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Contact investigations following the diagnosis of active tuberculosis (TB) are paramount for the control of the disease. Epidemiological data
are very powerful for contact tracing but might be delayed and/or difficult to integrate, especially in the setting of multiple contact-tracing
investigations. The aim of this study was to address the added-value of whole-genome sequencing (WGS) to routine local TB surveillance
systems. From November 2016 to July 2017, the local TB surveillance system identified three clusters that could constitute a unique
larger outbreak. Epidemiological and clinical information were integrated with WGS genotyping data of Mycobacterium tuberculosis strains
obtained using a simple DNA extraction method coupled with sequencing using an lllumina MiSeq platform and an in-house
bioinformatics pipeline for single nucleotide polymorphism (SNP) analysis. Epidemiological investigations identified three putative TB
clusters potentially interrelated including eight patients with active TB. Seven M. tuberculosis isolates were available and analysed by WGS.
Using a 5-SNP threshold to define recent transmission, WGS-based genotyping supported the occurrence of the three clusters as well as
a link between clusters | and 2 (SNP <), constituting a larger outbreak. This outbreak was clearly delineated by refuting a potential link
with the third cluster (SNP >500). Genotyping data did not support the belonging of patient 7 to any studied cluster. This study
illustrates the usefulness of WGS genotyping for routine TB surveillance systems in local communities to rapidly confirm or disprove
epidemiological hypotheses and delineate TB clusters, especially in the context of multiple contact-tracing investigations.
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In 2016, 10.4 million people were diagnosed with TB, leading to
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1.7 million deaths. Although molecular methods such as rapid
PCR-based tests have dramatically improved TB diagnosis
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[2-8], it is paramount to limit disease transmission following a
new diagnosis. Contact tracing is performed by TB surveillance
F. Zakham and S. Laurent as well as J. Mazza-Stalder and O. Opota systems in high-income/low-prevalence countries for people

contributed equally. exposed to a patient with contagious TB, to identify contacts

who should receive preventive therapy and to reduce further
transmission [7,9]. Epidemiological investigations are useful to
identify contacts and define patient clusters, but often cannot
distinguish co-occurring transmissions of different strains at a

local or global scale. Molecular epidemiology comprises inte-

Tuberculosis (TB) has become one of the worst global infec-
tious epidemics. According to the latest report of the WHO,
TB is killing more people than AIDS and malaria combined [1].

grating molecular genotyping results with existing epidemio-
logical data, adding an important value to study the chain of

transmission and spread of TB. To corroborate or disprove
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epidemiological links, several genotyping methods have been
implemented such as restriction fragment length poly-
morphism, spoligotyping and the Mycobacterial Interspersed
Repetitive Unit (MIRU 12, |5 and 24) [10]. Nevertheless, the
resolution of conventional genotyping methods, such as re-
striction fragment length polymorphism or Mycobacterial
Interspersed Repetitive Unit, is not sufficient and may over-
estimate transmission [l |]. Strain genotyping based on the
identification of single nucleotide polymorphisms (SNPs) using
Mpycobacterium tuberculosis whole-genome sequencing (WGS)
has a higher discriminatory power than all other molecular
typing methods in that it enables the identification of single
mutations in the entire genome [|0].

A growing number of publications demonstrated the utility
of M. tuberculosis WGS in critical situations, such as interna-
tional outbreaks [|2]. For instance, a recent study demon-
strated the presence of a circulating cluster of multidrug-
resistant TB (MDR-TB) strains in European countries
involving patients from countries of the African Horn and Sudan
[13]. The sequencing of M. tuberculosis strains facilitated and
accelerated the reconstitution of the clusters [14]. On a local
scale, it is sometimes difficult to delineate clusters based on
epidemiological data alone and some doubts may persist about
the link between two patients. This may occur in the setting of
two distinct contact-tracing investigations. Next-generation
sequencing technologies have facilitated the use of WGS-
based molecular genotyping, which is currently the method of
choice to support or disprove suspicions of transmission [|5].

In this study, we describe the implementation and evaluation
of a simple, rapid and reliable M. tuberculosis genotyping method
using next-generation sequencing technologies. To address the
added value of such an approach to support local health-care
authorities in routine TB surveillance, we applied this method
to the investigation of three local TB clusters suspected on the
basis of clinical and epidemiological data.

