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Abstract Abstract 

Tuberculosiss remains one of the leading infectious causes of death 
worldwide.. The emergence of drug resistant strains of Mycobacterium tuberculosis 
iss a serious public health threat. Resistance to isoniazid (INH) is the most prevalent 
formm of resistance in M. tuberculosis and is mainly caused by mutations in the 
catalasee peroxidase gene (katG). Among high-level INH-resistant isolates (MIC > 
2),, 89% are associated with a mutation at codon 315 of katG. There is a need to 
developp rapid diagnostic tests to permit appropriate antibiotic treatment and to 
improvee clinical management. Therefore, a single-tube real-time PCR, using a 
novell kind of probe (3'-minor groove binder-DNA probe), was developed to detect 
eitherr the wild-type or the mutant codon directly in Ziehl-Neelsen-positive sputum 
samples.. The detection limit of the assay for purified DNA was 5 fg per well (one 
mycobacteriall genome), and with spiked sputum samples, it was 20 copies per 
well,, corresponding to 103 mycobacteria per ml of sputum. Sputum samples from 
200 patients living in Kazakhstan or Moldova and infected with mono- or multidrug-
resistantt M. tuberculosis and 20 sputum samples from patients infected with INH-
susceptiblee M. tuberculosis were tested. The sensitivities and specificities of the 
probess were 70 and 94% for the wild-type probe and 82 and 100% for the mutant 
probe.. Binding to either probe was nonambiguous. This real-time PCR allows the 
rapidd identification of a mutant katG allele and can easily be implemented in a 
clinicall microbiology laboratory. 
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Introduction Introduction 

Tuberculosiss is the second most frequent infectious cause of death 
worldwidee (35), despite the availability of various drugs against the causative 
agent,, Mycobacterium tuberculosis. One of the mainstay drugs for the treatment of 
tuberculosiss is isoniazid (INH). Nowadays, the effectiveness of INH against M. 
tuberculosis,tuberculosis, initially reported in 1952 (4, 20), is hampered due to the presence of 
INH-resistantt M. tuberculosis. Among new cases of tuberculosis, 6.2% of isolates 
aree resistant to INH (ranging from 0% in New Caledonia to 28% in Latvia), and 
amongg previously treated cases, 19.6% are resistant (ranging from 0% in Finland 
too 82% in Uruguay) (7). The emergence of multidrug-resistant strains (defined as 
resistantt to at least INH and rifampicin) (8, 12, 14, 25) has further complicated the 
treatmentt of tuberculosis. Therefore, the availability of rapid methods for detecting 
drugg resistance in clinical isolates of M. tuberculosis, or preferably directly in 
patientt samples, is required. 

Thee primary mechanism for acquiring resistance in M. tuberculosis is the 
accumulationn of (mostly) point mutations in genes coding for drug targets or drug-
convertingg enzymes (21). In the last decade, mutations in the catalase peroxidase 
genee (katG) (28, 37) and in a gene encoding an enoyl acyl carrier protein 
reductasee (inhA) (3) have been found to account for 60 to 70 and 10 to 15% of 
INH-resistantt M. tuberculosis isolates, respectively (12). Catalase peroxidase 
convertss INH into its active compound (38), which binds to the inhA-encoded 
reductasee (3), which is part of the fatty acid synthase II (FAS II) complex (17). The 
predominantt mutation of katG is an AGC^ACC point mutation found at codon 315 
(S315T).. In three studies, INH-resistant isolates from Europe were sequenced, and 
mutationss at codon 315 of katG were further characterized. Among 68 codon 315 
mutants,, 62 (91%) carried an AGC^ACC (S315T) mutation, 4 (6%) carried an 
AGC^AACC (S315N) mutation, and 2 (3%) carried an AGC-*ACA (S315T) mutation 
(1,, 18, 22). Other rare mutations (AGC^ATC [S315I] and AGC^CGC [S315R]) have 
beenn reported in Africa (11). 

