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Some of the results of these studies have been previously reported in the form of an 

abstract (Caverly LJ, Zimbric M, LiPuma JJ.  Airway microbiota changes preceding NTM 

infection differ by NTM disease status. Pediatric Pulmonology 2017;52(47)). 



 
 
 

Abstract 

Rationale: Pulmonary infections with nontuberculous mycobacteria (NTM) are 

increasingly prevalent in people with cystic fibrosis (CF).  Clinical outcomes following 

NTM acquisition are highly variable, ranging from transient self-resolving infection to 

NTM pulmonary disease associated with significant morbidity.    Relationships between 

airway microbiota and variability of NTM outcomes in CF are unclear. 

Objective: Identify features of CF airway microbiota associated with outcomes of NTM 

infection.    

Methods: One-hundred eighty-eight sputum samples, obtained from 24 subjects with 

CF, each with three or more samples collected from 3.5 years prior to, and up to six 

months following incident NTM infection, were selected from a sample repository.  

Sputum DNA underwent bacterial 16S rRNA gene sequencing.  Airway microbiota were 

compared based on the primary outcome, a diagnosis of NTM pulmonary disease, 

using Wilcoxon rank-sum testing, autoregressive integrated moving average modeling, 

and network analyses. 

Measurements and Main Results: Subjects with and without NTM pulmonary disease 

were similar in clinical characteristics, including age and lung function at the time of 

incident NTM infection.  Time series analyses of sputum samples prior to incident NTM 

infection identified positive correlations between Pseudomonas, Streptococcus, 

Veillonella, Prevotella, and Rothia with diagnosis of NTM pulmonary disease, and with 

persistent NTM infection.  Network analyses identified differences in clustering of taxa 

between subjects with and without NTM pulmonary disease, and between subjects with 

persistent vs transient NTM infection. 



 
 
 

Conclusions: CF airway microbiota prior to incident NTM infection are associated with 

subsequent outcomes, including diagnosis of NTM pulmonary disease, and persistence 

of NTM infection.  Associations between airway microbiota and NTM outcomes 

represent targets for validation as predictive markers and for future therapies.  

Abstract work count: 249 

  



 
 
 

Introduction 

Nontuberculous mycobacterial (NTM) infections, particularly with Mycobacterium avium 

complex and Mycobacterium abscessus complex species, affect approximately one-

quarter of people with cystic fibrosis (CF), and are increasing in prevalence (1, 2).  

Outcomes of NTM infection in CF are highly variable, resulting in NTM pulmonary 

disease (3, 4) (i.e., clinical decline attributed to NTM infection) in approximately one-

third of cases (5).  In the other two-thirds of cases, NTM infection is either transient, or 

persistent in the airways without associated clinical decline (5).  Mechanisms underlying 

the variability in clinical outcomes of NTM infection are unclear, and predictors of NTM 

pulmonary disease at the time of initial NTM infection are lacking. 

In non-CF populations, culture-independent studies of respiratory samples have 

identified positive associations between certain oral-associated microbiota (e.g., 

Prevotella) and NTM infection (6, 7), as well as positive associations between the 

relative abundance of Prevotella and adverse outcomes of NTM infection, including 

chest imaging abnormalities (6) and levels of inflammation (7).  One proposed 

mechanism for oral-associated microbiota influencing susceptibility to NTM infection 

includes inhibition of host response to mycobacteria by short chain fatty acids produced 

through anaerobic metabolism (8).  While the role of oral-associated microbiota in NTM 

infection in CF are unclear, these taxa are prevalent in CF airways (9), and are 

associated with adverse outcomes, including pulmonary exacerbation (10, 11) and 

inflammation (12, 13) in (non-NTM infected) people with CF.  

We hypothesized that oral-associated microbiota in CF airways are related to the 

variability of clinical outcomes of NTM infection in people with CF.  To test this 



 
 
 

hypothesis, we performed a retrospective medical record review and analyzed CF 

sputum samples that had been collected prior to incident NTM infection to identify 

features of airway microbiota associated with clinical and microbiological outcomes 

within the first year following infection.   

 

Methods 

Subjects and sputum sample repository  

Under approval from the Michigan Medicine Institutional Review Board, sputum 

samples had been previously collected through the course of routine clinical care 

between the years 2000- 2015, and stored at -80oC until the time of DNA extraction.  

Subjects were selected who had a diagnosis of CF, and from whom three or more 

sputum samples were available that had been collected prior to, and up until six months 

following, their incident NTM infection (i.e., their first NTM positive culture).  Subjects 

were excluded if their incident NTM infection occurred following organ transplantation or 

if the only NTM species identified was Mycobacterium gordonae.  

In order to assess outcomes following incident NTM infection, clinical data, 

including culture data for acid fast bacilli (AFB) and CF pathogens, during one year prior 

to and one year following incident NTM infection were extracted from the Michigan 

Medicine electronic medical record.  Cultures for AFB and CF pathogens were 

performed by the Michigan Medicine clinical microbiology laboratory.  The clinical 

variables selected were those known to be associated with differences in airway 

microbiota and/or severity of CF lung disease (see additional details in Supplemental 

Methods).  The primary (clinical) outcome was a physician-defined diagnosis of NTM 



 
 
 

pulmonary disease (i.e., physician determined that ATS/IDSA clinical, microbiologic, 

and/or radiologic criteria for NTM pulmonary disease (3, 4) were met, and initiated anti-

mycobacterial treatment) within the year following incident NTM infection.  In each case, 

the physician diagnosis of NTM pulmonary disease was confirmed through review of 

provider documentation and verification of prescription of anti-mycobacterial treatment. 

Secondary (microbiological) outcomes were persistent NTM infection (defined as ≥ 2 

respiratory cultures positive for the same NTM species within one year following 

incident NTM infection, whether or not NTM pulmonary disease was diagnosed) or 

transient NTM infection (defined as a single respiratory culture positive for NTM, with ≥ 

1 subsequent negative AFB culture) (5).       

