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Tuberculosis (TB) is one of the three leading causes of death from a single infectious agent, Mycobacterium

MTB tuberculosis (MTB), together with COVID-19 and HIV/AIDS. This disease places a heavy burden on countries with

Molecular epidemiology
Ecuador

L4

LAM

Beijing

low socio-economic development and aggravates existing inequalities. For the year 2021, estimations for
Ecuador were 8500 TB cases, of which 370 were associated to multiple drug resistance (TB-MDR), and 1160
deaths. In the same year, Ecuador notified 5973 total cases, 401 of them were TB-MDR, pointing out an under
diagnosis problem. The few molecular epidemiology studies available conclude that L4 is the most prevalent

MTB lineage in Ecuador (with LAM as the main L4 sublineage), but L2-Beijing family is also present at low
prevalence. Nevertheless, with less than 1 % MTB isolates genetically characterized by either MIRU-VNTR,
spolygotyping or WGS to date, molecular epidemiology research must me improved to assist the TB surveil-
lance and control program in Ecuador.

1. Introduction

Tuberculosis (TB) is an infectious disease that affected humans since
ancient times and one of the three leading causes of death from a single
infectious agent [1-4]. The main causative agent is Mycobacterium
tuberculosis (MTB), although other species within the Mycobacterium
tuberculosis complex can also cause TB. MTB is an acid-fast, rod-shaped,
aerobic bacteria that do not form spores and spread through the air
when sick individuals cough and expel the bacteria. People who live or
interact in close contact with infected individuals are at high risk of
developing the disease in the lungs (pulmonary TB) or any other organ
(extrapulmonary TB) [4,5]. The disease places a heavy burden on low
and middle income countries where the global TB estimates by the
World Health Organization (WHO) show that a quarter of the world
population has been infected with TB [6]. However, some countries
have already reduced their TB burden below 10 cases per 100000.

For the region of the Americas, the WHO reported a decline of the TB
incidence and from 2000 to 2019, a milestone in the WHO “End TB
Strategy”. However, this trend was reversed since 2020 due to the
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negative impact of COVID-19 pandemic in TB surveillance [4,7]. The
epidemiology of TB in Latin America varies greatly between countries,
with Brazil, Peru and Mexico reporting more than half of TB cases in the
region, being considered high burden settings [8]. Moreover, the
emergence of drug-resistant and multidrug-resistant (MDR) MTB strains
has complicated the treatment of TB early detection drug susceptibility
testing before the beginning of a therapy fundamental for an effective
control and surveillance strategy [4,9].

Socio-economic and risk factors affecting vulnerable population
groups like prisoners, indigenous people, homeless or migrants com-
bined with limited access to health services are the main reasons for the
high burden of TB in the Americas [4,7]. As the standard treatment
recommended by WHO comprises the use of first-line anti-TB drugs
(isoniazid, rifampicin, pyrazinamide, and ethambutol) and second-line
anti-TB drugs (fluoroquinolones and injectable drugs) for long periods
of time [10,11], loss of adherence to treatment leads to the emergence of
multidrug resistance (MDR) and extensively drug resistance (XDR) TB
[12]. MDR-TB is defined as failure to respond to at least rifampicin and
isoniazid, while XDR-TB refers to resistance to at least one of the second
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Table 1
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Incidence of most important MTB lineages in some countries in Latin America including Ecuador (the values in this table correspond only to studies including MTB
samples collected countrywide; (*) we called the atention that values for Beijing has being reported higher for Colombia and Peru for some specific locations as it is

detailed in the main text).

Country LAM T Haarlem S X Beijing Other Lineages Sample size Reference
(year of collection)

Argentina 33.2 35.9 19.5 3.2 1.5 0.2 1.1 816 (2002-2012) [40]
Bolivia 26.3 22.2 39.4 2.0 1.0 - — 134 (2010) [104]
Brazil 43.6 34.9 18.3 — 0.5 0.5 2.29 218 (2008-2009) [46]
Chile 40.6 34.1 13.5 - 3.9 0.4 0.44 458 (2011-2012) [105]
Colombia 40.5 10 19.3 1.1 1.8 3.2% 24,2 741 (1999-2012) [49]
Ecuador 45.7 — 31.8 13.1 4.6 1.1 3.9 373 (2013-2016) [19]
Honduras 55.0 16.0 16.0 1.0 6.0 0.5 - 206 (1994, 1998, 2002) [106]
Mexico 11.0 59.6 4.9 - 3.7 2.3 9.2 109 (2003) [43]
Paraguay 52.3 8.6 18.2 9.5 0.9 0.5 — 220 (2003) [107]
Peru 23.8 22.3 23.8 4.0 9.3* - 323 (2004-2006) [38]
Venezuela 53.0 10.6 5.0 1.9 1.2 0.4 0.2 1298 (1997-2006) [52]

line drugs in addition to the MDR-TB characteristics [10]. Lack of
generalized drug susceptibility testing (DST) for all TB cases in low- and
middle-income countries also promotes the spread of drug resistant TB
[13]. Nevertheless, DST improved the detection of MDR-TB in the
Americas from 48,8% of previously treated cases in 2019 to 63 % in
2022, and from 39.8 % of new MDR-TB cases in 2019 to 58 % in 2022
[7,8]. While DST rates in the Americas improved for countries like
Bahamas, Nicaragua, Suriname or Chile, others like Haiti, Colombia and
Venezuela fall below the reported regional average [7]. The countries in
the South American region with the highest incidence rates (per 100.000
population) of MDR-TB as of 2022 are Peru with 8.3 [14], Bolivia with
2,4 [15], Ecuador with 2.2 [16], Colombia with 2.1 [17], and Venezuela
with 1.9 [18].

By molecular epidemiology of TB we referred to the methodologies
that focus in genetic characterization of MTB isolates from TB patients.
Molecular epidemiology of MTB has evolved from genotyping tools
based on DNA amplification by polymerase chain reaction developed
from the 90 s and still used (like spoligotyping or MIRU-VNTR typing) to
the state of the art next generation sequencing that allows a detailed
characterization of MTB genomes. Traditional epidemiology for TB
surveillance is based in the patient and information for contact tracing is
obtained through surveys, which always have some level of bias. How-
ever, molecular epidemiology tools switch the focus to the MTB isolates
and obtained information for TB surveillance and control from the ge-
netic characterization of the pathogen. These approach has revolution-
ized epidemiology not only for TB but for any infectious disease.
However, those methods required highly qualified staff, equipment and
permanent reagents supplies, specially for whole genome sequencing
(WGS). For that reasons, molecular epidemiology tools are still a chal-
lenge for low and middle income countries, due to the budget con-
straints of TB surveillance programs in those settings. In this review, we
analyzed the progress done in recent years in Ecuador to improve mo-
lecular epidemiology tools from MIRU-VNTR or spoligotyping to WGS
and the future challenge to keep improving those methods to reach the
goal of end TB.

2. Tuberculosis in Ecuador: a middle-high burden setting with
high prevalence of MDR-TB

Ecuador is a 17 million people middle income country that includes
multiple ethnics minorities representing more than 10 % of the popu-
lation. Also, rural population represents almost 40 %. This scenario
makes access to health services a challenge for may rural and indigenous
communities among other [19-21]. Estimations for Ecuador by the
WHO in the year 2022 were 8200 TB cases (45 per 100,000 population),
of which 390 were associated to MDR-TB (2.2 per 100 000 population),
and 850 deaths between HIV-positive and negative individuals. In the
same year, Ecuador notified 7388 total cases, 474 of them were MDR-TB
[16]. According to the last Annual TB Bulletin published by the

Ecuadorian Health Ministry in 2018, the highest incidence of TB occurs
in the Guayas province (55.03 %), El Oro province (7.28 %) and Los Rios
province (6.02 %), where vulnerable population include groups of low
economic income and individuals with comorbidities (like HIV-positive
or diabetes) [22]. The 2022 Tuberculosis profile for Ecuador reported by
WHO [16] reported that TB affects mainly adults in economic produc-
tive ages, generating an impact in the national economy and the society.
Therefore, Ecuador is considered by the WHO as a middle to high burden
country and shows under diagnosis [16] related to limited access to
diagnostic tests and insufficient contacts tracing [16,22,23]. Moreover,
COVID-19 pandemic produced a decline of 17 % in the reported TB cases
for 2020 when comparing to the previous year [7].

