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Objective: Tuberculosis (TB) caused by Mycobacterium tuberculosis remains a global concern. This study aimed to determine the
molecular characteristics of fluoroquinolone-resistant and multidrug-resistant M. tuberculosis strains using whole-genome sequencing
to predict drug resistance in M. tuberculosis in Tianjin, China, which has not been established previously.
Methods: Twenty-one fluoroquinolone-resistant and multidrug-resistant M. tuberculosis strains were isolated from sputum samples.
Phenotypic drug resistance against 12 anti-tuberculosis drugs was determined using drug susceptibility testing. Whole-genome
sequencing was performed to predict drug resistance in M. tuberculosis based on genome regions associated with drug resistance.
The sensitivity of whole-genome sequencing for predicting drug resistance was calculated based on phenotypic drug susceptibility
testing information.
Results: Among the 21 isolates, mutations in 15 genome regions associated with drug resistance, including rpoB for rifampicin; katG
and inhA promoter for isoniazid; gyrA and gyrB for ofloxacin and moxifloxacin; rpsL for streptomycin; rrs for streptomycin, amikacin,
kanamycin and capreomycin; pncA and panD for pyrazinamide; embB, embC-embA, aftA, and ubiA for ethambutol; ethA for
protionamide; and folC for para-aminosalicylic acid, were detected. Compared with traditional drug susceptibility testing results,
the sensitivities for whole-genome sequencing of rifampin, isoniazid, ofloxacin, moxifloxacin, streptomycin, ethambutol, pyrazina-
mide, kanamycin, and amikacin resistance were 100%, 90.48%, 95.24%, 92.86%, 95.27%, 85.71%, 66.67%, 50%, and 50%,
respectively. The sensitivities for whole-genome sequencing of capreomycin, protionamide, and para-aminosalicylic acid were not
calculated because only one isolate showed phenotypic drug resistance. Mutations determined in drug susceptibility-associated genes
can explain phenotypic drug resistance in most isolates. Notably, these mutations were absent in certain drug-resistant isolates,
indicating other drug resistance mechanisms.
Conclusion: Whole-genome sequencing represents an effective diagnostic tool for fluoroquinolone-resistant and multidrug-resistant
TB though it has some obstacles. Whole-genome sequencing should be used to predict drug resistance prior to performing traditional
phenotypic drug susceptibility testing in Tianjin, China.
Keywords: Mycobacterium tuberculosis, tuberculosis, fluoroquinolone, mutation, drug resistance, whole-genome sequencing

Introduction
Tuberculosis (TB), which is caused by the slow-growing bacterium Mycobacterium tuberculosis, can spread via cough
aerosols and remains a global concern. According to a recent report from the World Health Organization (WHO), the
estimated number of new cases of active TB was 9.9 million and the number of deaths was 1.3 million in 2020 alone.1
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The emergence of drug-resistant TB, especially multidrug-resistant (MDR) TB, which is resistant to both isoniazid and
rifampicin, represents a challenge to global TB control.1 Second-line drugs are recommended for the treatment of MDR-
TB, such as fluoroquinolones, including ofloxacin, levofloxacin, and moxifloxacin, which are broad-spectrum antibacter-
ial agents and are considered as the most effective second-line drugs for treating MDR-TB as recommended by the
WHO.1 However, the emergence of fluoroquinolone-resistant MDR M. tuberculosis strains has been increasingly
reported worldwide,2–4 hindering TB management and complicating the therapy required for these patients. Treatment
outcomes of fluoroquinolone-resistant MDR-TB remain poor,4 and an appropriate use of drugs for treating patients with
fluoroquinolone-resistant MDR-TB is recommended by the WHO.1 However, prior to developing a treatment strategy, an
accurate and rapid diagnosis of fluoroquinolone-resistant MDR-TB is necessary.

