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A B S T R A C T   

Background: High-dose isoniazid is recommended in the 9–12 months short-course regimen for multidrug- 
resistant tuberculosis with inhA mutation. However, there is insufficient evidence to support the assumption 
of genotypic-phenotypic concordance. This study aimed to identify the genetic mutations associated with high- 
level phenotypic isoniazid resistance. 
Methods: Clinical isolates from patients with drug-resistant tuberculosis were profiled by whole-genome 
sequencing and subjected to minimum inhibitory concentration (MIC) testing using MGIT based-method. MICs 
were performed in concentration ranges based on the mutation present: isolates with no isoniazid resistance- 
conferring mutations and H37Rv, 0.016–0.256 µg/ml; inhA, 0.256–4.0 µg/ml, katG 1.0–16.0 µg/ml; and inhA 
+ katG, 4.0–64.0 µg/ml. Isolates demonstrating resistance at the upper limit of the concentration range were 
tested up to the maximum of 64.0 µg/ml. Bootstrap of the mean MICs was performed to increase the robustness of 
the estimates and an overlap index was used to compare the distributions of the MICs for each mutation profile. 
Results: A total of 52 clinical isolates were included in this analysis. Bootstrap MIC means for inhA, katG and inhA 
+ katG were 33.64 (95% CI, 9.47, 56.90), 6.79 (4.45, 9.70) and 52.34 (42.750, 61.66) µg/ml, respectively. There 
was high overlap between inhA and inhA + katG mutations (eta = 0.45) but not with inhA and katG (eta = 0.19). 
Furthermore, katG showed poor overlap with inhA + katG mutations (eta = 0.09). Unexpectedly, 4/8 (50.0%) of 
all InhA mutants demonstrated high-level resistance, while 20/24 (83.3%) of katG mutants demonstrated 
moderate-level resistance. 
Conclusions: InhA mutations demonstrated unexpectedly high MICs and showed high overlap with inhA + katG. 
Contrary to the common belief that katG mutants are associated with high-level resistance, this mutation pri-
marily showed moderate-level resistance.   

1. Introduction 

The global burden of multi-drug resistant TB (MDR-TB) continues to 
rise unabated and poses a significant threat to global TB control efforts 
[1,2]. There were approximately 500 000 incident cases of rifampicin- 
resistant TB (RR-TB) reported in 2019, of which 78% were MDR-TB 
[3]. Isoniazid (INH) resistance was found in 1.4 million drug-resistant 
TB (DR-TB) cases, 79% of which presented as INH mono-resistant TB 
[4]. 

INH resistance in Mycobacterium tuberculosis (M.tb) is mediated 
mainly by mutations found in the inhA promoter gene (mabA), and katG 
genes [5,6]. The S315T mutation in katG is the predominant mutation 
[7,8] present in 40–95% of INH resistant isolates [9,10]. The katG S315T 
mutation is associated with a wide range of moderate to high INH levels 
of resistance with minimum inhibitory concentrations (MICs) ranging 
from 2 to > 10 µg/ml [11,12] and is frequently reported in MDR-TB 
strains [13]. Meanwhile, the most prevalent mutation in the inhA pro-
moter region is the C-15T mutation associated with low-level INH 
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resistance and cross-resistance to ethionamide [12]. 
Despite their propensity to result in low-level INH resistance, clinical 

isolates demonstrating inhA mutations, have shown to be associated 
with unfavorable TB treatment outcomes when treated with INH con-
taining regimen [14]. Similarly, isolates displaying katG mutations, 
given their propensity to cause moderate and high-level INH resistance, 
have been widely associated with unfavorable TB treatment outcomes, 
but it has not been determined whether this can be overcome with 
higher doses of INH [14]. Combined mutations in both inhA and katG 
result in high-level resistance to INH and are therefore unlikely to be 
overcome by any clinically permissible dose of INH. 

