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Abstract

The Comprehensive Resistance Prediction for Tuberculosis: an International
Consortium (CRyPTIC) presents here a compendium of 15,211 Mycobacterium
tuberculosis global clinical isolates, all of which have undergone whole genome
sequencing (WGS) and have had their minimum inhibitory concentrations to 13
antitubercular drugs measured in a single assay. It is the largest matched phenotypic
and genotypic dataset for M. tuberculosis to date. Here, we provide a summary
detailing the breadth of data collected, along with a description of how the isolates
were collected and uniformly processed in CRyPTIC partner laboratories across 23
countries. The compendium contains 6,814 isolates resistant to at least one drug,
including 2,129 samples that fully satisfy the clinical definitions of rifampicin resistant
(RR), multi-drug resistant (MDR), pre-extensively drug resistant (pre-XDR) or
extensively drug resistant (XDR). Accurate prediction of resistance status
(sensitive/resistant) to eight antitubercular drugs by using a genetic mutation
catalogue is presented along with the presence of suspected resistance-conferring
mutations for isolates resistant to the newly introduced drugs bedaquiline, clofazimine,
delamanid and linezolid. Finally, a case study of rifampicin mono-resistance
demonstrates how this compendium could be used to advance our genetic
understanding of rare resistance phenotypes. The compendium is fully open-source
and it is hoped that the dataset will facilitate and inspire future research for years to

come.
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Introduction

Tuberculosis (TB) is a curable and preventable disease; 85% of those afflicted
can be successfully treated with a six-month regimen. Despite this, TB is the world’s
top infectious disease killer (current SARS-CoV-2 pandemic excepted) with 10 million
new cases and 1.2 million deaths estimated in 2019 alone (1). Furthermore, drug
resistant TB (DR-TB) is a continual threat; almost half a million cases resistant to the
first-line drug rifampicin (RR-TB) were estimated, with three quarters of these
estimated to be multidrug-resistant (MDR-TB, resistant to first-line drugs isoniazid and
rifampicin) (1). Worryingly, only 44% of DR-TB cases were officially notified and just

over half of these cases were successfully treated (57%) (1).

To address these issues, the World Health Organisation (WHO) is encouraging
the development of better, faster and more targeted diagnostic and treatment
strategies through its EndTB campaign (1). Of particular interest is universal drug
susceptibility testing (DST). Conventionally, DST relies on lengthy (4 weeks minimum)
culture-based methods that require strict biosafety conditions for Mycobacterium
tuberculosis. The development of rapid genetics-based assays has decreased
diagnostic time to as little as 2 hours through the detection of specific resistance
conferring mutations e.g. the Cepheid Xpert® MTB/RIF test (2,3). However, assay bias
towards specific genic regions can result in misdiagnosis of resistance, the
prescription of ineffective treatment regimens and subsequent spread of multi-drug
resistant disease, as seen during an MDR outbreak in Eswatini (4-6). Furthermore,
detection of rifampicin resistance is used to infer MDR-TB epidemiologically as
rifampicin resistance tends to coincide with resistance to isoniazid (7). While this

modus operandi is successful at pragmatically identifying potential MDR cases quickly
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and effectively, it is not generally true that a single path exists for developing MDR or
extensively drug resistant TB (XDR = MDR/RR + resistance to at least one

fluoroquinolone and either bedaquiline or linezolid).

Whole-genome sequencing (WGS) has the potential to reveal the entirety of
the M. tuberculosis genetic resistance landscape for any number of drugs
simultaneously whilst enabling a more rapid turnaround time and reduction in cost
compared to DST culture-based methods (8). However, the success of WGS as a
diagnostic tool wholly depends on there being a comprehensive and accurate
catalogue of resistance-conferring mutations for each drug. Recent advances have
shown that genotypic predictions of resistance correlate well with DST measurements
for first-line drugs (7). However, the mechanisms of resistance to second-line drugs
along with the new and re-purposed drugs (NRDs) are less well understood despite

their increased administration in clinics as MDR cases climb(1,9).

To address these shortcomings, the Comprehensive Resistance Prediction for
Tuberculosis: an International Consortium (CRyPTIC) has collected M. tuberculosis
clinical isolates worldwide to survey the genetic variation associated with resistance
to 13 antitubercular drugs, specifically the first-line drugs rifampicin, isoniazid,
ethambutol, the second-line drugs amikacin, kanamycin, rifabutin, levofloxacin,
moxifloxacin, ethionamide, and the new and re-purposed drugs bedaquiline,
clofazimine, delamanid and linezolid. Here, we introduce and describe these data in
the form of an open-access compendium of 15,211 isolates, each of which has had its
genomic sequence determined and DST profile measured (10). This compendium is

the largest drug screening effort to date for M. tuberculosis in a ‘one isolate — one
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80 microscale assay’ format across defined compound concentration ranges. The
81 presented dataset forms the backbone for several studies being put forth by the
82  consortium to achieve its ultimate aim (11-15). By being fully open-access, it is hoped
83 that this compendium will prove an invaluable resource to accelerate and improve
84  antimicrobial resistance (AMR) diagnostic development for TB, both by the enrichment
85 of mutation catalogues for WGS resistance prediction and the identification of

86  important diagnostic gaps and drug resistance patterns.

87

88

89 Methods

90 Ethics

91 Approval for the CRyPTIC study was obtained by Taiwan Centers for Disease

92  Control IRB No. 106209, University of KwaZulu Natal Biomedical Research Ethics
93  Committee (UKZN BREC) (reference BE022/13) and University of Liverpool Central
94  University Research Ethics Committees (reference 2286), Institutional Research
95  Ethics Committee (IREC) of The Foundation for Medical Research, Mumbai (Ref nos.
96 FMR/IEC/TB/01a/2015 and FMR/IEC/TB/01b/2015), Institutional Review Board of
97 P.D. Hinduja Hospital and Medical Research Centre, Mumbai (Ref no. 915-15-CR
98 [MRC]), scientific committee of the Adolfo Lutz Institute (CTC-IAL 47-J / 2017) and in
99 the Ethics Committee (CAAE: 81452517.1.0000.0059) and Ethics Committee review
100 by Universidad Peruana Cayetano Heredia (Lima, Peru) and LSHTM (London, UK).
101

102  Sample collection

103 Participating collection centres varied in their isolate collection approaches and

104 timescales (e.g. longitudinal sampling, rolling patient visits, biobank stocks), but the
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105  consortium collectively aimed to oversample for M. tuberculosis isolates with drug
106 resistance and multi-drug resistance. A standard operating protocol for sample
107  processing was defined by CRyPTIC as previously described and is discussed in more

108  detail below in relevant sub-sections (10,11).

109
110  Plate assay

111 The CRyPTIC consortium designed two versions of the Sensititre MYCOTB
112 plate (Thermo Fisher Scientific Inc., USA) named the “UKMYC5” and “UKMYC6”
113 microtitre plates (10,11). These plates contain five to ten doubling dilutions of 13
114  antibiotics (rifampicin (RIF), rifabutin (RFB), isoniazid (INH), ethambutol (EMB),
115 levofloxacin (LEV), moxifloxacin (MXF), amikacin (AMI), kanamycin (KAN),
116  ethionamide (ETH), clofazimine (CFZ), linezolid (LZD), delamanid (DLM), and
117  bedaquiline (BDQ)). Delamanid and bedaquiline were provided by Otsuka
118 Pharmaceutical Co., Ltd. and Janssen Pharmaceutica respectively. The UKMYC5
119 plate also contained para-aminosalicylic acid (PAS), but the MICs were not
120  reproducible and hence it was excluded from the UKMYCG6 plate design and is not
121  included in any subsequent analysis (10).

