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Abstract

Delays in accurate diagnosis of drug resistant tuberculosis (DR-TB) can hinder treatment.
Whole genome sequencing (WGS) provides more information than standard molecular
and phenotypic testing, but commonly used platforms are expensive to implement, and
data interpretation requires significant expertise. We aimed to optimise a TB WGS diag-
nostic pipeline balancing user-friendliness, cost-effectiveness and time to results, whilst
ensuring accuracy. Growth conditions, DNA extraction protocols and Oxford Nanopore
Technologies (ONT) library preparation kits were compared. ONT was compared with
lllumina protocols. Software for basecalling and analysis were evaluated to find the most
accurate resistance SNP and lineage predictor. Optimally, a spin-column CTAB DNA
extraction method was combined with the RBK110.96 library preparation kit, high accu-
racy (HAC) basecalling and data analysis using TB-Profiler. Compared with lllumina, the
pipeline was concordant for 16/17 (94%) isolates (lineage) and for 17/17 (100%) isolates
(resistance SNPs). Our pipeline was 71% (12/17) concordant with phenotypic drug sus-
ceptibility test (DST) results. Time-to-diagnosis was around four weeks. This optimised TB
sequencing pipeline requires less time and expertise to run and analyse than Illumina,
takes less time than phenotypic DSTs and the results are comparable with lllumina. The
cost per sample is comparable with other methods. These features make it an important
tool for incorporating into routine DR-TB diagnostic pipelines and larger scale drug resis-
tance surveillance in all settings.
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Introduction

Treatment for drug-resistant tuberculosis (DR-TB) is intensive and can take up to 20 months
to complete, compliance can be low due to drug toxicity, and there is increased risk of mor-
tality [1]. Misdiagnosis and delays to correct diagnosis, both between drug sensitive (DS-TB),
DR-TB and multi-drug resistant (MDR-TB) strains, and the differentiation between M. tuber-
culosis and non-tuberculosis mycobacteria (NTMs), can complicate and delay appropriate
treatment. Delayed treatment is associated with high early mortality and the increase in drug
resistance prevalence [2]. Whilst the prevalence of DR-TB has remained stable over the last
decade, the top 30 countries with the highest TB prevalence identified by WHO are low- and
middle-income countries (LMICs) [3]. DR-TB has been most commonly reported from South-
ern America and Central Asia, although data is not available from many African countries
[4,5]. Phenotypic drug sensitivity testing (DST) tends to be restricted to reference facilities or
specialist centres, but the roll out of molecular assays such as the GeneXpert MTB/RIF Ultra
and MTB/XDR (Cepheid) or the line probe assay GenoType® MTBDR (Bruker Corporation)
has allowed more localised testing. However, these are incomprehensive targeted methods
which are limited to detecting specific resistance-encoding mutations to certain drugs [6,7].

Whole genome sequencing (WGS) has emerged as a diagnostic tool for DR-TB cases
[8-10]. WGS can be used as a comprehensive molecular diagnostic test that can identify
mutations for all drugs in one assay including novel drug resistance mutations and novel drug
targets. It can predict resistance through gene inactivation caused by multiple mutations,
frameshift mutations or large structural variations in the genome [9]. WGS can also identify
TB lineages and mixed strain infections [11]. In outbreak situations, WGS is a powerful tool
to identify transmission chains and clusters [12]. In cases of negative treatment outcomes,
WGS can differentiate between cases of relapse, due to treatment failure, and reinfection,
which might be due to failure to develop protective immunity, through calculating the genetic
distance between pre- and post-treatment M. tuberculosis genomes [13]. Despite the increas-
ing availability of sequencing platforms in LMICs, the lack of bioinformaticians, data analysis
training opportunities, and high-performance computing facilities have been a bottleneck to
the roll out of WGS globally [14].

Despite the potential of WGS, M. tuberculosis is a challenging organism to work with. DNA
extraction is complicated by the complex cell wall structure [15]. Many laboratories utilise
the cethyl trimethyl ammonium bromide (CTAB) method [16], which generally produces
a higher yield of genomic DNA of good integrity and purity for sequencing applications
compared to commercial kits, and the reagents for which are mostly available and commonly
used in TB laboratories in LMICs. DR-TB isolates tend to be slower to grow than DS-TB ones
and generally produce less biomass, which can make extracting sufficient amounts of genomic
DNA more difficult [17].

The mycobacterial genome has a high GC content (>60%) and multiple repeat regions.
These structural features create challenges when considering sequencing library preparation
and data analysis [18,19]. On the other hand, an advantage in the analysis of the DR geno-
type for M. tuberculosis is that mycobacterial resistance is mainly dependent on the evolution
of mutations such as single nucleotide polymorphisms (SNPs) and insertions or deletions
(INDELSs) within chromosomal genes rather than horizontal gene transmission [20].

The employment of short read, high throughput sequencing platforms, such as the Illu-
mina MiSeq, is established for DR-TB genotyping [21-23], but these platforms have high
resource requirements and need highly skilled operators, and in consequence such large-scale
sequencing is not always available, especially in resource-constrained settings. In contrast,
long read sequencing offered by ONT using the MinION; a small, portable device, is accessible
to resource-constrained environments because of lower set-up costs and less complex training
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needs. Long read sequencing can additionally be advantageous for sequencing complex
genomes which are GC rich or have many repeated regions.

There is little research from resource-constrained settings on the use of ONT platforms
for TB diagnosis. Those publishing have often done so as individual research studies [24-29].
Previous studies often made use of the ligation-based ONT library preparation [25,28]. These
require costly third-party reagents and high DNA input (1 pg), which can be hard to routinely
obtain. If optimised appropriately, use of the rapid barcoding kits, employing multiplexing,
should improve cost effectiveness [24].

Whilst phenotypic DSTs are the TB diagnosis benchmark, as there are internationally rec-
ognised standards, diagnosis utilising WGS may help to provide more accurate results. This in
turn may help reduce the time to correct drug regimen administration. Genomics is especially
important in countries with no DST capabilities, or for new drugs like bedaquiline, where
there is no other diagnostic. Currently, there does not appear to be a TB sequencing proto-
col that could be integrated into diagnostic pipelines in resource constrained settings to aid
DR-TB diagnosis. We aimed to develop a pipeline, optimising methodology to create a tool
that had an optimal combination of accuracy, speed, cost-effectiveness and user-friendliness.

Materials and methods

The full manual for this pipeline, including protocols and tutorial videos can be found on
the PANDORA-ID-NET Global Health Network hub, which includes the times each method
takes to undertake and is also summarised in S1 Table [30].