Traditional diagnosis of TB caused by drug-resistant M. tuberculosis relies on culture-based techniques that are time-
consuming and labor-intensive. Recently, techniques for the rapid molecular diagnosis of TB have been increasingly used
worldwide, such as the Xpert MTB/RIF assay, which can be used to detect the presence of M. tuberculosis and its
resistance to rifampicin,5 and Xpert MTB/XDR (not for sale in China), which can detect the presence of M. tuberculosis
showing resistance to isoniazid, fluoroquinolones, ethionamide, and second-line injectable drugs.3 However, these
molecular techniques cannot simultaneously detect resistance to other antitubercular drugs, especially pyrazinamide
and other second-line drugs. Recently, whole-genome sequencing of M. tuberculosis has been increasingly used to detect
drug resistance genes in M. tuberculosis based on chromosomal mutations in existing genes.6–9 However, the diversity of
fluoroquinolone-resistant MDR M. tuberculosis varies geographically, and its prevalence has not been determined in
Tianjin, China. Therefore, we performed whole-genome sequencing of fluoroquinolone-resistant MDR M. tuberculosis
isolates in the present study, which was compared with traditional drug susceptibility testing (DST) data to develop
diagnostics and treatment strategies in Tianjin, China.

Materials and Methods
Ethics Board Approval
This study was approved by the ethics board of the Tianjin Centers for Disease Control and Prevention, Tianjin, China
(approval no.: TJCDC191). In this study, informed consent was waived because all M. tuberculosis strains were selected
from the Tianjin drug-resistance tuberculosis surveillance program based on the DST phenotype. In addition, it was
difficult to obtain the informed consent of participants because the samples (sputum) used were residual samples and not
fresh samples collected for this study. These strains were used only for scientific research and were not used for clinical
diagnosis.

Strains
From July 2017 to March 2020, a total of 2257 M. tuberculosis strains isolated from sputum samples of patients with TB
were consecutively collected at the Tianjin Center of Tuberculosis Control; 21 of these isolates were fluoroquinolone-
resistant MDR M. tuberculosis. The time points for collection of 21 fluoroquinolone-resistant MDR M. tuberculosis
isolates are shown in Table 1. The sputum specimens obtained from patients were inoculated into Bactec MGIT 960
culture tubes to verify positive isolates after standard NALC-NaOH decontamination. Positive isolates were identified by
culturing on Lowenstein-Jensen (L-J) medium containing p-nitrobenzoic-acid and thiophene-2-carboxylic hydrazide.
Prior to DST on L-J medium using the proportion method, enrichment of the positive isolates was performed on
L-J medium. All colonies of each M. tuberculosis culture on L-J agar slants were harvested and dissolved in 7H9
broth containing 20% glycerol to reach a suspension turbidity higher than that of McFarland 4.93 (the maximum). The
bacterial suspension was then aliquoted to volumes of 1mL and stored at −80°C.

DST
According to the Tianjin drug-resistance tuberculosis surveillance program, DST using the proportion method was
performed for 11 anti-TB drugs on L-J medium, containing rifampicin (40 mg/L), isoniazid (0.2 mg/L), streptomycin
(4 mg/L), ethambutol (2 mg/L), ofloxacin (4 mg/L), moxifloxacin (2 mg/L), amikacin (30 mg/L), kanamycin (30 mg/L),
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capreomycin (40 mg/L), protionamide (30 mg/L), and para-aminosalicylic acid (1 mg/L). DST for pyrazinamide
susceptibility was performed using a Bactec MGIT 960 pyrazinamide kit, with a critical concentration of 100 mg/L
for pyrazinamide. M. tuberculosis H37Rv was used as the reference isolate, which was susceptible to all drugs when each
batch of 10 strains was tested. The results are reported as either susceptible or resistant. DST by L-J medium and Bactec
MGIT 960 was performed three times to obtain consistent results.

DNA Extraction
A large inoculum containing colonies of the isolates was suspended in TE buffer containing lysozyme and proteinase
K and incubated overnight at 37°C. Subsequently, CTAB/chloroform extraction and ethanol precipitation were performed
to obtain DNA. DNA concentration was tested using a Qubit Fluorometer 3.0.