Patients, criteria for contact tracing, definitions for
case assessment

Vaud is one of the largest cantons of Switzerland with 794 000
inhabitants and around 65 new TB diagnoses per year. The TB
surveillance system implies systematic new TB patient notifi-
cation to the Medical Officer of Public Health and to the Swiss
Federal Office of Public Health. Contact-tracing investigation is
systematically performed for every new case of pulmonary
contagious TB according to the WHO and national Swiss
guidelines published by the Swiss Lung Association guidelines
[16,17].

© 2019 The Authors. Published by Elsevier Ltd, NMNI, 31, 100582

Epidemiological investigations including

sociodemographic information and clinical data were per-
formed by TB nurses and lung specialists at the Outpatient TB
Clinic of the Medical Policlinic of Lausanne and at the Lung
Association of Vaud County [|8]. According to National Swiss
Guidelines published by the Swiss Lung Association, contact
tracing should be performed for the identification of possible
infections with M. tuberculosis in individuals recently exposed to
an index TB patient with transmissible TB (smear-positive
pulmonary TB) [16]. In this situation, individuals in direct and
close contact with the patient including household members,
close contacts, workmates and schoolmates are screened for
latent TB infection. A limited contact investigation (only for
household members or close contacts) is performed for pa-
tients with pulmonary TB with negative acid-fast bacilli smear
but positive PCR and/or culture. Groups at high risk of TB
infection are identified and tested, prioritizing immunocom-

promised patients and young infants [9].

Microbiological and molecular procedures

For microbiological analysis each specimen was split for the
purposes of acid-fast bacilli staining, Xpert MTB/RIF (Cepheid,
Sunnyvale, CA, USA), DNA extraction for home-made specific
M. tuberculosis real-time PCR and mycobacterial culture as
previously described [2,7]. Acid-fast bacilli detection was
accomplished by fluorescent auramine staining and fluores-
cence microscopy examination. Respiratory specimens were
liquefied and decontaminated by standard procedure using
NaOH and N-acetyl-L-cysteine. Mycobacterial culture and first-
line drug susceptibility testing were carried out using a Myco-
bacteria Growth Indicator Tube (MGIT 960, Becton Dickinson,
Baltimore, MD, USA). The Xpert MTB/RIF was performed for
expectorated pulmonary samples (and for one bronchial aspi-
rate that was received from another hospital). The TagMan
real-time PCR based on IS61 10 amplification was achieved on
the fully automated molecular diagnostic platform of our insti-
tute [19].

For next-generation sequencing, M. tuberculosis DNA was
extracted from | mL of heat-inactivated (30 minutes at 56°C in
proteinase K and ATL buffer, Qiagen, Hilden, Germany) posi-
tive MGIT using the QIAmp mini Kit (Qiagen, Hilden, Ger-
many). Quantitative and qualitative measurements of the DNA
were performed using Qubit Fluorometry 0.2 (Thermo Fisher
Scientific) and real-time PCR [19]. DNA libraries were pre-
pared using the Nextera XT DNA library preparation kit
(Illumina, San Diego, CA, USA) and checked for quality using a
fragment analyser (Advanced Analytical Technologies, Inc.
(AATI), Santa Clara, CA, USA) before sequencing using a
MiSeq sequencer (lllumina). Raw sequencing data were sub-
mitted under NCBI
PRJNA526295.

BioProject  accession  number
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Bioinformatics analyses and data
Samples were genotyped by mapping the sequence data against
the reference genome of H37Rv (accession number
NC_000962.3) and calling variants with GATK’s Har-
LoTYPECALLER. Genotype calls with coverage <10 reads or sup-
ported by <75% of the observations were masked and
discarded when enumerating differences between isolates.
Complex and indels mutations were also discarded and dis-
tances in SNPs were calculated over the full-length of the
H37Rv genome, as well as over the genomic regions of the core
genome multilocus sequence typing schema for the
M. tuberculosis complex defined by www.cgMLST.org. Phylo-
genetic trees were reconstructed using RAxML and the
GTRCAT model over the full alignment including the called
SNPs. The sequence of the reference H37Rv (lineage 4) as well
as Sequence Read Archive data from isolates of the six other
lineages of M. tuberculosis were included in the alignment to
determine the lineages of the samples (see Supplementary
material, Table S2).

The data have been made available under NCBI BioProject
PRJNA526295:
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA526295.

