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Using Mycobacterium tuberculosis Single-Nucleotide
Polymorphisms To Predict Fluoroquinolone Treatment
Response

Marva Seifert,a Edmund Capparelli,b Donald G. Catanzaro,c Timothy C. Rodwella

aDepartment of Medicine, University of California San Diego, La Jolla, California, USA
bDepartment of Pediatrics, University of California San Diego, La Jolla, California, USA
cDepartment of Biological Sciences, University of Arkansas, Fayetteville, Arkansas, USA

ABSTRACT Clinical phenotypic fluoroquinolone susceptibility testing of Mycobacte-
rium tuberculosis is currently based on M. tuberculosis growth at a single critical con-
centration, which provides limited information for a nuanced clinical response. We
propose using specific resistance-conferring M. tuberculosis mutations in gyrA to-
gether with population pharmacokinetic and pharmacodynamic modeling as a novel
tool to better inform fluoroquinolone treatment decisions. We sequenced the gyrA
resistance-determining region of 138 clinical M. tuberculosis isolates collected from
India, Moldova, Philippines, and South Africa and then determined each strain’s MIC
against ofloxacin, moxifloxacin, levofloxacin, and gatifloxacin. Strains with specific
gyrA single-nucleotide polymorphisms (SNPs) were grouped into high or low drug-
specific resistance categories based on their empirically measured MICs. Published
population pharmacokinetic models were then used to explore the pharmacokinetics
and pharmacodynamics of each fluoroquinolone relative to the empirical MIC distri-
bution for each resistance category to make predictions about the likelihood of pa-
tients achieving defined therapeutic targets. In patients infected with M. tuberculosis
isolates containing SNPs associated with a fluoroquinolone-specific low-level increase
in MIC, models suggest increased fluoroquinolone dosing improved the probability
of achieving therapeutic targets for gatifloxacin and moxifloxacin but not for levo-
floxacin and ofloxacin. In contrast, among patients with isolates harboring SNPs as-
sociated with a high-level increase in MIC, increased dosing of levofloxacin, moxi-
floxacin, gatifloxacin, or ofloxacin did not meaningfully improve the probability of
therapeutic target attainment. We demonstrated that quantifiable fluoroquinolone
drug resistance phenotypes could be predicted from rapidly detectable gyrA SNPs
and used to support dosing decisions based on the likelihood of patients reaching
therapeutic targets. Our findings provide further supporting evidence for the moxi-
floxacin clinical breakpoint recently established by the World Health Organization.

KEYWORDS fluoroquinolone, pharmacodynamics, pharmacokinetics, treatment,
tuberculosis

Prior to the advent of antimicrobials, the 10-year case fatality rate (CFR) for individ-
uals with smear-positive tuberculosis (TB) was estimated to be 70% (1). In contrast,

the current CFR for all TB cases reported to the World Health Organization (WHO) for
2017 was only 16% (2). This reduction in mortality is impressive; however, universal
treatment success remains elusive and is particularly dismal among individuals who
harbor drug-resistant Mycobacterium tuberculosis. According to the WHO, among indi-
viduals with multidrug-resistant TB (MDR-TB), the treatment success rate is currently
55% (2016 cohort), and among those with extensively drug-resistant TB (XDR-TB), the

Citation Seifert M, Capparelli E, Catanzaro DG,
Rodwell TC. 2019. Using Mycobacterium
tuberculosis single-nucleotide polymorphisms
to predict fluoroquinolone treatment response.
Antimicrob Agents Chemother 63:e00076-19.
https://doi.org/10.1128/AAC.00076-19.

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Marva Seifert,
mseifert@ucsd.edu, or Timothy C. Rodwell,
trodwell@ucsd.edu.

