) 0.01 

    Hypertonic saline 27 (49%) 11 (46%) 16 (52%) 0.79 

     

Inhaled corticosteroids 13 (27%) 10 (50%) 3 (10%)  
0.003 

     

Antacid
3
 24 (44%) 17 (71%) 7 (23%) .0008 



 
 

     

Insulin 3 (5%) 2 (8%) 1 (3%) 0.57 

B=Belfast, Northern Ireland; C=Chapel Hill, USA; D=Dublin, Ireland. PS=pancreatic sufficiency. 

PI=pancreatic insufficiency. BMI=body mass index. FEV1-forced expiratory volume in 1 second expressed 

as % predicted based on GLI=global lung initiative reference values [1]. AZM=azithromycin.  

1: Comparisons across sites using chi- square, Mantel-Haenszel mean score chi-square, or Fisher’s exact 

test.  

2: tobramycin, colistin and aztreonam. 3: antacids, H2-blockers and proton pump inhibitors. 

  



 
 

Table S3  Prevalence of bacterial genera across study sites  

 

Organism Total B C D p-value
1
 

N=255 N=75 N=65 N=115  

N (%) N (%) N (%) N (%)  

Any anaerobe 151 (59%) 63 (84%) 40 (62%) 48 (42%) <.001 

Any aerobe 248 (97%) 75 (100%) 62 (95%) 111 (97%) 0.180 

Streptococcus 209 (82%) 75 (100%) 45 (69%) 89 (77%) <.001 

Prevotella
 A

 129 (51%) 54 (72%) 37 (57%) 38 (33%) <.001 

Pseudomonas 120 (47%) 34 (45%) 36 (55%) 50 (43%) 0.300 

Staphylococcus 117 (46%) 41 (55%) 31 (48%) 45 (39%) 0.100 

Rothia 106 (42%) 62 (83%) 14 (22%) 30 (26%) <.001 

Actinomyces 70 (27%) 42 (56%) 8 (12%) 20 (17%) <.001 

Haemophilus 64 (25%) 29 (39%) 15 (23%) 20 (17%) 0.004 

Gemella 58 (23%) 42 (56%) 7 (11%) 9 (8%) <.001 

Veillonella
 A

 57 (22%) 32 (43%) 15 (23%) 10 (9%) <.001 

Neisseria 45 (18%) 6 (8%) 17 (26%) 22 (19%) 0.010 

Stenotrophomonas 23 (9%) 5 (7%) 8 (12%) 10 (9%) 0.500 

Lactobacillus 22 (9%) 13 (17%) 2 (3%) 7 (6%) 0.007 

Fusobacterium
 A

 19 (7%) 5 (7%) 8 (12%) 6 (5%) 0.230 

Granulicatella 14 (5%) 9 (12%) 0 (0%) 5 (4%) 0.006 

Burkholderia 13 (5%) 9 (12%) 3 (5%) 1 (<1%) 0.002 

Porphyromonas
A
 13 (5%) 4 (5%) 8 (12%) 1 (<1%) 0.002 

Capnocytophaga 9 (4%) 5 (7%) 4 (6%) 0 (0%) 0.006 

Escherichia 9 (4%) 1 (1%) 3 (5%) 5 (4%) 0.470 

Enterococcus 8 (3%) 4 (5%) 1 (2%) 3 (3%) 0.470 

Atopobium
 A

 6 (2%) 5 (7%) 0 (0%) 1 (<1%) 0.020 

Bacillus 5 (2%) 2 (3%) 2 (3%) 1 (<1%) 0.530 

Leptotrichia
 A

 5 (2%) 2 (3%) 1 (2%) 2 (2%) 0.860 

Achromobacter 4 (2%) 1 (1%) 2 (3%) 1 (<1%) 0.480 

Corynebacterium 4 (2%) 3 (4%) 0 (0%) 1 (<1%) 0.200 

Eubacterium
 A

 4 (2%) 2 (3%) 2 (3%) 0 (0%) 0.120 

Parvimonas
 A

 4 (2%) 1 (1%) 1 (2%) 2 (2%) 1.000 

Peptostreptococcus
 A

 4 (2%) 1 (1%) 2 (3%) 1 (<1%) 0.480 

Propionibacterium
 A

 4 (2%) 3 (4%) 0 (0%) 1 (<1%) 0.200 

Aggregatibacter  3 (1%) 3 (4%) 0 (0%) 0 (0%) 0.040 

Moraxella 3 (1%) 2 (3%) 0 (0%) 1 (<1%) 0.460 

Abiotrophia 2 (<1%) 0 (0%) 1 (2%) 1 (<1%) 0.730 

Actinobacillus 2 (<1%) 2 (3%) 0 (0%) 0 (0%) 0.150 

Bordetella 2 (<1%) 1 (1%) 0 (0%) 1 (<1%) 1.000 

Brevibacterium 2 (<1%) 1 (1%) 0 (0%) 1 (<1%) 1.000 

