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Background: Patients with tuberculosis resistant to isoniazid but susceptible to rifampicin (Hr -Rs TB) remain a 

neglected demographic, despite a high disease burden and poor outcomes of these patients. The aim of this study 

was to investigate the characteristics of isoniazid-resistance-related mutations in Mycobacterium tuberculosis and 

resistance rates to drugs included in WHO-recommended regimens for Hr -Rs patients. 

Methods: Mycobacterium tuberculosis isolates ( n = 4922) obtained from national tuberculosis drug-resistance 

surveillance were subjected to whole-genome sequencing to identify Hr -Rs strains. The minimal inhibitory con- 

centrations (MICs) were established for the Hr -Rs strains to determine the isoniazid resistance levels. We also iden- 

tified drug-resistance-associated mutations for five drugs (fluoroquinolones, ethambutol, pyrazinamide, strepto- 

mycin, and amikacin) in the Hr -Rs strains. 

Results: Of the 4922 strains, 384 (7.8 %) were Hr -Rs . The subculture of seven strains failed, so 377 (98.2 %) 

strains underwent phenotypic MIC testing. Among the 384 genotypic Hr -Rs strains, 242 (63.0 %) contained the 

katG Ser315Thr substitution; 115 (29.9 %) contained the -15C > T in the promoter region of the fabG1 gene; and 

16 (4.2 %) contained Ser315Asn in the katG gene. Of the 239 strains with the Ser315Thr substitution, 229 (95.8 

%) had MIC ≥ 2 μg/mL, and of the 114 strains with the -15C > T mutation, 103 (90.4 %) had 0.25 μg/mL ≤ MIC 

≤ 1 μg/mL. The genotypic resistance rates were 0.8 % (3/384) for pyrazinamide, 2.3 % (9/384) for ethambutol 

and fluoroquinolones; 39.6 % (152/384) of the strains were resistant to streptomycin, but only 0.5 % (2/384) of 

the strains were resistant to amikacin. 

Conclusion: Ser315Thr in katG was the predominant mutation conferring the Hr -Rs phenotype, followed by the 

fabG1 -15C > T mutation. The combination of rifampicin, pyrazinamide, ethambutol, and levofloxacin should be 

effective in the treatment of patients with Hr -Rs tuberculosis because the resistance rates for these drugs in China 

are low. 
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. Introduction 

Drug resistance is still an enormous challenge for the

ontrol and prevention of tuberculosis (TB) in China.

soniazid is one of the cornerstone drugs for the treat-

ent of rifampicin-susceptible pulmonary TB. An appro-
Abbreviation: TB, tuberculosis; Hr -Rs , isoniazid-resistant and rifampicin-suscep

ifampicin-resistant tuberculosis; WGS, whole-genome sequencing; MIC, minimal inh
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riate regimen design based on drug-resistance patterns

s crucial for improving the treatment outcomes in TB

atients. Failure rates are low in patients infected with

an-sensitive strains who receive the standard first-line

reatment regimen, whereas failure rates increase in pa-

ients with mono-resistance to isoniazid, ranging from 18
tible; MDR-TB, multidrug-resistant tuberculosis; MDR/RR-TB, multidrug- or 

ibitory concentration; WHO, World Health Organization. 
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 to 44 %, and importantly, the rate of acquired resis-

ance is significantly higher in these patients than in drug-

usceptible patients [ 1 , 2 ]. 

In China, susceptibility testing for isoniazid and

econd-line drugs is usually performed on patients

emonstrating rifampicin resistance on Xpert® MTB/RIF

r patients for whom TB treatment fails. Conse-

uently, patients with isoniazid-resistant and rifampicin-

usceptible (Hr -Rs ) TB will be missed in settings where di-

gnostic algorithms prioritize the detection of rifampicin

esistance, and will not receive appropriate treatment.

