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Abstract Rapid susceptibility testing for slowly grow-
ing nontuberculous mycobacteria (NTM) using a color-
imetric microbial viability assay based on the reduction
of the water-soluble tetrazolium salt {2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (WST-1)} using 2,3,5,6-tetramethyl-1,
4-benzoquinone as an electron mediator was developed.
Using the Clinical and Laboratory Standards Institute
(CLSI) method, a long-term incubation time (7–14 days)
was required to determine the minimum inhibitory con-
centrations (MICs) of the slowly growing NTM. The
MICs for a variety of different antibiotics against the
slowly growing NTM were determined by the WST-1
colorimetric method and compared with those obtained
using the broth microdilution methods approved by the
CLSI. Good agreement was found between the MICs
determined after 3–4 days using the WST-1 colorimet-
ric method and those obtained after 10–14 days using
the broth microdilution method. The results suggest
that the WST-1 colorimetric assay is a useful method
for the rapid determination of the MICs for the slowly
growing NTM.

Introduction

Nontuberculous mycobacteria (NTM) are ubiquitous environ-
mental microorganisms that can be found in soil and water
[1–4]. NTM are considered to be opportunistic pathogens,
and several species are associated with human disease. Slowly
growing NTM, including M. avium-M. intracellulare com-
plex (MAC),Mycobacterium kansasii, andM. marinum, have
been implicated in a variety of different human diseases, in-
cluding pulmonary disease [5–8], as well as disseminated dis-
ease in immunocompetent and immunocompromised patients,
including those with acquired immunodeficiency syndrome
(AIDS) [9–12]. In recent years, the prevalence of clinical in-
fections caused by these NTM has continued to increase
throughout the world [13–15].

With this in mind, the development of a rapid and accurate
susceptibility testing system for slowly growing NTM is,
therefore, particularly important to allow for effective patient
management and clinical surveillance. For the susceptibility
testing of mycobacteria, the standard method approved by the
Clinical and Laboratory Standards Institute (CLSI) is fre-
quently used [16]. According to this method, the incubation
time allowed for determining the antimicrobial susceptibility
for slowly growing NTM should be set at 7 days. In addition,
theM24-A2 document provided by the CLSI specifies that the
incubation time should be extended to 10–14 days when the
growth is poor. In the CLSI method, a long incubation time is
required to allow for the visual detection of the growth of
slowly growing NTM. With this in mind, the development
of a rapid susceptibility testing system for slowly growing
NTM would add significant value to the existing methods of
analysis.

Tetrazolium salts have been widely used as a tool for mea-
suring the metabolic activities of mammalian cells and micro-
organisms [17]. One of the most commonly used tetrazolium
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salts in colorimetric assays for testing microorganisms is 2,3-
b i s ( 2 - m e t h o x y - 4 - n i t r o - 5 - s u l f o p h e n y l ) -
5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT),
which undergoes a reduction reaction to yield a water-soluble
formazan derivative that can be easily quantified colorimetri-
cally. The application of XTT in conjunction with an electron
mediator such as 2-methyl-1,4-napthoquinone (NQ) or phen-
azine methosulfate (PMS) has been used in rapid colorimetric
assays for the antimicrobial susceptibility testing of both bac-
teria and fungi [18–20]. The XTT colorimetric method has
also been applied to the susceptibility testing of mycobacteria
[21–24]. In the previously reported method, however, XTT
was only added to the test solution after the mycobacteria
and antibiotics had been incubated for a suitable period of
time. The XTT was added in this way to avoid the non-
cellular reduction of XTT that can occur in the medium during
the incubation period. We have previously reported that XTT
can be readily reduced by a variety of the different compo-
nents present in the culture media, such as peptones, glycated
proteins, and some antibiotics [25, 26]. The underestimation
of the activities of the antimicrobial substances can be caused
by the non-cellular reduction of XTT. The time required for
susceptibility testing by the XTT colorimetric method is
slightly shorter than or almost equal to the time period re-
quired by the CLSI method. Therefore, if the indicator re-
agents could be added to the test solution together with the
mycobacteria and the antibiotics in the initial step, the new
method could add significant value to the overall process in
terms of enhancing the rapidity and convenience of the assay.

