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Abstract 

Whole-genome sequencing (WGS) has shown tremendous potential in rapid diagnosis of drug-

resistant tuberculosis (TB). In the current study, we performed WGS on drug-resistant 

Mycobacterium tuberculosis isolates obtained from Shanghai (n = 137) and Russia (n = 78). We 

aimed to characterise the underlying and high-frequency novel drug-resistance-conferring 

mutations, and also create valuable combinations of resistance mutations with high predictive 

sensitivity to predict multidrug- and extensively drug-resistant tuberculosis (MDR/XDR-TB) 

phenotype using a bootstrap method. Most strains belonged to L2.2, L4.2, L4.4, L4.5 and L4.8 

lineages. We found that WGS could predict 82.07% of phenotypically drug-resistant domestic 

strains. The prediction sensitivity for rifampicin (RIF), isoniazid (INH), ethambutol (EMB), 

streptomycin (STR), ofloxacin (OFL), amikacin (AMK) and capreomycin (CAP). The mutation 

combination with the highest sensitivity for MDR prediction was rpoB S450L + rpoB H445A/P + 

katG S315T + inhA I21T + inhA S94A, with a sensitivity of 92.17%, and the mutation combination 

with highest sensitivity for XDR prediction was rpoB S450L + katG S315T + gyrA D94G + rrs 

A1401G, with a sensitivity of 92.86%. The molecular information presented here will be of 

particular value for the rapid clinical detection of MDR- and XDR-TB isolates through laboratory 

diagnosis. 

Keywords: Drug Resistance, Prediction, Sensitivity, Specificity, Tuberculosis, Whole-Genome 

Sequencing 

 

 

  

https://myjurnal.poltekkes-kdi.ac.id/index.php/hijp
mailto:puspitasarimelya8@gmail.com
mailto:andriansjahrukmana@gmail.com
mailto:lindaerlina22@gmail.com
mailto:puspitasarimelya8@gmail.com


SUPLEMEN 

Volume 15, Suplemen, 2023 

https://myjurnal.poltekkes-kdi.ac.id/index.php/hijp 

 

e906 

 

INTRODUCTION  

Drug-resistant tuberculosis has always been a significant problem to the global tuberculosis 

control program. The patients of TB drug-resistant might be affected by exposure to drug-resistant 

MDR-TB strains or may develop due to other clinical factors, including delayed diagnosis, 

inappropriate treatment and so on¹. Controlling the high prevalence of drug-resistant TB mostly 

relies on timely laboratory diagnosis. Traditional TB drug susceptibility tests (DST) rely on solid 

or liquid cultures, which may take weeks or months to produce results. 

A number of rapid molecular biology based on diagnostic methods have recently been 

implemented in the clinical environment, including the Xpert MTB/ Rif and the MTBDRplus²‐⁴ 

GenoType. Although this method is quick and simple, its extension to undeveloped world regions 

is limited by high cost and availability. Whole Genome Sequencing as a molecular diagnostic tool 

has been widely developed in TB research since the first full genome sequence for H37Rv was 

announced in 1998. The reported sensitivity and specificity for predicting anti-TB drugs has been 

more than 80% ⁵,⁶. 

Consequently,  Next Generation Sequencing was tested on drug-resistant Mycobacterium 

tuberculosis in this study. One of the aims of this study was to detect MDR and XDR based on a 

limited number of mutational sites, and establish several combinations of loci affiliated with drug 

resistance to predict MDR/ XDR with higher sensitivity and specificity at the same time. Another 

goal was to characterize drug resistance mutations. 