Thee prevalence of a mutation at codon 315 of katG was 53% among 295 
INH-resistantt isolates in The Netherlands (32). However, among isolates for which 
thee MIC was 2 ug/ml or more, the prevalence of this mutation was 89%. In contrast 
withh other katG mutations, the presence of this mutation does not abolish the 
functionn of the mycobacterial catalase peroxidase (26, 34), which is a 
mycobacteriall virulence factor (36), and therefore the mutant remains relatively "fit." 
Sincee this mutation is also associated with co-resistance to streptomycin and 
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rifampicin,, it can be considered an excellent target to predict (multidrug) resistance 
(33). . 

Thee aim of this study was to design a real-time PCR assay for detection of 
INHH resistance that can be performed directly on clinical samples. Based on the 
dataa mentioned above, we decided to design the assay with two probes: one for 
detectionn of the wild-type allele of codon 315 and one for detection of the most 
commonn mutant allele, ACC. Detection of point mutations or single-nucleotide 
polymorphismss in M. tuberculosis is complicated by the high GC content of the 
genome.. Hence, probes are likely to have a high melting temperature, resulting in 
difficultiess with the detection of point mutations. For optimal detection, probes 
shouldd be as short as possible, because mismatch of a single nucleotide then 
resultss in a greater destabilizing effect on probe-amplicon binding and enhances 
thee discriminatory power. In addition, short probes are less influenced by the 
heterogeneityy of the target sequence surrounding the mutation. To fulfill these 
criteria,, a real-time PCR assay was designed using 3'-minor groove binder (MGB) 
probes.. An MGB probe consists of a 14- or 15-bp-long oligonucleotide that carries 
bothh a fluorescent dye at its 5' end and a nonfluorescent quencher and a minor 
groovee binder at its 3' end, which hybridizes specifically to the amplified target. The 
MGBB part of the probe binds to the minor groove of the double stranded DNA helix 
(consistingg of the oligonucleotide part of the MGB probe and the complementary 
targett sequence to which it is hybridized) irrespective of the nucleotide sequence 
andd enhances the stability of the probe-amplicon binding. The presence of this 
MGBB increases the melting temperature of the probe-amplicon binding and allows 
relativelyy short probes to have a melting temperature of -60  C (16). 

MaterialsMaterials and Methods 

M.M. tuberculosis isolates and INH susceptibility. The INH-susceptible M. 
tuberculosistuberculosis strain H37Rv (ATCC 27294) was used as a wild-type control. As 
mutantt controls, four INH-resistant isolates, shown in a previous study to have the 
AGC-^ACCC mutation at codon 315 of katG (33), were collected from the National 
Institutee of Public Health and the Environment (RIVM; Bilthoven, The Netherlands). 
Thee MIC of INH for three of these isolates (RIVM 16855, 17143, and 9501611) was 
55 ug/ml, and the MIC for the fourth (RIVM 9601309) was 10 ug/ml. 

Forr evaluation of the assay, 20 INH-susceptible isolates (MIC < 0.5 ug/ml) 
fromm Dutch patients with tuberculosis were collected from the Municipal Medical 
andd Health Service (Amsterdam, The Netherlands). Furthermore, INH-resistant 
isolatess from 12 patients from Moldova and 8 patients from Kazakhstan were 
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obtainedd from the Gelre Hospital (Apeldoorn, The Netherlands). These isolates had 
beenn used in a previous study for the determination of drug susceptibility and 
genotypicc assessment of rifampicin resistance (32). 

INHH susceptibility was measured by the MIC method (9). Briefly, isolates 
weree grown in Middlebrook 7H10 medium in the presence of different 
concentrationss (0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 50 ug/ml) of INH. Isolates were 
consideredd resistant if > 1% of the inoculum grew in the presence of INH 
concentrationss of 0.5 ug/ml or higher. In one experiment, INH susceptibility was 
determinedd by growth on Tarshis medium in the presence of different INH 
concentrationss (0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64 ug/ml) (29). 

