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Surveillance of fluoroquinolones
resistance in
rifampicin-susceptible
tuberculosis in eastern China with
whole-genome
sequencing-based approach
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Junli Gao?, Junshun Gao?, Xiaomeng Wang?, Zhengwei Liu**
and Feng Tong™

!Institute of Tuberculosis Prevention and Control, Ningbo Municipal Center for Disease Control and
Prevention, Ningbo, China, ?Key Laboratory of Precision Medicine in Diagnosis and Monitoring
Research of Zhejiang Province, Hangzhou, China, *The Institute of TB Control, Zhejiang Provincial
Center for Disease Control and Prevention, Hangzhou, China

Background: Leveraging well-established DNA-level drug resistance
mechanisms, whole-genome sequencing (WGS) has emerged as a valuable
methodology for predicting drug resistance. As the most effective second-line
anti-tuberculosis (anti-TB) drugs, fluoroquinoloness (FQs) are generally used
to treat multidrug-resistant tuberculosis (MDR-TB, defined as being resistant to
resistant to rifampicin and isoniazid) or rifampicin-resistant tuberculosis (RR-TB).
However, FQs are also commonly used in the management of other bacterial
infections. There are few published data on the rates of FQs resistance among
rifampicin-susceptible TB. The prevalence of FQs resistance among TB patients
who are rifampicin-susceptible has not been studied in Zhejiang Province,
China. The goal of this study was to provide a baseline characterization of the
prevalence of FQs resistance, particularly among rifampicin-susceptible TB in
Zhejiang Province, China.

Methods: Based on WGS, we have investigated the prevalence of FQs resistance
among rifampicin-susceptible TB in Zhejiang Province. All pulmonary TB
patients with positive cultures who were identified in Zhejiang area during TB
drug resistance surveillance from 2018 to 2019 have enrolled in this population-
based retrospective study.

Results: The rate of FQs resistance was 4.6% (32/698) among TB, 4.0% (27/676)
among rifampicin-susceptible TB, and 22.7% (5/22) among RR-TB. According to
WGS, strains that differ within 12 single-nucleotide polymorphisms (SNPs) were
considered to be transmission of FQ-resistant strains. Specifically, 3.7% (1/27) of
FQs resistance was caused by the transmission of FQs-resistant strains among
the rifampicin-susceptible TB and 40.7% (11/27) of FQs resistance was identified
as hetero-resistance.

Conclusion: The prevalence of FQs resistance among TB patients who were
rifampicin-susceptible was severe in Zhejiang. The emergence of FQs resistance
in TB isolates that are rifampicin-susceptible was mainly caused by the selection
of drug-resistant strains. In order to prevent the emergence of FQs resistance,
the WGS-based surveillance system for TB should be urgently established, and
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clinical awareness of the responsible use of FQs for respiratory infections should

be enhanced.

KEYWORDS

fluoroquinolones resistance, drug resistance, whole-genome sequencing, rifampicin-
susceptible tuberculosis, hetero-resistance

Background

As the most critical second-line anti-tuberculosis drugs,
fluoroquinolones (FQs) have been recommended as Group A agents
for use in multidrug-resistant tuberculosis (MDR-TB, defined as being
resistant to resistant to rifampicin and isoniazid) or rifampicin-
resistant tuberculosis (RR-TB) regimens by the World Health
Organization (WHO) (World Health Organization, 2020). WHO also
recommended levofloxacin, a FQ antibiotic, in the treatment regimen
(Hr-TB) (World Health
Organization, 2022a). Moxifloxacin, a fourth-generation FQ

of isoniazid-resistant tuberculosis
antibiotic, is under consideration by WHO for inclusion in four-
month regimens to treat drug-susceptible tuberculosis because of its
pharmacokinetics and drug penetration into macrophages (Dorman
et al, 2021; World Health Organization, 2022b). Thus, as the
cornerstone of the regimens for MDR/RR/Hr-TB, FQs will be the
essential drugs in the shorter regimen for drug-susceptible TB in the
future. The prevalence of FQs resistance among RR-TB has been
investigated in many studies because it can significantly reduce the
risk of treatment failure or relapse and death in RR-TB patients
(Miotto et al., 2017; Siddiqui et al., 2019). Nevertheless, few studies
have investigated the prevalence of FQs resistance among rifampicin-
susceptible TB, and the majority of these studies show that FQs
resistance in rifampicin-susceptible TB is uncommon (Hu et al., 2011;
Schwalb et al., 2021; Zhang et al., 2022).

