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Mycobacterium intracellulare is the most common cause of nontuberculous

mycobacterial lung disease, with a rapidly growing prevalence worldwide.

In this study, we performed comparative genomic analysis and antimicrobial

susceptibility characteristics analysis of 117 clinical M. intracellulare strains in

China. Phylogenetic analysis showed that clinical M. intracellulare strains had

high genetic diversity and were not related to the geographical area. Notably,

most strains (76.07%, 89/117) belonged to Mycobacterium paraintracellulare

(MP) and Mycobacterium indicus pranii (MIP) in the genome, and we named

them MP-MIP strains. These MP-MIP strains may be regarded as a causative

agent of chronic lung disease. Furthermore, our data demonstrated that

clarithromycin, amikacin, and rifabutin showed strong antimicrobial activity

against both M. intracellulare and MP-MIP strains in vitro. Our findings also

showed that therewas no clear correlation between the rrs, rrl, and DNA gyrase

genes (gyrA and gyrB) and the aminoglycosides, macrolides, and moxifloxacin

resistance, respectively. In conclusion, this study highlights the high diversity

ofM. intracellulare in the clinical setting and suggests paying great attention to

the lung disease caused by MP-MIP.

KEYWORDS

Mycobacterium intracellulare, drug resistance profile, nontuberculous mycobacterial

lung disease,Mycobacterium indicus prani, whole genome sequencing

Introduction

Mycobacterium intracellulare (M. intracellulare), a major species of the

Mycobacterium avium complex (MAC), is the leading cause of nontuberculous

mycobacterial lung disease worldwide (1, 2). It can cause lung illness in both

immunocompetent and immunosuppressed patients, showing common respiratory
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symptoms such as cough, sputum, and weight loss (3). M.

intracellulare is ubiquitous in the environment, such as in water

and soil. Some studies showed that residential environments

like bathroom or drinking water could be the sources of

infection (4). In recent years, the incidence of M. intracellulare

infections is growing, causing widespread concern and attention

(2). Researchers in Korea retrospectively investigated data on

Mycobacterium species over 13 years in their country, showing

that the most common species wasM. intracellulare (50.6%) (5).

A national survey of nontuberculous mycobacteria pulmonary

disease in China showed that 34.1% of the strains belong

to MAC, of which M. intracellulare is the most common

and distributed widely (6). Thus, accurate identification of

the M. intracellulare from patients and timely treatment are

particularly important.

Mycobacterium indicus pranii (MIP) has been

considered a non-pathogenic and cultivable organism with

immunomodulatory characteristics, which has therapeutic value

in the treatment of leprosy (7, 8). Its taxonomic characterization

showed high sequence identity (>99%) to M. intracellulare

based on the most common housekeeping genes as well as

similar phenotypic characteristics, such as the negative urease

(9). Mycobacterium yongonense and Mycobacterium chimaera

are opportunistic pathogens, which could cause pulmonary

infections in humans, usually in immunocompromised patients

and in patients with underlying respiratory diseases (10, 11).

To date, MIP, Mycobacterium yongonense and Mycobacterium

chimaera have been regarded as M. intracellulare subsp.

intracellulare (12), Mycobacterium intracellulare subsp.

yongonense and Mycobacterium intracellulare subsp. chimaera,

respectively, being the subspecies of M. intracellulare.

Mycobacterium paraintracellulare (MP) is an independent

species in the NCBI database, but previous reports showed that

M. paraintracellulare should be reclassified intoM. intracellulare

at the subspecies level with high sequence similarity (average

nucleotide identity ≥98%) (13, 14).

Lately, some studies have revealed that MIP could cause

NTM pulmonary disease in clinical trials, and some strains

were misdiagnosed as M. intracellulare because of the high

similarity in clinical diagnosis (15, 16). A recent study about

the genomic analysis of M. intracellulare and related species

isolates showed that clinical M. intracellulare strains have been

separated into two major groups: the typical M. intracellulare

(TMI) group and the M. paraintracellulare - M. indicus pranii

(MP-MIP) group (12). Thus, MIP should be considered a cause

of pulmonary disease in humans with pre-existing lung diseases,

such as tuberculosis and bronchiectasis (16).

Antimicrobial susceptibility information is considered

critical for the successful and appropriate treatment of

pulmonary illnesses (17, 18). Official clinical practice guidelines

suggest that macrolide, ethambutol, and rifamycin (or rifabutin)

should be included in treatment regimens for MAC infections,

and amikacin or streptomycin may be added to the treatment

regimens if the patient is macrolide-resistant or requires more

aggressive therapy (18). However, the subspecies of MAC

strains exhibit various drug susceptibility patterns. Researchers

have investigated the differences in drug susceptibility of the

subspecies strains, such as M. intracellulare, Mycobacterium

avium, Mycobacterium intracellulare subsp. chimaera, and

Mycobacterium colombiense (19, 20), but there is little

information available regarding the drug susceptibility of MP

and MIP.

