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A B S T R A C T

The progressive reduction of costs in next-generation sequencing is responsible for the speed with which new genomic epidemiological approaches are being used.
However, this speed has meant a lack of consensus on the way the genomic pathway is being addressed. Alternative pathways, strategies, and shortcuts have been
proposed during this initial period of the genomic epidemiology era in tuberculosis. The aim of this review is not to make a systematic analysis of these different
approaches but to show how various lines of progression are being followed, each looking for different ways of integrating the language of genomics. This review
covers several aspects, from paths that provide high-quality data from cultured isolates to strategies that attempt to shorten response times through challenging
analyses directly on specimens or primary cultures. The review presents strategies proposed by several groups, ranging from those that focus on universal population-
based systematic application to others proposing shortcuts by targeting selected relevant strains. Finally, the decision to analyze complete genomic content vs
abbreviated analysis of preselected sets of genes is discussed. The reader is shown the exciting variety of efforts being made to find the best fit between genomics and
the demands and challenges of the epidemiology of tuberculosis.

During recent decades, we have witnessed how molecular epide-
miology has transformed our knowledge of the dynamics of transmis-
sion of Mycobacterium tuberculosis (MTB). Identification of transmission
clusters has been based on various genotyping methods, which have
been sequentially replaced in the search for higher discrimination,
faster availability of data, or other, practical issues such as efficiency in
sharing results for comparison or enabling automatic assignation of the
genotyping pattern. Thus, the reference method IS6110 RFLP (van
Embden et al., 1993) was displaced by a PCR-based approach, namely
MIRU-VNTR (Supply et al., 2001; Supply et al., 2006), which under-
went serial transformations from a limited discriminative 12-locus
format to the improved high-throughput analysis based on the 15- and
24-locus versions. These latest genotyping tools even allowed us to
obtain results directly from respiratory specimens (Alonso et al., 2012)
or from the remnants of other commercial molecular tests (Mambuque
et al., 2018; Alame-Emane et al., 2017), thus paving the way towards
real-time molecular epidemiology and acquisition of data on trans-
mission dynamics in settings where culture is not available.

Professionals working in molecular epidemiology were reasonably
satisfied with the fingerprinting tools available for the study of MTB.
However, in a relatively short period, molecular epidemiology has been
replaced by a new approach to the understanding of transmission of TB,
namely, genomic epidemiology, which is based on the unbeatable

discriminatory power obtained from whole genome sequencing (WGS)
data.

1. Genomic epidemiology based on WGS

The first steps in genomic epidemiology in TB resemble those of the
molecular epidemiology era. Standard genotyping initially followed an
“a la carte” scheme, which focused on the analysis of previously sus-
pected outbreaks in order to confirm them or rule them out. Genotyping
gradually moved on to systematic universal population-based analysis.

Similarly, the first application of WGS in TB was to analyze a major
outbreak in Vancouver, Canada (Gardy et al., 2011). This made it
possible to split an extensive MIRU-VNTR cluster into 2 transmission
networks, thus demonstrating the high discriminatory power and epi-
demiological usefulness of genomic epidemiology. In 2013, Walker et al
(Walker et al., 2013a) published their reference paper on the applica-
tion of WGS to define outbreaks in communities and households, en-
riching the analysis with longitudinal within-patient isolates. This ro-
bust study was the first to propose thresholds of diversity for inferring
recent transmission from WGS data. The authors identified epidemio-
logical links for those cases differing in 5 or fewer SNPs, whereas no
links were found for cases differing in> 12 SNPs. They also reported a
rate of change of 0.5 SNPs per genome per year.
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The study yielded other relevant findings, such as the informative
value of the topology of the networks of relationships derived from the
distribution of SNPs in a cluster. For example, of extraordinary epide-
miological relevance was the star-like distribution, which informed us
about the presence of a superspreader at the origin of the transmission.
Additionally, the identification of these superspreaders has been de-
scribed to be aided by the identification of cases with mixed-base calls
(Walker et al., 2013a), likely due to the emergence of subpopulations
within those cases with longer than average infectiousness periods.
Finally, as backward mutations are rare in MTB, the order in which
SNPs accumulate in a cluster gives us valuable information about the
sequence of transmission, which could never be inferred from standard
molecular epidemiology data (Walker et al., 2013b).

