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Background: Tuberculosis remains a major public health concern in China, with varying prevalence and drug resistance profiles
across regions. This study explores the genetic diversity and drug-resistant profiles of MTB strains in Hinggan League, a high TB
burden in Inner Mongolia, China.

Methods: This population-based retrospective study, encompassing all culture-positive TB cases from Jun. 2021 to Jun. 2023 in
Hinggan League. Drug resistant profiles and genetic diversity of MTB strains were assessed using phenotypic drug susceptibility
testing and whole-genome sequencing. Risk factors associated with drug resistance were analyzed using univariate and multivariate
logistic regression models.

Results: A total of 211 MTB strains were recovered successfully and included into final analysis. Lineage 2.2.1 (88.6%, 187/211) was
the dominant sub-lineage, followed by lineage 4.5 (7.1%, 15/211) and lineage 4.4 (4.3%, 9/211). MTB strains exhibited the highest
resistance rates to isoniazid (16.1%, 34/211), followed by rifampicin (10.0, 21/211). In addition, the MTB strains also showed
relatively high rates of resistance against new and repurposed anti-TB drugs, with resistant rates of 2.4% (5/211) to delamanid and
1.9% (4/211) to bedaquiline. Overall, 25.6% (54/211) of MTB strains were DR-TB, and 14 MTB strains met the definition of MDR-
TB, including 7 strains of simple-MDR-TB, 5 of pre-XDR-TB, and 2 of XDR-TB. Genetic analysis revealed that the dominant
mutations of isoniazid-, rifampin-, ethambutol-, levofloxacin-/moxifioxacin-, and ethionamide- resistance were katG Ser315Thr
(46.4%), rpoB_Ser450Leu (47.4%), embB_Met306Val (25.0%), gyrd_Asp94Ala (40.0%), and fabGl cl15t (42.9%), respectively.
Previously treated patients (AOR = 2.015, 95% CI: 1.052-4.210) and male patients (AOR = 3.858, 95% CI: 1.416-10.511) were
identified as independent risk factors associated with DR-TB.

Conclusion: Our study offers crucial insights into the genetic diversity and drug-resistant profiles of TB strains circulating in Hinggan
League. These findings are valuable for DR-TB surveillance and for guiding treatment regimens and public health interventions in the region.
Keywords: Mycobacterium tuberculosis, drug resistance, genetic diversity, whole-genome sequencing

Introduction

Tuberculosis (TB), caused by bacillus Mycobacterium tuberculosis (MTB), continues to be a major public health concern
and was the second leading cause of death from a single infectious agent globally, after coronavirus disease (COVID-19).!
Although TB is preventable and curable, the emergence and wide-spread of drug-resistant TB (DR-TB) poses a great

Infection and Drug Resistance 2024:17 3089-3100 3089
Received: 28 February 2024 © 2024 Feng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 2 July 2024 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 16 July 2024


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Feng et al Dove

challenge to effective TB control and prevention.” According to the World Health Organization (WHO), an estimated
410,000 individuals fell ill with rifampicin-resistant TB or multidrug-resistant TB (MDR/RR-TB) in 2022, of which only
40% received treatment.! Furthermore, untreated cases of DR-TB can act as a source of infection, leading to ongoing
transmission of DR-TB and presenting a sustained threat to TB control.’ Given the restricted therapy options, increased
cost, and poorer prognosis associated with treating DR-TB, continuous vigilance is essential. Moreover, because early
diagnosis and effective treatment can help prevent the development of drug resistance and TB-related deaths, understanding
the drug resistance profile of TB strains and identifying patients with DR-TB is essential for guiding timely clinical
interventions and enhancing cure rates.

Since the completion and publication of the full-genome sequence of Mycobacterium tuberculosis H37Rv in 1998,*
whole-genome sequencing (WGS) has been extensively employed in different disciplines, including research, clinical
settings, and routine surveillance.” WGS has proven valuable for predicting drug resistance, exploring genetic diversity,
identifying transmission clusters, and elucidating the evolutionary dynamics of MTB strains.® ® To date, WGS has provided
profound insights into the genomic drug resistance and diversity of MTB in various regions around the world.” " In China,
WGS of MTB has been applied to characterize the genotypic resistance in several province and cities.>'>'> However, the
prevalent genotype and drug resistance patterns of MTB isolates exhibit significant variation among diverse regions,'*
highlighting the importance of conducting systematic research in areas where WGS has not yet been widely implemented,
especially in remote regions.

Inner Mongolia, located northern China, is a vast multi-ethnic region and one of the provinces with a high TB burden
in China.'” Hinggan League is situated in the northeastern part of Inner Mongolia, and its reported TB incidence has
consistently ranked first in the province, with an average annual reported incidence rate of 66.49/100 000.'¢ However,
information on the drug resistant patterns and dominant lineage of MTB strains circulating in this region is extremely
limited, which largely hinders the development and implementation of effective prevention and control strategies.

In this study, we conducted a retrospective study of 281 MTB strains collected from 2021 to 2023 in Hinggan League.
We investigated the drug resistance and genetic diversity of MTB strains using whole-genome sequencing and pheno-
typic drug susceptibility testing, which could help understand the strain diversity in the region and aid in the development
of precise public health interventions.

Materials and Methods
Study Population

This retrospective investigation was based on drug resistant tuberculosis surveillance work in Hinggan League, Inner
Mongolia, China. The study population included all MTB strains from suspected pulmonary TB cases with sputum
smear-positive results, collected from local designated hospitals in the six counties of Hinggan League. Between
June 2021 and June 2023, a total of 218 MTB strains were collected: 5 from Arxan, 16 from Tuchuan County, 23
from Horqgin Right Middle Banner, 26 from Horqin Right Front Banner, 32 from Ulanhot, and 116 from Jalaid Banner, as
shown in Figure 1. Demographic information (including sex, age, residence, occupation, and nationality) and medical
records (including complications and previous TB treatment history) of these TB patients were extracted and matched
from the surveillance database. The data were collected and stored electronically by local medical staff during patient
visits, following the acquisition of informed consent from the patients. The study received ethical approval on 2023,
which complies with the Declaration of Helsinki, from the Institutional Review Board of China CDC (202336).