As a group of broad-spectrum antibiotics, FQs are widely used to
treat other bacterial infections, especially respiratory infections.
Additionally, FQs have been widely utilized in healthcare institutions
for the diagnostic treatment of patients with suspected TB and for the
empirical treatment of TB patients without positive drug susceptibility
testing (DST) results in several studies (Wang et al., 2006; Ho et al.,
2014). We should pay more attention to the emergence of FQs
resistance in rifampicin-susceptible Mycobacterium tuberculosis (Mtb)
isolates in TB high-burden settings by the inappropriate use and the
vital role of FQs in TB treatment.

Based on DNA sequencing platforms, whole-genome sequencing,
which reconstructed the complete genome’s DNA sequence, can
provide high-resolution genotyping and identification (Witney et al.,
2016; Walker et al., 2017; Cohen et al., 2019). FQs resistance in Mtb
has been mainly attributed to mutations in the gyrA and gyrB genes,
which code for two subunits of DNA gyrase (Ruiz, 2003; Andriole,
2005). Hetero-resistance, which is defined as the coexistence of drug-
susceptible and drug-resistant isolates in clinical samples and may
exhibit varying levels of drug susceptibility, appears to be more
frequent in FQs resistance (Eilertson et al., 2014). The accuracy of
WGS in predicting phenotypic resistance to rifampicin, isoniazid, and
FQs is high in extensive comparative studies (Farhat et al., 2017;
Meehan et al., 2019).
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Understanding the evolution of FQs resistance in rifampicin-
susceptible TB may help assess the effectiveness of TB programs and
interventions and provide guidance for TB prevention and care in the
future. However, little is known about FQs resistance in rifampicin-
susceptible TB that emerged in China (Zhang et al., 2022). Zhejiang
Province, as the first province in China to launch sentinel surveillance,
has conducted drug resistance surveys following the initiation of the
WHO/International Union Against Tuberculosis and Lung Disease
global anti-TB drug resistance surveillance project in 1994. Zhejiang
Province was also the first province in China to conduct periodic
surveys for drug-resistant tuberculosis (DR-TB) since WHO
integrated the country into its surveillance network for DR-TB
in 1999.

To the best of our knowledge, our study is the first to address the
varying prevalence patterns of FQs resistance among rifampicin-
susceptible TB in a well-developed province based on the TB drug-
resistance survey project. We provide the findings of a retrospective
WGS analysis of all Mtb isolates collected from pulmonary TB cases
in the Zhejiang area during TB drug resistance surveillance from 2018
to 2019. We aimed to investigate the prevalence of FQs resistance,
especially among rifampicin-susceptible TB. Furthermore,
we identified the instances of hetero-resistance in FQs-resistant strains
and quantified the FQs resistance due to the transmission of

FQs-resistant strains.

Methods
Study design and sample enrollment

The study was a retrospective study that included all the culture-
positive patients diagnosed with TB at local TB dispensaries in
Zhejiang Province during TB drug-resistance surveillance from Jan 1,
2018, to Dec 31, 2019. The Zhejiang ProvincialCenter for Disease
Control and Prevention’s TB reference laboratory collected all clinical
isolates from pulmonary TB patients for further species identification,
strain preservation and WGS before each patient started anti-TB or
other relevant clinical treatments. Records related to demographics,
clinical and microbiology were retrieved from the national TB
information management system.

WGS and bioinformatics analysis

WGS was performed for each clinical isolate after it was collected.
Mtb culture products were inactivated, and genomic DNA was
extracted using a bacterial DNA extraction kit (QIAGEN Inc.,
Dusseldorf, Germany), following the manufacturer’s instructions. The
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purified genomic DNA was quantified using a TBS-380 fluorometer
(Turner BioSystems Inc., Sunnyvale, CA, United States) to ensure
compliance with quality requirements for library preparation,
sequencing, and detection. Genomic DNA samples were treated and
fragmented to approximately 400bp. Sequencing libraries were
generated using the NEXTflex™ Rapid DNA-Seq Kit, followed by
multiplexing and loading onto the Illumina NovaSeq 6000 PE150
system (San Diego, CA92122, United States). Sequencing employed a
2% 150 paired-end configuration. Raw sequencing data underwent
processing with fastp v0.20.1 to remove adapter sequences and filter
out low-quality bases (Chen et al., 2018). Subsequently, high-quality
sequence data were then input into Kraken vl1.1.1 for species
identification. Samples identified as other species or with an Mtb
proportion below 90% were rejected as contaminated (Wood and
Salzberg, 2014). The remaining samples’ sequencing data were aligned
to the H37Rv reference genome (NC_000962.3) using BWA v0.7.17
(Li, 2013). Samples meeting criteria with an average sequencing
depth >20x and average genome coverage >95% were selected for
subsequent data analysis. The SAMtools/BCFtools suite v1.13
facilitated the calling of fixed single-nucleotide polymorphisms
(SNPs) (frequency>90%) at loci where the alternate alleles were
supported by at least five reads (combining both forward and reverse
reads) (Danecek et al., 2021).

