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Abstract

Drug resistance (DR) remains a major challenge for tuberculosis (TB) control. Whole-
genome sequencing (WGS) provides the highest genetic resolution for genotypic drug-sus-
ceptibility tests (DST). We compared DST profiles of 60 Mycobacterium tuberculosis iso-
lates which were drug resistant according to agar proportion tests (one poly DR-TB, 34
multidrug-resistant TB and 25 extensively drug-resistant TB). We additionally performed
minimum inhibitory concentration (MIC) tests using Sensititre MYCOTBI plates (MYCOTB)
and a WGS-based DST. Agreement between WGS-based DST and MYCOTB was high for
all drugs except ethambutol (65%) and ethionamide (62%). Isolates harboring the -15 c/t
inhA promoter mutation had a significantly lower MIC for isoniazid than did isolates with the
katG Ser315Thr mutation (p < 0.001). Similar patterns were seen for ethambutol (embB
Gly406Asp vs. embB Met306lle), streptomycin (gid Gly73Ala vs. rpsL Lys43Arg), moxifloxa-
cin (gyrA Ala90Val vs. gyrA Asp94Gly) and rifabutin (rpoB Asp435Phe/Tyr/Val vs. rpoB
Ser450Leu). For genotypic heteroresistance, isolates with lower proportion of mapped read
tended to has lower MIC of anti-TB drugs than those with higher proportion. These results
emphasize the high applicability of WGS for determination of DR-TB and the association of
particular mutations with MIC levels.

Introduction

Emergence of drug-resistant (DR) strains of Mycobacterium tuberculosis (Mtb) remains the
challenge for tuberculosis (TB) control. In 2018, the World Health Organization (WHO) esti-
mated that there were 457,000 multidrug-resistant TB (MDR-TB) cases globally and that 8.5%
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of these were extensively drug-resistant TB (XDR-TB) [1]. Early identification of TB and accu-
rate drug-susceptibility testing (DST) are urgently required for appropriate TB treatment and
to reduce the risk of further DR-TB development.

The gold standard of DST for Mtb is the proportional method [2]. The minimum inhibitory
concentration (MIC) test is another phenotypic method for quantification of the resistance
level. Such phenotypic DSTs are time-consuming and laborious. Hence an alternative
approach, genotypic DST, is becoming more readily accepted, provided that the complete
database of mutations associated with drug resistance is available. Whole-genome sequencing
(WGS) provides the best resolution of the genetic repertoire and is highly applicable for pre-
dicting drug-resistance profiles of Mtb and simultaneously can determine clustering for trans-
mission analysis [3, 4]. There have been few direct comparisons of these three DST methods
[5], especially for second-line drugs.

Quantitative phenotypic resistance (indicated by MIC values) associated with different
mutations has been reported [5-7]. The current guidelines from WHO suggest that mutations
detected in Mtb isolates can be used to predict resistance levels [5]. However, knowledge of
such mutations is still limited in both number of tested strains and number of drugs available
in the WHO database, and again especially for the second-line drugs [8].

Heteroresistance of Mtb, the mixture of susceptible and resistant strains in a single sample [9],
has an effect on quantitative DSTs [10, 11]. A previous study compared different phenotypic
DST's to detect heteroresistance to rifampicin (RIF) [10] and genotypic approaches using WGS
have also been described [11]. However, the few relevant studies have not made direct compari-
sons between genotypic heteroresistance (based on variant frequencies) and MIC levels for Mtb.

Thus, we compared DST profiles of a collection of M/XDR-TB Mtb isolates from Thailand,
using phenotypic methods (agar proportion and MIC tests using MYCOTB) and a genotypic
method (WGS analysis). The association between specific mutations and levels of drug resis-
tance was analyzed for 11 drugs, including isoniazid (INH), RIF, ethambutol (EMB), strepto-
mycin (STR), second-line injectable drugs (SLIDs): kanamycin (KAN) and amikacin (AMK),
fluoroquinolones: ofloxacin (OFX) and moxifloxacin (MXF), ethionamide (ETO), para-ami-
nosalicylic acid (PAS) and rifabutin (RFB). The possibility of genotypic heteroresistance, based
on variant frequencies and quantitative MIC levels, was also investigated.

