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Objective: This study aims to analyze the performance differences between targeted nanopore sequencing, Sanger sequencing, and
metagenomic sequencing in comparatively identifying non-tuberculous mycobacteria (NTM) species. Additionally, it explores the
clinical application potential of targeted nanopore sequencing for identifying NTM clinical isolates in the Shenzhen region.
Methods: This retrospective study collected a total of 50 suspected NTM isolates from drug-resistant tuberculosis surveillance across
10 districts in Shenzhen, China, between December 2024 and June 2025. The species of the NTM isolates were initially identified
using fluorescence PCR probe melting curve analysis. Genomic DNA was extracted from all 50 isolates, and species identification was
performed using targeted nanopore sequencing (tNS), metagenomic sequencing (mNGS), and Sanger sequencing. The Jaccard
similarity index, Kappa coefficient for classification consistency, and F1 score for model performance were calculated to evaluate
the concordance among the three sequencing methods and assess the detection performance of targeted nanopore sequencing in NTM
species identification.

Results: The most frequently detected NTM species by tNS, mNGS, and Sanger sequencing were M.abscessus and M. fortuitum, while
M. tuberculosis was predominantly identified through mNGS results. Among the 50 suspected NTM samples, 18 (36%) showed
complete concordance between tNS, mNGS, and Sanger sequencing, with the highest agreement observed between mNGS and tNS
(28 samples, 56%). The final species identification reference results for the 50 samples were confirmed through a comprehensive
evaluation using the Jaccard similarity coefficient, precision, and recall. Based on reference results, the F1 scores for tNS, mNGS, and
Sanger sequencing were 0.927, 0.896, and 0.543, respectively. The tNS exhibited the highest concordance with the reference results,
outperforming the other two methods.

Conclusion: tNS represents a preferred auxiliary methodology for clinical identification of NTM isolates in Shenzhen, China, with
identification results optimally validated through integration with mNGS findings. This study provides strong support for the
application of tNS technology for NTM species identification.
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Introduction

Non-tuberculous mycobacteria (NTM) represent a significant and diverse group of mycobacteria that excludes both the
Mycobacterium tuberculosis complex and Mycobacterium leprae. To date, more than 190 distinct NTM species have
been identified." NTM are capable of infecting various human tissues, including the lungs, soft tissues, and lymph nodes,
with pulmonary infections constituting the most common clinical manifestation and often presenting with symptoms that

closely mimic those of tuberculosis.> A comprehensive systematic review® encompassing 18 countries, 47 independent
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studies, and 285,681 NTM isolates demonstrates that 82% of included studies document an increasing trend in NTM
infection rates, while 68% report a corresponding rise in the incidence of NTM-related diseases. The estimated annual
variation rates for global NTM infections and associated diseases are 4.0% and 4.1%, respectively. Notably,
Mycobacterium avium complex (MAC) exhibits the most pronounced upward trajectory, with 78.9% and 83.3% of
studies confirming escalating infection rates for this complex.>*

High-risk populations for NTM infections include individuals with compromised immune function (such as those
living with HIV, organ transplant recipients, and patients receiving long-term immunosuppressive therapy), individuals
with underlying structural lung damage (including those with bronchiectasis or cystic fibrosis), elderly populations, and
chronic smokers. As the global demographic continues to age and the prevalence of immunocompromised individuals
increases, the pool of susceptible populations is projected to expand substantially. Furthermore, the management of NTM
infections necessitates prolonged treatment regimens (frequently exceeding 12 months), involves multiple antimicrobial
agents, carries a high risk of adverse drug reactions, and often requires prohibitively expensive novel therapeutic agents.
Consequently, treatment costs far exceed those associated with typical pulmonary infections, thereby imposing
a substantial economic burden on healthcare systems worldwide. This challenge is particularly acute in low- and middle-
income countries, where the diagnostic and therapeutic expenses associated with NTM infections represent a critical
constraint on medical resource allocation and contribute significantly to escalating healthcare expenditures.” *

