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en Ciencias de la Salud, Instituto de Ciencias de la Salud, Universidad Veracruzana, Veracruz, México,
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Abstract

Background

Mexico is one of the most important contributors of drug and multidrug-resistant tuberculosis

in Latin America; however, knowledge of the genetic diversity of drug-resistant tuberculosis

isolates is limited.

Methods

In this study, the genetic structure of 112 Mycobacterium tuberculosis strains from the

southeastern Mexico was determined by spoligotyping and 24-loci MIRU-VNTRs.

Findings

The results show eight major lineages, the most of which was T1 (24%), followed by LAM

(16%) and H (15%). A total of 29 (25%) isolates were identified as orphan. The most abun-

dant SITs were SIT53/T1 and SIT42/LAM9 with 10 isolates each and SIT50/H3 with eight

isolates. Fifty-two spoligotype patterns, twenty-seven clusters and ten clonal complexes

were observed, demonstrating an important genetic diversity of drug and multidrug-resistant

tuberculosis isolates in circulation and transmission level of these aggravated forms of

tuberculosis. Being defined as orphan or as part of an orphan cluster, was a risk factor for

multidrug resistant-tuberculosis (OR 2.5, IC 1.05–5.86 and OR 3.3, IC 1–11.03, respec-

tively). Multiple correspondence analyses showed association of some clusters and SITs

with specific geographical locations.
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Conclusions

Our study provides one of the most detailed description of the genetic structure of drug and

multidrug-resistant tuberculosis strains in southeast Mexico, establishing for the first time a

baseline of the genotypes observed in resistant isolates circulating, however further studies

are required to better elucidate the genetic structure of tuberculosis in region and the factors

that could be participating in their dispersion.

Introduction

Over recent decades, the worldwide resurgence of tuberculosis (TB) has been a challenge for

health institutions. According to the global TB report of the World Health Organization, in

2015, TB was responsible for the deaths of 1.5 million people and generated 10.4 million cases,

of which 100,000 were drug resistant tuberculosis (DR-TB) with specific resistance against

rifampicin-resistant (RR-TB), 480,000 presenting combined resistance to rifampin and isonia-

zid and considered as multidrug resistant (MDR-TB), and 7579 showed extreme drug resis-

tance (XDR-TB) [1]. In 2015, only 125,000 (20%) of the 480,000 individuals with RR and

MDR, and 7234 patients with XDR-TB were enrolled for treatment; however, successful out-

comes were 83% for patients with TB (2014 cohort), 52% for MDR/RR-TB and 28% for

XDR-TB. These figures clearly demonstrate the magnitude of the drug resistance phenomenon

in TB, and its impact on the goal for eradication of TB by 2030[2].

The use of tools that allow characterization and genotypic analysis of TB, such as 24-locus

mycobacterial interspersed repetitive unit-variable-number tandem-repeat (MIRU-VNTR)

and spacer oligonucleotide typing (spoligotyping), allow an understanding of the dynamics

and complexity of the population structure of Mycobacterium tuberculosis within a population

[3,4]. These procedures allow identification of the different lineages in circulation within spe-

cific regions and their relationship with potential pathogenicity and virulence [5,6] Also, sev-

eral reports from different geographic regions have described the levels of association with

demographic, epidemiological and drug resistance characteristics [7–12].

According to the global TB report by the WHO, 22,869 new cases of TB were reported in

2016 in Mexico, with an incidence of 22/100,000 inhabitant and 610 cases of MDR-TB [1], and

according to the Pan American Health Organization (PAHO) is placed as one of the five coun-

tries with more contributions of DR-TB and MDR-TB cases in Latin America [13]. However,

there is limited data on the genotypic characteristics of the TB strains in circulation [14–16],

including the drug and multidrug resistant isolates [14,17–20]. Moreover, there is limited data

on the association between TB lineages in circulation and the clinical, epidemiological and drug

resistant profiles of these isolates [18]. The aim of the present study is therefore to characterize

the genetic diversity of DR and MDRTB strains isolated in Southeast Mexico and identify risk

factors for infection with the specific drug-resistant lineages circulating in Veracruz, Mexico.

Material and methods

Study population and clinical sample isolation

Conducted between April 2013 and May 2015, this is a cross-sectional study in which 400 clin-

ical sputum samples were taken from the same number of individuals suspected of having TB.

The Public Health Laboratory of the Veracruz State Health Department collected all samples

as part of the standard diagnostic procedure to confirm presence of TB and drug resistant.

This laboratory provides the service of diagnosis of TB and also the susceptibility test against
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first line drugs, to the population of state of Veracruz; which is close to 7.5 million inhabitants,

placed in an area close to 72,000 km2. Sputum samples were decontaminated using Petroff´s

modified method [21] and primary isolation was achieved with Löwenstein-Jensen medium.