122 A standard operating protocol for sample processing was defined by CRyPTIC
123 as previously described (10,11). Clinical samples were sub-cultured using 7H10 agar
124  plates, Lowenstein-densen tubes or MGIT tubes. Bacterial cell suspensions (0.5
125  McFarland standard, saline Tween) prepared from (no later than) 14-day old colonies
126  were diluted 100X in 10 ml enriched 7H9 broth prior to plate inoculation. A semi-
127  automated Sensititre Autoinoculator (Thermo Fisher, Scientific Inc., USA) was used to
128  inoculate 100 pl prepared cell suspensions (1.5 x 10° CFU/ml [5 x 10* CFU/ml - 5 x

129  10° CFU/ml]) into each well of a UKMYC5/6 microdilution plate. The plate was sealed
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130 and incubated for 14 days at 37°C. Quality control runs were performed periodically
131 using M. tuberculosis H37Rv ATCC 27294, which is sensitive to all drugs on the plates.
132

133 Minimum Inhibitory Concentration (MIC) measurements

134 Minimum inhibitory concentrations (MICs) for each drug were read after
135 incubation for 14 days by a laboratory scientist using a Thermo Fisher Sensititre™
136  Vizion™ digital MIC viewing system (10). The Vizion apparatus was also used to take
137  a high contrast photograph of the plate with a white background, from which the MIC
138  was measured again using the Automated Mycobacterial Growth Detection Algorithm
139 (AMyGDA) software (16). The AMyGDA algorithm was specifically developed to
140  automate and perform quality control of MIC measurements, and to facilitate machine
141  learning studies within the consortium. AMyGDA detects the boundaries of each well
142 using a Hough transform for circles and measures growth as the number of dark pixels
143 within the area contained by this boundary.

144 All images where the MICs measured by Vizion and AMyGDA were different
145  were uploaded to a citizen science project, BashTheBug, on the Zooniverse platform
146  (17). Each image was then classified by 211 volunteers and the median classification
147  taken. MICs were then classified as high (at least two methods concur on the MIC),
148  medium (either a scientist recorded a MIC measurement using Vizion but did not store
149  the plate picture, or Vizion and AMyGDA disagree and there is no BashTheBug
150  measurement), or low (all three methods disagree) quality.

151 To ensure adequate data coverage for this study, we took the MIC from the
152 Vizion reading provided by the trained laboratory scientist if it was annotated as having
153  medium or low quality.

154
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155  Binary phenotype classification

156 Binary phenotypes (resistant/susceptible) were assigned from the MICs by
157  applying epidemiological cut-off values (11); samples with MICs at or below the
158 ECOFF are, by definition, wild-type and hence assigned to be susceptible to the drug
159 in question (11). Samples with MICs above the ECOFF are therefore classified as
160 resistant (Fig. S1, Table S1). Please see (11) for the body of work supporting the use
161 of the ECOFF relative to the compendium isolates and supplemental Table S1 for the
162 ECOFFs for each drug tested.

163

164

165 Genomic data processing and variant calling

166 Short-read, paired end libraries were sequenced on lllumina machines and the
167 resulting FASTQ files were processed using the bespoke pipeline Clockwork (v0.8.3,
168  github.com/igbal-lab-org/clockwork, (18)). Briefly, all raw sequencing files were
169 indexed into a relational database with which Clockwork proceeds. Human,
170  nasopharyngeal flora and human immunodeficiency virus related reads were removed
171  and remaining reads were trimmed (adapters and low quality ends) using Trimmomatic
172 and mapped with BWA-MEM to the M. tuberculosis H37Rv reference genome
173 (NC000962.3) (19,20). Read duplicates were removed. Genetic variants were called
174  independently using Cortex and SAMtools, two variant callers with orthogonal
175  strengths (SAMtools a high sensitivity SNP caller, and Cortex a high specificity SNP
176  and indel caller) (21,22). The two call sets were merged to produce a final call set,
177  using the Minos adjudication tool to resolve loci where the two callers disagreed, by
178 remapping reads to an augmented genome containing each alternative allele (23).

179  Default filters of a minimum depth of 5x, a fraction of supporting reads of 0.9 (minos)
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180  and a genotype confidence percentile (GCP) filter of 0.5 were applied. The GCP filter
181 is a normalised likelihood ratio test, giving a measure of confidence in the called allele
182 compared with the other alternatives, and is described in (23). This produced one
183  variant call format (VCF) file per sample, each only describing positions where that
184  sample differed from the reference.

185

186 These filtered VCFs were then combined, to produce a single non-redundant
187 list of all variants seen in the cohort. All samples were then processed a second time
188  with Minos, remapping reads to a graphical representation of all the segregating
189  variation within the cohort, generating VCF files which had an entry at all variable
190  positions (thus for all samples, most positions would be genotyped as having the
191 reference allele). These “regenotyped” VCFs were later used to calculate pairwise
192  distances (see below).

193

194 To remove untrustworthy loci, a genome mask was applied to the resulting VCF
195 files (regions identified with self-blast matches in (24) comprising of 324,971 bp of the
196  reference genome). Furthermore, positions with less than 90% of total samples
197  passing default Clockwork/Minos variant call filters (described above) were filtered out,
198  comprising 95,703 bp of the genome, of which 55,980 bp intersect with the genome
199  mask.

200

201 Resistance prediction using a genetic catalogue

202 A hybrid catalogue of genetic variants associated with resistance to first- and
203  second- line drugs based on existing catalogues was created and can be found at

204  github.com/oxfordmmm/tuberculosis_amr_catalogues/blob/public/catalogues/NC_00
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205 0962.3/NC_000962.3 CRyPTIC v1.311_GARC1_RUS.csv (7,25). We specifically
206 did not use the recent WHO catalogue to avoid circularity and over-training, as that
207 catalogue was developed (via prior literature, expert rules and a heuristic algorithm)
208 based partially on these isolates (26)).

209 The resulting VCF file for each isolate (see “Genomic data processing and variant
210 calling” section above) was compared to the genetic catalogue to determine the
211  presence or absence of resistance-associated mutations for eight drugs: rifampicin,
212 isoniazid, ethambutol, levofloxacin, moxifloxacin, amikacin, kanamycin and
213 ethionamide. We did not apply the approach used in (7) to make a prediction if a novel
214  mutation was detected in a known resistance gene, as we simply wanted to measure
215  how well a pre-CRyPTIC catalogue could predict resistance in the compendium.
216  These results (found in PREDICTIONS.csv, see “Data availability” section for access)
217  were then compared to the binary phenotypes (see “Binary phenotype classification”
218 section for how these were defined) with the following metrics calculated: TP: the
219  number of phenotypically resistant samples are that correctly identified as resistant
220  ("true positives"); FP, the number of phenotypically susceptible samples that are
221 falsely identified as resistant ("false positives"); TN, the number of phenotypically
222 susceptible samples that are correctly identified as susceptible ("true negatives"); FN,
223 the number of phenotypically resistant samples that are incorrectly identified as
224  susceptible ("false negative"); VME, very major error rate (false-negative rate), 0-1;
225  ME, major error rate (false-positive rate), 0-1; PPV, positive predictive value, 0-1; NPV,
226  negative predictive value.

227

228

229

10
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230  Phylogenetic tree construction

231 A pairwise genetic distance matrix was constructed for 15,211 isolates by
232 comparing pairs of regenotyped VCF files (see “Genomic data processing and variant
233 calling” section above for more details). A neighbourhood-joining tree was constructed
234 from the distance matrix using quicktree (27). Tree visualisation and annotation was
235 performed using the R library ggtree (28). M. tuberculosis lineages were assigned
236  using Mykrobe and are represented by the coloured dots at the branch termini of the
237  tree (23). Forisolates that had ‘mixed’ lineage classification (i.e., 2 lineages were found
238 present in the sample by Mykrobe, n = 225, 1.5%), the first of the two lineages was
239 assigned to the isolate. ggtree was also used to construct the trees depicting
240  bedaquiline, clofazimine and delamanid resistant isolates.

241

242 The Data

243 All data can be found at ftp.ebi.ac.uk/pub/databases/cryptic/reuse/. The FTP
244  site contains two top level directories: “reuse” and “reproducibility”. In total, the
245 compendium contains data entries for 15,211 isolates. Note that various filtering
246  criteria have been applied in both this study and other CRyPTIC studies and thus final
247  isolate numbers presented across the publications will vary.

248

249  “reuse” directory

250 We point the reader to this directory to gain access to CRyPTIC project data.
251  “CRyPTIC_reuse_table_20221019.csv” contains genotypic and phenotypic data
252 relating to the figures and summaries listed in this manuscript and is what we present
253  as ageneral use reference table for most future projects. It includes binary phenotypes

254  (R/S), MICs, phenotype quality metrics, and ENA sample IDs for 12,288 compendium

11
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255  isolates (see “Quality assurance of the minimum inhibitory concentrations for 13 drugs”
256  section below in Results for filters applied to obtain this final set of isolated). It also
257 includes file paths to each isolate’s VCF file and ‘regenotyped’ VCF file (VCF files
258 which have an entry at all variable positions, see “Genomic data processing and
259  variant calling” section above for more).

