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Abstract: Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis (MTB) infection, which has
seriously endangered human health for many years. With the emergence of multidrug-resistant and extensively drug-resistant MTB, the
prevention and treatment of TB has become a pressing need. Early diagnosis, drug resistance monitoring, and control of disease
transmission are critical aspects in the prevention and treatment of TB. However, the currently available diagnostic technologies and
drug sensitivity tests are time consuming, and thus, it is difficult to achieve the goal of early diagnosis and detection drug sensitivity,
which results in limited control of disease transmission. The development of molecular testing technology has gradually achieved the
vision of rapid and accurate diagnosis of TB. Droplet digital PCR (ddPCR) is an excellent nucleic acid quantification method with high
sensitivity and no need for a calibration curve. Herein, we review the application of ddPCR in TB diagnosis and drug resistance
detection and transmission monitoring.
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Summary
Early diagnosis, drug resistance monitoring, and control of disease transmission are critical aspects in the prevention and
treatment of TB. However, the currently available diagnostic technologies and drug sensitivity tests are time consuming,
and thus, difficult to achieve the goal of early diagnosis and detection drug sensitivity. Droplet digital PCR (ddPCR) is an
excellent nucleic acid quantification method with high sensitivity and its application in TB diagnosis and drug resistance
detection and transmission monitoring is worth exploring.

Introduction
Tuberculosis (TB) is caused by Mycobacterium tuberculosis (MTB) infection, a disease which poses a serious threat to
human health and kills nearly two million individuals each year.1 The World Health Organization (WHO) and the 194
member states of the United Nations approved the WHO strategy to end TB at the 2014 World Health Assembly, aiming
to reduce the number of TB deaths by 95% and to lower the new incidence rate of TB diagnoses by 90% between 2015
and 2035.2 According to the WHO Global TB Report 2020, there were nearly 10 million new TB patients and 2 billion
latent TB patients around the world in 2019.1 Despite the global decline in TB incidence, it is not sufficient to meet the
2020 milestone target of the End TB Strategy (a 20% reduction in TB incidence by 2015–2020).1 TB control remains
critical.
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The rapid development of molecular biology technology has overcome the limitations of time-consuming and low
sensitivity of acid-fast staining and culture for TB diagnosis, so a rapid and accurate diagnosis of TB can gradually be
achieved. Molecular detection of persistent genes also significantly reduces the time required for drug sensitivity testing,
which typically requires two to three months to complete phenotypic drug sensitivity assays. Innovative diagnostic tools
with greater specificity, sensitivity, and automation are being developed. This paper introduces a new molecular
diagnostic technique, droplet digital PCR (ddPCR), and its application in TB, with the hope of stimulating new ideas
for the prevention and treatment of TB.

Droplet Digital Polymerase Chain Reaction Technology
Over time, continuous and in-depth development of molecular biology approaches have paved the way for the diagnosis
of early and latent infection of pathogens. Real-time quantitative polymerase chain reaction (qPCR) has been used as
a routine diagnostic tool for gene expression and quantitative determination of deoxyribonucleic acid transcripts.3 qPCR
is based on PCR, and fluorescence reading represents the amount of fluorescence signal after each cycle, which allows to
quantify the target relative to the calibration substance.4,5 Although qPCR remains the gold standard for nucleic acid
quantification, it is not suitable for the detection of small differences.6 Furthermore, the quantification of qPCR is
generally inaccurate, as it depends on comparing unknown samples with a standard curve.3 The ddPCR approach based
on digital polymerase chain reaction (dPCR) is a new absolute nucleic acid quantification method. It combines
microfluidic technology with the PCR, allowing accurate quantification of a single copy of DNA and achieving accurate
quantification of target DNAwith high sensitivity and specificity.7,8 ddPCR can separate samples into thousands of drops
and performs independent PCR sub-reactions so that each sub-reaction contains little or no off-target sequence.5 After the
PCR reaction, the fluorescence signal is detected in each droplet. Poisson statistical analysis is performed on the
proportion of positive droplets to achieve an accurate quantification of the target sequence (Figure 1).3,9