Otherr bacterial isolates. A series of bacterial isolates consisting of 
organismss causing community- or hospital-acquired pneumonia, nontuberculous 
mycobacteria,, and other human pathogens were used for the determination of the 
specificityy of the assay (Table 1). These isolates were either American Type 
Culturee Collection strains or clinical isolates collected from the Leiden University 
Medicall Center (Leiden, The Netherlands) and had been used previously (30). 

Sputumm samples and sputum preparation. Sputum samples from 16 
patientss with pneumonia or bronchitis, not suspect for tuberculosis, were collected 
att the clinical microbiology laboratory of the Academic Medical Center in 
Amsterdam,, The Netherlands. These samples were pooled, examined 
microscopicallyy for the presence of acid-fast bacilli, and - when negative - used for 
spikingg experiments. Ziehl-Neelsen (ZN)-positive sputum samples, containing the 
M.M. tuberculosis isolates described above, were obtained from patients with 
tuberculosiss in The Netherlands {n = 20), Kazakhstan (n = 8), and Moldova (n = 
12).. All sputum samples were decontaminated by the A/-acetyl-/_-cysteine (NALC) -
NaOHH method (15). Briefly, the sputum samples were incubated for 15 min on a 
shakerr with an equal volume of 0.75 M NaOH, 50 mM sodium citrate, and 0.5% 
(w/v)) (Merck, Darmstadt, Germany), after which they were neutralized with 
phosphatee buffer (Merck). The sputum samples were centrifuged at 4,000 x g for 
200 min, and the pellets were resuspended in 1ml of 0.067 M phosphate buffer 
(Merck). . 

Culture.. The M. tuberculosis H37Rv strain was cultured in liquid Dubos 
medium.. Isolates from sputum samples were grown on Löwenstein-Jensen solid 
medium. . 

Spikingg experiments. M. tuberculosis H37Rv was grown in liquid Dubos 
mediumm to an optical density, assessed nephelometrically, corresponding to 108 

mycobacteria/ml.. Tenfold dilutions (containing 107 to 102 mycobacteria/ml) were 
madee in TETB buffer (10 mM Tris-HCI [pH 8.3], 1 mM EDTA, 0.1% Tween 80 
[Merck],, and 0.5% bovine serum albumin [Sigma-Aldrich, St. Louis, Montana, 
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U.S.A.]).. Five-milliliter aliquots of pooled sputum samples were infected 1:100 with 
thesee suspensions prior to decontamination. 

DNAA isolation. From 100ul of decontaminated sputum samples, nucleic 
acidss were isolated using guanidinium thiocyanate as described by Boom et al. (5). 
Nucleicc acids were eluted with 100 pi of RNase-free water {Invitrogen, Carlsbad, 
California,, U.S.A.). From liquid Dubos medium M. tuberculosis cultures, nucleic 
acidss were isolated as described by Ausubel et al. (2). Briefly, the bacteria were 
killedd by heating them at 80  C for 20 min and then incubated with 1 mg of 
lysozymee (Sigma-Aldrich)/ml at 37  C for 1 hour. The bacterial suspension was 
furtherr incubated with 1% sodium dodecyl sulfate (Serva Electrophoresis GmbH, 
Heidelberg,, Germany) and 0.1 mg of proteinase K (Roche, Palo Alto, California, 
U.S.A.)/mll at 65  C for 10 min. Lysis was completed by incubating the suspension 
withh 1% A/-cetyl-/V,A/,/V-trimethyl ammonium bromide (Merck) at 65  C for 10 min. 
DNAA was extracted from the lysed bacteria by chloroform-isoamyl alcohol (Merck) 
andd subsequently precipitated with isopropanol (Merck). From solid cultures (on 
Löwenstein-Jensenn medium), nucleic acids were isolated by suspending 10 mg of 
wett bacterial cells in 250 pi of H20 and heating them at 100  C for 30 min (37). 
DNAA was extracted using the Capture Column DNA extraction kit (Gentra Systems, 
Minneapolis,, Minnesota, U.S.A.) following the manufacturer's instructions. 

