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ABSTRACT

Tuberculosis (TB) remains a global health challenge, exacerbated by the emergence of drug-resistant Mycobacterium
tuberculosis strains. Most methods for drug susceptibility testing (DST) are culture-dependent and time consuming,
possibly delaying optimal TB-treatment. This study aimed to develop an extensive targeted next-generation
sequencing (tNGS) approach for rapid genotypic DST directly from clinical samples. We designed a tNGS panel
comprising 30 amplicons targeting 19 genomic regions associated with resistance to 20 antibiotics. This method was
applied to 71 smear-positive (0-3+) pulmonary TB clinical samples collected at the Portuguese National Reference
Laboratory. DNA was extracted and amplified using multiplex PCRs, followed by sequencing on Oxford Nanopore
Technologies MinlON platform. Sequencing data were using TB-Profiler and the tNGS results compared to phenotypic
DST and whole genome sequencing (WGS) data from corresponding isolates. The tNGS demonstrated high
concordance with both phenotypic and WGS-based DST across different sample types and smear positivity levels. For
first-line drugs, tNGS showed 88% categorical agreement (CA) with pDST, increasing to 97% when excluding
undetermined results. Compared to WGS across all analysed antibiotics, tNGS achieved 92% CA, increasing to >99%
when excluding undetermined results. Validation of the tNGS panel showed 90% (1,895/2,076) of amplicons reaching
>10x coverage at all analysed positions and 43 (61%) samples with all complete amplicons above this threshold.
Non-specific amplification of contaminant bacterial DNA was minimal, with most mapped off-target reads being of
human origin. This method enables comprehensive resistance prediction directly from clinical samples and signifies
an important development in TB diagnostics and resistance monitoring.
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Introduction genotypic DST (gDST) of early positive cultures

Tuberculosis (TB) remains one of our most urgent
public health concerns. Active TB disease primarily
manifests as pulmonary disease with high mortality
if left untreated, resulting in approximately 1.25
million deaths in 2023 [1]. TB-treatment is compli-
cated by the emergence of drug-resistant Mycobacter-
ium tuberculosis strains [1,2]. Rapid diagnosis,
including drug susceptibility testing (DST), is crucial
for informing optimal treatment regimens and pre-
venting further resistance development.

The gold standard for M. tuberculosis DST is cul-
ture-based phenotypic testing (pDST). While reliable
and well-established, it is limited by long turn-around
time (2-3 months) and laboratory biosafety require-
ments (BSL-3), potentially delaying optimal TB treat-
ment. While whole genome sequencing (WGS) for
M. tuberculosis may provide identification and

[3,4], it is still limited by the need for culture. Attempts
to enrich for M. tuberculosis genomes directly from
clinical samples, prior to sequencing (e.g. molecular
capture), have proven useful but remain limited by
sensitivity issues and relatively high costs [5,6].

To overcome some of these limitations, targeted
molecular diagnosis solutions for use directly on clini-
cal samples have been developed, including real-time
PCR assays, line probe assays (LPAs), hybridization-
based assays and targeted next-generation sequencing
(tNGS) [7,8]. These assays typically focus on well-
characterized resistance-associated targets, such as
rpoB (rifampicin), katG and inhA (isoniazid), gyrA/
gyrB (fluoroquinolones), pncA (pyrazinamide) and
rrs (aminoglycosides) [9]. As sequencing technology
becomes more advanced and cost-effective, tNGS is
emerging as a scalable and sensitive option for gDST
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of M. tuberculosis [10,11], offering broader mutation
detection and improved hetero-resistance identifi-
cation compared to other molecular assays. The
World Health Organization (WHO)’s 2024 consoli-
dated guidelines for TB endorses two commercial
tNGS-based kits (Deeplex® Myc-TB and AmPORE-
TB°) analysing resistance against six to 10 selected
first- and second-line antibiotics [12].

While reducing the time to results, current tNGS
solutions often target a limited number of short geno-
mic regions (so-called hot-spots) focusing on a
restricted number of drugs [12]. Additionally, the
available commercial kits may be too costly for wide-
spread use in low- or medium-resource settings, and
do not allow for context-specific adjustment of targets.
Also, the commercial kits often provide no infor-
mation on the specific mutations detected and some-
times have limited ability to detect subpopulations
or hetero-resistance. Together, this highlights the
need for development of alternative, low-cost tNGS
solutions that enable broader and more accessible
DST for M. tuberculosis.

In this study, we developed a tNGS approach for
gDST of M. tuberculosis including 30 amplicons, target-
ing 19 genomic regions of interest with known resist-
ance-associated mutations for 20 antibiotics used for
the treatment of TB. We evaluated this panel on 71
clinical pulmonary TB samples with varying resistance
profiles, using both pDST and WGS data as reference.

