Biomed Environ Sci, 2026; 39(2): 223-233

Review

High-throughput Sequencing for Tuberculosis

\ A

Biomedical and
— .

Environmental Sciences

China CDC

Diagnosis and Antimicrobial Resistance Detection:
Progress, Challenges, and Future Perspectives

Lulu Zhang"** and Junping Peng

Abstract: Tuberculosis (TB) continues to pose a
significant threat to global public health,
necessitating rapid and precise diagnostic methods
and comprehensive detection of antimicrobial
resistance (AMR) to facilitate timely clinical
management. Traditional diagnostic techniques
suffer from extended turnaround times and limited
ability to comprehensively profile AMR, often
resulting in delayed therapeutic interventions. High-
throughput sequencing (HTS) technologies have
revolutionized pathogen research by significantly
improving diagnostic speed and accuracy. In the
context of TB, diverse sequencing strategies and
platforms are being employed to fulfill specific
research goals, ranging from elucidating the
molecular mechanisms underlying AMR to
characterizing the genomic diversity among clinical
isolates. This review systematically examines current
progress in the application of HTS for rapid pathogen
identification, comprehensive AMR  profiling,
epidemiological studies, advances in novel drugs,
and vaccine development. Furthermore, we address
existing technological limitations and bioinformatics
challenges and explore the future directions
necessary for effectively integrating HTS-based
methodologies into global TB control efforts.
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INTRODUCTION

Tuberculosis (TB), caused by the Mycobacterium
tuberculosis complex (MTBC), remains one of the
most significant global public health challenges and
ranks among the deadliest infectious diseases™.

According to the World Health Organization (WHO)
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Global Tuberculosis Report 2024, approximately
10.8 million new TB cases were reported worldwide
in 2023, with 1.25 million deaths attributed to the
disease, and TB has re-emerged as the leading cause
of death from a single infectious agent globally™.
The rise in drug-resistant TB (DR-TB) further
complicates the global TB epidemic. Of particular
concern are multidrug-resistant TB (MDR-TB) and
rifampicin-resistant TB (RR-TB), which together
account for approximately 400,000 cases by 2023%
This situation is further compounded by the
progressive emergence of resistance to newer drugs,
such as bedaquiline and clofazimine, which were
initially regarded as promising tools for combating
resistant strains.

Rapid and accurate identification of pathogens
and their antimicrobial resistance (AMR) profiles is
essential for the effective treatment of TB and
control of pathogen transmission'”. Although
bacterial culture and phenotypic drug susceptibility
testing (pDST) remain the gold standard methods for
confirming TB diagnosis and determining AMR, their
prolonged turnaround times (up to several weeks)
significantly delay clinical decision-making and
treatment initiation™®. Nucleic acid amplification
tests (NAATSs), including methods based on real-time
polymerase chain reaction (PCR), line probe assays
(LPA), and loop-mediated isothermal amplification
(LAMP), have significantly improved diagnostic speed
and accuracy. However, these methods only detect
predefined and validated resistance mutations,
thereby restricting their diagnostic breadth”®. To
overcome these limitations, high-throughput
sequencing (HTS) has emerged as a transformative
tool for the comprehensive analysis of TB
pathogens® ™.  This  review  provides a
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comprehensive overview of recent advancements in
HTS technology as applied to TB research. We
examined various methodologies developed using
different sequencing platforms and strategies for
pathogen identification, AMR analysis,
epidemiological research, and the development of
novel drugs and vaccines (Figure 1). Furthermore, we
critically assessed the current limitations and
explored the potential to enhance TB diagnosis,
treatment strategies, and public health
interventions.

