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Abstract 38 

Background.  Mycobacterium tuberculosis rapid diagnostic tests (RDTs) are widely employed 39 

in routine laboratories and national surveys for detection of rifampicin-resistant (RR)-TB. 40 

However, as next generation sequencing technologies have become more commonplace in 41 

research and surveillance programs, RDTs are being increasingly complemented by whole 42 

genome sequencing (WGS). While comparison between RDTs is difficult, all RDT results can be 43 

derived from WGS data. This can facilitate longitudinal analysis of RR-TB burden regardless of 44 

the data generation technology employed. By converting WGS to RDT results, we enable 45 

comparison of data with different formats and sources particularly for countries that employ 46 

different diagnostic algorithms for drug resistance surveys. This allows national TB control 47 

programs (NTPs) and epidemiologists to exploit all available data for improved RR-TB 48 

surveillance. 49 

Methods. We developed the Python-based TB Genome to Test (TBGT) tool that transforms 50 

WGS-derived data into laboratory-validated results of the primary RDTs – Xpert MTB/RIF, 51 

XpertMTB/RIF Ultra, Genotype MDRTBplus v2.0, and Genoscholar NTM + MDRTB II. The 52 

tool was validated through RDT results of RR-TB strains with diverse resistance patterns and 53 

geographic origins and applied on routine-derived WGS data.  54 

Results. The TBGT tool correctly transformed the SNP data into the RDT results and generated 55 

tabulated frequencies of the RDT probes as well as rifampicin susceptible cases. The tool 56 

supplemented the RDT probe reactions output with the RR-conferring mutation based on 57 

identified SNPs.  58 

Conclusion. Overall, the TBGT tool allows the NTP to assess whether currently implemented 59 

RDTs adequately detect RR-TB in their setting. With its feature to transform WGS to RDT 60 

results and enable longitudinal RR-TB data analysis, the TBGT tool may bridge the gap between 61 

and among data from periodic surveys, continuous surveillance, research, and routine tests, and 62 

may be integrated within the existing national connectivity platform for use by the NTP and 63 

epidemiologists to improve setting-specific RR-TB control. The TBGT source code and 64 

accompanying documentation is available at https://github.com/KamelaNg/TBGT. 65 

 66 

Introduction 67 

Resistance to rifampicin (RIF), the most potent anti-tuberculosis (TB) drug, hampers TB control. 68 

Rifampicin-resistant (RR)-TB persists as an urgent public health crisis as only 29% of estimated 69 

RR-TB patients world-wide were detected and notified in 2017. Further, 18% of previously 70 

treated TB patients were found to have RR-TB (WorldHealthOrganization 2018). The WHO 71 

endorsed the following rapid molecular RR-TB diagnostic test (RDTs) to address this concern: 72 

Xpert MTB/RIF (hereinafter called Xpert Classic) and the new version Xpert MTB/RIF Ultra 73 

(hereinafter called Ultra) [Cepheid, Sunnyvale, USA] that employ real-time polymerase chain 74 

reaction and molecular beacon technology (Blakemore et al. 2010); and the line probe assays - 75 

Genotype MDRTBplus v2.0 (hereinafter called LPA-Hain) [Hain Lifescience GmbH, Nehren, 76 

Germany]; and Genoscholar NTM + MDRTB II (hereinafter called LPA-Nipro) [NIPRO 77 
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Corporation, Osaka, Japan] (Dheda et al. 2017). These tests detect RR-conferring mutations 78 

within the rifampicin resistance determining region (RRDR) or hotspot of the rpoB gene (Andre 79 

et al. 2017; Blakemore et al. 2010; Ng et al. 2018a; Ng et al. 2018c), and revolutionized 80 

detection of RR-TB, allowing for prompt identification of patients who need to undergo adapted 81 

treatment. Xpert Classic is the most widely deployed RDT globally, implemented as the initial 82 

diagnostic tool for all presumptive pulmonary TB patients by 32 out of 48 countries in at least 83 

one of the high burden country lists (WorldHealthOrganization 2018). The wide utilization of the 84 

tests in both low and high burden TB countries resulted in the production of large volumes of 85 