Methods
Clinical samples

We used smear-positive samples from patients diag-
nosed with pulmonary TB in Portugal between 2020
and 2024. Samples were selected based on availability,
to maximize the representation of sample types and
phenotypic resistance patterns. These included spu-
tum samples (n=54), bronchial secretions (n=10),
bronchial lavage (n=3), respiratory secretions (n=
1), respiratory secretions aspirate (n=1), bronchoal-
veolar lavage (n=1) and tracheal aspirate (n=1).
These were collected as part of routine diagnostics at
the National Reference Tuberculosis Laboratory
(NRL-TB) of the Portuguese National Institute of
Health (NIH). Samples were decontaminated using
N-acetyl-cisteine-NaOH BD BBL" MycoPrep kit
according to manufacturer’s instructions (Becton
Dickinson Company, East Rutherford, NJ, USA) and
used as inoculum for liquid and solid cultures and
subsequent pDST. Samples analysed by
microscopy and visually quantified according to
WHO guidelines to acid fast bacilli (AFB) scoring (1
+, 2+, and 3+) with the addition of 0 + defined as 1-
9 AFB/100 microscopic fields. The remaining samples
were kept at —20°C until DNA extraction.

were

pDST

All isolates were subjected to pDST against the first-
line drugs rifampicin (RIF), isoniazid (INH), etham-
butol (EMB), pyrazinamide (PZA), and streptomycin
(STM). Isolates that were found to be resistant to at
least RIF and INH are considered multidrug-resistant
TB (MDR-TB) and were subjected to pDST against
kanamycin (KAN), amikacin (AMK), capreomycin
(CAP), ethionamide (ETH), para-aminosalicylate
sodium (PAS), cycloserine (CYCLO), linezolid
(LZD), bedaquiline (BDQ), clofazimine (CFZ), dela-
manid (DLM), moxifloxacin (MFX), levofloxacin
(LFX), ofloxacin (OFX), ciprofloxacin (CIP). pDST
was carried out on an automated liquid medium-
based system, Bactec MGIT960 (Becton Dickinson,
East Rutherford, NJ, USA), using the following drug
concentrations (pg/ml): for STR:1.0; for INH:0.1; for
RIF:1.0/0.5 (critical concentration was updated to
0.5 pug/ml according to the WHO revision in February
2021); for EMB:5.0; for PZA:100.0; for OFX:2.0; for
AMK:1.0; for CAP:2.5; for KAN:5.0; for ETH:5.0; for
PAS:4.0; for CYCLO:16.0; for LZD:1.0; for BDQ:1.0;
for CFZ:1.0; for DLM:0.06; for MFX:0.25; for LFX:1.0.

DNA extraction

Decontaminated samples were subjected to heat inac-
tivation at 95°C for 30 min. DNA was extracted using
the QIAamp DNA Mini Kit (Qiagen, Diisseldorf,
Germany) in accordance with the protocol for total
DNA extraction from tissues; 250 pl of clinical sample
in lysis buffer (ATL) and proteinase K was incubated
rocking overnight at 56°C before extraction following
the manufacturer’s instructions. DNA concentrations
were determined using the Qubit 4 Fluorometer
(Thermo Fisher Scientific, Waltham, MA, USA) with
the Qubit dsDNA High Sensitivity (HS) Assay Kit.

Primer design and multiplex PCRs

Primers were designed using Primer3 [13] via Benchl-
ing (https://www.benchling.com/), targeting regions
at least 100 nucleotides away from known resistance-
conferring mutations. Amplicons were aimed at
900-1100 bp and primers at 22 bp with a melting
temperature of approx. 64°C. To prevent off-target
amplification, primer candidates were manually
checked for cross-reactivity against the human gen-
ome using the UCSC Genome Browser [14] and
screened using BLAST + [15].

Multiplex PCR pools aimed for 10-12 primers per
(predicted
using Thermo Fisher Scientific online tool, https://
www.thermofisher.com) and optimize annealing
temperature compatibility and amplification efficiency
as determined by optimization of individual PCRs

reaction, to minimize primer-dimers
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(using DNA from pure cultures). Two primer pairs
were redesigned from initial sequences: embB and
rrs to improve amplification efficiency (embB) or
specificity for the M. tuberculosis complex over other
bacterial species (rrs). Annealing temperatures were
optimized for weakly amplifying or non-specific pri-
mer pairs and primer concentrations in the multiplex
pools were adjusted to achieve balanced sequencing
coverage across targets. From first design to final pro-
tocol, 4-5 rounds of individual PCR optimization and
3-4 rounds of multiplex pool optimization were per-
formed. Alltogether, optimization resulted in three
multiplex PCRs (primer details in Table S1). Notably,
the protocol was updated during optimization and
only 35 of the 71 samples were amplified using the
final optimized protocol containing embB.

PCRs were run with HotStarTaq Plus Master Mix
(Qiagen, Germany), reaction volume 50 ul, using
10 pl 5x Q-solution (Quiagen, Germany) and 12.6 pl
DNA per reaction. The PCRs were screened for
bands on an agarose gel (1% agarose, 100 V, 40 min)
prior to library preparation. Bands were visually
classified as strong, medium, weak, or very weak/no
band, and these classifications determined the mixing
ratios for the three pools, specifically, the medium,
weak and very weak bands would be pooled at 1.5X,
3X and 6X, respectively, relative to the strong band
(1X) volume.

