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Abstract

Multidrug-resistant tuberculosis is a major issue worldwide; however, accessibility to drug susceptibility testing (DST) is still limited in
developing countries, owing to high costs and complexity. We developed a proportion method on 12-well microplates for DST. The
assay reduced the time to results to <12 days and <10 days when bacterial growth was checked with the naked eye or a microscope,
respectively. Comparison with the Canetti—Grosset method showed that the results of the two assays almost overlapped (kappa index
0.98 (95% Cl 0.91-1.00) for isoniazid, rifampicin, streptomycin; and kappa index 0.92 (95% CI 0.85-0.99) for ethambutol). The
sequencing of genes involved in drug resistance showed similar level of phenotype—genotype agreement between techniques. Finally,
measurement of the MICs of rifampicin and ethambutol suggests that the currently used critical ethambutol concentration should be
revised, and that the current molecular drug susceptibility tests for rifampicin need to be re-evaluated, as in vitro rifampicin-sensitive
isolates could harbour drug resistance-associated mutation(s).
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such settings [5,6], which is a much lower rate than that ach-
ieved with DST-based treatments (38% vs. 79%) [5].

Liquid medium-based DST with automated culture systems
such as BACTEC 460 TB and BACTEC MGIT 960 [7] is effi-
cient and fast, but expensive. Other disadvantages are invisible

Introduction contaminations, overgrowth of atypical mycobacteria, inability

to check the colony morphology and to determine the MIC,
and the need for multiple tubes or bottles [8]. GeneXpert, a

Multidrug-resistant tuberculosis (MDR-TB), i.e. tuberculosis
(TB) resistant to at least isoniazid and rifampicin, the two
essential first-line anti-TB drugs [I]), is a major challenge.
However, in the countries with the highest MDR-TB burden,
less than one-fifth of patients with MDR-TB are detected, owing
to the lack of diagnostic capacity [2], leading to treatments
without prior drug susceptibility testing (DST) [3—5]. Sputum
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fast molecular-based test, was endorsed by the WHO for the
identification of suspected MDR-TB cases [9]. However, the
high cost hampers its routine use in developing countries [9].
Moreover, the suspected MDR-TB cases detected by Gen-
eXpert still need to be confirmed with a reference standard
technique [10], such as proportional DST on Léwenstein—
Jensen medium [| | —13], which takes 6—8 weeks [|4].
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The proportional method on M7H 10 agar developed by the
National Committee for Clinical Laboratory Standards is the
reference standard drug susceptibility test for mycobacteria in
the USA [I5,16]. It is also used in The Netherlands and else-
where, but on microplates instead of in culture tubes or bottles,
providing a low-cost, high-throughput, fast and easy-to-read test
with high sensitivity, specificity, and reproducibility [8,17].
Recent studies have shown that some drug-resistant Mycobac-
terium tuberculosis isolates do not grow or grow very slowly on
M7H10 medium, leading to false drug-sensitive results. There-
fore, it was recommended to replace M7H 10 with M7H1 | agar,
which is supplemented with a pancreatic digest of casein, to
facilitate the growth of fastidious M. tuberculosis cultures [18,19].

Here, we describe a proportional method for DST in 12-well
microplates with M7HI | medium supplemented with OADC
and low-magnification microscopic monitoring of bacterial
growth to reduce turn-around time. We compared the results
with those obtained with the conventional Canetti—Grosset
proportional method. We also sequenced the genes involved in
drug resistance to validate the DST profiles, and measured
MICs in M. tuberculosis isolates with conflicting DST and
sequencing results.

Materials and methods

Ethics statement

The National Institute of Hygiene and Epidemiology (NIHE)
ethics review committee, Vietnam, approved the study
protocol.

M. tuberculosis isolates

Two hundred and twelve M. tuberculosis isolates were randomly
selected at the National Lung Hospital (NLH) in Hanoi, which
has the highest rates of MDR-TB.

DST

The sensitivities of all M. tuberculosis isolates to the four drugs
used as first-line TB treatment in Vietnam during the study
period (isoniazid, rifampicin, streptomycin, and ethambutol)
were tested with the Canetti—Grosset proportional technique,
as previously described [14], at the NHL, and also with the new
proportional microplate technique (described below) at the TB
Laboratory, NIHE, Vietnam. All experiments were performed
in biosafety level 3 laboratories. The critical inhibitory drug
concentrations (CIDCs) recommended by the WHO were
used (Table SI). Both methods determine the ‘growth pro-
portion’ of M. tuberculosis colonies in drug-containing medium
relative to that in drug-free medium, with the same inoculum.
An isolate was considered to be drug sensitive when no growth
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or a growth proportion of <I% was observed, and drug

resistant when the growth proportion was >1%.