In this study, we compared the genomics of 117 clinical

strains that were previously identified with M. intracellulare

to comprehend the genetic diversity and similarities of

clinically isolated M. intracellulare strains in China. In

addition, we further investigated the antimicrobial susceptibility

characteristics of the strains, especially for the MP and MIP,

which could increase the body of availableMIC data and provide

the basis for clinical treatment.

Materials and methods

Isolates collection and identification

A total of 117 clinical strains that were previously

identified as M. intracellulare were randomly selected from

the nontuberculous mycobacteria database of the national

tuberculosis reference laboratory in China (6). The species

of nontuberculous mycobacteria strains were identified by

MALDI-TOF MS after four weeks grown on Lowenstein Jensen

media and sequencing their 16S ribosomal genes. In this study,

the subspecies were confirmed by the average nucleotide identity

(ANI) and phylogenetic analysis based on whole genome

sequence (WGS). The ANI was calculated by an ANI Calculator

online (https://www.ezbiocloud.net/tools/ani). The pairwise

ANI values were determined by pyani (https://github.com/

widdowquinn/pyani) and visualized using the heatmap of the

R package. The M. intracellulare ATCC 13950 (NC_016946.1),

MIP MTCC 9506 (NC_018612.1), M. intracellulare subsp.

yongonense 05-1390 (NC_021715.1), Mycobacterium

paraintracellulare MOTT64 (NC_016948.1), and M.

intracellulare subsp. chimaera DSM 44623(NZ_CP015278.1)

were set as the subspecies reference genomes.

Antimicrobial susceptibility testing

According to the Clinical and Laboratory Standards

Institute (CLSI) standard guideline, the antimicrobial

susceptibility testing in this study was performed using

the SensititreTM SLOWMYCOI panel (21). It included

13 antimicrobials: clarithromycin (CLR), amikacin (AN),

moxifloxacin (MXF), linezolid (LNZ), ciprofloxacin (CIP),

doxycycline (DO), ethambutol (EMB), rifampicin (RIF),

rifabutin (RFB), sulfamethoxazole (SXT), ethionamide (ETH),

isoniazid (INH), and streptomycin (SM). The resistance
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FIGURE 1

Phylogenetic tree of the 117 clinical M. intracellulare strains in this study, 30 M. intracellulare strains, and 14 related strains from the NCBI

genome database. The tree based on core SNPs was constructed by RAxML with GTR+G model, with 1000 bootstrap replicates. The group type,

clade, and geographic location of the strains are shown on the tree (from inner to outer circles), according to the color legend shown on the

right. The red stars on the outside represent the strains in this study.

breakpoints were determined as previously described according

to CLSI standards (6).

DNA extraction and sequencing

The 117 strains were cultured on Lowenstein Jensen media

and genome DNA was extracted following the protocol of

the cetyltrimethylammonium bromide (CTAB) method (22).

Whole-genome sequencing was performed on the Illumina

Hiseq PE150 platform by Annoroad (Beijing, China). The

paired-end reads were examined using FastQC (v0.11.9)

and trimmed using Trimmomatic (v0.39) (23). The genome

sequences were assembled into a number of scaffolds by SPAdes

(24). And the quality of the assemblies was evaluated using

QUAST (v5.0.2).

Phylogenetic analysis

To get a better understanding of the population structure of

M. intracellulare, we downloaded the publicly available genomes

of 30 M. intracellulare, 2 MIP, 3 Mycobacterium intracellulare

subsp. Yongonense and 9 Mycobacterium paraintracellulare

from the NCBI public database (Supplementary Table S1).

Single nucleotide polymorphisms (SNPs) were extracted

by snippy pipeline (v4.3.6) with the reference genome

ATCC 13950 (NC_016946.1) (https://github.com/tseemann/

snippy). The maximum-likelihood phylogenetic tree based

on the core SNPs was constructed by RAxML-NG, using

1000 bootstrap iterations and the GTR+G model. The

genome comparison of the two strains was calculated

by the ANI online tools (https://www.ezbiocloud.net/

tools) (25).

Statistical analysis

All statistical analyses were performed by

SPSS v18.0 software (SPSS Inc. USA), Chi-

square test or Fisher exact test was used for

categorical data. P < 0.05 was considered

statistically significant.
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Results

The species re-identification

In our study, 117 clinicalM. intracellulare strains have been

re-identified by the average nucleotide identity (ANI) of the

whole genome sequence, and the strains are separated into

two major groups (Supplementary Figure S1). The reference

strains M. intracellulare ATCC 13950 and M. paraintracellulare

MOTT64, and M. indicus pranii MTCC 9506 belong to two

different groups, respectively. According to the recent study on

genetic comparisons of M. intracellulare (12), the two groups

are defined as the typical M. intracellulare (TMI) group and

the M. paraintracellulare-M. indicus pranii (MP-MIP) group.