Campylobacter 2 (<1%) 1 (1%) 1 (2%) 0 (0%) 0.300 

Cardiobacterium 2 (<1%) 2 (3%) 0 (0%) 0 (0%) 0.150 

Enterobacter 2 (<1%) 0 (0%) 2 (3%) 0 (0%) 0.060 

Kocuria 2 (<1%) 2 (3%) 0 (0%) 0 (0%) 0.150 

Megasphaera
 A

 2 (<1%) 0 (0%) 1 (2%) 1 (<1%) 0.730 

Micrococcus 2 (<1%) 1 (1%) 0 (0%) 1 (<1%) 1.000 

Mogibacterium
 A

 2 (<1%) 0 (0%) 2 (3%) 0 (0%) 0.060 

Ralstonia 2 (<1%) 0 (0%) 1 (2%) 1 (<1%) 0.730 

Acinetobacter 1 (<1%) 0 (0%) 1 (2%) 0 (0%) 0.250 



 
 

Aerococcus 1 (<1%) 0 (0%) 0 (0%) 1 (<1%) 1.000 

Alloscardovia 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Cronobacter 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Cryptobacterium
 A

 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Dermacoccus 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Eikenella 1 (<1%) 0 (0%) 1 (2%) 0 (0%) 0.250 

Mycobacterium 1 (<1%) 0 (0%) 1 (2%) 0 (0%) 0.250 

Olsenella
 A

 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Peptoniphilus
 A

 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Proteus 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Selenomonas
 A

 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Shuttleworthi
 A

  1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

Solobacterium
 A

 1 (<1%) 1 (1%) 0 (0%) 0 (0%) 0.550 

B=Belfast, Northern Ireland; C=Chapel Hill, USA; D=Dublin, Ireland. Genera are sorted by overall 

prevalence. A denotes obligate anaerobe.  

1: Comparison between sites was by Fisher's exact test. 

 

  



Table S4: Species level prevalence across all sites 

   Species 

Total n=255  Total n=255 

N (%)       Species     N (%) 

Any aerobe 248 (97%) 

Any anaerobe 151 (59%) 

Abiotrophia defectiva 2 (<1%) Leptotrichia buccalis 1 (<1%) 

Achromobacter spanius 1 (<1%) Leptotrichia goodfellowii 1 (<1%) 

Achromobacter xylosoxidans 3 (1%) Leptotrichia spp. 1 (<1%) 

Acinetobacter baumannii 1 (<1%) Leptotrichia wadei 3 (1%) 

Actinobacillus minor 2 (<1%) Megasphaera micronuciformis 2 (<1%) 

Actinomyces graevenitzii 8 (3%) Micrococcus luteus 2 (<1%) 

Actinomyces linginae 1 (<1%) Mogibacterium neglectum 2 (<1%) 

Actinomyces massiliensis 1 (<1%) Moraxella catarrhalis 3 (1%) 

Actinomyces meyeri 3 (1%) Mycobacterium abscessus 1 (<1%) 

Actinomyces naeslundii 21 (8%) Neisseria lactamica 2 (<1%) 

Actinomyces odontolyticus 40 (16%) Neisseria polysaccharea 5 (2%) 

Actinomyces oris 2 (<1%) Neisseria subflava 42 (16%) 

Actinomyces viscosus 14 (5%) Olsenella profusa 1 (<1%) 

Aerococcus urinaeequi 1 (<1%) Parvimonas micra 4 (2%) 

Aggregatibacter aphrophilus 3 (1%) Peptoniphilus lacrimalis 1 (<1%) 

Alloscardovia omnicolens 1 (<1%) Peptostreptococcus stomatis 4 (2%) 

Atopobium parvulum 3 (1%) Porphyromonas catoniae 10 (4%) 

Atopobium rimae 3 (1%) Porphyromonas uenonis 3 (1%) 

Bacillus cereus 1 (<1%) Prevotella bivia 1 (<1%) 

