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Detecting resistance to fluoroquinolones (FQ) and second-line injectable drugs (amikacin [AMK], kanamycin [KAN], and
capreomycin [CAP]) is crucial given the worldwide increase in the incidence of extensively drug-resistant tuberculosis (XDR-
TB). A new version of the GenoType MTBDRsl test (v2.0) has been developed to improve the detection of resistance to FQ (in-
volving gyrA and gyrB mutations) and to second-line injectable drugs (involving rrs and eis promoter mutations) in Mycobacte-
rium tuberculosis. A collection of 127 multidrug-resistant (MDR) M. tuberculosis complex strains was tested using the first (v1)
and second (v2.0) versions of the MTBDRsl test, as well as DNA sequencing. The specificities in resistance detection of v1 and
v2.0 were similar throughout, whereas the levels of sensitivity of v2.0 were superior for FQ (94.8% versus 89.6%) and KAN
(90.5% versus 59.5%) but similar for AMK (91.3%) and CAP (83.0%). The sensitivity and specificity of v2.0 were superior to
those of v1 for the detection of pre-XDR strains (83.3% versus 75.0% and 88.6% versus 67.1%, respectively), whereas the sensi-
tivity of v2.0 was superior to that of v1 only for the detection of XDR strains (83.0% versus 49.1%). In conclusion, MTBDRsl v2.0
is superior to MTBDRsl v1 and efficiently detects the most common mutations involved in resistance to FQ and aminoglyco-
sides/CAP. However, due to mutations not recognized by v2.0 or to the presence of resistance mechanisms not yet characterized
(particularly mechanisms related to monoresistance to aminoglycosides or CAP), the results for wild-type strains obtained with
MTBDRsl v2.0 should be confirmed by further DNA sequencing and phenotypic drug susceptibility testing.

In 2014, six million new cases of tuberculosis (TB) were reported
to the WHO, an increasing part of them being caused by multi-

drug-resistant (MDR) strains, defined as strains resistant to both
isoniazid and rifampin, the two main anti-TB drugs (1). For the
past 20 years, treatment of MDR TB was based on the association
of fluoroquinolones (FQ) and aminoglycosides/capreomycin
(CAP), i.e., the aminoglycosides kanamycin (KAN) and amikacin
(AMK) and the cyclic peptide CAP (2). Unfortunately, due to
inadequate use of second-line treatments, extensively drug-resis-
tant (XDR) TB, defined as MDR TB caused by Mycobacterium
tuberculosis strains with resistance to FQ and at least one of three
injectable second-line drugs (AMK, KAN, and CAP), has emerged
(1). The misuse of antituberculous drugs is partly due to the in-
ability of institutions in several countries to perform drug suscep-
tibility testing (DST). Worldwide, only 12% of patients with new
bacteriologically confirmed TB cases and 58% of previously
treated TB patients were tested for drug-resistant strains in 2014
(1). XDR strains currently represent a worrisome threat to global
health, since treatment failure can be as high as 50%; therefore, the
prognosis may be similar to that of untreated TB (3).

Since conventional phenotypic methods are cumbersome and
require weeks to months to obtain a drug resistance profile, mo-
lecular assays allowing more-rapid drug resistance detection have
been developed and implemented, even in areas where DST ca-
pacities are very limited or not available. The molecular tests for
detecting resistance to antituberculous drugs are based on the de-
tection of mutations affecting the function and/or expression of
chromosome-encoded targets, since they are the sole mechanisms
of drug resistance described in M. tuberculosis. Concerning FQ,