herefore, during the continuation phase of standard

rst-line drug therapy for rifampicin-susceptible TB,

hose patients with isoniazid resistance will effectively

eceive only rifampicin monotherapy, so their treatment

ill be poor and they may also develop resistance to

ifampicin [ 1 ]. Jacobsen et al. reported that 61 % of

ono-isoniazid-resistant patients who received standard

herapy for new and previously treated TB progressed to

ultidrug-resistant TB (MDR-TB) in rural South Africa

 3 ]. Therefore, the development of isoniazid resistance

s a common first step in the evolution of MDR-TB [ 4 ].

s we know, multiple genetic mutations confer resistance

o isoniazid, and different resistance variants cause dif-

erent levels of resistance [ 5 , 6 ]. The level of resistance

ignificantly affects the formulation of treatment regi-

ens, as using higher-dose of relatively less toxic and

ore widely available drugs, such as rifampicin and iso-

iazid, could prevent switching to a more toxic second-

ine drugs [ 7 ]. Whole-genome sequencing (WGS) can be

sed to identify known mutations conferring drug resis-

ance, and WGS-based detection methods have proven ca-

able of detecting levels of isoniazid resistance with high

ccuracy. 

Globally, isoniazid resistance rates in patients with

ifampicin-susceptible TB range from 5.4 % in settings

f low-level ( < 1.47 %) MDR-TB prevalence to 14.5 %

n settings of high-level ( ≥ 4.58 %) MDR-TB prevalence

 8 ]. In 2019, 11 % (range, 6.5 %–15 %) of global inci-

ent cases of TB were Hr -Rs TB, which translated into

n estimated 1.1 million (range, 0.6–1.5 million) cases

 9 ]. China has always been a country with a high burden

f drug-resistant TB, and the proportion of multidrug- or

ifampicin-resistant tuberculosis (MDR/RR-TB) patients

as 3 % in new patients and 20 % in retreated patients

n 2022 [ 10 ]. Therefore, we speculate that the preva-

ence of Hr -Rs TB is high in China. The National Tuber-

ulosis Program focuses on the diagnosis and treatment

f rifampicin-resistant TB, but little attention has been

aid to Hr -Rs TB patients. The Chinese guidelines rec-

mmend a 6–9-month treatment regimen composed of

ifampicin, ethambutol, pyrazinamide, and levofloxacin

or patients with Hr -Rs TB. Another two injectable drugs,

treptomycin and amikacin, are also widely used in China.
2

owever, no molecular-based commercial assay for the

etection of pyrazinamide resistance is available and as-

ays for the detection of resistance to other drugs are only

vailable in a few laboratories in China. Therefore, there

s lack of representative data on the resistance rates to

hese drugs among Hr -Rs TB patients, and susceptibility to

hese drugs is not routinely tested at the initial examina-

ion. Therefore, determining the prevalence of resistance

o these drugs at the population level is critical when clin-

cal decisions must be made on the treatment of Hr -Rs TB

atients in China. 

. Material and methods 

.1. Isolate sources 

From 4922 Mycobacterium tuberculosis isolates that

ere isolated in 2013 from 70 national drug-resistance

urveillance sites (Supplementary Table 1) in China,

ith qualified WGS results, 384 isolates with isoniazid-

esistance-related mutations and a wild-type rpoB gene

ere analyzed retrospectively. The strains were cultured

n Löwenstein-Jensen medium. The subculture of seven

trains failed, so 377/384 (98.2 %) strains were available

or minimal inhibitory concentration (MIC) testing. 

.2. WGS analysis 

Genomic DNA was extracted with the cetyltrimethy-

ammonium bromide (CTAB) method [ 11 ]. WGS with

 × 150 paired-end reads was performed with the Illu-

ina HiSeq 2500 platform (Illumina, Inc., San Diego, CA).

B Profiler v.3.0.8 ( https://jodyphelan.gitbook.io/tb-

rofiler/ ) was used to predict genotypic drug suscepti-

ility. In the present study, the mutated loci were de-

ned as resistant according to the grading of “associ-

ted with resistance (Assoc w R) ” and “associated with

esistance–interim (Assoc w RI) ”, as described by the

orld Health Organization (WHO). All M. tuberculosis

enomic data were deposited at the China National Mi-

robiology Data Center (NMDC) under accession number

MDC10018526. 