Materials and methods

Mtb isolates and setting

Sixty clinical Mtb isolates collected between 2003 and 2017 were obtained from stock cultures
deposited at the Drug-Resistant Tuberculosis Research Fund, Faculty of Medicine, Siriraj Hos-
pital, Mahidol University, Bangkok, Thailand. The clinical specimens were stained for acid-
fast bacilli using the Kinyoun method and subjected to phenotypic DST using the agar propor-
tion method. Each selected isolate was from a different patient and each isolate was resistant at
least to RIF (Poly-DR TB, n = 1; MDR, n = 28; Pre-XDR, n = 6 and XDR, n = 25). All isolates
were sub-cultured on Lowenstein—Jensen media and incubated at 37°C for four to six weeks.
Multiple loops of mycobacterial culture were used for genomic DNA extraction (using the
cetyl-trimethyl-ammonium bromide-sodium chloride method [12]) and for MIC-based phe-
notypic DSTs. This study was approved by the Khon Kaen University Ethics Committee in
Human Research (Ethics number HE601249).

Phenotypic drug susceptibility testing

The standard agar proportion method was performed according to recommendations from
the US Centers for Disease Control and Prevention [13]. Briefly, anti-TB drug discs were
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placed into the centers of individual quadrants of sterile plates, then 5.0 ml of Middlebrook
7H10 (Difco, Detroit, MI, USA) containing 10% oleic acid-albumin dextrose-catalase (BBL,
Becton Dickinson, USA) was poured over the plate, and the agar was allowed to solidify over-
night at room temperature. The inoculum was prepared by suspending the Mtb colonies in
Middlebrook 7H9 (Difco, Detroit, MI, USA) and adjusting the supernatant to turbidity equiv-
alent to a MacFarland standard of one. The suspension was diluted to 107> and 10~* [13]. The
dilutions were inoculated onto the control quadrant, drug-free medium, and drug-containing
quadrants. The plate was incubated at 37°C until colonies appeared on the control quadrant
after approximately two to four weeks. Percentage of resistance was determined by (no. of col-
onies on drug-containing quadrant/no. of colonies on control quadrant)x100. An isolate was
regarded as resistant when the percentage of resistance was >1%.

The MIC-based phenotypic DST was performed using Sensititre MYCOTBI (MYCOTB)
plates according to the manufacturer (TREK Diagnostic Systems, West Sussex, United King-
dom). The wells of a MYCOTB plate contain 12 lyophilized anti-TB drugs with ranges of drug
concentrations appropriate to each drug [14, 15]. Briefly, Mtb colonies were suspended in
saline-Tween with glass beads for agitation and the turbidity of the supernatant adjusted to 0.5
MacFarland standard. This suspension (100 ul) was added into Middlebrook 7H9 medium
and 100 pl of this mixture was added into each well of the MYCOTB plate. The plates were
covered with plastic seals and incubated at 37°C. The plates were read using the Sensititre
Vizion Digital MIC Viewing System (TREK Diagnostic Systems) at 10 days, or 21 days if poor
growth was observed. The MIC was defined as the lowest concentration of anti-TB that inhib-
its visible growth.

The critical concentrations (CCs) used for agar proportion and MYCOTB assays are listed
in S1 Table. All isolates were tested once: If the test failed, it was repeated. Mtb H37Rv ATCC
27294 strain was used as a control for both agar proportion and MYCOTB assays.

Whole-genome sequencing and in silico detection of drug resistance

WGS was done for a subset (n = 27) of the 60 genomic DNA samples at the Genome Institute
of Singapore, Singapore, using the TrueSeq DNA sample preparation kit (Illumina, San Diego,
CA) and the MiSeq platform (Illumina) generating 250-bp paired-end reads, or using the
NEBnext Ultra kit (Illumina, San Diego, CA) for the HiSeq (Illumina) platform generating
150-bp paired-end reads. The remaining 33 samples were sequenced at NovogeneAIT, N.T.,
Hong Kong, using the HiSeq (Illumina) platform generating 150-bp paired-end reads. The
quality of sequence reads was determined using FastQC version 0.11.7 [16]. The sequencing
coverage and percentage of mapped reads against the reference genome of the H37Rv strain
were determined using GATK version 3.4.0 [17] and SAMtools version 0.1.19 [18]. The mean
genome coverage and the mean mapping rate were 224.5 (£152.4 standard deviation) and
97.9%, respectively. The WGS data are available in the Sequence Read Archive (https://www.
ncbi.nlm.nih.gov/sra) with the accession Nos. PRINA598981 and PRJNA598949.