the main mechanism of acquired resistance is an alteration of the
DNA gyrase (consisting of two subunits, GyrA and GyrB, encoded
by the gyrA and gyrB genes) (4), which is associated with decreased
drug activity levels. Most mutations conferring FQ resistance
(FQ-R) occur in a short segment termed the quinolone resistance-
determining region (QRDR) in gyrA (substitutions mostly affect-
ing residues A90 and D94 and, more rarely, G88 and S91) and, less
frequently, in gyrB (substitutions mostly affecting D500, N538,
T539, and E540) (4, 5). Resistance to second-line injectable drugs
(CAP, AMK, and KAN) is caused by mutations at positions 1401,
1402, and 1484 in the rrs gene with the following expression pat-
terns: rrs substitution A1401G entails low-level resistance to CAP
and high-level resistance to AMK and KAN (6), whereas the rrs
C1402T substitution entails low-level resistance to KAN and high-
level resistance to CAP but no resistance to AMK. The rrs G1484T
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substitution entails high-level resistance to all three drugs (6).
Several studies showed that mutations in the promoter region of
eis (a gene encoding an aminoglycoside acetyltransferase), mainly
at the �10 to �14 region and at �37, are responsible for low-level
resistance to KAN in 30% to 80% of the strains resistant to KAN
that have no mutation in rrs (7, 8, 9).

The most commonly used commercial kit for genotypic DST for
second-line drugs is MTBDRsl. However, due to the low sensitivity of
this test, the WHO decided not to endorse it in 2013 (10). Additional
targeting of mutations in the eis promoter (region �10 to �14) and
in gyrB (codons 536 to 541) was included, while targeting of the likely
ethambutol resistance gene embB was abandoned because of its low
sensitivity for resistance detection (11).

The goal of the present study was to compare the ability of the
first (v1) and second (v2.0) versions of the GenoType MTBDRsl
DNA strip assay to properly identify susceptibility or resistance to
FQ and aminoglycosides/CAP of MDR clinical isolates displaying
a wide variety of molecular mechanisms of resistance and repre-
senting a broad range of additional resistance to FQ and second-
line injectable drugs (KAN, AMK, and CAP). The performance of
the tests was evaluated in comparison with that of phenotypic DST
and DNA sequencing.

MATERIALS AND METHODS
Strains. MDR M. tuberculosis complex clinical isolates (n � 127) (identi-
fied by GenoType Mycobacterium CM) isolated in France and received at
the French Reference Center for Mycobacteria during the study period
(2005 to 2015) were included based on their MDR (n � 26), pre-XDR
(defined as MDR strains with resistance to FQ [n � 24] or to at least one
of the three injectable second-line drugs AMK, KAN, and CAP [n � 24]),
or XDR (n � 53) status. In vitro DST for ofloxacin (OFX), AMK, KAN,
and CAP was performed on Löwenstein-Jensen medium following the
proportion method (12), using the following concentrations: 2 mg/liter
for OFX, 20 mg/liter for AMK, 30 mg/liter for KAN, and 40 mg/liter for
CAP (13).

DNA sequencing of drug resistance-associated genes. Genomic
DNA was isolated from bacteria grown on Löwenstein-Jensen medium. A
loop of culture was suspended in water (500 �l) and heated at 95°C for 15
min. The DNA used for amplification by PCR was obtained by heat shock
extraction (1 min at 95°C and 1 min on ice, repeated five times). A volume
of 5 �l was used in PCR with the oligonucleotide primers described below.
To detect FQ resistance, the QRDRs of gyrA and gyrB were amplified and
sequenced using primers PRI8 (5=-YGGTGGRTCRTTRCCYGGCGA-3=)
and PRI9 (5=-CGCCGCGTGCTSTATGCRATG-3=) for gyrA and primers
gyrBa (5=-GAGTTGGTGCGGCGTAAGAGC-3=) and gyrBe (5=-CGGCC
ATCAAGCACGATCTTG-3=) for gyrB. For detection of aminoglycoside/
CAP resistance, the rrs gene (positions 1401 to 1484) and eis promoter were
amplified and sequenced using, respectively, primers RRSA (5=-GGCGTTC
CCTTGTGGCCTGTG-3=) and RRS1539 (5=-GGGGCGTTTTGCTGGTGC
TCC-3=) and primers eis-F (5=-ATTCAGGGCCGATGAAATC-3=) and eis-R
(5=-GATGATCGACCGGGTTTG-3=). After amplification, unincorporated
nucleotides and primers were removed by filtration with Microcon 100 mi-
croconcentrators (Amicon Inc., Beverly, MA) and the amplicons were se-
quenced using a BigDye Terminator cycle sequencing ready kit (Applied Bio-
systems) following the manufacturer’s instructions.

