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tuberculosis only declined by 8.7% from 2015 to 2022, and 
the phased goal of reducing the incidence rate of tubercu-
losis by 50% by 2025 is difficult to achieve [1]. The World 
Health Organization (WHO) reported that approximately 
10.6 million new TB cases and 1.3 million deaths occurred 

Introduction

Tuberculosis caused by Mycobacterium tuberculosis (MTB) 
is the second leading cause of death from a single source of 
infection after COVID-19. Globally, the incidence rate of 
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Abstract
Targeted next-generation sequencing (tNGS) offers a high-throughput, culture-independent approach that delivers a com-
prehensive resistance profile in a significantly shorter turn-around time, making it promising in enhancing tuberculosis 
(TB) diagnosis and informing treatment decisions. This study aims to evaluate the performance of tNGS in the TB diag-
nosis and drug resistance detection of Mycobacterium tuberculosis (MTB) using MTB clinical isolates and bronchoal-
veolar lavage fluid (BALF) samples. A total of 143 MTB clinical isolates were assessed, tNGS, phenotypic antimicrobial 
susceptibility testing (AST), and AST based on whole genome sequencing (WGS) exhibited high concordance rates, 
averaging 95.10% and 97.05%. Among 158 BALF samples, culture, Xpert MTB/RIF, and tNGS reported 29, 70 and 111 
positives, respectively. In the confirmed cases with etiological evidence (smears, cultures, or molecular test), the positive 
rate of tNGS (73/83, 87.95%) was higher than that of Xpert MTB (67/83, 80.72%). Additionally, 45% (27/60) of clinically 
diagnosed cases (with imaging or immunological evidence) were positive for tNGS. Further validation on the discrepant 
results between tNGS and Xpert MTB/RIF with droplet digital PCR (ddPCR) yielded 35 positives, tNGS detected all, 
and Xpert MTB/RIF only identified 6 positives. In conclusion, tNGS demonstrates robust and rapid performance in the 
identification of MTB and its associated drug resistance, and can be directly applied to clinical samples, positioning it as 
a promising approach for laboratory testing of tuberculosis.
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globally in 2022 [1]. The prompt, precise, and thorough 
detection of MTB and its drug susceptibility is essential for 
the effective management and prevention of tuberculosis. 
Consequently, it is imperative to expedite the advancement 
and implementation of laboratory diagnostic techniques for 
TB, particularly those capable of directly detecting patho-
gens in clinical samples.

Currently, culture testing remains as a major reference 
standard for TB diagnosis [1]. The slow bacterial growth 
rate, complex operational procedures, and strict biosafety 
requirements of MTB make culture-based detection meth-
ods incapable of meeting the need for swift clinical detec-
tion. The evolution of laboratory diagnostic technologies 
has fostered the adoption of molecular biology methods in 
identifying antimicrobial resistance in MTB. While PCR-
based molecular diagnostic techniques have shown signifi-
cant advancements in sensitivity, specificity, and detection 
speed compared to culture-based methods, their efficacy 
is constrained by the limited range of drug resistance gene 
targets they can identify. Furthermore, variations exist in 
detection targets and performance across different diagnos-
tic technologies [2]. For example, Xpert MTB/RIF Ultra is 
a detection method recommended by WHO in 2017 present-
ing a substantially lower limit of detection (LoD) than that 
of Xpert MTB/RIF due to the use of multi-copy IS1081 and 
IS6110 insertion elements as MTB target sequences, and 
both of them have similar performance in detecting rifam-
picin resistance [3].

Targeted next-generation sequencing (tNGS) is a prom-
ising diagnostic technique for tuberculosis, offering the 
ability to reveal a comprehensive profile of resistance geno-
typing. This method combines gene-specific amplification 
with next-generation sequencing to detect resistance to mul-
tiple drugs within a single assay. The WHO has released 
an implementation manual for the use of tNGS in monitor-
ing drug-resistant tuberculosis, as it’s featured by multiple 
advantages, including, but not limited to, culture-indepen-
dent, directly applicable to clinical samples, reporting het-
erogeneous/silent mutations [4]. This test represents a major 
advancement in diagnostic technology and provides an 
option for rapid and accurate genetic analysis and detection 
of mutations associated with resistance, requiring only a 
small fraction of the time needed for culture-based methods 
for detecting resistance [5]. Targeted NGS has been used 
in clinical microbiology due to its ability to detect dozens 
to hundreds of known pathogenic microorganisms and their 
virulence and/or resistance genes [6–17], while PCR-based 
methods could only cover much smaller spectrum. The 
first-line and second-line anti-tuberculosis drugs and corre-
sponding drug resistance genes found include katG, inhA, 
kasA, ndh, rpoB, embB, embC, embA, pncA, rpsL, rrs, gyrA, 
and gyrB. The WHO released a catalog of MTBC resistant 

mutations in June 2021, and updated it in November 2023, 
elucidating the association between specific gene mutations 
and drug resistance in MTB [18, 19].