Previous data suggested that patients with low-level INH resistance 
resulting from inhA promoter mutations can still benefit from INH if 
given at a higher dose (15–20 mg/kg/day) [15]. Furthermore, some 
studies suggest that patients with moderate-level resistance caused by 
katG mutations may still benefit from high-dose INH [16,17]. On this 
basis, in its latest report, the World Health Organization (WHO) guide-
lines on DR-TB recommend high-dose INH as part of the all-oral, beda-
quiline-containing, 9–12 months MDR-TB regimen when inhA mutations 
are present alone. Further, the use of high-dose INH in the presence of 
katG mutations is discouraged [18]. The use of high-dose INH in INH 
mono-resistant TB in the latest report could not be evaluated due to 
insufficient data [18]. Nonetheless, high-dose INH is discouraged in the 
presence of katG mutation only and when both inhA and katG co-occur. 
Moreover, the combination of inhA and katG mutations, being strongly 
associated with high-level INH resistance, and conferring cross- 
resistance to ethionamide disqualifies a patient from receiving the 
short-course regimen and commits them to the longer and more complex 
regimen for DR-TB which may be strengthened by the inclusion of high- 
dose INH. The implications of high-level INH resistance on the critical 
consideration of regimen selection reflect the importance of definitively 
establishing the degree to which genotypic resistance can be relied upon 
to provide an indication of the phenotypic level of resistance. 

Leveraging INH for high-dose treatment is appealing, given its potent 
early bactericidal activity, limited pharmacokinetic interactions, and 
well-established safety profile. INH displays dose-dependent early 
bactericidal activity; thus, high doses may result in exposures that 
overcome resistance mediated through inhA and katG mutations. Several 
studies have demonstrated improved time to culture conversion, 
improved treatment outcomes and successful implementation of an all- 
oral, short-course treatment, including high-dose INH [19–22].The in-
dependent bactericidal effect of high-dose INH on M. tb isolates in the 
presence of inhA resistance-conferring mutations has been demonstrated 
[22]. It was shown that 10–15 mg/kg daily has an activity against inhA 
mutants with media MIC of 1 μg/ml (range 0.05–4 μg/ml) [22]. There is 
still lack of clinical trial evidence with the use of high-dose INH in the 
presence of katG mutants. We, therefore, aimed to characterize the level 
of phenotypic resistance associated with each of the INH resistance- 
conferring mutations identified through whole-genome sequencing 
(WGS). Furthermore, we compared the distribution of MICs related to 
the INH resistance-conferring mutations using the estimated over-
lapping index. 

2. Methods 

2.1. Study design 

This study was performed on stored clinical isolates obtained from 
CAPRISA 020 participants. The CAPRISA 020 study (ClinicalTrials.gov 
Identifier: NCT03237182) is an ongoing randomized controlled trial 
assessing the effectiveness of an individualized, WGS-guided treatment 
regimen for DR-TB. Adult participants with pulmonary DR-TB were 
randomized to a standard of care regimen or a WGS-guided regimen as 
part of the study procedures, and the following tests were performed: 
Xpert MTB/RIF, line probe assay (LPA), drug susceptibility testing (DST) 
at critical concentrations (CC), and WGS (WGS-guided participants 

only). Additionally, culture DST for treatment response monitoring was 
performed in accordance with WHO guidelines [23]. 

2.2. Mycobacterium tuberculosis clinical isolates 

A total of 94 M. tb clinical isolates were requested from the study 
specimen biorepository. Isolates were selected based on the presence of 
INH resistance-conferring mutations at >50% frequency identified 
through pre-existing WGS data from CAPRISA 020, which was per-
formed on clinical isolate as described previously [24]. In addition, 
control isolates with no mutations linked to isoniazid resistance were 
also selected. The 94 clinical isolates were derived from screening, 
enrollment, and follow-up sputum culture specimens of 65 participants. 
Twenty-one isolates had inhA promoter gene and/or inhA coding region 
mutations, 36 had katG S315T mutation, 20 had both inhA promoter and 
or inhA coding region and katG mutations, and 17 isolates had no ca-
nonical INH resistance-conferring mutations (selected as control clinical 
isolates). H37Rv was added as a reference strain. 

