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Bigger problems from smaller colonies:
emergence of antibiotic-tolerant small colony
variants of Mycobacterium avium complex

in MAC-pulmonary disease patients
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Abstract

Background Mycobacterium avium complex (MAC) is a group of slow-growing mycobacteria that includes
Mycobacterium avium and Mycobacterium intracellulare. MAC pulmonary disease (MAC-PD) poses a threat to
immunocompromised individuals and those with structural pulmonary diseases worldwide. The standard treatment
regimen for MAC-PD includes a macrolide in combination with rifampicin and ethambutol. However, the treatment
failure and disease recurrence rates after successful treatment remain high.

Results In the present study, we investigated the unique characteristics of small colony variants (SCVs) isolated from
patients with MAC-PD. Furthermore, revertant (RVT) phenotype, emerged from the SCVs after prolonged incubation
on 7H10 agar. We observed that SCVs exhibited slower growth rates than wild-type (WT) strains but had higher
minimum inhibitory concentrations (MICs) against multiple antibiotics. However, some antibiotics showed low MICs
for the WT, SCVs, and RVT phenotypes. Additionally, the genotypes were identical among SCVs, WT, and RVT. Based
on the MIC data, we conducted time-kill kinetic experiments using various antibiotic combinations. The response

to antibiotics varied among the phenotypes, with RVT being the most susceptible, WT showing intermediate
susceptibility, and SCVs displaying the lowest susceptibility.

Conclusions In conclusion, the emergence of the SCVs phenotype represents a survival strategy adopted by MAC to
adapt to hostile environments and persist during infection within the host. Additionally, combining the current drugs
in the treatment regimen with additional drugs that promote the conversion of SCVs to RVT may offer a promising
strategy to improve the clinical outcomes of patients with refractory MAC-PD.
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Introduction

Non-tuberculous mycobacteria (NTM) are environmen-
tal mycobacteria other than the Mycobacterium tubercu-
losis complex and Mycobacterium leprae [1]. NTM are
ubiquitous not only in natural environments, such as soil
and water, but also in household environments, such as
showerheads, kitchen sinks, plumbing, and refrigerator
taps [2]. Although most NTM are environmental sapro-
phytes, several species are pathogenic and cause infec-
tions in various parts of the human body, such as the
lungs, lymph nodes, bones, and soft tissues [3]. Among
these disease types, NTM-pulmonary disease (PD) is the
most common clinical presentation comprising approxi-
mately 90% of NTM infections [1].

Mycobacterium avium complex (MAC), which com-
prises multiple species, such as Mycobacterium avium,
Mycobacterium intracellulare, Mycobacterium chimaera,
and other minor species, is the most common cause of
NTM-PD worldwide [4, 5]. MAC pulmonary infection is
an emerging pulmonary disease, particularly in immu-
nocompromised patients or immunocompetent patients
with chronic pulmonary diseases such as bronchiectasis,
chronic obstructive pulmonary disease, cystic fibrosis,
emphysema, and previous pulmonary tuberculosis [6, 7].
However, the treatment of MAC-PD is challenging due to
the emergence of antibiotic resistance and toxic adverse
effects related to prolonged antibiotic treatment [8]. Pre-
vious studies demonstrated that 20 to 40% of patients do
not respond to the three-drug regimen including mac-
rolide, ethambutol, and rifampicin [9-11]. Furthermore,
clinical recurrence is commonly observed in a consid-
erable proportion of successfully treated patients [7,
12-14].

A broad range of bacterial pathogens, such as Staphy-
lococcus aureus and Pseudomonas aeruginosa survive
within the host by altering their phenotype to a small
colony variant (SCV) type [15-19]. SCV is a bacterial
subpopulation with unique microbiological features such
as reduced colony size, decreased pigmentation, slow
growth rate, and increased antibiotic resistance [20].
Owing to its unique characteristics, such as slow meta-
bolic rates and resistance to multiple antibiotics, SCV
has emerged as a significant challenge in curing chronic
or persistent infections [16, 18, 20]. Therefore, dissect-
ing the biology of SCV is essential for effective treat-
ment of infectious disease. However, SCV have not been
well recognized in clinical microbiology laboratories for
several reasons. Owing to slow growth rate of SCV, it is
overshadowed by the wild-type (WT) strain with a fast
growth rate during cultivation. In addition, the shape
and size of the colonies are highly different from those
of the wild-type: therefore, they can be mistaken for con-
taminating bacteria. Furthermore, SCV may return to its
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wild-type form after a certain period or when inoculated
into nutrient- rich media [21].

