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a  b s t  r a c  t

The application  of genotyping  tools  allowed us  to discriminate  between the Mycobacterium  tuber-

culosis isolates  obtained  in the  laboratory. The differentiation  between single strains  opened the

door to molecular  epidemiology  studies,  which  had  helped us to progress in our knowledge  of  how

this  pathogen  is transmitted  in  the  progressively more complex  socio-epidemiological  scenario.  The

genetic stability  of this microorganism led  to  develop specific  methodologies,  which  are  thoroughly

revised in this  chapter. In  addition to their  application  in epidemiology,  we review, how  they  can

offer  a  response  to different  diagnostic  and clinical challenges.  Finally, we focus  on describing the

novel genomic  revolution  we are experiencing  in the  analysis  of tuberculosis, the  methodology  in

which  it  is  based  and the  novel  possibilities  it offers,  including  new  routes of integrating  both  the

molecular  and  genomic  languages  in innovative  post-genomic  proposals,  better suited to our real-life

context.

© 2018  Elsevier España,  S.L.U. and Sociedad Española  de  Enfermedades Infecciosas  y Microbiologı́a

Clı́nica.  All rights  reserved.
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r  e  s  u m  e  n

La aplicación  de  técnicas  de  genotipificación  ha  permitido discriminar entre  los aislados  de  Mycobacterium

tuberculosis  obtenidos  en  el laboratorio.  Esta  singularización  a nivel  de  cepa  abrió las  puertas a estudios

de  epidemiología  molecular  que han  permitido progresar  en  nuestro conocimiento de  la transmisión  de

este  patógeno  en entornos socio-epidemiológicos  cada vez  más complejos.  La  estabilidad genética  de

este  microorganismo ha  llevado  al desarrollo  de  metodologías específicas,  que  son revisadas  en  detalle

en  este  capítulo.  Además  de  las aplicaciones  epidemiológicas,  repasamos cómo  dan  respuesta asimismo  a

diversos interrogantes  diagnósticos  y  clínicos.  Por último, nos  ocupamos  de  describir la nueva  revolución
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genómica en el estudio de  la tuberculosis,  los métodos  en los que descansa  y  las  posibilidades

inéditas  que ofrece,  incluyendo  nuevas vías de  integración  de  los  lenguajes  moleculares  y  genómi-

cos en  propuestas innovadoras  de  trabajo  posgenómico,  más adaptadas  a la realidad de  nuestro

entorno.

© 2018  Elsevier  España, S.L.U.  y  Sociedad  Española de  Enfermedades  Infecciosas  y Microbiologı́a Clı́nica.

Todos  los  derechos  reservados.

Introduction

Molecular epidemiology includes a  wide variety of techniques

that have the objective of comparing nucleic acid sequences from

two or more isolates. The term clone or clonal group refers to  a

group of isolates that are  related because they descend from a  more

or less remote common ancestor. The related strains therefore orig-

inate from the clonal expansion of a  single precursor and possess a

degree of similarity between their genotypes and phenotypes that

is significantly higher than that found between arbitrarily selected

unrelated isolates of the same species. The definition of clone is

probabilistic, and the degree of similarity required for its definition

must take into account the taxon studied, the marker used and the

duration of the epidemiological investigation. Therefore, before a

molecular marker can be selected, we  need to clearly and precisely

formulate the question we are trying to answer in epidemiological

terms, define the degree of genetic relatedness we need to establish

in order to answer the previous question, choose those markers that

are  capable of discriminating this degree of relatedness and verify

the efficacy of the chosen methods.

Comparative sequencing studies of Mycobacterium tuberculosis

(M. tuberculosis) have found little genetic variation between strains,

minimal horizontal gene transfer and a  clonal population structure.

In spite of this, there is some variation in the M.  tuberculosis popula-

tion, which may  be due to single nucleotide polymorphisms (SNPs),

long sequence polymorphisms (LSPs) or  repeated sequence poly-

morphisms. This variation can be detected using markers. Some

of these markers visualise variations that have arisen at more or

less distant times and serve to classify the strains into “lineages”

of phylogenetic interest. Other markers detect much more recent

variations and allow the strains to be genotyped in order to  recog-

nise chains of transmission.