Received 11 January 2019
Returned for modification 2 March 2019
Accepted 3 May 2019

Accepted manuscript posted online 13 May
2019
Published

PHARMACOLOGY

crossm

July 2019 Volume 63 Issue 7 e00076-19 aac.asm.org 1Antimicrobial Agents and Chemotherapy

24 June 2019

https://orcid.org/0000-0002-7554-6396
https://orcid.org/0000-0003-1760-0574
https://doi.org/10.1128/AAC.00076-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:mseifert@ucsd.edu
mailto:trodwell@ucsd.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00076-19&domain=pdf&date_stamp=2019-5-13
https://aac.asm.org


treatment success rate is only 34% (2015 cohort) (2). If M/XDR-TB treatment success
rates are to be significantly improved, a more individualized approach to treatment is
needed. We propose that available molecular diagnostics combined with simple prob-
abilistic pharmacokinetic and pharmacodynamic (PKPD) modeling would provide an
additional tool for clinicians that could rapidly determine optimal treatment and dosing
regimens that better align with the infecting pathogen’s unique resistance profile and
ultimately result in better treatment outcomes (3).

Currently, if a patient is considered at risk for drug resistance or does not respond
to standard treatment as anticipated, drug susceptibility testing (DST) is used as a guide
to help physicians design an appropriate TB treatment regimen. Both phenotypic and
genotypic DST are used to classify clinical M. tuberculosis strains as either “resistant” or
“susceptible” to specific drugs which are then included or excluded from a treatment
plan. Routine phenotypic DST has historically been based on M. tuberculosis resistance
in vitro at a single WHO-recommended “critical concentration” of drug (4). Genotypic
DST, on the other hand, classifies resistance based on the detection of single-nucleotide
polymorphisms (SNPs) documented to confer phenotypic resistance at the critical
concentration. However, both these overly simplistic dichotomous classifications can
potentially limit treatment options and exclude the use of critical drugs that might still
be effective against strains considered resistant (4–6).

The MIC of a drug required to achieve antimycobacterial activity provides a more
nuanced approach to resistance classification and can resolve some phenotypic/
genotypic DST discordance for isolates with MICs that near the critical concentration.
However, phenotypic characterization of each patient’s M. tuberculosis MICs for multiple
drugs is resource intensive and unrealistic in low-resource settings given the biosafety
hazards and required specialized laboratory skills. Additionally, the slow growth of M.
tuberculosis adds weeks to the diagnostic process. We propose that single, rapidly
detected resistance-conferring SNPs can be used as clinically reliable proxies for
phenotypic MIC. The uptake and recent proliferation of molecular-based DSTs would
allow for sufficiently accurate approximations of MICs without significant changes in
current diagnostic practices or laboratory workflows (7).

Optimized dosing that results in serum concentrations that maximize the probability
of successfully killing or sterilizing M. tuberculosis in individual patients, while minimiz-
ing potential drug toxicity effects, is based both on individual patient pharmacokinetic
parameters and drug-specific MICs (3, 8). However, as with phenotypic MIC estimation,
empirical measurements of patient-specific drug levels are invasive, technically chal-
lenging, and costly (9, 10). Probabilistic pharmacokinetic and pharmacodynamic (PKPD)
modeling uses population PKPD parameters to describe the relationship between dose
and probable serum drug concentration over time (0 to 24 h) or area under the
concentration curve (AUC), providing an alternative method to estimate likely AUC/MIC
ratios.

The goal of this study was 2-fold. First, using a small clinical M. tuberculosis isolate
set, we demonstrated that resistance-conferring mutations for gyrA SNPs can contribute
to a more nuanced understanding of resistance for gatifloxacin (GFX), levofloxacin
(LFX), moxifloxacin (MFX), and ofloxacin (OFX). Second, using gyrA SNPs as proxies for
either a low- or high-level increase in fluoroquinolone-specific MIC above the critical
concentration, we used probabilistic population PKPD modeling to estimate what
proportion of a patient population would achieve therapeutic AUC/MIC targets based
on the likely fluoroquinolone-specific MICs of M. tuberculosis strains with specific gyrA
SNPs. Given the increasing availability of molecular-based DSTs, we are proposing that
individual SNPs detected by molecular-based tests be used as predictors of MIC
or “level of resistance” and that treatment response be predicted based on identified
gyrA SNPs.

RESULTS
SNP classification. One-hundred thirty-eight isolates were selected from the UCSD

archive and successfully revived from frozen MicroBank beads. Isolate cultures were
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then used to inoculate MGIT tubes at approximate serial dilutions for GFX, LFX, MFX,
and OFX (Table 1). MIC results for each isolate were aggregated by SNP. MIC distribu-
tions varied between fluoroquinolones. GFX and MFX MICs were consistently lower
than that for LFX. OFX MICs were greater than the highest dilution tested for a majority
of the isolates.