In this study, we utilized tNGS to identify MTB in 
clinical isolates and bronchoalveolar lavage fluid (BALF) 
samples. We compared its efficacy with culture, phenotypic 
AST, whole-genome sequencing (WGS), and Xpert MTB/
RIF. We conducted a thorough evaluation of tNGS’s perfor-
mance in TB diagnosis and the detection of drug-resistant 
gene mutations.

Materials and methods

Study design and participants

This study was conducted at Shanghai Pulmonary Hospi-
tal (SPH), Tongji University School of Medicine, which is 
a modern grade A tertiary hospital that integrates medical 
care, teaching, and research functions. The schematic of the 
study design is shown in Fig. 1. 60 Rifampicin-resistant and 
83 susceptible TB clinical isolates with genome sequencing 
data and phenotypic AST data were randomly selected from 
TB strains stored at -80℃ in the clinical laboratory in SPH 
[20, 21]. A total of 158 BALF samples enrolled in the study 
were collected from non-repetitive inpatients in the depart-
ment of tuberculosis of SPH from April 18, 2023 to August 
24, 2023. The inclusion criteria are for individuals aged 12 
and above, as well as those who tested HIV-negative prior 
to enrollment and had a volume of collected BALF greater 
than 6mL. Further information on clinical symptoms, basic 
disease, tuberculosis history, tuberculosis contact, and 
results of QuantiFERON®-TB Gold Plus (Qiagen, Hilden, 
Germany) were collected.This study was approved by the 
Ethical Committee of SPH (No. K23-265Z).

The diagnosis of tuberculosis was based on the “Diag-
nosis of Pulmonary tuberculosis” standard of the People’s 
Republic of China Health Industry Standard (WS 288–
2017) [22]. The principle of diagnosis was to primarily 
rely on etiological (including bacteriology, molecular biol-
ogy) examinations, combined with epidemiological history, 
clinical manifestations, chest imaging, related auxiliary 
examinations, and differential diagnosis, to make a com-
prehensive analysis for the diagnosis. Additionally, patients 
were divided into four cohorts in reference to this document: 
confirmed cases, clinically diagnosed cases, suspected cases, 
and non-tuberculosis cases. Suspected cases were defined as 
having only abnormal chest imaging consistent with tuber-
culosis. Clinically diagnosed cases were those that, after 
differential diagnosis to rule out other lung diseases, have 
chest imaging abnormalities consistent with tuberculosis 
and clinical symptoms and signs of tuberculosis or positive 
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Fig. 1  Comparative analysis and workflow schematic of MTB diagno-
sis and drug resistance detection. (A) Comparison of the performance 
of tNGS, WGS, and phenotypic AST in detecting drug resistance on 
MTB isolates. (B) Comparison of the performance in MTB and rifam-

picin-resistant gene identification between tNGS and Xpert MTB/RIF 
on BALF samples. (C) The workflow of the tNGS in routine clinical 
practice
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both positive control (PC) and negative control (NC) were 
included in the extraction process. These controls were 
provided within the MTB Premix kit (KS620-JHFZGJ96, 
KingCreate, Guangzhou, China) and underwent extrac-
tion simultaneously with our test samples. UltraPure™ 
DNase/RNase-Free Distilled Water (10977023, Invitrogen, 
Waltham, USA) was utilized as non-template-control (NTC) 
to detect any contamination from foreign nucleic acids dur-
ing the extraction process.

Library construction and sequencing

Nucleic acids extracted from all samples, including PC, NC, 
and NTC, were combined with the One-Step Reaction Solu-
tion from the MTB Premix kit. The mixture was then sub-
jected to PCR amplification under specific thermal cycling 
conditions. The amplification protocol commenced with 
an initial denaturation at 95 °C for 3 min, followed by 25 
cycles of DNA denaturation at 95 °C for 30 s and annealing 
at 68 °C for 1 min. Subsequently, the samples underwent 30 
cycles of sequential heating, which included denaturation 
at 95 °C for 30 s, annealing at 60 °C for 30 s, and exten-
sion at 72 °C for 30 s. The final steps involved a prolonged 
extension at 72 °C for 1 min to ensure the completion of all 
partially amplified fragments, before cooling the reaction to 
4 °C for storage.

Following PCR amplification, the resulting prod-
uct underwent purification utilizing the MTB Magnetic 
Beads included in the MTB Premix kit. The concentration 
of the purified PCR product was then measured with the 
Equalbit DNA HS Assay Kit (Eq.  121, Vazyme, Nanjing, 
China), using the Invitrogen™ Qubit™ 3.0/4.0 Fluorometer 
(Eqs.  121-02, Thermo Fisher Scientific, Waltham, USA). 
The concentration of all the samples was adjusted through 
dilution to a uniform level to facilitate library construction. 
The sequencing library was constructed using the general 
sequencing kit MR100 (KS107-CXR, KingCreate, Guang-
zhou, China) and sequenced on the KM MiniSeq Dx-CN 
Platform (KY301, KingCreate, Guangzhou, China).