Preparation of DST microplates

The M7HII agar (Difco, Maryland, USA) was prepared ac-
cording to the manufacturer’s instructions, and enriched with
10% OADC (Difco). Freshly prepared anti-TB drugs (Sigma;
INH: India, RMP, STM, EMB: China) at 100 x CIDC were added
(final concentration of | x CIDC), or not added, to the agar,
which was then distributed at 3 mL/well in 12-well microplates
(Thermo Scientific Nunc), as described in Fig. S|. Plates were
labelled, kept at 4°C, and used within | month.

M. tuberculosis inoculation in DST microplates

Bacterial colonies from fresh cultures (4 weeks) were ho-
mogenized by vortexing in |5-mL Falcon tubes containing water
and glass beads. Larger particles were allowed to settle. The
supernatants were then transferred to new glass tubes, and
bacterial stock solutions (IO8 CFU/mL) were prepared with
McFarland standard No. 2 for adjustment. Bacterial solutions of
10° CFU/mL and 10° CFU/mL were prepared by making serial
ten-fold dilutions from the stock solutions in water. Fifty
microlitres of 10> CFU/mL bacterial solution was added to each
well of the DST microplate, except for control 2, where 50 pL
of 10® CFU/mL bacterial solution was inoculated. Three sides of
the microplate were sealed with tape, and plates were incu-
bated at 37°C in an incubator. Culture contamination and
M. tuberculosis growth were monitored by eye and under a
microscope at low resolution (10x) from day | to day 14, and
recorded on a follow-up form.

DST microplate reading

Results were read by naked eye or microscopy. The minimum
number of colonies in control 2 had to be at least ten for
interpretation of the assay. Isolates were considered to be
sensitive when, in drug-containing wells, no colonies or fewer
colonies than in control 2 were observed. Isolates were
considered to be resistant if the number of colonies in drug-
containing wells was higher than or equal to the number of

colonies in control 2 (Fig. 1).

Sequencing of drug resistance genes

PCR amplification and DNA sequencing. The genetic elements of
resistance to rifampicin (a | 148-bp fragment in rpoB containing
the hotspot region), isoniazid (the entire sequences of katG and
inhA, and the inhA promoter), streptomycin (the entire se-
quences of rpsL and rrs) and ethambutol (a 1312-bp fragment in
embB containing the hotspot region) were PCR amplified and
sequenced. The primers and amplified regions are shown in
Table S2 [20-25]. The PCR conditions (with HotStarTag) were
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VNM7

FIG. |. Reading of results in a |2-well microplate drug susceptibility testing assay. VNM?7: Mycobacterium tuberculosis isolate resistant to isoniazid (INH)

VNM33

(left half of the 12-well plate); VNM33: M. tuberculosis isolate resistant to INH, rifampicin (RMP), and streptomycin (SM) (right half of the 12-well plate).

Photograph taken at day || of culture.

as follows: 15 min of Taq activation at 95°C, 35 cycles of 95°C
for | min, 58—62°C (Table S2) for 1.5 min, and 72°C for 2 min,
and 72°C for 5 min. PCR products were sequenced by Eurofins
MWG Operon or st BASE.

Sequence analysis

Each sequence was analysed with Bioedit and ClustalW soft-
wares. Point mutations were identified by comparison with the
sequence of the M. tuberculosis H37Rv reference strains in
GenBank (NC 000962).

Determination of rifampicin and ethambutol MICs
MICs were determined by use of the M7HI | microplate assay
with 0.031, 0.062, 0.124, 0.248, 0.496, 0.6, 0.7, 0.8, 0.9 and
1.0 mg/L rifampicin, and 2, 3, 4, 5, 6, 7 and 7.5 mg/L ethambutol.
The highest concentrations used for MIC testing were the
CIDCs recommended by the WHO.

Data analysis

Data were analysed with STATA 12 (Statacorp LP, TX, USA).
Sensitivity, specificity and Cohen’s kappa coefficient with two-
sided 95% Cls were calculated for the proportional micro-
plate DST assay relative to the Canetti—Grosset method. A

kappa coefficient of 0.81-0.99 was considered to indicate
almost perfect between-test agreement, and a kappa value of
1.0 was considered to indicate perfect agreement [26].

Results

As four M. tuberculosis isolates were contaminated by fungi
during subculture and DST, only 208 isolates were analysed.

DST

DST results obtained with the Canetti—Grosset and the [2-well
microplate methods showed between-test discrepancies in only
eight M. tuberculosis isolates, with only one drug susceptibility
difference in most of the cases (Table S3 and 2 X 2 table in
Table S4). The sensitivity, specificity and kappa coefficients for
detection of multidrug resistance and resistance to the four drugs
showed almost perfect agreement between methods (Table 1).