Drug Susceptibility Testing (DST)

Drug susceptibility testing was carried out using UKMYC6 plates (Thermo Fisher Scientific, USA), designed by the
CRyPTIC Consortium. UKMYC6 exhibits the capability to quantitatively assess resistance levels to various anti-TB
drugs with reliable reproducibility.'” All steps were performed by trained and specialized personnel, strictly adhering to
the prescribed protocols.? Plates inoculated with the bacterial solution were securely sealed with adhesive membranes
and then placed in incubation at 37°C in 5% CO, for a duration of 14 days. The minimum inhibitory concentration (MIC)
was determined as the lowest concentration without evident visible bacterial growth in comparison to the positive
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Figure | Distribution of study sites in Hinggan League, Inner Mongolia, China. (A) The location of Hinggan League and Inner Mongolia in China. Orange indicates Inner
Mongolia, red indicates Hinggan League. (B) The distribution of six sites in Hinggan League and the sample size of MTB strains collected in each sub-region.

control. The concentration range and breakpoint concentration for each drug on the UKMYC6 plate can be found in
Table S1. MTB strains were categorized as resistant (R) to a particular drug if the MIC value surpassed the breakpoint

concentration.'®

DNA Extraction and Whole Genome Sequencing

All MTB strains were scraped from L-J slant, and genomic DNA were extracted using the cetyltrimethylammonium
bromide (CTAB) method.'” Genomic DNA quality and concentration were evaluated using a NanoDrop 2000¢ spectro-
photometer (Thermo Fisher Scientific, USA) and Qubit 2.0 fluorometer (Invitrogen, Thermo Fisher Scientific, USA),
respectively. All whole genome sequencing procedures were conducted by Annoroad Gene Technology company
(Beijing, China) using [llumina HiSeq X10 (Illumina, Inc.) with 2 x 150 paired-end (PE) strategies.

Genotypic Mutation and Phylogenomic Analysis
The quality of paired-end reads was assessed using FastQC (v0.11.9) and subsequently trimmed using Trimmomatic
(v0.39) as described previously. Qualified reads were mapped to the reference H37Rv genome (GenBank ID:
NC _000962.3) using the BWA-MEM algorithm (v0.7.16). Variant calling from the sorted mapped sequences was
performed using Samtools (v1.13) and beftools (v1.13). Filtering of variants was conducted based on specified criteria,
including a mapping quality greater than 30 and a minimum read depth of 10. Annotation of the filtered variant SNPs was
performed using SnpEff (v4.3). Drug-resistant mutations were detected using TBProfiler (v2.8.12).

Phylogenetic analysis was conducted using the snippy pipeline (v4.3.6) for the alignment of core SNPs (https:/
github.com/tseemann/snippy). Positions of SNPs within PE/PPE/PGRs genes were excluded. Subsequently, the remain-

ing SNPs in each isolate within the alignment was filtered using Gubbins and were integrated into a sequence alignment.
The maximum-likelihood phylogenetic tree was constructed using RAXML based on core SNPs, with 1000 bootstrap
iterations and the general time reversible (GTR+G) model. The lineage and sub-lineage information of M. tuberculosis
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isolates was detected using fast-lineage-caller v1.0 (https://github.com/farhat-lab/fast-linecagecaller). And the phyloge-

netic tree was visualized by tvBOT (https://www.chiplot.online/tvbot.html).?

Statistical Analysis

Comparisons of categorical data were analyzed using the Chi-square test or Fisher’s exact test. Univariate and multi-
variate logistic regression model were used to analyze risk factors related to drug resistance. All variables with P < 0.2 at
univariate analysis were included in multivariate logistic regression model. The statistical analysis was conducted using
SPSS version 18.0 software (SPSS Inc., Chicago, Illinois). P < 0.05 was considered statistically significant.

Definitions

Pan-susceptible TB was characterized as the MTB strain exhibiting sensitivity to all anti-TB drugs (isoniazid, rifampicin,
rifabutin, ethambutol, amikacin, kanamycin, levofloxacin, moxifloxacin, ethionamide, delamanid, bedaquiline, linezolid,
clofazimine) assessed in this study and confirmed through in vitro DST. DR-TB was defined as MTB resistant to at least
one of the anti-TB drugs tested in this study. Mono-DR-TB was characterized as MTB strains resistant to only one of the
anti-TB drugs assessed in this study. Poly-DR-TB was defined as MTB resistance to at least two or more anti-TB drugs but
excluding concurrent resistance to rifampicin and isoniazid. MDR-TB was designated as MTB resistance to at least
isoniazid and rifampicin. Simple MDR-TB was defined as MDR-TB strains that do not exhibit resistance to fluoroquino-
lones (levofloxacin or moxifloxacin) or second-line injectable anti-TB drugs (amikacin or kanamycin). Pre-XDR-TB was
characterized as MDR/RR-TB with additional resistance to any fluoroquinolone drugs. XDR-TB was defined as MDR/RR-
TB with additional resistance any fluoroquinolone and at least one additional Group A drug (bedaquiline or linezolid).

Results

Demographic and Clinical Characteristics

In total, 218 MTB isolates from unique TB patients were collected in Hinggan League between Jun. 2021 and Jun. 2023.
All MTB strains were thawed and re-cultured for phenotypic drug susceptibility testing and whole genome sequencing,
while 7 were excluded due to failure of re-culture, contamination, or missing demographic information. Thus, 211 MTB
strains were included for further analysis. Out of the 211 MTB strains, 77.3% (163/211) were obtained from male
patients. The median age of these patients was 53 years (interquartile range [IQR], 34-65). The majority of patients lived
in rural regions (73.0%, 154/211) and their occupation was predominantly farmer (72.0%, 152/211). In total, 8.1% (17/
211) of patients exhibited extrapulmonary TB, and 13.7% (29/211) had diabetes. Almost all patients had no concurrent
hepatitis B virus (HBV) or human immunodeficiency virus (HIV) infections. The majority of TB cases (73.9%, 156/211)
were newly diagnosed, while 26.1% (55/211) of cases had been previously treated. Detailed socio-demographic and
clinical information about the study population is presented in Table 1

Population Structure of MTB Strains

A total of 211 MTB strains were phylogenetically analyzed and two main lineages were observed. The most prevalent lineage
was lineage 2 (East Asian) (88.6%, 187/211), characterized exclusively by sub-lineage 2.2.1 (modern Beijing) (100.0%, 187/
187). Lineage 4 (Euro-American) was represented by 24 MTB strains, constituting 11.4% (24/211) of the total. Among these,
9 isolates belonged to lineage 4.4 (37.5%, 9/24), and 15 belonged to lineage 4.5 (62.5%, 15/24) (Figure 2).