Ethical approval

The Swiss Ethics Committee of the canton of Vaud has strictly
reviewed and approved this study and the project is referenced
as 2018-00023.

Proposed transmission network based on clinical and
epidemiological investigation

Between November 2016 and July 2017, we focused on seven
individuals who were diagnosed with active pulmonary TB
among all the patients notified in that period (Fig. I).

The first contact investigation was performed in April
2017 around patient 3, who had undergone a lobectomy
because of a suspected lung tumour (Fig. |). Lung aspirates
were negative both for AFB detection and for M. tuberculosis
complex PCR. The culture became positive for M. tuberculosis
complex within || days. Household contact investigation
identified a patient with positive interferon-y release assay.
Because of a slightly abnormal chest X-ray, a CT scan was
performed on this patient and did not show any abnormality.
Initial microbiological analyses (microscopy and Xpert MTB/
RIF) and later culture for M. tuberculosis complex were
negative. A second household contact, a young boy, had a
[0-mm positive Mantoux test with a normal X-ray and
normal clinical examination; a preventive treatment was

initiated for these two individuals (Fig. 2, Table I). A third
household contact (patient 5) showed an abnormal X-ray and
CT scan with minimal tree in bud-branching infiltrates and
micro-nodules in the right lung, indicating recent acquisition
of active pulmonary TB (Fig. |). Respiratory samples were
smear and Xpert MTB/RIF negative but the culture grew
M. tuberculosis after |7 days. The patient received a standard
anti-TB treatment regimen. The lung specialists actively
continued to search for the index patient, because they
assumed that all of these patients suffered from early stages
of a smear-negative TB, suggesting that none of them were
the index patient.

One month before TB was diagnosed in patient 3, patient
2 was diagnosed with pleural TB (Fig. |, Patient 2). The Xpert
MTB/RIF results were negative in pleural fluid but culture
became positive for M. tuberculosis after |5 days. One
household contact, a young girl, exhibited a 10-mm positive
Mantoux test but the chest X-ray and clinical examination
were normal and microbiological analysis remained negative.
She also received preventive treatment. The interrogatory
performed by the TB nurses revealed that patient 8, a contact
of patient 2 who lived abroad, had symptoms compatible with
TB (illness and cough) and had been in contact with patients
3 and 5. The patient was then tested abroad, which
confirmed the diagnosis of a bilateral cavitary TB, with a
sputum smear positive for M. tuberculosis (Fig. |, Table I).
The suspected source patient was treated abroad for active
TB.

During the same period, patients |, 4, 6 and 7 were diag-
nosed with active pulmonary TB within the city with possible
contacts and transmission (Fig. |, Table I). The first patient
(patient 1), was diagnosed in November 2016 with an extensive
bilateral pulmonary TB and a positive smear microscopy ex-
amination, also positive by Xpert MTB/RIF PCR. He was later
confirmed positive for M. tuberculosis by culture. The second
patient (patient 4), presented a miliary pulmonary TB with
negative smear microscopy but positive at Xpert MTB/RIF PCR
with very low bacterial load in tested respiratory samples
(bronchoalveolar lavage and bronchial aspirate), and positive at
M. tuberculosis culture, which grew within 20 days. The third
patient (patient 6) presented with a pulmonary TB with nega-
tive smear microscopy but positive Xpert MTB/RIF with very
low quantity and a culture that grew M. tuberculosis within ||
days. The fourth patient (patient 7) had a pulmonary TB with
negative smear examination and the culture grew
M. tuberculosis within 12 days. A possible epidemiological link
was established between these four patients and patient 8
(Fig. I, Table I). The epidemiological and clinical information
together identified three putative, potentially interrelated

clusters.

© 2019 The Authors. Published by Elsevier Ltd, NMNI, 31, 100582
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microbiological findings; (b) proposed transmission network based on epidemiological, clinical, microbiological and genomic data.