However, it is noted that only 23.93% (28/117) of the strains were

identified as typical M. intracellulare, and most strains (76.07%,

89/117) belong to the MP-MIP group, suggesting the strains of

theMP-MIP groupmay be common in clinical isolates in China.

Phylogenetic analysis

The phylogenetic tree also shows that the 117 strains were

divided into two major groups: TMI group and MP-MIP

group (Figure 1). The population structure of enrolled strains

is in line with the genomic analysis of the M. intracellulare

in previous reports. In typical M. intracellulare (TMI) group,

we can see that there are three main clades (clade A, B, C)

and every clade, including the strains from different countries,

show the clustering of strains was not influenced by the

geographical location. Additionally, we discovered that M.

intracellulare strains had a significant level of genetic diversity,

the previously registered strains belong to different clades,

such as ATCC13950, M.i.198, and FDAARGOS_1612. In the

MP-MIP group, the strains can be classified into five clades

(clade D-H), and most strains in our study belong to clade

H. The MP reference strain MOTT64 clustered with other

6 strains (1280, 1077, 1034, 1029, 3105, and JCM30622)

is in clade H. The MIP reference strain ATCC9506 is a

member of clade F, which consists of 9 phylogenetically closely

related strains including M003. However, the majority of

strains of the MP-MIP group were divided into various clades

and clusters, indicating the considerable genetic variability

of the genome. Interestingly, we found a public strain of

MIP (NFDAARGOS_1610, NZ_CP089222.1) from Germany

belonging to the TMI group in our study. By comparing

two genome sequences, the ANI identity of this strain with

the reference ATCC 13950 (NC_016946.1) and ATCC 9506

(NC_018612.1) is 99.43 and 98.74%, respectively. Thus, this

strain may be more related toM. intracellulare.

Antimicrobial susceptibility profiles

Antimicrobial susceptibilities and MIC range of 28 M.

intracellulare strains and 89 MP-MIP strains in this study

were shown in Table 1 and Figure 2. Clarithromycin was

found to be the most effective antibiotic against typical M.

intracellulare (96.43%) and MP-MIP (97.75%) strains. The

MIC50 and MIC90 were 2µg/ml and 4µg/ml, respectively.

Amikacin was highly active against the M. intracellulare

(92.86%) and MP-MIP (89.89%) strains. Rifabutin also

TABLE 1 The antimicrobial susceptibilities and minimum inhibitory concentrations (MICs) ofM. intracellulare and MP-MIP strains.

Critical concentrations

(µg/ml)

M. intracellulare MP-MIP χ
2 P-value

Agents S I R MIC50 MIC90 R (n,%) MIC50 MIC90 R (n,%)

CLR 8 16 32 2 4 1 (3.57) 2 4 2 (2.25) – 0.564*

AN 16 32 64 8 32 2 (7.14) 16 64 9 (10.11) 0.010 0.922

MXF 1 2 4 2 4 13 (46.43) 4 8 55 (61.80) 2.067 0.151

LNZ 8 16 32 32 64 16 (57.14) 32 64 50 (56.18) 0.008 0.929

CIP 1 2 4 >16 >16 27 (96.43) >16 >16 78 (87.64) 0.960 0.327

DO 1 2–4 8 >16 >16 27 (96.43) >16 >16 87 (97.75) – 0.563*

EMB 2 4 8 4 16 9 (32.14) 4 16 39 (43.82) 1.200 0.273

RIF 1 2 4 8 26 (92.86) 8 8 82 (92.13) 0.000 >0.999

RFB 2 4 0.5 2 2 (7.14) 0.5 2 7 (7.87) 0.000 >0.999

SXT 2/38 4/76 2 8 11 (39.29) 2 8 38 (42.70) 0.102 0.750

ETH >20 >20 - >20 >20 -

INH >8 >8 - >8 >8 -

SM 32 >64 - 32 >64 -

*Indicating P value was calculated by Fisher exact test.
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shows good activity against the M. intracellulare (92.86%)

and MP-MIP (92.13%) strains. We also found that most

strains are resistant to ciprofloxacin, doxycycline, and

rifampicin. The resistant rates of clarithromycin, linezolid,

doxycycline, and rifampicin for M. intracellulare are

higher than MP-MIP strains with no significant difference.