Isolates with specific gyrA SNPs were grouped by their MIC mode into high-level and
low-level MIC categories (Table 2). Overall, SNP categorizations were similar between all
fluoroquinolones with a few exceptions. In our isolate set, SNP A90V(GTG) was consis-
tently categorized as a low-level increase MIC mutation across all fluoroquinolones
tested, and SNPs G88C(TGC), D94N(AAC), and D94G(GGC) were consistently categorized
as high-level increase MIC mutations. Specific MICs (on a dilution scale) were graphed
by classification categories in Fig. 1. Kruskal-Wallis and Dunn’s tests indicated that there
was a statistically significant difference (P � 0.001) in MIC distributions between

TABLE 1 Frequencies of GFX, LFX, MFX, and OFX MGIT MICs by SNP among 138 M. tuberculosis isolatesa

SNP

No. of isolates with drug MIC (mg/liter) of:
Total no. of
isolates0.0625 0.125 0.1875 0.25 0.375 0.5 0.75 1 1.5 2 2.5 3 3.5 4 4.5 5 10 15

GFX
WT 12 7 1 20
G88C(TGC) 2 3 5
A90V(GTG) 13 5 2 20
S91P(CCG) 4 8 12
D94N(AAC) 19 1b 20
D94H(CAC) 7 7
D94A(GCC) 5 9 5 1 20
D94G(GGC) 21 21
D94Y(TAC) 1 11 1 13

LFX
WT 5 13 1 1 20
G88C(TGC) 4 1 5
A90V(GTG) 9 7 3 1 20
S91P(CCG) 3 8 1 12
D94N(AAC) 10 5 4 1 20
D94H(CAC) 1 3 2 1 7
D94A(GCC) 6 8 3 3 20
D94G(GGC) 13 5 3 21
D94Y(TAC) 7 4 2 13

MFX
WT 4 12 4 20
G88C(TGC) 1 1 3c 5
A90V(GTG) 1 8 10 1 20
S91P(CCG) 9 2 1 12
D94N(AAC) 1 4 5 7 3c 20
D94H(CAC) 1 5 1 7
D94A(GCC) 5 11 3 1 20
D94G(GGC) 2 4 9 3 3 21
D94Y(TAC) 7 1 3 1 1c 13

OFX
WT 8 10 2 20
G88C(TGC) 5d 5
A90V(GTG) 2 4 4 1 2 7d 20
S91P(CCG) 3 5 1 1 2d 12
D94N(AAC) 20d 20
D94H(CAC) 7d 7
D94A(GCC) 3 3 1 2 2 9d 20
D94G(GGC) 21d 21
D94Y(TAC) 13d 13

aShaded columns indicate MICs tested.
bMIC of �10 mg/liter.
cMIC of �3 mg/liter.
dMIC of �5 mg/liter.
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wild-type isolates, isolates harboring SNPs categorized as low-level MICs, and isolates
harboring SNPs categorized as high-level MICs for all fluoroquinolones. A majority of
OFX resistance-conferring SNPs had MICs greater than the highest dilution measured
and were categorized using the highest dilution tested.

PKPD modeling. Monte Carlo simulations were used to investigate the probability
of AUC/MIC target attainment for each fluoroquinolone using the distribution of
empirically derived MICs from the study isolates for each MIC category. Population
PKPD models were used to assess the probability of therapeutic target attainment for
each fluoroquinolone by MIC category and were plotted for each drug dose.

Among patients with low-level increase GFX MIC mutations, dosing of 400 mg/day
of GFX resulted in only 4% of the theoretical patient population achieving a target
AUC/MIC of 184; in contrast, increased dosing of 800 and 1,200 mg/day of GFX resulted
in 40% and 60% of patients, respectively, achieving the target AUC/MIC (Fig. 2a).
Among patients with high-level increase GFX MIC mutations, the highest dosing
modeled (1,200 mg/day) resulted in only 3% of the patient population achieving
therapeutic targets. Among patients with wild-type M. tuberculosis, dosing of 400, 800,
and 1,200 mg/day of GFX resulted in 89%, 99%, and 100% of the patient population,
respectively, achieving the target AUC/MIC of 184.