Sputum microbial community measures 

Full methods are included in the supplemental materials. In brief, stored sputum 

samples were thawed on ice, homogenized, and DNA was extracted as previously 

described (14).  Sequencing of the V4 region of the bacterial 16S rRNA gene was 

performed by the University of Michigan Microbial Systems Molecular Biology 

Laboratory as previously described (15).  Mock community DNA was sequenced to 

determine sequencing error rates.  Water controls were included to assess for PCR 

contamination, and reagent controls were sequenced to assess for DNA contamination 

of sputum samples.  Raw sequencing data are available at NCBI (BioProject 

PRJNA594304). 

The raw DNA sequences were processed using mothur (1.40.4) (16) and the 

MiSeq SOP (accessed 2018-10-17).  Briefly, after discarding low quality and chimeric 

sequences, sequences were assigned to taxonomy against the SILVA database 



 
 
 

(release 132) using the RDP Bayesian Classifier and clustered into operational 

taxonomic units (OTUs) based on 97% similarity using the optiClust algorithm (17).  

Data were rarified for calculation of alpha diversity measures.   

Total bacterial load was quantified on all sputum samples and reagent control 

DNA extractions using droplet digital PCR (ddPCR; Bio-Rad QX200 AutoDG Droplet 

Digital PCR System, Bio-Rad, Hercules, CA) with primers and a modified probe 

targeting conserved regions of the bacterial 16S rRNA gene (18).  Full ddPCR methods 

are included in the supplemental materials.     

Data analyses  

Clinical and demographic data were compared between subjects with and without NTM 

disease.  P-values were calculated with Boschloo’s exact test in the R package “Exact” 

for binomial variables (19), the Fisher-Freeman-Halton test with mid-p correction from 

the R package “epitools” for nominal variables (20), and Wilcoxon’s rank-sum test in 

base R for numeric variables (21).  The base R wilcox.test function was used for 

Wilcoxon rank-sum testing of microbiome features (cross-sectional and longitudinal 

relative abundances of OTUs, alpha diversity measures, and total bacterial load) and 

percent predicted forced expiratory volume in one second (ppFEV1) between NTM 

outcome groups.  

Time series data of OTU relative abundances values were analyzed with an 

autoregressive integrated moving averages (ARIMA) model as described by Ridenhour 

et al. (22).  In brief, this particular ARIMA model uses a Poisson regression to estimate 

interactions between taxa in time series data.  The correlation matrices for the ARIMA 

models were made with the R package corrplot.  The network graphs were generated 



 
 
 

from the ARIMA model outputs, using igraph in R.  Full ARIMA methods are included in 

supplemental materials. 

Sputum DNA extraction protocol, mothur command file, ddPCR data, deidentified 

clinical data, sample IDs and OTU table, and code for analyses and figures are 

available at https://github.com/caverlyl/CF_NTM_microbiome. 

 

Results 

Subject clinical features 

Twenty-four subjects from whom three or more sputum samples (N=188) were available 

were included.  A mean of 7.8 samples per subject (range 3-19 samples per subject) 

were available for study, and samples ranged from 3.5 years prior to, and up to six 

months following incident NTM infection (Supplemental Figure 1).  The number of 

samples per subject, and the clinical state of the subjects (defined in the Supplemental 

Methods) at the times of sample collection did not differ between subjects in whom NTM 

pulmonary disease ultimately was or was not diagnosed (Table 1).   

Eight of the 24 subjects (33%) were ultimately diagnosed with NTM pulmonary 

disease and started on anti-mycobacterial antibiotics within one year of incident NTM 

infection.  Overall, at the time of incident infection, subjects subsequently diagnosed 

with NTM pulmonary disease did not differ in age, lung function (ppFEV1), prevalence of 

CF pathogens in respiratory cultures, and use of chronic (i.e, thrice weekly oral 

azithromycin or alternating months of inhaled antibiotics) or episodic (i.e., antibiotic 

course prescribed to treat pulmonary exacerbation) antibiotics compared to those who 

were not subsequently diagnosed with NTM pulmonary disease (Table 2).  None of the 

https://github.com/caverlyl/CF_NTM_microbiome


 
 
 

subjects had multiple NTM species present at the time of incident infection.  During the 

study period, none of the subjects received CFTR modulator therapy, and none of the 

subjects was diagnosed with allergic bronchopulmonary aspergillosis.  Among the 23 

subjects from whom follow-up AFB cultures were available to determine microbiologic 

outcomes (Supplemental Figure 1), eight (35%) had persistent NTM infection (six of 

these were diagnosed with NTM pulmonary disease), whereas 15 had transient NTM 

infection.   

DNA sequencing controls 

Sequencing error rates based on analyses of mock communities ranged from 0.000177 

to 0.00413.  Total bacterial load of sputum sample DNA extractions was ~104 greater 

than the bacterial load of reagent control DNA extractions (Supplemental Figure 2).  

Rank abundance plots of reagent controls showed minimal overlap between the top 

OTUs found in reagent controls with the OTUs found in the sputum samples 

(Supplemental Figure 3).   

Six of the AFB culture-positive samples from subjects at the time of incident NTM 

infection were available for study inclusion (Supplemental Figure 1).  Only one of these 

AFB culture-positive samples (16.7%) had OTUs identified as Mycobacteria; this 

sample was also the only smear positive sample.  Mycobacteria OTUs were additionally 

identified in five samples (that were either AFB culture negative, or AFB culture was not 

performed) from four subjects collected prior to their incident NTM infection.  One of 

these five samples was collected within a month of the subject’s incident NTM infection, 

and the other four were collected between one and three years prior to the subjects’ 



 
 
 

incident NTM infection.  When present, the relative abundance of Mycobacteria OTUs 

averaged 0.044% (range 0.0028% to 0.14%). 

Microbiome features associated with NTM outcomes 

Cross-sectional features of the microbiota in sputum samples obtained from all subjects 

closest in time to their incident NTM infection, and longitudinal bacterial community 

features (linear regression slopes) in serial samples from individuals were compared 

between subjects with and without NTM pulmonary disease, and between subjects with 

transient vs persistent NTM infection.  Subjects subsequently diagnosed with NTM 

pulmonary disease had an overall increasing relative abundance of Rothia across serial 

samples leading up to their incident NTM infection (slope of regression line > 0), 

whereas subjects not diagnosed with NTM pulmonary disease had an overall 

decreasing relative abundance of Rothia (slope of regression line < 0) (p=0.027, Figure 

1A).  Persistent NTM infection was significantly associated with a greater relative 

abundance of Rothia at the time of incident NTM infection (p=0.005, Figure 1B).  

