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Abstract 

Background To determine the diagnostic accuracy of a nanopore sequencing assay of PCR products from a M. 
tuberculosis complex-specific region for testing of bronchoalveolar lavage fluid (BALF) samples or sputum samples 
from suspected pulmonary tuberculosis (PTB) patients and compare the results to results obtained for MGIT and Xpert 
assays.

Methods Cases with suspected PTB (n = 55) were diagnosed from January 2019 to December 2021 based on results 
of nanopore sequencing, MGIT culture, and Xpert MTB/RIF testing of BALF and sputum samples collected during 
hospitalization. Diagnostic accuracies of assays were compared.

Results Ultimately, data from 29 PTB patients and 26 non-PTB cases were analyzed. PTB diagnostic sensitivities of 
MGIT, Xpert MTB/RIF, and nanopore sequencing assays were 48.28%, 41.38%, and 75.86%, respectively, thus demon-
strating that nanopore sequencing provided greater sensitivity than was provided by MGIT culture and Xpert assays 
(P < 0.05). PTB diagnostic specificities of the respective assays were 65.38%, 100%, and 80.77%, which corresponded 
with kappa coefficient (κ) values of 0.14, 0.40, and 0.56, respectively. These results indicate that nanopore sequenc-
ing provided superior overall performance as compared to Xpert and MGIT culture assays and provided significantly 
greater PTB diagnostic accuracy than Xpert and sensitivity comparable to that of the MGIT culture assay.

Conclusion Our findings suggest that improved detection of PTB in suspected cases was achieved using nanopore 
sequencing-based testing of BALF or sputum samples than was achieved using Xpert and MGIT culture-based assays, 
and nanopore sequencing results alone cannot be used to rule out PTB.
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Background
Tuberculosis (TB) remains a major health problem that 
afflicts about 10 million people worldwide, as reported 
by the World Health Organization (WHO) [1]. Although 
pulmonary tuberculosis (PTB) cases account for only 
8.5% of global estimated TB incident cases, PTB is the 
most common form of TB in China. Importantly, early 
PTB diagnosis and treatment initiation are necessary to 
prevent disease progression and reduce high PTB mor-
tality and morbidity rates.

Over the last decade, standard PTB diagnostic meth-
ods have mainly included culture-based and Xpert-based 
assays. Although the sensitivity of mycobacterial growth 
indicator tube (MGIT) culture testing of bronchoalveo-
lar lavage fluid (BALF) samples or sputum samples is at 
most 50%, MGIT culture is still the most widely used 
PTB diagnostic method. However, this method requires 
a long incubation period and thus cannot provide timely 
results, prompting researchers to develop molecular tests 
that can produce results in only a few hours. One such 
test, the Xpert MTB/RIF (Cepheid) assay or the LAMP 
method transcription reverse transcription concerted 
reaction (TRC), are rapid, automated, cartridge-based 
nucleic acid amplification-driven test that was recom-
mended as an initial microbial diagnostic test for PTB 
[2]. In 25 previous studies, the pooled sensitivity and 
specificity of the diagnosis of tuberculosis were 93% and 
94% for LAMP, and 89% and 98% for Xpert MTB/RIF [3].

New technologies, such as nanopore sequencing, 
have significantly lowered cost outlays and reduced run 
times by an order of magnitude, with nanopore sequenc-
ing assays achieving rapid detection of microorganisms 
through analysis of thousands to billions of independently 
and simultaneously sequenced DNA fragments. Indeed, 
as compared with MGIT culture and Xpert assays, nano-
pore sequencing-based assays are faster, more accurate, 
and more suitable for high-throughput sample process-
ing [4]. But this previous study only focus on the sputum 
samples from the paticipants. In this study, we analyzed 
the diagnostic accuracy of a nanopore sequencing assay 
of PCR products from a M. tuberculosis complex-specific 
region to detect mycobacterial pathogenic organisms in 
BALF and sputum samples obtained from suspected PTB 
patients then compared the results to MGIT culture and 
Xpert MTB/RIF assay results.

Methods
Patient enrollment
All methods were carried out in accordance with guide-
lines and regulations of Beijing Chest Hospital. Informed 
consent was obtained from all subjects or their legal 
guardian. Patients with suspected PTB (n = 55) seeking 
treatment at Beijing Chest Hospital from November of 

2021 to March 2022 were diagnosed based on testing of 
BALF and sputum samples collected during hospitaliza-
tion. All enrolled patients were required to meet at least 
one of the following criteria: (1) exhibit TB disease symp-
toms, such as subacute cough, fever, night sweats, and/or 
weight loss; (2) present with chest X-ray findings includ-
ing miliary pulmonary nodules or patchy shadows.