Primerss and probes. Primers and MGB probes (Table 2) were designed 
usingg Primer Express version 2.0 software (Applied Biosystems Inc., Foster City, 
California,, U.S.A.) and the sequence of M. tuberculosis katG (GenBank accession 
no.. NC000962). The specificities of the probes and primers for bacteria belonging 
too the M. tuberculosis complex were assessed by BLASTn analysis 
(http://www.ncbii .nlm.nih.gov/blast). The possible presence of secondary structures 
wass determined using mfold (http://www.bioinfo.rpi.edu/applications/mfold/old/dna) 
(27). . 

PCR.. The 50ul reaction mixture for PCR contained 25ul of Hot-Start 
Masterr Mix (Qiagen, Hilden, Germany), 5pl of extracted DNA, 1 uM primers S and 
AS,, and 200 nM wild-type and mutant probes (Applied Biosystems Inc.). 
Thermocyclingg and detection were performed using the iCycler iQ Real-Time PCR 
Detectionn system (Bio-Rad, Hercules, California, U.S.A.). The thermocycling 
protocoll was 95  C for 10 min followed by 50 cycles of 92  C for 15 s, 60  C for 1 
minn and 72  C for 30 s. Fluorescence data collection took place during the final 30 
ss of the 60  C step. Data were analyzed using the Bio-Rad iCycler iQ Real-Time 
Detectionn system software version 3.0a as provided by the manufacturer. 

Agarosee gel electrophoresis. Agarose gel electrophoresis was carried 
outt as described by Ausubel ef al. (2) on 2% agarose gels. 
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Fluorescence-basedd nucleotide sequence analysis. The katG region 
comprisingg the mutation at codon 315 was amplified using primers S and AS 
(Tablee 2). The nucleotide sequences of these amplicons were determined by a 
PCR-basedd sequence reaction using the PRISM Big Dye Terminators version 3.0 
cyclee sequencing kit and analyzed on the PRISM 3100 Genetic Analyzer (Applied 
Biosystemss Inc.). 

100 0 

10 0 

I I 

/ / 

II MM 

A-w^-A-w^-
,-:: 'i 

// / / 11 II 
10 0 20 0 30 0 40 0 50 0 

FIGUREFIGURE 1. Fluorescence of a VIC MGB probe upon hybridization with a 122-bp-long real-time PCR 
fragmentfragment of wild-type katG amplified from sputum samples artificially infected with M. tuberculosis 
H37Rv.H37Rv. On the x axis, the cycle number is depicted, with the number of relative fluorescence units on 
thethe y axis. From left to right, the curves represent PCRs on sputum containing 106, 105, 104, and 103 

mycobacteria/ml. mycobacteria/ml. 

Results Results 

Real-timee PCR. Real-time PCR was performed on the iCycler IQ Real-
Timee Detection system. Standard concentrations of MgCI2, primers, and probes as 
suppliedd by the manufacturer were used. Better sensitivity was obtained when an 
additionall 72  C elongation phase of 30 s during each cycle was added to the 
thermocyclingg protocol, which consisted of 15 s at 92  C and 1 min at 60  C per 
cycle.. The PCR amplification was monitored by measuring fluorescence during the 
annealingg phase of each cycle. Fluorescence was generated by the release of the 
5'' reporter dyes, which were cleaved from the probes by the 5'-*3' exonuclease 
activityy of the Taq polymerase. After cleavage, the dyes (VIC and FAM [6-
carboxyfluorescein])) were no longer quenched by the TAMRA (6-
carboxytetramethylrhodamine)) at the 3' end of the probes, and fluorescence was 
emittedd and measured. 
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Inn vitro sensitivity and specificity. The sensitivity of the assay in water 
withh mycobacterial DNA from the wild-type M. tuberculosis H37Rv or from mutant 
isolatess was 5 fg (corresponding to one mycobacterial genome) of DNA per 
reaction.. No cross-reactivity of the wild-type probe with mutant DNA, or vice versa, 
wass observed (data not shown). The sensitivity of the PCR in spiked pooled 
sputumm samples was 20 mycobacterial cells per reaction (corresponding to 1,000 
mycobacteriaa per ml of sputum) for M. tuberculosis H37Rv (Figure 1). 