Currently, NTM infections have emerged as a major global public health threat, with their clinical impact demon-
strating distinct regional epidemic characteristics across all continents, including China.** For instance, in North
America, MAC represents the predominant etiological agent of NTM pulmonary disease, accounting for 51-85% of
all NTM isolates. In Europe, MAC and M. kansasii constitute the primary causative agents of NTM pulmonary disease,
with MAC comprising 22-82% of cases. Asia, particularly East Asia (encompassing South Korea, Japan, mainland
China, and the Taiwan region of China), has emerged as a high-incidence region for NTM infections. Beyond MAC
(representing 34-76% of isolates) as the dominant species in this region, the prevalence of Mycobacterium abscessus
complex (MAB) is notably higher than in other continents. In certain areas, such as southern Taiwan, MAB has become
the predominant pathogenic species. As the nation bearing the third-highest tuberculosis burden globally, China has
witnessed a dramatic escalation in NTM isolation rates, rising from 4.3% in 1979 to 11.1% in 2000, and further
increasing to 22.9% in 2010, with continued upward trends observed throughout the past decade.” A comprehensive
systematic review and meta-analysis spanning 2013—2024° revealed that the co-infection rate of NTM among suspected
tuberculosis patients in China was 11.27%, with marked regional heterogeneity. The prevalence was highest in Northeast
China (24.18%), followed by southeastern coastal regions (12.83%), and lowest in Southwest China (2.30%). Regarding
species distribution, slow-growing mycobacteria account for 68.07% of NTM isolates in China, predominantly MAC
(particularly M. intracellulare), while rapidly growing mycobacteria comprise 26.57%, primarily M. abscessus, with
higher prevalence observed in southern provinces. Additionally, the Taiwan region demonstrates relatively elevated NTM
infection rates, with MAB as the dominant species, paralleling epidemic patterns observed in southern regions of
mainland China.

Evidence indicates® that cities along China’s southern coastal regions, such as Shenzhen, face heightened risk of
NTM infections due to warm, humid climatic conditions and substantial population mobility. MAC and M. abscessus
constitute the principal pathogenic species in these geographic areas. Given the continuous expansion of high-risk
populations for NTM infections, coupled with elevated resistance rates among rapidly growing mycobacteria such as
M. abscessus, therapeutic management has become progressively more challenging. Moreover, the persistent high rate of
misdiagnosis for NTM infections underscores the critical importance of enhancing differential diagnostic accuracy to
optimize clinical management. Species-level identification constitutes a fundamental component of this differential
diagnostic process. Conventional methods for distinguishing NTM are labor-intensive and time-consuming, frequently
requiring molecular biological techniques to achieve precise species-level characterization. Advances in contemporary
sequencing methodologies (encompassing both second- and third-generation platforms) have created novel opportunities
for NTM species identification. Among these approaches, targeted nanopore sequencing (tNS), which integrates the

advantages of targeted amplification with nanopore sequencing technology, demonstrates rapid detection capability, high
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analytical sensitivity, and robust specificity. This platform has exhibited excellent performance in the detection of
pulmonary infectious diseases.””’

Based on this context, the present study focuses on the Shenzhen metropolitan area (a representative region along
China’s southeastern coast) to comparatively analyze the performance differences among tNS, metagenomic sequencing
(mNGS), and Sanger sequencing in NTM species identification. The objectives are to explore the clinical application
potential of tNS, provide technical support for rapid and accurate diagnosis of NTM infections in China, enhance the
diagnostic and therapeutic standards for NTM infections nationwide, and ultimately mitigate the burden of these
infections on public health systems and healthcare infrastructure.

Materials and Methods

Strain Collection

This study retrospectively collected a total of 50 strains of suspected NTM isolated from drug-resistant tuberculosis
surveillance conducted in 10 districts of Shenzhen, China, between December 2024 and June 2025. The species
identification was initially performed using fluorescent PCR probe melting curve analysis, which provided preliminary
identification of the NTM species. The identified strains included M. intracellular (3 strains), M. lentiflavum (2 isolates),
a mixed M. tuberculosis and unidentified NTM strain (1 isolate), Mycobacterium kansasii (1 isolate), Mycobacterium
abscessus (13 isolates), Mycobacterium fortuitum (6 isolates), and 24 isolates identified as unclassified NTM. This study
is a secondary analysis of retrospective samples and data from the China Shenzhen MTBC Drug-Resistant Surveillance
(DRS) program, which was routinely conducted without collecting additional data or samples. This trial has been
approved by the Ethics Committee of the Shenzhen Chronic Disease Prevention Center.

