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ARTICLE INFO ABSTRACT

Whole-genome sequencing (WGS) offers unprecedented resolution for tracking Mycobacterium tuberculosis
transmission and antibiotic-resistance spread. Still, the establishment of standardized WGS-based pipelines and
the definition of epidemiological clusters based on genetic relatedness are under discussion. We aimed to im-
plement a dynamic gene-by-gene approach, fully relying on freely available software, for prospective WGS-based
tuberculosis surveillance, demonstrating its application for detecting transmission chains by retrospectively
analysing all M/XDR strains isolated in 2013-2017 in Portugal. We observed a good correlation between genetic
relatedness and epidemiological links, with strongly epilinked clusters displaying mean pairwise allele differ-
ences (AD) always below 0.3% (ratio of mean AD over the total number of shared loci between same-cluster
strains). This data parallels the genetic distances acquired by the core-SNV analysis, while providing higher
resolution and epidemiological concordance than MIRU-VNTR genotyping. The dynamic analysis of strain sub-
sets (i.e., increasing the number of shared loci within each sub-set) also strengthens the confidence in detecting
epilinked clusters. This gene-by-gene strategy also offers several practical benefits (e.g., reliance on freely-
available software, scalability and low computational requirements) that further consolidated its suitability for a
timely and robust prospective WGS-based laboratory surveillance of M/XDR-TB cases.
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fluoroquinolone and one or more of amikacin, kanamycin or capreo-
mycin) [2]. Globally, TB incidence is falling at a rate of about 2% per

1. Introduction

In 2015, the World Health Organization (WHO) proposed to fight
the global drug resistant tuberculosis (TB) crisis as one of its five high
priority actions [1]. In 2017, of the 10.4 million that fell ill with TB
worldwide, 1.7 million died from the disease, with 460000 cases
caused by multidrug-resistant strains (MDR-TB; i.e., resistant to, at
least, rifampicin and isoniazid) of which 8.5% were also extensively
drug-resistant (XDR-TB; i.e., MDR-TB with additional resistance to any

year but in order to reach the 2020 milestones of the “End TB Strategy”
[2] this rate needs to accelerate to a 4-5% annual decline. In Portugal,
TB incidence has been steadily decreasing in the last years, with an
average of about 5% per year [3]. From 2013 to 2017, about 10.000
new TB cases were reported to the Portuguese General Health Direc-
torate (GHD), and the proportion of patients with MDR-TB remained
stationary at 1% of total cases [3,4]. M/XDR-TB are more difficult and
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expensive to treat and have poorer survival rates when compared to
drug sensitive TB, so monitoring and controlling these multi-drug re-
sistant cases is key for successful TB control programs and for achieving
the targets of the “End-TB Strategy” [2].

Targeted interventions to stop transmission, especially from M/
XDR-TB cases, requires in depth epidemiological knowledge that can
only be provided by a combination of effective genotyping with clas-
sical epidemiological enquiries. Concerning M. tuberculosis complex
(MTC) strains, there are three methods that are commonly used for
typing purposes: 1S6110 Restriction Fragment Length Polymorphism
(RFLP) [5], spoligotyping (interspaced palindromic repeats) [6], and
Mycobacterial Interspersed Repetitive Units-Variable Number of
Tandem Repeats (MIRU-VNTR) [7]. These methods have been widely
applied to answer a variety of questions, from the investigation of cross-
contamination in the laboratory to the investigation of outbreaks or
population-based studies [8-13]. Still, although traditional typing
techniques provide standardized and easily computable typing results,
these have limited discriminatory power. In this context, whole-genome
sequencing (WGS) has emerged as a very powerful tool for the sur-
veillance, outbreak investigation and drug resistance monitoring of
human infectious pathogens including MTC. As the ongoing technolo-
gical developments are rapidly decreasing costs, WGS has the potential
to become the ultimate tool for diagnostics and pathogen typing
[8,14-16], providing comprehensive genetic information, virtually in-
cluding all possible genomic targets, as well as additional valuable in-
formation on drug resistance, virulence and genome evolution
[8,17-19]. Additionally, efforts are being directed to overcome the
time-consuming M. tuberculosis growth prior to WGS, as recent devel-
opments show that acquisition of WGS data directly from clinical
samples may be possible [20-22].