RDT data, although comparisons within and between countries can be difficult due to use of 86 

differing technologies.  87 

 88 

The utility of next generation sequencing  technologies has been widely studied for improved 89 

detection of drug-resistant TB in diverse laboratory settings worldwide (Gardy & Loman 2018). 90 

Next generation sequencing-based whole genome sequencing (WGS) of Mycobacterium 91 

tuberculosis (Mtb) has been shown to accurately detect RR-TB by calling relevant single 92 

nucleotide polymorphisms (SNPs) in the rpoB gene (Coll et al. 2018; Miotto et al. 2017). WGS 93 

is already being widely implemented in the United Kingdom, the Netherlands, and New York, 94 

aimed towards completely replacing phenotypic drug susceptibility testing in the clinic 95 

(CRyPTICConsortium et al. 2018; de Viedma 2019). WGS implemented in high burden TB 96 

countries was shown to accurately estimate the prevalence of DR-TB (Zignol et al. 2018). The 97 

conventional periodic TB drug resistance surveys have been gathering data representative of the 98 

Mtb population in poor resource settings, while high income countries typically apply continuous 99 

surveillance (WorldHealthOrganization 2018; Zignol et al. 2018), to help improve the choice of 100 

standard TB treatment before full drug sensitivity profile is known (WorldHealthOrganization 101 

2018).  102 

 103 

The increasing use of WGS in research and public health initiatives can lead to a disconnect from 104 

the RDT-based data being generated routinely in the clinic, and the majority of surveys, 105 

widening the Mtb data gap. We aim to bridge this Mtb data gap by transforming WGS data into 106 

each of the related RDT data outputs, allowing longitudinal analysis of RR-TB prevalence and 107 

underlying mutations regardless of the switch between data generation technologies. This will 108 

allow end-users to compare data of varying formats from different technologies, and analyze 109 

previous historical strains with current isolates representative of the entire TB patient population 110 

in the country. Information obtained from this analysis may unearth years’ worth of data 111 

revealing RR-TB burden, circulating RR-conferring mutations, and associated RDT probe 112 

patterns in a specific setting, critical for improved RR-TB control. 113 

 114 

We present the TB Genome to Test (TBGT) tool, a Python 3-based set of scripts that rapidly 115 

transform WGS data type to RDT and mutation reports. The modules automatically generate 116 

frequencies of rifampicin-susceptible (RS) and RR-TB samples detected and supplement the 117 
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RDT probes output with the detected RR-conferring mutation in the format of ‘wild-type amino 118 

acid-codon number-mutant amino acid’. 119 

 120 

Materials & Methods 121 

We developed the TBGT tool, a Python 3-executable that converts Mtb WGS data in the form of 122 

variant call format (VCF) or MTBseq (Kohl et al. 2018) tab files into the most likely output that 123 

would be observed from Xpert Classic, Xpert Ultra, LPA-Hain, and LPA-Nipro based on 124 

previously validated work (Ng et al. 2018a; Ng et al. 2018c). The TBGT tool can be accessed 125 

through https://github.com/KamelaNg/TBGT. 126 

  127 

The TBGT tool 128 

The TBGT tool can be run on any python-enabled operating system with no additional 129 

prerequisites. The TBGT workflow is shown in Figure 1. The input is a folder of files derived 130 

from a SNP calling pipeline, either in standard VCF format or tab format as output from 131 

MTBseq. The TBGT tool assumes the standard H37Rv NC000962.3 genome was used for 132 

calling these SNPs. If not, the user may remap the genome positions to the specific RR-TB-133 

related codons using a tab delimited mapping file. An example of this tab-separated file is 134 

bundled with the tool. By default, the module will run all the RDTs on the input files.  135 

The generated output file includes the Sample name, RIF resistance or susceptibility, the 136 

associated mutant codon position and mutation pattern, and a series of 0’s or 1’s indicating 137 

absence or presence of the capturing probe for the RDTs, and the RR-conferring mutation (An 138 

example output is given in Table 2). A summary table with counts and proportions of detected 139 