However, ethionamide, isoniazid, and streptomycin have

no breakpoint established by CLSI, and the MIC90 for

ethionamide, isoniazid, and streptomycin in this study were

>20, >8, and >64µg/ml, respectively. In addition, we have

performed a comparative analysis of drug resistance in different

clade strains and have not found a correlation between

the clades and drug resistance (Supplementary Figure S2,

Supplementary Table S2).

Mutations profiling

In our analysis, the 16S rRNA gene (rrs) sequences

for amikacin-resistant and amikacin-susceptible strains were

identical, which was responsible for amikacin resistance (26).

A previous study has described that mutations in 23S rRNA

gene (rrl) could lead to clarithromycin resistance (27). There

are some nucleotide changes in the rrl gene, but they

are unrelated to drug resistance (Supplementary Table S3).

We also investigated the relationship between moxifloxacin

resistance and gyrA or gyrB mutation. The peptide sequences

of GyrA and GyrB were identical for M. intracellulare

ATCC 13950 and MIP MTCC 9506, but there were more

peptide substitutions in GyrA and GyrB for MP-MIP strains,

FIGURE 2

MIC distributions for 28 M. intracellulare and 89 MP-MIP strains in this study. The vertical axis of each graph represents the number of strains

corresponding to each horizontal coordinate as a percentage of the total number of strains. The black bar and gray bar represent M.

intracellulare and MP-MIP strains, respectively. (A–M) Showed MIC distributions of clarithromycin, ethambutol, ethionamide, isoniazid, rifabutin,

linezolid, rifampicin, doxycycline, ciprofloxacin, SXT, moxifloxacin, streptomycin, and amikacin, respectively.
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especially for the GyrB. In comparison to the reference M.

intracellulare ATCC 13950, 85.39% (76/89) of the MP-MIP

isolates had Arg222Lys mutations in gyrA, and 24 and 10 MIP

isolates had Glu594Asp and Lys167Gln substitution in GyrB,

respectively (Supplementary Table S4), but we have not found

any moxifloxacin resistance-associated mutations in GyrA or

GyrB, which suggest that mechanisms other than gyrA and gyrB

mutations might have contributed to moxifloxacin resistance.

Discussion

M. intracellulare is one of the most common causes of NTM

lung disease worldwide, and it has been isolated from clinical

pulmonary disease in many areas of China (6, 28). MIP, MP,

and M. intracellulare are very closely related in the genome. In

this study, we analyzed the genome of 117 clinical strains that

were previously identified asM. intracellulare and presented the

phenotypic resistance profile of these strains.

By comparing the genome of clinical M. intracellulare

strains, we revealed that M. intracellulare in China could

be classified into two major groups: TMI group and MP-

MIP group. This result is supported by a recent report

about a genome analysis of M. intracellulare, which presented

convincing evidence that MP and MIP should be regarded

as variants of M. intracellulare (12). In our study, 76.07%

of strains belong to the MP-MIP group, suggesting that the

majority of M. intracellulare strains in China could be MP-MIP

strains in the genome, and these strains should be considered

potential causative agents of pulmonary diseases. With genetic

sequencing increasingly affordable, the MP-MIP group strains

can be detected more frequently in the future. Though variable

numbers of tandem repeats (VNTR) analysis has been a highly

discriminatory tool in molecular epidemiology analysis, it is

unable to classify the M. intracellulare and related strains such

as MP and MIP (29). A previous study found that there are 4%

of M. intracellulare isolates that have been identified as MIP by

sequence-based typing analyses (15, 16). Thus, the identification

of M. intracellulare and related strains should be addressed by

multigene sequence analysis or comparative genomic analysis

(12, 16). In addition, more research on the pathogenesis

of the MP-MIP group is needed, as well as comparisons

withM. intracellulare.

Our results show that the genetic characteristics of

clinical isolates of M. intracellulare are not related to

geographical location, which is consistent with the previous

reports with VNTR analyses (29, 30). In contrast to M.

intracellulare, the genetic characteristics and molecular

epidemiology of clinical strains of the MP-MIP group

are poorly understood. Alexander et al. suggested that

MIP is a strain of M. intracellulare and it is more likely

to have specific transposons acquisition and inversion

events (31). Our results showed genetic diversity in

M. indicus pranii, which should be further explored in

future studies.

As we all know, few studies reported antimicrobial

susceptibility profiles of MP-MIP strains. Our study compared

the antimicrobial susceptibilities profile between MP-MIP

and M. intracellulare strains against 13 drugs, but no

statistically significant differences were observed (Table 1).

