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of fluoroquinolone resistance in Mycobacterium tuberculosis

Alice E. Brankin® and Philip W. Fowler () 1

INuffield Department of Medicine, University of Oxford, Oxford, UK; ?National Institute of Health Research Oxford Biomedical

Research Centre, John Radcliffe Hospital, Oxford, UK

*Corresponding author. E-mail: philip.fowler@ndm.ox.ac.uk
@philipwfowler, @AliceBrankin

Received 16 January 2023; accepted 11 March 2023

Objectives: Fluoroquinolone resistance poses a threat to the successful treatment of tuberculosis. WGS, and the
subsequent detection of catalogued resistance-associated mutations, offers an attractive solution to fluoro-
quinolone susceptibility testing but sensitivities are often less than 90%. We hypothesize that this is partly be-
cause the bioinformatic pipelines used usually mask the recognition of minor alleles that have been implicated in
fluoroquinolone resistance.

Methods: We analysed the Comprehensive Resistance Prediction for Tuberculosis: an International Consortium
(CRyPTIC) dataset of globally diverse WGS Mycobacterium tuberculosis isolates, with matched MICs for two
fluoroquinolone drugs and allowed putative minor alleles to contribute to resistance prediction.

Results: Detecting minor alleles increased the sensitivity of WGS for moxifloxacin resistance prediction from
85.4% to 94.0%, without significantly reducing specificity. We also found no correlation between the proportion
of an M. tuberculosis population containing a resistance-conferring allele and the magnitude of resistance.

Conclusions: Together our results highlight the importance of detecting minor resistance-conferring alleles

when using WGS, or indeed any sequencing-based approach, to diagnose fluoroquinolone resistance.

Introduction

The fluoroquinolone antibiotics levofloxacin and moxifloxacin are
recommended by the WHO for the treatment of both drug-
susceptible and MDR tuberculosis (TB).! Tt is therefore imperative
that fluoroquinolone drug susceptibility testing (DST) is carried
out quickly and accurately to treat patients and prevent the
spread of resistant strains.

WGS can rapidly identify resistance and susceptibility to several
antitubercular drugs.”* The WHO recommends that WGS results
are interpreted using a catalogue of mutations associated with re-
sistance compiled using over 38000 M. tuberculosis isolates.* The
sensitivity of this catalogue for identifying resistance was >90% for
the first-line drugs rifampicin and isoniazid in the dataset used to
build it.> However, the sensitivity to identifying levofloxacin and
moxifloxacin resistance was lower, at 84.4% and 87.7% respect-
ively.” Because fluoroguinolone resistance is well characterized
and attributed to a small number of mutations in the gyrA and
gyrB genes® it is surprising that a larger proportion of fluoroquino-
lone resistance was not explained by the catalogue.

Mixed populations are common in M. tuberculosis infections
and have been particularly implicated in fluorogquinolone

resistance”®; the prevalence of mixed populations containing
minor resistance-conferring alleles is estimated at ~10% of
fluoroquinolone-resistant isolates.” WGS bioinformatics pipelines
often use filters and thresholds to reduce the effect of sequen-
cing errors,'® which unfortunately also preclude the detection
of minor alleles. Indeed, the pipeline used in processing the sam-
ples for the WHO catalogue™® only identified a genetic variant if
over 90% of reads at a genomic position supported its existence,
effectively ignoring minor alleles.

Large matched WGS and phenotypic datasets, such as that
compiled by the Comprehensive Resistance Prediction for
Tuberculosis: an International Consortium (CRyPTIC),11 provide
an opportunity to study the significance of minor alleles. In this
article we will investigate the extent to which catalogue-based
fluoroquinolone resistance prediction is enhanced by including
minor alleles containing known resistance-conferring mutations.

Materials and methods

We assume that a population is homogeneous if 90% or more of the
reads support a different nucleotide to the reference genome (i.e. fraction
of read support, FRS >0.9), whereas a population is mixed if there are

© The Author(s) 2023. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

1of5

€20z 1snBny z0 uo 1senb Aq ££1E0 1 L/6E0PEIP/Z/S/PI0IHE/IWEDEl/WOS" dNO"0lWapEDE//:SdRY WOl POPEOJUMOC


https://orcid.org/0000-0003-0912-4483
mailto:philip.fowler@ndm.ox.ac.uk
https://twitter.com/@philipwfowler
https://twitter.com/@AliceBrankin
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jacamr/dlad039
https://academic.oup.com/

Brankin and Fowler

more than two reads but fewer than 90% supporting a genetic variant.
Our rationale is that as the error rate of Illumina sequencing is <1%, if
two or more reads support an alternative allele, it is highly unlikely that
this is due to sequencing error.