260

261  “reproducibility” directory

262 This directory contains the data used for multiple CRyPTIC project publications
263  referenced throughout this manuscript. As stated above, each project has taken
264  slightly different subsets of this data as documented in those papers. For example,
265 see how tables such as “MUTATIONS.csv” and “GENOTYPES.csv” were used and
266 filtered, (along with others) in this study to obtain the reuse file
267 “CRyPTIC_reuse_table_20221019.csv” in Figure 1. Again, for optimal use of
268 CRyPTIC data in your own project, please refer to
269  “CRyPTIC_reuse_table_20221019.csv” in the “reuse” directory. All data for this study
270  were analysed and visualised using either R or python3 libraries and packages. See
271  github.com/kerrimalone/Brankin_Malone_ 2022 for codebase.

272

273

274

275

276

277
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Results

15,211 M. tuberculosis clinical isolates

The CRyPTIC compendium contains 15,211 isolates for which both genomic

and phenotypic data was collected by 23 of the partner countries across the continents

of Asia, Africa, South America and Europe. An overview of the processing of the

isolates is presented in Figure 1, and for a full description please see Methods.
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Figure 1: Processing sequencing and MIC data for 15,211 M. tuberculosis
isolates Briefly: Each isolate was DNA sequenced using an lllumina machine and plated onto 96
well plates (UKMYC5/6) containing 5-10x doubling dilutions of 13 antitubercular drugs for drug
susceptibility testing. Associated metadata (including country of origin and processing laboratory)
was recorded. DNA variant calling and analysis was performed using Clockwork and minos. After
14 days, MIC measurements were measured by a trained scientist using Vizion, and the plate was
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photographed to measure the MIC using the automated AMyGDA software and citizen scientists
from BashTheBug. After quality control procedures, phenotypic MIC data for 2,922 isolates were
removed. The compendium therefore contains 15,211 isolates with whole genome sequencing
data, 12,289 of which have matched phenotypic data, presented in
“CRyPTIC reuse_table 20211019.csv” via an FTP site (see methods). The data tables
GENOTYPES.csv, VARIANTS.csv, MUTATIONS.csv, SAMPLES.csv and PHENOTYPES.csv
used for the analyses presented in this manuscript are also accessible via the FTP site (see
methods).

The 15, 211 isolates originated from 23 different countries (Fig. 2). The largest
number of isolates were contributed by India (n = 4,004), Peru (n = 2,691), South

Africa (n = 2,155), Vietnam (n = 1,288) and China (n = 1,121).

427
7\ 30
1224 726 19 28 1121
S~ 1
25 2 7 119 491
_ 211
4004 197
78 1288
15
2691
345
2155

Figure 2: Geographical distribution of CRyPTIC M. tuberculosis clinical isolates.
The total number of isolates contributed by each country is depicted. Where labels overlap, labels
are exploded and lines are used to indicate country of origin, from left to right: UK, Albania, India.
Where the origin of an isolate was not known, the collection site identity was assigned (this
occurred for 269 isolates in Germany, 17 isolates in India, 6 isolates in Peru, 885 isolates in Italy,

14
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315 510 isolates in South Africa, 357 isolates in Sweden, 208 isolates in Taiwan, 1 isolate in Brazil and
316 4 isolates in the UK).
317

318

319

320 Lineage assignment revealed that 99.7% of the 15,211 isolates belong to the
321  four main M. tuberculosis lineages (L1-L4). The pie-charts in supplemental Figure S2
322  show the proportion of isolates amongst the different lineages (Table S2) and sub-
323 lineages (Table S3) for each location. Like previous studies, we see a strong
324  association between geolocation and lineage (Pearson’s chi-squared test, p < 2.2e-
325 16, Fig. S3) (29,30). The phylogenetic tree in supplemental figure S4 further highlights
326 the strong population structure of this collection of isolates, with isolates clustering
327 according to lineage. Typically under-sampled in current databases and biobanks, the
328 L3 isolates in this study represent the largest collection to date (31).

329

330 Although these 15,211 M. tuberculosis isolates were plated to determine their
331 MICs to 13 antitubercular drugs, regular quality assurance checks detected problems
332 with plate inoculation and reading in two laboratories. Therefore, 2,922 isolates were
333  removed from the dataset, leaving a total of 12,289 isolates with matched phenotypic
334  and genotypic data for further analysis (Fig.1). Due to wells being skipped and other
335 phenomena that prevent an MIC being measured, 88.1% of the isolates had a
336  phenotype for all 13 drugs on the plate. For each drug, the number of isolates with an
337  MIC measurement, and the associated quality of the reading, is presented in Table 1.
338

339

340
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MIC HIGH QUALITY MEDIUM QUALITY LOW QUALITY
MEASUREMENTS
INH 12070 9519 1351 1200
RIF 12099 8955 1356 1788
EMB 12158 7506 1355 3297
LEV 12163 7774 1354 3035
MXF 12194 6785 1353 4056
AMI 12072 8973 1350 1749
KAN 12130 9333 1355 1442
BDQ 12068 8536 1355 2177
CFz 12049 7763 1352 2934
DLM 11927 8095 1349 2483
LZD 12189 7141 1355 3693
ETH 12132 8821 1355 1956
RFB 12150 10042 1352 756
TOTAL 157401 109243 17592 30566

341

342  Table 1: Quality metrics for phenotype data Stated for each drug is the total number of
343  MIC measurements stratified into “high” quality (at least two MIC measurement methods agree),
344  “medium” quality (either Vizion and AMyGDA disagree, or the scientist recorded a MIC
345  measurement using Vizion but did not store the plate picture) or “low” quality (all three MIC
346 measurements methods disagree) phenotype classifications as described in Methods. Drug
347 acronyms: INH = isoniazid, RIF = rifampicin, EMB = ethambutol, LEV = levofloxacin, MXF =
348  moxifloxacin, AMI = amikacin, KAN = kanamycin, BDQ = bedaquiline, CFZ = clofazimine, DLM =
349  delamanid, LZD = linezolid, ETH = ethionamide, RFB = rifabutin.

350

351 Resistance classification and distribution

352 Unsurprisingly, given its size and bias toward the collection of resistant isolates,
353 resistance to each of the 13 drugs is represented within the compendium (Fig. 3a).
354  The drugs with the highest percentage of resistant isolates are the first line drugs
355 isoniazid and rifampicin (49.0% and 38.7% respectively). Of the second line drugs,
356 levofloxacin had the highest proportion of resistant isolates in the dataset (17.6%) and
357 amikacin the lowest (7.3%). A low proportion of isolates were resistant to the NRDs,
358  bedaquiline (0.9%), clofazimine (4.4%), delamanid (1.6%) and linezolid (1.3%).

359
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360 Of the 12,289 isolates with matched phenotypic and genotypic data, 6,814
361 (55.4%) were resistant to at least one drug (Fig. 3b). For the purpose of describing
362 five broader resistance categories present in the dataset, we assumed that all MICs
363  that could not be read had susceptible phenotypes. These five resistance categories
364 comprise: isoniazid and rifampicin susceptible with resistance to another
365 antitubercular drug, isoniazid resistant but rifampicin susceptible, RR/MDR, pre-XDR
366 (RR/MDR + fluoroquinolone resistance), and XDR (RR/MDR + fluoroquinolone
367 resistance + resistance to a group A agent: bedaquiline or linezolid)). Consequently,
368 the calculated prevalence of MDR, XDR efc. in the dataset (Fig. 3) are likely under-
369 estimates. Of the isolates resistant to one or more drugs, 22.8% were resistant to
370 isoniazid and not rifampicin, 68.8% were either RR or MDR and 8.4% were resistant
371 to at least one antitubercular drug, but not isoniazid or rifampicin (Fig. 3b). Of the
372 RR/MDRisolates, 38.8% were pre-XDR and 3.0% were XDR. Two of the XDR isolates
373  returned a resistant phenotype to all 13 of the drugs assayed (Table S5) and therefore
374 could be reasonably described as totally drug resistant (TDR). One such isolate
375 belonged to L4 and was contributed by South Africa, and the other belonged to L2 with
376  an unknown country of origin contributed by Sweden.

