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A B S T R A C T

Opportunist infections caused by nontuberculous mycobacteria (NTM) have emerged as a significant public 
health problem. Among these, species of the Mycobacterium avium complex (MAC) are the main responsible for 
the increase in the number of human disease cases. In order to address the current needs in the detection and 
surveillance of MAC disease cases, we evaluated different species classification methodologies (BLASTn-based 
marker-gene approach, Kraken v2, rMLST and MLST databases) and their congruence with a core-SNP phylo
genetic approach, based on whole genome sequencing (WGS) data. For this purpose, we used a collection of 142 
MAC isolates from Portuguese patients diagnosed between 2014 and 2022. The marker-gene approach (based on 
the rpoB, hsp65 and groEL genes), showed the best results, allowing the identification of the 142 MAC isolates to 
the species/subspecies level (M. avium subsp. hominissuis, M. intracellulare, M. intracellulare subsp. chimaera, M. 
intracellulare subsp. yongonense, M. marseillence and M. colombiense). Additionally, we performed drug suscepti
bility testing that confirmed clarithromycin efficacy as a first-line treatment for MAC disease, as 93 % of the 
Portuguese isolates were susceptible. Using a core-SNP approach we also performed an in-depth phylogenetic 
analysis within each identified species group, and despite the high genetic diversity within the MAC species, we 
were able to clearly distinguish all the species/subspecies and identify genetic clusters with epidemiological 
potential.

We highlight not only the need for the standardization of an appropriate genotyping approach for species 
identification and management of MAC disease, but also a more robust large-scale WGS data analysis, in a One 
Health perspective, in order to identify potential routes of transmission.

1. Introduction

Members of Mycobacterium avium complex (MAC) are the most 
common nontuberculous mycobacteria (NTM) causal agents of oppor
tunistic human infections, representing a significant concern to human 
public health worldwide (Crilly et al., 2021; Van Ingen et al., 2018). 
These ubiquitous pathogens can be isolated from environmental sources 
such as soil and both natural and man-made water supply systems 
(Nishiuchi et al., 2017). Over the last few years, there has been an in
crease on the number of infections caused by MAC species (Dahl et al., 
2022), which are the most common NTM species isolated in North 
America, Europe, Australia/ New Zealand and some parts of Asia (Dahl 

et al., 2023; Prevots and Marras, 2015; Zweijpfenning et al., 2018). In 
Portugal, according to a recent study conducted by our research group, 
around 40.8 % of NTM infections were caused by MAC members (Santos 
et al., 2024).

MAC was initially composed by two species, Mycobacterium avium 
and Mycobacterium intracellulare (Holt and Daley, 2019). Breakthroughs 
in molecular taxonomy have allowed the identification of additional/ 
new species and subspecies, although there is still no consensus in their 
nomenclature due to the high genetic similarity between some of these 
species (Mizzi et al., 2022). In 2018, Jakko and colleagues proposed that 
MAC was composed by twelve species: Mycobacterium avium, Mycobac
terium intracellulare, Mycobacterium chimaera, Mycobacterium 
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colombiense, Mycobacterium arosiense, Mycobacterium vulneris, Mycobac
terium bouchedurhonense, Mycobacterium timonense, Mycobacterium mar
seillense, Mycobacterium yongonense, Mycobacterium paraintracellulare 
and Mycobacterium lepraemurium (Van Ingen et al., 2018). Further 
studies, based on whole genome sequencing (WGS), have proposed that 
M. yongonense and M. chimaera are actually subspecies of 
M. intracellulare (Castejon et al., 2018), or even that M. intracellulare 
subsp. yongonense is a later heterotopic synonym of M. intracellulare 
subsp. chimaera, with the latter being the appropriate designation 
(Nouioui et al., 2018; Tortoli et al., 2019). Similar findings were 
observed in the case of M. paraintracellulare, suggesting that 
M. intracellulare consisted of only two subspecies: M. intracellulare subsp. 
intracellulare (absorbing M. paraintracellulare), and M. intracellulare 
subsp. chimaera (Tortoli et al., 2019). According to the literature, 
M. avium species are also divided into four subspecies: M. avium subsp. 
avium, M. avium subsp. silvaticum, M. avium subsp. hominissuis and 
M. avium subsp. paratuberculosis (Mijs et al., 2002; Thorel et al., 1990). In 
2019, Tortoli and colleagues proposed that M. avium subsp. hominissuis 
should be considered a variant of M. avium subsp. avium and that 
M. lapraemurium should be included as a subspecies of M. avium (Tortoli 
et al., 2019).

Due to the high similarity between some MAC species, currently 
available techniques, such as hybridization probe assays, sequencing of 
genes such as hsp65 and rpoB, mycobacterial interspersed repetitive 
units - variable number of tandem repeats (MIRU-VNTR) analysis, and 
the more recent matrix-assisted laser desorption/ionization time-of- 
flight mass spectrometry (MALDI-TOF MS), are not able to accurately 
identify and type isolates (Bull et al., 2003; Dauchy et al., 2010; Kim and 
Shin, 2018; Radomski et al., 2010; Rodriguez-Temporal et al., 2022). 
Nevertheless, a combined approach of the analysis of specific gene se
quences normally used in the identification of NTM, such as rpoB and 
GroEL (Mizzi et al., 2022; Rindi and Garzelli, 2014; Telenti et al., 1993), 
could be an alternative to correctly classifying species and subspecies. In 
fact, Chawla and colleagues proved that the combined analysis of the 
rpoB, GroEl-1 and hsp65 (GroEL-2) genes were sufficient to obtain a 
correct identification of MAC members (Chawla et al., 2023). With an 
expansion of MAC genomes in public databases, WGS appears to be a 
better approach for species differentiation while simultaneously 
enabling us to understand transmission dynamics and/or identify 
pathogenic or specific genetic traits (e.g. resistance markers) of MAC 
species (Augusto et al., 2018; Keen et al., 2021; Mizzi et al., 2022). The 
management of the disease caused by MAC depends on the correct 
identification of subspecies since there is variability in the ability to 
cause lung infection, in the severity of the disease, and, consequently, in 
the prognosis (S.-Y. Kim et al., 2017). For this reason, due to its ubiq
uitous character and the fact that there are no reports of person-to- 
person transmission of MAC infections, molecular genotyping becomes 
essential to understand the epidemiology of MAC and identify sources of 
infection (Shin et al., 2020).Therefore, to address the current needs in 
the identification and management of MAC subspecies, we evaluated 
different classification methodologies and their congruence with a WGS- 
based phylogenetic approach. We highlight the genetic diversity of MAC 
strains circulating in Portugal, within a period of nine years 
(2014–2022), aiming to contribute to a better understanding on the 
genomic characteristics of this NTM species and its phylogeny.