TABLEE 1. Results of an MGB assay performed on DNA extracted from 21 nonmycobacterial isolates, 5 

nontuberculouss mycobacterial isolates, and 1 M. bovis isolate. 

MGBB assay3 

ATCCC * — 
Speciess VIC FAM no-- > , , 

(wt)) (m) 

AcinetobacterAcinetobacter baumanii 9955 
ActinomycesActinomyces turicensis 
BordetellaBordetella parapertussis 
BordetellaBordetella pertussis 9797 
ChlamydiaChlamydia pneumoniae 
EnterobacterEnterobacter aerogenes 
EnterococcusEnterococcus faecalis 
EnterococcusEnterococcus faecium 
EscherichiaEscherichia coli 11775 
HaemophilusHaemophilus influenzae 
KlebsiellaKlebsiella pneumoniae 33459 
MoraxellaMoraxella catarrhalis 25238 
NeisseriaNeisseria meningitidis 
NocardiaNocardia abscessus 
PseudomonasPseudomonas aeruginosa 
SalmonellaSalmonella enterica serovar Enteritidis 
SalmonellaSalmonella enterica serovar Typhimurium 
StaphylococcusStaphylococcus aureus 
StreptococcusStreptococcus pneumoniae 6305 
StreptococcusStreptococcus pneumoniae 49619 
StreptococcusStreptococcus pyogenes 12344 

MycobacteriumMycobacterium avium 
MycobacteriumMycobacterium intracellular 
MycobacteriumMycobacterium kansasii 
MycobacteriumMycobacterium malmoense 
MycobacteriumMycobacterium xenopi 

MycobacteriumMycobacterium bovis + 

33HybridizationHybridization with a VIC-labeled MGB probe specific for M. tuberculosis katG with a wild-type (wt) 

codoncodon 315 sequence or hybridization with a FAM-labeled MGB probe specific for M. tuberculosis katG 

withwith an AGC-*ACC mutation (m) at codon 315 is indicated by + (hybridization) or - (no hybridization). 

Thee specificity was assessed using DNAs from 21 frequent human 
pathogenss associated mainly with community- or hospital- acquired pneumonia. 
Furthermore,, five nontuberculous mycobacterial isolates and an isolate of 
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MycobacteriumMycobacterium bovis were used (Table 1). No hybridization with either probe was 
observedd when large amounts {> 20 ng/ml) of nonmycobacterial DNA or 
nontuberculouss mycobacterial DNA were added to the PCR mixture. The PCR was 
positivee for M. bovis, which belongs to the M. tuberculosis complex (data not 
shown). . 

TABLEE 2. Primers and probes used in this study 

Oligonucleotide e 

primerr s 

primerr as 
wildtypee probe 
mutantt probe 

Positionn and 

direction3 3 

8888 F 

9866 R 
9366 F 
9366 F 

Sequenceb b 

5'-GGGCTTGGGCTGGAAGAG-3' ' 

5'-ACAGGATCTCGAGGAAACTGTTGT-3' ' 

5'-VIC-GATCACCAGCGGCA-MGB-TAMRA-3' ' 

5'-FAM-GATCACCACCGGCAT-MGB-TAMRA-3' ' 

aa Position of the 5' nucleotide and direction of the primer relative to the sequence of the gene indicated 
asas F (forward) or R (reverse). "Sequence of the oligonucleotide and presence of fluorophores (VIC and 
FAM),FAM), MGB molecules, and quenchers (TAMRA). 

Sequencee analysis. The sequences of codon 315 of the isolates in the 
sputumm samples which were to be used for clinical evaluation of the real-time PCR 
weree determined by fluorescence- based nucleotide sequence analysis of DNA 
extractedd from solid cultures of the sputum samples. The sequencing results are 
shownn in Table 3. The strain from one sputum sample (Table 3, sputum K6) was 
nott available, and sequencing was performed directly on DNA extracted from the 
sputum. . 