TABLE 2 Fluoroquinolones by MIC category, SNP, corresponding amino acid, and
MTBDRsl probe

Fluoroquinolone
MIC (mg/liter)
[mode (median)] SNP AAa

Corresponding Hain
LPA probe

Gatifloxacin 0.0625 (0.0625) Wild type
Low-level MIC 0.25 (0.5) 90GTG A90V (Val) gyrAMUT1

94GCC D94A (Ala) gyrAMUT3A
High-level MIC 1.5 (1.5) 88TGC G88C (Cys)

91CCG S91P (Pro) gyrAMUT2
94TAC D94Y (Tyr) gyrAMUT3B
94AAC D94N (Asn) gyrAMUT3B
94GGC D94G (Gly) gyrAMUT3C
94CAC D94H (His) gyrAMUT3D

Levofloxacin 0.375 (0.375) Wild type
Low-level MIC 2.5 (2.5) 90GTG A90V (Val) gyrAMUT1

91CCG S91P (Pro) gyrAMUT2
94GCC D94A (Ala) gyrAMUT3A

High-level MIC 3.5 (3.5) 88TGC G88C (Cys)
94AAC D94N (Asn) gyrAMUT3B
94TAC D94Y (Tyr) gyrAMUT3B
94GGC D94G (Gly) gyrAMUT3C
94CAC D94H (His) gyrAMUT3D

Moxifloxacin 0.125 (0.125) Wild type
Low-level MIC 0.5 (0.5) 91CCG S91P (Pro) gyrAMUT2

94TAC D94Y (Tyr) gyrAMUT3B
High-level MIC 1.0 (1.0) 88TGC G88C (Cys)

90GTG A90V (Val) gyrAMUT1
94GCC D94A (Ala) gyrAMUT3A
94AAC D94N (Asn) gyrAMUT3B
94GGC D94G (Gly) gyrAMUT3C
94CAC D94H (His) gyrAMUT3D

Ofloxacin 1.0 (1.0) Wild type
Low-level MIC 3.0 (3.0) 91CCG S91P (Pro) gyrAMUT2
High-level MIC 5.0 (5.0) 88TGC G88C (Cys)

90GTG A90V (Val) gyrAMUT1
94GCC D94A (Ala) gyrAMUT3A
94TAC D94Y (Tyr) gyrAMUT3B
94AAC D94N (Asn) gyrAMUT3B
94GGC D94G (Gly) gyrAMUT3C
94CAC D94H (His) gyrAMUT3D

aAA, amino acid.
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MFX treatment of 400 mg/day among patients with low-level increase MFX MIC
mutations resulted in 5% of the patient population achieving a target AUC/MIC of 106.
Increased MFX dosing to 800 mg/day increased the proportion of the patient popula-
tion attaining the target AUC/MIC to 44%. Among patients with high-level increase MFX
MIC mutations, increased dosing resulted in only 5% of the population achieving the
target AUC/MIC. Models indicated that 98% of patients with wild-type M. tuberculosis
would achieve AUC/MIC targets with standard 400-mg/day dosing and 100% would
achieve targets with 800-mg/day dosing (Fig. 2b).

Among patients with low-level increase LFX MIC mutations, increased dosing of LFX
from 750 mg/day to 1,250 mg/day only increased the proportion of the patient popu-
lation likely to achieve a target AUC/MIC of 146 from 4% to 14%. Our models indicated
that among patients with high-level LFX MIC mutations, only 2% would achieve a target
AUC/MIC of 146 at 750 mg/day in comparison to less than 1% with standard dosing.
Among patients with wild-type M. tuberculosis, model estimates demonstrated that
82% of the patient population would achieve therapeutic targets with standard 750-
mg/day dosing, while increased dosing of LFX to 1,250 mg/day would result in 93% of
the patient population achieving therapeutic targets (Fig. 2c).

Among patients with either low-level or high-level OFX MIC mutations, OFX dosing
of 600 or 800 mg/day resulted in 0% of patients achieving a target AUC/MIC of 100.
Even among patients with wild-type M. tuberculosis, dosing of 600 and 800 mg/day
resulted in only 40% and 60% of patients, respectively, achieving therapeutic targets
(Fig. 2d).