RS-TB cases,  RDT probes, and RR-conferring mutations is also generated (Supplemental File 140 

Table S1). 141 

 142 

Validation and sample application of the TBGT modules 143 

We simulated VCF files for internal validation of the TBGT modules A randomly chosen VCF 144 

file was edited in Notepad ++ 7.6.3 (https://notepad-plus-plus.org/) to contain all previously 145 

tested and validated RR-conferring mutations (Andre et al. 2017; Miotto et al. 2017) mapped to 146 

known RDT results (Ng et al. 2018a; Ng et al. 2018c) (Table 1). We generated files with single 147 

and multiple RR mutations to ensure the tool is robust for all scenarios. These simulated VCFs 148 

are provided with the tool. 149 

 150 

To show real world applicability, the TBGT tool  was run on WGS of RS and RR -TB WHO 151 

Tropical Disease Research (TDR) strains with diverse resistance patterns and geographic origins 152 

stored in the Belgian Coordinated Collections of Microorganisms in the Institute of Tropical 153 

Medicine including the 47 TDR-TB strains tested in the previous validation of the RDTs against 154 

the available rpoB Sanger sequences of the strains (Ng et al. 2018a; Ng et al. 2018c; Vincent et 155 

al. 2012). The fastQ files (ENA accession PRJEB31023) for these samples were run through the 156 

MTBseq pipeline with default settings (Kohl et al. 2018) to generate the tab files for input to 157 
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TBGT. Additionally, WGS from 324 phenotypically RR-TB isolates of retreatment TB patients 158 

in Kinshasa, the Democratic Republic of Congo (DRC) collected in 2005-2010 (Meehan et al. 159 

2018), and 233 WGS isolated 1991- 2010 from Rwanda were subjected to the MTBseq pipeline 160 

and run through the TBGT tool. 161 

  162 

We were then able to extract the associated Xpert results from the 1991 to 2010 Rwandan dataset 163 

and compare it with actual Xpert results from 2012 to 2017 (Ng et al. 2018b). 164 

 165 

Results 166 

We tested the TBGT tool on a 64-bit Windows 10 Enterprise computer with a 2.50 GHz 167 

processor and a 8.00 GB of RAM. The running time was 39 milliseconds for 1 MTBseq tab file 168 

and 530 milliseconds for a VCF file. 169 

 170 

The TBGT tool correctly transformed the WGS-derived SNPs in the VCF and MTBseq tab files 171 

into the laboratory-validated RDT probe reactions (Table 2), and accurately detected all all 172 

previously validated RR-conferring mutations in the simulated VCF and MTBseq clinical WGS 173 

data from the TDR, DRC (Figures 2A and 2B), and Rwanda (Figures 3A and 3B) strains, 174 

including  double nucleotide changes – two SNPs covering two loci or genome positions – such 175 

as the CAC → AGC and CAC → TCC His445Ser mutations and combinations of any two 176 

unlinked mutations. The generated frequency and proportion tables (Supplemental File Table S1) 177 

showed the distribution of the RS and RR-TB strains, the RDT probe reactions, and the RR-178 

conferring mutations detected. 179 

 180 

The in silico extracted Xpert results from the Rwandan WGS collected in 1991-2010 revealed 181 

that the majority of RR-TB cases detected were linked with Xpert Classic probe E (Figure 3A). 182 

This observation was consistent with the actual Xpert results gathered in 2012 to 2017. Xpert 183 

Classic probe E was also predominantly seen in samples from Kinshasa, DRC (Figure 2A, 184 

Supplemental File Table S1). Mutation S450L, linked with Xpert Classic probe E, was the major 185 

RR-conferring mutation observed in both settings (Figures 2B and 3B). 186 

 187 

Discussion 188 

In this work, we developed and validated TBGT, a Python-implemented tool that extracts RR-189 