M. tuberculosis samples and ethics statement

17 M. tuberculosis isolates from an archive maintained by the Centre for Clinical Microbiol-
ogy (CCM) at University College London (UCL), which have metadata and phenotypic drug
sensitivity data (streptomycin, isoniazid, rifampicin, ethambutol, plus pyrazinamide for MDR
isolates) were utilised. Eight DS-TB isolates, five isoniazid mono-resistant isolates and four
MDR-TB isolates were selected. The study did not include live participants. The study used
archived M. tuberculosis isolates that have been stored as isolate aliquots in glycerol at —=70°C
at the CCM, as per the guidelines for the original clinical trials they were utilised from. No
patient data was included in the study. There is no means to associate the isolates with the
original source and ethical approval was not required.

Growth of M. tuberculosis

Fifty microlitres of M. tuberculosis frozen aliquots were incubated in MGIT tubes (Becton
Dickson), using the BD BACTEC™ MGIT™ automated mycobacterial detection system or

on Middlebrook 7H11 slopes (EO laboratories) and incubated at 37°C in a static incubator.
To identify the optimal growth time to achieve the greatest DNA yield, two representative
MDR-TB and two DS-TB samples were selected from the collection. 500 uL of MGIT subcul-
tures were seeded onto 7H11 slopes and into MGIT tubes and left to grow. Once the MGIT
flagged positive, each MGIT and its corresponding 7H11 slope were further cultured for 2, 3
or 4 weeks, after which DNA was extracted.

DNA extraction

Two different CTAB methods were compared. For each extraction method, 400 pL of liquid
culture taken from a MGIT tube was used.

Method 1: The precipitation CTAB DNA extraction method, as described in Kent et al.
[16] was optimised, with the addition of a 15-minute sonication step after heat killing and 3
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uL yeast tRNA (Fisher Scientific) at the isopropanol precipitation step. DNA was eluted into
25 pL molecular grade water.

Method 2: A spin-column CTAB method, developed by ONT, was compared. Briefly,
samples were heat killed, then glass beads and lysozyme (10mg/mL) added. The samples were
incubated in a shaking incubator at 37°C for 15min at 800 RPM. Proteinase K and CTAB
buffer were added and then incubated at 56°C for 30 min at 1000 RPM. 5M NaCl was added
and the debris pelleted by centrifugation, before a modified version of the Monarch Genomic
Purification Kit (New England Biosciences) was followed. The full protocol for spin-column
CTAB is in S1 Text.

DNA quantification

DNA was quantified using spectrophotometry and the Qubit™ dsDNA BR Assay Kit (Thermo
Fisher) and DNA size and integrity confirmed using electrophoresis with the Genomic DNA
ScreenTape and reagents on the TapeStation 4150 (Agilent Technologies Inc.).

DNA shearing

DNA was sheared mechanically using g-TUBES (Covaris), following manufacturer’s instruc-
tions [31]. Samples with an average size of 10kb, 20kb and ~50 kb were sequenced for 2 hours
each and the output number of reads, N50 (the sequence length of the shortest contig at 50%
coverage of the total genome assembly) and bases compared.

Library preparation

DNA libraries were prepared using either the Rapid Barcoding Kit (SQK-RBK004) (ONT)
with a DNA input of ~400 ng, the newer Rapid Barcoding Kit 96 (SQK-RBK110.96)

(ONT) with a DNA input of between 50-200 ng, or the PCR Barcoding kit (SQK-RPB004)
(ONT) with DNA inputs of 1-5ng, following the respective ONT kit protocols [32-34]. DNA
libraries were prepared from the same spin-column DNA extractions for Illumina sequencing
using the DNA Prep, (M) Tagmentation (24 Samples, IPB) library preparation kit (Illumina)
and the MiSeq Reagent Kit v3 (600-cycle) (Illumina) [35,36].

Sequencing and basecalling

Twelve or 24 barcoded samples were run together on a flow cell version R9.4.1 (ONT) using
a MinION device for 72 hours, using the default parameters on the MinKNOW software
(v23.04.6). Basecalling was performed either by the MinKNOW software alongside sequenc-
ing or using the Guppy basecalling software with a minimum Q score of 8 (v6.5.7) (ONT)
[37], using either the flip-flop Fast, high accuracy (HAC), or super-high accuracy (SUP)
algorithm. Basecalling was undertaken on a 32 GB RAM CPU computer (for specifications,
see S2 Table).

Data analysis

Fastq files were quality checked (QC) using FastQC (v0.21.1) and MultiQC (v1.15) [38,39].
Barcodes were demultiplexed and trimmed from the reads using Guppy. To view depth and
coverage of the sequences, fastq files were aligned to the H37Rv reference genome (NCBI Ref-
erence Sequence NC_000962.3) using minimap2 (v2.26) [40], then sorted and indexed using
SAMtools (v1.17) [41]. Alignments were visualised using Artemis (v18.1.0) [42]. Depth and
coverage were calculated using SAMtools. Fastq files were input to the resistance gene SNP
and lineage calling software configured for ONT data, Mykrobe (v0.10.0) [43] and TB-Profiler
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(v4.4.0) [44] graphical user interfaces (GUIs), using each programme’s default analysis set-
tings, to compare accuracy. We wish to note that the versions of these tools utilised at the time
of analysis have now been superseded by more recent versions. ONT results were compared
to Illumina data obtained from the same extraction. Drug resistance SNPs with a confidence
grading of >3, as defined by the WHO were included in the comparison [45]. Data were
analysed using Prism (v10.0.0.153) (GraphPad). Sequence data were deposited under Project
accession number PRJEB68143 on the European Nucleotide Archive and outlined in S3 Table.

Results

DNA vyield and fragment size for cultures sampled over time are displayed in Fig 1. The mean
DNA yield for the MDR-TB isolates was 688 ng (SD = 413) (from MGIT liquid culture) and
966 ng (SD = 841) (from 7H11 slopes), whilst for the DS-TB isolates it was 1414ng (SD =
1265) (MGIT) and 1712ng (SD = 1327) (7H11). The quantity of DNA obtained from 7H11
was significantly higher than from MGITs especially for the MDR-TB isolates (p = < 0.0001,
unpaired t-test). For MDR-TB isolates, both the MGIT and 7H11 yields did not change
significantly over time. For DS-TB isolates, for both the MGIT and 7H11 cultures, the yields
decreased over time.

The largest DNA fragments for both MDR-TB and DS-TB isolates was obtained from
MGIT cultures. The mean size for the MDR-TB isolates was 56,150 bp (Standard Deviation
(SD) =6171) (MGIT) and 30,439bp (SD = 13,890) (7H11), whilst for the DS-TB isolates it was
54,776 bp (SD = 5028) (MGIT) and 18,618 bp (SD = 7134) (7H11). There were no significant
differences between the means of DNA sizes for isolates grown in MGITs or on 7H11 for
either MDR-TB or DS-TB isolates. For the MDR-TB isolates, when cultured in MGIT, the
DNA size increased over time, whereas on 7H11, the DNA size peaked at week 3 (p = 0.01,
one-way ANOVA). For the DS-TB isolates, the increased over time in both the MGIT and
7H11 cultures.