Library preparation

The Native Barcoding Kit 24 v14 (SQK-NBD114.24;
Oxford Nanopore Technologies, Oxford, UK) was
used following the “Ligation sequencing amplicons”
protocol, according to the manufacturer’s instructions
with no DNA Control Sample. In brief, a mix of the
three PCR pools was used as input (12.5 ul) for End-
prep. After this, the DNA concentration for each
sample was determined and the input to the next
step (Native barcoding ligation) was normalized
between samples. Either 130 ng of DNA per sample
was used, or the input for all samples were normalized
to the sample with the lowest concentration (not
below 7.5ng DNA in total). The final library was
diluted to 20 fmol.

Amplicon sequencing

Sequencing was performed on a MinION device using
R10.4.1 flow cells (FLO-MIN114; Oxford Nanopore
Technologies, UK). The flow cells were prepared
according to the manufacturer’s instructions and
between 5 and 24 barcoded samples were included
per run. Depending on the remaining viable pore
count, flow cells were washed and reused to sequence
additional samples. Basecalling was performed with
Guppy v6.4.6 using the high accuracy basecalling
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model. Sequencing coverage of each amplicon and
sample was monitored throughout the runs using
the Artic Network RAMPART tool (https://artic-
network.github.io/rampart/) with a custom protocol.

waGs

Previously acquired WGS data were used for vali-
dation when available. Isolates grown from respective
samples were generated as a part of routine diagnosis
and surveillance at NRL-TB, Portuguese NIH, and
WGS was performed as described previously [16]. In
brief, samples were subjected to Nextera XT library
preparation and paired-end sequencing on an Illu-
mina MiSeq or NextSeq apparatus (Illumina, San
Diego, CA, USA).

Sequence data analysis and gDST

Nanopore sequencing reads were subjected to quality
control and improvement using Porechop (https://
github.com/rrwick/Porechop) for adapter and bar-
code trimming and NanoFilt (https://github.com/
wdecoster/nanofilt) to filter out reads with <500 bp
and an average read quality score <10, and trim
50 bp on each end to remove primer regions. To ident-
ify potential contaminations, Kraken2 v2.0.7-beta [17]
(https://github.com/DerrickWood/kraken2) was used
for taxonomical classification of reads with the Stan-
dard-16 16 GB database (26 September 2022, available
at: https://benlangmead.github.io/aws-indexes/k2). To
assess the targeted sequencing success, the sequencing
reads were mapped against a multi-fasta reference file
with all the targeted genomic positions (amplicons),
excluding the primers flanking regions (50 bp) in
each amplicon, using minimap2 [18] (https://github.
com/lh3/minimap2), and the depth of coverage was
assessed with SAMtools [19] (https://github.com/
samtools/samtools).

For both WGS and tNGS data, gDST and variant
calling were performed with TB-profiler v6.2.0 using
raw reads (tNGS) and the default settings [3] (webser-
ver; https://tbdr.Ishtm.ac.uk). These results were then
further classified as valid (S/R) or undetermined (U)
using an in-house analysis script based on the depth
of coverage after quality control for all positions of
interest (POI) relevant to the tested antibiotic. POIs
included all mutations covered by our amplicons
being listed in the TB Profiler database (https://
github.com/jodyphelan/TBProfiler), including WHO
class I and class II mutations [9] minus deletions.
For amino acid substitutions, all three nucleotides
were considered. A depth of coverage of >10x across
all POIs was classified as valid, while coverage below
this at a single POI for that antibiotic was classified
as undetermined.
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Table 1. Antibiotics and amplicons for tNGS.

Antibiotics Code Gene(s) Amplicons per gene Gene coverage
First line

Rifampicin RIF rpoB 2 373-1754

Isoniazid INH inhA / katG 2/5 —892-499 / - 115-3346
Ethambutol EMB embB 1 857-1617

Pyrazinamide PZA pncA 2 —249-1575

Second line/aminoglycosides

Amikacin AMK rrs / eis 21 —151-1537 / - 199-764
Kanamycin KAN rrs / eis 2N —151-1537 / - 199-764
Capreomycin CAP rrs / tlyA 2N —151-1537 / - 149-807
Fluoroquinolones

Moxifloxacin/Levofloxacin MFX/LFX gyrA / gyrB 1/1 —154-887 / 1145-2028
Ofloxacin OFX gyrA / gyrB —154-887 / 1145-2028
Ciprofloxacin ap gyrA / gyrB 1/1 —154-887/1145-2028
Others

Cycloserine CYCLO ald®/ alr® 2/2 —161-1116/-174-1227
Ethionamide/Prothionamide ETH/PTH ethA / inhA 2/2 —168-1470/-892-499
Clofazimine/Bedaquiline CFZ/BDQ Rv0678 1 —251-498
Delamanid/Pretomanid DLM/PMD ddn 1 —369-456
Para-aminosalicylic_acid PAS folC? / thyA® 1/1 —329-716/-145-792
Linezolid LZD rplC / rrl 1/1 12-654/2005-2952

Note: Genes of interest, amplicons and gene coverage of the tNGS panel. Gene coverage is relative to the start of the coding region of the respective gene

in reference genome H37Rv (accession number NC_000962.3).