OVERVIEW OF HTS TECHNOLOGY

sequencing (NGS), has profoundly influenced TB
research and diagnostics by enabling comprehensive
genomic analyses with exceptional resolution and
throughput“a’m. Short-read sequencing platforms,
including those offered by lllumina, BGI, and lon
Torrent, remain indispensable for MTBC
investigations owing to their high base-level
accuracy, cost-effectiveness in large-scale studies,
and robust performance in variant calling for AMR
profiling. However, short-read technologies face
inherent challenges in resolving complex genomic
regions and assembling complete genomes, thereby
limiting their utility in certain applications™"*. The
advent of long-read sequencing platforms such as

HTS, also referred to as next-generation Single-Molecule Real-Time (SMRT) sequencing from
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Figure 1. High throughput sequencing strategies for tuberculosis management are categorized into three

complementary approaches based on analytical

scope: targeted next generation sequencing,

metagenomic next generation sequencing, and whole-genome sequencing. These strategies are applied
in tuberculosis for pathogen diagnosis, antimicrobial resistance detection, epidemiology research, and
the development of new drugs and vaccines. tNGS, targeted next-generation sequencing; mNGS,
metagenomic next-generation sequencing; WGS, whole-genome sequencing; AMR, antimicrobial

resistance.
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PacBio and nanopore sequencing from Oxford
Nanopore Technologies (ONT) represents a
significant advancement in HTS. These platforms can
overcome the inherent limitations of short-read
methods by generating thousands of base pairs. This
capability is crucial for resolving complex genomic
regions, including structural variants and repetitive
elements, thereby enabling the assembly of
complete high-quality genomes. Furthermore,
nanopore technology introduces unique advantages
such as real-time data analysis and true instrument
portability, as exemplified by MinlON. This
combination provides unparalleled flexibility, making
these tools invaluable for rapid point-of-need
diagnostics in resource-limited or field settings
where timely pathogen detection is critical®®??
(Table 1).

HTS strategies for TB management can be
broadly classified into three complementary

approaches based on their analytical scope: targeted
next-generation sequencing (tNGS), metagenomic
next-generation sequencing (mNGS), and whole-
genome sequencing (WGS)[B] (Table 2). tNGS focuses
on specific gene regions by capturing target genes
and subsequently performing HTS. This approach is
especially suited for patients with clinical suspicion
of TB infection. It not only aids in TB diagnosis, but
also detects AMR mutations, providing clinicians
with precise therapeutic guidance. Therefore, tNGS
offers a cost-effective alternative to conventional
pDST for populations that require detailed resistance
profiling in targeted settings[24’25]. In contrast, mMNGS
utilizes a culture-independent, hypothesis-free
approach for pathogen detection through a shotgun
metagenomic analysis of total nucleic acids. Its
principal advantage lies in its ability to identify
fastidious pathogens and polymicrobial infections,
which is particularly valuable in atypical clinical

Table 1. Comparative overview of high-throughput sequencing platforms for tuberculosis research

Representative Accuracy Lo . -
Manufacturer instruments Technology Read length %) Advantages Limitations Typical applications
MiSeq, High throughput, Short reads; —_—
lllumina Nextseq, MO oo 300bp 5999 costeffective; limited complex o 5S SC@le AMR profiling;
sequencing ; . epidemiological studies
NovaSeq widely used region assembly
Short reads; AMR ill 0
BGI MGISEQ-2000, - Shortread oy, gg9  High throughput; IimitZ::i cffn Slex o ulatioritjsrc\:lzile ar;iﬁo en
DNBSEQ-T7 sequencing P ’ cost-effective . P pop . P g
region assembly studies
. Rapid; flexible; Error-prone in s .
lon PGM, | R ;
lon Torrent on PGM, lon SemlcondL'Jctor 200-600 bp  -99.9  suitable for clinical homopolymer apid dlagnqst|cs, targgted
Proton, lon S5 sequencing . AMR mutation detection
use regions
Single . . .
L ; high High-qual
. Sequel lle, Molecule, Real- G EERES Higher cost; lower '8 qua'1 ity genome
PacBio . . 10-20 kb >99.9 accuracy; good assemblies; complex
Revio Time throughput . .
. assembly genomic studies
Sequencing
MinION, Long-read Portable; rapid  Higher error rate Field diagnostics. real-time
ONT GridION, nanopore 5-50 kb -99.9 results; real-time in homopolymer & o .
. . . AMR mutation detection
PromethlON sequencing sequencing regions