Furthermore, we classified the strains of lineage 2 according to Shitikov’s schemes,?' which divided the L2 strains
into 11 genotypes based on genetic markers. In this study, 86 of L2 isolates were divided into five genotypes. To be
specific, 88.37% (76/86) of the L2 strains is asian_african 2, following the asia_ancestral 3 (5/86), asian_african 3 (2/
86), and pacific RD150 (2/86). And one strain belongs to asia_ancestral 2.

Phenotypic Drug-Resistant Profile
The phenotypic drug resistant profile of 211 MTB strains included in this study was determined by 3 first-line anti-TB drugs
(RIF, INH, and EMB), 6 second-line anti-TB drugs (RFB, KAN, AMI, MXF, LFX, and ETH) and 4 new and repurposed
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Table | Socio-Demographic Characteristics of TB Patients in This Study

Characteristics New Cases | Retreated Cases Total
(n=156) (n=55) (n=211)
n (%) n (%) n (%)

Sex

Male 119 (76.3) 44 (80.0) 163 (77.3)

Female 37 (23.7) 11 (20.0) 48 (22.7)
Age (years)

<30 14 (9.0) I (1.8) 15 (7.1)

3044 29 (18.6) 13 (23.6) 42 (19.9)

45-59 60 (38.5) 19 (34.5) 79 (37.4)

260 53 (34.0) 22 (40.0) 75 (35.5)
Residence

Rural 110 (70.5) 44 (80.0) 154 (73.0)

Urban 46 (29.5) 11 (20.0) 57 (27.0)
Occupation

Farmer 110 (70.5) 42 (76.4) 152 (72.0)

Non-farmer 46 (29.5) 13 (23.6) 59 (28.0)
Nationality

Han 72 (46.2) 29 (52.7) 101 (47.9)

Meng 79 (50.6) 24 (43.6) 103 (48.8)

Others 53.2) 2 (3.6) 7 (3.3)
Extrapulmonary TB

Yes 13 (8.3) 4 (7.3) 17 (8.1)

No 141 (90.4) 50 (90.9) 191 (90.5)

Unknown 2 (1.3) 1 (1.8) 3(1.4)
Diabetes

Yes 24 (15.4) 5.1 29 (13.7)

No 130 (83.3) 49 (89.1) 179 (84.8)

Unknown 2 (1.3) 1 (1.8) 3(1.4)
Hepatitis B

Yes 0 (0.0) 0 (0.0) 0 (0.0

No 154 (98.7) 54 (98.2) 208 (98.6)

Unknown 2 (1.3) 1 (1.8) 3(1.4)
HIv

Yes 1 (0.6) 0 (0.0) | (0.5)

No 153 (98.1) 55 (100.0) 208 (98.6)

Unknown 2 (1.3) 0 (0.0) 2 (0.9)

anti-TB drugs (DLM, BDQ, LZD, and CFZ). As presented in Table 2, MTB strains exhibited the highest resistance rates to
isoniazid (16.1%, 34/211), followed by rifampicin (10.0, 21/211), rifabutin (10.0%, 20/211), ethionamide (7.1%, 15/211),
ofloxacin (5.7%, 12/211), moxifloxacin (5.7%, 12/211), and ethambutol (5.7%, 12/211). MTB strains showed a relatively
low resistance to kanamycin and amikacin, with rates of 1.9% and 1.4%, respectively. Worryingly, the results indicate that
MTB strains tested in this study had a relatively high rates of resistance against new and repurposed anti-TB drugs, with
resistant rates of 2.4% (5/211) to delamanid and 1.9% (4/211) to bedaquiline. Concerning drug resistant patterns, 54 MTB
strains (25.6%, 54/211) demonstrated resistance to at least one anti-TB drugs tested in this study. Among them, 24 strains
(11.4%, 24/211) were classified as mono-DR-TB, 16 strains (7.6%, 16/211) were classified as poly-DR-TB. A total of 14
MTB strains met the definition of MDR-TB, including 7 strains of simple-MDR-TB, 5 of pre-XDR-TB, and 2 of XDR-TB
(Table 2, Figure 2). Remarkably, no statistically significant difference was observed in resistant rates against various drugs

and drug-resistant patterns between lineage 2 and lineage 4 (Table 2).
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Figure 2 Phylogenetic tree of 21 | MTB strains and annotated with drug resistant information. The maximum likelihood phylogenetic tree was generated using RAXML, with

1000 bootstraps iterations to enhance robustness. The lineage and phenotypic drug-resistant types are represented by colored blocks, aligning with the legend displayed on
the right. The Stars on the tree highlight patients with previously treatment.

Genotypic Drug Resistant Profile

The genotypic drug resistant mutations based on WGS were determined and summarized in Table 3. A total of 19 strains
(9.0%, 19/211) were identified as harboring rifampicin-resistant gene mutations, all located in the rifampicin-resistance
determining region (RRDR) of the rpoB gene. The most prevalent mutation type was rpoB_Ser450Leu, observed in
47.4% (9/19) of rifampicin genotypically resistant strains. The strains carried mutation rpoB_Leu430Pro and
rpoB_Leu452Pro were phenotypically sensitive to rifampicin. Additionally, two strains (10.6%, 2/19) had concurrent
mutations in the rpoC gene. INH-resistant gene mutations were detected in 28 MTB isolates (13.3%, 28/211), with the
most frequent mutation being katG Ser315Thr, observed in 46.4% (13/28) of INH-resistant strains. The four strains
carrying the fabG1l c.-15C>T or ahpC c.-48G>A mutations exhibited phenotypic sensitivity to isoniazid in our results.
Additionally, eight strains (28.6%, 8/28) displayed combined mutations at two or more sites, primarily involving
mutations in katG and fabGl/ahpC promoter. Mutations associated with EMB-resistance were detected in 12 MTB
strains (5.7%, 12/211), predominantly related to mutations in embB gene. Notably, among these mutations,
embB_Met306Val (25.0%, 3/12) and embB_Met306lle (16.7%, 2/12) emerged as the most common mutations identified
in this study. Ten MTB strains (4.7%, 10/211) were detected with gene mutations associated with fluoroquinolones (FQs),
and all mutations were solely located in the quinolone-resistance-determining region (QRDR) for FQs. The predominant
mutation types observed in the gyrd gene were Asp94Ala (40.0%, 4/10) and Asp94Gly (40.0%, 4/10). For
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Table 2 Drug Resistant Profiles of MTB Strains