2. Methods

2.1. Sample dataset characterization

The current study enrols a dataset of 142 MAC strains isolated in 
Portugal (PT) between 2014 and 2022 at the National Reference Labo
ratory for Tuberculosis (NRL-TB) of the Portuguese National Institute of 
Health (NIH). Positive cultures were identified using GenoType Myco
bacterium CM/NTM-DR® (Hain Lifescience, Germany) according to 
manufacturer’s instructions, or hsp65 DNA sequencing, as previously 

described (Hain Lifescience, 2024a, Hain Lifescience, 2024b; Saifi et al., 
2013). Social-demographic data were retrieved for epidemiological in
ferences and included age, gender, region from requesting hospital, and 
place of residence of the patients (defined according to Portuguese NUTS 
– Nomenclature of Territorial Units for Statistics). As clinical data was 
unavailable for most of the cases, case definition was based only on 
microbiological data. As such, three categories were defined: 1) Definite 
case – at least three positive NTM cultures, with identical identification, 
irrespective of sample anatomic source, or a single positive NTM culture 
isolated from naturally sterile anatomic sources (such as cerebrospinal 
fluid, biopsies, lavages); 2) Possible NTM disease – positive NTM cul
tures isolated from unknown anatomic source (e.g., cultures received at 
the NRL-TB for identification and susceptibility testing without refer
ence of site of disease/infection); 3) NTM colonization – only one pos
itive NTM culture isolated from a respiratory sample (e.g., sputum).

2.2. DNA extraction

Total DNA was extracted from solid/liquid cultures using cetyl
trimethylammonium bromide procedure, according to the previously 
described protocol from the National Institute for Public Health and the 
Environment (RIVM) (RIVM, 2024) with slight adjustments. Namely, i) 
after lysozyme was added, suspensions were incubated overnight at 
37 ◦C; and ii) after addition of SDS/proteinase K solution, suspensions 
were incubated at 65 ◦C until complete dissolution.

2.3. Drug susceptibility testing

Phenotypic drug susceptibility testing (pDST) was performed on 134 
strains (eight isolates could not be recovered for further pDST), ac
cording to the Clinical and Laboratory Standards Institute, for clari
thromycin (CLR), linezolid (LZD) and moxifloxacin (MXF) (Woods et al., 
2011). Briefly, the inoculums were prepared in cation-adjusted Mueller- 
Hinton broth supplemented with 5 % of oleic albumin dextrose catalase 
and incubated at 37 ◦C for seven days. At this point, minimum inhibitory 
concentrations (MIC) were registered. When growth in the control tube 
(without antibiotic) was not observed, cultures were re-incubated, and 
readings registered at days 10 and 14 of incubation (Woods et al., 2011). 
Molecular susceptibility testing (mDST) was performed by screening 
mutations in known genetic resistance markers, namely the16SrRNA 
(rrs; T1406A, A1408G, C1409T, G1491C, G1491T, and C1496T) 
(Brown-Elliott et al., 2013; S.-Y. Kim et al., 2021) and 23SrRNA (rrl; 
A2058N and A2059N) (Moon et al., 2016) genes using the GenoType 
Mycobacterium NTM-DR® kit (Hain Lifescience, Germany) (Hain Life
science, 2024b) and Sanger sequencing (Park et al., 2020).

2.4. MIRU-VNTR typing

MIRU-VNTR typing was performed for isolates that were previously 
identified as M. avium, M. intracellulare, and M. chimaera as described 
above. M. avium isolates were genotyped using eight MIRU-VNTR loci as 
described by Thibault et al. (2007)), with slight modifications. Briefly, 
DMSO was used instead of betaine in all amplification reactions; for 
VNTRs 10 and 32, PCR mixtures were performed in a final volume of 25 
μL, using 1 U of KAPA HotStart ReadyMix (KAPA Biosystems, USA), 1 
μM of each primer and, 1 μL of DMSO (INRA, 2024; Thibault et al., 
2007); and annealing temperatures were increased by one degree. For 
the characterization of M. intracellulare and M. chimaera isolates, 
amplification of MIRU-VNTR loci was performed as described by Dau
chy et al. (2010). Fragment sizing was determined automatically by the 
QiaXcel software (Qiagen; Germany), according to the manufacturers’ 
instructions. The genetic relations between isolates were analysed by 
constructing a minimum spanning tree based on the obtained MIRU- 
VNTR allelic profiles using the GrapeTree software, with the MSTv2 al
gorithm to account for missing data (i.e., loci for which amplification 
was unsuccessful) (Zhou et al., 2018).
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2.5. Whole genome sequencing and genome assembly

Total genomic DNA of 142 MAC isolates were subjected to Nexter
aXT library preparation (Illumina, USA) before paired-end sequencing 
(2 × 250 bp or 2 × 150 bp) on either a MiSeq, NextSeq 550 or NextSeq 
2000 instrument (Illumina, USA), according to the manufacturer’s in
structions (Supplementary Table S1). All genome sequences were 
assembled using the INNUca v4.2.2 pipeline (https://github. 
com/B-UMMI/INNUca), an integrative bioinformatics pipeline for 
read quality analysis and de novo genome assembly (Llarena et al., 
2018). Briefly, read quality analysis and improvement are performed 
using FastQC v0.11.5 (http://www.bioinformatics.babraham.ac.uk/pro 
jects/fastqc/) and Trimmomatic v0.38 (Bolger et al., 2014), respec
tively. Genomes were assembled with SPAdes v3.14.0 (Bankevich et al., 
2012) and subsequently polished using Pilon v1.23 (Walker et al., 
2014), with Quality Assurance/Quality Control (QA/QC) statistics being 
monitored and reported throughout the analysis (details in Supple
mentary Table S1).