2.3. Minimal inhibitory concentration (MIC) testing 

2.3.1. Growth of clinical isolates 
Each clinical isolate was grown in a Mycobacteria Growth Indicator 

Tube (MGIT) supplemented with BD BBL Middlebrook OADC (Oleic 
acid, Albumin, Dextrose, catalase) enrichment and incubated in the 
BACTEC MGIT 960 (Becton Dickinson (BD), New Jersey, USA) instru-
ment until positivity was detected. Isolates that did not show any growth 
after 42 days (protocol length) were recorded as non-growing and were 
excluded. Quality control on a positive MGIT tube was done using TBc 
identification test/MPT64 antigen test, Kinyoun staining and sub- 
culturing in Trypticase Soy Agar (TSA) + 5% sheep blood to detect 
contamination. 

2.3.2. MIC testing 
The stock concentrations of INH (Media mage Company Pty (Ltd), 

Johannesburg, South Africa) to make the final concentration of 0.016, 
0.032, 0.064, 0.128, 0.256, 0.512, 1.0, 2.0, 4.0, 8.0, 16.0, 32.0, 64.0 µg/ 
ml in MGIT were used. MICs were done in serial two-fold dilutions to 
provide a final test range of 0.016–0.256 µg/ml for INH susceptible 
isolates, 0.256–4.0 µg/ml for inhA promoter mutant isolates with/ 
without a concurrent inhA coding mutation, 1.0–16.0 µg/ml for katG 
mutant isolates, 4.0–64.0 µg/ml for isolates with both inhA and katG 
mutations. Those isolates that showed resistance at the upper limit 
within their concentration range were tested outside the set range up to 
the maximum of 64.0 µg/ml. 

2.3.3. MIC determination 
The determination of MICs was performed within the epicenter/TB 

Exist and MGIT 960 instrument [2,16]. The minimum and the maximum 
days of the protocol were four and 24 days, respectively, and the min-
imum number of growth units (GU) for the control was 400. A growth 
unit of 0–99 was considered susceptible, and ≥ 100 was deemed resis-
tant [2]. In a series of two-fold concentrations tested, the first concen-
tration with a growth unit less than 100 was recorded as the MIC. MICs 
were further categorized into four resistance groups: Susceptible, MIC ≤
0.1 µg/ml; Low level resistance, 0.1 < MIC ≤ 1 µg/ml; moderate-level 
resistance, 1 < MIC ≤ 8 µg/ml; high-level resistance, MIC > 8 µg/ml. 

2.4. Data analysis 

Descriptive statistics presented in a demographics table were 
analyzed using IBM SPSS Statistics for Windows, Version 27. The MIC 
data was analyzed using R software and R markdown was used to 
document the data manipulation and statistical analysis performed. The 
goodness of fit test was used to analyze genetic mutations associated 
with high-level phenotypic INH resistance. To characterize the MICs 
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obtained for each mutation including INH susceptible group and the 
distribution of raw MICs for the three resistance mutation groups, basic 
statistics [minimum, median (interquartile range (IQR), mean (standard 
deviation), and maximum] was performed. Clinical isolates that had 
MICs greater > 64.0 µg/ml, the MIC value of 65.0 µg/ml was assumed 
for statistical analysis purpose. Given the unexpected small sample size 
within the groups, 1000 non-parametric bootstraps of the means to 
obtain the 95% confidence intervals (CI) of statistics measures was 
performed. We assessed the distribution of the MICs of the three muta-
tion groups overlap using the estimated overlapping index (0 < η̂ < 1), 
with η̂ closer to 0 indicating non-significant overlap while η̂ closer to 1 
indicating a significant overlap. 