Conventional qPCR amplifies all target molecules in the sample, and the signal obtained will represent the average
signal of the different DNA sequences present in the sample. ddPCR can amplify each target gene in a separate
compartment, making detection more specific and sensitive.10 Compared to qPCR, ddPCR can quantify DNA without
needing a standard curve. Furthermore, the quantification of ddPCR is based on binomial statistics and its inherent
accuracy and performance indicators are defined mathematically.11–13 The small volume of the reaction not only greatly
improves the sensitivity of the reaction, but also reduces template competition, giving ddPCR greater resistance to

Figure 1 Principle and workflow of ddPCR.
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various inhibitors.5 These characteristics make ddPCR an accurate target DNA quantitative method with high sensitivity
and specificity and an ideal alternative method to detect infectious agents with extremely low-level load such as in early
stage infections and latent infections.12 Currently, several microfluidic platforms based on ddPCR are being commercia-
lized, including RaindropTM digital PCR (Raindance Technologies), Bio-Rad QX200TM droplet digital system (Bio-Rad
Laboratories), and the NaicaTM system (Stilla Technologies).14

Application of ddPCR to Diagnosis of Mycobacterium tuberculosis Infection
Rapid diagnosis of TB is very important for patient treatment and infection control. TB is usually diagnosed using
qualitative methods, such as smear acid-fast staining method, specimen culture, which are the most common diagnostic
methods for TB, and clinical decisions depend on the presence or absence of the pathogen15,16. However, the culture of
Mycobacterium tuberculosis is time-consuming and the sensitivity of acid-fast bacilli (AFB) smear is low.17 The
development of molecular methods provides the possibility for a simple, rapid, and objective diagnosis of TB. ddPCR
is an emerging technology that enables absolute nucleic acid quantification without the use of a standard curve.12 To date,
an increasing number of studies have indicated that ddPCR is a promising tool for diagnosing infectious diseases in low-
copy samples.18 In 2015, Devonshire et al19 used the MTB DNA template to evaluate the effects of template type,
reaction mixture on the performance of ddPCR. They found that ddPCR was repeatable quantitative DNA method. In
their subsequent study,16 they used ddPCR to quantify MTB in artificial sputum and found that ddPCR also had
satisfactory repeatability and accuracy for the quantification of MTB. The MTB-specific sequence detection method
based on ddPCR is expected to develop into a minimally invasive, rapid, and accurate diagnostic choice.

Quantification of Mycobacterium tuberculosis
Pathogen quantification is a potential indicator for determining treatment outcomes and predicting recurrence, and
quantification is increasingly proposed as a tool to help manage TB infections. The application of ddPCR provides
a new method for the accurate quantification of MTB pathogens. In 2016, Ushio et al15 successfully detected and
quantified MTB in plasma of TB patients by ddPCR for the first time. ddPCR can also be used to quantify low-copy target
molecules with higher accuracy and sensitivity. In 2017, our research group20 used ddPCR to detect MTB-specific DNA
targets (IS6110) in whole blood samples. The results show that ddPCR can be used to detect MTB-specific sequences
from whole blood. This is the first time ddPCR was used in the clinical diagnosis of TB, providing a basis for the
exploration of ddPCR as a quantitative molecular diagnostic test for infectious diseases. Subsequently, Song et al21

applied ddPCR to the diagnosis of infantile TB patients. They found that ddPCR also showed advantages of absolute
quantification and high sensitivity in whole blood specimens from infants who lacked early respiratory symptoms and
from whom it was difficult to obtain sputum.

Diagnosis of Tuberculosis in Patients with HIV Infection
In 2018, Yamamoto et al22 used ddPCR to detect MTB in the plasma of a patient with severe immune deficiency. Neither
acid-fast staining nor qPCR of sputum, blood, and urine samples from this patient detected the presence of MTB, while
the ddPCR results showed positive amplification of MTB-specific sequences (IS6110 and gyrB). The presence of
disseminated MTB infection was confirmed in the patient at a later autopsy. MTB co-infection with human immunode-
ficiency virus (HIV) accounts for 8.2% of new cases of TB and is the most common cause of death from TB.1 For various
reasons, patient sputum samples may not be available or sputum samples are negative, which result in an ineffective and
timely diagnosis of TB. Although the detection of lipoarabinomannan (LAM) in urine has been applied in the diagnosis
of TB in HIV patients, existing commercial kits still lack sufficient sensitivity.22