To detect drug resistance and determine Mtb lineage from the WGS data, raw fastq files
were uploaded to an online tool, TB-Profiler version 2.8.6 [19]. To detect heteroresistant iso-
lates, manual analysis was done to calculate frequencies of variants occurring in fewer than
100% of reads. Paired-end raw reads of each isolate were mapped to the Mtb H37Rv reference
genome (GenBank accession number: NC_000962.3) using BWA-MEM version 0.7.12 [20].
SAMtools was used for SAM-BAM format conversion and sorting of mapped sequences. Local
realignment of the mapped reads was performed using GATK. Variants, including single
nucleotide polymorphisms (SNPs) and small indels, were called using GATK and SAMtool
tools. Variant sites were filtered based on the following criteria: mapping quality >50 (-C in
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Samtools calling), base quality/base alignment quality >20 (-Q in Samtools calling), >10 reads
or <2,000 reads (-d in Samtools filter) covering each site. To maximize specificity, the called
variants were selected from the intersection of those identified by Samtools and GATK. For
detection of heteroresistance, an in-house python script was used to extract the read frequen-
cies supporting the mutations from the mapped reads. When read frequencies of mutant
alleles were less than 99% compared to the wild-type background, we regarded this as WGS-
based evidence of heteroresistance in that isolate [11]. In addition, the online tool, PhyresSE
version 1.0 [21], was used for validation of drug resistance-conferring mutations obtained
from TB-Profiler and for detection of heteroresistant TB.

Phylogenetic analysis of the 7,880 high-confidence SNPs identified among the 60 Mtb iso-
lates was performed based on the maximum likelihood method with a general time-reversible
and gamma distribution model (selected model based on data) using MEGA version 10.1 [22].
The phylogenetic tree was constructed based on 1,000 bootstrap replicates. The visualization
of the phylogenetic tree was performed using iTOL [23].

Data analysis

For all analyzes and visualization, R version 3.6.1 was used and p-values <0.05 were consid-
ered statistically significant. Sensitivity, specificity and categorical agreement with 95% confi-
dence intervals (95% CI) were analyzed using the package epiR version 1.0-4. CompareTests
version 1.2 was used for comparisons between DST methods for each drug. Analyses for INH
and RIF were not performed because few or no susceptible isolates were available. Also, analy-
ses for RFB, pyrazinamide (PZA) and D-cycloserine were not done due to lack of DST results
for these from the agar proportion assay. Any association between MIC data and the drug
resistance-conferring mutations was tested using the Wilcoxon rank-sum test. Graphs repre-
senting genetic information and their corresponding MICs were plotted using package ggplot2
version 3.2.1.

Results
Characteristics of the studied isolates

The clinical Mtb isolates used were isolated from 60 TB patients. Most of the patients were
male (79%). The average age was 43.6 years. Based on phylogenetic analysis, 88.3% (n = 53) of
the isolates belonged to lineage 2 (East-Asian). There were two small clusters, each of two
genetically identical isolates: only in one of these did the isolates share the same drug-resis-
tance patterns (S1 Fig).

Agreement of DST results between phenotypic and genotypic methods

Agreement, sensitivity and specificity among DST methods are shown (Table 1). High levels of
agreement between the agar proportion and WGS-based DST's were found for OFX (95%) and
AMK (90%) (Table 1). Agreement between WGS-based DST and MYCOTB was high for all
drugs except EMB (65%) and ETO (62%).