Data analysis and statistics

Data analysis and statistics were performed using Rv.4.3.2
with R Studio 2024.09.0 Build 375 and GraphPad Prism
v.10.3.0. Sensitivity and specificity, including 95% confi-
dence intervals, were calculated using the epiR R-package
v.2.0.74. An ordinary one-way ANOVA using Turkey
method for adjusting for multiple comparisons was
used for comparing different smear positivity and an
unpaired t-test for comparing sample types.

Ethical statement

This research complies with all relevant ethical regu-
lations. The study used clinical samples previously
processed by the Portuguese NIH NRL-TB for diag-
nostic purposes and antibiotic resistance detection,
following formal medical requests issued by hospital
clinicians. Informed consent for these clinical pro-
cedures is obtained exclusively at the hospital level,
and the Portuguese NIH is not involved in this process
nor has access to the consent forms; it receives only
the clinical requisition. In the present study, the accu-
racy assessment of the assay developed by the NRL
involved manipulating the samples strictly for the
same purpose as the original clinician request: TB
detection and resistance prediction, thus requiring
no additional permissions.

Results
Amplicon design and antibiotic targets

We developed an amplicon-based targeted sequencing
approach targeting 19 resistance-associated genes/
regions that are known to be associated with resistance
against 20 antibiotics and evaluated it on 71 clinical
samples from patients with confirmed pulmonary TB

(Table 1, Figure 1(A)). For gDST determination, the
open-source pipeline TB-Profiler [3] was used in parallel
with a tailored bioinformatics analysis to complement
the results, aiding the validation of the protocol and
interpretation of the results (Figure 1(B)).

Clinical samples and sequencing

Samples were collected as a part of routine diagnosis at
the NRL-TB, Portuguese NIH and included both sputum
samples and other sample types of different smear posi-
tivity/AFB scoring, 0-3+ (Table 2). A total of 20 (28%)
samples displayed some level of phenotypic drug resist-
ance, with resistance to Isoniazid (INH) being the
most common. Four sputum samples were MDR (resist-
ant to INH and RIF), for which an extended panel of
phenotypic DST was performed, including 16 additional
antibiotics (see materials and methods).

Between 18,322 and 351,046 (mean 128,503)
reads were generated per sample, with on-target
M. tuberculosis reads ranging from 0.3 to 99.2%. The
average depth of each amplicon obtained from the
tNGS ranged from zero to 61,410x. Of all amplicons,
75% (1,562) were sequenced to >100x depth of cover-
age at all positions, 84% (1,751) to >30x depth of cov-
erage and 91% (1,895) to >10x depth of coverage. The
median proportion of amplicons with full coverage
was 97% at >30x and 100% at >10x depth of coverage;
33/71 samples (46%) had full coverage of all amplicons
at >30x depth of coverage and 43/71 samples (61%) at
>10x depth of coverage.

High concordance between tNGS results and
pDST

We started comparing the gDST results from the
tNGS approach with the pDST profile for the first
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Figure 1. Graphic summary of the workflow. Laboratory (A) and bioinformatics (B) workflow of tNGS of M. tuberculosis for geno-
typic drug-susceptibility testing (DST) directly from clinical samples from pulmonary TB patients. lllustration generated using

biorender.com.

line antibiotics INH, PZA, EMB and RIF. Using our
tNGS approach, 248 antibiotic profiles would be vir-
tually expected, where an antibiotic profile was
defined as the result (resistant-R, sensitive-S or unde-
termined-U) for a single antibiotic for a single
sample. From this, we captured 224 (90%), while the
remaining 24 (10%) profiles were categorized as
undetermined (here defined as below 10x depth of
coverage in at least one POI for that antibiotic)
(Table 3).

While our conservative categorization approach
classified two INH resistant samples as undetermined
by tNGS, these were still correctly classified as resist-
ant by TB profiler based on the partial data available.
For 218 profiles, there was a match between the
gDST and pDST results, leading to a categorical agree-
ment of 88% for all profiles and 97% excluding unde-
termined results.

The categorical agreement between tNGS-gDST
and pDST for the individual antibiotics, both includ-
ing and excluding undetermined results, was as fol-
lows: INH (78%/92%), PZA (97%/100%), EMB
(97%/97%), and RIF (85%/100%) (Table 3). Adjusting
the threshold for undetermined results to below 30x
depth of coverage increased the number of undeter-
mined profiles to 40 (16%), resulting in an overall
categorical ~agreement of 82% with only
minor improvements in sensitivity and specificity
(Table S3).