Bioinformatics

The raw data from the sequencing process was subjected 
to a quality control regimen. For the purposes of adaptor 
removal and discarding subpar quality reads, fastp v0.20.1 
was utilized with its standard settings [24]. Samples with 
raw reads possessing a Q30 ≥ 75% and a minimum thresh-
old of 50,000 reads were deemed acceptable. In instances 
where these criteria were not met, the samples were re-
sequenced to ensure the reliability of the final data. Once 
filtered, the high-quality reads were then reconstructed into 
extended sequences via the BWA-mem algorithm [25]. A 

tuberculosis immunological tests. Confirmed cases were 
those with positive tuberculosis etiological tests (smears, 
cultures, or molecular biology methods) and are clinically 
diagnosed cases. Non-tuberculosis cases were those that, 
after differential diagnosis, had ruled out tuberculosis [22].

MTB identification and drug resistance profiling

For the analysis of MTB clinical isolates, the preserved bac-
terial liquid was directly transferred to Löwenstein-Jensen 
medium to culture the bacteria. Once colonies were formed, 
they were collected and resuspended in a 1 mL buffer solu-
tion (pH 8.0; containing 10 mM Tris-HCl and 1 mM eth-
ylenediaminetetraacetic acid). This suspension was then 
heat-inactivated at 95 °C for 10 min to prepare the samples 
for further testing.

The phenotypic AST was conducted using the Myco TB 
system (Trek Diagnostic Systems, Thermo Fisher Scientific, 
USA), which provides detailed information on the drug 
resistance profiles of the isolates.

For genomic analysis, WGS data were previously ana-
lyzed using the TB Profiler tool, as documented in other 
studies [20, 21]. This tool facilitates the identification of 
known drug resistance mutations in MTB genomes in 
reference to the WHO guidelines. It should be noted that 
the confidence gradings for three mutations (rrs 799C > T, 
rrs 888G > A, and rrs 1402C > A) were classified as hav-
ing “Uncertain significance”. Therefore, these resistance 
loci were excluded and not considered as tuberculosis drug 
resistance mutations.

The collected BALF was divided into three equal parts 
for culture, Xpert MTB/RIF and tNGS by professional staff 
in accordance with standard operating procedures. The 
Bactec MGIT 960 culture instrument (Becton Dickinson, 
Cockeysville, MD, USA) and GeneXpert Infinity (Cepheid, 
Sunnyvale, United States of America [USA]) were used for 
culture and Xprert MTB/RIF (Cepheid, Sunnyvale, United 
States of America [USA]), respectively. All MTB isolates 
were confirmed as MTB using MBP 64 antigen detection 
kits (Genesis, Hangzhou, China), and the phenotypic AST 
was performed using Myco TB system (Trek Diagnostic 
Systems, ThermoFisher Scientific Inc., USA) [23].

Nucleic acid extraction

2mL of BALF samples were collected, total nucleic acid 
extraction was conducted using the Nucleic Acid Extraction 
and Purification Kit (KS118-BYTQ-96, KingCreate, Guang-
zhou, China). This extraction process was automated on the 
automation platform KingFisher Flex Purification System 
(24074420, Thermo Fisher Scientific, Waltham, USA). 
To ensure the quality of pathogen nucleic acid extraction, 
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(QX200™ Droplet Reader, Bio-Rad Laboratories, Hercu-
les, California) for quantification.

Statistical analysis

All statistics, including concordance, sensitivity, specificity, 
positive predictive value (PPV), negative predictive value 
(NPV), and 95% confidence interval (CI) were computed 
in reference to the formulas described in previous studies 
[28–30], which are implemented in MedCalc statistical soft-
ware v20.022 (https://www.medcalc.org/).

Results

Antimicrobial susceptibility patterns of MTB clinical 
isolates

For 143 MTB clinical isolates, the antimicrobial suscep-
tibility patterns based on phenotype, WGS, and tNGS are 
shown in Table  1. The phenotypic AST showed that the 
resistance rates of 9 drugs ranged from 2.80% (amikacin) to 
48.95% (isoniazid). According to the results of AST based 
on tNGS, the drug-resistance rates ranged from 4.90% (ami-
kacin and kanamycin) to 46.15% (rifampicin) and the dif-
ference between the resistance rate of tNGS and phenotypic 
AST in each drug does not exceed 5%. For ethambutol and 
ethionamide, the drug resistance rates based on WGS dif-
fered significantly from those based on phenotypic AST and 
tNGS, at 31.47% and 16.08%, respectively.

