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Tuberculosis (TB), caused by Mycobacterium tuberculosis
(Mtb), remains a serious global health problem in the 21"
century because of its high mortality. Mtb is an extremely
successful human-adapted pathogen that displays a multi-
factorial ability to control the host immune response and to
evade killing by drugs, resulting in the breakdown of BCG
vaccine-conferred anti-TB immunity and development of
multidrug-resistant (MDR) and extensively drug-resistant
(XDR) Mtb. Although genetic components of the genomes
of the Mtb complex strains are highly conserved, showing
over 99% similarity to other bacterial genera, recently accu-
mulated evidence suggests that the genetic diversity of the
Mtb complex strains has implications for treatment outcomes,
development of MDR/XDR Mtb, BCG vaccine efficacy,
transmissibility, and epidemiological outbreaks. Thus, new
insights into the pathophysiological features of the Mtb com-
plex strains are required for development of novel vaccines
and for control of MDR/XDR Mtb infection, eventually lead-
ing to refinement of treatment regimens and the health care
system. Many studies have focused on the differential iden-
tification of Mtb complex strains belonging to different lin-
eages because of differences in their virulence and geogra-
phical dominance. In this review, we discuss the impact of
differing genetic characteristics among Mtb complex strains
on vaccine efficacy, treatment outcome, development of MDR/
XDR Mtb strains, and epidemiological outbreaks by focus-
ing on the best-adapted human Mtb lineages. We further
explore the rationale for differential identification of Mtb
strains for more effective control of TB in clinical and labo-
ratory settings by scrutinizing current diagnostic methods.
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Introduction

Tuberculosis (TB) is a distressing infectious disease among
humans and remains one of the most important public health
problems worldwide. The World Health Organization re-
ports that 1-3 people die every minute from TB and the risk
of multi-drug resistance (MDR) Mtb infection has increased
over time (World Health Organization, 2016). The causa-
tive agents of TB in humans are obligate pathogenic bac-
teria belonging to the Mycobacterium tuberculosis complex
(hereafter referred to as the Mtb complex), especially Myco-
bacterium tuberculosis (hereafter referred to as Mtb, the dis-
covery of which was reported in 1882 by Robert Koch) (Koch,
1882; World Health Organization, 2016), M. africanum and
M. bovis. Infection with a strain of the Mtb complex can re-
sult in variable outcomes including clearance via innate im-
munity, latent TB, or active extra-pulmonary or pulmonary
TB (Coscolla and Gagneux, 2010). The variable disease out-
comes of TB have been attributed more to variation in host
immune responses and environmental factors than to ge-
netic variation among Mtb strains, because of their low ge-
netic diversity and the absence of conspicuous virulence fac-
tors in comparison to other bacterial genera (Coscolla and
Gagneux, 2010; Gagneux, 2013). Nevertheless, particular
strains belonging to specific Mtb complex species and Mtb
lineages display pronounced differences in their virulence
phenotypes and pathogenesis, including the emergence of
drug resistance, breakdown of vaccine efficacy, and trans-
missibility among different ranges of hosts (Coscolla and
Gagneux, 2014). Due to increasing emphasis on the impor-
tance of differential identification of the Mtb complex strains,
several molecular genotyping methods have recently been
introduced in clinical and experimental settings. They have
led to a much better understanding of the global phylogenetic
diversity of the Mtb complex and the potential factors influ-
encing the different outcomes of TB (Coscolla and Gagneux,
2010, 2014; Couvin and Rastogi, 2015).

Different species and strains of the Mtb complex exhibit
distinct responses in experimental studies and have been re-
ported to be able to affect clinical presentation (Coscolla and
Gagneux, 2010). Some clinical isolates have been reported
to display differences in their virulence depending on their



lineage (Coscolla and Gagneux, 2010; Couvin and Rastogi,
2015). Especially, modern lineages such as the Beijing family
(Lineage 2) and the Euro-American strains (Lineage 4) are
believed to more virulent compared to the other ancient Mtb
lineages such as the East-African-Indian (Lineage 1) and M.
africanum strains (Lineages 5 and 6) (Merker et al., 2015).
In addition, it could be shown that specific features [includ-
ing Bacillus Calmette-Guerin (BCG) vaccination efficacy and
drug resistance] differ for each lineage or strain (Zhang et al.,
2016). However, how the genomic diversity of Mtb influ-
ences TB epidemiology in clinical settings continues to be
debated.

In this review, we discuss the potential implications of the
genomic and genetic diversity of Mtb lineages according to
recent studies conducted on humans and in experimental
settings. We also highlight the importance of differential iden-
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tification of strains of the Mtb complex by summarizing data
from recent methods and experimental results. These data
support the relevance of studying the Mtb genetic diversity
for understanding differences in treatment outcome and
vaccine efficacy.

Genetic difference among the Mtb lineages

In many bacterial pathogens, genetic diversity increases at the
species or subspecies level through recombination, duplica-
tion, insertion and deletion events. However, gene exchange
in Mtb occurs rarely; therefore, Mtb displays a distinctly clo-
nal evolution (Nicol and Wilkinson, 2008). Seven distinct
Mtb lineages have been generally identified by large sequence
polymorphisms (LSPs): Lineage 1, Indo-Oceanic or East-
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Fig. 1. Schematic diagram illustrating the evolutionary relationship among Mtb strains identified by large sequence polymorphisms [modified from Merker
et al. (2015)]. Genomic regions of difference (RD) can be used to classify human- and animal-adapted strains of the M. tuberculosis complex based on the
presence or absence of deletion sequences. The white boxes indicate which specific deletion sequence is associated with a lineage. M. tuberculosis strains are
grouped into seven major lineages, which are in turn associated with specific geographic regions. However, lineages 2 and 4 are much more geographically

widespread than other lineages.
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Table 1. Genetic markers for differentiating major Mycobacterium tuberculosis lineages

