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ABSTRACT Drug resistance in Mycobacterium tuberculosis (MTB) has long been a serious
health issue worldwide. Most drug-resistant MTB isolates were identified due to treatment
failure or in clinical examinations 3;6 months postinfection. In this study, we propose a
whole-genome sequencing (WGS) pipeline via the Nanopore MinION platform to facilitate
the efficacy of phenotypic identification of clinical isolates. We used the Nanopore MinION
platform to perform WGS of clinical MTB isolates, including susceptible (n = 30) and rifam-
pin- (RIF) or rifabutin (RFB)-resistant isolates (n = 20) according to results of a susceptibility
test. Nonsynonymous variants within the rpoB gene associated with RIF resistance were
identified using the WGS analytical pipeline. In total, 131 variants within the rpoB gene in
RIF-resistant isolates were identified. The presence of the emergent Asp531Gly or His445Gln
was first identified to be associated with the rifampin and rifabutin resistance signatures of
clinical isolates. The results of the minimum inhibitory concentration (MIC) test further indi-
cated that the Ser450Leu or the mutant within the rifampin resistance-determining region
(RRDR)-associated rifabutin-resistant signature was diminished in the presence of novel
mutants, including Phe669Val, Leu206Ile, or Met148Leu, identified in this study.

IMPORTANCE Current approaches to diagnose drug-resistant MTB are time-consuming,
consequently leading to inefficient intervention or further disease transmission. In this study,
we curated lists of coding variants associated with differential rifampin and rifabutin
resistant signatures using a single molecule real-time (SMRT) sequencing platform with
a shorter hands-on time. Accordingly, the emerging WGS pipeline constitutes a potential
platform for efficacious and accurate diagnosis of drug-resistant MTB isolates.
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Infection withMycobacterium tuberculosis (MTB) results in tuberculosis, which remains a seri-
ous health threat, with around 10 million incident cases and over 1 million deaths attribut-

able to this disease in 2019 (1). Epidemiological control of MTB is hampered by increases in
drug-resistant MTB isolates. Drug resistance in MTB is largely mono-resistant to either isoniazid
(INH) or rifampin (RIF), and around 1.6 million cases have been caused by multidrug-resistant
(MDR) MTB, which is characterized by resistance to both INH and RIF (2, 3). Among these cases,
RIF resistance was most often reported after receiving a standard first-line treatment regimen
(4). Rapid, accurate diagnosis of RIF resistance is critical for clinicians when determining treat-
ment strategies and for subsequently diminishing community transmission of MTB isolates.

Binding of RIF to the RNA polymerase (RNAP) b subunit of MTB ultimately interferes
with DNA transcription and subsequently leads to decreases in RNA products (4). MTB gains
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rifampin resistance primarily through rpoB mutations which are mostly present within an
81-bp rifampin resistance-determining region (RRDR, corresponding to codons 426 to 452 in
MTB and codons 507 to 533 in E. coli) (5). Substitutions of amino acid in codons 450, 445,
and 435 are most frequently characterized among clinical RIF-resistant isolates (6, 7). The
Xpert MTB/RIF (Cepheid, Sunnyvale, CA) assay partially met the requirement for global di-
agnosis of RIF resistance by identifying the mutations within RRDR through a PCR-based
approach (8). Nevertheless, the association of V170F and I491F mutations within the rpoB
protein with rifampin resistance was recently revealed by the World Health Organization,
which has not been characterized using the Xpert MTB/RIF assay (9).