377

378 The proportion of drug susceptible isolates collected differed between
379  countries, as not all laboratories oversampled for resistance (Fig. 3c). In countries that
380  contributed more than 100 resistant isolates, each of the broad phenotypic resistance
381 categories in Fig. 3b were seen except for Peru, Vietham and Nepal which did not
382  contribute any XDR isolates (Fig. 3c). Vietham and Brazil sampled a high proportion
383 of non-MDR/RR resistant phenotypes; 73.9% and 55.1% of resistant isolates

384  contributed by these countries, respectively, were neither MDR nor RR. For Nepal and
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385 India, an especially high proportion of the MDR/RR isolates contributed were
386  fluoroquinolone resistant (92.9% and 69.8% respectively), which has been previously
387 observed for this geographical region (32,33).

388

389 Of the 6814 resistant isolates, 256 were from L1, 2886 were from L2, 625 were
390 from L3 and 3043 were from L4. All five broader categories of resistance were
391 represented in the four major M. tuberculosis lineages (Fig. 3d). We note that the
392  relative proportions of resistance categories will have been influenced by the different
393 local sampling approaches since lineage distributions are typically geographically
394  distinct (Fig. S2). Bearing this in mind, we observe that in the compendium, L3 isolates
395 contained the most MDR/RR isolates as a proportion of resistant isolates (77.6%), L2
396 isolates contained the most pre-XDR isolates as a proportion of MDR/RR isolates
397 (54.2%) and L2 contained the most XDR isolates as a proportion of MDR/RR isolates
398 (4.7%).

399
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401 Figure 3: Drug phenotype data for the CRyPTIC compendium a) Frequency of
402  resistance to each of 13 drugs in the CRyPTIC dataset. The total number of isolates with a binary
403  phenotype (of any quality) for the corresponding drug is presented in Table 1. b) Phenotypes of
404 12,289 CRyPTIC isolates with a binary phenotype for at least one drug. ¢) Geographical
405  distribution of phenotypes of 12,289 CRyPTIC isolates. Intensity of blue shows the percentage of
406 isolates contributed that were categorised as susceptible to all 13 drugs. Donut plots show the
407  proportions of resistant phenotypes identified in (b) for countries contributing >=100 isolates with
408  drug resistance. d) Proportions of resistance phenotypes in the 4 major M. tuberculosis lineages.
409 N is the number of isolates of the lineage called resistant to at least one of the 13 drugs. Drug
410  acronyms: INH = isoniazid, RIF = rifampicin, EMB = ethambutol, LEV = levofloxacin, MXF =
411  moxifloxacin, AMI = amikacin, KAN = kanamycin, BDQ = bedaquiline, CFZ = clofazimine, DLM =
412  delamanid, LZD = linezolid, ETH = ethionamide, RFB = rifabutin.
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413

414  Co-occurrence of drug resistance amongst the CRyPTIC isolates

415 As we measured MICs to 13 drugs in parallel, we can ask whether, and how
416  often, co-occurrence of drug resistance occurs amongst the isolates. We found
417  isolates with all possible two-drug resistant combinations in this dataset (Fig. 4a, Table
418 S6). With the exception of correlations between drugs in the same class (rifabutin vs
419  rifampicin, moxifloxacin vs levofloxacin), Isoniazid resistance was the most strongly
420  associated with resistance to each of the other drugs. Resistance to any of the drugs
421  was also strongly associated with resistance to rifampicin. Of the second line drugs,
422  levofloxacin and moxifloxacin were more commonly seen as a second resistant
423  phenotype than the injectable drugs kanamycin and amikacin.

424

425 Resistance to both drugs in the aminoglycoside class was common in the
426 dataset; 90.4% of amikacin resistant isolates were also resistant to kanamycin
427  although significantly fewer kanamycin resistant isolates were resistant to amikacin
428  (72.0%, p <0.00001) (Fig. 4a). In a similar fashion, a smaller proportion of rifampicin
429  resistant isolates were resistant to rifabutin than rifabutin resistant isolates that were
430 resistant to rifampicin (91.3%, 96.8%, p <0.00001) while a smaller proportion of
431 levofloxacin resistant isolates were resistant to moxifloxacin than moxifloxacin
432  resistant isolates that were resistant to levofloxacin (78.5%, 97.6%, p <0.00001).

433

434 Differences in drugs of the same class are also well documented by in vitro
435  studies (34-36).

436
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437 Isolates resistant to the NRDs bedaquiline, clofazimine, delamanid and linezolid
438  were most likely to also be resistant to isoniazid, followed by rifampicin and rifabutin.
439 The NRDs were less commonly seen as a second resistance phenotype and the
440 smallest proportional resistance combinations involved the NRDs (e.g. 1.5% of
441 isoniazid resistant isolates were bedaquiline resistant). Within the NRDs however, co-
442  occurrence of resistance was proportionally higher; bedaquiline, linezolid and
443  delamanid resistance was commonly seen with clofazimine resistance (52.4%, 34.2%
444  and 26.3% of isolates having co-resistance with clofazimine respectively).

445

446  Additional antibiotic resistance in isolates with non-MDR or MDR phenotypic
447  backgrounds

448 To further investigate drug resistance patterns amongst the isolates, we
449  examined in more detail the correlation structure of phenotypes by conditioning on
450  different resistance backgrounds including isoniazid and rifampicin susceptible,
451 isoniazid resistant and rifampicin susceptible, rifampicin resistant and isoniazid
452  susceptible, MDR, pre-XDR and XDR (Fig. 4b-f). We found that a greater proportion
453  of isolates that were susceptible to isoniazid and rifampicin were resistant to the
454  second line drugs levofloxacin (24.1%), kanamycin (18.1%), moxifloxacin (13.7%),
455  and amikacin (8.9%) than the first line drug ethambutol (3.8%) (Fig. 4b). The proportion
456  of isolates resistant to clofazimine or levofloxacin was particularly high (32.9% and
457  24.1%, respectively), and more isolates were resistant to these two drugs than
458  ethambutol in an isoniazid resistant and rifampicin susceptible background but not in
459 MDR/RR isolates (Fig. 4c-f).

460

21


https://doi.org/10.1101/2021.09.14.460274
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460274; this version posted March 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

461 MDR/RR isolates were most commonly resistant (excluding rifabutin) to the first
462  line drug ethambutol (46.3%), closely followed by levofloxacin (41.4%). As expected,
463  the proportion of fluoroquinolone resistance was higher in MDR/RR isolates than non-
464 MDR isolates (37) and we found a greater proportion of isolates were resistant to
465  levofloxacin than moxifloxacin, a pattern seen in all other backgrounds (Fig. 4c-f). For
466  the aminoglycosides, a greater percentage of MDR/RR isolates were kanamycin
467  resistant (21.8%) than amikacin resistant (18.1%), a trend seen in all other
468  backgrounds.

469

470 For isolates with an XDR phenotype, a higher proportion were resistant to
471  linezolid than bedaquiline (66.7% compared to 44.6%) and 11.3% of XDR isolates
472 were resistant to both bedaquiline and linezolid (Fig. 4f). XDR isolates were also
473  resistant to the other NRDs, clofazimine (41.3%) and delamanid (18.8%). In non-XDR
474  backgrounds the most common NRD resistance seen was clofazimine (Fig. 4b-e).
475

476
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478  Figure 4: Co-occurrence of resistance to one drug conditional on resistance to
479  another drug, or to resistance background, a) The heatmap shows the probability of an
480 isolate being resistant to Drug 2 if it is resistant to Drug 1, percentages are given in Table S4. (b-
481 g) Percentage of isolates that are resistant to another of the 13 drugs in a background of (b)
482  isoniazid susceptible + rifampicin susceptible (but resistant to at least one other antitubercular
483  drug), (c) isoniazid resistant + rifampicin susceptible, (d) MDR/RR (e) Pre-XDR, (f) XDR. Only
484  samples with definite phenotypes for RIF in MDR backgrounds and RIF and INH in non-MDR
485  backgrounds and the additional drug are included. Drug acronyms: INH = isoniazid, RIF =
486  rifampicin, EMB = ethambutol, LEV = levofloxacin, MXF = moxifloxacin, AMI = amikacin, KAN =
487  kanamycin, BDQ = bedaquiline, CFZ = clofazimine, DLM = delamanid, LZD = linezolid, ETH =
488  ethionamide, RFB = rifabutin.