Recently, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt (WST-1)
has been developed [27]. WST-1 has been successfully used
in assays for cell viability and cytotoxicity [28, 29]. WST-1,
however, has not yet been applied to the susceptibility testing
of slowly growing NTM. With this in mind, we propose the
development of a colorimetric method based on the reduction
of WST-1 with 2,3,5,6-tetramethyl-1,4-benzoquinone (BQ)
for use as a microbial viability assay. In this method, 2,3,5,6-
tetramethyl-1,4-BQ used as an electronmediator is reduced by
mycobacteria, and WST-1 is then reduced by the produced
hydroquinone to its formazan, which exhibits a maximum
absorbance at 440 nm. Based on our current results, the com-
bination of WST-1 and 2,3,5,6-tetramethyl-1,4-BQ can be su-
perior to the combination of XTT with 2-methyl-1,4-NQ or
PMS in terms of the metabolic efficiency of the mycobacteria
and the stability of the materials in the medium.

The purpose of this study was to apply the WST-1 colori-
metric method to the susceptibility testing of a variety of dif-
ferent slowly growing NTM and to demonstrate the advan-
tages of the current method over the broth microdilution
methods approved by the CLSI. In addition, we have evaluat-
ed combinations of two tetrazolium salts, namely WST-1 and
XTT, with electronmediators for the assays of slowly growing

NTM in terms of the metabolic efficiency of the mycobacteria
and the influence of the different components within the me-
dium on the outcome of the process. The WST-1 colorimetric
method could provide a useful means for the rapid determina-
tion of the minimum inhibitory concentration (MIC) values
for slowly growing NTM.

Materials and methods

Chemicals and media

2,3,5,6-Tetramethyl-1,4-BQ was purchased from Wako Pure
Chemical Industries (Osaka, Japan). 2-Methyl-1,4-NQ, PMS,
and XTT were obtained from Sigma Chemicals (St. Louis,
MO, USA). WST-1 and 1-methoxy-PMS were provided by
Dojindo (Kumamoto, Japan). Middlebrook 7H9 broth and
Middlebrook ADC enrichment were purchased from Becton
Dickinson and Company (Parsippany, NJ, USA). All of the
other chemicals used were of analytical reagent grade and
were used without further purification.

Detection reagents

The tetrazolium salts (WST-1 and XTT) were dissolved in
distilled water at a concentration of 11.1 mM and then filter
sterilized with a membrane filter (0.2 μm). 2,3,5,6-
Tetramethyl-1,4-BQ and 2-methyl-1,4-NQ were used as elec-
tron mediators and were dissolved in DMSO at a concentra-
tion of 8.0 mM. PMS and 1-methoxy-PMS as electron medi-
ators were prepared with distilled water to a concentration of
8.0mM. The tetrazolium salt solutionwas thenmixedwith the
electron mediator solution in a 9:1 (v/v) ratio. The resulting
detection reagent contained 10 mM of the tetrazolium salts
and 0.8 mM of the electron mediators.

Antibiotics

The representative antibiotics employed in the current study
were as follows: amikacin (AMK), azithromycin (AZM), cip-
rofloxacin (CPFX), clarithromycin (CAM), ethambutol (EB),
isoniazid (INH), levofloxacin (LVFX), linezolid (LZD),
moxifloxacin (MFLX), rifabutin (RBT), rifampicin (RFP),
and streptomycin (SM).

