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Abstract
In a prospective study conducted by laboratory technologists in a diagnostic laboratory in Cape
Town, South Africa, a semi-automated phage-based antibiotic susceptibility assay was
implemented and the performance of the luciferase reporter mycobacteriophage (LRP) system for
susceptibility testing of clinical Mycobacterium tuberculosis complex (MTC) isolates against
rifampin and isoniazid was evaluated. Two hundred consecutive clinical MGIT cultures of MTC
species were included in this study. Antibiotic susceptibility assays were setup manually for the
LRP and BACTEC radiometric systems and read in a plate luminometer and the BACTEC 460
instrument, respectively. Discrepant susceptibility results were resolved by the conventional agar
proportion method. Of the 200 secondary cultures prepared for this study, 9 (4.5%) were lost to
contamination (LRP 4, BACTEC 1, both 4). All of the remaining 191 cultures underwent
susceptibility testing by both methods and the overall agreement between the LRP and BACTEC
was 98.4% (rifampin 100%; isoniazid 96.9%). Of the 6 discrepant cultures tested by the agar
proportion method, 2 gave results in agreement with the LRP. The sensitivity of the LRP for
detection of drug-resistant isolates was 100% for both rifampin (n=9) and isoniazid (n=12). The
median turnaround time for susceptibility testing was 2 days with the LRP and 9 days with
BACTEC. In conclusion, the semi-automated LRP-based assay offers a rapid and practical
approach for accurate susceptibility testing of Mycobacterium tuberculosis cultures in diagnostic
laboratories with limited financial resources but with competent technologists.
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Introduction
Mycobacterium tuberculosis (Mtb) is amongst the leading infectious causes of death
worldwide. 1 The latest surveillance report showed that drug-resistant isolates are ubiquitous
worldwide and in the Western Cape Province of South Africa, resistance rates were 5.6%
and 1.9% for isoniazid and rifampin, respectively, and 1.9% for multidrug resistance. 2 Drug
resistance is a serious global threat as number of studies have shown that in patients with
drug-resistant isolates, treatment with standard anti-tuberculosis regimens results in
significantly higher rates of treatment failure and death. 3-6 Today it is generally accepted
that effective management of patients with tuberculosis requires a combination of laboratory
susceptibility testing and individualized anti-tuberculosis regimens based on the
susceptibility profile of each patient's isolate. 7 Although this approach is feasible in
resource-rich countries, susceptibility testing is frequently not performed in resource-poor
settings due to financial constraints. Clinical laboratories in the latter countries rely on
microscopy and culture isolation for diagnosing and treating tuberculosis. This approach
however does not reveal any information on the susceptibility profile of the isolates and
could result in treatment failure and emergence of more resistant isolates. Thus, a rapid and
affordable assay for antibiotic susceptibility testing of Mtb would be of great value in
resource-poor countries.

We have previously reported on the development and evaluation of the luciferase reporter
mycobacteriophages (LRP) for susceptibility testing of clinical Mtb cultures. 8-11 It has
been shown that the LRP provide rapid and accurate susceptibility results when compared to
the BACTEC radiometric and conventional methods. The goals of this study were (i) to
evaluate the feasibility and performance of a semi-automated LRP-based assay for antibiotic
susceptibility testing of clinical isolates against isoniazid and rifampin and (ii) to determine
whether if this assay can be performed by laboratory technologists in a routine hospital
laboratory in Cape Town, South Africa.

Material and Methods
Clinical isolates

From April to November of 2003, 200 consecutive M. tuberculosis complex cultures,
isolated from patient specimens in the laboratory of clinical microbiology at the Groote
Schuur Hospital, Cape Town, South Africa, were included in this study. Specimens
consisted of 51 sputa, 1 nasopharyngeal aspirate, 3 tracheal aspirates, 12 bronchoalveolar
lavages, 31 pleural fluids, 6 spinal fluids, 13 biopsies, 11 urines, 36 gastric washes/aspirates,
16 fine needle aspirates, 3 ascitic fluids, 9 swabs, and 8 unspecified body fluids.

Luciferase reporter phage (LRP)
Reporter phage phAE142 was used in this study. 12 The phage was propagated and titrated
on lawns of M. smegmatis mc2 4502 in the hospital laboratory as previously described. 8
High titer phage stocks were stored at 4°C for several months.
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Antibiotics
Lyophilized antibiotics (Becton Dickinson) were dissolved in sterile water to make 20×
stock concentrations of isoniazid (INH) at 4 μg/ml and rifampin (RIF) at 40 μg/ml and
stored at −70°C.