Comparison between WGS-based genotypic DST and MIC results for each
drug

Rifampicin (RIF) and rifabutin (RFB). The rpoB Ser450Leu mutation was commonly
found (n = 36, 60%) among both RIF- and RFB-resistant isolates (Fig 1 and S2 Table). How-
ever, only RIF-resistant isolates showed distinct MIC values beyond the CC. Many RFB-resis-
tant isolates (n = 18) with rpoB mutations (e.g. rpoB Asp435Val, Ser441Leu, Leu452Pro) had
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Table 1. Agreement among phenotypic and genotypic DST assays.

Drug WGS | Agar prop. WGS vs. Agar prop. WGS | MYCOTB WGS vs. MYCOTB
R S % Sensitivity (95% CI) % Specificity (95% CI) % Categorical agreement (95% CI) R S % Sensitivity (95% CI) % Specificity (95% CI) % Categorical agreement (95% CI)

Isoniazid® R 56 0 NA NA NA R 54 2 NA NA NA
S 3 1 S 2 2

Rifampicin® R 57 0 NA NA NA R 51 6 NA NA NA
S 3 0 S 0 3

Ethambutol® R 35 4 92 (78-97) 79 (55-92) 88 (77-94) R 21 21 100 (NA) 46 (31-62) 65 (54-75)
S 3 15 S 0 18

Streptomycin R 34 9 94 (80-99) 63 (42-79) 82 (71-89) R 39 4 98 (84-100) 80 (57-92) 92 (82-96)
S 2 15 S 1 16

Kanamycin® R 19 0 70 (50-85) 100 (NA) 86 (76-93) R 19 0 95 (62-100) 100 (NA) 98 (79-100)
S 8 32 S 1 40

Amikacin R 17 0 74 (52-88) 100 (NA) 90 (80-95) R 17 0 94 (60-99) 100 (NA) 98 (79-100)
S 6 37 S 1 42

Ofloxacin R 28 0 90 (72-97) 100 (NA) 95 (84-99) R 28 0 97 (71-100) 100 (NA) 98 (79-100)
S 3 29 S 1 31

Moxifloxacin” R 15 11 88 (63-97) 73 (58-84) 78 (65-86) R 24 4 96 (76-99) 89 (73-96) 92 (82-96)
S 2 30 S 1 31

Ethionamide R 23 6 92 (73-98) 83 (67-92) 87 (76-93) R 6 23 100 (NA) 57 (44-70) 62 (49-73)
S 2 29 S 0 31

PAS R 2 1 71 (53-84) 97 (79-100) 83 (73-90) R 20 3 80 (60-91) 91 (77-97) 87 (76-93)
S 9 28 S 5 32

S, susceptible; R, resistant; Agar prop., agar proportion method; NA, not applicable; PAS, para-aminosalicylic acid.

* The number of sensitive isolates based on agar proportion and MYCOTB (MIC-based DST) assays was too low (<10 isolates) to allow for reliable estimation of
agreement, sensitivity and specificity.

® DST results were available for all 60 isolates, except that results for ethambutol, kanamycin and moxifloxacin using agar proportion were only available for 57, 59 and

58 isolates respectively.

https://doi.org/10.1371/journal.pone.0244829.t001

MIC values below the CC. Isolates with rpoB Ser450Leu and Asp435Phe exhibited RIF resis-
tance but were RFB-susceptible according to the MIC test.

Mutations in rpoB Asp435Phe/Tyr/Val had MIC values for RFB significantly lower than
isolates with rpoB Ser450Leu (0.12-1 pg/ml vs. 0.25-16 pg/ml, p = 0.002) (Fig 2). One hetero-
resistant isolate (79% of reads support rpoB Ser450Leu) had MIC of RIF lower than other iso-
lates but had a MIC value below the CC of RFB (Fig 3 and S2 Table). An isolate with 64% reads
of Ser441Leu was susceptible to RIF, whereas another isolate with the same mutation (in 96%
of reads) was resistant to RIF (Fig 3). However, these two isolates were both susceptible to
RFB.