The recent recommendations for TB molecular surveillance by the
European Center for Disease Control and Prevention (ECDC) propose to
introduce WGS-based surveillance methodologies in the National
Reference Laboratories (NRL) of the EU/EEA regions [23]. While the
time between sample collection and WGS data analysis is increasingly
being shortened, there is still a lack of standardized guidelines for the
use of WGS for molecular epidemiological analysis, which is crucial for
Public Health Authorities to act. In particular, two practical issues re-
main in order to sustain alerts for possible ongoing transmission and to
maintain data sharing, either locally or globally: i) the definition of the
more suitable approach to apply in a WGS-based surveillance era, and
ii) the establishment of cut-offs of genetic relatedness that display the
highest congruence with epidemiological data for cluster definition.
While the latter will become more consistent as more WGS-based stu-
dies are being performed (for which consistent epidemiological data is
essential), there is still a discussion regarding the methodology to use,
namely gene-by-gene and single nucleotide polymorphism (SNP) based
approaches [14,15,24,25]. In addition, laboratories already performing
WGS-based surveillance essentially rely on in-house command-line-
based pipelines or commercial platforms (e.g., Bionumerics from Ap-
plied Maths or Ridom SeqSphere+ from Ridom Bioinformatics), which
may not be accessible to all laboratories, thus potentially delaying the
implementation of a harmonized and globally accepted strategy.

In Portugal, since 2014, there are specific centres for the diagnosis,
consultancy, monitoring, and treatment of the M/XDR-TB cases. As
such, these centres constitute a major driving force for linking the
epidemiological survey performed within the community by the Public
Health Authorities [26] and the systematic molecular genotyping per-
formed by the NRL at the National Institute of Health (NIH). Since the
Portuguese NRL receives all the strains isolated from all the MDR-TB
patients from Portugal (mandatory since 2007) [27], it is of utmost
importance to set up a centralized and robust molecular typing system
that potentiate the establishment of correlations between genetic and
epidemiological information towards the detection/monitoring of the
resistance profiles and transmission chains [28,29]. In light of the
transition to a WGS-based laboratory surveillance in Portugal, the
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present study aimed at comparing two WGS-based strategies between
them (as well as with the conventional genotyping method) for the
detection of potential transmission chains among the M/XDR-TB cases
isolated during the last 5 years (2013-2017). This work led to the im-
plementation of a dynamic gene-by-gene approach for routine WGS-
based TB surveillance, while contributing for the understanding on how
cut-offs of genetic relatedness can be applied to strengthen epidemio-
logical investigation and public health actions.

2. Material and methods
2.1. Sample dataset characterization and MIRU-VNTR genotyping

All MDR-TB strains isolated in Portugal are mandatorily sent to the
TB NRL from the Portuguese NIH for drug susceptibility testing (DST)
and genotyping [27,30]. Whenever a TB case is notified, public health
services intervene in the community in order to identify other poten-
tially associated TB cases or contacts at risk. An epidemiological en-
quiry is deployed and the information is stored in the Public Health
Departments, at regional level. In addition, whenever a cluster is
identified by molecular-based laboratory typing techniques, public
health authorities are asked to confirm if there is an epidemiological
link between the cases. This workflow was applied during the course of
the present study with novel WGS-derived links being investigated
retrospectively.

From the NIH collection of ~10 000 TB strains isolated at country
level from 2013 to 2017, a total of 96 M/XDR TB strains were identified
and notified to the Portuguese GHD. From these, 83 (86.5%) strains
were available for molecular and genomic analysis (the remaining 13
were diagnosed based on molecular methods with no culture isolation).
For 48 strains, DST, 24-loci MIRU-VNTR genotyping and WGS had been
previously performed on behalf of a recent study focused on in silico
prediction of antibiotic resistance [19]. For the remaining isolates, DST
was performed for first- (isoniazid-INH, rifampicin-RMP, etambutol-
EMB, streptomycine-STR and pyrazinamide-PZA) and second-line
(amikacin-AMK, kanamycin-KAN, capreomycin-CAP, ofloxacin-OFX,
moxifloxacin-MOX, ethionamide-ETH, linezolid-LNZ, cicloserine-CICLO
and para-aminosalicylic acid-PAS) anti-TB drugs, using MGIT960
system (Becton Dickinson), according to manufacturer's instructions, or
the proportion method using solid media (CICLO and PAS).