Various stress conditions are known to induce SCV
formation in vitro conditions. Besse et al. revealed that
the redox imbalance caused by O, limitation cause SCV
formation in Pseudomonas aeruginosa [16]. In addition,
eliminating O, limitation by aeration or alternative elec-
tron acceptors significantly reduces the proportion of
the SCV phenotype [16]. Similarly, previous studies have
shown that antibiotic treatment induces SCV formation.
Fauerharmel-Nunes et al. demonstrated that prolonged
vancomycin exposure facilitated the generation of non-
stable SCV of S. aureus in a macrophage and endothe-
lial cell infection model [18]. In addition, streptomycin
treatment induced the emergence of the SCV pheno-
type in Salmonella Typhimurium by a frameshift muta-
tion in ubiE, consequently promoting biofilm formation
[22]. Few studies have been conducted on SCV from
NTM diseases [23-25]. Previous studies have reported
that MAC has two forms: translucent and opaque colony
[23-25]. Primary cultures from patients with NTM lung
disease often show mixed translucent and opaque pheno-
types, and these two colony types are reversible [23, 24].
However, we still lack comprehensive knowledge regard-
ing the specific traits of SCVs in MAC; their contribution
to the development of MAC-lung disease remains largely
unknown, and their role in the pathogenesis of MAC
lung disease still needs to be elucidated. Therefore, we
investigated the phenotypic and genotypic characteristics
of SCV isolated from respiratory specimens of patients
with MAC lung disease.

Methods
Mycobacterium avium complex isolates
A total of 107 MAC isolates were collected from respira-
tory specimens of NTM-suspected patients admitted to
the Gyeongsang National University Hospital (GNUH,
Jinju, Korea) between 2017 and 2022. Bacterial resources
and related clinical information were provided by the
Fastidious Specialized Pathogen Resources Bank (a con-
stituent of the National Culture Collection for Pathogens,
GNUH), Jinju, Korea. Clinical information contains the
clinical characteristics of the patients, including the age,
gender, comorbidity, treatment initiation, and isolated
species. All MAC isolates were inoculated into 7H10
agar and incubated at 37°C for 2—4 weeks until colonies
became visible. After incubation, all small/translucent
and large/opaque colonies were selected for further iden-
tification. All selected isolates were identified using the
multiplex PCR assay described in our previous study [26]
and stored at -80°C for further experiments.

Nine MAC isolates were randomly selected from 107
isolates for further analysis. These isolates consisted of
three M. intracellulare (M1 #28, #410, and #5151), three
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M. avium subsp. hominissuis (MAH #229, #460, and
#634), and three M. avium subsp. avium (MAA #273,
#3111, and #476). All selected MAC isolates had hetero-
geneous phenotypes, including WT, SCV, and revertant
(RVT). The primary stock of MAC isolates was inocu-
lated into 7H10 agar and 7H10-CRE agar (containing
clarithromycin at 2 pg/ml, rifampicin at 1 pg/ml, and eth-
ambutol at 2 pg/ml) and incubated at 37 °C for 3 weeks.
The morphological characteristics of the colonies and the
presence of SCVs were observed and recorded. Further-
more, the size of the colonies was measured after 4 weeks
of incubation at 37°C in 7H10 agar. A total of 15 colonies
were randomly selected, and the size of the colonies was
measured using the cellSens standard software (Olympus
Life Science).

Growth characteristics

A single colony of pure MAC cultures including WT,
SCVs, and RVT was transferred to 10 ml of Middlebrook
7H9 broth supplemented with 10% OADC and 0.5% glyc-
erol (MB7H9 broth). Inoculated cultures were incubated
for 30 days at 37 °C with 250 rpm. During incubation,
the bacterial growth was evaluated using a Multiskan
SkyHigh microplate spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) by measuring the opti-
cal density at 600 nm (ODyg) of the culture. ODg, val-
ues were measured every 3 days with three biological
replicates.

Acid-fast staining

Loopfuls of pure MAC cultures were suspended in 500
pL of PBS and mixed thoroughly by vortex mixer. After
that, 10 pL of bacterial suspension was dropped onto
slide glass and dried thoroughly. The samples were heat-
fixed. Subsequently, the carbolfuchsin reagent was added
to the slide and allowed to stain for 30 min. The samples
were then washed indirectly with deionized water. Sub-
sequently, acid alcohol was added dropwise for 15 s for
decolorization. For counter-staining, we added the meth-
ylene blue and allowed to stain for 1 min. Finally, the
samples were rinsed with distilled water and air-dried.
The stained samples were examined for the presence of
acid-fast bacteria under oil-immersion (1000x) using a
light microscope.

Antimicrobial susceptibility testing

Antimicrobial susceptibility to 18 antimicrobial agents,
namely amikacin (AMK), streptomycin (STR), rifampicin
(REP), rifabutin (RFB), ethambutol (ETB), clarithromycin
(CLR), fidaxomicin (FDX), moxifloxacin (MXF), clofazi-
mine (CFZ), macozinone (MCZ), bedaquilline (BDQ),
prothionamide (PTM), linezolid (LZD), tedizolid (TZD),
SQ109, tigecycline (TGC), isoniazid (INZ), and epe-
traborole (EPB), was evaluated by broth microdilution
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method following the Clinical and Laboratory Stan-
dards Institute (CLSI) guidelines with slight modifica-
tions [27]. In brief, a single colony of pure MAC culture
was inoculated to 5 ml of MB7H9 broth and incubated
for 2—3 weeks at 37 °C with 250 rpm. Subsequently, the
cultures were diluted to an ODgy,=0.13. The diluted
bacterial suspension was resuspended to MB7H9 broth
at a ratio of 1:100. Following this, 100 pL of prepared
bacterial suspension was inoculated to antibiotic panels
and incubated at 37 °C in ambient air. Visual inspection
was performed at 14 days after incubation to determine
the minimum inhibitory concentration (MIC) values.
Antimicrobial susceptibility testing results were inter-
preted as susceptible (S), intermediate (I), or resistant
(R), according to CLSI breakpoints and previous studies
[27-29].

