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1  | INTRODUC TION

Tuberculosis (TB), caused by Mycobacterium tuberculosis complex 
(MTBC), remains a serious global health concern, with 10.5 mil‐
lion new cases and 1.4 million deaths in 2015.1 Rapid and accu‐
rate diagnosis is essential for timely initiation of antituberculosis 
treatment and prevention of further spread in the community.2 
Although smear microscopy and culture are still the major tool for 
the diagnosis of TB patients worldwide, especially in high TB prev‐
alent settings, recent advances in molecular diagnostics provide 
highly sensitive and rapid options for detection of MTB directly 
from specimens, which is challenging the current TB diagnostic 
landscape.2,3

World Health Organization has recommended several commer‐
cial assays for molecular detection of MTB and drug‐resistant TB 
(eg, GenoType MTBDR from Hain Lifescience, GeneXpert MTB/
RIF from Cepheid, and TB‐LAMP from Eiken Chemical).4,5 Despite 
providing high sensitivity and short turnaround time, the molec‐
ular diagnostics has unsatisfactory sensitivity in smear‐negative 
specimens and high cost that impedes their implementations in re‐
source‐limited settings. Another obvious limitation of the current 
molecular tools is that they fail to discriminate live and dead MTB 
on the basis of detecting the chromosomal DNA.6,7 As a result, 
conventional culture is superior to molecular methods in regard to 
this aspect, which allows it to be used in monitoring therapeutic 
efficacy of TB patients during follow‐up period in spite of taking at 
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Background: In this study, we aimed to optimize the condition of propidium mono‐
azide (PMA) treatment for direct detection of Mycobacterium tuberculosis (MTB) from 
clinical specimens.
Methods: The light exposure time, dark incubation time, bacterial load, and PMA 
concentration were varied to determine the optimal condition of PMA treatment.
Results: Overall, the maximum ΔCq value was observed in the group receiving a light 
exposure time of 20 minutes, which was significantly higher than the others (P < 0.05). 
The prolongation of dark incubation time seemed more likely to result in greater ΔCq 
value, and the ΔCq values were 2.0, 4.1, 6.5, 10.1, and 12.7 cycles under dark incuba‐
tion time of 10, 20, 40, 60, and 120 minutes, respectively. Alternatively, the 4+ sam‐
ples exhibited favorable detection results at the application of 104‐fold dilution by 
PMA assay with Cq values higher than 35 cycles. Further evaluation revealed that the 
PMA assay showed an accordance rate of 98.0% (98/100) among clinical sputa.
Conclusions: we develop an acceptable method to directly identify the live bacteria 
from sputum samples. Our data demonstrate that the dark incubation plays a crucial 
role in the efficacy of PMA treatment for MTB.
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least 2 weeks.5 This instinct drawback highlights the urgent need 
to develop a promising molecular assay for distinguishing living 
and dead MTB, which extend the scope for molecular diagnostics 
by detection of follow‐up patients.

Compared with genomic DNA, mRNA is turned over rapidly in 
living bacterial cells, and the target mycobacterial mRNA there‐
fore is a good indicator of living mycobacterial cells.8,9 Because 
of the thick and waxy mycobacterial cell wall, MTB is virtually re‐
calcitrant to routine lysis procedures. As a result, the isolation of 
mRNA from MTB becomes more difficult than that from other bac‐
teria.6 In addition, most of mRNA species exhibit a half‐life of only 
a few minutes.10,11 Taken together, the application of mRNA‐based 
assay for reflecting mycobacterial viability may be associated with 
the increased proportion of false‐negative samples. Recently, sev‐
eral studies have demonstrated that the combination between 
DNA‐binding chemicals and PCR would inhibit PCR amplification 
of DNA derived from dead cells.12‒15 Of these DNA‐binding chem‐
icals, propidium monoazide (PMA) is considered as an optimized 
agent, which penetrates only dead bacterial cells rather than 
living cells with intact membrane, thus resulting in better speci‐
ficity.15 The usefulness of PMA‐based assay to differentiate live 
bacilli from dead ones was proven in both clinical MTB isolates 
and sputum specimens from TB patients.7,16,17 However, the inter‐
pretation of results in previous studies on MTB was always reliant 
on the signal reduction of ~5 cycles by quantitative PCR,18 which 
was significantly lower than 10 cycles’ signal reduction from other 
bacteria species.12,14 This difference indicated that the pretreat‐
ment condition of PMA was not optimal for blocking all the gene 
amplification from dead MTB, thereby possibly resulting in false‐
positive results due to inadequate treatment of PMA. In this study, 
we aimed to optimize the condition of PMA treatment for direct 
detection of MTB from clinical specimens, and further evaluate its 
performance for discrimination of live and dead MTB in the clinical 
sputum samples.