Time to results with the proportional microplate DST
assay

Visual growth monitoring of the first 140 M. tuberculosis isolates
from day | to day 14 indicated that DST results could be read at
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TABLE |. Sensitivity, specificity and kappa coefficients for the
comparison of the proportional I2-well microplate and

Canetti—Grosset drug susceptibility testing assays

Drug Sensitivity, % Specificity, % Kappa coefficient
resistance (95% CI) (95% ClI) (% SE)

RMP 100 (94.5-100) 98.6 (95.0-99.8) 0.98 (0.91-1.00)
INH 99.0 (94.7—-100) 99.0 (94.8—-100) 0.98 (0.91-1.00)
SM 100 (96.8—100) 98.9 (94.2-100) 0.98 (0.91-1.00)
EMB 96.4 (81.7-99.9) 98.3 (95.2-99.7) 0.92 (0.85-0.99)
MDR 100 (93.8—100) 98.7 (95.3-99.8) 0.98 (0.91-1.00)

EMB, ethambutol; INH, isoniazid; MDR, multidrug resistant; RMP, rifampicin; SE,
standard error.

days 5-6 for 108 isolates (77.1%) and at days 7—11 for the
remaining 32 isolates (22.9%). The mean time to results was 6.3
days. By microscopic observation (10x), DST results could be
read at days 4-5 for | |5 isolates (82.1%) and at days 6—9 for 25
isolates (17.9%). The mean time to results was 4.7 days
(Table 2). Fig. 2 shows the microscopic follow-up of
M. tuberculosis growth in a control well from day | to day 12.

Sequencing of drug resistance genes

To validate the DST profiles, the main genes associated with
resistance to the four tested anti-TB drugs were sequenced in
the eight isolates with discordant DST results between tech-
niques and in |15 randomly selected isolates.

Overall, previously described drug resistance-associated
mutations were found at: codons 511, 516, 518, 522, 526,
531, 533 and 572 of rpoB (rifampicin resistance); at codon 315
of katG, at codon 21 of inhA, and at position —15 (C-T) of the
inhA promoter (isoniazid resistance); at codons 43 and 88 of
rpsL, and at positions 514, 517, 878, 1001 and 1401 of rrs
(streptomycin resistance); and at codons 306, 330, 354, 406
and 497 of embB (ethambutol resistance). Synonymous mu-

tations and mutations previously reported as not being

TABLE 2. Time to results when bacterial growth is monitored
in the proportional |2-well microplate drug susceptibility
testing assay by eye and under a low-magnification

microscope (140 Mycobacterium tuberculosis isolates)

No. of isolates (%)

Time (days) By eye By microscopy
4 — 93 (66.4)

5 49 (35.0) 22 (15.7)

6 59 (42.1) 9 (6.4)

7 7 (5.0 6 (4.3)

8 5 (3.6) 6 (4.3)

9 8 (5.7) 4 (2.9)

10 8 (5.7)

1 4 (2.9)
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associated with drug resistance were also identified (Table S5)
[24,25,27,28].

The frequencies of drug resistance-associated mutations
among the resistant and sensitive isolates identified with the
two DST assays are shown in Table 3. The level of agreement
between phenotypic susceptibility and genotypic determinants
was similar for the two techniques.

Gene sequencing of the eight isolates with discordant DST
results showed that, among these, both methods correctly
detected three of the six resistant isolates with mutations
(Table 4). For the ones without mutations, we did not consider
which assay results were more precise, because the known
molecular determinants targeted by sequencing cannot detect
100% of the drug resistant isolates.

Determination of the MICs for rifampicin and
ethambutol in isolates with phenotype—genotype
discrepancies

Because of the significant number of isolates with phenotype—
genotype discrepancies concerning susceptibility to rifampicin
(seven of 74 isolates) and ethambutol (I3 of 98 isolates), their
MIC:s for rifampicin and ethambutol were determined. In three
of the seven rifampicin-sensitive isolates with a rifampicin
resistance-associated mutation, and in all three control
rifampicin-sensitive isolates without detectable mutations, the
MIC for rifampicin was 0.248 mg/L. The other four rifampicin-
sensitive isolates with mutations had an MIC for rifampicin
between 0.6 mg/L and 0.9 mg/L (Table 5).

The MICs for ethambutol in 12 randomly selected
ethambutol-sensitive isolates without embB mutations (con-
trols) were <2 mg/L. Conversely, among the |3 ethambutol-
sensitive isolates with an ethambutol resistance-associated
mutation, || had an MIC for ethambutol of 6 mg/L, and two
had an MIC for ethambutol of 5 mg/L (Table 6).