M. tuberculosis complex isolates with an associated moxifloxacin or
levofloxacin MIC were obtained from the CRyPTIC FTP site (http:/ftp.ebi.
ac.uk/pub/databases/cryptic/release_june2022/). Isolates were discarded
if the phenotypic measurement was annotated as ‘low quality’ (the three
methods used to determine the MIC were not in agreement) or if they ori-
ginated from a laboratory with a known quality controlissue.** The genetic
variants these isolates had in either the gyrA or gyrB genes, as detected by
Illumina sequencing and the CRyPTIC bicinformatic pipeline,'* were also
extracted from the dataset. In total, 9128 isolates with WGS and MIC
data for levofloxacin and 8138 isolates with WGS and MIC data for moxi-
floxacin were analysed.

The variant caller (Clockwork v0.8.3, https://github.com/igbal-lab-org/
clockwork) used by the CRyPTIC project was set up conservatively; a gen-
etic variant had to have an FRS >90% for it to be identified, with all other
potential variants being screened out.!! We therefore directly parsed the
variant call format files of all samples looking for isolates that had evi-
dence of minor alleles in gyrA or gyrB. The FRS for each putative genetic
variant was extracted and any resultant amino acid changes identified.
Putative variants present at a position that failed the Minos'? minimum
sequencing depth filter were not included, and hence assumed WT for
analyses. The minimum genotype confidence percentile was not used
to exclude any variants because this filter is itself partially dependent
on the FRS.* Finally, we assumed that genetic variants in the WHO resist-
ance catalogue annotated as either ‘resistance associated’ or ‘resistance
associated—interim” mutations both conferred resistance to the relevant
drug.

Results

CRyPTIC isolates were classified as resistant or susceptible de-
pending on whether their MIC (Figure 1a, b) lay above or below
a published epidemiological cut-off value (ECOFF/ECV).'* We
then predicted genetically which of the isolates were resistant
to levofloxacin and moxifloxacin assuming the populations
were homogeneous (all genetic variants supported by an FRS
>0.9). This approach identified the levofloxacin- and
moxifloxacin-resistant isolates with 83.1% and 85.4% sensitivity,
respectively, and over 90% specificity in both cases (Figure 1c, d).
In total, 16.9% of levofloxacin resistance and 14.6% of moxi-
floxacin resistance in this dataset is therefore not explainable
by catalogue mutations seen at FRS >0.9.

Allowing minor alleles containing mutations in the WHO cata-
logue to contribute to the predictions by reducing the FRS thresh-
old increased the sensitivity of the catalogue significantly, by
9.7% and 9.5% when identifying levofloxacin and moxifloxacin
resistance, respectively (Figure 1c, d). The specificity of the predic-
tions decreased slightly by 0.5% and 0.8% for levofloxacin and
moxifloxacin, respectively, but these differences were not signifi-
cant at P=0.05. For this dataset, 7.9% of levofloxacin resistance
and 6.0% of moxifloxacin resistance remains unexplained by the
presence of catalogue mutations.

One might expect that if a resistance-conferring allele is seen at
higher FRS (i.e. is more prevalent within the mixed population) it will
have a greater level of resistance because the time taken for the
resistant population to present as a visible growth in antibiotic-
containing wells on the plate will be shorter. Hence, we next
examined whether the proportion of the population containing

the minor resistance-conferring allele (FRS) correlated with the
magnitude of the fluoroquinolone MIC after 14 days incubation
on the plate. Although all catalogue resistance-associated muta-
tions were seen as part of a mixed population in at least one sam-
ple, we only considered the two most frequent mutations seen in
fluoroquinolone-resistant isolates, gyrA D94G and A90V. Pearson’s
rank correlation coefficients confirmed there is no correlation be-
tween FRS for the resistance-conferring allele and MIC to either
levofloxacin or moxifloxacin after 14 days of incubation on the plate
in isolates with either gyrA D94G or AS0OV. Therefore we disproved
our hypothesis that a higher prevalence of a resistance-conferring
allele in a population confers a greater level of resistance to select-
ive pressure from antibiotic (Figure 2a-d).

Discussion

We found a near 10% absolute improvement in sensitivity with-
out a significant reduction in specificity when predicting levo-
floxacin and moxifloxacin resistance using the WHO mutation
catalogue by including minor alleles (Figure 1c, d). Importantly,
this brings the catalogue performance for detecting fluoroquino-
lone resistance up to the level of isoniazid and rifampicin,*>
where the determinants of resistance are also well understood.
The magnitude of improvement in sensitivity correlates with
the previously estimated 10% frequency of fluoroquinolone re-
sistance conferred by alleles seen in mixed populations.'®
Resistance from minority populations has likewise been impli-
cated for rifampicin, isoniazid and ethambutol,'° and should be
explored further.