Clinicians diagnosed PTB cases according to approved 
clinical guidelines of the Ministry of Health of the Peo-
ple’s Republic of China. Diagnosed PTB cases complied 
with one or more of the following criteria: (1) positive 
microbiological results (including acid-fast smear stain-
ing results or culture of Mycobacteria tuberculosis from 
BALF specimens); (2) pathological lung tissue biopsy 
results consistent with pathological features of TB; (3) 
reduced lung lesion size or disappearance of lesion(s) 
after 3  months of anti-TB treatment. Otherwise, cases 
were classified as non-PTB cases. Non-PTB cases were 
treated with antibiotics such as penicillin and cephalo-
sporins and were followed up for at least 3 months.

Clinical specimens
A total of 55 BALF specimens were collected from 
patients aged 15–85 years who were diagnosed with PTB 
at Beijing Chest Hospital between November 2021 and 
March 2022, including 25 and 30 specimens collected 
from men and women, respectively. All specimens were 
stored at − 70 °C until needed for DNA extraction.

DNA extraction
Genomic DNA (gDNA) was extracted from clinical 
specimens according to an accepted, established method 
as previously reported [5, 6]. Before initiation of library 
preparation, gDNA samples were quantified using a 
Qubit 4.0 fluorometer (Life Technologies, USA) then the 
purity of each preparation was estimated using a Nan-
odrop spectrophotometer (Thermo Fisher Scientific, 
USA). Quality requirements included an OD 260/280 
ratio of approximately 1.8 and an OD 260/230 value 
within the range of 2.0–2.2.

Polymerase chain reaction (PCR)
We targeted the amplification of four gene sequences for 
the identification of Mycobacterium tuberculosis, namely 
IS6110, rpoB, hsp65 and gyrB. The resistance-determin-
ing region of the rpoB gene is primarily responsible for 
rifampicin resistance and also the species identification 
of Mycobacterium tuberculosis, so our primers cover 
this region. These sequencing results that consistent 
with drug resistance, will guide the patient’s treatment. 
The regions of these genes were presented in Table 1. For 
analysis of the 55 study samples, we routinely prepared 
the PCR mix as directed by the instructions provided 
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with the LongAmp Taq 2 × Master Mix Kit (#M0287, 
NEB). The 30-μL PCR reaction mix for each sample 
included 5 μL each of 10 μM forward and reverse prim-
ers (see Table  1), 20  ng of gDNA extract, and 15  μL 
LongAmp Taq 2 × Master mix. The PCR cycling pro-
file consisted of 94 °C for 2 min followed by 30 cycles of 
94 °C for 15 s, 60 °C for 15 s, and 68 °C for 40 s and a final 
4 °C hold. PCR products for each sample were quantified 
within the range of approximately 100–200  fmol using 
gradient dilution. Equimolar amounts of PCR products 
were mixed then a portion of each mixture was sent to 
ShengTing Bioinformatics Institute for sequencing.

Nanopore library preparation and sequencing
Multiplex PCR amplicons of the 55 study samples 
were prepared using a Ligation Sequencing Kit (SQK-
LSK109; ONT, Oxford, UK) and Native Barcoding Kit 
(EXPNBD104 and EXP-NBD114; ONT). End-prep and 
native barcode ligation to amplicons were performed for 
approximately 3 h using a 100–200-fmol sample diluted 
in 65  μL of nuclease-free water according to the Native 
Barcoding Kit protocol. Thereafter, adapter ligation and 
cleaning steps were performed using a NEB ligation kit 
and Agencourt AMPure XP beads (Beckman Coulter, 
USA), respectively, to generate a final adapter-ligated 
DNA library containing 50–100 fmol of DNA. The library 
was loaded into an R9.4 flow cell (ONT) containing a suf-
ficient number of effective pores (≥ 800 pores) then DNA 
sequencing was conducted using a GridION instrument 
(ONT). After the sequencing run was complete, the 
flow cell was cleaned using a Flow Cell Wash Kit (EXP-
WSH004; ONT) according to the manufacturer’s proto-
col and stored at 4 °C for later use.