2  | METHODS

2.1 | Preparation of live and dead bacteria

The reference MTB strain H37Rv was subcultured on the 
Lӧwenstein‐Jensen	(L‐J)	medium	for	4	weeks	at	37℃. The freshly 
grown MTB colonies were scraped from the surface of L‐J medium 
and transferred to a sterilized screw cap tube including glass beads 
and 2 mL normal saline. After vigorous agitation for 1 minute, the 
turbidity of suspension was adjusted to a 1.0 McFarland turbid‐
ity standard. The standards containing 103, 104, 105, and 106 ba‐
cilli/mL were prepared by serial dilution of the suspension at a 
1.0 McFarland turbidity (the proposed bacteria concentration of 
108 bacilli/mL), respectively. One hundred microliters standards 
were transferred to a 1.5‐mL light‐transparent microcentrifuge 
tube and then heated for 60 minutes at 80°C for the preparation 
of dead bacteria.

2.2 | Optimization of PMA treatment

Propidium monoazide (Biotium, Hayward, CA, USA) was dissolved in 
20% dimethyl sulfoxide to yield a stock concentration of 20 mmol/L 
and	 stored	 at	 −20℃ refrigerator.14 On the basis of previous find‐
ings,14,18 the light exposure time, dark incubation time, bacterial 
load, and PMA concentration were varied to determine the optional 
condition of PMA treatment. Briefly, light exposure times were 10, 
20, 40, and 80 minutes; dark incubation times were 10, 20, 40, 60, 
120, and 240 minutes; the bacterial loads were 102, 103, 104, and 
105 CFU/mL; and the PMA concentrations were 100, 200, 400, and 
800 μmol/L. PMA was added into the light‐transparent microcentri‐
fuge containing 100 μL of live or dead bacteria, and incubated in the 
dark at 4℃,17 followed by light exposure to blue light‐emitting diode 
light (BBI, Beijing, China) at room temperature. The PMA‐treated 
bacteria were further analyzed by GeneXpert assay.

2.3 | GeneXpert MTB/RIF assay

Having the PMA‐treated bacteria, we adapted it to the GeneXpert 
MTB/RIF automated assay (Cepheid, Sunnyvale, CA, USA). The Cq 
value of rpoB amplification was used to evaluate the efficacy of 
PMA treatment by comparing the difference between live and dead 
samples. In view of five probes yielded by GeneXpert, the Cq values 
of Probe A were selected to record the Cq value of amplification for 
the purpose of comparison. The ΔCq was calculated by the differ‐
ence in amplification yield between live and dead samples treated 
with the same condition. All the experiments were performed in 
triple.

2.4 | Specimen collection

A total of 50 smear‐positive sputum specimens were collected from 
newly diagnosed TB patients seeking health care in Changping TB 
dispensary from January 2015 to January 2016. All clinical specimens 
were examined by fluorescence staining for acid‐fast bacilli (AFB), liq‐
uid culture, and the novel molecular method described in this study.

2.5 | Laboratory examinations

Direct smear of each sputum specimen was performed with fluores‐
cence staining for AFB.19 Grading of the density of AFB on a slide was 
followed the national guidelines for TB laboratories in China: nega‐
tive (0 AFB/50 fields), scanty (1‐9 AFB/50 fields), 1+ (10‐49 AFB/50 
fields), 2+ (1‐9 AFB/field), 3+ (10‐99 AFB/field), and 4+ (⩾100 AFB/
field).19 In addition, the sputum specimens were digested with NALC 
[N‐acetyl‐L‐cysteine]‐NaOH for 15 minutes and then neutralized 
with phosphate‐buffered saline (PBS; pH 6.8) to 45 mL. Followed 
by the centrifugation at 4000 × g for 15 minutes, the sediment was 
resuspended with 4 mL of PBS. In order to inactivate the tubercle 
bacilli, 2 mL of the above resuspension was incubated at 80°C for 
60 minutes, while the other 2 mL without further treatment was 
considered as live sample. Then, 0.5 mL of the inactivated sample 
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and live sample was inoculated into a Bactec MGIT tube according 
to the manufacturer’s instructions, respectively (Becton Dickinson, 
Sparks, MD, USA). In addition, the residual 1.0 mL of the sediment 
was treated with PMA following the optimized condition and then 
detected by GeneXpert assay, respectively.

