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Whole-Genome Sequence and SNP Phylogenetic Analysis 

Illumina sequence reads were trimmed using Skewer and assembled into draft genomes 

using Unicycler (1). For each isolate, genome assemblies were compared against a collection of 

reference nontuberculous mycobacteria (NTM) genomes to assign taxonomic identification 

based upon the highest estimate the average nucleotide identity (ANI) above 95%. 

Based upon the highest ANI score above 95% for each genome, the taxonomic 

assignment determined the reference genome each isolate’s trimmed sequence reads was mapped 

to (e.g., M. avium isolates mapped to M. avium strain H87 or M. intracellulare subsp. chimaera 

and M. intracellulare subsp. intracellulare isolates were mapped to M. intracellulare subsp. 

chimaera CDC 2015–22–71). 

Single nucleotide polymorphisms were called using SAMtools mpileup program (2) and 

were filtered using a custom perl script using the following parameters: SNP quality score of 20, 

minimum of 4x read depth, the majority of base calls support the variant base, and less than 25% 

of variant calls occur at the beginning or end of the sequence reads. A multi-fasta sequence 

alignment was created from concatenated base calls from all isolates. SNP-sites was used to filter 

positions in the genome in which at least one strain differed from the reference genome, and for 

which high quality variant and/or reference calls were present for all other isolates (3). 

To evaluate relationships between MAV from US CF care centers (CFCCs) and global 

strains, we assessed the phylogenetic relationships to publicly available genomes from 559 non-

CF MAV isolates, including 465 clinical, 42 environmental, and 50 zoonotic isolates from Japan 
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(4), Germany (5,6), Belgium (7,8), Great Britain (9), the U.S (10–13). and 12 other countries 

(Appendix 1 Table 2, https://wwwnc.cdc.gov/EID/article/27/11/21-0124-App1.xlsx). 

To evaluate relationships between MCHIM from US CF Care Centers with US and 

global strains, we assessed the phylogenetic relationships to publicly available genomes from 

114 non-CF MCHIM isolates, including 109 clinical, 5 environmental isolates, from the United 

Kingdom (14–20), the U.S (10,12,21), Switzerland (15,22,23), Korea (24), Canada (25), South 

Africa (unpublished; Appendix 1 Table 2). 

To evaluate relationships between MINT from US CFCCs with US and global strains, we 

assessed the phylogenetic relationships to publicly available genomes from 201 non-CF MINT 

isolates, including 192 clinical, 4 environmental, and 5 zoonotic isolates, from China (26), Great 

Britain (27), Korea (10,12,13) and the U.S (28–30). 

To assign genetic relationships within each taxon, we adopted the following hierarchical 

categories that represent the least to most genetic similarity as previously described (31–33). 

Clade denotes isolates that are monophyletic, cluster denotes isolates from different patients that 

are within a clade and within the SNP threshold of recent common ancestry (33). Isolates within 

a clade with SNP differences exceeding this threshold are considered unclustered. To identify 

clusters between patients, we applied a 20 SNP threshold (Figure 4, 

https://wwwnc.cdc.gov/EID/article/27/11/21-0124-F4.htm) and a 10 SNP threshold (Appendix 2 

Figure 7). 

Network visualization of relationships between patients with clustered isolates was 

performed with Cytoscape 3.8.1 (34). Clades of epidemiologically relevant clusters with three or 

more isolates, collected from two or more patients treated in the same facility were visualized 

using the MRCA function in the ggtree (35). 

Treegubbins (4) was used to test for the presence of statistically-significant (p = 0.01; 

1000 permutations) increases in node density within the M. avium and M. intracellulare 

subspecies chimaera and intracellulare phylogenies. Clades with significant increases in node 

density were examined for the number of: i) isolates; ii) persons with cystic fibrosis (CF); iii) 

non-RDP isolates. Clades containing isolates from only one patient were excluded from further 

designations. 
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Appendix 2 Figure 1. Phylogenetic visualization of multiple Mycobacterium avium and Mycobacterium 

intracellulare subsp. intracellulare genotypes found in patients with two or more isolates sequenced. A. 

Five M. avium (MAV) genotypes in 12 isolates collected from patient CF00002. B. Two MAV genotypes in 

three isolates collected from patient CF00008. C. Two MAV genotypes in two isolates collected from 

patient CF00012. D. Two MAV genotypes in three isolates collected from patient CF00026. E. Two MAV 

genotypes in six isolates collected from patient CF00029. F. Two MAV genotypes in five isolates collected 

from patient CF00052. G. Two MAV genotypes in two isolates collected from patient CF00060. H. Two 

MAV genotypes in two isolates collected from patient CF00100. I. Two MAV genotypes in two isolates 

collected from patient CF00193. J. Two MAV genotypes in two isolates collected from patient CF00745. 