2.6. Species’ classification and phylogenetic analysis

A multi-step approach was applied in order to classify the PT isolates 
within the MAC. All publicly available complete genomes of MAC (n =
103) were retrieved from Genbank (1st of February 2024; Supplemen
tary Table S2). The nucleotide sequences of hps65, rpoB and groEL1 were 
extracted from all genomes, individually BLASTn queried against the 
MAC and the reported consensus species at 100 % identity and 100 % 
query coverage were retrieved for each gene (Chawla et al., 2023). The 
consensus species classification (henceforth-named marker-gene based 
consensus classification) across all three genes was then used as the 
baseline for taxonomic classification. The same strategy was then 
applied to each novel PT genome. Additionally, for comparison pur
poses, species classification was also performed on genome assemblies 
with: i) Kraken v2 (Wood and Salzberg, 2014) (database “Standard-16 
10/09/2023”, available at https://benlangmead.github.io/aws-indexes 
/k2); ii) the PubMLST’s ribossomal Multilocus Sequencing Typing 
(rMLST) (Jolley et al., 2012) (https://pubmlst.org/species-id); iii) the 
PubMLST’s Mycobacteria spp. MLST (https://pubmlst.org/organisms/ 
mycobacteria-spp) (Jolley et al., 2018). Core-SNP alignment subsets 
were constructed using parsnp v2.0.5 (Kille et al., 2024), taking 
advantage of the 103 public genomes and the 142 PT genomes, with 
either GCA_002219285 (M. intracellulare subsp. chimaera), 
GCA_009741445 (Mycobacterium avium) or GCA_023278525 (Mycobac
terium intracellulare) as reference genomes depending on the analysed 
subset (see Results Section). Phylogenetic analysis was performed by 
calculating pairwise distance matrices for each core-SNP alignment with 
snp-dists (https://github.com/tseemann/snp-dists), and performing 
single-linkage hierarchical clustering using Reportree v2 (Mixão et al., 
2023). Simultaneously, using Reportree, cluster compositions were 
retrieved at all possible SNP thresholds and cluster stability regions (in 
SNP threshold ranges) were assessed to compare the obtained species 
classifications with each isolate’s phylogenetic clustering.

Since the NRL-TB does not have access to patients’ clinical data, 
making it difficult to associate the molecular relations between the 
strains with possible epidemiological links, for this study’s purpose, we 
used a conservative threshold of 50 SNPs to define a close related genetic 
cluster for each subspecies. Additionally, for same-patient samples an in- 
depth SNP analysis was performed using Snippy (https://github.com/ts 
eemann/snippy), by mapping quality-filtered reads (after Trimmomatic) 
to one of the assembled genome of the patient pair.

2.7. Data availability

All reads generated for the present study were deposited in the Eu
ropean Nucleotide Archive (ENA) under the study accession number 
PRJEB57933. Complete details of all isolates and individual ENA run 

accession numbers are provided in Supplementary Table S1.

3. Results

3.1. Sample dataset characterization

During the study period, the NRL-TB received 1355 NTM-positive 
cultures, of which 616 were classified as MAC using the genotype kit 
(Hain Lifescience GmbH, Germany). These were retrieved from 476 
patients (256 males and 220 females) with a median age of 67 ± 15 
years old. For the present study, we were able to regrow and further 
analyse 142 MAC strains from 132 patients (64 females and 68 males) 
with a median age of 68 ± 14 years old. The majority of the cases were 
from the Lisbon Region (which includes the Lisbon Metropolitan Area 
and the Setúbal Peninsula), with 85 cases (59.86 %), followed by the 
Centro region, with 20 cases (14.08 %), North region with 19 cases 
(13.38 %), Algarve with seven cases (4.93 %), Alentejo with six cases 
(4.23 %), and the Azores Autonomous Region with five cases (3.52 %). 
Regarding “case definition”, 61 (42.96 %) of the cases were classified as 
“definite NTM disease”, 60 (42.25 %) as “possible NTM disease”, and 21 
(14.79 %) as “NTM colonization” (see methods section). The strains 
enrolled in this study (n = 142) were identified at the species level, by 
the molecular approaches used in the NRL-TB for routine diagnostics 
purposes (GenoType Mycobacterium CM and NTM-DR® kits, or hsp65 
gene Sanger sequencing), as M. intracellulare (60 isolates), M. avium (35 
isolates), M. chimaera (14 isolates) and MAC (33 isolates).

3.2. Drug susceptibility testing

For 134 strains out of the 142 (94 %) we were able to perform pDST 
(Table 1). MAC strains were mostly susceptible to macrolides (i.e., CLR) 
with only four strains showing a resistant phenotype. In contrast, for 
LNZ and MFX, the majority of the isolates presented intermediate or 
resistant phenotypes, with 29.10 % and 32.09 % of the isolates exhib
iting a resistant phenotype, respectively.

mDST revealed that 139 out of 142 isolates had no mutations in the 
rrl gene, and as such 97.89 % of the isolates are presumably susceptible 
to macrolides (Supplementary Table S1). Still, two isolates 
(PTNTM_0047 and PTNTM_0107) presented the rrl A2059C alteration, 
suggesting resistance to macrolides. Curiously, one isolate 
(PTNTM_0037) carried a non-fixed mutation in rrl gene, A2058G, likely 
reflecting an infection with a mixed population. With regard to muta
tions in the rrs gene associated with resistance to aminoglycosides, none 
of the isolates revealed mutations and are therefore presumably sus
ceptible to this class of antibiotics (Supplementary Table S1). Of note, 
strain PTNTM_0143 showed phenotypic resistance to CLR without the 
detection of mutations in the rrs gene by mDST. Additionally we 
observed, for LZD and MXF, higher rates of susceptibility in 

Table 1 
Phenotypic drug susceptibility testing (pDST) results for MAC isolates (n = 134) 
in Portugal.

pDST (n/%) MIC (μg/mL) 
Interpretation*

Antimicrobial* S I R S I R

CLR
125 (93.28 
%)

5 (3.73 %) 4 (2.99 %) ≤8 16 ≥32

LNZ 66 (49.25 
%)

29 (21.64 
%)

39 (29.10 
%)

≤8 16 ≥32

MXF
56 (41.80 
%)

35 (26.12 
%)

43 (32.09 
%) ≤1 2 ≥4

* both drug selection and MIC values were retrieved from CLSI M24-A2 
guidelines(M24-A2: Susceptibility Testing of Mycobacteria, Nocardiae, and 
Other Aerobic Actinomycetes; Approved Standard—Second Edition, 2024.). CLR 
– Clarithromycin; LNZ – Linezolid; MXF – Moxifloxacin; S – Susceptible; I – In
termediate resistance; R – Resistant.
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M. intracellulare subsp. chimaera (71.4 % and 51.0 % respectively) 
compared to M. avium (32.7 % and 34.5 % respectively) and 
M. intracellulare species (39.3 % and 35.7 % respectively).