Markers for phylogenetic studies of M. tuberculosis

Single nucleotide polymorphism

SNPs can be synonymous or non-synonymous. In synonymous

SNPs, the nucleotide change does not involve an amino acid change

and is therefore not subject to selective pressure. Its evolutionary

clock runs slowly and it gives phylogenetic information. Non-

synonymous polymorphisms, which make up approximately two

thirds of the genetic variability observed in M.  tuberculosis, poten-

tially have functional consequences, undergo selective pressure

and there is evidence that they can influence important character-

istics such as transmissibility, virulence, drug resistance, immune

response or clinical symptoms.1

In 1997, Sreevatsan et al.2 compared the sequences of 26 struc-

tural genes and detected two synonymous SNPs, one in the gene

that encodes for catalase peroxidase (katG463) and the other in

DNA gyrase subunit A (gyrA95). These SNPs allow M. tuberculo-

sis to be classified into three genetic groups. Group 1 includes the

strains Mycobacterium bovis (M. bovis),  Mycobacterium microti (M.

microti), Mycobacterium africanum (M.  africanum) and the evolu-

tionarily older strains of M. tuberculosis, while groups 2 and 3 are

made up of M. tuberculosis strains. The authors studied some 6000

strains of M.  tuberculosis isolated in New York and Houston, and

observed that the majority of the grouped cases of tuberculosis

(transmission chains) corresponded to  strains from group 1 or 2,

while group 3 (the most recent in evolutionary terms) gave rise

to sporadic cases, which led them to conclude that  M.  tuberculo-

sis is  evolving towards lower transmissibility or virulence. These

three groups can be divided into six phylogenetic groups (with five

subgroups) by studying 212 SNPs.3 There is  a strong association

between these groups and the geographic origin of the strains or

the birthplace of the patients.

Long sequence polymorphisms

The study of the deletion of 20 long sequences distributed along

the length of the chromosome, regions of deletion (RDs),4 allows

us to  establish an evolutionary framework for the M. tuberculo-

sis complex, as well as to identify species within the complex.

The M. tuberculosis complex is  genetically homogeneous, but very

diverse in relation to its habitat. M.  tuberculosis,  M.  africanum

and Mycobacterium canettii have an exclusively human habitat, M.

microti is a  pathogen in rodents, Mycobacterium pinnipedii in seals

and Mycobacterium caprae in goats, while M. bovis has a  wider range

of hosts. The study of RDs has allowed us to establish that the

species M. tuberculosis is the oldest ancestor from which the others

evolved. Within the species M.  tuberculosis, strains can be  classi-

fied as ancient or modern based on whether or  not they possess

the TbD1 region. Deletion of the TbD1 region probably occurred

prior to the eighteenth century, and the appearance of  modern

strains of M.  tuberculosis may  have contributed to the enormous

spread of tuberculosis (TB) from the eighteenth century onwards.

Gagneux et al.5 analysed these RDs in 875 strains from 80 coun-

tries. The strains were subdivided into four lineages (Indo-Oceanic,

East Asian, East African-Indian, Euro-American), plus two lineages

traditionally identified as M. africanum (West African 1 and West

African 2).

A  study in San Francisco, where communities of diverse geo-

graphic origins live side by side,  as do strains from the different

lineages described, observed a close association between lineages

and populations with a  specific geographic origin.5 In other words,

there would appear to  be  adaptation or compatibility between the

pathogen and a certain host population.

The studies based on both SNPs and LSPs are highly consistent,

which is not unexpected given the clonal nature of the M.  tuberculo-

sis population. Both types of study suggest an association between

lineage and geographic origin, speculating on the influence that

these lineages might have on the performance of diagnostic tests,

resistance to  anti-tuberculosis drugs and vaccine response.6
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Markers for molecular epidemiology studies