DISCUSSION

We demonstrated that SNPs in the gyrA gene of M. tuberculosis can be used to
rapidly predict approximate and statistically differentiable MICs to specific fluoroquino-
lones, allowing for the potentially clinically relevant categorization of M. tuberculosis

FIG 1 Bar graphs of MICs for wild-type, low-level MIC, and high-level MIC categories by fluoroquinolone. (a) LFX; (b) MFX; (c) GFX; (d) OFX.
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strains based on gyrA SNPs. This MIC categorization, together with PKPD simulations,
can be used to predict the probability a patient will achieve therapeutic targets for
individual fluoroquinolones.

SNPs predict level of resistance. Previous investigators have aggregated the
distributions of wild-type M. tuberculosis fluoroquinolone MICs; however, only with the
recent release of the WHO technical report on critical concentrations for drug suscep-
tibility testing of medicines used in the treatment of drug-resistant tuberculosis have
the MICs associated with individual resistance-associated gyrA SNPs been exhaustively
aggregated (4, 11, 12). We used our limited isolate set to demonstrate the proof of
principal that specific SNPs can be used to predict statistically distinct high- or low-level
increase fluoroquinolone-specific MIC categories. Additionally, differences in our SNP
categorization between fluoroquinolones illustrate the complexity of fluoroquinolone
resistance and the importance of individual fluoroquinolone resistance determination
given the incomplete cross-resistance between fluoroquinolones used for TB treatment
(13).

Our categorization of SNPs for individual fluoroquinolones was relatively consistent
with previous studies, which classified D94N(AAC) and D94G(GGC) as SNPs associated
with a high-level increase in MFX MIC and D94Y(TAC) as a SNP associated with a
low-level increase in MFX MIC (14, 15). OFX MIC classifications were also consistent and
identified D94G(GGC), D94N(AAC), D94Y(TAC), and D94A(GCC) as high-level OFX MIC
SNPs (16). Some classification discrepancies were apparent for SNPs with MICs that
demonstrated midlevel resistance, but were likely due to differing classification cutoffs.

Population PKPD modeling. Our models demonstrated that among simulated
patients harboring M. tuberculosis isolates with SNPs associated with low-level increase
in GFX MIC, only 5% treated with 400 mg/day of GFX would achieve an AUC/MIC target
of 184. However, if dosing were increased to 800 or 1,200 mg/day, approximately 40%
or 60% of patients, respectively, would attain the therapeutic target, suggesting
increased GFX dosing may play a useful role in the treatment of M. tuberculosis strains
with gyrA SNPs associated with low-level increase in MIC. If assessing the AUC/MIC

FIG 2 Graphs of proportions of population achieving therapeutic target (AUC/MIC) by fluoroquinolone dose and SNP category. (a) GFX; (b) MFX;
(c) LFX; (d) OFX.
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target of 125, increased dosing to 800 or 1,200 mg/day would result in 59% or 73% of
the patient population, respectively, attaining the therapeutic target for GFX. Among
simulated patients with SNPs associated with low-level increase in MFX MIC, only 5%
would achieve a target AUC/MIC of 106 with standard dosing of 400 mg/day of MFX.
Increased MFX dosing to 800 mg/day would result in 44% of the patient population
attaining therapeutic targets, which suggests high-dose MFX may still be worth con-
sidering as part of a multiple drug regimen in patients with strains with SNPs associated
with low-level increase in MIC in settings where alternative options are limited. This
provides further supporting evidence for the moxifloxacin clinical breakpoint recently
established by the World Health Organization (4). In contrast, among patients harboring
low-level LFX or OFX MICs, increased dosing of either drug did not meaningfully
increase the proportion of patients likely to attain therapeutic targets, emphasizing the
limited value of older-generation fluoroquinolones in drug-resistant TB treatment.
Additionally, among patients with isolates harboring SNPs associated with high-level
fluoroquinolone resistance, increased dosing of GFX, LFX, MFX, or OFX did not increase
the probability of therapeutic target attainment, suggesting that fluoroquinolones have
a limited role to play in M. tuberculosis strains with these mutations.