DNA vyield and DNA size results from the precipitation and spin-column CTAB extraction
method were compared for MGIT and 7H11 cultures and stratified into resistance categories
(Fig 2).

We carried out MinION-based sequencing of selected samples. Firstly we looked at
fragment size, as in our experience, sequencing coverage can be reduced both by fragments
that are too short and too long. Long fragment lengths can especially inhibit read output
for the mycobacteria. To do this we generated shorter DNA fragments (20 and 10kb aver-
age size) which we compared with the original (50 kb) samples. A size of 20kb resulted in
the greatest number of reads, bases and N50 (Fig 3). The obtained N50 in sequencing was
significantly higher with the 20kb input DNA fragments compared to the other two sizes
(p =0.01, one-way ANOVA). Although there was variation in the number of reads and bases
obtained between the DNA sizes tested, the differences were not significant (p > 0.05, one-way
ANOVA).

We compared different library preparation kits, all three of which are rapid, transposase-
based kits. SQK-RPB004 used a PCR amplification step resulting in fragments of around
4000 bp, the other two were different versions of kits that utilise a transposase that cuts native
DNA to add the sequencing adapter, and has a major impact on fragment length. When 12
randomly selected isolates were barcoded and multiplexed and sequenced on one flow cell, the
PCR-based SQK-RPB004 kit gave a greater mean read depth (mean = 394x, SD = 762) than
the native kits, but the genome coverage was low (mean = 67%, SD = 19). Whilst the cover-
age was improved using the older native DNA-based kit (SQK-RBK004) (mean = 80%, SD =
38), the read depth was lower (mean = 4x, SD = 3). The newer native DNA-based kit (SQK-
RBK110.96) provided an improved depth for both precipitation DNA extraction method
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Fig 1. Genomic DNA yield and integrity obtained from MDR-TB and DS-TB isolate cultures. Overall, 7H11 slopes produced the greatest yield of DNA, whilst
MGIT tubes produced the greatest DNA size. A) DNA yields extracted from MGIT tubes over time; there was no change in MDR-TB DNA yield, but the DS-TB
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isolate yield decreased. B) DNA amounts extracted from 7H11 slopes over time; there was no change in MDR-TB DNA yields, but DS-TB isolate yields decreased. C)
Size of DNA extracted from MGIT tubes over time; both MDR-TB and DS-TB isolates increased over time. D) Size of DNA extracted from 7H11 slopes over time;
the MDR-TB isolates peaked at week 3 and then decreased (p=0.0025), the DS-TB isolates peaked at weeks 3 and 4 (p=0.01). Significance was calculated using One-
Way ANOVA and Tukey’s post ad hoc analysis.

https://doi.org/10.1371/journal.pgph.0004099.9001

(mean = 13x, SD = 9) and spin-column CTAB method (mean = 49x, SD = 36), and improved
genome coverage (mean = 84.6%, SD = 31 and 99.8%, SD = 2 respectively). Fig 4 highlights
the quality scores for each of the kits. When 24 samples were run together, the mean depth
was reduced to 18x (SD = 25).

When the assembled BAM files were viewed for rpoB, where most rifampicin-resistance
SNPS map (as an example), the PCR-based SQK-RPB004 kit showed isolated, highly amplified
regions and other regions with no coverage (see Fig 5). Native library preparation kits demon-
strated a better coverage for the whole rpoB gene. We found that the maximum number of
samples that could be multiplexed on a MinION and still achieve an average depth of >40 for
all samples to be 12. For Illumina, this will vary between machines, but for a MiSeq, this will
be 37.

In this study, we compared three different bioinformatic algorithms for basecalling; Fast
was compared with high accuracy (HAC) and super high accuracy (SUP) basecalling using the
programme Guppy. The mean number of. fast5 input files was 6.4 (SD = 1.5) (Table 1). Whilst
SUP basecalling was the slowest, it did provide significantly better quality (Q) scores.

The DNA samples came from strains with known DR phenotypes and genotypes. Fast,
HAC and SUP-basecalled versions of each of the files were analysed using TB-Profiler, shown
to be the more accurate TB data analysis programme when compared with MyKrobe, to com-
pare resistance SNP and lineage identification (Table 2). All isolate’s median read depths were
>40x. Compared with SUP basecalling, Fast basecalling agreed for 15/17 (88%) samples for
lineage and all resistance SNPs. The sample for which Fast basecalling missed a SNP (strepto-
mycin gidC 102de1G) had a depth of 47x. The sample for which Fast basecalling called lineage
3, and HAC and SUP called lineage 4.3, had a depth of 85x. HAC and SUP basecalling agreed
for 17/17 (100%) samples. For the complete basecalling comparison dataset, see S4 Table.

Using phylogenetic DSTs as a guide, HAC-basecalled data were put through TB-Profiler
and Mykrobe. Mykrobe called a mixed population of lineage 3 and 4.6.2.2 for the sample
where Fast, HAC and SUP disagreed in TB-Profiler (Table 3). The complete dataset can be
found in S5 Table.

HAC-basecalled consensus sequence fastq files were compared with the equivalent Illu-
mina fastq files for each isolate, to identify lineage and resistance SNP concordance using
TB-Profiler. ONT data was concordant with phenotypic DSTs in 12/17 (71%) samples, taking
into account phenotypic DST testing only included rifampicin, isoniazid, ethambutol and
streptomycin, and pyrazinamide for MDR samples. ONT picked up SNPs in one DS-TB sam-
ple (streptomycin rpsL p.Lys43Arg), one isoniazid mono-resistant sample (streptomycin gid
¢.102delG) and three MDR-TB samples which phenotypic DSTs concluded were sensitive (all
for ethambutol, either embB p.Met306lle (x1 isolate) or embB p.Asp354Ala (2x isolates)). Both
ONT and Illumina showed two phenotypically pyrazinamide-resistant isolates as sensitive.
The full list of phenotypic and genotypic drug resistances found, including full SNP calls are
in S6 Table.

The ONT pipeline was overall 94% (16/17) concordant (16/17 for lineage and 17/17 for all
resistance SNPs) with Illumina data. For lineage, one DS-TB sample appeared to be a mixed
population of lineage 3 (the only one picked up by Illumina) and 4.6 (picked up by HAC and
SUP-basecalling in the ONT pipeline, but not Fast). An overview of these results is in Fig 6.
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Fig 5. Comparison of BAM file read depth of rpoB for A) the PCR-based SQK-RPB004 kit, showing low coverage, B) SQK-RBK004 kit showing greater coverage
and C) SQK-RBK110.96 resulted in the best coverage and depth, using Artemis.

https://doi.org/10.1371/journal.pgph.0004099.9005

Table 1. Comparison of basecalling algorithms. One-way ANOVA was used to test statistical significance. When
Tukey’s multiple comparisons test was applied, there was a significant difference of p = <0.0001 between each of
the basecalling algorithms for time, mean Q score and accuracy.

