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DIAGNOSTIC METHODS USED IN THE ANALYSIS 

OF M.TB SAMPLES

• significant delays in diagnosis 

(requires a minimum of 2 weeks) 

• force suboptimal and empirical 

treatment 

Reference standard for some 

drugs, not all 

PHENOTYPIC DST

Nimmo et al., 2017 ; Cabibbe & Cirillo, 2016; Outhred et al., 2015 

Rapid assessment of drug 

resistance mutations against key 

first-line anti-TB drugs 

• only identify common drug 

resistance mutations in few gene 

targets

Soundararajan et al.,2020; Nimmo et al., 2017; Outhred et al., 2015

GENOTYPIC DST

• Only limited number of mutations 

evaluated

4



NEXT GENERATION SEQUENCING

(NGS) WORKFLOW

FROM CULTURE

MGIT culture

Culture inactivation and 
DNA extraction

Library preparation 

Sequencing

Clinical sample

Inactivation and DNA extraction

PCR amplification of targeted 
regions

Library preparation

Sequencing

DIRECTLY FROM SPECIMEN

Specimen inactivation and 
DNA extraction

qPCR

MTB enrichment 
(biotinylated RNA baits / Myco Cap)

Library preparation

Sequencing

WHOLE GENOME SEQUENCING (WGS)

CLINICAL SPECIMEN (SPUTUM)

TARGETED NGS (tNGS)

Cabibbe et al. 2016 Macedo et al., 2023; 
Soundararajan et al.,2020 5



NEXT GENERATION SEQUENCING
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• powerful tool for epidemiological and drug-resistant 

routine surveillances

• offers a rapid and simultaneous screening of all the 

clinically-relevant mutations

• support the conventional contact tracing for 

epidemiological studies with high discriminatory power

• ensure the required high DNA quality and quantity

• performed on genomic DNA from primary culture samples 

(2-3 weeks growth period)

• may cause loss of clonal diversity

Lozano et al., 2021; Soundararajan et al.,2020; Cabibbe & Cirillo, 2016

WHOLE GENOME SEQUENCING FROM MGIT CULTURE

Next Generation Sequencing-based 
Algorithms in Anti TB Drug Resistance 

Surveillance - 2020
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WGS:TOOL FOR CROSS BORDER CLUSTERS EVALUATION

Tagliani et al. ERJ 2019

Table 1: Country contribution to cross-border clusters Figure 1: Whole genome sequencing coverage 
of reported RR/MDR-TB cases in European 

Union/European economic area, 2018
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EUSeqMyTB: cross border clusters

Tagliani et al. ERJ 2019 9



XDR Cluster
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WGS data submission

• ECDC upload app

• Bionumerics plugin

• ENA/SRA identifiers
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Flusso ceppi

• Continua la raccolta di MDR-TB da inviare alla attenzione di

• E. Borroni o DM CIRILLO Ospedale San Raffaele 

• borroni.emanuele@hsr.it

• Dopo sequenziamento I Fastq saranno disponibili per chi li richiede

• Saranno depositati mensilmente su EPIPULSE

• Nel caso Fastq siano già disponibili contattare

• Spitaleri.andrea@hsr.it

OSR trasferirà I fastq insieme a quelli sequenziati da OSR dopo controllo di qualità
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Drug-resistant

XDR 2021

DR/MDR-TB regimens and definition of XDR-TB
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Rapid approved molecular assays for MDR-TB cases
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WGS DIRECTLY FROM CLINICAL SAMPLES (SPUTUM)

STRENGTHS

• reduce delays in case detection and 

characterization of susceptibility profiles

• generate a complete genetic drug 

resistance profile

• retains minority variants present in the 

clinical sample

• improves turnaround time for prompt 

appropriate treatment

CHALLENGES

• presence of large amounts of accompanying DNA

• requires enrichment procedures for high coverage

• often hampered by poor quality 

• limitation on degree of confidence for resistance 

detection

EMPLOYED SOLUTIONS

• selectively eliminating the human DNA present in 

the clinical sample

• using MTB DNA enrichment systems, e.g., specific 

biotinylated RNA baits, in-house DNA capture 

platform (Myco Cap)

Lozano et al., 2021; Soundararajan et al.,2020 ; Cabibbe & Cirillo, 2016 15





NGS technologies

Di Marco et al, Front Microbiol 2023;  Ghodousi A, 2023 17



Building components:

1.High quality phenotypic DST data 

2.High quality, standardized WGS for generating unbiased raw sequence data

3.A standardized bioinformatics pipeline for variant detection and annotation

4.A standardized and validated methodological approach for associating genotype-phenotype