Discussion

Simplification and time reduction for M. tuberculosis
DST with the proportional microplate assay

This proportional microplate assay is faster and simpler than
the currently used Canetti—Grosset method. Indeed, the
M7H11 medium promotes M. tuberculosis growth. Moreover,
microplates allow the microscopic detection of bacterial col-
onies before they can be seen with the naked eye, further
decreasing the time to results. Previous studies have shown
that M. tuberculosis can be detected on M7HI | from sputum
samples as early as 7 days [29-31]. A meta-analysis of the
results obtained with thin-layer agar and microscopic-

observation drug susceptibility assays, in which patients’
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Day 3

FIG. 2. Mycpbacterium tuberculosis growth on a control well of the 12-well microplate from day | to day 12 (control well: 10° CFU/mL bacterial

solution and no drug), monitored with a low-magnification (10%) microscope.

specimens are inoculated directly on drug-free and drug-
containing medium for DST, showed that the mean turn-
around times for the two assays were |1.l days (95% CI
10.1-12.0) and 9.9 days (95% Cl 4.1—15.8), respectively [32].
With our indirect proportional microplate assay and a low-
magnification microscope, primary results could be read at
day 4 (or day 6 with the naked eye) and the complete results
at day 9 (or day | 1—12 by eye).

A 12-well plate can be used to test four anti-TB drugs in two
M. tuberculosis isolates, whereas |12 culture tubes are needed for
testing the same number of drugs and isolates with the Can-
etti—Grosset technique. Therefore, inoculation, growth moni-
toring and result reading are much easier and less labour-
intensive and time-consuming. Moreover, the M7HI | medium
without fresh eggs is much simpler to prepare than Low-
enstein—Jensen medium. On the basis of our experience, with

TABLE 3. Frequency of mutations associated with resistance to antituberculosis drugs in the drug-resistant and drug-sensitive

Mycobacterium tuberculosis isolates characterized with each drug susceptibility testing (DST) technique and with both techniques

Mutation frequency, no. (%)

M. tuberculosis Drug resistance (1)

Canetti—Grosset (2)

Microplate DST (3) Both techniques (4)

RMP
INH
M

EMB
RMP
INH
SM

EMB

Drug-resistant isolates

Drug-sensitive isolates

44/46 (95.6)
73/77 (94.8)
62/70 (88.6)
22124 (91.7)
10/77 (13)
2/46 (4.4)
0/53 (0)
11/99 (11.1)

47149 (96) 44/46 (95.6)
73/77 (94.8) 73176 (96)
62/71 (87.3) 62/70 (88.6)
20/22 (91) 19/21 (90.5)
7174 (9.5) 7174 (9.5)
2/46 (4.4) 2/45 (4.4)
0/52 (0) 0/52 (0)
13/101 (12.9) 14/10/98 (10.2)

Columns (2), (3) and (4) shows the number of isolates with mutations that confer resistance to the drug indicated in column (1) relative to the total number of isolates that are
resistant/sensitive to that drug (determined with each DST techniques and with both techniques); the corresponding mutation frequency is in parentheses.

EMB, ethambutol; INH, isoniazid; RMP, rifampicin; SM, streptomycin.
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TABLE 4. Mutations in genes involved in drug resistance found in the Mycobacterium tuberculosis isolates with discrepant drug

susceptibility testing results by the proportional Canetti—Grosset and 12-well microplate techniques

Drug resistance profile

Drug resistance-associated mutations in the studied genes

Isolates Canetti-Grosset Microplate DST rpoB inhAlits promoter katG rpsL rrs embB
VNM48 RHSE RHS Asp526Val ND Ser3|5Thr Lys88Arg ND Met306Val
VNM53 Sensitive H ND ND ND ND ND ND
VNM56 HS RHS Leu533Pro ND Ser3|5Thr Lys88Arg ND ND
VNMIS5I H RH Leu533Pro ND Ser3|5Thr ND ND GIn497Arg
VNM|52 H Sensitive ND ND ND ND ND ND

VNM| 65 RH RHSE Ser53ILeu ND Ser3|5Thr ND ND Asp354Ala
VNMI80 HE H Leu533Pro ND Ser3|5Thr ND ND Met306Val
VNM|82 HE H ND ND Ser3|5Thr ND ND Met306Val

E, ethambutol; H, isoniazid; R, rifampicin; S, streptomycin; ND, not detected.

the same amount of time and labour, the number of tests
performed can be increased by at least four-fold.

Validation of proportional microplate DST for M.
tuberculosis
For detection of multidrug resistance and resistance to
isoniazid, rifampicin, and streptomycin, the sensitivity of
proportional microplate DST ranged between 99.0% (95% ClI
94.7-100%) and 100.0% (95% Cl 96.8—100%) and the
specificity ranged between 98.6% (95% Cl 95.0—-99.8%) and
99.0% (95% Cl 94.8—100%), as compared with the propor-
tional Canetti—Grosset technique. Similarly, the kappa co-
efficients between tests was 0.98 (95% ClI 0.91-1.00),
indicating almost perfect agreement between the techniques.
Previous studies also showed that all assessments of rifam-
picin and isoniazid resistance with the thin-layer agar assays
yielded 100% accuracy, showing a promising diagnostic
technique. However, the WHO expert group agreed that
more evidence is needed before the use of these assays can
be recommended [32].