Table 2. Comparative overview of high-throughput sequencing strategies in tuberculosis research

Strategy Scope Detection coverage

Advantages

Limitations Typical applications

Selected resistance-

tNGS associated genesor  Known AMR targets
regions
Broad path
Unbiased sequencing m(jetZitio?\gen
mNGS of total DNA/RNA
- (known/unknown,
from clinical samples X . .
mixed infections)
. Comprehensive
WGS  Entire MTBC genome

genomic information

Rapid; cost-effective;
clinically actionable

Hypothesis-free;
comprehensive pathogen
detection

Limited targets; incomplete
genomic data

Rapid AMR diagnosis;
clinical resistance profiling

High cost; complex analysis;
lower sensitivity for low-
abundance pathogens

Complex or unclear cases;
pathogen discovery

AMR mechanism
research; outbreak
tracking; public health
surveillance

Complete genomic data;
gold standard for AMR
profiling and epidemiology

Higher cost; complex data
analysis; longer turnaround

Note. tNG, stargetednext-generation sequencing; mNGS, metagenomicnext-generation sequencing; WGS,

wholegenome sequencing; AMR, antimicrobialresistance.
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scenarios in which TB infection is not definitive or co-
infections are suspected. By comprehensively
sequencing all the genomic materials present in a
sample, mMNGS can simultaneously detect
Mycobacterium species, other pathogens, and host
nucleic acids without prior enrichment®. WGS,
regarded as the gold standard for delineating
complete genetic landscapes, enables simultaneous
AMR prediction, strain typing, and evolutionary
analysis by resolving the entire mycobacterial
genome at a base-pair resolution. Although WGS is
predominantly used in reference laboratories for
outbreak investigations and elucidation of resistance
mechanisms, improvements in cost-effectiveness are
increasingly promoting its adoption to guide
personalized therapy in complex MDR-TB cases””’ ™,
Taken together, these HTS methods create a
diagnostic spectrum that supports rapid clinical
decisions using tNGS, thorough pathogen profiling
using mNGS, and targeted public health actions
using WGS. This combined approach is transforming
TB management into the genomic era.

APPLICATIONS OF HTS IN THE DETECTION OF TB
PATHOGENS

General Principles and Advantages

MTBC is the primary cause of TB. Early and
accurate diagnosis is critical to control disease
transmission and ensure timely treatment. HTS
technologies have significantly advanced TB
diagnostics, offering a precise, rapid, and culture-
independent approach for pathogen detection.

Compared with traditional diagnostic methods,
mNGS provides substantial improvements in both
efficiency and speed. Although conventional
methods may take up to 90 days to identify TB
infections and often detect fewer than 50% of cases,
mMNGS can identify TB in up to 67.23% of cases within
three daysBO]. This substantial reduction in the
diagnostic time underscores the potential of mMNGS
as a promising approach for early and accurate TB
detection. Several studies have highlighted the
superior diagnostic performance of mNGS for TB
detection. For example, one study compared mNGS,
traditional culture, and GeneXpert MTB/RIF in 70
suspected TB cases. The results showed that mNGS
demonstrated superior sensitivity (66.7%) and
specificity (97.1%) for detecting TB, outperforming
both culture methods and GeneXpertB”. Moreover,
an mNGS method utilizing the ONT platform
demonstrated even higher detection accuracy,

achieving a sensitivity of 94.8% and a specificity of
97.9% for pulmonary TP, Combining mNGS with
culture or GeneXpert has been shown to enhance
diagnostic efficacy, particularly in pulmonary TB
cases. This integrated approach is promising for
clinical applications, offering a comprehensive, rapid,
and accurate method for TB detection™>****,

