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Novel Real-Time Simultaneous Amplification and Testing Method To
Accurately and Rapidly Detect Mycobacterium tuberculosis Complex
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The aim of this study was to establish and evaluate a simultaneous amplification and testing method for detection of the Myco-
bacterium tuberculosis complex (SAT-TB assay) in clinical specimens by using isothermal RNA amplification and real-time fluo-
rescence detection. In the SAT-TB assay, a 170-bp M. tuberculosis 16S rRNA fragment is reverse transcribed to DNA by use of
Moloney murine leukemia virus (M-MLV) reverse transcriptase, using specific primers incorporating the T7 promoter sequence,
and undergoes successive cycles of amplification using T7 RNA polymerase. Using a real-time PCR instrument, hybridization of
an internal 6-carboxyfluorescein—4-[4-(dimethylamino)phenylazo] benzoic acid N-succinimidyl ester (FAM-DABCYL)-labeled
fluorescent probe can be used to detect RNA amplification. The SAT-TB assay takes less than 1.5 h to perform, and the sensitivity
of the assay for detection of M. tuberculosis H37Rv is 100 CFU/ml. The TB probe has no cross-reactivity with nontuberculous
mycobacteria or other common respiratory tract pathogens. For 253 pulmonary tuberculosis (PTB) specimens and 134 non-TB
specimens, the SAT-TB results correlated with 95.6% (370/387 specimens) of the Bactec MGIT 960 culture assay results. The sen-
sitivity, specificity, and positive and negative predictive values of the SAT-TB test for the diagnosis of PTB were 67.6%, 100%,
100%, and 62.0%, respectively, compared to 61.7%, 100%, 100%, and 58.0% for Bactec MGIT 960 culture. For PTB diagnosis, the
sensitivities of the SAT-TB and Bactec MGIT 960 culture methods were 97.6% and 95.9%, respectively, for smear-positive speci-
mens and 39.2% and 30.2%, respectively, for smear-negative specimens. In conclusion, the SAT-TB assay is a novel, simple test
with a high specificity which may enhance the detection rate of TB. It is therefore a promising tool for rapid diagnosis of M. tu-

berculosis infection in clinical microbiology laboratories.

he rapid and accurate diagnosis of pulmonary tuberculosis

(PTB) plays a critical role in its successful management, as it is
essential to treat patients with the appropriate therapy as soon as
possible to minimize the risk of transmission. A number of tests
based on nucleic acid amplification (NAA) have been developed
to identify Mycobacterium tuberculosis in clinical specimens rap-
idly and directly (8, 34, 35, 44). Among the approved commercial
NAA methods, the amplified M. tuberculosis direct test (MTD test;
Gen-Probe) detects M. tuberculosis RNA by using a specific iso-
thermal transcription-mediated amplification method (21). The
MTD test has been shown to be a sensitive, specific, and rapid
method for use with clinical samples (9, 17, 18); however, it re-
quires the use of expensive specialized detection equipment,
which prevents the assay from being applied widely in clinical
laboratories. The aim of this study was to report and evaluate a
simultaneous amplification and testing method for detection of
the M. tuberculosis complex (SAT-TB assay) for use with clinical
sputum specimens, based on real-time fluorescence detection of
isothermal RNA amplification using routine real-time PCR
equipment.

