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ABSTRACT 22 

Mycobacterium tuberculosis (MTB) is the leading cause of death from bacterial infection. 23 

Improved rapid diagnosis and antimicrobial resistance determination, such as by whole 24 

genome sequencing, are required. Our aim was to develop a simple, low-cost method of 25 

preparing DNA for Oxford Nanopore Technologies (ONT) sequencing direct from MTB 26 

positive clinical samples (without culture). Simultaneous sputum liquefaction, bacteria heat-27 

inactivation (99ºC/30min) and enrichment for Mycobacteria DNA was achieved using an 28 

equal volume of thermo-protection buffer (4M KCl, 0.05M HEPES buffer pH7.5, 0.1% 29 

DTT). The buffer emulated intracellular conditions found in hyperthermophiles, thus 30 

protecting DNA from rapid thermo-degradation, which renders it a poor template for 31 

sequencing. Initial validation employed Mycobacteria DNA (extracted or intracellular). Next, 32 

mock clinical samples (infection-negative human sputum spiked 0-10
5
 BCG cells/ml) 33 

underwent liquefaction in thermo-protection buffer and heat-inactivation. DNA was extracted 34 

and sequenced. Human DNA degraded faster than Mycobacteria DNA, resulting in target 35 

enrichment. Four replicate experiments each demonstrated detection at 10
1
 BCG cells/ml, 36 

with 31-59 MTB complex reads. Maximal genome coverage (>97% at 5x-depth) was 37 

achieved at 10
4
 BCG cells/ml; >91% coverage (1x depth) at 10

3
 BCG cells/ml. Final 38 

validation employed MTB positive clinical samples (n=20), revealed initial sample volumes 39 

≥1ml typically yielded higher mean depth of MTB genome coverage, the overall range 0.55-40 

81.02. A mean depth of 3 gave >96% one-fold TB genome coverage (in 15/20 clinical 41 

samples). A mean depth of 15 achieved >99% five-fold genome coverage (in 9/20 clinical 42 

samples). In summary, direct-from-sample sequencing of MTB genomes was facilitated by a 43 

low cost thermo-protection buffer.  44 
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INTRODUCTION 45 

Mycobacterim tuberculosis is the leading bacterial cause of death from infection, the World 46 

Health Organization (WHO) estimating that 10 million new tuberculosis (TB) cases and 1.2 47 

million deaths occurred worldwide in 2018 (World Health Organization Global Tuberculosis 48 

Report 2019; https://www.who.int/tb/publications/global_report/en/). In addition, 5-10% of 49 

an estimated 1.7 billion people with latent TB infections are at risk of progressing to active 50 

disease. The greatest burden occurs in under-resourced regions of South-East Asia, Africa 51 

and the Western Pacific. There are large discrepancies between the estimated annual number 52 

of new cases (10 million) and the number reported (7 million) (WHO report 53 

https://www.who.int/tb/publications/global_report/en/). Consequently, diagnostic methods for 54 

use at the point of care, to identify ‘missing’ cases are a global priority (1, 2). Rapid diagnosis 55 

and antimicrobial resistance determination are essential to ensure appropriate TB treatment 56 

and control, particularly in light of increasing drug resistance (3, 4). In 2018, approximately 57 

500,000 cases of rifampicin-resistant TB were identified, 78% of which were also isoniazid 58 

resistant (multi-drug resistant) (https://www.who.int/tb/publications/global_report/en/).  59 

 60 

The application of DNA sequencing to TB molecular diagnostics yields clinically valuable 61 

information. Its utility increases with the proportion of genome obtained; from detection, to 62 

speciation and antimicrobial resistance prediction, to phylogenetic and evolutionary insights. 63 

This allows whole genome sequencing (WGS) to out-perform other rapid molecular methods 64 

(such as GeneXpert MTB/RIF, Cepheid, Solna, Sweden) due to susceptibility predictions to 65 

multiple drugs, and its combination with classical epidemiological methods which informs 66 

transmission (5-8). 67 

 68 
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WGS of MTB from early positive cultures offers markedly faster results than traditional 69 

culture-based methods which take ≤80 days. The national implementation of Illumina 70 

sequencing of Mycobacteria from early positive cultures in England provides WGS in three 71 

to four weeks, together with antimicrobial resistance predictions (5, 9). Time to WGS could 72 

be reduced further if routine sequencing could be performed direct-from-sample. 73 

Furthermore, most DNA sequencing platforms (eg Illumina) have high capital costs, require 74 

reliable power supplies, cold chain reagent shipping and highly trained staff. In contrast, the 75 

Oxford Nanopore Technologies platform, (Oxford, UK), determines nucleotide sequences via 76 

a compact, portable device powered using a laptop USB port, which can be operated in varied 77 

and challenging locations (10-13). This offers a potential direct-from-sample sequencing 78 

platform for settings with the highest burden of TB – following the third pillar of the WHO 79 

End TB Strategy, ‘intensified research and innovation’ (1). However, multiple sample-80 

preparation issues remain to be solved. Sample heat inactivation is a key health and safety 81 

requirement, but this causes DNA to degrade (14) and template of sufficient quantity and 82 

quality for nanopore sequencing is rarely recovered. Furthermore, the low proportion of 83 

Mycobacteria DNA in sputum, eg 0.01% (15) leads to poor genome coverage eg 0.002 - 0.7X 84 

by Illumina (16). 85 

 86 

Methods published to date for direct from sputum sequencing of MTB are relatively complex 87 

and have not been widely adopted. MTB enrichment using SureSelect hybridisation and 88 

amplification (Agilent, USA) yielded 90% to complete genome assemblies, allowing 89 

antimicrobial susceptibility prediction (17, 18) and informing treatment for one patient in 90 

real-time (19). An alternative approach using kit-based depletion of non-target DNAs (16) 91 

obtained wide variation in genome coverage (<12% to >90%). Both approaches included heat 92 

inactivation, the former at 80°C for 50 min and the latter at 95°C for 30 min (15, 17). These 93 
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methods depend on commercial kits which inflate cost, shipping/storage requirements, and 94 

protocol complexity.  95 

 96 

Our aim was to develop a simple, robust, low-cost method of preparing DNA of sufficient 97 

quality for nanopore sequencing, directly from positive sputum samples. Heat inactivation 98 

was essential, but culture and DNA amplification were excluded. The method was to be 99 

immediately transferable to two high burden settings for field testing - India and Madagascar.   100 
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METHODS 101 