Susceptibility testing for the first line drugs streptomycin (S), isoniazid (H), rifampin (R), eth-

ambutol (E) and pyrazinamide (Z) was performed using the fluorometric method (MGIT 960

Becton-Dickinson)

Variables such as age, gender, place of residence, type of diagnosis and treatment were

recovered from the clinical files of each patient. Geographical characteristics were included

considering two levels; (1) the jurisdiction or “district” where each isolate was collected, and

(2) the geographical zone in which the health jurisdictions were located. Considering these

three major zones were defined: North Zone including the following jurisdictions: 1 (Panuco),

2 (Tuxpan), 3 (Poza Rica) and 4 (Martinez de la Torre), Central Zone considering: 5 (Xalapa),

6 (Cordoba), 7 (Orizaba), 8 (Veracruz), and South Zone including: 9 (Cosamaloapan), 10 (San

Andres Tuxtla) and 11 (Coatzacoalcos). (Fig 1)

DNA purification, 24-loci MIRU-VNTR and spoligotyping analysis. The DNA was

extracted with a loop of cultured mycobacteria, following the recommendations of Van Soolin-

gen et al.[22]. Concentration of the DNA was determined by spectrophotometry in a Nano-

drop 1000 (Thermo Scientific). The 24-locus MIRU-VNTR typing was conducted following

the recommendations of Supply et al. [4]. Each locus was amplified individually and PCR frag-

ments were separated by electrophoresis using a 2% agarose gel. Fragment size was estimated

by comparison with 100 bp DNA molecular weight ladders and independently verified by two

separate individuals. The number of repeats at each locus was calculated by applying the corre-

sponding conversion table [23].

Spoligotyping was carried out following standard techniques [3,24]. The direct repeat (DR)

region was amplified with the oligonucleotides DRa (5´-GGTTTTGGGTCTGACGAC-3´bio-

tinylated) and DRb (5´-CCGAGAGGGGA CGGAAAC-3´). The biotinylated PCR products

were hybridized to a membrane containing a set of 43 oligonucleotides corresponding to each

spacer. DNA from M. tuberculosis H37Rv, M. tuberculosis CDC1551 and M. bovis BCG were

Fig 1. Distribution of the geographical zones, jurisdictions and lineages included in Veracruz, Mexico. North

Zone (NZ): Panuco, Tuxpan, Poza Rica, Martı́nez de la Torre. Central Zone (CZ):Xalapa, Córdoba, Orizaba, Veracruz.

South Zone (SZ): Cosamaloapan, San Andrés Tuxtla, Coatzacoalcos.

https://doi.org/10.1371/journal.pone.0193626.g001
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used as controls. Hybridized PCR products were incubated with streptavidin peroxidase con-

jugate, and the membrane exposed to a chemiluminescence system, followed by exposure to

X-ray film. The film was then developed using standard photochemical procedures (Amer-

sham International, Buckinghamshire, United Kingdom). Spoligotype international type

(SIT), and family assignment was performed using databases SITVIT3 and SPOLDB4 (http://

www.pasteur-guadeloupe.fr/tb/bd_myco.html)[25,26].

Lineage assignment, cluster and clonal complex analysis. Genotypes were expressed as

numerical codes representing the number of MIRU-VNTR for each locus. Lineages were indi-

vidually identified using the similarity search module [27] of the database MIRU-VNTRplus

(http://www.miru-vntrplus.org/MIRU/index.faces)[28].

The tree polar arrangement was realized by the FigTree program (Tree Figure Drawing

Tool Version 1.4.3. http://tree.bio.ed.ac.uk/software/figtree), through Nexus file generated by

algorithm UPGMA on database MIRU-VNTRplus considering data of spoligotyping patterns

and 24 loci-MIRU- VNTR. The Hunter-Gaston discriminatory index (HGDI) was calculated

as previously reported for 24 loci-MIRU-VNTR [29].

Clonal complexes were identified using the minimum spanning tree module in the database

MIRU-VNTRplus [28], considering 24-MIRU-VNTR loci, with maximum differences within a

clonal complex of five loci.

Statistical analysis and association of epidemiological variables and

genotypes

Data from the patients included in the study was analyzed using frequencies and Chi-square

statistics with Yates´s correction and Fisher´s exact test. Association between the variables was

determined based on the analysis of odds ratios, considering inclusion within a specific line-

age, clusters or SITs and variables such as gender, age, geographical location (Jurisdictions or

geographical zone) and drug-resistance considering a value of p<0.05 to be significant. All cal-

culations were performed using the software SPSS V.12. To further explore the relationship

between characteristics such as gender, age, drug resistance profile, jurisdiction, clusters and

SITs, we performed a multiple correspondence analysis[30]. This analysis is used to identify,

within a small number of dimensions, the most significant deviations that are determined by a

chi square function, which is known as the total inertia. Dimension 1 represents the largest

deviation of independence from the data, and dimension 2 the second largest deviation, and so

on in descending order. The more distant a value is from the origin of the category of response

in a dimension, the greater its importance in interpreting this dimension. Clusters or catego-

ries of response that are very close within a point plot, and with their load in the same dimen-

sion, tend to indicate similarities between responses with moderate to high correlations [30].

Ethical concerns

No physical interventions took place with the patients. All of the information collected was

treated as confidential and written consent was obtained from each individual. The Ethics

committees of the Public Health Institute at University of Veracruz oversaw and approved the

ethical issues involved in this study, and no experimental animals were included.