For the traditional MIRU-VNTR genotyping and WGS, total DNA
was extracted from solid cultures using commercial extraction Kkits
(QIAmp, Qiagen) after an initial step of cell inactivation where samples
were subjected to 95 °C for 1h followed by enzyme digestion for 3h
with proteinase K. The 24-loci MIRU-VNTR experimental genotyping
was performed, as previously described [19], by standardized protocols
using MIRU-VNTR typing kit (Genoscreen) according to manufacturer's
instructions. Dendrograms were constructed using the online free
software MIRU-VNTR plus [31,32]. For WGS, high-quality DNA sam-
ples (quantified using Qubit, ThermoFisher) were subjected to dual-
indexed NexteraXT Illumina library preparation using the KAPA HiFi
Hot Start Ready Mix PCR Kit (KAPA Biosystems) in the indexing step to
improve amplification of the GC-rich genome regions, as previously
described [19]. Libraries were subsequently subjected to cluster gen-
eration and paired-end sequencing (2 X 250bp) on an Illumina MiSeq
(Illumina), available at the Portuguese NIH. All data for isolates used in
the present study, including drug susceptibility, genotyping and de-
mographic data, are summarized in Supplementary Table S1.

2.2. Genome de novo assembly

All 83 genomes were de novo assembled using the INNUca v3.1 pi-
peline (https://github.com/B-UMMI/INNUca), which consists of in-
tegrated modules for reads QA/QC, de novo assembly and post-assembly
optimization steps. Briefly, after reads’ quality analysis (FastQC v0.11.5
- http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
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cleaning (Trimmomatic v0.36) [33], genomes are assembled with
SPAdes v3.11 [34] and subsequently improved using Pilon v1.18 [35].
Based on a comparative analysis of the impact of performing “post-
assembly polishment” of the assemblies using Pilon (data not shown),
this step was skipped when Pilon introduced changes in more than 1/3
of the contigs. The affected genomes (n = 8) were also among the ones
presenting high genome fragmentation (i.e., more than 200 contigs).
Draft genome sizes, mean depth of coverage, number of contigs and
sequencing read size are described in Supplementary Table S1. In silico
DST were performed using TB-profiler v0.3.0 [36] as previously de-
scribed [19]. MIRU-VNTR profiles were also predicted in silico with a
recently developed tool, MIRU-profiler (first release), using default
parameters [37].

2.3. Gene-by-gene analysis

For gene-by-gene analysis, two panel of loci were retrieved (27th of
July 2018) from the RIDOM Nomenclature Server (https://www.
cgmlst.org/ncs), developed by Kohl and colleagues [14,15]. These pa-
nels include 2891 genes from the M. tuberculosis complex
“cgMLSTschema” and additional 755 “accessory” loci. In the present
study, we inferred allelic diversity against either only the “short
schema” (cgMLST 2891 loci) or the “extended schema” (cgMLST plus
accessory loci; 3646 loci). For simplification purposes, the terms “short”
and “extended” will be used throughout the manuscript to describe
both schemas.

Allele calling was performed for the 83 genomes against both
schemas, using chewBBACA v2.0.11 [38] with default parameters and a
training file generated by Prodigal v2.6.3 from the H37Rv reference
genome (RefSeq Accession NC_000962.3). After allele calling using a
Blast Score Ratio of 0.6, exact and inferred matches were used to
construct an allelic profile matrix, where other allelic classifications
(see https://github.com/B-UMMI/chewBBACA /wiki) were assumed as
“missing” loci.

Genomes with less than 90% (2602 loci) called in the short schema
were removed for subsequent phylogenetic inferences. This occurred
only for 3 out of the 83 genomes under analysis (Supplementary Table
S1). Minimum spanning trees (MST) were constructed taking advantage
of the goeBURST algorithm [39] implemented in the PHYLOViZ online
web-based tool [40], based on 100% shared loci between all strains
(i.e., shared-genome MLST). This approach was applied to both
schemas and every cluster under evaluation. To take advantage of ac-
cessory genome loci, likely increasing the resolution power (which may
be key for discriminating cases during outbreak investigation), we took
advantage of PHYLOVIZ online 2.0 Beta version (http://online2.
phyloviz.net/), which allows maximizing the shared genome in a dy-
namic manner, i.e., for each sub-set of strains under comparison, the
maximum number of shared loci between them is automatically used
for tree construction. In this regard, all allelic distance thresholds used
during cluster investigation were expressed as percentages of allele
differences (AD) over the total number of shared loci under comparison.
Initial potential clusters to explore were defined by applying an allelic
distance cut-off of 0.56% to the initial tree enrolling 80 strains (i.e., 12
AD out of 2202 loci shared in the “short schema”; or 15 AD out of 2657
shared loci in the “extended schema”). The use of this conservative
threshold relies on literature data that pointed out 12 AD as an accurate
value for cluster investigation in gene-by-gene based surveillance era
for M. tuberculosis [14,15,35]. Finally, in order to evaluate the clus-
tering agreement between MIRU-VNTR and the gene-by-gene approach,
the Wallace's coefficient, with 95% confidence intervals, was calculated
using the web-based framework “Comparing partitions” (http://www.
comparingpartitions.info/) [41].