Persistent NTM infection was also significantly associated with greater relative 

abundances of Prevotella (p=0.02, Figure 1C) and Veillonella (p=0.4, Figure 1E) at the 

time of incident NTM infection, as well as an increasing relative abundance of 

Fusobacterium in the longitudinal samples (p=0.02, Figure 1D).  Complete results of 

Wilcoxon rank-sum testing for all features across both clinical and microbiologic 

outcomes are listed in Supplemental Tables 1 and 2, respectively.  Neither total 

bacterial load of samples, or ppFEV1, significantly differed between either of the 

outcome groups. 



 
 
 

To evaluate relationships between changes in OTU relative abundances over 

time leading up to incident NTM infection and subsequent NTM outcomes, the outcome 

variables (NTM pulmonary disease, or persistent NTM infection) were first forced into 

their respective ARIMA models for each OTU.  OTUs positively correlated with both 

NTM pulmonary disease and persistent NTM infection in these models included 

Pseudomonas, Streptococcus, Veillonella, Prevotella, and Rothia (Table 3).  OTUs 

negatively correlated with both NTM pulmonary disease and persistent NTM infection 

included Staphylococcus, Gemella, and Stenotrophomonas.  The direction of the 

correlation coefficients was generally consistent across the two outcomes, with the 

notable exception of Achromobacter (OTU0010), which was positively associated with 

NTM disease, but negatively associated with persistent NTM infection.  This difference 

in direction of the effect between the two NTM outcomes was related to the low 

prevalence of Achromobacter (Table 2), but high relative abundance when present.  

Microbial community networks   

An ARIMA model that included all subjects and samples was first used to model the 

bacterial community network of the entire cohort (Supplemental Figure 4).  This network 

revealed interactions between traditional CF pathogens (i.e., Pseudomonas, 

Staphylococcus, Stenotrophomonas, Achromobacter) and oral-associated taxa (e.g., 

Prevotella, Rothia, Veillonella, Streptococcus).  ARIMA models were then run 

separately for each outcome group and visualized as microbial community networks 

(Figures 2 and 3).  Subjects with NTM pulmonary disease had more significant 

relationships between OTUs as evidenced by the increased number of nodes, and 

increased number of edges between node clusters in the network when compared to 



 
 
 

subjects without NTM pulmonary disease (modularity scores of 0.169 and 0.182, 

respectively).  Similarly, subjects with persistent NTM infection had increased number of 

nodes, and increased number of edges between node clusters in the network when 

compared to subjects with transient NTM infection (modularity scores of 0.111 and 

0.293, respectively).  The increased taxa connectedness observed in subjects with NTM 

pulmonary disease and in subjects with persistent NTM infection suggest that these 

NTM outcomes occur in subjects with less stable microbial communities, in which 

perturbing one OTU is more likely to affect other community members. 

 

Discussion  

The causes of the observed variability in clinical course of NTM infection in people with 

CF, with approximately one third of individuals receiving a subsequent diagnosis of 

NTM pulmonary disease (5), are largely unknown, and predictors of NTM pulmonary 

disease are lacking.  In this study, we observed significant differences in microbiota in 

sputum samples obtained prior to incident NTM infection between subject groups based 

on subsequent clinical and microbiologic outcomes.  More specifically, time series 

modeling of samples from periods leading up to incident NTM infection identified 

associations between increasing relative abundances of certain taxa, including 

Pseudomonas, Streptococcus, Veillonella, Prevotella, and Rothia, with a subsequent 

diagnosis of NTM pulmonary disease, and with persistent NTM infection.  Negative 

correlations between certain taxa, including Staphylococcus, Gemella, 

Stenotrophomonas, and a subsequent diagnosis of NTM pulmonary disease, and with 

persistent NTM infection, were also observed, and generate further hypotheses 



 
 
 

regarding relationships between microbial community dynamics and NTM infection 

outcomes.   

When these time series (ARIMA) models of bacterial community dynamics 

leading up to incident NTM infection were visualized as bacterial community networks, 

differences in network topologies were associated with NTM outcomes.  Networks from 

subjects with NTM pulmonary disease, and persistent NTM infection, had increased 

numbers of nodes (i.e., genus-level OTU groupings) and edges between nodes 

compared to patients without NTM pulmonary disease, and with transient NTM infection, 

respectively.  Based on ecologic network theory, more tightly connected communities 

(as observed in patients with NTM pulmonary disease, and persistent NTM infection) 

may be more fragile, as perturbing one OTU is more likely to affect other community 

members (23, 24).  In CF airways, re-organization of bacterial community networks to a 

pattern of increased numbers of nodes and edges has been associated with the 

transition from baseline clinical state to pulmonary exacerbation (25).  Our ability to 

identify direct network interactions between NTM and other OTUs was limited by the 

poor sensitivity of 16S rRNA gene sequencing for NTM identification, consistent with 

prior work (7, 14), but will be of interest for future study. 

These findings offer novel insight into airway bacterial community members, 

dynamics, and interactions as potential contributors to the variability in outcomes 

observed with NTM infection in people with CF.  Testing of hypotheses informed by 

these observations will seek to define the host and microbial mechanisms underlying 

these relationships.  Our results are consistent with studies in non-CF bronchiectasis, in 

which the relative abundances of certain anaerobic species have been found to be 



 
 
 

positively associated with degrees of chest CT abnormalities (6) and levels of 

inflammation (7).  Such studies have been limited to patients with existing NTM 

infection, however.  The lack of samples preceding NTM infection limits insight into 

whether airway microbiota contribute to NTM infection or merely reflect the 

consequences of NTM-related modulation of airway bacterial communities (26).  In this 

regard, the availability of sputum samples collected prior to, and at the time of, incident 

NTM infection in our study adds a new temporal component to the associations 

between airway microbiota and outcomes of NTM infection.   

Based on guidelines for the management of NTM infection in CF, incident 

infection typically prompts antibiotic treatment that is directed against other co-infecting 

bacterial pathogens.  In fact, response to therapy targeting co-pathogens is included as 

a criterion for determining whether NTM infection is contributing to pulmonary disease 

(i.e., NTM pulmonary disease) (3, 27).  The sputum samples used in our study were 

collected prior to the initiation of intensified antibiotic treatment of CF co-pathogens, as 

well as any NTM-directed antibiotics, thereby avoiding confounding of our results by the 

impact of intensive antibiotic treatment on airway microbiota.   