With the advancement of high-throughput sequencing, the results of whole-genome
sequencing (WGS) can provide profiles regarding associations of genetic variants with resist-
ance to all anti-MTB agents (10). Nevertheless, the efficiency of amplicon-based next-generation
sequencing (NGS) encountered interference due to a high-GC region within the MTB genome
(11). In contrast, long-read sequencing platform is an enticing alternative to widely used NGS
platforms for the analysis of highly repetitive regions, which are distinct characteristics of the
MTB genome (12). The Nanopore long-read sequencer developed by Oxford Nanopore
Technologies (ONT) is potentially practicable for clinical application, with its short hands-
on time, low cost, portable device, and customized workflow (13). Moreover, continuous
improvement in accuracy rates, smaller amounts of input DNA, and faster hands-on times
have re-attracted interest in its clinical application for MTB diagnosis (14–16). Here, the
Oxford Nanopore Technologies (ONT) long-read sequencing pipeline was deployed for
WGS of susceptible and RIF-resistant MTB isolates. Subsequently, the accordance of the
susceptibility test, MIC test, and WGS results with the mutant rpoB gene were evaluated.
The results demonstrated that the WGS pipeline can serve as an auxiliary and potential
test for characterizing emerging rpoBmutants which are relevant to the RIF-resistant signa-
ture of MTB isolates.

RESULTS
Drug-resistance profiles of the enrolled MTB isolates. As shown in Table 1, the drug

susceptibility signatures of enrolled MTB isolates were determined using the agar proportion
method. Among the enrolled isolates, 20 showed a resistant signature to rifampin, whereas
14 synchronously exhibited a high-resistance signature to rifabutin (RFB).

TABLE 1 Drug-resistance profiles ofMycobacterium tuberculosis isolates enrolled in this studya

Isolate no.

INH (mg/mL) RIF (mg/mL) EM (mg/mL) SM (mg/mL)

0.2 1.0 1.0 0.5 5.0 10.0 2.0 10.0
1 R S R R R S R R
2 R S R R R S S S
3 R S R R S S S S
4 R S R R S S S S
5 R S R S S S R R
6 R S R R R S S S
7 R S R R S S S S
8 R R R S R S R S
9 R Res R S R S R R
10 R R R R S S S S
11 R R R R R S R R
12 R R R R R S R S
13 R R R R S S S S
14 R R R R R S S S
15 R R R S R S R R
16 R R R R S S S S
17 R S R R R Sus S S
18 R R R R R R R S
19 R R R R R S S S
20 R S R S S S S S
aINH, isoniazid; RIF, rifampin; RFB, rifabutin; R, resistant; S, susceptible; EM, ethambutol; SM, streptomycin.
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Statistical analysis of long-read sequencing results. The high-molecular-weight
genomic DNA (gDNA) extracted from MTB isolates was subjected to the MinION (ONT) long-
read sequencing platform. More than 4� 105 raw reads per sample were generated from the
MinION sequencer in this study. Alignment of the filtered reads to the MTB reference genome
(H37Rv, GenBank ID: NC_000962.3) was synchronously conducted using the CLC Genomics
Workbench (Qiagen) and the EPI2ME desktop agent algorithm (ONT). No statistical differences
in sequencing or alignment efficiencies were noted between the two groups (Table 2, P .

0.5). The alignment results with sequenced reads generated using gDNA extracted from the
susceptible or RIF-resistant isolates showed over 200� coverage depth toward the full MTB
reference genome (Fig. 1). A low coverage for several highly repeated or homo-polymeric
regions was noted with the alignment toward the MTB reference genome (Fig. 1).

Identification of nonsynonymous variants within the rpoB gene in RIF-resistant
isolates. Clinical MTB isolates with a mutant rpoB gene strongly gained a resistance sig-
nature to RIF treatment (6). With depletion of synonymous single-nucleotide polymorphisms
(SNPs) identified in the enrolled isolates, 230 nonsynonymous variants within the rpoB gene
were solely characterized in 30 susceptible isolates (Table 3, upper row). Out of 230 amino
acid substitutions, 6 were identified within the RRDR region of rpoB gene prepared from the
susceptible isolates (Table 3, upper row). Among the variants, Asp435Asn and Phe433Ser
were novel RRDR mutants identified in this study (Table 3, upper row) (17). In addition, 131
nonsynonymous variants within the rpoB gene were solely characterized in RIF-resistant iso-
lates, and nine of 131 amino acid substitutions were identified within the RRDR region
(Table 3, lower row). According to the WHO report, Leu443Trp and Leu430Gln variants were
first characterized in this study, whereas the presence of the other RRDR mutants was associ-
ated with the RIF-resistant signature (17).