Research Ethics Statement 102 

The protocol for this study was approved by London – Queen Square Research Ethics 103 

Committee (17/LO/1420). Human samples were collected under approval of East Midlands 104 

Research Ethics Committee (08/H0406/189) and all subjects gave written informed consent 105 

in accordance with the Declaration of Helsinki. 106 

 107 

Mock Clinical Samples for Method Development 108 

A model system comprising standardised mock clinical samples was established by pooling 109 

infection negative human sputum samples and spiking with enumerated Mycobacterium bovis 110 

(BCG) Pasteur strain at known concentrations. 111 

(i) Culture and Enumeration of BCG Cells  112 

Culture conditions for BCG cells were optimised to yield mostly single cells which could be 113 

stained and counted, rather than rafts comprising large numbers of cells. Freshly prepared 114 

Bactec Mycobacteria growth indicator tube (MGIT) (Becton Dickinson, Wokingham, United 115 

Kingdom), UK) were inoculated very sparsely with 10 μl BCG Pasteur frozen stock. After 30 116 

days incubation at 37°C, the culture was vortexed vigorously. Larger clusters of BCG cells 117 

were allowed to settle for 10 min. Fresh MGIT tubes containing 0.5% Tween 80 (Acros 118 

Organics, Geel, Belgium), to encourage non-clustered cell growth (20), were inoculated using 119 

200 μl of the 'settled' BCG culture. The tubes were incubated for 18 days incubation at 37°C, 120 

then BCG cells were harvested and counted. After vigorous vortexing, 1 ml fluid was 121 

removed and BCG cells were pelleted by centrifugation for 10 min (13,000 rpm). The pellet 122 

was resuspended in 100 μl crystal violet stain (Pro Lab Diagnostics, Birkenhead, UK). Cells 123 

were counted using a Petroff Hausser counting chamber (Hausser Scientific, Horsham, PA, 124 
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USA) for bacteria enumeration. The enumerated BCG stock was stored at -20°C in 1 ml 125 

aliquots until required. 126 

(ii) Combining Enumerated BCG Cells and Infection Negative Sputum  127 

Negative human sputum samples were obtained anonymously from asthmatic patients (see 128 

research ethics statement). Up to ten samples were pooled, then liquefied by treatment with 129 

an equal volume of 2x strength thermo-protection buffer (4 M KCl, 0.05 M HEPES buffer pH 130 

7.5 (Sigma Aldrich, MO, USA), 0.1% DTT (Roche, UK), nuclease free molecular biology 131 

grade water) to ensure a final concentration of 2 M KCl. Fresh buffer was made weekly and 132 

stored in the dark at 4°C. Sputum was incubated at 37°C with occasional vortexing, until 133 

liquefaction was complete. The enumerated BCG cell stock was thawed, and a 10-fold 134 

dilution series was made in PBS, from 10
5 

to 10
1
 cells per 200 µl. The dilution series was 135 

spiked into 800 µl aliquots of the liquefied sputum in 2 ml screw cap tubes to make 1ml 136 

mock clinical samples. Microscopy was performed on these mock samples using ZN staining, 137 

and GeneXpert semi quantitative, cartridge based PCR (Cepheid, Solna, Sweden) for 138 

MTB/RIF Ultra according to the manufacturer’s instructions.  139 

 140 

Validation of Mycobacteria Heat Inactivation 141 

A validation experiment was performed which confirmed that viable Mycobacteria did not 142 

survive heat inactivation at 99°C for 30 min in thermo-protection buffer (Table 1). This ‘heat-143 

kill’ validation was performed prior to using the method on Mycobacterium tuberculosis 144 

positive clinical samples or MGIT cultures. Identical control samples prepared in parallel 145 

were incubated for 30 min at room temperature (Table 1). To assess Mycobacteria viability 146 

post-heating, each sample was added to a freshly prepared MGIT tube. These were checked 147 

regularly for Mycobacteria growth during incubation at 37°C for 8 weeks (or until positive). 148 

Löwenstein-Jensen slopes were also inoculated for the heat-treated samples.  149 
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 150 

Clinical Samples 151 

Mycobacteria-positive clinical respiratory samples comprised sputum (n=16), 152 

bronchoalveolar lavage (BAL) (n=1) and lymph node biopsies (n=3) (the latter underwent 153 

‘beating’ with large glass beads in saline solution for routine diagnostic testing prior to 154 

receipt). Samples were submitted for routine testing at Birmingham Heartlands Hospital NHS 155 

Foundation Trust, Birmingham, United Kingdom (n=6), or the Clinical Microbiology 156 

Laboratory, John Radcliffe Hospital, Oxford University NHS Foundation Trust, Oxford 157 

(n=14). Oxford samples had treatment with an equal volume of Sputasol (Oxoid Limited, 158 

Basingstoke, UK) prior to receipt, and were stored at 4°C. Samples from Birmingham 159 

comprised untreated sputum shipped overnight on ice to Oxford, after which they were stored 160 

at 4ºC. Prior to receipt, Microscopy (with auramine staining), had yielded acid fast bacilli 161 

scores of +1 to +3 and, or a positive MTB/RIF Ultra GeneXpert result (Cepheid, Solna, 162 

Sweden). Samples were used only after routine diagnostic tests had been completed, therefore 163 

sample quality (available volume, storage time etc) varied. Samples were processed as soon 164 

as possible after receipt. 165 

 166 

Clinical Sample Liquefaction and Heat Inactivation  167 

All available clinical sample volume was used. Samples were liquefied using an equal 168 

volume of thermo-protection buffer containing DTT. 1 ml aliquots were heat-inactivated in 2 169 

ml screw cap tubes at 99°C for 30 min. Cells were collected by centrifugation (6,000 x g, 3 170 

min) and the supernatant discarded. Then cell pellets were combined (if >1 available per 171 

sample) in a total volume of 1 ml PBS. Cells were again collected by centrifugation (6,000 x 172 

g, 3 min) and resuspended in PBS followed by another centrifugation step. The two wash 173 
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steps aimed to reduce contamination with non-target DNA. The final cell pellet was 174 

resuspended in 100 μl PBS, then total DNA was extracted. 175 

 176 

Total DNA Extraction  177 

0.08-0.1 g silica beads (Lysing Matrix B, MP Biomedicals, CA, USA) were added to the heat 178 

inactivated cell suspension, which underwent two rounds of mechanical disruption using an 179 