Sample Preparation

The retrospective samples were cultured on neutral Roche solid media, and once colonies appeared, total genomic DNA
was extracted using a Cetyltrimethy -lammonium Bromide(CTAB)-based method. Briefly, 200 pL of Tris-EDTA buffer
was added to the samples, which were then heat-treated at 85°C to lyse the bacteria. After incubation at —20°C for
15 minutes, 40 pL of lysozyme (20 mg/mL) was added. Following a 1-hour incubation at 37°C, the bacterial cell
membranes and proteins were digested using 1% sodium dodecyl sulfate (SDS) and proteinase K (final concentration
250 pg/mL). To separate the aqueous and organic phases, 1% N-acetyl-N, N, N-trimethylammonium bromide reagent
and NaCl were added, followed by DNA precipitation with ethanol. The extracted DNA was stored at —20°C for
subsequent analyses.

Targeted Nanopore Sequencing

Genomic DNA was extracted from NTM cultures using the R9 Mycobacterium Identification and Antimicrobial
Resistance Detection Kit (Invision BioTech, Zhejiang, China) according to the manufacturer’s protocol. The extracted
DNA was sent to Guangzhou Dian Medical Laboratory (Guangzhou, China) for targeted amplification of the Asp65 gene
fragment as the basis for species identification. In short, an equivalent of 100 ng of the prepared library was loaded onto
the GridION (Mk!) platform for sequencing. MinKNOW23.07.5 (focal) software was used to collect raw electronic
signal data. The raw sequencing reads were filtered out for quality, removing sequences shorter than 200 bp and
eliminating host DNA reads by aligning them to the human reference genome (GRCh38). Then, the remaining filtered
reads were aligned to the mycobacteria and drug resistance gene databases (TBDReaMDB, MUBII-TB-DB, and
RESEQTB.ORG), generating the analysis results (analysis platform Nano TNGS V1.0, database NanoTarget DB V1.0).°

Metagenomic Sequencing

Genomic DNA was fragmented randomly using a Covaris ultrasonicator and then subjected to end repair, A-tailing,
adapter ligation, purification, and PCR amplification to complete the library preparation. After library construction,
preliminary quantification was performed using the Qubit 2.0 fluorometer, followed by library dilution. The insert size
distribution was assessed using the Agilent 2100 Bioanalyzer. Once the insert size met the required specifications, the
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library concentration was adjusted for sequencing, and high-throughput sequencing was carried out on the Illumina
NovaSeq 6000 platform. Species identification was performed using Kraken2’” "' and NTM-profiler (https://bioinfor
matics.lshtm.ac.uk/ntm-profiler). NTM-profiler utilizes the ANI (Average Nucleotide Identity) algorithm from GTDB-
Tk'? to calculate the ANI between the assembled genome and reference sequences from the NTM-DB database,

outputting NTM species with an ANI value greater than 0.90. The initial species determination was based on the
Kraken?2 results to confirm whether Mycobacterium species were the dominant species (with the highest proportion) or
present at a level greater than 5%. If Mycobacterium was identified, species identification was further refined using the
ANI values output by NTM-profiler. When Kraken?2 indicated Mycobacterium as the predominant species, NTM species
with an ANI greater than 0.95 were considered detected. A more relaxed ANI threshold (= 0.90) was applied if
Mycobacterium was not the predominant species but still present.

Sanger Sequencing

The 16S rRNA gene was amplified using specific primers designed for its conserved regions (Primers: 16S rRNA-F:
AGAGTTTGATCMTGGCTCAG; 16S rRNA-R: CCGTCAATTCMT TTRAGTTT; Fragment length: 1536 bp). The
amplification products were sent to Jingnuo Biotechnology Co., Ltd. (Shanghai, China) for Sanger sequencing. The
resulting sequences were compared against the NTM-DB database (https://github.com/pathogen-profiler/ntm-db) to

confirm the species identification.

Statistical Analysis

The analysis pipeline was implemented using Python 3.6, with additional performance metrics, including Jaccard index,
kappa coefficient, and F1 score, computed using scikit-learn 0.24.2, and mean values were calculated on a per-sample
basis. A paired y’-test was employed to assess the differences in detection rates between the two diagnostic methods.
Wilson’s method was used to compute 95% confidence intervals. All statistical analyses were conducted using SPSS
23.0, and a two-tailed P< 0.05 was considered statistically significant.

