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Abstract  22 

A better understanding of the genomic changes that facilitate the emergence and spread of drug 23 

resistant M. tuberculosis strains is required.  Short-read sequencing methods have limited 24 

capacity to identify long, repetitive genomic regions and gene duplications. We sequenced an 25 

extensively drug resistant (XDR) Beijing sub-lineage 2.2.1.1 “epidemic strain” from the Western 26 

Province of Papua New Guinea using long-read sequencing (Oxford Nanopore MinION®).  With 27 

up to 274 fold coverage from a single flow-cell, we assembled a 4404947bp circular genome 28 

containing 3670 coding sequences that include the highly repetitive PE/PPE genes. Comparison 29 

with Illumina reads indicated a base-level accuracy of 99.95%.  Mutations known to confer drug 30 

resistance to first and second line drugs were identified and concurred with phenotypic resistance 31 

assays. We identified mutations in efflux pump genes (Rv0194), transporters (secA1, glnQ, 32 

uspA), cell wall biosynthesis genes (pdk, mmpL, fadD) and virulence genes (mce-gene family, 33 

mycp1) that may contribute to the drug resistance phenotype and successful transmission of this 34 

strain. Using the newly assembled genome as reference to map raw Illumina reads from 35 

representative M. tuberculosis lineages, we detect large insertions relative to the reference 36 

genome. We provide a fully annotated genome of a transmissible XDR M. tuberculosis strain 37 

from Papua New Guinea using Oxford Nanopore MinION sequencing and provide insight into 38 

genomic mechanisms of resistance and virulence.  39 

Word count: 200 40 
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Data Summary 41 

1. Sample Illumina and MinION sequencing reads generated and analyzed are available in 42 

NCBI under project accession number PRJNA386696 43 

(https://www.ncbi.nlm.nih.gov/sra/?term= PRJNA386696) 44 

2. The assembled complete genome and its annotations are available in NCBI under 45 

accession number CP022704.1 (https://www.ncbi.nlm.nih.gov/sra/?term=CP022704.1)46 
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Impact statement 47 

We recently characterized a Modern Beijing lineage strain responsible for the drug resistance 48 

outbreaks in the Western province, Papua New Guinea. With some of the genomic markers 49 

responsible for its drug resistance and transmissibility are known, there is need to elucidate 50 

all molecular mechanisms that account for the resistance phenotype, virulence and 51 

transmission. Whole genome sequencing using short reads has widely been utilized to study 52 

MTB genome but it does not generally capture long repetitive regions as variants in these 53 

regions are eliminated using analysis. Illumina instruments are known to have a GC bias so 54 

that regions with high GC or AT rich are under sampled and this effect is exacerbated in 55 

MTB, which has approximately 65% GC content.  In this study, we utilized Oxford 56 

Nanopore Technologies (ONT) MinION sequencing to assemble a high-quality complete 57 

genome of an extensively drug resistant strain of a modern Beijing lineage. We were able to 58 

able to assemble all PE/PPE (proline-glutamate/proline-proline-glutamate) gene families that 59 

have high GC content and repetitive in nature. We show the genomic utility of ONT in 60 

offering a more comprehensive understanding of genetic mechanisms that contribute to 61 

resistance, virulence and transmission. This is important for settings up predictive analytics 62 

platforms and services to support diagnostics and treatment.63 
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Introduction 64 

Globally, the tuberculosis (TB) incidence rate has shown a slow decline over the last two 65 

decades, although absolute case numbers continue to rise due to population growth, with an 66 

estimated 10.4 million new cases occurring in 2016 (1). TB control gains are threatened by the 67 

growing number of drug resistant strains recorded around the world (2). An estimated 490,000 68 

incident cases of multi-drug resistant (MDR) TB, which is resistance to at least isoniazid and 69 

rifampicin occurred in 2016, accounting for 374,000 deaths among HIV-positive patients (1). 70 

The incidence of extensively drug resistant (XDR) strains, which are MDR strains with 71 

additional resistance to at least one fluoroquinolone and second line injectable, is also on the rise 72 

(1). Further multiplication of drug resistance in strains that are already highly drug resistant 73 

could lead to programmatically incurable TB, where construction of a curative regimen might be 74 

impossible with existing treatment options (3, 4). Management of drug resistant tuberculosis 75 

places a major financial burden on health systems, which may be overwhelmed in settings with 76 

high disease burdens (3).  77 

In the absence of lateral gene transfer (5), drug resistance in M. tuberculosis arises mainly 78 

from chromosomal mutations that are selected by chemotherapeutic pressure, which drives drug 79 

resistance multiplication and the ongoing evolution of drug resistant strains (6-8). Successful 80 

transmission of drug resistant strains results in clonal expansion and potential epidemic spread 81 