Isoniazid (INH) and ethionamide (ETO). The most frequent mutation for INH resis-
tance was katG Ser315Thr (n = 43, 72%) (Fig 1 and S2 Table). Most isolates with known INH
mutations exhibited a MIC values above the CC, except for those harboring inhA promoter
nutation alone. Two isolates without known INH resistance had MICs higher than the CC.
Isolates with the -15 ¢/t inhA promoter mutation had MIC values for INH significantly lower
than isolates with katG Ser315Thr (0.12-1 pug/ml vs. 1->4 pg/ml, p < 0.001) (Fig 2). In addi-
tion, one INH-resistant isolate with 81% read frequency of the katG Ser315Thr mutation
had an MIC value (1 pg/ml) lower than those with 99-100% reads of this mutation (range = 1-
2 ug/ml) (Fig 3).

Most (23/29, 79%) isolates with known resistance mutations for ETO (ethA and inhA pro-
moter) had MIC values lower than the CC (Fig 1 and S2 Table). Six isolates (21%) with known
ETO-resistance mutations had MIC values above the CC and five of them had resistant DST
results for both the agar proportion and the MIC tests.

Ethambutol (EMB) and streptomycin (STR). Half of the isolates with EMB-resistance
mutations (19 in embB and 2 in embA) had MIC values below the CC (Fig 1 and S2 Table).
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https://doi.org/10.1371/journal.pone.0244829.9001

The agreement between WGS-based DST and MIC was increased from 65% to 85% when the
CC was adjusted from 4 pg/ml to 2 pg/ml. The isolates with embB Gly406 Asp had significantly
lower MIC values for EMB compared to those with embB Met306lle (2-4 pug/ml vs. 2-16 pg/
ml, p =0.031) (Fig 2). In addition, one isolate with 73% heteroresistance of embB Met306lle
exhibited an EMB-resistant phenotype with 16 pug/ml of MIC (Fig 3).

For STR, isolates with most common mutations (rpsL Lys43Arg and Lys88Arg) had MIC
values above the CC (Fig 1 and S2 Table). However, half of the isolates with gid mutations had
MIC values for STR lower than the CC. The isolates with gid Gly73Ala had MIC values for
STR significantly lower than isolates with rpsL Lys43Arg (1-8 ug/ml vs. >32 pug/ml, p < 0.001)
(Fig 2). One isolate with gid Gly73Ala (100% reads) and 35% heteroresistance of rpsL Lys88Arg
was resistant to EMB (Fig 3).
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Kanamycin (KAN) and amikacin (AMK). For KAN and AMK, all isolates (n = 19 and 17 for
KAN and AMK, respectively) with known mutations had MIC values above the CC (Fig 1 and
S2 Table). One isolate without known mutations for any of the SLIDs carried 85% reads of rrs
A1401G (identified by in-house analysis) and this isolate was phenotypically resistant to both
KAN and AMK (Figs 1, 3 and S2 Table). In contrast, another isolate carrying 12% reads of rrs
A1401G had MIC values (1.2 pg/ml and 1 pg/ml for KAN and AMK, respectively) lower than
other phenotypically KAN- and AMK-resistant isolates with high read frequencies for this
mutation (KAN: 85-100% reads with MIC >40 pg/ml; AMK: 85-100% reads with MIC 8-
>16 pg/ml) (Fig 3).

Fluoroquinolones. All isolates with known gryA mutations were resistant to OFX but not
MXE. Six isolates with gyrA Ala90Val had MIC values around the CC of MXF (Fig 1) that were
significantly lower than isolates with gyrA Asp94Gly (1-4 pg/ml vs. 2-4 pg/ml, p = 0.007) (Fig
2). Discrepancy between WGS-based DST and MIC values for MXF was diminished when the
CC was adjusted from 1 pg/ml to 0.5 pg/ml (Fig 1). One isolate which was genotypically wild-
type (according to web-based tools) but carrying heteroresistance detected by in-house analy-
sis (78% and 22% reads of gryA Asp94Gly and Asp94Asn, respectively) was resistant to both
OFX and MXF (Figs 1 and 3). In addition, genotypic heteroresistance found in gryA mutations
(Asp94Gly, Ala90Val and Asp94Asn) increased MIC values above the CC for OFX (Fig 3). In
contrast, one isolate with 25% heteroresistance and five resistant isolates with 100% reads har-
boring gryA Ala90Val had MIC values at the borderline of the CC for MXF.