For the four MDR isolates, comprising 48 antibiotic
profiles, the tNGS results were compared to pDST for

the extended panel of antibiotics (Table S4) with an
overall CA of 89%, or 93% excluding undetermined
results (a single profile). Among resistant phenotypes
(first- and second-line antibiotics), five were classified
by tNGS as susceptible (INH, n=3; EMB, n=1;
CYCLO, n=1) (Table 3, Table S4). In contrast,
gDST classified two samples as resistant to INH and
a third as resistant to MFX/LFX, AMK and CAP,
despite these exhibiting susceptible phenotypes.
Among these, one of the INH profiles (sample ID:
MTB-PT-tNGS-10) and for all MFX/LFX profiles
(sample IDs: MTB-PT-tNGS-6a/65), the identified
mutations are described to provide low-level resist-
ance, inhA p.Ser94Ala and gyrA p.Asp94Ala, respect-
ively (Table S2). The sample classified as resistant to
AMK and CAP by tNGS (sample ID: MTB-PT-
tNGS-06a) had the rrs n.1401A > G mutation, known
to confer resistance to aminoglycosides (AMK, CAP
and KAN) [20], though only KAN resistance was
observed phenotypically (Table S2), highlighting the
added information value of gDST.

Resistance mutations identified by tNGS closely
match those found by WGS

For samples with available WGS data (n=53), we
compared the gDST results from tNGS and WGS for
all antibiotics included in TB profiler, totally 822 anti-
biotic profiles. Our tNGS approach correctly classified
756 profiles, with four profiles misclassified compared
to WGS results and 62 (8%) profiles undetermined,
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Table 2. Clinical samples included in the study categorized by sample type and smear positivity.

Phenotypic resistance of isolate

WGS INH PZA EMB RIF

Sample type Smear positivity No. of samples N % N % N % N % N %
Sputum 0 12 6 50% 2 17% 0 0 0

1 18 15 83% 5 28% 0 1 6% 2 11%

2 1 8 73% 5 46% 1 9% 1 9% 1 9%

3 12 9 69% 5 42% 1 8% 1 8% 1 8%
Other® 1 4 4 100% 1 25% 0 0 0

2 4 3 75% 1 25% 0 0 0

3 10 8 89% 1 10% 0 0 0
Total 71 53 75% 20 28% 2 3% 3 4% 4 6%

Note: The availability of whole genome sequencing (WGS) data and phenotypic drug resistance results for the corresponding isolates is described.
®Bronchial secretions (n = 10), bronchial lavage (n = 3), respiratory secretions (n = 1), respiratory secretions aspirate (n = 1), bronchoalveolar lavage (n = 1)

and tracheal aspirate (n=1).

resulting in an overall categorical agreement of 92%
and 99.5% when excluding undetermined profiles
(Table 4). Importantly, the CAP resistant sample,
that was classified as undetermined by tNGS (sample
ID: MTB-PT-tNGS-31), was correctly classified as
resistant by TB profiler based on partial tNGS data,
showing the added value also of partial sequencing
data.

Adjusting the threshold for undetermined results to
below 30x depth of coverage increased the number of
undetermined profiles from 8% to 15% (127), missing
two INH resistant profiles. This resulted in a categori-
cal agreement of 84% for all profiles, with no decrease
of discordant profiles or apparent gain in specificity
(Table S5).

For the 11 profiles with a discordant phenotype and
tNGS results, eight had WGS data. For five profiles
(INH=2, CYCLO=1, MFX =1, LFX=1), the WGS
results aligned with the tNGS. For the remaining
three profiles, the resistance mutation identified by
tNGS was also observed in the WGS data but did
not pass the quality control (AMK =1, KAN =1; rrs
n.1401A > G, sample ID: MTB-PT-tNGS-06a) or the
main resistance conferring mutation identified by
WGS was in a gene not covered by our panel (EMB
=1; embA, sample ID: MTB-PT-tNGS-53, Table S2).
For this sample, WGS also showed a low-prevalence
mutation in embB (p.Met306Val), which was observed
in the tNGS data upon manual inspection (15% of
reads, >14,000 depth of coverage).

Detection of non-resistance associated
mutations

To further validate our results, we analysed mutations
not associated with resistance in the regions covered
by our panel. In total, WGS identified 260 mutations
across 41 unique positions (Table S5). Our tNGS
approach correctly identified 231 (89%) mutations,
while 14 (5%) were not identified by tNGS and 15
(6%) positions remained undetermined (Table S6).
Raising the threshold to >30x depth of coverage
reduced the number of correctly identified mutations
to 218 (84%), with 12 (5%) mutations not detected,
while doubling 30 (12%) the undetermined positions
(Table S6). Twelve of the 13 additional mutations
identified with a 10x threshold were in mutation
hot-spots (defined as positions where >50% of samples
presented mutations), suggesting that these are likely
not the result of random sequencing errors.