Spoligotyping: spacer oligonucleotide typing

The  M.  tuberculosis chromosome contains multiple copies of the

direct repeat (DR) sequence located at a  single chromosomal locus

(DR region), forming an IS6110 integration hot spot.  DR sequences

of 36 bp are separated by different, i.e. non-repeating, spacers of

34–41 bp. When comparing strains of M. tuberculosis,  this region is

polymorphic due to  both homologous recombination of DRs and

changes caused by the location of IS6110 in this region. The spolig-

otyping technique7 analyses this polymorphism. The first phase in

this process is amplification, using two complementary oligonu-

cleotides from the ends of the DR sequence as initiators, and,

consequently, amplifying the various spacer sequences present

in the strain. The initiators are marked with biotin. The second

phase is the detection of the various amplified spacer sequences

using PCR-product hybridisation on a  filter on which complemen-

tary oligonucleotides from the various spacer sequences described

have been immobilised. The binding of the PCR products to their

specific sequences is detected using peroxidase marked with strep-

tavidin, which binds to the biotin present in the PCR products.

There are 94 spacer sequences, although most analysis protocols

only use 43. Alternatives to membrane hybridisation have been

developed, such as a  technique based on microspheres and laser

technology8 or mass spectrometry (MALDI-TOF),9 which make

the technique quicker and easier. As it is the first phase in an

amplification reaction technique, only a  small quantity of DNA is

required. In fact, spoligotyping can be  used directly on the clinical

sample.10 The results are expressed as a binary number or as an

eight-digit number following a  simple conversion. This means that

results are easy to export and there are global databases (SpolDB4;

www.pasteur-guadeloupe.fr/tb/bd myeo.html)

The main limitation of spoligotyping is  lower discriminatory

power than IS6110-RFLP or mycobacterial interspersed repetitive

unit-variable number tandem repeats (MIRU-VNTR). Spoligotyping

occupies a midpoint between techniques that  give phylogenetic

information and more discriminative techniques that can detect

recent transmission chains. For this reason, it is  considered to be

more useful in phylogenetic studies (assignation of lineages, sub-

lineages or families) than for true transmission chain identification

for molecular epidemiology purposes.

Restriction-hybridisation patterns (IS6110-RFLP, PGRS-RFLP)

When a DNA molecule is broken down by  a restriction enzyme,

the number of fragments obtained is  equivalent to the num-

ber of times the restriction locus is repeated along the length

of the molecule. The size  of the various restriction fragments

corresponds to the separation between two neighbouring restric-

tion loci. Strains are  compared to detect restriction fragment

length polymorphism (RFLP) by separating the fragments obtained

using agarose gel electrophoresis. To simplify the interpreta-

tion of RFLPs of the entire DNA, we can focus on analysing a

repeated sequence in the genome rather than studying the whole

chromosome. To do this, the restriction fragments of the entire

DNA obtained are transferred to a  membrane (Southern-blot)

which is analysed using hybridisation with a  marked probe. Only

those fragments containing all or part of the complementary

sequence for the chosen probe will show up in  the hybridisa-

tion results, giving us profiles with few bands. The number of

bands will depend on the number of copies of the sequence

that are present on the genome, while the polymorphism will

depend on its distribution along the length of the genome, as

well as the variations in the restriction loci within this sequence

and in the neighbouring regions. Both the Southern transfer and

hybridisation notably complicate the technical aspects of the anal-

ysis.

One of the limitations of these techniques is the need for a  large

quantity of DNA, which prevents them being used directly on the

clinical sample, making it necessary to work from cultures. Simi-

larly, in strains in which the chosen sequence is repeated a  small

number of times (5 or less for IS6110-RFLP), the technique’s dis-

criminatory power is reduced. Moreover, the results are obtained as

a pattern of bands that is susceptible to electrophoretic distortions,

which makes comparison of results between laboratories difficult.

In spite of this, the restriction-hybridisation patterns associated

with IS6110 have for years been the reference technique for the

study of the molecular epidemiology of TB, both due to their dis-

criminatory power and their stability (estimated molecular clock of

between 3.2 and 8.7  years).11 The use of a standardised protocol12

with molecular weight markers included in  each electrophoresis

channel has allowed global databases to be established, improving

our knowledge of the global epidemiology of TB.

