
Countrywide implementation of whole
genome sequencing: an opportunity to
improve tuberculosis management,
surveillance and contact tracing in low
incidence countries

To the Editor:

In 2014, the World Health Organization (WHO) and European Respiratory Society published a framework
for the elimination of tuberculosis (TB) in low incidence countries, describing the priority actions to
achieve this goal. These include: investment on new tools for early diagnosis, access to universal drug
susceptibility testing (DST), contact investigation and continuous surveillance [1]. A roadmap was recently
proposed for Italy as model for low incidence countries [2], suggesting that TB elimination requires a
concerted action fully coordinated at national and regional level. One of the major obstacles is the
undetected transmission linked to international travels and migration [3]. Whole genome sequencing
(WGS) with the cost of a conventional Mycobacterium tuberculosis DST assay supplies “all-in-one”
information required to track transmissions with high resolution and to provide personalised management
of TB cases in a timeframe shorter than the standard diagnostic pathway [4]. Here, we describe the results
of a centralised WGS-based model for TB diagnosis and surveillance applied at regional level and how this
model extended to a national scale in Italy or other low TB incidence countries could bring benefits to
public health and patient management, saving costs for the health system.

In collaboration with the TB reference laboratory and clinical centres in Tuscany (RCM; Florence Careggi
University Hospital and Pisa University Hospital), the Italian TB reference laboratory for molecular typing
of mycobacteria and WHO supranational TB reference laboratory (SRL; Milan, Italy) performed WGS
from early-positive BACTEC MGIT 960 (BD, Franklin Lakes, NJ, USA) cultures consecutively collected
between February 2016 and September 2017 (20 months). Details on the study population are described in
figure 1. Ethical clearance was not required as the routine workflow of the clinical laboratory and patient
management were not modified. All data were anonymised. Primary cultures were heat inactivated at
RCM and sent by courier to SRL, without any disruption of the diagnostic routine and not requiring
specific transport biosafety measures. Testing at RCM included phenotypic DST for first-line and
second-line drugs (in case of multidrug resistance) using MGIT, according to manufacturer’s instructions
and WHO recommendations [11]. Genomic DNA was extracted at SRL by automated Maxwell system
(Promega, Madison, WI, USA) [12]. Illumina (San Diego, CA, USA) technology was used for paired-end
WGS applying the Nextera XT DNA sample preparation kit and the “benchtop” MiniSeq platform
(300 cycles). After quality check, reads were aligned to the H37Rv reference genome and variant calling was
performed according to analysis pipelines calibrated in low burden settings and the most recent classification
systems for resistance prediction, strain classification and phylogenetic reconstruction [5, 13, 14].
The pipeline was recalibrated to call drug resistance variants also at minor frequency.

WGS allowed generation of results within 72 h of delivery of the culture sample, while first-line
DST results were obtained, on average, 28 days after culture positivity. A mean reads coverage of 73×
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(range 24–286) was obtained from 298/328 positive MGIT cultures with WGS done (91%). Negative
predictive value (NPV) was 100% for the multidrug-resistant (MDR) phenotype and exceeded 96% for
first-line drugs, showing that in a setting at low burden of resistance WGS predicts not only resistance
but also susceptibility to first-line drugs, guiding treatment properly in the absence of phenotypic tests
(figure 1). Pyrazinamide (PZA) was the only drug with reduced sensitivity (63%): nine cases

Isolates collected in the study period (20 months) n

Study collection at RCM (February 2016–September 2017)

Isolates tested by WGS in the study period n

Unique cases enrolled with WGS available in the study period n

RIF-R 12+ 272100 (75.75–100) 99.63 (97.95–99.94) 92.31 (66.69–98.63) 100 (98.6–100)

INH-R 31 254100 (88.97–100) 100 (98.51–100) 100 (88.97–100) 100 (98.51–100)

PZA-R 24 26162.5 (42.71–78.84) 99.62 (97.86–99.93) 93.75 (71.67–98.89) 96.65 (93.76–98.23)