Conventional microbiological diagnosis methods based on bacillo-
scopy and culture are routinely performed in Ecuadorian TB reference
laboratories for TB and MDR-TB screening. Nevertheless, the addition of
molecular techniques like GeneXpert in combination with conventional
methods as part of the TB diagnosis algorithms improved resource
optimization to obtain an early diagnosis of MDR-TB [24], as observed
with the increase rate of MDR-TB detection in new and previously
treated TB patients for 2022 compared to previous years [7,16,25]. The
occurrence of MDR strains is a complicated issue that should be
addressed by establishing early TB-diagnosis and DST based in molec-
ular methods for a fast and accurate detection of MDR-MTB strains. A
successful TB control and surveillance strategy devoted to eradicate TB
must be based on early detection of MDR-MTB strains and proper
treatment of those patients [9,24].

3. Population structure of Mycobacterium tuberculosis in Latin
America

TB shows a complex clinical spectrum due to the interaction of
diverse factors of the host (immunological state), environment (trans-
mission routes) and the pathogen (genetic characteristics), making the
genetic analysis of Mycobacterium tuberculosis (MTB) critical for the
identification of lineages and their association to virulence factors and
resistance profiles, fostering the development of new treatments, vac-
cines and diagnostic tools [26].

MTB comprises a number of lineages of bacteria that share around
99.9 % of nucleotide identity: L1, East-African-Indian (EAI); L2, East-
Asian (includes the Beijing family); L3, Central Asian Strain (CAS); L4,
Euro-American (includes Haarlem, X, LAM, S and T); L5 and L6, West
African I and Il respectively; L7, Ethiopian [27-29]; and L8, East African
[30]. These lineages differ in relation to their global distribution and, in
some cases, their infective capability, transmission and antibiotic
resistance [27,28,31-33]. MTB does not perform horizontal gene
transfer nor uses plasmids in comparison to other pathogens, therefore
the occurrence of chromosomal mutations are a result of deletion,
duplication, insertion and single nucleotide polymorphisms (SNPs),
representing the source of the genetic diversity in MTB [26,34]. These



B. Castro-Rodriguez et al.

Table 2

Population structure of MTB isolates in different Ecuadorian settings.

MDR

MDR

(%)

Lineages (%)

Collection
years

Sample
size

Reference

Lineage

Orphan

L4 L4

T

L4
X

L4

L4

L4
S

L4 L4 L4 L4 L4

L3

L2

Other

NEW-1

Uganda I

Cameroon

Haarlem Ghana

LAM

Delhi

Beijing

All L4

12

1.8

12,5 3.6 8.9

46.4 25

98.2

1.8

2012-2016

56

Castro-Rodriguez et al. [71]
(El Oro proivnce)

All L4

16.3

0.95

2.9

2.9

4.8

27.6

49.5 11.4

100

2014-2016

105

Castro-Rodriguez et al. [72]

(Esmeraldas province)

Garcés et al. [70]

All L4

5.6

16.7 5.6
11.4

58.2 16.7

97.2

2.8

2016

36

All L4

59.1
100

5.7 3.4

4.8

23.9

44.3 11.4
19

100
100

2019-2021
2020

88
21

Morey-Ledn et al. [69]

All L4

9.5

4.8
13.2

61.9

Morey-Leén et al. [54]

76/77 L4
1/77 L3

24.5

2.4

4.3

0.3

0.6

98.3 45.6 32.2

0.6

2013-2016

373

Garzén-Chavez et al. [19]

70.2 56/73 L4

20.2

5.8

3.8

30.8

33.7 3.8

98.1

2002-2014 1.9

104

Zurita et al. [53]

16/73 Orphan

1/73 L2

27/28 L4
1/28 L2

7.14

96.4

2006-2012 3.6

28

Jiménez et al. [68]
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events establish a unique pattern of clonal evolution that outlines a
common ancestor for the emergence of strains and lineages [26].

Although the diversity of the MTB in Latin America has been studied
in several countries like Peru [35-38], Argentina [39,40], Mexico
[41-43], Brazil [44-47], Colombia [48-50], Venezuela [51,52] and
Ecuador [19,53,54], these studies are scarce compared to other regions.
Nevertheless, it has been stablished that the most prevalent lineage is
the L4 Euro-American, and within this one, the Latin American-
Mediterranean sublineage (LAM) (Table 1) [55,56]; while another
widespread lineage in the region is the L2, represented by the Beijing
genotype [57-59].

Among the circulating strains in Latin America, the Beijing family
have received special attention. Although its less frequent compared to
L4 in Latin America, this lineage has a high prevalence worldwide and it
is associated with antibiotic resistance by the conjunction of a series of
events: higher basal mutation rate, accelerated progression to disease,
increased transmission and favorable host-demographics [58,59].
Modern strains of the Beijing family are distributed in Latin America,
south of Africa and east of Europe, and are associated with selective
advantages to develop antibiotic resistance, hyper virulence and
increased transmission [59-61]. According to the study published by
Cerezo-Cortés and collaborators in 2019, the prevalence of the Beijing
strain in Latin America is 3.9 % and the countries with the highest
prevalence are Cuba (17.26 %), Peru (16 %) and Colombia (5 %) [59];
while in Ecuador are three reports that address the prevalence of the
Beijing genotype, with values ranging from 0.43 % to 1.6 % [19,62,63].

In summary, knowing the population structure and genetic diversity
of MTB strains in the countries of the Americas is critical for a better
understanding of MTB transmission dynamics and MDR-MTB strains
emergence and spread.

4. Population structure of Mycobacterium tuberculosis in Ecuador
4.1. Lineage distribution in Ecuador

Ecuador is a country with a high population diversity and strong
socio-economic differences, therefore the study of the molecular
epidemiology of the circulating strains facilitates the design and devel-
opment of public health policies for the prevention and control of TB
within different sectors of the population, especially migrants, street
inhabitants, indigenous people or prisoners [7,20,64-67]. However,
research studies about MTB population structure in Ecuador just started
in recent years with a few research groups introducing in the country
genotyping methods like MIRU-VNTR and spoligotyping, while the use
of genomic sequencing still is a novel approach in the country. Table 2
and Table 3 resume the MTB genotyping research done in Ecuador.

The first study that identified Ecuadorian MTB strains at lineage level
was performed in 2017 by Jiménez and collaborators. A sample size of
28 MTB isolates from two hospitals in the region of the Andes (years of
collection: 2006-2012) was obtained, and 24-loci MIRU-VNTR was
performed to define the population structure of this convenience sam-
ple, reporting 1/28 L2 strain (Beijing: 3.6 %) and 27/28 L4 strains. DST
identified 2/28 as MDR-MTB strains, both of them belong to L4 [68].
Two years later, Zurita and collaborators performed drug-resistance and
genotypic diversity assays in 104 MTB isolates collected between
2002-2014, reporting a prevalence of 33.7 % for LAM isolates, 30.8 %
for Ghana, 5.8 % for S, Cameroon sublineage with 3.8 %, Haarlem with
3.8 %, Beijing was represented with 1.9 %, and 20.2 % were reported as
orphan types. Drug resistance assays determined a total of 70.2 % MDR-
MTB isolates, identifying L4 as the most representative lineage among
all antibiotic-resistant isolates (56/73), followed by 16/73 orphan iso-
lates and 1/73 L2-Beijing strain [53].