3. Results 

3.1. Patient demographic and clinical characteristics 

The mean age was 35 ± 10 years, 23 (44.2%) participants were male, 
and 37 (71.2%) participants were HIV co-infected, of whom 27 (73%) 
were receiving antiretroviral therapy (ART), 63.5% were MDR-TB 
(Supplementary Table S1). Sixteen (30.8%) participants had a previ-
ous history of TB; 28 (53.8%) and 23 (44.2%) participants had unilateral 
and bilateral disease on chest radiography, respectively, while one 
(2.0%) participant showed clear chest radiography. 

3.2. Mycobacterium tuberculosis clinical isolates 

A total of 94 M. tb clinical isolates from 65 patients were selected for 
this study, of which 42 clinical isolates were excluded: 11 isolates 
negative for MPT64 antigen and demonstrating non-roping acid-fast 
bacilli, 23 non-growing isolates, two contaminated isolates and six 
follow-up isolates. The final analysis included 52 isolates from 52 pa-
tients (47 isolates were of screening and five isolates were obtained at 
enrollment). A patient with no isolate stored for screening, enrollment 
isolate was selected. Isolates were further stratified based on INH mu-
tation pattern (Fig. 1). 

3.3. Phenotypic resistance to isoniazid 

The MICs of clinical isolates from this cohort are grouped according 
to INH resistance-conferring mutations and are presented by means and 
medians (Supplementary Table S2). Isolates with no mutations linked 
to INH resistance showed mean (SD) MIC of 0.016 (0.34) µg/ml that was 

within the expected concentration range. InhA mutants had a mean MIC 
of 33.19 (34.03) µg/ml, indicating high-level phenotypic resistance to 
INH. KatG mutants had a mean MIC that was at the lower limit of the 
expected range, 6.71 (6.73) µg/ml, while the combination of inhA and/ 
inhA promoter region and katG demonstrated high mean MIC, 52.25 
(18.40) µg/ml. 

The bootstrap means of MICs and the 95% CI for each INH resistant- 
conferring mutation and INH susceptible group is displayed in Sup-
plementary Fig. 1. The mean MIC for inhA, katG and inhA + katG were 
33.64 (95% CI, 9.47, 56.90), 6.79 (4.45, 9.70) and 52.34 (42.750, 
61.66) µg/ml, respectively. 

3.4. Association between isoniazid-resistant mutations and phenotypic 
resistance level 

High-confidence mutations were universally associated with 
phenotypic resistance (Table 1). The high confidence mutations detec-
ted were inhA promoter region C-15T alone (n = 8), the katG Ser315Thr 
alone (n = 24), the combination of katG Ser315Thr + inhA promoter 
region C-15T (n = 3), and katG Ser315Thr + inhA promoter region T-8A 

Fig. 1. Mycobacterium tuberculosis clinical isolates included in this analysis by INH resistance pattern (M. tb: Mycobacterium tuberculosis; INH: isoniazid).  

Table 1 
INH susceptible and resistant associated mutation isolates (n = 52) detected 
from CAP020 cohort of 52 participants. Susceptible MIC ≤ 0.1 µg/ml, Low level 
resistance 0.1 < MIC ≤ 1 µg/ml; moderate-level resistance 1 < MIC ≤ 8 µg/ml; 
high-level resistance: MIC > 8 µg/ml.  

Mutation N Susceptible 
(%) 

Low 
(%) 

Moderate 
(%) 

High 
(%) 

INH Susceptible # 8 7 (87.5) 1 
(12.5) 

0 (0.0) 0 (0.0) 

InhA promoter 
region C-15 T 
alone 

8 0 (0.0) 3 
(37.5) 

1 (12.5) 4 
(50.0) 

KatG Ser315Thr 
alone 

24 0 (0.0) 1 (4.2) 20 (83.3) 3 
(12.5) 

KatG Ser315Thr +
inhA promoter 
region C-15 T 

3 0 (0.0) 0 (0.0) 0 (0.0) 3 (100) 

KatG Ser315Thr +
inhA promoter 
region T-8A* 

9 0 (0.0) 0 (0.0) 0 (0.0) 9 (100)  

# One isolate was drug-susceptible, six rifampicin mono-resistant, and one 
resistant to rifampicin, ethambutol, and streptomycin. 