For ethambutol, the specificity was as high as for the other
drugs (98.3%; 95% Cl 95.2—99.7%), whereas the sensitivity was

lower (96.4%; 95% Cl 81.7-99.9%), and consequently also the
kappa index was lower (0.92; 95% Cl 0.83—-0.97). DST results
for ethambutol are frequently less reproducible [33]. Thus, a
lower kappa index does not mean that the microplate assay is
less precise than the Canetti—Grosset technique. Angeby et dl.
showed that the low reproducibility for ethambutol is due to
the use of non-optimal critical drug concentrations that cannot
discriminate between wild-type and drug-resistant isolates
[33].

Sequencing showed similar phenotype—genotype agreement
for the two techniques. This suggests that the precision of the
proportional microplate assay is comparable to that of the
proportional Canetti—Grosset technique.

The need for adjustment of the critical concentration
for ethambutol susceptibility testing

On the basis of the WHO recommended critical concentra-
tions, we missed |1 (33%) and 13 (39%) ethambutol-resistant
mutants with the Canetti—Grosset technique and the micro-
plate assay, respectively. All of the missed isolates had signifi-
cantly higher MICs than those of the non-mutants (5—6 mg/L vs.
<2 mg/L). These data strongly suggest that the critical

TABLE 5. Measurement by microplate assay of the MIC for rifampicin (RMP) in rifampicin-sensitive isolates that harbour or do not

harbour rifampicin resistance-associated mutation(s) in rpoB

RMP susceptibility

No. Isolate Canetti—Grosset Microplate assay RMP resistance-associated mutation(s) in rpoB MIC (mg/L)
| VNMI148 S S Leu5!11Pro 0.248
2 VNMI62 S S Leu533Pro 0.248
3 VNMI68 S S Leu533Pro 0.6

4 VNMI192 S S Asp516Tyr 0.248
5 VNMI93 S S Leu511Pro 0.7

6 VNMI194 S S Leu533Pro 0.7

7 VNM208 S S Leu533Pro 0.9

8 VNMI37 S S ND 0.248
9 VNMI 66 S S ND 0.248
10 VNM182 S S ND 0.248

ND, not detected; S, sensitive.
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TABLE 6. Measurement by microplate assay of the MIC for ethambutol (EMB, China) in ethambutol-sensitive isolates harbouring

or not harbouring ethambutol resistance-associated mutation(s) in embB

EMB susceptibility

No. Isolate Canetti—Grosset Microplate assay EMB resistance-associated mutation(s) in embB MIC (mg/L)
[ VNM32 S S GIn497Arg 6.0
2 VNMé69 S S GIn497Arg 6.0
3 VNM57 S S Met306lle 6.0
4 VNM72 S S Met306lle 6.0
5 VNM76 S S Met306lle 6.0
6 VNM| 63 S S GIn497Arg 5.0
7 VNMI 64 S S Phe330Leu 6.0
8 VNMI79 S S Gly406Asp 5.0
9 VNM|88 S S Gly406Asp 6.0
10 VNMIS5I S S GIn497Arg 6.0
il VNM48 R S Met306Val 6.0
12 VNMI80 R S Met306Val 6.0
13 VNMI82 R S Met306Val 6.0
14 VNMI37 S S ND <20
15 VNMI 38 S S ND <2.0
16 VNMI 52 S S ND <2.0
17 VNMI 53 S S ND <20
18 VNMS5 | S S ND <20
19 VNM36 S S ND <20
20 VNMI07 S S ND <20
21 VNMI78 S S ND <20
22 VNM56 S S ND <20
23 VNM85 S S ND <20
24 VNMI85 S S ND <20
25 VNM96 S S ND <20

ND, not detected; R, resistant; S, sensitive.

ethambutol concentration should be revised, especially because
the currently used cut-offs are not based on clinical evidence
[33].

Rifampicin-sensitive isolates carrying rifampicin
resistance-associated mutations

All of the isolates that carried rifampicin resistance-associated
mutations but were phenotypically rifampicin-sensitive had
MICs lower than the critical concentration recommended by
the WHO. Three of them had MICs as low as those of the non-
mutants (0.248 mg/L). This suggests that, for these isolates,
molecular-based DST could lead to false-positive results. A
recent study also indicated that not only the presence but also
the nature of rpoB mutations must be assessed for accurate
diagnosis of rifampicin resistance in M. tuberculosis [34]. More-
over, all of the mutations found in susceptible isolates in our
study have been previously reported to be associated with low
rifampicin resistance [27,35—-39]. This observation supports the

need to re-evaluate the current molecular-based DST assays.