Genetic markers

Mpycobacterium tuberculosis lineages

and corresponding

classification Lineage 1 Lineage 2 Lineage 3 Lineage 4 Lineage 5 Lineage 6 Lineage 7
TbD1 Ancestral Modern Modern Modern Ancestral Ancestral Intermediate
LSP marker
Brosch et al. (2002) ARD239 ARD105 ARD750 pks15/1 A7bp ARD711 ARD702 ARD239
LSP-.b asec_l Indo-Oceanic  East Asian Eas? Al Euro-American West-African 1 West-African 2 Ethiopian
classification Indian
Spoligotyping marker T: A33-36
Brudey et al. (2006), A4-7 and H: A31 and 33-36 A33-36, A4-24, 28 and 29,
Yimer et al. (2013), AP Rame st M A23-34 X: Al8 and 33-36 HPOETasE el A4-24 and 26-28
Couvin and Rastogi (2015) LAM: A21-24 and 33-36
Classification by East African- . Ghana, Haarlem, . . -
spoligotyping (Spoligotype) Indian Beijing Central Asian LAM and X efc. M. africanum M. africanum  Ethiopian
SNP marker R 3y Rv3815¢: GBIA - RpoB:T2646G  KatG: T1388G
Brosch e al. (2002) O] Rv0679c: C426G RpoB: C3243T
. East Asia, .

. . s Afﬂ?a’ Former Soviet 2 Aﬁlcg, Americas, Europe, Ghana, The Horn of

Geographical association ~ South Asia, . . North India, . Senegal .
. Union countries, . North Africa Cameroon Africa
South India Central Asia

South Africa

African; Lineage 2, East-Asian (includes Beijing family); Line-
age 3, East-African-Indian or Central Asia strain; Lineage 4,
Euro- American; Lineage 5, West-African or M. africanum
type 1; Lineage 6, West-African or M. africanum type 2 and
Lineage 7, Ethiopia (Fig. 1) (Coll et al., 2014).

Of the seven Mtb lineages, Lineage 2, 3, and 4 have been
designated as modern lineages and Lineage 1, 5, 6, and 7
have been designated as ancient lineages. This designation
is based on the presence of the TbD1 sequence in their ge-
nome. TbD1-deleted lineages are considered evolutionarily
modern (Lineages 2, 3, and 4), and lineages where this ge-
nomic region is conserved are considered evolutionarily an-
cient (Lineages 1, 5, 6, and 7; Table 1). The modern Mtb line-
ages form a monophyletic group in contrast to the ancient
Mtb lineages (Coll et al., 2014).

These human-adapted Mtb lineages are strongly associated
with particular geographical regions (Hirsh et al., 2004; Perez-
Osorio et al., 2012). Some lineages including the East-Asian

Table 2. The major outbreak strains of Mycobacterium tuberculosis

Lineage 2 and the Euro-American Lineage 4 are frequently
isolated from patients with TB globally, while the prevalence
of the other Mtb lineages is more regional (Gagneux, 2013;
Galagan, 2014). The Indo-Oceanic Lineage 1 and the Central-
Asian Lineage 3 are restricted to East Africa, Central, and
South Asia. M. africanum type 1 and 2 (Lineages 5 and 6 re-
spectively) are the most geographically restricted and occur
almost exclusively in West Africa (Hirsh et al., 2004; Gagneux
et al., 2006; Smith et al., 2006). Similarly, the Ethiopian Line-
age 7 was discovered recently and is limited to Ethiopia and
recent Ethiopian immigrants. Lineages 1-4 comprise 99.2%
of all cases of Mtb and the remaining percentage of cases is
caused by other lineages that show restricted geographical
and host distributions (Coscolla and Gagneux, 2014). The
reasons for why these three lineages (Lineages 5, 6 and 7) are
highly confined to specific regions are unknown (Coscolla
and Gagneux, 2014).

Mtb Lineage Outbreak strain Location (time)

Characteristics

Lineage 1 43-16836 Thailand (2010s) Viratyosin et al. (2013)
PRO5 Malaysia (2013) Ismail et al. (2013)
= Expression of hieh lipid Sreevatsan et al. (1997),
Lineage 2 HN878 (210) Houston, Texas, and New York, USA (1990s) Rap id progressi (%n top death in mice Barczak et al. (2005),
pid prog Han et al. (2015)
K Kyunggi province, South Korea (1998) : %/I;Lsgt I; lrlesglstril;l%enotype ot i Han et al. (2015)
Agerton et al. (1999),
W New York and other parts of USA (1990s) ® Strong propensity for drug resistance Glynn et al. (2002)
CTRI-4 Tomsk, Siberia, Russian Federation (1998-1999)
Lineage 3 CH Leicester, UK (2001)
] Rural area near the Kentucky-Tennessee
Lineaged  CDCISSL o1 der, USA (1994-1996)
KZN ;l;%g()‘esl;i Wy LS izl Sorin Adhiten Largest global outbreak of XDR TB Cohen et al. (2015)
Fl1 Western Cape communities of South Africa Victor et al. (2004)

(1990s)

C Los Angeles, USA (1994-1996)

Coscolla and Gagneux (2014)