489

490

491 Genetic-based predictions of resistance

492 To establish a baseline measure of how well resistance and susceptibility could
493  be predicted based on the state of the art prior to the CRyPTIC project, we compared

494  genetic-based predictions of susceptibility and resistance to the binary phenotypes
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495  derived from MICs for eight drugs and for all isolates in this compendium (Table 2).
496 Since these data were not collected prospectively or randomly, but indeed are
497  enriched for resistance, the calculated error rates are not representative of how well
498  such a method would perform in routine clinical use. The results were broadly in line
499  with prior measurements on a smaller (independent) set (23). The hybrid catalogue
500 does not make predictions for rifabutin, linezolid, bedaquiline, delamanid or
501 clofazimine; indeed, this is one of the main aims of the consortium and new catalogues
502  published by CRyPTIC and the WHO will begin to address this shortcoming (Fig. 5)
503  (26).

504

505

506

507 Table 3 shows the top mutations found amongst isolates phenotypically
508 resistant to first- and second- line drugs. As expected, rpoB S450L was the most
509 prevalent mutation associated with rifampicin resistance and katG S315T was the
510 most prevalent mutation associated with isoniazid resistance. Mutations in gyrA
511 dominate amongst fluoroquinolone resistant isolates; D94G and A90V are the two
512 most frequently occurring mutations for levofloxacin and moxifloxacin.

513

514

515

516

517

518

519

520
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TP FP TN FN VME ME PPV NPV

INH | 5493 142 5622 224 0.039 0.025 0.961 0.975

RIF | 4535 435 6669 107 0.023 0.061 0.977 0.939
EMB | 1919 513 6702 111 0.055 0.071 0.945 0.929
LEV | 1689 255 8104 184 0.098 0.031 0.902 0.969
MXF | 1358 504 9022 160 0.105 0.053 0.895 0.947
AMI | 632 84 10117 163 0.205 0.008 0.795 0.992

KAN | 735 124 9043 197 0.211 0.014 0.789 0.986
ETH | 971 114 9183 511 0.345 0.012 0.655 0.988

521

522  Table 2: Predicting phenotypic resistance using genetics

523  Statistics on how well phenotypic resistance could be predicted using a standard resistance
524  catalogue that predates the CRyPTIC project. TP: the number of phenotypically resistant samples
525 are that correctly identified as resistant ("true positives"); FP, the number of phenotypically
526  susceptible samples that are falsely identified as resistant ("false positives"); TN, the number of
527  phenotypically susceptible samples that are correctly identified as susceptible ("true negatives");
528  FN, the number of phenotypically resistant samples that are incorrectly identified as susceptible
529  (“false negative"); VME, very major error rate (false-negative rate), 0-1; ME, major error rate (false-
530 positive rate), 0-1; PPV, positive predictive value, 0-1; NPV, negative predictive value, 0-1. Drug
531 acronyms: INH = isoniazid, RIF = rifampicin, EMB = ethambutol, AMI = amikacin, KAN =
532  kanamycin, LEV = levofloxacin, MXF = moxifloxacin, ETH = ethionamide.

533

534

535
536
537
538
539
540
541
542
543
544

545
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546

GENE  VARIANT n %
Rifampicin | rpoB S450L 2914 62.2
rpoB D435V 506 10.8

rpoB H445D 202 43

rpoB H445Y 147 3.1

rpoB D435Y 112 24
Isoniazid | katG S315T 3668 70.0
fabG1 c-15t 829 15.8

fabG1 g-17t 176 3.4

fabG1 t-8¢ 154 29

inhA 1194T 56 1.1
Ethambutol | embB M306V 1131 50.0
embB M306l 1001 443
embB Q497R 449 19.9

embB G406A 164 7.2

embB G406D 105 4.6
Kanamycin rrs a1401g 660 58.9
eis c-14t 70 6.2

eis g-10a 53 4.7
Amikacin rs a1401g 660 74.7
rrs g1484t 7 0.8
Levofloxacin | gyrA D94G 783 36.5
gyrA A0V 487 22.7

gyrA D94N 157 7.3

gyrA D94A 133 6.2

gyrA S91P 92 43
Moxifloxacin | gyrA D94G 783 45.4
gyrA A0V 487 28.2

gyrA D94N 157 9.1

gyrA D94A 133 7.7

gyrA D94Y 70 41
Ethionamide | fabG1 c-15t 829 48.0
fabG1 L203L 124 7.2

547 Table 3: The top mutations associated with phenotypic drug resistance
548  Depicted is a survey of the resistance-associated mutations present in CRyPTIC isolates (7,25).
549  "VARIANT”: non-synonymous amino acid mutations are denoted by upper case letters while
550  nucleotide substitutions for non-coding sequences are denoted by lower case letters. Negative
551  numbers denote substitutions in promoter regions; “GENE”: genic region of interest in which
552 *Variant” can be found; “n”. number of phenotypically resistant isolates with "VARIANT”; “%”:
553  percentage of total phenotypically resistant isolates with “VARIANT”.

554

555
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556 Resistance to new and re-purposed drugs

557 As previously stated, relatively few isolates are resistant to the NRDs,
558 bedaquiline (n = 109), clofazimine (n = 525), delamanid (n = 186) and linezolid (n =
559  156). South Africa contributed the greatest number of isolates resistant to bedaquiline,
560 clofazimine and linezolid (Fig. 5a), while China and India contributed the most isolates
561 resistant to delamanid. Since the collection protocol differed between laboratories it is
562  not possible to infer any differences in the relative prevalence of resistance to the
563  NRDs in these countries. The results of a survey of all non-synonymous mutations in
564 genes known or suspected to be involved in resistance to these four drugs (e.g.
565  rv0678, mmpLb5, pepQ, ddn, rplC, rrl etc.) are depicted in Fig. 5b-e (38—-42). Mutations
566  known to be associated with sensitivity were ignored, along with mutations that
567 occurred at a frequency of = 5% amongst all isolates (as 0.05% of total isolates are
568 resistant to the NRDs). In contrast to first- and second-line drugs, there are no
569  mutations within a single gene/small group of genes that can fully explain resistance
570 to any NRD, and indeed no single gene (if there were, they would be visible as
571  complete rings around the phylotrees in figure 5). Note that the role of most of these
572 mutations in resistance remains undetermined.

573
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Figure 5: Resistance to bedaquiline, clofazimine, delamanid and linezolid

amongst M. tuberculosis CRyPTIC isolates a) The prevalence (within these data) of
resistance to bedaquiline (BDQ), clofazimine (CFZ), delamanid (DLM) and linezolid (LZD) per
country or origin or collection site. Phylotrees are shown for isolates phenotypically resistant to b)
BDQ, c) CFZ, d) DLM and e) LZD. Tip point colours denote lineage. Each outer track represents
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580 a gene thought to be associated with resistance and coloured blocks denote the presence of a
581 non-synonymous mutation in the relevant gene for a given isolate. Mutations in these genes that
582  are either associated with sensitivity or present in >5% of the collection of isolates as a whole were
583  ignored.

584

585
586 Case study on rifampicin mono-resistance

587 Around 1% of TB cases are rifampicin mono-resistant (RMR) and the frequency
588 is increasing (1,43). The WHO does not recommend isoniazid for RMR treatment,
589 despite it being effective; this is likely due to the reliance on assays such as Xpert®
590  MTB/RIF which cannot distinguish between RMR and MDR. Use of isoniazid could
591 improve treatment outcomes for RMR patients which are currently similar to that of
592  MDR TB, including a higher risk of death compared to drug susceptible infections
593  (44,45). Due to its low natural prevalence, RMR has been poorly studied to date but
594  increasingly large clinical TB datasets, such as the one presented here, make its study
595  now feasible.

596

597 For this case study, we defined RMR as any isolate that is rifampicin resistant
598 and isoniazid susceptible, and discounted isolates with no definite phenotype for either
599  drug. Of the 4,655 rifampicin resistant isolates in the compendium that also had a
600  phenotype for isoniazid, 302 (6.5%) were RMR. These isolates were contributed by
601 12 different countries, and we found South African and Nigerian contributions had a
602 significantly higher proportion of RMR isolates than that of the total dataset at 17.5%
603  (p <0.00001) and 27.3% (p = 0.00534) respectively (Fig. 6a) compared with 6.5% for
604 the total dataset. We note that these proportions are influenced by sampling strategies
605 but the higher contribution of RMR isolates from South Africa is consistent with
606  previous studies (43).