Bacillus infantis 1 (<1%) Prevotella buccae 1 (<1%) 

Bacillus simplex 1 (<1%) Prevotella denticola 10 (4%) 

Bacillus spp. 1 (<1%) Prevotella disiens 1 (<1%) 

Bacillus subtilis 1 (<1%) Prevotella histicola 59 (23%) 

Bordetella hinzii 1 (<1%) Prevotella loescheii 3 (1%) 

Bordetella petrii 1 (<1%) Prevotella melaninogenica 67 (26%) 

Brevibacterium frigoritolerans 1 (<1%) Prevotella nanceiensis 12 (5%) 

Brevibacterium sanguinis 1 (<1%) Prevotella nigrescens 19 (7%) 

Burkholderia cenocepacia 2 (<1%) Prevotella oralis 1 (<1%) 

Burkholderia cepacia 2 (<1%) Prevotella oris 4 (2%) 

Burkholderia diffusa 1 (<1%) Prevotella pallens 9 (4%) 

Burkholderia gladioli 1 (<1%) Prevotella salivae 20 (8%) 

Burkholderia lata 1 (<1%) Prevotella tannerae 1 (<1%) 

Burkholderia latens 1 (<1%) Prevotella veroralis 4 (2%) 

Burkholderia multivorans 6 (2%) Propionibacterium acidifaciens 3 (1%) 

Burkholderia plantarii 1 (<1%) Propionibacterium acnes 1 (<1%) 

Burkholderia vietnamiensis 1 (<1%) Proteus mirabilis 1 (<1%) 



 
 

Campylobacter showae 2 (<1%) Pseudomonas aeruginosa 117 (46%) 

Capnocytophaga gingivalis 3 (1%) Pseudomonas beteli 1 (<1%) 

Capnocytophaga ochracea 3 (1%) Pseudomonas geniculata 2 (<1%) 

Capnocytophaga spp. 1 (<1%) Pseudomonas hibiscicola 1 (<1%) 

Capnocytophaga sputigena 2 (<1%) Ralstonia mannitolilytica 2 (<1%) 

Cardiobacterium hominis 2 (<1%) Rothia aeria 15 (6%) 

Corynebacterium coyleae 1 (<1%) Rothia dentocariosa 71 (28%) 

Corynebacterium diphtheriae 1 (<1%) Rothia mucilaginosa 58 (23%) 

Corynebacterium minutissimum 1 (<1%) Selenomonas artemidis 1 (<1%) 

Corynebacterium propinquum 1 (<1%) Shuttleworthia satelles 1 (<1%) 

Cronobacter sakazakii 1 (<1%) Solobacterium moorei 1 (<1%) 

Cryptobacterium curtum 1 (<1%) Staphylococcus aureus 97 (38%) 

Dermacoccus nishinomiyaensis 1 (<1%) Staphylococcus capitis 2 (<1%) 

Eikenella corrodens 1 (<1%) Staphylococcus caprae 1 (<1%) 

Enterobacter hormaechei 2 (<1%) Staphylococcus epidermidis 15 (6%) 

Enterococcus faecalis 7 (3%) Staphylococcus haemolyticus 2 (<1%) 

Enterococcus faecium 1 (<1%) Staphylococcus hominis 3 (1%) 

Escherichia coli 1 (<1%) Staphylococcus lugdunensis 1 (<1%) 

Escherichia flexneri 8 (3%) Staphylococcus pasteuri 1 (<1%) 

Eubacterium brachy 2 (<1%) Stenotrophomonas maltophilia 23 (9%) 

Eubacterium saburreum 2 (<1%) Streptococcus agalactiae 4 (2%) 

Fusobacterium gonidiaformans 1 (<1%) Streptococcus anginosus 55 (22%) 

Fusobacterium nucleatum 10 (4%) Streptococcus australis 14 (5%) 

Fusobacterium periodonticum 8 (3%) Streptococcus constellatus 6 (2%) 

Gemella elegans 1 (<1%) Streptococcus cristatus 4 (2%) 

Gemella haemolysans 33 (13%) Streptococcus dysgalactiae 1 (<1%) 

Gemella morbillorum 2 (<1%) Streptococcus gordonii 15 (6%) 

Gemella sanguinis 28 (11%) Streptococcus infantis 18 (7%) 

Gemella spp. 1 (<1%) Streptococcus intermedius 13 (5%) 

Granulicatella adiacens 11 (4%) Streptococcus mitis 116 (45%) 

