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ABSTRACT Multidrug-resistant tuberculosis (TB) presents a major public health di-
lemma. Heteroresistance, the coexistence of drug-resistant and drug-susceptible strains
or of multiple drug-resistant strains with discrete haplotypes, may affect accurate diag-
nosis and the institution of effective treatment. Subculture, or passage of cells onto fresh
growth medium, is utilized to preserve Mycobacterium tuberculosis cell lines and is uni-
versally employed in TB diagnostics. The impact of such passages, typically performed in
the absence of drug, on drug-resistant subpopulations is hypothesized to vary accord-
ing to the competitive costs of genotypic resistance-associated variants. We
applied ultradeep next-generation sequencing to 61 phenotypically rifampin-
monoresistant (n � 17) and preextensively (n � 41) and extensively (n � 3)
drug-resistant isolates with presumptive heteroresistance at two time points in
serial subculture. We found significant dynamic loss of minor-variant resistant
subpopulations across all analyzed resistance-determining regions, including
eight isolates (13%) whose antibiogram data would have transitioned from resis-
tant to susceptible for at least one drug through subculture. Surprisingly, some
resistance-associated variants appeared to be selected for in subculture.
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An estimated 480,000 new cases of multidrug-resistant tuberculosis (MDR TB) occur
each year. Mycobacterium tuberculosis heteroresistance (i.e., the coexistence of

drug-resistant and drug-susceptible strains or of multiple drug-resistant strains with
discrete haplotypes) may be associated with two or more drug susceptibility profiles
within a single specimen and be potentially masked by a majority drug-susceptible
population. This can prevent detection by phenotypic and genotypic tests, prolong
infectiousness and time to effective treatment initiation, and, potentially, presage
treatment failure.

Subculture, where the original culture isolate is reinoculated onto fresh media prior
to further genotypic (e.g., MTBDRsl) and phenotypic (e.g., agar proportion method)
drug susceptibility testing (DST), is a cornerstone of TB diagnostics. However, subcul-
ture can take up to 42 days (e.g., Bactec MGIT 960 system) and is typically performed
in the absence of drug. Given that growth on drug-containing agar increases recovery
of resistant M. tuberculosis subpopulations up to 100-fold (1) and that the competitive
costs of resistance-associated variants (RAV) are diverse (2, 3), we hypothesized that
drug-resistant subpopulations might exhibit various levels of decline during culture
in the absence of selection pressure. Despite ubiquitous use of subculture, we are
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aware of no data describing changes in M. tuberculosis heteroresistance with
repeated culture passage. This is particularly true at the subphenotypic levels
detectable by novel next-generation sequencing approaches (e.g., single-molecule
overlapping read [SMOR] analysis) (4), which can lower the sequencing error rate by
multiple orders of magnitude (5).

RESULTS

We performed targeted ultradeep sequencing utilizing the SMOR approach at two
time points during laboratory processing (primary DST culture and quaternary MGIT
subculture) (Fig. 1) for 61 clinical isolates with phenotypic rifampin (RIF) monoresis-
tance (n � 17) or MDR (isoniazid [INH] resistance and RIF resistance) with additional
fluoroquinolone (FQ) resistance (n � 28), second-line injectable (SLI) drug resistance
(n � 13), or both FQ resistance and SLI resistance (n � 3). The isolates were selected
based on Sanger sequencing-determined presumptive heteroresistance, due to either
(i) the presence of multiple colocalizing chromatogram peaks within respective
resistance-determining regions (RDRs) or (ii) a lack of an identified genotypic correlate
(i.e., wild-type RDR), positing the presence of a resistant subpopulation at a level below
the resolution of Sanger sequencing (6).

