AMERICAN

Antimicrobial Agents
waasooer and Chemotherapy

1 CrossMark
& click for updates
-

Genomic Analysis of the Evolution of Fluoroquinolone Resistance in
Mycobacterium tuberculosis Prior to Tuberculosis Diagnosis

Danfeng Zhang,® James E. Gomez,? Jung-Yien Chien,>¥ Nathan Haseley,? Christopher A. Desjardins,® Ashlee M. Earl,?

Po-Ren Hsueh,®® Deborah T. Hung®f9:h

Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA% School of Biological Science and Biotechnology, Minnan Normal University, Zhangzhou, China®;
Graduate Institute of Clinical Medicine, National Taiwan University Medical College, Taipei, Taiwan<; Department of Internal Medicine, National Taiwan University Hospital,
National Taiwan University Medical College, Taipei, Taiwan®; Department of Laboratory Medicine, National Taiwan University Hospital, National Taiwan University Medical
College, Taipei, Taiwan®; Department of Molecular Biology, Massachusetts General Hospital, Boston, Massachusetts, USA'; Center for Computational and Integrative
Biology, Massachusetts General Hospital, Boston, Massachusetts, USA?; Department of Microbiology and Immunobiology, Harvard Medical School, Boston,
Massachusetts, USA"

Fluoroquinolones (FQs) are effective second-line drugs for treating antibiotic-resistant tuberculosis (TB) and are being consid-
ered for use as first-line agents. Because FQs are used to treat a range of infections, in a setting of undiagnosed TB, there is poten-
tial to select for drug-resistant Mycobacterium tuberculosis mutants during FQ-based treatment of other infections, including
pneumonia. Here we present a detailed characterization of ofloxacin-resistant M. tuberculosis samples isolated directly from
patients in Taiwan, which demonstrates that selection for FQ resistance can occur within patients who have not received FQs for
the treatment of TB. Several of these samples showed no mutations in gyrA or gyrB based on PCR-based molecular assays, but
genome-wide next-generation sequencing (NGS) revealed minority populations of gyrA and/or gyrB mutants. In other samples
with PCR-detectable gyrA mutations, NGS revealed subpopulations containing alternative resistance-associated genotypes. Iso-
lation of individual clones from these apparently heterogeneous samples confirmed the presence of the minority drug-resistant

variants suggested by the NGS data. Further NGS of these purified clones established evolutionary links between FQ-sensitive
and -resistant clones derived from the same patient, suggesting de novo emergence of FQ-resistant TB. Importantly, most of
these samples were isolated from patients without a history of FQ treatment for TB. Thus, selective pressure applied by FQ
monotherapy in the setting of undiagnosed TB infection appears to be able to drive the full or partial emergence of FQ-resistant
M. tuberculosis, which has the potential to confound diagnostic tests for antibiotic susceptibility and limit the effectiveness of

FQs in TB treatment.

he global emergence of drug-resistant tuberculosis (TB) has

compelled the development of novel drugs and treatment reg-
imens to combat this disease, which continues to kill an estimated
1.5 million people each year (1). The later-generation fluoro-
quinolones (FQs), particularly moxifloxacin, have shown a great
deal of promise in animal models (2) and are currently recom-
mended by the WHO as second-line drugs for the treatment of
drug-resistant TB (3); however, they are not currently licensed for
the treatment of drug-sensitive TB. Recently, three separate clin-
ical trials evaluated a potential role for FQs in shortening the du-
ration of therapy for drug-sensitive TB from the current 6 months
to 4 months, an important goal aimed at simplifying TB therapy
and reducing default rates, which contribute to the emergence of
drug resistance (4-6). While the tested FQ-containing regimens
showed superior rates of culture conversion, they were disap-
pointingly not noninferior based on the rates of relapse and treat-
ment failure (4-6). However, a phase 2b trial of a radically differ-
ent regimen containing moxifloxacin, PA-824, and pyrazinamide
recently reported bactericidal activity superior to that of standard
therapy in drug-susceptible tuberculosis during the first 8 weeks of
treatment (7). Thus, despite some setbacks, FQs continue to be
explored as potential first-line drugs for the treatment of TB.

Because of their broad spectrum of activity, FQs are used in the
treatment of a range of bacterial infections, including communi-
ty-acquired pneumonia (8). FQs can also be highly effective in
treating other conditions, such as urinary tract infections, skin
infections, and sexually transmitted diseases, though their efficacy
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may be diminishing due to increasing resistance (9). Since FQ
resistance can be fairly easily acquired through de novo mutation
acquisition in its targets (10), FQ monotherapy can apply selective
pressure that can lead to the emergence of resistant bacteria. Im-
portantly, because of the broad spectrum of activity of FQs, selec-
tive pressure extends beyond the targeted etiological agent of dis-
ease to include commensals, transient colonizers, and possibly
unrecognized coinfecting pathogens.