(9-11). The acquisition of resistance-conferring mutations has potential for epidemic spread if 82 

these drug resistant strains are readily transmissible (12, 13).  The mechanisms underlying the 83 

development of highly transmissible XDR strains are not fully elucidated. One such mechanism 84 

is the induction of efflux pumps, which may lead to high level resistance in mycobacteria (14), 85 

without any metabolic compromise. While previous studies described efflux pumps genes and 86 
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identified mutations in some of these genes (15, 16), efflux pump a transmissible XDR strain 87 

have not been described.  88 

Whole genome sequencing using short-reads has elucidated a large number of mutations 89 

associated with drug resistance, as well as compensatory mutations, but has limited capacity to 90 

resolve large structural variations, gene duplications or variations in repetitive regions (10, 17, 91 

18). Long-read sequencing could provide a more comprehensive understanding of the 92 

evolutionary mechanisms underlying the emergence of highly transmissible drug resistant strains 93 

(17). In principle, Oxford nanopore MinION sequencing technology offers read lengths that are 94 

only limited by the length of DNA presented and produces data in real-time (19). The small size, 95 

ease of use and cheap unit cost of the Oxford MinION® nanopore sequencer facilitates successful 96 

deployment in resource-limited settings, as has been achieved during the Ebola outbreak in West 97 

Africa (20). Although the potential of Oxford MinION® to detect drug resistance mutations in M. 98 

tuberculosis has been demonstrated, (21) its application for complete M. tuberculosis genome 99 

assembly has not been reported. 100 

Papua New Guinea (PNG) has a high rate of drug resistant TB in its Western Province 101 

(22, 23). We recently characterized a drug resistant tuberculosis outbreak on Daru island, which 102 

is driven by a modern Beijing sub-lineage 2.2.1.1 strain (24). Whilst some genetic markers 103 

within the strain have been identified (24), the molecular mechanisms responsible for 104 

pathogenesis and virulence are not fully elucidated. Genomic regions like proline-glutamate (PE, 105 

99 loci) and proline-proline-glutamate (PPE, 69) genes are routinely excluded in genomic 106 

analysis of M. tuberculosis due to their repetitive nature and high GC content (9, 24, 25). A 107 

recent multinational study utilized 518 sample to study PE/PPE family genes and was able to 108 

assemble at least 120 out of the 168 genes for each sample (26). 109 
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With signature motifs near the N-terminus of PE/PPE amino acids, these genes are sub 110 

classified according to sequence features on the C-terminus. PE genes are divided into PE_PGRS 111 

(polymorphic GC-rich sequence, 65 genes) and PE (no distinctive feature, 34 genes) while PPE 112 

genes is divided into PPE_MPTR (major polymorphic tandem repeats, 23 genes), PPE_SVP 113 

(Gxx-SVPxxW motif, 24 genes), PPE_PPW (PxxPxxW motif, 10 genes) and PPE (no distinctive 114 

feature, 12 genes) (27). The existence of these subgroups highlights the diversity in the roles 115 

played by these genes (26). PE/PPE gene products are understood to be differentially expressed 116 

during infection (28) and have been implicated in immune invasion and virulence (29). We 117 

utilized Oxford MinION® to compose a comprehensive draft genome of an XDR strain including 118 

variable and repetitive sites like PE/PPE regions. This approach provides insight into the 119 

underlying mechanisms of drug resistance and identify key features associated with virulence 120 

and transmissibility. The fully assembled genome will serve as an ideal reference for ongoing 121 

MDR/XDR outbreak surveillance in Western province, PNG and far north Queensland.  122 

Materials and methods  123 

Phenotypic susceptibility testing 124 

The strain was tested for resistance to first and second line drugs including: rifampicin 125 

(1·0 µg/ml), isoniazid (0·1 µg/ml; low-level and 0·4 µg/ml; high-level), streptomycin (1·0 126 

µg/ml), ethambutol (5·0 µg/ml), pyrazinamide (100 µg/ml) and second-line drugs amikacin (1·0 127 

µg/ml), capreomycin (2·5 µg/ml), kanamycin (2·5 µg/ml), ethionamide (5·0 µg/ml), ofloxacin 128 