We identified 95 mutations by tNGS that were not
present in the WGS data (possible false positive
results) at a threshold of 10x. To explore these further,
we compared sequencing depth and sequencing frac-
tion for true positives (mutations identified by both
methods, n=231) and possible false positives
(tNGS-unique mutations). We found that the 53
tNGS-unique mutations only identified with the
lower threshold (10x) were found in a single sample
with a low proportion of reads with the mutation
(Figure 2). This sample had a low proportion of
M. tuberculosis reads (2%) and all mutations were

Table 3. Comparison of genotypic and phenotypic DST results for first-line antibiotics.

pDST resistant

pDST susceptible

tNGS results

_ tNGS results CA total CA? Sensitivity® Specificity®
Antibiotic Total R S V] Total R S U (%) (%) [95 Cl] [95 CI]
INH 20 15 3 2 51 2 40 9 77.5 91.7 0.83 [0.59, 0.96] 0.95 [0.84, 0.99]
PZA 2 2 0 0 69 0 67 2 97.2 100 1.0 [0.16, 1] 1.0 [0.95, 1]
EMB 3 2 1 0 32 0 32 0 97.1 97.1 0.67 [0.19, 0.99] 0.97 [0.89, 1]
RIF 4 4 0 0 67 0 56 1 84.5 100 1.0 [0.40, 1] 1.0 [0.94, 1]
Total 29 23 4 2 219 2 195 22 87.9 97.3 0.85 [0.66, 0.96] 0.99 [0.96, 1]

Note: Genotypic DST from tNGS was compared to phenotypic results for all samples (n = 71). Categorical agreement (CA) was calculated with (total) and
without undetermined results, defined as below 10x depth of coverage in at least one POI for that antibiotic. The 95% confidence interval (95 Cl) for

sensitivity and specificity is displayed in brackets.
“Calculated excluding undetermined results.
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Table 4. Comparison of genotypic DST, tNGS and WGS for all antibiotics.

WGS resistant

WGS susceptible

tNGS results tNGS results

CA total CcA? Sensitivity® Specificity®
Antibiotic Total R S U Total R S U (%) (%) [95 CI] [95 CI]
INH 12 12 0 0 1 0 33 8 84.9 100 1.0 [0.74, 1] 1.0 [0.89, 1]
PZA 2 2 0 0 51 0 51 0 100 100 1.0 [0.16, 1] 1.0 [0.93, 1]
EMB 3 2 1 0 24 0 24 0 96.3 96.3 0.67 [0.09, 0.99] 1.0 [0.86,1]
RIF 4 4 0 0 49 0 40 9 83 100 1.0 [0.40, 1] 1.0 [0.91, 1]
MFX 1 1 0 0 52 0 49 3 943 100 1.0 [0.03, 1] 1.0 [0.93, 1]
LFX 1 1 0 0 52 0 49 3 94.3 100 1.0 [0.03, 1] 1.0 [0.93, 1]
BDQ 0 0 0 0 53 0 51 2 96.2 100 NA 1.0 [0.93, 1]
DLM 0 0 0 0 53 0 51 2 96.2 100 NA 1.0 [0.92, 1]
LZD 0 0 0 0 53 0 47 6 88.7 100 NA 1.0 [0.93, 1]
AMK 0 0 0 0 53 1 50 2 94.3 98 NA 0.98 [0.90 1]
KAN 0 0 0 0 53 1 50 2 943 98 NA 0.98 [0.90, 1]
CAP 1 0 0 1 52 1 48 3 90.6 98 NA 0.98 [0.89, 1]
CFz 0 0 0 0 53 0 51 2 96.2 100 NA 1.0 [0.94, 1]
ETH 4 4 0 0 49 0 40 9 83 100 1.0 [0.40, 1] 1.0 [0.91, 1]
PAS 1 0 0 1 52 0 49 3 92.5 100 NA 1.0 [0.93, 1]
CYCLO 0 0 0 0 53 0 47 6 88.7 100 NA 1.0 [0.92, 1]
Total 29 26 1 2 793 3 730 60 92 99.5 0.96 [0.81, 1] 1.0 [0.99, 1]

Note: Genotypic DST results obtained using tNGS were compared to genotypic DST results using whole genome sequencing (WGS) data from correspond-
ing isolates, when available (n = 53). Categorical agreement (CA) was calculated with (total) and without undetermined results, defined as below 10x

depth of coverage in at least one POI for that antibiotic.
“Calculated excluding undetermined results.

found in gyrA and rrs, two genes with known hom-
ology to other bacterial species. Together, this suggests
low-level contamination in a single sample with poor
amplification, rather than sequencing error.

In contrast to mutations identified by both methods
(true positives), 27 of the remaining 42 tNGS-unique
mutations (30x threshold) presented in relatively low
fraction (<75% of reads) with adequate sequencing
depth (>100x) (Figure 2). These 27 mutations were
identified in 14 different genes from nine samples,
suggesting that they could represent genetic hetero-
geneity selected against during culture.

Sequencing coverage is not strongly influenced
by sample type or smear positivity level

To assess factors affecting sequencing coverage, we
analysed amplicons with >100x depth across sample
types and smear positivity levels. While higher smear
positivity showed a trend toward increased coverage
(Figure 3(A)), the difference was not significant (0 +
vs. 3+, p=0.418). Similarly, no significant difference
was observed between sputum and other sample
types (p = 0.543, Figure 3(B)), although the low num-
ber of each non-sputum type restricts interpretability.
These findings suggest that neither smear positivity
nor sample type alone explains the variability in
sequencing performance, although a larger sample
set may be needed for a definite evaluation.