Whole-Genome Sequencing
Whole-genome sequencing was performed at Shanghai Gene-Optimal Science & Technology (Shanghai, China). DNA
was sheared into approximately 200–300-bp fragments using a Covaris sonicator and prepared using the TIANSeq
Whole-Genome Sequencing DNA Sample Preparation Kit (TianGen, Beijing, China). The samples were sequenced using
an Illumina HiSeq 2500 sequencer. Base-calling was performed using PE 150 software. FastQC was used for quality
control of SAM-TB. Cutadapt (version 1.15) was used to remove linkers and low-quality sequences. The retained high-
quality sequences were aligned to the reference genome H37Rv (NC000962.3) using BWA (version 0.7.17). Picard
(version 2.0.1) was used to mark and remove PCR repeat reads. SAM tools (version 1.6)/VarScan (version 2.3.6) were
used to identify single-nucleotide polymorphisms and short indels. Delly (version 0.8.7) was used to identify larger
deletions (≥50bp). By default, SAM-TB detects mutations that meet the following conditions: base matrix ≥30, mapping

Table 1 Drug Resistance Phenotypic Pattern of 21 Fluoroquinolone-Resistant and Multidrug- Resistant Mycobacterium tuberculosis
Strains

Strain
Number

Collection Time
Point

RFP INH Fluoroquinolone STR EMB KAN AMI CAP PTO PAS PZA

OFX MXF

5 Aug. 2017 R R R R R R S S S S S R
11 Sept. 2017 R R R R R S S S S S S S

15 Sept. 2017 R R R S R S S S S S S R

18 Oct. 2017 R R R R R S S S S S S R
20 Oct. 2017 R R R R R R R R S S S R

25 Nov. 2017 R R R R R R S S S S S R

39 Jan. 2018 R R R S R R S S S S S R
40 Jan. 2018 R R R R R R S S S S S R

56 Mar. 2018 R R R R R S S S S S S R

62 May 2018 R R R R R R S S S S R R
63 May 2018 R R R S R R S S S S S R

85 Aug. 2018 R R R R R R S S S S S R

86 Aug. 2018 R R R S R R R R R S S R
93 Sept. 2018 R R R R R R S S S S S R

95 Oct. 2018 R R R R R S S S S S S S

97 Oct. 2018 R R R R R R S S S S S R
99 Oct. 2018 R R R S R R S S S S S S

110 Jan. 2019 R R R S R S S S S R S R

122 Jun. 2019 R R R S R S S S S S S R
130 Aug. 2019 R R R R R R S S S S S R

139 Jan. 2020 R R R R R R S S S S S R

Abbreviations: RFP, rifampicin; INH, isoniazid; OFX, ofloxacin; MXF, moxifloxacin; STR, streptomycin; EMB, ethambutol; KAN, kanamycin; AMI, amikacin; CAP,
capreomycin; PTO, protionamide; PAS, para-aminosalicylic acid; PZA, pyrazinamide; R, resistant; S, susceptible.
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quality ≥30, ≥5 reads aligned to the site and no less than two reads that support the mutation, and mutation frequency
≥75%. The sequencing data were compared with that of M. tuberculosis isolate H37Rv to identify single-nucleotide
polymorphisms. Known resistance loci of M. tuberculosis including the following 15 genes: rpoB, katG, inhA promoter,
gyrA, gyrB, rpsL, rrs, pncA, panD, embB, embC-embA, aftA, ubiA, folC, and ethA2,6,10–21 were defined based on
previously published studies. Data analysis was performed for isolates to identify single-nucleotide polymorphisms of
the above loci and to predict drug resistance.

Lineage Identification
M. tuberculosis lineages and sub lineages were identified based on previously reported single-nucleotide polymorphisms
via whole-genome sequencing.22

Data Analysis
The sensitivity, specificity, positive predictive value (PPV), and negative predictive value were calculated based on DST
information, which is regarded as the gold standard.

Results
Phenotyping
Among 21 fluoroquinolone-resistant MDR M. tuberculosis strains, 100% (21/21) of the strains were resistant to
rifampicin, isoniazid, ofloxacin, and streptomycin; 66.7% (14/21) of the strains were resistant to moxifloxacin; 85.7%
(18/21) of the strains were resistant to pyrazinamide; 66.7% (14/21) of the strains were resistant to ethambutol; 9.5% (2/
21) of the strains were resistant to kanamycin; 9.5% (2/21) of the strains were resistant to amikacin; 4.8% (1/21) of the
strains were resistant to capreomycin; 4.8% (1/21) of the strains were resistant to protionamide; and 4.8% (1/21) of the
strains were resistant to para-aminosalicylic acid (Table 1).