Nanopore data analysis
Nanopore raw data (fast5) were analyzed using Guppy 
Version 4.5.2 software (ONT) [4]. Basecalling of data was 
repeated using the parameter "--config dna_r9.4.1_450 
bps_hac.cfg--num_callers 4 --cpu_threads_per_caller 

4" then barcode recognition was conducted using the 
parameter "--barcode_kits EXPNBD104 EXP-NBD114" 
followed by trimming of sequences using the parameter" 
“--config configuration.cfg--trim_barcodes”. Thereaf-
ter, sequence data were counted using NanoPlot v1.28.1 
[7] and variant calls were found using medaka v1.3.2 
[8]. Finally, raw reads were mapped to the Mycobacte-
rium tuberculosis H37Rv genomic reference sequence 
then trimmed reads were assembled onto the reference 
genome using Genomics software.

Consensus generation for use in gene variation 
identification
Accuracy of detection of nanopore sequencing vari-
ants was determined by aligning assembled nanop-
ore sequences to the Sanger reference sequence using 
ClustalW. Percent identities were determined for each 
alignment to ascertain the accuracy of the nanopore 
sequencing method [9–11].

Statistical analysis
Continuous variables were expressed as the mean ± SD. 
2 × 2 contingency tables were generated to display true 
positives, true negatives, false negatives, false positives, 
sensitivity, specificity, positive predictive value (PPV), 
and negative predictive value (NPV). The paired McNe-
mar Chi-square test was used to compare diagnostic 
accuracies of the nanopore sequencing assay to corre-
sponding accuracies of MGIT culture and Xpert assays. 
All statistical analyses were performed using SPSS 24.0, 
with P < 0.05 considered statistically significant.

Results
Patients’ characteristics
A total of 65 suspected PTB cases who visited the hos-
pital from November 2019 to March 2022 were initially 
included in our study, of which 10 cases were excluded 
due to lack of anti-TB treatment outcomes data. Clinical 
features of the final set of patient enrollees in the study 
are shown in Table 2. Among the total 55 enrolled cases, 
29 cases were diagnosed with PTB and 26 cases were 
diagnosed with non-PTB diseases, with no differences 
in average age and gender and sample positivity rate s 
observed between PTB and non-PTB groups (Table  2). 
All patients with definite and possible PTB were assigned 
to the PTB group in order to provide "gold standard" data 
for use in calculating assay sensitivity and specificity. 
Among the 26 control patients, 11 were diagnosed with 
malignant cancers and 15 were diagnosed with other 
infectious diseases, while all PTB patients and controls 
were confirmed to be HIV negative. Of the total enroll-
ees, 25 (45.5%) were male. The median age of enrollees 
was 38.79 ± 15.56 years (range 15–85 years).

Table 1 Information of primers used for PCR amplification

Gene Primer ID Sequence Size (bp)

IS6110 IS6110-For CTG AAC CGG ATC GAT GTG TA 982

IS6110-Re GGT GGT TCA TCG AGG AGG TA

rpoB rpoB-For TGT TGG ACA TCT ACC GCA AG 926

rpoB-Re CGA GAC GTC CAT GTA GTC CA

hsp65 hsp65-For TCG AGA CCA AGG AGC AGA TT 1051

hsp65-Re GCG AGC AGA TCC TCG TAG AC

gyrB gyrB-For CGA AAC CAC GGA ATA CGA CT 1157

hsp65-Re GTT GTG CCA AAA ACA CAT GC
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Nanopore sequencing
All samples were amplified and sequenced successfully 
using the nanopore sequencing assay workflow, result-
ing in successful library preparation with an average of 
1.6  Mb of total reads per flow cell, 100  kb of sequence 
mapped to H37Rv, and 85% of reads barcoded. In total, 
four flow cells were run that all provided similar sequenc-
ing results quality using a similar numbers of channel.

To avoid time consuming and tedious sample prepa-
ration issues prior to DNA sequencing, we attempted to 
amplify key genes directly from routine clinical speci-
mens without incorporating an additional DNA purifi-
cation step. Ultimately, time-to-result analysis of each of 
the 20 study specimens indicated that the procedure took 
approximately 15  h (including gDNA extraction, PCR 
amplification, library preparation, nanopore sequenc-
ing, and data analysis). Importantly, the flow cell pro-
vided enormous excess capacity for PCR amplicons in 
our size range. In fact, the 20 sample amplicons were eas-
ily sequenced using a flow cell with approximately 100 

activated pores to generate complete reads in 3  h with 
an average total sequence coverage per sample of 20 Mb. 
Assessments of trimmed barcode sequence data qual-
ity from multiplex ONT sequencing experiments using 
NanoPlot revealed no major differences in sequence out-
put results among the different samples, with sequence 
quality found to be consistent among the 34 samples, as 
evidenced by high mean base quality scores within the 
narrow range of 15.0–15.1.