Drugs/ Drug Resistant Patterns | Total Strains | Lineage 2 | Lineage 4 P
(n=211) (n=187) (n=24)
no. (%) no. (%) no. (%)
First-Line Drugs
Rifampicin 21 (10.0) 20 (10.7) | (42) 0.520
Isoniazid 34 (le.l) 32 (17.1) 2 (83) 0.420
Ethambutol 12 (5.7) 12 (6.4) 0 (0.0 0.368*
Second-Line Drugs
Rifabutin 20 (9.5) 20 (10.7) 0 (0.0 0.138%*
Kanamycin 4 (1.9) 4 (2.1) 0 (0.0 >0.999*
Amikacin 3(1.4) 3 (l.6) 0 (0.0 >0.999*
Moxifloxacin 12 (5.7) 12 (6.4) 0 (0.0 0.368*
Levofloxacin 12 (5.7) 12 (6.4) 0 (0.0 0.368*
Ethionamide 15 (7.1) 13 (7.0) 2 (83) >0.999
New and Repurposed Drugs
Delamanid 524 527 0 (0.0 >0.999
Bedaquiline 4 (1.9) 3 (l.6) | (42) 0.385%
Linezolid 5(24) 527 0 (0.0 >0.999*
Clofazimine 2 (0.9) 2 (1.1) 0 (0.0 >0.999*
Drug Resistant Patterns
DR-TB 54 (25.6) 51 (27.3) 3 (125) 0.118
Mono-DR-TB 24 (11.4) 24 (12.8) 0 (0.0 0.084%*
Poly-DR-TB 16 (7.6) 13 (7.0) 3 (125) 0.577
MDR-TB 14 (6.6) 14 (7.5) 0 (0.0 0.377*
Simple MDR-TB 7(3.3) 737 0 (0.0 >0.999*
Pre-XDR-TB 5(24) 7(27) 0 (0.0 >0.999*
XDR-TB 2 (0.9) 2 (1.1) 0 (0.0 >0.999*

Note: * indicates P value was calculated by Fisher exact test.

aminoglycosides, only one strain was identified as harboring gene mutations related to AMI/KAN, specifically with
rrs_al401g. Mutations conferring resistance to ETH primarily targeted the fabG1 c-15t gene (42.9%, 3/7), but one strain
carried fabGI c.-8T>C exhibited phenotypic sensitivity to ETH. Combined mutations were detected in two ETH-
resistant strains (28.6%, 2/7), and one strain displayed an insertion in the eth4 gene (14.3%, 1/7). No known gene
mutations related to new and repurposed anti-TB drugs (DLM, BDQ, CFZ, LZD) in our study (Table 3).

Table 3 Genotypic Drug Resistant Spectrum of 211 MTB Strains

Drug Phenotypic Drug Genotypic Drug Resistant No. of Strains
Resistant

Rifampicin (RIF) R rpoB_Ser450Leu 9
R rpoB_His445Tyr 3
R rpoB_Ser450Asn |
R rpoB_Ser44|Leu |
R rpoB_His445Asn |
R rpoB_Ser450Leu + rpoC_Leu527Val |
R |

[

[

4

rpoB_Ser450Leu + rpoC_lle491Thr

WT rpoB_Leu430Pro
WT rpoB_Leu452Pro
R NA
(Continued)
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Table 3 (Continued).

Drug Phenotypic Drug Genotypic Drug Resistant No. of Strains
Resistant

w

Isoniazid (INH) katG_Ser315Thr
katG_Ser315Asn
katG_Ser|40Asn

katG_lle317Leu + l1e335Thr
katG_Ser315Thr + fabGl_c.-8T>A
katG _Tyr155Ser + fabGl_c.-15C>T
katG_Tyr155Ser + fabGl_c.-8T>A
katG_g.2154868_2156147del + ahpC_c.-48G>A
fabGl_c.-8T>A + ahpC_c.-48G>A
fabGl_c.-8T>C + inhA _Ser94Ala
fabGl_c.-17G>T + inhA _Ser94Ala
fabGl_c.-15C>T
ahpC _c.-48G>A
NA
embB _Met306Val
embB _Met306lle
embB _Gly406Ala
embB _GIn497Arg
embB _His|1002Arg
embB _His312Arg + Asn399Asp
embB _Met306Val + Gly406Ala
embC_lle297Leu
NA
gyrA _Asp94Ala
gyrA _Asp94Gly
gyrA _Ser91Ala
NA
rrs_r.1401a>g
NA
fabGl_c.-15C>T
ethA _c.672_673insG
fabGl_c.-17G>T + inhA _Ser94Ala
fabGl_c.-8T>C + inhA_Ser94Ala
NA
fabGl_c.-8T>C

NN — — — —m = — — — =N

)

Ethambutol (EMB)

Moxifloxacin/ Levofloxacin (MXF/LFX)

Amikacin/ Kanamycin (AMI/KAN)

Ethionamide (ETH)

xwxxwxxxxxwéxwxwwxwxwééwxwxwxwzwxw
— — — W N —PNMNARA-—DN—— — — —DNWwW

S

3
_|

Note: WT indicates wild type, R indicates resistant.