Para-aminosalicylic acid (PAS). Most of the isolates with known mutations conferring
PAS resistance, especially folC, had MIC values higher than the CC (Fig 1 and S2 Table). How-
ever, five isolates without known resistance mutations were resistant to PAS.

Discussion

We compared the DST patterns of M/XDR-TB isolates from Thailand using different DST
methods including agar proportion tests, MYCOTB (MIC tests) and WGS analysis. Low levels
of agreement among these methods were noted for some drugs, especially EMB and ETO. For
EMB the agreement between WGS and MYCOTB was low (65%). Possibly the CC (4 pg/ml)
used for EMB is too high [24]. When we reduced the CC of EMB to 2 pg/ml, the agreement
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Fig 3. Comparison between heteroresistance (inferred from read frequencies of relevant SNPs) and MIC levels of Mtb. Comparisons between heteroresistance
(inferred from read frequencies of relevant SNPs) and MIC levels for each anti-TB drug. The dashed line indicates the critical concentrations used for MYCOTB. Only
anti-TB drugs against which heteroresistance was inferred based on read frequencies are shown. The size of each circle is proportional to the number of isolates.

https://doi.org/10.1371/journal.pone.0244829.9003

between MYCOTB vs. WGS was greatly improved (85%). Adjustment of some CCs for MIC-
based DSTs might be helpful to improve the agreement between MIC-based DST's and other
methods. For ETO, there was also poor agreement between MYCOTB and WGS methods
(62%), but high agreement (87%) between agar proportion and WGS methods. Such discrep-
ancies might be due to an inappropriate CC value for ETO and/or known resistance mutations
in ethA and the inhA promoter might not be associated with ETO resistance in our cohort [25,
26]. Besides an inappropriate CC value and the potential effect of previously unknown muta-
tions or overweighted mutations, the discrepancies between DST methods might also be
caused by undetected laboratory error. Taken together, these results identify drugs for which
sensitivity tests might be particularly difficult to interpret and the properties of particular DST
methods that might contribute to this difficulty.

Although we used CC values close to those recommended by the WHO, genotypically resis-
tant and genotypically susceptible Mtb isolates were found with MIC values either side of the
CC for many drugs including EMB, ETO and RFB. For example, this applied to isolates with
embB mutations using the CC value (4 pg/ml) suggested in the test kit instructions. When the
WHO-recommended CC value (5 pg/ml) was applied, discordance between genotypic and

PLOS ONE | https://doi.org/10.1371/journal.pone.0244829 December 31, 2020

8/14


https://doi.org/10.1371/journal.pone.0244829.g003
https://doi.org/10.1371/journal.pone.0244829

PLOS ONE WGS-based drug susceptibility test and minimum inhibitory concentrations of M. tuberculosis causing M/XDR-TB