By 2020, Garzon-Chavez and collaborators published the only
country wide and larger study about the population structure of MTB in
Ecuador using 24-loci MIRU-VNTR and Regions of Difference (RD) PCR
genotyping along with drug resistance information from 373 MTB



B. Castro-Rodriguez et al.

Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 37 (2024) 100465

Table 3
Molecular techniques used in the analysis of population structure of MTB strains of Ecuador.
Molecular technique Number of analyzed strains Years of collection Reference
24-loci MIRU-VNTR 56 2012-2016 [71]
105 2014-2016 [72]
373 2013-2016 [19]
104 2002-2014 [53]
28 2006-2012 [68]
15-loci MIRU-VNTR 36 2016 [70]
Spoligotyping 56 2012-2016 [71]
105 2014-2016 [72]
WGS 88 2019-2021 [69]
21 2020 [54]
8 2013-2016 [19]

isolates (years of collection: 2013-2016). They report a prevalent
transmission of L4 in Ecuador, of which LAM is the most representative
sublineage with 45.6 %, followed by Haarlem with 32.2 %, S with 13.2
%, X with 4.3 %, while other L4 sublineages comprehend 3.9 %, and
Beijing prevalence is of 1.1 %. DST identified 24.5 % of MDR strains, of
which 1/77 belong to L3-Delhi and the rest were identified as L4. This is
the only study performed with a representative sample size to under-
stand the structure of the MTB population at a country-wide level.
Interestingly, a very low clustering rate was found between the MTB
isolates including in this study, suggesting a potential important role of
reactivation of TB latent cases more that active MTB clusters in the
transmission dynamics of MTB in Ecuador [19], as it has been suggested
for certain regions in Panama [76].

On the other hand, the use of genomic sequencing methods provides
a great amount of data for lineage assignation and the identification of
mutations associated to resistance against anti-TB drugs. This approach
was used by Morey-Ledn et al. in 2023 to analyze the genomic infor-
mation of 88 samples (years of collection: 2019-2021), most of them
collected in the coastal region, while 4/88 were collected in the region of
the Andes and 1/88 in the Amazon region. Isolates were identified as
LAM (44.3 %), X (23.9 %), S and Haarlem (11.4 % each), T (5.7 %), and
Euro-American (3.4 %). Genomic analysis identified a total of 59.1 % of
MDR-MTB strains, all of them assigned to lineage L4 [69]. A second
study performed by Morey-Ledn et al. in 2022 analyzed genomic se-
quences from 21 MDR-MTB isolates from the coastal region of Ecuador
(year of collection: 2020) for genomic analysis of drug-resistance and
reported that all samples belong to lineage 4: LAM (61.9 %), Haarlem
(19 %), X (9.5 %), S and T (each 4.8 %). Drug resistance analysis showed
six isolates as extensively-drug resistant (XDR), 4 of these were LAM
sublineage [54].

In 2023, Garcés and collaborators performed a study in one prison in
Guayaquil. 36 MTB isolates collected in 2016 were analyzed by 15-loci
MIRU-VNTR method to understand the structure of the MTB population,
establishing a high prevalence of L4 strains: 58.2 % LAM, 16.7 %
Haarlem, 16.7 % Ghana and 5.6 % S sublineages, and one sample
identified as Beijing (2.8 %). A 5.6 % of the analyzed strains were
identified as MDR-MTB, all of them belonged to lineage L4 [70].

Latest studies about the population structure of MTB were performed
by our research team, focusing on the transmission dynamics at border
areas of Ecuador-Peru and Ecuador-Colombia. The first study published
in 2024 analyzed MTB isolates from the Ecuadorian province of El Oro
located at the border of Ecuador and Peru. A sample size of 56 isolates
(years of collection: 2012-2016) were processed to obtain 24-loci MIRU-
VNTR and spoligotyping information to compare against data previously
published about other provinces of Ecuador and Peru. Results identified
1/56 L2 strain (Beijing: 1.8 %) and 55/56 L4 strains (LAM: 46.4 %,
Haarlem: 25 %, Ghana: 12.5 %, S: 8.9 %, Cameroon: 3.6 %, and Uganda

I: 1.8 %), while the rest of MTB Ecuadorian isolates presented 4,/300 L2
strains (Beijing: 1.3 %) and 296,/300 L4 isolates (LAM: 44.6 %, Haarlem:
32.1 %, S: 7.1 %, Cameroon and Ghana: 5.4 % each, Uganda I: 4.7 %,
and NEW-1: 0.3 %). DST performed on isolates from El Oro resulted in
12 % MDR-MTB strains, all of them belonged to lineage L4 [71]. The
second study published in 2024 analyzed strains obtained from the
Ecuadorian province of Esmeraldas at the border of Ecuador and
Colombia. 24-loci MIRU-VNTR data and spoligotyping patterns were
obtained from a collection of 105 isolates (years of collection:
2014-2016) and compared against previously published information
from the other Ecuadorian provinces and Colombia. All 105 isolates
from Esmeraldas were determined as L4 strains (LAM: 49.5 %, Ghana:
27.6 %, Haarlem: 11.4 %, Cameroon: 4.8 %, S: 2.9 %, Uganda I: 2.9 %,
and X: 0.95 %), while the rest of isolates from Ecuador were organized as
follows: 5/385 L2 strains (Beijing: 1.3 %) and 380/385 L4 strains (LAM:
44.9 %, Haarlem: 30.4 %, Ghana: 7 %, S: 6.7 %, Cameroon: 4.7 %,
Uganda I: 4.4 %, NEW-1 and X: 0.26 % each). DST on isolates from
Esmeraldas identified 16.3 % MDR-MTB strains, all of which were
identified as L4 [72].

4.2. Mycobacterium tuberculosis strains associated to MDR-TB

Mycobacteria acquire resistance to all drugs used in therapies against
them through spontaneous genomic mutations that propagate by repli-
cation of resistant bacteria within the host and the subsequent trans-
mission between hosts, as mycobacteria lack the typical mechanisms
available in other bacteria, like horizontal gene transfer or mobile
resistance elements (plasmids) [10,73]. Strains that belong to lineages
L2 and L4 are commonly associated to most historical TB outbreaks
[74,75], suggesting that these lineages have genomic characteristics that
improve virulence and transmission, increasing the chance to develop
drug resistance that affects treatment success [73,75].

The Beijing genotype is a prevalent strain of MTB that belongs to
lineage 2 and possess increased transmissibility and virulence [76,77].
As historical immigration of Chinese, Japanese and Korean individuals
into Peru in the late 19th century occurred, it is currently considered as
the main source of transmission of the Beijing family in the Americas;
however, the high prevalence of the genotype in Buenaventura, an
important Colombian seaport, it has been suggested as an entry-point of
the Beijing strains from Asia [78]. In the region of the Americas, the
prevalence of the Beijing genotype shows different prevalence rates
from country to country under different settings. Perti and Colombia
report the highest prevalence rates in the region, with values in the
range of 9 % to 16.4 % [35,36,79-81] and 0.65 % to 15.6 %
[48,49,82-85], respectively, while Ecuador reports a 0.43 % prevalence
rate [62].

Latin American-Mediterranean (LAM) sublineage belongs to lineage
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4 and is the most frequently encountered globally [29,77]. An important
genotype found within this sublineage is the RDX° variant, which is
associated to the development of resistance against multiple antibiotics
and is distributed in many countries around the world [86-90]. In Latin
America, prevalence of RDY strains differs from country to country:
from 30 % to 51.9 % in different Brazilian settings [86,91,92], 69.8 %
LAM-RDR® strains in Venezuela [51], 9.6 % RDR© isolates in Colombia
[48,49,56],11.5 % RDRO strains in Peru [38,56], and Ecuador reported
2.09 % RDM strains [108].