To further address potential confounding by variables that influence airway 

microbiota, we evaluated differences in clinical state (10) at the time of sputum sample 

collection between subjects subsequently diagnosed with or without NTM pulmonary 

disease.  While there was a trend towards a greater percentage of samples collected at 

baseline clinical state, with fewer samples collected during the time of antibiotic 

treatment, in subjects subsequently diagnosed with NTM pulmonary disease compared 

to those without, clinical state at the time of sample collection did not significantly differ 



 
 
 

between the groups.  Further, subject groups with and without NTM pulmonary disease 

did not differ in multiple additional clinical features known to be associated with 

differences in airway microbiota, (e.g., age, ppFEV1, disease stage, CF pathogens on 

bacteria culture, use of inhaled antibiotics, number of pulmonary exacerbations) (28–

31).  While sample size limited our ability to control for all of the clinical variables 

relevant to measures of airway microbiota, and we cannot rule out variability in these 

data measurements over time (e.g., pulmonary function testing methodology), the lack 

of differences in these features between outcome groups supports the hypothesis that 

the observed differences in airway microbiota preceding and at the time of NTM 

acquisition have bearing on subsequent NTM outcomes, rather than representing 

confounding variables.  We did observe higher rates of inhaled steroid use in the 

subjects with NTM pulmonary disease, and cannot rule out the potential that this may 

have impacted the bacterial community measures.       

Diagnosing NTM pulmonary disease in CF requires meeting both microbiologic 

(two or more positive sputum NTM cultures, or one or more positive bronchoalveolar 

lavage or lung biopsy cultures) and clinical criteria (signs and symptoms of clinical 

decline, despite optimization of other CF-related comorbidities) (3, 4).  The latter has 

inherent subjectivity, and may vary from provider to provider, and patient to patient.  

Future development of more standardized approaches to the diagnosis of NTM 

pulmonary disease in CF, as is currently being tested in the Prospective Evaluation of 

NTM Disease in Cystic Fibrosis (PREDICT) study, are needed to address this limitation 

in future studies.  To address the subjectivity in NTM pulmonary disease diagnosis, we 

used persistent NTM infection (vs transient NTM infection) as a secondary, more 



 
 
 

objective microbiologic outcome to assess the association between airway microbiota 

and NTM disease.  In the aggregate, we found significant differences in airway 

microbiota between individuals who had persistent NTM infection compared to those 

with transient infection.  We note, however, that among the eight subjects in our study 

cohort with persistent NTM infection, only six had physician-diagnosed NTM pulmonary 

disease while two had “indolent” NTM infection (5) that did not result in the prescription 

of NTM directed antibiotic therapy.  These small numbers did not allow for comparisons 

between those with indolent NTM infection and those with NTM pulmonary disease.   

This was a single-center study, limited by small sample size, and inability to 

definitively determine causation despite our careful evaluation of potentially confounding 

clinical variables.  As our study was designed to be exploratory, we chose to reduce the 

rate of type II errors seen with correction for multiple comparisons in microbiome data 

(32), and thus cannot rule out the potential for false-positive results.  While these data 

require validation in additional centers and cohorts, the demographics of our cohort 

support the generalizability of our findings.  The median age of our subjects was similar 

to the median age of NTM infection in CF (27 years of age), based on CF Foundation 

(U.S.) patient registry data (33).  Similarly, the rate of NTM pulmonary disease 

diagnosis in our cohort was consistent with data from other CF centers (5).  We defined 

incident NTM infection using clinical AFB culture data, and acknowledge the uncertainty 

regarding the precise timing of the NTM infection acquisition.  While AFB culture 

sensitivity may be limited by overgrowth of CF pathogens, and/or by sputum 

decontamination procedures (34, 35), AFB culture is more sensitive than both 16S 

rRNA gene sequencing and qPCR for NTM detection (7, 14).  Furthermore, defining 



 
 
 

incident NTM infection using sputum AFB cultures is consistent with clinical practice 

guidelines (3, 4), and thus is a relevant approach to our ultimate goal of identifying 

clinically useful predictive markers of NTM pulmonary disease.  

In summary, we identified features of CF airway microbiota, including relative 

abundances of oral-associated taxa and bacterial community interactions, preceding 

NTM infection and associated with clinically relevant NTM infection outcomes.  As the 

objective of this study was to identify relationships between airway microbiota and NTM 

clinical course in people with CF and NTM infection, comparisons to NTM-negative 

people with CF was not within the scope of this study but is of interest for future studies.  

These data are hypothesis-generating for future studies to address knowledge gaps in 

our understanding of the variability in clinical outcomes of NTM infection, and to identify 

targets for validation as potential predictive markers of NTM pulmonary disease and 

novel therapeutic interventions.   
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Tables 

Table 1: Sputum sample characteristics 

 No NTM pulmonary 
disease  
(N subjects = 16) 
 

NTM pulmonary 
disease  
(N subjects = 8) 

p value 

Total sputum samples 
(mean per subject, 
range) 
 

129 (8.1, 3-19) 
 

59 (7.4, 3-14) 
 

0.73 (unpaired 
t-test) 

Sample clinical state  
(n, %)* 
    Baseline 
    Exacerbation 
    Treatment 
    Recovery 
 

 
 
30 (23.3%) 
37 (28.7%) 
42 (32.6%) 
20 (15.5%) 

 
 
22 (37.3%) 
18 (30.5%) 
9 (15.3%) 
10 (16.9%) 
 

 
 
0.06 (Chi-
squared test) 

 

*Defined in Supplemental Methods  

 

Table 2: Subject demographics and clinical characteristics  

 No NTM pulmonary 
disease  
(N = 16) 
 

NTM pulmonary 
disease  
(N = 8) 

p-value 

Age, years 1 

(Median, IQR)  

27.3  

(21.9 – 37.7) 

25.8  

(19.7 – 32.7) 

0.83 

Sex (% male) 9 (56.2%) 2 (25%) 0.15 

CF genotype (no., %) 

    F508del 

homozygous 

    F508del 

 

4 (25%) 

 

11 (68.8%) 

 