Aspects of epidemiology of Mtb lineages

Differing virulence phenotypes of Mtb strains

Recent studies have explored how Mtb lineage variation is
related to virulence, drug resistance, and BCG vaccination
efficacy. Many experimental studies have produced evidence
that clinical isolates of Mtb differ in virulence. Generally, Mtb
virulence is directly linked to its transmission ability in com-
parison with many other bacteria; delayed immune response
is one of the distinct features in Mtb infection (Ernst, 2012).
More specifically, studies modeling infection with different
Mtb lineages show that the modern Mtb Lineages 2, 3, and
4 induce a low level of inflammatory cytokines at early phase
of infection (Table 2). They have shown that the expression
of TNF-a, IFN-y, IL-12, and IL-17 are important indicators
of a protective immune response against TB, particularly
against highly virulent Mtb lineages in contrast to ancestral
Mtb Lineages 1 and 6 (Portevin et al., 2011). These modern
Mtb lineages are more widespread globally than other line-
ages. Therefore, many studies have reported that the modern
Mtb strains are associated with the high virulence phenotype
(i.e. they induce a delayed inflammatory response) and it is
one of the factors linked to the global success of these line-
ages (Comas and Gagneux, 2011). Indeed, Reiling et al. (2013)
have reported that modern Mtb lineages undergo fast rep-
lication in human macrophages and in an aerosol-infected
mouse model. Other studies have also demonstrated induc-
tion of lower and more delayed pro-inflammatory response
upon infection by modern Mtb lineages compared to infec-
tion by other lineages (Coscolla and Gagneux, 2014).

Some studies have drawn comparisons within the group
of modern Mtb lineages. One study found that Lineage 3
exhibited a high anti-inflammatory response compared to
Lineage 4 (Mihret et al., 2012; Newton et al., 2006), and the
Beijing family (that belongs to Lineage 2) commonly induces
a low-level immune response (lower expression of cytokines
TNF-a, IL-6, IL-10, and GRP-a) compared to Mtb H37Rv
(that belongs to Lineage 4) by macrophages and dendritic
cells (Wang et al, 2010). In addition, Sarkar et al. (2012)
have reported that Lineage 2 strains show a low pro-inflam-
matory response compared to the other two modern Mtb
lineages. However, Krishnan et al. (2011) did not find any
differences between Lineage 2 and Lineage 4. These disparate
findings with respect to the immune response can be ex-
plained by differing experimental conditions and by differ-
ences in immune regulation by Mtb lineages that are expected
to occur at the sub-lineage level. Such differences have been
most widely studied in Lineage 2. Ribeiro et al. (2014) found
that the more modern Beijing strains cause more cytotoxi-
city and lead to worse gross pathology in C57BL/6 mice. In
this context, Mtb strains belonging to the W-Beijing family
are the most widely studied because of their highly patho-
genic phenotype. These strains are endemic in East Asia re-
gion but they have spread to New York, Russia, Latvia and
South Africa since the late 1990s (Sreevatsan et al., 1997).
Many studies have adduced evidence from animal models
that the W-Beijing family is more hyper-virulent, charac-
terized by greater dissemination, a higher bacillary load in the
sputum, and causes early death. For example of W-Beijing
family, the HN878 strain belonging to Lineage 2 was a ma-
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jor cause of an outbreak in Texas prisons in 1995 (Table 2)
(Sreevatsan et al., 1997). It is characterized by a more rapid
progression of the disease to death in an immunocompetent
mouse model in comparison with the clinical strain CDC-
1551 (Lineage 4) and the standard laboratory strain H37Rv
(Lineage 4). It is also characterized by an increased rate of
relapse from the latent state (Barczak et al., 2005; De Jong
et al., 2008; Thwaites et al., 2008). Among the other strains
in the Beijing family, the K strain caused a large outbreak
of TB in South Korea in 1998 (Table 2). This strain is also
characterized by a severe pathology and a high-level of re-
activation. Moreover, Bacillus-Calmette-Guérin vaccination
is less effective against the W-Beijing family than it is against
other Mtb strains (including H37Rv) (Han et al., 2015).

The Mtb CH strain belonging to Lineage 3 was responsible
for a large outbreak of TB in Leicester, UK (Table 2). This
strain showed rapid progression to active infection within
a year and the immune response of the infected macrophages
is characterized by low expression of IL-12p40 and higher
expression of IL-10. The ability to avoid detection by innate
immune responses due to the deletion of RD750 (Rv1519-
1520) is specific to Lineage 3.

As mentioned above, many studies have found that different
Mtb lineages exhibit different virulence profiles and the vir-
ulence is based on factors like bacterial uptake by host cells,
intracellular growth, pathological progression, and cytokine
induction. We expect that, in agreement with other studies,
the high virulence Mtb strains are related to the more mo-
dern lineages of Mtb and they need to be monitored for ef-
fective TB control.

Differences in vaccine efficacy against Mtb strains

There has been no vaccine licensed for or found to be effec-
tive against TB except for the BCG vaccine. The BCG vac-
cine is one of the most widely used vaccines in the world
and over 80% of new born children and infants receive BCG
vaccination in countries where its immunization policy is
introduced (World Health Organization, 2016). The effi-
cacy of BCG vaccine against TB can vary from the absence
of any protection to 80% fewer cases of TB in different geo-
graphical locations. This variation occurs due to a number
of factors including BCG vaccine-host interaction, host nu-
tritional status, environmental status, and genetic diversity
of the Mtb strains (Abebe and Bjune, 2006). However, an
exact mechanism explaining the variation in BCG vaccine
efficacy has not been proposed to date. A putative reason
for the variation in the protective efficacy of the BCG vac-
cine is the difference in genetic characteristics of the Mtb
strains (Zhang et al., 2016). The use of laboratory-adapted
Mtb strains, including Mtb H37Rv and Mtb Erdman, for
evaluation of vaccine efficacy, was reported to be of limited
success in recent vaccine studies because of differences in
virulence between laboratory-adapted strains and clinical
strains (McShane and Williams, 2014; Henao-Tamayo et
al., 2015).