Although the prevalence of the RDR° and Beijing genotypes
described to date is low in many countries in the region of the Americas,
like Ecuador, the monitoring and surveillance of these strains is highly
recommended, as both of these genotypes are strongly associated to
increased transmissibility and drug resistance [109]. The highest prev-
alence of RDR isolates occurs in Venezuela, while the highest preva-
lence of Beijing strains occurs in Peru and Colombia; therefore, the
spread of these genotypes to Ecuador and other countries with open-
border policies in the region should be addressed, as human migration
may induce changes in the dynamics of infectious diseases in the region,
especially TB [93]. Venezuelan migration in the past few years after the
social and economic collapse in this country, became an important issue
to consider as an increase in TB cases has been described in Venezuela
due to the failure of the public health system after the dramatic eco-
nomic crisis that the country is experiencing [94-96].

4.3. Population structure of MTB in border regions

Due to the lack of studies on TB transmission at the border areas of
Ecuador with Peru and Colombia, in addition to the high prevalence of
the MTB L2-Beijing lineage in Peru and Colombia [59], and the open-
borders policy, there is a possibility of active transmission of lineages
with dangerous characteristics between Ecuador and its neighboring
countries. Two pioneering studies performed by Castro-Rodriguez et al.
analyzed the population structure of MTB isolates from the provinces of
El Oro (bordering Peru) and Esmeraldas (bordering Colombia) [71,72],
and indicate the predominance of L4 strains within the provinces of El
Oro and Esmeraldas, particularly the sublineages LAM, Haarlem,
Cameroon, and Ghana. LAM and Haarlem sublineages exhibit a broader
ecological niche, with greater geographical dispersion and an increased
ability to cause disease in different human populations, while the
Cameroon and Ghana sublineages show greater adaptability to their
host population, limiting their geographical expansion and having
reduced transmissibility, reflecting the phenotypic and genetic diversity
of L4 [29]. The high genetic variability observed in the analyzed strains
from the provinces of El Oro and Esmeraldas does not allow the for-
mation of active transmission clusters with strains from other provinces
in Ecuador or with strains from Colombia and Peru used in the analysis.
These events may be related to the poor socio-economic conditions of
these provinces, extensive rural areas with limited access to health
services, and a high presence of vulnerable populations, causing new TB
cases in the population to be mainly associated with the reactivation of
latent TB infections rather than recent events of active transmission, as it
has been described for rural regions in Panama [76].

5. Molecular and genomic typing for Mycobacterium tuberculosis
in Ecuador: current status and future perspectives

The application of molecular biology techniques to complement the
information obtained through classic epidemiology has become an
important tool to understand host-pathogen dynamics, identification
and determination of TB distribution patterns, and the definition of
factors associated to the status of TB in a population [60,94]. Classical
molecular epidemiological tools like MIRU-VNTR or spoligotyping has
been widely used for more than 20 years to study the population
structure and transmission dynamics of MTB in different settings
[60,94,95,96,97]. Those techniques allow to identify recent chains of
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transmission, incidence of TB cases with identical molecular signatures,
clustering and other elements associated to emerging and ongoing TB
outbreaks [60]. Additionally, the rapid development of new whole
genome sequencing (WGS) technologies has allowed the analysis of a
massive amount of information to determine the genetic makeup of MTB
strains, thus providing insight in all components associated to TB
research: diagnosis, treatment, surveillance, drug resistance profiling,
emergence, transmission, and evolution of specific outbreak strains
[98-103]. Moreover, data derived from WGS of MTB strains has allowed
the identification of molecular markers like single nucleotide poli-
morfisms (SNPs) that are associated to MTB families of concern like
Beijing [62] or to MDR-MTB strains of great relevance for MTB dynamic
in certain regional settings [110,111]. Based of those SNPs, allele-
specific polymerase chain reactions protocols have been successfully
implemented for an affordable tracking of MTB strains of concerns in
South America [62,101,102].

6. Concluding remarks

Ecuador has made efforts in the last few years to understand the
genetic structure of the circulating MTB strains by using classical mo-
lecular epidemiology tools and WGS. All published work to date is
summarized in Table 3 [19,53,54,62,63,68,69]. Overall, less than 1000
MTB strains have been genotyped by MIRU-VNTR, spoligotyping or
WGS, representing less than 1 % of MTB cases in the last 20 years. This
limited used of either classic molecular epidemiology techniques or
WGS shows a strong technological restriction and limited knowledge of
the molecular epidemiology of MTB in Ecuador. Therefore, the use of of
affordable and reliable molecular epidemiology tools to monitor the
occurrence of dangerous lineages in Ecuador, like MIRU-VNTR and
spoligotyping is strongly recommended trough the proper allocation of
public investment in infrastructure, laboratory resources and techno-
logical update to establish a workflow that can be routinely used within
the national TB control program. Additionally, WGS surveillance should
be also progressively implemented in Ecuador. As this is still an
expensive technique in the context of low and middle income country,
institutional collaboration between the public heath authorities and the
Academia will help to fund WGS surveillance.

7. Ethics statement

This manuscript is a review paper based on previously published
information. No IRB approval is needed.

Funding

This research was funded by the Universidad de las Américas (MED.
MGB.23.01).

CRediT authorship contribution statement

Bernardo Castro-Rodriguez: Writing — review & editing, Writing —
original draft, Methodology, Investigation, Formal analysis, Conceptu-
alization. Greta Franco-Sotomayor: Writing — review & editing, Visu-
alization, Investigation, Conceptualization. Solon Alberto Orlando:
Writing — review & editing, Supervision, Investigation. Miguel Angel
Garcia-Bereguiain: Writing — review & editing, Writing — original draft,
Validation, Methodology, Investigation, Funding acquisition, Formal
analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.



B. Castro-Rodriguez et al.

Acknowledgements

To all the health professionals and academics fighting tuberculosis in
Ecuador from clinical practice to public health research.

References

[1]

[2]

[3

—

[4]

[5

—

[6]
71

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

Donoghue HD. Tuberculosis and leprosy associated with historical human
population movements in Europe and beyond-an overview based on
mycobacterial ancient DNA. Ann Hum Biol 2019;46:120-8.

Hershkovitz I, Donoghue HD, Minnikin DE, et al. Tuberculosis origin: The
Neolithic scenario. Tuberculosis 2015;95:5122-6.

Nelson EA, Buikstra JE, Herbig A, et al. Advances in the molecular detection of
tuberculosis in pre-contact Andean South America. Int J Paleopathol 2020;29:
128-40.

World Health Organization. Global tuberculosis report 2023. Geneva, https://iris.
who.int/. (2023).

Trauer JM, Dodd PJ, Gomes MGM, et al. The Importance of Heterogeneity to the
Epidemiology of Tuberculosis. Clin Infect Dis 2019;69:159-66.

World Health Organization. The End TB Strategy. Geneva, 2015.

Pan American Health Organization. Tuberculosis in the Americas. Regional Report
2021. Washington D.C. Epub ahead of print 2023. DOI: https://doi.org/
10.37774/9789275126493.

World Health Organization. Tuberculosis profile: WHO/PAHO Region of the
Americas, https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_&group
_code=%22AMR%22&entity_type=%22group%22&lan=%22EN%22 (accessed
27 January 2024).

Franco-Sotomayor G, Garzon-Chavez D, Leon-Benitez M, et al. A First insight into
the katg and rpob gene mutations of multidrug-resistant mycobacterium
tuberculosis strains from Ecuador. Microb Drug Resist 2019;25:524-7.