MATERIALS AND METHODS

Strains and culture media. Mycobacterium tuberculosis H37Rv (ATCC
27294) and 20 reference strains were gifts of the National Tuberculosis
Reference Laboratory (Beijing, China). The reference strains were as fol-
lows: Mycobacterium bovis ATCC 19210, M. africanum ATCC 25420, M.
kansasii ATCC 12478, M. intracellulare ATCC 13950, M. chelonae ATCC
14472, M. fortuitum ATCC 6481, M. gordonae ATCC 14470, M. aurum
ATCC 23366, M. neoaurum ATCC 25795, M. marinum ATCC 927, M.
gilvum ATCC 43909, M. aichiense ATCC 27280, M. smegmatis ATCC
19420, M. parafortuitum ATCC 19686, M. nonchromogenicum ATCC
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19530, M. vaccae ATCC 15483, M. avium ATCC 25291, M. phlei ATCC
11758, M. scrofulaceumn ATCC 19981, and M. malmoense ATCC 29571. All
mycobacteria were cultured using Middlebrook 7H9 liquid culture sup-
plemented with oleic acid-albumin-dextrose-catalase (OADC) enrich-
ment (Becton Dickinson, NJ). Klebsiella pneumoniae, Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli, as well as the clin-
ical isolates, were obtained from the National Institute for Food and Drug
Control (Beijing, China). Klebsiella pneumoniae and Pseudomonas aerugi-
nosa were cultured on MacConkey agar, Staphylococcus aureus was cul-
tured on blood agar, and Escherichia coli was cultured on Luria-Bertani
agar plates.

Specimen collection and processing. A total of 253 sputum samples
were obtained from patients with active PTB, before treatment or within a
week of treatment initiation, including newly diagnosed and relapsed pa-
tients. In addition, 134 sputum samples were randomly collected from
respiratory disease patients for whom TB was excluded. All of the speci-
mens were collected from the Shandong Chest Hospital and the Shanghai
Pulmonary Hospital. The active pulmonary tuberculosis case definition
was a patient with a positive sputum culture for the M. tuberculosis com-
plex or a patient who was diagnosed as having PTB by a clinician, accord-
ing to clinical diagnostic criteria. Diagnostic criteria should include radio-
graphic abnormalities consistent with active pulmonary tuberculosis, no
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response to a course of broad-spectrum antibiotics (except in a patient for
whom there is laboratory confirmation or strong clinical evidence of HIV
infection), and the decision by a clinician to treat the patient with a full
course of antituberculosis chemotherapy (43). Of the 253 samples from
PTB patients, 123 specimens were smear positive for acid-fast bacilli
(AFB) and 130 were smear negative for AFB (42). Of the 134 samples from
other respiratory disease patients, 2 specimens were smear positive for
AFB and 132 were smear negative for AFB. Each specimen of approxi-
mately 5 ml was decontaminated using the N-acetyl-L-cysteine (NALC)—
NaOH method (31). The processed sediment was washed once using a
sterile 0.9% NaCl solution and resuspended in 1.5 ml sterile 0.9% NaCl
solution; three separate 500-ul aliquots were prepared in 1.5-ml tubes for
the SAT-TB, real-time PCR, and Bactec MGIT 960 culture tests.

Principles of SAT-TB assay. Briefly, M. tuberculosis 16S rRNA was
reverse transcribed by use of Moloney murine leukemia virus (M-MLV)
reverse transcriptase to generate a 170-bp DNA fragment, using a pair of
specific primers that incorporated the T7 promoter sequence in the sense
primer. The DNA was subsequently transcribed to RNA by using T7 RNA
polymerase in order to undergo successive cycles of amplification. An
internal labeled probe was included, which released a fluorescence signal
when hybridized with the target RNA. Kinetic measurements of the real-
time amplification fluorescence signal were detected using a real-time
PCR instrument. The specific M. tuberculosis 16S rRNA sense primer con-
taining the T7 promoter sequence was 5'-AATTTAATACGACTCACTA
TAGGGAGAGTAGGCCGTCACCCCACCAACAAGCTG-3’, and the
antisense primer was 5'-CTGGGAAACTGGGTCTAATAC-3'. The probe
sequence was 5'-CCAGCCACGGGAUGCAUGCUGG-3" and was la-
beled with 6-carboxyfluorescein (FAM) phosphoramidite at the 5" end
and with 4-[4-(dimethylamino)phenylazo] benzoic acid N-succinimidyl
ester (DABCYL) at the 3’ end.