Extensive outbreaks were also analyzed using WGS. The most ex-
tensive probably corresponds to an INH-monoresistant outbreak in
London, UK (Casali et al., 2016). WGS of 344 isolates spanning 14 years
revealed that none of the isolates differed in>9 SNPs, thus confirming
the high clonality of the cluster.

The robustness of proposed SNP thresholds has been called into
question, owing to the finding of higher than expected within-patient
diversity in certain cases. Casali et al. (Casali et al., 2016) performed a
subanalysis on within-patient diversity by analyzing multiple single
colonies and found that it reached a maximum of 10 SNPs. In their
reference article, Walker et al. (Walker et al., 2013a) found intrapatient
diversity in up to 9 SNPs. Herranz et al. (Herranz et al., 2017) also
performed a more systematic analysis of within-patient diversity and
found that it could be equivalent to that accumulated in patient-to-
patient transmission. These findings seem to indicate that the magni-
tude of intrapatient diversity can modify the SNP reference cutoffs that
had been defined to infer transmission. However, the robustness of the
original thresholds proved to be valid in subsequent studies and even in
challenging situations, such as extended prolonged clusters, clusters
with the coincidence of host-to-host transmission and reactivations, and
long latency periods for some cases in the cluster (Herranz et al., 2017).
All of these situations could lead us to expect higher diversity a priori.
Even under such challenging circumstances, the initially proposed di-
versity thresholds proved to be valid.

Studies that restricted the application of WGS to specific circum-
stances or relevant outbreaks were followed by more systematic po-
pulation-based studies. Examples of the systematic application of uni-
versal WGS have been reported in Oxfordshire, UK, in 2007–12 (Walker
et al., 2014) or in a long-term survey of a whole district in Malawi
(Guerra-Assuncao et al., 2015). In both cases, the data obtained from
genomics proved to be extremely useful and superior to standard mo-
lecular epidemiology data. Prospective efforts to implement WGS
strategies have also been undertaken, as in the study by Pankhurst et al.
(Pankhurst et al., 2016), where a centralized pipeline was applied to
analyze the data produced over 8months from 8 laboratories in Europe
and North America, thus ensuring fast response times and proving to be
financially feasible. Finally, the results of a prospective, nationwide
genomic epidemiology program were recently published in The Neth-
erlands (Jajou et al., 2018a). A study performed in parallel to standard
MIRU-VNTR analysis and involving 535 isolates obtained in a complete
year showed that WGS reduced the clusters defined by MIRU-VNTR by
50% without reducing the percentage of epidemiological links detected.

2. Core genome–based analysis

WGS is clearly superior to standard genotyping for ensuring a highly
discriminative definition of clusters and for providing us with valuable
additional data on the structure of the transmission links and the
chronology of this transmission. However, the analytical procedures
depend on in-house pipelines for mapping sequences and SNP calling,
which are not easy to standardize.

Kohl et al. (2014, 2018) proposed core genome (cg) MLST as an
alternative to the standard path of WGS data. This approach restricts

the analysis to the core genome of MTB, which they defined as com-
prising 3257 genes (77% of the whole genome used as the reference).
As cgMLST focuses on core genes, where the likelihood of false SNP
calls is lower, however, it still requires a proper standardization of the
pipeline used to call the SNPs. The restriction of the analysis to the core
genes, makes cgMLST less computationally demanding, and the trans-
ference of the SNPs identified in the core genome to an allele num-
bering system facilitates a more standardized reporting.

cgMLST was evaluated in parallel with standard WGS to analyze an
outbreak in Hamburg spanning the period 2001–10, which included 26
cases sharing identical genotypic patterns. Given the more limited
genomic material analyzed by cgMLST, the approach offered slightly
lower power of resolution than WGS, which led to a lower overall
number of differences between isolates. However, both the topology of
the genome-based trees and the grouping of the cases were equivalent
for both strategies, thus validating the cgMLST proposal for epidemio-
logical purposes. More recently (Meehan et al., 2018) it has been de-
scribed that WGS-SNP and cgMLST based analyses have similar clus-
tering/timing characteristics even for data obtained from a high
incidence setting.