In primary DST culture (Culture 2 in Fig. 1), SMOR detected 316 resistant variants, of
which 125 (40%) represented fixed resistance (�95% of total M. tuberculosis popula-
tion), 74 (23%) were macroheteroresistant (5% to 95% of the total population), and 117
(37%) were microheteroresistant (�5% of the total population) across all RDRs of the 61
analyzed isolates. The proportion of microheteroresistant subpopulations declined
significantly from culture 2 to culture 5, representing 117/316 (37%) to 48/237 (20%) of
the total resistant populations (P � 0.001), respectively. The largest contribution to the
decline in microheteroresistance was accounted for by the disappearance (i.e., the lack
of detection in culture 5) of 79 subpopulations (median size, 0.2%; interquartile range
[IQR], 0.14% to 0.35%) with subculture. In addition, two microheteroresistant subpopu-
lations grew to macroheteroresistance in subculture, and 12 new microheteroresistant
subpopulations were detected (2 appearing de novo and 10 resulting from the decline
of previously macroheteroresistant subpopulations) (Fig. 2). The proportions of an
additional 8 (6%) microheteroresistant subpopulations declined, but the data could not
be verified due to fewer than 20 matched reads being available. The median relative
decline in heteroresistant subpopulation size across all RDRs within an individual was
�68% (IQR, �100% to �4%), and loss of microheteroresistance was pronounced across
all RDRs as follows (gene name, number of respective microheteroresistant subpopu-

FIG 1 Derivation of study samples. M. tuberculosis laboratory procedures and the rationale employed in derivation of analyzed specimens were as follows:
primary drug susceptibility testing (DST) culture (Culture 2) and quaternary subculture (Culture 5). MGIT, Mycobacteria Growth Indicator Tube.
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lations/total number of resistant populations): inhA, 9/41 (22%) to 1/33 (3%) (P � 0.02);
katG, 8/35 (23%) to 0/27 (0%) (P � 0.01); rpoB, 42/94 (45%) to 11/60 (18%)
(P � 0.001); gyrA, 41/94 (44%) to 26/74 (34%) (P � 0.19); rrs, 10/41 (24%) to 5/33
(15%) (P � 0.34). The decline in the RAV subpopulation size was a function of the
original subpopulation size, with 79% (95% confidence interval [CI], 69% to 86%) of the
microheteroresistant subpopulations (�1%) declining, compared with 63% (95% CI,
42% to 81%) of the microheteroresistant populations (1% to 5%), 18% (95% CI, 10% to
28%) of the macroheteroresistant populations (5% to 95%), and 0% (95% CI, 0% to 3%)
of the fixed populations (�95%). Assuming that a threshold of a 1% resistant propor-
tion as measured by deep sequencing reliably predicts phenotypic drug susceptibility
(7), eight (13%) isolates would have altered their antibiogram profiles through subcul-
ture from resistant to susceptible for RIF (n � 3), for aminoglycosides (n � 2), for FQ
(n � 1), and for both FQ and aminoglycosides (n � 1) and for both RIF and INH (n �

1) (Fig. 2). Clinical records from 20 (71%) patients with fluoroquinolone-resistant TB
were available, 10 (50%) of whom were receiving ofloxacin (OFX) at the time of the
original sputum collection. Among these isolates, neither median declines in the
subpopulation proportion nor changes in subpopulation diversity differed significantly
from those seen with patients not currently on treatment.

In conjunction with the overall decline in resistant M. tuberculosis subpopulations, a
small subset (13/74; 18%) of macroheteroresistant subpopulations, and 2/117 (1.7%) of
the microheteroresistant subpopulations, had a relative increase in size of 83% (IQR,
30% to 606%; absolute change, �26%; IQR, �17% to 60%). The mutations 94GGC (n �

4) and 90GTG (n � 2) within gyrA and the mutation 531TTG (n � 2) within rpoB
comprised the majority of strongly increasing RAVs; other subpopulations coupled to
those respective RAVs tended to decline proportionally (Fig. 2).

DISCUSSION

Subculture is a standard microbiological laboratory practice for clinical diagnostics
(8, 9), and DST results are assumed to be agnostic to subculture passages. However,
among other heteroresistant human pathogens, multiple passages on antibiotic-free
media do cause reversion to drug susceptibility (10, 11), and M. tuberculosis subjected
to serial in vitro passage demonstrates important phenotypic changes, including irre-
versible attenuation of H37Rv pathogenicity due to loss of virulence (12). We found that
M. tuberculosis population dynamics continue through serial culture, with resistant
subpopulations large enough to confer phenotypic resistance often being outcom-
peted by both wild-type strains and alternative resistant variants.