MTBDRsl tests. Amplification and hybridization of DNA extracted
from isolates were performed according to the manufacturer’s instruc-
tions (14). The GenoType MTBDRsl v1 test uses a strip coated with 22
probes (15). Briefly, detection of FQ resistance is based on the use of three
wild-type (WT) probes covering GyrA codons 85 to 97. The presence of
the most frequently observed mutations is confirmed by positive hybrid-
ization with six probes for the detection of substitutions in GyrA (A90V,
S91P, D94A, D94N/Y, D94G, and D94H). For detection of aminoglyco-

side/CAP resistance, two WT probes cover nucleotides 1401 and 1402 and
nucleotide 1484, and two mutant probes specifically detect the A1401G
and G1484T exchanges. The GenoType MTBDRsl v2.0 DNA strip is
coated with 27 probes (see Fig. 1), and detection of FQ resistance is based
on the use of three WT probes covering GyrA codons 85 to 97 and one WT
probe covering GyrB codons 536 to 541. The presence of the most fre-
quently observed mutations is confirmed by positive hybridization with
six probes for the detection of substitutions in GyrA (A90V, S91P, D94A,
D94N/Y, D94G, and D94H; see Fig. 1) and two probes for the detection of
substitutions in GyrB (N538D and E540V). For detection of aminoglyco-
side/CAP resistance, two WT probes cover nucleotides 1401 plus 1402 and
nucleotide 1484 in rrs and three probes cover nucleotides G-37, C-14 plus
C-12 plus G-10, and C-2 in eis, while three mutant probes specifically
detect the A1401G, G1484T, and C-14T exchanges.

Statistical analysis. Performance of MTBDRsl v2.0 was evaluated us-
ing conventional phenotypic DST and Sanger sequencing as reference
standards. Sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), likelihood ratio, and diagnostic accuracy val-
ues were calculated according to the Wilson score. All statistical analyses
were carried out using Open Source Epidemiologic Statistics for Public
Health version 3.03 (16).

The nucleotide sequences determined for the mutant genes included
in the present report were deposited in the GenBank database (see below).
Particular attention must be given to the numbering system of GyrA and
GyrB (4). The amino acids at positions 88, 90, 91, and 94 in the M. tuber-
culosis numbering system correspond to the amino acids at positions 81,
83, 84, and 87 in the Escherichia coli numbering system, respectively. For
GyrB, codons D500, N538, and E540 are according to the 1998 numbering
system and correspond, respectively, to codons 426, 464, and 466 accord-
ing to the numbering system in E. coli and codons 461, 499, and 501
according to the numbering system proposed in 2002 by Camus et al. (17).

Nucleotide sequence accession numbers. The nucleotide sequences
determined for the mutant genes included in the present report were
deposited in the GenBank database under the following accession num-
bers: GU323381, GU323382, KU160143, KU160144, KU160145, and
KU291456 for GyrB mutants N538D, D500A, E540V, E540D, D500V, and
D500N, respectively; GU323384, GU323385, GU323386, GU323387,
GU323388, GU323389, GU323391, GU323393, GU323394, KU160146,
KU160147, and KU160148 for GyrA mutants D94A, D94G, D94N, D94H,
G88A, G88C, T80A-A90G, D94G-A90V, A90V, D94Y, T80A, and A90V-
S91P, respectively; GU323404, GU323405, and KU160149 for rrs mutants
A1401G, G1484T, and C1402T, respectively; and KU160151, KU160152,
KU160153, and KU160154 for eis promoters G-10A, C-12T, C-14T, and
G-37T, respectively.