phenotypic tests was even greater for EMB. Similarly, the agreement of EMB between pheno-
typic and genotypic DST was low [24]. For ETO, we found isolates that had resistance-confer-
ring mutations in the ethA gene and the inhA promotor but had MIC values lower than the
CC (5 pg/ml). Mutations in the inhA promotor confer only low resistance levels against INH
[27], and likely also against ETO. For RFB, many isolates with rpoB mutations had MIC values
both higher and lower than the CC. Although RIF and RFB belong to the same family of anti-
TB drugs, the MIC distributions relative to CCs of isolates harboring known rpoB mutations
were not the same for both drugs. No wild-type isolates had an MIC above the CC (1 pug/ml)
for RIF and few isolates with rpoB mutations fell below the CC. However, in the case of RFB, a
greater proportion of isolates harboring rpoB mutations had MIC values lower than the CC
(0.5 pug/ml as recommended by the kit instructions). Possibly, mutations (especially rpoB
Asp435Val) assumed to confer resistance to RIF might not be highly correlated with RFB resis-
tance, as found previously by others [26, 28, 29]. Furthermore, we found that isolates carrying
rpoB Asp435Val alone had significantly lower MIC values for RFB than did isolates carrying
rpoB Ser450Leu. Similarly, a previous study reported that rpoB Asp435Val alone had lower
ICs, values for RIF and RFB than did isolates with rpoB Ser450Leu [29]. For STR, eight isolates
with gid mutations had MIC values between 0.5 and 8 pug/ml, thus falling on and either side of
the CC (2 pg/ml). The gid mutations have been determined as moderate-confidence mutations
for STR resistance [30]. Possibly, mutations in gid confer low resistance levels. In the case of
AMK and KAN, most isolates lacking specific mutations had MIC values below the CC,
whereas MICs for isolates with resistance-conferring mutations fell above the CC. In addition,
one isolate with no known mutations for SLIDs (tested by both in silico tools) exhibited hetero-
resistance of rrs A1401G (identified by in-house analysis) had MIC values for KAN and AMK
above the CC. Conversely, many genotypic wild-type isolates with MIC values higher than
CCs were found for several drugs, especially PAS. There are several explanations for this spec-
trum of results. First, not all mutations confer the same resistance level. The WHO suggested
that some mutations confer low, some moderate and some high resistance-levels [5]. Isolates
harboring low resistance-level mutations might have MIC values close to the CC. Second,
mutation databases are incomplete, especially for the second-line drugs, which might explain
why isolates without known resistance-conferring mutations had MIC values higher than the
CC. In addition, other drug-resistance mechanisms such as epigenetic mechanisms cannot be
identified by genetic analysis [31]. The efflux pump [32] mechanism might fall into this cate-
gory. Furthermore, we noted that available in silico tools were unable to detect certain hetero-
resistance in rrs and gryA and gave a false genotypically susceptible result compared to our in-
house analysis pipeline for particular drugs. The improvement of the drug-resistance mutation
databases, web-based analysis tools and/or use of deep-sequencing techniques [33] might
enhance the sensitivity for identification of heteroresistance. Readjustment of CCs for prob-
lematic drugs such as EMB [34] and MXF [24, 26], might also help to overcome these
problems.

There are previous reports of mutations in genes associated with low MIC levels for INH
(inhA promoter: -15 ¢/t promoter [27]), EMB (embB: Gly406Asp and Met306lle [35]), STR
(gidB [36]), MXF (gryA: Asp94Ala [37]), and RFB (rpoB: Asp435Val and Asp435Tyr [26, 28,
29]). However, few of these studies had adequate sample sizes [27, 37]. We used multiple M/
XDR-TB isolates to test for an association between MIC levels and mutations and found a sig-
nificant association of the inhA promoter -15 c/t, embB Gly406Asp, gid mutations, gryA Ala90-
Val and rpoB Asp435Phe/Tyr/Val with low MIC levels spanning the CCs for INH, EMB, STR,
MXF and RFB, respectively. However, the low number of resistance-conferring alleles found
in our M/XDR-TB isolates limited our ability to investigate other drugs. The WHO database
of mutations associated with resistance [5] is still limited in both number of isolates for each
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mutation and number of drugs. Our findings support the WHO database for known mutations
associated with low-level resistance (INH resistance: -15 ¢/t inhA promoter and MXF resis-
tance: gryA Ala90Val). In addition, our results suggest additional mutations associated with
low vs. high resistance levels for EMB (embB Gly406Asp vs. embB Met306lle), STR (gid
Gly73Ala vs. rpsL Lys43Arg) and RFB (rpoB Asp435Phe/Tyr/Val vs. rpoB Ser450Leu). Further
studies using a larger number of drug-resistant isolates will provide more insights into the
association between particular mutations and MIC values.