WGS-based DST

Clean sequencing data were input into the local version of
TB-Profiler v4.4.2 and aligned to the reference genome of H37Rv to
identify the genotype of resistance-associated mutations and detect
the resistance profile of 9 anti-TB drugs. These drugs encompassed
isoniazid, rifampicin, streptomycin, ethambutol, fluoroquinolones
(levofloxacin and moxifloxacin), amikacin, kanamycin, and
capreomycin (Phelan et al., 2019). Mutations with a frequency of less
than 10% were excluded from the analysis. WGS-based DST results
were deduced by assessing the presence or absence of mutations (Tier
1 and Tier 2 mutations) in a comprehensive database containing drug
resistance-associated mutations, adhering to evidence levels
recommended by WHO (Walker et al., 2022). In this study, hetero-
resistance was defined based on the observation that the frequency of
resistant alleles in the sequence reads was below 99%.

Phylogeny construction and transmission
cluster analysis

The fixed SNPs, excluding those located in proline-glutamic acid
(PE)/proline-proline-glutamic acid (PPE) genes, insertion elements,
repetitive regions, and genes associated with drug resistance, were
combined into a concatenated alignment (Meehan et al, 2019).
Maximum-likelihood (ML) phylogenetic trees were inferred from the
concatenated alignment using IQ-Tree v2.2.5 (Nguyen et al., 2015).
The best-scoring ML trees were rooted using M. canettii (RefSeq:
NC_015848.1) as the outgroup and were visually represented with the
Interactive Tree of Life (iTOL) (Letunic and Bork, 2021). A genomic
threshold (<12 SNPs) was applied to identify clusters of isolates
potentially consistent with recent transmission referred to as genomic
clusters (Yang et al., 2017). Primary FQs resistance (transmitted FQs
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resistance) was defined as the FQs resistance-conferring mutation
shared by two or more strains within a genomic cluster. Any other FQs
resistance-conferring mutations were categorized as acquired
FQs resistance.

Statistical analysis

Statistical analyses were conducted using the R package
gtsummary (Sjoberg et al., 2021). The Pearson’s chi-squared or Fisher’s
exact test was used for comparison of categorical variables, such as
demographic, bacteriological, and clinical characteristics.

Results

Characteristics of the patients and Mtb
isolates

A total of 837 culture-positive patients diagnosed with TB in
Zhejiang area during TB drug-resistance surveillance from January 1,
2018, to December 31, 2019 were enrolled in this study. Out of these
patients, 139 (16.6%) were excluded from analysis due to strain
contamination, recovery failure, WGS failure or loss of epidemiological
data (Figure 1). The remaining 698 patients had an average age of
51 years (ranging from 13 to 91 years). 493 (70.6%) of them were male
and 645 (92.4%) were new TB cases. Based on the results of
WGS-based DST, 22 (3.2%) were diagnosed with RR-TB. Notably,
RR-TB patients were relatively younger, exhibiting a statistically
significant difference compared to rifampicin-susceptible patients
(median age 62years vs. 67.5years, p=0.009). Further analysis
revealed RR-TB patients were more likely to be migrant (59% vs. 38%,
p=0.049) and have been previously treated for TB (22.7% vs. 7.1%;
p=0.020) than rifampicin-susceptible TB patients (Table 1).

Prevalence and mutation types of FQs
resistance

According to the results of WGS-based DST, 32 (4.6%) exhibited
resistance to FQs, including 27 rifampicin-susceptible isolates and 5
rifampicin-resistant isolates. The rate of FQs resistance was 4.0%
(27/676) among rifampicin-susceptible TB and 22.7% (5/22) among
RR-TB. The drug resistance profile and epidemiological information
of 32 FQs -resistant TB patients were shown in Supplementary Table S1.