Mabhula A, Singh V. Drug-resistance Mycobacterium tuberculosis: where we
stand. Medchemcomm 2019;10:1342-60.

World Health Organization. Guidelines for treatment of drug-susceptible
tuberculosis and patient care, 2017 update. Geneva: World Health Organization;
2017.

Dheda K, Theron G, Calligaro G, et al. Drug-resistant tuberculosis. In: Sharma SK,
Mohan A, editors. Textbook of tuberculosis and nontuberculous mycobacterial
Diseases. New Dehli: Jaypee Brothers Medical Publishers; 2020.

Paramasivan C, Balasangameshwara V. Antituberculosis drug resistance
surveillance. In: Sharma SK, Mohan A, editors. Textbook of tuberculosis and
nontuberculous mycobacterial diseases. New Delhi: Jaypee Brothers Medical
Publishers; 2020.

World Health Organization. Tuberculosis profile: Peru, https://worldhealthorg.
shinyapps.io/tb_profiles/?_inputs_&entity_type=%22country%22&iso2=%22PE
%22&lan=%22EN%22 (accessed 13 August 2023).

World Health Organization. Tuberculosis profile: Bolivia (Plurinational State of),
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_&entity_type=%22co
untry%22&is02=%22B0%22&lan=%22EN%22 (accessed 27 January 2024).
World Health Organization. Tuberculosis profile: Ecuador, https://worldhealth
org.shinyapps.io/tb_profiles/?_inputs_&entity_type=%22country%22&lan=%
22EN%22&i502=%22EC%22 (accessed 14 August 2023).

World Health Organization. Tuberculosis profile: Colombia, https://worldhealth
org.shinyapps.io/tb_profiles/?_inputs_&entity_type=%22country%22&lan=%
22EN%22&i502=%22C0%22 (accessed 14 August 2023).

World Health Organization. Tuberculosis profile: Venezuela (Bolivarian Republic
of), https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_&entity_type=%
22country%22&is02=%22VE%22&lan=%22EN%22 (accessed 27 January
2024).

Garzon-Chavez D, Garcia-Bereguiain MA, Mora-Pinargote C, et al. Population
structure and genetic diversity of Mycobacterium tuberculosis in Ecuador. Sci
Rep; 10. Epub ahead of print 1 December 2020. DOI: 10.1038/s41598-020-
62824-z.

Ortiz-Rico C, Aldaz C, Sanchez-Pérez HJ, et al. Conformance contrast testing
between rates of pulmonary tuberculosis in Ecuadorian border areas. Salud
Publica Mex 2015;57:496.

Villacis B, Carrillo D. Pais atrevido: la nueva cara sociodemografica del Ecuador.
Quito: Instituto Nacional de Estadisticas y Censos; 2012.

Ministerio de Salud Publica del Ecuador. Boletin Anual Tuberculosis 2018. Quito,
2018.

Silva G, Pérez F, Marin D. Tuberculosis in children and adolescents in Ecuador:
Analysis of reporting, disease characteristics and treatment outcome. Revista
Panamericana de Salud Publica/Pan American Journal of Public Health; 43. Epub
ahead of print 2019. DOI: 10.26633/RPSP.2019.104.

Ortiz-Jiménez J, Franco-Sotomayor G, Ramos-Ramirez M. Validacion e
implementacién de GeneXpert MTB/RIF para diagnéstico de tuberculosis en
Ecuador. Revista Kasmera 2019;47:29-37.

World Health Organization. Global Tuberculosis Report 2021. Geneva, 2021.
Woodman M, Haeusler I, Grandjean L. Tuberculosis genetic epidemiology: A
Latin American perspective. Genes (Basel) 2019;10:53.

Brites D, Gagneux S. The nature and evolution of genomic diversity in the
mycobacterium tuberculosis complex. In: Gagneux S, editor. Strain variation in
the Mycobacterium tuberculosis complex: its role in biology, epidemiology and
control. Cham: Springer International Publishing; 2017. p. 1-26.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 37 (2024) 100465

Rodriguez-Castillo JG, Llerena C, Argoty-Chamorro L, et al. Population structure
of multidrug-resistant Mycobacterium tuberculosis clinical isolates in Colombia.
Tuberculosis; 125. Epub ahead of print 1 December 2020. DOI: 10.1016/j.
tube.2020.102011.

Stucki D, Brites D, Jeljeli L, et al. Mycobacterium tuberculosis lineage 4 comprises
globally distributed and geographically restricted sublineages. Nat Genet 2016;
48:1535-43.

Ngabonziza JCS, Loiseau C, Marceau M, et al. A sister lineage of the
Mycobacterium tuberculosis complex discovered in the African Great Lakes
region. Nat Commun 2020;11:2917.

Ernst JD. The immunological life cycle of tuberculosis. Nat Rev Immunol 2012;
12:581-91.

Click ES, Moonan PK, Winston CA, et al. Relationship between Mycobacterium
tuberculosis phylogenetic lineage and clinical site of tuberculosis. Clin Infect Dis
2012;54:211-9.

Barbier M, Wirth T. The Evolutionary History, Demography, and Spread of the
Mycobacterium tuberculosis Complex. Microbiol Spectr; 4. Epub ahead of print 12
August 2016. DOI: 10.1128/microbiolspec. TBTB2-0008-2016.

Chiner-Oms A, Lépez MG, Moreno-Molina M, et al. Gene evolutionary trajectories
in Mycobacterium tuberculosis reveal temporal signs of selection. Proc Natl Acad
Sci; 119. Epub ahead of print 26 April 2022. DOIL: 10.1073/pnas.2113600119.
Grandjean L, Iwamoto T, Lithgow A, et al. The association between
Mycobacterium tuberculosis genotype and drug resistance in Peru. PLoS One
2015;10:e0126271.

Barletta F, Otero L, Collantes J, et al. Genetic variability of Mycobacterium
tuberculosis complex in patients with no known risk factors for MDR-TB in the
North-eastern part of Lima, Peru. BMC Infect Dis; 13. Epub ahead of print 28
August 2013. DOI: 10.1186/1471-2334-13-397.

Sheen P, Couvin D, Grandjean L, et al. Genetic diversity of mycobacterium
tuberculosis in Peru and exploration of phylogenetic associations with drug
resistance. Epub ahead of print PLoS One 2013;8. https://doi.org/10.1371/
journal.pone.0065873.

Taype CA, Agapito JC, Accinelli RA, et al. Genetic diversity, population structure
and drug resistance of Mycobacterium tuberculosis in Peru. Infect Genet Evol
2012;12:577-85.

Eldholm V, Monteserin J, Rieux A, et al. Four decades of transmission of a
multidrug-resistant Mycobacterium tuberculosis outbreak strain. Nat Commun; 6.
Epub ahead of print 11 May 2015. DOI: 10.1038/ncomms8119.

Monteserin J, Paul R, Gravina E, et al. Genotypic diversity of Mycobacterium
tuberculosis in Buenos Aires, Argentina. Infect Genet Evol 2018;62:1-7.
Flores-Trevino S, Morfin-Otero R, Rodriguez-Noriega E, et al. Genetic diversity of
Mycobacterium tuberculosis from Guadalajara, Mexico and identification of a
rare multidrug resistant Beijing genotype. PLoS One; 10. Epub ahead of print 19
February 2015. DOI: 10.1371/journal.pone.0118095.

Bocanegra-Garcia V, Garza-Gonzalez E, Cruz-Pulido WL, et al. Molecular
Assessment, Drug-Resistant Profile, and Spacer Oligonucleotide Typing
(Spoligotyping) of Mycobacterium tuberculosis Strains From Tamaulipas. México
J Clin Lab Anal 2014;28:97-103.

Martinez-Guarneros A, Rastogi N, Couvin D, et al. Genetic diversity among
multidrug-resistant Mycobacterium tuberculosis strains in Mexico. Infect Genet
Evol 2013;14:434-43.