Conclusions

Our proportional microplate assay for M. tuberculosis DST is as
accurate as the proportional Canetti—Grosset technique, but
easier to perform. It can provide DST results as rapidly as
automated liquid culture systems [7], but is much more

affordable. It also allows calculation of the growth proportion

and observation of the colony morphology, thus reducing the
contamination problems of liquid cultures. Therefore, it could
facilitate the diagnosis of drug-resistant TB in developing
countries for better control of drug-resistant TB. However, the
critical ethambutol concentration may need to be adjusted to
improve the precision of ethambutol susceptibility testing.

Transparency declaration

The authors declare no conflicts of interest.

Acknowledgements

We would like to thank the NLH of Vietnam for M. tuberculosis
sampling. We are grateful to our institutions NIHE, IRD, and
CNRS. We thank E. Andermarcher for work on the English.
This work was supported by the research grant ‘Apply
microplate assay for DST of M. tuberculsosis’ provided by the
NIHE, and by grants from the JEAI MySA and the GDRI ID-
BIO.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.cmi.2015.08.024.

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1084—1092


http://dx.doi.org/10.1016/j.cmi.2015.08.024
http://dx.doi.org/10.1016/j.cmi.2015.08.024

CMI

Nguyen et al.

Microplate assay for M. tuberculosis DST 1091

References

(1

[2

—

3

—

[4

=

[5

—

[6

—

[7

—

[8

—

[9

—

[10]

[

[12]

[13]

[14]

[15]

[16]

(17

(]

World Health Organization. The W.H.O./IUATLD global project on
anti-tuberculosis drug resistance surveillance. Anti-tuberculosis drug
resistance in the world. Report no. 2: prevalence and trends. Geneva:
WHO; 2000.

World Health Organization. Global tuberculosis report 2013., WHO,
Geneva

Quy HT, Lan NT, Borgdorff MW, Grosset }, Linh PD, Tung LB, et al.
Drug resistance among failure and relapse cases of tuberculosis: is the
standard re-treatment regimen adequate! Int | Tuberc Lung Dis
2003;7:631-6.

Mehra RK, Dhingra VK, Nish A, Vashist RP. Study of relapse and failure
cases of CAT | retreated with CAT Il under RNTCP—an eleven year
follow up. Indian ] Tuberc 2008;55:188-91.

Saravia |C, Appleton SC, Rich ML, Sarria TM, Bayona J, Becerra MC.
Retreatment management strategies when first-line tuberculosis
therapy fails. Int ] Tuberc Lung Dis 2005;9:421-9.

Lan NTN, Lademarco MF, Binkin NJ, Tung LB, Quy HT, Cj NV. A case
series: initial outcome of persons with multidrug-resistant tuberculosis
after treatment with the WHO standard retreatment regimen in Ho
Chi Minh City, Vietnam. Int ] Tuberc Lung Dis 2001;5:575-8.

Ardito F, Posteraro B, Sanguinetti M, Zanetti S, Fadda G. Evaluation of
BACTEC Mycobacteria Growth Indicator Tube (MGIT 960) auto-
mated system for drug susceptibility testing of Mycobacterium tubercu-
losis. ] Clin Microbiol 2001;39:4440—4.

van Klingeren B, Dessens-Kroon M, van der Laan T, Kremer K, van
Soolingen D. Drug susceptibility testing of Mycobacterium tuberculosis
complex by use of a high-throughput, reproducible, absolute concen-
tration method. ] Clin Microbiol 2007;45:2662-8.

Piateka AS, Cleeffb MV, Alexanderc H, Coggind WL, Rehrb M,
Kampenb SV, et al. GeneXpert for TB diagnosis: planned and pur-
poseful implementation. Glob Health Sci Pract 2013;1:18-23.

Falzon D, Jaramillo E, Schunemann HJ, Arentz M, Bauer M, Bayona J,
et al. WHO guidelines for the programmatic management of drug-
resistant tuberculosis: 201 | update. Eur Respir ] 201 1;38:516-28.
Ani AE, Daylop YB, Agbaji O, Idoko J. Drug susceptibility test of
Mycobacterium tuberculosis by nitrate reductase assay. | Infect Dev
Ctries 2009;3:16-9.

Dang TM, Nguyen TN, Wolbers M, Vo SK, Hoang TT, Nguyen HD,
et al. Evaluation of microscopic observation drug susceptibility assay
for diagnosis of multidrug-resistant tuberculosis in Viet Nam. BMC
Infect Dis 2012;12:49.

World Health Orgganization. Guidelines for surveillance of drug
resistance in tuberculosis. 4th ed. Geneva: WHO; 2009.

Canetti G, Froman S, Grosset |, Hauduroy P, Langerova M, Mahler HT,
et al. Mycobacteria: laboratory methods for testing drug sensitivity and
resistance. Bull World Health Organ 1963;29:565-78.