• CRyPTIC Consortium

• ReSeqTB

• WHO Surveillance Program Contributors

• Multinational TB researchers

• Public Health Bodies

38k pDST/WGS matching data (QA/QC passed) from 

>40 countries
AMI, BDQ, CFZ, DLM, EMB, ETH, INH, LEV, LZD, MXF, PZA, RIF, STM (CAP, KAN) 

Clockwork pipeline
https://github.com/iqbal-lab-org/clockwork

• Identification of “solo” mutations (i.e. single mutations within a set of genes of interest that

best explain the observed DR phenotype, once neutral mutations have been excluded)

• Data-driven grading based on odd ratio and associated p-value, and PPV 95% CIs

• Additional criteria based on literature evidence and expert rules

1200 variants associated with resistance

246 variants associated with no resistance

First WHO catalogue of DR mutations in MTBC

18

https://github.com/iqbal-lab-org/clockwork


WHO catalogue V2 

Incresead geographical representation

Increased number of genomes: from 38 to 

53.000!

• Increased percentages of resistant strains

for new/repurposed drugs

• Increased sensitivity for Bd, Cz, L, DLM

• No data on pretomanid

• Evaluation of more relaxed rules for

interpretation associated to mutations

targeting non-essential genes

• Epistasis and effect on genetic

interpretation of DR

Provisional numbers

Variation

Total % R (95% CI) Total % R (95% CI) Change % R

RIF WHO 27063 24.9 (24.4–25.4) 35401 32.6 (32.1–33.1) 31

ALL 34375 28.7 (28.2–29.2) 47730 35.3 (34.9–35.8) 23

INH WHO 26727 31.6 (31.0–32.1) 34881 38.5 (38.0–39.0) 22

ALL 34437 35.4 (34.9–35.9) 48706 43.0 (42.6–43.5) 21

EMB WHO 23706 15.2 (14.8–15.7) 33240 19.8 (19.4–20.3) 30

ALL 30708 16.0 (15.5–16.4) 45515 21.0 (20.6–21.3) 31

PZA WHO 15903 14.6 (14.1–15.2) 19889 19.1 (18.6–19.7) 30

ALL 15902 14.6 (14.1–15.2) 21319 20.8 (20.2–21.3) 42

LFX WHO 10305 19.6 (18.8–20.4) 12441 22.0 (21.3–22.7) 12

ALL 18277 17.0 (16.5–17.6) 27576 21.3 (20.8–21.8) 25

MFX WHO 6904 15.8 (15.0–16.7) 8439 20.8 (19.9–21.7) 31

ALL 13351 14.0 (13.4–14.6) 22783 17.7 (17.2–18.2) 26

BDQ WHO 88 3.4 (0.7–9.6) 2165 41.7 (39.6–43.7) 1122

ALL 8321 0.9 (0.7–1.1) 14135 7.3 (6.9–7.8) 736

LZD WHO 1131 0.8 (0.4–1.5) 6825 2.0 (1.7–2.3) 152

ALL 11018 1.1 (0.9–1.3) 18010 2.1 (1.9–2.3) 86

CFZ WHO 3635 0.6 (0.4–0.9) 5027 4.3 (3.7–4.8) 576

ALL 10179 1.2 (1.0–1.5) 14904 4.5 (4.2–4.9) 270

DLM WHO 89 2.2 (0.3–7.9) 575 9.4 (7–11.8) 318

ALL 7778 1.1 (0.8–1.3) 11803 2.1 (1.9–2.4) 103

AMK WHO 8040 8.3 (7.7–8.9) 8958 12.5 (11.9–13.2) 52

ALL 16978 7.6 (7.2–8.0) 24710 10.0 (9.7–10.4) 32

STM WHO 9043 28.3 (27.4–29.3) 19747 39.3 (38.7–40.0) 39

ALL 13984 33.1 (32.4–33.9) 26166 39.8 (39.2–40.4) 20

ETO WHO 2184 40.5 (38.4–42.6) 5999 36.4 (35.2–37.6) -10

ALL 13918 21.3 (20.6–22.0) 20936 25.0 (24.4–25.6) 18

KANa WHO 7381 9.3 (8.7–10.0) 8014 20.1 (19.3–21.0) 116

ALL 16154 9.2 (8.7–9.6) 24582 14.5 (14.1–15.0) 58

CAPa WHO 9103 7.7 (7.2–8.3) 10025 13.1 (12.5–13.8) 70

ALL 11526 8.4 (7.9–8.9) 17716 11.7 (11.2–12.1) 39

Drug Dataset
Previous catalogue Current catalogue
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Confidential - Unpublished