Culture isolation and identification
Specimens were processed according to standard procedures 13 and inoculated into MGIT
tubes for cultivation in the MGIT-960 system according to the manufacturer's standard
procedure (Becton Dickinson Diagnostic Instrument Systems). The MGIT instrument read
tubes hourly and positive cultures were flagged and confirmed by acid-fast microscopy and
ruled out for contamination by subculture on blood agar. Contaminant-free cultures were
identified with a PCR assay as previously reported 14 and M. tuberculosis isolates were
advanced for susceptibility testing.

Susceptibility testing
(i) LRP—Secondary cultures were created by adding 1 ml of MGIT culture to 1 ml of
Middlebrook 7H9 broth (Difco) supplemented with 1% (vol/vol) glycerol, and 10% (v/v)
ADC (albumin, dextrose, catalase). Secondary cultures were checked for contamination on
blood agar. The turbidity of each culture was adjusted to ≤1.5 McFarland when necessary.
For each isolate, 5 μl of sterile water and 5 μl of 20× INH (4 μg/ml) and RIF (40 μg/ml)
was added to separate wells of a 96-well plate, each containing 95 μl of secondary culture.
The plate was sealed with sealing membrane and incubated at 37°C. At 40 h post incubation,
sealing membrane was pulled back and 10 μl of phage was added to each well. Following
infection for 3 h, the sealing membrane was removed and luciferase activity in each well
was quantified in a MicroLumatPlus LB96V Microplate Luminometer (Berthold; 1-s pause,
5-s integration) in a biosafety cabinet, and the susceptibility profiles were calculated
according to the following formula [(rluantibiotic)/(rlucontrol)] ×100 where >15% signifies
drug resistance. When luciferase activity of the control well (bacteria without antibiotics)
was <200 rlu, the results were not interpreted and the secondary culture was incubated to
allow for additional growth. All cultures with resistant results were confirmed with a second
LRP susceptibility test and only considered resistant when the two tests were in agreement.

(ii) Radiometric—Susceptibility testing was performed according to the manufacturer's
instructions. 15 Briefly, 250 μl of each MGIT culture was aseptically inoculated into a 12B
vial and incubated at 37°C. Vials were analyzed with the BACTEC 460 instrument and at a
growth index of ≥ 500, 0.1 ml of test organism was added to B12 vials containing
recommended antibiotic concentrations (RIF 2 μg/ml, INH 0.1 μg/ml). A vial containing a
1:100 dilution of the test organism was inoculated as a control. Vials were analyzed
according to the manufacturer's protocols and susceptibility profiles were determined.

(iii) Agar Proportion—Was performed according to standard recommendations. 13
Middlebrook 7H11 slants with RIF (1 μg/ml), INH (0.2 μg/ml), or no antibiotics were
inoculated with 0.1 ml of 1:10 dilution of MGIT cultures with a reading of >300. After 14
days of incubation, the colonies were enumerated. Slants with RIF or INH showing ≥1%
growth compared to the control slant were considered resistant.

MIC Determination
Was performed using the radiometric method as described for susceptibility testing. Serial
two fold dilutions of INH and RIF were prepared and 0.1 ml was added to 12B medium to
obtain test concentrations of 0.8, 0.4, 0.2, 0.1, 0.05, 0.025 μg/ml for INH and 640, 320, 160,
80, 40, and 20 μg/ml for RIF. Test organism was added and vials were analyzed in the
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BACTEC 460 instrument according to the manufacturer's instructions (Becton Dickinson
Diagnostic Instrument Systems).

Statistical analysis
The sensitivity, specificity, and accuracy of the susceptibility testing were calculated.
Differences in proportions were evaluated by chi-square test.

Results and Discussion
Antibiotic susceptibility testing of M. tuberculosis remains financially challenging in clinical
laboratories in countries with limited resources. Although automated susceptibility systems
are rapid and easy to use, they are expensive. The aim of this study was to implement and
evaluate the performance of a semi-automated phage-based assay for detection of resistance
to isoniazid and rifampin in a hospital laboratory in Cape Town, South Africa. Furthermore,
unlike the prior studies with the reporter phages, this study was performed by laboratory
technologists in its entirety and thus also tested the feasibility of using this assay in settings
that are financially constrained but populated with suitably trained and competent
technologists.