2.4. Core-single nucleotide variant (SNV)-based analysis

A core-SNV-based analysis was also performed as it is one of the
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current methodologies used for MTB laboratory surveillance. For this,
we applied Snippy v3.1 in the set of all 83 M. tuberculosis isolates.
(https://github.com/tseemann/snippy). Briefly, quality improved read
data (after Trimmomatic processing) of all isolates were individually
mapped against the H37Rv reference genome (NC_000962.3), and SNP
calling was performed on variant sites with the following criteria:
minimum proportion of reads differing from the reference of 90%, a
minimum mapping quality of 20 and a minimum coverage for SNP
calling of 10. Core-SNPs were extracted using Snippy's core module
(snippy-core) ensuring that all genomes reached at least 95% of aligned
bases with the reference. To achieve this, a minimum coverage of 6 was
set for five out of the 83 genomes and one genome was excluded from
the analysis (TB82). In summary, this analysis enrols 82 strains (TB30
and TB35 had been excluded in gene-by-gene approach). Core-SNV
falling within known M. tuberculosis genomic regions with high GC
content or repetitive elements (Supplementary Table S2), as well as
known SNVs in resistance-associated positions, were excluded (com-
piled by Kohl and colleagues, available at https://github.com/ngs-fzb/
MTBseq_source/tree/master/var/res), as their inclusion would likely
bias the phylogeny. Following the same rationale applied for gene-by-
gene approach, we applied a conservative cut-off of a maximum of 12
differences [14,15] to the global core-SNV-based MST for comparison
purposes.

2.5. Data availability

All raw sequence reads used in the present study were deposited in
the European Nucleotide Archive under the study accession number
PRJEB29446 (detailed in Supplementary Table S1), which will be the
Bioproject including all MTB strains analyzed for prospective WGS-
based surveillance in Portugal. As such, reads that were previously re-
leased (BioProject SRP131205) have also been deposited in
PRJEB29446.

3. Results
3.1. MIRU-VNTR analysis

Our first approach consisted in analyzing the M/XDR-TB strains by
MIRU-VNTR genotyping, the conventional method used for the mole-
cular epidemiology of MTC strains. Overall, we found 41 distinct MIRU-
VNTR profiles, constituting 10 different genomic clusters involving 2 to
15 strains each (Supplementary Table S1), thus yielding a clustering
rate of 63.9% (53/83). Detailed analysis of these clusters will be in-
tegrated in the subsequent WGS-based analysis (see next sections). Al-
though the in silico determination of VNTR profiles is challenging, a
recently developed software (MIRU-profiler) was tested on our as-
sembly data. The performance was unsatisfactory, with only a mean of
15 out of 24 VNTR profiles were correctly assigned for each strain, and
was dependent on the assembly statistics (results detailed in
Supplementary Fig. S1).

3.2. Gene-by-gene analysis

To investigate phylogenetic relationships between strains and their
potential epidemiological link (“epilink”), we applied a gene-by-gene
approach by taking advantage of publicly available schemas [using
both a short (2891 loci) and an extended schema (3646 loci) [14,15]]
and a freely available software for allele calling (chewBBACA) [38]. As
both schemas contain “accessory” genes, i.e., genes not present in M.
tuberculosis spp tuberculosis, only genomes yielding more than 90% of
called loci (80 out of 83 strains) in the short schema were subjected to
gene-by-gene analysis (Supplementary Table S1). In a first step, a MST
was generated for each schema based on allelic diversity found among
the shared loci: 2202 for the short (Supplementary Fig. S2A) and 2657
for the extended schema (Fig. 1A). As a conservative approach to
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Fig. 1. Phylogeny of 80 M/XDR-TB strains based on a dynamic gene-by-gene approach using an extended schema (3646 loci). A - Initial Minimum spanning tree
(MST) constructed based on allelic diversity found among the 2657 genes shared by 100% of the strains. Potential clusters defined for fine-tune analysis are
highlighted by colored circles. B — Sub-MST reconstruction based on the maximum number of shared loci between strains within a potential cluster. Each circle
(node) contains the strain's designation and represents a unique allelic profile. Nodes are colored according to different MIRU-VNTR profiles, where gray nodes refer
to singletons. The numbers in red on the connecting lines represent the allele differences (AD) between strains. Straight and dotted lines reflect nodes linked with the
ADs below and above the conservative threshold applied for initial cluster investigation (0.56%), respectively. MST were constructed using the goeBURST algorithm
implemented in the PHYLOViZ Online platform, and are based on allelic profiles relying on distinct number of shared loci (indicated near eachsub-tree). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