In our study, heteroresistant subpopulation diversity declined with serial culture due
to disappearance of individual RAVs, in particular, those which were originally subphe-
notypic in nature (�1% of the total population). In a separate work, we demonstrated
these minor resistant variants to be clinically relevant in conferring phenotypic resis-
tance and further corroborated their presence through single-colony selection on
drug-containing media (4). Rifampin-monoresistant isolates appeared especially sus-
ceptible to loss of microheteroresistant subpopulations; this may have been due to
their higher likelihood of being pretreatment specimens.

The overall loss of minor variants was typically accompanied by a transition to a

FIG 2 Dynamic changes in heteroresistant M. tuberculosis profiles with serial subculture. The color-coded map illustrates the overall loss of M.
tuberculosis resistance-associated variant (RAV) subpopulations (empty circles or “�” label), while some RAVs (e.g., gyrA 94GGC) appear to be selected
for in subculture (“N” or “�” label). Red boxes indicate fixed-resistance mutations (�95% of the total M. tuberculosis population) in both samples
(cultures 2 and 5); salmon-colored boxes indicate macroheteroresistance (5% to 95% of the total M. tuberculosis population) in both samples; light blue
boxes indicate microheteroresistance (�5% of the total M. tuberculosis population) in both samples; dark blue boxes indicate microheteroresistance
(�1% of the total M. tuberculosis population) in both samples. Also illustrated is RAV disappearance (empty circles, with the background color
illustrating the subpopulation size in the original culture), appearance (“New”), and categorical decline or growth (� or �, respectively). Please note
that data corresponding to growth or decline within categories (e.g., R_3206 gyrA 90GTG increasing from 25% to 44%, with both samples being
“macroheteroresistant”) are not shown. Sample R_5491 was demonstrated to be wild type at all RDRs analyzed. �, all early reads for sample R_2362
identified the 9-bp deletion at rpoB 516 –525 in the original culture, though in subculture this deletion was strongly offset by a minority strain
harboring the rpoB 526GAC mutation (please see Discussion for details). †, isolates transitioning from resistant to susceptible for at least one drug. XDR,
extensively drug resistant (MDR, with additional resistance to both FQ and SLI).
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more homogenous RAV-specific population of mycobacteria, hypothetically one with
no evolutionary disadvantage in harboring the resistant codon (13). Moreover, and
surprisingly, certain RAVs appeared to be selected for in subculture despite the absence
of drug pressure. These RAVs were often, though not always, those most frequently
noted among clinical resistant strains. For example, the gyrA 94GAC¡GGC (D94G)
mutation is associated with high-level resistance to both OFX and newer-generation
fluoroquinolones (14), and rpoB 531TCG¡TTG (S531L) is the most common rifampin-
conferring mutation globally (15). Equivalent or enhanced levels of fitness of these
circulating strains (in contrast to laboratory-derived strains) vis-à-vis their drug-
susceptible counterparts has been demonstrated in competition assays (2). Haplotype
analysis, the characterization of which of multiple mutations coexist on individual
sequencing reads thereby differentiating the respective strains, is further illustrative of
this process. For sample R2362 (Fig. 2), the 9-bp deletion at rpoB 515–518 dominated
the original culture, occurring in all but 31 of �262,000 total reads. Of those 31 original
sequencing reads, 16 (�0.01% of the total) had the rpoB 526CAC¡GAC mutation. In
subculture, rpoB 526GAC grew to represent 33% of the culturable population, replacing
the less-fit rpoB 515–518 deletion that had presumably been clinically selected for
under drug pressure.

Our study was limited in that it tested dynamic changes across only two time points,
both of which occurred following at least two rounds of purification. The loss of M.
tuberculosis-resistant variant diversity that we describe, and the potential for discrepant
results among molecular TB DST assays, may be conservative relative to that experi-
enced with earlier passages, such as those from direct clinical sputum specimens to
primary culture. Second, while we sampled the majority of each slant, it is conceivable
that additional minor subpopulations of mycobacteria with rare variants might have
existed in the unsampled portion. Third, although positive selection in strains exhibit-
ing increasing levels of drug resistance mapped almost entirely to resistance-associated
genes (16), additional adaptive changes occurring outside RDRs were likely cooccurring.
Further, within RDRs, we targeted deep sequencing at those codons accounting most
often for drug resistance and therefore cannot comment on the behavior of less-
prevalent and, theoretically, less-fit RAVs. Lastly, our study revealed many instances of
false-negative phenotypic DST reporting, in particular, for SLIs, among preextensively
drug-resistant isolates with known FQ resistance. Though this may not be unusual for
ultra-high-throughout laboratories, additional caution seems warranted in interpreting
phenotypic DST results for this group.