Genotyping
Among the 21 fluoroquinolone-resistant MDR M. tuberculosis strains, 95.2% (20/21) belonged to the East Asian lineage
(lineage 2.2.1, 19 strains; lineage 2.2.2, 1 strain) and 4.8% (1/21) belonged to the Euro-American lineage (lineage 4.4.2,
1 strain) (Table 2). Among the 21 fluoroquinolone-resistant MDR strains, mutations in 15 genome regions associated
with drug resistance were detected via whole-genome sequencing (Table 3), including rpoB for rifampicin; katG and
inhA promoter for isoniazid; gyrA and gyrB for ofloxacin and moxifloxacin; rpsL for streptomycin; rrs for streptomycin,
amikacin, kanamycin, and capreomycin; pncA and panD for pyrazinamide; embB, embC-embA, aftA, and ubiA for
ethambutol; ethA for protionamide; and folC for para-aminosalicylic acid.

rpoB Gene
All 21 fluoroquinolone-resistant MDR strains harbored rpoB gene mutations. Among these, 15 strains had an S531L
mutation, 3 strains had an L533P mutation, 2 strains had an H526D mutation, and 1 strain had a D516V mutation
(Table 3). These mutations in rpoB can confer rifampin resistance. Thus, 100% (21/21) of the strains were resistant to
rifampin based on these genotypic mutations.

katG Gene and inhA Promoter
Among the 21 fluoroquinolone-resistant MDR strains, 14 strains had S315T mutations in katG, 3 strains had −15
C-T mutations in the inhA promoter, 1 strain had an −15 C-T mutation in the inhA promoter combined with an I21T
mutation in inhA, 1 strain had an S315T mutation in the katG gene combined with an −8 T-A mutation in the inhA
promoter, and 2 strains did not contain any mutations in these genes. The three gene mutations, S315T, −15 C-T, and −8
T-A, can confer isoniazid resistance, and the lack of mutations in these two genes cannot cause isoniazid resistance. Thus,
90.5% (19/21) of the strains were resistant to isoniazid based on these genotypic mutations.
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gyrA and gyrB Genes
Among the 21 fluoroquinolone-resistant MDR strains, 14 strains had D94 mutations in gyrA (D94G, 10 strains; D94A, 3
strains; D94Y, 1 strain), 4 strains had A90Vmutations in gyrA, 1 strain had an A90Vmutation in gyrA and an A597Tmutation
in gyrB, 1 strain had an A90Vmutation in gyrA and an S447Fmutation in gyrB, and 1 strain did not have any mutation in gyrA
or gyrB. The mutations D94G, D94A, D94Y, and A90V in gyrAwere in the quinolone-resistance-determining region (QRDR)
and can cause fluoroquinolone resistance. The A597T and S447F mutations in gyrB were outside of the QRDR and were
considered to present fluoroquinolone genotypic sensitivity. The strains without any mutations in gyrA and/or gyrB were also
considered to present fluoroquinolone genotypic sensitivity. Thus, 95.2% (20/21) of the strains were resistant to fluoroqui-
nolones based on these genotypic mutations. Among these, 95.2% (20/21) and 61.9% (13/21) of MTB strains were resistant to
ofloxacin and moxifloxacin, respectively.

rpsL and rrs
Among the 21 fluoroquinolone-resistant MDR strains, 14 strains had K43R mutations in rpsL, 5 strains had A514C
mutations in rrs, 1 strain had a K43T mutation in rpsL combined with A514C and A1401G mutations in rrs gene, and
1 strain did not have any mutation in these two genes. The mutations K43R in rpsL and A514C in rrs can confer
streptomycin resistance; strains without mutations in rpsL and/or rrs were considered susceptible to streptomycin.
Thus, 95.2% (20/21) of the strains were resistant to streptomycin based on these genotypic mutations. In addition, the
mutation A1401G in rrs can confer resistance to second-line injectable drugs (amikacin, kanamycin, and capreomycin),
and the strains without mutation A1401G in rrs and without/with mutation A514C in rrs gene were designated as
susceptible to second-line injectables. Thus, 4.8% (1/21) of the isolates were resistant to second-line injectables based
on these genotypic mutations.