generate potential clusters to be subjected to the dynamic MST analysis,
the same cut-off of 0.56% was applied for both short and extended
schemas (i.e., strains with <12 and < 15 AD, respectively, were kept
interconnected), resulting in seven (Supplementary Fig. S2A) and eight
(Fig. 1A) clusters, respectively. The additional cluster in the extended
schema (Cluster 4) was borderline in the short schema (the two enrolled
strains, TB54 and TB11, displayed 14 AD; Supplementary Fig. S2). The
content of the remaining clusters overlapped between both approaches.
Of note, at the applied cut-off, the probability of two strains having the
same MIRU-VNTR profile also belonging to the same cluster is about
85% (CI 69%-100%) (using either the short or the extended schema),
while the probability of two strains that belong to the same cluster
(using either the short or extended) also share the same MIRU-VNTR
profile is around 50% (CI 35%—-64%) (calculations using the Adjusted
Wallace coefficient and 95% confidence intervals).

Within each cluster, the mean percentage of pairwise AD (i.e., the
ratio of mean AD over the total number of shared loci) fell within the
same magnitude for the “initial MST” (containing all 80 isolates) re-
gardless of the schema used (Fig. 2A). A similar analysis after re-
construction of a sub-MST for each cluster, maximizing the number of
shared loci between the sub-set of strains, revealed a general increase in
mean percentage of AD, with this trend being more marked for the
extended schema (Fig. 2A), indicating that accessory genes contributed
to diversity. As the extended schema enrolls a much higher number of
shared loci (Fig. 2B), this dynamic approach increases sensitivity, thus
allowing a better evaluation of the close-relatedness of strains and,
consequently, making cluster definition and exclusion of outliers more
robust. For instance, the sub-MST of the additional cluster 4 in the
extended schema consolidated the weak genetic link between the two
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enrolled strains (Fig. 1B). On the other hand, for cluster 5, despite the
addition of almost 700 shared loci to the analysis, the absolute AD
between strains increased by up to 4 AD, thus strengthening the po-
tential link between the three strains. In general, regardless the schema
that was used, the diversity within each cluster showed two patterns: 4
clusters (clusters 1 to 4) with mean %AD of 0.4-0.7 and 4 clusters
(clusters 5 to 8) with mean %AD of 0.0-0.3 (Fig. 2A).

After correlating phylogenetic data with epidemiological data pro-
vided by the Public Health Authorities for each potential cluster, strong
or weak epilinks could be established among strains within the ana-
lyzed clusters. In particular, while all strains within clusters 5 to 8 (with
mean %AD below 0.3) had a strong epilink (the authorities confirmed
these “strong” epi links as family members or very close contacts)
(Fig. 2C), a weak epidemiological link was reported for some strains of
cluster 2 and all strains of cluster 3 (representing strains from patients
of the same geographic region and/or same chest clinic attendance),
which could explain the higher mean pairwise %AD observed for the
latter. In cluster 1, the largest cluster analyzed, while the overall mean
%AD was high, very strong epilinks were reported for two clusters of
patients (Fig. 2C; Fig. 1B). Concordantly, the mean %AD among epi-
linked strains was below 0.3%, while confirmed non-epilinked strains
had %AD within ~0.3-0.5 (Fig. 2C). If we applied this empirical ob-
served mean %AD (<0.3%; equivalent to =9 ADs) as a linkage cut-off
to the sub-MST of cluster 1, three sub-clusters would be obtained
(Fig. 1B), including the two already confirmed and a novel cluster. In
fact, while TB14 and TB38 remained linked, this fine-tune analysis
raises the hypothesis that the other confirmed epilinked cluster con-
taining strains TB66, TB65, TB73 and TB8, may also include TB80 and
TB89. Also, TB5 and TB87 may also be epilinked (novel cluster).
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Fig. 3. Genetic diversity within clusters evaluated by the extended gene-by-gene and the core-SNV approach. Mean pairwise percentage of allelic diversity versus
mean pairwise SNP distance within (A) each potential cluster defined in the extended gene-by-gene approach using a threshold of 0.56% (Fig. 1) and (B) their

fragmentation according to the available epidemiological data.