3.3. Global genetic diversity and isolate classification

In order to classify Portuguese MAC isolates at the subspecies level, 
we analysed 103 MAC publicly available reference genomes using three 
different genetic classifiers including Kraken v2, rMLST and the BLASTn 
consensus of the hsp65, rpoB and groEL1 genes (see methods section). 
Single-linkage hierarchical clustering (SL-HC) of reference genomes was 
performed, enrolling 912,787 sites, corresponding to a core-genome of 
18.4 % (Fig. S1). A high genetic diversity [172,637 single nucleotide 
variant sites (SNV), corresponding to 18.9 % polymorphic sites] be
tween MAC species was observed, however, the classifiers returned 
different results. Both the rMLST approach and the Kraken v2 approach 
proved to be insufficient in the taxonomic classification of MAC, since it 
was not possible to differentiate at the subspecies level (Fig. S1). Indeed, 
only the marker-gene based consensus classification yielded taxonomic 
classification consistent with the phylogenetic structure, facilitating not 
only the differentiation of subspecies but also ensuring clear delineation 
between each of the groups. An extensive SNP distance threshold range 
was observed (from 4625 up to 6313 SNPs) where most genomes cluster 
congruently with the marker-gene consensus classification results, with 
the exception of M. intracellulare/M. paraintracellulare and M. avium 
subsp. hominisuis/M. avium subsp. avium. Curiously, at this threshold 
range, reference genome GCA_002287605 does not cluster with other 
genomes identified as M. intracellulare subsp. chimaera (Fig. S1).

Integration of the PT MAC genomes into the global dataset (i.e., 103 
reference genomes, plus 142 PT isolates) reduced the core-genome size 
from 18.4 % to 9.9 % (912,878 to 492,441 sites), due to the introduction 
of more genetic diversity from distinct species/subspecies (Fig. S2). Still, 
this SL-HC analysis, together with the marker-gene consensus classifi
cation, allowed the potential classification of one isolate as 
M. marseillence (PTNTM_0033 / ~10,780 SNPs from M. marseillense 
reference genomes) and two isolates as M. colombiense (PTNTM_0098 / 
18,963 SNPs and PTNTM_0106 / 2555 SNPs from M. colombiense 
reference genome), although they were very distinct from their respec
tive reference genomes, suggesting, once again, high genetic diversity 
within species/subspecies of this complex.

In order to increase core-SNP resolution, underrepresent groups/ 
members of MAC were removed from subsequent analysis, namely 
M. columbiense, M. marseillense, M. senriense, M. mantenii and 
M. lepraemurium. As such, core-genome size increased to 40.5 %, with 
2,010,210 sites under analysis (276,082 SNV), and SL-HC revealed two 
major branches, separated by a mean pairwise distance of 191,431 ±
144 SNPs, one composed by isolates from the M. avium species and the 
other by isolates from M. intracellulare species (Fig. 1). As observed for 
the reference genome-based analysis (Fig. S1), an extensive SNP dis
tance threshold range was identified displaying high congruence be
tween genome clustering and species classification (from 12,707 up to 
15,090 SNPs). As such, this allowed the classification of 31 isolates as 
M. intracellulare, 45 as M. intracellulare subsp. chimaera, one as 
M. intracellulare subsp. yongonense and 57 as M. avium subsp. hominisuis. 
The only non-congruent classification was observed for isolate 
PTNTM_0169 that clusters together with the M. intracellulare and 
M. paraintracellulare genomes. Of note, at this threshold range, four PT 
isolates (PTNTM_0143, PTNTM_0138, PTNTM_0092 and PTNTM_0172) 
clustered with reference genome GCA_002287605 (Fig. 1). Although 
these five genome were classified as M. intracellulare subps. Chimaera, 
their highly divergent genetic background suggests that these might 
correspond to a potential distinct subspecies of M. intracellulare (hence 
denominated subsp. chimaera-like). Noteworthy, these genomes also had 
ambiguous classifications results for the hps65 gene (Fig. S2).

Aiming to further characterize the PT MAC species, the subsequent 
analysis focused on the two major phylogenetic groups, representing the 

two predominant species in the dataset: M. intracellulare 
(M. intracellulare, M. intracellulare subsp. chimaera, M. intracellulare 
subsp. yongonense and M. intracellulare subsp. chimaera-like) and 
M. avium (M. avium subsp. hominissuis and M. avium subsp. avium).

3.4. Mycobacterium avium species

A draft phylogenetic tree (SL-HC) was reconstructed using a dataset 
of 104 M. avium genomes (57 PT genomes and 47 reference genomes), 
which enrolled 3,825,777 sites corresponding to a core-genome of 77.2 
% (Fig. S3), with 133,716 SNV responsible for the observed genetic di
versity. All of our isolates were previously identified as M. avium subp. 
Hominissuis (Fig. 1), and the increase of resolution still showed the clear 
early separation of the M. avium subsp. paratuberculosis from other 
subspecies (mean pairwise distance of 33,918 ± 66 between groups). As 
a means to potentiate the genome group identified as M. avium subsp. 
avium, we identified the earliest clustering region (from 16,836 up to 
19,335 SNPs) that separated these from other species groups (Fig. S3). 
As such, at this threshold range, four major groups were highlighted: 
Group A – exclusively composed by genomes classified as M. avium 
subsp. hominissuis; Group B – exclusively composed by M. avium subsp. 
avium genomes; Group C – composed by highly diverse M. avium subsp. 
hominissuis genomes (mostly unclustered at this threshold range); and 
Group D – exclusively composed by M. avium subsp. paratuberculosis 
genomes.

For a better understanding of the characteristics of the M. avium 
subsp. hominissuis strains circulating in Portugal, the phylogeny was 
reconstructed using only PT genomes (N = 57), which now enrolled 
4,069,721 sites corresponding to a core-genome of 81.2 % (Fig. 2). Here, 
two different groups are included (indicated in Fig. 2 as A and C) with 
most isolates presenting high SNP distances (overall mean pairwise 
distance of 23,721 ± 30, and a mean pairwise distance of 29,676 ± 36 
between both groups), which emphasises the high genetic diversity 
within this subspecies. Still, although group A is composed by much 
more isolates than group C (49 versus 8, respectively) it displays less 
diversity within it (mean pairwise distance of 21,256 ± 32 versus 
30,852 ± 35, respectively). This highlights the high diversity of 
M. avium subsp. hominissuis isolates circulating in PT and, as most cases 
originated in the Lisbon Region (52.6 %, with 16 cases from the Setúbal 
Peninsula and 14 from the Lisbon Metropolitan Area), the diversity in 
this geographical region. Within group A, nine close related genetic 
clusters were identified (≤ 50 SNPs), with the largest cluster enrolling 
eight isolates susceptible to most antimicrobials tested (only one isolate 
showed resistance to LNZ), from patients diagnosed between 2017 and 
2022, mostly residing in the North region. Five other clusters were 
composed by isolates collected in the same geographic region, and 
separated by a mean of one year (ranging from zero up to two years). 
Within group C, only one genetic cluster was observed, and both cases 
were from the Lisbon Metropolitan Area and diagnosed in 2022.