Results
Distribution of Primary Experimental Species Identified by Three Sequencing Methods

Among the 50 samples subjected to analysis, one specimen failed amplification due to suboptimal nucleic acid quality,
precluding Sanger sequencing, whereas all remaining samples were successfully sequenced and satisfied quality control
criteria. The distribution of primary experimental species identified by the three sequencing methodologies is summar-
ized in Table 1. The most frequently detected species was M.abscessus, followed by M.fortuitum, both of which represent
rapidly growing NTM species. Notably, tNS detected M. tuberculosis in 4 initial screening samples of NTM, while
mNGS identified M. tuberculosis in 12 initial screening samples of NTM.

Table | Distribution of Primary Experimental
Species Identified by Three Sequencing Methods

Species tNS mNGS | Sanger
M. abscessus 13 17 12
M. fortuitum 9 9 7
M. brisbanense 4 4 2
M. porcinum 3 3 2
M. lentiflavum 2 2 2
M. kyogaense 2 2 |
M. intracellulare | 2 0
M. colombiense 2 2 0
M. mageritense 3 | 0
M. tuberculosis 4 12 |
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Consistency Analysis of NTM Species Identification by Three Sequencing Methods

Among the 50 suspected NTM samples analyzed, complete concordance across all three sequencing methods (tNS,
mNGS, and Sanger sequencing) for full species identification was observed in 18 samples (36%). The highest degree of
consistency was demonstrated between tNS and mNGS, with both methods yielding identical species identification
results in 28 samples (56%) (see Figure 1 and Supplemental Table S1). For NTM samples exhibiting discordant results,

high-throughput sequencing methods (tNS and mNGS) demonstrated superior reproducibility in species identification. In
contrast, Sanger sequencing failed to accurately identify 13 samples (26%) due to complications arising from overlapping
sequence peaks. In cases involving mixed-species NTM samples, tNS identified 9 samples, whereas mNGS detected 14
samples. The identification results exhibited some variation; however, this difference was not statistically significant (> =
1.08, P > 0.05) (see Supplemental Table S1).

Given that NTM species function as opportunistic pathogens that are abundantly present in environmental reservoirs

and demonstrate substantial species diversity, the clinical significance of low-abundance, diverse NTM species detected
in clinical specimens remains uncertain. Therefore, we prioritized comparison of identification results for the predomi-
nant NTM species present in the samples. This focused analysis revealed that 28 samples (56%) demonstrated consistent
results across all three sequencing methods for the primary species, representing a higher concordance rate than that
observed in the full-species analysis (18 samples, 36%). However, this difference did not reach statistical significance (3
= 2.32, P > 0.05). Notably, tNS and mNGS yielded concordant results for 46 samples, representing 92% of the total
sample set. These findings indicate a high level of agreement between high-throughput sequencing methodologies in
identifying dominant NTM species (see Figure 2).

Sanger mNGS

tNS

Figure | Comparison of Full Species Identification Results by Three Sequencing Methods.
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tNS

Figure 2 Comparison of Main Species Identification Results by Three Sequencing Methods.

Performance Analysis of Three Sequencing Methods in NTM Species ldentification

A comprehensive evaluation of sequencing results was conducted to establish definitive species identification outcomes
for the 50 suspected strains, which served as reference standards for this comparative investigation (see Supplemental
Table S1). Among these isolates, the species identification results and reference results for 32 strains with controversial
detection outcomes are detailed in Supplemental Table S2. Comparisons between the total species identification results

and major species identification results obtained by the three sequencing methods against reference standards were
performed, with relevant statistical parameters presented in Table 2 and Table 3. Given that the primary objective of this
investigation was to evaluate the NTM species differentiation capacity of distinct sequencing methodologies, statistical
metrics unaffected by true negative results were selected for analysis. These included Precision, Recall, the F1-score (a
composite metric derived from Precision and Recall), and the Jaccard coefficient (commonly employed in multi-label
classification tasks to quantify similarity between detected and actual results).