Results

Population and clinical samples

During the period April 2013 to May 2015, 410 sputum samples from patients diagnosed with

pulmonary TB were collected from the eleven health jurisdictions from Veracruz as described
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above. Of these, one hundred twelve (25%) isolates showed resistance to at least one first-line

drug and were therefore included in the analysis.

Individuals bearing a drug resistant strain were predominantly male (79 individuals; 71%)

with an average age of 44 ± 16.7 years. By age group, 18 (16%) of persons were between 18 and

24 years of age, 38 (34%) between 25–44 years and 56 (50%) over 45 years. A total of Ninety

one (81%) individuals were diagnosed with TB for the first time, while 21 (15%) had had previ-

ous treatment.

Characteristics and geographic distribution of drug resistant isolates

Twenty different drug resistance profiles were identified; 31 (28%) strains were mono-resistant

(MR), 18 (16%) had resistance against any combination of two or more drugs, with exception

of the combination rifampicin and isoniazid, were recognized as poly-resistant (PR), 62 (55%)

were MDR and one (1%) was extreme drug-resistant. This last isolate was initially identified as

MDR, but later confirmed as XDR by the National Institute of Epidemiological Reference,

México.

Of the 31 MR isolates, eleven presented resistance to isoniazid (H), ten with resistance to

Streptomycin, seven to rifampicin and three to pyrazinamide. No mono-resistance to etham-

butol (E) was found. In the PR isolates, eight different profiles were identified. Of these, the

highest proportion (9/18) was a combination of isoniazid and streptomycin resistance (HS).

Among the MDR isolates, 8 different resistance profiles were observed and 21% (13/62) pre-

sented resistance to all first-line drugs (SHREZ).

According to their origin, 23 (20.5%) isolates came from the North Zone (NZ, including

health jurisdictions 1–4), while seventy six (67.8%) were found at the Central Zone (CZ,

including jurisdictions 5–8) and 13 (11.16%) came from the South Zone (SZ, including juris-

dictions 9–11). Considering the MDR character of the TB isolates, the Central Zone provided

the largest number of MDR isolates (45/76), followed by the NZ (13/23) and finally the SZ (4/

13). (Fig 1 and Table 1)

Table 1. Geographical distribution of the isolates recovered from Veracruz, Mexico.

Jurisdictions MR PR MDR XDR Total

North Zone (N)

1 0 1 2 0 3(2.68%)

2 0 0 1 0 1 (0.89%)

3 5 1 9 0 15 (13.39%)

4 2 1 1 0 4 (3.57%)

Total 23 (20.53%)

Central Zone (C)

5 4 2 7 1 14 (12.5%)

6 3 2 9 0 14 (12.5%)

7 1 0 0 0 1 (0.89%)

8 11 7 29 0 47 (41.96%)

Total 76 (67.86%)

South Zone (S)

9 1 3 0 0 4 (3.57%)

10 1 1 0 0 2 (1.78%)

11 3 0 4 0 7 (6.25%)

Total 13 (11.6%)

Total 112 (100%)

https://doi.org/10.1371/journal.pone.0193626.t001
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Description of the population spoligotype structure of the DR and

MDR-TB strains

Of the 112 resistant 83 (74%) isolates were classified in 34 (66%) recognized SITS included in

eight major lineages, predominated by the “Euro-American” global lineage 4 (69%). Consider-

ing the spoligotype, SIT/lineage and cluster formation, the isolates were classified in three

major groups (Fig 2). The first group included 70 (63%) isolates with 19 SITs/lineages, forming

the same number of clusters. The second group included 13 (12%) isolates with the same num-

ber of SITs but without formation of any clusters (singletons). The third and last group

included 29 (25%) isolates with not SIT/lineage assignation (orphans) and with seven clusters

including 19 isolates.

The most frequent lineage was T1, which was found in 27 (24%) isolates and included three

sub-lineages (T1, T3 and T1-RUS). The lineage LAM was detected in 18 (16%) strains, includ-

ing four sub-lineages (LAM1, LAM3, LAM4 and LAM9). The Haarlem (H) lineage was

observed in 17 (15%) isolates and included three sub-lineages (H1, H2 and H3). Less fre-

quently found lineages were X, observed in eight (7%) isolates, classed into two sub linages (X1

and X3). At a lower proportion, the East Asia India-Manila (EAI-manila) and S lineages were

observed in three (2.6%) isolates each, and the Beijing and EAI5 lineages were observed in two

(1.7) and one (0.8%) isolates, respectively. Almost all these lineages were observed in the differ-

ent geographical zones throughout state (Fig 1 and Fig 2).