3. Targeted surveillance based on selected data extracted from
WGS

This review has examined several approaches in which considerable
technical transformations have been implemented, although these have
all been based on strategies identical to those followed with our
pregenomic molecular tools, that is, detection of transmission events
through the identification of clustered strains according to their simi-
larity after a non-biased population-based analysis. While this is un-
doubtedly the most appropriate way of proceeding, we must sacrifice
the speed we had acquired with our primitive molecular tools, which
provided fingerprinting data when intervention was still possible, even
directly from clinical specimens (Alonso et al., 2012; Bidovec-Stojkovic
et al., 2014). If we pursue high-quality WGS data, we must wait until
subcultures are available, thus considerably delaying the availability of
data. In addition, we were able to extend the applicability of molecular
epidemiology out of high-resource countries thanks to non–-
technologically demanding and inexpensive approaches. Now, how-
ever, we seem to have lost that gain, owing to a new dependence on
complex technology, which, despite being less expensive than before,
remains out of the reach of many countries, especially those with the
highest TB burden.

In order to address this issue, we propose an alternative line of
progression, namely, one which tries to reconcile the discriminative
power of WGS with the speed, low cost, and simplicity of PCR-based
approaches. The tradeoff of this shortcut is that we must sacrifice
complete knowledge of all the transmission clusters in a population,
because it is necessary to monitor strains that, based on our previous
knowledge taken from standard molecular epidemiology, deserve spe-
cial attention because they are more actively transmitted or are high-
risk MDR or XDR strains.

The scheme is based on identifying specific SNPs from the strain
that is to be surveyed. These are identified by WGS of a selection of
representative isolates. The SNPs are considered to be strain-specific
once they have passed through a filtering process using a database of
SNPs from more than 4000 strains representing all the lineages circu-
lating worldwide (Álvaro Chiner-Oms et al., 2018). They are then used
to design allele-specific (ASO)-PCRs that are tailored to target them.
The ASO-PCRs, known as tailored regional allele-specific PCR (TRAP),
are designed in a multiplex format to investigate the presence of several
of these strain-specific SNPs and thus ensure high specificity. In the
design, some of the primers are homologous with the allele present in
the strain, while the remaining primers are designed to be homologous
to the complementary allele. This ensures that amplification patterns
are always obtained, regardless of whether or not the isolate
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interrogated corresponds to the surveyed strain, thus ruling out mis-
assignment due to inhibitors.

Pérez-Lago et al. (Perez-Lago et al., 2015) showed this shortcut
TRAP strategy to be efficient for active surveillance of transmitted
strains in a population with a high proportion of immigrants in Almería,
southeast Spain, by revealing secondary cases infected by the surveyed
strains, even through direct analysis of the bacilli present in the re-
spiratory specimens. The authors also demonstrated that the TRAP-
based strategy could offer a quick response to a public health alert, as
happened with the identification of two XDR Beijing strains imported
from Russia to Spain (Perez-Lago et al., 2016a). Twenty-four days after
receiving the primary cultures from these 2 cases, 2 strain-specific PCRs
were implemented in the local laboratory investigating the transmission
and provided results from stain-positive specimens and on cultures from
those that were stain-negative.

The sensitivity, simplicity, and low cost of the TRAP approach also
made it possible to perform fast, high-throughput updates of retro-
spective collections that are to be interrogated about the presence of a
specific strain. In 1 week, Pérez-Lago et al (Perez-Lago et al., 2016b)
analyzed 964 isolates from 2 collections from 2 major hospitals in
Madrid. The authors aimed to identify secondary cases that could have
been caused by a patient infected by the Beijing strain which caused a
severe outbreak in Gran Canaria island and who had had active TB
disease for the previous 8 years owing to lack of adherence to treat-
ment. The same strain-specific PCR targeting specific SNPs was also
applied to update the current situation of this strain in the context
where it caused the outbreak. The approach enabled us to confirm the
high prevalence of the strain more than 2 decades after the outbreak, as
well as its widespread presence on other islands in the archipelago that
had not previously been monitored (Pérez-Lago et al., 2019).