RESULTS
Description of strains. Among the 127 strains, 77 were FQ resis-
tant (FQ-R) and 50 were FQ susceptible (FQ-S) (Table 1). Among
the 77 FQ-R strains, 69/77 (89.61%) were found by DNA sequenc-
ing to display various substitutions in the GyrA QRDR, corre-
sponding either to substitutions frequently reported in the litera-
ture (mutations in codon 90 [22/77] and codon 94 [44/77]) or to
more rarely encountered substitutions (codon 88 [3/77] and
codon 91 [3/77]). Seven were found by DNA sequencing to dis-
play various substitutions in the GyrB QRDR (E540V plus WT,
E540V, E540D, N538D, D500V, D500N, and D500A, respec-
tively), whereas one isolate harbored no substitution in GyrA or
GyrB QRDRs. Among the 50 FQ-S strains, 46 were WT, three
harbored a T80A substitution in GyrA, and one harbored a T80A
substitution and an A90G substitution in GyrA.

Among the 127 strains, 77 were resistant to at least KAN, AMK,
or CAP (45 KAN-AMK-CAP-R, 1 KAN-AMK-R, 5 KAN-CAP-R,
3 mono-CAP-R, and 23 mono-KAN-R) and 50 were susceptible to
KAN, AMK, and CAP (Table 2). Among the 45 strains resistant to
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KAN, AMK, and CAP, 43 had a mutation in the rrs gene between
nucleotides 1400 and 1500; substitution A1401G was found in 39
strains (with an additional mutation in the eis promoter in 4
strains: G-10A and C-12T in 2 strains each), C1402T in 1 strain,
and G1484T in 3 strains.

GenoType MTBDRsl test results obtained for the detection
of resistance to fluoroquinolones (Table 1). All 69 strains dis-

playing mutations in gyrA among the 77 FQ-R strains were
detected by MTBDRsl v1 and v2.0. Sixty-three of the 69 muta-
tions (91.3%) were detected directly by hybridization with
gyrA probes MUTA90V, MUTS91P, MUTD94A, and/or
MUTD94H. These mutations corresponded to the following
substitutions: D94G in 34.9% (22/63), A90V in 22.2% (14/63),
D94N in 9.5% (6/63), D94A in 9.5% (6/63), S91P in 3.2%

FIG 1 Hybridization patterns obtained with the GenoType MTBDRsl v2.0 assay. The controls, targeted genes, and mutations are given to the left of the figure.
CC, conjugate control; AC, amplification control (23S rRNA); TUB, M. tuberculosis complex-specific control (23S rRNA); Control gyrA, control for gyrA
amplification; gyrA WT1 to WT3, gyrA wild-type (WT) probes located in regions of codons 85 to 97; gyrA MUT1 to MUT3D, gyrA mutant probes testing for
mutations entailing A90V, S91P, D94A, D94N/Y, D94G, and D94H substitutions; Control gyrB, control for gyrB amplification; gyrB WT, gyrB WT probe testing
for mutations in codons 536 to 541; gyrB MUTA and MUT2, gyrB mutant probes testing for mutations entailing N538D and E540V substitutions; Control rrs,
control for rrs amplification; rrs WT1 and WT2, rrs WT probes covering nucleotides 1401 and 1402 and nucleotide 1484; rrs MUT1 and MUT2, rrs mutant probes
testing for A1401G and G1484T mutations; Control eis, amplification control for eis; eis WT1, WT2, and WT3, eis WT probes located in regions for nucleotide
G-37, nucleotides C-14, C-12, and G-10, and nucleotide C-2, respectively; eis MUT1, mutant probe testing for mutation C-14T; CM, colored marker. Typical
hybridization patterns were obtained and are shown in the figure as follows: lane 1, H37Rv (WT); lane 2, gyrA D94G; lane 3, gyrB E540V; lane 4, rrs C1402T; lane
5, eis C-14T; lane 6, gyrA D94G-A90V-WT (gyrA D94G and A90V and WT), rrs A1401G, and eis G-10A.

Comparison of MTBDRsl v2.0 and Its First Version
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(2/63), and D94H in 1.6% (1/63) (Table 1). Among the six
mutant strains detected indirectly, three were detected because
of lack of hybridization with the WT1 gyrA probe (correspond-
ing to G88A and G88C substitutions which are not included as
specific probes in MTBDRsl v2.0), and three strains were de-
tected because of lack of hybridization with the WT3 gyrA
probe. For the three latter strains, hybridization with the mu-
tant probe gyrA MUTD94N/Y should also have been detected
since they harbored a D94Y substitution. For all 69 strains,
the same results were obtained with versions v1 and v2.0 of
MTBDRsl (Table 1).