SAT-TB method. To process the clinical samples for the SAT-TB as-
say, the aliquoted processed sediments were centrifuged, the supernatants
were discarded, and 50 ul TB dilution solution (10 mM sodium citrate,
pH 8.0) was added to each tube and vortexed. Each sample was sonicated
for 15 min at room temperature in a water bath sonicator (Shanghai
Sheng-Yan Ultrasound Machines Co. Ltd., Shanghai, China) at 300 W
and then centrifuged, and the supernatant was used in the SAT-TB assay.
The live M. tuberculosis attenuated strain H37Ra (ATCC 25177) was used
as a positive control, and the negative control was double-distilled water.

For the assay, 2 ul of processed supernatant and 30 ul of a reaction
solution containing 40 mM Tris-HCI, pH 8.1, 8 mM MgCl,, 25 mM NaCl,
2 mM spermidine hydrochloride, 5 mM dithiothreitol, 80 ug/ml bovine
serum albumin, 200 uM dATP, 200 uM dTTP, 200 uM dGTP, 200 uM
dCTP, 1 mM ATP, I mM GTP, I mM CTP, 1 mM UTP, and 0.5 mM
(each) primers and probe were prepared in a 200-ul PCR tube. The mix-
ture was preincubated at 60°C for 10 min, followed by 42°C for 5 min, and
then a 10-ul aliquot containing 2,000 units M-MLV reverse transcriptase
and 2,000 units T7 RNA polymerase (RD Bioscience, Inc., San Diego, CA)
was added and gently mixed. The reaction mix was then placed immedi-
ately into a model 7500 real-time PCR system (Applied Biosystems Inc.,
Foster City, CA). RNA isothermal amplification was conducted at 42°C
for 1 min, with a total of 40 cycles, and FAM fluorescence data were
collected after each cycle of amplification. Specimens with cycle thresh-
olds (C;) of =40 were classified as TB positive.

The above processes were performed in a biological safety cabinet
(class IT B2) in a biosafety level PII laboratory. RNase-free tubes and tips
were required for the SAT-TB assay.

Determination of SAT-TB sensitivity. An M. tuberculosis H37Rv bac-
terial suspension in log-phase growth was adjusted to a McFarland stan-
dard of 1 (approximately 107 CFU/ml) in sterile saline (40) and then
further diluted with progressive 10-fold dilutions to 10~ '® CFU/ml in
tubes with glass beads containing 9 ml sterile saline. A 1-ml aliquot of each
dilution was centrifuged in a 1.5-ml tube, and the sediments were pro-
cessed for the SAT-TB assay as described above. Additionally, a 0.1-ml
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aliquot of each dilution was inoculated into one L-J culture tube for col-
ony counts of M. tuberculosis H37Rv.

At the same time, a pooled sputum sample was prepared from samples
from 10 respiratory disease patients with no mycobacterial infection and
divided into 10 equal sputum specimens. A 1-ml aliquot of each dilution
was spiked into a corresponding sputum specimen and vortexed. The
sputum specimens were processed for the SAT-TB assay as described
above. All SAT-TB and L-]J culture tests were performed in triplicate.

Determination of SAT-TB specificity. The log-phase mycobacterial
suspensions and Klebsiella pneumoniae, Staphylococcus aureus, Escherichia
coli, and Pseudomonas aeruginosa cultures were adjusted to a turbidity
equal to 10° CFU/ml, and a 1-ml suspension of each bacterial culture was
tested using the SAT-TB assay.

Bactec MGIT 960 culture. Bactec MGIT 960 (Becton Dickinson and
Company, MD) culture was performed according to the manufacturer’s
instructions (19). The M. tuberculosis complex isolates from positive cul-
tures were identified by conventional biochemical tests according to a
standard protocol (31).

Real-time PCR assay. M. tuberculosis was detected in processed sedi-
ments by using Mycobacterium tuberculosis PCR fluorescence diagnostic
kits (Da An Gene Co., Ltd., Dalian, China) according to the manufactur-
er’s instructions, using a model 7500 real-time PCR system. The detected
target gene of this kit is the M. tuberculosis repetitive sequence 1S986. The
sequences of the primers and probe are 5'-TCGCCCGTCTACTTGGTG
TT-3', 5'-TGATGTGGTCGTAGTAGGTC-3, and 5'-ACAACGCCGAA
TTGCGAAGGGC-3 (labeled with FAM at the 5" end and with DABCYL
at the 3" end). The sensitivity of this kit is 10 CFU/ml (3), according to the
manufacturer, and we also confirmed this level of sensitivity.