* InhA promoter region T-8A mutation did not occur alone, it only co-occurred 
with katG Ser315Thr. 
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(n = 9). The inhA promoter region C-15T mutation alone was associated 
with highly variable levels of phenotypic resistance (0.256 to > 64 μg/ 
ml), with most isolates displaying high-level resistance. Low-level 
resistance was exhibited by 3/8 (37.5%), moderate-level resistance by 
1/8 (12.5%) and high-level resistance by 4/8 (50.0%). An indepen-
dently run experiment, which was performed in triplicate, confirmed the 
MIC findings for inhA mutation. The katG Ser315Thr mutation alone was 
associated primarily with moderate and high-level phenotypic resis-
tance (1 to 32 μg/ml), exhibited by 20/24 (83.3%) and 3/24 (12.5%) 
respectively; low-level resistance was seen in 1/24 (4.2%) of the isolates. 
Lastly, 100% of isolates with the combination of katG Ser315Thr + inhA 
promoter region C-15T and katG Ser315Thr + inhA promoter region T- 
8A mutations were universally associated with high-level phenotypic 
resistance (>8 μg/ml). 

3.5. MIC overlapping distribution 

The distribution of MICs for INH susceptible and INH resistant- 
conferring mutations is shown in Fig. 2. The distribution of MICs 
related to the paired INH resistance-conferring mutations using the 
estimated overlapping index is shown in Supplementary Fig. 2. InhA 
mutation showed high overlap with inhA + katG mutations (eta = 0.45) 
and showed less overlap with katG (eta = 0.19). Furthermore, katG 
showed poor overlap with inhA + katG mutations (eta = 0.09). 

Supplementary Table S3 presents the summary of INH mutation 
profile, INH MIC raw data, additional TB drug resistance, past TB his-
tory, DR-TB treatment regimen, and week eight culture conversion data 
for the 52 participants. 

4. Discussion 

We observed a wide range of MICs in clinical isolates, with a high 
overlap of MICs among the most widely described INH mutations. 
Genotypic resistance was associated with highly variable phenotypic 
resistance. Although widely associated with low-level phenotypic 
resistance, we found that the most identified INH resistance genotype, 
inhA mutation, can be associated with moderate- and high-level resis-
tance. High-level resistance was displayed by a high proportion of the 
isolates in the inhA group in this study. 

Although the study is limited by its sample size, the findings were 
strengthened by a 1000 sample non-parametric bootstrap. We found 
MICs for inhA mutants to be far higher than previously reported and 
strikingly similar to MICs observed for double mutants (inhA + katG). 
The overlapping estimate showed the high overlap between inhA and 
inhA + KatG mutations. This finding departs from prior studies of the 
genotypic-phenotypic correlation, which found inhA mutations to be 
universally associated with low phenotypic resistance [2,11,12,25,26]. 
Previous studies have consistently reported an MIC ≤ 4.0 µg/ml for 
mutations in the inhA gene [11,25,27,28]. Based on the historical 
findings, the WHO DR-TB treatment guideline continues recommend 
high-dose INH to overcome the presumed low-level resistance in DR-TB 
cases with inhA mutation [29]. Futile exposure to INH in patients with 
inhA mutations may constitute an unnecessary and avoidable risk for 
toxicity. However, a major challenge is that front-line diagnostic assays 
used to detect resistance to INH do not provide sufficient information to 
accurately predict the phenotypic level of resistance. LPA only reports 
on the presence/absence of the mutation (inhA and/katG), and these 
results are commonly interpreted as inhA: low-level resistance and katG: 
high-level resistance. Culture-based phenotypic DST is done at a CC of 
0.1 µg/ml (INH low) and a clinical breakpoint of 0.4 µg/ml (INH high) 
[30,31]. Both concentrations used to define low and high-level resis-
tance, respectively, are insufficient to identify clinically important 
thresholds for determining the likelihood of response to high-dose INH. 
Furthermore, the WHO has not established the concentration/s that 
would define the moderate level resistance. 