PTB diagnostic performance of nanopore sequencing, 
MGIT culture, and Xpert assays
Comparison of PTB diagnostic performance of the 
nanopore sequencing assay as compared with perfor-
mance results for MGIT culture (48.28%) and Xpert 
assays (41.38%) revealed that the nanopore sequencing 
assay (75.86) was more sensitive than Xpert (P < 0.05) 
(Table 3) but was not statistically significantly more sen-
sitive than the MGIT assay (75.86% vs. 48.28%, P = 0:23). 
Meanwhile, the specificity of the nanopore sequencing 

Table 2 Clinical characteristics of enrolled patients

Number PTB Non-PTB P value

Number of patients 55 29 26

Age (years) (mean ± SD) 38.79 ± 15.56 45.15 ± 17.78 0.33

Gender 0.32

 Male, n (%) 25 15 (51.72) 10 (38.46)

 Female, n (%) 30 14 (48.28) 16 (61.54)

Sample type 0.46

 Bronchoalveolar lavage fluid 31 15 16

 Sputum 24 14 10

Disease type

 PTB 29

 Malignant cancers 11

 Other infectious diseases 15

Table 3 Diagnostic performance of nanopore sequencing assay, MGIT culture, and Xpert assay in PTB

PTB pulmonary tuberculosis, Non-PTB non-pulmonary tuberculosis, PPV positive predictive value, NPV negative predictive value

PTB Non-PTB Sensitivity Specificity PPV NPV Coincidence Kappa

MGIT culture 48.28 65.38 60.87 53.13 56.36 0.14

 Positive 14 9

 Negative 15 17

Xpert 41.38 100 100 60.47 69.09 0.40

 Positive 12 0

 Negative 17 26

Nanopore sequenc-
ing assay

75.86 80.77 81.48 75.00 78.18 0.56

 Positive 22 5

 Negative 7 21



Page 5 of 8Liu et al. BMC Pulmonary Medicine           (2023) 23:77  

assay was significantly lower than that of the Xpert assay 
(80.77% vs. 100.00%; P < 0.05) (Tables  3 and 4). Fur-
thermore, PPV and NPV obtained using the nanopore 
sequencing assay were 81.48% and 75.00%, respectively, 
with respective values of 60.47% and 69.09% obtained 
via Xpert and values of 60.87% and 53.13%, respectively, 
obtained via MGIT culture (P > 0.05) (Tables  3 and 5). 
Calculations of kappa coefficients revealed κ values for 
the nanopore sequencing assay, MGIT culture, and Xpert 
of 0.56, 0.14, and 0.40, respectively, and respective coin-
cidence rates for the three assays of 78.18%, 56.36%, and 
69.09% (Tables 3, 4 and 5).

The area under the curve (AUC) value for the nanopore 
sequencing assay (0.783, 95% CI 0.656, 0.910) was larger 
than AUC values obtained of 0.568 (95% CI 0.416, 0.721) 
for the MGIT culture assay and 0.707 (95% CI 0.569, 
0.845) for the Xpert assay (Fig.  1). Collectively, these 
results demonstrate superior diagnostic accuracy of the 
nanopore sequencing assay as compared to diagnostic 
accuracies of MGIT culture and Xpert assays when used 
to diagnose suspected PTB cases.

Table 4 Diagnostic Comparison of nanopore sequencing assay 
and Xpert assay in PTB

Xpert Nanopore sequencing assay Number P value

Positive Negative

Positive 9 3 12 < 0.05

Negative 18 25 43

Number 27 28 55

Table 5 Diagnostic Comparison of nanopore sequencing assay 
and MGIT culture assay in PTB

MGIT culture Nanopore sequencing 
assay

Number P value

Positive Negative

Positive 13 9 22 0.23

Negative 14 19 33

Number 27 28 55

Fig. 1 The diagnostic accuracy of different detection techniques
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Discussion
Subclinical TB infections, known as early-stage active 
TB disease, are easily ignored, due to a lack of TB symp-
toms. In order to rule out active TB disease in such cases, 
radiologic and immunologic assays of sputa or BALF 
could be used to help detect active disease. However, in 
cases where patients cannot produce sputa, clinicians 
are generally reluctant to administer early empirical anti-
TB treatments based solely on radiologic findings (e.g., 
miliary patterns on X-rays) and results of immunologic 
assays. Therefore, other diagnostic techniques are needed 
to correctly diagnose TB in sputum-scarce patients with 
suspected PTB.