To date, only macrolides have been demonstrated to have

a link between in vitro susceptibility and clinical responses

in patients with MAC lung disease (32). Among the 13

antimicrobials, clarithromycin showed the best activity in

vitro against M. intracellulare isolates, and amikacin has a

low resistance rate in our study, which is in line with

other studies (33, 34). Rifabutin also has good activity

in vitro against M. intracellulare isolates. Previous studies

found that rifabutin is efficacious in multidrug MAC therapy

regimens, and it also affects the metabolism and levels

of clarithromycin less than rifampin and is generally used

to treat disseminated MAC disease (35). Van Ingen et al.

did a pharmacokinetic/pharmacodynamic study about the

treatment of MAC pulmonary disease, which showed that

rifabutin could increase macrolide serum concentrations,

especially azithromycin, but rifampin exhibited the opposite

(36). Therefore, some experts suggest that rifampin could be

replaced with rifabutin in the treatment of MAC infection. The

ethambutol and moxifloxacin resistance rates in our strains

are much lower than those previously reported in Shanghai,

China (20).

Previous studies showed that mutations in the rrs and

rrl genes are associated with aminoglycoside and macrolide

resistance, respectively (26, 27). However, none of the

tested M. intracellulare and MP-MIP strains in our study

harbored mutations in the rrs genes. This result may be

related to the level of drug resistance, as Su-Young Kim

et al. showed that mechanisms of high-level resistance

to amikacin in MAC isolates involve rrs mutations (37).

We have not found nucleotide changes in the rrl gene

related to macrolides resistance, which may be caused

by an unknown molecular mechanism. Mutations in

gyrA and gyrB are not associated with moxifloxacin

resistance in this study, which is consistent with the

previous study about mycobacterium avium complex

isolates (38), suggesting that other mechanisms contribute

to moxifloxacin resistance.

A few limitations in this research warrant mention. First,

the strains we selected may have sampling bias, resulting

in the proportion of the MP-MIP strains being higher than

those in previous reports. Therefore, a larger study with more

clinical samples of M. intracellulare strains is warranted to

confirm our findings. Second, this study lacks the clinical

background information of the strains, which limited our

ability to determine the severity of the disease caused by MP-

MIP strains.
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Conclusion

In the present study, we found that clinicalM. intracellulare

strains in China were highly diverse. The phylogenetic analysis

found that the M. intracellulare strains belong to two major

groups: the M. intracellulare group and the MP-MIP group,

and 76.07% of strains belong to the MP-MIP group. Our

finding suggested MP-MIP strains should be considered as a

causative agent of severe and chronic lung disease, and its

pathogenicity needs to be investigated further. In addition, our

data demonstrate no difference in drug susceptibility profiles

betweenM. intracellulare and MP-MIP strains. Clarithromycin,

amikacin and rifabutin showed strong antimicrobial activity

in vitro against both M. intracellulare and MP-MIP. However,

this study showed that there was no clear correlation

between the rrs, rrl, DNA gyrase genes (gyrA and gyrB) and

the aminoglycosides, macrolides, and moxifloxacin resistance,

respectively, indicating other mechanisms might have been

involved in drug resistance.
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Pairwise comparison of ANIs of 117 clinical M. intracellulare strains in

this study. The M. intracellulare ATCC 13950, MIP MTCC 9506, M.

intracellulare subsp. yongonense 05-1390, Mycobacterium

paraintracellulare MOTT64 and M. intracellulare subsp. chimaera DSM

44623 were set as the subspecies reference genomes. The ANI value

and the strain type legend are shown on the right.

SUPPLEMENTARY FIGURE S2

Phylogenetic tree of the 28 M. intracellulare strains and 89 MP-MIP

strains in this study. The tree based on core SNPs was constructed by

RAxML with a GTR model, with 1000 bootstrap replicates. The group

type, clades, and drug resistance profile of the strains are shown on the

tree (from inner to outer circles), according to the color legend shown

on the right.
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used in this study.
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The antimicrobial susceptibilities and minimum inhibitory

concentrations (MICs) of strains in di�erent clades.
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The 23S RNA mutation of 28 M. intracellulare and 89 MP-MIP strains in

this study.
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The GyrA and GyrB mutation of 28 M. intracellulare and 89 MP-MIP

strains in this study.