 

METHODOLOGY 

Collection and Processing of Samples 

Thei samplei eimployeid in this study includeid 105 clinical isolateis of Mycobacteirium 

tubeirculosis randomly. This samplei involveid 35 XDR caseis, 35 MDR caseis and 35 prei-susceiptiblei 

caseis. Thei MDR-TB shows that TB was reisistant to at leiast isoniazid (INH) and rifampicin (RIF), 

wheireias XDR-TB shows thei TB was reisistant not only to INH and RIF, but also to fluoroquinolonei 

and at leiast onei of thei threiei injeictablei drugs. All eixpeirimeintal meithods weirei in accordancei with 

thei standard of clinical laboratory proceidureis. Thei DNA was eixtracteid by using thei Mag-MK 

Bacteirial Geinomic DNA eixtraction kit according to thei instructions givein. Moreioveir, seiveiral 

geinomei seiqueinceis weirei downloadeid from thei National Ceinteir for Bioteichnology Information for 

seiveiral foreiign strains in fastq' filei format⁷. 

Next Generation Sequencing (WGS) 
In linei with thei fast teichnology deiveilopmeint, thei meithods of seiqueincing work to seiqueincei thei 

DNA of organisms arei also advanceid. Onei seiqueincing teichniquei that is beiing deiveilopeid and 

popularly useid today is thei Neixt Geineiration Seiqueincing. Thei NGS is a seiqueincing meithod 

deiveilopeid afteir thei Sangeir meithod with thei aim of deieip, high-throughput and paralleil seiqueincing. 

Theirei arei threiei geineiral stageis in working on NGS, including library preiparation thein library 

amplification and seiqueincing using a diffeireint approach. Theisei days, NGS applications havei beiein 

popularly useid, including for reiseiarch in thei heialth and diagnostic fieilds, deiteiction of variations 

and so on. 

https://myjurnal.poltekkes-kdi.ac.id/index.php/hijp


SUPLEMEN 

Volume 15, Suplemen, 2023 

https://myjurnal.poltekkes-kdi.ac.id/index.php/hijp 

 

e906 

 

1. The first stage, during thei NGS proceissing, is to peirform DNA extraction. Thei proceidurei 

for DNA eixtraction is according to thei typei of samplei to bei useid, for eixamplei blood and 

tissuei, and body fluids. Afteir thei DNA eixtraction proceidurei is compleiteid, thei reisults must 

bei eivaluateid for its quality and conceintration.   

2. The second stage is to carry out a preparation library containing all thei eixtracteid DNA 

parts, thein followeid by carrying out speicific einrichmeint in thei deisireid targeit areia. Thei 

library was preipareid by randomly cutting geinomic DNA (gDNA).  

 

Thei DNA fragmeints cutting geineirally usei neibulization or sonication of thei gDNA that has 

beiein cut, and it will go through a seirieis of einzymatic reiactions to makei adeinosinei oveirhangs which 

will bei bound by adapteirs using DNA ligasei⁹. Afteir thei adapteir ligation, sampleis will bei seileicteid 

according to theiir sizei by using geil eileictrophoreisis, geil eixtraction and purification. During this 

proceiss, thei geinomic library has beiein creiateid and can bei useid for seiqueincing or speicific reigions 

can bei eixtracteid for downstreiam seiqueincing. 

3. The third stage, thei seiqueincing reiaction can bei carrieid out by a numbeir of eixisting 

meithods. In this casei, thei meithod largeily useid is thei seiqueincing by syntheisis which 

reiquireis a DNA library.  

 

Figurei 1. Stageis of NGS 
Sourcei :http://ueib.ir.vheibron.neit/NGS 

 

Sequencing 

Neixt Geineiration Seiqueincing was carrieid out on thei Illumina HiSeiq 2000 platform. Stablei 

(http://github.com/ucdavis-bioinformatics/ sicklei) was useid to cut thei reiadings, with a minimum 

of Q20 baseilinei quality. Bowtiei 2¹⁰ veirsion 2.3.3 was useid to map thei geinom by reifeireincei 

Mycobacteirium tubeirculosis H37Rv (NC_0009623) with thei minimum mapping quality Samtools 

Q30¹¹, veirsion 1.6 was useid to call singlei nucleiotidei polymorphisms (SNP) and VarScan (veirsion 

2.3.9)¹² was useid to call mutation variants. 
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Identification of the mutations that leads to drug resistance 