MPBio Fast Prep-24 machine (MP Biomedicals, CA, USA) at 6.0 m/s for 40 s (5 min 180 

interval). After centrifugation at 16,000 x g for 10 min at room temperature, up to 100 μl of 181 

supernatant was transferred to a fresh tube (1.5 ml DNA LoBind, Eppendorf, Hamburg, 182 

Germany). DNA in the supernatant was purified using Agencourt AMPure XP beads 183 

(Beckman Coulter, CA, USA). An equal volume of beads was added to the supernatant and 184 

incubated on a hula mixer at room temperature for 10 min. Beads with DNA bound were 185 

magnetically separated and the supernatant was removed when clear. The beads were washed 186 

using 200 μl freshly prepared 70% ethanol which was removed after a 20 s incubation. This 187 

step was repeated once more, removing as much supernatant as possible at the end of the 188 

incubation and air drying for <1 min. DNA was eluted from the beads in 50 μl 1x TE buffer 189 

(pH 8, Sigma Aldrich, MO, USA) at 35°C for 10 min. DNA concentration was measured by 190 

Qubit Fluorometer (Invitrogen, CA, USA) and the DNA Integrity Number (DIN) and 191 

fragment size by TapeStation (Agilent, CA, USA). 192 

 193 

ONT Library Preparation and Sequencing 194 

Undigested DNA (up to 90 ng) was prepared for ONT sequencing using the Ligation 195 

Sequencing kit (SQK-LSK109). When samples were run multiplexed (more than one per 196 

flow cell), the Native Barcoding Expansion kit (EXP-NBD104) was used. The 197 

manufacturer’s protocols ‘Genomic DNA by Ligation’ and ‘Native barcoding genomic DNA’ 198 
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were followed with minor amendments; 0.8 x volume of AMPure XP beads were used to 199 

purify the end-prep and barcode ligation reactions, incubation time with AMPure XP beads 200 

was doubled, and elution was performed at 35°C. Multiplexed sequencing libraries comprised 201 

6 barcoded DNA samples and all libraries were sequenced using R9.4.1 SpotON flow cells 202 

on GridIONs with the MinKNOW and Guppy software versions current at the time of 203 

sequencing. 204 

  205 

Bioinformatics 206 

Nanopore reads were basecalled using Guppy (Oxford Nanopore Technology, Oxford, UK). 207 

When one sample was sequenced per flow cell (without multiplexing), all the reads in the 208 

sequence data were analysed. For multiplexed runs with more than one sample per flow cell, 209 

we used Porechop (v0.2.2, https://github.com/rrwick/Porechop) to perform stringent barcode 210 

demultiplexing to minimize the number of misclassified reads. Porechop searches for the 211 

presence of the barcode sequence at both the start and end of each read; reads were classified 212 

only if the same barcode was found at both ends, otherwise the read was discarded. This level 213 

of stringency was achieved by setting the “require_two_barcodes” option in Porechop and 214 

setting the threshold for the barcode score at 60. (Porechop was used because much of the 215 

sequencing was performed prior to the availability of deepbinner or guppy_barcoder). 216 

To allow the correct identification of Mycobacterium tuberculosis complex (MTB complex) 217 

reads from the sequencing data, we used both taxonomical classification and mapping 218 

approaches. Firstly, reads from each sample were taxonomically classified against the refSeq 219 

database using Centrifuge v1.0.3 (21). A read was considered as candidate for MTB complex 220 

if it was uniquely assigned to a species within MTB complex or equally assigned to more 221 

than one species within MTB complex. Human reads were discarded and not retained as part 222 

of our in house CRuMPIT workflow (22). Then, reads were mapped to either BCG (GenBank 223 
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AM408590.1; the 16S rRNA region {1498360, 1499896} was masked) or TB 224 

(NC_000962.2; the 16S rRNA region {1471846, 1473382} was masked) reference sequences 225 

using Minimap2, (23) depending on the type of the sample. Reads were retained if more than 226 

85% of the bases were mapped (ie if the length of a read is 1,000 bp, >850 bp were required 227 

to be mapped to the reference sequence). Finally, MTB complex reads were identified as 228 

those agreed by Centrifuge and mapping. Integrative Genomics Viewer was used to view the 229 

mapping profiles (24). The mapping coverage and depth across the whole genome and 22 230 

genes associated with susceptibility/resistance to clinically important antimicrobials (25) 231 

were analysed using Samtools and Pysam (https://github.com/pysam-developers/pysam).  232 
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RESULTS 233 

Our initial experiments focused on identifying a buffer in which Mycobacteria DNA was 234 

protected from degradation during heat-inactivation. Living organisms can survive at 235 

temperatures around the boiling point of water (26), indicating that DNA can exist intact at 236 

high temperatures. The high concentrations of KCl and MgCl2 found in some 237 

hyperthermophiles are thought to help protect their DNA against thermo-degradation. This 238 

has been reproduced in vitro using plasmid DNA (26, 27) and formed the basis of buffer 239 

optimisation experiments.  240 

 241 

Optimisation of DNA thermo-protection buffer composition and heating duration 242 

Three different 118 ng DNA extracts were made: (i) BCG DNA, (ii) BCG and sputum DNA, 243 

(iii) sputum DNA. These were heated at 99°C for 30 min (Oxford Clinical Microbiology 244 

Laboratory health and safety requirement) in four different buffers; 25 mM HEPES pH 7.5 245 

plus 0, 0.5, 1 or 2 M KCl, then DNA (ng) remaining post-heating was recorded (Fig. 1A). 246 

The mass of DNA post-heating increased with increasing KCl (Fig. 1A). Furthermore, BCG 247 

DNA was better protected than sputum DNA; at 2 M KCl minimal BCG DNA degradation 248 

occurred, while >50% of sputum DNA degraded (Fig. 1A), indicating potential for BCG 249 

enrichment.   250 

Next, we determined the impact of heating duration (0, 15, 30, 45, 60 min at 99ºC) on the 251 

same three extracted DNAs, in 2M KCl thermo-protection buffer. The percentage decrease in 252 

amount of DNA remaining after heating was plotted relative to input DNA (Fig. 1B). DNA 253 

yield declined over time, but BCG DNA was again more heat stable than sputum DNA. The 254 

30 min time point was identified as ideal for both BCG enrichment and met health and safety 255 

requirements. 256 

  257 
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Thermo-protection of DNA in intact BCG cells 258 