Table 2 Consistency Metrics of Full Species
Identification Results by Three Sequencing
Methods Compared with Reference Results

Metrics tNS mNGS | Sanger

Jaccard 0.903 0.853 0.527
Fl_score 0.927 0.896 0.543
Precision 0.937 0.950 0.527
Recall 0.940 0.883 0.580
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Table 3 Consistency Metrics of Main
Species Identification Results by Three
Sequencing Methods Compared with
Reference Results

Metrics | tNS | mNGS | Sanger

Jaccard 0.993 0.979 0.776
Fl_score | 0.996 0.985 0.837
Precision | 0.994 0.989 0.812
Recall 0.998 0.984 0.872

Overall, tNS exhibited optimal performance across all evaluated metrics. Its Precision for total species identification
was 0.937, marginally lower than that of mNGS (0.950), while achieving superior performance in all remaining
indicators. Sanger sequencing failed to identify mixed species throughout this investigation and remained compromised
by identification failures resulting from overlapping peaks caused by species mixtures, thereby demonstrating suboptimal
performance in NTM species identification. The overall performance of mNGS was slightly inferior to that of tNS, which
was primarily attributable to detection sensitivity associated with analytical algorithms—specifically, differential weight-
ing assigned to two parameters (sequence proportion and sequence consistency) could yield divergent detection out-
comes. However, the performance differential between these two detection methodologies did not achieve statistical
significance in this study.

Additionally, we conducted further analysis of the sensitivity, specificity, accuracy (ACC), and kappa values of the
three sequencing methods for the predominant bacterial species (comprising 9 distinct NTM species). Detailed statistical
parameters are presented in Table 4. Detection performance among the three bacterial species with relatively elevated
detection frequencies (M. abscessus, M. fortuitum, and M. tuberculosis) demonstrated significant variations. For
M. abscessus, tNS achieved a sensitivity of 92.86% (95% CI. 68.53-98.73), specificity of 100.00% (95% CI:
90.36-100.00), ACC of 98.00% (95% CI: 89.50-99.65), and a kappa value of 0.949. The kappa values for mNGS and
Sanger sequencing were 0.860 and 0.896, respectively, with all three detection methods demonstrating high identification
concordance. For M. fortuitum, both tNS and mNGS achieved 100.00% sensitivity, specificity, and ACC, with kappa
values of 1.000, indicating excellent identification consistency. However, Sanger sequencing demonstrated a sensitivity
of only 66.67% (95% CI: 35.42-87.94) and a kappa value of 0.703, reflecting relatively low detection efficiency. For M.
tuberculosis, all three detection methods exhibited low kappa values. mNGS achieved the highest sensitivity (71.43%,
95% CI: 35.89-91.78) but demonstrated limited specificity of only 83.72% (95% CI: 70.03-91.88) and a kappa value of
0.425. tNS achieved a sensitivity of 57.14% (95% CI. 25.05-84.18), specificity of 100.00%, and a kappa value of 0.696.
Sanger sequencing yielded the lowest sensitivity (14.29%, 95% CI: 2.57-51.31) and a kappa value of merely 0.223, with
all three detection methods demonstrating poor identification concordance.

Discussion

In China, the distribution of NTM exhibits pronounced geographical heterogeneity. For instance, coastal provinces such
as Guangdong and Zhejiang demonstrate higher NTM species diversity, whereas inland regions exhibit comparatively
lower diversity. This regional variation may be attributable to factors including frequent exposure to surface water
sources and elevated urbanization levels in southeastern coastal areas, which collectively facilitate the transmission and
clinical detection of multiple NTM species.*

In the present investigation, 50 suspected NTM isolates (comprising 26 known species and 24 uncharacterized
strains) were selected for methodological evaluation utilizing three distinct molecular sequencing technologies. The
sample size conforms to established clinical research specifications for methodological evaluation of NTM molecular
detection platforms (comparative studies of species identification methodologies typically incorporate 30-200

13-17

isolates), thereby enabling calculation of robust statistical performance metrics including kappa values and F1-

scores. Moreover, the composition of the included strains takes both known and unknown NTM species into account
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Table 4 Performance Metrics Analysis of Three Molecular Detection Methods Compared with Reference Results

Species tNS mNGS Sanger
Sensitivity Specificity ACC Kappa Value Sensitivity Specificity ACC Kappa Value Sensitivity Specificity ACC Kappa Value