In addition, there are two main approaches to the devel-
opment of a TB vaccine: the development of a whole myco-
bacterial priming agent to replace the BCG agent and/or the
development of a booster agent to be administered after the
BCG or another vaccine (Hatherill et al., 2016). Notably, the
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Table 3. Characteristics of major Mycobacterium tuberculosis lineages

Li Characteristics
Hneage In vitro characteristics” In vivo and clinical characteristics’
® Induce relatively weak levels of Th1-associated
cytokines (IL-1{, IL-6, IL-12p40, except TNF)
® Low uptake of bacteria by human macrophages. ® Lower bacillary load than Beijing family Reiling ef al. (2013)
Lineagel  ® Less virulent and more susceptible to oxidative = Evolve into MDR® or XDR Mtb strains at the second N 8 ¢ ol 201 63
stress than Lineage 4 highest rate following the Beijing family (Lineage 2) guyen et at.
® Lower growth in human alveolar lung cells than
modern lineages
= Low vaccination efficacy
= Induce relatively weak levels Th1-associated ® Rapid progression to death in animal models
cytokines ® High bacillary load and larger granulomatous Bifani et al. (2002)
® Low uptake of bacteria by human macrophages lesions in lung of infected mice Albagl ¢ %.B" (’200 6)
Li ® Higher intracellular growth in human alveolar lung ® More often isolated from the young who have been ¢be and Bjune >
ineage 2 ITs th 11 inated bef Reiling et al. (2013),
cells than ancestral lineages vaccinated before Ribeiro et al. (2014)
= High levels of necrosis, and low levels of apoptosis ~ ® Evolve into MDR or XDR strains at the highestrate ¢ -0 = 0 7 (201 5)’
in infected macrophages ® QOutbreaks generally caused by MDR/XDR strains, erker et ak
especially from the modern Beijing family
= Higher number of cellular infiltrates
Lineage 3 u frrllcli;:;el Le;z Iclél-1152p40 and more IL-10; rapid growth Reiling ef al. (2013)
. . . ® Some strains (especially, CDC1551) less virulent
: %_rlllduce high levels of'I"hl—assoaated cytokines than other clinicr:ﬂ and)Iaboratory strains, and show
Lineage 4 }gh uptake (.)fbaaerla by human macrophages. slow growth in infected animals. Reiling et al. (2013)
8 = High growth in human alveolar lung cells than - grow 7 8
ancestral lineages KNZ strains known to evolve into MDR and XDR
strains
= Depending on the strains, different levels of ® Only confirmed outbreak of MDR strains occurred
cytokines may be induced; produce less IFN-y than in France and Brazil (1989-1992)
Other lineages  other lineages ® Generally, no difference in propensity to evolve into Winglee et al. (2016)
(5,6,and7) ® Low uptake of bacteria by human macrophages MDR/ XDR strains than other lineages, or lower e

Low growth in human alveolar lung cells than
modern lineages

MDR/ XDR evolution in isolates
Lineage 5 and 6 strains have decreased virulence

a — o A
Including inflammatory response characteristics and intracellular growth
Including pathology and virulence characteristics in animal models, and drug resistance

© MDR, Multidrug-resistant; XDR, Extensively drug-resistant

MVAS85A vaccine given as a single-dose parenteral booster
after BCG priming, which was being developed as a new-
generation vaccine by Oxford University, showed insignifi-
cant prevention efficacy in infants. One of the reasons be-
hind the failure might be the underestimation of Mtb genetic
diversity (McShane and Williams, 2014). Especially, as ex-
emplified by the Mtb Beijing family. As mentioned above,
the Beijing family is related to one of the seven major Mtb
lineages and is spread widely in Russia and East Asia, espe-
cially in countries neighboring China. Several studies cover-
ing these areas have reported that typical Beijing family
isolates were more likely to be identified from patients im-
munized with the BCG vaccine and from areas where the
BCG vaccine was prescribed (Rook et al., 1981; Abebe and
Bjune, 2006). Thus, several epidemiological studies have sug-
gested that extensive BCG vaccination may be one of driv-
ing factors behind the emergence of the Beijing family (Abebe
and Bjune, 2006; Jeon et al., 2008).

Different lineages of Mtb are characterized by different
aspects of infection in animal models. The Beijing family,
which has been known to avoid BCG-induced immune re-
sponses, is an example of this. Results showed that infection
by a strain of the Beijing family rapidly induces pneumonia,
and TNF-a and iNOS expression when compared to infec-
tion by Mtb H37Rv. Furthermore, mice immunized with
BCG immunization die rapidly and at a higher rate upon
such an infection. On the other hand, when infected with
M. canettii or a Lineage 1 strain, the mice showed limited
pneumonia and continuous expression of TNF-a, and iNOS
and an almost 100% survival rate (Abebe and Bjune, 2006;

Coscolla and Gagneux, 2014). In addition, the Beijing family
strains consistently induce accelerated bacterial multiplica-
tion and death compared to the M. canettii, Haarlem, and
Somali clades (Reiling et al., 2013).

As mentioned above, various diagnostic techniques and
genotyping methods are being commercialized and utilized
against Mtb. However, most of these simply distinguish my-
cobacteria from other bacterial genera, or they only classify
isolates as belonging to the Mtb complex, or as NTM. Tech-
niques like multiplex PCR (both conventional PCR and real-
time PCR) can be used to further identify the species of the
isolates, but cannot be used to distinguish the lineage in Mtb.
Therefore, a variety of diagnostic methods might yet be de-
veloped to take advantage of the specific properties of Mtb
strains, for effective TB control.