(2·0 µg/ml), p-aminosalicylic acid (4·0 µg/ml) and cycloserine (50 µg/ml).  The automated 129 

Bactec Mycobacterial Growth Indicator Tube (MGIT) 960 system (Becton Dickinson, New 130 

Jersey, USA) was used for first line drugs and the . Minimal inhibitory concentration assay for 131 
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second-line drugs was performed using Sensititre® (TREK diagnostic system, Ohio, USA) 132 

system for second line drugs.  133 

DNA extraction and quantification 134 

DNA was extracted from Lowenstien-Jensen (LJ) slopes cultured for 4 weeks at 37oC. 135 

DNA isolation was performed using mechanical and chemical methods. Briefly, 5 glass beads 136 

(0.7mm, SIGMA) were added to 200µl of PrepMan Ultra sample preparation reagent (Thermo 137 

Fisher scientific, Massachusetts, USA). Full loops of culture were added to the reagent and 138 

mixed well. The solution was dry heat incubated for 10 minutes at 95oC, followed by bead 139 

beating for 40s at 6.0m/s using mini-beadbeater-16 (BioSpec products, Bartlesville, USA). It was 140 

then centrifuged for 10 minutes at 13,000rpm before transferring 40µl of the supernatant into 141 

another vial. We added 45µl of 3M sodium acetate and 1ml of ice-cold ethanol (96%), 142 

centrifuged the solution at maximum speed for 15 minutes and removed the supernatant. We 143 

then added 1 ml of 70% ethanol, left it at room temperature for 1 minute, and again removed all 144 

the supernatant. The remaining pellet was dried for 15 minutes and re-suspended with 40µl of 145 

nuclease free water. The DNA was quantified using Nanodrop 8000 (Thermo fisher scientific, 146 

Massachusetts, USA) and Qubit dsDNA HS assay kit (Thermo fisher scientific, Massachusetts, 147 

USA)  148 

MinION® library preparation and sequencing 149 

DNA was purified using 0.4X Agencourt® AMPure® XP beads (Beckman Coulter) and 150 

fragment distribution size assessed using Agilent 4200TapeStation (Agilent, UK). Preparation 151 

for 1D gDNA library was performed using the SQK-LSK108 manufactures’ instructions.  We 152 

performed dA-tailing and end-repair using NEBNext Ultra II End-repair/dA-tail module with 153 

two step incubation times; 20 minutes each. Then, purification step using 0.7X Agencourt® 154 
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AMPure® XP beads (Beckman Coulter) was performed according to manufacturers’ 155 

instructions. Ligation step was performed using NEB Blunt/ligase master mix module according 156 

to manufacturers’ instructions and reaction incubated at room temperature for 20 minutes. 157 

Adaptor-ligated DNA was purified using 0.4X Agencourt® AMPure® XP beads (Beckman 158 

Coulter) following manufacturers’ instructions but using Oxford Nanopore supplied buffers 159 

(adaptor bead binding and elution buffers). The library was ready for MinION® sequencing. 160 

With the MinION MK1B device connected to the computer via a USB3, MinKNOW 161 

software (v.1.4.3) was started to perform quality control checks on pore activity and equilibrate 162 

the flow cell (FLO-MIN106, version R9.4). The library was combined with reagents supplied by 163 

Oxford Nanopore and loaded onto the flow cell following manufacturers’ instructions, choosing 164 

a 48h sequencing procedure. Illumina data for the strain was available from our previous study.  165 

MinION® and Illumina data analysis 166 

Raw files generated by MinKNOW were base called using Albacore (v2.0) to return 167 

Oxford Nanopore Technologies (ONT) fastq files. De novo genome assembly was performed 168 

using Canu (30) and the assembly was improved using consensus with nanopolish (metlylation 169 

aware option) (31) and PILON (32). The assembly was circularized using Circulator v1.5.1 (33) 170 

and compared with the reference genome H37Rv (NC_000962.3) using MUMMER (34). 171 

Genome annotation was performed using the NCBI pipeline (35) and circular representation of 172 

the genome viewed using Circos (36). Raw ONT and Illumina reads were mapped to H37Rv 173 

using BWA-MEM (37) and assessed genome and base coverage, including PE/PPE families 174 

using GATK (DepthOfCoverage) (38). We assessed single nucleotide polymorphisms (SNPs) 175 

within PE/PPE genes from nanopore and Illumina reads. In addition, representative raw Illumina 176 

reads from four M. tuberculosis lineages; Indo-Oceanic, East-Asian (including Beijing lineage), 177 
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East-African-Indian and Euro-American lineage (including H37Rv) from previous studies (24, 178 