An equivalent shortcut strategy for fast update of a relevant event
was followed to analyze a major outbreak in Bern in the 1990s (22
cases) (Stucki et al., 2015). WGS analysis of all isolates made it possible
to identify strain-specific SNPs, which were targeted by a TaqMan
probe in an RT-PCR format. The technique was applied to complete the
description of the cluster over 2 decades by analyzing 1642 isolates,
which revealed a further 46 members of the cluster. Targeted WGS
analysis of all 68 cases shed light on the true structure of the cluster
with 4 subclusters that had not been identified by standard genotyping.
The screening of cases based on RT-PCR was much faster and 15 times
less expensive than standard MIRU-VNTR analysis.

Finally, the TRAP approach proved useful for obtaining relevant
information in settings where culture facilities are not available. A
specific PCR applied directly on the Xpert remnants revealed a pre-
valent MDR strain in Equatorial Guinea that was responsible for a high
percentage of the resistant cases in the country (Perez-Lago et al.,
2017).

Despite the potential of the targeted surveillance based on selected
data extracted from WGS presented in this section, we must accept that
its application to survey transmission in high-burden countries still
needs the support of well-equipped laboratories. Despite not requiring a
systematic universal genomic analysis, which reduces severely the
costs, the approach still needs a WGS-based study of a preselected
sample of strains, which is not feasible to many high-burden countries.

4. Real-time genomic analysis

The absence of a fast response enabling transmission to be detected
sufficiently early, which is shared by the developments presented in the
previous section, has led various authors to attempt to shorten the delay
in making genomic data available by analyzing primary cultures
without waiting until subcultures are available, or even by directly
examining bacteria in sputa.

The challenge for these approaches is the presence of contaminating
human and bacterial DNA (other than that of MTB), which interferes
with sequencing steps and makes it difficult to obtain a suitable

coverage depth to call SNPs with confidence. One test (DeeplexR-
MycTB, GenoScreen) was developed with aim of applying it directly on
specimens. However, it is not designed to identify all the potential SNPs
that are necessary for epidemiological purposes. The test aims to obtain
reliable calls for phylogenetic marker SNPs and those in 18 main targets
associated with resistance to first- and second-line drugs. Instead of
performing complete WGS, DeeplexR-MycTB is based on targeted 24-
plex amplicon deep sequencing (Tagliani et al., 2017), which, while
ensuring greater depth of analysis, foregoes the information from re-
gions other than those targeted. This test was recently applied in the
description of an outbreak of MDR-TB in SouthAfrica caused by strains
harbouring resistance mutations not detected by the Xpert test
(Makhado et al., 2018).

In the case of real-time standard complete WGS applied for genomic
epidemiology purposes, 2 alternative paths have been followed to
minimize the interference of accompanying non-MTB DNA. These in-
volve either deleting it from the specimens at the purification stage or,
alternatively, enriching the presence of MTB-DNA just before sequen-
cing.

The optimization of purification methods to minimize the presence
of accompanying non-MTB DNA was proposed by Votintseva et al
(Votintseva et al., 2015), who introduced a pretreatment saline wash to
remove human DNA and a subsequent clean-up of the DNA with solid-
phase reversible immobilization beads. This approach revealed whole
genome sequences from 1ml of early positive liquid cultures (MGIT),
which were successfully mapped to the reference MTB genome
with> 90% coverage. A modification of this method was applied di-
rectly on 40 stain-positive sputa, of which 62% yielded sufficient data
to make predictions on susceptibility for first- and second-line drugs
(Votintseva et al., 2017). Pretreatment procedures have also been un-
dertaken to eliminate human DNA in other studies, in this case using
differential lysis steps to first lyse human cells and degrade their DNA
before applying shotgun metagenomics (Doughty et al., 2014).