Molecular genotyping of MAC isolates

DNA was prepared by heating method. Briefly, a loopful
of pure MAC cultures from Middlebrook 7H10 agar was
suspended in 200 pL of distilled water and incubated at
95 C for 15 min in a heating block. The frozen samples
were centrifuged for 5 min at 13,000 rpm, and the super-
natant was used as the DNA template. For genotyping,
variable-number tandem-repeat (VNTR) PCR was per-
formed as described previously [30, 31]. In brief, PCR
mixtures were prepared including DNA template (3 pL),
AccuPower® PCR PreMix (Bioneer, South Korea), for-
ward and reverse primer sets (both 10 pM), and nucle-
ase-free water (Invitrogen, USA) to a final volume of 20
uL. For M. intracellulare, the VNTR PCR parameters
were as follows: one cycle of 95 °C for 10 min, followed
by 38 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for 60 s,
and a final extension of 72 °C for 7 min. For M. avium,
the PCR conditions were as follows: one cycle of 95 °C for
10 min followed by 38 cycles of 98 °C for 10 s, 68 °C for
30 s, and 72 °C for 1 min and a final extension of 72 °C
for 7 min. The amplified PCR products were confirmed
by gel electrophoresis on 2% agarose gels and visualized
using UV transilluminators.

Time-kill kinetics of three antimicrobial drug combinations
against M. avium complex

We tested three drug combinations targeting all MAC
phenotypes to investigate their bactericidal effects. The
WT, SCVs, and RVT strains of MI #5151 and MAH #460
were cultured on 7H10 agar and resuspended in PBS at
an ODy, of 0.1. Subsequently, 100 puL of the bacterial
suspension was inoculated into 5 ml of MB7H9 broth
containing three different antimicrobial drug combina-
tions. These combinations included the standard regimen
drugs (CRE, containing CLR at 2 pg/ml, RFP at 1 pg/
ml, and ETB at 2 pg/ml), the CB combination (contain-
ing CLR at 2 pg/ml and BDQ at 0.25 pg/ml), and the CP
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combination (CLR at 2 pg/ml and PTM at 32 pg/ml).
BDQ and PTM were selected for drug combinations
because they showed low MIC values against all MAC
phenotypes, including SCVs. Samples were incubated in
a shaking incubator at 37 °C and 250 rpm. The bacterial
survival of each strain was assessed by CFU-based count-
ing on days 0, 3, and 7 after initial inoculation.

Statistical analysis

Descriptive statistics were used to investigate the statis-
tical significance of the data for the categorical variables
of patients, growth curves, antimicrobial susceptibility
testing, colony size measurement, and time-kill kinet-
ics. Data were analyzed using the Kruskal-Wallis test
for MIC values and ANOVA for colony size measure-
ment and time-kill kinetics using GraphPad Prism (ver-
sion 8.0). Furthermore, clinical characteristics of patients
according to the presence of SCV were analyzed with
the unpaired Student’s t-test (for age) and chi-squared
test (for the rest of the variables) using Jamovi (version
2.4.11). The p-value<0.05 was considered statistically sig-
nificant. All data were expressed as mean valueststan-
dard deviations.

Results

Clinical characteristics of patients

A total of 107 patients were included in this study. The
mean age of patients with and without SCV was 75.8
and 74.2, respectively. Moreover, the proportions of
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female gender in with and without SCV groups were 34
and 50.9%, respectively. The most prevalent underlying
disease was chronic obstructive pulmonary disease, fol-
lowed by bronchiectasis and pneumonia, according to
the description in Table 1. None of the variables showed
any significant difference between the patients with and
without SCV. The proportion of treatment initiations was
similar between patients with and without SCV. Myco-
bacterium intracellulare (MI) is the most common etio-
logical agent, followed by Mycobacterium avium subsp.
avium (MAA), and Mycobacterium avium subsp. hom-
inissius (MAH).