K. Three M. MAV genotypes in four isolates collected from patient CF00776. L. Two MAV genotypes in 

three isolates collected from patient CF00812. M. Two MAV genotypes in three isolates collected from 

patient CF00880. N. Two M. intracellulare subsp. intracellulare (MINT) genotypes in two isolates collected 

from patient CF00004. O. Two MINT genotypes in three isolates collected from patient CF00131. 
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Appendix 2 Figure 2. Phylogenetic clustering of rpoB sequences from US CF MAC isolates. A. 

Phylogeny of 186 M. avium (MAV) isolates from 93 patients. B. Phylogeny of 44 M. intracellulare subsp. 

chimaera (MCHIM) and 134 M. intracellulare subsp. intracellulare (MINT) isolates’ rpoB sequences. rpoB 

from each submitted isolate were analyzed using 250 bootstrap replicates of the observed SNPs and 

compared to identify phylogenetic clusters. 
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Appendix 2 Figure 3. Matches between US CF Care Center isolates from US persons with CF and 

environmental, non-CF clinical and zoonotic isolates from around the world. Each row represents the 

categorical comparisons for M. avium (MAV) or M. intracellulare subsp. chimaera (MCHIM) and M. 

intracellulare subsp. intracellulare (MINT). Comparisons between isolates of different continents were 

arranged along the x-axis are abbreviated for the continents of origin (i.e., Asia: AS; Europe: EA, North 

America: NA, Oceania: OC). 
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Appendix 2 Figure 4. Phylogenetic Visualization of M. avium isolates from US persons with CF and 

matches to non-CF, Environmental and Zoonotic isolates. Phylogenetic relationships between isolates 

from patients with CF (gray), environmental (red), non-CF (purple), and zoonotic (blue) isolates from 

Belarus (downward triangle), Canada (square), Germany (diamond), UK (solid circle), Norway (empty 

circle) and the USA (triangle) were visualized. Similar environmental isolate was dust-derived (dust 

symbol) and zoonotic isolates were bird-derived (bird symbol) and elephant-derived (elephant symbol). 

The scale bar along the x-axis represents the number of single nucleotide polymorphisms (SNPs). 
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Appendix 2 Figure 5. Phylogenetic Visualization of Mycobacterium intracellulare subspecies chimaera 

and intracellulare isolates from US persons with CF and matches to non-CF, Environmental and Zoonotic 

isolates. Phylogenetic relationships between isolates from persons with CF (gray), environmental (red), 

non-CF (purple), and zoonotic (blue) isolates from Canada (square), UK (circle), Korea (downward 

triangle) and the USA (triangle) were visualized. Similar zoonotic isolates were all bird-derived (bird 

symbol). The scale bar along the x-axis represents the number of single nucleotide polymorphisms 

(SNPs). 
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Appendix 2 Figure 6. Pairwise SNP distances of All vs All compared to Nearest Neighbors in MAC 

isolates infecting US persons with cystic fibrosis. The pairs of isolates (y-axis) having observed SNPs (x-

axis) between all M. avium (MAV) and M. intracellulare subsp. chimaera (MCHIM), and M. intracellulare 

subsp. intracellulare (MINT) isolates from within the same patient and between different patients (All vs 

All; red) are compared to the nearest neighbor pair of isolates (blue). with the lowest SNPs observed 

between all possible pairings of within same patient and between patients is shown. The nearest-

neighbor is the combination of two isolates with the lowest pairwise SNP difference observed between 

each possible pair of patients. 

 



 

Page 13 of 13 

 

Appendix 2 Figure 7. Genetic clusters of Mycobacterium avium, Mycobacterium intracellulare 

subspecies chimaera and intracellulare in US persons with cystic fibrosis defined by a threshold of 10 

SNPs or fewer between patients. Three clusters of M. avium, five clusters of M. intracellulare subsp. 

chimaera and 10 clusters of M. intracellulare subsp. intracellulare were identified. Each node represents a 

patient with at least one isolate having significant genetic similarity to an isolate in one or more patient(s). 

The color of each node represents the state of the submitting CF Care Center. Each edge represents 

genetic similarity between the isolates. Connecting edges are colored by matches within a CF Center 

(red) or between different CF Centers (dashed gray) and edge thickness is weighted from 0 SNPs 

(thickest) to 10 SNPs (thinnest) and the exact number of SNPs specified. Nodes with multiple connecting 

edges represent multiple isolates matching between the patients. 
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