TB RDT results from WGS-derived SNP data. If a country performed prior drug resistance 190 

surveys with a different diagnostic algorithm, the TBGT tool allows for comparing data of 191 

different formats and sources, making it possible for longitudinal analysis of previous historical 192 

data and current test results, such as periodic DRS results conducted as cross-sectional surveys, 193 

often with different technology from the previous one. 194 

   195 

The TBGT tool allowed us to analyze almost 3 decades’ worth of Xpert data from Rwanda. The 196 

longitudinal analysis of extracted Xpert results from the 1991-2010 Rwandan dataset and actual 197 
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Xpert results from 2012-2017 is a proof-of-concept that the TBGT tool provides an exceptional 198 

opportunity to compare and analyze old and new data produced by different technologies. The 199 

predominant Xpert Classic probe E observed in Rwanda is supported by the associated RR 200 

mutation Ser450Leu (Tables 1 and 2) being present in the primary circulating multidrug-resistant 201 

TB clone in this setting (Ngabonziza et al. 2018), and also most frequently associated with global 202 

RR-TB (Cohen et al. 2015; Coll et al. 2018; Georghiou et al. 2016). 203 

 204 

The genome-based approach of the TBGT tool also allows for reporting of disputed mutations 205 

that confer occult RR and are frequently missed by the Mycobacterium Growth Indicator Tube 206 

phenotypic DST (Ng et al. 2018a; Van Deun et al. 2015). For instance, disputed mutation 207 

Leu452Pro, epidemiologically linked with an extensively drug-resistant TB outbreak in 208 

KwaZulu-Natal, South Africa in 2005 (Cohen et al. 2015; Ioerger et al. 2009), was detected in 209 

some strains from Kinshasa, DRC and Rwanda (Figures 2B and 3B, Supplemental File). 210 

Mutation Leu452Pro is captured by delayed Xpert Classic probe E, denoting partially inhibited 211 

probe E fluorescence (Lawn & Nicol 2011; Ng et al. 2018a), and specifically identified by the 212 

unique combination of Xpert Ultra probe rpoB4B and corresponding melting temperature shift 213 

(Table 1), provided sufficient Mtb DNA is detected.  Leu452Pro was reported to be missed in 214 

clinical samples by LPA-Hain due its end-probe location (Al-Mutairi et al. 2011; Rigouts et al. 215 

2013), thus contributing to the RR-TB detection gap. The ability of the TBGT tool to rapidly and 216 

accurately detect disputed mutations is therefore important. 217 

 218 

As a supplementary feature, the TBGT tool picks up any RR-conferring mutation present in the 219 

VCF or MTBseq tab file, and may help assess whether RDTs sufficiently detect RR-TB cases in 220 

specific settings. 221 

 222 

The TBGT tool may combine clinical data stored in large aggregated files and collected through 223 

the routine laboratory and periodic survey RDT results, with WGS-derived data from national 224 

surveillance programs to create a larger picture of the RS-TB and RR-TB burden in a country. 225 

Through longitudinal analysis of previous historical and current RR-TB data, the TBGT tool may 226 

then allow the NTPs and epidemiologists to identify unusual frequencies of RR-TB cases, RDT 227 

probe reactions, and RR-conferring mutations that define a potential transmission hotspot. The 228 

setting-specific RS and RR-TB counts and proportions generated by the TBGT tool may bring 229 

about an extensive global database with years’ worth of data for continuous statistical modeling 230 

analyses and surveillance investigations.  231 

 232 

Potentially, the TBGT tool may be integrated in the national TB diagnostic algorithm through the 233 

existing connectivity platform or the newly implemented WHO cloud-based software (Dean 234 