Mycobacterial interspersed repetitive units-variable number

tandem repeats (MIRU-VNTR)

Along the length of the M. tuberculosis chromosome, some

sequences repeated in  tandem are polymorphic in the different

strains thanks to a  variable number of tandem repeats (VNTR).

These structures are similar to the minisatellites observed in

eukaryotic cells. MIRUs are one of these VNTRs. They are tandem

repeats of 46–101 bp, with some 41 MIRUs dispersed throughout

the chromosome. MIRU-VNTR genotyping initially used 12  loci (the

most polymorphic), but  due to the low discrimination observed in

comparison to other markers, the analysis of 24 loci became the

standard and is the method used today.13 For this, a  specific PCR is

performed for each locus, marking the initiators used with a fluo-

rochrome. The length of the amplified fragment is later determined

using capillary electrophoresis. This length depends on the number

of repetitions of the core sequence present at the locus. The num-

ber of repetitions becomes the digit for this locus in  the VNTR code,

which will therefore have 24 digits.

MIRU-VNTR genotyping is fast, relatively simple from a

technical point of view, highly reproducible and discrimina-

tory (comparable to  IS6110-RFLP). Its results are expressed

as a  24-digit code and can therefore be exported easily, and

there are global databases that allow strains to be com-

pared worldwide (http://www.miru-vntrplus.org). One of these

databases includes MIRU-VNTR and spoligotyping data for around

62,000 strains of M. tuberculosis isolated from 153 countries

(http://www.pasteur-guadeloupe.fr:8081/SITVIT online). For all

these reasons, MIRU-VNTR has become the reference tech-

nique for genotyping M. tuberculosis. From the information

obtained, we  can infer phylogenetic hypotheses, as well as dis-

criminate at strain level, enabling us to  detect transmission

chains.

Nevertheless, the discriminatory power of the loci  used can

vary depending on the M. tuberculosis lineage studied. Therefore, in

view of the homoplasmy that exists between members of the Bei-

jing family, standard 24-locus MIRU-VNTR has its limitations.14,15

The inclusion of loci  not present in  the standardised scheme

(VNTRs 3232, 3280 and 4120) has been proposed for the analy-

sis  of this family. In other words, for certain studies, it may be

necessary to adapt the MIRU-VNTR scheme to the lineages stud-

ied.

Whole genome sequencing (WGS)

We  have seen how, to date, the molecular markers used anal-

yse the variations that exist in “hypervariable” regions, which

http://www.pasteur-guadeloupe.fr/tb/bd_myeo.html
http://www.miru-vntrplus.org/
http://www.pasteur-guadeloupe.fr:8081/SITVIT_online
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represent only a minuscule part of the whole genome. When

whole genome sequencing (WGS) is  used, information about the

microevolution of the entire genome becomes available. It has

become possible to  use WGS  in  the molecular epidemiology of

TB thanks to the technological development of platforms for

massive sequencing, as well as the appearance of commercial

preparations that facilitate the preparation of genomic libraries

for  sequencing. Obviously, the main difficulty of this technique

is the analysis of the information generated. In recent years,

numerous IT tools have been developed that allow us not  only

to calculate the number of SNPs that  exist between genomes, but

also to extrapolate, from the whole genome, both the molecular

markers used for genotyping (IS6110, MIRU-VNTR, spoligotyping)

and those that provide phylogenetic information (SNP, LPS),  as

well as the molecular antibiogram (analysing resistance-associated

mutations).16

As is to be expected, whole genome analysis is more discrimi-

natory than the markers traditionally used to detect transmission

chains. The parameter used is  the calculation of the SNPs that

exist between the sequences compared. Various studies have anal-

ysed the SNPs that exist between strains isolated sequentially in

the same patient or strains belonging to  well-defined transmis-

sion chains, both for molecular epidemiology and for field studies.