The application of WGS directly on early-positive MGIT primary
liquid cultures in a countrywide WGS-based model was evaluated
prospectively over 20months in Italy. The samples were prepared by an
automatic procedure, and results were available within 72 h after de-
livery Thus, diagnosis, surveillance, and contact tracing were improved,
although contact tracing was based on cgMLST (Cabibbe et al., 2018).
In Australia, successful country-wide systematic prospective WGS was
applied to identify resistance mutations, assign lineages, and identify
transmission clusters and laboratory cross-contamination (Martínez
et al., 2018).

The alternative path of enriching the MTB-DNA to minimize inter-
ference from contaminating DNA during sequencing was followed by
Brown et al. (Brown et al., 2015), who used biotinylated RNA baits to
specifically capture the MTB-DNA on 24 stain-positive sputa. The au-
thors obtained sufficient coverage to call mutations associated with
resistance to first- and second-line drugs in all but 4 specimens. The
same group applied their approach in real time to individually adjust
treatment in a case infected with a resistant strain, thanks to the ex-
tended information on resistances obtained fromWGS directly on sputa,
compared with that offered by the standard molecular commercial tests
(Nimmo et al., 2017). More recently, Doyle et al. (Doyle et al., 2018)
evaluated the feasibility of performing WGS directly on sputa, with the
introduction of an enrichment step.

However, the above mentioned studies restrict the analysis to
calling of SNPs with diagnostic value for identification of MTB or pre-
diction of resistance. No data have been reported on the efficiency of
performing an extensive SNP call with epidemiological purposes.
However, data have been reported from a comparison of the diversity
between the sputa and corresponding cultures (Votintseva et al., 2017)
and from studies placing the isolates in a phylogenetic tree (Votintseva
et al., 2017; Brown et al., 2015). Preliminary data to obtain the com-
plete set of SNPs to perform real-time genomic epidemiology were
obtained by applying a novel pan-genome capture platform (Lozano
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et al., 2018), although the approach requires improvements to be made.

5. New models to address new challenges

In addition to the challenge of ensuring accurate identification in a
highly refined analysis of transmission of TB, which has been addressed
by novel genomic epidemiology approaches, new specific challenges
require the application of new strategies. Global migratory movements
have blurred the limits of the target population for epidemiological
surveillance. We must now activate multinational cross-border sur-
veillance to fully understand the complexity of transmission in the new
global scenario. Consequently, we must be prepared to differentiate
between overlapping phenomena, such as discriminating between cases
involved in an international cross-border cluster. Such cases can be the
result of i) recent transmission after arrival in the host country, ii)
transmission in the country of origin, iii) independent importations of a
strain prevalent in the country of origin, or iv) transmission along the
migration route. Recent studies have demonstrated that standard mo-
lecular approaches cannot address this challenge and show the same
fingerprinting pattern for all or most of the cases in the previous ca-
tegories. Below, I review recent studies offering precise snapshots of
some of these new complex situations, which are increasingly common
owing to the new global nature of TB transmission.

5.1. Refined analysis of transnational outbreaks

Integrated multinational efforts are helping us to clarify potential
cross-border events, which mostly continue to be identified based on
standard molecular epidemiology data, but can now be examined in
greater depth using WGS. Such was the case of a joint cross-border
investigation of an MDR cluster involving 3 European countries (Fiebig
et al., 2017). Five cases sharing the same MDR strain were identified in
Austria in 2014. The finding that 3 of these were from Romanian mi-
grants triggered an integrated analysis of a further 3 cases in Germany
and 5 in Romania, also based on identical MIRU-VNTR or potential
epidemiological links. The initial suspicion of an internationally spread
common strain led to a new reinterpretation based on WGS data. In
fact, of the 3 independent events identified, 2 involved different
countries and the third involved transmission within Austria. Imported
cases coexisted in one of the 2 multinational events, with recent
transmission at the destination, whereas in the other, all cases were
more likely independent importations from exposures in the city of
origin in Romania.