25, 39, 40) were mapped to the draft genome and assessed for large deletions that differentiate 179 

the draft genome from other lineages.  180 

MinION variant and error analysis 181 

Using the reference genome H37Rv (NC_000962.3), single nucleotide polymorphisms 182 

(SNPs) and small indels (<5bp) were called from ONT reads using nanopolish (31) and 183 

annotated using SnpEff (41). Polymorphisms in known drug resistance genes (including 184 

compensatory mutations) were analyzed. MycoBrowser (42) was utilized to analyze mutations in 185 

genes that are putatively involved in virulence, efflux pumps and cell transport. Illumina reads of 186 

the same strain were mapped onto the reference genome and variants called using GATK (38). 187 

Consensus SNPs from the two methods were assessed and ‘non-consensus SNPs’ from ONT 188 

reads were considered sequencing errors provided Illumina coverage was greater than 30X. This 189 

analysis excluded SNPs in variable regions like PE/PPE genes. Different software to generate 190 

variants from ONT and Illumina raw files was combined into an analysis pipeline (Fig. S1).  191 

Results 192 

In total, 373952 ONT reads passed base calling with N50 read length of 5073bp.  The 193 

longest read was 33509bp. Genome assembly resulted in one contig of 4404947bp (G+C content 194 

65.5%), with base consistency similar to H37Rv (NC_000962.3) (Fig. S2). NCBI annotation of 195 

the genome yielded a total of 3,670 coding DNA sequences (CDS), 45 tRNAs, 3 rRNAs (5S, 196 

16S, 23S) and 3 non-coding RNA (Fig. 1). Mapping of the ONT reads to H37Rv resulted in a 197 

coverage of 98.9% at average read depth of 273x (Table S1). Nearly all PE/PPE genes (167/168) 198 

were completely assembled with 100% coverage; only one (wag22; RV1759c) had incomplete 199 

(88%) coverage in our assembly relative to H37Rv.  The average ONT read depth of PE/PPE 200 
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genes was 299.87 (IQR 285.91-311.36) (Fig. S3). Only 54.3% (92/168) of the PE/PPE genes 201 

were completely assembled from Illumina contigs at average sequence depth of x46.3 (Fig. S4). 202 

No Illumina reads covered the PE_PGRS sub-family genes wag22 and PE_PGRS57.  203 

We first evaluated SNP calling in the non-repetitive part of the reference genome by 204 

excluding variable (PE/PPE) regions.  A total of 1254 SNPs and 122 small indels were called 205 

from ONT reads while 1098 SNPs and 105 small indels were called from Illumina reads when 206 

mapped to H37Rv. Of these, 1095 SNPs (574 non-synonymous and 402 synonymous) and 87 207 

small indels were identified by both approaches. 118 of 159 SNPs and 23 of 35 indels identified 208 

from MinION® but not Illumina were in regions of low Illumina coverage (<30x coverage). The 209 

remaining 41 and 12 SNPs and Indels respectively are potentially due to systematic base-calling 210 

errors (3.2% and 9.8 %). Three (0.2%) SNPs and 18 (14.7%) indels were identified by Illumina, 211 

but not by MinION® sequencing. As a conservative estimate considering all 194 ONT only calls 212 

(159 SNPs and 35 indels) as false positives and 21 Illumina only calls (3 SNPs and 18 Indels) as 213 

false negative, the error rate after consensus calling from ONT was 0.0048%.  If we ignore 214 

inconsistent calls where Illumina coverage was low then the estimated error rate for base calling 215 

from ONT was reduced to 0.0036% 216 

Given the likely importance of the variable PE/PPE genes in strain evolution we assessed 217 

the ability of MinION® and Illumina to call SNPs in this class of genes separately. From 218 

nanopore assembly, 158 SNPs were identified from 70 PE/PPE genes (42 PE and 28 PPE) with 219 

88 SNPs (55.6%) identified from the PE_PGRS sub-family (Table S2).  From the Illumina 220 

assembly, 124 SNPs from 45 PE/PPE genes (25 PE and 20 PPE) were identified of which 31 221 

SNPs (25%) were from PE_PGRS sub-family. There were 81 SNPs (from 42 PE/PPE genes) 222 
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overlapping between ONT and Illumina with PPE54 having the highest number of overlapped 223 