Von Groll A, Martin A, Felix C, et al. Fitness study of the RD Rio lineage and Latin
American Mediterranean family of Mycobacterium tuberculosis in the city of Rio
Grande, Brazil. FEMS Immunol Med Microbiol 2010;58:119-27.

Dalla Costa ER, Lazzarini LCO, Perizzolo PF, et al. Mycobacterium tuberculosis of
the RD rio genotype is the predominant cause of tuberculosis and associated with
multidrug resistance in Porto Alegre City, South Brazil. J Clin Microbiol 2013;51:
1071-7.

Vasconcellos SEG, Acosta CC, Gomes LL, et al. Strain classification of
Mycobacterium tuberculosis isolates in brazil based on genotypes obtained by
spoligotyping, mycobacterial interspersed repetitive unit typing and the presence
of large sequence and single nucleotide polymorphism. PLoS One 2014;9:
el107747.

Soares RO, de Macedo MB, von Groll A, et al. Mycobacterium tuberculosis
belonging to family LAM and sublineage RDRio: common strains in Southern
Brazil for over 10 years. Braz J Microbiol 2013;44:1251-5.

Cerezo I, Jiménez Y, Hernandez J, et al. A first insight on the population structure
of Mycobacterium tuberculosis complex as studied by spoligotyping and MIRU-
VNTRs in Bogotd, Colombia. Infect Genet Evol 2012;12:657-63.

Puerto G, Erazo L, Wintaco M, et al. Mycobacterium tuberculosis genotypes
determined by spoligotyping to be circulating in Colombia between 1999 and
2012 and their possible associations with transmission and susceptibility to first-
line drugs. PLoS One; 10. Epub ahead of print 11 June 2015. DOI: 10.1371/
journal.pone.0124308.

Realpe T, Correa N, Rozo JC, et al. Population structure among Mycobacterium
tuberculosis isolates from pulmonary tuberculosis patients in Colombia. Epub
ahead of print PLoS One 2024;9. https://doi.org/10.1371/journal.pone.0093848.
Méndez MV, Abadia E, Sequera M, et al. Most LAM Mycobacterium tuberculosis
strains in Venezuela, but not SIT605, belong to the RDRio subfamily. Infect, Genet
Evol; 84. Epub ahead of print 1 October 2020. DOI: 10.1016/j.
meegid.2020.104380.

Abadia E, Sequera M, Ortega D, et al. Mycobacterium tuberculosis ecology in
Venezuela: epidemiologic correlates of common spoligotypes and a large clonal
cluster defined by MIRU-VNTR-24. BMC Infect Dis 2009;9:122.


http://refhub.elsevier.com/S2405-5794(24)00052-4/h0005
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0005
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0005
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0010
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0010
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0015
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0015
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0015
https://iris.who.int/
https://iris.who.int/
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0025
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0025
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26group_code=%2522AMR%2522%26entity_type=%2522group%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26group_code=%2522AMR%2522%26entity_type=%2522group%2522%26lan=%2522EN%2522
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0045
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0045
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0045
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0050
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0050
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0055
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0055
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0055
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0060
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0060
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0060
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0065
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0065
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0065
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0065
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522PE%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522PE%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522PE%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522BO%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522BO%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26lan=%2522EN%2522%26iso2=%2522EC%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26lan=%2522EN%2522%26iso2=%2522EC%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26lan=%2522EN%2522%26iso2=%2522EC%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26lan=%2522EN%2522%26iso2=%2522CO%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26lan=%2522EN%2522%26iso2=%2522CO%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26lan=%2522EN%2522%26iso2=%2522CO%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522VE%2522%26lan=%2522EN%2522
https://worldhealthorg.shinyapps.io/tb_profiles/?_inputs_%26entity_type=%2522country%2522%26iso2=%2522VE%2522%26lan=%2522EN%2522
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0100
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0100
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0100
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0105
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0105
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0120
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0120
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0120
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0130
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0130
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0135
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0135
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0135
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0135
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0145
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0145
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0145
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0150
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0150
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0150
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0155
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0155
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0160
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0160
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0160
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0175
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0175
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0175
https://doi.org/10.1371/journal.pone.0065873
https://doi.org/10.1371/journal.pone.0065873
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0190
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0190
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0190
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0200
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0200
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0210
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0210
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0210
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0210
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0215
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0215
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0215
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0220
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0220
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0220
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0225
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0225
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0225
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0225
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0230
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0230
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0230
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0230
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0230
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0235
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0235
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0235
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0240
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0240
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0240
https://doi.org/10.1371/journal.pone.0093848
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0260
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0260
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0260

B. Castro-Rodriguez et al.

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Zurita J, Espinel N, Barba P, et al. Genetic diversity and drug resistance of
Mycobacterium tuberculosis in Ecuador. Int J Tuberculosis Lung Dis 2019;23:
166-73.

Morey-Leén G, Andrade-Molina D, Fernandez-Cadena JC, et al. Comparative
genomics of drug-resistant strains of Mycobacterium tuberculosis in Ecuador.
Epub ahead of print BMC Genomics 2022;23. https://doi.org/10.1186/s12864-
022-09042-1.

Joseph SK, Lindo J. The evolutionary history of infectious disease in the ancient
Americas and the pathogenic consequences of European contact. Epub ahead of
print Am J Biol Anthropol 2022. https://doi.org/10.1002/ajpa.24595.
Mokrousov I, Vyazovaya A, Iwamoto T, et al. Latin-American-Mediterranean
lineage of Mycobacterium tuberculosis: Human traces across pathogen’s
phylogeography. Mol Phylogenet Evol 2016;99:133-43.

Merker M, Blin C, Mona S, et al. Evolutionary history and global spread of the
Mycobacterium tuberculosis Beijing lineage. Nat Genet 2015;47:242-9.

Borrell S, Trauner A. Strain diversity and the evolution of antibiotic resistance. In:
Gagneux S, editor. Strain variation in the mycobacterium tuberculosis complex:
its role in biology, epidemiology and control. Cham: Springer International
Publishing; 2017. p. 263-79.

Cerezo-Cortés M, Rodriguez-Castillo J, Hernandez-Pando R, et al. Circulation of
M. tuberculosis Beijing genotype in Latin America and the Caribbean. Pathog
Glob Health 2019;113:336-51.

Merker M, Kohl TA, Niemann S, et al. The evolution of strain typing in the
Mycobacterium tuberculosis complex. In: Gagneux S, editor. Strain variation in
the mycobacterium tuberculosis complex: its role in biology, epidemiology and
control. Cham: Springer International Publishing; 2017. p. 43-78.

Couvin D, Rastogi N. Tuberculosis — A global emergency: Tools and methods to
monitor, understand, and control the epidemic with specific example of the
Beijing lineage. Tuberculosis 2015;95:5177-89.

Mora-Pinargote C, Garzon-Chavez D, Franco-Sotomayor G, et al. Country-wide
rapid screening for the Mycobacterium tuberculosis Beijing sublineage in Ecuador
using a single-nucleotide polymorphism-polymerase chain reaction method. Int J
Mycobacteriol 2019;8:366-70.

Garzon-Chavez D, Zurita J, Mora-Pinargote C, et al. Prevalence, drug resistance,
and genotypic diversity of the Mycobacterium tuberculosis Beijing family in
Ecuador. Microb Drug Resist 2019;25:931-7.

Mclvor A, Koornhof H, Kana BD. Relapse, re-infection and mixed infections in
tuberculosis disease. Pathog Dis; 75. Epub ahead of print 1 April 2017. DOI:
10.1093/femspd/ftx020.

Pan American Health Organization. Guidance for Tuberculosis Prevention and
Control in Indigenous Populations in the Region of the Americas. Washington D.C.:
Pan American Health Organization. Epub ahead of print 2021. DOI: 10.37774/
9789275122778.