Performance of tNGS in detecting drug resistance of 
MTB clinical isolates

Using phenotypic AST as the reference standard, we evalu-
ated the ability of tNGS and WGS to detect drug resistance. 
For 143 isolates, an average concordance between tNGS 
and phenotypic AST of 95.10% was achieved across all 
nine drugs, ranging from 90.91% (ethambutol) to 99.30% 

comprehensive reference database of MTBC and resistance 
gene target loci was cureated from several sources, mainly 
from Genbank and Refseq [26, 27]. Positive identification 
of pathogens was determined by the number of the normal-
ized mapped reads, with a specific threshold of reads per 
100,000 (RPhK). A sample was marked positive for a given 
pathogen if it exhibited relevant RPhK values. A species or 
taxonomic group was considered to be “present” within a 
sample if it was detected at specific target loci with an RPhK 
of 3 or higher. Conversely, it was labeled “absent” if such 
criteria were not fulfilled. Regarding drug resistance genes, 
given a single nucleotide polymorphism (SNP) revealed on 
a specific loci, it will only be reported if the mutation rate on 
this position is equal and greater than 0.1.

Droplet digital PCR

Droplet digital PCR (ddPCR) was used for verification on 
BALF samples with inconsistent MTB identification results 
by tNGS and Xpert MTB/RIF. A liquid reaction system for 
ddPCR amplification was generated as follows: 11µL of 
ddPCR Supermix for Probes (1863024, Bio-Rad Laborato-
ries, Hercules, California), primer and probe mix of 1µL, 
5µL DNA template, and 5µL of UltraPure™ DNase/RNase-
Free Distilled Water (10977023, Invitrogen, Waltham, USA) 
to reach a final total volume of 22µL. the prepared mix was 
transferred to the QX200™ Droplet Generator (1864002, 
Bio-Rad Bio-Rad Laboratories, Hercules, California). Sub-
sequently, 70µL of droplet generation oil was added, and 
ddPCR amplification was performed on QX200™ Droplet 
Digital PCR System (1864001, Bio-Rad Laboratories, Her-
cules, California). The thermal cycling conditions were as 
follows: initial denaturation at 95 °C for 10 min; followed 
by 40 cycles of denaturation at 94 °C for 30 s, annealing at 
54 °C for 1 min; and a final extension at 72 °C for 10 min. 
Upon completion of amplification, the reaction was cooled 
to 4  °C for storage. After PCR amplification was com-
plete, the products were transferred to the droplet reader 

Table 1  The antimicrobial susceptibility patterns based on phenotype, WGS, and tNGS
phenotypic AST AST based on WGS AST based on tNGS
susceptible resistant resistance rate susceptible resistant resistance rate susceptible resistant resistance rate

Rifampicin 83 60 41.96% 74 69 48.25% 77 66 46.15%
Isoniazid 73 70 48.95% 76 67 46.85% 78 65 45.45%
Ethambutol 111 32 22.38% 98 45 31.47% 108 35 24.48%
Streptomycin 93 50 34.97% 90 53 37.06% 92 51 35.66%
Moxifloxacin 108 35 24.48% 106 37 25.87% 109 34 23.78%
Ofloxacin 109 34 23.78% 106 37 25.87% 109 34 23.78%
Amikacin 139 4 2.80% 137 6 4.20% 136 7 4.90%
Kanamycin 137 6 4.20% 136 7 4.90% 136 7 4.90%
Ethionamide 136 7 4.90% 120 23 16.08% 134 9 6.29%
AST: antimicrobial susceptibility testing
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sensitivity, ranged from 0 (rifampicin, amikacin, and kana-
mycin) to 6 cases (isoniazid).

The sensitivity and specificity of tNGS compared with 
WGS in detecting drug resistance of nine drugs are shown in 
Table 2. The average consistency between tNGS and WGS 
in detecting the drug resistance of nine drugs was 97.05%. 

(kanamycin). The overall performance of tNGS and WGS 
including true positive, true negative, false positive, and 
false negative for each drug is shown in Fig. 2. The false 
positives of tNGS, that is, false resistance, ranged from 1 
case (isoniazid and kanamycin) to 8 cases (ethambutol). At 
the same time, the false negatives of tNGS, that is, false 

Table 2  Drug resistance detection performance of tNGS compared with WGS
Drug WGS-sensitive WGS-resistant Con-

cor-
dance 
(%)

Sensitivity
(%)

Specificity
(%)

Positive Pre-
dictive Value 
(%)

Negative 
Predic-
tive Value 
(%)

tNGS-
susceptible

tNGS
-resistant

tNGS-
susceptible

tNGS-
resistant

Rifampicin 74 0 3 66 97.90 95.65 
(87.82–
99.09)

100.00 
(95.14–100.00)

100.00(94.56–
100.00)

96.10 
(89.03–
99.19)

Isoniazid 76 0 2 65 98.60 97.01 
(89.63–
99.64)

100.00 
(95.26–100.00)

100.00 
(94.48–100.00)

97.44 
(91.04–
99.69)