Slowly growing NTM strains and growth conditions

M. kansasii ATCC12478,M. intracellulare ATCC13950, and
M. aviumGTC603 were purchased as the type strains from the
American Type Culture Collection (ATCC, Rockville, MD,
USA) and Gifu University (Gifu, Japan). Clinical isolates
(M. kansasii and M. avium) were obtained from Gifu Univer-
sity. CAM-resistant M. kansasii ATCC12478cr and RFP-
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resistant M. kansasii ATCC12478rr were produced from
M. kansasii ATCC12478 according to a repeated 3-weekly
passage in Middlebrook 7H10 agar containing increasing
levels of CAM or RFP up to 128 μg/ml.

Slowly growing NTM strains were incubated in
Middlebrook 7H9 broth (pH 6.8) containing 10 %
ADC enrichment and 0.2 % glycerol for 14 days at
37 °C.

Susceptibility testing

Reference MIC values were determined by the broth
microdilution method currently recommended by the CLSI
[16]. Serial two-fold dilutions of each antibiotic were prepared
in Middlebrook 7H9 broth containing 10 % ADC enrichment
and 0.2 % glycerol. The pH of the mediumwas adjusted to 6.8
for M. kansasii. For M. avium and M. intracellulare, a pH of
7.4 was employed because macrolides display a greater level
of in vitro activity under mildly alkaline conditions than under
mildly acidic conditions [16]. The slowly growing NTM
strains were adjusted with phosphate-buffered saline (PBS)
to give a turbidity value equal to that of the 0.5 McFarland
standard, and then diluted 10-fold with PBS. The prepared
mycobacteria suspension was further added to an antibiotic
solution to provide a final inoculum density of approximately
104–105 colony-forming units (CFU)/ml in each well of a 96-
well microtiter plate. Each of the wells was then inoculated
with 200 μl of inoculum, and the plate was sealed with a
transparent film (FG-DM100PCR, Nippon Genetics Co., To-
kyo, Japan) before being incubated for 7–14 days at 37 °C.
Following the incubation, the MIC was read as the lowest
concentration of antibiotic at which there was no visible
growth.

For the susceptibility testing using the WST-1 colorimetric
method, 10 μl of the detection reagent was added to each
inoculum (190 μl), which had been prepared as described
above. The 96-well microtiter plate was then sealed with a
transparent film and incubated at 37 °C. A blank test, which
contained antibiotics and the detection reagent in the absence
of mycobacteria, was also set up in a similar manner. The
formazan produced was measured at 440 nm using a
microplate reader (VersaMax, Molecular Devices Co.,
Sunnyvale, CA, USA) at 0, 1, 2, 3, 4, 7, 10, and
14 days. The measured absorbance values were calcu-
lated by the subtraction of the blank value from the test
values to eliminate the influence of the background with
antibiotics. When the control absorbance value, which
was obtained from the mycobacteria in the absence of
antibiotics, provided a value greater than 0.5, the MIC
was read as the lowest concentration of antibiotic at
which the measured value was less than one-fifth of
the control value.

Results

Comparison of WST-1 and XTT

The WST-1 and XTT compounds contain sulfonate groups
that give them a net negative charge and reduce their ability
to move across microbial cell membranes [17]. It is, therefore,
necessary to use an electron mediator to facilitate the cellular
reduction of the tetrazolium salts. In previous reports, XTT
has been used in combination with an electron mediator such
as 2-methyl-1,4-NQ or PMS for the susceptibility testing of
mycobacteria [21–24]. The WST-1 and XTT colorimetric
methods were, therefore, compared in terms of their reactivity
with M. kansasii and M. avium (Fig. 1a, b). In the proposed
method, the combination ofWST-1 and 2,3,5,6-tetramethyl-1,
4-BQ was used. On the other hand, XTT was combined with
2-methyl-1,4-NQ, PMS, and 1-methoxy-PMS, with each
combination being subsequently evaluated. Figure 1a, b re-
veal that the combination of WST-1 and 2,3,5,6-tetramethyl-
1,4-BQ was superior to the other XTT combinations in terms
of the reactivity for slowly growing NTM.