References

1. Kwon YS, KohWJ. Diagnosis and treatment of nontuberculous mycobacterial
lung disease. J Korean Med Sci. (2016) 31:649–59. doi: 10.3346/jkms.2016.31.5.649

2. Shah NM, Davidson JA, Anderson LF, Lalor MK, Kim J, Thomas HL, et al.
Pulmonary Mycobacterium avium-intracellulare is the main driver of the rise in

non-tuberculous mycobacteria incidence in England, Wales and Northern Ireland,
2007-2012. BMC Infect Dis. (2016) 16:195. doi: 10.1186/s12879-016-1521-3

3. KohWJ, Jeong BH, Jeon K, Lee NY, Lee KS, Woo SY, et al. Clinical significance
of the differentiation between Mycobacterium avium and Mycobacterium

Frontiers in PublicHealth 07 frontiersin.org

https://doi.org/10.3389/fpubh.2022.989587
https://www.frontiersin.org/articles/10.3389/fpubh.2022.989587/full#supplementary-material
https://doi.org/10.3346/jkms.2016.31.5.649
https://doi.org/10.1186/s12879-016-1521-3
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Song et al. 10.3389/fpubh.2022.989587

intracellulare in M avium complex lung disease. Chest. (2012) 142:1482–
8. doi: 10.1378/chest.12-0494

4. Nishiuchi Y, Iwamoto T, Maruyama F. Infection Sources of a Common Non-
tuberculous Mycobacterial Pathogen, Mycobacterium avium Complex. Front Med.
(2017) 4:27. doi: 10.3389/fmed.2017.00027

5. Ahn K, Kim YK, Hwang GY, Cho H, Uh Y. Continued upward trend in
non-tuberculous mycobacteria isolation over 13 years in a tertiary care hospital
in Korea. Yonsei Med J. (2021) 62:903–10. doi: 10.3349/ymj.2021.62.10.903

6. Liu CF, Song YM, He WC, Liu DX, He P, Bao JJ, et al.
Nontuberculous mycobacteria in China: incidence and antimicrobial
resistance spectrum from a nationwide survey. Infect. Dis Pover. (2021)
10:59. doi: 10.1186/s40249-021-00844-1

7. Rahman SA, Singh Y, Kohli S, Ahmad J, Ehtesham NZ, Tyagi AK,
et al. Comparative analyses of nonpathogenic, opportunistic, and totally
pathogenic mycobacteria reveal genomic and biochemical variabilities and
highlight the survival attributes of Mycobacterium tuberculosis. mBio. (2014)
5:e02020. doi: 10.1128/mBio.02020-14

8. Sharma P, Mukherjee R, Talwar GP, Sarathchandra KG, Walia R, Parida SK,
et al. Immunoprophylactic effects of the anti-leprosy Mw vaccine in household
contacts of leprosy patients: clinical field trials with a follow up of 8-10 years. Lepr
Rev. (2005) 76:127–43. doi: 10.47276/lr.76.2.127

9. Castejon M, Menéndez MC, Comas I, Vicente A, Garcia MJ. Whole-
genome sequence analysis of the Mycobacterium avium complex and proposal
of the transfer of Mycobacterium yongonense to Mycobacterium intracellulare
subsp. yongonense subsp nov. Int J System Evolut Microbiol. (2018) 68:1998–
2005. doi: 10.1099/ijsem.0.002767

10. Riccardi N, Monticelli J, Antonello RM, Luzzati R, Gabrielli M, Ferrarese M,
et al. Mycobacterium chimaera infections: An update. J Infect Chemother. (2020)
26:199–205. doi: 10.1016/j.jiac.2019.11.004

11. Tortoli E, Mariottini A, Pierotti P, Simonetti TM, Rossolini GM.
Mycobacterium yongonense in pulmonary disease, Italy. Emerg Infect Dis. (2013)
19:1902–4. doi: 10.3201/eid1911.130911

12. Tateishi Y, Ozeki Y, Nishiyama A, Miki M, Maekura R, Fukushima
Y, et al. Comparative genomic analysis of Mycobacterium intracellulare:
implications for clinical taxonomic classification in pulmonary
Mycobacterium avium-intracellulare complex disease. BMC Microbiol. (2021)
21:103. doi: 10.1186/s12866-021-02163-9

13. Nouioui I, Carro L, García-López M, Meier-Kolthoff JP, Woyke T, Kyrpides
NC, et al. Genome-based taxonomic classification of the phylum actinobacteria.
Front Microbiol. (2018) 9:2007. doi: 10.3389/fmicb.2018.02007

14. van Ingen J, Turenne CY, Tortoli E, Wallace RJ, Brown-Elliott BA.
A definition of the Mycobacterium avium complex for taxonomical and
clinical purposes, a review. Int J Syst Evol Microbiol. (2018) 68:3666–
77. doi: 10.1099/ijsem.0.003026

15. Kim SY, Shin SH, Moon SM, Yang B, Kim H, Kwon OJ, et al.
Distribution and clinical significance of Mycobacterium avium complex species
isolated from respiratory specimens. Diagn Microbiol Infect Dis. (2017) 88:125–
37. doi: 10.1016/j.diagmicrobio.2017.02.017