The broad-spectrum activity of fluoroquinolones is due to
their ability to inhibit DNA replication in a broad range of species
by targeting DNA gyrase and/or topoisomerase IV (10). In Myco-
bacterium tuberculosis, resistance to FQs is almost universally as-

Received 29 March 2016 Returned for modification 27 May 2016

Accepted 7 August 2016

Accepted manuscript posted online 29 August 2016

Citation Zhang D, Gomez JE, Chien J-Y, Haseley N, Desjardins CA, Earl AM, Hsueh
P-R, Hung DT. 2016. Genomic analysis of the evolution of fluoroquinolone
resistance in Mycobacterium tuberculosis prior to tuberculosis diagnosis.
Antimicrob Agents Chemother 60:6600-6608. doi:10.1128/AAC.00664-16.
Address correspondence to Deborah T. Hung, hung@molbio.mgh.harvard.edu.
D.Z.and JEG. contributed equally to this article. P.-R.H. and D.T.H. contributed
equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.00664-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

November 2016 Volume 60 Number 11


http://dx.doi.org/10.1128/AAC.00664-16
http://dx.doi.org/10.1128/AAC.00664-16
http://dx.doi.org/10.1128/AAC.00664-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.00664-16&domain=pdf&date_stamp=2016-8-29
http://aac.asm.org

sociated with mutations in either of the two DNA gyrase subunits
encoded by gyrA and gyrB (11, 12). Mutations in the quinolone
resistance-determining region (QRDR) of gyrA determine the vast
majority (>80%) of clinically relevant FQ resistance (12, 13); gyrB
mutations are often found in conjunction with gyrA mutations,
playing an additive role. Single mutations corresponding to cer-
tain residues of GyrA, especially the aspartate at position 94, are
sufficient to provide clinically relevant and diagnostically detect-
able levels of resistance. Other mutations within the QRDRs of
gyrA and gyrB are associated with smaller increases in MIC that
may not be detected using current culture-based assays (12).

Because of their role as second line-drugs, resistance to fluoro-
quinolones occurs most commonly in multidrug-resistant
(MDR) TB (defined as resistant to the first-line drugs isoniazid
[INH] and rifampin [RIF]). The WHO estimates that the propor-
tion of MDR TB cases with resistance to an FQ was 21% in 2015
(1). FQ resistance in drug-sensitive TB is less common, being es-
timated at approximately 1% (14). Heteroresistance, the coexis-
tence of sensitive and resistant organisms in the same patient, has
recently been shown to be surprisingly common in FQ-resistant
M. tuberculosis isolates (15); 38% of FQ-resistant isolates collected
in Tennessee contained both sensitive and resistant bacteria (16).
Also surprisingly, these heteroresistant samples were sensitive to
all first-line TB drugs, suggesting that the emergence of FQ-resis-
tant variants in these patients was not due to FQ use as second-line
TB treatment.

We used next-generation sequencing (NGS) to sequence the
genomes from a set of M. tuberculosis samples from Taiwan iso-
lated directly from patients that were reported to be phenotypi-
cally resistant to ofloxacin (OFX), including isolates from patients
who had not received an FQ for TB treatment. We found evidence
of both heteroresistance to fluoroquinolones and the coexistence
of subpopulations with different resistance mutations within the
same isolate. By isolating and sequencing individual clones from
these samples, we show a close evolutionary relationship between
FQ-sensitive and -resistant clones derived from the same patient,
suggesting the de novo emergence of FQ-resistant TB within these
patients. This result suggests that selective pressure during FQ
monotherapy in the setting of undiagnosed TB infection may be
sufficient to drive the full or partial emergence of FQ-resistant M.
tuberculosis. These findings have potential implications both for
the use of FQs as first-line therapy for TB and for the ability of new
molecular diagnostics to accurately predict FQ resistance.

MATERIALS AND METHODS

Strains and media. M. tuberculosis isolates were obtained from Lowen-
stein-Jensen slant cultures of sputum from HIV-negative patients with
pulmonary TB in northern Taiwan from 2005 to 2011. Isolates were iden-
tified with standard biochemical tests. M. tuberculosis was cultured in
Middlebrook 7H9 broth supplemented with 0.05% Tween 80, 0.2% glyc-
erol, and 10% oleic acid-albumin-dextrose-catalase (OADC) or on
Middlebrook 7H10 agar supplemented with OADC and 0.5% glycerol.
For NGS, archived isolates were minimally subcultured in the absence of
antibiotic prior to being shipped to the Broad Institute as frozen glycerol
suspensions. Ten-milliliter cultures were inoculated with 200 wl of this
material and expanded to mid-log phase in antibiotic-free medium,
which generally took 5 to 8 days, depending on the concentration of the
inoculum and growth rate of the strain. All possible steps were taken to
ensure that cultures from which DNA was extracted were grown for a
minimal time required to obtain sufficient DNA for library construction.
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Cultures for DNA analysis of primary samples were always grown in the
absence of OFX.

MIC determination. The susceptibilities of these isolates and clones
derived from these isolates to isoniazid, rifampin, and ofloxacin were
evaluated by the agar proportion method (APM) as described by the Na-
tional Committee for Clinical Laboratory Standards (17). Critical concen-
trations were as follows: INH, 0.2 and 1 pg/ml; RIF, 1 pg/ml; OFX 2
pg/ml. MICs of clones of isolates to INH, RIF, and OFX were measured in
quadruplicate in microtiter plates across a range of 2-fold dilutions of
antibiotic in Middlebrook 7H9 medium supplemented as described above
using a starting inoculum with an optical density at 600 nm (ODg,) of
0.02. The highest concentrations assayed were 3.2 pg/ml for INH, 0.32
pg/ml for RIF, and 32 pg/ml for OFX. After 10 days of unshaken growth
at 37°C, wells were mixed using a multichannel pipettor and growth was
measured by ODy,,. The MIC was defined as the lowest concentration of
antibiotic inhibiting growth relative to that in untreated control wells by
>90%.