In addition, the influences of the Middlebrook 7H9 broth,
which is usually used for the susceptibility testing of
mycobacteria, on the reductions of WST-1 and XTT in the
presence of an electron mediator were compared (Fig. 1c).
When XTTwas used in combination with an electron media-
tor, the non-cellular reductions in the Middlebrook 7H9 broth
in the absence of mycobacteria were pronounced. In contrast,
when WST-1 was used in combination with 2,3,5,6-
tetramethyl-1,4-BQ, the level of non-cellular reduction in the
Middlebrook 7H9 broth was negligible.

Taken together, these results indicate that the WST-1 col-
orimetric method is superior to the conventional XTT colori-
metric methods with regard to the reactivity for slowly grow-
ing NTM and the influences of the components in the
medium.

Cell proliferation assay

The cell proliferation assay was investigated to evaluate the
applicability of the WST-1 colorimetric method for the sus-
ceptibility testing of slowly growing NTM. Figure 2 shows
the relationship between the incubation time and the absor-
bance in M. kansasii and M. avium.

When the detection time is defined as the time required to
give an absorbance change of 0.5, the detection time (y) can be
expressed as follows:

M :kansasii : y¼‐16:47log x½ � þ 243:9 ð1Þ
M :avium : y ¼ �14:10 log x½ � þ 222:9 ð2Þ
where [x] is the initial cell density (CFU/ml). With good
correlation coefficients (r>0.991), linear relationships
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between the detection time (y) and the initial cell den-
sity (x) were subsequently obtained. Equation (1) shows
that it takes about 54 h to produce an absorbance
change of 0.5 with M. kansasii at 105 CFU/ml. Similar-
ly, the detection time for M. avium at 105 CFU/ml was
estimated to be about 60 h using Eq. (2). These results
indicate that a cell density of approximately 105 CFU/
ml could be detected in 3 days by the WST-1 colori-
metric method.

Based on these results, it is possible that the susceptibility
testing of slowly growing NTM could be completed by the
WST-1 colorimetric method in 3 days, because the initial

inoculum density was approximately 104–105 CFU/ml in the
susceptibility testing.

Susceptibility curves and rapid MIC determination

To confirm the incubation time required to obtain MICs for
slowly growing NTM using the WST-1 colorimetric method,
the effects of incubation time on the susceptibility curves were
studied using M. kansasii and CAM or RFP (Fig. 3). CAM-
and RFP-susceptible M. kansasii ATCC12478, CAM-
resistant M. kansasii ATCC12478cr, and RFP-resistant
M. kansasiiATCC12478rr were employed for the susceptibil-
ity testing. For the CAM-susceptible M. kansasii, the MIC
towards CAM was estimated to be 0.5 μg/ml at an incubation
time of 7 days (Fig. 3a). Furthermore, to shorten the detection
time required for the MICs, we defined that the MIC was read
as the lowest concentration of antibiotic at which the mea-
sured absorbance value was less than one-fifth of the control
absorbance value when the absorbance provides a value great-
er than 0.5. As shown in Fig. 3a, the control absorbance value
was greater than 0.5 at 3 days, and the MIC value was conse-
quently estimated to be 0.5 μg/ml. On the other hand, theMIC
for CAM against CAM-resistantM. kansasiiwas estimated to
be >32 μg/ml at 3 days (Fig. 3b). These MIC values agreed
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Fig. 2 Cell proliferation assays for M. kansasii and M. avium using the
WST-1 colorimetric method. The data represent the means for four
identical wells of a microtiter plate from each experiment
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Fig. 1 Comparison of the WST-1 colorimetric method and the
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with those obtained using the CLSI method at 10–14 days
(data not shown). RFP-susceptible M. kansasii ATCC12478
and RFP-resistant M. kansasii ATCC12478rr were similarly
employed for the susceptibility testing using the proposed
method and the broth microdilution method. On the basis of
the definition provided above for the rapid determination of
the MIC, the MIC for RFP against M. kansasii ATCC12478
was also measured by the WST-1 colorimetric method at
3 days and estimated to be 0.5 μg/ml (Fig. 3c). On the other
hand, the MIC for RFP against RFP-resistantM. kansasii was
estimated to be >32 μg/ml at 3 days (Fig. 3d). These MIC
values were in good agreement with those determined using
the broth microdilutionmethod at 10–14 days. Taken together,
these results suggested that the MICs for slowly growing
NTM could be determined by theWST-1 colorimetric method
at 3 days on the basis of the definition provided above for the
rapid determination of the MIC. Furthermore, the results sug-
gested that the proposed method would allow for the drug-
susceptible and drug-resistant NTM to be effectively distin-
guished at 3 days.