2019). The prospective application of the TBGT tool may bridge and transform the Mtb data gap 235 

into action points for RR-TB clinicians to provide appropriate care for the individual TB/RR-TB 236 

patient, and the NTP, public health officials, and policy makers to intervene at the population-237 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted May 5, 2019. ; https://doi.org/10.1101/628099doi: bioRxiv preprint 

https://doi.org/10.1101/628099


level for improved and sustained RR-TB control (Gardy & Loman 2018). The TBGT modules 238 

could also be expanded to report non-RRDR RR-causing mutations and include other TB drugs – 239 

e.g. isoniazid, pyrazinamide, and fluoroquinolones. 240 

 241 

Conclusions 242 

Our TBGT tool leverages on the improved access to next generation sequencing technologies in 243 

this genomic epidemiology era of TB, and complement Mtb WGS by rapidly transforming WGS 244 

files that store genomic sequence variations to validated outputs of the RR-TB RDTs. The 245 

prospective application of the TBGT tool within a nationwide genomic epidemiology program 246 

will bridge the Mtb data gap among routine RDT data, research setting WGS, and periodic 247 

survey and continuous surveillance rpoB sequencing and WGS data. This may result in efficient 248 

longitudinal analysis of the circulating RDT probes and underlying distribution of RR-conferring 249 

mutations. The TBGT tool may also help assess whether currently implemented RDT(s) 250 

adequately detect the RR-TB cases in the country. Linking the TBGT tool to the RR-TB 251 

algorithm we previously developed (Ng et al. 2018b) will help identify unusual frequencies of 252 

RR-TB cases as well as rare RDT probes and RR mutations that define a potential transmission 253 

hotspot, critical for active surveillance of transmitted strains in a population by the NTP. 254 

 255 
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             Figure 1. The TBGT tool workflow. 
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Figure 2A. Distribution of rifampicin-sensitive (RS) samples and Xpert Classic probes among 

rifampicin-resistant tuberculosis (RR-TB) isolates in Kinshasa, DRC from 2005 to 2010, 

detected by the TBGT tool. 
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Figure 2B. Distribution of RR-conferring mutations in Kinshasa, DRC from 2005 to 2010, 

detected by the TBGT tool. 
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Figure 3A. Distribution of rifampicin-sensitive (RS) samples and Xpert Classic probes among 

rifampicin-resistant tuberculosis (RR-TB) isolates in Rwanda from 1991 to 2010, determined 

by the TBGT tool. 
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Figure 3B. Distribution of RR-conferring mutations in Rwanda from 1991 to 2010, detected 

by the TBGT tool. 
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Table 1. Rifampicin resistance (RR)-conferring mutations and associated rapid diagnostic test (RDT) results, previously tested and validated, and 

used as basis for developing the TBGT tool.  

RR-TB RDT 

RR 

mutation 

Xpert Classic Xpert Ultra LPA-Hain LPA-Nipro 

Capturing 

probe 

Capturing 

probe 

Melting 

temperature 

shift 

Absent 

(WT) 

probe 

Developing 

(MUT) probe  

Absent 

(WT) 

probe 

Developing 

(MUT) probe  

ND ND ND ND ND ND ND Val170Phe 

Probe A rpoB1 3.5 WT1   S1   Ser428Arg 

Probe A rpoB1 5.9-6.3 WT2   S1   Leu430Pro 

Probe A, Probe 

B 
rpoB1 2.9 WT2   S1   Ser431Gly 

Probe B rpoB1 3.4 WT2, WT3   S1   Gln432Glu 

Probe B rpoB2 3.2 WT3   S2   Met434Ile 

Probe B rpoB2 3.3 WT3   S2   Met434Thr 

Probe B rpoB1 6.3 WT3   S2   Met434Val 

Probe B rpoB2 2.8 WT3, WT4   S2   Asp435Glu 

Probe B delayed rpoB2 5.3 WT3, WT4   S2   Asp435Phe 

Probe B rpoB2 3.3 WT3, WT4   S2   Asp435Gly 

Probe B rpoB2 3.5-3.7 WT3, WT4 MUT1 S2 R2 Asp435Val 

Probe B delayed rpoB2 4.0-4.4 WT3, WT4   S2   Asp435Tyr 

Probe C rpoB2 6.4 WT4   S2   Asn437Asp 

Probe C rpoB2; rpoB3 3.0; 2.3 WT5, WT6   S3   Ser441Leu 

Probe C rpoB2; rpoB3 4.7; 2.3 WT5, WT6   S3   Ser441Gln 

Probe D rpoB3 3.7-3.9 WT7 MUT2B S4 R4b His445Asp 

Probe D rpoB3 4.9 WT7   S4   His445Gly 

Probe D rpoB3 3.5-3.6 WT7   S4   His445Leu 

Probe D rpoB3 3.4-3.5 WT7   S4   His445Asn 
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RR-TB RDT 