2.6 | Statistical analysis

Student’s t test was used for statistical comparisons for deter‐
mining the optimal conditions of PMA assay. All calculations were 
performed in SPSS 14.0 (SPSS Inc, USA), and the difference was de‐
clared as significant, if P value was less than 0.05.

2.7 | Ethics approval

This study was approved by the Ethics Committee of Beijing 
Children’s Hospital (Reference number 2014‐47). The methods used 
in this study were performed in accordance with relevant guidelines 
and regulations. All the patients taking part in this study signed the 
informed consent forms prior to enrollment.

3  | RESULTS

3.1 | Determination of optimal light exposure time

We firstly evaluate the correlation between light exposure time and 
ΔCq. As shown in Figure 1, along with the prolongation of light ex‐
posure time, the Cq value of dead bacteria treated with 100 μmol/L 
PMA was increased from 28.5 to 34.2 cycles, and that of live bac‐
teria was also increased from 24.7 to 27.3 cycles. When the ΔCq 
was calculated by the comparison between dead and live bacteria 
treated with PMA, the maximum ΔCq value was observed in the 
group receiving a light exposure time of 20 minutes, which was sig‐
nificantly higher than the others (P < 0.05). Thus, the light exposure 
time was set as 20 minutes in the forthcoming experiments.

3.2 | Determination of optimal dark incubation time

Different dark incubation times were also assessed in the present 
study (Figure 2). Overall, the prolongation of dark incubation time 
seemed more likely to result in greater ΔCq value, and the ΔCq 
values were 2.0, 4.1, 6.5, 10.1, and 12.7 cycles under dark incuba‐
tion time of 10, 20, 40, 60, and 120 minutes, respectively, while 
there was no significant difference in ΔCq value between 120 and 
240 minutes groups (P = 0.14), indicating that the dark incubation 
time of 120 minutes was optimal for PMA assay in MTB.

3.3 | Effect of bacterial load on ΔCq results

The performance of PMA assay seemed to be influenced by the bac‐
terial load (Figure 3). With the increase in bacterial load, the ΔCq 
value was significantly decreased, from 12.7 cycles for 103 CFU/mL 
to 7.7 cycles for 105 CFU/mL, except for a relative low ΔCq value 
[ΔCq = 8.7] observed for 102 CFU/mL, which may be attributed to the 
high Cq value of sample containing live bacteria. Notably, the Cq value 
of sample with a high dead bacteria load of 105 CFU/mL was 25.3 cy‐
cles, resulting in a “low positive” result by GeneXpert. Hence, another 
main issue regarding PMA assay was how to yield a favorable result at 
a high bacteria load, such as sputum samples at a smear grade of 4+.

3.4 | Effect of PMA concentration on ΔCq results

Propidium monoazide concentration is a potential factor influencing the 
ΔCq results according to previous reports.17,18 Thus, we investigated 
whether the addition of high concentrations of PMA provided sufficient 
efficacy to distinguish dead bacteria from live bacteria at a high load. 
As shown in Figure 4, the Cq values of dead bacteria samples increased 
along with the additional supplement of PMA for bacterial loads of 
both 104 and 105 CFU/mL. However, we observed that the addition of 
800 μmol/L PMA in the reaction mixture showed a switch of color from 
transparent to red, which led to the invalid result by GeneXpert. As a 

F I G U R E  1   Comparison between the mean difference in ΔCq 
values of PMA‐treated samples with different light exposure time. 
The figure shows the Cq difference between PMA‐treated live and 
dead bacteria with the same light exposure time

F I G U R E  2   Comparison between the mean difference in ΔCq 
values of PMA‐treated samples with different dark incubation time. 
The figure shows the Cq difference between PMA‐treated live and 
dead bacteria with the same dark incubation time
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consequence, 400 μmol/L of PMA seemed to be the highest concentra‐
tion suitable for PMA assay. We also found that even if 400 μmol/L of 
PMA was added in the reaction mixture, the sample with a bacterial load 
of 105 CFU/mL yielded a Cq value of 31.2 cycles. Considering the poten‐
tially higher bacterial concentration of MTB in the sputum samples with 
4+ smear positivity grading, another method rather than only increasing 
the concentration of PMA was required to improve the detection ef‐
ficacy of PMA assay for sputum samples with high positivity grading.