Analysis of Risk Factors Related to Any DR-TB

To identify risk factors related to any drug-resistant tuberculosis, demographic information and clinical characteristics of
patients, as well as genetic background of MTB strains were included into univariate and multivariate logistic regression model.
As shown in Table 4, any DR-TB occurs at a higher rate in male patients than in female patients (30.1% vs 10.4%, P = 0.009).
Additionally, the occurrence of DR-TB was more prevalent among previously treated TB cases compared to new cases (38.2%
vs 21.2%, P =10.035). Lineage 2 had a higher rate of any drug-resistance than Lineage 4, but the difference was not statistically
significant (27.3% vs 12.5%, P =0.131). After multifactorial correction, the analysis revealed that the risk of developing DR-TB
was almost 4 times higher in male patients compared to female (AOR = 3.858, 95% CI:1.416-10.511). Furthermore, individuals
with retreatment history faced a two-fold higher risk of developing DR-TB compared to new patients (AOR = 2.105, 95% CI:
1.052—4.210). None of the other factors had a statistically significant effect on the development of DR-TB in this study (Table 4).
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Table 4 Univariate and Multivariate Analysis of Risk Factors Related to DR-TB

Variables Pan-Susceptible Any DR-TB COR (95% CI) P AOR (95% CI) P
(n=157, rate [%]) | (n=54, rate [%])

Sex

Male 114 (69.9) 49 (30.1) 3.696 (1.381-9.896) | 0.009 | 3.858 (1.416-10.511) 0.008

Female 43 (89.6) 5(10.4) Ref Ref

Age (years)

<30 13 (86.7) 2 (13.3) 0.487 (0.100-2.366) | 0.372

3044 30 (71.4) 12 (28.6) 1.267 (0.539-2.975) | 0.587

45-59 57 (72.2) 22 (27.8) 1.222 (0.593-2.519) | 0.586

260 57 (76.0) 18 (24.0) Ref

Residence

Rural 114 (74.0) 40 (26.0) 1.078 (0.534-2.176) | 0.835

Urban 43 (75.4) 14 (24.6) Ref

Occupation

Farmer 109 (72.2) 42 (27.8) 1.541 (0.746-3.185) | 0.243

Non-farmer 48 (80.0) 12 (20.0) Ref

Nationality

Han 70 (69.3) 31 (30.7) 1.675 (0.897-3.128) | 0.105 1.695 (0.885-3.246) 0.112

Others 87 (79.1) 23 (20.9) Ref Ref

Extrapulmonary TB

Yes Il (64.7) 6 (35.3) 1.719 (0.603—4.906) | 0.311

No 145 (75.9) 46 (24.1) Ref

Unknown* 1 (33.3) 2 (66.7)

Diabetes

Yes 20 (69.0) 9 (31.0) 1.423 (0.603-3.357) | 0.420

No 136 (76.0) 43 (24.0) Ref

Unknown* 1 (33.3) 2 (66.7)

Treatment history

Yes 34 (61.8) 21 (38.2) 2.302 (1.183—4.481) | 0.014 2.105 (1.0524.210) 0.035

No 123 (78.8) 33 (21.2) Ref Ref

Lineages

L2 136 (72.7) 51 (27.3) 2,625 (0.751-9.179) | 0.131 2.210 (0.614-7.950) 0.225

L4 21 (87.5) 3 (12.5) Ref Ref

Note: * were not included in univariate and multivariate logistic regression model; Variables with P<0.2 at univariate analysis were included in multivariate logistic
regression model.
Abbreviations: COR, Crude Odds Ratio; AOR, Adjusted Odds Ratio; Cl, Confidence Interval.

Discussion
To the best of our knowledge, this is the first in-depth study to offer a comprehensive understanding of the molecular
epidemiology of TB in Hinggan League, China, through the integration of phenotypic DST and WGS to identify genetic
diversity and drug-resistant profiles of MTB strains. As expected, lineage 2.2.1 (modern Beijing) was the dominant
genotype of MTB strains circulating in Hinggan League. The widespread distribution of the Beijing genotype can be
attributed to factors such as high transmission efficiency, heightened virulence, and an increased risk of drug
resistance.”> ** Some studies have suggested that Beijing genotype strains are more likely to develop DR-TB.*?
However, the results of the present study revealed no correlation between the Beijing genotype and drug resistance,
which may be due to the small sample size in this study or other factors such as different treatment regimens,*® and
further analysis with a larger sample size is needed.

Overall, more than 25% of MTB strains exhibited resistance at least one anti-TB drugs tested in this study,
highlighting a relatively severe drug-resistant situation Hinggan League. The result showed that 6.6% of the strains
belong to MDR-TB, which is similar to the national level in China (7.42%),%” but higher than the level of Anhui
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(4.20%)*® and lower than the level of Guangxi (7.1%).'* Notably, our data showed a high percentage of pre-XDR-TB and
XDR-TB strains, with 35.7% and 14.3% of the MDR isolates belong to pre-XDR-TB and XDR-TB, respectively, and this
high proportion was mediated by fluoroquinolone resistant strains. Given that fluoroquinolones remain a key component
of MDR-TB treatment in China, our results emphasize the urgent need for diagnosing fluoroquinolone resistance prior to
treatment regimen development.'® Previous study reported that over 90% of RR-TB cases are concurrently resistant to
INH, and RR-TB is often considered an alternative marker for MDR-TB.? However, our study revealed that 33.3% (7/
21) of RR-TB cases remained sensitive to INH, aligning with the findings of a previously reported meta-analysis.>* This
suggests that rifampicin resistance may not be an entirely reliable indicator of MDR-TB in this region. Concurrently, our
results emphasize the importance of not excluding INH from the treatment regimen for patients with initial RR-TB. More
importantly, we observed a relatively higher resistant rate against DLM and BDQ, which highlight the importance of
universal drug susceptibility testing for TB patients.*’