Regarding MLST, within this dataset, although most close related 
isolates possessed the same ST, we observed cases where ST was asso
ciated with a polyphyletic structure, namely for ST4 and ST9 (Fig. 2). 
Moreover, although 55 unique MIRU-VNTR profiles were generated for 
the 57 isolates (Fig. S4), these were not concordant with WGS clustering 
analysis. In fact, even the isolates from the same patient (PTNTM_0037 
and PTNTM_0047) that only differed by less than 40 SNPs did not group 
with the same MIRU-VNTR code, proving some inefficacy for this mo
lecular typing technique.

3.5. Mycobacterium intracellulare subspecies

As mentioned above, 82 PT isolates were classified as belonging to 
M. intracellulare species. These strains were isolated from 77 patients (41 
males and 36 females), mostly from the Lisbon Region (37 cases from the 
Setúbal Peninsula and 14 from the Lisbon Metropolitan Area). A draft 
phylogenetic tree was reconstructed using 132 M. intracellulare genomes 
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Fig. 1. Comparison of different Mycobacterium avium complex genomes classification methods with core-SNP-based single-linkage hierarchical clustering. Analysis 
enrols 97 reference genomes (black nodes) and 139 Portuguese MAC genomes (red nodes). Core-SNP alignment was reconstructed using GCA_009741445 as a 
reference. BLAST consensus, corresponds to the combined BLAST results for hsp65, groEL1 and rpoB genes. Red box highlights the cluster congruence region with 
BLAST consensus species identification (corresponding to a SNP distance threshold of 12,707–15,090). Due to scaling cut, length values are presented for the first two 
branches. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(82 PT genomes and 50 closed public genomes), which enrolled 
4,100,630 sites corresponding to a core-genome of 75.9 % (Fig. S5). 
Results revealed an extensive stable clustering region from 26,228 up to 
39,550 SNP distance thresholds where four major groups could be 
identified: Group E – enrolling M. intracellulare and M. paraintracellulare 
genomes; Group F – exclusively enrolling close related M. intracellulare 
subsp. chimaera genomes; Group G – enrolling highly divergent 
M. intracellulare subsp. chimaera genomes (subsp. chimaera-like); and 
Group H – exclusively enrolling M. intracellulare subsp. yongonense ge
nomes. Of note, isolate PTNTM_0049 (M. intracellulare) is the only 
genome that segregates early within the phylogeny (Fig. S5), suggesting 
a potential distinct M. intracellulare subspecies/lineage.

To inspect PT genomes classified as M. intracellulare, a SL-HC 
phylogenetic tree based on the 31 isolates that composed the group E 
(identified in Fig. S5) was reconstructed using GCA_023278525 as a 
reference genome, which enrolled 4,628,344 sites (corresponding to a 
core-genome of 85.6 %) and 113,876 SNVs (Fig. 3). Only one isolate of 
this group had been classified as M. intracellulare subsp. chimaera 
(PTNTM_0169) by the maker-based consensus method. Although this 
isolate seems to be genetically more related to the M. intracellulare 

group, and was therefore included in this analysis, it segregates in a 
more distant branch, being separated from the rest of the group by a 
mean of 41,101 ± 95 SNPs. Most isolates were collected between 2020 
and 2022 (61.2.%) from the Lisbon Region (48.4 %, which includes the 
Lisbon Metropolitan Area and the Setúbal Peninsula). Within this sub
species, only one strain displayed an intermediate resistance phenotype 
to CLR, whereas twelve and ten strains exhibited resistant phenotypes to 
LNZ and MXF, respectively. Notably, none of the strains showed muta
tions within the rrs or rrl genes using mDST. Applying the conservative 
50 SNP threshold defined above (see methods section) eight close 
related genetic clusters were revealed (Fig. 3), two of these enrolling 
known same-patient samples. Still, in general, all clusters included iso
lates from distinct geographic regions and spanning different collection 
years. MLST typing for M. intracellulare showed a high congruence with 
the obtained phylogeny at a SNP threshold of 9226 up to 13,390, 
highlighting its usefulness for long-term surveillance purposes. In 
contrast, MIRU-VNTR did not show good typing resolution, as isolates 
clustered by WGS were not grouped using MIRU-VNTR (Fig. S6).

Regarding M. intracellulare subsp. chimaera, using 45 PT isolates 
(Fig. S5; Group F) and the reference genome GCA_002219285, a draft 

Fig. 2. Core-SNP-based single-linkage hierarchical clustering of Portuguese Mycobacterium avium species genomes (N = 57). Core-SNP alignment was reconstructed 
using GCA_009741445 as a reference. Coloured sample labels correspond to same patient samples. *Patient with a MAC reinfection with another strain or species in 
the dataset. Nodes are coloured according to marker-gene consensus identification. Group A and C refer to groups identified in Fig. S3. Regions of residence are 
presented according to the Portuguese NUTIII as: PT1B0 – Lisbon Metropolitan Area; PT11B – Alto Tamega; PT1D1 – Oeste; PT111 – Alto Minho; PT1 – Portugal 
Continent; PT11A – Porto Metropolitan Area; PT1D3 – Leziria do Tejo; PT1A0 – Setúbal Peninsula; PT150 – Algarve; PT200 – Azores Autonomous Region; PT1D2 – 
Medio Tejo.
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phylogenetic tree was constructed, relying on 5,038,386 sites (corre
sponding to a core genome of 85.9 %) and 29,189 SNV (Fig. 4). Two 
main genetic groups could be identified (F1 and F2 in Fig. 4), with two 
additional isolates displaying a mean pairwise distance of 15,687 ± 19 
to these groups (PTNTM_0039 and PTNTM_0107). Group F1 and F2 
were separated by a mean pairwise distance of 8715 ± 30 (mean within 
each group of 1333 ± 10 and 31 ± 2, respectively). Group F1 includes 
22 isolates from 2014 up to 2022, mostly collected in the Setúbal 
Peninsula (54.5 %), and exhibits two major clusters separated by ~5000 
SNPs. Close inspection of these shows a close related genetic cluster (<
50 SNPs), enrolling 17 and 3 isolates, respectively. None of the isolates 
in F1 showed resistance to CLR and only three and two isolates showed 
resistance to LNZ and MXF, respectively. As with F1, group F2 includes 
21 isolates from 2015 up to 2022, mostly collected in the Setúbal 
Peninsula (85.7 %), and exhibits a single large close-related genetic 
cluster composed of 19 isolates. All the isolates were sensitive to CLR 
and only two showed phenotypic resistance to LNZ. Still, 38 % of isolates 
within F2 were resistant to MXF. Regarding aminoglycosides and mac
rolides mDST, none of the isolates from both groups harboured genetic 
alterations associated with resistance. In fact, only the divergent isolate 
PTNTM_0107 was presumed resistant to macrolides by both mDST and 
pDST. Of note, although three pairs of same-patient samples were 
identified in this dataset, only one (PTNTM_0154 / PTNTM_0123) 
clustered together at <50 SNPs. Additionally, all isolates shared the 
same ST81 (with the exception of PTNTM_0068) likely due to the close 
genetic relatedness within this subspecies. In fact, when analysing all 