Next, we investigated whether DNA within intact Mycobacteria cells could be protected by 259 

thermo-protection buffer. BCG cells (10
5
 in total) were suspended in 1 ml thermo-protection 260 

buffer and incubated at 99°C for 0, 15, 30, 45 or 60 min. Control cells were heated for the 261 

same times in phosphate buffered saline (PBS). The experiment was performed in triplicate, 262 

then the DNA was extracted. The DNA yield from BCG cells heated in thermo-protection 263 

buffer was markedly higher than those heated in PBS (Fig. 2A) except at time 0 without 264 

heating. Here, the yield of DNA was lower than expected because the cell pellet was more 265 

diffuse when it had not been heated, and cells were more easily lost than in PBS. 266 

In a separate experiment using intact Mycobacteria cells, 13 positive MGIT cultures 267 

(anonymised discards obtained from Oxford Clinical Microbiology Laboratory) were heated 268 

in 1ml thermo-protection buffer or in culture fluid. DNA yield was improved for the cells 269 

heated in thermo-protection buffer (Fig. 2B). 270 

 271 

Confirmation of Mycobacteria Heat Inactivation 272 

A validation experiment was performed to confirm that viable Mycobacteria (MTB H37Rv or 273 

BCG Pasteur) did not survive 30 min heating at 99ºC in thermo-protection buffer. After 8 274 

weeks incubation at 37°C no growth occurred in the heated samples. In contrast, the room 275 

temperature controls remained viable (Table 1). 276 

 277 

Direct-from-Sample Sequencing of BCG-spiked Mock Clinical Samples 278 

Four sets of mock clinical samples were made, each set containing a ten-fold dilution series 279 

of enumerated BCG cells (10
5
 – 10

1
 and zero cells) in 1 ml infection negative human sputum 280 

(liquefied in thermo-protection buffer). Four different batches of pooled sputum were used, 281 

but the BCG cells were from the same enumerated batch. All four replicates (experiments A-282 
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D) underwent heat inactivation (99°C for 30 min), DNA extraction and ONT sequencing 283 

using a single flow cell per sample. Replicates in experiments B, C and D underwent 284 

additional microscopy (ZN staining) and GeneXpert PCR.  285 

Sequencing, Microscopy and GeneXpert PCR yielded reproducible data across the replicate 286 

experiments (Fig. 3, Table 2). The number of MTB complex sequencing reads generated per 287 

sample was linear and indicated detection down to 10
1
 input BCG cells. At this concentration, 288 

31, 49, 51, and 59 MTB complex reads were detected (Fig. 3A). At 10
3
 BCG cells input, 289 

genome coverage (1x) was >90% (Table 2). The ratio of human reads to MTB complex reads 290 

was also linear and reproducible (Fig. 3B). 291 

Bioinformatics methods were optimised to ensure reads in negative controls (such as rRNA 292 

genes from non-target bacterial species (28)) were not incorrectly assigned as BCG; prior to 293 

these improvements close to 10,000 reads were incorrectly identified as MTB complex in the 294 

negative control (Fig. S1A). After the improvements, the negative controls for experiments 295 

A, C and D contained zero MTB complex reads, however three Mycobacteria reads were 296 

present in the negative control of experiment B (Fig. 3A, Figure S1A, Table 2).  297 

GeneXpert (Cepheid) and microscopy results also followed the concentration of BCG cells 298 

spiked into each sample (Table 2). The detection limit of GeneXpert was 10
1
 BCG cells and 299 

microscopy 10
2
 where cells were described as very scanty, ie 1 or 2 per 100 fields (Table 2).  300 

 301 

Direct from Sample Sequencing using Multiplexing  302 

Sequencing more than one sample per flow cell (multiplexing), offers both time and cost 303 

efficiencies. To assess its feasibility, a short DNA ‘barcode’ was ligated to each DNA 304 

sample, then the 24 DNAs from replicate experiments A to D were sequenced at six samples 305 

per flow cell – one per replicate experiment. After sequencing, the barcodes were identified 306 
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bioinformatically and the data were assigned to their original sample. Unfortunately, the 10
1
 307 

and 10
2
 BCG spiked samples contained a similar number of MTB reads to the negative 308 

control (Fig. S1B), therefore using this approach the limit of detection declined 100 fold to 309 

10
3
 BCG cells/ml sputum. This was a result of the barcodes of the BCG positive samples 310 

being incorrectly (and unavoidably) identified as that of the negative control (Fig. S1B).  The 311 

multiplexing approach was also compromised by a reduction in the total data available for 312 

analysis. Although we applied stringent barcode demultiplexing criteria, between 5.28 and 313 

46.9% of total reads cannot be reliably assigned to an input sample. 314 

 315 

Thermo-protection method enriches mock clinical samples for MTB DNA 316 

The multiplexed data for the mock clinical samples in experiments A to D were used 317 

separately, to confirm whether the heat inactivation in thermo-protection buffer, enriched the 318 

samples for BCG sequences by depleting human DNA. This confirmed that heated samples 319 

were enriched for MTB DNA/depleted for human DNA (Fig. 4) when compared to 320 

equivalent controls prepared without heat inactivation and washing steps. 321 

 322 

Direct-from-Sample Sequencing of M. tuberculosis Positive Clinical Samples 323 

(i) DNA Preparation using thermo-protection method 324 

A total of 20 MTB positive clinical samples comprised 16 sputa, three lymph node biopsies, 325 

and one bronchoalveolar lavage sample. Samples were 1–14 days old, and volumes ranged 326 

from 0.25 – 1.5 ml. Microscopy and GeneXpert results indicated variable MTB loads (Table 327 

3). The total DNA extracted ranged from 105 – 3970 ng per sample, the DNA integrity 328 

number (DIN) from 1.8 – 6.3 and the peak fragment length 1,834 – 13,949 bp (Table 3). Each 329 

sample underwent direct-from-sample sequencing using a single R9.4.1 flow cell. 330 

(ii) Sequence data 331 
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The total number of reads obtained per flow cell ranged from 3,197,564 to 14,576,788 (Table 332 

3). Human reads were discarded prior to detailed analysis (ethics requirement). Among the 333 

non-human reads, mean MTB read length was up to 4.77 times longer than for non-MTB 334 

(Fig. 5A). MTB reads were detected in all twenty clinical samples (n=1,825-251,256) (Table 335 

3), the mean depth of genome coverage ranging from 0.55 to 81.02. An initial sample volume 336 