Evaluationn using sputum samples from tuberculosis patients. The 
presencee of wild-type and mutant alleles of codon 315 of katG of M. tuberculosis in 
sputumm samples from 8 patients from Kazakhstan and 12 patients from Moldova 
infectedd with M. tuberculosis was studied. The MICs of INH for all isolates were at 
leastt 0.4 ug/ml. In 14 sputum samples, the mutant allele was detected, and in 4 
sputumm samples, the wild-type allele was detected (Table 3). Hybridization with 
eitherr the mutant or the wild-type probe was unambiguous. In two sputum samples, 
noo hybridization with either probe was detected. PCR products from these two 
sputumm samples were subjected to agarose gel electrophoresis. In DNA amplified 
fromm one of the samples, a fragment of the predicted length was seen. Sequencing 
off this fragment showed that the isolate present in the sputum carried the 
AGC^AACC mutation (Table 3, sputum M7). No fragments were amplified from the 
otherr sputum sample. 
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Thee results of the real-time PCR were compared to the sequencing results: 
188 sequences were concordant with the results of the katG 315 MGB assay, and 2 
sequencee results were discordant with the MGB assay (Table 3, M3 and K2). 

TABLEE 3. MIC and presence of katG codon 315 mutation among 20 INH-resistant isolates of M. 
tuberculosistuberculosis33. . 

putum m 

M1 1 
M2 2 
M3 3 
M4 4 
M5 5 
M6 6 
M7 7 
M8 8 
M9 9 
M10 0 
M11 1 
M12 2 

K1 1 
K2 2 
K3 3 
K4 4 
K5 5 
K6 6 
K7 7 
K8 8 

INHH MIC-

(Mg/ml) ) 

>10 0 
10 0 
10 0 
>10 0 
>10 0 
>10 0 
5 5 
1 1 
5 5 
10 0 
5 5 
>10 0 

5 5 
10 0 
5 5 
5 5 
0.4 4 
5 5 
>10 0 
8 8 

VIC C 
(wt) ) 

--

--
+ + 

+ + 

--
--

--

--

--

--

--

--

+ + 

--

--
--

--
+ + 

--
--

FAM M 
(m) ) 
+ + 

+ + 

--

--
+ + 

+ + 

--
+ + 

+ + 

+ + 

+ + 

+ + 

_ _ 

--
+ + 

+ + 

+ + 

--
+ + 

+ + 

-Codonn 315 
sequence e 

ACC C 
ACC C 
ACC C 

AGC C 

ACC C 

ACC C 

AAC C 

ACC C 

ACC C 

ACC C 
ACC C 

ACC C 

AGC C 

ACC C 
ACC C 

ACC C 
ACC C 

(AGC) ) 
ACC C 

ACC C 

aaDeterminedDetermined by real-time PCR using an MGB assay and by DNA sequencing (codon 315 sequence). 
TheThe MGB assay was performed on sputum after decontamination and nucleic acid extraction: DNA 
sequencingsequencing was performed on DNAs isolated from cultured colonies or. in one case, from sputum 
(indicated(indicated by parentheses). "Hybridization with a VIC-labeled MGB probe specific for M. tuberculosis 
katGkatG with a wild-type (wt) codon 315 sequence or hybridization with a FAM-labeled MGB probe specific 
forfor M. tuberculosis katG with an AGC->ACC mutation (m) at codon 315 is indicated indicated by + (hybridization) or 
-- (no hybridization). 

Ass wild-type controls, sputum samples from 20 patients infected with INH-
susceptiblee M. tuberculosis were used. In 13 sputum samples, the wild-type allele 
wass detected, and in 7 sputum samples, no hybridization was detected; 
hybridizationn with the mutant probe was not detected in any samples (data not 

Moldova a 

Kazakhstan n 
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shown).. Also, when DNAs from the seven negative sputum samples were used for 
aa conventional PCR with the same primers and agarose gel electrophoresis, no 
amplificationn product could be observed. The sensitivity of the assay compared 
withh ZN staining can be calculated as follows: 14 mutants + 4 wild-types out of 20 
ZN-positivee sputum samples and 13 wild-types out of 20 ZN-positive sputum 
sampless = 78%. The sensitivities and specificities of the probes compared to DNA 
sequencingg are 82 and 100% for the mutant probe and 70 and 94% for the wild-
typee probe when tested on ZN-positive sputum samples (Table 4). 