16. Kim SY, Park HY, Jeong BH, Jeon K, Huh HJ Ki CS, Lee NY, et al. Molecular
analysis of clinical isolates previously diagnosed as Mycobacterium intracellulare
reveals incidental findings of “Mycobacterium indicus pranii” genotypes in human
lung infection. BMC Infect Dis. (2015) 15:406. doi: 10.1186/s12879-015-1140-4

17. Wassilew N, Hoffmann H, Andrejak C, Lange C. Pulmonary
Disease Caused by Non-Tuberculous Mycobacteria. Respiration. (2016)
91:386–402. doi: 10.1159/000445906

18. Daley CL, Iaccarino JM, Lange C, Cambau E, Wallace RJ, Andrejak C,
et al. Treatment of nontuberculous mycobacterial pulmonary disease: an official
ATS/ERS/ESCMID/IDSA clinical practice guideline. Clin Infect Dis. (2020) 71:e1–
e36. doi: 10.1093/cid/ciaa241

19. Maurer FP, Pohle P, Kernbach M, Sievert D, Hillemann D, Rupp J, Hombach
M, Kranzer K. Differential drug susceptibility patterns of Mycobacterium
chimaera and other members of the Mycobacterium avium-intracellulare
complex. Clin Microbiol Infect. (2019) 25:379.e1–379.e7. doi: 10.1016/j.cmi.
2018.06.010

20. Wang W, Yang J, Wu X, Wan B, Wang H, Yu F, et al. Difference in drug
susceptibility distribution and clinical characteristics between Mycobacterium

avium and Mycobacterium intracellulare lung diseases in Shanghai, China. J Med
Microbiol. (2021) 70:001358. doi: 10.1099/jmm.0.001358

21.Woods GL, Brown-Elliott BA, Conville PS, Desmond EP, Hall GS, Lin G, et al.
Susceptibility Testing of Mycobacteria, Nocardiae, and Other Aerobic Actinomycetes.
Wayne (PA): Clinical and Laboratory Standards Institute.

22. Larsen MH, Biermann K, Tandberg S, Hsu T, Jacobs WR. Genetic
Manipulation of Mycobacterium tuberculosis. Curr Protocols Microbiol. (2007)
6:10A−2. doi: 10.1002/9780471729259.mc10a02s6

23. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics. (2014) 30:2114–
20. doi: 10.1093/bioinformatics/btu170

24. Nurk S, Bankevich A, Antipov D, Gurevich AA, Korobeynikov A, Lapidus A,
et al. Assembling single-cell genomes and mini-metagenomes from chimeric MDA
products. J Comput Biol. (2013) 20:714–37. doi: 10.1089/cmb.2013.0084

25. Yoon SH, Ha SM, Lim J, Kwon S, Chun J. A large-scale evaluation of
algorithms to calculate average nucleotide identity. Antonie Van Leeuwenhoek.
(2017) 110:1281–6. doi: 10.1007/s10482-017-0844-4

26. Brown-Elliott BA, Iakhiaeva E, Griffith DE, Woods GL, Stout JE, Wolfe CR,
et al. In vitro activity of amikacin against isolates ofMycobacterium avium complex
with proposed MIC breakpoints and finding of a 16S rRNA gene mutation in
treated isolates. J Clin Microbiol. (2013) 51:3389–94. doi: 10.1128/JCM.01612-13

27. Mougari F, Loiseau J, Veziris N, Bernard C, Bercot B, Sougakoff W, et al.
Evaluation of the new GenoType NTM-DR kit for the molecular detection
of antimicrobial resistance in non-tuberculous mycobacteria. J Antimicrob
Chemother. (2017) 72:1669–1677. doi: 10.1093/jac/dkx021

28. Tan Y, Deng Y, Yan X, Liu F, Tan Y, Wang Q, et al.
Nontuberculous mycobacterial pulmonary disease and associated risk
factors in China: A prospective surveillance study. J Infect. (2021)
83:46–53. doi: 10.1016/j.jinf.2021.05.019

29. Lari N, Rindi L. High genetic heterogeneity of Mycobacterium
intracellulare isolated from respiratory specimens. BMC Microbiol. (2022)
22:5. doi: 10.1186/s12866-021-02426-5

30. Ichikawa K, van Ingen J, Koh WJ, Wagner D, Salfinger M, Inagaki T,
et al. Genetic diversity of clinical Mycobacterium avium subsp. hominissuis
and Mycobacterium intracellulare isolates causing pulmonary diseases
recovered from different geographical regions. Infect Genet Evol. (2015)
36:250–5. doi: 10.1016/j.meegid.2015.09.029

31. Alexander DC, Turenne CY. “Mycobacterium indicus pranii” is a strain of
Mycobacterium intracellulare.MBio. (2015) 6:e00013. doi: 10.1128/mBio.00013-15

32. Tanaka E, Kimoto T, Tsuyuguchi K, Watanabe I, Matsumoto H,
Niimi A, et al. Effect of clarithromycin regimen for Mycobacterium avium
complex pulmonary disease. Am J Respir Crit Care Med. (1999) 160:866–
72. doi: 10.1164/ajrccm.160.3.9811086

33. Zheng HW, Pang Y, He GX, Song YY, Zhao YL. Comparing the Genotype
and Drug Susceptibilities between Mycobacterium avium and Mycobacterium
intracellulare in China. Biomed Environ Sci. (2017) 30:517–25.