≥1ml, and a lower percentage of human reads was apparently associated with higher depth of 337 

coverage, although the numbers were too small for statistical analysis (Table 3). 338 

 339 

Plotting the mean depth of coverage against the percentage of MTB genome covered once, or 340 

five times revealed that ≥96% of the genome was covered once when a mean depth of 341 

approximately three was reached, and ≥99% was covered five times after a mean depth of 342 

fifteen (Fig. 5B, C). The depth of coverage across 22 key genes used to predict susceptibility 343 

to clinically important antimicrobials (25) closely followed the mean genome coverage 344 

(Table 3) (except one rRNA gene which was bioinformatically masked), indicating the 345 

absence of bias in depth of coverage across these regions of the genome, and confirming 346 

potential for antimicrobial resistance prediction.  347 
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DISCUSSION 348 

The potential of the Nanopore platform for sequencing human and plant pathogens in varied 349 

and challenging locations is well established (10-13). It works on the principle of nanopore 350 

sequencing of DNA strands, with read lengths of several hundred to hundreds of thousands of 351 

bases obtained in real time (29, 30). The preparation of long, high quality input DNA is 352 

therefore essential. However, since DNA degrades rapidly at high temperatures (31) heat-353 

inactivated MTB clinical samples typically yield poor quality material for sequencing. Here, 354 

we describe a simple, low cost method which overcomes this technical challenge. Sputum 355 

liquefaction and heat-inactivation were accomplished following addition of an equal volume 356 

of thermo-protection buffer (4M KCl, 0.05M HEPES buffer pH7.5, and 0.1% DTT) which 357 

inhibited DNA degradation during incubation at 99 °C. Samples were fortuitously enriched 358 

for Mycobacteria DNA under these conditions (Fig. 1, 2, 4). Buffer addition was the only 359 

handling step involving infectious material, minimising risk to staff in settings where 360 

containment laboratories are not available. 361 

 362 

The composition of thermo-protection buffer was designed to emulate intracellular conditions 363 

of hyperthermophiles (26). At high temperatures it is thought that intracellular salts such as 364 

KCl and MgC12 protect the DNA’s N-glycosidic bonds against depurination and cleavage by 365 

hydrolysis of the adjacent phosphodiester bond (14, 41, 42). We chose K
+
 over Mg

2+
 because 366 

high K
+
 concentrations protect against cleavage at apurinic sites, while high Mg

2+
 367 

concentrations stimulate this (42). Furthermore, plasmid DNA appeared better protected in 368 

KCl (Fig. 1 in 42). The choice of KCl concentration (2 M) was informed by our own data 369 

(Fig. 1) and published data (26, 27). The mechanism whereby DNA in intact Mycobacteria 370 

cells was protected during heating in thermo-protection buffer (Fig. 2) is unclear, but 371 

suggests that the cell is, or becomes permeable to K
+
 during heating. Our data (Fig. 2B) 372 
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indicate that thermo-protection buffer can also improve the DNA yield obtainable from  373 

positive MGIT cultures, as currently used clinically by Public Health England for routine 374 

Illumina sequencing (43, 44). This may help to reduce numbers of samples which fail due to 375 

a low DNA yield. 376 

 377 

The Oxford clinical microbiology laboratory chooses to inactivate Mycobacteria positive 378 

samples at 99ºC for 30 min, because less stringent conditions (eg 20 min at 80ºC) show 379 

variable efficacy (32-38). We confirmed that Mycobacteria heated in thermo-protection 380 

buffer at 99ºC for 30 min were not viable (Table 1). Direct from sample sequencing results 381 

are optimal when input DNA is enriched for sequences of interest (16-18, 39). Depletion of 382 

up to 99.99% human DNA from non-TB lower respiratory tract samples has been achieved 383 

using saponin, osmotic shock, and ‘high salt’ nuclease treatments (40). However, no heat-384 

inactivation was performed, and a specialist nuclease (Salt Active Nuclease, ArcticZymes, 385 

Tromsø, Norway) was required. Interestingly, we observed that during heating in thermo-386 

protection buffer for 30 min at 99ºC, non-target DNA degraded more rapidly than 387 

Mycobacteria DNA, providing fortuitous enrichment (Fig. 1, 2, 4). Consistent with this, mean 388 

read length obtained for MTB was longer than other non-human reads (Fig. 5A). We found 389 

that sufficient non-target DNA remained in our samples to provide a useful ‘carrier’. This 390 

was particularly important in low titre MTB samples; our 10
1
 BCG limit of detection in mock 391 

clinical samples (Fig. 3A) would not have been achieved if the majority of human ‘carrier’ 392 

DNA had been removed. 393 

 394 

Three features of Mycobacteria DNA may have contributed to its enrichment relative to 395 

human DNA (Fig. 1, 4). Firstly, Mycobacteria DNA has a higher GC content (M. 396 

tuberculosis 65.6% GC, versus <50% GC for ~92% of human DNA (45, 46). Secondly, intact 397 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 6, 2020. ; https://doi.org/10.1101/2020.04.05.026864doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.05.026864


19 
 

MTB chromosomes are covalently closed circles - resistant to thermo-denaturation because 398 

the two single strands remain intertwined during heating (47). Finally, the MTB chromosome 399 

is negatively supercoiled (underwound – a feature potentially connected to its slow growth 400 

rate (48)), but less so than some bacterial species including E.coli (49). Lesser negative 401 

supercoiling reduces base exposure (50), which may reduce susceptibility to thermo-402 

degradation, relative to human DNA. We did not assess the impact of heating on DNA from 403 

non-target microbes because the range and number of cells present was unpredictable and 404 

bioinformatics analysis cannot give a reliable taxonomic classification for approximately 405 

20% of the total reads in each sample.  406 

 407 

We obtained optimal results when using a single R9.4.1 flow cell per sample (Fig. 3, Table 408 

3). This approach would be prohibitively expensive if used routinely, since a flow cell costs 409 

£380 - £720 depending on order size (1 to 300). Unfortunately, multiplexing six samples per 410 

flow cell did not provide a solution, since the inefficiency of barcode ligation and incorrect 411 

bar code identification post-sequencing reduced the limit of detection 100 fold (Fig. S1). 412 

Run-time flexibility is also incompatible with multiplexing, due to variations in sample MTB 413 

titres. A solution may be to wash, re-generate and re-use flow cells after each use 414 