The most abundant SITS were SIT53 (T1) and SIT42 (LAM9), with 10 isolates each, and

SIT50 (H3) with eight isolates. These were followed by SIT 119 (X1) with five isolates, and

then the SIT19 (EAI-Manila), SIT46 (ND), SIT92 (X3), SIT 376 (LAM3), SIT707 (S), SIT948

(H3) and SIT1123 (T1-RUS), with three strains each (Fig 2). The SIT1 (Beijing), SIT2 (H2),

SIT 20 (LAM1), SIT51 (T1), SIT258 (T1), SIT398 (LAM4), SIT602 (ND), SIT 2642 (H1) were

observed with two isolates each (Fig 2). Is important to mention that in the third group 18

(16%) orphan isolates formed seven clusters: ORF1-V with five isolates (700076717760771),

ORF2-V (777777763760771) with three, and ORF-V3 (770077777760771), ORF-V4

(773577777760631), ORF-V5 (777675777760771), ORF-V6 (677777607720771) and ORF-V7

(700017607720771) with two isolates each (Fig 2).

MIRU-VNTR analysis and identification of clonal complexes

The results of the MIRU-VNTR 24 loci analysis showed that the 31 isolates were classified

into ten clonal complexes, which corresponded to the following lineages by spoligotyping:

CC1-T1-1 (n = 8, 293245433335336204344a62), CC2-LAM9 (n = 5, 25221643242411615

4403933); CC3-X1 (n = 3, 253234442334525153344043), CC4-H3-1 (n = 3, 223236333734

425154343843), CC5-ORFV-1 (n = 2, 263244342335535256544ª44), CC6-X3 (n = 2, 00023

0030420205100000004), CC7-ORFV-5 (n = 2, 234234523425236235444623), CC8-ORFV-

6 (n = 2, 244216330334536264443643), CC9-EAI (n = 2, 214225432353276224352623)

and CC10-46 (n = 2, 364246523246525235544553).

The global HDGI calculated was 0.99, and the individual diversity index showed that only

one allele was poorly discriminant, Miru04 (0.18). Two were moderately discriminant Miru2

(0.5), Miru24 (0.53). While the remaining 21 were highly discriminant: Miru20 (0.62), ETRA

(0.63), Mtub 34 (0.63), Mtub 21 (0.64), ETRC (0.66), ETRB (0.66), Miru23 (0.67), Mtub 29

(0.67), Miru 31(0.68), Mtub 39 (0.69), Miru 39 (0.70), Miru26 (0.71), Miru27 (0.71), Miru16

(0.76), Miru 40 (0.79), Miru10 (0.79), Mtub 30 (0.82), Mtub04 (0.83), QUB11B (0.82), QUB4

156 (0.83) and QUB 26 (0.88).
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Fig 2. Groups according to SIT/lineage and cluster formation on drug (DR) and multidrug-resistant (MDR) TB isolates from Veracruz,

Mexico.

https://doi.org/10.1371/journal.pone.0193626.g002

Genetic diversity of M. tuberculosis in Veracruz

PLOS ONE | https://doi.org/10.1371/journal.pone.0193626 March 15, 2018 7 / 18

https://doi.org/10.1371/journal.pone.0193626.g002
https://doi.org/10.1371/journal.pone.0193626


Cluster formation and drug resistance characteristics

Three clusters were the most abundant (Fig 3); (1) cluster T1-1, including ten isolates, eight of

them were MDR, and distributed throughout the state but with predominance in the CZ, and

in males older than 45 years of age. (2) Cluster LAM9, consisted of ten isolates, six of which

were MDR, nine were from the CZ and eight observed in males. (3) Cluster H3-1, including

eight isolates, four of which were MDR, eight were from the CZ and found in male patients.

Two clusters featured five isolates each: the first was X1, and included three MDR isolates,

all of which were from the CZ and predominantly from males; the second was ORFV-1,

formed by orphan isolates, all of which were MDR, from the CZ and were found predomi-

nantly in males. (Fig 3)

Eight clusters had three isolates: T1-Rus2, H3-2, LAM3, X3, S, EAI, 46 and ORFV-3.

Finally, sixteen clusters were found with two isolates: T1-2, T1-3, T1-4, H1, H2, LAM1, LAM3,

LAM4, LAM, 602, Beijing, ORFV-2, ORFV-4, ORFV-5, ORFV-6, and ORFV-7 (Fig 3).

Of the 91 isolates from patients with a first-time diagnosis 75 formed 26 clusters and the

rest were singletons. Only 16 cluster (T1-2, T1-3, H1, H1, H2, LAM4, X1, X3,602, EAI, 46,

ORFV-2, ORFV-3, ORFV-5, ORFV6 and ORFV-7), were conformed exclusively by individuals

with a first time diagnostic and only four (602, ORFV-2, ORFV-3, and ORFV6) included iso-

lates that were exclusively multidrug resistant. Meanwhile, of the 21 isolates from individuals

with retreatment, 15 were observed in twelve clusters of which only one (LAM3), consisted of

two individuals with a retreatment, but with different patterns of resistance (Fig 3).The tree

polar arrangement dendogram shows the presence of 6 major groups (Fig 4). The first include

three clusters with the H2, Beijing and T1-4 lineages. The second group includes only one clus-

ter with isolates bearing the EAI lineage. The third group included five clusters, two with H-

lineage (H1-H3-2), one orphan (ORFV-4) and two without lineage (602 and 46). The fourth

included four clusters, only one was X3, and the remaining were orphan (ORFV-1, ORFV-2,

ORFV-7). The fifth group considered four clusters with LAM sub-lineages (LAM1, LAM3,

LAM4, LAM9) and one orphan cluster (ORFV6). The last group was the most abundant, and

considered 8 clusters, three with T1 lineage (T1-1, T1-2 and T1-3), and remaining were S,

ORFV-3, ORFV-5, X1 and H3-1.