Mycobacterium tuberculosis Detection in Different Samples
After Yang et al20 demonstrated, ddPCR could be used to detect MTB in whole blood samples, studies on the use of
ddPCR for a series of studies investigating the detection of MTB in pathological samples, exosomes, and other specimens
have been developed. In 2020, Cho et al17 provided a new method to detect the MTB specific sequence in exosomes
(IS6110) by ddPCR. They used ddPCR to detect 190 respiratory tract samples from suspected TB patients. Compared to
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culture, the ddPCR showed better sensitivity and specificity, and the ddPCR assay using exoDNA had higher sensitivity
than total DNA.

In the same year, Cao et al23 used ddPCR to detect MTB specific sequences (IS6110) in 65 pathological samples and
evaluated the sensitivity of ddPCR to detect MTB in formalin-fixed and paraffin-embedded (FFPE) specimens. Of 65
samples, 45 were identified as probable TB patients (Ct value was between 37 and 40) using qPCR. ddPCR improved the
positive rate of probable TB patients by 57.8%, which showed a higher sensitivity of ddPCR for the detection of MTB in
FFPE samples.23

The insertion sequence (IS) has been used for the diagnosis of MTB, the most commonly used of which is IS6100,24

but some difficulties remain. On the one hand, IS6110-based diagnosis has been proven to be hampered by low copy
numbers or IS6110 repeat deletions.25 The ddPCR with highly sensitivity can be a good way to alleviate this problem. On
the other hand, some clinical MTB strains show IS6110 negativity, which can lead to false negative results. In this regard,
Nyaruaba et al26 developed and evaluated a single dye duplex ddPCR detection method, which can reliably quantify two
MTB targets in the same channel. They used the single dye double-stranded ddPCR method combined with two genes
IS6100 and IS1081 for the quantification of TB. This double-target joint detection method helps to eliminate false
negative results, and the single-dye duplex technology also greatly reduces the cost of detection, laying the foundation for
the popularization of ddPCR.

Detection of Latent Tuberculosis Infection
In a low prevalence environment, most active diseases (47–87%) are due to the reactivation of latent TB infection
(LTBI).27 However, there is no gold standard for the diagnosis of latent TB infection, which means that some TB patients
do not have access to appropriate treatment.28 The tuberculin skin test and the interferon-γ release test (IGRA) also have
limitations in the diagnosis of LTBI, and it is difficult to determine whether the latent infection of MTB would develop
into active TB.29,30

Harboring of MTB in CD34 + peripheral blood mononuclear cells overcomes adverse conditions, including hypoxia,
immune attack, and drug treatment, thus allowing long-term presence in the host.27 Hematopoietic stem cells carrying
CD34 glycoprotein as a surface marker may represent ecological niches ofMTB during latent TB infection, and detection of
the presence ofMTB in these cells may provide valuable information for the diagnosis of latent TB.27 In 2021, Belay et al31

used ddPCR to detectMTB in peripheral blood mononuclear CD34 + cells from asymptomatic adults testing positive for the
IGRA. This indicates that the detection ofMTBDNA in peripheral blood mononuclear cells has potential applications in the
diagnosis, monitoring, and preventive treatment of latent TB infection. However, this approach requires the isolation of
individual nucleated cells, which is cumbersome and limits its clinical application.

Detection of Mycobacterium leprae Infection
The application of ddPCR in the diagnosis ofMycobacterium leprae infection has also been studied. In 2019, Cheng et al18

developed a ddPCR detection method for the diagnosis of leprosy. They used qPCR and ddPCR to detect two sensitive
DNA targets (RLEP and GroEL) of leprosy bacilli and then evaluated the sensitivity and specificity of the method. They
found a higher sensitivity of ddPCR compared to qPCR for the detection ofMycobacterium leprae in skin biopsy specimens
with paucibacillary (PB) load from patients (79.5% vs 36.4%).