SNPs (9) identified within one gene.  224 

Phenotypic drug susceptibility results revealed the isolate to be extensively drug resistant 225 

with susceptibility to only amikacin, kanamycin, para-aminosalicyclic acid (PAS) and 226 

cycloserine.  Table 1 reflects phenotypic resistance, as well as mutations in genes known to 227 

confer drug resistance to first and second line drugs and recognized compensatory mutations.  228 

Genotypic drug resistance profiles concurred with phenotypic results. While 10 mutations were 229 

identified in seven genes that encode trans-membrane efflux pumps and transporter proteins 230 

(Table 2). Table 3 shows 16 SNPs identified in genes that encode virulence proteins; 8 (50%) 231 

were from the mce-gene family and a mutation within mycP1 (p.Thr238Ala) was also noted. In 232 

addition, 27 SNPs were identified in three genes families involved in cell wall synthesis, with 17 233 

in fadD, 4 in pks and 3 in mmp gene families (Table S3).  234 

Mapping of raw sequence reads from representative lineage 1 (Indo-Oceanic), 2 (East 235 

Asian, including ancient and modern Beijing), 3 (East-African-Indian) and 4 (Euro-American, 236 

including H37Rv) strains identified a 4490bp (2207042-2211532) region absent in Euro-237 

American lineage strains (Fig. 2). Three previously assembled Beijing genomes from PacBio 238 

long reads identified the same region (40) (Fig. S5). Like is previous studies (43-45), annotation 239 

of this region was revealed to span 7 complete genes that encode proteins that include a 240 

nicotinamide adenine dinucleotide phosphate (NADP)-dependent oxidoreductase, an iron-241 

regulated elongation factor (Tu), a PE-family protein while four genes encode uncharacterized 242 

proteins (Fig. 2).  243 

A second smaller insertion (390bp, 3488211-3488601) was identified among Beijing 244 

lineage genomes relative to H37Rv and Euro-American lineages but varied in size as it was 245 
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835bp with respect to Indo-oceanic and East-African-Indian lineages (Fig. 2). Annotation 246 

showed a 654bp gene (3487881-3488534) in this region had part of the insertion sequence, 247 

323bp (3488211-3488534) towards the end. Phyre2 protein modelling (46) of the gene sequence 248 

with the insertion revealed PE8-PPE15 as template to construct to predict the protein structure as 249 

a PPE family protein (79% sequence modelled, 100% confidence) consisting of 73% alpha 250 

helices (Fig. S6). A blast search of this gene sequence revealed a 50% query coverage to four 251 

Mycobacterium tuberculosis H37Rv genomes (100% identification) and 100% query coverage to 252 

55 Mycobacterium tuberculosis, Lineage 2 genomes (Table S4).  253 

Discussion  254 

In this study, we utilized Oxford Nanopore MinION sequencing to assemble a 255 

comprehensive genome of a strain that is responsible for a drug resistant outbreaks in the 256 

Western Province of Papua New Guinea (24). The complete circular genome of this modern 257 

Beijing sub-lineage 2.2.1.1 strain revealed genetic determinants of drug resistance against first 258 

and second line TB drugs. Nanopore sequencing allowed us to assemble highly variable PE/PPE 259 

gene families with great fidelity. PE/PPE genes are thought to encode surface-associated cell 260 

wall proteins that may provide antigenic diversity and affect host immunity (28). Nanopore 261 

technology has been previously used to improve genome assemblies and resolution of repeat-rich 262 

regions in Salmonella typhi and Escerischia coli (18, 31) but not yet with Mycobacterium 263 

tuberculosis.  264 

Twice as many SNPs in PE_PGRS genes were identified as by ONT Minion versus 265 

Illumina sequencing (88 vs 31). PE_PGRS gene mutations were under-represented in short-read 266 

sequencing, possibly due to their extra GC containing motifs that impact on the sequencing. 267 

Previous studies have identified a higher number of mutations within the PE_PGRS sub-family 268 
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compared to other PE subfamilies, and attribute it to their involvement in antigenic variation and 269 

immune evasion from exposure to host immune system (26, 47).  The wag22 gene was also 270 

better represented by nanopore sequencing, with 88% coverage compared to no coverage from 271 