Association of variables with clusters, SIT and lineages

The analysis of association between variables only showed that isolates and clusters with an

orphan genotype had 2.5 (IC 1.05–5.86) and 3.3 times more risk (IC 1–11.03) of having a

MDR-TB phenotype, respectively.

Through multiple correspondence analyses, and considering cluster and SIT, it was possible

to observe some associations within regions of the state of Veracruz. The cluster ORVF4

showed an association with jurisdiction 10 San Andres Tuxtla, (Diamond 25 with cross 10, Fig

5A) (inertia values ACS Cluster vs. Jurisdiction; 0.268 and 0.255, respectively), while the cluster

H2 had an association with jurisdiction 2 Tuxpan (Diamond 8 with cross 2, Fig 5A) (inertia

values ACS Cluster vs. Jurisdiction 0.493 and 0.491, respectively). Considering the SIT as an

element of aggrupation, SIT8 (EAI5) showed association with the jurisdiction 4 Martinez de la

Torre (NZ) (Diamond 8 with cross 4, Fig 5B) (inertia values ACS SIT vs. Jurisdiction, 0.241

and 0.388, respectively). The SIT 1123 (T1-Rus) and jurisdiction 9 Cosamaloapan (Diamond

1123 with cross 9, Fig 5B) (inertia values ACS SIT vs. Jurisdiction, 0.203 and 0.229, respec-

tively) were associated. Finally, SIT2 (H2) and jurisdiction 2 Tuxpan (NZ) had a significant

relationship (Diamond 2 with cross 2, Fig 5B) (inertia values ACS SIT vs. Jurisdiction, 0.493

and 0.491, respectively).
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Discussion

From the 20,000 cases of TB reported annually in Mexico, between 1,200 and 1,500 are DR.

The state of Veracruz contributes 11% (2,000) of the total number of TB cases, of which 8%

(150) are DR. In addition, Veracruz also occupies the first place in terms of the number of

prevalent cases of MDR-TB in the country. For these reasons, the state is placed as one of the

most significant contributors to the DR-TB and MDR-TB problem in Mexico [31]. These data

help to explain why 55% (62) of the isolates analyzed in this study were MDR, as well as why

the sample analyzed almost corresponded to all of the cases diagnosed as DR-TB in one year in

the state.

The 82% of the isolates (75/91) from patients diagnosed as a new case were located in a clus-

ter. Lineages T and H had some tendency to include these new cases, but with different pat-

terns of resistance. However, in the seven clusters containing the 18 isolates classified as

orphans, 16 were new cases and thirteen were found to be multidrug-resistant. It will be neces-

sary to further characterize these orphans isolates, using additional molecular markers to

establish their belonging to a specific lineage [32], as well as the factors that promote their ten-

dency to develop drug resistance. On the other hand, 71% (15/21) of the isolates from a pre-

treatment Tb patient were located in clusters. Clusters with a LAM lineage included 28% (6/

21) of these individuals, of which only three were multidrug-resistant. This information show

that the DR-TB in the region seems to be mainly dominated by clones belonging to diverse lin-

eages with diverse resistance profiles and wide dispersion. The information will be of great

help to suggest improvements to the surveillance of DR-TB, and prevent its spread.

Fig 3. Characteristics of clusters observed by the UPGMA algorithm in isolates from Veracruz, Mexico.

https://doi.org/10.1371/journal.pone.0193626.g003

Fig 4. Tree polar arrangement dendogram, from DR and MDR isolates of Veracruz, Mexico.

https://doi.org/10.1371/journal.pone.0193626.g004
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Resistance to isoniazid was the most frequent; it was observed in 71% (80/112) of the recov-

ered isolates. Of these, 27% (31/112) and 50% (9/112) were isolated with a mono- and poly-

drug resistant character. It has been recently suggested that resistance to isoniazid arises prior

to the appearance of rifampicin resistance [33], therefore 35% (40/112) of the isolates studied

could evolve to develop resistance to rifampicin and to be multidrug-resistant. As a conse-

quence, it is necessary to develop a closer surveillance system in the state, with a particular

emphasis on isolates where resistance to isoniazid is observed and with the aim to reduce the

evolution of DR to MDR and subsequent dispersion within the population.

Analysis of the 112 recovered isolates allowed us to establish the first detailed description of

the genetic structure of one of the most abundant collections of DR-TB and MDR-TB isolates

from southeast Mexico. The results showed that 69% of the isolates were located within the

"Euro-American" global lineage 4, which includes the T, LAM and H lineages [34,35], while

25% of the strains were found as orphans, with the remaining 6% in two Asian lineages.