isolates identified as M. intracellulare subsp. chimaera [i.e., including the 
additional four genetically divergent chimaera-like isolates (group G in 
Fig. S5)], all subspecies chimaera-like presented distinct MLST profiles 
(Supplementary Table S1). Again, this highlights MLST typing adequacy 
for long-term surveillance of M. intracellulare species, and supports the 
suggestion that the chimare-like isolates are genetically different from 
the rest of the M. intracellulare subsp. chimaera strains circulating in 
Portugal, as well as most reference genomes similarly classified. 
Nevertheless, once again, MIRU-VNTR showed poor sensitivity, as it 
showed low congruence with the identified clusters by WGS (Fig. S6).

3.6. Re-infection or persistence

Within our dataset, for ten patients we retrieved more than one 
sample, collected more than six months apart, in order to evaluate 
possible cases of persistence of infection. In four cases, re-infection was 
clear as each patient was infected with isolates belonging to different 
MAC species (highlighted in Figs. 2, 3 and 4, with details in Supple
mentary Table S1), i.e., for patient 34 (PTNTM_0087 / PTNTM_0049), 
patient 37 (PTNTM_0059 / PTNTM_0088), patient 43 (PTNTM_0126 / 
PTNTM_0050) and patient 136 (PTNTM_0065 / PTNTM_0078). Taking 
advantage of the obtained complete genomes, for the other six cases, a 
fine-tuned paired analysis was conducted revealing, as observed above 
in the subspecies analysis, ≤ 40 genetic alterations (either SNPs or 
indels, ranging from one up to 40) between isolates from five patients, 
namely patient 13 (PTNTM_0121 / PTNTM_0083), 20 (PTNTM_0087 / 

Fig. 3. Core-SNP-based single-linkage hierarchical clustering of Portuguese Mycobacterium intracellulare genomes (N = 31). Core-SNP alignment was reconstructed 
using GCA_023278525 as a reference. Coloured sample labels correspond to same patient samples. *Patient with a MAC reinfection with another strain or species in 
the dataset. Nodes are coloured according to marker-gene consensus identification. Regions of residence are presented according to the Portuguese NUTIII as: PT1D2 
– Medio Tejo; PT1B0 – Lisbon Metropolitan Area; PT1D1 – Oeste; PT150 – Algarve; PT200 – Azores Autonomous Region; PT1A0 – Setúbal Peninsula; PT11C – 
Tamega e Sousa; PT194 – Viseu Dao Lafoes; PT1C4 – Central Alentejo.
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PTNTM_0049), 30 (PTNTM_0154 / PTNTM_0123), 49 (PTNTM_0102 / 
PTNTM_0128), and 101 (PTNTM_0056 / PTNTM_0093). Considering 
that most paired isolates were collected within a one- or two-year in
terval, these data suggest that these cases may constitute persistent in
fections with strains displaying within-patient evolution. Of note, for 
patient 101, even though isolates were collected three years apart, only 
one SNP difference was observed between them. For patient 130 
(PTNTM_0069 / PTNTM_0082) isolates showed >7000 genetic differ
ences between them, suggesting that, although both isolates belonged to 
M. intracellulare subsp. chimaera, patient was, at some point, re-infected 
with a different strain (Fig. 4).

4. Discussion

Currently, there is still a huge lack of knowledge not only on the 
global distribution of MAC subspecies but also on methodologies used 
for their accurate identification. This study aimed to enrich compre
hension on MAC diversity and characterize the population of MAC iso
lates circulating in Portugal by integrating them within the available 
reference MAC genomes and applying different methodological ap
proaches for species classification. To achieve this, we analysed 142 
isolates collected in Portugal between 2014 and 2022, mainly from male 
patients (51.5 %) from Lisbon region (59.86 %). MAC isolates were 
mostly susceptible to CLR (3.0 % of resistant isolates), reinforcing its use 

as a primary therapeutic option, whereas only about half of the isolates 
were susceptible to LNZ and MXF (49.3 % and 41.8 %, respectively).

As highlighted in Fig. 1, MAC seems to be composed by two species 
(Mycobacterium avium and Mycobacterium intracellulare groups), howev
er, by performing a deeper analysis of each of this species we clearly see 
the emergence of smaller groups of additional major lineages within 
each of these major branches. Using different classification approaches 
(Kraken, rMLST and marker-gene based results) we were able to classify 
our isolates at the subspecies level. The results obtained with the 
marker-gene based consensus approach were the most congruent with 
the SNP tree analysis of each species (Fig. 1 and Fig. S2). Thus, we 
believe that, although there is still much to debate concerning taxo
nomic classification of MAC (Mizzi et al., 2022), this approach may be 
useful for quick classification of isolates at the species and subspecies 
level, proving its efficacy for identification purposes. Other studies have 
also reported the advantage of using the analysis of the rpoB groEL-1 and 
groEL-2 (hsp65) genes for NTM identification (Chawla et al., 2023; Rindi 
and Garzelli, 2014; Van Ingen et al., 2018). In fact, Chawla and col
leagues, the first suggesting the use of a consensus analysis of these 
genetic markers, also reported sufficient discriminatory power for ac
curate MAC subspecies identification (Chawla et al., 2023). Still, the 
differences observed in classification for the distinct methodologies also 
highlight the need to have larger and more diverse genomic datasets, 
particularly relevant for underrepresented species (such as 