Based on our OFX modeling, it appears that among patients harboring wild-type M.
tuberculosis, only 40% and 60% of would achieve the generic AUC/MIC therapeutic
target of 100 at 600 and 800 mg/day, respectively, providing a possible explanation of
poorer treatment results among patients with OFX-containing treatment regimens than
with MFX-containing regimens.

Our study results appear to confirm results from Gumbo et al, who demonstrated
that based on the variability in distribution and clearance of MFX in human subjects as
well as the variability of the MICs, the currently recommended dose of MFX of
400 mg/day is likely to suppress drug resistance in �60% of patients. Approximately
93% of patients would achieve this goal with 800 mg/day (17). Monte Carlo simulations
by Smythe et al. predicted that 90% of patients would achieve an AUC/MIC of �125
only when M. tuberculosis MIC was �0.125 mg/liter with a GFX dose of 800 mg/day (18).
This compares favorably to our results for wild-type M. tuberculosis (MIC mode of 0.0625
mg/liter), in which Monte Carlo simulations predict that 99% of patients harboring
wild-type M. tuberculosis would achieve an AUC/MIC target of 184.

Given the importance of fluoroquinolones in the recently published WHO guidelines
for all-oral regimens to treat MDR-TB, it is critical that we use these drugs effectively and
sustainably (19). In fact, ignoring these considerations may have contributed to the lack
of success observed in some of the most recent phase three trials of short-course
fluoroquinolone treatments (20, 21). While several new drugs have recently been added
to the anti-TB arsenal, their use is still limited, making stewardship and optimization of
current anti-TB drugs imperative if a return to the preantimicrobial era is to be avoided
(22).

Limitations. This study was based on limited set of isolates and only considered
mutations in the gyrA gene. Larger aggregated data sets and including mutations in the
gyrB gene would have likely provided a more finely calibrated distribution of MICs
based on specific SNPs; however, setting conclusive MIC distributions for each gyrA SNP
along with any synergistic effects of gyrB SNPs was beyond the scope of this study (6).

Lacking in the TB research literature are well-defined fluoroquinolone-specific
AUC/MIC index targets associated with clinical outcomes and long-term treatment
success. We included both generic fluoroquinolone AUC/MIC index targets and
fluoroquinolone-specific targets associated with either microbial kill or resistance sup-
pression. Additional trials are needed to confirm clinical relevance of fluoroquinolone-
specific AUC/MIC targets.

Conclusions. In conclusion, we demonstrated using a limited data set that SNPs in
the gyrA gene of M. tuberculosis can be used to rapidly predict statistically distinct
approximate MICs of individual fluoroquinolones, allowing for potentially clinically
relevant MIC categorization of M. tuberculosis strains. This MIC categorization, together
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with Monte Carlo simulations, can be used to predict the probability a patient will
achieve therapeutic targets for individual fluoroquinolones based on the presence of a
specific gyrA SNP. This novel approach to interpreting molecular-based DSTs could
potentially provide a template for evaluation of antituberculosis drugs in real time
using currently available tools and move closer toward a precision medicine approach
for treatment of drug-resistant TB.

MATERIALS AND METHODS
This study was determined by the University of California Human Subject Research Protections

Program to be exempt from review.
Specimen archive. M. tuberculosis isolates were selected from our laboratory archive containing

approximately 800 clinical M. tuberculosis specimens collected under diverse enrollment and specimen
selection criteria as previously described (23, 24). In brief, isolates include retrospectively collected
samples from TB hospital or research facility repositories in India, Moldova, Philippines, and South Africa.
To ensure genotypic diversity, strains from these repositories were selected to maximize the diversity of
local phenotypic resistance patterns, and only one isolate was selected per TB patient. Prospectively
acquired isolates were collected as part of a diagnostic evaluation cohort study conducted in India,
Moldova, and South Africa from 2012 and 2013. Specimens were collected from patients presenting with
presumed drug-resistant TB, and only one isolate from each patient was included to ensure clinical
independence of samples. All archive isolates were subjected to standard DST using the MGIT960
method (25). Isolates were sequenced at the gyrA gene from codon 88 to 94 using one or more of the
following methods: Pyrosequencing using a PyroMark Q96 ID system, Sanger sequencing, or PacBio
sequencing. A detailed description of sequencing methods was previously published (23, 26).