• Single 24-plex PCR

• 18 drug resistance-associated gene 

targets  comprising Rv0678 for BDQ

Deeplex Myc-TB
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Bedaquiline resistance mechanisms

Cytoplasm
MmpL5

MmpS5

BDQ

Periplasm
Efflux 

mmpL5 mmpS5 Rv0678

MmpR

5Transcriptional

repression

Loss-of-function

Mutation

XX

Upregulation

Main resistance

target in clinical

isolates: Rv0678 

encoding

repressor of 

MmpL5-mmpS5 

efflux pump

Haseboehrl et al., Front Cell Inf Microbiol, 2021; Guo et al., Nature, 2021; Kadura et al., JAC, 2020

BDQ

BDQ

ATP synthase

atpE
High level
resistance: ATP 

synthase C chain
Cytoplasm

Periplasm

Loss-of-function

Mutation

X

• Abolished by mmpL5/S5 

LoF mutations

• Resistance mutations 

also in pepQ

• Cross-resistance to 

clofazimine
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50S – Wild type L3

50S – Mutated

Mutated L3(C154R)

Linezolid

M. tuberculosis Linezolid-resistance associated mutation 
mechanism: 

C154R (rplC) or G2814T/G2270T (rrl) 

Mutated 23S (G2814T/G2270T)

Klitgaard et al, Antimicrob Agents Chemoter, 2015; Rui Pi et al, Journal of Antimicrobial Chemoterapy, 2019 22



Delamanid resistance targets and mutations

Battaglia et al., J. Clin. Microbiol., 2020

ddn fgd1

fbiA fbiB

fbiC

Resistant

Low-level-resistant

WGS analysis of 4,795 isolates from patients never 

exposed to DLM/PTM:

DLM resistance and low-level-resistance mutations 

identified in different genetic backgrounds across the 

entire coding sequence of each target 
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Confidential - Unpublished

• Single 42-plex PCR

• 27 drug resistance associated gene targets incl.:

• Full ddn, fgd1, fbiA, fbiB, fbiC, fbiD genes for PTM/DLM

• Full Rv0678, atpE, pepQ, mmpL5, mmpS5 for BDQ

• Optimized target design for other drugs

• Enhanced limit of detection on paucibacillary samples

• Single 24-plex PCR

• 18 drug resistance associated gene targets  

comprising Rv0678 for BDQ

Courtesy of P. Supply
Deeplex Myc-TB Deeplex Myc-TB XL
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OSR report template  WGS

Mutation observed among R and S. 

No evidence of its role in 

resistance. 

Phenotypic testing recommended

Phenotypic test for Bd, L, Cl to be 

referred id resistance is suspected

Mutation linked to low level resistance

In case of no mutation, 

resistance cannot be excluded
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Person diagnosed with TB

RIF or RIF/INH molecular test on smear positive sample

RIF/INH S TB RIF R/TB

Treatment:
BPaLM
6 months

Treatment:
BPaL
6-9 months

Additional resistance: personalized regimen

Liquid Culture positive

WGS

report based on grading and pDST

NO SNPs IN/DEL
Detected in target genes

any SNPs IN/DEL
Detected in target genes

Stop



➢ AIM: Utilizzare i dati genomici (WGS) dei ceppi di M. tuberculosis 

complex raccolti in 4 regioni italiane (Lombardia, Emilia-Romagna, 

Piemonte, Lazio) nel quadriennio 2017-2020 a fini epidemiologici per 

determinare i maggiori cluster di trasmissione circolanti in Italia e 

caratterizzarne i profili di resistenza ai farmaci antitubercolari.

Progetto CCM 2018: Definizione di strategie di controllo della tubercolosi associata ad 

HIV in Italia nel contesto di una strategia di eliminazione della malattia tubercolare

a: esclusi a causa di contaminazione, assenza di crescita in coltura, insufficiente quantità 
di DNA estratto; (ceppi provenienti esclusivamente da Emilia-Romagna)
b: esclusi perché non MTBc, mixed con altre specie, o basso sequencing coverage (<25x) 
(ceppi provenienti da Lombardia (51%), Lazio (285), Piemonte (19%)).

Regione Numero 

casi TB 

notificati

Numero (%) 

colture positive

Numero (%) di 

ceppi raccolti

Numero (%) di 

ceppi analizzati

% di casi analizzati 

rispetto alle colture 

positive

Lombardia 3642# 2213 (60,8) 1219 (33,5) 1116 (30,6) 50,4%

Emilia-Romagna* 1394 1020 (73,2) 600 (43,0) 391 (28,0) 38,3%

Lazio 1964 958 (48,8) 863 (43,9) 807 (41,1) 84,2%

Piemonte 1140 619 (54,3) 253 (22,2) 215 (18,9) 34,7%

# Basato su numero di casi notificati per gli anni 2017, 2018 e 2019, e numero di notifiche stimate per il 2020.

* Buona parte delle colture sequenziate provenienti dal laboratorio di Bologna non hanno permesso un 

sequenziamento soddisfacente in quanto conservate in modo improprio.