The objective of these studies is to estimate the short-term genetic

derivation of M.  tuberculosis in order to establish a cut-off value that

will enable us to  differentiate epidemiologically related and unre-

lated strains. Comparisons of the genomes of strains belonging to a

single transmission chain almost never exceed 3–5 SNPs.17,18 How-

ever, the average change in the DNA sequence of the M. tuberculosis

genome has been calculated at 0.5 SNPs per genome per year.18

The phylogenetic trees obtained through the study of SNPs in  the

whole genome correlate better with epidemiological field data than

the trees obtained with traditional markers. In  other words, the

study of SNPs throughout the genome allows us to  separate mem-

bers of a transmission chain from related strains that do  not belong

to that chain. This is especially helpful in  the analysis of complex

outbreaks.18,19

Furthermore, WGS  data allows us to  determine the distribu-

tion over time and in space of TB cases as it is able to  differentiate

the index case from secondary cases in the transmission chain. In

phylogenetic trees, the secondary cases (clonal variants with very

few differentiating SNPs) will give rise to star-like structures with

the index case as the nucleus. Likewise, in  a  long-lasting epidemic,

the unidirectional accumulation of SNPs allows us to more clearly

associate new cases with earlier cases.18,19

Applications of genotyping and genomic analysis strategies
for M.  tuberculosis

Strictly speaking, mycobacterium tuberculosis (MTB) genotyp-

ing techniques find their natural niche in  molecular epidemiology

studies that aim to  identify clusters of patients infected by the

same strain and which therefore form part of the same transmis-

sion chain. These grouped cases are differentiated from those not

belonging to the cluster, or orphan cases, which, as they are infected

with a strain with a unique genotype in that population, are con-

sidered to potentially be reactivations of more or less remote past

exposures.

In this review, seeking to cover the broadest spectrum of

applicability of MTB  genotyping techniques, we have opted to  go

beyond the narrow concept of the application of these techniques

for molecular epidemiology purposes and include other analysis

settings where these same methods have been found to  be use-

ful. We  will therefore revisit a  series of questions to which the

characterisation of the different genetic markers of MTB  has been

able to provide an answer.

Can I  identify a  false diagnosis of tuberculosis?

In the laboratory, the suspicion of possible cross-contamination

(CC) arises when two or more positive cultures are identified in

samples processed on the same day. The suspicion of CC is strength-

ened if the following factors are  also present: only one of  the

cases has additional positive samples, only the sample from one

of the cases under suspicion is a  positive stain, and the growth

in the sample in the case suspected of being a false positive

takes longer than average to give a positive result. However, in

order to irrefutably document that  we are  dealing with a labo-

ratory CC  event, we must demonstrate that the cultures in  the

cases under suspicion are of the same strain. For this, the rec-

ommended technique is MIRU-VNTR, due to  the greater speed

with which it yields results. In addition, since in this case it is

not  necessary to determine the precise genotype of  the strains

and a  qualitative analysis of their similarities (demonstrates CC)

or differences (rules out CC) is sufficient, rapid qualitative analy-

sis methods have been developed that allow rapid documentation

of the similarities/differences between genotypes by comparing

their mobility patterns in conventional agarose gel electrophoresis,

using triplex (MLP3 technique)20 as well as duplex21 PCR prod-

ucts.

Is this a microepidemic or outbreak?

Before MTB  genotyping techniques were developed, suspicion of

outbreaks or microepidemics was  based purely on identifying epi-

demiological links between several TB  cases. However, verification

of an outbreak requires confirmation that the strains infecting the

theoretically linked cases share an identical genotype. Document-

ing such outbreaks was handled initially using IS6110-RFLP and

in more recent years with MIRU-VNTR. Thanks to the on-demand

application of these techniques, it has been possible to  reveal that

some microepidemics involved different strains.22,23 These were

clearly identified by epidemiological studies of the cases, which

was the first indication that epidemiological research should be

extended to contact settings beyond the workplace, family or home

environments.

Similarly, as with the documentation of laboratory contamina-

tions, the molecular epidemiology analysis of suspected outbreaks

does not in  principle require the exact genotype of  the strains

to  be obtained, since its aim is  merely to establish similarities

or differences between the isolates concerned. MLP3 or derived

techniques20,21 may  therefore be sufficient for laboratories with

limited resources. However, obtaining the genotype through a

conventional full analysis, in the past with RFLP and now with

MIRU-VNTR, allows us to identify real contacts with other cases

in the population which helps to  redefine the extent of the

outbreak.