(https://store.nanoporetech.com/flow-cell-wash-kit-r9.html), or adopt single-use ONT 415 

Flongles at a cost of £72.50 each (at 30/01/2020). Unfortunately, the latter currently offer 416 

only 60-70 active sequencing pores in our hands, compared to 1200 – 1500 pores per R9.4.1 417 

flow cell. 418 

 419 

The thermo-protection method was applied successfully to clinical samples (n=20). Higher 420 

mean depth of genome coverage appeared to reflect initial sample volume (≥1 ml being 421 

ideal), and a lower human DNA content, but did not necessarily correlate with microscopy or 422 
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GeneXpert Ct values (Table 3). This may reflect the known variation in copy numbers of 423 

GeneXpert targeted insertion sequences (IS6110 and IS1081) between BCG (used in mock 424 

samples, where limit of detection, microscopy and GeneXpert data all correlated, Table 2) 425 

and MTB (51, 52). Also, microscopy was performed using auramine staining for clinical 426 

samples, ZN staining for mock clinical samples, and the former was performed by multiple 427 

different staff members. 428 

 429 

The accuracy of DNA consensus sequences obtained using the Nanopore platform is 99.9% 430 

when Nanopolish is used (R.R. Wick, L.M. Judd, K.E. Holt. 2018. Comparison of Oxford 431 

Nanopore basecalling tools; https://github.com/rrwick/Basecalling-comparison#references), 432 

indicating potential for antimicrobial susceptibility prediction. Further work is required to 433 

examine this aspect in detail, particularly for ribosomal RNA genes which were masked to 434 

improve the accuracy of MTB detection, but are implicated in resistance (such as the 16s 435 

rRNS rrs gene; aminoglycoside resistance). A further potential advantage of direct from 436 

sample sequencing (using SureSelect and Illumina) is the detection of more genetic diversity 437 

than sequencing from culture (53). Increased numbers of target reads from low titre samples 438 

will require innovations such as Mycobacteria cell fractionation or concentration, followed by 439 

DNA amplification. The method could be enhanced by adapting to a cartridge-based system, 440 

further simplifying its application in resource poor settings. 441 

 442 

In summary, a simple, low-cost method was developed to prepare MTB DNA for Nanopore 443 

sequencing direct from clinical samples. Neither commercial kits, nor time consuming culture 444 

were required, but the key health and safety requirement, heat-inactivation, was retained and 445 

exploited to achieve target sequence enrichment. Available data suggest the method can yield 446 

complete MTB genome sequences direct from clinical samples, without amplification, 447 
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achieving up to 81 fold mean depth of coverage. The protocol is currently undergoing testing 448 

by collaborators in India and Madagascar, with early data indicating reproducibility.   449 
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FIGURE LEGENDS 686 

Fig. 1 687 

Optimisation of DNA thermo-protection buffer composition and duration of heat 688 

inactivation at 99°C 689 

(A) Extracted DNA was heated in 25 mM HEPES buffer pH 7.5 containing 0, 0.5, 1 or 2 M 690 

KCl. Input DNA comprised 118 ng of (i) BCG DNA, (ii) BCG and sputum DNA, (iii) 691 

sputum DNA. Each DNA type was heated at 99°C, for 30 min. 692 

(B) Impact of heating duration on DNA yield. DNA remaining post heating is expressed as a 693 

percentage of the input DNA for (i) 10
5
 BCG cells, (ii) 1ml sputum spiked with 10

5
 BCG 694 

cells, or (iii) 1ml sputum. BCG DNA degraded more slowly than sputum DNA, indicating the 695 

potential for enrichment relative to human DNA at earlier time points. 696 

 697 

Fig. 2 698 

Thermo-protection of DNA in intact BCG cells 699 

(A) Effect on DNA yield of heating intact enumerated ‘de-clumped’ BCG cells in thermo-700 

protection buffer for the times shown. 10
5
 BCG cells were heated at 99°C for 0, 15, 30, 45 or 701 

60 min in 2 M KCl and 25 mM HEPES pH 7.5 (thermo-protection buffer) or PBS (control). 702 

The experiment was performed in triplicate and DNA was extracted post heating. 703 

(B) DNA yield obtained when heating intact Mycobacteria cells from positive MGIT culture 704 

in thermo-protection buffer versus heating in MGIT culture fluid. Data are shown for 13 705 

positive MGIT cultures. The DNA yield obtained after heating for 30 min at 99°C in thermo-706 

protection buffer, compared to heating in MGIT fluid is plotted. Each dot indicates the total 707 

DNA recovered (ng) from 1 ml initial MGIT culture. Numbers above the dots indicate the 708 

fold improvement in DNA yield when thermo-protection buffer was used rather than MGIT 709 
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culture fluid. N/A indicates a sample where no DNA was recovered after heating in MGIT 710 

culture fluid, so no ‘fold improvement’ could be calculated. 711 

 712 

Fig. 3 713 

Validation of DNA thermo-protection method using Mock Clinical Samples 714 

Mock clinical samples containing enumerated BCG cells (0 – 10
5
) in 1ml infection negative 715 

human sputum liquefied in thermo-protection buffer underwent heat-inactivation at 99°C for 716 

30 min. DNA was extracted and sequenced on a ONT MinION (1 R9.4.1 flow cell per 717 

sample). Reproducibility was assessed using four replicate experiments (A-D). 718 

(A) Number of MTB complex reads generated per sample was linear and indicated a 719 

detection limit of 10
1
 BCG cells. 720 

(B) Ratio of human reads to MTB complex reads. 721 

 722 

Fig. 4 723 

Mock clinical samples were enriched for Mycobacteria DNA after heating in thermo-724 

protection buffer. Data are shown for four replicate experiments, A to D, in which samples 725 

were barcoded and run multiplexed six per flow cell. Each experiment comprised samples 726 

made from a batch of infection negative sputum (liquefied using thermo-protection buffer 727 

containing DTT), 1 ml aliquots of which were spiked with enumerated BCG cells at 10
5
 to 728 

10
1
 cells, and zero BCG cells (control). Sputum batch and therefore ‘background’ DNA did 729 

not vary within replicates A to D, only between them. The full set of replicates was set up 730 

twice with heating (99°C, 30 min), and without heating. After sequencing, the numbers of 731 