RR 

mutation 

Xpert Classic Xpert Ultra LPA-Hain LPA-Nipro 

Capturing 

probe 

Capturing 

probe 

Melting 

temperature 

shift 

Absent 

(WT) 

probe 

Developing 

(MUT) probe  

Absent 

(WT) 

probe 

Developing 

(MUT) probe  

Probe D rpoB3 3.6 WT7   S4   
His445Gln 

(CAG) 

Probe D rpoB3 4.1 WT7   S4   
His445Gln 

(CAA) 

Probe D 

delayed 
rpoB3 1.9 WT7   S4   His445Arg 

Probe D rpoB3 4.7 WT7   S4   His445Ser 

Probe D rpoB3 4.9 WT7   S4   His445Thr 

Probe D rpoB3 3.2-3.3 WT7 MUT2A S4 R4a His445Tyr 

Probe D rpoB4B 5.0 WT7   S4   Lys446Gln 

Probe E rpoB3 4.0 WT8   S5   Ser450Phe 

Probe E rpoB3; rpoB4A 2.5-2.9; 6.0-6.5 WT8 MUT3 S5 R5 Ser450Leu 

Probe E rpoB3; rpoB4A 2.3-2.7; 3.3-3.7 WT8   S5   Ser450Trp 

Probe E delayed rpoB4B 5.7-6.1 WT8   S5   Leu452Pro 

ND ND ND ND ND ND ND Ile491Phe 

Capturing probe, RDT probe associated with the RR-conferring mutation; Melting temperature shift, difference between mutant (MUT) and 

wild-type (WT) melting temperatures; ND, ‘not detected’, refers to mutations outside the RR determining region, not detected by the RR-TB 

RDTs.  
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Table 2. Example of combined results from the TBGT tool rapid diagnostic test (RDT) modules supplemented by the rifampicin resistance (RR)-

conferring mutations detected  

Filename 
RIF 

Resistance 

Codon 

number 
Codon 

Xpert Classic Xpert Ultra LPA-Hain LPA-Nipro 

RR 

mutation 
Capturing 

probe 

Probe 

pattern 

Capturing 

probe, 

Melting 

temperature 

shift 

Probe 

pattern 

Capturing 

probe 

Probe 

pattern 

Capturing 

probe 

Probe 

pattern 

DRC-

052577 
DETECTED 450 TTG Probe E 

1 1 1 1 0 

1 

rpoB3,rpoB4

A; 2.5-

2.9,6.0-6.5 

1 1 0 0 1  
WT8, 

MUT3 

1 1 1 1 

1 1 1 0 

0 0 0 1 

S5, R5 

1 1 1 1 

0 0 0 0 

1 

Ser450Leu 

DRC-

091003 
DETECTED 452 CCG 

Probe E 

delayed 

1 1 1 1 1 

0 

rpoB4B; 5.7-

6.1 
1 1 1 1 0 

WT8 

1 1 1 1 

1 1 1 0 

0 0 0 0 

S5 

1 1 1 1 

0 0 0 0 

0 

Leu452Pro 

1993-

09004 

DETECTED  

(only by 

rpoB Sanger 

sequencing 

module) 

170 TTC NOT DETECTED NOT DETECTED NOT DETECTED NOT DETECTED Val170Phe 

DRC-

101308 

DETECTED  

(only by 

rpoB Sanger 

sequencing 

module) 

491 TTC NOT DETECTED NOT DETECTED NOT DETECTED NOT DETECTED Ile491Phe 
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