Phenotypic characteristics of MAC WT, SCVs, and RVT

Nine isolates (three per species), including both WT and
SCV strains, were randomly selected from a pool of 49
MAC isolates. For M. intracellulare, M1 #28, MI #410,
and MI #5151 were chosen. In the case of M. avium
subsp. hominissuis, MAH #229, MAH #460, and MAH
#634 were selected. For M. avium subsp. avium, MAA
#273, MAA #3111, and MAA #476 were chosen. Dur-
ing the initial screening, all MAC isolates containing
SCVs displayed mixed colonies with varying morpholo-
gies, including large, opaque, small, and translucent colo-
nies on 7H10 agar plates, as shown in Fig. 1. A standard
combination of antimicrobial drugs for treatment, repre-
sented as CRE, reduced the large and opaque phenotype
colonies but could not eliminate the SCV phenotypes,
as presented in Fig. 1. Subsequently, after culturing on

Table 1 Clinical characteristics of the 107 patients with Mycobacterium avium complex pulmonary disease, classified by the presence

of small colony variants

Characteristic Total (n=107) Patients with coexistence of Patients with wild-type P-
wild-type and small colony vari- only (n=57) val-
ants (n=50) ue

Age (years), mean +S.D. 749+109 758+9.7 742+9.7 0.429

Female gender, n (%) 46 (43) 17 (34) 29 (51) 0.079

Male gender, n (%) 61 (57) 33 (66) 28 (49)

Comorbidity, n (%)

Previous history of tuberculosis 5(4.7) 3(6) 2(3.5) 0.869

Bronchiectasis 10(9.3) 6(12) 4(7) 0.377

Chronic obstructive pulmonary 20(18.7) 11(22) 9(15.8) 0.563

disease

Asthma 5(4.7) 24 3(5.3) 0.832

Malignancy 4(3.7) 12 3(5.3) 0.498

Pneumonia 10(9.3) 7(14) 3(5.3) 0411

Bronchiolitis 7 (6.5) 24 5(8.8) 0.319

Hemoptysis 8 (7.5) 5(10) 3(5.3) 0353
Treatment initiation, n (%) 36 (33.6) 16 (32) 20 (35) 0.922
Isolated species, n (%) 0222

Mycobacterium intracellulare 70 (65.4) 31 (62) 39 (684)

Mycobacterium avium subsp. 14 (13.1) 9(18) 5(8.8)

hominissius

Mycobacterium avium subsp. 23(21.5) 10 (20) 13(22.8)

avium
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Fig. 1 Initial observation of MAC SCVs phenotype from patients with MAC-pulmonary disease. Each primary stock of the MAC strain was inoculated onto
both 7H10 agar and 7H10-CRE agar (containing clarithromycin at 2 pg/ml, rifampicin at 1 pg/ml, and ethambutol at 2 pug/ml) and incubated at 37 °C for
3 weeks. On 7H10 agar, the MAC strain exhibited a mixed colonial morphology, with dominant large and opaque colonies, as well as small, translucent
colonies. In contrast, on 7H10-CRE agar, small, translucent colonies were predominant, except for the M. avium subsp. avium #476 strain, which displayed
mixed colonial morphology. Large, opaque colonies are indicated by black arrows, and small, translucent colonies are indicated by red arrows
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Middlebrook 7H10 agar, all SCVs exhibited small, gray
to pale yellow colonies (Fig. 2A, indicated by a black
arrowhead). In contrast, the WT strains displayed large,
cream-to-yellow, opaque colonies (Fig. 2A, red arrow-
head). Furthermore, WT-like colonies, represented
as RVT, emerged from SCVs after prolonged incuba-
tion on Middlebrook 7H10 agar for 2—-3 weeks (Fig. 2A,
blue arrowhead). The SCV colonies were significantly
smaller than the WT and RVT colonies in all MAC spe-
cies (Fig. 2B). SCV colonies were observed after 2 weeks
of incubation and grew during time-lapse but were still
smaller than those of the WT and RVTs. The average
colony size of SCV varied depending on the strains, from
0.54 to 0.89 mm. The average colony size of SCV did not
exceed 1.0 mm after 4 weeks of incubation for any MAC
species. We considered bacterial colonies with an average
diameter of less than 1 mm that were, depigmented, and
exhibited a smooth translucent gray appearance as SCVs
(Fig. 2A). Acid-fast staining was performed for all strains

A
Culture from
primary stock
Subculture SCV B S R P
to 7H10 agar Rt éﬂ'n
e
e MRS L. Bl
L
M. avium subsp. M. avium subsp.
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to assess their acid-fastness and morphological charac-
teristics. No significant differences in acid-fastness or
morphology were observed between the WT, SCVs, and
RVT strains by acid-fast staining (Fig. 2C).