Application of ddPCR in the Analysis of MTB Drug Resistance
Multidrug-resistant TB (MDR-TB) remains a major public health concern in many countries, with data published by
WHO 2020 showing that the average global success rate of MDR-TB treatment is only 57%.1 Increasing incidence of
MDR and extensively drug-resistant TB cases due to non-compliance with drug regimens, misuse, or misadministration,
and a cumulative reduction in global TB incidence of only 9% from 2015–2019.32 The gold standard drug susceptibility
test (DST) is based on culture, using an agar-based media indirect proportion method. But it is time-consuming and the
reliability of the results varies depending on the drug test, the bacterial concentration, the culture medium, and the culture
time.33,34 Furthermore, the effects of heterologous resistant bacteria on DST remains unclear.35 Some TB patients present
a combination of drug-sensitive and drug-resistant organisms, a phenomenon known as heteroresistance.36,37 This is
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common in MTB and is believed to lead to worse treatment outcomes in TB.38,39 To achieve early identification of drug
resistance for effective treatment and clinical management of TB, it is necessary to improve the speed and specificity
of DST.

The main reason for drug resistance in clinical MTB is chromosomal mutations, thus, genotyping can quickly identify
the main drug resistance mechanism, such as rpob mutation inducing rifampicin resistance.34,40 Methods based on
conventional PCR, such as Xpert MTB/RIF, linear probes, and sequencing, can rapidly detect MTB bacteria and their
sensitivity to first-line and second-line drugs without the need for culture.33,41 Genotypic approaches to screening of
resistance hotspot mutations have also been found to be easier to implement in low-income countries, as they avoid
culture and biosafety constraints.34 However, the low number of mutation templates detected by conventional PCR is
limited because rich sequences may be amplified preferentially, and a relative proportion of 10% of drug-resistant
organisms are required for linear probe detection, or Xpert MTB/RIF detection, 65–100% of the mutated RPOB DNA is
required.36,42,43 The ddPCR not only has the advantage of high sensitivity without the need for a calibration curve for the
absolute quantification of nucleic acids but it also presents incomparable precision in the detection of copy number
variation (CNV), in which it can achieve smaller variations in measurement.44 By modifying the ddPCR program, such
as primers, probes, and amplification conditions, ddPCR can accurately detect rare mutations in wild-type sequences,
including resistant subgroups.36,38,45 Whale et al44 evaluated the potential accuracy of dPCR for detecting mutations and
found that dPCR could detect much smaller CNVs than qPCR in the same experimental replication. Subsequently,
Pholwat et al36 also explored the role of dPCR in the detection and quantification of heterologous resistance in mixed TB
populations. The dPCR method was able to identify mutant sequences in mixtures containing 1000:1 susceptible: drug-
resistant TB.36

In 2015, Taylor et al45 used optimized ddPCR to detect oseltamivir-resistant influenza mutations (H275Y) in influenza
patients, and the results were accurate, interpretable, and statistically significant, with a 30-fold increase in sensitivity
compared to qPCR. In 2019, Rigouts et al38 also used ddPCR as a reference method to determine the limit of detection
(LOD) of MTB gatifloxacin resistant mutants in the genotype test. In the same year, Luo et al33 established a culture- and
ddPCR-based drug sensitivity test method for MTB. The MTB target sequence (IS6110) was detected by ddPCR. If the
results of ddPCR were positive, the bacterial solution was inoculated into 7H9 medium for the drug sensitivity test.
Finally, the DNA fold change of the samples at 0 d and 4 d after culture were determined by ddPCR, and the DST results
were calculated. The results showed that culture ddPCR allowed rapid detection of MTB and multidrug-resistant TB
directly from sputum within 4 days. Compared with other rapid DST methods, culture ddPCR has the advantage of high
specificity, fast detection speed, and more comprehensive detection range.33 Because the primers and probes for culture
ddPCR are specific to the IS6110 fragment of MTB and have high specificity; the assay is based on measuring changes in
the amount of DNA during MTB growth and the time required to measure growth is much shorter.33 Culture ddPCR can
also identify all types of drug resistance, including resistance due to unknown mechanisms, providing a greater range of
detection than other molecular methods that can only detect hotspot regions.33 In addition to routine examination of drug
resistance, ddPCR can be applied to the analysis of drug resistance mechanisms, Singh et al46 studied the mechanism of
antibacterial resistance to 5-fluorouracil (5-FU) in TB.