Addressing Diagnostic Challenges: Paucibacillary
and Extrapulmonary TB

A major challenge in TB diagnosis, particularly for
paucibacillary pulmonary tuberculosis (PPTB) and
tuberculous meningitis (TBM), is the low sensitivity
of conventional diagnostic methods. Diagnosing TBM
relies on detecting MTBC in the cerebrospinal fluid
(CSF); however, low MTBC load in the CSF often
leads to insufficient detection, hindering early
microbiological diagnosis. Thus, mNGS demonstrates
considerable potential. A meta-analysis
demonstrated that mNGS achieved a combined
sensitivity of 62% and a specificity of 99%,
underscoring its potential for early and accurate
TBM diagnosisBS]. To further enhance the diagnostic
performance, researchers have proposed combining
tNGS with machine learning. This approach, which
analyzed CSF DNA and plasma cell-free DNA (cfDNA)
samples, showed significantly improved results
across 227 samples. The sensitivity for CSF samples
reached 97.01% with a specificity of 95.65%,
whereas plasma cfDNA samples exhibited a
sensitivity and specificity of 82.61% and 86.36%,
respectively. In patients with PPTB, this diagnostic
strategy demonstrated higher sensitivity in plasma
specimens than the Xpert assay in gastric lavage
(28.57% vs. 15.38%)%. This innovative approach not
only enhances the detection sensitivity for PPTB but
also highlights plasma cfDNA as an easily accessible
and valuable sample type for diagnosing both PPTB
and TBM.

APPLICATIONS OF HTS IN AMR DETECTION IN TB

DR-TB presents a substantial obstacle to
achieving the global goal of eradicating the TB
epidemic by 2035%7), Among HTS technologies, tNGS
has emerged as the preferred method for AMR
detection in TB. Its ability to perform rapid and
comprehensive sequencing directly from clinical
samples allows for the detection of AMR mutations
with high accuracy. tNGS can efficiently target
multiple resistance genes, enabling simultaneous
assessment of susceptibility to various anti-TB drugs
in a single test®®.
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The use of tNGS for AMR detection in TB has
been proven to be highly effective in various clinical
settings. Among the established and commercially
available tNGS methods, the Deeplex® Myc-TB assay,
originally developed on the lllumina platform, is
particularly  notable.  This  assay  provides
comprehensive resistance profiles for 13 anti-TB
drugs within 48 h, bypassing the need for traditional
culture methods. The Deeplex® Myc-TB assay has
been validated in numerous studies for its clinical
utility, and it also identifies over 100 species of non-
tuberculous mycobacteria (NTM) as well as a broad
range of lineages and spoligotypes within the MTBC.
Furthermore, Deeplex® Myc-TB, which relies on
targeted deep sequencing and automated analysis
through secure web platforms, is capable of
accurately detecting heteroresistance at levels as
low as 1%-3%"""". With the rapid development of
third-generation sequencing technologies, there has
been increasing interest in adapting the Deeplex®
Myc-TB assay for use with ONT platforms. However,
initial attempts to apply Deeplex® Myc-TB directly to
ONT have revealed some challenges. Specifically,
achieving the same variant-detection accuracy as
that of the lllumina platform requires a sequencing
depth of at least 40X, Although this depth is
necessary for reliable results, it limits the number of
samples that can be processed in a single-flow cell,
thus restricting the scalability of ONT-based testing
for high-throughput clinical settings. Additionally,
the short amplicons used in the Deeplex® Myc-TB
assay did not fully leverage the ultra-long read
capabilities of ONT, resulting in suboptimal
performance. In response to these challenges,
several long-amplicon-based tNGS methods have
been developed specifically for ONT platforms and
have shown improved performance. These methods,
optimized for ONT ultralong reads, enhance
sequencing accuracy and broaden the coverage of
resistance targets, leading to improved diagnostic
outcomes and faster turnaround times. ONT-based
tNGS methods significantly reduce turnaround times,
with results potentially available in just one day,
owing to their rapid library preparation and real-
time data analysis capabilities[15’23’39'45]. The latest
tNGS method, optimized for ONT, achieved 100%
concordance in sequencing accuracy with the
Illumina platform. The AMR prediction accuracy of
this method reached 98.35% compared with pDST
and 100% compared with GeneXpert MTB/RIF, with
an overall turnaround time of less than 5 h™°.
Further innovations in ONT nanopore sequencing
have enhanced its utility for TB AMR detection. For