Fig. 4. Core-SNP-based single-linkage hierarchical clustering of Portuguese Mycobacterium intracellulare subsp. chimaera genomes (N = 45). Core-SNP alignment was 
reconstructed using GCA_002219285 as a reference. Coloured sample labels correspond to same patient samples. *Patient with a MAC reinfection with another strain 
or species in the dataset. Nodes are coloured according to marker-gene consensus identification. Regions of residence are presented according to the Portuguese 
NUTIII as: PT1B0 – Lisbon Metropolitan Area; PT1D2 – Medio Tejo; PT200 – Azores Autonomous Region; PT1A0 – Setúbal Peninsula; PT11A – Porto Metropolitan 
Area; PT1D3 – Leziria do Tejo; PT193 – Leiria Region; PT150 – Algarve.
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M. lepraemurium or M. mantenii). Additionally, powerful software such as 
Kraken, which relies on known genomic information, would benefit 
from this to perform identification of MAC species (namely up to the 
subspecies level). Although we found a general agreement between the 
phylogenetic analysis and the taxonomic classification determined by 
the marker-gene consensus method, highly divergent strains were also 
observed. Thus, additional genome-scale data would strengthen our 
understanding on the population structure of MAC while helping in the 
establishment of a more robust taxonomic classification of the species of 
this complex.

Phylogenetic analysis of the PT M. avium isolates, revealed, not only 
that all analysed cases were caused by M. avium subsp. hominissuis, but 
also a division into two potential highly genetically distinct groups 
(Fig. 2, groups A and C). These results are in line with previous genomic 
studies that also showed great diversity among the isolates of this sub
species, which is probably related to the different environmental niches, 
different hosts and even different disease outcomes (Iwamoto et al., 
2012; Mizzi et al., 2022; Uchiya et al., 2017). Noteworthy, we observed 
that PT M. avium isolates were more susceptible to LNZ than previous 
reported published data (32.7 % vs 24.7 %) (Cho et al., 2018). Although 
the majority of our cases of M. avium were collected in the Lisbon region 
and we observed at least 10 clusters of close related isolates (≤ 50 SNPs), 
no conclusions regarding their linkage can be drawn since the LNR-TB 
does not have access to clinical/epidemiological data, thereby hinder
ing the establishment of relations between molecular and potential 
epidemiological links.

It is still not established how to taxonomically classify 
M. intracellulare group and some authors even consider that M. chimaera 
is a subspecies of M. intracellulare (Nouioui et al., 2018). Our study 
revealed the existence of three phylogenetically distinct groups, sepa
rating the isolates of M. intracellulare, M. intracellulare subsp. chimaera 
and M. intracellulare subsp. yongonense, as well as a potential fourth 
group composed of M. intracellulare subsp. chimaera-like isolates (Fig. S5, 
groups E, F, H and G, respectively). However, although M. intracellulare 
subsp. yongonense genomes clearly diverge from the remaining 
M. intracellulare genomes, we highlight the lack of both PT isolates and 
publicly available reference genomes, hindering the clarification 
whether M. intracellulare subsp. yongonense is really a subspecies or just a 
variant of M. chimaera (Castejon et al., 2018; Tortoli et al., 2019; Van 
Ingen et al., 2018). Still, even with limited data, the phylogenetic 
analysis conducted on the present study supports the former being more 
likely than the latter given their early divergence from the large 
M. intracellulare subsp. chimaera (Fig. 1). It has already been described 
that isolates of M. chimaera are linked to outbreaks associated with 
hospital heater-cooler units (Quintás Viqueira et al., 2021; Uchiya et al., 
2017), suggesting this subspecies is more likely to contaminate/inhabit 
these hospital niches than the other species of the complex, again sug
gesting well defined associations between origin and causative agent of 
infection. In fact, previous studies focusing on the genomic character
ization of M. intracellulare subsp. chimaera isolates associated with the 
occasional contamination of heater-coolers, and subsequently cardiac 
surgery patients, revealed that those were caused by very genetically 
related strains (Lecorche et al., 2021; Schreiber et al., 2021) regardless 
of country of origin, and thus suggesting the existence of potential in
ternational highly fitted dominant lineages. This could lead to the 
assumption that, as already demonstrated for other NTM diseases, 
particularly, M. abscessus (Carneiro et al., 2023; Diricks et al., 2022), 
there may also exist Dominant Circulating Clones (DCC, terminology 
used for M. abscessus). In our dataset, we also observed low genetic di
versity between M. intracellulare subsp. chimaera isolates, and only two 
major clusters (groups F1 and F2 in Fig. 4) were identified suggesting the 
existence of potential DCC in Portugal. Nevertheless, more studies 
focused on the genomic comparison of isolates collected from environ
mental sources and isolates from patients worldwide are needed. 
Regarding antimicrobial resistance, contrary to previous reports 
(Fernandez-Pittol et al., 2022), PT M. intracellulare subsp. chimaera 

isolates were more susceptible to MXF (52.03 %) compared to those of 
M. avium (34.5 %) and M. intracellulare (35.7 %). Once more, we believe 
that additional data are still needed to understand the differences in 
susceptibility patterns among MAC isolates across different geographical 
regions. It could be speculated that variations in antibiotic susceptibility 
patterns may be linked to delayed clinical diagnostics or to therapeutic 
schemes not guided by DST results, promoting the spread of more 
resistant strains.

WGS analysis allowed the identification of five cases of potential 
persistence of infection with the isolates showing less than 40 genetic 
alterations (including SNPs or indels) and five cases of clear reinfections, 
four of which with different species of MAC and one with the same 
subspecies. In fact, although poorly documented, cases of relapse with 
the same or different MAC species have also been reported (Boyle et al., 
2016; Kwon et al., 2019; Wallace Jr. et al., 2002). This high number of 
cases of reinfection (~4 % of the total cases analysed) are also an evi
dence of the diversity of the MAC species in the environment and, 
consequently, high human exposure to potential sources of infection. 
Persistent cases, however, may be associated with treatment failure.

Regarding the limitations of this study, we highlight our lack of ac
cess to clinical data of the patients. We believe that it could have highly 
benefited from more detailed clinical and demographic relevant infor
mation in order to eventually relate the genomic data to distinct infec
tion sources and/or disease outcomes of each patient, or to flag potential 
epidemiological links in the context of Public Health investigations. It is 
also of note that MAC disease is not mandatory notifiable, which also 
contributes to the lack of information, and there are no guidelines to the 
follow up on the diagnosed patients, leading, in some cases, to a po
tential chronic disease, that could otherwise be cured.