Determination of the MIC values for the slowly growing
NTM

The broth microdilution method approved by the CLSI rec-
ommends an incubation time of 7–14 days to obtain the final
antimicrobial susceptibility results for slowly growing NTM
[16]. The development of a method capable of providing rapid
susceptibility testing for slowly growing NTM would, there-
fore, be particularly useful. To evaluate the applicability of the

WST-1 colorimetric method to rapid susceptibility testing,
MIC values determined by the proposed method were com-
pared with those obtained by the broth microdilution method
at a variety of different incubation times.

The type strains of slowly growing NTM, M. kansasii
ATCC12478, M. avium GTC603, and M. intracellulare
ATCC13950, were employed for this comparison. Table 1
shows a comparison of the MIC values determined for a vari-
ety of different antibiotics using theWST-1 colorimetric meth-
od and the broth microdilution method in M. kansasii
ATCC12478. In the broth microdilution method, the MIC
values tended to increase with increasing incubation time. It
is noteworthy that more than 7 days was required to obtain
consistent MIC values. There was excellent agreement
between the MIC values obtained at 3 days using the
WST-1 colorimetric method and those obtained after 10
or 14 days using the broth microdilution method, within
±1 log2 difference. Similarly, the MIC values of a vari-
ety of different antibiotics against M. avium GTC603
and M. intracellulare ATCC13950 using the broth
microdilution method tended to increase with increasing
incubation time (Table 2). More than 7 days was re-
quired in the broth microdilution method to obtain con-
s i s t e n t M IC v a l u e s a g a i n s t M . a v i um a n d
M. intracellulare. The MIC values obtained at 3 days
using the proposed method were in good agreement
with those obtained after 10–14 days using the broth
microdilution method, within ±1 log2 difference. In the
type strains of slowly growing NTM, the percentage of
MIC values located at ±1 log2 difference was 100 %.

0.0

1.0

2.0

3.0

4.0

0 2 4 6 8 10 12 14

R
el

at
iv

e 
ab

so
rb

an
ce

ch
an

ge
 (

T
es

t 
-

bl
an

k)

Time (d)

a M. kansasii ATCC12478 / CAM

32

16

8

4

2

1

0.5

0.25

0.125

0.0625

0.03125

0

µg/ml

0.0

1.0

2.0

3.0

4.0

0 2 4 6 8 10 12 14

R
el

at
iv

e 
ab

so
rb

an
ce

ch
an

ge
 (

T
es

t -
bl

an
k)

Time (d)

b M. kansasii ATCC12478cr / CAM

32

16

8

4

2

1

0.5

0.25

0.125

0.0625

0.03125

0

µg/ml

0.0

1.0

2.0

3.0

4.0

0 2 4 6 8 10 12 14

R
el

at
iv

e 
ab

so
rb

an
ce

ch
an

ge
 (

T
es

t -
bl

an
k)

Time (d)

c M. kansasii ATCC12478 / RFP

32

16

8

4

2

1

0.5

0.25

0.125

0.0625

0.03125

0

µg/ml

0.0

1.0

2.0

3.0

4.0

0 2 4 6 8 10 12 14

R
el

at
iv

e 
ab

so
rb

an
ce

ch
an

ge
 (

T
es

t -
bl

an
k)