Table 2 Lineages of 21 Fluoroquinolone-
Resistant and Multidrug-Resistant
Mycobacterium tuberculosis Strains

Strain Number Lineage

5 2.2.1

11 2.2.1
15 2.2.1

18 2.2.1

20 2.2.1
25 2.2.1

39 2.2.1
40 2.2.1

56 2.2.2

62 2.2.1
63 2.2.1

85 2.2.1

86 2.2.1
93 2.2.1

95 4.4.2

99 2.2.1
97 2.2.1

110 2.2.1

122 2.2.1
130 2.2.1

139 2.2.1
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Table 3 Gene Mutation Pattern of 21 Fluoroquinolone-Resistant and Multidrug-Resistant Mycobacterium tuberculosis Strains

Strain
Number

Mutations in Genes Associated with Drug Resistance

rpoB katG inhA inhA
Promoter

gyrA gyrB rpsL rrs pncA panD embB embC-
embA

aftA ubiA folC ethA

5 S531L S315T D94G A514C M306V
11 H526D S315T D94G K43R H71Y

15 S531L S315T D94A K43R W68C

18 S531L C-15T D94G K43R
20 S531L C-15T D94G K43R S104R L132P C-16G

25 S531L S315T A90V K43R K96R C-12T

39 S531L S315T A90V A597T K43R 541, del-
G

M306V

40 D516V I21T C-15T D94G K43R L19P M306V

56 S531L S315T D94G K43R V50A,
Q497K

62 H526Y,

D173G

S315T K43R M306I I164V I43T

63 S531L S315T A90V K43R G24D M306V

85 L533P S315T D94G A514C S164P M306V

86 S531L S315T A90V S447F K43T A514C,
A1401G

162, ins-
G

F140V

93 L533P S315T D94G A514C S164P M306V

95 S531L D94G
97 S531L S315T T-8A D94Y K43R G132A

99 S531L D94A A514C C-12T

110 S531L C-15T D94G K43R T88P
122 L533P S315T A90V A514C 476, ins-

G
130 S531L,

T480I

S315T A90V K43R Y103H C-16T

139 S531L S315T D94A K43R M306I A33P

Abbreviations: ins, insertion; del, deletion.
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pncA and panD
Among the 21 fluoroquinolone-resistant MDR strains, 12 strains had mutations in pncA: L19P (n = 1), G24D (n = 1), W68C
(n = 1), H71Y (n = 1), K96R (n = 1), Y103H (n = 1), G132A (n = 1), S164P (n = 2), 1 deletion (Del) pattern (Del G at position
541 [n = 1]), 2 insertion (Ins) patterns (G Ins at position 162 [n = 1], and G Ins at position 476 [n = 1]); and 1 strain had
mutation S104R in pncA combined with mutation L132P in panD (n = 1). Among these mutations in pncA, the Y103H, 541
Del G, 476 Ins G, and 162 Ins G mutations have not been reported in the Genome-wideM. tuberculosis variation database or
the WHO guidelines. Any nonsynonymous mutations in pncA detected in this study were considered to present genotypic
resistance. Thus, 61.9% (13/21) of the isolates were resistant to pyrazinamide based on these genotypic mutations.

embB Gene, embC-embA Intergenic Region, and aftA and ubiA Genes
Among the 21 fluoroquinolone-resistant MDR strains, 9 strains had mutations in embB, M306V (n = 6), M306I (n = 2),
Q497K combined with V50A (n = 1), and 12 strains did not have any mutations. In the embC-embA intergenic region, 4
out of 21 strains had mutations: C-T mutations at the −12 position (n = 2), C-G mutation at the −16 position (n = 1), and
C-T mutation at the −16 position (n = 1). Among the 21 strains, two had A33P and I164V mutations in aftA combined
with mutation M306I in embB. One ethambutol-resistant strain harbored a single ubiA mutation, F140V. The effects of
mutation V50A in embB and mutation F140V in ubiA on ethambutol resistance were not investigated in this study, and
were therefore considered to present ethambutol genotypic susceptibility. These nonsynonymous mutations in embB,
excluding the mutation Q497K which was present in both phenotypically susceptible and resistant isolates, were
considered to present ethambutol genotypic resistance. Thus, 57.1% (12/21) of the isolates were resistant to ethambutol
based on these genotypic mutations.

folC Gene
Among the 21 fluoroquinolone-resistant MDR strains, one strain had an I43T mutation in folC, and this mutation was
considered to represent para-aminosalicylic acid genotypic resistance. Thus, 4.8% (1/21) of the strains were resistant to
para-aminosalicylic acid based on this genotypic mutation.