.3. MIC testing 

The concentration range for testing the MIC for iso-

iazid was 0.03–4 μg/mL. The growth of M. tuberculosis

n wells containing isoniazid was evaluated visually with

he Vizion System (Thermo Fisher Scientific, Waltham,

A, USA) and compared with its growth in the drug-free

ontrol wells after incubation of 14 or 21days. Resistance

as classified according to a breakpoint for isoniazid ≥

.25 μg/mL, recommended by the Clinical Laboratory and

tandards Institute [ 12 ]. 

https://jodyphelan.gitbook.io/tb-profiler/


D. Liu, B. Zhao, Y. Zheng et al. Infectious Medicine 3 (2024) 100129

Table 1 

Characteristics of isoniazid-resistance-conferring mutations in Hr -Rs strains. 

Mutation type Frequency n (%) Confidence grading# 

1 katG _p.Ser315Thr 242 (63.0) Assoc w R 

2 fabG1 _c.-15C > T 115 (29.9) Assoc w R 

3 katG _p.Ser315Asn 16 (4.2) Assoc w R 

4 fabG1 _c.-8T > C 5 (1.3) Assoc w RI 

5 fabG1 _c.-8T > A 4 (1.0) Assoc w RI 

6 katG _p.Ser315Thr, fabG1 _c.-15C > T 1 (0.3) − 
7 katG _p.Ser315Thr, fabG1 _c.-8T > C 1 (0.3) − 
Total 384 (100) − 

Note: # confidence grading refers to WHO document [ 14 ]. 

Abbreviations: Assoc w R: associated with resistance; Assoc w RI: associated with 

resistance–interim 
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Fig. 1. MIC distribution stratified by different isoniazid-resistance-related mu- 

tation types. 
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.4. Transmission of Hr -Rs isolates 

Transmission clusters were defined by applying a

hreshold of ≤ 12 pairwise single-nucleotide polymor-

hisms (SNPs) between sequences, as previously de-

cribed [ 13 ]. A minimum spanning tree was generated

ith Phyloviz available at http://www.phyloviz.net/

utorials.html . The genomic cluster represents the trans-

ission of Hr -Rs strains. For non-clustered strains, it in-

icate that the Hr -Rs TB is through transmitted if Hr -Rs 

trains were isolated from new patients who have not re-

eived anti-tuberculosis treatment. 

.5. Statistical analysis 

Descriptive data were analyzed. Categorical variables

re presented as frequencies and proportions. The fre-

uencies of categorical variables were compared with

earson’s 𝜒2 test or Fisher’s exact test as appropriate.

he data were analyzed with SPSS software, version 22.0

IBM, Armonk, NY, USA). 

. Results 

.1. Characteristics of isoniazid-resistance-conferring 

utations in Hr -Rs strains 

Based on WGS, 384/4922 (7.8 %) strains of M. tu-

erculosis were Hr -Rs . Among these 384 strains, the

er315Thr mutation in katG ( 242, 63.0 %) was the most

requent change, followed by -15C > T in the promoter

egion of fabG1 (115, 29.9 %) and Ser315Asn in katG

16, 4.2 %). Other mutation types were less frequent in

he Hr -Rs strains, ranging in frequency from 0.3 % to 1.3

 ( Table 1 ). 

.2. Determination of isoniazid resistance levels 

The MIC values for isoniazid for the genotypic Hr -
s strains ranged from 0.06 to > 4 μg/mL. Of the 239

trains with the most commonest mutation, Ser315Thr,

29 (95.8 %) had MIC ≥ 2 μg/mL. Of the 114 strains

ith the -15C > T mutation, 103 (90.4 %) had 0.25 μg/mL
3

 MIC ≤ 1 μg/mL, and only five (4.4 %) had MIC ≥ 2

g/mL. Of the 13 strains with the Ser315Asn mutation,

1 (84.6 %) had MIC ≥ 2 μg/mL. Of the nine strains with

he -8T > A or -8T > C mutation, eight (88.9 %) had MIC

 0.25 μg/mL and were interpreted as susceptible, based

n the critical concentration of 0.25 μg/mL. Strains with

ombined Ser315Thr and other mutations had MICs of 4

g/mL ( Fig. 1 ). 