Different proportions of drug resistance among Mtb strains

The molecular epidemiology of TB can be used to under-
stand infection routes and outbreaks of drug-resistant TB.
Multidrug-resistant (MDR) TB (which comprises 5% of TB
cases globally) and extensively drug-resistant (XDR)-TB have
been observed in various regions around the world, espe-
cially East Asia, countries of the former Soviet Union, and
South Africa. Generally, development of MDR and XDR
Mtb appears to result from the acquisition of genomic mu-
tations (Lanzas et al., 2013). Since drug-resistant (DR) Mtb
develops upon mutations in individual resistance genes (in-
cluding rpoA, katG, and rrs) that cause a defect in the bac-
terium’s life cycle, it is known that DR Mtb strains show low



infectivity (Ford et al., 2013; Coscolla and Gagneux, 2014).
However, some groups have reported that infectious DR
Mtb strains do exist. It has been suggested that DR Mtb
strains are able to spread (Table 3) (Ford et al., 2013; Coscolla
and Gagneux, 2014). Finally, though MDR-TB seems to be
prevalent in areas with a high number of TB outbreaks, a
WHO report has shown that MDR-TB occurs only in spe-
cific areas (Galagan, 2014; World Health Organization, 2016).

As mentioned above, since each Mtb lineage is almost ex-
clusively associated with a specific region, it was hypothe-
sized that DR, MDR, and XDR TB strains found in a spe-
cific area are related to a specific Mtb lineage. However, the
global discovery of such strains has led to the belief that DR
strains can be transmitted between people, and patients who
carry DR strains need to be managed more thoroughly. Se-
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veral studies have supported the view that strains of Mtb
Lineage 2 and KwaZulu-Natal (KZN) strain have a higher
propensity to develop drug-resistance than other Mtb line-
ages and strains (Table 3) (Buu et al., 2012; Merker et al.,
2015). Merker et al. (2015) analyzed strains of the Beijing
family found globally for drug resistance. Their data involved
the calculation of genetic distances among Beijing sub-lin-
eage genomes. The Beijing sub-lineages CC1 and CC2 ex-
hibit a higher proportion of drug-resistant strains, and also
a lower pairwise distance than other sub-lineages (Couvin
and Rastogi, 2015; Merker et al., 2015). In addition, the
KZN strain belonging to Lineage 4 is known to be respon-
sible for an outbreak of XDR-TB in 2005 in the KwaZulu-
Natal region of South Africa. Genomic and proteomic an-
alyses may provide opportunities for the discovery of poten-
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Fig. 2. Various molecular genotyping markers found in the Mycobacterium genome [modified from Comas et al. (2009)]. (1) Insertion sequence (IS) 6110-
Restriction fragment length polymorphisms arise among M. tuberculosis complex strains because of the variable occurrence of a specific transposase gene
that carries a restriction enzyme site (pvull); (2) Direct repeats (DR) of length 36 base pairs that are interspersed by unique spacer sequences (35-43 base pairs)
are used in spoligotyping methods. Spoligotyping patterns are generally represented by black (signifying the presence of particular spacers) and white
(signifying the absence of particular spacers) boxes; (3) Variable number tandem repeats (VNTR) of mycobacterial interspersed repetitive units (MIRU)
are also employed as unique markers; (4) insertion and deletion of genes (or gene clusters) and (5) single nucleotide polymorphisms (nonsynonymous SNPs
and synonymous SNPs) identified through whole-genome sequencing are also used for differentiating M. tuberculosis strains. Almost all methods for estimating

genetic diversity are based on the use of these five genetic markers.
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Table 4. Evaluation of various molecular genotyping methods

Genotyping method * Principle "

Strength

Weakness

Use of IS6110, a mobile element
found frequently in the Mtb genome
Analysis of digestion pattern of
186110 produced by the restriction
enzyme pvull

1S6110-RFLP
Thierry et al. (1990),
Kato-Maeda et al. (2011)

Better resolution than the
spoligotyping method

Ability to identify Mtb lineages and
strains

Low resolution of Mtb strains
harboring less than five copies of
IS6110

Requirement of large amounts of
good quality genomic DNA (2-3 g),
expensive computer software, and
personnel with technical expertise
Laborious and time-consuming

Identification of Mtb genotype by
length polymorphisms of the spacer
regions between direct repeats (DRs)
Analysis of binding patterns of
probes specific to the spacer regions
present between the GGCCA and
GGCCA sequences (DRs)

Spoligotyping
Brudey et al. (2006),
Kato-Maeda et al. (2011)

m Relatively cost-effective and simple

compared to other methods

® Highly reproducible, PCR-based

method, requires small amount of
DNA

Free accessibility to the international
spoligotyping database (SpolDB4)
for referencing

Low resolution compared to
IS6110-RFLP

Ineffective discrimination of Mtb
strains belonging to the Beijing
family

Lack of ability to differentiate
Lineage 7

MIRU-VNTR
Weniger et al. (2010),
Kato-Maeda et al. (2011)

Analysis of copy number variation
of repetitive sequences known as
MIRU

Better resolution than both
IS6110-RFLP and spoligotyping
A simple PCR-based method

Requirement of specific equipment
such as a sequencer, electro-capillary
apparatus, and a specialized in silico
automatic analytical system

Detection of LSPs, especially
identification of irreversible
deletions

Deletion analysis
Coscolla and Gagneux (2014)

Fast and labor-saving
PCR-based simple method
Most frequently used method

Occurrence of inconsistent results
due individual settings and target
preferences

Requirement of confirmatory
methods

Relatively less reproducible than
other methods

High frequency of exceptional cases

In silico identification of SNPs
present either in the whole genome
or in specific genes by comparison
with sequences of reference strains

WGS
Coll et al. (2014)

The most advanced and reliable
method

Unrivalled resolution

Provision of several adjunctive
pieces of information such as drug
resistance and genetic features of the
targeted Mtb

More expensive than other methods
Requirement of specialized software
and skilled personnel for data
manipulation

*1S6110-RFLP, Insertion sequence 6110-restriction fragment length polymorphism; Spoligotyping, Spacer oligonucleotide typing; MIRU-VNTR, Mycobacterial Interspersed
Repetitive Unit-Variable Number of Tandem Repeat; WGS: Whole genome sequencing.