instance, one study combined targeted isothermal
amplification with nanopore sequencing on the
MinlON platform, achieving 96.3% sensitivity and
100% specificity for detecting rifampicin resistance
genes and 100% sensitivity and specificity for
identifying isoniazid resistance genesml,

tNGS methods have demonstrated superior
performance compared with other detection
techniques, especially when applied to challenging
samples characterized by low bacterial loads,
suboptimal quality, or those that are difficult to
culture. For instance, a recent study developed an
ONT-targeted panel for the direct detection of TB
drug resistance, which successfully retrieved full
sequencing data from nearly half of low MTBC
burden specimens. With a turnaround time of just
6-9 hours, this method represents a significant
improvement over traditional pDST[“]. While
formalin-fixed paraffin-embedded (FFPE) tissue
samples are widely used because of their stability,
affordability, and safety, they present challenges due
to DNA degradation and the predominance of host
DNA over MTBC DNA. Despite these obstacles,
studies have demonstrated that tNGS excels in
detecting resistance to rifampicin and isoniazid in
FFPE samples, achieving sensitivities of 96% and
94%, respectively, with a specificity exceeding 95%.
This capability enhances the detection of drug
resistance in smear-negative and extrapulmonary TB
cases™™’. Additionally, tNGS has been employed to
detect spinal tuberculosis in clinical samples,
achieving a 100% detection rate, surpassing
traditional culture methods, and accurately
identifying multiple drug resistance loci. These
findings emphasize the superior ability of tNGS to
detect resistant strains in difficult-to-culture
samples, further highlighting its potential for broad
clinical application[48].

APPLICATIONS OF HTS IN TB EPIDEMIOLOGY
RESEARCH

HTS has become an indispensable tool in TB
epidemiology, enabling precise tracking of the
transmission pathways of MTBC, revealing the
dynamics of the spread of resistant strains, and
identifying key epidemiological patterns. WGS is
particularly prominent in this field owing to its
superior discriminatory power. Unlike traditional
genotyping techniques, WGS allows the precise
identification of MTBC strains and subtypes by
analyzing single nucleotide polymorphisms (SNPs)
and genomic deletions™”. The application of WGS
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extends beyond static outbreak investigations to
ongoing genomic surveillance. By sequencing
isolates from a community or an outbreak over
time, public health laboratories can perform real-
time mutation tracking to monitor the emergence
and spread of specific drug-resistant mutations.
This  longitudinal  approach  provides an
unprecedented view of resistance evolution,
acting as an early warning system for the
emergence of new high-risk strains (e.g., MDR- or
XDR-TB) and allowing for rapid public health
interventions. This comprehensive genomic
profiling not only improves the accuracy of TB
strain identification but also provides valuable
insights into the genetic factors driving resistance
and transmission dynamics[SO].

Researchers worldwide have developed several
automated analysis tools that enable genome
variation detection, strain identification, and
resistance prediction by simply importing raw
sequencing data. Among these, TB-Profiler is widely
used because of its customizable mutation
database and support of long-read sequences,
thereby improving the accuracy of resistance
detection®". Mykrobe is known for its fast analysis
and user-friendly interface; however, it offers fewer
downstream analysis features®”. SAM-TB provides
a comprehensive platform for MTBC analysis,
including  lineage identification, resistance
prediction, and phylogenetic tree reconstruction®?.
These tools typically employ direct association
methods by screening for known AMR mutations
and perform well as first-line drugs with well-
defined resistance mechanisms. However, the true
frontier of genomic analysis lies in the application
of artificial intelligence (Al) and machine-learning
(ML) algorithms for resistance prediction. Unlike
traditional tools, ML-based methods can analyze
the entire genomic context to identify complex
genetic patterns and interactions. This enables
them to not only achieve superior accuracy for both
first- and second-line drugs, but also identify novel,
previously uncharacterized resistance mutations®.
This predictive capability represents a significant
leap forward, moving the field from simple variant
detection to intelligent genomic interpretation.