TABLEE 4. Sensitivities and specificities of mutant and wild-type probes compared to DNA-sequencing 
results. . 

Probe e 

Mutant t 

Wildd type 

MGB B 
assay y 

results3 3 

+ + 

--
+ + 

* * 

Codon315 5 

No.. mutant 
(total,, 17) 

14 4 
3 3 
1 1 

16 6 

sequencee data 

No.. wild type 
(total,, 23) 

0 0 
23 3 
16 6 
7 7 

Sensitivity y 
{%) ) 

82 2 

70 0 

Specificity y 
(%) ) 

100 0 

94 4 

a++ , hybridization; -, no hybridization. 

Discussion Discussion 

AA rapid assessment of drug sensitivity is crucial for clinical management of 
patientss infected with M. tuberculosis. Here, the development of an assay for 
detectionn of a point mutation associated with INH resistance in M. tuberculosis 
directlyy in sputum, in real-time PCR format, is described. The assay consists of the 
followingg three steps: sputum samples are decontaminated using the NALC-NaOH 
methodd (15), DNA is extracted using the Boom method (5), and PCR amplification 
iss performed on an iCycler iQ Real-Time PCR Detection system simultaneously 
withh the detection of hybridization with an MGB probe. The primers and probes are 
specificc for bacteria belonging to the M. tuberculosis complex. Prior to the 
applicationn of these MGB probes, we tried to develop a similar assay using 
molecular-beaconn probes. However, the design of these molecular beacons was 
veryy difficult because of the high GC content of the mycobacterial genome. When 
thee beacons were tested, the discriminatory power was low (data not shown). MGB 
probess have the advantage of an MGB group that binds nonspecifically to double-
strandedd DNA and allows the probes to be shorter and thus more discriminatory. 
Thiss is the first assay that uses these probes in a bacteriological context. 
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Thee MGB assay was able to amplify a katG fragment when 5 fg of purified 
mycobacteriall DNA per reaction was added {corresponding to one mycobacterial 
genome).. The detection limit for mycobacterial DNA isolated from artificially 
infectedd sputum samples was 20 genomes per reaction, corresponding to 10 
mycobacteriaa per ml of sputum. This was assessed only for the wild-type H37Rv 
strainn because of the high risk of working with suspensions containing 10 high-
levell INH-resistant M. tuberculosis organisms per ml. However, it is likely that the 
detectionn limit for M. tuberculosis with mutant DNA is similar, as amplifications of 
bothh wild-type and mutant M. tuberculosis DNAs from water were also similar. The 
assayy was negative when tested on large amounts of nonmycobacterial DNA or 
DNAA from nontuberculous mycobacteria. 

Thee assay was evaluated by testing ZN-positive sputum samples from 20 
patientss from Kazakhstan and Moldova. The katG fragment could be amplified from 
188 sputum samples: 14 were shown to have the codon 315 mutant genotype, and 
thee other 4 carried the wild-type allele. In one of the two remaining sputum 
samples,, in which no hybridization could be detected, we found the rare A G C ^ A A C 
mutationn by means of agarose gel electrophoresis and sequencing, a mutation that 
hass occasionally been found in other studies (1, 18, 22). 