How can I identify mixed or complex infections?

One of the fields other than molecular epidemiology where

genotyping techniques have  led to  notable advances is in  the iden-

tification of cases infected with more than one strain, whether

in a single episode (mixed infections, where these involved dif-

ferent strains, or polyclonal infections, in  cases of clonal variants

originating from the same parent strain) or in successive episodes

(reinfections).

The first molecular documents regarding reinfections24 alerted

us to an unexpectedly high proportion (75%) of cases of  recurrent

TB  in which the strain isolated in  the second episode was different
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to the first, although these were in settings with a high incidence

where overexposure to infectious cases was more likely. In these

settings, it was even demonstrated that reinfection could occur

shortly after the end of treatment for the first episode.25 It was

later documented that reinfection was the cause of a  considerable

number of recurrences, including in  moderate or  low incidence

settings.26–28

With regard to the simultaneous presence of more than one

strain or clonal variant in  the same patient, only the arrival of

the MIRU-VNTR technique has led  to noticeable advances in  this

field.29,30 This is  because the earlier strategies, spoligotyping or

RFLP, were not capable of identifying the presence of more than one

strain. In such cases, a  fictitious genotype pattern was  obtained as

a result of the superimposed patterns of each of the strains, with-

out this additive pattern alerting us to the presence of two strains

or clonal variants. Nevertheless, the fact that the MIRU-VNTR tech-

nique gives a single amplification product for each locus analysed

means that, where we are observing more than one product, this

can only be due to  the presence of more than one strain (if  the

number of loci with more than one allele is sufficiently high) or

clonal variant (if  there are 1–2 loci with more than one allele).

Systemic application of the MIRU-VNTR technique has therefore

enabled us to more accurately determine the proportion of mixed

or polyclonal infections in a population,31,32 and to  be able to estab-

lish that the urgency of clonal variants is not restricted to extreme

situations such as long delays in diagnosis but can occur even in

conventional infections.33 Effective identification of complex infec-

tions has indisputable epidemiological value; meanwhile, failure

to  take it into account can lead to  difficulties in the treatment of

patients in the event of mixed infections with strains with differ-

ing patterns of susceptibility.34 Lastly, the presence of a complex

infection can lead to complications in microbiological diagnosis,

even in aspects as apparently unrelated as the analysis of laboratory

contamination.35

How can I tackle tuberculosis transmission dynamics in my

population?

In  contrast to the documentation on outbreaks, which is within

the scope of any laboratory with the capacity to  implement geno-

typing techniques, the analysis of transmission within a  population

requires us to lay down more solid strategic foundations. The

effective identification of transmission chains requires universal

genotyping; in other words, we  need to have a  population-based

sample which guarantees that we have access to all TB cases, and,

therefore, that links in the transmission chain are not going to

be left unanalysed. In addition, given the variable time between

exposure in a case and development of the disease, for rigorous

identification of transmission chains, a minimum time of more

than 2–3 years is needed to  systematically characterise all cases.

The first population-based molecular epidemiology studies relied

on the RFLP technique; however, the greater discrimination of the

MIRU-VNTR technique, its shorter turn-around time and the ease

of exchanging results between laboratories, due to formatting the

genotyping results as a  numeric code, have meant that it has com-

pletely replaced RFLP.

Universal molecular epidemiology studies allow us to find out

the percentage of TB cases that are the result of recent trans-

mission chains; this is  an excellent indicator of the efficacy of

control programmes, which should lead to a reduction in these

percentages. They have also facilitated the uncovering of trans-

mission dynamics in  complex epidemiological settings, such as

those derived from populations with a  high immigration rate, in

which it has been possible to  identify settings with significant

cross-transmission between indigenous and immigrant cases.36,37

Maintaining systematic genotyping systems has allowed us to

identify the prevalent strains that are responsible for a  large

part of the disease burden in a  population.38 Likewise, these

long-term molecular monitoring programmes facilitate detailed

dissection of the potential impact of the importation of  a strain

that is new to a  population, but that years later  may  have come

to  be responsible for a significant portion of TB cases in that

population.39

Is it possible to achieve very high-quality characterisation of

tuberculosis transmission?