BCG and human derived reads was assessed and their ratio in each sample calculated. Higher 732 

ratios of human : MTB reads were obtained for samples which were not heated in thermo-733 

protection buffer, indicating heated samples were enriched for MTB reads relative to human 734 
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reads ie human DNA was depleted. The exception to this was experiment B, which yielded 735 

anomalous results because the number of reads for the unheated sample was unusually poor. 736 

 737 

Fig. 5 738 

Sequence data generated direct from clinical samples - mean read lengths (MTB vs non 739 

MTB non-human sequences) and relationship between mean depth of coverage and 740 

complete genome coverage. 741 

(A) Comparison, for each of 20 clinical samples, of mean read length for MTB and non-MTB 742 

sequences (human sequences excluded prior to analysis). Clinical samples were ranked 743 

according to mean depth of coverage, indicated by numbers above the bars. 744 

(B) Relationship between mean depth of coverage and percentage of the MTB genome 745 

covered once. A mean depth of coverage of three is required to achieve >96% one-fold TB 746 

genome coverage, achieved in 15/20 clinical samples. 747 

(C) Relationship between mean depth of coverage and percentage of the MTB genome 748 

covered five times. A mean depth of coverage of 15 is required to achieve >99% five-fold 749 

genome coverage, achieved in 9/20 clinical samples.  750 

 751 

Fig. S1 752 

Improvements to bioinformatic analysis of Nanopore sequence data generated direct-753 

from-sample. 754 

(A) Analysis of results generated from mock clinical samples, each sequenced on a single 755 

flow cell. Samples comprised BCG spiked infection negative sputum containing 10
5
 to 10

1
 756 

and zero BCG cells. Data are shown before (blue dots) and after (red dots) mapping 757 

improvements. Prior to mapping improvements, close to 10,000 reads per sample were 758 

incorrectly identified as MTB complex. After the improvements, three contaminant reads 759 
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were detected in the negative control (zero BGC cells) of experiment B only. These were 760 

612, 788, and 1305 bases long and mapped independently and at high quality to the BCG 761 

reference genome, at positions 2798622-2799216, 282379-283169 and 2701067-2702371, 762 

the identity of these reads was further confirmed by BLASTn. 763 

(B) Analysis of results generated from mock clinical samples, ‘barcoded’ and sequenced 764 

multiplexed six per flow cell. The results are shown before (blue dots) and after (red dots) 765 

mapping improvements. Even after mapping improvements, many reads persisted in the low 766 

BCG titre samples and negative controls. So, when running multiplexed samples, the limit of 767 

detection was compromised at 10
3
. The reason for this was the barcodes of DNA fragments 768 

belonging to BCG positive samples were incorrectly (and unavoidably) identified as the 769 

barcode of the negative control. The multiplexing approach was also compromised by a 770 

reduction in the total data available for analysis, since a relatively high proportion of the total 771 

reads were unbarcoded. 772 
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Table 1. Heat Inactivation Validation 774 

Sample type Mycobacteria 

cells*
1
 

Heat treatment Time to positive 

MGIT culture 

(i) 1 ml pooled 

negative human 

sputum liquefied 

with thermo-

protection buffer 

containing DTT. 

MTB H37Rv Room temp 30 min (control) 10 days 

MTB H37Rv 99°C 30 min Negative 

BCG Pasteur Room temp 30 min (control) 18 days 

BCG Pasteur 99°C 30 min Negative 

(ii) 1 ml sputasol 

treated sputum*
2
  

to which an equal 

volume of thermo-

protection buffer 

was added 

MTB H37Rv Room temp 30 min (control) 7 days 

MTB H37Rv 99°C 30 min Negative 

BCG Pasteur Room temp 30 min (control) 8 days 

BCG Pasteur 99°C 30 min Negative 

(iii) 0.5 ml positive 

MGIT culture plus 

equal volume 

thermo-protection 

buffer 

MTB H37Rv  Room temp 30 min (control) 2 days 

MTB H37Rv 99°C 30 min*
3
 Negative 

BCG Pasteur Room temp 30 min (control) 3 days 

BCG Pasteur 99°C 30 min*
3
 Negative 

   

(iv) 1 ml positive 

MGIT culture spun 

down. Pellet 

resuspended in 1 

ml thermo-

protection buffer 

MTB H37Rv  Room temp 30 min (control) 4 days 

MTB H37Rv 99°C 30 min Negative 

BCG Pasteur Room temp 30 min (control) 3 days 

BCG Pasteur 99°C 30 min Negative 

 775 

The final concentration of KCl used in each heat inactivation experiment (i) to (iv) was 2M. 776 

 777 

*
1
Spiking inoculum for sputum comprised live cultured BCG or M. tuberculosis H37Rv cells 778 

prepared by pelleting cells from 1 ml MGIT culture by centrifugation at 13,000 rpm for 10 779 

minutes, then resuspending in PBS (1 ml). One drop was used as the inoculum. 780 

 781 

*
2
Sputum samples received by the Clinical Microbiology Laboratory, John Radcliffe 782 

Hospital, Oxford, without a request for TB testing were decontaminated by treatment with 783 

4% NaOH (E and O Laboratories Ltd, Bonnybridge, Scotland), neutralised, spun down, and 784 

resuspended in 1ml sputasol. They were then spiked with 1 drop inoculum*
1
. 785 

 786 

*
3
A precipitate formed on heating with thermo-protection buffer, possibly comprising 787 

salt/antibiotics/media components. 788 

  789 
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Table 2. Reproducibility and detection limits of Microscopy, GeneXpert, and direct from sample ONT Sequencing. 790 

Input comprised mock clinical samples. These were pooled infection negative human sputum samples, liquefied using thermo-protection buffer 791 

and spiked using enumerated BCG cells. 792 

BCG cells Microscopy GeneXpert Nanopore 

Experiment B ZN Stain Ct value Detection MTB complex 

Reads (n) 

Mean Depth Genome covered 

1x (%) 

Genome covered 

5x (%) 