607
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608

609 Rifampicin mono-resistance is incorrectly predicted by current diagnostics

610 A widely used, WHO-endorsed diagnostic tool, the Xpert® MTB/RIF assay,
611 uses a proxy whereby any SNP detected in the “rifampicin-resistance determining
612 region” (RRDR) of rpoB results in a prediction of MDR. However, the suitability of the
613  proxy is dependent upon prevalence of RMR in the population (43). We tested the
614 reliability of this on the 4,655 rifampicin resistant isolates in our dataset that had a
615  phenotype for isoniazid (Fig. 6b).

616

617 Of these isolates, 4,353 (93.5%) were MDR and 302 (6.5%) were RMR. 187 of
618 the MDR isolates had no RRDR mutation and therefore 4.0% of isolates in this study
619  would be predicted as false negative MDR by the Xpert® MTB/RIF assay. 276 of the
620 RMR isolates had a mutation in the RRDR of rpoB and so the Xpert® MTB/RIF assay
621  proxy would incorrectly predict 5.9% of the rifampicin resistant isolates as false
622 positive MDR cases. However, overall, the Xpert® MTB/RIF assay proxy correctly
623  predicts 89.5% of the rifampicin resistant isolates as MDR and 0.6% of the isolates as
624 non-MDR in this dataset, which suggests it is a reasonably successful diagnostic tool
625  with > 90% accuracy for MDR classification of rifampicin resistant isolates. As our
626 dataset is oversampled for resistance, it likely contains a higher prevalence of RMR
627 than the global average and hence the Xpert® MTB/RIF assay is likely to perform
628  better on more representative data. However, the analysis shows how the increasing
629 global levels of RMR TB cases could increase the number of false positive MDR
630 diagnoses by the Xpert® MTB/RIF assay, denying isoniazid treatment to a greater
631  number of patients who would then be moved on to less effective drugs.

632
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633  There are genetic differences between rifampicin mono-resistant and

634  multidrug resistant isolates

635 We have analysed our matched phenotypic and genotypic data to examine
636 whether there were any differences in the genetic determinants of rifampicin
637 resistance between RMR and MDR isolates as was seen in a recent study of South
638  African isolates (46). The proportion of RMR isolates with no rpoB mutation (5.3%, Fig.
639 6b) was significantly higher than that of MDR isolates (1.8%, p <0.00001). This
640  suggests that non-target-mediated resistance mechanisms, such as upregulation of
641 rifampicin specific efflux pumps, could be more influential in providing protection
642  against rifampicin in RMR isolates than in MDR isolates.

643

644 The majority of RMR and MDR isolates contained one or more SNPs in rpoB,
645  with the most having at least one mutation in the RRDR. To date, several non-
646 synonymous RRDR mutations have been found in RMR M. tuberculosis isolates,
647 including the resistance conferring mutations S450L, H445D and D435Y, which are
648 also seen in MDR isolates (47,48). For both RMR and MDR isolates in this dataset,
649 the most common rpoB RRDR mutation seen was S450L (63.6% and 41.1% of
650 isolates respectively, Fig. 6¢). Five mutations were present in RMR isolates that were
651 notseenin MDR isolates: S428G, S441A, S441V, S450M and S450Q, however these
652  were seen at low prevalence (< 2%) of RMR isolates. We found more RMR isolates
653 had His445 mutated than MDR isolates (27.8% of RMR and 9.5% of MDR, p
654  <0.00001), and mutations at Ser450 and Asp435 were more prevalent in MDR isolates
655 than RMRisolates (43.7% of RMR and 65.8% of MDR (p <0.00001), and 9.3% of RMR
656 and 15.5% of MDR (p = 0.00328) respectively).

657
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658 In RMR isolates we observed 27 different rpoB mutations that fall outside the
659 RRDR; 11 were found in RMR but not MDR isolates and all were seen at < 2%
660 prevalence (Fig. S6). The most common non-RRDR mutation in both MDR and RMR
661 isolates was a cytosine to thymine mutation 61 bases upstream of the rpoB start codon
662 (10.1% and 8.6% of isolates respectively). The resistance conferring mutations, rpoB
663  1491F, V695L and V170F, were seen at low proportions (< 2% of isolates) with no

664  significant difference between MDR and RMR isolates.
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667 Figure 6: Rifampicin mono resistance a) Percentage of rifampicin resistant isolates that
668  are rifampicin mono-resistant (RMR) by country of isolate origin. * indicates RMR proportions that
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669  were significantly different from that of the total dataset using a two tailed z-test with 95%
670  confidence. b) MDR predictions for rifampicin resistant isolates made using the Xpert® MTB/RIF
671 assay proxy. N is the total number of rifampicin resistant isolates. The inner ring shows the
672  proportion of rifampicin resistant isolates that are MDR and RMR. The middle ring represents the
673  proportions of MDR and RMR isolates that have a SNP (synonymous or non-synonymous) in the
674 RRDR of rpoB (RRDR), no RRDR SNP but a SNP elsewhere in the rpoB gene (rpoB) and no rpoB
675  mutations (none). The outer ring shows the expected true positive (TP), true negative (TN), false
676  positive (FP) and false negative (FN) MDR predictions of Xpert® MTB/RIF assay, based on the
677  SNPs present in the rifampicin resistant isolates. ¢) Non-synonymous mutations found in the
678 RRDR of rpoB in RMR isolates and MDR isolates. Presence of a coloured spot indicates that the
679  mutation was found in RMR/MDR isolates and spot size corresponds to the proportion of RMR or
680  MDR isolates carrying that mutation.

681
682
683
684

685 Discussion

686 This compendium of M. tuberculosis clinical isolates is the result of an extensive
687  global effort by the CRyPTIC consortium to better map the genetic variation associated
688  with drug resistance. Through its sheer size and by oversampling for resistance, the
689 compendium gives an unparalleled view of resistance and resistance patterns
690 amongst the panel of 13 antitubercular compounds studied. This study serves to
691 summarise the data within the compendium and to highlight the existence of the open-
692 access resource to the wider community to help better inform future treatment
693 guidelines and steer the development of improved diagnostics.

694

695

696 Starting with first-line drugs, molecular based diagnostic assays have vastly
697 improved the detection of and the speed at which we find drug resistant TB cases,
698  resulting in improved quality of care for patients. However, relying solely on these
699 diagnostic methods has several drawbacks. Aside from the Xpert® MTB/RIF assay

700  potentially increasing false positive MDR diagnoses as discussed earlier in the RMR
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701  case study, the assay assumes isoniazid resistance upon detection of rifampicin
702  resistance. Thus, less is known about the prevalence of mono isoniazid resistance or
703 ‘'true’ cases of MDR (confirmed rifampicin and isoniazid resistance) (1) and with large
704  datasets such as this compendium, we can further investigate these important and
705  rarer clinical phenotypes (like that of RMR in our case study). Another example of a
706 rarer phenotype is that of isoniazid-resistant and rifampicin-susceptible (Hr-TB)
707  isolates; a greater number of these were contributed by CRyPTIC countries than RMR
708 isolates (n = 1470 versus n = 302), a pattern also recently observed in a global
709  prevalence study (49). A modified 6-month treatment regimen is now recommended
710  for Hr-TB (rifampicin, ethambutol, levofloxacin and pyrazinamide), and as a result of
711 inadequate diagnosis many of the 1.4 million global Hr-TB estimated cases would
712 have received inadequate and unnecessarily longer treatment regimens (1,42).
713 Encouragingly, CRyPTIC isolates with a Hr-TB background exhibited relatively low
714 levels of resistance to other antitubercular drugs, including those in the augmented
715  regimen (Fig. 4c). However, without appropriate tools to assess and survey this, we
716  will continue to misdiagnose and infectively treat these clinical cases. In 2018,
717  CRyPTIC and the 100,000 Genomes project demonstrated that genotypic prediction
718  from WGS correlates well with culture-based phenotype for first-line drugs, which is
719  reflected in our summary of the genetic catalogue applied to this dataset (Table 3) (7).
720  While predictions can be made to a high level of sensitivity and specificity, there is still
721  more to learn, as exemplified by the isolates in the compendium that despite being
722 resistant to rifampicin and isoniazid could not be described genetically (Table 2). This
723 shortfall, along with the limitations of molecular based diagnostic assays, highlights
724  the need for continual genetic surveillance and shines a favourable light on a WGS-