MICs of KatG mutants were in keeping with published reports 
[25,26,32,33]. As expected, there was no high overlap observed be-
tween katG and inhA mutations. This expectation, however, was based 
on inhA mutants demonstrating low-level phenotypic resistance and 
katG mutants demonstrating high-level resistance. To the contrary, in 
this study this was due to inhA MICs being far higher than in previous 
reports and katG mutation MICs being lower than expected (mostly 
moderate level phenotypic resistant). The combination of InhA and katG 
mutants demonstrated high-level phenotypic resistance, consistent with 
previous studies [12,25,28]. 

InhA and katG mutants with MICs below a serum peak of 15 µg/ml 
may potentially be overcome by high-dose INH (15–20 mg/kg), pro-
vided that the patient is on a well-constructed regimen [34,35]. In a 

Fig. 2. Isoniazid resistant clinical isolates MIC distribution. MICs are presented separately for the control strain H37Rv, INH susceptible, inhA mutation, katG 
mutation and inhA + katG mutations. (Abbreviation: INH, isoniazid; MIC, minimum inhibitory concentration). 
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clinical trial, it has been demonstrated that 10–15 mg/kg daily of INH 
has activity against inhA mutants with a median INH MIC of 1 μg/ml 
(range 0.05–4 μg/ml) [22]. This study highlighted the importance of 
MICs as a guide in identifying patients that can benefit from high-dose 
INH. Moreover, MIC data obtained from the current study does not 
support the assertion that inhA mutations are universally associated with 
low-level resistance, as reported previously [34]. Furthermore, INH 
resistance-conferring mutations cannot accurately predict MICs, hence 
they cannot reliably inform the choice to include high-dose INH. Our 
data further demonstrate that katG mutants can possibly benefit from 
high-dose INH as majority demonstrates moderate-level resistance. The 
efficacy of high-dose INH against katG mutants is currently being 
investigated (NCT01936831). 

Our study has several limitations. First, the sample size was small, 
especially for the inhA group. We were not able to perform MIC repli-
cates for all groups due to the high costs and infrastructure requirements 
associated with such testing. However, MICs were confirmed in tripli-
cate for inhA group and the robustness of our estimates were strength-
ened by bootstrapping. Second, among the isolates included, there were 
no low-confidence mutations, thus preventing the comparison of 
phenotypic resistance levels between high- and low-confidence muta-
tions. There was no data on strain lineage which could possibly explain 
the differences in MICs. Lastly, the current results (MICs only) do not 
provide sufficient information to guide therapeutic decision-making 
with high-dose INH. However, we do demonstrate the value that MIC 
testing may contribute to optimizing efficacy and minimizing toxicity. 
MICs, together with genotype, individual acetylation status, and phar-
macokinetics, may provide more robust data to guide the selection of the 
optimal dose for INH mutants. Despite these limitations, this study has 
important strengths such as the use of clinical isolates, representation of 
isolates from people living with HIV/AIDS, and combination of geno-
typic and phenotypic data. Additionally, we used validated laboratory 
methods with stringent standard operating protocols within a well- 
established laboratory. 

5. Conclusion 

InhA mutations may not always be associated with low-level resis-
tance, and katG mutations may not reliably represent high-level resis-
tance. Thus, genotypic data and DST conducted at a critical 
concentration or clinical breakpoint cannot be used confidently to 
anticipate the level of phenotypic resistance. 
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