Fast HAC SUP One-way ANOVA significance
Mean time (minutes) (SD) 15 (5.9) 205 (65.4) >36 hours p=<0.0001
Mean Q score (SD) 17.1(0.2) 19.7 (0.3) 20.8 (0.3) p=<0.0001
Mean accuracy (SD) 98.02% (0.06) 98.94% (0.05) 99.13% (0.05) p=<0.0001

https://doi.org/10.1371/journal.pgph.0004099.t001

Table 2. Concordance of different basecalling models, assuming greatest accuracy using SUP basecalling. HAC and SUP were 100% concordant, Fast basecalling
called one lineage differently and missed one drug resistance SNP, compared to HAC and SUP basecalling. Isoniazid mono-resistance is defined by phenotypic

DSTs.
Average read depth Fast vs SUP HAC vs SUP

Lineage Drug resistance Total concordance Lineage Drug resistance Total concordance
DS-TB 90 718 (88%) 8/8 (100%) 718 (88%) 8/8 (100%) 8/8 (100%) 8/8 (100%)
Isoniazid mono 111 5/5 (100%) 4/5 (80%) 4/5 (80%) 5/5 (100%) 5/5 (100%) 5/5 (100%)
MDR-TB 72 4/4 (100%) 4/4 (100%) 4/4 (100%) 4/4 (100%) 4/4 (100%) 4/4 (100%)
Total isolates 85 16/17 (94%) 16/17 (94%) 15/17 (88%) 17/17 (100%) 17/17 (100%) 17/17 (100%)
https:/doi.org/10.1371/journal.pgph.0004099.t002
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Table 3. Summary comparison of the TB sequencing data analysis software Mykrobe, as compared against
TB-Profiler.

Mykrobe vs TB-Profiler Lineage Drug resistance Total concordance
DS-TB 7/8 (88%) 7/8 (88%) 7/8 (88%)
Isoniazid mono-resistance 5/5 (100%) 5/5 (100%) 5/5 (100%)
MDR-TB 4/4 (100%) 1/4 (25%) 1/4 (25%)

Total isolates 16/17 (94%) 13/17 (76%) 13/17 (76%)

https://doi.org/10.1371/journal.pgph.0004099.t003

Table 4 outlines each component analysed, which tested component performed the best for
each category, and the overall recommended pipeline options.

Discussion

We conclude that a WGS pipeline using ONT technology is feasible for the identification of
SNPs that determine M. tuberculosis drug resistance and lineage and is suitable for our aim
to create a pragmatic pipeline for use in LMICs. Taking into consideration the data presented
here, we propose the following pipeline (Fig 7) as the optimized route for TB WGS.

In our study, the ONT pipeline showed the same accuracy as Illumina but showed less
concordance with phenotypic DSTs. This is likely due to the complex relationship between
genotypic and phenotypic resistance. All phenotypic and genotypic discordances in this
study were seen in three drugs; streptomycin, ethambutol and pyrazinamide. Each of these
drugs are known to have multifaceted resistance mechanisms, which are not fully under-
stood. The picture can be complicated in both the genotypic or phenotypic classification.
For ethambutol resistance, for instance, many mutations in embB cited in the WHO muta-
tions catalog have a low specificity and positive predictive values and do not show strong
concordance with phenotypic DSTs, due to the conferred minimum inhibitory concentra-
tions being similar to the critical concentrations. The WHO catalog also states that “high
breakpoints may exacerbate the rate of misclassification of ernbB mutations” [45,46]. In
seeking to discern drug susceptibility by genotype examples where mutations are in con-
strained genes (e.g. rpoB for rifampicin resistance; gyrA & B for the quinolones) the role of
non-specific mechanisms is overlooked. Thus the technical issues around phenotypic test-
ing have long been recognized as well as the importance of non-specific mechanism such as
efflux pumps [47,48].

In this study, one of the phenotypically drug-sensitive isolates was shown to have the
rspL p.Lys43Arg mutation conferring resistance to streptomycin by both ONT and Illumina
sequencing data. This suggests that whilst the two sequencing platforms agreed there may be
a further compensatory mechanism present that mitigates the effect of this mutation. More
generally, further work is needed to fully understand the various mechanisms that link pheno-
typic and genotypic resistance to these drugs and to improve our understanding of how these
mechanisms work [46].

We identified isolates with phenotypic sensitivity and genotypic resistance, which may be a
result of subpopulations and heteroresistance, which is a growing concern. When phenotypic
resistance and genotypic sensitivity was seen, this may have been a result of the specific resis-
tance SNPs causing genotypic resistance not being included in the analysis software databases.
Ultimately, the standard will be which drugs are clinically relevant, and whilst phenotypic
DSTs are the current benchmark, with the accumulation of genotypic resistance knowledge,
this may shift to a molecular benchmark in the future.

Whilst a reduced fragment size did improve sequencing read yield, the Covaris g-TUBEs
added a significant cost to the pipeline. We found that extracting from 7H11 plates in
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Fig 6. Drug resistance and lineage profile concordance resulting from phenotypic DSTs, ONT and Illumina sequencing. P = phenotypic DST results,
O = Oxford Nanopore results, I = Illumina results, M = mixed (lineage 3 and 4), S = sensitive, R = resistant, NT = not tested.

https://doi.org/10.1371/journal.pgph.0004099.9006

conjunction with spin-column CTAB DNA extraction, produced a fragment length of <30kb.
Thus, we recommend that g-TUBEs could be used as an optional extra within the pipeline, if
different media and extraction methodologies are utilised.
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Table 4. Table of pipeline steps and overall recommended choice for each section of the pipeline.

Step Culturing Culturing (length of DNA extraction Library preparation
(media) time)
Reasoning for | Cost, DNA Optimal DNA yield Optimisation of DNA Input DNA vs output data
testing quality and quality and quantity (reduce
quantity inhibitors)
Comparators | MGIT, 7H11 2 weeks, 3 weeks and 4 Precipitation CTAB, RPB004 (PCR), RBK004
weeks post-MGIT flagging| Spin-column CTAB (native), RBK110.96 (native)
Cheapest 7HI11 n/a Precipitation CTAB RBK110.96
Fastest n/a 2 weeks post-MGIT Spin-column CTAB RBK004 (approximately 2-3
flagging (approximately 1 day) hours to prepare library)
Most accurate | n/a 2 or 3 weeks post-MGIT | n/a RBK110.96
flagging
Most 7H11 (if bought | n/a Both protocols are similar RBK004
user-friendly | ready made)
Recommended | 7H11 2 weeks post-MGIT Spin-column CTAB RBK110.96

option flagging

https://doi.org/10.1371/journal.pgph.0004099.t004

@_.
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Fig 7. The recommended ONT WGS TB pipeline, including culturing conditions, DNA extraction methodology, optimal DNA input library preparation Kkit,
basecalling and data analysis. Images taken from Windows 10 Education and ShutterStock.

https://doi.org/10.1371/journal.pgph.0004099.9007
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It is well known that M. tuberculosis growth is faster in liquid media, however in this study,
we obtained better quality and higher yields from solid media [49-51]. Whilst the precipitation
CTAB method does provide adequate DNA size and yield for use with the new native ONT
library preparation kit (SQK-RBK110.96), lower numbers of reads and bases were generally
achieved compared with spin-column CTAB extraction, although the latter produces lower
DNA yields. We hypothesise that the co-precipitation of inhibitors, possibly from the mycobac-
terial cell wall, may be interfering with the binding of the transposase complex used in native
library preparation kits, so that less DNA is adapted and therefore is unable to be sequenced.