ETB-R 10 27590 (59.58–98.21) 98.55 (96.32–99.43) 69.23 (42.37–87.32) 99.63 (97.95–99.94)

MDR

Transmission

By nationality (number of patients 

in cluster; patient origin):

29 12 51.78

3; Peru

2; Peru

2; Italy

2; Italy

4; Peru

Romania

2; Pakistan-

Italy

2;  Bangladesh-Italy
2; Senegal-Mali

2; Tunisia-Italy

2; Ukraine-

born in Italy

2; Italy-NA

2; Sri Lanka-NA

2; Cameroon-Senegal

3; Italy
2; Nigeria-China

2; Italy

3; Gambia

2; Gambia2; Somalia
2; Senegal

2; Pakistan

3; Romania

4; Senegal-Italy

2; Gambia-NA

27 12 48.21

12 272100 (75.75–100) 99.63 (97.95–99.94) 92.31 (66.69–98.63) 100 (98.6–100)

Unique cases with MDR-TB n

Unique cases with XDR-TB n

328

298 (91%)

285

11

1

Diagnostic performance of WGS for diagnosis of resistance to first-line anti-TB drugs (versus MGIT)#,¶

WGS-based M. tuberculosis complex genotyping §: lineage distribution

Sensitivity 

Resistant 

isolates n

Susceptible

isolates n

Drug/pattern Specificity PPV NPV 

1%
1% 1% 6%

12%

4%

69%

6%

M. bovis Unknown

cgMLST outbreak analysis (versus contact tracing)ƒ,##

Confirmed by contact tracing

% on clustered 

patients (n=56)

Isolates n Independent

events n

Isolates n Independent

events n

% on clustered

patients (n=56)

Not confirmed by contact tracing or information 

not available

Laboratory cross-contamination 11 7 3.69

Second isolate from the same person ¶¶ 13 12++ 4.36

% on total 

isolates (n=298)

Isolates n Independent

events n

1 2 3 4 5 6

% (95% CI) % (95% CI) % (95% CI) % (95% CI)

FIGURE 1 Countrywide implementation of whole genome sequencing (WGS): an opportunity to improve tuberculosis (TB) management,
surveillance and contact tracing in low incidence countries. RCM: Tuscany regional reference centre for mycobacteria (Careggi University
Hospital, Florence, Italy); MDR: multidrug-resistant; XDR: extensively drug-resistant; PPV: positive predictive value; NPV: negative predictive
value; RIF: rifampicin; INH: isoniazid; PZA: pyrazinamide; ETB: ethambutol; cgMLST: (WGS-based) core genome Multilocus Sequence Typing; NA:
information not available. #: conferring-resistance mutations were classified according to [5–9]. ¶: only isolates with both WGS and MGIT info
available for each drug are reported in this analysis. For RIF, MDR: 284 samples, for INH, PZA, ETB: 285 samples. +: the 12 RIF-R strains are also
MDR. §: this analysis excludes cross-contaminations (total isolates considered: 274). Lineages: 1: East-African Indian (includes EAI and EAI
Manila); 2: East-Asian (includes Beijing); 3: Indo-Oceanic (includes Delhi-CAS); 4: Euro-American (includes Cameroon, Haarlem, H37Rv-like, LAM,
mainly T, S-type, Ural and X-type); 5: West Africa I; 6: West Africa II. SNP barcoding according to [10]. ƒ: standard epidemiological investigation
conducted by the Unit of Hygiene and Public Health, Local Health Unit 10, in Florence. ##: a cluster is defined by ⩽6 alleles difference. ¶¶:
repeated cultures at different times. ++: for one patient, a third isolate was also available.
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rifampicin-sensitive and phenotypically resistant to PZA did not show any mutation in PZA resistance
associated genes. The unexpected high frequency of PZA resistance among non-MDR strains together
with the well-known technical challenges of MGIT testing for this drug suggested that these cases could
be interpreted as phenotypically false resistant [15]. 12 MDR isolates (from 11 patients) were correctly
identified by WGS. One of them was extensively drug resistant due to phenotypic resistance to
capreomycin not associated to variants in rrs and tlyA markers. Interestingly, 14 cases of resistance to
fluoroquinolones (FQs) were promptly identified by WGS (from 11 patients) with 12 of them
(10 patients) detected in non-MDR patients under FQ treatment for other infections. Overall, WGS
showed >96% diagnostic accuracy and NPV values for detection of resistance to first-line drugs
compared to standard phenotypic testing, with extremely high performance for prediction of the MDR
phenotype. WGS confirmed the heterogeneous TB epidemiology in Tuscany with the six major
M. tuberculosis complex lineages (figure 1) causing disease in patients from over 30 countries: most
represented sublineages were Haarlem, T, Beijing and LAM. Using a core genome multilocus sequence
typing scheme (Ridom SeqSphere+ v4.1.9, threshold to define clusters: ⩽6 alleles) we identified 56
patients involved in transmission events with a clustering percentage of 12%. Links were confirmed by
single nucleotide variant (SNV)-based analysis (threshold to define clusters: ⩽5 SNVs) [13]. Cluster
cases were immediately reported to RCM and local public health authorities that confirmed 52% of
links (figure 1). For the remaining 12 events, the standard contact tracing failed to retrieve
epidemiological links: as expected, it is particularly cumbersome to track contacts among Italians and
patients of mixed nationalities. Thus, WGS-based investigation represents an add-on value for
identifying and interrupting transmission chains [6]. Mixed clusters involving Italian-born and
foreigners were identified in 25% (14/56) cases. Notably, WGS analysis rapidly reported seven
cross-contamination events occurred in laboratories performing routine diagnosis, avoiding
unnecessary treatment or further investigation.