Correlation of genotyping profile with phenotyping results of RIF- and RFB-resistance
signatures. Ser450Leu (S531L in E. coli) is a widely characterized variant within the RRDR
region of the rpoB gene, which has been closely associated with RIF resistance in MTB (18).
In this study, an MIC test was conducted to verify the correlation of genotyping profiles of

TABLE 2 Statistical results of ONT sequencing in each groupa

Characteristic

Isolate group

P valueSusceptible (n = 30) Rifampin-resistant (n = 20)
No. raw reads, mean (SD) 451,196 (623,569) 433,651 (625,342) .0.5
No. aligned reads, mean (SD) 370,845 (613,558) 362,517 (611,459) .0.5
%Correctly classified (SD) 82.19 (67.41) 83.59 (66.47) .0.5
aSD, standard deviation.

FIG 1 Diagram presenting coverage rates of sequenced reads aligned to the entire Mycobacterium tuberculosis
(MTB) genome in each group.
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the mutant rpoB gene with RIF-resistance signatures of clinical MTB isolates. The presence of
Ser450Leu or Ser450Trp within the rpoB gene was associated with significant RIF resistance
(.16 mg/mL) and RFB resistance (16 mg/mL) (Table 4, genotyping no. 1, 2, 5, and 6). As
reported by the WHO in 2021, Ser450Leu and Ser450Trp are classified as group-1 mutations
which exhibit high sensitivity for predicting RIF susceptibility in MTB (17). The clinical isolates
harboring the His445Gln or Asp531Gly variants outside the RRDR exhibited significant RIF re-
sistance of.16mg/mL and high RFB resistance of.8mg/mL (Table 4, genotyping no. 3 and
4). Correlations of RIF- or RFB-resistance signatures of MTB isolates with the presence of
His445Gln or Asp531Gly variants within the rpoB gene were first identified in this study. The
presence of a novel Leu206Pro variant within the rpoB gene exhibited no effect on diminish-
ing the RIF- or RFB-resistant signatures of clinical isolates (Table 4, genotyping no. 5 and 6). In
contrast, the presence of the novel Met148Leu, Leu206Ile, and Phe669Val variants outside the
RRDR, or the Leu443Trp mutation, were associated with decreased RFB-resistance activities in
the group-1 Ser450Leu-, Ser450Trp-, or Gln432Lys-containing isolates (Table 4, genotyping no.
7;10; RFB MIC, 0.5mg/mL), whereas the RIF-resistance activity was sustained (Table 4, gen-
otyping no. 7;10; RIF MIC of 8 or.16mg/mL). These results indicated the differential impacts
of emerging variants within the rpoB gene on RIF- and RFB-resistance signatures.

Predictive values of identified variants toward RIF- and RFB-resistance signatures
evaluated using an ROC curve analysis. The predictive utility of the high-confidence
Ser450Leu and RRDR mutants for RIF resistance in clinical isolates was estimated using a
receiver operating characteristic (ROC) curve analysis. The area under the curve (AUC)
indicated the predictive efficacy of Ser450Leu (Fig. 2A, left panel; AUC = 0.75) and RRDR
mutants, including Ser450Leu, Ser450Trp, His445Gln, and Gln432Lys, (Fig. 2A, right panel;
AUC = 0.955) in classifying high RIF resistance (.16 mg/mL) in the enrolled isolates.
Nevertheless, decreases in the predictive utility of Ser450Leu (Fig. 2B, left panel; AUC = 0.663)
and RRDR mutants (Fig. 2B, right panel; AUC = 0.854) toward the high RFB-resistance
signature (.8 mg/mL) were noted, which were potentially associated with the presence
of emerging variants, including Phe669Val, Leu206Ile, and Met148Leu, identified in this
study (Table 4, genotyping no. 7;10; RFB MIC , 0.5 mg/mL). These results suggested
the predictive value of the WGS assay for precise diagnosis or treatment of RIF or RFB-resistant
isolates.