Ethambutol 98 0 10 35 93.01 77.78 
(62.91–
88.80)

100.00 
(96.31–100.00)

100.00 
(90.00-100.00)

90.74 
(83.63–
95.47)

Streptomycin 90 0 2 51 98.60 96.23 
(87.02–
99.54)

100.00 
(95.98–100.00)

100.00 
(93.02–100.00)

97.83 
(92.37–
99.74)

Moxifloxacin 106 0 3 34 97.90 91.89 
(78.09–
98.30)

100.00 
(96.58–100.00)

100.00 
(89.72–100.00)

97.25 
(92.17–
99.43)

Ofloxacin 106 0 3 34 97.90 91.89 
(78.09–
98.30)

100.00 
(96.58–100.00)

100.00 
(89.72–100.00)

97.25 
(92.17–
99.43)

Amikacin 136 1 0 6 99.30 100.00 
(54.07–
100.00)

99.27 
(96.00-99.98)

85.71 
(42.13–99.64)

100.00 
(97.32–
100.00)

Kanamycin 136 0 0 7 100.00 100.00 
(59.04–
100.00)

100.00 
(97.32–100.00)

100.00 
(59.04–100.00)

100.00 
(97.32–
100.00)

Ethionamide 120 0 14 9 90.21 39.13 
(19.71–
61.46)

100.00 
(96.97–100.00)

100.00 
(66.37–100.00)

89.55 
(83.09–
94.17)

Fig. 2  The overall performance of tNGS and WGS for each drug using phenotypic AST as the reference standard

 

1 3



Targeted next-generation sequencing - a promising approach in the diagnosis of Mycobacterium tuberculosis…

as amikacin resistance, but this mutation was not detected 
by WGS.

Clinical characteristics

A total of 158 cases were included in this study, including 83 
confirmed cases, 60 clinically diagnosed cases, 7 suspected 
cases, and 8 non-tuberculosis cases. The demographic char-
acteristics of the included participants are shown in Table 3. 
Among them, there were 78 (49.37%) males and 137 
(86.71%) married, with ages ranging from 15 to 83 years 
old (mean: 49 years old). Of all, 58 (36.71%) had symptoms 
of coughing and expectoration for more than 2 weeks, 15 
had hypertension, and 8 had a history of tuberculosis. The 
number of positive results for QuantiFERON®-TB Gold 
Plus in the confirmed cases and the clinically diagnosed 
cases were 53 and 42, respectively.

Performance of tNGS in diagnosis and drug 
resistance detection of MTB on BALF samples

The results of culture, Xpert MTB/RIF and tNGS in dif-
ferent groups are shown in Table  4. Among 158 BALF 
samples, the number of positive results for culture, Xpert 
MTB/RIF, and tNGS were 29, 70 and 111, respectively. 
Among these, in 83 confirmed cases, the number of positive 
results for culture, Xpert MTB/RIF and tNGS were 29, 67 
and 73, respectively. Additionally, there were 27 clinically 
diagnosed cases with positive tNGS results. In the 29 cases 
of confirmed cases with positive results of culture, 5 cases 

The sensitivity and specificity of tNGS in predicting MTB 
drug resistance were respectively, 95.65% (87.82-99.09%) 
and 100.00% (95.14-100.00%) for rifampicin, 97.01% 
(89.63-99.64%) and 100.00% (95.26-100.00%) for isonia-
zid, 77.78% (62.91-88.80%) and 100.00% (96.31-100.00%) 
for ethambutol, 96.23% (87.02-99.54%) and 100.00% 
(95.98-100.00%) for streptomycin, 91.89% (78.09-98.30%) 
and 100.00% (96.58-100.00%) for moxifloxacin, 91.89% 
(78.09-98.30%) and 100.00% (96.58-100.00%) for ofloxa-
cin, 100.00% (54.07-100.00%) and 99.27% (96.00-99.98%) 
for amikacin, 100.00% (59.04-100.00% ) and 100.00% 
(97.32-100.00%) for kanamycin, and 39.13% (19.71-
61.46%) and 100.00% (96.97-100.00%) for ethionamide. 
The drug-resistance predictive values, except for ami-
kacin, were all 100%. The drug-susceptibility predictive 
values were greater than 95% except for ethambutol and 
ethionamide.