Comparisons Between Phenotype and Genotype
Compared to traditional DST results, the genomic resistance of the isolates to rifampin, isoniazid, ofloxacin, moxiflox-
acin, and streptomycin was at 100%, 90.48%, 95.24%, 92.86%, and 95.27%, respectively. Among these five drugs, the
PPV of moxifloxacin resistance was 65%, while the PPV for the remaining drugs was 100%. The genomic resistance of
the isolates to ethambutol, pyrazinamide, kanamycin, and amikacin was 85.71%, 66.67%, 50%, and 50%, respectively
(Table 4). The sensitivities of capreomycin, protionamide, and para-aminosalicylic acid to whole-genome sequencing
were not calculated because only one isolate showed phenotypic drug resistance. The resistance of the isolates to all
drugs is shown in Table 4.

Discussion
Phenotypic rifampin resistance can be explained by mutations in the 81-bp rifampin resistance-determining region
(between codons 507 and 533) in the rpoB gene; the rpoB gene mutation frequency has been reported as follows:
rpoB531, rpoB526, and rpoB516.10 However, in the present study, the common mutation was S531L, followed by L533P,
H526D, and D516V; these mutations accounted for 100% of the phenotypic rifampin resistance. This suggests that
rpoB533 also plays an important role in the prediction of phenotypic rifampin resistance. These findings suggest that
whole-genome sequencing can be performed to predict rifampin resistance, and that if the presence of M. tuberculosis
and its resistance to rifampin is detected using Xpert MTB/RIF assays to test specimens of patients (such as sputum),
then whole-genome sequencing should be performed to predict resistance to other antitubercular drugs to shorten the
time of diagnosis of fluoroquinolone-resistant MDR-TB.

Phenotypic isoniazid resistance has been found to be mainly associated with katG315, inhA promoter, and ahpC-oxyR
intergenic region mutations, of which katG315 and inhA-15 promoter mutations contribute to approximately 83% of
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phenotypic isoniazid resistance.11 In the present study, the common mutation was katG315, followed by inhA promoter
mutations; these mutations explained 90.5% of phenotypic isoniazid resistance, approaching the cumulative frequency
previously reported.11

Phenotypic fluoroquinolone resistance can be caused by mutations in the QRDR of gyrA and gyrB genes, which are
located between gyrA codons 74 and 113 and between gyrB codons 500 and 540 in M. tuberculosis. The common gyrA
mutations are D94 and A90, and the common gyrB mutations are N538 and D500.2 In the present study, we found that
the common mutation in the QRDR of gyrA was D94, followed by A90, and no mutation was found in the QRDR of
gyrB. This suggests that single mutations D94 and A90 in the QRDR of gyrA represented the major mutations in
fluoroquinolone-resistant MDR M. tuberculosis. The proportion (95.2%) of fluoroquinolone-resistant MDR
M. tuberculosis strains with mutations identified via whole-genome sequencing was higher than that reported
previously.8 We found mutations in the QRDR that accounted for 95.2% of phenotypic fluoroquinolone resistance,
95.2% of phenotypic ofloxacin resistance, and 92.8% of phenotypic moxifloxacin resistance. However, seven out of 21
strains showed ofloxacin resistance and moxifloxacin susceptibility based on DST, although these strains had mutations
in QRDR that accounted for the ofloxacin resistance. In addition, one of the strains showing ofloxacin resistance and
moxifloxacin resistance did not have mutations in QRDR. This difference may be because the DST method (moxiflox-
acin concentration 2 mg/L) used in this study was different from other methods, such as MIC (moxifloxacin concentra-
tion 0.5 mg/L or 0.25 mg/L),3 and because other mechanisms for moxifloxacin resistance were not involved, such as
heteroresistance.23 This finding suggests that if ofloxacin is considered as the only fluoroquinolone for detecting
phenotypic fluoroquinolone resistance, then whole-genome sequencing can be effective in predicting the phenotypic