Five rifampicin-resistant isolates harbored the FQs resistance-
conferring mutations in the gyrA and gyrB genes, including two gyrA
D94A, two gyrA A90V and one gyrB E501D. Among 676 rifampicin-
susceptible isolates, 27 harbored diverse FQs resistance-conferring
mutations, including ten gyrA D94A, seven gyrA A90V, six gyrA
D94N, one gyrA D94Y, one gyrB A504V, and one gyrB
D461N. Additionally, one rifampicin-susceptible isolates harbored
more than one FQs resistance-conferring mutation, gyrA
A90V +gyrA S91P.

Among 27 rifampicin-susceptible isolates with FQs resistance-
conferring mutations, 11 (40.7%) were identified as FQ hetero-
resistance. The allele frequencies of FQ hetero-resistance ranged from
10.1 to 98.7%. Regarding FQs hetero-resistant isolates, 26 had a single
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837 culture-positive TB patients
during 2018-2019 in Zhejiang

33 cases without laboratory or
sequencing ID

28 cases failed sequencing

58 cases without epidemiological data
J

N
20 cases failed quality control of
whole-genome sequencing data

698 (83.39%) cases with qualified
whole-genome sequencing data

FIGURE 1

(A) Sample enrollment and study flowchart. (B) Map of Zhejiang Province with the number of TB cases from each prefecture-level city.
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unfixed mutation and one had multiple unfixed mutations in
gyrA. FQs hetero-resistance was only observed in one isolate among
5 rifampicin-resistant isolates (20%, 1/5). The allele frequencies of FQs
resistance-conferring mutations in 32 FQs-resistant isolates were
shown in Figure 2.

Transmission of FQ-resistant isolates

All 698 isolates were divided into 24 clusters defined as strains that
differed by 12 or fewer SNPs, among which two clusters included
FQs-resistant isolates. There are two basic ways that drug resistance
emerges: acquired drug resistance arising from insufficient therapy or
primary drug resistance as a result of the transmission of drug-
resistant strains. Notably, we were able to observe primary and
acquired drug resistance in each of the clusters with FQs-resistant
isolates, separately, as depicted in Figure 2. Within one cluster
(JK-1075 and JK-1067), we identified a uniform fixed mutation
conferring FQsresistance (gyrA D94G) present in both isolates, with
a 100% allele frequency. This observation strongly suggests primary
drug resistance resulting from transmission. In another cluster
(JK-0595 and JK-0540), acquired drug resistance was evident, where
only one of the two isolates exhibited FQs resistance, featuring a fixed
mutation conferring resistance (gyrA D94N, 99.88%).

Discussion

Rapid, reliable, and increasingly affordable WGS technology can
help with TB prevention and care, including diagnosis, treatment, and
surveillance (Satta et al., 2018; van der Werf and Kodmon, 2019). It
has demonstrated efficacy in discerning genetic drug resistance
profiles (Jabbar et al., 2019; Wu et al., 2022). In this study, we have
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investigated the prevalence of FQs resistance and its transmission in
all Mtb isolates from pulmonary TB patients during TB drug-
resistance surveillance in Zhejiang Province. Our findings reveal that
the majority (84.4%, 27/32) of FQs resistant TB were susceptible to
rifampicin, with a notable proportion (40.7%, 11/27) identified as
hetero-resistance. WGS data indicate that the transmission of
FQs-resistant strains contributed to 3.7% (1/27) of FQs resistance in
rifampicin-susceptible TB.

We observed that more than two-thirds of the FQs-resistant cases
were identified in rifampicin-susceptible TB patients. Regard as the
core agents for RR-TB treatment, moxifloxacin and levofloxacin are
usually prescribed to RR-TB patients (Kayali et al., 2021; World Health
Organization, 2022a). This prescription practice aligns with the
technical specifications on TB prevention and care. Surveillance data
on the prevalence of FQs resistance in rifampicin-susceptible TB are
scarce, and the DST of FQs is not routinely conducted for rifampicin-
susceptible TB patients (Heyckendorfet al., 2018; Tagliani et al., 2021).
Previous review studies showed that prevalence of FQs resistance in
Mtb clinical isolates in Shanghai was higher (6.1%) than reported in
other countries, where the range is typically 0 to 4.4% (Ginsburg et al.,
2003; Ho et al,, 2014; Kayali et al,, 2021; Schwalb et al., 2021; Zhang
etal., 2022). FQs are also the most often recommended antibiotics in
China for respiratory infections. Therefore, it is imperative to conduct
surveillance on FQs resistance and monitor fluoroquinolones
exposure in newly diagnosed TB patients in countries with a high
TB burden.