Importantly, only when minor alleles are included does the
catalogue performance exceed the minimum requirement of
90% sensitivity compared with phenotypic DST, as set out in
the WHO target product profile (TPP) for next-generation sequen-
cing technologies.'* This improvement also provides indirect evi-
dence that molecular DST tools developed to detect the
catalogue mutations will exceed the WHO target of 90% sensitiv-
ity,'® provided that these tests detect mutations in mixed popu-
lations. Although the small decrease in specificity observed by
including mixed alleles in our study was not significant, it is im-
portant to note that the specificity compared with phenotypic
DST for moxifloxacin, even without using mixed alleles, is below
the minimum threshold of 95% set out in the WHO TPP
(Figure 1d). This warrants further investigation but is likely due,
in part, to the increased likelihood that samples containing
resistance-conferring mutations in gyrA have an MIC below the
ECOFF/ECV due to the relatively small increases in MICs observed
for strains resistant to fluoroquinolones.*® This effect is particu-
larly pronounced for moxifloxacin, consistent with the lower ob-
served specificity for this drug.

Despite the improvement in sensitivity achieved by allowing
minor alleles to contribute, 7.9% of levofloxacin resistance and
6.0% of moxifloxacin resistance is not explained by the presence
of catalogue mutations. Several scenarios could account for this.
Firstly, there are likely additional minor resistance-conferring al-
leles that could not be detected in this study due to limited se-
quencing depth (the mean read depth for the CRyPTIC
isolates?! was 74+ 44). In addition, our use of two reads in sup-
port of an alternative allele to define a minor population is con-
servative. For example, at a read depth of 30x, a minor allele is
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Figure 1. Distribution of M. tuberculosis isolates MICs to (a) levofloxacin and (b) moxifloxacin. The red line indicates the previously proposed epidemio-
logical cut-off value (ECOFF/ECV)®® that was used to distinguish resistant (R) and susceptible (S) isolates. Sensitivity and specificity of (c) levofloxacin
and (d) moxifloxacin resistance prediction using WHO 2021 catalogue mutations with and without mixed alleles. Brackets indicate a significant dif-

ference (z-test, P<0.05).

only detectable by our approach if at least 6.7% of the population
contains it. Secondly, the catalogue mutations are unlikely to be
exhaustive because rare resistance-conferring mutations would
not meet the statistical criteria required.*> Including minor al-
leles when building catalogues could help improve their compre-
hensiveness by increasing the number of examples of rarer
mutations. Finally, complex resistance mechanisms such as
drug efflux may play a role.*®

The lack of correlation between the magnitude of resistance
and the proportion of a population containing a minor resistance-
conferring allele (Figure 2a-d) is consistent with the suggestion
that gyrA D94G and A90V do not contribute a significant fitness
cost.!” Isolates with gyrA D94G and A90V seen at very low FRS

still had high MICs to levofloxacin and moxifloxacin after 2 weeks
incubation, suggesting that a small resistant population can rap-
idly outcompete a majority WT population under the selective
pressure of fluoroquinolone treatment. We infer that it is essen-
tial that any tool used for fluoroquinolone DST detects minor re-
sistant populations. This means that for next-generation
sequencing approaches to be successful, the sequencing depths,
variant callers used and any filters applied need to be carefully
optimized, leading to standardized recommendations to prevent
the misdiagnosis of fluoroquinolone susceptibility.

Due to the nature of Illumina sequencing performed by the
CRyPTIC study, the sequencing depth is limited and highly vari-
able between samples and genetic loci. A deep sequencing
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Figure 2. Distribution of FRS for gyrA D94G and the (a) levofloxacin and (b) moxifloxacin MIC of the M. tuberculosis isolate; and the distribution of FRS for
gyrA A90V and the (c) levofloxacin and (d) moxifloxacin MIC of the M. tuberculosis isolate. FRS was rounded to the nearest 0.1 to show the distribution of
MICvalues at different FRS. Both susceptible and resistant isolates containing alleles encoding the mutation at FRS < 0.9 were included, and alleles with
FRS >0.9 were excluded to avoid overfitting to the majority homogeneous population. R shows the Pearson rank correlation coefficient between the
unrounded FRS and log, MIC. Individual sample MICs are plotted as filled black circles and violin plots are drawn to help illustrate the distributions.

approach is necessary to confirm the importance of minority re-
sistant populations in M. tuberculosis infection and to better in-
form the design and parameterization of bioinformatics
pipelines. The Illumina WGS data analysed here provide an esti-
mate of what could be detected by current practice and suggest
that high sequencing depths at loci associated with resistance
might be required to rule out fluoroquinolone resistance. In add-
ition, it is likely that due to the culturing step the observed popu-
lation may be more homogeneous than is present in the patient.
Further work to reduce the number and duration of steps be-
tween sampling and sequencing is needed to both investigate
and minimize the magnitude of any effect.

To conclude, identifying minority populations containing mu-
tations known to confer resistance improved the sensitivity of
fluoroquinolone resistance prediction using the 2021 WHO TB re-
sistance catalogue. Hence, it is vital that genetics-based tools

and pipelines used for fluoroquinolone DST can resolve

resistance-conferring mutations in minority populations.
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