3.5 | Dilution of sputum sample with high smear‐
positive grade

We further assessed whether the dilution of sputum samples with 
4+ or 3+ grading provided an alternative for PMA assay among these 

samples. Five 4+ sputum samples were serially diluted 10‐fold in 
PBS. As shown in Figure 5, all these samples exhibited favorable de‐
tection results at the application of 104‐fold dilution by PMA assay 
with Cq values higher than 35 cycles. For sputum samples with 3+ 
grading, similar results were observed in the 102‐fold dilution, the Cq 
values of which were higher than 35 cycles.

3.6 | Performance of the PMA assay for 
detection of live MTB in sputum samples

A total of 50 inactivated/dead samples were collected for evaluat‐
ing the performance of the PMA assay for detection of live MTB in 
sputum samples. The treatment of sputum samples with PMA was 
performed according to the sputum positivity grading (Table 1). The 
presence of Cq value higher than 35 cycles was considered as an 
indicator of the detection of dead MTB in the sputum sample. As 
shown in Table 2, when setting the liquid culture as gold standard, 
the PMA assay showed an accordance rate of 98.0% (98/100). In 
addition, all the PMA‐treated samples with scanty, 1+ and 2+ posi‐
tivity grading exhibited 100.0% agreement compared with liquid 
culture, whereas each inactivated sample from 3+ and 4+ group 
had a Cq value higher than 34.5 and 33.3 cycles by GeneXpert, 
respectively, yielding an accordance rate of 90.0% (9/10) and 87.5% 
(7/8).

F I G U R E  3   Influence of bacterial load on ΔCq values of PMA‐
treated samples. The figure shows the Cq difference between 
PMA‐treated live and dead bacteria with the same bacterial load

F I G U R E  4   Influence of PMA concentration on ΔCq values of 
PMA‐treated samples. The figure shows the Cq difference between 
PMA‐treated live and dead bacteria with the same concentration of 
PMA. Error represents the invalid result reported by GeneXpert

F I G U R E  5   Performance of PMA assay on serial dilution samples 
of clinical sputa at smear grading 4+ and 3+
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4  | DISCUSSION

The application of PMA has been widely used to distinguish live and 
dead bacteria.13‒15 The present study confirms previous observations 
that PMA could be an alternative to predict the treatment outcome 
of TB patients. Compared with previous studies, our data provide an 
optimized condition for PMA treatment suitable for detection of live 
MTB in clinical practice.17,18 The most important finding of this study 
is the crucial role of dark incubation in the efficacy of PMA treat‐
ment for MTB. Different from other bacterial species, MTB requires 
120 minutes of dark incubation time to produce the acceptable effi‐
cacy of PMA treatment, which is significantly higher than that of other 
bacteria.13,14 During the dark incubation period, PMA penetrates the 
permeable cell wall and membranes and chemically modifies the DNA 
of dead bacteria.12 It is well known that the strikingly thick cell wall 
of MTB is an efficient permeability barrier that makes MTB naturally 
resistant to the entrance of chemical substances.20 As a consequence, 
despite dead bacteria, it may take longer dark incubation time to allow 
the sufficient PMA to get access to the DNA of dead MTB. Although 
the prolongation of dark incubation has no influence on the live bacte‐
ria, nearly 2.5 hours of pretreatment with PMA does not meet the crite‐
ria for point‐of‐care diagnostic algorithms. The great challenge of PMA 
treatment for MTB is its poor permeability. In addition to longer dark 
incubation time, we speculate that the addition of low concentration 
of surfactant,21 such as Tween‐80 and Triton X‐100, may serve as an 
alternative for shortening the incubation time. Further study is required 
to evaluate the potential role of surfactant in the PMA assay for MTB.