Cobo AEG, Betancourt MIF, Flores LCG, et al. Unsuccessful treatment tuberculosis
in Ecuadorian prisoners: Overcrowding and other factors associated. Bol Malariol
Salud Ambient 2021;61:409-19.

Arenas-Suarez NE, Cuervo LI, Avila EF, et al. The impact of immigration on
tuberculosis and HIV burden between Colombia and Venezuela and across
frontier regions. Cad Saude Publica; 37. Epub ahead of print 2021. DOI: 10.1590/
0102-311X00078820.

Jiménez P, Calvopina K, Herrera D, et al. Identification of the Mycobacterium
tuberculosis Beijing lineage in Ecuador. Biomedica 2017;37:233-7.

Morey-Leon G, Mejia-Ponce PM, Granda Pardo JC, et al. A precision overview of
genomic resistance screening in Ecuadorian isolates of Mycobacterium
tuberculosis using web-based bioinformatics tools. PLoS One 2023;18:€0294670.
Garcés E, Cifuentes L, Franco G, et al. Study of the distribution of lineages of
Mycobacterium tuberculosis in a prison in Guayaquil, Ecuador. Enfermedades
Emergent 2023;22:7-14.

Castro-Rodriguez B, Le6n-Ordoénez K, Franco-Sotomayor G, et al. Population
structure of Mycobacterium tuberculosis in El Oro: A first insight into Ecuador-
Peru tuberculosis transmission. J Infect Public Health 2024;17:527-34.
Castro-Rodriguez BD, Espinoza-Andrade S, Franco-Sotomayor G, et al. A first
insight into tuberculosis transmission at the border of Ecuador and Colombia: a
retrospective study of the population structure of M. tuberculosis in Esmeraldas
province. Front Public Health 2024. https://doi.org/10.3389/
fpubh.2024.1343350.

Nimmo C, Millard J, Faulkner V, et al. Evolution of Mycobacterium tuberculosis
drug resistance in the genomic era. Epub ahead of print 7 Front Cell Infect
Microbiol 2022;12. https://doi.org/10.3389/fcimb.2022.954074.

Ektefaie Y, Dixit A, Freschi L, et al. Globally diverse Mycobacterium tuberculosis
resistance acquisition: a retrospective geographical and temporal analysis of
whole genome sequences. Lancet Microbe 2021;2:96-104.

Alame Emane AK, Guo X, Takiff HE, et al. Highly transmitted M. tuberculosis
strains are more likely to evolve MDR/XDR and cause outbreaks, but what makes
them highly transmitted? Tuberculosis 2021;129:102092.

Acosta F, Saldana R, Miranda S, et al. Heterogeneity of Mycobacterium
tuberculosis strains circulating in Panama’s Western Region. Epub ahead of print
21 Am J Trop Med Hyg 2023. https://doi.org/10.4269/ajtmh.23-0039.

Skhairia MA, Dekhil N, Mhenni B, et al. Successful expansion of Mycobacterium
tuberculosis Latin American and Mediterranean sublineage (L4.3/LAM) in
Tunisia mainly driven by a single, long-established clonal complex. Int J Infect
Dis 2021;103:220-5.

Castillos de Ibrahim das Neves Y, Reis AJ, Xavier Maio N, et al. Genotyping
methods and their contributions to the study of tuberculosis dynamic in Latin
America. J Infect Dev Ctries 2023;17:1373-86.

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 37 (2024) 100465

Huang C-C, Chu AL, Becerra MC, et al. Mycobacterium tuberculosis Beijing
lineage and risk for tuberculosis in child household contacts, Peru. Emerg Infect
Dis 2020;26:568-78.

Barletta F, Otero L, De Jong BC, et al. Predominant Mycobacterium tuberculosis
families and high rates of recent transmission among new cases are not associated
with primary multidrug resistance in Lima, Peru. J Clin Microbiol 2015;53:
1854-63.

Céceres O, Rastogi N, Bartra C, et al. Characterization of the genetic diversity of
extensively-drug resistant Mycobacterium tuberculosis clinical isolates from
pulmonary tuberculosis patients in Peru. PLoS One 2014;9:e112789.

Ramirez LMN, Ferro BE, Diaz G, et al. Genetic profiling of Mycobacterium
tuberculosis revealed “modern” Beijing strains linked to MDR-TB from
Southwestern Colombia. Epub ahead of print 1 PLoS One 2020;15. https://doi.
org/10.1371/journal.pone.0224908.

Puerto D, Erazo L, Zabaleta A, et al. Characterization of clinical isolates of
Mycobacterium tuberculosis from indigenous peoples of Colombia. Biomedica
2019;39:1-42.

Ferro BE, Nieto LM, Rozo JC, et al. Multidrug-resistant Mycobacterium
tuberculosis, southwestern Colombia. Emerg Infect Dis 2011;17:1259-62.
Garcia DF, Astudillo M. Genotipificacion de aislamientos del complejo
Mycobacterium tuberculosis mediante MIRU-VNTR, Cali, Colombia, 2013-2015.
Biomedica 2019;39:71-85.

Lazzarini LCO, Huard RC, Boechat NL, et al. Discovery of a novel Mycobacterium
tuberculosis lineage that is a major cause of tuberculosis in Rio de Janeiro, Brazil.
J Clin Microbiol 2007;45:3891-902.

Chizimu JY, Solo ES, Bwalya P, et al. Genetic diversity and transmission of
multidrug-resistant Mycobacterium tuberculosis strains in Lusaka, Zambia. Int J
Infect Dis 2022;114:142-50.

Mokrousov 1, Jiao WW, Wan K, et al. Stranger in a strange land: Ibero-American
strain of Mycobacterium tuberculosis in Tibet, China. Infect Genet Evol 2014;26:
323-6.

Mokrousov I, Vyazovaya A, Narvskaya O. Mycobacterium tuberculosis Latin
American-Mediterranean family and its sublineages in the light of robust
evolutionary markers. J Bacteriol 2014;196:1833-41.

Bocanegra-Garcia V, Cortez-de-la-Fuente LJ, Nakamura-Lopez Y, et al. RDRio
Mycobacterium tuberculosis strains associated with isoniazid resistance in
Northern Mexico. Enferm Infecc Microbiol Clin 2021;39:399-402.

Huber FD, Sanchez A, Gomes HM, et al. Insights into the population structure of
Mycobacterium tuberculosis using spoligotyping and RDRio in a southeastern
Brazilian prison unit. Infect Genet Evol 2014;26:194-202.

De Almeida IN, Vasconcellos SEG, De Assis Figueredo LJ, et al. Frequency of the
Mycobacterium tuberculosis RDRio genotype and its association with multidrug-
resistant tuberculosis. Epub ahead of print BMC Infect Dis 2019;19. https://doi.
org/10.1186/512879-019-4152-7.

Wang Y, Zhang M, Zhang J, et al. Epidemiology of tuberculosis in migrating
population. In: Tuberculosis Control in Migrating Population. Singapore: Springer
Singapore; 2020. p. 11-38.

Coll P, Garcia de Viedma D. Epidemiologia molecular de la tuberculosis. Enferm
Infecc Microbiol Clin 2018;36:233-40.

Bull TJ, Sidi-Boumedine K, McMinn EJ, et al. Mycobacterial interspersed
repetitive units (MIRU) differentiate Mycobacterium avium subspecies
paratuberculosis from other species of the Mycobacterium avium complex. Mol
Cell Probes 2003;17:157-64.

Kamerbeek J, Schouls L, Kolk A, et al. Simultaneous detection and strain
differentiation of mycobacterium tuberculosis for diagnosis and epidemiology.
J Clin Microbiol 1997;35:907-14.