Illumina reads. Besides the high GC content, the difficulty of sequencing wag22 has been further 272 

attributed to deletions at the beginning of the open reading frame (47). Unsurprisingly, PPE54 273 

which is a member of PPE_MPTR (major polymorphic tandem repeat) sub-family had the 274 

highest number of mutations from ONT sequence. Previous studies have shown it to be involved 275 

in the ‘arrest’ of phagosome maturation to allow survival of the bacteria in the macrophages due 276 

to its long amino acid length at the C-terminal (48, 49).  It has been postulated that PPE54 gene 277 

mutations may also play a role in development of isoniazid, rifampicin and ethambutol resistance 278 

(50), but we were unable to verify this given the presence of well-characterized drug resistance 279 

mutations.  280 

There is growing interest in using Oxford Nanopore Technologies devices for real-time 281 

clinical utility as a cheap point-of-care TB diagnostic, with accurate identification of 282 

antimicrobial resistance profiles. Sequencing for drug resistance mutations directly from clinical 283 

samples has been completed within a 24 hours in patients with sputum smear-positive 284 

tuberculosis (21). In our study, nanopore sequencing of an XDR strain fully identified its drug 285 

resistance profile with complete phenotypic concordance.  We were able to identify all relevant 286 

first line and second line drug resistance conferring SNPs using Oxford nanopore MinION 287 

seqeuncing. Compensatory mutations also detected in genes like rpoC (p.Val483Gly) and ndh 288 

(c.304delG) are thought to ameliorate the fitness cost associated with the XDR phenotype (51, 289 

52).  290 
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We also identified mutations in efflux pumps and transporter proteins, which might 291 

contribute to resistance phenotypes (53). Mutations in transporter proteins like ABC (ATP 292 

binding cassette) and MFS (Major Facilitator Super family) have been associated with drug 293 

resistance (54, 55). For example, mutations leading to overexpression of the ABC transporter 294 

Rv0194 leads to increased export of multiple drugs like streptomycin, vancomycin, and 295 

tetracycline (56). We identified two mutations in uspA, which is part of the three gene operon 296 

uspABC that encodes membrane-spanning subunits transporting amino-sugar substrates across 297 

the cell wall (57). Mutations found in Rv0194 have been associated with resistance to beta 298 

lactams antibiotics (56) and it’s over expression with an XDR  phenotype (58). Further research 299 

needs to be done to explore the association between efflux pump mutations, pump activity and 300 

drug resistance.  301 

Mutations in co-localized genes like; mmpL, pks and fadD have been considered to a play 302 

a compensatory role to restore the fitness of drug resistant strains (59, 60) especially for drugs 303 

that target biosynthesis pathways of the mycobacterial cell wall like isoniazid, ethionamide (5) 304 

and ethambutol (61). M. tuberculosis contains 13 genes that encode mmpL proteins and 16 genes 305 

that encode polyketide synthases (pks) proteins that are involved in lipopolysaccharide and 306 

complex lipid biosynthesis. The functional cross talk between pks and fadD genes has been 307 

demonstrated in studies that showed how pks13 and fad32 form specific substrates that are 308 

precursors of mycolic acid biosynthesis (62). We identified mutations in all three genes although 309 

there was greater mutation variability within fadD genes. It remains to be determined how 310 

mutations in these co-localized genes influence cell wall lipid biosynthesis. 311 

Insight into the factors that influence mycobacterial virulence is important for better 312 

appreciation of microbial pathogenesis and the identification of new treatment options. SNPs in 313 
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mammalian cell entry (mce) genes were prominent. Mce-family proteins are proposed to be 314 

involved in invasion and persistence of M. tuberculosis in host macrophages (63). This is related 315 

to the ability of these cell surface proteins to mediate bacterial uptake by mammalian cells, 316 

similar to those stimulated by invasive enteric bacteria (64). It has been demonstrated that a 317 

mutant mce1A M. tuberculosis strain is “hyper virulent” in mice (65). Comparative analysis 318 

among different M. tuberculosis strains could unveil characteristics related to host adaption (66).  319 

Although M. tuberculosis has relatively limited genetic variation compared to other 320 

pathogenic bacteria, there is strain-related phenotypic variation in the protection provided by 321 

Bacille Calmette-Guerin (BCG) vaccination and clinical outcome (67). We didn’t find any large 322 

indel (>1kb) unique to the study strain but identified a large region (4490bp) with 7 coding 323 

sequences present in the draft genome and other reference genomes (lineage 1, 2 and 3) but 324 

absent in lineage 4 genomes including H37Rv. These have been previously described (43-45) 325 

and this further demonstrates the limitations of using H37Rv as the universal reference strain. 326 