In addition, we observed that even 400 μmol/L of PMA could not 
effectively differentiate live and dead bacteria for sputum samples with 
4+ positive grading. On the basis of a recent report, a high proportion 
of the specimens with high grading were bloody or caseous sputum 
samples.19 Hence, the high foreign protein contents may inhibit the 
efficiency of digested procedure,19 thereby affecting the penetration 
of PMA into the dead mycobacterial cells. In addition, several previous 
studies have demonstrated that the addition of high concentration of 
PMA not only improves the exclusion of dead bacteria in clinical sam‐
ples, but also negatively leads to the increase of false‐negative results, 
which is associated with the toxicity of chemical dyes for living cells.18 
Hence, the dilution of clinical specimens with high positive grading may 
serve as an alternative for application of PMA assay in these samples. 
Based on our experimental data, we propose to dilute 104 and 102 for 
4+ and 3+ sputum samples in the clinical practice, respectively.

Overall results of this study confirmed that PMA assay could reli‐
ably detect the live MTB in sputum, while analysis of paired specimens 
also revealed that two samples with inactivated bacteria could not be 
identified by PMA assay, suggesting the dilution ratio may be not effi‐
cient to allow the genomic DNA of dead bacteria to be inhibited by PMA 
for these samples. According to our observations mentioned above, the 
dilution ratio relies on the smear‐positive grades of clinical specimens. 
However, the small sample volume used in smear microscopy may be re‐
sponsible for sampling variations and thus lead to quantification error of 
smear microscopy.22 The potential quantification error of sputum sam‐
ples still challenges the clinical application of PMA assay in the future. 
Fortunately, the high‐grade smears only account for a small proportion 
of smears,19 which could not appear to play an important role in deter‐
mining the performance of PMA assay in clinical practice.

We also acknowledge the limitations of this study. First, the rec‐
ommended cutoff Cq value in this study still has overlap with positive 
results at very low bacterial load,23 indicating that the false‐negative 
results may occur in the paucibacillary specimens. Hence, we should 
pay more attention to the Cq results higher than 35 cycles yielded 
from samples with scanty grade. Second, we used the harsh condi‐
tion for the inactivation of tubercle bacilli to avoid the interruption 
from live bacteria. Although a previous study revealed that the incu‐
bation at 80℃ did not affect the integrity of the DNA for subsequent 
molecular investigations,24 it is difficult to conclude whether this 
harsh condition has great effect on the permeability of dead bacte‐
ria. Third, the study only assessed the PMA assay in a small number 
of sputum samples. Further studies in clinical samples from follow‐
up TB patients should be performed to evaluate the performance of 

Positivity grading Dilution fold
Concentration of 
PMA (μmol/L)

Dark incubation 
time (min)

Exposure 
time (min)

Scanty NA 100 120 20

1+ NA 100 120 20

2+ NA 100 120 20

3+ 102 100 120 20

4+ 104 100 120 20

NA, Not available.

TA B L E  1   PMA treatment condition for 
sputum samples at different smear 
positivity grades

TA B L E  2   Performance of the PMA assay for detection of viable 
MTB in sputum samples

Smear

No. of 
sputum 
samples

C(t) range
Accordance 
ratea (%)Viable Dead

Scanty 6 29.3‐34.2 36.8‐38.9 100.0% (12/12)

1+ 21 22.5‐27.2 35.9‐38.1 100.0% (42/42)

2+ 14 20.2‐24.8 36.1‐37.2 100.0% (28/28)

3+ 5 16.5‐21.3 34.5‐38.0 90.0% (9/10)

4+ 4 14.3‐16.2 33.3‐37.9 87.5% (7/8)

Total 50 14.2‐34.2 33.3‐38.9 98.0% (98/100)

aResults of liquid culture were set as gold standard to calculate the ac‐
cordance rate between PMA assay and liquid culture. 
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PMA assay in predicting treatment outcome during follow‐up period. 
Fourth, the light intensity and lamp geometry to light sources would 
affect the efficacy of PMA treatment. Hence, the diversity of blue 
LED system used by different researchers might weaken the univer‐
sality of the optimal light exposure time determined in this study.

In conclusion, we develop an acceptable method to directly iden‐
tify the live bacteria from sputum samples rather than comparing 
the Cq values of PMA‐treated and naïve clinical samples. Our data 
demonstrate that the dark incubation plays a crucial role in the effi‐
cacy of PMA treatment for MTB. In addition, the appropriate dilution 
of specimens with high grading is essential for differentiation of live 
and dead bacteria in these samples.
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