The predominant nature of lineage 4 and the low presence of lineages 2 and 3 (Beijing and

EAI-manila) support previous reports from DR and MDR-TB isolates of central and northern

Mexico, as well as from other Latin American countries (Table 2). The T-lineage showed the

highest frequency, coinciding with previous reports from Mexican isolates; however, in South

American countries, the LAM lineage seems to be predominant (Table 2). From these

Fig 5. Graph of points by category of multiple correspondence analyses of the variables, age, jurisdiction, resistance profile, gender and; a) Clusters and b) SITs of the

112 isolates of drug-resistant TB analyzed.

https://doi.org/10.1371/journal.pone.0193626.g005
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observations, two questions emerge: how could the socio-demographic, geographic and

genetic factors of the Latin American population could be promoting the dispersion of mem-

bers of Lineage 4 over 2 and 3 [36], and how could this factors also could influence the major

occurrence of T over the LAM lineage in Mexico. Further molecular epidemiology studies are

necessary to answer these questions.

We identified 32 SITs, of which 17 (53%) (1, 2, 19, 20, 42, 46, 49, 50, 51, 53, 92, 119, 291,

334, 948, 787 and 2212) had been previously described in DR-TB and MDR-TB isolates circu-

lating in Mexico [18,19], and other Latin American countries [40,41,43,44].

Given their relationship with high virulence and development of drug resistance, seven

SITs draw attention: SIT1/Beijing and SIT19/IIA-Manila, forming two clusters each with three

isolates, of which only one was MDR. The W-Beijing lineage is considered important because

of its predominance in Asian countries, high infectiousness and tendency to develop multi-

drug resistance[45–47].The occurrence of these lineages in the area confirms their extensive

distribution in Mexico, as well as their apparently limited participation in the generation of

multidrug resistance [15,18,19,48].

The SIT20/LAM1 was observed in two isolates forming a cluster. This SIT has special

importance since it specifically includes isolates with the RDRio genotype, which is character-

ized by being highly virulent and a more efficiently causing infection [49]. Interestingly, one of

the isolates carrying this SIT showed resistance to all first-line drugs. Ten isolates presented

the SIT42/LAM9 and two isolates presented the SIT398/LAM4, of which nine were MDR. It

has been described that both SITs present a combination of missing and bearing the RDRio

genotype. The SIT376/LAM3 formed a cluster with three isolates, two of which were MDR.

However, the RDRio genotype is absent in the members of this SIT[49,50]. Up to date, there

are no reports confirming either presence or absence of the RDRio genotypic marker in iso-

lates with LAM lineage circulating in Mexico. It will therefore be necessary to confirm the

occurrence of this genotype as well as determine its influence on the development of drug- and

multidrug-resistant TB.

SIT50/H3 has a high frequency of katGS315T mutation in isoniazid resistant TB strains[51]

and DNA repair genes that allow greater adaptability to hostile environments [52]. All eight

isolates with the SIT50/H3 identified here were also resistant to isoniazid. This SIT has been

described in Mexico [18,19]; nevertheless, descriptions of mutations explaining DR or MDR

Table 2. Studies reporting distribution of lineages in M. tuberculosis drug and multidrug resistant isolates in Latin America.

Country and Period No. of strains

/type

H T LAM S Beijing X EAI Orphans or

unclassified

Reference

Argentina, 2003–2009 787/MDR 36.3% 13.9% 38.8% 2.8% 1.5% 0.9% - 3.8% [37]

Argentina, Brazil, Chile, Colombia, Venezuela,

2004–2008

951/MDR 28.9% 17.4% 37.2% - 1.3% - - - [38]

Brazil 2015 104/DR-MDR 5.7% 14% 66% 1.9% 1.9% - - 8.6% [39]

Brazil 2012 121/MDR 4% 22% 57% - - 0.8% - - [40]

Brazil 2014 99/MDR 12% 17% 47% - - 6% 1% - [41]

Peru 2015 209/DR,MDR 13% 8.6% 59% - 8% 4% - - [42]

Peru 2014 142/XDR 43.6% 27.4% 16% - 9% 1.4% - - [43]

Colombia 2011 76/DR,MDR 22.5% 5.6% 30% - 15% 3.8% - 23.1% [44]

Mexico 2013 109/MDR 3.6% 56% 4.6% - 2.75% 0.9% 4.6% 20.1% [18]

Mexico 2002–2013 1237/Sensitive

/DR

3.1% 20.3% 6.8% 1.29% 0.72% 11.4% 6.8% - [19]

Mexico 2017 112/MDR 15% 24% 16% 2.6% 1.5% 7% 2.6% 25% This

study

https://doi.org/10.1371/journal.pone.0193626.t002
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character in isolates with this lineage are scarce [20,53]. We have planned to perform addi-

tional analyses to confirm the presence of mutations in the katG gene in SIT50 and the remain-

ing SITs of the H lineage found in the setting, such as SIT2/H2, SIT948/H3, SIT2642/H1, in

order to evaluate their influence on generation, dispersion and resistance to isoniazid.