Granulicatella elegans 3 (1%) Streptococcus mutans 7 (3%) 

Haemophilus aegyptius 9 (4%) Streptococcus oralis 14 (5%) 

Haemophilus influenzae 23 (9%) Streptococcus parasanguinis 50 (20%) 

Haemophilus parahaemolyticus 1 (<1%) Streptococcus peroris 1 (<1%) 

Haemophilus parainfluenzae 39 (15%) Streptococcus pneumoniae 3 (1%) 

Haemophilus 
paraphrohaemolyticus 

2 (<1%) Streptococcus 
pseudopneumoniae 

23 (9%) 

Haemophilus pittmaniae 4 (2%) Streptococcus pyogenes 2 (<1%) 

Haemophilus segnis 1 (<1%) Streptococcus salivarius 131 (51%) 

Kocuria rhizophila 2 (<1%) Streptococcus sanguinis 45 (18%) 

Lactobacillus casei 1 (<1%) Streptococcus spp. 2 (<1%) 

Lactobacillus crispatus 1 (<1%) Streptococcus vestibularis 5 (2%) 

Lactobacillus gasseri 4 (2%) Streptococcus warneri 1 (<1%) 

Lactobacillus gastricus 1 (<1%) Veillonella atypica 18 (7%) 



 
 

Lactobacillus paracasei 5 (2%) Veillonella dispar 27 (11%) 

Lactobacillus pentosus 1 (<1%) Veillonella parvula 9 (4%) 

Lactobacillus rhamnosus 6 (2%) Veillonella rogosae 4 (2%) 

Lactobacillus salivarius 3 (1%) Veillonella spp. 6 (2%) 

Lactobacillus zeae 1 (<1%)   

Species are sorted alphabetically by genus name.  

 

  



 
 

Table S5: Prevalence by age of genera present in ≥5% of BAL and sputum samples 

 

Genus Total 

N=255 

0-<6 

N=39 

6-<13 

N=21 

13-<18 

N=25 

18-<25 

N=77 

25-<30 

N=44 

30+ 

N=49 

p-value 

Over all* 

N (%) N (%) N (%) N (%) N (%) N (%) N (%)   

Any aerobe 248 (97%) 35 (90%) 21 (100%) 25 (100%) 76 (99%) 43 (98%) 48 (98%) 0.07 

Any anaerobe 151 (59%) 12 (31%) 13 (62%) 16 (64%) 42 (55%) 31 (70%) 37 (76%) <.001 

Streptococcus 209 (82%) 22 (56%) 15 (71%) 19 (76%) 64 (83%) 42 (95%) 47 (96%) <.001 

Prevotella
 A

 129 (51%) 8 (21%) 12 (57%) 13 (52%) 41 (53%) 28 (64%) 27 (55%) 0.001 

Pseudomonas 120 (47%) 11 (28%) 4 (19%) 13 (52%) 45 (58%) 23 (52%) 24 (49%) 0.005 

Staphylococcus 117 (46%) 10 (26%) 12 (57%) 16 (64%) 36 (47%) 23 (52%) 20 (41%) 0.35 

Rothia 106 (42%) 8 (21%) 6 (29%) 12 (48%) 30 (39%) 25 (57%) 25 (51%) <.001 

Actinomyces 70 (27%) 7 (18%) 4 (19%) 5 (20%) 23 (30%) 14 (32%) 17 (35%) 0.03 

Haemophilus 64 (25%) 13 (33%) 9 (43%) 3 (12%) 16 (21%) 13 (30%) 10 (20%) 0.15 

Gemella 58 (23%) 2 (5%) 3 (14%) 5 (20%) 21 (27%) 10 (23%) 17 (35%) <.001 

Veillonella
 A

 57 (22%) 4 (10%) 4 (19%) 5 (20%) 15 (19%) 9 (20%) 20 (41%) 0.002 

Neisseria 45 (18%) 14 (36%) 6 (29%) 5 (20%) 11 (14%) 5 (11%) 4 (8%) <.001 

Stenotrophomonas 23 (9%) 1 (3%) 4 (19%) 3 (12%) 5 (6%) 3 (7%) 7 (14%) 0.37 

Lactobacillus 22 (9%) 0 (0%) 0 (0%) 3 (12%) 7 (9%) 6 (14%) 6 (12%) 0.01 

Fusobacterium
 A

 19 (7%) 2 (5%) 1 (5%) 3 (12%) 7 (9%) 3 (7%) 3 (6%) 0.87 

Granulicatella 14 (5%) 1 (3%) 0 (0%) 1 (4%) 8 (10%) 2 (5%) 2 (4%) 0.47 

Burkholderia 13 (5%) 0 (0%) 1 (5%) 0 (0%) 4 (5%) 3 (7%) 5 (10%) 0.02 

Porphyromonas
 A

 13 (5%) 2 (5%) 2 (10%) 2 (8%) 3 (4%) 2 (5%) 2 (4%) 0.51 

BAL=bronchoalveolar lavage. * p-values indicating differences across age groups were computed using a 