The second smaller region within the draft genome but with variable sizes among the reference 327 

genomes highlights evidence of independent structural rearrangement among the different 328 

lineages. The identified PPE family protein unique to Beijing lineage 2 could contribute to 329 

phenotypic characteristics of this lineage. Such a comparative approach provides an opportunity 330 

to study lineage and strain specific differences, especially in the advent of long read sequencing 331 

with enhanced resolution of variable parts of the genome.  332 

In conclusion, the assembly of a complete genome of a XDR “epidemic strain” using 333 

nanopore technology did not only provide proof of principle for future deployment of this 334 

technology in settings endemic for drug resistant tuberculosis but it also demonstrated the use of 335 

this technology in further understanding of M. tuberculosis genetics. It characterized the drug 336 
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resistance profile and potential virulence factors found in this strain, and provided a reference 337 

strain for future genome assembly and mapping. 338 
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Figures and tables 550 

Main text 551 

 552 

Fig. 1: Circular representation of the drafted XDR genome from Western Province, Papua New 553 

Guinea (modern Beijing sub-lineage 2.2.1.1 strain) with gene annotations. From the inner to 554 

outer ring: Blue - GC content of coding sequence; Scattered grey - SNPs relative to H37Rv; Grey 555 

bars - reverse and forward rRNA; Green - reverse coding sequences; Red - forward coding 556 
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sequences; Yellow bars - unique regions compared to H37Rv; Grey outside ring - assembled 557 

contig (grey). Mb-million base pairs; XDR – extensively drug resistant 558 

 559 

 560 

Fig. 2: Integrative Genomic Viewer (IGV) of Illumina reads from different M. tuberculosis 561 

lineages (A- M. tuberculosis H37Rv, B-Indo-oceanic, C-Ancient Beijing, D-Modern Beijing, E-562 

East African Indian, F&G-Euro American) mapped on the ONT draft genome highlighting the 563 

large insertions within the draft genome.  On the left-4490bp insertion (2207042-2211532) 564 

spanning 7 annotated genes (blue checked arrows-NADH-dependent oxidoreducatse, Iron-565 

regulated elongation factor-tu, PE family protein and hypothetical/uncharacterized proteins). On 566 

the right-390bp insertion relative to H37Rv (3488211-3488601) spanning 323bp (checked) at the 567 

end of a 654bp coding sequence.  ONT – Oxford Nanopore Technologies568 
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Table 1: Mutations in candidate drug resistance genes identified from ONT assembly of XDR 569 

Beijing sub-lineage 2.2.1.1 strain 570 

Drug 
Invitro 

phenotype 
Investigated genes Genes (mutation) 

Isoniazid Resistant 

fabG1-inhA, inhA, 

katG, ndh, furA, oxyR, 

aphC, fadE24, srmR, 

kasA, mshA  

fabG1-inhA (C-

15T) 

inhA (p.Ile21Val) 

ndh (delG304) 

Rifampicin Resistant 
rpoB, rpoC, rpoA, 

rpoD 

rpoB (p.Ser450Leu) 

rpoC 

(p.Val483Gly) 

Ethambutol Resistant 

embB, embC, embA, 

ubiA, embR, iniA, 

iniC, manB 

embB 

(p.Met306Val) 

Pyrazinamide Resistant pncA, rpsA, panD pncA(p.Tyr103Asp) 

Streptomycin Resistant rpsL, gidB, rrs 
rpsL (p.Lys43Arg) 

gidB (p.Leu91Pro) 

Ethionamide 
Resistant 

fabG1-inhA, ethA, 

ethR 
fabG1-inhA(C-15T) 

Fluoroquinolone Resistant gyrA, gyrB gyrA (p.Asp94Gly) 

Amikacin Susceptible rrs, whib7, gidB nil 

Kanamycin Susceptible 
Rv2417c-eis, whiB7, 

rrs, gidB 
nil 

Capreomycin Resistant tlyA, whiB7, rrs, gidB tlyA (ins397C) 

PAS Susceptible ribD, thyA, dfrA, folC nil 

Cycloserine  Susceptible alr, ddl, cycA nil 

 571 

ONT – Oxford Nanopore Technologies; XDR – Extensively drug resistant; PZA – Pyrazinamide; 572 

PAS - Para-amino salicylic acid 573 
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Table 2. Mutations in putative efflux pump/transporter genes identified from ONT assembly of 574 