Despite the valuable information obtained from the systematic

use of RFLP initially and MIRU-VNTR in  recent years, we  must be

aware of the inevitable limitations that derive from determining

relationships of similarities or  differences between strains when

we are only looking at the analysis of a  very small part (<0.1%)

of the MTB  chromosome. This means that we could be classifying

strains that differ in areas of the chromosome we  are not observing

as identical, and, therefore, that we could be overestimating some

of the transmission clusters we propose.

Fortunately, the marked reduction in cost and simplification of

bioinformatic procedures have  led to the introduction of  WGS  in

MTB  characterisation. This means that  we  have access to an enor-

mous quantity of information about the genome, which gives us a

much higher discriminatory power between strains. This is ideal

for guaranteeing maximum precision in  molecular epidemiology

studies, which are beginning to be  replaced by genomic epidemi-

ology.

The application of WGS  to clusters defined by conventional

genotyping means that  some of them, as expected, have been sub-

divided into smaller groups after identifying differences between

strains that, under earlier levels of resolution, appeared to be

related as a  cluster.40 This means that the information derived

from genomic epidemiology more closely reflects the geographic

distribution of the cases and their epidemiological links.19 The

systematic application of WGS  in  situations which are  diffi-

cult to control has revealed the enormous complexity of some

of these scenarios, such as the coexistence of different over-

lapping outbreaks that previously would have been interpreted

as one.41

In the field of population-based epidemiology, there are still few

settings in  which WGS  has been able to be applied systematically.

England stands out in this regard, having implemented an anal-

ysis system for all TB cases, beginning in the Midlands region42

and recently extended to  much of the country. These efforts

to systematically apply WGS  are  paralleled by the development

of a  methodology to accelerate the extraction of results, apply-

ing WGS  directly to primary cultures in  an attempt to eliminate

interference derived from human DNA present in the sample.43

Likewise, efforts are beginning to be  made to obtain genomic infor-

mation directly from clinical samples.44 The results are variable,

and still of lower quality than those obtained from cultures, but

this approach may  offer a  first line of analysis providing useful

information.

The greater accessibility of WGS  analysis has meant that it is

not restricted merely to  epidemiological studies but has been used

to seek answers to  some of the challenges discussed above, that

had already been analysed using conventional genotyping. WGS

has recently been used to tackle the documentation on the per-

centage of reinfections in a  population.45 Likewise, the capacity

of next-generation sequencing to  discriminate between different

sequences present in a single sample has allowed cases of complex

infection to  be identified.46 WGS  could be considered to provide

a level of resolution that is  not necessary to solve some of these

problems, especially when an initial search based on low dis-

crimination techniques may  be capable of identifying differences
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between strains without needing to search further. However, its

lowered cost actually does make it a competitive alternative, which,

in addition to answering these questions, for the same effort

and cost, gives us an enormous amount of additional genotyp-

ing information that is of interest, going beyond epidemiological

needs.

Can I find an alternative to  the path opened up  by genomic

epidemiology?

Although the discriminatory power and the volume of useful

epidemiological, therapeutic and phylogenetic information offered

by WGS  analysis are indisputable, its systematic application is

still not feasible in  many contexts. In particular, if we  look at

settings with limited resources, which also have the greatest

disease burden, these genomic strategies seem hard to imple-

ment.

It is in this gap that emerges between the high resolution offered

by WGS-based analysis and the need for monitoring in settings with

transmission challenges (that cannot yet be tackled by  genomic epi-

demiology) that an alternative line of progress has taken shape. It

consists of developing simple, low-cost, easy-to-implement molec-

ular methods for targeted monitoring of specific strains that are

responsible for the most relevant transmission problems in  each

population.

Specific monitoring of individual strains using simple molecu-

lar techniques is not a new proposal. PCRs designed to trace the

transmission of the W strain, which caused a  large outbreak in

New York, that targeted genetic features specific to  this strain, were

already being developed in  the 1990s.47 The disadvantage of these

proposals is that it was only possible to  design these PCRs follow-

ing a comprehensive genetic study of the strains, and only if this

uncovered a distinguishing feature. Now, with the accessibility of

WGS  analysis, we can identify distinctive features of any strain by

using whole genome sequencing on a  small number of representa-

tives of that isolate, which leads us to  identify SNPs specific to  that

strain.