Acosta et al. have been involved in a study on the analysis of an-
other cross-border—in this case intercontinental—outbreak of an MDR
strain involving Latin America and Europe (Acosta et al., 2019). The
comparison of TB-Sprint (Molina-Moya et al., 2017) and MIRU-VNTR
patterns from isolates in Lima, Madrid, Florence, and Milan revealed
the existence of cases infected by an MDR strain that was circulating in
Lima and was exported to Europe. WGS enabled a more precise analysis
of the event. At least 2 variants were exported, likely owing to the di-
versity acquired by the strain in Lima after prolonged periods. One
defined a branch in the network of relationships depicted from the SNPs
identified by WGS, including a limited number of cases in Italy and
Spain, while the other was responsible for a large outbreak in Florence
that is currently active. This analysis led to the development of a spe-
cific PCR for this MDR strain, which was shared by all the countries
involved to enable simplified simultaneous multinational prospective
surveillance.

5.2. Transmission “en route”

The previous section described clusters involving migrant cases in
various countries to show how a strain that is prevalent in the country
of origin is transmitted in different settings once distributed. The ap-
plication of WGS in an MDR-TB outbreak involving migrants from the

Horn of Africa and Sudan in 7 European countries recently revealed a
different transmission scenario (Walker et al., 2018). Twenty-nine cases
were closely related (< 2SNPs). The study involved a thorough epide-
miological investigation based on detailed questionnaires and inter-
views and revealed that most of the cases had been living in over-
crowded conditions for prolonged periods in a Libyan town during the
migratory route. These data indicate a novel likely explanation for a
multinational cluster, ie, transmission due to exposure “en route”,
which should be considered in the epidemiological investigation of
migrant clusters from now on.

5.3. Discrimination between recent transmission and independent
importations

In settings with a high percentage of migrants, transmission clusters
rich in cases from a single nationality are common. Clusters could
correspond to recent transmission in the host country after arrival or to
independent importations of a strain that is prevalent in the country of
origin. Discrimination between these 2 alternatives is highly relevant
from a public health perspective.

Molecular epidemiology fails to differentiate between these alter-
natives and offers identical patterns for all the cases involved. A recent
study in the UK investigated a cluster that was rich in Filipino migrants
(Davidson et al., 2018), even in the absence of high discriminatory
WGS. 24-Locus MIRU-VNTR grouped 53 cases over 6 years; 43 were
born in the Philippines, and of these, 21 were health care workers. The
additional analysis based on 8 additional VNTR loci split the cluster,
that is, the initial interpretation of recent transmission in the UK was
replaced by the alternative explanation of independent importations of
a prevalent strain from the country of origin, with variants not detected
by standard genotyping.

The suspicion that MIRU-VNTR–based clusters including migrants
in low-incidence countries might not always be indicators for recent
transmission in the host countries was also supported by a study in
Switzerland (Stucki et al., 2016). All 35 MIRU-VNTR–defined clusters
during 2000-08 were revisited by applying WGS. Most of the clusters
including Swiss-born patients were confirmed, although very few of
those involving foreign-born patients were confirmed. The percentage
of clustering among foreign-born patients decreased from 17% to 7%
when MIRU-VNTR clusters were reanalyzed using WGS. Similar find-
ings were obtained in The Netherlands and Denmark (Jajou et al.,
2018b), where a large cluster of 40 migrants from the Horn of Africa
sharing an identical MIRU-VNTR pattern was split by WGS into several
subclusters, thus ruling out transmission in the country of destination.

This problem was analyzed more systematically by Abascal et al
(Abascal et al., 2019), who selected clusters including migrants in Al-
mería, southeast Spain, from 3 geographic areas (Eastern Europe, North
Africa, and Sub-Saharan Africa) that were representative of clusters rich
in a single nationality. The authors demonstrated how WGS could dif-
ferentiate the cases corresponding to independent importations from
those due to recent transmission after arrival. The differentiation was
based on the number of SNPs detected for each of these 2 categories of
patients. A low number of SNPs was detected for cases resulting from
recent transmission after arrival, whereas a much higher number of
SNPs was detected for cases resulting from independent importations of
a strain that was prevalent in the country of origin and had likely been
circulating for a long period, thus enabling the acquisition of higher
diversity (> SNPs).