Growth curve

In the growth curve analysis, the SCVs of MAC showed a
slower growth rate than the WT strain, whereas the RVT
strain displayed a faster growth rate in MB7H9 broth
(Fig. 3). Briefly, all SCV strains showed a prolonged lag
phase, and some strains did not grow for up to 30 days
in MB7H9 broth (Fig. 3). For example, the SCVs strain of
MI #410 showed an ODg, of 0.1 at 30 days. In addition,
the SCVs strain of MAH #634 displayed an OD, 0f0.08
at 30 days. Similarly, the SCVs strain of MAA #3111 and
MAA #476 showed the ODy, of 0.08 and 0.09 at 30 days,
respectively. In contrast, RVT strain displayed faster
growth rates than the WT strain, as shown in Fig. 3. In
detail, RVT strains of MI #410, MAH #460, MAA #3111,
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Fig. 2 Colony morphology, size, and acid-fast staining results of WT, SCVs, and RVT MAC phenotypes from patients with MAC-pulmonary disease. (A)
Colony morphology of wild type (WT), small colony variants (SCVs), and revertant (RVT) strains phenotypes. Two distinct colony morphotypes were ob-
served on 7H10 agar after 4 weeks incubation at 37 °C. WT showed large, yellow-pigmented, and opague colony morphology, while SCV demonstrated
small and translucent colony in primary cultures. RVT phenotype was observed after the subculture of SCV to new 7H10 agar. RVT showed large, irregular,
and opaque colony morphology. WT, SCVs, and RVT were marked with red, black, and blue arrowhead, respectively. (B) Colony size of WT, SCVs, and RVT
strains was measured after 4 weeks of incubation at 37°C. SCVs showed a significantly smaller colony size than WT and RVT strains. During the incuba-
tion, the size of the SCVs colony was increased but did not exceed T mm in all MAC species. Error bars represent the standard deviation, and statistical
significance was analyzed with the ANOVA (*, p <0.05; **, p<0.01; ***, p<0.001). (C) Microscopic observation through the acid-fast staining of WT, SCV,
and RVT strains. All WT, RVT, and SCT strains of MAC showed similar acid-fastness and bacterial cell morphology
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Fig. 3 Growth curve of WT, SCVs, and RVT MAC phenotypes from patients with MAC-pulmonary disease. We measured the optical density of WT, SCV,
and RVT phenotypes at 600 nm after the 30 days incubation. The SCVs showed a slower growth rate than the WT strain, whereas the RVT demonstrated
a faster growth rate than the WT in 7H9 broth. All SCV exhibited a much longer lag phase than the WT and RVT phenotypes, and some strains remained
in the lag phase for up to 30 days in 7H9 broth
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and MAA #273 exhibited faster growth rates than the
WT strains.

Molecular genotyping of MAC WT, SCVs, and RVT

In the molecular genotypic analysis, the WT, SCVs, and
RVT strains isolated from the same patients showed
identical VNTR profiles. The detailed VN'TR profiles are
listed in Table 2.

Comparison of MICs value among different phenotypes
A total of 18 antimicrobial drugs were tested for MIC
determination against MAC W'T, SCVs, and RVT strains.
All SCVs showed higher MICs than the WT strain for
most antimicrobial agents (Table 3). Briefly, SCVs dis-
played statistically significant augmentation in MICs
for AMK, STR, RFP, RFB, CLR, FDX, MXF, CFZ, LZD,
TZD, TGC, and EPB compared to the WT strain (Fig. 4).
Moreover, the augmentation of MICs in SCVs compared
to the WT varied depending on the MAC species. The
SCVs of MI showed moderate augmentation of MICs for
INZ compared to those of the WT strain, whereas MAA
and MAH SCVs showed drastic augmentation of MICs,
as shown in Table 3. Similarly, MI SCVs showed similar
MICs for ETB, whereas MAA and MAH SCVs displayed
moderate increases in MICs. In contrast, few antimicro-
bial drugs showed similar MICs for the WT, SCVs, and
RVT strains. For example, the MICs of SQ109 were simi-
lar between the WT and SCVs, except for MAA #3111
and MAH #460. Also, MICs of MCZ were extremely high
(512 pg/ml) in most strains. On the other hand, MICs of
BDQ were considerably low (0.00783 to 0.03125 pg/ml)
in all strains, including SCVs. Furthermore, some SCVs
strains, such as MI #28, MAA #273, MAA #476, MAH
#229, and MAH #460, showed lower MICs for PTM than
the WT strain. The MIC values for the RVT strain were
similar to those of the WT strain, with some exceptions.
The RVT strain of MI #460 showed higher MICs for
AMK, STR, CFZ, MCZ, SQ109, INZ, and TGC, whereas
lower MICs for PTM. Similar patterns were observed
in the RVT strains MAA #273, MAA #3111, and MAH
#229. In contrast, the RVT strains MAA #476 and MAH
#634 showed lower MICs for AMK, STR, RFP, FDX,
MXE, LZD, TZD, and TGC. When we analyzed the clini-
cal breakpoint, SCVs showed drastic augmentation of
MICs over the breakpoint for some antibiotics, such as
RFP, MXF, CFZ, and LZD, as shown in Fig. 4. In addition,
the MICs of some drugs, such as AMK, STR, and CLR
were increased in SCVs, but were still below the clinical
breakpoints.

Time-kill kinetics of three antimicrobial drug combina-
tions against M. avium complex.