Two hundred consecutive MGIT cultures with M. tuberculosis complex (MTC) growth, as
identified by a PCR assay, were included in this study. Of the 200 secondary cultures
prepared for susceptibility testing with the LRP and BACTEC radiometric, 9 (4.5%) were
lost to contamination and included 4 LRP, 1 BACTEC, and 4 of both. Contamination of
secondary cultures occurred despite steps put in place to detect contaminated primary and
secondary cultures. The addition of an antimicrobial cocktail to secondary cultures may
further reduce the contamination rates. However, whether this occurs without interfering
with the accuracy of susceptibility results remains to be determined.

All of the remaining 191 contaminant-free secondary cultures were tested for susceptibility
to rifampin and isoniazid by the LRP and BACTEC radiometric methods. The overall
agreement between the LRP and BACTEC was 98.4% (rifampin 100%; isoniazid 96.9%)
(Table 1). Six discrepant results were obtained with isoniazid (2 BACTEC-resistant LRP-
susceptible and 4 BACTEC-susceptible LRP-resistant). Upon testing the discrepant cultures
with the agar proportion method, the 2 BACTEC-resistant LRP-susceptible isolates gave
results in agreement with the LRP. These isolates had borderline MIC values according to
BACTEC (0.1 and 0.8 μg/ml), which may explain the difference in results we obtained with
BACTEC compared to LRP and the agar proportion. For the other 4 discrepant cultures
(BACTEC-susceptible LRP-resistant), results obtained with the agar proportion method
were in agreement with BACTEC and the MIC values were all within the sensitive range
(0.05 μg/ml). Retesting of these isolates from newly-grown cultures gave LRP results that
were in agreement with BACTEC. To determine if there was a correlation between the
discrepant results and the size of the inoculum used in the LRP susceptibility assays, we
compared inoculum size between the cultures with true and false isoniazid results. As shown
in Figure 1, compared to cultures with true results, the average inoculum size (as a measure
of luciferase activity) 16 of the 4 cultures with false results was 4.1 fold lower. Raising the
inoculum threshold to 10000 rlu would have prevented 3 of the 4 false isoniazid-resistant
results. This increase in specificity would have come at a cost of prolonged turnaround times
for 34 (18%) of the remaining 187 isolates. However, 53% of these represented
confirmatory tests and given that mycobacteria sediment in standing MGIT tubes, it is
possible that an improved sampling technique could have prevented the insufficient
inoculum size obtained from these cultures.
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The sensitivity and specificity of the LRP for detection of drug-resistant isolates were both
100% for rifampin and 100% and 97.7% for isoniazid, respectively. There was no
statistically significant difference between LRP and BACTEC for isoniazid susceptibility
results (P = 0.40). Although the positive predictive valued of INH resistance was 75%, 92%
of INH-resistant cultures would have been correctly reported by raising the inoculum
threshold to 10000 rlu. Consistent with a prior study, 9 the median turnaround time for
susceptibility testing was 2 days with the LRP and 9 days with BACTEC. Furthermore, none
of the South African isolates were found to be resistant to the phage.

As with other rapid methods, the financial cost of LRP-based susceptibility testing includes
the cost of an instrument (luminometer). However, unlike the other methods, the reagent
costs for the LRP assay are lower and calculated to be ∼0.4 US dollars per isolate for testing
with isoniazid and rifampin. Otherwise, the level of competency of technologists and the
requirement for other laboratory instruments such as biosafety cabinet and centrifuges are
similar between the LRPs and other methods.

In summary, the semi-automated LRP assay produced rapid and highly accurate antibiotic
susceptibility results when operated by laboratory technologists in a hospital laboratory in
Cape Town, South Africa. This study demonstrates that the semi-automated LRP assay is a
suitable alternative for high-volume laboratories with limited financial resources.
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Figure 1.
Inoculum size for cultures with true and false isoniazid results. The size of inoculum used in
the LRP-based susceptibility assay, as a measure of luciferase (Lux) activity, is plotted for
cultures with true and false isoniazid results. Cultures were tested in duplicates. The mean
rlu value for each group is shown with a horizontal bar.
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