34. Renvoisé A, Bernard C, Veziris N, Galati E, Jarlier V, Robert J.
Significant difference in drug susceptibility distribution between Mycobacterium
avium and Mycobacterium intracellulare. J Clin Microbiol. (2014) 52:4439–
40. doi: 10.1128/JCM.02127-14

35. Griffith DE, Aksamit T, Brown-Elliott BA, Catanzaro A, Daley C, Gordin
F, et al. An official ATS/IDSA statement: diagnosis, treatment, and prevention
of nontuberculous mycobacterial diseases. Am J Respir Crit Care Med. (2007)
175:367–416. doi: 10.1164/rccm.200604-571ST

36. van Ingen J, Egelund EF, Levin A, Totten SE, Boeree MJ, Mouton JW,
et al. The pharmacokinetics and pharmacodynamics of pulmonaryMycobacterium
avium complex disease treatment. Am J Respir Crit Care Med. (2012) 186:559–
65. doi: 10.1164/rccm.201204-0682OC

37. Kim SY, Kim DH, Moon SM, Song JY, Huh HJ, Lee NY, et al.
Association between 16S rRNA gene mutations and susceptibility to amikacin in
Mycobacterium aviumComplex andMycobacterium abscessus clinical isolates. Sci
Rep. (2021) 11:6108. doi: 10.1038/s41598-021-85721-5

38. Kim SY, Jhun BW, Moon SM, Shin SH, Jeon K, Kwon OJ, et al. Mutations
in gyrA and gyrB in moxifloxacin-resistant Mycobacterium avium complex and
mycobacterium abscessus complex clinical isolates. Antimicrob Agents Chemother.
(2018) 62:e00527–18. doi: 10.1128/AAC.00527-18

Frontiers in PublicHealth 08 frontiersin.org

https://doi.org/10.3389/fpubh.2022.989587
https://doi.org/10.1378/chest.12-0494
https://doi.org/10.3389/fmed.2017.00027
https://doi.org/10.3349/ymj.2021.62.10.903
https://doi.org/10.1186/s40249-021-00844-1
https://doi.org/10.1128/mBio.02020-14
https://doi.org/10.47276/lr.76.2.127
https://doi.org/10.1099/ijsem.0.002767
https://doi.org/10.1016/j.jiac.2019.11.004
https://doi.org/10.3201/eid1911.130911
https://doi.org/10.1186/s12866-021-02163-9
https://doi.org/10.3389/fmicb.2018.02007
https://doi.org/10.1099/ijsem.0.003026
https://doi.org/10.1016/j.diagmicrobio.2017.02.017
https://doi.org/10.1186/s12879-015-1140-4
https://doi.org/10.1159/000445906
https://doi.org/10.1093/cid/ciaa241
https://doi.org/10.1016/j.cmi.2018.06.010
https://doi.org/10.1099/jmm.0.001358
https://doi.org/10.1002/9780471729259.mc10a02s6
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2013.0084
https://doi.org/10.1007/s10482-017-0844-4
https://doi.org/10.1128/JCM.01612-13
https://doi.org/10.1093/jac/dkx021
https://doi.org/10.1016/j.jinf.2021.05.019
https://doi.org/10.1186/s12866-021-02426-5
https://doi.org/10.1016/j.meegid.2015.09.029
https://doi.org/10.1128/mBio.00013-15
https://doi.org/10.1164/ajrccm.160.3.9811086
https://doi.org/10.1128/JCM.02127-14
https://doi.org/10.1164/rccm.200604-571ST
https://doi.org/10.1164/rccm.201204-0682OC
https://doi.org/10.1038/s41598-021-85721-5
https://doi.org/10.1128/AAC.00527-18
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

	High diversity of clinical Mycobacterium intracellulare in China revealed by whole genome sequencing
	Introduction
	Materials and methods
	Isolates collection and identification
	Antimicrobial susceptibility testing
	DNA extraction and sequencing
	Phylogenetic analysis
	Statistical analysis

	Results
	The species re-identification
	Phylogenetic analysis
	Antimicrobial susceptibility profiles
	Mutations profiling

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