As shown in Appendix Table, the majority of MTB iso-
lates resistant in WGS but susceptible in tNGS were due 
to drug resistance mutations detected by WGS that were 
not covered by tNGS. Additionally, one isolate had embB 
Met306Leu mutation detected by WGS with a mutation 
frequency of 0.1, but not detected by tNGS. Another iso-
late had gyrA Asp94Gly mutation detected by WGS with a 
mutation frequency of 0.2, and this mutation was detected 
by tNGS with a mutation frequency of 0.08, which was fil-
tered out and not reported. Conversely, there was only one 
isolate that was resistant in tNGS but susceptible in WGS. 
This isolate was detected by tNGS to have a mutation of 
rrs 1402C > T, with a mutation frequency of 0.1, reported 

Table 3  The demographic characteristics of the included participants in this study
Suspected cases Clinically diagnosed 

cases
Confirmed cases Non-tuberculo-

sis cases
Total

Gender Male 5 26 46 1 78
Female 2 34 37 7 80

Age <20 0 2 0 0 2
20–40 1 19 22 2 44
40–60 4 26 36 4 70
≥ 60 2 13 25 2 42

Marital status Unmarried 0 10 11 0 21
Married 7 50 72 8 137

Symptoms Cough, expectoration ≥ 2 
weeks

3 21 31 3 58

Coughing up blood or spit-
ting blood

2 3 3 2 10

Systemic symptoms # 2 13 24 3 42
Basic Disease Diabetes Mellitus 0 4 9 0 13

Hypertension 0 8 6 1 15
Tuberculosis history 0 2 6 0 8
Tuberculosis contact history 0 2 2 0 4
QuantiFERON®-TB Gold Plus* 0 42 53 0 95
# Night sweats, fatigue, fever, loss of appetite, weight loss;
* There were 16 cases that did not undergo QuantiFERON®-TB Gold Plus testing, including 11 confirmed cases and 5 clinically diagnosed cases
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tNGS result of this case showed a rifampicin resistance 
mutation site at rpoB Leu511Pro with a mutation frequency 
of 0.6. Upon reviewing the case, we found that the patient 
was a confirmed case with tuberculosis. The patient had 
been treated with anti-tuberculosis drugs at another hos-
pital for six months, during which three Xpert MTB/RIF 
tests all indicated “MTB detected, rifampicin resistance not 
detected”. Currently, the lesions have progressed, and there 
is suspicion of multidrug-resistant tuberculosis. In summary, 
this case may represent heterogeneous drug resistance.

There were 51 cases where the tuberculosis identifica-
tion results of Xpert MTB/RIF and tNGS on the BALF 
samples were inconsistent. We further explored the factors 
which may possibly lead to such discrepancy. In this study, 
ddPCR was used for verification on the remaining nucleic 
acid. First, the tNGS RPhKs presented significantly differ-
ent among semi-quantitative categories reported by Xpert 
MTB/RIF, notely the Xpert MTB/RIF negatives were still 
with low tNGS RPhK instead of no tNGS signal (Fig. 3A). 
Regarding the 8 non-tuberculosis cases, 6 were concluded 
as positives supported by tNGS or ddPCR validation 
(Fig.  3B), suggesting a potential of reporting early infec-
tion even in asymptomatic infection. These findings indicate 
that tNGS presents higher detection sensitivity than Xpert 
MTB/RIF and may assist in improving aetiology identifica-
tion. Among the total of 51 cases, there were 13 cases where 

were Xpert MTB/RIF-negative, and only one case was 
tNGS-negative.

The results of MTB identification by tNGS and Xpert 
MTB/RIF were inconsistent in 51 cases. Among them, 5 
cases were reported as “MTB detected” by Xpert MTB/
RIF, while tNGS reported negative, and the semi-quantita-
tive results of Xpert MTB/RIF in these 5 cases were “very 
low”. The remaining 46 cases were reported as “MTB not 
detected” by Xpert MTB/RIF, but detected MTB by tNGS.

The comparison of tNGS and Xpert MTB/RIF results 
in 158 BALF samples are shown in Table 5. The results of 
Xpert MTB/RIF showed that there were 61 cases of “MTB 
detected, rifampicin resistance not detected”, including 58 
confirmed cases, 2 suspected cases, and 1 non-tuberculosis 
case. At the same time, tNGS detected 29 cases of MTB 
positive and rifampicin-susceptible, including 26 confirmed 
cases and 3 clinically diagnosed cases. In 78 tNGS-positive 
samples, rifampicin resistance could not be detected because 
the concentration of MTB was too low, and it was reported 
as “rifampicin not applicable”. For 5 BALF samples with 
Xpert MTB/RIF results reported as “MTB detected, rifam-
picin resistance detected”, tNGS results showed that 3 cases 
were resistant, and 2 cases were not applicable for rifam-
picin. Among the four cases of tNGS reporting rifampicin 
resistance, one case was reported by Xpert MTB/RIF as 
“MTB detected, rifampicin resistance not detected”. The 

Table 4  The results of culture, Xpert MTB/RIF and tNGS in different groups
Culture Xpert MTB/RIF# tNGS
positive negative positive negative positive negative

Confirmed cases (N = 83) 29
(34.94%)

54
(65.06%)

67
(80.72%)

16
(19.28%)

73
(87.95%)

10
(12.05%)

Clinically diagnosed cases (N = 60) 0 60
(100.00%)

0 60
(100.00%)

27
(45.00%)

33
(55.00%)

Suspected cases (N = 7) 0 7
(100.00%)

2
(28.57%)