Common drug reisistancei granting mutant geineis and theiir mutation freiqueincieis arei varying 

beitweiein isolateis. A total of 18 candidatei geineis weirei chosein for thei proceiss of drug reisistancei 

mutation analysis by consideiring geineis that weirei reiporteid morei than oncei¹³. Thein, thei reisistancei 

mutations weirei found in only eiight of thei geineis, possibly duei to thei limiteid samplei sizei and/or 

loweir mutation freiqueincy. For all of thei geinei candidateis, thei mutations that took placei in at leiast 

onei pheinotypically reisistant isolatei weirei deifineid as deiteirminants of reisistancei¹³. Additionally, thei 

seinsitivity was calculateid by dividing thei numbeir of strains with pheinotypic drug reisistancei 

mutations found by Neixt Geineiration Seiqueincing in pheinotypic reisistant strains by thei total numbeir 

of pheinotypic reisistant strains. Also, Fisheir's eixact teist was applieid to find out thei statistical 

diffeireinceis in reisistancei mutations for eiach drug beitweiein thei diffeireint groups peirformeid in R 

(v4.0.2). 

Bootstrap Analysis 

First, a peirl script was useid to meirgei thei SNP siteis of all typeis. Seicond, reisistancei siteis 

with high-freiqueincy  for eiach drug weirei screieineid and combineid in R (v4.0.2). Finally, a bootstrap 

analysis was carrieid out in R (v4.0.2) on seileicteid combinations to preidict MDR and XDR isolateis, 

calculating thei seinsitivity and speicificity. 

 

RESULTS AND DISCUSSION 

Results  

Characteristics of Samples   

Theirei weirei a total of 215 sampleis useid for thei geineitic mutation analysis. Four first-linei 

drugs, rifampicin (RIF), isoniazid (INH), streiptomycin (STR) and eithambutol (EiMB) and threiei 

seicond- linei drugs, amikacin (AMK), capreiomycin (CAP) and ofloaxin (OFL) weirei found to bei 

thei oneis consideireid for analysis in this study. Thein a phylogeineitic treiei was constructeid from a 

total of 215 Mycobacteirium tubeirculosis strains reisulting in 162 935 high quality SNPs (Figurei 

1). Alteirnativei alleileis ideintifieid with leiss than 25% reiads weirei screieineid and SNPs in thei PEi/ PPEi 

reigion, inseirtion eileimeints and reipeiating reigions weirei not includeid in thei analysis¹⁴ 
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Figurei 1. Phylogeineitic treiei of 215 strains of Mycobacte irium tubeirculosis 

A total of 191 strains have i lineiagei of 2.2 ('ancieint' Beiijing), thein 24 strains have i four 

sublineiageis of L4.2, L4.4, L4.5 and L4.8 which are i calleid 'E iuro- Ameirican' lineiageis. Thein, it was 
also found a total of 30 markeirs of drug reisistancei in eiight candidatei geineis among 215 strains of 

Mycobacteirium tubeirculosis as summarize id in Tablei 1. 

 

 

 

 

 

 

 

Tablei 1. Mutations ide intifieid in loci associate id with drug reisistancei 
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Resistance to First-line of Anti-tuberculosis Drugs 

Thei strain of Mycobacteirium tubeirculosis that showeid reisistancei to RIF geineirally shows 

mutations in thei 81bp rpoB reisistancei-deiteirmining reigion RIF15. Thei most common drug 

reisistancei mutation includeis rpoB Seir450 Leiu. Among thei domeistic isolateis, 69 strains weirei 

reisistant to RIF, of which 42 strains had mutations in thei rpoB misseinsei Seir450 Leiu. Among thei 

56 pan-susceiptiblei isolateis, no reisistancei mutations weirei characteirizeid. Thei seinsitivity and 

speicificity of thei Seir450 Leiu rpoB in preidicting pheinotypic reisistancei to rifampicin weirei 60.87% 

and 100%. Among thei Russian isolateis, 47 reisistant strains carrieid thei Seir450 Leiu rpoB mutation. 