The ddPCR has good precision in detecting CNV, which makes it possible to detect mutations involved in drug
resistance quickly and accurately. However, no molecular biology-based resistance detection technology is currently
available for new drugs such as bedaquiline and delamanid, and the discovery of new resistance mutation loci can
broaden the application area of ddPCR.47 The combination of highly sensitive ddPCR and the culture method can
greatly shorten the detection time of drug resistance and provide a great prospect for the early detection of drug
resistance in TB.

Use of ddPCR in the Hospital Setting to Measure Infectivity
Early diagnosis and drug sensitivity testing are important aspects of anti-TB treatment. Despite the significant efforts, the
rate of reduction in TB incidence is still insufficient and treatment alone is unlikely to significantly reduce the disease
burden. It is very important to control the spread of TB for the prevention and treatment of TB. The commonly used
approach is through the epidemiological survey of contact tracing. But contact tracking is difficult to implement in
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resource-limited environments, and large-scale epidemiological studies or clinical applications are too cumbersome, so
new approaches are urgently needed to assess the spread of TB to control TB.48,49

MTB is spread by aerosols from TB patients (5-mm infectious air droplets).50 By collecting air samples from
suspected environments and populations and testing them, it may serve as a reliable method to assess the spread of
MTB. In a retrospective study of patients with TB, cough aerosols were found to be a more specific specimen to assess
infectivity than sputum smears, although they were of little diagnostic use.48 Identification of disease-causing particles
has traditionally relied on microscopy, media culture, or immunoassay methods.51 However, in the analysis of MTB in
air, due to the low concentration of naturally occurring MTB particles and the dilution characteristics of airborne
microorganisms, the use of culture is susceptible to contamination by other bacteria and fungi.52,53 Furthermore, MTB
growth is slow and usually takes 28 days to culture on Löwenstein-Jensen medium, which does not meet the rapid
detection requirement.54 Fortunately, with the development of molecular techniques, the combination of air sampling and
molecular diagnostics has advanced the study of MTB in air-borne transmission. Mastorides et al55 performed an air
sampling analysis of MTB using a combination of air filtration and PCR. Subsequently, several studies have used air
sampling with qPCR to assess airborne MTB in the health care settings, including several studies in Taipei, Slovenia,
South Africa, and Thailand, all of which reported good results, suggesting that air sampling combined with qPCR is
a feasible method to assess the risk of airborne TB exposure.56–59 Patterson et al52 used a microbial culture method and
ddPCR to detect MTB in bioaerosols. In the study, environmental bioaerosol from 35 newly diagnosed but untreated TB
patients tested positive for MTB culture in 42.8% and for ddPCR in 92.96%.52 The combination of high-sensitivity air
sampling and detection technology offers unlimited possibilities for the detection of MTB, although the molecular
approach still has limitations.59 PCR signals cannot distinguish between living and dead bacteria, so detection represents
only the estimated risk of TB transmission, not the actual risk. Routine surveillance of airborne MTB is critical to the
safety of health care workers together with the interruption of TB transmission. Airborne sample collection and highly
sensitive molecular diagnostic methods offer new opportunities in this effort. Although the application of ddPCR in
airborne MTB has been less studied, it has unlimited potential, and additional research is needed before the effective
control of TB transmission can be achieved. Summary of studies exploring the use of ddPCR in Mycobacterium infection
is also provided in Table 1.