TABLE 3 List of identified variants within the rpoB gene using the ONT sequencing pipeline for RIF-susceptible and RIF-resistant MTB isolatesa

Isolate group Total, n

Nonsynonymous variants within rpoB

Total, n

In RRDR

N Types (no. identified copies)
Susceptible 30 230 6 Ser431Arg (5)/Asp435Asn (1)/Thr444Ile (1)/Phe433Ser (1)/Ser428Arg (1)/Thr427Ser (1)
RIF-resistant 20 131 9 Ser450Leu (13)/Ser450Trp (5)/His445Gln (2)/Leu443Trp (2)/His445Leu (1)/His445Tyr

(1)/Gln432Lys (1)/Ser431 Arg (1)/Leu430Gln (1)
aONT, Oxford Nanopore Technologies; RIF, rifampin; MTB,Mycobacterium tuberculosis; RRDR, rifampin resistance-determining region.

TABLE 4 Profiling results of DST, MIC, and nonsynonymous variants within the rpoB gene of drug-resistant MTBa

Genotyping no.

Variants MIC (mg/mL) DST (mg/mL)

Frequency (%)High-confidence Novel Rifampin Rifabutin Rifampin Rifabutin
1 Ser450Leu NA .16 .16 1 0.5 25% (5/20)
2 Ser450Trp NA .16 16 1 0.5 10% (2/20)
3 His445Gln NA .16 8 1 0.5 10% (2/20)
4 NA Asp531Gly .16 16 1 0.5 10% (2/20)
5 Ser450Leu Leu206Pro .16 16 1 0.5 10% (2/20)
6 Ser450Trp Leu206Pro .16 16 1 0.5 5% (1/20)
7 Gln432Lys Phe669Val .16 0.5 1 0.5 5% (1/20)
8 Ser450Leu Phe669Val Leu443Trp .16 0.5 1 0.5 10% (2/20)
9 Ser450Leu Met148Leu Leu206Ile .16 0.25 1 0.5 10% (2/20)
10 Ser450Trp Leu206Ile .16 0.5 1 0.5 5% (1/20)
aDST, drug-susceptibility test; MIC, minimum inhibitory concentration; MTB,Mycobacterium tuberculosis; NA, not applicable.
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DISCUSSION

The turnaround time of a drug-susceptibility test (DST) or MIC assay for MTB is a critical
issue regarding diagnostic efficacy and subsequent treatment (19). A high-throughput WGS
approach coupled with a bioinformatics pipeline constitutes a potential strategy for over-
coming this issue (20). Among current sequencing analyses, the ONT platform is practical for
sequencing the GC-rich or repetitive proline-glutamate regions within the MTB genome (15, 21).
Using the ONT sequencing pipeline, emerging variants within the MTB genome were identi-
fied and their additive or reductive influences on drug-resistance signature were subsequently
demonstrated.

Rifabutin is a derivate of the rifamycin family which shares common properties with RIF
(22). RIF or RFB resistance is predominantly related to mutations within the 81-bp RRDR of
rpoB codons (codons 507;533 in E. coli and codons 426;452 in MTB) (18). Mutations at
codons Asp435, His445, and Ser450 confer phenotypical resistance to over 90% of RIF- or
RFB-resistant strains (23, 24). In contrast, variants at codons Leu430Prp, Asp435Gly/Tyr,
Ser431Leu, His435Tyr/Leu/Asp/Asn, Ser450Gln, and Leu452Pro were demonstrated to be
associated with RIF resistance but with phenotypic susceptibility to RFB (18, 23, 25). Moreover,
the association of RIF resistance with the presence of an amino acid substitution outside the
RRDR of the MTB genome, such as Val170Phe or Ile491Phe, has been demonstrated in previ-
ous studies (26). The presence of non-RRDR variants may interfere with the targeting strength
of RIF or RFB to the mutant rpoB protein, which is worthy of further pursuit with corresponding