We show here for the first time that the model generated in the UK is exportable and works in other low
incidence European countries [12]. Indeed, WGS performed at the reference level could be the best
intervention to perform systematic monitoring of drug resistance, to support individualised management
of TB and to identify pockets of transmission in real time, overcoming the technical and budget
limitations of the standard investigation. This strategy will ultimately limit the use of phenotypic DST to
selected cases, thus saving costs. Recently, WALKER et al. [13] published a cross border cluster of MDR
among Somali migrants: all patients reached Northern European countries after arriving to the Italian
coasts. The two cases diagnosed in Italy were brought to public health attention after months of delay:
WGS implementation at the national level would have contributed to their prompt treatment and
reporting.

Italy notified 3769 incident cases in 2015 [16]: one to three equipped laboratories would be sufficient to
handle sequencing of all cases with no delay. Italy is currently performing WGS only on MDR-TB cases to
investigate dynamics of transmission, but in the absence of a central−regional coordination and
commitment, the process is too slow and far from being comprehensive [17, 18]. In addition, to
systematically understand the epidemiology and dynamic of transmission and to design appropriate
interventions, typing should not be limited to resistant forms. As a further advantage, since second-line
drugs are routinely tested after MDR is diagnosed, the information on second-line drugs provided by
WGS could guide the prompt choice of appropriate regimens in case of need to deviate from first-line
treatment, reducing empirical therapy.

As limitations, this approach provides high-quality results only when applied to cultured samples, although
its application to sputum samples has been already described [4]. Moreover, the 9% WGS failure in this
study is explained by the insufficient quantity of DNA obtained from 30 early positive cultures [19].
Samples were not resubmitted in that context. For its full implementation, the WGS technique will need to
undergo validation procedures to meet clinical accreditation standards within the Italian regional system,
and development of a comprehensive diagnostic report template to inform clinicians and the national
health system. In addition, considering the need for batching samples in sequencing runs to limit costs,
and for informatics infrastructure and high-level bioinformatics capacity, a centralised approach with links
between the routine setting and the specialised laboratory performing the sequencing, would enable the
efficient adoption of WGS as a routine assay for diagnosis, universal DST and epidemiological
investigation of TB cases.
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