Four of the seven FQ-R strains with the GyrB substitutions
N538D, E540V, and E540D were detected by GenoType MTBDRsl
v2.0, either directly (substitutions N538D and E540V) or indi-
rectly (�WT; substitution E540D). The three FQ-R strains not
detected by MTBDRsl v2.0 harbored substitutions D500V/N/A,
which were not recognized by the test. None of the GyrB substi-
tutions was detected by v1 (Table 1).

The final FQ-R strain without a mutation in GyrA or GyrB was
not detected by MTBDRsl v1 or v2.0 (Table 1).

All except 1 of the 50 FQ-S strains were accurately detected by
both MTBDRsl versions. The strain misidentified as resistant by
both tests harbored a double substitution, T80A plus A90G, in
GyrA, leading to lack of hybridization with WT probe WT2.

MTBDRsl test results for the detection of resistance to ami-
noglycosides/CAP (Table 2). All 45 strains resistant to the three
injectable drugs KAN, AMK, and CAP were detected by the MT-
BDRsl v2.0 and 43 by v1. Forty-four (97.8%) strains were detected

either directly by hybridization with one of the rrs probes
(MUTA1401G or MUTG1484T) in the case of 42 strains (detected
by MTBDRsl v1) or with one of the eis probes (MUTC-14T) in the
case of 2 strains (not detected by MTBDRsl v1) or else indirectly
because of lack of hybridization in 1 strain (2.2%) bearing a mu-
tation (C1402T) which is not covered by a specific probe in the
MTBDRsl tests.

The only KAN-AMK-R strain harboring a C-14T mutation in
the eis promoter was detected by MTBDRsl v2.0 but not by v1.

Among the five KAN-CAP-R strains, three were accurately de-
tected by the MTBDRsl v2.0 test: one showed an rrs mutation
(C1402T) and two an eis promoter mutation (G-10A or G-37T).
The same result was observed for the three mono-CAP-R strains.
MTBDRsl v1 detected only one of those strains, i.e., that harboring
a C1402T substitution (Table 2).

Among the 23 mono-KAN-R strains, 18 strains harboring a
mutation in the eis promoter (7 harboring G-10A, 2 C-12T, 4
C-14T, and 5 G-37T) were accurately diagnosed by MTBDRsl v2.0
either directly (eis probe MUTC-14T with deletion of the WT2 eis
probe) or indirectly (deletion of the WT1 eis probe for G-37T and
deletion of the WT2 eis probe for C-12T and G-10A). The remain-
ing five strains which harbored no mutation according to DNA
sequencing results were also not detected by the MTBDRsl v2.0
test. None of the 23 mono-KAN-R strains were detected by the
MTBDRsl v1 test (Table 2).

Among the 50 strains susceptible to KAN, AMK, and CAP,
three were misidentified as resistant to KAN by MTBDRsl v2.0 and
also by DNA sequencing due to eis promoter mutations (G-10A,

TABLE 1 GenoType MTBDRsl first version and MTBDRsl v2.0 test results for the detection of fluoroquinolone resistance in 127 M. tuberculosis
strains

Total no. of strains
(no. of XDR
strains),
fluoroquinolone
resistance
phenotype

Total no. of strains
(no. of XDR
strains) with
indicated result(s)