Whole-genome sequencing of isolates. Genomic DNA was prepared
from heat-inactivated M. tuberculosis using a cetrimide-based protocol
(18). For initial next-generation sequencing (NGS) analysis, fragment-
based and/or jump-based paired-end genomic libraries were constructed
and sequenced at the Broad Sequencing Platform using Illumina HiSeq,
with a 101-bp read length. For individual OFX-sensitive and OFX-resis-
tant clones, libraries were constructed using Nextera library construction
kits (Illumina). Briefly, 50 ng of gDNA was input into Nextera library
construction, and tagmented DNA was purified using DNA Clean & Con-
centrator-5 (Zymo Research). The purified tagmented DNA was ampli-
fied by index primers via a limited-cycle PCR and further purified with
AMPure XP beads to remove very short library fragments. The quality of
the library was checked by running 1 wl of 1:3-diluted library on an Agi-
lent Technologies 2100 Bioanalyzer. DNA libraries were sequenced on
MiSeq to produce 75-bp paired-end reads.

Reads were aligned to H37Rv (GenBank accession number NC_0009
62.3) using BWA version 0.5.9. Pilon (19) was then used to call variants
with the —vcfqe option to produce quality-weighted read depths for each
base at each position. To determine the fraction of reads corresponding to
a specific base at a specific position, the quality-weighted read depth of a
single base was divided by the total quality-weighted read depth at that
position. Single-nucleotide polymorphism (SNP) calls derived from
highly repetitive regions were excluded from downstream comparative
analyses.

Sanger sequencing of gyrA and gyrB by PCR. Colonies picked from
solid medium were cultured to ODg, of 0.5 to 0.8. A 50-pl aliquot was
heat inactivated at 80°C for 2 h to be used as the template for PCR. PCR
was performed using primers gyrBAseq 5' (CGTAAGGCACGAGAGTT
GGT) and gyrBAseq 3’ (GTTTTGTAGGCATCAGCGGT), which amplify
a 1,539-bp region of the gyrBA locus containing the quinolone resistance-
determining regions (QRDRs) of both gyrA and gyrB. The DNA sequences
of gyrA and gyrB were aligned with the sequences of the QRDRs of gyrA
and gyrBin M. tuberculosis strain H37Rv by using MacVector 5.0 software.
The gyrA gene in all isolates varied from the H37Rv reference at 3 codons
(E21N, S95T, and G668D); these are lineage-specific polymorphisms that
are not associated with FQ resistance.

Accession number(s). Sequence information from this project is
available via the NCBI website under BioProject number PRINA191021.

RESULTS

Sample collection and sequence-based determination of ofloxa-
cin resistance mechanism. We characterized five samples ob-
tained from sputa from four patients seen at the National Taiwan
University Hospital (Table 1) and diagnosed with culture-positive
TB that was determined to be FQ (OFX) resistant based on the
agar proportion testing. These were obtained from a collection
which included samples from a 2007 study (20) and were selected
based on initial PCR-based data suggesting that they did not carry

aac.asm.org 6601


https://www.ncbi.nlm.nih.gov/nuccore/448814763/
https://www.ncbi.nlm.nih.gov/nuccore/448814763/
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA191021
http://aac.asm.org

Zhang et al.

TABLE 1 Patient and sample information

Days after OFX MIC Sanger
initial for original  sequencing % colony formation
Patient  Isolate visit Resistance profile isolate result NGS gyrBA genotype” on 2 pg/ml OFX
1 OFXR2 0 OFX monoresistant 2 WT gyrA A90V (GCG—GTG: 1.9, 14/728) 0.8
2 OFXRI1l 0 OFX, low-level INH 4 WT gyrA S91P (TCG—CCG: 2.8, 14/481), gyrA 1.4
D94N (GAC—AAC: 0.8, 4/496), gyrA
D94G (GAC—GGC: 1.2, 6/490)
3 OFXR14 0 OFX monoresistant 4 WT gyrA A9OV (GCG—GTG; 59, 304/208), 0.11 (9.8 on 1 pg/ml)
gyrB S486F (TCC—TTC: 17, 71/359)
4 OFXR16 0 OFX monoresistant 8 D94G? gyrA D94G (GAC—GGC: 68, 290/136), 68
gyrA D8IN (GAC—AAC: 3, 11/460),
gyrA A90V (GCG—GTG: 1, 5/461),
gyrA D94Y (GAC—TAC: 1, 4/429)
OFXR15 76 OFX monoresistant 8 WT gyrA D94G (GAC—GGC; 1.7, 10/592) 8

“ The codon change, percentage of reads indicating the mutation, and number of mutant reads/number of WT reads are given in parentheses.

b There was evidence for the presence of the WT allele in the Sanger trace.

resistance-conferring mutations in the gyrBA locus and thus
might possess a yet-uncharacterized FQ resistance mechanism.
Three of these samples (OFXR2, OFXR11, and OFXR15) were
phenotypically resistant to ofloxacin yet continued to possess
wild-type (WT) gyrA and gyrB alleles (Table 1), while two others
(OFXR14 and OFXR16) had ambiguous Sanger sequencing re-
sults (see Fig. S1 in the supplemental material), with traces sug-
gesting the possible presence of both wild-type and resistant alleles
of gyrA. Samples OFXR15 and OFXR16 were derived from the
same patient, with sample OFXR15 collected 76 days after sample
OFXR16. None of these 4 patients had received FQ antibiotics as a
component of their TB treatment.