Thee real-time PCR results for 13 (65%) of the sputum samples from 20 
patientss from The Netherlands infected with INH-susceptible M. tuberculosis were 
positivepositive for the wild-type allele, whereas 7 samples remained negative. When DNA 
fromm these negative sputum samples was used for a conventional PCR with the 
samee primers and agarose gel electrophoresis, no amplification product was 
observed.. This indicates that the sensitivity of real-time PCR for the detection of 
mycobacteriaa in sputum is lower than those of diagnostic tests such as ZN staining. 
Thee lower sensitivity of real-time PCR on sputum samples from The Netherlands 
comparedd with samples from Kazakhstan and Moldova is probably due to the stage 
off the mycobacterial disease and the number of mycobacteria present in the 
sputum.. In The Netherlands, patients are diagnosed at an early stage of the 
disease,, whereas patients from Kazakhstan and Moldova usually present with a 
distinctt syndrome of pulmonary tuberculosis. Unfortunately, quantitative ZN data 
fromm sputum samples were not available to elucidate the significance of the 
numberr of acid-fast stained rods present in sputum samples for the sensitivity of 
thee real-time PCR. In addition, the possibility that the wild-type probe differs in 
sensitivityy from the mutant probe cannot be excluded. Despite the fact that the wild-
typee probe was tested only on sputum artificially infected with M. tuberculosis 
H37Rv,, we consider this possibility not very likely, since the probes had identical 
sensitivitiess when tested on mycobacterial DNA in water. 
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Thee overall sensitivity of the assay was 75% (17 out of 20 sputum samples 
fromm Kazakhstan and Moldova and 13 out of 20 susceptible controls). Combined 
withh agarose gel electrophoresis, the sensitivity was 78%. These results are lower 
thann the results for diagnostic PCR-based assays for tuberculosis (13). However, 
thesee assays usually have targets that are present in high numbers, like \S6110 or 
16SrRNA. . 

Thee results were compared with sequencing of DNAs isolated from 
culturess of M. tuberculosis or from sputum. The sensitivities and specificities of the 
probess were calculated from the sequence data as 70 and 94% for the wild-type 
probee and 82 and 100% for the mutant probe (Table 4). These sensitivity data 
correspondd to the findings of Espasa et al., who found a sensitivity of 78% for a 
mutantt Taqman probe with 52 sputum samples with INH-resistant strains and 67% 
forr a wild-type probe with 15 samples (6). The sequence data were concordant with 
thee results of the assay for all but two of the sputum samples. In one sputum 
samplee (Table 3, M3), we found the wild-type codon with our assay and the mutant 
codonn by sequencing DNA from culture. When we performed our assay on this 
DNA,, we also found the mutant codon. This might be explained by the presence of 
aa heterogeneous and heteroresistant infection with M. tuberculosis, in which a 
patientt is simultaneously infected with two different isolates of M. tuberculosis with 
differentt resistance characteristics (24). In another sputum sample (Table 3, K2), 
thee assay was negative and no fragment was seen on an agarose gel, but with 
sequencee analysis of DNA from culture, the mutant codon was obtained. This could 
bee due either to the presence of inhibitory substances in the sputum or to an 
amountt of mycobacteria that was below the threshold of our assay. 

Inn four sputum samples (Table 3, M8, K5, K7, and K8), mycobacteria 
carryingg the mutation were detected, while the INH MIC was < 2 ug/ml. This is 
contradictoryy to results from an earlier study (33), in which it was shown that the 
presencee of this mutation was linked with an MIC of > 2 ug/ml. However, when 
testedd again, colonies cultured from two of these sputum samples (Table 3, K7 and 
K8)) grew on Tarshis medium containing > 10 and 8 ug of INH/ml, respectively. 
Isolatess from the two other patients were not available for further testing. 

Variouss assays for detection by real-time PCR of point mutations 
associatedd with resistance to INH or rifampicin in M. tuberculosis have been 
described,, most of them making use of molecular beacons (10, 23, 31). However, 
nonee of these assays has been successfully used directly on clinical (sputum) 
samples,, with the exception of the Taqman probe assay developed by Espasa et 
al.,al., which produced results similar to those of our assay (6). Mokrousov et al, have 
describedd a PCR-based method (multiplex allele-specific PCR) that was used on 
positivee auramine stained slides (20). 
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Thee real-time PCR described here can be very useful in rapid laboratory 
diagnosiss of INH-resistant M. tuberculosis in ZN-positive sputum samples. When 
combinedd with agarose gel electrophoresis, all known mutations of codon 315 of 
katGkatG can be detected within 2 or 3 days. However, in > 95% of all cases, the time 
requiredd to produce diagnostic results can be shortened to hours, compared to 
weekss for culture diagnosis. 
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