In the time-kill kinetics assay, all drug combinations
significantly reduced the CFU on days 3 and 7 after
treatment, as shown in Fig. 5. However, the extent of
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reduction varied depending on the phenotype and drug
combination (Fig. 5). CRE was the most effective drug
combination for MAC, followed by CP and CB. The RVT
phenotype was the most susceptible to all drug combina-
tions. No colonies grew on the MI #5151 RVT agar plates
with any drug combination on days 3 and 7 (Fig. 5B).
Similarly, when treated with the CRE combination, no
colonies were observed on the MI #460 RVT agar plates
on days 3 and 7 (Fig. 5E). The WT phenotype demon-
strated intermediate susceptibility to all drug combina-
tions (Fig. 5A and D). For instance, all drug combinations
significantly reduced the CFU of MI #5151 WT on days 3
and 7; however, complete eradication was not achieved,
as depicted in Fig. 5A. Additionally, the CRE combina-
tion eliminated MAH #460 WT on days 3 and 7 (Fig. 5D).
The SCV phenotype exhibited slower killing rates than
the WT and RVT phenotypes (Fig. 5C and F). While all
drug combinations significantly reduced the CFU of SCV,
none eliminated the bacteria (Fig. 5C and F).

Discussion

Bacteria encounter a hostile environment with various
stresses, such as oxidative stress, hyperosmolarity, nutri-
ent starvation, hypoxia, pH alteration, and host immune
response during infection within the host [32]. The phe-
notypic heterogeneity of bacteria that comprises small
subpopulations within an isogenic strain can be an effi-
cient survival strategy for persisting in a host-induced
hostile environment [33, 34]. Persisters are a small sub-
population of bacteria that survive during antibiotic
treatment without genetic mutation in the antibiotic tar-
gets [35]. Previous studies have shown that persisters can
present as SCVs in clinical infections [18, 36, 37].

In the present study, we report for the first time the
isolation of SCVs of the M. avium complex from patients
with NTM lung disease. In total, 50 (46.7%) of 107 iso-
lates of MAC were confirmed to have SCVs in their pri-
mary stock from Ogawa medium. These results align with
those of previous studies that demonstrated that SCVs
are frequently detected in patients with chronic bacterial
infections [36, 38, 39]. The isolation rates of SCVs varied
among studies [39-42]. Green et al. isolated S. aureus
SCVs from 17 out of 260 cystic fibrosis patients [40]. In
addition, Yagci et al. reported that 20 of 248 patients with
cystic fibrosis harbored S. aureus SCVs [39]. Moreover,
Wolter et al. isolated S. aureus SCVs from 24 out of 100
patients with cystic fibrosis [42]. More recently, Morelli
et al. showed that S. aureus SCVs were recovered from
28 out of 222 patients with cystic fibrosis [41]. Compared
to the study of SCVs of S. aureus, a high isolation rate
of MAC SCVs was observed. Therefore, switching from
a bacterial phenotype to a SCVs is expected in clinical
MAC infections.
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Table 2 VNTR profiles of wild-type, small colony variant, and revertant strains

VNTR locus

M. intracellulare strains

16

15

14

13

12

11

10

MI #5151 WT
MI #5151 SCV
MI #5151 RVT
MI #410 WT
MI #410 SCV
MI #410 RVT
MI #28 WT
MI #28 SCV

MI #28 RVT
M. aviumstrains

MATR locus

16

15

14

13

12

11

(2024) 23:25

MAH #460 WT
MAH #460 SCV
MAH #460 RVT
MAH #229 WT

MAH #229 SCV

MAH #229 RVT
MAH #634 WT

MAH #634 SCV

MAH #634 RVT

MAA #3111 WT

MAA #3111 SCV

MAA #3111 RVT
MAA #273 WT

MAA #273 SCV

MAA #273 RVT
MAA #476 WT

MAA #476 SCV

MAA #476 RVT

Page 9 of 16
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One of the unique characteristics of MAC SCVs is their
slower growth rate compared to their WT counterparts.
Several investigators have found slower growth rates of
SCVs than of the WT strain in diverse bacterial patho-
gens, such as Staphylococcus aureus, Pseudomonas aeru-
ginosa, Escherichia coli, Stenotrophomonas maltophilia,
Streptococcus tigurinus, Enterococcus faecalis, Salmonella
enterica, and Ornithobacterium rhinotracheale [43—
51]. The slow growth rates of SCVs are associated with
reduced metabolic activity, which has a beneficial effect
on their persistence within the host. Metabolic regulation
occurs in mycobacteria when they are exposed to hostile
environments, such as hypoxia, acidic pH, nutrient star-
vation, and oxidative stress [52—54]. After these hostile
conditions are alleviated, metabolic activity returns to
normal, thereby promoting mycobacterial cell replica-
tion. This can, in turn, lead to the establishment of an
active infection. The low metabolic states of mycobac-
teria enable them to evade the actions of antimicrobial
drugs, that typically target actively growing cells [55].
Therefore, the metabolic state of bacteria affects their
antibiotic susceptibility [56]. The stationary phase of bac-
teria, which resembles the physiological characteristics of
SCVs, showed reduced metabolic activity and antibiotic
tolerance to bactericidal antibiotics [56].