The cost of WGS has decreased greatly in the last few years, making it more accessible for
resource constrained settings. Whilst the cost per sample may be lower using Illumina due
to the higher throughput, if the samples have to be sent away due to a lack of local facilities,
extra costs are likely to be incurred. If batching is used to reduce costs, then this can increase
the time to results in smaller laboratories with fewer samples. Costs in this pipeline could be
reduced by substituting products or equipment, although automated systems and high-speed
computers may be beneficial in the long term. The reported costs were estimated in 2023 and
should only considered estimates, as indicative factors such as local purchasing agreements
and importation costs may affect these significantly. The costings for the pipeline can also be
found on the PANDORA-ID-NET Global Health Network hub [52].

The bottleneck of this pipeline is likely to be basecalling, unless high-computing power set
ups are available. The time from culture to drug resistance and lineage results could be within
four weeks if the appropriate human resources and computers are available, with 2-3 weeks of
culturing and a week for extraction, quantification, sequencing and analysis. Whilst this is not
as fast as other methods such as GeneXpert or line probe assays which are commonly available
in local regional laboratories, it is comparable with phenotypic DSTs. In terms of the ease-
of-use of this pipeline, if users opt to use Guppy within the MinKNOW GUI, minimal CLI
knowledge is required, meaning less training would be required for routine laboratory staff,
and should therefore be faster to implement and more widely usable.

The implementation of data analysis tools into routine laboratory set ups can be challeng-
ing, due to the ever-evolving nature of the programmes and databases needed. Whilst newer
versions of these resources augment data analysis, laboratories face a continual validation and
standardisation challenge when analysing the data produced from sequencing [53]. Pro-
grammes such as TB-Profiler also rely on the World Health Organization’s catalog of muta-
tions for their genetic drug resistance databases and ensuring that these are up to date relies
on the programme developers’ continuing input [45].

Some complications were encountered in this study, and in sequencing of the mycobac-
teria in general. This pipeline requires cultured isolates, and thus the use of a biosafety level
3 (BSL3) laboratory, which are not widely available. The possibility of utilising another site’s
BSL3 facilities to grow cultures, heat killing and then transferring samples to the sequencing
laboratory is an alternative route but may increase the time to results.

With a greater understanding of genomic drug resistances, plus ever-evolving bioinfor-
matics software, the accuracy of TB diagnostics will improve. To increase the speed of time to
results, sequencing direct from sputum would cut out culturing time, but is yet to be standard
practice in routine diagnostics. Targeted Kits, such as the Illumina and GenoScreen Deeplex®
Myc-TB Combo Kit are an alternative to WGS. Whilst they can be done directly from sputum,
reducing the turnaround time, they provide less information, as they only cover specific drug
resistance SNPs and will therefore not pick up novel mutations [54]. An ONT targeted kit for
DR-TB has recently been approved by the WHO [55].

Whilst the necessity of culture in this pipeline does mean time to results is in weeks not
minutes or days, the resolution of resistance and lineage detail obtained from ONT WGS
sequencing is greater than that obtained from standard diagnostic tests such as GeneXpert,

PLOS Global Public Health | https:/doi.org/10.1371/journal.pgph.0004099 February 10, 2025 14/18




PLOS GLOBAL PUBLIC HEALTH A sequencing pipeline for diagnosing Mycobacterium tuberculosis

line probe assays or phenotypic DSTs, and is comparable to Illumina sequencing. There

is a need for genotypic drug resistance data, not only for routine diagnostics, but also for
geographical drug resistance profiling and surveillance to aid correct prescribing, and it is
important that data is collected as broadly as possible [9]. The ability of smaller, localised lab-
oratories to participate in this is vital and the optimised ONT pipeline presented here will help
to facilitate WGS roll out within these sites.

Supporting information
S1 Text. Full Column-CTAB protocol.
(DOCX)

S1 Table. Timings for methods tested.
(DOCX)

$2 Table. Computer specifications for the computer used in this project.
(DOCX)

$3 Table. List of uploaded fastq files.
(DOCX)

S$4 Table. Full basecalling comparison table.
(DOCX)

S5 Table. Full tuberculosis data analysis software comparison table.
(DOCX)

S6 Table. Full ONT vs Illumina concordance table.
(DOCX)

Author contributions
Conceptualization: Linzy Elton, Alimuddin Zumla, Timothy D. McHugh.

Data curation: Linzy Elton, Jabar Babatunde Pacome Agbo Achimi Abdul, John Tembo,
Muzamil Mahdi Abdel Hamid, Mfoutou Mapanguy Claujens Chastel.

Formal analysis: Linzy Elton, Neil Stoker, Sylvia Rofael.
Funding acquisition: Francine Ntoumi, Alimuddin Zumla.
Investigation: Linzy Elton.

Methodology: Linzy Elton, Alp Aydin, Neil Stoker, Sylvia Rofael, John Tembo, Julio Ortiz
Canseco, Ronan Doyle, Giovanni Satta, Justin O’Grady, Adam Witney, Timothy D. McHugh.

Project administration: Linzy Elton.
Resources: Linzy Elton.

Software: Linzy Elton.

Supervision: Linzy Elton, Timothy D. McHugh.
Validation: Linzy Elton.

Visualization: Linzy Elton.

Writing - original draft: Linzy Elton.

Writing - review & editing: Alp Aydin, Neil Stoker, Sylvia Rofael, Leticia Muraro Wildner,
Jabar Babatunde Pacome Agbo Achimi Abdul, John Tembo, Muzamil Mahdi Abdel Hamid,
Mfoutou Mapanguy Claujens Chastel, Julio Ortiz Canseco, Ronan Doyle, Giovanni Satta,
Justin O’Grady, Adam Witney, Francine Ntoumi, Alimuddin Zumla, Timothy D. McHugh.

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0004099  February 10, 2025 15/18



http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s001
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s002
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s003
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s004
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s005
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s006
http://journals.plos.org/globalpublichealth/article/asset?unique&id=info:doi/10.1371/journal.pgph.0004099.s007

PLOS GLOBAL PUBLIC HEALTH

A sequencing pipeline for diagnosing Mycobacterium tuberculosis

References

1.