Fifteen isolates (13%) were located within seven SITs described for the first time in Mexico

(243, 376, 602, 707, 1123, 2212 and 2642). According to the SITVIT-Web database [26], two

marked behaviors were observed in terms of geographical location of these SITs. Four SITs has

been reported only in countries from the American continent: SIT376/LAM3 observed in Bra-

zil, Venezuela and Guatemala; SIT707/S described in Argentina; SIT2642/H1 in Paraguay and

SIT2212/H3 detected in the United States. The second group included isolates with a wider

distribution, including SIT243/T1 described in Belgium, Italy, Zambia and United States;

SIT1123/T1-RUS, detected in Poland, Belgium, Bangladesh, Turkey and the United States.

The report of this SIT by our study represents its first description in a Latin American country.

Finally, SIT602 was observed in Germany, Turkey, Spain, Brazil, Germany United States,

France and South Africa. This SIT included two MDR-TB isolates in a cluster and the spoligo-

type matched with a TB-MDR isolate recovered in 2003 from the state of Tabasco (south of

Mexico) and classified as orphan [18]. This information shows that this SIT seems to have

been circulating in Mexico for more than 10 years and with a strong tendency to develop and/

or transmit a MDR phenotype.

The significant numbers of spoligotypes (52), lineages (8), clusters (27), clonal complexes

(10) and orphaned spoligotype patterns (29) identified demonstrates the high and important

genetic diversity of DR-TB and MDR-TB isolates circulating in the area. Transmission rate

was calculated at 56%, showing that around half of the TB-DR isolates were generated from

direct transmission while the remainder originated from different sources. In this sense, all of

the individuals included in the study were originated from the state of Veracruz and stated

that no trips outside Mexico had been undertaken in the last three years. It is important to

mention that the state of Veracruz has an important flow of Central and South American

immigrants were the final destination is the United States and also remark that the state has

three of the five major seaports of Mexico. These factors may explain the possible importation

and subsequent distribution of some of the genotypes circulating in the area, a similar scenario

has been described in the state of Baja California, a state located in the north of Mexico [48].

The high diversity of the genotypes/lineages found in our work, especially from Lineage 4,

seems to be a constant in Latin American countries (Table 2); however, this differs to that seen

in Asian, European or African countries, in which genotypes/linages from groups 1, 2 and 3 or

from a more specific Lineage (e.g., Beijing) are those mainly responsible for the transmission

and dispersion of DR-TB and MDR-TB isolates [54–57]. This could be accounted by the

founder effect observed in MDR isolates from Peru [42], and Ukraine [58] where the predomi-

nance of specific lineages seems to confine the dispersion of new o less frequent lineages in the

same geographic region.

According to the risk analysis, having only an orphan genotype or being within a cluster

with this characteristic (ORFV) was the only variable that showed an associated risk of devel-

oping MDR-TB (OR 2.5 and OR 3.3, respectively). However, the multiple correspondence

analyses showed relatively high values of inertia (associations) for certain clusters and specific

SITs with jurisdictions, evidencing an apparent initial development of outbreaks of MDR-TB

isolates in certain geographic areas. However, to confirm these risks, it will be necessary to per-

form additional genotypic analysis including sensitive TB isolates, considering that in a hetero-

geneous population the probability of an MDR-TB case being observed within one specific

cluster decreases on the contrary the sensitive cases increase. Perhaps this statistical tool could
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be useful in future studies where an evaluation of numerous variables and identification of

possible associations, considering data with significant disaggregation would be performed.

One of the most important limitations of our study was the impossibility of performing

drug sensitivity tests at time of initial TB diagnosis. In Mexico, drug susceptibility tests are

only performed when a positive bacilloscopy is observed at the second or third month of treat-

ment. It was therefore not possible to determine whether the individuals carrying certain SITs

had a primary or secondary type of resistance, and it was consequently impossible to deter-

mine in detail the tendency or capacity of certain SITs to develop or transmit DR or MDR.

A second limitation of our study was related with the absent of genotypic information

about drug sensitive TB isolates, all this information could help us to establish a more correct

proportion of drug resistance isolates in each cluster/clade, lost or bias in the data and poten-

tial risk factors. Nevertheless, the results obtained in this study show predominance tendencies

of some lineages related with drug resistant that should be confirmed with detail further, also

this study indicate the urgent need to implement these genotyping tools within a system of epi-

demiological-molecular TB surveillance in Mexico.

In conclusion, our study illustrates the utility of spoligotyping and MIRU-VNTRs for estab-

lishing an initial baseline of the genotypic lineages of DR-TB and MDR-TB strains currently in

circulation in Veracruz. The results highlight an important diversity of circulating genotypes,

with a significant proportion of T lineages, followed by LAM and H. Further studies are

required in order to better elucidate the genetic structure of the DR-TB and MDR-TB lineages

circulating in Mexico; this information will help us to determine how these lineages could be

influenced by geographic, ethnic or migration factors, and also assess the effectiveness of the

TB control program, with an emphasis on surveillance of drug resistance.
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Estado de México, a low prevalence setting from Mexico. APMIS. 2015; 123. https://doi.org/10.1111/

apm.12312 PMID: 25257651

17. Lopez-Rocha E, Juarez-Alvarez J, Riego-Ruiz L, Enciso-Moreno L, Ortega-Aguilar F, Hernandez-Nieto

J, et al. Genetic diversity of the Mycobacterium tuberculosis complex in San Luis Potosi, Mexico. BMC