DNA extraction from positive MGIT, DNA yield and
MiSeq sequencing

DNA extraction, including heat inactivation of | mL of positive
MGIT culture followed by the use of a QIAmp minikit (Qiagen)
provided from 0.043 to 0.3 ng/pL of DNA quantified using a
Qubit fluorometer (Fig. |, and see Supplementary material,
Table SI). This extraction method is easily applicable in the
routine conditions of BSL3. Libraries were prepared using the
Nextera XT procedure despite the fact that the amount of
DNA was often lower than the recommended amount of 0.2
ng/UL (I ngin total). The Fragment Analyser showed a molarity
>4 nM for five isolates and <4 nM for two isolates (3 and 3.3)
(Fig. 2, and see Supplementary material, Table SI). The average
length of DNA fragments in the libraries always exceeded 717
bp and DNA was not excessively fragmented. When mapping

© 2019 The Authors. Published by Elsevier Ltd, NMNI, 31, 100582

against the H37Rv genome, the depth of coverage ranged from
81.0 x to 197.0 x in the various samples and 94.4% to 97.6% of
the nucleotides were covered at more than 30 x depth. This
shows that concentrations of DNA lower that those recom-
mended by Illumina can be successfully used to perform WGS
using Nextera XT protocol and a MiSeq sequencer.

Genotyping of M. tuberculosis isolates and proposed
transmission network based on both epidemiological
investigation and WGS

The phylogeny indicated that all isolates belonged to lineage 4 of
M. tuberculosis (Fig. 3a). The isolates from patients |, 4 and 6
presented no SNP differences over the core genome (Fig. 3b)
nor over the full H37Rv genome (see Supplementary material,
Fig. SI). Isolates from patients 2, 3 and 5 presented no SNP

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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difference over the core genome (Fig. 3b) and only one SNP
difference between each pair of isolates over the full H37Rv
genome (see Supplementary material, Fig. SI). Finally, the
isolate from patient 7 was not closely related to any of the
other isolates, i.e. with more than 500 SNPs differences to the
closest isolate (on the core genome). According to Walker
et al. [13], in this study, we defined a genomic cluster as two or
more strains that differed by no more than five SNPs. Alto-
gether, the WGS-based genotyping supported the occurrence
of three different clusters (I, 2 and 3) as well as the strong link
between clusters | and 2. Finally, genotyping data did not
support the belonging of patient 7 to cluster 3 or to any other
studied cluster.

Epidemiological investigations are useful to identify contacts of a
patient with active TB. The canton of Vaud (Switzerland) is a
highly populated region in the French-speaking part of
Switzerland and an important crossway between different Swiss
cities and other European countries. According to the WHO
and European Respiratory Society recommendations for TB
prevention programmes in industrialized countries with low TB
incidence, contact investigation should be performed for all
contagious pulmonary TB to reduce the transmission of the
disease [20]. The Vaud Pulmonary League organizes and im-
plements community-based surveys following a new TB

WGS for local tuberculosis cluster investigations 5

diagnostic using, when necessary, an active detection strategy
that allows the detection of latent TB or the discovery of in-
dividuals with secondary active TB [18]. However, epidemio-
logical investigations are sometime unable to discriminate
between multiple circulating clusters and it is sometime
necessary to rely on available M. tuberculosis strains genotyping
to support or to disprove the hypothesis of recent trans-
mission. Strain genotyping based on WGS displays the highest
discriminatory power among all molecular typing methods and
does not represent a technological issue thanks to the last
generation of sequencer coupled with simple and friendly bio-
informatics pipelines [10]. WGS is now largely applied to crit-
ical situations such as suspicion of international outbreaks or
MDR-TB outbreaks [13].

In this study, we describe the use of a rapid and reliable
genotyping method based on WGS for an epidemiological
approach to assist the local health-care authorities in the
routine TB surveillance system. From November 2016 to July
2017 epidemiological investigations suspected three clusters of
TB patients involving eight individuals with active TB. WGS
suggested that the putative first and second clusters were due
to recent transmission events (SNPs 0 or 1), hence constituting
a single larger outbreak encompassing clusters | and 2 and
clearly delineated this outbreak by infirming a potential link with
the third cluster. Finally, within the suspected third cluster, one
strain was distantly related to all other strains, and hence did
not belong to any of the three investigated clusters. The iden-
tification of the link between cluster | and cluster 2 through

Minimum spanning tree
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Microbiology workflow and DNA extraction results. (a) Analytic workflow from positive Mycobacterium tuberculosis culture (MGIT) to

phylogenetic trees. (b) DNA yield obtained from | mL of positive MGIT, concentrations of DNA measured by Qubit; the grey dashed line represents

the requested concentration for library preparation according to lllumina standard protocols. (c) Average fragment length of extracted DNA for each

isolate. The line represents mean values.
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Clinical and microbiological data of patients