Resolution of discrepancies. The real-time PCR assay and sequencing
were used to resolve all specimens with discordant Bactec MGIT 960 cul-
ture and SAT-TB results. For SAT-TB-positive samples which were neg-
ative by both the real-time PCR assay and Bactec MGIT 960 culture, the
SAT-TB cDNA amplification products were sequenced using the primer
with the sequence 5'-AATTTAATACGACTCACTATAG-3'. For Bactec
MGIT 960 culture-positive specimens that were SAT-TB negative and
real-time PCR negative, genomic DNA was extracted from the culture,
and the 16S rRNA fragment was amplified and sequenced as previously
described (4).

Statistical analysis. The sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) were calculated for the
SAT-TB results versus Bactec MGIT 960 culture results as well as for the
SAT-TB and Bactec MGIT 960 culture results versus the clinical diagnosis.
The agreement between the SAT-TB and Bactec MGIT 960 culture results
was analyzed using the kappa value. The detection rates for M. tuberculosis
by the SAT-TB assay and Bactec MGIT 960 culture were compared using
the Mann-Whitney U test.

RESULTS

Methodological sensitivity and specificity of SAT-TB assay. The
methodological sensitivity of the SAT-TB assay for M. tuberculosis
H37Rv in sterile saline was 100 CFU/ml. The sensitivity of the
SAT-TB assay for M. tuberculosis H37Rv in spiked sputum was 100
CFU per specimen. No other nontuberculous mycobacteria or
common respiratory tract pathogens were detected using the
SAT-TB method.

Comparison of SAT-TB assay and Bactec MGIT 960 culture.
The results for 387 sputum samples tested by the SAT-TB and
Bactec MGIT 960 culture methods are shown in Table 1. One
active PTB patient specimen was identified as positive by the Bac-
tec MGIT 960 culture system and negative by the SAT-TB assay,
and the real-time PCR assay identified it as M. tuberculosis by the
use of 16S rRNA sequencing. The 16 Bactec MGIT 960 culture-
negative and SAT-TB-positive specimens were all positive in the
real-time PCR assay. The amplification products of these culture-
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TABLE 1 Performances of SAT-TB and Bactec MGIT 960 culture methods with clinical sputum specimens

No. of specimens with
Bactec MGIT 960
culture result

Mean % (95% CI)

SAT-TB result Positive Negative Sensitivity Specificity PPV NPV

All samples 99.4 (96.5-99.9) 93.1 (89.1-95.7) 90.6 (85.3-94.2) 99.5 (97.4-99.9)
Positive 155 16
Negative 1 215

AFB smear-positive samples 100 (96.9-100) 71.4 (35.9-91.8) 98.3 (94.1-99.5) 100 (56.6—100)
Positive 118 2
Negative 0 5

AFB smear-negative samples 97.4 (86.5-99.5) 89.74 (85.19-93.0) 72.6 (59.1-82.9) 99.5 (97.4-99.9)
Positive 37 14
Negative 1 210

negative specimens were verified as M. tuberculosis by sequence
analysis of the SAT-TB amplification products. The SAT-TB and
Bactec MGIT 960 culture results agreed for 95.6% (370/387 spec-
imens) of the sputum specimens, with a kappa coefficient of 0.91,
indicating substantial agreement between the two tests.

Performance of SAT-TB assay for PTB diagnosis. The perfor-
mances of the SAT-TB and Bactec MGIT 960 culture methods
compared to clinical diagnoses are shown in Table 2. For the
smear-positive specimens, the TB detection sensitivity of the
SAT-TB assay was similar to that of the Bactec MGIT 960 culture
method, according to the U test (U = 1.24; P > 0.05 for sensitiv-
ity). For the smear-negative specimens, the TB detection sensitiv-
ity of the SAT-TB assay was higher than that of the Bactec MGIT
960 culture system (U = 2.10; P < 0.05).