Numero e percentuale dei ceppi raccolti ed analizzati nello studio rispetto ai casi notificati per regione 

(01/2017- 06/2020) 
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Fluorochinoloni

➢ 100% (N= 36) profilo di resistenza fenotipico-genotipico concordante.

➢ 100% Sensibilità e specificità, ma numero di ceppi con profilo fenotipico 

ridotto (test non eseguito/non disponibile per tutti i ceppi con resistenza a 

rifampicina e isoniazide).

Rifampicina Isoniazide Etambutolo Pirazinamide

Sensibilità 

(95%CI)
88,6 (79,7 - 94,1) 79,6 (73,3 - 84,8) 54,8 (41,8 - 67,3) 53,2 (44,1 - 62,0)

Specificità 

(95%CI)
99,4 (99,0 - 99,7) 99,3 (98,9 - 99,6) 99,0 (98,5 - 99,3) 98,5 (97,8 - 98,9)

Sensibilità e specificità del WGS nel predire il profilo di resistenza 

ai farmaci di 1a linea

➢ Limiti del test fenotipico (i.e., mutazioni borderline, MIC elevate in alcuni lineages…) 
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RS-TB 

(n=2419)

RR-TB 

(n=94)

INH 104 (4,3%) 83 (88.2%)

FQ 39 (1,6%) 22 (23.4%)

PZA 61 (2,5%) 46 (48,9%)

INH+FQ 2 (0.1%) 22 (23,4%)

INH+FQ+PZA 0 (0%) 14 (14,9%)

Profilo genotipico di resistenza ai farmaci antitubercolari 
dei ceppi analizzati (n=2513)

Casi di TB rifampicina resistente (n=94) identificati nello studio per anno (2017-2020)

2017 2018 2019 2020 Totale

RR-TB 3 1 5 2 11
MDR-TB 22 15 12 12 61
preXDR-TB 4 7 5 0 16
XDR-TB 1 3 2 0 6
Totale 30 26 24 14 94
RR/MDR-TB 25 16 17 14 72
% RR/MDR-TB 83,3 61,5 70,8 100,0 76,6

5 casi resistenti

a BDQ ed 1 

caso resistente

a LZD 
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TB WGS for DST (RIF)

•

30Papaventsis et al., CMI 2017 30



Accuracy of DST prediction

Walker et al., NEJM 2018 31



> 90% of DST to be saved 
on fully sensitive strains
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ERLN TB-NET3

• Establish the current performance of the ERLTB-Net laboratories and 
identify training needs and areas for  improvement

• Support molecular surveillance and related public health needs in the 
field of TB

• Further develop continuity/resilience arrangements and schemes

• Provide support to the Member States, EU Enlargement Countries in 
implementation of standardised TB laboratory techniques

• Further develop and implement training schemes

• Strengthen TB laboratory networks and improve TB laboratory 
diagnosis at community, national and regional levels through building 
synergies and coordinating actions with other EU and global TB 
initiatives  

33

Continue to support the EU/EEA Member States, the EU Enlargement Countries in ensuring the provision of reliable, 
high quality and timely TB diagnostic services with the specific focus on the challenges of TB control and elimination in 

the EU settings



EQA
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➢ WGS rappresenta il metodo con più alta risoluzione per la genotipizzazione e l’analisi filogenetica 

dei ceppi di MTBC, consentendo di identificare in modo rapido le catene di trasmissione dell’infezione 

tubercolare.

➢  In un paese a bassa incidenza quale l’Italia, un progetto di sorveglianza molecolare della TB è 

necessario sia per interventi mirati ad interrompere catene di trasmissione, sia per la 

sorveglianza delle resistenze. 

➢ Per essere efficace, dati WGS devono essere forniti in tempi rapidi e i dati analizzati in centri di 

riferimento nazionali e non solo a livello regionale. 

➢ Dati WGS devono essere trasferiti sulla piattaforma ECDC (EpiPulse) per un’analisi transnazionale.

➢ Dati italiani e europei mostrano come l’implementazione in routine del WGS in centri qualificati con 

EQA adeguato permetterebbe di non effettuare il DST fenotipico in circa il 90% dei casi.

➢ tNGS nei casi R resistenti o in cui si sospetti  resistenza ad isoniazide (contatti, diagnosi molecolare 

iniziale)

Considerazioni per la discussione
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