Table 4 Performance of WGS Compared with DST

Drug* WGS DST Sensitivity, % (95% CI) Specificity, % (95% CI) PPV, % (95% CI) NPV, % (95% CI)

R S

Rifampicin R 21 0 100 (100–100) – 100 (100–100) –

S 0 0
Isoniazid R 19 0 90.48 (77.61–103.34) – 100 (100–100) 0 (0–0)

S 2 0

Ofloxacin R 20 0 95.24 (85.9–104.57) – 100 (100–100) –
S 1 0

Moxifloxacin R 13 7 92.86 (78.86–106.86) 0 (0–0) 65 (43.55–86.45) –

S 1 0
Streptomycin R 20 0 95.24 (85.9–104.57) – 100 (100–100) –

S 1 0

Ethambutol R 12 0 85.71 (66.69–104.74) – 100 (100–100) 77.78 (48.97–106.59)
S 2 7

Pyrazinamide R 12 1 66.67 (44.26–89.08) 66.67 (1.33–132) 92.31 (77.23–107.38) 25 (−7.08–57.08)
S 6 2

Amikacin R 1 0 50.00 (−48.00–148.00) 100 (100–100) – 95.00 (85.2–104.8)

S 1 19

Kanamycin R 1 0 50.00 (−48.00–148.00) 100 (100–100) – 95.00 (85.2–104.8)
S 1 19

Capreomycin R 1 0 – 100 (100–100) – 100 (100–100)

S 0 20
Protionamide R 0 0 – 100 (100–100) – 95.24 (85.9–104.57)

S 1 20

Para-aminosalicylic R 1 0 – 100 (100–100) – 100 (100–100)
S 0 20

Note: *The sensitivity, specificity, PPV, and NPV of protionamide resistance were not calculated because mutations associated with protionamide resistance were not
detected via WGS.
Abbreviations: R, resistant; S, susceptible; WGS, whole-genome sequencing; DST, drug susceptibility testing; CI, confidence interval; PPV, positive predictive value; NPV,
negative predictive value.
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resistance. However, if moxifloxacin is considered as the only fluoroquinolone for detecting phenotypic fluoroquinolone
resistance, then whole-genome sequencing may be ineffective in predicting the phenotypic resistance.

Phenotypic streptomycin resistance is explained by mutations in rpsL, rrs, and gidB.13 In the present study, we found
that the common mutations that conferred resistance to streptomycin were rpsL K43R and rrs A514C, excluding gidB,
similar to that reported previously.13 Phenotypic resistance to second-line injectables (amikacin, kanamycin, and
capreomycin) can be caused by mutations in the rrs gene, tlyA gene, and eis promoter.24 In the present study, among
the two second-line injectable-resistant M. tuberculosis strains, only one strain (strain 86) had mutation A1401G in rrs,
whereas the other did not, suggesting that this mutation may not be enough to explain phenotypic resistance to second-
line injectables.

Phenotypic pyrazinamide resistance has been reported to be associated with mutations in pncA and its promoter, and
in panD and rpsA genes, including nucleotide changes, deletions, and insertions that cause amino acid changes and
frameshifts.14,25 In the present study, we found that mutations occurring in pncA were scattered throughout the pncA
gene; mutation L132P in panD occurred in combination with mutation S104R in pncA in one isolate, and single
mutations in panD and rpsA were not detected. These findings suggest that mutations in pncA are the primary cause
of pyrazinamide resistance, which is similar to that reported previously.14,17 In addition, mutation H71Y in pncA, which
has been found to confer pyrazinamide resistance in a previous study,26 was found in one pyrazinamide-susceptible
isolate, and six pyrazinamide-resistant isolates did not have any mutations in pncA, panD, or rpsA. This suggests that
predicting pyrazinamide resistance using whole-genome sequencing can be complex and that other mechanisms for
pyrazinamide resistance, such as efflux proteins,27 should be investigated.