The findings reported by Abascal et al (Abascal et al., 2019) proved
that the complexity behind transmission clusters in the new global TB
scenario renders standard molecular epidemiology useless. Only WGS
offers sufficient discriminatory power to enable accurate interpretation
of the new complexity of transmission. However, again, systematic
worldwide application of genomic epidemiology is far from realistic.
The authors followed a shortcut based on the application of strain-
specific PCRs to analyze the most complex cluster in our study in
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Almería, which involved 11 cases, most of which were Moroccan mi-
grants. They then identified the SNPs that were only shared by the 6
cases involved in recent transmissions and not shared by the remaining
cases, which accumulated high diversity, indicating that they were in-
dependent importations from a strain that was prevalent in Morocco. A
strain-specific PCR was developed to target the SNPs that were specific
for the recent transmission subcluster. This was applied prospectively
and enabled us to identify 2 new cases belonging to the recent trans-
mission group. All these cases were indistinguishable according to
standard MIRU-VNTR data. A simplified version of this PCR was de-
signed to identify representatives of this strain in the country of origin,
Morocco. The PCR was applied directly on inactivated aliquots of a
retrospective collection of isolates from North Morocco and revealed, as
expected, that the strain was prevalent in the country of origin of these
migrants.

6. Challenges

Considerable efforts have been made to establish SNP-based di-
versity cutoffs that are shared by most studies on genomic epidemiology
in TB. Despite the robustness of the study determining these cut-offs,
they have been validated mainly in low-incidence settings. It is time to
extend the evaluation of their usefulness to high-burden countries, to
validate them in more challenging circumstances, where the distinction
between ‘outbreak’ and persistent ongoing transmission might be more
blurred.

It is pointless to strictly define thresholds to be shared if no
equivalent efforts are made for the stages that lead to the identification
of SNPs.

The first stage where standardization is required is the reference to
be used to map sequences, because this will affect all subsequent ana-
lysis of SNPs. Most studies use H37Rv as the reference. However, this
seems arbitrary, and the selection of another reference, with chron-
ological significance, could help us to better establish time references
and thus accurately order the acquisition of SNPs in our strains. In this
sense, the most recent ancestor strain has been proposed as a reference.
This ancestral MTB genome is identical to H37Rv in terms of structure
but includes the maximum likelihood–inferred ancestral nucleotide
positions from a virtual ancestor (Comas et al., 2013). By using this
reference, the chronology of acquisition of strains will be more mean-
ingful owing to the application of a reference that is a true evolutionary
reference for the strains under study. In contrast, when H37Rv is used
as an arbitrarily selected strain, SNPs shared with H37Rv are not called,
thus leading us to miss valuable evolutionary information.

Despite the lack of consensus on a reference, various pipelines of
analysis have been developed by different groups and we must now
homogenize the criteria used to filter data in these pipelines, namely,
coverage depth, percentage of reads requested to distribute calls as
homozygous or heterozygous, requirements for interpreting a SNP as
true or resulting from an incorrect call, and the addition of visual in-
spectors to supervise at least the most relevant calls. The absence of
consensus on these levels of analysis is likely causing differences in the
data obtained from each group.

WGS-based analysis of the transmission of TB has the added value of
revealing the chronology and direction of a transmission event.
However, although it may seem obvious, we still need to identify SNPs
between clustered isolates to be able to establish the direction of
transmission. The analysis of the isolates in a cluster frequently leads
some isolates to be considered identical (0 SNPs), thus limiting this
approach. It would be desirable to access the diversity that remains
hidden to our systems of analysis because it lies on indels or SNPs in
repetitive regions in MTB DNA. Since these regions are deleted sys-
tematically from the analysis owing to the technical limitations in
mapping these regions properly, SNP calling in these regions is not
feasible. These regions could account for 10% of the total genome
(Casali et al., 2016). The limitation could be resolved by improving the

ability to obtain longer reads and thus access the likely diversity that
remains hidden with current procedures. Such an approach would
allow us to complete the precise chronology of all the members in the
cluster, especially in those contexts where the proportion of cases
showing 0 SNPs is high (Casali et al., 2016).

Despite progress in performing WGS on early primary cultures and
specimens, no efforts have been made to go beyond calling SNPs with
diagnostic value. Advances need to be made to try to expand the ana-
lysis to a complete call of SNPs with epidemiological value.
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