Previous studies have indicated that mutations in the quinolones
resistance determining region of gyrA or gyrB constitute the main
mechanism for Mtb resistance to fluoroquinolones (Groschel et al.,
2021; Maruri et al., 2021). Within the scope of this study, the majority
of FQs resistance-conferring mutations occurring in rifampicin-
resistant Mtb were D94G (2/5) or A90V (2/5). Our findings suggest
that Mtb strains harboring multiple other drug resistance-conferring
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TABLE 1 Demographic, clinical, and bacteriological characteristics of
RR-TB and rifampicin-susceptible TB cases in Zhejiang Province.

Rifampicin
N  Overall, Resistant, Sensitive, p-
n=698" n=22° n=676" | value®
Age 698 0.009
<25 111 (16%) 4 (18%) 107 (16%)
25~ 180 (26%) 11 (50%) 169 (25%)
45~ 198 (28%) 6 (27%) 192 (28%)
65~ 209 (30%) 1 (4.5%) 208 (31%)
Gender 698 0.5
Male 493 (71%) 17 (77%) 476 (70%)
Female 205 (29%) 5(23%) 200 (30%)
Census 698 0.049
register
Resident 426 (61%) 9 (41%) 417 (62%)
Migrant 272 (39%) 13 (59%) 259 (38%)
TB 698 0.020
treatment
history
No 645 (92%) 17 (77%) 628 (93%)
Yes 53 (7.6%) 5(23%) 48 (7.1%)
Diabetes 685 0.7
mellitus
No 602 (88%) 19 (86%) 583 (88%)
Yes 83 (12%) 3 (14%) 80 (12%)
Hepatitis 679 0.12
B
No 660 (97%) 20 (91%) 640 (97%)
Yes 19 (2.8%) 2(9.1%) 17 (2.6%)
Cluster® 698 0.4
Unique 648 (93%) 22 (100%) 626 (93%)
Cluster 50 (7.2%) 0 (0%) 50 (7.4%)
Lineage 698 0.12
Non- 197 (28%) 3 (14%) 194 (29%)
Beijing
Ancient 27 (3.9%) 2(9.1%) 25 (3.7%)
Beijing
Modern 474 (68%) 17 (77%) 457 (68%)
Beijing
n(%).

"Pearson’s Chi-squared test, Fisher’s exact test (Bold values denote statistical significance at
the P-value < 0.05 level).
‘Genomic cluster identified by a threshold (<12 SNPs).

mutations might be more likely to acquire FQs resistance-conferring
mutations with a lower fitness cost. The profile of FQs resistance-
conferring mutations occurring in rifampicin-susceptible Mtb
exhibited greater diversity. Every instance of FQs hetero-resistance
was observed in rifampicin-susceptible Mtb, with the exception of a
single rifampicin-resistant Mtb isolate. Hetero-resistance represents a
critical stage in the development of an initially drug-susceptible Mtb
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population toward complete resistance to a specific drug over the
course of an infection (Dheda et al, 2018). Non-lethal drug
concentrations facilitate the emergence and selection of drug
mutations with a low fitness cost (Castro et al., 2020). According to
the hypotheses, the characteristics of FQs resistance-conferring
mutations in rifampicin-susceptible Mtb imply that the Mtb FQs
resistance may have been induced by ineffective FQs treatment. Due
to easy accessibility and improper use of FQs, several studies have
indicated a high proportion of TB patients being exposed to FQs
before their TB diagnosis (Yang et al., 2015; Yuen et al., 2015).
Moreover, hetero-resistance hampers the effectiveness of rapid
molecular assays in detecting drug resistance (O’Donnell et al., 2019).
Utilizing WGS techniques, variant allele frequencies could
be employed to identify hetero-resistance for drug resistance
prediction (Chaidir et al., 2019). In our study, we identified FQs
hetero-resistance in rifampicin-susceptible Mtb isolates, with hetero-
resistance frequencies ranging from 10.1 to 98.7%. Our findings
revealed that WGS is sensitive in detecting FQs resistance in hetero-
resistant strains and the real burden of FQs resistance in rifampicin-
susceptible TB might be underestimated.