.3. Resistance to other drugs based on WGS 

Among the 384 Hr -Rs isolates, three (0.8 %), nine

2.3 %), and nine (2.3 %) were resistant to pyrazi-

amide, ethambutol, and fluoroquinolone, respectively,

ased on WGS. Streptomycin had the highest resistance

ate (152/384, 39.6 %), whereas only two strains (0.5 %)

ere resistant to amikacin. The mutation types associated

http://www.phyloviz.net/tutorials.html
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Table 2 

Mutation types associated with resistance to other drugs. 

Drugs and mutation types Frequency Confidence Grading Isoniazid MIC ranges 

(μg/mL) 

Pyrazinamide 

pncA _p.Ala146Thr 1 Assoc w R 

pncA _p.Asp49Gly 1 Assoc w R 

pncA _p.Thr47Ala 1 Assoc w R 

Subtotal 3 2 to > 4 

Ethambutol 

embB _p.Gln497Lys 1 Assoc w R 

embB _p.Gly406Ser 1 Assoc w R 

embB _p.Met306Ile 3 Assoc w R 

embB _p.Met306Val 4 Assoc w R 

subtotal 9 0.25–4 

Fluoroquinolone 

gyrA _p.Ala90Val 2 Assoc w R 

gyrA _p.Asp94Ala 3 Assoc w R 

gyrA _p.Asp94Gly 2 Assoc w R 

gyrB _p.Ala504Val 1 Assoc w R 

gyrB _p.Asp461Asn 1 Assoc w R 

subtotal 9 0.25 to > 4 

Streptomycin 

rpsL _p.Lys43Arg 113 Assoc w R 

rpsL _p.Lys88Arg 11 Assoc w R 

rrs _r.514a > c 23 Assoc w R 

rrs _r.517c > t 4 Assoc w R 

rpsL _p.Lys43Arg, rrs_r.888g > a 1 Assoc w R 

Subtotal 152 0.06–4 

Amikacin 

rrs _r.1401a > g 2 Assoc w R 2 to > 4 
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ith particular drugs are shown in Table 2 . The Lys43Arg

utation in rpsL gene was prevalent in 20 % (23/115) of

15C > T mutant Hr -Rs isolates and in 34.3 % (83/242) of

er315Thr mutant Hr -Rs isolates ( p < 0.01), 𝜒2 = 7.633. 

A simultaneous katG Ser315Thr substitution was de-

ected in 3/3 (100 %), 8/9 (88.9 %), 7/9 (77.8 %),

nd 116/152 (76.3 %) of pyrazinamide-, ethambutol-,

uoroquinolone-, and streptomycin-resistant isolates, re-

pectively. 

.4. Transmission power of Hr -Rs isolates 

Among 384 Hr -Rs isolates, 92 clustered into 36 WGS

lusters ( Fig. 2 nd Supplementary Table 2) and 292

ere unique genomic isolates. Of these unique genomic

solates, 204 were isolated from new treatment-naïve

atients and 66 from retreated patients. The 22 unique

enomes from patients with no recorded treatment his-

ory were excluded from the analysis. When we combined

he gene clusters and treatment histories, at least 81.8%

296/362) of cases of Hr -Rs TB were probably caused by

he transmission of Hr -Rs isolates in China. 

. Discussion 

Isoniazid is a critical antituberculosis drug. On the

ne hand, excluding isoniazid from treatment regimens

ased solely on Xpert® MTB/RIF results indicating re-

istance to rifampicin would deprive too many patients

f this crucial anti-TB drug. On the other hand, adding

soniazid to the regimen for Hr -Rs patients would pose

 risk of treatment failure and additional acquired ri-
4

ampicin resistance. Therefore, knowing the prevalence

f Hr -Rs is essential. In this study, 7.8 % of strains col-

ected from 70 counties in China showed Hr -Rs based

n WGS. The katG Ser315Thr mutation (63.0 %) was

he most frequently observed change among all the Hr -
s strain, followed by -15C > T in the promoter region of