DISCUSSION

Culture of M. tuberculosis is the gold standard for diagnosis of
active PTB from clinical samples. However, cultivation on L-]J
culture medium is laborious and often takes 3 to 8 weeks. Rapid
culture systems, such as the Bactec MGIT 960 and BacT/Alert 3D

automated systems, greatly speed up the detection process; how-
ever, these methods still take an average of 7 to 10 days for smear-
positive specimens (5, 33). NAA techniques, which are mostly
based on PCR, have provided additional simple, rapid, and accu-
rate methods for detection of M. tuberculosis in clinical specimens
(14, 15, 23, 30, 37, 38).

Our novel SAT-TB method provides several distinct advan-
tages over PCR, as the detection target is rRNA. RNA products are
much more labile outside the reaction tube than DNA amplifica-
tion products. Since PCR detection commonly suffers from severe
contamination problems, the SAT-TB assay should reduce the risk
of laboratory contamination and false-positive results (1). The
SAT-TB assay uses the same principles of isothermal RNA ampli-
fication as the MTD assay (12, 18, 21, 25, 27, 28, 35, 39). NAA
based on isothermal amplification of RNA has been used to detect
several pathogens, including M. tuberculosis, human immunode-
ficiency virus type 1, Chlamydia trachomatis, and Neisseria gonor-
rhoeae (10, 16, 24, 45). In contrast to the MTD assay, the SAT-TB
assay can be performed on real-time PCR instruments, which are
found routinely in most clinical laboratories. Additionally, since

TABLE 2 Performances of SAT-TB and Bactec MGIT 960 culture methods compared with clinical assessment of patients

No. of cases with
clinical diagnosis of

TB Mean % (95% CI)
Method and group Result Positive Negative Sensitivity Specificity PPV NPV
SAT-TB assay
All samples Positive 171 0 67.6 (61.6-73.1) 100 (97.2-100) 100 (97.8-100) 62.0 (55.4-68.3)
Negative 82 134
AFB smear-positive group Positive 120 0 97.6 (93.1-99.2) 100 (34.2-100) 100 (96.9-100) 40.0 (11.8-76.9)
Negative 3 2
AFB smear-negative group Positive 51 0 39.2 (31.26-47.8) 100 (97.2-100) 100 (93.0-100) 62.6 (55.9-68.8)
Negative 79 132
MGIT 960 culture
All samples Positive 156 0 61.7 (55.5-67.43) 100 (97.2-100) 100 (97.6-100) 58.0 (51.6-64.2)
Negative 97 134
AFB smear-positive group Positive 118 0 95.9 (90.8-98.3) 100 (34.2-100) 100 (96.9-100) 28.6 (8.2-64.1)
Negative 5 2
AFB smear-negative group Positive 38 0 30.2 (22.8-38.7) 100 (97.2-100) 100 (90.8-100) 60.0 (53.4-66.3)
Negative 88 132
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the SAT-TB assay produces a real-time amplification signal, C;
values can be used for relative quantification of M. tuberculosis,
which could potentially inform the clinical management of PTB
therapy.

In this study, the SAT-TB assay did not nonspecifically amplify
or detect 18 nontuberculous mycobacteria or several other com-
mon pathogenic lung bacteria, suggesting that the SAT-TB assay is
highly specific for M. tuberculosis. Serial dilution of M. tuberculosis
showed that the SAT-TB assay has a high sensitivity and can detect
as few as 100 CFU/ml. Additionally, all negative-control samples
showed negative results in the SAT-TB assay.