FIG 2 Predictive utility of whole-genome sequencing (WGS) assay results on the drug-resistant signatures of enrolled isolates estimated with statistical analyses. The
utility of the presence of Ser450Leu or rifampin-resistance-determining region (RRDR)-variants for predicting (A) high RIF-resistant or (B) high RFB-resistant signatures
of M. tuberculosis is evaluated using a receiver operating characteristic (ROC) analysis. MIC, minimum inhibitory concentration; AUC, area under the ROC curve.
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assays. Using high-throughput sequencing, further evidence regarding the compensatory
or resistance effects of emerging rpoBmutations on RIF or RFB resistance could be contin-
uously provided.

Nucleic acid amplification-derived approaches, such as the Cepheid GeneXpert MTB/RIF
assay, have been extensively used for diagnosing MTB infections and characterizing drug-re-
sistance signatures (27). GeneXpert is a semiquantitative nested real-time PCR assay which
can be used to diagnose suspected MDR-TB and/or HIV-infected patients (28). Although the
Cepheid GeneXpert system was recommended by the WHO for diagnostic use in RIF resist-
ance, the nature of the mutant rpoB gene has not been precisely pinpointed (27). In addition
to the identification of high-confidence or emerging variants within the target gene, such as
rpoB, establishment of genomic variant profiles using a WGS assay provides comprehensive
information regarding lineage tracing and the evolutionary origins of MTB isolates (29, 30). A
combination of WGS-generated genomic information and the drug-resistant profiles of MTB
isolates could be applied to design treatment regimens and tailor public interventions to-
ward diverse drug-resistant MTB isolates (31).

In this study, the presence of emerging variants within the rpoB gene was associated
with differential resistance to RIF or RFB. In addition to the high-confidence group-1 Ser450Leu,
Ser450Trp, and Gln432Lys variants, correlations between the emerging rpoB His445Gln
or Asp531Gly variants and high RIF- or RFB-resistance were characterized by genotypic
and phenotypic analyses in this study. Moreover, the existence of the novel Met148Leu,
Leu206Ile, Phe669Val, and Leu443Trp variants within the rpoB gene shared influence on
reducing RFB-resistance signatures. These results may influence treatment regimens for
RIF- or RFB-resistant MTB isolates with further investigation. Nevertheless, these findings
suggest the practical adoption of genotypic sequencing as an alternative strategy for the
precise diagnosis and treatment of MTB patients.

MATERIALS ANDMETHODS
Study overview. Whole-genome sequencing was conducted using the ONT long-read sequencing

platform to identify nonsynonymous variants within the rpoB genes in RIF-susceptible and RIF-resistant MTB
isolates.

Ethics statement for sample collection. Enrollment of anonymous clinical isolates was reviewed
and approved by the Institutional Review Board of Taipei Medical University (approval no. N201912076). In
this study, 30 RIF-susceptible and 20 RIF-resistant MTB isolates were enrolled from clinical specimens at Taipei
Municipal Wan Fang Hospital.

Susceptibility test. Drug susceptible tests were conducted at the Department of Laboratory Medicine at
Taipei Municipal Wan Fang Hospital using an agar proportion assay. In brief, suspensions with a turbidity of 1.0
McFarland standard were prepared from an MTB isolate inoculated on Lowenstein-Jensen medium. By examin-
ing the turbidity using a nephelometer, the suspension was subjected to the inoculum for all dilutions. Next,
100 mL of 1022 and 1024 dilutions of the standard inoculum was spread on 7H10 Agar with or without RIF.
Drug resistance was determined as more than 1% colony growth in the presence of the drug compared to
that in the absence of the drug.