We sequenced the genomes of OFXR2, OFXR11, and OFXR15,
along with the rest of the sample set for comparison, in an attempt
to reveal the molecular basis of OFX resistance in OFXR2,
OFXR11, and OFXR15. All samples were expanded in antibiotic-
free medium prior to genomic DNA preparation and sequencing
library construction. Illumina sequencing reads of 36 bp were
aligned to a H37Rv reference genome, and all samples had cover-
age of >98% (Table 1).

Analysis of the Illumina sequence data using the Pilon SNP-
calling algorithm failed to call any known FQ resistance-associ-
ated SNPs in OFXR2, OFXR11, or OFXR15. However, Pilon is a
tool designed for the analysis of clonal samples, and mixed Sanger
sequencing results from samples 14 and 16 suggested that hetero-
resistance might be confounding the analyses. We thus manually
curated the Pilon output, examining the gyrA and gyrB region for
evidence of reads suggesting heteroresistance. This review of the
NGS data from OFXR2, OFXR11, and OFXR15 revealed that a
small fraction of aligned Illumina reads (1.7 to 2.8%) from these
samples appeared to contain known FQ resistance-associated
SNPs (Table 1). Interestingly, further examination of the sequence
data for FQ-resistant samples in which we had already identified a
likely gyrA mutation, OXFR14 and OXFRI16, also revealed the
possible presence of gyrA alleles other than the dominant resis-
tance-conferring allele that we had identified by a PCR-based
Sanger analysis. The read depths at these positions ranged from
495 to 728, enabling us to detect potential minority populations as
small as 1%; allele frequencies lower than 1% are challenging to
identify due to the error rates intrinsic to Illumina sequencing
(21).

As suggested by Sanger sequencing, an abundance of reads
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from OFXR14 and OFXR16 corresponded to resistance-confer-
ring alleles of either gyrA or gyrB, but these could account for only
70 to 80% of the total reads, suggesting the possible continued
presence of FQ-sensitive clones in these patients. These samples
were each obtained from separate patients diagnosed with other-
wise drug-sensitive TB and with no history of FQ use for the treat-
ment of TB. In OFXR14, 59% of aligned NGS reads at nucleo-
tide position 269 of gyrA corresponded to the gyrA A0V allele
(GCG—GTG), while 16% of aligned NGS reads at position 1457
of gyrBindicated the presence of gyrB S486F (TCC—TTC). Due to
the short nature of the Illumina sequencing reads (101 bp), we
were unable to directly determine from the NGS data if these two
mutation were present in the same genome or if they represented
separate subpopulations, each carrying a different resistance-con-
ferring mutation. In OFXR16, the majority of reads (68%) indi-
cated the gyrA D94G allele (GAC—GGC), but small fractions of
reads suggested the presence of other resistance-associated alleles,
ie., gyrA D8IN (GAC—AAC, 3%), gyrA A0V (GCG—GTG,
1%), and gyrA D94Y (GAC—TAC, 1%). In this case, these differ-
ent mutations were spaced closely enough to be potentially cap-
tured on the same Illumina read; however, visualization of reads
across this region in Artemis showed that no read contained mul-
tiple SNPs, suggesting that multiple, independently arisen gyrA
mutants might be present in the sample.

Purification and characterization of clones from hetero-
resistant samples confirm the presence of gyrA and gyrB al-
leles suggested by NGS. To confirm that the NGS reads reflected
the genuine presence of minority populations of FQ-resistant
and/or FQ-sensitive bacteria, we isolated individual clones from
the original patient samples OFXR2, OFXR11, OFXR14, OFXR15,
and OFXR16 on medium with or without OFX at 2 pg/ml, the
critical concentration used in clinical diagnostics. The suspected
heteroresistant samples yielded resistant colonies on OFX me-
dium at rates generally reflecting the abundance of Illumina reads
corresponding to resistant alleles (Table 1), while controls
(H37Rv and an FQ-sensitive clinical isolate) yielded FQ-resistant
colonies at frequencies of less than 1 in 107, Colonies were picked
from both OFX-containing plates and drug-free plates to isolate
individual clones, which were expanded in OFX-free medium for
MIC determination and PCR sequencing of the QRDRs of gyrA
and gyrB.