(%, 95% CI) (%, 95% CI) (%, 95% CI) (%, 95% CI) (%, 95% CI) (%, 95% CI) (%, 95% CI) (%, 95% CI) (%, 95% CI)

M. abscessus 92.86 100.00 98.00 0.949 100.00 91.67 94.00 0.860 85.71 100.00 96.00 0.896
(68.53-98.73) (90.36-100.00) (89.50-99.65) (78.47-100.00) (78.17-97.13) (83.78-97.94) (60.06-95.99) (90.36-100.00) (86.54-98.90)

M. fortuitum 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 66.67 97.56 92.00 0.703
(70.09-100.00) (91.43-100.00) (92.87-100.00) (70.09-100.00) (91.43-100.00) (92.87-100.00) (35.42-87.94) (87.40-99.57) (81.16-96.85)

M. tuberculosis 57.14 100.00 94.00 0.696 7143 83.72 82.00 0.425 14.29 100.00 88.00 0.223
(25.05-84.18) (91.80-100.00) (83.78-97.94) (35.89-91.78) (70.03-91.88) (69.20-90.23) (2.57-51.31) (91.80-100.00) (76.20-94.38)

M. brisbanense 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 50.00 100.00 96.00 0.648
(51.01-100.00) (92.29-100.00) (92.87-100.00) (51.01-100.00) (92.29-100.00) (92.87-100.00) (15.00-85.00) (92.29-100.00) (86.54-98.90)

M. porcinum 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 66.67 100.00 98.00 0.789
(43.85-100.00) (92.44-100.00) (92.87-100.00) (43.85-100.00) (92.44-100.00) (92.87-100.00) (20.77-93.85) (92.44-100.00) (89.50-99.65)

M. kyogaense 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 50.00 100.00 98.00 0.658
(34.24-100.00) (92.59-100.00) (92.87-100.00) (34.24-100.00) (92.59-100.00) (92.87-100.00) (9.45-90.55) (92.59-100.00) (89.50-99.65)

M. lentiflavum 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000
(34.24-100.00) (92.59-100.00) (92.87-100.00 (34.24-100.00) (92.59-100.00) (92.87-100.00 (34.24-100.00) (92.59-100.00) (92.87-100.00)

M. farcinogenes 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000
(20.65-100.00) (92.73-100.00) (92.87-100.00) (20.65-100.00) (92.73-100.00) (92.87-100.00) (20.65-100.00) (92.73-100.00) (92.87-100.00)

M. neoaurum 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000 100.00 100.00 100.00 1.000
(20.65-100.00) (92.73-100.00) (92.87-100.00) (20.65-100.00) (92.73-100.00) (92.87-100.00) (20.65-100.00) (92.73-100.00) (92.87-100.00)

Note: ACC, Acuracy=) True positive+} True negative/y Total number of samples.
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(each accounting for approximately 50%), which is considered to effectively evaluate the discriminatory ability of the
three sequencing technologies. Specifically, it can test the identification performance of tNS and mNGS for unknown
species, avoiding result bias caused by evaluating only known species.