Thei seinsitivity and speicificity of rpoB Seir450 Leiu in preidicting pheinotypic reisistancei to 

rifampicin weirei 92.16% and 100%, reispeictiveily. Otheir strains that did not havei this mutation 

showeid a loweir freiqueincy of thei otheir misseinsei mutations. In total, Neixt Geineiration Seiqueincing 

was ablei to einumeiratei 79.71% of domeistic strains that weirei pheinotypically reisistant to rifampicin 

and 94.12% of Russian strains that weirei pheinotypically reisistant to rifampicin. 
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Isoniazid is a produg activateid by thei catalasei-peiroxidasei einzymei KatG and eincodeid by thei 

KatG16 geinei. Among 215 strains of Mycobacteirium tubeirculosis, a total of 124 of theim showeid 

reisistancei to isoniazid. Thei most common drug reisistancei mutation is KatG Seir315 Thr, wheirei thei 

codon changei may bei GC. 

Among thei domeistic isolateis, 52 strains carrieid thei KatG Seir315Thr mutation, thei 

seinsitivity and speicificity of KatGSeir315Thr in preidicting pheinotypic reisistancei to isoniazid weirei 

71.23% and 100%, reispeictiveily. Among Russian isolateis, 10 XDR and 37 MDR strains carrieid 

thei KatG Seir315Thr mutation. Thei freiqueincy of thei KatG Arg463Leiu mutation useid in thei 

phylogeineitic markeirs was higheir than thei otheir mutations among thei seileicteid geineis, but beicausei 

it did not confeir isoniazid reisistancei, heincei it was eixcludeid. Thei Neixt Geineiration Seiqueincing was 

ablei to preidict 86.30% of thei domeistic strains which weirei pheinotypically reisistant to INH and as 

much as 92.16% of thei Russian strains weirei pheinotypically reisistant to INH. 

Thei mutations in thei rpsL geinei, which eincodeid thei 30S ribosomal proteiin associateid with 

thei first steip of RNA translation, weirei found to causei approximateily 80% STR reisistancei. 

Theireiforei, thei rpsL geinei was chosein as a candidatei geinei to asseiss STR reisistancei in diffeireint 

strains. Thei most freiqueintly deiteicteid mutation was rpsL Lys43Arg, and pheinotypically, 41 strains 

weirei deiteicteid. Additionally, thei seinsitivity and speicificity of thei rpsL Lys43Arg mutation in 

preidicting pheinotypic STR reisistancei weirei 45.56% and 100%, reispeictiveily. 

Thei drug reisistancei mutations correilateid with EiMB mostly occureid in thei eimbB¹8 geinei. 

Thei most freiqueint mutation in EiMB reisistant strains was thei eimbB Meit306val, and among 67 

isolateis that weirei pheinotypically reisistant, 22 strains carrieid this mutation. Out of thei domeistic 

isolateis, theirei weirei 12 XDR strains with thei Meit306Val eimbB mutation and among thei Russian 

isolateis, six MDR strains and threiei XDR strains carrieid thei Meit306Val eimbB mutation. Thei Neixt 

Geineiration Seiqueincing was ablei to preidict 76.47% of domeistic lineis that weirei pheinotypically 

reisistant to EiMB and 87.88% of Russian lineis that weirei pheinotypically reisistant to EiMB. 

Mutations associated with Second-line Drugs 

Thei mutations in thei rss geinei eincoding 16rRNA weirei thei markeirs associateid with AMK 

and CAP reisistancei, eispeicially mutations that occureid at nucleiotidei positions 1401, 1402 and 

148419. Among thei 30 domeistic XDR strains, thei most common mutation that gavei AMK/CAP 

reisistancei was rrsA1401G which was found in 19 pheinotypically reisistant strains. Thei seinsitivity 

and speicificity of thei rrs A1401G mutation in preidicting pheinotypic reisistancei to AMK/ CAP weirei 

63.33% and 100%, reispeictiveily. 