Mantel-Haenszel mean score Chi-Square test. A denotes obligate anaerobes. 

  



 
 

Table S6: Odds ratios from logistic regression models of bacterial prevalence in sputum – less 

stringent criteria 

 

Variab

les 

includ

ed in 

the full 

model 

were: 

gende

r, age, 

site, 

FEV1 

and 

BMI 

as 

catego

ries (as in Figure 2), F508 del, pancreatic status, chronic use of flucloxacillin, azithromycin, inhaled 

antibiotics, DNase, hypertonic saline, corticosteroids and antacids.   “ – “ indicates these variables were 

not selected for the final model because they were not significant predictors as determined by stepwise 

model selection. Odds Ratios that are significant are clarified by bold font.  

  

 Anaerobes 

N=197 

Haemophilus 

N=197 

Staphylococcus 

N=200 

Pseudomonas 

N=187 

F508 del (1 vs 0) -- -- -- 8.41 (1.01, 70.26) 

F508 del (2 vs 0) -- -- -- 22.67 

(2.70,190.55) 

Pancreatic insuf.  0.16 (0.03, 0.72) -- -- -- 

FEV1 (1 vs 3) -- -- -- 0.37 (0.11, 1.23)  

FEV1 (2 vs 3) -- -- -- 1.03 (0.40, 2.64) 

Azithromycin 0.49 (0.23, 1.03) 0.44 (0.19, 1.01) 0.34 (0.19, 0.62) 2.16 (1.00, 4.69) 

Hypertonic saline  0.40 (0.16, 0.99)   

Inhaled antibiotics -- 0.25 (0.11, 0.56) -- 5.25 (2.33, 11.84) 

Insulin 0.43 (0.18, 1.04) -- -- -- 

Center C vs. B 0.66 (0.25, 1.75) 0.58 (0.20, 1.64) -- -- 

Center D vs. B 0.16 (0.07, 0.37) 0.20 (0.08, 0.51) -- -- 



 
 

Figure S1A: Ratio of anaerobic CFU to aerobic CFU in BAL and SPU across age groups.  

 
Ratio of total viable count (CFU) (anaerobe+1)/ (aerobe+1) was calculated for each sample. Comparisons 

by ANOVA and pairwise comparisons controlling for multiple comparisons (Tukey-Kramer) did not show 

differences between age groups. Red markers indicate BAL samples, black markers sputum.   

 

Figure S1B: Bacterial diversity in bronchoalveolar lavage (BAL) and sputum samples by age 

sextiles that reflect clinical progression 

 
 

Each sample is represented by a circle. The vertical line indicates bronchoalveolar lavage (BAL) to the left 

and sputum samples to the right. Box indicates 25–75 quartiles with horizontal lines indicating the median. 

Whiskers are 1.5 times the interquartile range.   



 
 

Figure S2: Bacterial richness and diversity across study sites 

a)  

 
b)  

 
Each sample is represented by a circle. Box indicates 25-75 quartiles with horizontal lines indicating the 

median. Whiskers are 1.5 times the interquartile range. Richness: Number of all anaerobic and aerobic 

genera detected at any colony forming unit per sample.  

a) For sputum samples (n=200), richness differed significantly between all sites (p<0.001). Shannon-

Wiener diversity trended higher at Belfast than UNC (p=0.05). b) For bronchoalveolar lavage samples 

(n=55), neither richness nor diversity differed by site (p=8.7 and 0.76, respectively). B=Belfast, C=UNC, D-

Dublin.  