With regard to the molecular mechanism of resistance to anti-TB drugs, gene mutations were identified by screening
whole-genome data using a reliable online tool called TB Profiler.** Consistent with previous studies, mutations in the
RRDR of rpoB and the katG 315 codon clearly dominated in rifampicin- and isoniazid-resistant mutant strains.'*'®* The
significance of embB gene mutations, especially at codon 306, has been controversial due to their presence in both EMB-
resistant and EMB-sensitive strains. In our study, the most prevalent embB gene mutations were Met306Val, (25.0%) and
Met3061le (16.7%), whereas Met306lle was the most common mutation type in Hainan strains.>* In line with prior studies,
the dominant fluoroquinolone-resistance gene identified was gyr4 mutation.'>** In this study, the mutation rate within the
QRDR reached 100.0%, predominantly characterized by Asp94Ala (40.0%) and Asp94Gly (40.0%) in the gyrA gene. No
known gene mutations were detected in TB resistant to DLM, suggesting that further study is urgently required to reveal the
underlying genetic basis. In this study, a notable disparity is evident between the observed phenotypic resistance and the
genotypic resistance to new and repurposed drugs. This gap is primarily attributed to a limited understanding of the
mechanisms of drug resistance, which urgently needs to be addressed.’’ Notably, our results show that some strains with
genetic mutations associated with resistance do not exhibit phenotypic resistance, which may be due to some genetic
mutations belonging to borderline mutations, such as rpoB_Leu430Pro and rpoB Leud52Pro and fubGl_ C-15T.°
Borderline mutations are typically associated with low levels of resistance and slightly elevated MICs that remain below
the critical concentration of current DST systems.>> >’ Additionally, we also observed some strains displaying phenotypic
resistance without detectable known mutations, indicating alternative mechanisms, such as drug efflux pumps and reduced
permeability of the cell wall to the drug, may also contribute to the development of drug resistance in MTBC.*®

Exploring the relevant risk factors of DR-TB can help identify vulnerable patients,*® and timely intervention and
management of these people are crucial for optimally and effectively controlling the DR-TB as well as TB epidemic. It is
well established that a previous treatment history is a risk factor for the development of DR-TB.?° Our results revealed
that the risk of DR-TB in patients with previously treatment history was two times higher than that in new patients. Poor
patient compliance and unregulated drug use are the primary reasons for the development of drug resistance.***' Another
identified risk factor was gender, with the findings of the present study illustrating that males had a higher risk of
developing drug-resistant tuberculosis (DR-TB) compared to females. This aligns with expectations, as men are prone to
numerous risk factors, including smoking and alcohol abuse, compared to women, potentially elevating their risk of
contracting DR-TB.** Given the independent risk factors associated with DR-TB identified in this study, namely a history
of retreatment and male patients, it is imperative to emphasize the management of patients with these characteristics in
our future efforts to reduce the occurrence of drug resistance.

The main limitation of our study is that the MTB strains examined here were exclusively from pulmonary TB cases
with sputum smear-positive. However, it is worth noting that some studies suggest that around 17% of drug-resistant TB
patients and 20% of multidrug-resistant TB cases may obtain from smear-negative TB patients.’ Furthermore, given the
limited number of strains resistant to specific drugs such as amikacin or kanamycin, the corresponding molecular
characteristics of resistance identified in this study may lack representativeness. Thirdly, due to the limited sample
size, phenotypically and genotypically heterogeneous drug-resistant strains were not analyzed in-depth in this study. The
sample size will be expanded subsequently to further elucidate potential new mechanisms of resistance or the effect of
epistatic genes.
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In conclusion, our study offers crucial insights into the genetic diversity, phenotypic, and genotypic drug-resistant
profiles of TB strains circulating in Hinggan League. We found that 25.6% of MTB strains were DR-TB and highest
resistance rates to isoniazid (16.1%), with a relatively severe drug-resistant situation. Notley, the MTB strains had
a relatively high rates of resistance against new and repurposed anti-TB drugs in this study. Previously treated patients
and male patients were identified as independent risk factors associated with DR-TB. Overall, these findings serve as
a significant reference for DR-TB surveillance, guiding the design of treatment regimens, and tailoring public interven-
tions to address the specific challenges in the region.

Data Sharing Statement
The raw sequence data reported in this paper have been deposited in the Genome Sequence Archive in National
Genomics Data Center with accession number CRA017087.

Acknowledgments
We would like to show our great gratitude to local medical staff for their hard work in collecting clinical data and
tuberculosis isolates.

Funding
This work was supported by the National Key R&D Program of China (No. 2022YFC2305204, 2023YFC2307301),
China CDC-Tuberculosis Control and Prevention Project (2428).

Disclosure
The authors have declared that there were no competing interests in this work.

References

1. WHO, Global Tuberculosis Report 2023. Geneva, Switzerland. 2023.

2.He W, Tan Y, Liu C, et al. Drug-resistant characteristics, genetic diversity, and transmission dynamics of rifampicin-resistant mycobacterium
tuberculosis in Hunan, China, revealed by whole-genome sequencing. Microbiol Spectr. 2022;10(1):e0154321. doi:10.1128/spectrum.01543-21

3. Yang C, Shen X, Peng Y, et al. Transmission of Mycobacterium tuberculosis in China: a population-based molecular epidemiologic study. Clin
Infect Dis. 2015;61(2):219-227. doi:10.1093/cid/civ255

4. Cole ST, Brosch R, Parkhill J, et al. Deciphering the biology of Mycobacterium tuberculosis from the complete genome sequence. Nature.
1998;393(6685):537-544. doi:10.1038/31159

5. Meehan CJ, Goig GA, Kohl TA, et al. Whole genome sequencing of Mycobacterium tuberculosis: current standards and open issues. Nat Rev
Microbiol. 2019;17(9):533-545. doi:10.1038/s41579-019-0214-5

6. Cabibbe AM, Walker TM, Niemann S, et al. Whole genome sequencing of Mycobacterium tuberculosis. Eur Respir J. 2018;52(5):1801163.
doi:10.1183/13993003.01163-2018

7. Genestet C, Hodille E, Berland J-L, et al. Whole-genome sequencing in drug susceptibility testing of Mycobacterium tuberculosis in routine
practice in Lyon, France. Int J Antimicrob Agents. 2020;55(4):105912. doi:10.1016/j.ijantimicag.2020.105912

8. Liu D, Huang F, Zhang G, et al. Whole-genome sequencing for surveillance of tuberculosis drug resistance and determination of resistance level in
China. Clin Microbiol Infect. 2022;28(5):731.¢9-731.e15. doi:10.1016/j.cmi.2021.09.014