Heteroresistance occurs when subpopulations within an isolate vary in their degree of resis-
tance. Heteroresistance commonly arises during intermittent exposure to subtherapeutic drug
levels, leading eventually to the generation of fully resistant populations [9]. Better understand-
ing of the relationship between heteroresistance and MIC level should improve the effective
treatment of TB [38], but has been the subject of few previous studies [10, 11]. In-vitro pheno-
typic experiments have demonstrated that low frequencies of Mtb cells harboring rpoB muta-
tions within an isolate are associated with decreased MIC levels for RIF [10]. Only one study
has reported a possible association between genotypic heteroresistance (based on WGS data)
and MXF phenotypic heteroresistance [11]. In our study, we attempted to analyze the associa-
tion between genotypic heteroresistance based on the proportion of WGS mapped reads of
resistance-conferring SNPs and MIC levels for nine drugs. Only RIF, KAN and AMK seemed
to show a positive association between read frequencies of relevant mutations and MIC levels.
However, the number of genotypically heteroresistant isolates available in our study was also
too low for statistical analysis. Overall, our data do indicate a relationship between frequency
of resistance-conferring alleles and MIC values in heteroresistant isolates of Mtb. This further
suggests the considerable applicability of WGS to characterize drug-resistant TB. However,
these findings are preliminary, indicating the need for further study with higher sample sizes
and systematic analysis.

We found that the WGS method was in good agreement with the MYCOTB system and,
for most drugs, in good agreement with the agar proportion test. Although the agar proportion
method is still the “gold standard” DST for new drugs for which resistance-conferring muta-
tions are not represented in databases, this method is extremely laborious and time consuming
[39]. Similarly, although MIC-based tests can quantify resistance levels, the effort and time
required remain obstacles to routine use [39]. The WGS method can shorten the turnaround
time, especially when analyzed directly from the samples, and also provides the clustering
information needed for epidemiological management [40]. The WGS method provides high-
resolution information regarding drug susceptibility and level of resistance. However, a com-
plete database of relevant mutations for each drug and the association of each mutation with
resistance level is needed. Our study has contributed part of this information and reinforces
the applicability of the WGS method for DST.

Other limitations of our study should be noted. We included a collection of drug-resistant
isolates from TB patients in Thailand, including MDR-TB, Pre-XDR-TB and XDR-TB cases.
We used these to highlight the effect of drug resistance-conferring mutations on quantitative
DSTs for both first-line and second-line anti-TB drugs, except for PZA. PZA is difficult to to
use in an agar-based DST because it requires acidity of the culture medium for drug activity
[41] and this drug was not included in the MYCOTB MIC plate. Hence, we could not deter-
mine the interrelation between phenotypic DST of this drug and likely PZA resistance-confer-
ring mutations which were identified in 26 (43%) isolates. A phylogenetic tree based on whole-
genome variants was inferred to ensure that potentially clonal strains did not affect the associa-
tion analysis. Although there were two small clusters (each including two isolates) of geneti-
cally identical Mtb isolates among our samples, only one pair of isolates shared the same drug
resistance pattern. Hence, the association results were not confounded by the presence of
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clonal strains. The diversity of resistance-conferring mutations is generally lower in MDR-TB
isolates than in mono- or poly-resistant isolates [42, 43]. Most of our isolates were MDR-TB,
Pre-XDR-TB and XDR-TB, which could affect the mutation frequencies and sensitivity com-
parison between DST methods. The database from TB-Profiler includes some mutations for
which there is only a low level of confidence, based on current knowledge, that they are actu-
ally associated with resistance. Examples of these are ethyA associated with ethionamide resis-
tance and eis promoter -8 c/a associated with kanamycin resistance). Low-confidence
mutations might affect the ability of the WGS method to detect DR and heteroresistance.

Conclusions

We compared the agreement between phenotypic (agar proportion method and MIC tests
using MYCOTB) and genotypic DST's (WGS) and highlighted problematic drugs, especially
ethambutol and ethionamide, that can yield different results according to the DST method
used. Additional information was provided regarding mutations associated with low vs. high
resistance levels against INH (-15 ¢/t inhA promoter vs. katG Ser315Thr), EMB (embB
Gly406Asp vs. embB Met306lle), STR (gid Gly73Ala vs. rpsL Lys43Arg), MXF (gyrA Ala90Val
vs. gyrA Asp94Gly) and RFB (rpoB Asp435Phe/Tyr/Val vs. rpoB Ser450Leu), but further evalu-
ation with a larger sample size is required. A possible association between genotypic heterore-
sistance and MIC level was also suggested. These results emphasize the high applicability of
WGS for TB diagnosis including determination of drug resistance, mutated allele association
with MIC and heteroresistance associated with MIC.
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