The traditional gold standard for the diagnosis of tuberculosis
is the culture of clinical specimens; therefore, the most direct as-
sessment of NAA test performance is comparison with culture
results (35). This study showed a 95.6% agreement between the
results of the SAT-TB and Bactec MGIT 960 culture methods.
Compared to Bactec MGIT 960 culture, the sensitivity and speci-
ficity of the SAT-TB assay were similar to previously reported
values for the MTD assay (2, 11, 20). All specimens with discor-
dant results between the Bactec MGIT 960 culture and SAT-TB
methods should be tested by another method. The MTD test is the
first alternative choice because it is similar to the SAT-TB method.
However, due to the expense of the MTD reagents and equipment,
we used a real-time PCR assay as our reference method. Of the 16
specimens with discordant Bactec MGIT 960 culture and SAT-TB
results, the real-time PCR results for all samples were the same as
those by the SAT-TB assay, and all of the SAT-TB- and real-time
PCR amplification-positive products of 16 culture-negative spec-
imens were verified as truly M. tuberculosis positive by sequencing,
indicating that the SAT-TB assay did not give any false-positive
results. The SAT-TB false-negative result for one specimen could
potentially have occurred due to the presence of inhibitors of en-
zymatic amplification, suboptimal target extraction, a low starting
concentration, or an uneven distribution of mycobacteria in the
sample. The diagnostic accuracy of the SAT-TB assay could be
improved by addition of an internal control to detect potential
enzymatic inhibitors.

The primary objectives of a new PTB diagnosis method are to
enhance the TB detection sensitivity and to have a high specificity.
We therefore evaluated the accuracy of the SAT-TB assay relative
to clinical diagnosis. The SAT-TB assay showed a 100% specificity
and PPV for PTB patients, similar to the reported values for the
MTD assay (7, 21). In this study, the SAT-TB sensitivity (67.6%)
for all PTB patients was higher than that for Bactec MGIT 960
culture (61.7%); however, the SAT-TB sensitivity was lower than
reported values for the MTD assay (80 to 98%) (6, 22, 28, 32, 36,
41). These differences may be due mainly to the different compo-
sitions of specimens from a population of PTB patients with var-
ious smear results.

The performances of the different methods in this study were
assessed by direct comparison to a comprehensive clinical diagno-
sis, including clinical and laboratory data for each patient. For
smear-positive specimens, the SAT-TB assay showed the same ex-
cellent performance as the Bactec MGIT 960 culture method, with
a high sensitivity and specificity. For smear-negative specimens,
the SAT-TB sensitivity for the diagnosis of TB was higher than that
of Bactec MGIT 960 culture. Since the Bactec MGIT 960 culture
system is not specific for culture of the M. tuberculosis complex,
culture-positive bacteria need to undergo conventional biochem-
ical or molecular tests for identification of this complex. The

March 2012 Volume 50 Number 3

Novel Real-Time Method To Detect M. tuberculosis

SAT-TB assay is significantly simpler than the Bactec MGIT 960
culture method and requires only a few hours to complete, mak-
ing it a much more rapid method.

As an isothermal nucleic acid amplification technique, the
loop-mediated isothermal amplification (LAMP) assay also shows
a high sensitivity and specificity for the detection of M. tuberculosis
(13,26, 29, 46). However, it can be difficult for the LAMP assay to
reflect the changes in viable M. tuberculosis bacteria from clinical
samples over time. Lee et al. reported a method that combines
reverse transcription, loop-mediated isothermal amplification,
and enzyme-linked immunosorbent assay (RT-LAMP-ELISA) for
the rapid detection of viable M. tuberculosis organisms in clinical
samples in Taiwan (26), but this technique still reflects indirect
changes in RNA composition and requires more manipulation
processes than the SAT-TB assay. Additionally, although the
LAMP assay reduces the risk of workspace contamination with
other amplicons, other DNA contaminations from the workspace
can still lead to false-positive results with this assay.

In summary, this study shows that the SAT-TB assay is a sen-
sitive and specific method for the direct detection of the M. tuber-
culosis complex, with a high detection rate for clinical specimens.
Furthermore, the SAT-TB assay is a simple and rapid technique
compared to traditional culture methods. The SAT-TB assay is a
promising tool for the rapid diagnosis of M. tuberculosis and other
mycobacterial infections in clinical microbiology laboratories.
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