Nanopore sequencing assay can accelerate diagno-
sis of difficult-to-detect pathogens in clinical practice. 
However, previous studies of nanopore sequencing assay 
have described excellent nanopore assay-based patho-
gen detection only in sputum clinical sample. This time 
we analyze the diagnostic value of a nanopore sequenc-
ing assay of bronchoalveolar lavage fluid in pulmonary 
tuberculosis. When nanopore sequencing assay tech-
nologies first became available in the marketplace, they 
were mainly used for genome sequencing [12]. With the 
advancement of sequencing chemistries and computa-
tional capacity, nanopore sequencing assay technologies 
have matured into clinical applications in recent years 
[13]. One such application that is currently used in clini-
cal infectious disease settings, nanopore sequencing, is 
used most often to diagnose patients experiencing fever 
without detectable localized infections who lack M. 
tuberculosis culture-positive results [14, 15]. Sequence 
analysis completion usually required several days, due 
to sample transport and processing times. In addition, 
nanopore sequencing assays can support rapid diagnoses 
of infections caused by slow-growing microorganisms, 
such as mycobacteria that cause TB and non-tuberculous 
mycobacterial (NTM) infections [16–21].

Indeed, correct diagnosis of TB versus NTM through 
rapid identification of mycobacteria at the species level 
is critically important prior to administration of specific 
and effective medications in order to maximize treat-
ment outcomes. Moreover, accurate early diagnosis can 
avoid unnecessary testing and side effects associated with 
unnecessary medications, thus reducing overall treat-
ment costs. Toward this end, sequence-based assays 
that only require at most a few days for completion have 
transformed clinical TB diagnosis, even when samples 
must be sent to private laboratories for testing. Therefore, 
use of sequence-based methodologies has undeniably 
greatly impacted clinical management of mycobacterial 
infections [4].

The Oxford Nanopore Technologies MinION device is 
gaining popularity as a platform used by routine clinical 

microbiology testing laboratories to perform nanopore 
sequencing assays. When nanopore sequencing assays 
were first used for laboratory diagnosis of infectious dis-
eases, usually more than 10 samples were processed in 
one sequencing run in order to reduce the sequencing 
cost per sample [4]. However, the recent development of 
the Oxford Nanopore Technologies MinION device has 
expedited laboratory adoption of diagnostic nanopore 
sequencing assays, due to its low equipment cost, short 
turn-around-time, and small physical size for increased 
portability [7, 8]. When this platform first became com-
mercially available in 2015, its sequencing error rate was 
still very high [22]. Nevertheless, after several rounds 
of improvement, the sequencing error rate reached an 
acceptable range [23, 24] that led to increased demand 
for the device. In turn, increased demand has fueled 
further improvements that have led to enhanced scal-
ability, ease of use, and flexibility that have enabled this 
technology to better serve clinical microbiology laborato-
ries handling diverse specimen volumes. Taken together, 
these advantages highlight the potential of the Oxford 
Nanopore Technologies MinION device to serve as an 
effective platform that will greatly transform clinical 
microbiological testing [4].

The rapid development of next-generation sequenc-
ing has stimulated detection of bacteria, fungi, viruses, 
and parasitic organisms through nontargeted DNA/
RNA sequencing that has facilitated quick identification 
of pathogens to support early and accurate infectious 
disease diagnosis. For example, Huang et  al. employed 
a sequence-based assay to successfully detect human 
pathogens in 94.49% of samples from patients with pul-
monary infections who had tested negative for patho-
gens using traditional pathogen detection methods. Their 
results thus demonstrated that sequence-based assay 
accuracy and sensitivity exceeded corresponding stand-
ard pathogen detection assay performance indicators 
[25]. Similarly, Wang et  al. found that their sequence-
based assay was more sensitive than traditional meth-
ods for detection of mixed pulmonary infections [26], 
whereas Chen et al. obtained sequence-based test results 
for BALF specimens collected from patients with severe 
PTB disease that closely aligned with standard culture 
method-based results [27]. Here we report success-
ful the Nanopore sequence of PCR products from a M. 
tuberculosis complex-specific region in BALF collected 
from TB patients and demonstrate its value for use in 
diagnosing suspected PTB cases. Ultimately, the nano-
pore sequencing method provided superior sensitivity 
(75.86%) as compared to culture and Xpert assay sensi-
tivities of 48.28% and 41.38%, respectively. Thus, these 
results demonstrated greater sensitivity of this method as 
compared to sensitivities of conventional culture-based 
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and Xpert tests, although its specificity was comparable 
to that obtained from the conventional tests (e.g., Xpert). 
Finally, the area under the curve (AUC) value obtained 
for the nanopore sequencing assay exceeded AUC val-
ues obtained for the culture-based assay and Xpert, thus 
indicating that the nanopore sequencing assay provided 
superior diagnostic performance when used to test sus-
pected PTB cases. As a final consideration, in cases 
where one sampling technique is contraindicated, our 
results revealed that similar results were obtained for 
sputum and BALF samples, thus demonstrating that cli-
nicians can choose between the two sampling techniques 
without hesitation. Taken together, these results collec-
tively suggest that nanopore sequencing should be use-
ful as an additional testing method to support improved 
diagnostic detection of PTB cases.