Previous studies have demonstrated that the transmission of
rifampicin-resistant strains facilitated the spread of FQs resistance
(Takiff and Feo, 2015; Nikolayevskyy et al., 2019). In the present study,
FQs resistance caused by transmission was also observed in rifampicin-
susceptible Mtb isolates within the Zhejiang region. Comparative
analysis of transmission and resistance-conferring mutations in
FQs-resistant isolates revealed a minimal incidence of FQs resistance in
rifampicin-susceptible isolates (3.7%, 1/27) and no occurrences in
rifampicin-resistant isolates (0/5) resulting from the transmission of
FQs-resistant strains. The higher prevalence of FQs resistance in
rifampicin-susceptible TB cases, as compared to rifampin-resistant TB
cases, is likely due to the wide use of FQs for antibiotic therapy
throughout Zhejiang. Moreover, the empirical prescription of FQs for
respiratory infections has been linked to delays in the detection and
treatment of pulmonary tuberculosis. These delays may, in turn,
contribute to the increased transmission of TB (Lin et al., 2016).

The retrospective study design of our study limited the access to
information regarding FQs prescriptions for TB patients prior to
diagnosis, including details such as prescription date, dosage, specific
type of FQs, and duration of supply. However, to the best of our
knowledge, this study represents the first investigation into the
prevalence of FQs resistance among rifampicin-susceptible TB cases
in Zhejiang Province (Zhang et al., 2022). Analysis of WGS data
revealed that 50% of FQs resistance in rifampicin-susceptible TB cases
manifested as hetero-resistance, and the transmission of FQs -resistant
strains contributed to the development of FQ-resistant TB. In order to
mitigate the emergence of FQ resistance, it is imperative to promptly
establish a WGS-based surveillance system for TB. Additionally,
raising clinical awareness regarding the judicious use of FQs for
respiratory infections is essential.

Conclusion

The prevalence of FQs resistance among TB patients who were
rifampicin-susceptible was severein Zhejiang. The emergence of FQs
resistance in TB isolates susceptible to rifampicin mainly stems from the
selection of drug-resistant strains. In order to prevent the development of
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RR D94G A90V D94N  S9IP  D94Y D46IN ES50ID A504V
JK-0562 - 100% - - - - - -
— 1 o B oo - - - . ; ]
JK-0395 - 77.8% - 21.1% - - - -
_|:[ JK-0595 - - - - - . _ -
JK-0540 - - 99.9% - - - - -
| JK-1043 - 998% - - - . - .
_: JK-0214 99.1% - - - - - - -
JK-0108 - - 100% - - - - -
-l JK-0492 - 69.8% - - - - - -
— JK-1034 - - 96.4% - - - - -
JK-0237 94.4% - - - - - - -
— JK-0239 - 100% - - - - - -
JK-0542 - - 99.1% - - - - -
JK-0092 - 88.3% - - - - - -
K-0362 ] 996% - - - - - . ;
JK-0665 100% - - - - - - -
JK-0636 - 100% - - - - - -
JK-0743 - - - - - - - 22.9%
JK-0254 - - 100% - - - - -
JK-0740 10.1% - - - - - - -
JK-1075 100% - - - - - - -
JK-1067 100% - - - - - - -
JK-1042 - - - - 95.1% - R -
K-0256 ] 936% - - - - - . ;
JK-0074 99.9% - - - - - - -
JK-0682 99.8% - - - - - - -
K034 [l - 9% - - - - . ;
JK-0489 - - 96.9% - - - - -
JK-0059 98.5% - - - - - - -
JK-0569 - 100% - - - - - -
x-0153 il - - - - - - 100% -
JK-0625 - - - - - 992% - -
JK-0418 98.7% - - - . - - -
FIGURE 2
Phylogeny, clustering and FQs hetero-resistance profile of 32 FQs-resistant Mtb isolates. (1) Blue and green branches indicate non-Beijing and Beijing
strains, respectively. (2) Genomic-clustered strains differing by <12 SNPs are highlighted in orange. (3) Red square indicates the Mtb isolate resistant to
rifampicin. (4) Allele frequency of FQs resistance-conferring loci in gyrA and gyrB is shown in the right side. Hetero-resistance mutations are
highlighted in yellow.

FQs resistance, the WGS-based surveillance system for TB should
be urgently established, and clinical awareness of the responsible use of
FQs for respiratory infections should be enhanced.
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