Isolate selection. Approximately 20 isolates were randomly selected from the archive specimen set
for MIC analysis for each of the following SNPs: G88C(TGC), A90V(GTG), S91P(CCG), D94G(GGC),
D94A(GCC), D94N(AAC), D94Y(TAC), and D94H(CAC) (27). If fewer than 20 isolates in the archive set
harbored a desired SNP, all isolates containing the desired mutation were selected for analysis. For
comparison, an additional 20 phenotypically OFX-susceptible isolates harboring no SNPs between gyrA
codon 88 and 94 were randomly selected from the archived isolates to represent wild-type strains and
were also subjected to MIC analysis. Of the 20 OFX-susceptible isolates, 15 were phenotypically
pan-susceptible for isoniazid, rifampin, capreomycin, kanamycin, and amikacin and 5 were resistant to
isoniazid and rifampin. M. tuberculosis H37Rv (ATCC 27294) was included as a control strain.

Isolate culturing and MIC analysis. Selected isolates were revived from frozen MicroBank beads
using the semiautomated Bactec MGIT960 (Becton, Dickinson, Sparks, MD). One frozen bead from a
Microbank bead cryovial was added to a 7-ml MGIT tube containing 800 �l MGIT supplement and
incubated in the MGIT960 until flagged positive by the instrument. OFX (O8757; Sigma), LFX (28266;
Sigma), and GFX (G7298; Sigma) were dissolved in 0.1 N NaOH and MFX (047903; Matrix Scientific) was
dissolved in UltraPure water (10977015; Invitrogen) to create concentrated stock solutions. Stock
solutions were filter sterilized using a 0.22-�m membrane microfilter (SLGS033SS; Millex) and diluted in
UltraPure water to create the desired working concentrations. A positive M. tuberculosis culture was
inoculated simultaneously in a growth control MGIT tube with multiple dilutions of GFX, MFX, LFX, and
OFX. Drug concentrations initially included five concentrations above and three dilutions below the
critical concentration for a total of nine dilutions; critical concentrations were 0.5, 0.25, 1.5, and 2.0
mg/liter for GFX, MFX, LFX, and OFX, respectively. If no growth was detected at the lowest concentration,
isolates were regrown at two additional dilutions. The MIC DST setups were monitored by the MGIT960
linked to the BD EpiCenter software equipped with the TB eXiST module for extended susceptibility
testing.

SNP classification. Isolates with specific gyrA SNPs were visually grouped by MIC mode and
categorized as low-level or high-level increase category MIC for each fluoroquinolone. Differences in MIC
distributions between MIC categories were assessed using the nonparametric Kruskal-Wallis test, and
pairwise differences between categories were assessed post hoc using the Dunn’s test. For context with
existing reference standard molecular diagnostics, we also identified corresponding probes from the
GenoType MTBDRsl assay (Hain Lifescience, Germany) to each of the SNPs assessed.

PKPD modeling. Using NONMEM version 7.3 (ICON, Dublin, Ireland), virtual PK parameters for 10,000
simulated subjects were linked (randomly) to the distribution of observed MICs for each MIC category.
AUCs were calculated using standard PK equations (AUC � bioavailability � dose/clearance) and based
on previously published PKPD models for GFX, LFX, MFX, and OFX (18, 20, 28, 29). The proportion of
subjects achieving optimal AUC/MIC thresholds was simulated using SAS 9.4 software (Cary, NC).

Optimal AUC/MIC thresholds were selected based on previously published targets associated with
clinical response or with in vitro resistance acquisition suppression, and if optimal TB AUC/MIC targets
were not well defined in the literature for M. tuberculosis, thresholds were selected based on generic
fluoroquinolone targets or specific targets associated with either microbial kill or resistance suppression
in various models. The AUC/MIC target ratio(s) for MFX was 106, for LFX was 100 and 146, for OFX was
100, and for GFX was 125 and 184 (17, 18, 30–32). Target achievement was assessed for each drug using
a combination of published standard dosing recommendations and investigational dosing for each drug
(33). We used dosing of 750 and 1,250 mg/day for LFX, 400 and 800 mg/day for MFX, 400, 800, and
1,200 mg/day for GFX, and 600 and 800 mg/day for OFX to assess the impact of increased dosing on
target achievement.
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