Among the 50 suspected NTM samples examined in this study, full species identification results revealed that only 18
samples (36%) demonstrated complete concordance across all three sequencing methods. Upon re-evaluation and
comparison of the predominant NTM species present in the samples, 28 samples (56%) exhibited consistent identification
results across all three sequencing methods, representing a modest improvement over the concordance rate observed in
full-species analysis; however, this difference did not achieve statistical significance (x* = 2.32, P > 0.05). While the
overall concordance among the three sequencing methods remained relatively modest, tNS demonstrated superior
performance across all evaluation metrics (Precision, Recall, Fl-score, and Jaccard coefficient). We attribute these
findings primarily to inherent differences in detection principles and analytical algorithms among the three sequencing
methodologies.®'*™'® As a conventional first-generation sequencing technology, Sanger sequencing operates on the
principle of dideoxy chain termination and is restricted to sequencing individual gene fragments (the 16S rRNA gene
in this investigation), rendering it highly susceptible to interference from overlapping chromatogram peaks. When
samples contain mixed species or exhibit gene fragment polymorphisms, this approach is prone to generating ambiguous
peak patterns and alignment failures (the failure rate for Sanger sequencing in this study reached 26%), resulting in
discordant results compared with tNS and mNGS. These findings align with conclusions from related studies'*'®
demonstrating that Sanger sequencing exhibits limited efficacy in identifying mixed species and low-abundance organ-
isms. As a second-generation high-throughput sequencing technology, mNGS performs untargeted sequencing of the
entire genomic complement within samples. During analysis, Kraken2 is initially employed to identify the most abundant
mycobacterial species, followed by confirmation of specific NTM taxa through reference to average nucleotide identity
(ANI) values calculated by NTM-profiler. While this approach enables detection of mixed species, it remains susceptible
to influences from sequencing depth, sequence alignment algorithms, and sequence proportion weighting parameters,
potentially leading to misidentification of low-abundance mycobacteria as target strains or generating discrepancies with
tNS identification results due to variations in ANI consistency threshold settings.'®'® As a technology integrating third-
generation nanopore sequencing with targeted amplification, tNS exclusively performs targeted amplification and
sequencing of the Asp65 gene (a primary discriminatory locus for NTM species identification). Its analytical algorithm
relies solely on sequence proportion as the species determination criterion. Although this approach enhances specificity, it
neglects consideration of sequence consistency, and the inherently lower per-read accuracy characteristic of nanopore
sequencing may facilitate errors in gene fragment alignment. These observations are consistent with findings from related
references'> 2" indicating that tNS identification results are substantially influenced by target gene selection and single-
read accuracy.

Furthermore, this investigation revealed poor concordance between tNS and mNGS in identifying M. tuberculosis
(with kappa values of 0.696 and 0.425, respectively). The primary explanation lies in divergent identification criteria
between mNGS and tNS. Specifically, mNGS integrates both sequence proportion and sequence consistency with greater
weighting assigned to the latter parameter, whereas tNS utilizes sequence proportion as the sole determinant. Given that
this investigation focused on NTM species, the sequence data for Mycobacterium tuberculosis in the reference database
employed were relatively limited.'”'” Additionally, the lower single-read sequencing accuracy inherent to tNS, com-
bined with reliance on a single gene fragment for strain identification, increases susceptibility to alignment errors,
thereby reducing the success rate of sequence alignment for Mycobacterium tuberculosis.'” ' Conversely, for the two
other NTM species exhibiting higher detection frequencies, the kappa values for identification results obtained
by second-generation and third-generation sequencing methods both exceeded 0.86, indicating that these sequencing
approaches demonstrate high accuracy in identifying common NTM species.'®2°

Based on the design and findings of this investigation, we acknowledge several limitations inherent to this research.
First, this study exclusively selected 50 suspected NTM isolates obtained from drug-resistant tuberculosis surveillance
programs across 10 districts of Shenzhen, China. The sample sources are restricted to populations associated with drug-
resistant tuberculosis and do not encompass isolates from other high-risk groups for NTM infections, such as patients
with common pulmonary infections and immunocompromised individuals. The relatively limited sample size may
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compromise the generalizability of research findings, potentially hindering extrapolation to NTM strain identification in
other geographic regions or population cohorts nationwide. Second, the extremely low proportion of rare NTM species
resulted in insufficient statistical power for evaluation of these uncommon taxa. Additionally, all analyses were
conducted using pure cultures rather than direct clinical specimens. Factors including host DNA interference and low
pathogen burden in actual clinical samples may substantially influence sequencing performance. Finally, this investiga-
tion focused exclusively on evaluations addressing the core objective of species identification and did not analyze the
efficacy of the three sequencing methods in detecting NTM resistance genes. In clinical practice, NTM sequencing
technology is required not only for species identification but also to provide guidance for antimicrobial resistance-
informed treatment strategies. However, this study did not incorporate comparative analysis of resistance gene detection;
therefore, the research scope remains incomplete. Future studies should encompass multicenter, large-sample prospective
investigations to further validate the predictive efficacy of the three sequencing methods for diverse NTM species and
resistance gene detection, while comprehensively exploring the advantages, limitations, and clinical application value of
each approach.?*!

In summary, tNS represents a preferred auxiliary methodology for clinical identification of NTM isolates in
Shenzhen, China, with identification results optimally validated through integration with mNGS findings. This study
provides strong support for the application of tNS technology for NTM species identification.
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