Clinically, enhanced antimicrobial resistance is the
most relevant SCV phenotype associated with refractory
or persistent infections. Previous studies reported that
MICs of SCVs for various antibiotics are higher than the
WT strain. Bogut et al. demonstrated that the MICs of
gentamicin for SCV were 4 to 20-fold higher than those
of the WT strains of Staphylococcus epidermidis and
Staphylococcus warneri isolated from prosthetic joint
infections [44]. Moreover, SCVs of Stenotrophomonas
maltophilia isolated from sputum specimens of patients
with cystic fibrosis had 4 to 128-fold and 1.5 to 2-fold
higher MICs for levofloxacin and sulfamethoxazole [43].
Recently, Millette et al. reported that SCVs of Staphylo-
coccus aureus isolated from patients with cystic fibrosis
showed 2 to 64-fold higher MICs for gentamicin and
tobramycin [57]. Consistently, a substantial increase in
the MICs was observed in MAC SCVs against multiple
antibiotics in the present study.

Conventional antimicrobial drugs target bacterial cel-
lular processes, such as ATP biosynthesis, cell wall bio-
genesis, DNA replication, transcription, and protein
synthesis [58]. Cellular processes targeted by antibiotics
involve cell growth and division and require consider-
able energy. Conventional antibiotics are effective against
metabolically active bacterial cells [59]. The antimicrobial
drugs that showed statistically significant augmentation
of MICs in MAC SCVs compared to the WT were those
targeting metabolically active cells. For example, amino-
glycosides and tetracyclines bind to the 30 S subunit of

(2024) 23:25
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the bacterial ribosome and induce mistranslation of pro-
teins [58]. Additionally, macrolides and oxazolidinones
inhibit the 50 S subunit of bacterial ribosome [56]. Simi-
larly, EPB binds to the editing domain of leucyl-tRNA
synthetase, subsequently blocking the protein synthesis
[60]. Fast-growing bacterial cells are more susceptible to
ribosome-targeting antibiotics [61]. Therefore, the slow
growth rate of SCVs may result in low levels of protein
synthesis, thereby increasing tolerance to antibiotics that
target protein synthesis.

Antimicrobial drugs that target nucleic acid synthe-
sis and bacterial respiration depend on their metabolic
activity. The slow or arrested growth of SCV, which rep-
resents low rates of DNA and RNA synthesis, confers
considerable antibiotic tolerance to rifamycin (RFP and
REFB), quinolone (MXF), and CFZ. Further investigations
are required to restore the metabolic activity of MAC
SCV and augment the effects of drugs. The resuscitation-
promoting factors (Rpfs) are secreted signaling molecules
that modulate the growth and replication of dormant
bacteria [62]. Previous studies have demonstrated that
Rpfs from Micrococcus luteus can stimulate arrested bac-
terial growth, thereby improving the cultivation of envi-
ronmental bacteria [63, 64]. The supplementation of Rpfs
may stimulate the growth of MAC SCV and enhance the
killing effect of conventional antimicrobial drugs.

On the contrary, some antibiotics had similar or lower
MICs in the SCVs than in the WT. For example, BDQ
showed extremely low MICs in all phenotypes. BDQ is a
newly developed diarylquinoline that specifically inhibits
bacterial ATP-synthase [65]. Although ATP production
is strongly associated with bacterial metabolic activ-
ity, it is unclear why the MICs of BDQ are low in MAC
SCVs. Further analysis, such as the quantification of ATP
production among the WT, SCVs, and RVT, is needed
to prove this mystery. Similarly, PTM showed similar or
lower MICs in SCVs than in the WT. PTM are thioamides
and has been used to treat drug-resistant tuberculosis
[66]. As a prodrug, PTM produces covalent adducts with
nicotinamide adenine dinucleotide and inhibits fatty acid
synthesis by binding to inhA [66]. Pathogenic mycobac-
teria use a variety of carbon sources [67]. Host-derived
fatty acids are important carbon sources for mycobac-
teria inside host macrophages [68—70]. Previous studies
have reported that fatty acid pathways are enriched in
host-mimicking environments, including nutrient star-
vation and biofilm conditions, and are associated with
antibiotic susceptibility [71, 72]. Thus, inhibition of fatty
acid synthesis by PTM may effectively eliminate the SCV
phenotype.