WGS has enabled rapid monitoring of MTBC
transmission. When combined with molecular
evolution algorithms, WGS can infer transmission
direction and chains, thereby aiding in the
identification of transmission direction and chains,
and helping to identify sources of infection and
missing links in transmission. Given the limited

genetic diversity of MTBC, thresholds of 5 or 12 SNP
differences are typically used to indicate
epidemiological connections. Emerging genomic
tools are transforming our approach to MTBC
transmission detection by enhancing SNP resolution
and refining transmission-event estimates. Pa-
genome based Pairwise SNP  comparison
(PANPASCO) is a genetic distance calculation method
based on a linear pan-genome map that effectively
reduces alignment losses between strains of
different lineages and improves SNP detection
resolution. In multiple-dataset tests, PANPASCO
demonstrated better transmission detection results
than  traditional methods, showing strong
universality and suitability for large-scale sample
transmission detection®™. Transcluster is another
tool used to identify recent transmission clusters by
estimating the probability and number of
transmission events based on strain transmission
rates, sampling intervals, and SNP differences
between genomes[ssl. These WGS-based methods
have been proven to outperform contact tracing and
offer higher resolution than classic genotyping
methods, such as variable numbers of tandem
repeat (VNTR) typing. These WGS-based methods
can be used to identify recent transmission clusters,
and can be further explored using molecular
evolution approaches to infer the transmission
network within a cluster. Tools, such as SeqTrack and
TransPhylo, are commonly used for this purpose.
SeqTrack was one of the earliest tools used to build
transmission networks based on a global
transmission tree, whereas TransPhylo incorporates
epidemiological data, considering the evolutionary
status of strains within their hosts, to provide a more
comprehensive  view of the transmission
network”’ %,

In addition, research indicates that the
application of ONT sequencing in MTBC
epidemiological surveillance is becoming
increasingly widespread. Despite the relatively high
error rate of ONT, the data generated can still be
effectively utilized in epidemiological studies,
phylogenetic analysis, and drug resistance
detection, providing valuable support for
tuberculosis control efforts, especially in high-
burden regions[sgl. Archetypal scenarios,
synthesized from the findings of numerous real-
world studies, illustrate how different HTS
methodologies provide actionable insights across
the spectrum of TB control, from managing
individual critically ill patients to controlling
community-wide outbreaks (Table 3)[35_36’55'60_6“.
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APPLICATIONS OF HTS IN THE DEVELOPMENT OF
NEW DRUGS AND VACCINES FOR TB

Owing to the evolving AMR of MTBC and the
increasing challenges of MDR-TB and XDR-TB, there
is a critical need to accelerate the development of
new drugs[szl. HTS plays a pivotal role in this process,
offering significant potential for identifying novel
drug targets and providing a more precise molecular
foundation for the design of new drugs. This
technology not only aids in the discovery of genetic
mutations associated with drug resistance but also
facilitates a deeper understanding of the pathogen’s
resistance mechanisms'®?. Integrating HTS data with
drug susceptibility information to develop robust
predictive models for drug resistance is a vital
research focus for TB prevention and treatment.
Such advancements are expected to guide the design
of more effective targeted therapies and contribute
to combating the global TB crisis®.