3 (37.5%) 

 

4 (50%) 

 

0.49 

 

- 



 
 
 

heterozygous 

    Other 

 

1 (6.3%) 

 

1 (12.5%) 

 

0.59 

NTM species (no., %) 

    M. avium complex 

    M. abscessus   

complex 

    Other 

 

9 (56.2%) 

4 (25%) 

 

3 (18.6%) 

 

6 (75%) 

2 (25%) 

 

0 (0%) 

 

0.81 

- 

0.42 

 

AFB smear positive 1 2 (12.5%) 2 (25%) 0.44 

ppFEV1 
1 55 (37 – 69) 68 (43 - 80)   0.41 

Disease 

aggressiveness 2,3 

(no., %) 

   Mild 

   Moderate 

   Severe 

 

 

 

9 (56.2%) 

4 (25%) 

3 (18.6%) 

 

 

 

3 (37.5%) 

3 (37.5%) 

2 (25%) 

 

 

 

- 

0.47 

0.59 

BMI (no., 10, 3) 1,3 

    Acceptable 

    At-risk 

    Nutritional failure 

 

4 (40%) 

2 (20%) 

4 (40%) 

 

1 (33.3%) 

1 (33.3%) 

1 (33.3%) 

 

- 

0.75 

1 

CF respiratory cultures 

(no., %) 1 

    P. aeruginosa 

    S. aureus 

 

 

9 (56.2%) 

14 (87.5%) 

 

 

6 (75%) 

3 (37.5%) 

 

 

0.55 

0.01 



 
 
 

    S. maltophilia 

    Achromobacter spp. 

    Burkholderia spp. 

    Aspergillus spp. 

3 (18.6%) 

2 (12.5%) 

0 (0%) 

5 (31.3%) 

0 (0%) 

1 (12.5%) 

0 (0%) 

2 (25%) 

0.38 

1 

- 

1 

CF respiratory 

cultures, ≥ 1 positive 2 

(no., %)   

    P. aeruginosa 

    S. aureus 

    S. maltophilia 

    Achromobacter spp. 

    Burkholderia spp. 

    Aspergillus spp. 

 

 

 

10 (62.5%) 

16 (100%) 

3 (18.6%) 

3 (18.6%) 

1 (6.3%) 

6 (37.5%) 

 

 

 

6 (75%) 

6 (75%) 

1 (12.5%) 

1 (12.5%) 

0 (0%) 

6 (75%) 

 

 

 

0.57 

0.07 

1 

1 

1 

0.13 

Diagnosis of CF-

related diabetes 2 

5 (31.3%) 4 (50%) 0.33 

No. pulmonary 

exacerbations 2,3 

(median, IQR)  

2 (0.75 – 5) 2 (1.75 – 3.75) 0.88 

 

Use of chronic 

azithromycin 2 

9 (56.2%) 5 (62.5%) 1 

Use of chronic inhaled 

antibiotics 2 

10 (62.5%) 6 (75%) 0.57 



 
 
 

Use of inhaled  

steroids 2   

10 (62.5%) 8 (100%) 0.04 

 

1 at incident NTM infection, 2 within one year prior to incident NTM infection, 3details in 

Supplemental Methods 

 

  



 
 
 

Table 3:  ARIMA correlation coefficients of clinical and microbiologic NTM outcomes 

with all OTUs included in final ARIMA model.  The colors indicate the magnitude and 

direction of the effect of the outcomes on the OTUs, with the maximum negative effect (-

1.75) in red, the maximum positive effect (1.14) in blue, and no effect in white. 

 

 

Genus NTM pulmonary disease Persistent NTM infection

OTU0001 Staphylococcus -0.47 -0.18

OTU0002 Pseudomonas 1.06 0.78

OTU0003 Streptococcus 0.31 0.06

OTU0004 Veillonella 1.01 0.78

OTU0005 Prevotella 0.79 0.38

OTU0006 Streptococcus 0.36 0.21

OTU0007 Streptococcus -0.02 0.02

OTU0008 Rothia 0.75 0.54

OTU0009 Haemophilus -0.15 0.08

OTU0010 Achromobacter 1.14 -1.79

OTU0011 Lactobacillales _unclassified 0.49

OTU0012 Neisseria 0.63 0.10

OTU0013 Gemella -0.05 -0.13

OTU0014 Stenotrophomonas -0.06 -0.06

OTU0015 Actinomyces 0.01 0.07

OTU0023 Prevotella 0.91 1.07
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Figure 1: Microbial features significantly associated with either (A) clinical (NTM pulmonary disease) or (B-E) 
microbiologic (transient vs persistent infection) NTM outcomes.  OTUs are labelled at genus level, and 
boxplots show the median and interquartile range.  All p values < 0.05, Wilcoxon rank-sum testing. 



For Review Only

Figure 2: Differences in bacterial community interactions between cohorts with and without NTM pulmonary 
disease. Heat maps of ARIMA model show mean pairwise effect sizes of interacting OTUs in subjects with (A) 

and without (C) NTM pulmonary disease.  In the heatmap, OTUs on the horizontal axis affect the OTUs on 
the vertical axis.  The heat map colors indicate the magnitude and direction of the OTU interactions (positive 

interactions in blue, negative interactions in red).  In the network graphs of subjects with (B) and without 
(D) NTM pulmonary disease, each vertex represents the genus-level grouping of all OTUs included in that 
ARIMA model.  Vertices are colored by cluster, and are sized by OTU relative abundance.  The edges are 
colored according to their ARIMA correlation coefficients as shown on the heat maps.  Arrows indicate the 

directionality of the network relationships, i.e., the predicting genus points toward the predicted genus. Due 
to the asymmetric nature of the ARIMA correlation matrix and the genus-level grouping of OTUs, multiple 

edges between each pair of vertices are possible. 
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Figure 3: Differences in bacterial community interactions between cohorts with persistent compared to 
transient NTM infection. Heat maps of ARIMA model show mean pairwise effect sizes of interacting OTUs in 
subjects with persistent (A) and transient (C) NTM infection.  In the heatmap, OTUs on the horizontal axis 
affect the OTUs on the vertical axis.  The heat map colors indicate the magnitude and direction of the OTU 
interactions (positive interactions in blue, negative interactions in red).  In the network graphs of subjects 
with persistent (B) and transient (D) NTM infection, each vertex represents the genus-level grouping of all 

OTUs included in that ARIMA model.   Vertices are colored by cluster, and are sized by OTU relative 
abundance.  The edges are colored according to their ARIMA correlation coefficients as shown on the heat 

maps.  Arrows indicate the directionality of the network relationships, i.e., the predicting genus points 
toward the predicted genus. 
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Supplemental Figure 1: Subjects and timing of sputum samples relative to incident 

NTM infection.  For each subject, sputum samples included in the study are shown 

(grey squares), along with the timing of each sample in years relative to incident NTM 

infection (Time 0).  AFB culture data from electronic medical records over this time 

period are shown, and culture results are listed as AFB positive (blue circles), AFB 

negative (green triangles), or “contaminated” (i.e., AFB culture result was not able to be 

determined due to overgrowth of bacteria, red X).   