Time (d)

d M. kansasii ATCC12478rr / RFP

32

16

8

4

2

1

0.5

0.25

0.125

0.0625

0.03125

0

µg/ml
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To evaluate the utility of the WST-1 colorimetric method
for the rapid determination of antimicrobial susceptibility, this
approach was also used to assess the susceptibility of clinical
isolates of slowly growing NTM in the presence of a variety of
different antibiotics. Eleven strains of M. kansasii and six
strains ofM. aviumwere employed as clinical isolates. Table 3
shows a comparison of the MIC values determined by the
WST-1 colorimetric method and by the broth microdilution

method at 10–14 days. The time required for the measurement
of the MIC values in the WST-1 colorimetric method was
found to be 3–4 days on the basis of the definition provided
for the rapid determination of the MIC. This difference likely
occurred because the growth of a few clinical isolates may
have been very slow. The incubation period was, therefore,
extended to 4 days and the MIC values were then determined
by the proposed method. The percentages of the MIC values

Table 1 Comparison of the MIC
values (in μg/ml) of a variety of
different antibiotics determined
by the WST-1 colorimetric meth-
od and the broth microdilution
method in M. kansasii
ATCC12478

Antibiotics WST-1 colorimetric method (3 days) Broth microdilution method

7 days 10 days 14 days

Primary agents

CAM 0.5 0.25 0.5 0.5

RFP 0.5 0.25 0.25 0.5

Secondary agents

AMK 8 4 4 4

CPFX 1 1 2 2

LVFX 2 2 4 4–8

EB 8 4 4 4–8

LZD 2 2 2 2–4

MFLX 0.125 0.0625 0.125 0.25

RBT 0.0078 0.0078 0.0078 0.0165

Others

INH 4 4 4 8

SM >256 >256 >256 >256

AZM 8 4 8 16

Table 2 Comparison of the MIC
values (in μg/ml) of a variety of
different antibiotics determined
by the WST-1 colorimetric meth-
od and the broth microdilution
method inM. avium GTC603 and
M. intracellulare ATCC13950

Antibiotics WST-1 colorimetric method (3 days) Broth microdilution method

7 days 10 days 14 days

M. avium GTC603

Primary agents

CAM 0.0625 0.125 0.125 0.125

Secondary agents

LZD 1 1 2 2

MFLX 2 2 4 4

Others

AZM 1 2 2 2

LVFX 4 8 8 8

M. intracellulare ATCC13950

Primary agents

CAM 0.0313 0.0313 0.0313 0.0313

Secondary agents

LZD 1 0.25 0.5 1

MFLX 0.125 0.0313 0.125 0.25

Others

AZM 0.5 1 1 1

LVFX 0.5 0.5 1 1
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located at ±1 log2 difference between the proposed method
and the broth microdilution method was 93.3 %. Furthermore,
to better assess the degree of agreement between the MIC
results obtained from the WST-1 colorimetric method and
the broth microdilution method, the Wilcoxon signed-ranked
test was performed. p-values derived from the Wilcoxon
signed-rank test demonstrated no significant differences (p=
0.705) between the proposed method and the broth
microdilution method. The result emphasized that there was
good agreement between the MIC values determined by the
WST-1 colorimetric method at 3–4 days and those obtained by
the broth microdilution method at 10–14 days.

Taken together, these findings, therefore, suggest that the
present method provides a useful tool for the rapid determina-
tion of the MIC values for slowly growing NTM.