Samples with higher total number of reads gener-
ally had a higher proportion of amplicons with
>100x depth (Figure 3(C)). Among the samples, 73%
(n=58) had >50% of mapped reads corresponding
to M. tuberculosis. Human DNA was the main con-
taminant (Figure 3(D)), with minimal non-specific
bacterial/viral amplification. This is important given

the homology of rrs, rrl, rpoB, and gyrA/B with other
bacteria. Only 3 samples had >10% (17-33%) non-
human/M. tuberculosis reads, primarily identified as
Prevotella (n=1), Pseudomonas (n=1), and Strepto-
coccus (n= 1), although without any apparent impact
on the gDST results.

We also analysed the mean depth of coverage
across amplicons. Generally, the amplicons in pool 3
showed slightly lower mean depth of coverage
(Figure 3(E)), despite the visual classification of
bands on the agar gel used for determining pooling
ratios did not differ systematically between the pools.
Still, all but four amplicons (katG.4, ald.1, rpoB.2
and rrs.1) were covered at >100x average depth of cov-
erage for >75% of all samples.

Time and cost requirements

When a sample is received at the Portuguese NRL-TB
it is decontaminated and used as input for smear
microscopy and molecular diagnosis within 24-48 h.
Our tNGS approach uses the remaining sample fol-
lowed by DNA extraction and multiplex PCR (1.5
days, hands-on approx. 2 h), library preparation (1
day, hands-on approx. 2h) and lastly sequencing
and analysis (1 day, hands-on approx. 2 h). Taken
together, results for tNGS-based gDST for the full
panel of 20 antibiotics may be available in five days
after the sample reception. This highly contrasts the
time required for pDST and WGS-based gDST, that
is dependent on the growth rate of the
M. tuberculosis strain and may take between 2 and
15 weeks. The current estimated cost of this tNGS
approach is roughly 40-100€ per sample, depending
on the NGS platform and number of samples per
run. In comparison, WGS costs per sample are approx.
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Figure 2. Evaluation of mutations not associated with resistance. Sequencing depth and fraction (proportion of reads with
mutation) of mutations identified by both WGS and tNGS (blue) or only tNGS (red). Dotted box represents mutations excluded
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250€, and the estimated cost of pDST may go up to
40-70¢€ for the complete set of antibiotics.

Discussion

We designed an amplicon-based targeted sequencing
approach for M. tuberculosis and evaluated it directly
on clinical samples from patients with confirmed pul-
monary TB. We demonstrate high concordance with
pDST and WGS (categorical agreement of 97 to
>99% depending on reference method), while signifi-
cantly reducing the time to results and associated
costs. In addition, the flexibility of this methodology
allows for a dynamic adaptation to new genetic anti-
microbial resistance markers. While we chose ONT
technology (MinION) for the sequencing due to its
versatility and speed, the amplicon design is compati-
ble with other sequencing technologies, such as Illu-
mina. The entire workflow can be completed within
five days, providing significantly reduced turnaround
time compared to traditional culture-based methods.

Compared to previous studies or commercial kits
currently available [21-26], our study presents one
of the far most comprehensive panels, especially
among those that have been validated directly on clini-
cal samples [21-23]. Our panel targets a broad range
of antibiotics, also including second-line antibiotics
and newer agents such as DLM/PMD, reflecting the
evolving landscape of drug resistance and treatment
regimens. Target selection for the panel was based
on the WHO updated 2023 catalogue [9]. According
to this, 14 genes or regions (gyrA, gyrB, ropB,
Rv0678, rpsL, rrs, inhA, tlyA, katG, pucA, eis, embB,
ethA, gid) may harbour class I mutations (associated
with resistance) relevant for resistance to INH, RIF,
EMB, PZA, MFX/LFX, CIP, BDQ/CFZ, AMK, CAP,
KAN, ETH/PTO. We also included two genes (rrl,
ddn) containing class II mutations (associated with
intermediate resistance) to also capture the most rel-
evant regions for LZD and DLM/PMD resistance.
Four other genes (alr, ald, folC, thyA) included in
the TB Profiler database were then added based on
substantial evidence of resistance mutations for
CYCLO [27,28] and PAS [29,30]. While streptomycin
was not included in our analysis due to its current lim-
ited therapeutic use, additional amplicons covering
e.g. rpsL and gid could be added to the panel if deemed
relevant in the local context [9]. Beyond streptomycin,
the panel could be expanded to incorporate additional
targets as our understanding of resistance mechanisms
evolve, examples of potential targets of interest include
thyX (PAS) [31], atpE (BDQ/CFZ), or fbiA/B/C
(DLM/PMD) [9]. Such additions would allow the
panel to adapt to emerging resistance mutations and
national priorities.