® Mtb, Mycobacterium tuberculosis; LSPs, Large sequence polymorphisms.

tial drug targets. In particular, the availability of genomic
data of MDR and XDR Mtb strains (include the KZN strain)
might make it possible to find a clue regarding the origin of
drug resistance in bacteria that may lead to the discovery of
new drug targets.

Differential identification of Mtb strains and
genotyping methods

Genomic variations
Mobile elements and copy number repeats

A) Insertion Sequence (IS) 6110

In the Mtb complex, IS6110 is a mobile genetic element
that has been utilized as the gold standard for genotyping
since the 1990s (Fig. 2 and Table 4) (Thierry et al., 1990).
IS6110 can be present in multiple copies in various parts of
the whole genome of an Mtb complex strain. The number
of copies of IS6110 varies from strain to strain because IS is
highly unstable. However, experimental evidence shows that
although IS6110 is an unstable element, transmission events
involving it are very rare in mycobacteria (Warren et al.,
2002; Comas et al., 2009). Based on this characteristic, many
studies have established that IS6110-restriction fragment
length polymorphisms (IS6110-RFLP) can be used to classify
Mtb complex strains. RFLP classification using IS6110 is

based on the different number of copies and the different lo-
cations of IS6110 insertion in the whole genome. Thus, clas-
sification based IS6110 is performed by digestion with pvull
followed by electrophoretic separation and hybridization
with an IS6110-derived probe (Thierry et al., 1990; Comas
et al., 2009). This method is highly informative when there
are over five IS6110 copies in the whole genome, and it is
used to determine whether isolates collected during the same
outbreak come from the same strain or not (Comas et al.,
2009; Kato-Maeda et al., 2011; Sinha et al, 2016). However,
IS6110-RFLP requires a large amount of good quality geno-
mic DNA (about 2-3 g per reaction), and this assay is also
time-consuming and difficult to reproduce because it re-
quires experienced personnel with high technical expertise.
Due to these limitations, PCR-based assays have been devel-
oped for genotyping Mtb complex strains that require only
a small amount of DNA (Tortoli et al., 2012; Yimer et al.,
2013; Chae et al., 2017). Additionally, IS6110-RFLP cannot
be performed for some strains that have less than five IS6110
copies. Furthermore, the lack of reliability of this assay pre-
vents the comparison of genotyping results among labo-
ratories (Thierry et al., 1990; Warren et al., 2002).

B) Spacer oligonucleotide typing (spoligotyping)

Spoligotyping is a PCR-based technique for differentiating
M. tuberculosis strains (Fig. 2 and Table 4). It is based on the
existence of unique spacer regions between direct repeats,



which are known as the ‘clustered regularly interspaced short
palindromic repeats’, in the Mtb genome (Fig. 2) (Groenen
et al., 1993). During spoligotyping, a primer pair amplifies
the spacer present in the direct repeat locus and the products
of the amplification are covalently hybridized to oligonu-
cleotide probes derived from direct repeat spacers specific
to a strain (Brudey et al., 2006; Oelemann et al., 2007). The
“spoligo-type” pattern so generated is compared to patterns
of spoligo-type found in the international spoligotyping data-
base (SpolDB4) that includes thousands of spoligo-type pat-
terns (Brudey et al., 2006). This assay was originally developed
to identify the route of infection by an Mtb complex strain.
However, this genotyping method is of limited utility when
drawing a phylogenetic tree and for accurate strain discrim-
ination (particularly, discrimination of the Lineage 2/Beijing
family) because many spoligo-types share similar patterns
(especially Lineage 3/ CAS family) (Devi et al., 2015).

C) Mycobacterial Interspersed Repetitive Unit-Variable Num-

ber Tandem Repeat (MIRU-VNTR)
The first whole genome sequence of Mtb was finished in 1998
(Cole et al., 1998). Afterwards, comparative genome analysis
was performed on several Mtb genomes leading to the disco-
very of VNTRs known as MIRUs in the Mtb complex (Fig.
2 and Table 4). These were soon utilized as a new method
for molecular genotyping of Mtb. An MIRU is a repeating
unit composed of dozens of base pairs and is used to iden-
tify strains by variation in its number (Fig. 2) (Weniger et al.,
2010; Couvin and Rastogi, 2015). These days, it has become
a preferred genotyping technique over spoligotyping in many
countries. Strain genotyping using VNTR has also developed
rapidly as an alternative to IS6110-RFLP because it is a PCR-
based assay and thus needs only a small amount of DNA.
This simple process also provides high speed and accuracy
(Weniger et al., 2010). In addition, this technique lends it-
self to digitization and has allowed the development of an
online database system called VNTR plus (Oelemann et al,
2007). However, this technique possesses less discrimination
ability than IS6110-RFLP, because different VNTR loci are
used by each country and laboratory. This means that the
Mtb complex strains found in each country are identified
by different VN'TR characteristics. Therefore, further experi-
ments with the appropriate combination of VNTR loci are
needed to establish the standard VNTR method (Kato-Maeda
etal., 2011).

Large Sequence Polymorphisms (LSPs)

The analysis results of Mtb genome sequencing led to the dis-
covery of LSPs (including region of difference; RD) (Comas
et al., 2009). Even though horizontal gene transmission events
have been detected in other mycobacteria species, the genetic
components among the Mtb complex is highly conserved with
99.9% similarity at the nucleotide level (Galagan, 2014). Since
horizontal gene transfer rarely occurs in the Mtb complex,
LSPs could be suitable phylogenetic markers for lineage and
sub-lineage classification. For example, RDs in mycobacteria
have been used as major genetic markers to classify the strains
of the Mtb complex into main lineages and sub-lineages (Fig.
2 and Table 4) (Hirsh et al., 2004; Mostowy et al., 2004a,
2004b). In additions, representatively Lineages 2, 3, and 4
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are modern lineage and Lineages 1, 5, and 6 are ancient lin-
eage based on the presence of TbD1 (Brosch et al., 2002;
Achtman, 2008).