Discussion

We have successfully developed a WST-1 colorimetric meth-
od based on the determination of microbial viability, and dem-
onstrated the advantages of this method over the conventional
XTT colorimetric method. The results of this study revealed
that 2,3,5,6-tetramethyl-1,4-BQ was the electron mediator
most effectively metabolized by the slowly growing NTM.
Furthermore, it became clear that WST-1 was superior to the
conventional tetrazolium salt XTT with regard to its reactive
efficiency with the hydroquinones produced by the slowly
growing NTM and the way in which it was influenced by
the different components in the medium. The XTT colorimet-
ric method has already been applied to the susceptibility test-
ing of mycobacteria [21–24]. According to the previously
reported method, however, XTTwas added to the test solution
following the incubation of the mycobacteria and the antibi-
otics, because of the non-cellular reduction of the XTT that
can occur in the medium during the incubation period. The
time required for susceptibility testing by the XTT colorimet-
ric methodwas, therefore, slightly shorter than or almost equal
to that required by the CLSI method. In addition, the proce-
dure for the addition of the XTT following the incubation

could potentially lead to the injury of the operators because
the lid of the 96-well microtiter plate containing the pathogenic
microorganisms must be opened. In contrast, the indicator re-
agent can be added to the test solution together with the
mycobacteria and the antibiotics in the initial step of the
WST-1 colorimetric method. The proposed method was, there-
fore, superior to the XTT colorimetric method with regard to
the overall rapidity, convenience, and safety of the assay.

Furthermore, a method was successfully established for the
rapid susceptibility testing of slowly growing NTM using the
WST-1 colorimetric method, and its advantages over the broth
microdilution method approved by the CLSI were demon-
strated. The incubation time suggested by the CLSI method
to determine the antimicrobial susceptibility of slowly grow-
ing NTM is between 7 and 14 days [16].With this in mind, the
WST-1 colorimetric method was applied to the susceptibility
testing, and theMIC values determined by the proposedmeth-
od were compared with those obtained by the broth
microdilution method at a variety of different incubation
times. For the type strains of slowly growing NTM, there
was excellent agreement between the MIC values determined
after 3 days using the WST-1 colorimetric method and those
obtained after 10–14 days using the broth microdilution meth-
od. Furthermore, to evaluate the utility of the proposed meth-
od for the rapid determination of antimicrobial susceptibility
for slowly growing NTM, we used this approach to assess the
susceptibility of clinical isolates in the presence of a variety of
different antibiotics. The concordance rate of the MIC values
determined by the proposed method at 3 or 4 days to those
obtained by the broth microdilution method at 10–14 days
was 93.3 %, with no significant differences observed between
the data obtained from the two different methods. This result
suggested that susceptibility testing of clinical isolates could
be achieved more rapidly by the WST-1 colorimetric method
than the broth microdilution method.

In theWST-1 colorimetric method, an additional procedure
is required for the addition of the detection reagent compared
with the broth microdilution method. In spite of this minor
difference, however, the proposed method has several advan-
tages over the CLSI method, and the WST-1 colorimetric

Table 3 Comparison of MIC values of a variety of different antibiotics determined by the WST-1 colorimetric method and the broth microdilution
method in clinical isolates of M. kansasii and M. avium

Isolates Antibiotics Number of isolates with the following differences in
MICsa

Agreementb (%)

−2 −1 0 +1 +2

M. kansasii (n=11) CAM, RFP, AMK, CPFX, EB, LZD, MFLX, RBT 3 26 35 22 2 94.3

M. avium (n=6) CAM, LZD, MFLX, AZM, EB, LVFX 1 10 10 8 2 90.3

Total 4 36 45 30 4 93.3

a Zero indicates the number of isolates for which the MICs are identical; −2, −1, +1, and +2 indicate −2, −1, +1, and +2 log2 differences, respectively
b Percentage of the isolates within the accuracy limits of the test (±1 log2 dilution)
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method, therefore, provides a good alternative to the tedious
and time-consuming features of the broth microdilution
method.

Recently, the prevalence of clinical infections caused by
NTM has continued to increase throughout the world
[13–15]. Furthermore, the emergence of infectious diseases
caused by multidrug-resistant M. tuberculosis continues to
expand throughout the world [30–32]. With this in mind, we
believe that the current WST-1 colorimetric method could be
applied to the rapid susceptibility testing of M. tuberculosis,
and hope that this method might be used in the future as an
alternative to the CLSI method for the susceptibility testing of
slowly growing mycobacteria.
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