Indeed, the FQ-resistant clones derived from samples OFXR2,
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OFXRI11, and OFXR15, the samples which NGS data suggested
contained only small subpopulations carrying a resistant allele,
possessed the resistant genotypes predicted by the NGS data. Each
of 10 resistant clones that we isolated from OFXR2 carried the
identical C—T mutation leading to the common gyrA A90V allele,
which confers moderate levels of resistance. Similarly, 5 of 5 FQ-
resistant clones isolated from OFXR15 had the predicted A—G
mutation leading to a gyrA D94G substitution, which is associated
with high-level resistance.

The NGS data for OFXR11 suggested a more complicated
situation that included the potential presence of 3 different
resistance-conferring alleles, each in very low abundance (1 to
3%). The genuine presence of each of these alleles was confirmed
in our PCR-based sequence analyses of isolated clones. The initial
11 clones isolated on 2 pg/ml OFX consisted of 7 D94N
(GAC—AAC) mutants and 4 D94G (GAC—GGC) mutants. Sur-
prisingly, despite the fact that reads corresponding to S91P
(TCG—CCG) mutations were twice as abundant as the D94 mu-
tations in the original Illumina sequencing data, no S91P alleles
were identified in these 11 isolated clones. We suspected that this
absence could have resulted from the isolation of clones on 2
pg/ml OFX, since the S91P mutation is associated with lower lev-
els of resistance. We thus repeated the isolation at a lower OFX
concentration (1 pg/ml). Under these conditions, S91P mutants
indeed outnumbered those with mutations at D94, by a count of
81 to 7; the higher-than-anticipated ratio is likely due to an inten-
tional bias toward smaller colonies during colony picking under
the assumption that the less-resistant S91P mutants may be
slightly less fit than D94 mutants, even at this lower OFX concen-
tration. Of note, each of the individual clones purified from
OFXR11 carried only a single, but different, nucleotide substitu-
tion in gyrA, suggesting that FQ resistance emerged independently
at least 3 times within the same patient.

For samples OFXR14 and OFXR16, we were able to identify
clones carrying the resistance-conferring SNP indicated in the
NGS data as well as the persistence of an OFX-sensitive subpopu-
lation. As with OFXRI11, isolation of resistant clones from
OFXR14 was complicated by the differing resistance levels associ-
ated with the 2 different SNPs suggested by the NGS data. Plating
OFXR14 on 2 pug/ml OFX yielded resistant colonies at a frequency
of only 0.11%, despite 59% of NGS reads corresponding to the
gyrA A90V SNP. PCR-based sequencing of 4 clones isolated on 2
pg/ml OFX revealed that these all carried a gyrA D94G (GAC—
GGC) mutation, which confers high-level resistance. Notably, the
presence of this SNP was not apparent in the NGS data, as its
abundance (0.11%) places it below the threshold for detection by
sequencing. The 2 FQ resistance-associated SNPs that were pres-
ent and dominated the NGS data, gyrA A90V (GCG—GTG) and
gyrB S486F, are not associated with high-level resistance, explain-
ing the inability to isolate them on 2 p.g/ml. Isolation of clones on
the lower concentration of 1 wg/ml OFX indeed yielded clones
carrying the gyrA A90V (GCG—GTG) mutation (15 of 15); how-
ever, gyrB S486F mutants continued to elude isolation, even at this
lower concentration used for selection. We were, however, able to
isolate gyrB S486F mutants from nonselective medium. Microti-
ter-based MIC measurements of these clones showed that they
have only a 2-fold increase in MIC relative to that of clones carry-
ing wild-type gyrA and gyrB alleles, a shift that is insufficient to
allow colony formation at 1 pg/ml OFX. Again, all isolated clones
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carried only a single, albeit different, FQ resistance-conferring
mutation, suggesting multiple independent selections.

Analysis of the primary NGS data for isolate OFXR16 sug-
gested that it is composed predominantly of clones carrying the
high-level-resistance-conferring gyrA D94G (GAC—GGC) SNP,
with 68% of reads corresponding to this allele. In good agreement
with the NGS data, analysis of clones isolated in the absence of
OFX revealed that 66% of 165 colonies analyzed were indeed D94G
mutants, while 30% carried the wild-type gyrA allele and the remain-
ing 5% contained one of three other minor genotypes that were also
suggested in the NGS data: gyrA D8ON (GAC—AAC), gyrA A0V
(GCG—GTQ), and gyrA D94Y (GAC—TAC). Clones carrying the
gyrA D89N and gyrA A90V SNPs displayed lower levels of OFX resis-
tance than those with the dominant gyrA D94G allele. Once again, all
clones had a single gyrA mutation.

The MICs of the various clones obtained from samples 2, 11,
14,15, and 16 (Table 2) are consistent with previous reports of the
association of these specific polymorphisms with FQ resistance
(22). The gyrA D94N and D94G mutations provide high level
resistance (16-fold or higher increases in MIC relative to that of
wild-type clones from the same sample), while gyrA A90V mu-
tants show only a 4-fold increase in MIC. The gyrA D89N, gyrA
S91P, and gyrB S486F mutants all display only 2- to 4-fold in-
creases in OFX MIC.