Amino acid change(s)
Result(s) by MTBDRsl first
version for GyrA

Result(s) by MTBDRsl v2.0

GyrA GyrB GyrA GyrB

77 (53), R 1 G88C WT �WT1 �WT1 WT
2 G88A WT �WT1 �WT1 WT
14 (12) A90V WT �WT2, MUTA90V �WT2, MUTA90V WT
5 (3) A90V � WT WT MUTA90V (� �WT2 for 1) MUTA90V WT
2 (1) S91P WT �WT2, MUTS91P �WT2, MUTS91P WT
6 (5) D94A WT �WT3, MUTD94A �WT3, MUTD94A WT
22 (15) D94G WT �WT3, MUTD94G �WT3, MUTD94G WT
4 (4) D94G � WT WT MUTD94G MUTD94G WT
6 (4) D94N WT �WT3, MUTD94N/Y �WT3, MUTD94N/Y WT
3 (1) D94Y WT �WT3 �WT3 WT
1 (1) D94H WT �WT3, MUTD94H �WT3, MUTD94H WT
1 (1) A90V � S91P � WT WT MUTA90V, MUTS91P MUTA90V, MUTS91P WT
2 (2) A90V � D94G � WT WT MUTA90V, MUTD94G MUTA90V, MUTD94G WT
1 WT E540V � WT WT WT MUTE540V
1 (1) WT E540V WT WT �WT, MUTE540V
1 (1) WT E540D WT WT �WT
1 (1) WT N538D WT WT �WT, MUTN538D
1 WT D500V WT WT WT
1 WT D500N WT WT WT
1 WT D500A WT WT WT
1 (1) WT WT WT WT WT

50, S 3 T80A WT WT WT WT
1 T80A � A90G WT �WT2 �WT2 WT
46 WT WT WT WT WT
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C-14T, and G-37T), whereas v1 accurately classified these strains
as susceptible (Table 2).

MTBDRsl test results for the detection of pre-XDR and XDR
strains. Among the 48 pre-XDR strains (24 pre-XDR FQ-R
strains and 24 pre-XDR [KAN-AMK-CAP-R] strains) and the
53 XDR strains, MTBDRsl v2.0 correctly identified, respec-
tively, 43 (21 pre-XDR FQ-R and 22 pre-XDR [KAN-AMK-
CAP-R] strains) and 44 strains. Among the 24 pre-XDR FQ-R
strains, 3 strains harboring a D500 GyrB substitution were mis-
classified by MTBDRsl v1 and v2.0, and one additional strain
harboring an E540 GyrB substitution was misclassified only by
v1 (Table 1). Among the 24 pre-XDR strains with KAN-AMK-
CAP resistance, 2 (including 1 mono-CAP-R strain and 1 mono-
KAN-R strain) harboring no mutation in rrs or the eis promoter
were misclassified by the two versions of MTBDRsl, and 6 addi-
tional strains (1 KAN-AMK-CAP-R strain and 5 mono-KAN-R
strain) harboring eis promoter mutations were misclassified only
by v1 (Table 2).

Among the 53 XDR strains, 1 (with no mutation in GyrA or
GyrB) was misclassified as FQ-S and 8 (with no mutation in the rrs
1400 region or the eis promoter) were misclassified as KAN-AMK-
CAP-susceptible by MTBDRsl v2.0, whereas 3 strains (harboring
no mutation in GyrA or GyrB or harboring an E540 or N538 GyrB
substitution) were misclassified as FQ-S and 17 strains (harboring
only an eis promoter mutation) were misclassified as KAN-AMK-
CAP-susceptible strains by v1.

Sensitivity and specificity. The sensitivity and specificity of

MTBDRsl v1 and v2.0 were calculated by comparing the results of
the DNA strip assay to those of the in vitro phenotypic tests taken
as the reference test. The values for sensitivity and specificity of
both MTBDRsl test versions in the detection of resistance to the
drugs studied are shown in Table 3.

DISCUSSION

When MDR-TB is detected, the main therapeutic issue that must
be addressed is that of determining the susceptibility of the strain
to the remaining first-line drugs, to second-line drugs, particularly
KAN, AMK, and CAP, and to fluoroquinolones. In the present
study, we assessed the capacity of GenoType MTBDRsl v2.0 and v1
comparatively to detect mutations linked to resistance to FQ,
AMK, KAN, and CAP in MDR (including XDR) clinical strains.

The target region for detection of ethambutol (a first-line
antituberculosis drug) resistance (embB codon 306), present in
MTBDRsl v1, has been removed from v2.0. Therefore, etham-
butol resistance was not considered in the present study. How-
ever, we showed recently that adding the search for mutations
at codon 406 or 497 in embB and for mutations in the embC-
embA intergenic region to the search for mutations at codon
306 in embB could dramatically increase the sensitivity of the
test (18).