Besides RDs, there are several new genetic markers known
under the category of LSPs. For example, the insertion of the
IS6110 gene into a specific region of the genome can lead
to the development of an LSP. In 1991, BO/W 148 strains were
isolated in New York; the characteristic of these strains is
that the IS6110 gene is inserted into the noise transfer func-
tion (NTF) region of these strains. Within the Mtb Beijing
family, the strains whose NTF region is found to carry the
IS6110 gene are classified as the modern type, whereas the
other strains are classified as the ancient type (Bifani et al.,
2002; Tsolaki et al., 2005; Merker et al., 2015). In addition,
our group recently found a unique gene cluster enabling to
identify the Beijing family among the Mtb complex using
whole genome sequencing. Since this region was highly con-
served within the Beijing family, we developed a multiplex
PCR assay for distinguishing the Beijing family not only from
other major nontuberculous mycobacteria but also from
other Mtb complex (Chae et al., 2017).

Single nucleotide polymorphisms (SNPs)

LSPs can serve as robust markers for phylogenetic classifi-
cation. However, LSPs are not different enough to allow dis-
tinction between closely related Mtb strains (Galagan, 2014).
On the other hand, SNPs encompass all types of mutations
in the whole genome and provide much better resolution
than LSPs (Fig. 2 and Table 4) (Coll et al., 2014). For exam-
ple, as mention above, the Beijing family is associated with
a unique spoligo-type pattern and the unique presence of
RD 207. However, the use of these markers still seems to carry
many disadvantages, since it relies on the unstable insertion
and deletion of elements. Therefore, a mutation in the rv0679c¢
locus allows distinguishing Lineage 2 in Mtb from other
lineages which supports the evidence of LSPs marker with
the reported advantages of SNPs (Nakajima et al., 2013). The
discovery of new SNPs by whole-genome sequencing ap-
proaches has the potential to produce more extensive insights
into the molecular and epidemiological mechanisms of Mtb
transmission, as well as allow the development of better di-
agnostic tools and therapies (Niemann and Supply, 2014).
In addition, SNPs analysis can allow the calculation of ge-
netic distances between Mtb strains and lead to the inference
of their overall phylogeny, and the widespread occurrence
of SNPs in the Mtb complex genome has been used for pro-
ducing a phylogenetic classification of the Mtb complex (Coll
et al., 2014). Real-time PCR and sequencing are known tech-
niques for SNP detection. These methods are important to
understand the current state of the Mtb complex, as well as
to help predict the direction of its evolution. Coscolla and
Gagneux (2014) have reported that the strains belonging to
the modern Lineage 2, 3, and 4 differ by 970 SNPs on aver-
age. Strains belonging to the ancient Lineage 1, 5, and 6 are
more distantly related, with an average distance of 1500 SNPs
between them. This information can be used to construct a
phylogenetic tree and identify which Mtb strains have led to
recent outbreaks. In addition, because horizontal gene trans-
fer among Mtb complex strains is rare, SNPs can serve as a
robust marker for identifying Mtb strains according to their
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phylogenetic classification. The publication of whole genome
sequencing (WGS) results by Rose et al. (2013) led to the
identification of all SNPs specific to the different lineages
of the Mtb complex. The number of SNPs ranges from 124
in Lineage 2 (a modern Mtb lineage) to 698 in Lineage 5 (an
ancient Mtb lineage). In all cases, over 40% of the non-syn-
onymous SNPs were fixed within their respective Mtb line-
ages and therefore they can be predicted to be involved in
gene function. These data reveal that although the general
genomic diversity of Mtb is lower than other bacterial gen-
era (Achtman, 2008), a lot of SNPs have accumulated within
each Mtb lineage and they are likely to contribute to pheno-
typic differences among them. The most common SNPs in
Mtb are mutations associated with drug resistance and vir-
ulence (Perez-Osorio et al., 2012; Casali et al., 2014). Due to
these mutations, certain gene products cannot be expressed,
leading to an interruption in the metabolism of certain an-
tibiotics and attenuation of virulence (Coll et al.,, 2014).

The katG and phoPR genes provide particularly illustrative
examples. First, the Ser375Thr mutation in katG confers re-
sistance to isoniazid (Mokrousov et al., 2002). katG encodes
a catalase-peroxidase that activates the isoniazid pro-drug.
However, the Ser375Thr mutation prevents activation of iso-
niazid, resulting in resistance to it. Second, phoPR, which
regulates a two-component virulence system, is essential for
Mtb complex virulence including the regulation of secretion
of ESAT-6, acyltrehalose-based lipids, and the modulation
of antigen export (Coscolla and Gagneux, 2014). SNPs in
this gene have been reported to lead to critical Mtb pheno-
type changes. If an amino acid changes at position 219 of
phoP in the Mtb H37Rv strain, its virulence is remarkably
attenuated and it is then referred as the Mtb H37Ra strain.
(Coll et al., 2014; Coscolla and Gagneux, 2014).

Genotyping and diagnosis methods
Commercialized assays

The molecular diagnosis of TB directly from clinical isolates
has been performed since the early 1990s. These methods
compensate for defects in microscopy and culture-based me-
thods, the major disadvantages of which are poor sensitivity
(requiring 10° CFU/ml within sputum) and a narrow detec-
tion range (Sarmiento et al., 2003). Many studies have intro-
duced various genotyping methods and molecular diagnostic
assays based on several different technologies.