HTS plays a crucial role in vaccine research by
providing valuable insights into the selection and
design of vaccine targets. Recently, a study utilized
single-cell and  high-throughput TCR deep-
sequencing technologies have been used to analyze
the T-cell receptor repertoire following TB infection.
This study employed novel analytical methods, such

as GLIPH and GLIPH2, which group TCRs based on
shared conserved sequences in the CDR3 region,
enabling rapid clustering of thousands to millions of
TCRs. This study identified TCR groups associated
with infection control and performed antigen
screening of MTB-C-reactive T cells to uncover
potential subunit vaccine epitopes, offering new
insights into tuberculosis vaccine development[ssl.
With the continuous advancement of sequencing
technologies, particularly ONT nanopore sequencing,
the potential for genomic research in vaccine
development has increased significantly. The
extended long reads provided by ONT sequencing
revealed strain-specific structural variants in PE/PPE
genes (such as PPE50), which serve as promising
candidate loci for vaccine development. Through
high-resolution genomic analysis, ONT has enabled
the identification of complex structural variants,
particularly in pathogens, such as MTBC, further

driving progress in vaccine development[sgl.

CHALLENGES AND FUTURE DIRECTIONS

HTS holds significant promise for advancing TB
research; however, several challenges must be
addressed before its full clinical potential can be
realized. One primary obstacle is the high cost of

Table 3. Comparative case studies on the application of HTS in tuberculosis management

Parameter Case 1: Critical MDR-TB diagnosis

Case 2: Public health outbreak

Case 3: Paucibacillary TBM diagnosis

Critically ill, smear-negative pneumonia
patient failing standard treatment;
high suspicion of MDR-TB

Clinical scenario

Sample type Bronchoalveolar lavage fluid
HTS strategies mNGS
Conventional TAT' 4-6 weeks
HTS TAT' 48 hours

Sputum isolates from confirmed cases

Patient with subacute neurological

A cluster of TB cases reported in a

-, symptoms;
homeless shelter, requiring . = . .
. - T high suspicion of TBM but inconclusive
investigation of transmission links [
initial tests

Cerebrospinal fluid

WGS tNGS
1-2 weeks Up to 6 weeks
3-5 days 72 hours

Key HTS findings

Clinical/Public

health impact

Primary HTS
advantage

Definitive detection of MTBC DNA;
Profiling of AMR mutations

Immediate initiation of a life-saving,
targeted second-line drug regimen

Speed & Comprehensiveness

Six of seven isolates formed a
transmission cluster (< 5 SNPs), while
the seventh was a genetically distinct

outlier excluded from the outbreak

Enabled a focused contact tracing
investigation;
Prevented misallocation of resources;
Interrupted the chain of transmission

Resolution & Precision

Definitive detection of low-level MTBC
DNA, confirming TBM where all other
methods failed

Provided a definitive diagnosis, allowing
for confident initiation of anti-TB
therapy;

Prevented severe neurological sequelae
and avoided invasive brain biopsy

Sensitivity & Accuracy

Note. *TAT, turnaround time; tNG, stargetednext-generation sequencing; mNGS, metagenomicnext-
generation sequencing; WGS, wholegenome sequencing; AMR, antimicrobialresistance; HTS, highthroughput
sequencing. MTBC, Mycobacterium tuberculosis complex; MDR, multidrug resistant; TBM, tuberculous

meningitis.
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HTS. Although the high upfront cost of HTS presents
a significant barrier to its adoption for TB control,
particularly in low-resource settings, this perspective
overlooks the substantial downstream costs
associated with conventional methods. Despite their
low per-test prices, diagnostics such as culture-based
pDST lead to extended hospitalizations, ineffective
treatments, and continued transmission owing to
prolonged turnaround times, creating an economic
burden that can dwarf initial savings[ss]. HTS is cost-
effective as it mitigates these long-term expenses
through a rapid, comprehensive diagnosis that
enables  targeted  therapy and  improved
outcomes”®”. The economic viability of HTS has
improved consistently with the advent of low-cost
portable sequencing platforms. To leverage this, a
concerted strategy that combines these technologies
with international resource sharing and sustainable
financial models such as subsidies and tiered pricing
is needed to ensure equitable access.