Based on this premise, allele-specific PCRs have been developed

for monitoring strains that are prevalent in  a  certain population.48

Similarly, this analysis approach has been applied to  enable fast,

massive-scale searching of retrospective collections of isolates with

the aim of identifying the presence of a  strain with a  high epidemi-

ological risk in a  population through its having been involved in a

large outbreak.49 Finally, the possibility of integrating this strategy

to give an early response in the event of a  real alert has been demon-

strated. The diagnosis of two cases of XDR-TB imported from Russia

to Spain activated a  system that led to the rapid implementation

of specific PCR pathways for SNP markers of these strains, uncov-

ered by WGS  analysis and comparison with global SNP databases.

Their prospective local use on respiratory samples allowed sec-

ondary cases caused by  these high-risk strains to  be ruled out at

an early stage.50

How can we tackle the distribution of tuberculosis strains in a

global setting?

Up to this point, we have focused exclusively on the usefulness

of the different molecular and genomic epidemiology approaches

when dealing with challenges in defined populations or  specific

patients. However, we  must not forget that  TB is a  global phe-

nomenon and has become even more so as a  result of international

migratory movements. This means that there are also questions of

a “macropopulational” nature that need answers. In this sense, as

we discussed in the first part of this review, there is  a  level  of MTB

cataloguing that does not get into discriminating markers with the

aim of discriminating at strain level. Rather, it uses a  lower degree

of  discrimination to  catalogue isolates more generically in  each of

the lineages described for the TB  complex. Analysis of the distri-

bution of these lineages provides highly relevant information not

only from a global point of view, in that it allows us to determine

their international distribution, but also from an evolutionary or

phylogenetic point of view.

The first studies on the global distribution of lineages, as well

as phylogenetic studies, relied on spoligotyping,51 which has poor

discriminatory power and a  tendency towards homoplasmy that do

make it ideal for use in field epidemiology, but it is still adequate

for analysing the distribution of lineages, families or  subfamilies of

MTBC. However, the data obtained from WGS  analysis also offer

an alternative for studies of this type. A set of SNP markers has

been proposed for the different lineages that have been found to  be

consistent and which have simplified the methodology used.52 Var-

ious proposals have sought to  simplify the identification of these

SNPs, making use of the most widely available laboratory tech-

nologies and using different approaches such as real-time PCR,52

allele-specific PCRs,53 as well as other analysis formats which are

more limited to  those laboratories with greater resources, such as

Luminex52 or SNaPshot.53

Final comments

M. tuberculosis presents a  genetic stability that has forced us

to  make developments to adapt our methodologies specifically

to this disease. Efforts to optimise appropriate techniques for

this pathogen have given us an array of methods that cover a

wide range of discriminatory powers. Thanks to this, we now

have a variety of customisable approaches that we can adapt

to  suit the needs of each study. We have low-discrimination

analysis for studies on phylogenetics, evolution and the global

distribution of strains, and high-discrimination methods to pre-

cisely discern active transmission chains in  a  certain population,

identify laboratory contamination, characterise recurrences or  doc-

ument microepidemics. The fall in  the cost of the analysis of whole

chromosomes and the development of more affordable bioin-

formatic analysis systems have resulted in a  natural transition

of molecular epidemiology towards a  new genomic epidemiol-

ogy of TB. With the help of these strategies, we now have a

much higher discriminatory power, both for the precise identifi-

cation of transmission chains with solid epidemiological support

and for determining the chronology of said chains. WGS  anal-

ysis has also enabled us to identify SNP markers with a  high

degree of consistency, both for phylogenetic purposes and for

use as markers of relevant strains. Specifically, these SNP strain

markers, identified using WGS, may  represent a new path for

post-genomic advances in the development of specific low-cost,

transferable PCRs for prioritised monitoring of high-risk strains

in each population. This type of work may  give rise to  a new

model for decentralised, multinodal TB  transmission monitor-

ing.
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