9. Mejia-Ponce PM, Ramos-Gonzalez EJ, Ramos-Garcia AA, et al. Genomic epidemiology analysis of drug-resistant Mycobacterium tuberculosis
distributed in Mexico. PLoS One. 2023;18(10):¢0292965. doi:10.1371/journal.pone.0292965

10. Jiménez-Ruano AC, Madrazo-Moya CF, Cancino-Muiioz I, et al. Whole genomic sequencing based genotyping reveals a specific X3 sublineage
restricted to Mexico and related with multidrug resistance. Sci Rep. 2021;11(1):1870. doi:10.1038/s41598-020-80919-5

11. Morey-Leon G, Mejia-Ponce PM, Granda Pardo JC, et al. A precision overview of genomic resistance screening in Ecuadorian isolates of
Mycobacterium tuberculosis using web-based bioinformatics tools. PLoS One. 2023;18(12):0294670. doi:10.1371/journal.pone.0294670

12. Liang D, Song Z, Liang X, et al. Whole genomic analysis revealed high genetic diversity and drug-resistant characteristics of Mycobacterium
tuberculosis in Guangxi, China. Infect Drug Resist. 2023;16:5021-5031. doi:10.2147/IDR.S410828

13. Liu Q, Liu H, Shi L, et al. Local adaptation of Mycobacterium tuberculosis on the Tibetan plateau. Proc Natl Acad Sci U S A. 2021;118(17):
€2017831118.

14. Liu Q, Ma A, Wei L, et al. China’s tuberculosis epidemic stems from historical expansion of four strains of Mycobacterium tuberculosis. Nat Ecol
Evol. 2018;2(12):1982-1992. doi:10.1038/s41559-018-0680-6

15. Ma E, Ren L, Wang W, et al. Demographic and socioeconomic disparity in knowledge about tuberculosis in inner Mongolia, China. J Epidemiol.
2015;25(4):312-320. doi:10.2188/jea.JE20140033

16. Zhang X, Lang S, Bai G, Gao Y, Xu L. Surveillance and analysis of tuberculosis in inner Mongolia from 2011 to 2020. Chinese J Antituberculosis.
2022;44(12):1256-1261.

Infection and Drug Resistance 2024:17 heeps: 3099

Dove:


https://doi.org/10.1128/spectrum.01543-21
https://doi.org/10.1093/cid/civ255
https://doi.org/10.1038/31159
https://doi.org/10.1038/s41579-019-0214-5
https://doi.org/10.1183/13993003.01163-2018
https://doi.org/10.1016/j.ijantimicag.2020.105912
https://doi.org/10.1016/j.cmi.2021.09.014
https://doi.org/10.1371/journal.pone.0292965
https://doi.org/10.1038/s41598-020-80919-5
https://doi.org/10.1371/journal.pone.0294670
https://doi.org/10.2147/IDR.S410828
https://doi.org/10.1038/s41559-018-0680-6
https://doi.org/10.2188/jea.JE20140033
https://www.dovepress.com
https://www.dovepress.com

Feng et al Dove

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Rancoita PMV, Cugnata F, Gibertoni Cruz AL, et al. Validating a 14-drug microtiter plate containing bedaquiline and delamanid for large-scale

research susceptibility testing of Mycobacterium tuberculosis. Antimicrob Agents Chemother. 2018;62(9):10-128. doi:10.1128/AAC.00344-18.

. Song Z, Liu C, He W, et al. Insight into the drug-resistant characteristics and genetic diversity of multidrug-resistant Mycobacterium tuberculosis in

China. Microbiol Spectr. 2023;11(5):e0132423. doi:10.1128/spectrum.01324-23

. Somerville W, Thibert L, Schwartzman K, et al. Extraction of Mycobacterium tuberculosis DNA: a question of containment. J Clin Microbiol.

2005;43(6):2996-2997. doi:10.1128/JCM.43.6.2996-2997.2005

Xie J, Chen Y, Cai G, et al. Tree Visualization By One Table (tvBOT): a web application for visualizing, modifying and annotating phylogenetic
trees. Nucleic Acids Res. 2023;51(W1):W587-w592. doi:10.1093/nar/gkad359

Shitikov E, Kolchenko S, Mokrousov I, et al. Evolutionary pathway analysis and unified classification of east Asian lineage of Mycobacterium
tuberculosis. Sci Rep. 2017;7(1):9227. doi:10.1038/s41598-017-10018-5

Casali N, Nikolayevskyy V, Balabanova Y, et al. Evolution and transmission of drug-resistant tuberculosis in a Russian population. Nat Genet.
2014;46(3):279-286. doi:10.1038/ng.2878

Hanekom M, van der Spuy GD, Streicher E, et al. A recently evolved sublineage of the Mycobacterium tuberculosis Beijing strain family is
associated with an increased ability to spread and cause disease. J Clin Microbiol. 2007;45(5):1483—-1490. doi:10.1128/JCM.02191-06

Merker M, Nikolaevskaya E, Kohl TA, et al. Multidrug- and extensively drug-resistant mycobacterium tuberculosis Beijing Clades, Ukraine, 2015.
Emerg Infect Dis. 2020;26(3):481-490. doi:10.3201/eid2603.190525

Singh J, Sankar MM, Kumar P, et al. Genetic diversity and drug susceptibility profile of Mycobacterium tuberculosis isolated from different regions
of India. J Infect. 2015;71(2):207-219. doi:10.1016/.jinf.2015.04.028

Zhao LL, Li M-C, Liu H-C, et al. Beijing genotype of Mycobacterium tuberculosis is less associated with drug resistance in south China.
Int J Antimicrob Agents. 2019;54(6):766—770. doi:10.1016/j.ijantimicag.2019.08.005

Liu D, Huang F, Zhang G, et al. Whole-genome sequencing for surveillance of tuberculosis drug resistance and determination of resistance level in
China. Clin Microbiol Infect. 2021: 731—9.