Culture rpoB MTBC
Date of TB Type of Smear time to Xpert MTB/ mutation TAQMAN
Patient diagnosis® sample microscopy positivity RIF Xpert (Cp/mL) Clinical manifestations
| 2016.11.27 Sputum Positive ++++ 7 Positive/ Negative ~ ND Extensive bilateral lung infiltrates
medium
2 2017.04.02 Sputum Negative 15 Negative NA Pleural effusion
8 2017.04.11 Lung abscess  Negative I ND ND ND (Q INS/cf)  Pulmonary TB diagnosed after lobectomy
4 2017.05.01 Bronchial Negative 20 Positive/very ~ Negative =~ ND Miliary TB
aspirate low
5 2017.05.05 Induced Negative 17 Negative NA ND Abnormal X-ray and CT scan with tree in bud
sputum branching infiltrates and micro-nodules in the
right lung
6 2017.06.17 Sputum Negative 11 Positive/very ~ Negative 150 Pulmonary TB
low
7 2017.07.27 Bronchial Negative 12 ND ND ND Poor health condition, lung infiltrates, cough
aspirate

NA, not applicable; ND, not done; UN, unknown.
*Consultation and sampling date.

patient 8 supported the suspected transmission between the
two families identified by contact tracing and prevented the
patient catching a plane, so avoiding potential further
transmission.

We also report that a simple DNA extraction method easily
applicable in BSL3 conditions, based on the QIAmp DNA
extraction mini kit, can provide a sufficient amount of DNA for
lllumina-based whole genome analysis of M. tuberculosis. For
most of the mycobacterial strains the DNA yield obtained with
this extraction method from | mL of positive MGIT, was lower
than the requested threshold (0.2 ng/uL). Nevertheless, frag-
mented DNA libraries reached sufficient quality and quantity
for lllumina sequencing. Read mapping against the H37Rv
genome showed a sufficient depth of coverage for reliable SNPs

calling in all strains. This supports previous results showing that
successful whole genome analysis may be achieved with a very
small amount of DNA obtained using simple DNA extraction
methods [21]. Indeed despite the lower DNA yield, simple
DNA extraction is more suitable for BSL3 conditions than
complex methods based on ethanol precipitation or acetyl
methyl bromide [21].

This study illustrates the usefulness of genotyping methods
based on complete genome sequencing using a molecular
epidemiology approach. This approach combines epidemiolog-
ical information (spatial-temporal, clinical and societal) and
genotyping information provided by WGS that currently rep-
resents the most discriminatory method and outperforms
current reference methods. Furthermore, WGS also enables
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the investigation of microevolution events within patients and
between different patients along transmission chains [22]. It can
also help decipher community TB outbreaks by inferring chains
of transmission between patients [23]. Caution should be taken,
as strain relatedness is not sufficient to determine a direct
transmission or an outbreak. Indeed similar strains can also be
the result of a dominant circulating strain [I 1]. Since 2011, we
have in our hospital, weekly and monthly meetings with spe-
cialists from different backgrounds working in the field of TB
including: (i) health-care providers in contact with TB pa-
tients—TB nurses and lung specialists at the anti-TB dispen-
sary, infectious disease specialists and co-workers of the
hospital preventive medicine; (ii) health-care providers in con-
tact with patient’s families in the community; and (iii) clinical
microbiologists specialized in M. tuberculosis diagnosis and ge-
nomics. The different views and perspectives of the patients and
their families, shared during these meetings, helps to build
connections and to coordinate the different procedures, facili-
tate treatment supervision and contact investigations, and
eventually permits identification of some gaps. This article also
shows that these providers are not only delivering care to an
individual patient with TB, but they are assuming an important
public health function that entails a high level of responsibility to
the community, as well as to the individual patient [18]. Hence,
molecular epidemiological investigations could add value to
contact-tracing investigations but do not replace clinic epide-
miological efforts. This study clearly demonstrates that the
public health authorities at the local level can rely on WGS for
contact investigation and TB surveillance, in particular when
multiple contact-tracing investigations might be linked. Efforts
should now aim at implementing national and international
M. tuberculosis genome databases, allowing easier sharing of data
and better surveillance. The routine application of this approach
will also facilitate collaborations and exchanges of information
between the laboratories and the various public health actors at
a national and even international level.
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