We also measured the MICs of the clones isolated from
OFXR2, OFXR11, OFXR14, OFXR15, and OFXR16 to INH
and/or RIF. Since FQ resistance rates are much higher among
samples with resistance to first-line antitubercular drugs (1, 20),
evidence of a broader MDR or extensively drug-resistant (XDR)
pattern in the purified resistant clones would suggest that the FQ-
resistant clones originated via superinfection. However, none of
the FQ-resistant clones examined was INH or RIF resistant, with
the exception of the FQ-resistant clones derived from OFXR11, all
of which displayed the identical low-level INH resistance (0.4 j.g/
ml) that was seen in the unpurified parental sample as well as the
purified FQ-sensitive clone from OFXR11 (Table 2).

Genomic characterization of colony-purified clones. To de-
termine if the multiple, allelically distinct clones derived from a
given patient sample were clonal in origin, we performed NGS on
16 clones derived from samples OFXR2, OFXR11, OFXR14,
OFXR15, and OFXR16, representing the FQ-resistant genotypes
observed in the original NGS data. To evaluate the relatedness of
the clones, we identified genome-wide polymorphisms in each
strain relative to a reference genome (H37Rv). For our analysis, we
focused only on single-nucleotide polymorphisms, including only
sites for which there was coverage in all genomes and excluding
genomic regions of low complexity. As shown in Fig. 1A, our
initial NGS of the nonclonal samples shows that OFXR2, OFXR 14,
and OFXR11, are phylogenetically distinct from one another and
from samples OFXR15 and OFXR16, which are sequential sam-
ples from the same patient (OFXR16 was isolated first, with
OFXR15 obtained 76 days later). However, when we compare the
genetic distance between the clones derived from within a sample
(Fig. 1B) to the distance between the sensitive clones derived from
different samples (Fig. 1C), the individual clones purified from a
single sample appear to be indeed clonally derived. The FQ-resis-
tant clone derived from OFXR?2 differs from the sensitive clone by
just 4 SNPs across the entire genome, excluding the SNP respon-
sible for FQ resistance. Likewise, the 3 FQ-resistant clones derived
from sample OFXR11 differ from the sensitive clone at only 1
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TABLE 2 Properties of clones isolated from original samples

MIC (pg/ml) Genotype
Sample Clone OFX* INH grA grB
OFXR-2 S1 0.5 0.05 WT WT
R1 4 0.05 A0V GCG—GTG WT
OFXR-11 S1 0.5 0.2 WT WT
R1 16 0.2 D94N GAC—AAC WT
R2 16 0.2 D94G GAC—GGC WT
R3 2 0.2 S91P TCG—CCG WT
OFXR-14 S1 0.5 0.05 WT WT
R1 4 0.05 A0V GCG—GTG WT
R2 1 0.05 WT S486F TCC—TTC
OFXR-15 S1 0.5 0.025 WT WT
R1 8 0.025 D94G GAC—GCC WT
OFXR-16 Sl 0.5 0.05 WT WT
R1 8 0.05 D94G GAC—GGC WT
R2 2 0.05 D89N GAC—AAC WT
R3 0.05 AI0V GCG—>GTG WT

“ An MIC of 0.5 pg/ml indicates full susceptibility.

nucleotide, excluding the gyrA SNP that confers FQ resistance,
and differ from each other only at gyrA. The six clones purified
from samples OFXR15 and OFXR16, which were obtained from
the same patient 71 days apart, differed from each other by a
maximum of 2 SNPs, excluding the FQ resistance-conferring
SNPs; the sensitive clones from samples OFXR15 and OFXR16
differ by a single SNP. The greatest divergence was seen among the
clones isolated from OFXR14. The 2 FQ-resistant clones derived
from this sample diverge from each other and an isolated sensitive
clone by 15 to 20 SNPs. However, the divergence between the
OFXR14 clones and clones derived from other samples was enor-
mous. The sensitive clone derived from OFXR14 differs from the
sensitive clones derived from OFXR2, OFXR11, OFXR15, and
OFXR16 by no less than 1,208 SNPs (Fig. 1C). The slightly larger
divergence among the 3 clones derived from OFXR14 suggests
that patient 11, from whom sample 14 was derived, was potentially
infected for many years; the in vivo mutation rate of M. tubercu-
losis has been estimated at 5.5 X 10~ '° mutations/base pair/gen-
eration for recently transmitted TB (23), which would yield ap-
proximately 1 mutation/year. A chronic infection would allow for
the development of a genetically diverse population within the
patient, and exposure of this population to FQs could select for
clones carrying not only gyrase mutations but also hitchhiking
SNPs; coselection of these hitchhiking SNPs could increase the
apparent rate at which mutations accumulate (24). In all cases, the
small number of polymorphisms between clones from the same
patient contrasts with the large number of polymorphisms be-
tween samples collected from different patients. This underscores
the close evolutionary relationship between clones within the
same patient, which presumably are all descendants of a founder
FQ-sensitive infecting strain.

DISCUSSION

Although FQs are highly effective second-line drugs for treating
drug-resistant TB and are being evaluated as first-line agents, con-
cerns linger about whether the emergence of resistance to these
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drugs will quickly compromise their utility. In this work, we mi-
crobiologically and genomically characterized a set of Taiwanese
TB samples to reveal novel insights into how FQ resistance
emerges in the context of TB infection. This characterization not
only provides insight into the rapid acquisition of resistance
within patients exposed to FQs outside a TB regimen but also
highlights important implications for current and future TB diag-
nostics.