In conclusion, we describe significant dynamic loss of minor-variant resistant sub-
populations through serial subculture, with potential consequences for molecular TB
assays performed on subculture as well as phenotypic DST antibiograms. This report
further documents the previously underdescribed nature of M. tuberculosis microhet-
eroresistance and further emphasizes the need for additional study of the effects of this
phenomenon on both clinical diagnostics and patient outcomes.

MATERIALS AND METHODS
M. tuberculosis culture and DNA extraction. Decontaminated and liquefied sputum was first

cultured within the South African National Health Laboratory Service (NHLS) by the use of an MGIT 960
(Becton Dickinson, Sparks, MD) system until positive (Culture 1 in Fig. 1), after which DST was done on
Middlebrook 7H11 slants (Becton Dickinson, Sparks, MD) at WHO-recommended critical concentrations
(OFX, 2 �g/ml; amikacin [AMK], 4 �g/ml; RIF, 1 �g/ml) (17). M. tuberculosis growth on control slants was
then processed within the Stellenbosch University laboratory to obtain a crude DNA lysate (primary DST
culture; culture 2). Briefly, a scrape from the control slant was added to 400 �l Tween 80, and 200 �l of
the cells was inactivated by incubation at 100°C for 30 min. The other half was stored at �80°C on glass
beads with peptone growth medium for future use. In order to obtain high-quality purified DNA, an
aliquot from the stored culture was inoculated in MGIT 960 for 1 week after reading positive (culture 3),
after which it was subcultured into fresh 7H9 liquid media supplemented with oleic acid-albumin-
dextrose-catalase (OADC) until it reached turbidity (culture 4) before being plated on supplemented
7H11 plates (culture 5). These plates were incubated at 80°C for 2 h prior to a phenol-chloroform DNA
extraction.

Targeted deep sequencing. DNA specimens were coded, processed under blind conditions, am-
plified, and prepared for targeted SMOR sequencing to allow high-resolution detection of low-level
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(�5%) minor populations of RAVs (i.e., “microheteroresistance”), as previously described (5), with the
following modifications. Following the gene-specific multiplex PCR, primer-dimer artifacts were removed
using a single 0.8�, Agencourt AMPure XP bead (Beckman Coulter, Brea, CA) cleanup, instead of two
sequential bead cleanups, eluting the amplicons in 15 �l of a 10 mM Tris-HCl– 0.05% Tween 20 solution.
SMOR primers are designed to have complete overlap of amplicon reads, allowing double coverage
(confirmatory sequencing) of each locus of interest on every DNA molecule. All loci were covered with
�10,000 total sequencing reads, and all RAV subpopulations within the inhA, katG, rpoB, gyrA, rrs, and the
eis promoter gene regions were counted if the resistant allele was covered by 10 or more SMOR reads
(i.e., �20 matched reads, or �10 pairs of reads for each sequenced amplicon molecule), equivalent to a
0.1% minor population. SMOR analysis has been shown to lower the intrinsic sequencing error rate in
high-GC amplicons from �1% to �0.03% (5); a cutoff of 0.1% detection was employed to conservatively
ensure high confidence in minor variant calling. Further, the SMOR process uses a high fidelity
polymerase with an associated error rate of 10�7, many orders of magnitude below the sequencing error
rate. No-template controls were included throughout the process to ensure the absence of well-to-well
sample or amplicon contamination. DNA from a confirmed pan-susceptible M. tuberculosis H37Rv strain
was used as a sequencing error control throughout the SMOR assay (5). Targeted sequencing additionally
allows the detection of multiple RDR-associated RAVs within individual amplicons (i.e., haplotype
analysis). ASAP software detects and quantifies the presence of multiple RAV haplotypes among the
amplicons to allow further analysis of the nature of heteroresistance within resistant subpopulations.

Accession number(s). All sequencing read files were deposited in the NIH Sequence Read Archive
(SRP105767).
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