In the killing kinetics analysis, none of the drug com-
binations, including BDQ and PTM, sterilized the SCV
phenotype. In contrast, RVT was readily sterilized by
CRE drug combinations for MAH and CRE, CP, and
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Fig.4 Comparison of MIC value between WT, SCVs, and RVT phenotypes. The MIC distributions of the MACWT, SCVs, and RVT strains for 18 antimicrobial
drugs are presented. Each dot represents the MIC for a single strain. The dashed lines represent the susceptibility breakpoints according to the CLSI and
previous studies. Statistical significance was analyzed using the Kruskal-Wallis test (* p<0.05; ** p<0.01; *** p<0.001)
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Fig. 5 Time-kill kinetics of three antimicrobial drug combinations against M. avium complex. Two strains, M. intracellulare #5151 (A to C) and M. avium
subsp. hominissuis #460 (D to F), were used in this analysis. The combinations included standard regimen drugs (CRE- containing clarithromycin at 2 pg/
ml, rifampicin at 1 ug/ml, and ethambutol at 2 pg/ml), CB combination (containing clarithromycin at 2 ug/ml and bedaquiline at 0.25 pug/ml), and CP
combination (containing clarithromycin at 2 ug/ml and prothionamide at 32 ug/ml). Error bars represent standard deviation, and statistical significance

was analyzed using the ANOVA (* p<0.05; ** p<0.01; *** p<0.001)

CB combinations for MI. RVT has a higher growth rate
than SCV; therefore, metabolic activity is expected to be
restored after the transition from SCV to RVT. Typically,
anti-TB drugs are effective against actively replicating
mycobacteria [73], which explain why all drug combina-
tions are effective against RVT. Therefore, identifying the
activated metabolism in each phenotype will lead to find-
ing ways to enhance the effectiveness of current treat-
ment regimen in further research.

Developing heterogeneous bacterial populations within
the host is a suitable survival strategy that confers fitness
to mycobacteria to persist during infection [74—76]. Pre-
vious studies have demonstrated that the rapid correc-
tion of frameshift mutation of M. tuberculosis provides
phenotypic switching to enhance persistence within the
host [77, 78]. Safi et al. revealed that a frameshift muta-
tion of the glpK gene confers phenotypic switching to a
small and smooth colony phenotype from M. tuberculosis
clinical strains [77]. The small colony phenotype shows
slow growth and reduced susceptibility to various anti-
tuberculosis drugs [77]. Furthermore, small colony phe-
notypes emerged during murine infection by acquiring
frameshift mutation in the glpK gene [77]. More recently,
Safi et al. identified that a frameshift mutation of the orn
gene result in a small colony phenotype and ethambutol
resistance in M. tuberculosis [78]. Rapid reversion of the
frameshift of the orn gene restores the ethambutol MIC
and colony phenotype to those of the WT [78]. These
studies suggest that reversible frameshift mutations con-
tribute to the fitness of M. tuberculosis for adaptation
during infection.

The present study observed a similar small colony
phenotype of MAC in patients with NTM-lung disease.
MAC SCV displayed characteristics similar to those of
the M. tuberculosis small colony phenotype investigated
in previous studies. For example, SCV showed slower
growth rates than the WT and could revert to a WT-
like phenotype. Moreover, the MICs of SCV were much
higher than those of the WT and showed reduced sus-
ceptibility during the killing kinetics analysis. However,
we found distinct differences in MAC SCV compared
with small colonies of M. tuberculosis. First, MAC SCV
did not entirely revert to WT-like colonies, and WT-like
colonies grew from the SCV after prolonged incubation.
Second, MAC SCV exhibited much higher MICs (up to
2048-fold) than the WT and RVT, whereas the M. tuber-
culosis small colony phenotype showed similar or 2-fold
higher MICs. These observations suggest that the MAC
SCV phenotype involves mechanisms different from
those of M. tuberculosis. Unfortunately, we did not ana-
lyze single nucleotide polymorphisms or transcriptional
changes between different the MAC phenotypes. Thus,
whole-genome and transcriptional analyses are necessary
to elucidate phenotype-switching mechanisms in MAC.

Our study had several limitations. First, the variables
investigated from electronic medical records may be
inaccurate or missed. For example, only a few patients
diagnosed with MAC lung disease have bronchiectasis.
Second, we did not obtain radiological findings, clinical
symptoms, treatment duration, or pulmonary function
data. Revealing the relationship between the emergence
of SCV, radiographic changes, and treatment duration
strengthens the clinical relevance. Furthermore, we could
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not confirm whether patients fulfilled the ATS/IDSA
diagnostic criteria for MAC lung disease [79]. Thus, it
was challenging to elucidate the microbiological status,
such as specimen contamination, transient colonization,
and true infection, between patients in the present study.
Moreover, our findings were limited by the fact that the
data were single-institutional, as well as the retrospective
characteristics of the study. Further research is required
to explore the association of SCV emergence and clinical
outcomes using accurate patient data and a larger cohort
from multiple centers.

Conclusion

In conclusion, this study elucidated the phenotypic traits
of SCVs in MAC, thereby enhancing our understanding
of MACs life cycle for persistence within the host. These
SCVs within the MAC can revert to a WT-like phenotype
known as RVT. Furthermore, their reduced metabolic
activity and increased antibiotic resistance may serve as
survival strategies to overcome the challenging host envi-
ronment during infection. Based on our findings, two
potential approaches can be considered to enhance the
treatment of MAC infections, including those involving
SCVs. First, activation of the conversion of SCVs to RVT
may be an effective treatment strategy. Second, combin-
ing current therapeutic drugs with potential drugs tar-
geting SCVs may be a promising strategy for improving
clinical outcomes.
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