Brudey K, Driscoll JR, Rigouts L, et al. Mycobacterium tuberculosis complex
genetic diversity: Mining the fourth international spoligotyping database
(SpolDB4) for classification, population genetics and epidemiology. Epub ahead
of print 6 BMC Microbiol March 2006;6. https://doi.org/10.1186/1471-2180-6-
23.

Meehan CJ, Goig GA, Kohl TA, et al. Whole genome sequencing of
Mycobacterium tuberculosis: current standards and open issues. Nat Rev
Microbiol 2019;17:533-45.

Kremer K, Au BKY, Yip PCW, et al. Use of variable-number tandem-repeat typing
to differentiate Mycobacterium tuberculosis Beijing family isolates from Hong
Kong and comparison with 1S6110 restriction fragment length polymorphism
typing and spoligotyping. J Clin Microbiol 2005;43:314-20.

Kremer K, van Soolingen D, Frothingham R, et al. Comparison of methods based
on different molecular epidemiological markers for typing of Mycobacterium
tuberculosis complex strains: interlaboratory study of discriminatory power and
reproducibility. J Clin Microbiol 1999;37:2607-18.

Supply P, Allix C, Lesjean S, et al. Proposal for standardization of optimized
mycobacterial interspersed repetitive unit-variable-number tandem repeat typing
of Mycobacterium tuberculosis. J Clin Microbiol 2006;44:4498-510.

Supply P, Lesjean S, Savine E, et al. Automated high-throughput genotyping for
study of global epidemiology of Mycobacterium tuberculosis based on
mycobacterial interspersed repetitive units. J Clin Microbiol 2001;39:3563-71.
Singh P, Samal J, Zarin S, et al. Breaking the transmission of TB: a roadmap to
bridge the gaps in controlling TB in endemic settings. In: Mycobacterium
Tuberculosis: Molecular Infection Biology, Pathogenesis, Diagnostics and New
Interventions. Singapore: Springer Singapore; 2019. p. 451-61.

Monteserin J, Camacho M, Barrera L, et al. Genotypes of Mycobacterium
tuberculosis in patients at risk of drug resistance in Bolivia. Infect Genet Evol
2013;17:195-201.


http://refhub.elsevier.com/S2405-5794(24)00052-4/h0265
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0265
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0265
https://doi.org/10.1186/s12864-022-09042-1
https://doi.org/10.1186/s12864-022-09042-1
https://doi.org/10.1002/ajpa.24595
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0280
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0280
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0280
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0285
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0285
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0290
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0290
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0290
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0290
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0295
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0295
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0295
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0300
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0300
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0300
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0300
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0305
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0305
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0305
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0310
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0310
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0310
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0310
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0315
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0315
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0315
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0330
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0330
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0330
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0340
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0340
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0345
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0345
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0345
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0350
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0350
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0350
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0355
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0355
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0355
https://doi.org/10.3389/fpubh.2024.1343350
https://doi.org/10.3389/fpubh.2024.1343350
https://doi.org/10.3389/fcimb.2022.954074
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0370
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0370
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0370
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0375
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0375
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0375
https://doi.org/10.4269/ajtmh.23-0039
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0385
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0385
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0385
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0385
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0390
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0390
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0390
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0395
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0395
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0395
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0400
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0400
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0400
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0400
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0405
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0405
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0405
https://doi.org/10.1371/journal.pone.0224908
https://doi.org/10.1371/journal.pone.0224908
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0415
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0415
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0415
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0420
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0420
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0425
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0425
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0425
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0430
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0430
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0430
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0435
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0435
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0435
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0440
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0440
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0440
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0445
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0445
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0445
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0450
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0450
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0450
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0455
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0455
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0455
https://doi.org/10.1186/s12879-019-4152-7
https://doi.org/10.1186/s12879-019-4152-7
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0465
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0465
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0465
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0470
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0470
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0475
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0475
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0475
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0475
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0480
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0480
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0480
https://doi.org/10.1186/1471-2180-6-23
https://doi.org/10.1186/1471-2180-6-23
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0490
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0490
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0490
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0495
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0495
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0495
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0495
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0500
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0500
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0500
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0500
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0505
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0505
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0505
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0510
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0510
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0510
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0515
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0515
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0515
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0515
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0520
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0520
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0520

B. Castro-Rodriguez et al.

[105]

[106]

[107]

[108]

Lagos J, Couvin D, Arata L, et al. Analysis of Mycobacterium tuberculosis
genotypic lineage distribution in chile and neighboring countries. PLoS One 2016;
11:e0160434.

Rosales S, Pineda-Garcia L, Ghebremichael S, et al. Molecular diversity of
Mycobacterium tuberculosis isolates from patients with tuberculosis in Honduras.
BMC Microbiol 2010;10:208.

Candia N, Lopez B, Zozio T, et al. First insight into Mycobacterium tuberculosis
genetic diversity in Paraguay. BMC Microbiol 2007;7:75.

Castro-Rodriguez B, Franco-Sotomayor G, Benitez-Medina JM, et al. Prevalence,
drug resistance, and genotypic diversity of the RDRio subfamily of
Mycobacterium tuberculosis in Ecuador: a retrospective analysis for years
2012-2016. Front Public Health 2024;12. https://doi.org/10.3389/
fpubh.2024.1337357.

[109]

[110]

[111]

Journal of Clinical Tuberculosis and Other Mycobacterial Diseases 37 (2024) 100465

Castro-Rodriguez B, Cazar-Ramos C, Franco-Sotomayor G, Cardenas-Franco GE,
Orlando SA, Garcia-Bereguiain MA. The impact of the Mycobacterium
tuberculosis RDRio subfamily on multidrug-resistant tuberculosis in Latin
America: a comprehensive review. Am J Trop Med Hyg 2024:1-7. https://doi.
org/10.4269/ajtmh.24-0073.

Monteserin J, Pérez-Lago L, Yokobori N, Paul R, et al. Trends of two epidemic
multidrug-resistant strains of mycobacterium tuberculosis in argentina disclosed
by tailored molecular strategy. Am J Trop Med Hyg 2010;101:6. https://doi.org/
10.4269/ajtmh.19-0397.

Dominguez J, Acosta F, Pérez-Lago L, et al. Simplified model to survey
tuberculosis transmission in countries without systematic molecular
epidemiology programs. Emerg Infect Dis 2019;25(3):507-14. https://doi.org/
10.3201/€id2503.181593.


http://refhub.elsevier.com/S2405-5794(24)00052-4/h0525
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0525
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0525
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0530
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0530
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0530
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0535
http://refhub.elsevier.com/S2405-5794(24)00052-4/h0535
https://doi.org/10.3389/fpubh.2024.1337357
https://doi.org/10.3389/fpubh.2024.1337357
https://doi.org/10.4269/ajtmh.24-0073
https://doi.org/10.4269/ajtmh.24-0073
https://doi.org/10.4269/ajtmh.19-0397
https://doi.org/10.4269/ajtmh.19-0397
https://doi.org/10.3201/eid2503.181593
https://doi.org/10.3201/eid2503.181593

	Molecular epidemiology of Mycobacterium tuberculosis in Ecuador: Recent advances and future challenges
	1 Introduction
	2 Tuberculosis in Ecuador: a middle-high burden setting with high prevalence of MDR-TB
	3 Population structure of Mycobacterium tuberculosis in Latin America
	4 Population structure of Mycobacterium tuberculosis in Ecuador
	4.1 Lineage distribution in Ecuador
	4.2 Mycobacterium tuberculosis strains associated to MDR-TB
	4.3 Population structure of MTB in border regions

	5 Molecular and genomic typing for Mycobacterium tuberculosis in Ecuador: current status and future perspectives
	6 Concluding remarks
	7 Ethics statement
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