 

 

 

  



 

Supplemental Figure 2: Total bacterial load of ddPCR controls (NTC), reagent controls 

(RC), and sputum samples (SP).  Median and interquartile ranges shown.  p < 2.2 x 10-

16, Kruskal-Wallis. 

 

 

 

 



 

 

 

 

Supplemental Figure 3: OTUs ranked by mean relative abundance in reagent controls, 

compared to mean relative abundance of these OTUs in sputum samples.  

 

 

 

 

 

 

 

 



Supplemental Table 1: Wilcoxon rank-sum test for NTM pulmonary disease vs no NTM 

pulmonary disease 

Wilcoxon p 
value 

Feature Taxonomic label 

0.027375655 OTU008_slope Rothia 

0.070229826 OTU003_slope Streptococcus 

0.070595357 OTU002 Pseudomonas 

0.100401378 OTU024 Atopobium 

0.11942105 OTU043 Fusobacterium 

0.120040083 OTU001_slope Staphylococcus 

0.123304048 OTU016 Fusobacterium 

0.137117698 OTU038 Prevotella 

0.151052943 OTU034 Prevotella 

0.151274449 OTU031 Capnocytophaga 

0.153123645 OTU002_slope Pseudomonas 

0.165002276 OTU034_slope Prevotella 

0.181372539 OTU041 Leptotrichia 

0.186047406 OTU038_slope Prevotella 

0.209247796 OTU008 Rothia 

0.238141273 chao_slope  

0.263564437 sobs_slope  

0.263564437 OTU018_slope Pasteurellaceae_unclassified 

0.263564437 OTU003 Streptococcus 

0.263564437 bacterial_load  

0.281774454 OTU006 Streptococcus 

0.290747018 OTU035_slope Peptostreptococcus 

0.31962919 shannoneven_slope  

0.31962919 OTU028_slope Streptococcus 

0.342674393 OTU030 Megasphaera 

0.350278937 OTU015_slope Actinomyces 

0.375892907 OTU025 Mycoplasma 

0.382434657 OTU041_slope Leptotrichia 

0.382603801 OTU013_slope Gemella 

0.402618095 OTU028 Streptococcus 

0.407384083 OTU019 Rothia 

0.452300635 OTU005_slope Prevotella 

0.452300635 OTU016_slope Fusobacterium 

0.458975292 OTU018 Pasteurellaceae_unclassified 

0.475869696 OTU021 Prevotella 



0.489577427 npshannon_slope  

0.508964451 OTU027 Veillonella 

0.512847799 OTU039 Stomatobaculum 

0.520139176 sobs  

0.528330825 OTU001 Staphylococcus 

0.540705495 OTU026 Oribacterium 

0.547857087 fev1_slope  

0.568560827 shannoneven  

0.568560827 npshannon  

0.568560827 OTU036_slope Scardovia 

0.578041083 OTU025_slope Mycoplasma 

0.644518463 OTU036 Scardovia 

0.644591052 OTU010_slope Achromobacter 

0.645746486 OTU039_slope Stomatobaculum 

0.652906777 OTU004 Veillonella 

0.652906777 OTU007 Streptococcus 

0.652906777 chao  

0.652906777 invsimpson  

0.652906777 bacterial_load_slope  

0.652906777 OTU027_slope Veillonella 

0.664396913 OTU020 Porphyromonas 

0.674996594 OTU032 Lautropia 

0.689315565 OTU022_slope Actinomyces 

0.689315565 OTU014_slope Stenotrophomonas 

0.690343716 OTU029 Actinomyces 

0.696797019 OTU006_slope Streptococcus 

0.696797019 OTU026_slope Oribacterium 

0.712705603 OTU058_slope Prevotella 

0.715237365 OTU033 Alloprevotella 

0.718902914 OTU035 Peptostreptococcus 

0.734310596 OTU013 Gemella 

0.741723331 OTU030_slope Megasphaera 

0.741723331 nseqs  

0.750638469 OTU032_slope Lautropia 

0.768387762 OTU058 Prevotella 

0.781251456 OTU040_slope Abiotrophia 

0.787462728 OTU011_slope Lactobacillales_unclassified 

0.787462728 OTU043_slope Fusobacterium 

0.787462728 OTU029_slope Actinomyces 



0.806082303 OTU011 Lactobacillales_unclassified 

0.829003354 OTU015 Actinomyces 

0.829322074 OTU040 Abiotrophia 

0.829558108 OTU037_slope Parvimonas 

0.830253106 OTU020_slope Porphyromonas 

0.833960822 OTU024_slope Atopobium 

0.833960822 OTU007_slope Streptococcus 

0.839160839 ppFEV1  

0.860283668 OTU022 Actinomyces 

0.878219734 OTU009_slope Haemophilus 

0.880975593 invsimpson_slope  

0.880975593 OTU017_slope Prevotella 

0.891232382 OTU009 Haemophilus 

0.891232382 OTU014 Stenotrophomonas 

0.920249553 OTU037 Parvimonas 

0.928439055 OTU021_slope Prevotella 

0.928439055 OTU031_slope Capnocytophaga 

0.928439055 OTU005 Prevotella 

0.928439055 OTU004_slope Veillonella 

0.928439055 OTU019_slope Rothia 

0.950254582 OTU033_slope Alloprevotella 

0.973897483 OTU012 Neisseria 

0.974314802 OTU010 Achromobacter 

0.974910629 OTU017 Prevotella 

0.974910629 OTU023_slope Prevotella 

0.97555243 OTU012_slope Neisseria 

1 OTU023 Prevotella 

 