L

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Thwaites G, Nguyen NV. Linezolid for drug-resistant tuberculosis. New Engl J Med.
2022;387(9):842-3.

Adamu AL, Gadanya MA, Abubakar IS, Jibo AM, Bello MM, Gajida AU. High mortality among tubercu-
losis patients on treatment in Nigeria: a retrospective cohort study.. BMC Infect Diseases. 2017;17(1).
World Health Organization. Global tuberculosis report 2019. World Health Organization. 2019.

World Health Organization. Global tuberculosis report. World Health Organization. 2016.

World Health Organization. Global tuberculosis report. World Health Organization. 2021.

Hain Lifescience GmbH. GenoType MTBDRsI VER 1.0 and VER 2.0 - Your Important Assistance for
Detetion of XDR-TB [Internet]. [cited 2022 Sep 26]. Available from: https://www.hain-lifescience.de/en/
products/microbiology/mycobacteria/tuberculosis/genotype-mtbdrsl.html

Hain Lifescience GmbH. GenoType MTBDRplus VER 2.0 - Your Test System for a Fast and Reliable

Way to detect MDR-TB [Internet]. [cited 2022 Sep 26]. Available from: hitps://www.hain-lifescience.de/
en/products/microbiology/mycobacteria/tuberculosis/genotype-mtbdrplus.html

Satta G, Atzeni A, McHugh TD. Mycobacterium tuberculosis and whole genome sequencing: a practi-
cal guide and online tools available for the clinical microbiologist. Clin Microbiol Infect. 2017;23(2):69—
72. https://doi.org/10.1016/j.cmi.2016.09.005 PMID: 27642177

Mahomed S, Naidoo K, Dookie N, Padayatchi N. Whole genome sequencing for the management of
drug-resistant TB in low income high TB burden settings: challenges and implications. Tuberculosis
(Edinb). 2017;107:137—-43. https://doi.org/10.1016/j.tube.2017.09.005 PMID: 29050762

Takiff HE, Feo O. Clinical value of whole-genome sequencing of Mycobacterium tuberculosis. Lancet
Infect Dis. 2015;15(9):1077-90. https://doi.org/10.1016/S1473-3099(15)00071-7 PMID: 26277037

Sobkowiak B, Glynn JR, Houben RMGJ, Mallard K, Phelan JE, Guerra-Assuncao JA, et al. Identifying
mixed Mycobacterium tuberculosis infections from whole genome sequence data. BMC Genomics.
2018;19(1):613. hitps://doi.org/10.1186/s12864-018-4988-z PMID: 30107785

Nikolayevskyy V, Kranzer K, Niemann S, Drobniewski F. Whole genome sequencing of Mycobac-
terium tuberculosis for detection of recent transmission and tracing outbreaks: a systematic review.
Tuberculosis (Edinb). 2016;98:77-85. hitps://doi.org/10.1016/j.tube.2016.02.009 PMID: 27156621

Witney AA, Bateson ALE, Jindani A, Phillips PPJ, Coleman D, Stoker NG. Use of whole-genome
sequencing to distinguish relapse from reinfection in a completed tuberculosis clinical trial. BMC Med.
2017;15(1).

Satta G, Lipman M, Smith GP, Arnold C, Kon OM, McHugh TD. Mycobacterium tuberculosis and
whole-genome sequencing: how close are we to unleashing its full potential?. Clin Microbiol Infect.
2018;24(6):604-9. https://doi.org/10.1016/j.cmi.2017.10.030 PMID: 29108952

Brennan PJ. Structure, function, and biogenesis of the cell wall of Mycobacterium tuberculosis. Tuber-
culosis (Edinb). 2003;83(1-3):91-7. https://doi.org/10.1016/s1472-9792(02)00089-6 PMID: 12758196

Kent L, McHugh TD, Billington O, Dale JW, Gillespie SH. Demonstration of homology between
1S6110 of Mycobacterium tuberculosis and DNAs of other Mycobacterium spp.? J Clin Microbiol.
1995;33(9):2290-3. https://doi.org/10.1128/jcm.33.9.2290-2293.1995 PMID: 7494016

Levin BR, Lipsitch M, Perrot V, Schrag S, Antia R, Simonsen L, et al. The population genetics of anti-
biotic resistance a model of the population genetics of antibiotic resistance in the commensal flora.
Clin Infect Dis. 1997;24 Suppl 1:S9-16. https://doi.org/10.1093/clinids/24.supplement_1.s9 PMID:
8994776

Modlin SJ, Robinhold C, Morrissey C, Mitchell SN, Sarah M. Exact mapping of lllumina blind spots in
the Mycobacterium tuberculosis genome reveals platform-wide and workflow-specific biases. 2020.

Assal N, Lin M. PCR procedures to amplify GC-rich DNA sequences of Mycobacterium bovis. J
Microbiol Methods. 2020;181:1-8.

Papaventsis D, Casali N, Kontsevaya |, Drobniewski F, Cirillo DM, Nikolayevskyy V. Whole genome
sequencing of Mycobacterium tuberculosis for detection of drug resistance: a systematic review. Clin
Microbiol Infect. 2017;23(2):61-8. https://doi.org/10.1016/j.cmi.2016.09.008 PMID: 27665704

Pankhurst LJ, Del Ojo Elias C, Votintseva AA, Walker TM, Cole K, Davies J, et al. Rapid, compre-
hensive, and affordable mycobacterial diagnosis with whole-genome sequencing: a prospective
study. Lancet Respir Med. 2016;4(1):49-58. hitps://doi.org/10.1016/S2213-2600(15)00466-X PMID:
26669893

Colman RE, Mace A, Seifert M, Hetzel J, Mshaiel H, Suresh A, et al. Whole-genome and targeted
sequencing of drug-resistant Mycobacterium tuberculosis on the iSeq100 and MiSeq: a performance,