The 5 samples analyzed in our work were obtained from 4
patients who had not received FQs for the treatment of TB but
were nonetheless infected by OFX-resistant M. tuberculosis. Each
of these patients carried mixed populations of sensitive and resis-
tant organisms. Deep sequencing by Illumina showed evidence of
multiple gyrA alleles in 3 of these patients, which is consistent with
the observations of Eilertson et al. (16). By isolating clones from
these apparently heteroresistant samples, we were able to confirm
the simultaneous presence of multiple gyrA and gyrB alleles within
a single patient, each conferring different levels of OFX resistance.
In all cases, the resistant clones derived from the same patient
carried a single resistance-conferring SNP. Unlike previous stud-
ies (16), where lower-resolution hybridization-based assays (spo-
ligotyping and mycobacterial interspersed repetitive unit [MIRU]
typing [25]) were used to suggest that the simultaneous presence
of sensitive and resistant organisms was not due to mixed infec-
tion, we have employed NGS to more precisely define the related-
ness of sensitive and resistant clones derived from a single sample.
An SNP-based comparative analysis shows that these clones differ
by as little as a single polymorphism, while the genetic distances
between clones derived from different patients were orders of
magnitude larger, strongly supporting the notion that these FQ-
resistant subpopulations can arise as the result of in situ, de novo
generation of resistance within the patient. Additionally, in several
instances, multiple mutants with highly similar genetic back-
grounds were observed arising in parallel within the same patient.

The consecutive samples from patient 12 (samples OFXR16
and OFXR15) illustrate the complexities of the emergence of FQ
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resistance within a patient, including the existence of multiple,
unfixed gyrA mutations within a single patient sample. OFXR16
was the first sample obtained from patient 12 and contained sev-
eral gyrA alleles, dominated by gyrA D94G, which was found in
66% of the clones characterized from this sample. Other alleles
conferring lower-level resistance (gyrA D89N and gyrA A90V)
were also found, albeit at just 1 to 2% of the total population;
meanwhile, 30% of the clones remained FQ sensitive. As described
above and shown in Fig. 1B, the various resistant and sensitive
clones derived from OFXR16 were nearly identical, demonstrat-
ing that FQ resistance had arisen in situ in this patient. Intrigu-
ingly, 76 days later, a second sample, OFXR15, was obtained from
this same patient (patient 12). In contrast to the case for the earlier
sample, NGS data from this second sample suggested the presence
of a much lower abundance of FQ-resistant bacteria. The gyrA
D94G mutation, which had been present in 68% of the reads in the
first sample, OFXR16 (66% ofisolated clones), was now present in
only 1.7% of the NGS reads from OFXR15; no evidence of the
D89N or A90V allele was seen at all in the NGS data. Plating this
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isolate on 2 pg/ml OFX reduced the number of colonies by 99%,
consistent with the much lower abundance of resistant genotypes
found in the NGS data for this second isolate. The 5 colonies
isolated on 2 pg/ml OFX all carried, as expected, the gyrA D94G
allele.

During the 76-day interval between sample collections, this
patient was not given an FQ for TB treatment, and thus there was
no selective pressure promoting the new emergence of gyrA mu-
tants or maintenance of the already present gyrA mutants. The
large drop in the proportion of FQ-resistant bacteria present
(from 68% to 1 to 2%) suggests that there may be an in vivo fitness
cost associated with the gyrA mutations found in the primary sam-
ple. Alternatively, in situ-derived drug-resistant clones could re-
main relatively localized to particular lesions or regions of the
lungs after they emerge, and the drop in the fraction of FQ-resis-
tant bacteria seen in the second sample might reflect the differen-
tial progression or regression of lesions in spatially distinct regions
of the lung, which would affect the source of the bacteria found in
the sputum. Patient 12 was the only patient from whom we ob-
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tained sequential samples, so a more complete assessment of
whether gyrA mutants are generally less fit or whether other fac-
tors may have contributed to the lower proportion of FQ-resistant
bacteria in the second isolate will require additional samples.

Because FQs were not used to treat these patients after the
diagnosis of TB was made, the selection pressure that led to the
emergence of these mutants within these patients was likely ap-
plied through the use of FQs prior to the diagnosis of TB. Al-
though we cannot rule out the possibility that these patients ac-
quired their infections from a contact who had previously been
treated for TB with fluoroquinolone, this explanation seems un-
likely. It is not standard practice in Taiwan to administer a fluo-
roquinolone as a first-line treatment for TB, and since the FQ-
resistant clones derived from samples 2, 14, 15, and 16 are all INH
and RIF sensitive, their source is unlikely to be a contact who had
received or was receiving an FQ for TB.