In order to achieve a global understanding of MAC in a One Health 
perspective, indiscriminate large-scale WGS data of MAC clinical and 
environmental isolates is needed both to establish associations between 
MAC species/subspecies and human disease outcomes and to reliably 
identify common sources of infection for epidemiological purposes. 
Moreover, establishing an appropriate genotyping approach for each 
MAC species is essential in managing disease progression, as it has been 
shown that identifying MAC subspecies is key for prioritizing patient 
treatment (Pan et al., 2021). We believe that by improving our under
standing of the disease-subspecies dynamics in MAC infections, the 
application of WGS will have an impact on patient care that goes beyond 
laboratory diagnosis.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2024.105682.
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2010. Variable-number tandem-repeat markers for typing Mycobacterium 
intracellulare strains isolated in humans. BMC Microbiol. 10 (1), 93. https://doi.org/ 
10.1186/1471-2180-10-93.

Diricks, M., Merker, M., Wetzstein, N., Kohl, T.A., Niemann, S., Maurer, F.P., 2022. 
Delineating Mycobacterium abscessus population structure and transmission 
employing high-resolution core genome multilocus sequence typing. Nat. Commun. 
13 (1), 4936. https://doi.org/10.1038/s41467-022-32122-5.

Fernandez-Pittol, M., Batista-Arnau, S., Román, A., San Nicolás, L., Oliver, L., González- 
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Cuevas, A., Tudó, G., Gonzalez-Martin, J., 2022. Differences in drug-susceptibility 
patterns between Mycobacterium avium, Mycobacterium intracellulare, and 
Mycobacterium chimaera clinical isolates: prospective 8.5-year analysis by three 
laboratories. Antibiotics 12 (1), 64. https://doi.org/10.3390/antibiotics12010064.

Hain Lifescience, 2024a. GenoType Mycobacterium CM VER 2.0 (n.d.-a-A). https 
://www.hain-lifescience.de/en/products/microbiology/mycobacteria/ntm/genoty 
pe-mycobacterium-cm.html.

Hain Lifescience, 2024b. GenoType NTM-DR VER 1.0 (n.d.-b-B). https://www.hain-lifes 
cience.de/en/products/microbiology/mycobacteria/ntm/genotype-ntm-dr.html.

Holt, M.R., Daley, C.L., 2019. Mycobacterium avium complex disease. In: Griffith, D.E. 
(Ed.), Nontuberculous Mycobacterial Disease: A Comprehensive Approach to 
Diagnosis and Management. Springer International Publishing, pp. 301–323. 
https://doi.org/10.1007/978-3-319-93473-0_11.

INRA, 2024. MAC-INMV-SSR Database. n.d. http://mac-inmv.tours.inra.fr/index.php.
Iwamoto, T., Nakajima, C., Nishiuchi, Y., Kato, T., Yoshida, S., Nakanishi, N., Tamaru, A., 

Tamura, Y., Suzuki, Y., Nasu, M., 2012. Genetic diversity of Mycobacterium avium 
subsp. Hominissuis strains isolated from humans, pigs, and human living 
environment. Infect. Genet. Evol. 12 (4), 846–852. https://doi.org/10.1016/j. 
meegid.2011.06.018.

Jolley, K.A., Bliss, C.M., Bennett, J.S., Bratcher, H.B., Brehony, C., Colles, F.M., 
Wimalarathna, H., Harrison, O.B., Sheppard, S.K., Cody, A.J., Maiden, M.C.J., 2012. 
Ribosomal multilocus sequence typing: universal characterization of bacteria from 
domain to strain. Microbiology 158 (4), 1005–1015. https://doi.org/10.1099/ 
mic.0.055459-0.

Jolley, K.A., Bray, J.E., Maiden, M.C.J., 2018. Open-access bacterial population 
genomics: BIGSdb software, the PubMLST.org website and their applications. 
Wellcome Open Res. 3, 124. https://doi.org/10.12688/wellcomeopenres.14826.1.

Keen, E.C., Choi, J., Wallace, M.A., Azar, M., Mejia-Chew, C.R., Mehta, S.B., Bailey, T.C., 
Caverly, L.J., Burnham, C.-A.D., Dantas, G., 2021. Comparative genomics of 
Mycobacterium avium complex reveals signatures of environment-specific adaptation 
and community acquisition. mSystems 6 (5). https://doi.org/10.1128/ 
mSystems.01194-21 e01194-21. 

Kille, B., Nute, M.G., Huang, V., Kim, E., Phillippy, A.M., Treangen, T.J., 2024. Parsnp 
2.0: Scalable Core-Genome Alignment for Massive Microbial Datasets. https://doi. 
org/10.1101/2024.01.30.577458.

Kim, S.H., Shin, J.H., 2018. Identification of nontuberculous mycobacteria using 
multilocous sequence analysis of 16S RRNA, hsp65, and rpoB. J. Clin. Lab. Anal. 32 
(1), e22184. https://doi.org/10.1002/jcla.22184.

Kim, S.-Y., Shin, S.H., Moon, S.M., Yang, B., Kim, H., Kwon, O.J., Huh, H.J., Ki, C.-S., 
Lee, N.Y., Shin, S.J., Koh, W.-J., 2017. Distribution and clinical significance of 
Mycobacterium avium complex species isolated from respiratory specimens. Diagn. 
Microbiol. Infect. Dis. 88 (2), 125–137. https://doi.org/10.1016/j. 
diagmicrobio.2017.02.017.

Kim, S.-Y., Kim, D.H., Moon, S.M., Song, J.Y., Huh, H.J., Lee, N.Y., Shin, S.J., Koh, W.-J., 
Jhun, B.W., 2021. Association between 16S rRNA gene mutations and susceptibility 
to amikacin in Mycobacterium avium complex and Mycobacterium abscessus clinical 
isolates. Sci. Rep. 11 (1), 6108. https://doi.org/10.1038/s41598-021-85721-5.

Kwon, B.S., Shim, T.S., Jo, K.-W., 2019. The second recurrence of Mycobacterium avium 
complex lung disease after successful treatment for first recurrence. Eur. Respir. J. 53 
(1), 1801038. https://doi.org/10.1183/13993003.01038-2018.

Lecorche, E., Daniau, C., La, K., Mougari, F., Benmansour, H., Kumanski, S., Robert, J., 
Fournier, S., Lebreton, G., Carbonne, A., Cambau, E., CNR-MyRMA, Alauzet, C., 
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