 



 
 

Table S6 – The 16 most prevalent genera by sample type and site: 

 

          

          

Organism Total 
 BAL 
N=55 

C 
BAL 
N=24 

D 
BAL 
N=31 

P-value 
BAL 

1
 

Total  
Sputum 
N=200 

B  
Sputum 

N=75 

C 
Sputum 

N=41 

D 
Sputum 

N=84 

P-value 
Sputum 

1
 

N (%) N (%) N (%)   N (%) N (%) N (%) N (%)   

Any aerobe 51 (93%) 21 (88%) 30 (97%) 0.31 197 (99%) 75 (100%) 41 
(100%) 

81 (96%) 0.23 

Any anaerobe 17 (31%) 9 (38%) 8 (26%) 0.39 134 (67%) 63 (84%) 31 (76%) 40 (48%) <.001 

Streptococcus 28 (51%) 9 (38%) 19 (61%) 0.11 181 (91%) 75 (100%) 36 (88%) 70 (83%) <.001 

Prevotella
A
 13 (24%) 8 (33%) 5 (16%) 0.2 116 (58%) 54 (72%) 29 (71%) 33 (39%) <.001 

Pseudomonas 15 (27%) 7 (29%) 8 (26%) 1 105 (53%) 34 (45%) 29 (71%) 42 (50%) 0.03 

Staphylococcus 18 (33%) 10 (42%) 8 (26%) 0.26 99 (50%) 41 (55%) 21 (51%) 37 (44%) 0.4 

Rothia 11 (20%) 4 (17%) 7 (23%) 0.74 95 (48%) 62 (83%) 10 (24%) 23 (27%) <.001 

Actinomyces 8 (15%) 3 (13%) 5 (16%) 1 62 (31%) 42 (56%) 5 (12%) 15 (18%) <.001 

Haemophilus 18 (33%) 7 (29%) 11 (35%) 0.77 46 (23%) 29 (39%) 8 (20%) 9 (11%) <.001 

Gemella 2 (4%) 1 (4%) 1 (3%) 1 56 (28%) 42 (56%) 6 (15%) 8 (10%) <.001 

Veillonella
A
 5 (9%) 3 (13%) 2 (6%) 0.64 52 (26%) 32 (43%) 12 (29%) 8 (10%) <.001 

Neisseria 18 (33%) 6 (25%) 12 (39%) 0.39 27 (14%) 6 (8%) 11 (27%) 10 (12%) 0.02 

Stenotrophomonas 5 (9%) 4 (17%) 1 (3%) 0.16 18 (9%) 5 (7%) 4 (10%) 9 (11%) 0.69 

Lactobacillus 0 (0%) 0 (0%) 0 (0%)  22 (11%) 13 (<1%) 2 (5%) 7 (8%) 0.08 

Fusobacterium
A
 3 (5%) 1 (4%) 2 (6%) 1 16 (8%) 5 (7%) 7 (17%) 4 (5%) 0.07 

Granulicatella 2 (4%) 0 (0%) 2 (6%) 0.5 12 (6%) 9 (12%) 0 (0%) 3 (4%) 0.02 

Burkholderia 0 (0%) 0 (0%) 0 (0%)  13 (5%) 9 (12%) 3 (<1%) 1 (1%) 0.01 

Porphyromonas
A
 3 (5%) 2 (8%) 1 (3%) 0.57 10 (5%) 4 (5%) 6 (15%) 0 (0%) 0.001 

Sixteen genera had a mean prevalence of ≥5% across study sites in sputum. Genera are sorted by overall prevalence in sputum. 

B=Belfast, Northern Ireland; C=Chapel Hill, USA; D=Dublin, Ireland. BAL= Bronchoalveolar Lavage. A
 indicates obligate anaerobe 

genera.  1 Comparison between sites was by Fisher's exact test.  

 

  



 
 

Figure S3: Bacterial quantity for 16 most prevalent genera as total viable counts in a) sputum and b) bronchoalveolar lavage 

(BAL) for each site.  
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Legend Figure S3: Bars indicate the mean and error bars SEM. N=200 for sputum and 55 for bronchoalveolar lavage (BAL).  

  



 
 

Figure S4: Ratio of bacterial density of anaerobe to aerobe colony forming units   

 

 
Ratio of total viable count (anaerobe+1)/total viable count (aerobe+1) was calculated for each sample. Comparison by ANOVA after 

log(10) transformation. Significant differences were seen by pancreatic and nutritional status but not lung function (FEV1 categories 

are 1: <40% predicted; 2: 40–80%; 3: >80%). PI=pancreatic insufficiency. PS=pancreatic sufficiency. Body mass index (BMI) 

categories are 1 - poor nutritional status; 2 - adequate; 3 - well-nourished.
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