5
(71.43%)

5
(71.43%)

2
(28.57%)

Non-tuberculosis cases (N = 8) 0 8
(100.00%)

1
(12.50%)

7
(87.50%)

6
(75.00%)

2
(25.00%)

# Combining symptoms, physical signs, and imaging studies, two chief physicians made a differential diagnosis. Two individuals with positive 
Xpert MTB/RIF were identified as “suspected cases”, and one individual with positive Xpert MTB/RIF was identified as “non-tuberculosis 
case”

Xpert MTB/RIF tNGS Total
Rifampicin-
susceptible

Rifampicin-
resistant

Rifampicin
-not applicable#

MTB not 
detected

Rifampicin resistance 
not detected

26
(16.46%)

1
(6.33%)

29
(18.35%)

5
(3.17%)

61

Rifampicin resistance 
detected

0 3
(1.90%)

2
(1.27%)

0 5

Rifampicin resistance 
indeterminate

0 0 4
(2.53%)

0 4

MTB not detected 3
(1.90%)

0 43
(27.22%)

42
(26.57%)

88

Total 29 4 78 47 158

Table 5  Comparison of tNGS and 
Xpert MTB/RIF results in 158 
BALF samples

# indicates that MTB concentra-
tion is too low, and the resistance 
to rifampicin cannot be clearly 
determined
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Discussion

This study primarily utilized MTB clinical isolates and 
BALF samples to assess the clinical application value of 
tNGS in the diagnosis and drug resistance detection of 
MTB. The “WHO operational handbook on tuberculosis. 
Module 3: Diagnosis - Rapid diagnostics for tuberculosis 
detection, third edition” proposes that in people with bac-
teriologically confirmed pulmonary TB disease, tNGS may 
be used on respiratory samples to diagnose resistance to 
rifampicin, isoniazid, fluoroquinolones, pyrazinamide and 

there was not enough volume for ddPCR. Among the 38 
BALF samples with inconsistent MTB identification results 
between Xpert MTB/RIF and tNGS, 29 were ddPCR posi-
tive, of which all were tNGS-positive, while none was Xpert 
MTB/RIF-positive (Fig. 3C). In addition, 9 cases of ddPCR 
negative samples, included 1 case of Xpert MTB/RIF posi-
tive and 8 cases of tNGS positive.

Fig. 3  Further validation of the discrepant results
Note: A) Relationship between Xpert MTB/RIF results with vary-
ing bacterial loads and the RPhK detected by tNGS. The tNGS 
RPhK prevalence was plotted based on different Xpert MTB/RIF 
semi-quantitative positive categories: RPhKXpert MTB/RIF(high) = 
[74323, 85882]; RPhKXpert MTB/RIF(medium) = [9105,71443]; RPh-
KXpert MTB/RIF(low) = [34, 37556]; RPhKXpert MTB/RIF(very low) = [0, 3036]; 
RPhKXpert MTB/RIF(−)−ddPCR(+) = [3, 1973]; RPhKXpert MTB/RIF(−)−ddPCR(−) 
= [14, 234]. Significant differences were observed in the RPhK val-
ues between the Xpert MTB/RIF(high) group and the Xpert MTB/

RIF(medium) group (P = 0.02, Wilcoxon rank sum test), between 
the Xpert MTB/RIF(medium) group and the Xpert MTB/RIF(low) 
group (P = 0.035, Wilcoxon rank sum test), and between Xpert MTB/
RIF(low) group and the Xpert MTB/RIF(very low) group (P = 1.3e-
06, Wilcoxon rank sum test). The RPhK values for both ddPCR(+) and 
ddPCR(-) did not show a significant difference (P = 0.11, Wilcoxon 
rank sum test). B) Detection results of Non-tuberculosis. C) Validation 
of the inconsistent MTB identification results between Xpert MTB/
RIF and tNGS using ddPCR (N = 38/51#)
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resistance in BALF samples was not as good as Xpert MTB/
RIF in our study. There were 29 samples that tested positive 
for tuberculosis using tNGS, but the results for rifampicin 
drug resistance were “rifampicin not applicable”, and this 
situation mostly occurred when the semi-quantitative results 
of Xpert MTB/RIF were very low. This is because tNGS 
targets multi-copy genes (IS6110 and IS1081) for detect-
ing MTB, whereas rifampicin resistance is detected using 
a single-copy gene (rpoB). Additionally, there is inconsis-
tency in amplification efficiency across different detection 
sites. Therefore, if the concentration of MTB in clinical 
samples is low, it may result in the inability to detect rifam-
picin resistance. It is noteworthy that the tNGS results of a 
BALF sample showed resistance to rifampicin, indicating 
a rifampicin-resistant mutation site at the rpoB Leu511Pro, 
with a mutation frequency of 0.6. The Xpert MTB/RIF 
result of this case showed that rifampicin resistance was not 
detected, suggesting that in some cases, clinical treatment 
can be initiated based on tNGS results.