PLOS Global Public Health | https:/doi.org/10.1371/journal.pgph.0004099  February 10, 2025 16/18



https://www.hain-lifescience.de/en/products/microbiology/mycobacteria/tuberculosis/genotype-mtbdrsl.html
https://www.hain-lifescience.de/en/products/microbiology/mycobacteria/tuberculosis/genotype-mtbdrsl.html
https://www.hain-lifescience.de/en/products/microbiology/mycobacteria/tuberculosis/genotype-mtbdrplus.html
https://www.hain-lifescience.de/en/products/microbiology/mycobacteria/tuberculosis/genotype-mtbdrplus.html
https://doi.org/10.1016/j.cmi.2016.09.005
http://www.ncbi.nlm.nih.gov/pubmed/27642177
https://doi.org/10.1016/j.tube.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/29050762
https://doi.org/10.1016/S1473-3099(15)00071-7
http://www.ncbi.nlm.nih.gov/pubmed/26277037
https://doi.org/10.1186/s12864-018-4988-z
http://www.ncbi.nlm.nih.gov/pubmed/30107785
https://doi.org/10.1016/j.tube.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/27156621
https://doi.org/10.1016/j.cmi.2017.10.030
http://www.ncbi.nlm.nih.gov/pubmed/29108952
https://doi.org/10.1016/s1472-9792(02)00089-6
http://www.ncbi.nlm.nih.gov/pubmed/12758196
https://doi.org/10.1128/jcm.33.9.2290-2293.1995
http://www.ncbi.nlm.nih.gov/pubmed/7494016
https://doi.org/10.1093/clinids/24.supplement_1.s9
http://www.ncbi.nlm.nih.gov/pubmed/8994776
https://doi.org/10.1016/j.cmi.2016.09.008
http://www.ncbi.nlm.nih.gov/pubmed/27665704
https://doi.org/10.1016/S2213-2600(15)00466-X
http://www.ncbi.nlm.nih.gov/pubmed/26669893

PLOS GLOBAL PUBLIC HEALTH

A sequencing pipeline for diagnosing Mycobacterium tuberculosis

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.
33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

ease-of-use, and cost evaluation. PLoS Med. 2019;16(4):e1002794. https://doi.org/10.1371/journal.
pmed.1002794 PMID: 31039166

CRyPTIC Consortium. Genome-wide association studies of global Mycobacterium tuberculosis
resistance to 13 antimicrobials in 10,228 genomes identify new resistance mechanisms. PLoS Biol.
2022;1-27.

Cervantes J, Yokobori N, Hong B-Y. Genetic identification and drug-resistance characterization of
Mycobacterium tuberculosis using a portable sequencing device. a pilot study. Antibiotics (Basel).
2020;9(9):548. https://doi.org/10.3390/antibiotics9090548 PMID: 32867304

Bainomugisa A, Duarte T, Lavu E, Pandey S, Coulter C, Marais BJ, et al. A complete high-quality Min-
ION nanopore assembly of an extensively drug-resistant Mycobacterium tuberculosis Beijing lineage
strain identifies novel variation in repetitive PE/PPE gene regions. Microb Genom. 2018;4(7):e000188.
https://doi.org/10.1099/mgen.0.000188 PMID: 29906261

Bates M, Polepole P, Kapata N, Loose M, O’Grady J. Application of highly portable MinlON nanopore
sequencing technology for the monitoring of nosocomial tuberculosis infection. Int J Mycobacteriol.
2016;5 Suppl 1:S24. https://doi.org/10.1016/].ijmyco.2016.10.035 PMID: 28043580

Yu G, ShenY, Zhong F, Zhou L, Chen G, Fang L. Diagnostic accuracy of nanopore sequencing using
respiratory specimens in the diagnosis of pulmonary tuberculosis. Int J Infect Dis. 2022;0-33.

Smith C, Halse TA, Shea J, Modestil H, Fowler RC, Musser KA. Assessing nanopore sequencing for
clinical diagnostics: a comparison of next-generation sequencing (NGS) for Mycobacterium tuberculo-
sis. J Clin Microbiol. 2021;59(1):1-14.

Foster D, Coles S, Wyllie D, Robinson E, Ahyow L, Cox S, et al. Mycobacterium tuberculosis whole-
genome sequencing and cluster investigation handbook [Internet]. 2022 [cited 2022 Oct 4]. Available
from: https://www.gov.uk/government/publications/tb-strain-typing-and-cluster-investigation-handbook/
mycobacterium-tuberculosis-whole-genome-sequencing-and-cluster-investigation-handbook

Elton L, Stoker N, Rofael S. Tuberculosis whole genome sequencing diagnostics pipeline (using
Oxford Nanopore Technologies) v2.0. 2023.

Covaris. USER MANUAL: g-TUBE covaris. 2016;(10):1-9.
Oxford Nanopore Technologies. Rapid Barcoding kit protocol (SQK-RBK004). 2019. p. 1-4.

Oxford Nanopore Technologies. Rapid sequencing gDNA - barcoding (SQK-RBK110.96) [Inter-
net]. 2022 [cited 2022 Dec 12]. Available from: hitps://community.nanoporetech.com/docs/prepare/
library_prep_protocols/rapid-barcoding-kit-96-sqk-rbk110-96/v/rbk_9126_v110_revm_24mar2021

Oxford Nanopore Technologies. Rapid PCR Barcoding Kit (SQK-RPB004) protocol [Internet]. 2020
[cited 2021 Jun 28]. p. 1-4. Available from: https://community.nanoporetech.com/protocols/rap-
id-pcr-barcoding/checklist_example.pdf

lllumina. lllumina DNA Prep Reference Guide [Internet]. 2020. Available from: www.illumina.com/com-
pany/legal.html.

lllumina. MiSeq ® Reagent Kit v3 Reagent Preparation Guide FOR RESEARCH USE ONLY Revision
History 3 MiSeq Reagent Kits 4 Kit Contents and Storage Requirements 5 Flow Cell Overview 6
Reagent Cartridge Overview 7 Prepare Reagents 9 Next Steps 12 Technical Assistance. 2013.

Wick RR, Judd LM, Holt KE. Performance of neural network basecalling tools for Oxford Nanopore
sequencing. Genome Biol. 2019;20(1):129. https://doi.org/10.1186/s13059-019-1727-y PMID:
31234903

Babraham Bioinformatics. FastQC [Internet]. 2019 [cited 2021 Jun 28]. Available from: https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/.

Ewels P, Magnusson M, Lundin S, Kaller M. MultiQC: summarize analysis results for multiple tools
and samples in a single report. Bioinformatics. 2016;32(19):3047-8. https://doi.org/10.1093/bioinfor-
matics/btw354 PMID: 27312411

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 2018;34(18):3094—-100.
https://doi.org/10.1093/bioinformatics/bty191 PMID: 29750242

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map for-
mat and SAMtools. Bioinformatics. 2009;25(16):2078-9. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

Carver T, Harris SR, Berriman M, Parkhill J, McQuillan JA. Artemis: an integrated platform for
visualization and analysis of high-throughput sequence-based experimental data. Bioinformatics.
2012;28(4):464-9. https://doi.org/10.1093/bioinformatics/btr703 PMID: 22199388

Hunt M, Bradley P, Lapierre SG, Heys S, Thomsit M, Hall MB, et al. Antibiotic resistance prediction
for Mycobacterium tuberculosis from genome sequence data with Mykrobe. Wellcome Open Res.
2019;4:191. https://doi.org/10.12688/wellcomeopenres.15603.1 PMID: 32055708