725  led approach.
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726

727

728 A strength of this compendium lies with the data collated for second-line drugs.
729 A greater proportion of drug resistant isolates had additional resistance to
730  fluoroquinolones than second line injectable drugs (Fig. 4a). This could be due to more
731  widespread use of fluoroquinolones as well as their ease of administration and hence
732 them being recommended over injectables for longer MDR treatment regimens (1).
733  Concerningly, we found that resistance to levofloxacin and moxifloxacin, and
734  kanamycin and amikacin, were more common than resistance to the mycobacterial
735  specific drug ethambutol in an isoniazid and rifampicin susceptible background (Fig.
736  4b), suggesting a level of pre-existing resistance to second-line drugs. This concurs
737  with a systematic review that found patients previously prescribed fluoroquinolones
738 were three times more likely to have fluoroquinolone resistant TB (50). Careful
739  stewardship of fluoroquinolones, both in TB and other infectious diseases, will be
740  paramount for the success of treatment regimens. Despite variability in sample
741  collection, we observed high proportions of fluoroquinolone resistant MDR/RR isolates
742  from some countries and therefore suggest that MDR treatment regimens could be
743  improved by optimisation on a geographic basis.

744

745 Further treatment improvement could also be made by the selection of
746  appropriate drugs from each class. For example, the WHO recommends switching
747  from kanamycin to amikacin when treating MDR TB patients (51) and the compendium
748  supports this recommendation as we saw more resistance to kanamycin than amikacin
749  in all phenotypic backgrounds. For fluoroquinolones, more isolates were resistant to

750  levofloxacin than moxifloxacin in all phenotypic backgrounds suggesting moxifloxacin
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751  may by the most appropriate fluoroquinolone to recommend, although we note this
752  conclusion is critically dependent on the validity of the cutoff, here an ECOFF, used to
753  infer resistance. However, the amenability of drugs to catalogue-based genetic
754  diagnostics is also an important consideration, and our data suggest levofloxacin
755  resistance could be predicted more reliably than moxifloxacin, with fewer false
756  positives predicted (Table 2). Testing for fluoroquinolone resistance using molecular
757  diagnostic tests remains limited. Global data from the past 15 years suggests that the
758  proportion of MDR/RR TB cases resistant to fluoroquinolones sits at around 20%, with
759  these cases primarily found in regions of high MDR-TB burden (1). While recently
760  approved tools, such as the Cepheid Xpert® MTB/XDR cartridge, will permit both
761 isoniazid and fluoroquinolone testing to be increased, the same pitfalls are to be
762  encountered regarding targeted diagnostic assays (52). In contrast, the genetic survey
763 in this study demonstrates the potential of WGS for genetic prediction of resistance to
764  second-line drugs and studies within the consortium to investigate this are underway.
765

766 The CRyPTIC compendium has facilitated the first global survey of resistance
767  to NRDs. Reassuringly, prevalence of resistance to the NRDs was substantially lower
768  than for first- and second-line agents in the dataset (Fig. 3a), and resistance to the
769  new drugs bedaquiline and delamanid was less common than the repurposed drugs
770  clofazimine and linezolid in an MDR/RR background (Fig. 4c). However, the presence
771  of higher levels of delamanid and clofazimine resistance than ethambutol resistance
772 inthe isoniazid and rifampicin susceptible background does suggest some pre-existing
773  propensity towards NRD resistance (Fig. 4b).

774
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775 Co-resistance between NRDs was seen in isolates in the compendium, the
776  most common being isolates resistant to both bedaquiline and clofazimine. This link is
777  well documented and has been attributed to shared resistance mechanisms such as
778  non-synonymous mutations in Rv0678 which were found in both clofazimine and
779  bedaquiline resistant isolates in the compendium (42) (Fig. 5b,c). Increased
780  clofazimine use could further increase the prevalence of M. tuberculosis isolates with
781  clofazimine and bedaquiline co-resistance, limiting MDR treatment options including
782  using bedaquiline as the backbone of a shorter MDR regimen (53). Therefore,
783  proposed usage of clofazimine for other infectious diseases should be carefully
784  considered.

785

786 The WHO recommends against the use of bedaquiline and delamanid in
787  combination to prevent the development of co-resistance, which could occur relatively
788  quickly (54); the rate of spontaneous evolution of delamanid resistance in vitro has
789  been shown to be comparable to that of isoniazid, and likewise bedaquiline resistance
790  arises at a comparable rate to rifampicin resistance (55). In this compendium, 12.9%
791  of bedaquiline resistant isolates were resistant to delamanid and 7.1% of delamanid
792  resistant isolates were resistant to bedaquiline. Several scenarios could account for
793  this, including the presence of shared resistance mechanisms. For example, as
794  bedaquiline targets energy metabolism within the cell, changes to cope with
795  energy/nutrient imbalances upon the acquisition of resistance-associated ATPase
796  pump mutations may result in cross resistance to delamanid in a yet unknown or
797  unexplored mechanism (12). it is imperative that genetic determinants of resistance
798  are fully explored for the NRDs, as these are our current treatments of last resort, with

799  special attention given to those mechanisms that could be shared with other agents.
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800 In the meantime, careful stewardship and phenotypic and genotypic surveillance of
801  the NRDs should be implemented, including linezolid and clofazimine which are now
802  group A and B drugs respectively for MDR treatment (1).

803

804 Several research avenues are being actively explored by the CRyPTIC
805  consortium that make further use of this compendium, including: i) relating genetic
806  mutations to quantitative changes in the minimum inhibitory concentrations of different
807 drugs (12); ij) genome-wide association studies (14); iii) training machine learning
808  models that can predict resistance (13); iv) exploration of the genetic determinants of
809 resistance to second line and NRDs (15). Collectively these studies share the same
810 aim of facilitating the implementation of WGS-directed resistance prediction in the
811 clinic. Finally, we urge other researchers to explore and analyse this large dataset of
812 M. tuberculosis clinical isolates and hope it will lead to a wave of new and inciteful
813  studies that will positively serve the TB community for years to come.
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1018  S1. Lineages of the M. tuberculosis isolates of the compendium.

1019

1020 Isolates of the ancient Indo-oceanic lineage/L1 (n = 1,150) were mostly
1021  contributed by India (n = 676 isolates) and Vietnam (n = 283 isolates). 85% of the L1
1022 Indian isolates belong to sub-lineages 1.1.2 and 1.2.2 while 66% of the Viethamese
1023  isolates are sub-lineage 1.1.1.1. No L1 isolates were contributed by 10 of the 23
1024  countries in this study with only 2 isolates collected in South America (one in each of
1025  Brazil and Peru).

1026

1027 There are 5,598 L2 (East Asian) isolates, making it the second largest group in

1028 the dataset. L2 was found most prevalent in Asia and Europe with the largest
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1029  proportion found in amongst isolates contributed by China (n = 722, 64% of isolates)
1030 and India (n = 1,573, 39% of isolates). Sub-lineages 2.2 and 2.2.7 dominate the L2
1031 isolates (n = 1,421 and 1,249 respectively); 2.2 was found mostly amongst Peruvian
1032  and South African isolates (n =231 and 161 respectively) apart from those contributed
1033 by the Asian countries of Vietnam (n = 271), China (n = 284) and India (n = 272), while
1034  85% of sub-lineage 2.2.7 isolates were contributed by South Africa (n = 206), Vietnam
1035  (n=164) and India (n = 691). 70% of sub-lineage 2.2.1 originated from South Africa
1036  (10% of isolates found here) and has recently been associated with more favourable
1037  transmission rates (56). Lastly, 86% and 72% of isolates contributed by Kyrgyzstan
1038  and Turkmenistan respectively belong to L2 with sub-lineage 2.2.10 dominating (16/24
1039 and 75/86 isolates for both countries respectively). 2.2.10 has been previously
1040  described as restricted to Central Asia and this is reflected in the compendium (57).
1041

1042 The majority (1184/1850, 65%) of L3 (East African/Indian) isolates were
1043  contributed by India, followed by 19.6% (363/1850) isolates from Pakistan. L3 is
1044  typically under-sampled and under-studied in current databases and biobanks in
1045  comparison to L2 and L4; the L3 isolates in this study are the largest collected to date
1046  in a single study (31).