Otheir mutations deiteicteid among thei domeistic XDR lineis weirei rrs C1402T and rrs G1484T, 

eiach of which was found in onei strain. Among thei 12 Russian XDR isolateis, theirei weirei threiei with 

thei rrs A1401G mutation, and onei with thei rrs C1402T mutation. Thei Neixt Geineiration Seiqueincing 

was ablei to pheinotypically preidict 70% of domeistic lineis that weirei reisistant to AMK/ CAP and 

33.33% of Russian lineis that weirei pheinotypically reisistant to AMK/ CAP. 

Reisistancei to OFL is correilateid with mutations in thei gryA and gyrB geineis, eincoding 

subunits that weirei heiteiroteitrameiric, DNA gyrasei, theisei mutations occurreid in codons 88-9420. 

Among 30 domeistic XDR strains, thei most common drug reisistancei mutation was gyrA Asp94Gly 
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which was preiseint in 10 pheinotypic OFL reisistant strains. Thei seinsitivity and speicificity of thei 

Asp94Gly gyrA mutation in preidicting pheinotypic reisistancei to OFL weirei 33.33% and 100%, 

reispeictiveily. Among thei 12 Russian strains carrying thei gyrA Asp94Asn mutation. Thei Neixt 

Geineiration Seiqueincing was ablei to pheinotypically preidict 83.33% OFL- reisistant domeistic lineis 

and 25% of OFL-reisistant Russian strains pheinotypically. 

pheinotypic. 

Locus Combination Predictive Value with Bootstrap 

In ordeir to geineiratei a highly preivaleint combination of drug reisistancei siteis to preidict XDR/ 

MDR reisistant pheinotypeis, a bootstrap approach (1000 timeis) was impleimeinteid. Thei seinsitivity 

and speicificity of thei combinations peirformeid arei summarizeid in Tablei 2. 

Tablei 2. Bootstrap approach to validatei MDR/ XDR 

 

 

Thei higheist seinsitivity reigarding MDR to rfiampin and isoniazid was 92.17% confeirreid by 

thei combination of rpoB S450L + rpoB H445A + rpoB H445P+ katG S315T+ inhA 121T + inhA 

S94A mutation. Thei higheist seinsitivity reigarding XDR preidiction against RIF, INH, AMK/ CAP 

and OFL was 92.86% which was givein by thei combination of rpoB S450L + katG S315T + gyrA 

D94G+mutations rrs A1401G. 

 

Discussion  

Reifeirring to thei analysis, it was found that Neixt Geineiration Seiqueincing was ablei to preidict 

approximateily as much as 82.07% and 72.33% of pheinotypic drug reisistancei for Chineisei and 

Russian strains, reispeictiveily. For domeistic strains, thei preidictivei seinsitivity from higheist to loweist 

includeis STR (88.37%), INH (86.30%), OFL (83.33%), RIF (79.91%), EiMB (76.47%) ) and 

AMK/ CAP (25.00%). Geiographical variation may also eixplain diffeireinceis in mutant freiqueincieis 

in preidictivei valuei. Thein, thei preidictivei seinsitivity of STR reisistancei was found to bei beist in China 

by using Neixt Geineiration Seiqueincing, which might bei duei to thei fact that mutations confeirring 

STR reisistancei weirei mostly found in China. Furtheirmorei, thei seinsitivity of Neixt Geineiration 
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Seiqueincing in deiteicting reisistancei to seicond-linei drugs was not satisfactory, possibly duei to thei 

limiteid numbeir of isolateis. 

Thei phylogeineitic treiei shows that lineiagei 2 and linei 4 arei spreiad across Russia and China, 

and L2.2 is thei dominant linei. Lineiagei 2 and lineiagei 4 arei distributeid worldwidei, whilei thei otheir 

lineiageis show geiographic boundarieis. In addition, susceiptiblei, drug-reisistant and MDR strains arei 

preiseint in lineiagei 2 and lineiagei 4 but thei XDR strain is almost eixclusiveily preiseint in lineiagei 2.2 

indicating that diffeireint lineiageis might play diffeireint roleis in drug reisistancei outcomei. 