Thorough design and several rounds of optimiz-
ation were made to ensure good coverage. Most
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primer pairs performed well in individual PCRs and
later in multiplex pools, despite the known challenge
of GC-rich regions of the M. tuberculosis genome.
However, as this work was carried out with limited
resources as part of in-house diagnostic development,
there is potential for further optimization if the set of
targets is expanded or adapted.

In total, five of 33 phenotypically resistant profiles
were classified as sensitive by tNGS, namely, INH (n
=3), CYCLO (n=1) and EMB (n=1). For CYCLO
and the one INH resistant profile with WGS data
available, our tNGS results are in line with the WGS
results for the corresponding isolates. Discordance
between phenotypic and genotypic DST have been
reported previously, in particular for INH, and likely
suggests uncharacterized resistance mechanisms
[32,33].

The sample classified as EMB-susceptible by tNGS
was identified as resistant by WGS in line with the
phenotypic results based on two mutations: embB:
p-Met306Val (17% of reads) and embA:c.—16C>G
(82% of reads). While the intergenic region of embC-
embA has been implicated to be important for resist-
ance against EMB [34], the WHO 2023 catalogue
does not classify any embA mutations as associated
with resistance [9]. As the isolate was phenotypically
EMB-resistant, embA could be considered in an
expanded panel. The low prevalence mutation in
embB for this isolate was observed also in the tNGS
data upon manual inspection and would have been
picked up if present at a higher proportion.

A threshold of <10x at a single POI for a given anti-
biotic was used to define an undetermined result,
which is also the default cutoff for the command line
of TB profiler [17]. Given the error-prone nature of
ONT sequencing, we also performed the analysis
with the more conservative >30x threshold. Our
results do not show clear signs of sequencing errors
affecting the results. Rather, the two additional
pDST-tNGS discordant profiles, detected at 10x but
not at 30x, had WGS data results in line with the
tNGS-data, and the increased number of mutations
not associated with resistance detected solely by
tNGS likely represents low-level bacterial contami-
nation in a single sample with poor amplification.
However, direct validation of the sequencing platform
as performed in other studies [35,36], would be
required to fully exclude potential platform-specific
biases. Interestingly, we could see that even when a
tNGS profile was classified as undetermined, TB profi-
ler successfully identified three of the four resistant
pDST/WGS profiles (Table S2). This highlights the
added value also of partial sequencing data.

Among the limitations of the study, we highlight
that only four samples included a pDST profile beyond
the first line antibiotics, and WGS data were only
available for 75% of samples, restricting the insights
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into some of the pDST-gDST discrepancies. The num-
ber of specimens per sample type was small and con-
strained by clinical availability, limiting robust
conclusions for individual non-sputum sample types.
Similarly, no smear-negative samples were included
in our study, although they are known to contribute
to TB transmission [37] and targeted sequencing
from such samples has been shown to be feasible
[21]. Also, while we did not observe clear differences
in sequencing coverage between the collection years
(2020-2024), the potential negative effects of long-
term storage cannot be entirely excluded. Addition-
ally, we would have benefitted from more samples
with diverse resistant phenotypes, which would allow
a more comprehensive validation of our approach in
capturing rare resistance mutations. To partially com-
pensate for this, we compared the tNGS results with
the respective WGS data in regards to mutations not
associated with resistance. This approach showed
that our tNGS method identified 89% of mutations
in the target regions, suggesting that, if resistance
mutations would have been present, we would have
captured these to a high extent. However, comparing
WGS data from isolates to tNGS results directly
from clinical samples may not be completely straight-
forward, and it must be taken into consideration that
mutations may be acquired/enriched or lost/selected
against during culture. Lastly, this study is limited by
the absence of pDST for the newer agents BDQ,
DLM, and PMD. During the study period, these assays
were not available in Portugal, and standardized refer-
ence methods were not yet routinely implemented
internationally. Furthermore, resistance mechanisms
for these agents, particularly for PMD and DLM, are
still being elucidated, limiting the interpretive value
of both phenotypic and genotypic data. Future inves-
tigations should aim to integrate validated pDST and
genomic data for these drugs to support more robust
benchmarking of molecular resistance prediction
tools.

Conclusion

The tNGS approach developed in this study demon-
strates a rapid, flexible, and cost-effective method for
genotypic DST directly from clinical samples, pro-
viding a valuable complement or alternative to tra-
ditional phenotypic testing. This approach shows
high concordance with pDST and WGS from corre-
sponding isolates and provides the ability to detect
low-level resistance mutations in clinical samples
possibly lost during culturing. Our suggested
approach supports decentralization of DST by its
compatibility with compact sequencing devices (e.g.
MinION) and use of webservers with reduced need
for bioinformatics expertise during routine analysis
(e.g. TB Profiler). By sharing primer sequences and

detailed reaction conditions and optimization steps,
we hope to facilitate uptake, enable local target adap-
tation and further community-driven optimization.
This flexibility supports decentralization in low-inci-
dence settings with limited BSL-3 infrastructure for
culture, and offers a feasible alternative to phenoty-
pic testing in high-burden and resource-limited set-
tings, ultimately contributing to the global TB
eradication efforts.
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