he fabG1 gene (29.9 %). Other studies have shown sim-

lar results, insofar as katG Ser315Thr was the common-

st mutation underlying isoniazid resistance, followed by

abG1 -15C > T [ 15 , 16 ]. Most mutations or deletions in

atG seriously compromise its catalase/peroxidase func-

ion and thereby the virulence of the strain, and it has

een proposed that these losses can be compensated by

he increased expression of AhpC, an alkylhydroperoxi-

ase. However, no compensatory mutations for the fabG1

utation have been proposed, which may be why the

atG Ser315Thr mutation accounts for the greatest pro-

ortion of isoniazid resistance. Of the Ser315Thr mu-

ant strains, 95.8 % had MIC ≥ 2 μg/mL, indicating

igh-level resistance to isoniazid, whereas 90.4 % of

trains with the -15C > T mutation were associated with

ow-level resistance (0.25 μg/mL ≤ MIC ≤ 1 μg/mL).

he prevalence of drug resistance to pyrazinamide,

thambutol, or levofloxacin, which constitute the recom-

ended treatment regimen for Hr -Rs TB patients, is very

ow. 

The prevalence of Hr -Rs TB varies in different coun-

ries, e.g., 11.4 % in Ho Chi Minh City (2008–2011) [ 17 ],

3.8 % and 21.1 % in South Africa (2011 and 2014, re-

pectively) [ 18 ], 8.7 % in India (2016–2019) [ 19 ], 8 %

n Lima, Peru (2010–2011) [ 20 ], and 3.9 %–4.6 % in

wo eastern provinces of China [ 21 , 22 ]. In this study,
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Fig. 2. WGS clusters of Hr -Rs TB isolates. Ninety-two Hr -Rs isolates clustered into 36 WGS clusters. We defined genetic distances within 12 SNPs isolates were 

clusters, only clustered isolates were retained. Each circle represents a cluster. The color of each circle represents different cluster. The size of the circle represents 

the number of isolates in the cluster. 
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c  
he prevalence of Hr -Rs TB in China was 7.8 % at the

opulation level, which is a moderate rate of resistance

ompared with those of other countries. Considering

he poor outcomes of Hr -Rs patients treated with stan-

ard first-line therapy, more attention must be paid to

apidly testing for isoniazid susceptibility in rifampicin-

usceptible patients. We also found that the single -15C > T

utation in the promoter region of fabG1 accounted for

pproximately 30 % of genotypic isoniazid resistance ,

igher than the proportions reported elsewhere [ 23 , 24 ].

he differences between MDR-TB and Hr -Rs patients in

he frequency distributions of the katG (76.1 % and 41.2

, respectively) and fabG1 mutations (7.6 % and 30.2 %,

espectively) were also significant in Pakistan [ 25 ]. Some

esearch has indicated that the katG Ser315Thr substi-

ution is associated with MDR-TB, which has important

mplications for the transmission of MDR-TB, and entails

 higher risk of generating a secondary resistant cases

han isoniazid-resistant strains with other mutations. The

ucessful transmission of MDR-TB with katG Ser315Thr

utation may also be caused by mutations that com-

ensate for katG gene mutations [ 26–28 ]. In this study,

t least 81.8 % of Hr -Rs strains were already resistant

hen infected rather than acquired resistance within the

atient, so the transmission of Hr -Rs TB in China is ex-

remely severe. 

In the present study, > 95 % of the Ser315Thr katG

utant isolates and > 90 % of the -15C > T fabG1 mu-

ant isolates showed high- and low-level resistance, re-

pectively, consistent with previous findings [ 29 , 30 ]. Pa-

ients infected with isolates carrying the -15C > T muta-

ion, confirmed by genotypic assay, may therefore bene-

t from high-dose (10–15 mg/kg per day) isoniazid ther-

py, as described in WHO’s guideline and other research

 31 , 32 ]. A previous study reported that the accurate di-
5

gnosis and tailored treatment of isoniazid-resistant TB,

ased on the line probe assay, resulted in a relative reduc-

ion of nearly 50 % in acquired MDR-TB compared with

he Xpert® MTB/RIF strategy, which focuses on the de-

ection of rifampicin resistance [ 33 ]. Therefore, accurate

olecular-based MDR-TB assays, such as the line probe

ssay, are essential for the treatment and control of Hr -Rs 

B. 