Although a standard culture-based mycobacterial 
detection assay was evaluated in this study, this method 
could not discriminate between TB and NTM organisms 
as well as Xpert and nanopore sequencing methods, since 
the culture-based assay produced culture-positive results 
for both mycobacterial types, as illustrated by the fact 
that although culture assay specificity was suitable for 
discriminating between mycobacterium and non-myco-
bacterium groups, culture assay results obtained for 3 of 
29 control samples with NTM disease were-positive for 
M. tuberculosis. Thus, the low specificity of the culture 
method makes it of limited value when used for TB diag-
nosis such that the high number of false-positive results 
obtained using the culture-based method indicate that 
results obtained using this test should be carefully inter-
preted when used for TB diagnosis in areas where NTM 
is epidemic.

Xpert also has limitations in that this assay only tar-
gets rpoB as a specific M. tuberculosis complex-asso-
ciated sequence, which is present as only a single copy 
per genome. By contrast, the nanopore sequencing assay 
targets the IS6110 insertion sequence, which is not only 
specific for the M. tuberculosis complex, but is present 
at 10–12 copies in genomes of various M. tuberculosis 
strains. Importantly, this feature of nanopore sequenc-
ing assays makes them more sensitive than culture-based 
and Xpert assays for use in detecting diverse clinical M. 
tuberculosis isolates exhibiting variable tissue dissemina-
tion patterns and pathogenic properties.

Our study had several limitations. First, the study was 
based on a relatively small sample size, which might have 
introduced bias into our results that should be addressed 
through future studies to evaluate the diagnostic effi-
cacy of the nanopore sequencing assay. Second, since 
our research focused on BALF specimens, the collection 
of lavage specimens containing numbers of pathogenic 
bacteria below the detection level of the test may have 

resulted in false-negative results as a reminder that the 
nanopore sequencing assay is still an auxiliary tool that 
should be used in combination with clinical features, 
radiological imaging findings, and laboratory test results 
to diagnose suspected PTB cases. Third, we could not 
rule out that false-negative and false-positive nanopore 
sequencing assay results occurred due to (1) a sequence 
depth that was too low; (2) high host genome background 
noise and low microbial pathogen biomass; (3) adminis-
tration of antibiotics to patients prior to testing; and (4) 
contamination of samples with genomes of environmen-
tal microbes or human flora [25]. Fourth, there was an 
antimicrobial drug resistance gene in our PCR product. 
But we didn’t have the patients’ treatment result. If these 
sequencing results consistent with the patient’s response 
to treatment, the correspondence between treatment and 
sequencing makes our results more beneficial meaning-
ful. Fifth, the absence of certain control diseases, such 
as lymphomas and rheumatoid arthritis (rare diseases 
in patients of Beijing Chest Hospital), may have biased 
our results. However, the limitation may be solved by the 
combination of Shell-vial culture and nanopore sequenc-
ing for biopsy in which the human genome fraction is 
very important [28].

In summary, our findings demonstrate that nanopore 
sequencing assay could permit improved detection of 
M. tuberculosis in BALF samples in sputum-scarce cases 
with suspected PTB. Further investigations are needed 
to confirm our findings based on larger and more diverse 
patient populations.

Conclusions
Our findings suggest that improved detection of PTB in 
suspected cases was achieved using nanopore sequenc-
ing-based testing of BALF or sputum samples than was 
achieved using Xpert and MGIT culture-based assays, 
and nanopore sequencing results alone cannot be used to 
rule out PTB.
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