 

 

  



Supplemental Table 2: Wilcoxon rank-sum test for persistent vs transient NTM 

infection 

Wilcoxon p 
value 

Feature Taxonomic label 

0.004975637 OTU008 Rothia 

0.020131427 OTU021 Prevotella 

0.023474753 OTU016_slope Fusobacterium 

0.042370812 OTU027 Veillonella 

0.053468302 OTU024 Atopobium 

0.060001549 OTU030 Megasphaera 

0.0649339 OTU004 Veillonella 

0.075502637 chao_slope  

0.075502637 OTU008_slope Rothia 

0.10163525 OTU023 Prevotella 

0.14279752 OTU033 Alloprevotella 

0.14927577 sobs_slope  

0.165674 OTU038 Prevotella 

0.168826507 bacterial_load  

0.172463142 OTU016 Fusobacterium 

0.177957919 OTU043 Fusobacterium 

0.208019261 sobs  

0.225692349 OTU032 Lautropia 

0.265095429 OTU005 Prevotella 

0.265095429 OTU007 Streptococcus 

0.284451921 OTU006 Streptococcus 

0.285650754 OTU011 Lactobacillales_unclassified 

0.285650754 OTU038_slope Prevotella 

0.2863674 OTU009_slope Haemophilus 

0.293868827 chao  

0.293868827 OTU035_slope Peptostreptococcus 

0.296078891 OTU058 Prevotella 

0.324604233 OTU011_slope Lactobacillales_unclassified 

0.329450939 OTU039 Stomatobaculum 

0.355979402 OTU033_slope Alloprevotella 

0.357224146 invsimpson  

0.357224146 invsimpson_slope  

0.357224146 npshannon  

0.391773435 shannoneven  

0.423088859 OTU025_slope Mycoplasma 



0.428141966 OTU003_slope Streptococcus 

0.428141966 OTU018_slope Pasteurellaceae_unclassified 

0.441419009 OTU034 Prevotella 

0.444059051 OTU017 Prevotella 

0.466358293 nseqs  

0.466358293 OTU006_slope Streptococcus 

0.486125149 OTU009 Haemophilus 

0.49749097 OTU029 Actinomyces 

0.506263333 OTU003 Streptococcus 

0.506263333 OTU036_slope Scardovia 

0.506263333 OTU043_slope Fusobacterium 

0.525171217 ppFEV1_slope  

0.531412211 OTU025 Mycoplasma 

0.544614917 OTU031 Capnocytophaga 

0.561128496 OTU026 Oribacterium 

0.579935439 OTU040_slope Abiotrophia 

0.58313706 OTU020_slope Porphyromonas 

0.590956 bacterial_load_slope  

0.590956 OTU030_slope Megasphaera 

0.613452796 OTU010 Achromobacter 

0.681342976 OTU005_slope Prevotella 

0.681342976 OTU015_slope Actinomyces 

0.681342976 OTU019_slope Rothia 

0.681342976 OTU027_slope Veillonella 

0.681342976 OTU028_slope Streptococcus 

0.687438793 OTU041 Leptotrichia 

0.6950434 OTU020 Porphyromonas 

0.6950434 OTU037 Parvimonas 

0.721248537 OTU022_slope Actinomyces 

0.721248537 OTU037_slope Parvimonas 

0.728361825 OTU024_slope Atopobium 

0.728361825 shannoneven_slope  

0.77034808 OTU014_slope Stenotrophomonas 

0.776331086 OTU001 Staphylococcus 

0.776331086 OTU002_slope Pseudomonas 

0.776331086 OTU004_slope Veillonella 

0.776331086 OTU013_slope Gemella 

0.794508413 OTU015 Actinomyces 

0.807381768 OTU012 Neisseria 



0.81363666 OTU032_slope Lautropia 

0.818778876 OTU028 Streptococcus 

0.820824833 OTU019 Rothia 

0.82108662 OTU012_slope Neisseria 

0.825177335 OTU017_slope Prevotella 

0.825177335 OTU026_slope Oribacterium 

0.825177335 OTU031_slope Capnocytophaga 

0.845657832 OTU036 Scardovia 

0.861750328 OTU035 Peptostreptococcus 

0.86785639 OTU023_slope Prevotella 

0.871672832 OTU039_slope Stomatobaculum 

0.874635438 OTU001_slope Staphylococcus 

0.874635438 OTU007_slope Streptococcus 

0.874635438 OTU029_slope Actinomyces 

0.893314738 OTU040 Abiotrophia 

0.921218802 OTU041_slope Leptotrichia 

0.922675042 OTU010_slope Achromobacter 

0.922789606 OTU002 Pseudomonas 

0.924607496 npshannon_slope  

0.924607496 OTU021_slope Prevotella 

0.93986014 ppFEV1  

0.948405079 OTU058_slope Prevotella 

0.969728431 OTU022 Actinomyces 

0.972728637 OTU018 Pasteurellaceae_unclassified 

1 OTU013 Gemella 

1 OTU014 Stenotrophomonas 

1 OTU034_slope Prevotella 

 



 

Supplemental Figure 4: Time series bacterial community interactions for all subjects 

and samples. (A) ARIMA coeffficient matrix and network graph for entire cohort, (B) 

network based on ARIMA model for all subjects and samples.  



 

Supplemental methods 

Clinical data: Pulmonary exacerbations were defined as courses of episodic oral or IV 

antibiotics prescribed by the treating physician for a diagnosis of CF pulmonary 

exacerbation (1).    

Samples were categorized by clinical state (Baseline, Exacerbation, Treatment, 

Recovery) at the time of sample collection as previously described (2).  In brief, 

Baseline samples were collected during a subject’s state of stable health.  Exacerbation 

samples were collected during the time of signs and symptoms of pulmonary 

exacerbation, but prior to initiation of oral or intravenous (IV) antibiotics for treatment of 

the exacerbation.  Treatment samples were collected while the subject was receiving 

oral or IV antibiotics for a pulmonary exacerbation.  Recovery samples were collected in 

the 30-day period following completion of oral or IV antibiotics for pulmonary 

exacerbation treatment.   Disease aggressiveness was assigned as mild, moderate, or 

severe, based on longitudinal lung function values in relation to age, as previously 

described (3, 4).  Body mass index at time of incident NTM infection was defined as 

acceptable (weight >25th percentile in pediatric patients, BMI >23 or >22 for adult male 

and female patients, respectively), at risk (weight between 10th and 25th percentile for 

pediatric patients, BMI of 22-23 or 21-22 for adult male and female patients, 

respectively), or nutritional failure (weight <10th percentile, BMI <22 or <21 for adult 

male and female patients, respectively) (5, 6). 