Extraction of high-molecular-weight genomic DNA. A single colony of each MTB isolate was inocu-
lated with 1 mL Middlebrook 7H9 Broth. The bacterial stock containing 30% glycerol was then preserved
in280°C freezer for following assay. MTB stocks were inoculated on Lowenstein-Jensen media in the ab-
sence of RIF. Multiple colonies in a single isolate were inactivated in 200 mL nuclease-free water at 95°C
or 15 min. gDNA was extracted using a Presto Mini gDNA Bacteria kit (Geneaid, Taipei, Taiwan) according to
the manufacturer’s instructions. The DNA concentration was determined using a Qubit fluorometer (Thermo
Fisher Scientific, Wilmington, DE) with a fluorometric kit (GeneCopoeia, Rockville, MD).

MIC test. MIC assays were conducted using Sensititre MYCOTB MIC plates (Thermo Fisher Scientific)
according to the manufacturer’s instructions. In brief, the MTB isolate was first subcultured on 7H10 Agar (Becton,
Dickinson and Co., Sparks, MD). Multiple colonies were resuspended with glass beads in a saline-Tween solution,
and the turbidity was adjusted to a McFarland standard of 0.5. A 100-mL volume of the resuspension was next
mixed with 11 mL 7H9 broth containing oleic acid albumin-dextrose-catalase (Trek Diagnostic Systems,
Cleveland, OH). A 100-mL volume of diluent was inoculated in each well of the MYCOTB plate and sealed with a
permanent plastic seal at 37°C in 5% CO2. Plates were monitored on days 7, 10, 14, and 21 using a mirrored
viewer. The lowest concentration with no visible growth was considered the MIC of rifampin or rifabutin.

Whole-genome sequencing and variant identification. Whole-genome sequencing of MTB gDNA
was performed using the long read-sequencing approach (MinION, Oxford Nanopore Technologies [ONT], UK). In
brief, 500 ng of gDNA was homogenized to 8,000-bp fragments using a g-TUBE device (Covaris, Woburn, MA)
according to the manufacturer’s instructions. The fragmented gDNA was used for library construction using a
Ligation Sequencing kit (SQK-LSK109; ONT) coupled with a Native Barcoding Expansion kit (EXP-NBD104 and
114; ONT) according to the manufacturer’s protocol. The barcoded library was captured, washed, and eluted
from magnetic beads (AMPure XP, Beckman Coulter, High Wycombe, United Kingdom). Next, 0.7 mg of the
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pooled library was loaded and sequenced on the flow cells (FLO-MIN106D R9.4.1, ONT). The numbers of
sequenced reads of each sample were 160,000;200,000 to reach a reading depth of 200. The quality and
quantity of sequencing results were assessed using the EPI2ME website algorithm (https://epi2me.nanoporetech
.com). The coverage rate of sequenced reads to the MTB reference was estimated by applying FastQ custom
alignment (ONT). Analytical results of variant classification were aligned to the MTB reference (M. tuberculosis
H37Rv, GenBank ID: NC_000962.3) using the bacterial small variant calling workflow, composed of the Medaka
variant calling pipeline with long-read data sets via the EPI2ME Labs Launcher (ONT). The sequencing quality,
reading depth, and variant calling with long-read sequencing results were synchronously assessed using the CLC
genomics workbench (Qiagen v21.0.5; CLC bio, Aarhus, Denmark).

Statistical analysis. Experimental results were statistically analyzed using a one- or two-way analysis
of variance (ANOVA) followed by Tukey’s multiple-comparison post hoc test. Analytical results are presented as
the mean6 standard error of the mean (SEM) and considered significant at P values of,0.05 (*, P , 0.05;
**, P , 0.01; ***, P , 0.005). The utility of identified variants for predicting RIF resistance was evaluated with
the ROC curve and area under the ROC curve (AUC) ratio using SPSS Statistics 19 (IBM, Armonk, NY).

Data availability. The raw whole-genome sequencing data supporting the results of this article are
available upon request.
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