The performance of MTBDRsl v1 (Table 3) was concordant
with results of recent meta-analyses (11, 19) as well as with our
previous evaluation (15). These results confirm that v1 has high
sensitivity and specificity for the detection of resistance to FQ,

TABLE 2 GenoType MTBDRsl first version and MTBDRsl v2.0 test results for the detection of resistance to aminoglycosides and cyclic peptide in
127 M. tuberculosis strains

Total no. of
strains (no.
of XDR
strains)

Drug resistance
phenotype

Total no. of
strains (no.
of XDR
strains)

Amino acid change
Result(s) by MTBDRsl first
version (rrs 1400 region)

Result by MTBDRsl v2.0

KAN AMK CAP rrs 1400 region eis rrs 1400 region eis

45 (28) R R R 34 (19) A1401G WT �WT1, MUTA1401G �WT1, MUTA1401G WT
R R R 2 (2) A1401G G-10A �WT1, MUTA1401G �WT1, MUTA1401G �WT2
R R R 2 (2) A1401G C-12T �WT1, MUTA1401G �WT1, MUTA1401G �WT1
R R R 1 A1401G � WT WT MUT1 MUT1 WT
R R R 1 (1) C1402T WT �WT1 �WT1 WT
R R R 3 (3) G1484T WT �WT2, MUTG1484T �WT2, MUTG1484T WT
R R R 2 (1) WT C-14T WT WT �WT2, MUTC-14T

1 (1) R R S 1 (1) WT C-14T WT WT �WT2, MUTC-14T

5 (5) R S R 1 (1) C1402T WT �WT1 �WT1 WT
R S R 1 (1) WT G-10A WT WT �WT2
R S R 1 (1) WT G-37T WT WT �WT1
R S R 2 (2) WT WT WT WT WT

3 (2) S S R 3 (2) WT WT WT WT WT

23 (17) R S S 7 (4) WT G-10A WT WT �WT2
R S S 2 (2) WT C-12T WT WT �WT1
R S S 4 (4) WT C-14T WT WT �WT2, MUTC-14T
R S S 5 (3) WT G-37T WT WT �WT1
R S S 5 (4) WT WT WT WT WT

50 S S S 1 WT G-10A WT WT �WT2
S S S 1 WT C-14T WT WT �WT2, MUTC-14T
S S S 1 WT G-37T WT WT �WT1
S S S 47 WT WT WT WT WT
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AMK, and CAP but that it performs poorly in the detection of
KAN resistance and therefore of pre-XDR and XDR status.

The overall performance of MTBDRsl v2.0 determined in our
study was similar to that reported in the only other published
study evaluating this test. Tagliani et al. found sensitivity and spec-
ificity values for direct testing of 83.6% and 100% for FQ, 95.5%
and 91.4% for KAN, and, globally, 86.4% and 90.1% for second-
line injectable drugs (AMK, KAN, and CAP) (20). However, the
ability to detect resistance to FQ was superior in our study, mainly
due to the difference between the proportions of strains resistant
to FQ without a mutation in DNA gyrase in the two studies (1/77
in our study [1.3%] versus 10/73 [13.7%] in that of Tagliani et al.
[20]). The performance of MTBDRsl v2.0 was superior to that of
v1 (Tables 1, 2, and 3), mainly due to the addition of probes cor-
responding to the eis promoter and the gyrB gene, which allow the
detection of 5.2% more FQ-R strains and 31% more KAN-R
strains.

Although the global performance of the test was good, some
discrepancies and errors occurred. Given their major impact on
treatment, we analyze these discrepancies here in detail. Regarding
fluoroquinolones, there were five discrepancies or errors (5/127 �
3.9%). The analysis of the latter results indicated that four strains
were wrongly classified as FQ-S (yielding false-negative results)
and that one was wrongly classified as FQ-R by MTBDRsl v2.0
(yielding a false-positive result). Concerning the four misclassified
FQ-S strains, three harbored a substitution in GyrB at amino acid
500 which is not covered by MTBDRsl v2.0 and one had no mu-
tation in GyrA or GyrB. Three of the four false-negative results
could have been avoided if the mutation at position 500 in GyrB
had been detected, a mutation that makes up 9% of the GyrB
mutations responsible for FQ resistance (21) and that is impli-
cated in low-level resistance (22).