10
5
 +++ 16.4 High 701,436 261.99 98.73 98.12 

10
4
 +++ 16.5 High 142,918 55.0 98.30 97.75 

10
3
 + 17.1 Medium 17,798 7.17 97.86 83.56 

10
2
 (+) 19.3 Low 1,280 0.56 44.26 0.04 

10
1
 - 23.0 Very Low 51 0.03 2.92 0 

0 - - Negative 3 0 0.06 0 

Experiment C        

10
5
 +++ 16.2 High 738,605 225.73 98.48 97.91 

10
4
 +++ 16.3 High 74,731 20.19 97.76 97.12 

10
3
 + 17.1 Medium 9,086 2.75 91.84 17.98 

10
2
 + 17.6 Medium 672 0.21 19.11 0 

10
1
 - 22.7 Low 31 0.01 1.38 0 

0 - - Negative 0 0 0 0 

Experiment D        

10
5
 +++ 16.2 High 333,937 99.92 98.15 97.62 

10
4
 ++ 16.4 High 57,824 16.28 97.66 97.13 

10
3
 + 17.0 Medium 9,533 3.37 93.97 29.65 

10
2
 + 18.9 Low 494 0.19 17.51 0 

10
1
 - 23.0 Very Low 59 0.02 2.29 0 

0 - - Negative 0 0 0 0 

   793 
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Table 3. Direct ONT Sequencing of MTB Positive Clinical Samples 795 

Sample Data   Parallel Laboratory Tests Extracted DNA 

ID Type Volume Age Microscopy GeneXpert Total DNA Peak Fragment Length DNA Integrity Number 

   (ml) (days)  (Ct) (ng) (bp) DIN 

T15211 O LN solid 3 +++ 16.2 3590 1834 3.3 

19.0609294 B Sputum 1 2 + 28.4 422 10760 5.9 

19.0609025 B Sputum 1 8 NT 16.0 138 12266 6.0 

L34626 O Sputum 0.5 1 +++ 15.9 912 8757 6.2 

L32975 O BAL 1 14 + 16.2 241 9189 6.1 

19.0608818 B Sputum 1 12 NT 16.2 126 13192 6.1 

L87135_1 O Sputum 1 14 +++ 16.3 3187 7993 4.0 

19.0608426 B Sputum 1 7 +++ NT 3970 2403 4.4 

L87135 O Sputum 0.5 11 +++ 16.3 926 6859 3.6 

L87133 O Sputum 1 14 +++ NT 3686 7000 4.4 

19.0609396 B Sputum 1.5 2 + 29.3 3206 6900 5.6 

L11276 O Sputum 0.25 1 +++ 16.1 1735 8443 5.7 

L99052 O LN solid 3 ++ 16.4 105 Could not be determined 1.8 

L99521 O Sputum 1 1 ++ 16.0 3600 13949 6.3 

L37997 O Sputum 0.75 3 + 16.1 228 11879 4.0 

19.0608494 B Sputum 0.5 6 NT 16.0 2610 1957 3.5 

L91635 O Sputum 0.5 2 + 17.2 2909 9044 6.2 

L96231 O Sputum 1 8 + NT 1133 8566 4.6 

L11990 O Sputum 0.25 13 + 18.5 270 6243 5.7 

W63114 O LN solid 2 ++ NT 265 1990 4.7 

 796 

O: Microbiology Department, Oxford University Hospitals NHS Trust, Oxford, UK. 797 

B: PHE National Mycobacteria Reference Service - North and Central, Birmingham Public Health Laboratory, UK 798 

LN: Lymph node, solid piece of tissue, disrupted by bead beating in saline before receipt. 799 

Microscopy: +++ large numbers of cells, strong positive, ++ moderate numbers, + scanty weakly positive. 800 

Volume: equivalent volume of initial clinical sample received. 801 

NT: Not tested. 802 
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Table 3. Direct ONT Sequencing of MTB Positive Clinical Samples – Continued. 803 

Sample Data Sequence Data 

ID Type Total 

Reads 

Human Reads MTB Complex 

Reads 

Mean Depth of 

Coverage 

Genome covered 

1x (%) 

Genome covered 

5x (%) 

   (n) (n) (%) (n) (%) Genome R genes Genome R genes Genome R genes 

T15211 O LN 3755361 2806761 74.74 251256 6.69 81.02 85.59 99.60 100 99.53 100 

19.0609294 B Sputum 14576788 8472212 58.12 80357 0.55 45.01 45.30 99.61 100 99.49 100 

19.0609025 B Sputum 9108521 6675047 73.28 104748 1.15 36.40 38.08 99.59 100 99.51 100 

L34626 O Sputum 3197564 2315352 72.41 56421 1.76 24.19 24.37 99.58 100 99.38 100 

L32975 O BAL 4119806 2497293 60.62 52536 1.28 23.02 25.24 99.84 100 99.75 100 

19.0608818 B Sputum 5979711 3730501 62.39 43148 0.72 22.30 22.97 99.61 100 99.28 100 

L87135_1 O Sputum 7617356 5034871 66.10 38989 0.51 19.77 14.94 99.60 100 99.41 100 

19.0608426 B Sputum 6635435 6404796 96.52 74672 1.13 15.74 16.62 99.40 100 98.74 100 

L87135 O Sputum 5637884 3569630 63.32 26216 0.46 14.58 14.94 99.60 100 99.10 100 

L87133 O Sputum 7824904 6971470 89.09 12740 0.16 6.50 6.78 99.38 99.63 77.08 75.35 

19.0609396 B Sputum 6719776 6022913 89.63 14491 0.22 5.89 6.23 99.05 100 71.39 77.42 

L11276 O Sputum 5514521 5397278 97.87 9505 0.17 4.75 3.85 98.39 99.48 53.37 32.96 

L99052 O LN 13507355 13268163 98.23 7124 0.05 3.36 2.90 96.03 92.19 27.27 22.47 

L99521 O Sputum 7521636 7438072 98.89 4701 0.06 3.27 3.69 95.81 100 25.06 23.82 

L37997 O Sputum 8014834 7714434 96.25 4650 0.06 2.89 2.83 93.14 95.02 19.39 18.37 

19.0608494 B Sputum 11811075 10915937 92.42 8091 0.07 2.06 2.03 86.48 83.73 7.24 6.25 

L91635 O Sputum 4271540 4243731 99.35 1975 0.05 1.57 1.76 78.83 76.27 2.91 2.35 

L96231 O Sputum 8829259 8572310 97.09 1545 0.02 1.14 1.32 67.35 61.46 1.24 3.01 

L11990 O Sputum 4200973 145749 3.47 1898 0.05 0.86 0.73 57.53 48.04 0.34 0 

W63114 O LN 7408231 7351842 99.24 1825 0.02 0.55 0.71 42.97 48.74 0.05 0 

 804 

R genes: resistance genes – coverage across 22 genes associated with susceptibility/resistance to clinically important antimicrobials (25). 805 
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Figure 2
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Fig. S1 
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