PLOS Global Public Health | https://doi.org/10.1371/journal.pgph.0004099  February 10, 2025 17/18



https://doi.org/10.1371/journal.pmed.1002794
https://doi.org/10.1371/journal.pmed.1002794
http://www.ncbi.nlm.nih.gov/pubmed/31039166
https://doi.org/10.3390/antibiotics9090548
http://www.ncbi.nlm.nih.gov/pubmed/32867304
https://doi.org/10.1099/mgen.0.000188
http://www.ncbi.nlm.nih.gov/pubmed/29906261
https://doi.org/10.1016/j.ijmyco.2016.10.035
http://www.ncbi.nlm.nih.gov/pubmed/28043580
https://www.gov.uk/government/publications/tb-strain-typing-and-cluster-investigation-handbook/mycobacterium-tuberculosis-whole-genome-sequencing-and-cluster-investigation-handbook
https://www.gov.uk/government/publications/tb-strain-typing-and-cluster-investigation-handbook/mycobacterium-tuberculosis-whole-genome-sequencing-and-cluster-investigation-handbook
https://community.nanoporetech.com/docs/prepare/library_prep_protocols/rapid-barcoding-kit-96-sqk-rbk110-96/v/rbk_9126_v110_revm_24mar2021
https://community.nanoporetech.com/docs/prepare/library_prep_protocols/rapid-barcoding-kit-96-sqk-rbk110-96/v/rbk_9126_v110_revm_24mar2021
https://community.nanoporetech.com/protocols/rapid-pcr-barcoding/checklist_example.pdf
https://community.nanoporetech.com/protocols/rapid-pcr-barcoding/checklist_example.pdf
www.illumina.com/company/legal.html
www.illumina.com/company/legal.html
https://doi.org/10.1186/s13059-019-1727-y
http://www.ncbi.nlm.nih.gov/pubmed/31234903
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
http://www.ncbi.nlm.nih.gov/pubmed/27312411
https://doi.org/10.1093/bioinformatics/bty191
http://www.ncbi.nlm.nih.gov/pubmed/29750242
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/bioinformatics/btr703
http://www.ncbi.nlm.nih.gov/pubmed/22199388
https://doi.org/10.12688/wellcomeopenres.15603.1
http://www.ncbi.nlm.nih.gov/pubmed/32055708

PLOS GLOBAL PUBLIC HEALTH

A sequencing pipeline for diagnosing Mycobacterium tuberculosis

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Phelan JE, O’Sullivan DM, Machado D, Ramos J, Oppong YEA, Campino S, et al. Integrating infor-
matics tools and portable sequencing technology for rapid detection of resistance to anti-tuberculous
drugs. Genome Med. 2019;11(1):41. hitps://doi.org/10.1186/s13073-019-0650-x PMID: 31234910

World Health Organization. Catalogue of mutations in Mycobacterium tuberculosis complex and their
association with drug resistance [Internet]. 2021. Available from: https://www.who.int/publications/i/
item/9789240028173

Khawbung J, Nath D, Chakraborty S. Drug resistant tuberculosis: a review. Comp Immunol Microbiol
Infect Dis. 2021;74.

Merker M, Kohl TA, Barilar I, Andres S, Fowler PW, Chryssanthou E. Phylogenetically informative
mutations in genes implicated in antibiotic resistance in Mycobacterium tuberculosis complex.
Genome Med. 2020;12(1).

Davies AP, Billington OJ, McHugh TD, Mitchison DA, Gillespie SH. Comparison of phenotypic and
genotypic methods for pyrazinamide susceptibility testing with Mycobacterium tuberculosis. J Clin
Microbiol. 2000;38(10):3686-8. https://doi.org/10.1128/JCM.38.10.3686-3688.2000 PMID: 11015384

Brown AC, Bryant JM, Einer-Jensen K, Holdstock J, Houniet DT, Chan JZM, et al. Rapid whole-
genome sequencing of Mycobacterium tuberculosis isolates directly from clinical samples. J Clin
Microbiol. 2015;53(7):2230-7. https://doi.org/10.1128/JCM.00486-15 PMID: 25972414

Doyle RM, Burgess C, Williams R, Gorton R, Booth H, Brown J. Direct whole-genome sequencing
of sputum accurately identifies drug-resistant Mycobacterium tuberculosis faster than MGIT culture
sequencing. J Clin Microbiol. 2018;56(9).

Nimmo C, Doyle R, Burgess C, Williams R, Gorton R, McHugh TD, et al. Rapid identification of a
Mycobacterium tuberculosis full genetic drug resistance profile through whole genome sequencing
directly from sputum. Int J Infect Dis. 2017;62:44—6.

Elton L. Tuberculosis whole genome sequencing pipeline - costs [Internet]. 2023 [cited 2024 Oct 10].
Available from: https:/pandora.tghn.org/sequencing/tuberculosis-sequencing-pipeline/costs/.

Solanki P, Elton L, Honeyborne I, Park M, Satta G, McHugh TD. Improving the diagnosis of tuberculo-
sis: old and new laboratory tools. Expert Rev Mol Diagn [Internet]. 2024 Jun 4; Available from: https://
www.tandfonline.com/doi/full/10.1080/14737159.2024.2362165

lllumina. lllumina and GenoScreen Deeplex Myc-TB Combo Kit [Internet]. [cited 2023 May 11].
Available from: https://emea.illumina.com/products/by-type/sequencing-kits/library-prep-kits/deep-
lex-myctb-combo-kit.html

World Health Organization. Use of targeted next-generation sequencing to detect drug-resistant
tuberculosis [Internet]. 2023 [cited 2023 Sep 1]. 1-8 p. Available from: https://apps.who.int/iris/rest/
bitstreams/1521320/retrieve

PLOS Global Public Health | https:/doi.org/10.1371/journal.pgph.0004099  February 10, 2025 18/18



https://doi.org/10.1186/s13073-019-0650-x
http://www.ncbi.nlm.nih.gov/pubmed/31234910
https://www.who.int/publications/i/item/9789240028173
https://www.who.int/publications/i/item/9789240028173
https://doi.org/10.1128/JCM.38.10.3686-3688.2000
http://www.ncbi.nlm.nih.gov/pubmed/11015384
https://doi.org/10.1128/JCM.00486-15
http://www.ncbi.nlm.nih.gov/pubmed/25972414
https://pandora.tghn.org/sequencing/tuberculosis-sequencing-pipeline/costs/
https://www.tandfonline.com/doi/full/10.1080/14737159.2024.2362165
https://www.tandfonline.com/doi/full/10.1080/14737159.2024.2362165
https://emea.illumina.com/products/by-type/sequencing-kits/library-prep-kits/deeplex-myctb-combo-kit.html
https://emea.illumina.com/products/by-type/sequencing-kits/library-prep-kits/deeplex-myctb-combo-kit.html
https://apps.who.int/iris/rest/bitstreams/1521320/retrieve
https://apps.who.int/iris/rest/bitstreams/1521320/retrieve