Our study has shown that, based on WGS, geno-

ypic resistance rates were very low for the drugs of in-

erest, ethambutol, pyrazinamide, fluoroquinolone and

mikacin, but not for streptomycin. Previous studies have

hown that cases of MDR/RR-TB in China are more likely

esistant to ethambutol, streptomycin, fluoroquinolones,

nd pyrazinamide [ 34–36 ], ranging in frequency from 30

 to 50 %. The higher resistance rates to these drugs

mong MDR-TB strains than among Hr -Rs TB strains can

e explained by the high transmissibility and long dura-

ion of transmission of MDR-TB strains. During the trans-

ission process, resistance to other drugs is acquired. In

akistan, the rates of resistance to levofloxacin and pyraz-

namide in patients with Hr -Rs pulmonary TB were 25.2

 and 12.2 %, respectively [ 25 ]. The low resistance rates

o the drugs comprising the Hr -Rs regimen in this study

ndicate a higher likelihood of successful treatment using

HO recommended regimen on Hr -Rs patients. Although

he inclusion of second-line injectable drugs into the reg-

men is not recommended, in some areas, such as two

egions of Uzbekistan, patients diagnosed with Hr -Rs TB

ave been treated with a 9-month regimen that includes

njectable second-line drugs during the first 3 months,

ith an 80 % successful treatment rate [ 37 ]. Given the ex-

remely low rate of resistance to amikacin in China (only

.5 %), we assume that if an effective treatment regimen

annot be established due to drug resistance, side effects,
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r an unsatisfactory response to the regimen, amikacin

ay be used as an alternative option. Approximately 40

 of isolates showed resistance to streptomycin, support-

ng the notion that streptomycin should not be included

n the treatment regimens for Hr -Rs TB, consistent with

he WHO guidelines. 

In this study, we have determined the background

revalence of Hr -Rs M. tuberculosis strains and resistance

ates to drugs included in the TB treatment regimen at the

opulation level. The main limitation of the study was

hat it focused only on the characteristics of the strains

rom a laboratory perspective, and did not analyze the

elevant risk factors or follow-up the treatment outcomes.

dentifying the risk factors for Hr -Rs TB will allow the pri-

ritization of patients for isoniazid susceptibility testing

o rule out isoniazid resistance, and the provision of the

ailored therapies for Hr -Rs patients when no rapid test

or isoniazid resistance is available. 

In conclusion, the katG Ser315Thr mutation was the

redominant mutation in Hr -Rs isolates of M. tuberculo-

is , followed by -15C > T in the promoter region of fabG1 .

apid diagnostic assays and an effective diagnostic algo-

ithm must be introduced to identify cases of Hr -Rs TB

n China, and to provide evidence for their appropriate

reatment. Because the rate of drug resistance in China is

ow, the combination of rifampicin, pyrazinamide, etham-

utol, and levofloxacin should be effective in treating pa-

ients with Hr -Rs TB. 

Isoniazid is one of the critical drugs for the treatment of

ifampicin-susceptible pulmonary tuberculosis (TB). Pa-

ients with isoniazid-resistant and rifampicin-susceptible

Hr -Rs ) TB are always missed in settings where diagnos-

ic algorithms prioritize the detection of rifampicin re-

istance (such as GeneXpert® MTB/RIF). Failure rates

nd acquired rifampicin resistance are higher in Hr -Rs 

atients treated with standard first-line therapy than in

an-sensitive patients. However, there are no nationally

epresentative data on the prevalence of Hr -Rs TB or the

esistance rates to drugs comprising the Hr -Rs regimen in

hina. In this study, we demonstrate a modest prevalence

f Hr -Rs TB and low resistance rates for pyrazinamide,

thambutol, and fluoroquinolones. These findings suggest

 program should rapidly test the susceptibility to isoni-

zid of rifampicin-susceptible patients, and provide ap-

ropriate regimen for Hr -Rs patients. 
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