In addition to economic considerations, ensuring
HTS reproducibility is a key challenge for its clinical
adoption. Discrepancies can arise at every stage of
the workflow, including DNA extraction, sequencing
platforms, and, most critically, non-standardized
bioinformatics. The use of disparate software or
filtering parameters can vyield conflicting AMR
profiles, thereby undermining diagnostic reliability.
Therefore, effective clinical integration requires the
translation of complex genomic data into clear and
actionable reports for clinicians. This necessitates
both validated automated bioinformatics pipelines
for timely interpretation, and multidisciplinary teams
comprising clinicians, scientists, and
bioinformaticians to place genomic findings within
the proper clinical context. These challenges
underscore the urgent need for standardization.
Global health organizations are spearheading such
efforts. The WHOQO’s catalogue of MTBC mutations,
for instance, serves as a universal reference for
interpreting AMR, while organizations such as the
Foundation for Innovative New Diagnostics are
establishing external quality assessment schemes to
ensure interlaboratory consistency[ssl.

The strategic advantage of HTS for TB control is
context dependent. In high-resource settings, the
primary benefit is the enabling of high-resolution
public health surveillance through WGS for precise
outbreak tracking and management of complex
MDR-TB cases®. In high-burden, middle-income
settings, the most significant advantage comes from
rapid AMR detection using more targeted and cost-
effective approaches, such as tNGS, which drastically

shortens turnaround times and allows for timely
initiation of appropriate therapy[m. In low-resource
settings where implementation remains challenging,
the key potential advantage is the ability of portable
sequencing technologies to leapfrog the need for an
extensive culture-based laboratory infrastructure,
thus decentralizing and expanding access to
essential diagnosticsm].

Looking ahead, the future of HTS in TB research
is promising owing to the anticipated advancements
that are set to overcome current limitations and
enhance its clinical utility. Emerging sequencing
platforms are expected to be portable, cost-
effective, and rapid, with innovations in microfluidics
and portable devices that enable on-site genomic
diagnostics in resource-limited settings.
Furthermore, the integration of artificial intelligence
and machine learning into data analysis significantly
improves the identification of resistance-associated
mutations, thereby reducing diagnostic turnaround
times and refining treatment regimensm]. A pivotal
future step is the direct integration of HTS data into
clinical decision-support systems. Such systems can
automatically process a patient’s AMR profile from
their electronic health records, leverage real-time
algorithms to recommend optimal personalized drug
regimens and flag contraindications, and ensure
alignment with public health guidelines. This
seamless workflow would not only enhances clinical
accuracy and standardizes care but also dramatically
accelerates the initiation of effective treatment. In
parallel, the development of standardized protocols
and global data-sharing initiatives, supported by
evolving regulatory frameworks and quality control
measures, will ensure the reproducibility and clinical
relevance of HTS findingsm].

CONCLUSION

This review demonstrates that HTS offers a
transformative approach for TB diagnosis and
control. HTS has significantly expanded the toolkit
available for TB management by enabling rapid
pathogen identification, precise AMR detection,
comprehensive  epidemiological analysis, and
development of novel drugs and vaccines. These
advancements translate into tangible benefits for
the patients. Rapid and comprehensive AMR
profiling is fundamental for personalized medicine
and allows for the immediate selection of an optimal
therapeutic regimen. This approach directly
enhances patient outcomes by accelerating
recovery, minimizing exposure to ineffective drugs,
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and curbing further transmission. Moreover, the
diagnostic certainty afforded by HTS can strengthen
treatment adherence, which is a critical factor in the
success of prolonged courses of TB therapy. With
further  standardization and refinement of
computational methodologies, HTS-based strategies
have the potential to revolutionize clinical practice
and public health initiatives worldwide. Continued
global collaboration and targeted investment in HTS
research, especially in resource-limited settings, are
essential for translating these technological
advances into effective TB control programs.
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