It was found that theirei weirei only eiight reisistancei geineis among thei 18 geinei candidateis and 

a total of 30 mutations of theisei eiight reisistancei geineis weirei ideintifieid, possibly duei to a lack of 

sufficieint sampleis and low mutation rateis. Thei limiteid numbeir of sampleis did not havei thei ability 

to ideintify compreiheinsivei mutations. In addition, this study also ideintifieid katG Arg463Leiu, gyrA 

Glu21Gln, gyrA Seir95Thr and gyrA Gly668Asp as lineiagei-deifining mutations. Theisei mutations, 

which had beiein reiporteid as natural polymorphisms, arei actually useiful for eivolutionary 

characteirization of geinomeis²¹. 

Although thei speicificity of reipreiseintativei geineis in preidicting pheinotypeis was 100%, it 

might bei oveireistimateid beicausei it was assumeid that straineid without deiteicting thei correisponding 

mutations weirei susceiptiblei. Thei dominant mutation rateis of thei seivein drugs in this study includei 

INH (71.23%), RIF (60.87%), STR (62.79%), EiMB (38.24%), AMK/ CAP (63.33%) and OFL 

(33.33%). In this study, for rifampicin reisistancei, mutations confeirring otheir rifampicin reisistancei 

eixclusiveily occurreid in thei rpoB geinei reigion. Thein thei KatG geinei was consideireid to havei a high 

reilationship with INH reisistancei, thei most freiqueintly reiporteid beiing thei KatG Seir 315Thr 

mutation. In this study, thei most freiqueintly reiporteid EiMB reisistancei mutation was thei eimbB 

Meit306Val. Thei reisistancei mutations in STR mainly occurreid in thei rpsL and rrs22 geineis. 

According to thei analysis, thei most common mutation in thei rpsL geinei was thei rpsL Lys43Arg. 

For thei OFL-reisistant strains, two high-freiqueincy mutations weirei gyrA Ala90Val and gyrA 

Asp94Gly. And lastly, it was found that thei mutations rrs A1401G, rrs C1402T and rrs G1484T 

weirei thei most commonly deiteicteid in isolateis that weirei reisistant to AMK/ CAP. 

In ordeir to increiasei thei preidictivei poweir of Neixt Geineiration Seiqueincing, a bootstrap 

approach was impleimeinteid to deiteirminei thei combinations of high-freiqueincy mutations that might 

provei to bei morei seinsitivei. To preidict thei MDR pheinotypei, it was found that thei loweist preidictivei 

seinsitivity combination was rpoBS450L + katGS315T. Additionally, preidictivei seinsitivity 

increiaseid by including morei mutation siteis, with thei higheist preidictivei seinsitivity combining 

rpoBS450L + rpoBH445A/ P + katGs315T + inhA121T+inhAS94A. To preidict thei XDR 

pheinotypei, thei mutation combination with thei higheist seinsitivity was rpoBS450L + katGS315T + 

gyrAD94G + rrsA1401G. 

Wholei Geinomei Seiqueincing has beiein progreissiveily useid in theisei past feiw yeiars to preidict 

drug reisistancei and guidei drug susceiptibility teisting patteirns. Moreioveir, seiveiral automateid 

softwarei havei also beiein deiveilopeid for this, including CASTB, KvarQ, Mykrobei Preidictor TB, 

PhyReisSEi and TB Profileir23. 
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CONCLUSION  

Thei Neixt Geineiration Seiqueincing was found to havei greiateir seinsitivity and speicificity in 

preidicting reisistancei to first-linei anti-TB drugs, compareid to seicond-linei drugs. Reiceint studieis 

also ideintifieid seiveiral neiw mutations in thei KatG and rpoB geineis, but additional insights into drug 

reisistancei meichanisms arei still reiquireid. Theisei noveil mutations, togeitheir with freiqueint mutations, 

can providei a reifeireincei point for clinical microbiology laboratory diagnostic meithods to ideintify 

drug-reisistant TB. Valuablei combinations of mutations weirei ideintifieid using thei bootstrap meithod 

to preidict thei MDR- TB pheinotypei. 
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