XDR Beijing sub-lineage 2.2.1.1 strain 575 

 576 

Genes investigated Gene (mutation) identified 

drrA, drrB, drrC, Rv0194, pstP, 

efpA, bacA, mmr, Rv1250, 

Rv1272c, Rv1273c, Rv1634,  

Rv1258c, mmpL13a, mmpL13b, 

P55, jefA, Rv0849, Rv2456c, 

Rv3239c, Rv2994, secA1, pstB, 

Rv2265, Rv1217, Rv1218c, 

uspA, Rv2688c, Rv1819, 

Rv1877, Rv1273c, Rv1458 

Rv0194 p.Met74Thr 

Rv0194 p.Pro1098Leu 

secA1 p.Asp699Glu 

uspA p.Thr54Ser 

uspA p.Asp67His 

uspA Val127Leu 

glnQ p.Met243Leu 

Rv1218c p.Gln243Arg 

Rv1250 p.Arg278Gly 

Rv2688c p.Pro156Thr 

 577 

ONT – Oxford Nanopore Technologies; XDR - Extensively drug resistant 578 

 579 
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Table 3: Mutations identified in genes that encode for potential virulence proteins in the XDR 580 

Beijing sub-lineage 2.2.1.1 strain 581 

 582 

Gene 
Nucleotide 

change 
Position Amino acid 

mak T->C 154283 p.Ser18Pro 

mce1A T->G 199470 p.Ser313Ala 

mce1D T->C 203038 p.Ile188Thr 

mce1F T->C 206339 p.Leu370Pro 

mce2A T->C 686972 p.Phe51Ser 

mce2F A->G 694531 p.Asn432Ser 

Rv0634c A->G 731015 p.Tyr7His 

mazF3 G->A 1230778 p.Thr65Ile 

ephB G->T 2191498 p.Gly158Trp 

mce3A G->A 2209465 p.Ala47Thr 

mce3F C->A 2216443 p.Ala396Glu 

cstA C->A 3428917 p.Arg559Ser 

mce4C G->T 3916386 pArg191Ser 

proV T->C 4204168 p.Asn84Asp 

proX A->G 4205120 p.Leu85Pro 

mycP1 T->C 4364046 Thr238Ala 

 583 

 XDR - Extensively drug resistant 584 

 585 
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Supplementary 586 

Fig. S1: A scheme of workflow to generate variants from Oxford Nanopore technologies (ONT) 587 

and Illumina reads  588 

Fig. S2: Dot plot of sequence accuracy between the draft Beijing sub-lineage 2.2.1.1 strain 589 

genome and the reference genome H37Rv. The red dots show a forward orientation while blue 590 

dots show reverse orientation 591 

Fig. S3: Plot of sequence and depth coverage for the assembly of 168 PE/PPE family genes 592 

using Oxford minion® reads. The marks on the x-axis represent the different 168 PE/PPE family 593 

genes while y-axis respective their percentage assembly coverage (red), and read depth (blue). 594 

Sample was sequenced to an average of 273x depth 595 

Fig. S4: Plot of sequence and depth coverage for the assembly of 168 PE/PPE family genes 596 

using Illumina reads. The marks on the x-axis represent the different 168 PE/PPE family genes 597 

while y-axis respective their percentage assembly coverage (red), and read depth (blue). Sample 598 

was sequenced to average 46.3x depth 599 

Fig. S5: Dot plot of ‘unique region’ accuracy between the draft Beijing sub-lineage 2.2.1.1 strain 600 

(x-axis) genome and one of the Beijing reference genomes assembled from PacBio reads (y-601 

axis), genebank accession number AP018035 (HN-321). 602 

Fig. S6: Protein structure of the PPE family protein predicted using Phyre2 for a 654bp gene 603 

sequence with an end 323bp insertion identified within the assembled genome but absent in the 604 

reference genome H37Rv.  605 
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Table S1: Details of Oxford Nanopore Technologies (ONT) reads utilized and assembled 606 

genome 607 

Table S2: Number of SNPs and average base coverage identified from different assembled 608 

PE/PPE family genes from ONT and Illumina reads 609 

Table S3: Mutations in genes involved in cell wall biosynthesis identified in the Beijing sub-610 

lineage 2.2.1.1 strain 611 

Table S4: Blast search results of the gene sequence with insertion confirming the uniqueness of 612 

insertion sequence among lineage 2 genomes 613 

 614 
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