The strain misclassified by MTBDRsl v2.0 as FQ-R harbored a
double substitution in GyrA (T80A-A90G) and was classified as
resistant because of the absence of hybridization with WT gyrA
probe WT2. Previous studies have demonstrated that these sub-
stitutions, commonly identified in African countries such as Re-
public of the Congo, do not confer resistance and are thus respon-
sible for misclassification of FQ resistance by line probe assay (23,
24). This problem, already encountered with MTBDRsl v1, could
be avoided by inclusion of a comment in the recommendations
for interpretation of MTBDRsl v2.0 results in case of the absence
of the WT2 probe.

Surprisingly, three FQ-R strains with the mutation GyrA
D94Y, which should theoretically be detected directly by hybrid-
ization with a mutant probe, gyrA MUTD94N/Y, were detected
only indirectly by the absence of hybridization with WT gyrA
probe WT3. This absence of hybridization does not result in a false
diagnosis of susceptibility, as was also shown in the study of Ta-
gliani et al. for two strains with GyrA D94Y and one strain with
GyrA D94G (20).

Regarding the injectable second-line drugs, there were 13
(10.2%) discrepancies (10/127 [7.9%] for KAN, 2/127 [1.6%] for
AMK, and 9/127 [7.1%] for CAP). Ten strains were wrongly clas-
sified as susceptible to second-line injectable drugs (7/127 [5.5%]
for KAN, 4/127 [3.1%] for AMK, and 9/127 [7.1%] for CAP), and
3 were wrongly classified as resistant (KAN, 3/127 [2.3%]). The 10
strains wrongly classified as susceptible to second-line injectable
drugs (5 mono-KAN-R, 3 mono-CAP-R, and 2 KAN-CAP-R
strains) did not have any mutation in rrs or the eis promoter. TheT
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three strains wrongly classified as resistant to second-line inject-
able drugs (three KAN-AMK-CAP-S strains) had an eis promoter
mutation (G-10A, C-14T, or G-37T). The implication of these
mutations in KAN resistance is being debated, since they are re-
sponsible for low-level KAN resistance at most (7, 9, 25–27).
Moreover, one study has shown that the absolute concentration
method using Löwenstein-Jensen medium for susceptibility test-
ing does not adequately detect low-level KAN resistance (7). This
could explain why we missed the detection of KAN resistance in
the three strains harboring an eis promoter mutation.

Regarding the possible improvements of MTBDRsl v2.0 for the
detection of aminoglycoside/CAP resistance, the available data
from the literature do not support the need for modification since
the mutations of the genes involved in resistance which have been
described are rare and their implication in resistance has not been
firmly established (e.g., tylA for CAP resistance [28] and the whiB7
5= untranslated region [UTR] for KAN resistance [29]) (7, 25, 26,
30, 31).

Our study has some limitations. First, as with many other pub-
lications evaluating commercial kits, our study used a representa-
tive collection of strains received at only one center, i.e., the
French Reference Center for Mycobacteria. This may introduce a
country-dependent bias of the results. For example, our collection
contained more strains harboring GyrB substitutions than that of
Tagliani et al. (7/127 compared to 1/228 isolates). Second, we
evaluated the performance of the new version of the Genotype
MTBDRsl assay, v2.0, only on M. tuberculosis complex strains, and
not on clinical specimens, as Tagliani et al. did (20).

The performance of molecular tests in the detection of resis-
tance has markedly improved in recent years, and substantial fur-
ther improvements are unlikely to be made in the future. These
tests, with their inherent complexity as a drawback, are now facing
the “glass ceiling” of the ability of existing DST methods, the gen-
erally accepted gold standards, to properly classify strains as sus-
ceptible or resistant. Indeed, some mutations implicated in low
levels of resistance that have an impact on patient outcome cannot
be detected adequately with phenotypic methods (32–34).
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