Piersimoni C, Olivieri A, Benacchio L, Scarparo C. Current perspec-
tives on drug susceptibility testing of Mycobacterium tuberculosis com-
plex: the automated nonradiometric systems. | Clin Microbiol 2006;44:
20-8.

National Committee for Clinical Laboratory Standards. Susceptibility
testing of mycobacteria, nocardia, and other aerobic actinomycetes.
Approved standard M24-A. Wayne, PA: NCCLS; 2003.

Wedajo W, Schon T, Bedru A, Kiros T, Hailu E, Mebrahtu T, et al.
A 24-well plate assay for simultaneous testing of first and second line
drugs against Mycobacterium tuberculosis in a high endemic setting. BMC
Res Notes 2014;7:512.

Versalovic J. Manual of Clinical Microbiology. 10th ed. Washington,
DC: ASM Press; 201 1.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B11

[32]

[33]

[34]

[35]

Cohn ML, Waggoner RF, McClatchy JK. The 7HI| medium for the
cultivation of mycobacteria. Am Rev Respir Dis 1968;98:295-6.
Pretorius GS, van Helden PD, Sirgel F, Eisenach KD, Victor TC. Mu-
tations in katG gene sequences in isoniazid-resistant clinical isolates of
Mycobacterium tuberculosis are rare. Antimicrob Agents Chemother
1995;39:2276-81.

Sekiguchi J, Miyoshi-Akiyama T, Augustynowicz-Kopec E, Zwolska Z,
Kirikae F, Toyota E, et al. Detection of multidrug resistance in Myco-
bacterium tuberculosis. | Clin Microbiol 2007;45:179-92.

Rigouts L, Nolasco O, de Rijk P, Nduwamahoro E, Van Deun A,
Ramsay A, et al. Newly developed primers for comprehensive ampli-
fication of the rpoB gene and detection of rifampin resistance in
Mycobacterium tuberculosis. ] Clin Microbiol 2007;45:252—4.

Lee AS, Ong DC, Wong JC, Siu GK, Yam WC. High-resolution
melting analysis for the rapid detection of fluoroquinolone and
streptomycin resistance in Mycobacterium tuberculosis. PloS One
2012;7:e31934.

Lipin MY, Stepanshina VN, Shemyakin |G, Shinnick TM. Association of
specific mutations in katG, rpoB, rpsL and rrs genes with spoligotypes
of multidrug-resistant Mycobacterium tuberculosis isolates in Russia. Clin
Microbiol Infect 2007;13:620-6.

Campbell PJ, Morlock GP, Sikes RD, Dalton TL, Metchock B,
Starks AM, et al. Molecular detection of mutations associated with
first- and second-line drug resistance compared with conventional
drug susceptibility testing of Mycobacterium tuberculosis. Antimicrob
Agents Chemother 201 1;55:2032—41.

Viera AJ, Garrett JM. Understanding interobserver agreement: the
kappa statistic. Fam Med 2005;37:360-3.

Andres S, Hillemann D, Rusch-Gerdes S, Richter E. Occurrence of
rpoB mutations in isoniazid-resistant but rifampin-susceptible Myco-
bacterium tuberculosis isolates from Germany. Antimicrob Agents
Chemother 2014;58:590-2.

Hazbon MH, Bobadilla del Valle M, Guerrero MI, Varma-Basil M,
Filliol I, Cavatore M, et al. Role of embB codon 306 mutations in
Mpycobacterium tuberculosis revisited: a novel association with broad
drug resistance and I1S6110 clustering rather than ethambutol resis-
tance. Antimicrob Agents Chemother 2005;49:3794—-802.

Battaglioli T, Rintiswati N, Martin A, Palupi KR, Bernaerts G,
Dwihardiani B, et al. Comparative performance of thin layer agar and
Lowenstein—Jensen culture for diagnosis of tuberculosis. Clin Micro-
biol Infect 2013;19:E502-8.

Irfan S, Hasan R, Kanji A, Hassan Q, Azam I. Rapid detection of
Mycobacterium tuberculosis in sputum samples by microscopic obser-
vation methods. Infect Dis ] Pakistan 2008;17:10-3.

Welch DF, Guruswamy AP, Sides ), Shaw CH, Gilchrist MJ. Timely
culture for mycobacteria which utilizes a microcolony method. | Clin
Microbiol 1993;31:2178-84.

Minion ], Leung E, Menzies D, Pai M. Microscopic-observation drug
susceptibility and thin layer agar assays for the detection of drug
resistant tuberculosis: a systematic review and meta-analysis. Lancet
Infect Dis 2010;10:688—98.