FQs are used to treat a range of bacterial infections, including
community-acquired pneumonia (26), a condition that can over-
lap in its clinical presentation with tuberculosis. A study con-
ducted in Alberta, Canada, found that 17% of newly diagnosed TB
patients had received one or more FQ prescriptions in the 6
months preceding their diagnoses (27). This likely led to periods
of FQ monotherapy of their yet-undiagnosed TB, which can drive
the emergence of FQ-resistant M. tuberculosis (28). Although pre-
vious reports, including this Canadian study, have shown that a
single course of FQ is not associated with increased risk of FQ-
resistant TB (26, 27), our genomic study suggests that this obser-
vation may be ignoring the existence of undetected low-frequency
resistant subpopulations that could lead to FQ treatment failure.
In fact, Long et al. observed that multiple FQ prescriptions
(greater than 10 days of exposure) led to an 11-fold increase of
FQ-resistant TB (27), supporting the notion that increased dura-
tion of FQ exposure promotes a more complete enrichment of
FQ-resistant M. tuberculosis, enabling detection by current diag-
nostic methods.

The described heteroresistance also provides a challenge to ex-
isting and future diagnostics. The coexistence of wild-type and
mutant alleles provides a mixed signal that has the potential to
confound both culture-based and molecular diagnostic assays
(15), depending on the assay’s ability to detect small resistant sub-
populations amid a large, sensitive majority population. The cur-
rent, standard clinical laboratory method for identifying resis-
tance to FQs is the agar proportion method (APM). Because this
method defines susceptibility based on a =99% decrease in colony
formation on 2 pg/ml ofloxacin, it will fail to identify a resistant
subpopulation that is present at <1% (29). Alternative liquid cul-
ture-based assays such as MGIT 960 are also used in the clinic (30)
but may miss very small resistant subpopulations due to the assay
format, which uses a 1:100 dilution of the inoculum into drug-free
medium as a reference against which growth in the presence of the
drug is compared.

Recently, molecular diagnostics are being used with increasing
frequency to determine resistance based on genotype (16). These
molecular assays include PCR amplification of part or all of gyrA
and gyrB, followed by Sanger sequencing, or the commercially
licensed MTBDRs! line probe assay (Hain Lifescience). Addition-
ally, Cepheid, whose current rapid PCR-based Xpert MTB/RIF
assay (31) has been successfully implemented in clinical settings
globally (32), is developing an expanded assay (Xtend XDR) to
detect mutations conferring resistance to FQs, INH, amikacin,
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and kanamycin (33). The specificity of molecular diagnostic
methods is high; the presence of any of a small number of muta-
tions in the QRDR of gyrA (codons 94, 90, 91, 89, and 88) is
strongly associated with FQ resistance. However, the sensitivity of
these assays is approximately 80% (34), possibly due to their lim-
ited ability to detect resistant subpopulations. Even direct Sanger
sequencing of PCR-amplified resistance loci requires minor alleles
to be present at greater than 10 to 15% of the population (35).
Specialized coamplification strategies such as coamplification at
lower denaturation temperature-PCR (COLD-PCR) that enable
detection of minor alleles at a frequency of 2.5% have been devel-
oped (36).

Whole-genome sequencing, in contrast, is at least equal to cur-
rent culture-based methods and is superior to existing molecular
diagnostics because it can detect minor alleles at frequencies at or
below 1% (21). The intrinsic error rate of the sequencing technol-
ogy, which is in the range of 0.3% for Illumina (21), sets the lower
limit of sensitivity; improvement over time will be required to
increase the sensitivity of resistance detection. NGS is an increas-
ingly common tool in clinical microbiology (37), where it already
plays a valuable role in disease surveillance and outbreak tracking
(38). There is growing interest in incorporating NGS into routine
diagnosis, particularly with M. tuberculosis (39, 40), where it has
the potential to both identify infecting organisms and provide
information on drug resistance (41). Important considerations in
the application of NGS are the need for analytical methods that
acknowledge the potential significance of low-frequency allelic
variants as well as ensure that depth of coverage is sufficient to
detect such minor alleles; in this work, coverage across the QRDRs
of our original samples was typically in the range 0of 400 X to 500X,
enabling us to detect multiple reads corresponding to the resistant
alleles later confirmed to be present. Like all existing molecular
methodologies, NGS provides genotypic, not phenotypic, infor-
mation and thus depends on a complete knowledge of resistance-
conferring mutations and their effect on antibiotic susceptibility.

Numerous efforts to apply NGS to large collections of drug-
resistant strains to catalog all possible genotypes that can confer
drug resistance are under way, and these include work to discover
and characterize novel genotypes that confer resistance to differ-
ent TB drugs. This study highlights the importance of examining
all raw sequencing data for minor alleles if sequencing from non-
colony-purified samples, since we show that phenotypic resis-
tance can result from minor populations of bacteria carrying
known resistance mutations rather than from the majority popu-
lation. Based on our observations, such isolates may initially ap-
pear to have a yet-uncharacterized resistance mechanism in the
majority population when in fact that population is drug suscep-
tible.

The complex mixtures of FQ-resistant and FQ-sensitive bacte-
ria that we have described in this cohort of patients shows that
further efforts are needed to understand the impact of this heter-
ogeneity on diagnosis of resistance as well as the implications of
both prescription-based and over-the-counter FQ use in promot-
ing the emergence of FQ-resistant subpopulations in patients with
undiagnosed TB. If FQs are to have any lasting value for treatment
of TB, efforts must be made to prevent the inadvertent selection of
FQ-resistant M. tuberculosis through unnecessary or unsupervised
use of FQs in patients with undiagnosed TB.
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