A) PCR-based methods
One of the first commercialized assays was performed us-
ing multiplex PCR (both conventional PCR and real-time
PCR), which was based on the amplification of housekeeping
genes (e.g. 16S rRNA genes common to all mycobacteria)
and Mtb-specific insertion sequences (e.g. IS6110 or RD se-
quences) (Tevere et al., 1996). Conventional multiplex PCR
is based on the simultaneous use of multiple specific primers
and real-time multiplex PCR use primers with fluorescent
probes. Unlike microscopy-based tests, this assay can clas-
sify species and subspecies belonging to the Mtb complex
and the NTM group (Kim et al., 2013; Mutingwende et al.,
2015; Chae et al., 2017).

In general, sensitivity and specificity of multiplex PCR as-

says are higher than that of other commercial methods. On
average, a sensitivity of 75.5% is obtained with conventional
PCR and a sensitivity of 77.3% is obtained with real-time
PCR (not a significant difference). The specificity of both
methods with sputum samples is 99.5%. However, cerebro-
spinal fluid, pleural fluid, and urine samples show a lower
sensitivity because of inhibitory substances (< 50%) (Sar-
miento et al., 2003; Tortoli et al., 2012).

GenXpert Mtb/RIF is a cartridge-based nucleotide amplifi-
cation assay and simultaneously detects Mtb and rifampicin
(RIF) resistance. Since 2010, this assay has been used in TB
endemic countries (including China and countries in Africa)
(Detjen et al., 2015). This assay is based on the amplification
of Mtb and RIF specific DNA sequences by PCR; genomic
DNA from the sputum samples of patients is first purified
and concentrated and then clinically relevant RIF resistance-
inducing mutations (located in the RNA polymerase beta
gene) are identified. The assay requires only 90 min for ob-
taining results and it reduces biohazard risk and technical
training time (Detjen et al, 2015).

The Line probe assay (LiPA) is similarly able to identify
an Mtb complex strain and detect genetic mutations in the
katG gene region, which is related to isoniazid (INH)-resis-
tance, and the rpoB gene region, which is related to RIF-
resistance. This assay is based on the use of several nitro-
cellulose paper strips layered with specific 10-oligonucleotide
probes. After the katG and rpoB regions are amplified using
PCR, the PCR products are hybridized with the oligonucleo-
tide probes present on the paper strips. The results are deter-
mined by the absence or presence of various colored lines
(Morgan et al,, 2005).

B) Enzyme-linked immunosorbent assay (ELISA)-based me-
thods

Interferon-vy release assay (IGRAs) can detect latent TB in-
fection based on the cellular immune response. After plac-
ing a sample of whole-blood in a tube coated with the pep-
tides including ESAT-6, CFP-10, and TB7.7, interferon-y
released by T cells is measured. The assay has better sensi-
tivity and specificity than the tuberculin skin test and shows
no reaction with samples of BCG-vaccinated individuals
(Lalvani and Pareek, 2010; Starke, 2014).

For diagnosis of TB in HIV-infected patients, recent studies
have described the use of the lipoarabinomannan (LAM)-
ELISA assay. LAM is a glycolipid found in the Mtb cell wall
component and serves as a major virulence factor. Since
this assay employs urine-based testing for identification of
LAM in the urine of patients, samples for it are easier to col-
lect and store than samples for sputum-based testing. The
sensitivity of LAM-ELISA assay falls between 23-84%, and
its specificity falls between 75-99%. On average, the speci-
ficity of this assay is higher than its sensitivity. A previous
study tried to combine urine and sputum samples for per-
forming the LAM assay. It reported a poorer specificity (15-
21%) but higher sensitivity (86-90%) compared to LAM as-
says performed on urine-only samples (Dheda et al., 2010).
Although LAM is still considered unnecessary for diagnos-
ing TB patients in a clinical setting, its utility has gradually
advanced for diagnosing TB in HIV-infected patients.



Conclusions and perspectives

During the past decades, the importance of understanding
the genetic diversity of Mtb lineages has been underscored
by differences in their virulence and geographic dominance.
It is plausible that with the development of more efficient
molecular techniques and genetic tools, our knowledge of
the genetic diversity of the Mtb complex strains and func-
tions of the specific components of their genomes will ex-
pand. Unsurprisingly, human genetic variation is also known
to play an important role in the spread of TB since the suc-
cess of an Mtb infection is reciprocally influenced by genetic
variations of the host and the pathogen. Accumulating evi-
dence suggests that pathogenic, phenotypic, and genotypic
variation among Mtb strains contributes to differences in
vaccine efficacy, treatment outcomes, and the development
of MDR/XDR Mtb strains. Thus, a better understanding of
the genetic diversity of Mtb isolates found in clinical settings
is needed. In addition, since most TB patients undergo latent
infection prior to getting the active disease, further research
is needed to find out the genotypes and lineages of Mtb which
reactivate most frequently from the latent state; such research
is important for controlling the spread of TB. Recently, se-
veral molecular genotyping methods have been introduced
in experimental and clinical settings to identify specific geno-
types of the Mtb complex. Although differential identifica-
tion of Mtb genotypes and lineages has not been conducted
routinely in clinical settings, some studies have reported on
the association between the phylogenetic age of Mtb lineages
and differences in their epidemiology. Epidemiological pat-
terns show that the more modern lineages of Mtb are more
virulent and exhibit more successful transmission globally.
According to multiple criteria (immune response, virulence,
drug resistance and BCG vaccine efficacy) Lineage 2 and
Lineage 4 are more virulent phenotype than Lineage 1 and
M. africanum (Lineage 6). Other lineages (Lineage 3, Line-
age 5, and Lineage 7) need to undergo more studies.

A better understanding of the phenotypic and pathogenic
variations arising from the genetic diversity of Mtb strains
will facilitate the development of effective prevention and
treatment strategies, including the development of new drugs
and more effective vaccines against Mtb infection. Further-
more, the identification of genetic factors encoding virulence
in clinically significant strains is necessary for differentiating
Mtb strains and for improving public health measures.
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