Bao X, Liang S, Li J, et al. Analysis of drug resistance characteristics of Mycobacterium tuberculosis in Anhui province, 2016-2022. Infect Drug
Resist. 2024;17:2485-2499. doi:10.2147/IDR.S460080

Traore H, Fissette K, Bastian I, et al. Detection of rifampicin resistance in Mycobacterium tuberculosis isolates from diverse countries by
a commercial line probe assay as an initial indicator of multidrug resistance. Int J Tuberc Lung Dis. 2000;4(5):481-484.

Liu Z, Dong H, Wu B, et al. Is rifampin resistance a reliable predictive marker of multidrug-resistant tuberculosis in China: a meta-analysis of
findings. J Infect. 2019;79(4):349-356. doi:10.1016/.jinf.2019.08.004

He W, Liu C, Liu D, et al. Prevalence of Mycobacterium tuberculosis resistant to bedaquiline and delamanid in China. J Glob Antimicrob Resist.
2021;26:241-248. doi:10.1016/j.jgar.2021.06.007

Coll F, McNerney R, Preston MD, et al. Rapid determination of anti-tuberculosis drug resistance from whole-genome sequences. Genome Med.
2015;7(1):51. doi:10.1186/s13073-015-0164-0

Ou X, Song Z, Zhao B, et al. Diagnostic efficacy of an optimized nucleotide MALDI-TOF-MS assay for anti-tuberculosis drug resistance detection.
Eur J Clin Microbiol Infect Dis. 2023;43(1):105-114. doi:10.1007/s10096-023-04700-y

Wang J, Yu C, Xu Y, et al. Analysis of drug-resistance characteristics and genetic diversity of multidrug-resistant tuberculosis based on
whole-genome sequencing on the Hainan Island, China. Infect Drug Resist. 2023;16:5783-5798. doi:10.2147/IDR.S423955

Xia H, Song Y, Zheng Y, et al. Detection of Mycobacterium tuberculosis rifampicin resistance conferred by borderline rpoB mutations: xpert MTB/
RIF is superior to phenotypic drug susceptibility testing. Infect Drug Resist. 2022;15:1345-1352. doi:10.2147/IDR.S358301

Van Deun A, Barrera L, Bastian I, et al. Mycobacterium tuberculosis strains with highly discordant rifampin susceptibility test results. J Clin
Microbiol. 2009;47(11):3501-3506. doi:10.1128/JCM.01209-09

Berrada ZL, Lin S-YG, Rodwell TC, et al. Rifabutin and rifampin resistance levels and associated rpoB mutations in clinical isolates of
Mycobacterium tuberculosis complex. Diagn Microbiol Infect Dis. 2016;85(2):177-181. doi:10.1016/j.diagmicrobio.2016.01.019

Safi H, Gopal P, Lingaraju S, et al. Phase variation in Mycobacterium tuberculosis glpK produces transiently heritable drug tolerance. Proc Natl
Acad Sci U S A. 2019;116(39):19665-19674. doi:10.1073/pnas.1907631116

Ignatyeva O, Balabanova Y, Nikolayevskyy V, et al. Resistance profile and risk factors of drug resistant tuberculosis in the Baltic countries.
Tuberculosis. 2015;95(5):581-588. doi:10.1016/j.tube.2015.05.018

Alemu A, Bitew ZW, Diriba G, et al. Risk factors associated with drug-resistant tuberculosis in Ethiopia: a systematic review and meta-analysis.
Transbound Emerg Dis. 2022;69(5):2559-2572. doi:10.1111/tbed.14378

Stosic M, Vukovic D, Babic D, et al. Risk factors for multidrug-resistant tuberculosis among tuberculosis patients in Serbia: a case-control study.
BMC Public Health. 2018;18(1):1114. doi:10.1186/s12889-018-6021-5

Asgedom SW, Teweldemedhin M, Gebreyesus H. Prevalence of multidrug-resistant tuberculosis and associated factors in Ethiopia: a systematic
review. J Pathog. 2018;2018:7104921. doi:10.1155/2018/7104921

Infection and Drug Resistance Dove

Publish your work in this journal

Infection and Drug Resistance is an international, peer-reviewed open-access journal that focuses on the optimal treatment of infection (bacterial,
fungal and viral) and the development and institution of preventive strategies to minimize the development and spread of resistance. The journal is
specifically concerned with the epidemiology of antibiotic resistance and the mechanisms of resistance development and diffusion in both hospitals and
the community. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use.
Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/infection-and-drug-resistance-journal

3100 Y in g Do Infection and Drug Resistance 2024:17


https://doi.org/10.1128/AAC.00344-18
https://doi.org/10.1128/spectrum.01324-23
https://doi.org/10.1128/JCM.43.6.2996-2997.2005
https://doi.org/10.1093/nar/gkad359
https://doi.org/10.1038/s41598-017-10018-5
https://doi.org/10.1038/ng.2878
https://doi.org/10.1128/JCM.02191-06
https://doi.org/10.3201/eid2603.190525
https://doi.org/10.1016/j.jinf.2015.04.028
https://doi.org/10.1016/j.ijantimicag.2019.08.005
https://doi.org/10.2147/IDR.S460080
https://doi.org/10.1016/j.jinf.2019.08.004
https://doi.org/10.1016/j.jgar.2021.06.007
https://doi.org/10.1186/s13073-015-0164-0
https://doi.org/10.1007/s10096-023-04700-y
https://doi.org/10.2147/IDR.S423955
https://doi.org/10.2147/IDR.S358301
https://doi.org/10.1128/JCM.01209-09
https://doi.org/10.1016/j.diagmicrobio.2016.01.019
https://doi.org/10.1073/pnas.1907631116
https://doi.org/10.1016/j.tube.2015.05.018
https://doi.org/10.1111/tbed.14378
https://doi.org/10.1186/s12889-018-6021-5
https://doi.org/10.1155/2018/7104921
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Study Population
	Drug Susceptibility Testing (DST)
	DNA Extraction and Whole Genome Sequencing
	Genotypic Mutation and Phylogenomic Analysis
	Statistical Analysis
	Definitions

	Results
	Demographic and Clinical Characteristics
	Population Structure of MTB Strains
	Phenotypic Drug-Resistant Profile
	Genotypic Drug Resistant Profile
	Analysis of Risk Factors Related to Any DR-TB

	Discussion
	Data Sharing Statement
	Acknowledgments
	Funding
	Disclosure