Angeby K, Jureen P, Kahimeter G, Hoffner SE, Schon T. Challenging a
dogma: Antimicrobial susceptibility testing breakpoints for Mycobac-
terium tuberculosis. Bull World Health Organ 2012;90:693-8.
Ocheretina O, Escuyer VE, Mabou MM, Royal-Mardi G, Collins S,
Vilbrun SC, et al. Correlation between genotypic and phenotypic
testing for resistance to rifampin in Mycobacterium tuberculosis clinical
isolates in Haiti: investigation of cases with discrepant susceptibility
results. PLoS One 2014;9:¢90569.

Zaczek A, Brzostek A, Augustynowicz-Kopec E, Zwolska Z, Dziadek ).
Genetic evaluation of relationship between mutations in rpoB and
resistance of Mycobacterium tuberculosis to rifampin. BMC Microbiol
2009;9:10.

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1084—1092


http://refhub.elsevier.com/S1198-743X(15)00810-1/sref1
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref1
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref1
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref1
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref3
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref3
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref3
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref3
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref4
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref4
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref4
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref5
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref5
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref5
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref6
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref6
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref6
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref6
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref7
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref7
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref7
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref7
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref8
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref8
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref8
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref8
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref9
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref9
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref9
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref10
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref10
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref10
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref11
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref11
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref11
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref12
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref12
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref12
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref12
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref13
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref13
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref14
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref14
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref14
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref15
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref15
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref15
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref15
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref16
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref16
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref16
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref17
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref17
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref17
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref17
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref18
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref18
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref19
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref19
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref20
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref20
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref20
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref20
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref21
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref21
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref21
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref22
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref22
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref22
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref22
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref23
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref23
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref23
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref23
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref24
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref24
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref24
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref24
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref25
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref25
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref25
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref25
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref25
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref26
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref26
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref27
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref27
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref27
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref27
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref28
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref28
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref28
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref28
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref28
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref29
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref29
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref29
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref29
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref30
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref30
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref30
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref31
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref31
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref31
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref32
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref32
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref32
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref32
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref33
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref33
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref33
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref34
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref34
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref34
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref34
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref34
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref35
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref35
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref35
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref35

1092 Clinical Microbiology and Infection, Yolume 21 Number |2, December 2015 CMI

[36] Ohno H, Koga H, Kohno S, Tashiro T, Hara K. Relationship between
rifampin MICs for and rpoB mutations of Mycobacterium tuberculosis
strains isolated in Japan. Antimicrob Agents Chemother 1996;40:
1053-6.

[37] Taniguchi H, Aramaki H, Nikaido Y, Mizuguchi Y, Nakamura M,
Koga T, et al. Rifampicin resistance and mutation of the rpoB gene in
Mycobacterium tuberculosis. FEMS Microbiol Lett 1996;144:103-8.

[38]

[39]

Van Deun A, Barrera L, Bastian |, Fattorini L, Hoffmann H, Kam KM,
et al. Mycobacterium tuberculosis strains with highly discordant rifampin
susceptibility test results. ] Clin Microbiol 2009;47:3501—6.

Huitric E, Werngren |, Jureen P, Hoffner S. Resistance levels and rpoB
gene mutations among in vitro-selected rifampin-resistant Mycobacte-
rium tuberculosis mutants. Antimicrob Agents Chemother 2006;50:
2860-2.

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1084—1092


http://refhub.elsevier.com/S1198-743X(15)00810-1/sref36
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref36
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref36
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref36
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref37
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref37
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref37
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref38
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref38
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref38
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref39
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref39
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref39
http://refhub.elsevier.com/S1198-743X(15)00810-1/sref39

	Reduced turn-around time for Mycobacterium tuberculosis drug susceptibility testing with a proportional agar microplate assay
	Introduction
	Materials and methods
	Ethics statement
	M. tuberculosis isolates
	DST
	Preparation of DST microplates
	M. tuberculosis inoculation in DST microplates
	DST microplate reading
	Sequencing of drug resistance genes
	PCR amplification and DNA sequencing

	Sequence analysis
	Determination of rifampicin and ethambutol MICs
	Data analysis

	Results
	DST
	Time to results with the proportional microplate DST assay
	Sequencing of drug resistance genes
	Determination of the MICs for rifampicin and ethambutol in isolates with phenotype–genotype discrepancies

	Discussion
	Simplification and time reduction for M. tuberculosis DST with the proportional microplate assay
	Validation of proportional microplate DST for M. tuberculosis
	The need for adjustment of the critical concentration for ethambutol susceptibility testing
	Rifampicin-sensitive isolates carrying rifampicin resistance-associated mutations

	Conclusions
	Transparency declaration
	Acknowledgements
	Appendix A. Supplementary data
	References