DNA extraction and 16S rRNA gene sequencing: Sputum samples were thawed on ice 

then homogenized with 10% Sputolysin (MilliporeSigma, Burlington, MA, USA).  DNA 

extractions for sputum samples and reagent controls were performed with mechanical 



 

disruption by bead beating followed by incubation with Bacterial Lysis Buffer ( Roche 

Diagnostics Corp., Indianapolis, IN,USA), lysostaphin (MilliporeSigma, Burlington, 

MA,USA), and lysozyme (MilliporeSigma, Burlington, MA,USA), followed by treatment 

with proteinase K (Qiagen,Germantown, MD,USA) as previously described (7).  DNA 

were extracted and purified using a MagNA Pure nucleic acid purification platform 

(Roche Diagnostics Corp., Indianapolis,IN,USA) according to the manufacturer’s 

protocol.  Prior studies have demonstrated stability of bacterial DNA in CF sputum 

stored at -80◦C over a 15 year time period (8). 

The V4 region of the bacterial 16S rRNA gene was amplified using touchdown PCR with 

barcoded dual-index primers.  The touchdown PCR cycles consisted of 2 min at 95°C, 

followed by 20 cycles of 95°C for 20 sec, 60°C (start from 60°C, the annealing 

temperature decreased 0.3°C each cycle) for 15 sec and 72°C for 5 min, then followed 

by another 20 cycles of 95°C for 20 sec, 55°C for 15 sec and 72°C for 5 min and held at 

72°C for 10 min.  The amplicon libraries were then normalized and sequenced on 

Illumina sequencing platform using a MiSeq Reagent Kit V2 (Illumina, San Diego, CA).  

The final load concentration was 4-5.5 pM with a 15% PhiX spike to add diversity. 

Bacterial 16S rRNA gene ddPCR: The following primers and probe were used: Forward 

primer, 5’-TCCTACGGGAGGCAGCAGT-3’, reverse primer, 5’-

GGACTACCAGGGTATCTAATCCTGTT-3’, and modified probe, (6-FAM)-5’-

CGTATTACCGCGGCTGCTGG-3’-(IABkFQ).  Each 25 µL reaction was comprised of 

12.5 uL 2X ddPCR Supermix for Probes with no dUTP (Bio-Rad, Hercules, CA), 1.25 µL 

of each primer and probe (final concentrations of primer and probe per reaction were 

900 nM and 250 nM, respectively), 6.75 µL UltraPure water (Invitrogen, Carlsbad, CA), 



 

and 2 µL of template DNA (diluted by a factor of 1:250).  Reactions were transferred to 

the Automated Droplet Generator, followed by gene amplification in a C1000 Touch 

Thermal Cycler (Bio-Rad, Hercules, CA).  Cycling conditions were as follows: 1 cycle at 

95°C for 10 minutes, 40 cycles at 94°C for 30 seconds and 58°C for 2 minutes, and 1 

cycle at 98°C for 10 minutes, with a ramp rate of 2°C/second per step.  DNA 

quantification was performed with the QX200 Droplet Reader, and data analysis with 

QuantaSoft Analysis Pro (Bio-Rad, Hercules, CA).  All reactions were assayed in 

duplicate, and those with less than 10,000 droplets per reaction were omitted from 

analysis.  A singular threshold was set for all assays by taking 50% of the difference 

between the lowest droplet on the positive band and the highest droplet on the negative 

band and adding that to the amplitude of the highest droplet on the negative band.  

Output DNA concentration values between replicates were then averaged and 

multiplied by 250 to correct for the dilution factor, then multiplied by 12.5 to obtain 

copies of target gene per uL of the starting DNA sample. 

Significance testing: Cross-sectional features from the samples closest in time to the 

incident NTM infection included relative abundances of OTUs (OTUs with an average 

relative abundance ≥ 0.01%), alpha diversity measures (chao richness, inverse 

Simpson index, and nonparametric Shannon diversity), total bacterial load, and percent 

predicted forced expiratory volume in one second (ppFEV1).  To test the within-subject 

dynamics over time leading up to incident NTM infection, the longitudinal changes of 

microbiome features (relative abundances of OTUs, alpha diversity measures, and total 

bacterial load) from all samples and data points available over the study period was 



 

measured with linear regression (scipy stats’ linregress) (9), and these slopes were then 

included as longitudinal features in the significance testing.  

ARIMA and network analyses: OTU-based features were filtered for each ARIMA model 

to include only OTUs with an average relative abundance greater than 1%, thus slightly 

different OTUs were considered in each ARIMA model.  To meet the ARIMA method 

requirement of evenly spaced time points, all features were interpolated at 0.5 year 

intervals for each patient within the range of time for which real data was available (i.e. 

no extrapolation).  As the interpolation required normalization of the sample counts, the 

offset term used by in the cited ARIMA paper was not used.  A range of possible 

parameter values for λ and α were tested with ‘cv.glmnet’ for parameterization.  AIC and 

pseudo-R2 were used to rank and determine the best fit models for each OTU.  To 

evaluate the magnitude of the effect of each feature (OTU relative abundance or 

ppFEV1) on the outcomes, NTM pulmonary disease (primary outcome), and persistent 

infection (secondary outcome), the outcome variables were forced into their respective 

models.  To identify OTU-OTU interactions that differed between the outcome groups, 

separate within-cohort ARIMA analyses were performed.  The resulting coefficients for 

OTUs in each ARIMA model were scaled by their mean relative abundance for direct 

comparison and visualization.  For the network analyses, OTUs were grouped at the 

genus level for vertices, and vertex clustering was calculated by optimizing modularity 

(with igraph’s cluster_optimal function) after running simplify to reduce multiple edges 

between vertices to single edges. 
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