Table 1 Summary of Studies Exploring the Use of ddPCR in Mycobacterium tuberculosis and Mycobacterium leprae Infections

Year Author Target Primer and Probe Instruments

2015 Devonshire et al19 16S rRNA Forward 1: 5′-GGGATGCATGTCTTGTGGTG-3′
Reverse 1: 5′-CCGTCGTCGCCTTGGTAG-3′
Probe 1: 5′-CCGTATCTCAGTCCCAGTGT-3′
Forward 2: 5′-GTGATCTGCCCTGCACTTC-3′
Reverse 2: 5′-ATCCCACACCGCTAAAGCG-3′
Probe 2: 5′-AGGACCACGGGATGCATGTCTTGT-3′

Bio-RadQX100TM Droplet Digital PCR System

rpoB Forward 1: 5′-CAAAACAGCCGCTAGTCCTAGTC-3′
Reverse 1: 5′-AAGGAGACCCGGTTTGGC-3′
Probe 1: 5′-AGTCGCCCGCAAAGTTCCTCGAA-3′
Forward 2: 5′- GAGCCCCCGACCAAAGA −3′
Reverse 2: 5′- ACATGCAGCCCGAGCTTCT −3′
Probe 2: 5′- CCCGCGTCGGTCGCTATAAGGTC −3′

2016 Devonshire et al.16 16S rRNA Forward: 5′-GTGATCTGCCCTGCACTTC-3′
Reverse: 5′-ATCCCACACCGCTAAAGCG-3′
Probe: 5′-AGGACCACGGGATGCATGTCTTGT-3′

Bio-RadQX100TM droplet digital PCR System

rpoB Forward: 5′-CAAAACAGCCGCTAGTCCTAGTC-3′
Reverse: 5′-AAGGAGACCCGGTTTGGC-3′
Probe: 5′-AGTCGCCCGCAAAGTTCCTCGAA-3′

(Continued)
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Table 1 (Continued).

Year Author Target Primer and Probe Instruments

2016 Ushio et al.15 IS6110 Forward: 5′-GGCGTACTCGACCTGAAAGA-3′
Reverse: 5′-CTGAACCGGATCGATGTGTA-3′
Probe: 5′-CCACCATACGGATAGGGGAT −3′
Forward: 5′-AAGGACCGCAAGCTACTGAA-3′
Reverse: 5′-GTGTTGCCCAACTTGGTCTT-3′
Probe: 5′-ACCTCACCGGTGACGATATC-3′

BioRadQX200TM

Droplet Digital PCR System

gyrB

2017 Patterson et al.52 RD9 Forward: 5′-TGAGTGGCGATGGTCAACAC-3′
Reverse: 5′-GATGGCGTTCGGAAAGAAAC-3′
Probe: 5′-ACTACGCGGCTTAGTG-3′

BioRadQX200TM

Droplet Digital PCR System

2017 Yang et al.20 IS6110 Forward: 5′-ACCGAAGAATCC GCTGAGAT-3′
Reverse: 5′-GACGCGGTCTTTAAAATCGC-3′
Probe: 5′-CGGGACAACGCCGAATTG-3′

BioRadQX200TM

Droplet Digital PCR System

2018 Yamamoto et al22 IS6110 Forward: 5′-GGCGTACTCGACCTGAAAGA-3′
Reverse: 5′-CTGAACCGGATCGATGTGTA-3′
Probe: 5′-CCACCATACGGATAGGGGAT-3′

BioRadQX200TM

Droplet Digital PCR System

gyrB Forward: 5′-AAGGACCGCAAGCTACTGAA-3′
Reverse: 5′-GTGTTGCCCAACTTGGTCTT-3′
Probe: 5′-ACCTCACCGGTGACGATATC-3′

2018 Song et al.21 CFP10 Forward: 5-AAGCAGCCAATAAGCAGAAGC-3′
Reverse: 5′- AGCCCATTTGCGAGGACA-3′
Probe: 5′-GACGAATATTCGTCAGGCCGG-3′

Bio-RadQX100TMDroplet Digital PCR System

Rv1768 Forward: 5′-CGGCAACAGATTTGGCGAACA-3′
Reverse: 5′-CGCTCCGAACAACGCGGCTAT-3′
Probe: 5′- TTAGTGCAGCCAACGCGGCCGCG-3′

2019 Cheng et al.18 RLEP Forward: 5′-GCAGCAGTATCGTGTTAGTGAA-3′
Reverse: 5′-CGCTAGAAGGTTGCCGTAT-3′
Probe: 5′-CGCCGACGGCCGGATCATCGA-3′