Unfortunately, both potential epilinks (which arose from this dynamic
analysis) could not be retrospectively traced. Regarding cluster 2 and 3,
although only weak links or no data were retrieved, we cannot discard
some possible links among the clustered strains, as observed when
applying this cut-off. Of note, adjusted Wallace coefficient analysis at
0.3% threshold showed that the probability of two strains having the
same MIRU-VNTR profile also belonging to the same cluster decreased
to about 28% (using either the short or the extended schema), while
same-cluster strains have about 60% probability of belonging to the
same MIRU-VNTR profile. Nevertheless, a proper inference of the level
of congruence will require further large-scale studies with more diverse
datasets.

3.3. Core-SNP-based analysis

A core-SNV-based approach matrix was used to infer phylogenetic
relationships between isolates, after filtering repetitive loci and re-
sistance-associated SNVs. The resulting MST, enrolling 82 strains, is
presented in Supplementary Fig. S3. As expected, we observed a strong
correlation between the mean %AD and the mean number of SNPs
(Fig. 3) within each of the eight clusters investigated by the gene-by-
gene approach (extended schema). Most importantly, when looking at
the 10 clusters with epidemiological support (including eight with
confirmed epilink and two with confirmed non-epilink), we observed
two threshold patterns, where all clusters with strong epilinks have less
than 6 SNPs/0.3 %AD, whereas the weak or confirmed non-epilinks
have pairwise distances ranging from 6 to 16 SNPs/0.3-0.7 %AD, sus-
taining the parallelism with the gene-by-gene approach.

4. Discussion

The current comparative study led to the implementation of a WGS-
based laboratory workflow for TB surveillance in the Portuguese NRL,
in the frame of the demanding supra-national short-term transition
from traditional genotyping methods (MIRU-VNTR). A collection of
83 M/XDR-TB strains, isolated between 2013 and 2017, was char-
acterized by traditional genotyping as well as by distinct methods for
WGS data analysis (i.e., a gene-by-gene approach using both a short
schema and an extended schema, and a core-SNV strategy) in order to
set up a WGS-based TB surveillance focused on unveiling possible on-
going transmission chains to be flagged for action and further analysis
by the health authorities. This study is the first to be performed in
Portugal with these specific aims and involves the M/XDR strains iso-
lated in the last 5 years. In general, the same clusters were essentially
detected regardless the WGS-based approaches, both in strain number
and content (Fig. 1; Supplementary Figs. S2 and S3). As expected,
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strains with the same MIRU-VNTR profile revealed high genetic relat-
edness at the genome level, even though we could unveil intricate ge-
netic links between strains with distinct MIRU-VNTR patterns. Ad-
ditionally, our attempt to extract MIRU-VNTR profiles in silico (using
MIRU-profiler; [37]) yielded unsatisfactory results (Supplementary Fig.
S1). Although we believe that efforts in this field are needed in order to
maintain backward compatibility with traditional genotyping data, our
results consolidate the expectation that repetitive genomic regions are
still challenging to be extracted from short-read WGS data.

Although similar results were obtained using a gene-by-gene analysis
with both short and extended schemas, we observed that the increase in
the number of shared loci analyzed may have an important role in the
sensitivity (Fig. 2), which may be key for outbreak investigation. In fact,
the introduction of accessory genes in the schema not only allows per-
forming a dynamic analysis of epidemiological clusters, but also in-
creases the confidence in results, as the link between strains is
strengthened when AD decrease or remain very similar after generating
sub-MST. This concept of dynamically reconstructing phylogenies for
sub-sets of strains, maximizing the number of shared loci, as well as the
bioinformatics tools needed for its operationalization, have been set-up
on behalf of a recent internationally collaborative project (INNUENDO;
https://sites.google.com/site/theinnuendoproject/) that precisely aimed
at developing analytical frameworks for the use of WGS in routine sur-
veillance and epidemiologic investigations [42]. Noteworthy, by pro-
viding an in-depth perspective on the accessory genomes content, this
strategy also opens new possibilities to enrich our knowledge on MTC
biology and population genetics, by identifying for instance, lineage
specific genetic markers to use for rapid cluster identification [21,43,44]
or by linking specific phenotypes with gene presence/absence profiles
[45].