Phenotypic ethambutol resistance has been reported to be associated with mutations in the embCAB locus, mainly
embB and the embC-embA intergenic region, and the ubiA and aftA genes.19 In the present study, 85.7% (12/14)
ethambutol-resistant isolates harbored mutations embB M306 and embC-embA in the intergenic region at−12 and −16
position conferring ethambutol resistance; the number of resistant isolates was lower than that reported in a previous
study.18 We also found mutations in ubiA and aftA, but they did not represent major causes of ethambutol resistance.19

Phenotypic para-aminosalicylic acid resistance has been reported to be associated with mutations in ribD, folC, and
thyA.21 In the present study, only one para-aminosalicylic acid resistant isolate was identified among the 21 fluoroqui-
nolone-resistant MDR strains, which harbored the mutation I43T in folC conferring para-aminosalicylic acid resistance,21

without any mutation in both ribD and thyA genes.
In the present study, only one isolate was resistant to protionamide and did not harbor any putative mutations in the

ethA gene,28 which confers protionamide resistance; however, it harbored a novel mutation, T88P, in ethA. The effect of
the mutation T88P on protionamide resistance was not investigated in this study.

In the present study, mutations that represent markers for drug resistance were determined in drug susceptibility-
associated genes detected via whole-genome sequencing, which explained the phenotypic drug resistance in the majority
of isolates. However, it is important to note the absence of these mutations in certain drug-resistant isolates, indicating
the presence of other mechanisms of drug resistance, such as the strain genetic background,29 mixed infection,7

heteroresistance,23 and efflux pumps.30 In addition, even though the traditional phenotypic DST method is the current
gold standard, it is not perfect in detecting drug resistance in M. tuberculosis, such as fluoroquinolone resistance and low-
level drug resistance.31

Whole-genome sequencing, as a clinical tool, has been used to detect the presence of M. tuberculosis and to predict its
resistance pattern based in drug resistance mutations. In the present study, the rates of rifampin resistance, isoniazid
resistance, ofloxacin resistance, and moxifloxacin resistance, ranging from 90.48% to 100%, were higher than the
diagnostic minimal sensitivity of sequencing (>90% and >95%) against the phenotypic reference standard recommended
by the WHO;17 the rates were similar to those reported previously, ranging from 89.2–100%, 90–100%, 80–100%, and
60–90.6%, respectively.9 Notably, mutations in gyrA found in moxifloxacin-susceptible isolates, such as D94G (strain
110), which is regarded as a mutation associated with high minimum inhibitory concentration, may misclassify
moxifloxacin susceptibility. The rates of streptomycin resistance (95.24%) and ethambutol resistance (85.71%) in this
study were consistent with those reported previously, ranging from 57.1–100% and 71.4–100%, respectively.9 The rate of
pyrazinamide resistance (66.67%) in this study was considerably lower than the diagnostic minimal sensitivity of
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sequencing (>85%) against the phenotypic reference standard recommended by the WHO;17 however, it was similar to
that of a previous study, ranging from 43.2% to 100%.9 We did not compare the rates of second-line injectables
(amikacin, kanamycin, and capreomycin), protionamide, and para-aminosalicylic acid resistance determined in this
study with those reported previously because only one or two isolates showed phenotypic drug resistance. These findings
suggest that whole-genome sequencing can be used to rapidly predict drug resistance in fluoroquinolone-resistant MDR
isolates but cannot replace the traditional phenotypic DST method. Furthermore, whole-genome sequencing with
a validated bioinformatics pipeline can predict drug susceptibility in M. tuberculosis. Therefore, phenotypic DST may
not be needed for some predicted drug-susceptible strains, such as rifampicin-susceptible strains.31 The turn-around time
of whole-genome sequencing (7 days) is much shorter than that of phenotypic DST (4 weeks), but the cost of whole-
genome sequencing is higher than that of phenotypic DST.

The limitations of this study were as follows: only 21 fluoroquinolone-resistant MDR isolates were collected, and
genome-wide association studies and other mechanisms of drug resistance were not considered to evaluate the genotypic
resistance of fluoroquinolone-resistant MDR isolates.

Conclusion
In conclusion, whole-genome sequencing represents an effective diagnostic tool for MDR-TB showing fluoroquinolone
resistance, and may help clinicians to develop accurate, individual, and clinical therapeutic strategies for such patients,
although there have been obstacles in developing such diagnosis. Whole-genome sequencing should be applied to predict
drug resistance prior to performing traditional phenotypic DST in Tianjin, China.
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