The detection performance of tNGS is closely related 
to the sequencing platform and nucleic acid extraction 
methods, which has also been mentioned in the studies by 
Andrea M Cabibbe and Tara E Ness [34, 50]. In this study, 
the nucleic acid extraction protocol incorporated both 
mechanical cell wall disruption and subsequent chemical 
lysis techniques to achieve optimized overall efficiency and 
reliability for drug resistance mutation detection. Addition-
ally, this study employed the KM MiniSeq Dx-CN platform, 
a relatively compact sequencing system adapted to clinical 
laboratory applications where sample size is relatively small 
(e.g. MTB). The MiniSeq platform offers low sequencing 
error rates, thereby ensuring the accurate detection of drug 
resistance-associated mutations.

Our study has several limitations. Firstly, the anti-tuber-
culosis drugs involved in this study are limited, such as 
bedaquiline, pretomanid, linezolid and other drugs that have 
been included in the treatment of drug-resistant tuberculosis 
[51]. Secondly, the retrospective study was conducted in the 
clinical laboratory, and tNGS results were not communi-
cated to clinicians and patients, which did not directly pro-
vide reference for clinical diagnosis and treatment. Finally, 
the targets of tNGS in this study did not fully cover the 
comprehensive resistance mutations in the WHO document 
[18]. Future studies that utilize an expanded panel encom-
passing a wider range of target loci and diverse treatment 
interventions could provide more comprehensive insights 
into the diagnosis value of tNGS. Additionally, the overall 
sensitivity of detecting resistance genotypes is lower than 
that of MTB identification (which may be due to the lack of 
multi-copy target loci for primer design and low MTB titer 
in clinical samples). Consequently, reporting both the pres-
ence of MTB and the resistance genotypes may not occur 

ethambutol rather than culture-based phenotypic AST [31]. 
Previous studies have shown that tNGS can be used for 
the identification, drug resistance detection, and typing of 
tuberculosis, offering advantages such as cost-effectiveness, 
efficiency, accuracy, and flexibility [6, 32–44]. To date, 
there is a lack of studies systematically evaluating the use 
of tNGS in diagnosing tuberculosis using clinical isolates 
and samples, in comparison with culture, phenotypic AST, 
WGS, and Xpert MTB/RIF.

In this study, for 143 MTB clinical isolates, tNGS and 
phenotypic AST, as well as AST based on WGS, all showed 
a high agreement, with average concordance rates of 95.10% 
and 97.05%, respectively, similar to the results of other stud-
ies [32, 42, 44]. Nevertheless, a few minor discrepancies 
were still observed, albeit in a small number of cases. The 
reasons for the inconsistency between tNGS and phenotypic 
AST mainly include the following. First, phenotypic AST 
may miss some low-level resistance to rifampicin, isonia-
zid, and fluoroquinolones [45, 46]; second, the phenotypic 
AST of ethambutol may be unreliable [47–49]; finally, 
tNGS cannot detect other non-resistance gene mutations 
that cause resistance mechanisms, such as drug efflux. Addi-
tionally, the primary reason for the missed detection of drug 
resistance by tNGS, while it was detected by WGS, is that 
some rare mutations are not included in the tNGS detection 
targets. These include rpoB Leu545Met, katG Gly593Asp, 
ahpC-48G > A, embA -12  C > T, embB Asp354Ala, etc. 
Among these, rpoB Leu545Met, embA  -12 C > T, and embB 
Asp354Ala have been observed in more than one MTB iso-
late. These mutation sites may be considered for inclusion 
in future optimizations of tNGS.

The use of tNGS to detect MTB in clinical samples is 
common in sputum [33, 34, 37, 42, 44]. Additionally, there 
are a few studies on cerebrospinal fluid, stool, gastric aspi-
rate, BALF, pus, pleural effusion, and formalin-fixed and 
paraffin-embedded (FFPE) tissue specimens [6, 36, 38, 41, 
43, 44, 50].This study used tNGS to identify MTB in 158 
BALF samples, and further validated samples with incon-
sistent identification results between Xpert MTB/RIF and 
tNGS using ddPCR. In the confirmed cases, the positive 
rate of tNGS (73/83, 87.95%) is higher than that of Xpert 
MTB (67/83, 80.72%).Additionally, 45% of clinically diag-
nosed cases were detected positive by tNGS. Regarding all 
38 samples with discrepant results, further validation with 
ddPCR yielded 29 positives, of which all tNGS were posi-
tive, and none was Xpert MTB/RIF positive. Globally, the 
bacteriological confirmation rate among people diagnosed 
with tuberculosis in 2022 was only 63%, and 62% in China 
[1].The application of new tuberculosis diagnostic tech-
nologies, including tNGS, can enhance the bacteriologi-
cal confirmation rate. Certainly, it is also important to note 
that the performance of tNGS in detecting rifampicin drug 
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