1047

1048 L4 (Euro-American) is the largest lineage group in the compendium (n = 6,572).
1049  Isolates donated from Peru dominate; 87% of all L4 isolates are Peruvian with 4.1.2.1
1050 and 4.3.3 being the most prevalent sub-lineages (24% and 22% respectively). There
1051 are 34 different L4 sub-lineages in the dataset, making L4 the most diverse in
1052  comparison to the other lineage groupings.

1053
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There were no L5 isolates found in the compendium and only 6 L6 isolates were

identified. Animal-restricted pathogenic mycobacterial isolates are also rare in the

compendium; only 16 cases were identified (n = 15 M. bovis and n = 1 M. caprae).
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1060  Figure S1: Per drug MIC distributions of isolates plated on CRyPTIC designed
1061  variations on the Thermo Fischer Sensititre MYCOTB MIC plate; UKMYC5 (a) and
1062  UKMYCE6 (b). The solid black line represents the epidemiological resistance cut-off (ECOFF) for
1063  each drug as determined by (11). Isolates with an MIC above the cut-off are considered resistant.
1064 N denotes the total number of isolates tested on each plate that returned a phenotype for each

1065  drug.
1066
1067
1068
DRUG ECOFF
Isoniazid 0.1
Rifampicin 0.5
Rifabutin 0.12
Ethambutol 4
Ethionamide 4
Levofloxacin 1
Moxifloxacin 1
Amikacin 1
Kanamycin 4
Bedaquiline 0.25
Clofazimine 0.25
Delamanid 0.12
Linezolid 1

1069 Table S1: Epidemiological cut-off values (ECOFFs) used to binarize MIC
1070 measurements into resistant and susceptible. Isolates with an MIC above the cut-off
1071  are considered resistant and those at or below the cut-off as susceptible.

1072

1073
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1074
1075 Figure S2: Geographical distribution of CRyPTIC M. tuberculosis clinical

1076  isolates. The total number of isolates contributed by each country is depicted, with pie charts
1077  representing the proportion of M. tuberculosis lineages. Where the origin of an isolate was not
1078  known, the collection site identity was assigned (269 isolates in Germany, 17 isolates in India, 6
1079  isolates in Peru, 885 isolates in Italy, 510 isolates in South Africa, 357 isolates in Sweden, 208
1080 isolates in Taiwan, 1 isolate in Brazil and 4 isolates in the UK).
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Animal/ L1 L2 L3 L4 L6 Total
other
Albania 0 0 0 0 7 0 7
Algeria 0 0 0 0 25 0 25
Brazil 1 1 8 0 335 0 345
Burkina Faso 0 3 1 8 65 1 78
China 7 2 722 16 374 0 1121
Germany 1 25 235 61 403 1 726
India 11 676 1573 1184 560 0 4004
Italy 11 38 192 113 866 4 1224
Japan 0 0 0 0 1 0 1
Kyrgyzstan 0 0 25 0 3 0 28
Nepal 0 5 137 34 21 0 197
Nigeria 0 0 0 0 15 0 15
Pakistan 1 30 23 363 74 0 491
Peru 2 1 360 0 2328 0 2691
South Africa 1 61 874 57 1162 0 2155
Sweden 0 7 280 6 134 0 427
Taiwan 0 18 149 0 44 0 21
Tajikistan 0 0 15 0 0 19
Tunisia 0 0 0 0 0 2
Turkmenistan 0 0 88 1 30 0 119
Ukraine 0 0 21 0 9 0 30
UK 0 0 3 3 1 0 7
Vietham 0 283 892 4 109 0 1288
Total 35 1150 5598 1850 6572 6 15211
Table S2: Lineages —v- geographical location of origin/contribution for CRyPTIC
isolates
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Table S3: Sub-lineages —v- geographical location of origin/contribution for

CRyPTIC isolates

Albania
Algeria
Brazil
Burkina Faso
China
Germany
India

ltaly

Japan
Kyrgyzstan
Nepal
Nigeria
Pakistan
Peru

South Africa
Sweden
Taiwan
Tajikistan
Tunisia
Turkmenistan
Ukraine

United Kingdom

Vietnam

Animal/Other
Lineage 1

Lineage 2
Lineage 3
Lineage 4

Lineage 6

15.82

14.24

12.66

11.08

9.49

7.91

6.33

3.16

0

Figure S3: A significant association between country and lineage can be seen
in the CRyPTIC data. Pearson’s chi-squared test, X-squared = 7935.2, df = 110, p < 2.2e-16.

The correlation plot indicates the relative contribution of each row-column pairing to the chi-

square test score (%).
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1111

1112
1113
1114
1115
1116
1117
1118
1119
1120
1121

1122

1123
1124
1125
1126

1127

1128
1129

Animal/Other
Lineage 1
Lineage 2
Lineage 3

© Lineage 4

® Lineage 6

Figure S4: Phylogenetic tree of CRyPTIC M. tuberculosis clinical isolates. A
phylogenetic cladogram of 15,211 M. tuberculosis clinical isolates. A neighbour-joining tree was
constructed from a pairwise distance matrix using quicktree (27). Coloured dots at the branch

termini represent the lineage assigned to each isolate. “Animal/Other” includes 16 isolates that
were assigned the following lineages: M. caprae (1), M. bovis (1), along with 17 isolates previously
defined as representative for specific sub-lineages (58).
UNIQUEID COUNTRY OF LINEAGE
ORIGIN
site.11.subj.XTB-18-224 .lab.XTB-18- UNKNOWN Lineage 2
224.is0.1
site.10.subj.YA00026182.1ab.YA00026182.i ZAF Lineage 4
so.1

Table S5: Sample information for isolates classified as resistant to all 13

CRyPTIC drugs tested. The country of origin is specified using the 3-letter country codes
(alpha-3) defined by ISO 3166-1.
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1130
INH RIF EMB LEV MXF AMI KAN BDQ CFZ DLM LzZD ETH RFB
INH [ 100.0 748 380 340 278 140 170 15 5.5 17 2.0 282 704
RIF | 935 1000 463 414 341 172 208 18 6.0 1.7 2.3 204 913
EMB | 985 959 1000 539 471 233 264 24 8.2 2.3 3.7 358 873
LEV | 933 902 569 1000 785 273 313 3.1 9.4 2.9 47 392 871
MXF | 950 923 619 976 1000 299 346 32 9.9 2.7 5.3 419 888
AMI | 930 904 589 653 57.8 1000 904 24 130 52 8.1 407 828
KAN | 89.4 867 530 595 532 720 1000 18 106 3.2 5.7 404 800
BDQ | 794 77.8 495 607 495 200 189 1000 524 129 140 349 769
CFZ | 619 528 349 382 321 218 225 106 1000 9.4 102 270 537
DLM | 552 444 282 332 239 244 191 71 263 1000 193 221 454
LZD | 776 699 532 647 587 467 412 98 342 241 1000 426  66.7
ETH | 965 794 470 487 419 211 262 22 8.3 24 3.9 100.0  77.1
RFB | 933 968 445 421 344 166 203 19 6.4 1.9 2.3 299 1000
1131 Table S6: Co-occurrence of antibiotic resistance in CRyPTIC M. tuberculosis
1132  isolates. The probability (%) of an isolate being resistant to Drug 2 (top) if it is resistant to Drug
1133 1 (left). Drug acronyms: INH = isoniazid, RIF = rifampicin, EMB = ethambutol, LEV = levofloxacin,
1134  MXF = moxifloxacin, AMI = amikacin, KAN = kanamycin, BDQ = bedaquiline, CFZ = clofazimine,
1135 DLM = delamanid, LZD = linezolid, ETH = ethionamide, RFB = rifabutin.
1136
1137
indel - @ °
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1138 Position
1139  Figure S6: Non-synonymous mutations found outside the RRDR of rpoB in RMR
1140 isolates and MDR isolates. Presence of a coloured spot indicates that the mutation was
1141  found in RMR/MDR isolates and spot size corresponds to the proportion of RMR or MDR isolates
1142 carrying that mutation.
1143
1144
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