BioRadQX200TM

Droplet Digital PCR System

groEL Forward: 5′-GCCGGGTGCAGCAGTATC-3′
Reverse: 5′-CCGACGGCCGGATCA-3′
Probe: 5′-TGTTAGTGAACAGTGCATCG-3′

2019 Luo et al.33 IS6110 Forward: 5′-GACCTGAAAGACGTTATCC-3′
Reverse: 5′-GGCTAGTG-CATTGTCATAG-3′
Probe:5′-CCATACGGATAGGGGATCTCAGTACAC-3′

BioRadQX200TM

Droplet Digital PCR System

2020 Nyaruaba et al.26 IS6110 Forward: 5′-AGCGCCGCTTCGGACCACCAG-3′
Reverse: 5′-AGGCGTCGGTGACAAAGGCCACGTA-3′
Probe: 5′ -CGGCTGTGGGTAGCAGACCTCACC-3′

BioRadQX200TM

Droplet Digital PCR System

IS1081 Forward: 5′-CAGCCCGACGCCGAATCAGTTGTT-3′
Reverse: 5′-GGTGCGGGCGGTGTCGAGGTG-3′
Probe: 5′-CGCAGCGGTACTCGACGCTCTGACCGAC
AAGCTGCG-3′

2020 Cho et al.17 IS6110 Forward: 5′-GGCGTACTCGACCTGAAAGA-3′
Reverse: 5′-CTGAACCGGATCGATGTGTA-3′
Probe: 5′-CCACCATACGGATAGGGGAT-3′

BioRadQX200TM

Droplet Digital PCR System

gyrB Forward: 5′-AAGGACCGCAAGCTACTGAA-3′
Reverse: 5′-GTGTTGCCCAACTTGGTCTT-3′
Probe: 5′-ACCTCACCGGTGACGATATC-3′

2021 Belay et al.31 IS6110 Forward: 5′-AGAAGGCGTACTCGACCTGA-3′
Reverse: 5′-GATCGTCTCGGCTAGTGCAT-3′
Probe: 5′-AGGCAGGCATCCAACCG-3′

BioRadQX200TM

Droplet Digital PCR System

rpoB Forward: 5′-CAAAACAGCCGCTAGTCCTAGTC-3′
Reverse: 5′-AAGGAGACCCGGTTTGGC-3′
Probe: 5′-AGTCGCCCGCAAAGTTCCTCGAA-3′
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Conclusions
ddPCR is a promising novel detection technique that can be used for CNV analysis, rare mutation detection, single
nucleotide polymorphism genotyping, and transcription quantification.7,13 The combination of microfluidic technol-
ogy and PCR gives ddPCR unique characteristics and is increasingly used in clinical fields such as infectious
diseases, tumors, virus copy number analysis.10,60 Herein, we reviewed the application of ddPCR in TB diagnosis,
drug resistance analysis, and aerosol transmission. The ddPCR is a quantitative method for the detection of nucleic
acid with high sensitivity, high reproducibility, and no calibration curve. Using ddPCR to detect MTB-specific
sequences in samples may become a new method for TB diagnosis. The ddPCR detection of drug resistance
mutations to MTB culture greatly shortens the time of drug sensitivity testing, provides timely and accurate
information to guide clinical use, and is expected to reduce the global burden of widespread drug resistance and
the gradual increase of MDR.

However, there are still several limitations that need to be overcome in order to widely use ddPCR in clinical settings.
Firstly, although instruments and reagents for ddPCR are commercially available, their high price limits their widespread
use. Secondly, the selection of detection targets and the setting of detection thresholds are also challenging for the
practical application of ddPCR in clinical practice. The setting of the threshold lines for positive and negative droplet
may bias the results. To make ddPCR more useful in MTB detection, a suitable detection threshold must be set. In
addition, the significance of ddPCR detection of trace DNA in the diagnosis, treatment and prevention of clinical diseases
should be further explored. In conclusion, cost reduction and standardization of ddPCR procedures and conditions are
necessary to make ddPCR widely available for clinical use.

Despite some limitations, ddPCR has great potential in controlling airborne transmission of TB, greater efforts are
warranted to explore this method for containing MTB and protecting human health.
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