In the present study, a good correlation was observed between the
magnitude of strain genetic relatedness (defined both by gene-by-gene
and core-SNV-based strategies) and the strength of the epidemiological
link between patients, as reported by the Public Health Authorities.
After conservatively defining potential clusters using the implemented
dynamic gene-by-gene approach, we could subsequently observe that
the mean pairwise distance among strongly epilinked strains was al-
ways below 0.3%AD, while confirmed non-epilinked and weakly epi-
linked strains had > 0.3%AD. This trend strongly correlated with data
acquired through the core-SNV strategy, with strains sharing strong
epilinks displaying mean pairwise distances of less than 6 SNPs and
strains with weak or confirmed non-epilinks with up to 16 SNPs
(Fig. 3). Of note, we found very close related strains within this
threshold for which epidemiological data was not available, raising the
hypothesis that some retrospective links may have been missed. These
results are in agreement with previous studies, where genetic distance
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among strains from recent transmission chains reveal a maximum
number of 12 SNPs/AD [14,15,22,35,46-48], and also corroborate the
expectation that applying lower thresholds will increase the con-
cordance with epidemiological data. Several studies have already ap-
plied even more stringent thresholds [22,25]. Still, we believe that cut-
offs should not be applied in a static manner, but instead should be
dynamically fit to the sub-set of strains/lineages under investigation,
which fits the evolutionary and epidemiological dynamics of M. tu-
berculosis that relies on a low mutation rate coupled with a long-term
transmissibility. In fact, this can be operationally achieved with the
gene-by-gene strategy described in this study as the maximum number
of shared loci is automatically used for each potential cluster, with al-
lelic distance thresholds being expressed as percentages of allele dif-
ferences (AD) over the total number of shared loci under comparison.
Moreover, this dynamic analysis should always be contingent on the
epidemiological data, when available. In this context, this study illus-
trates the need to reinforce the conventional epidemiological tracing
(e.g., by improving clinical inquiries and strengthening the commu-
nication workflow between stakeholders) in order to potentiate the
benefits of an enhanced WGS-based laboratory surveillance focused on
detecting/confirming more robust contact tracing investigation.

While the advantages of WGS-based typing analysis are undeniable
for routine TB laboratory surveillance, there are still several drawbacks
that need to be overcome before a multi-country harmonized WGS-
based surveillance [49], such as: i) the lack of standardized pipelines; ii)
the need of empirical-derived thresholds for cluster definition and, iii)
the existence of an internationally agreed nomenclature to be used in
order to facilitate data sharing, especially for cross-border outbreaks
[50,51]. Also, there is still an ongoing debate on which approach will
be the method of choice for TB, i.e., gene-by-gene-based, SNP-based or
a combination of both [14,15,22,35,46-48], which will always be a
trade-off between usability and reliability. In contrast with pay-per-use
platforms (such as RIDOM SeqSphere) currently used by several re-
ference laboratories, our approach fully relies on freely available soft-
ware which, despite requiring more bioinformatics training, may con-
stitute a valuable alternative for most laboratories, especially those
with less resources. Although the gene-by-gene strategy applied here
may offer several benefits (such as amenability to standardization,
scalability, and less constrains to implement a harmonized nomen-
clature) [42,52,53], it is expected that the “ultimate” evidence about
which method provides better usability and concordance with epidata
will certainly emerge from studies at population level enrolling ex-
tensive datasets.

In summary, this study stands as the “starting point” for the appli-
cation of a freely-available standardized routine WGS-based laboratory
surveillance of M/XDR-TB cases. Together with the centralization of the
diagnosis and molecular typing in the NIH and a strong articulation
with the Public Health Authorities, the described framework constitutes
the driving force towards a faster and robust prospective surveillance of
M/XDR-TB cases, from antibiotic resistance prediction to transmission
chain detection. As such, future studies based on this approach will be
crucial to consolidate the benefits of this technological transition for
Public Health.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tube.2019.02.006.
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