Res Notes. 2013; 6: 172. https://doi.org/10.1186/1756-0500-6-172 PMID: 23635381

18. Martinez-Guarneros A, Rastogi N, Couvin D, Escobar-Gutierrez A, Rossi LM, Vazquez-Chacon CA,

et al. Genetic diversity among multidrug-resistant Mycobacterium tuberculosis strains in Mexico. Infect

Genet Evol. 2013; 14: 434–443. https://doi.org/10.1016/j.meegid.2012.12.024 PMID: 23333775

19. Flores-Trevino S, Mendoza-Olazaran S, Garza-Gonzalez E. Drug resistance and molecular epidemiol-

ogy of Mycobacterium tuberculosis in Mexico: a systematic review. Salud Publica Mex. 2014; 56: 63–

77. Available: http://www.ncbi.nlm.nih.gov/pubmed/24912522 PMID: 24912522

20. Juarez-Eusebio DM, Munro-Rojas D, Muniz-Salazar R, Laniado-Laborin R, Martinez-Guarneros JA,

Flores-Lopez CA, et al. Molecular characterization of multidrug-resistant Mycobacterium tuberculosis

isolates from high prevalence tuberculosis states in Mexico. Infect Genet Evol. 2016/09/18. 2016;

https://doi.org/10.1016/j.meegid.2016.09.012 PMID: 27637930

21. Petroff SA. A New and Rapid Method for the Isolation and Cultivation of Tubercle Bacilli Directly from

the Sputum and Feces. J Exp Med. 1915; 21: 38–42. Available: http://www.ncbi.nlm.nih.gov/pubmed/

19867850 PMID: 19867850

22. van Soolingen D, Hermans PW, de Haas PE, Soll DR, van Embden JD. Occurrence and stability of

insertion sequences in Mycobacterium tuberculosis complex strains: evaluation of an insertion

sequence-dependent DNA polymorphism as a tool in the epidemiology of tuberculosis. J Clin Microbiol.

1991; 29: 2578–2586. Available: http://www.ncbi.nlm.nih.gov/pubmed/1685494 PMID: 1685494

23. Supply P. Multilocus Varialbe numer tandem repeat genotyping of Mycobacterium tuberculosis: TEchni-

cal Guide. Institute Pasteur Lille; 2005. p. 74.

24. Driscoll JR. Spoligotyping for molecular epidemiology of the Mycobacterium tuberculosis complex.

Methods Mol Biol. 2009; 551: 117–128. https://doi.org/10.1007/978-1-60327-999-4_10 PMID:

19521871

25. Brudey K, Driscoll JR, Rigouts L, Prodinger WM, Gori A, Al-Hajoj SA, et al. Mycobacterium tuberculosis

complex genetic diversity: mining the fourth international spoligotyping database (SpolDB4) for classifi-

cation, population genetics and epidemiology. BMC Microbiol. 2006/03/08. 2006; 6: 23. https://doi.org/

10.1186/1471-2180-6-23 PMID: 16519816

26. Demay C, Liens B, Burguiere T, Hill V, Couvin D, Millet J, et al. SITVITWEB—a publicly available inter-

national multimarker database for studying Mycobacterium tuberculosis genetic diversity and molecular

epidemiology. Infect Genet Evol. 2012/03/01. 2012; 12: 755–766. https://doi.org/10.1016/j.meegid.

2012.02.004 PMID: 22365971

27. Allix-Beguec C, Harmsen D, Weniger T, Supply P, Niemann S. Evaluation and strategy for use of

MIRU-VNTRplus, a multifunctional database for online analysis of genotyping data and phylogenetic

identification of Mycobacterium tuberculosis complex isolates. J Clin Microbiol. 2008; 46: 2692–2699.

https://doi.org/10.1128/JCM.00540-08 PMID: 18550737

28. Weniger T, Krawczyk J, Supply P, Niemann S, Harmsen D. MIRU-VNTRplus: a web tool for polyphasic

genotyping of Mycobacterium tuberculosis complex bacteria. Nucleic Acids Res. 2010; 38: W326–31.

https://doi.org/10.1093/nar/gkq351 PMID: 20457747

29. Hunter PR, Gaston MA. Numerical index of the discriminatory ability of typing systems: an application of

Simpson’s index of diversity. J Clin Microbiol. 1988; 26: 2465–2466. Available: http://www.ncbi.nlm.nih.

gov/pubmed/3069867 PMID: 3069867

30. Sourial N, Wolfson C, Zhu B, Quail J, Fletcher J, Karunananthan S, et al. Correspondence analysis is a

useful tool to uncover the relationships among categorical variables (vol 63, pg 638, 2010). J Clin Epide-

miol. 2010; 63: 809. https://doi.org/10.1016/j.jclinepi.2010.04.003

31. Castellanos-Joya M. Actual situation of Tuberculosis in Mexico, 2014. http://www.cenaprece.salud.gob.

mx/programas/interior/micobacteriosis/descargas/pdf/SituacionActualTbMexico.pdf [Internet]. 2014.

Available: http://www.cenaprece.salud.gob.mx/programas/interior/micobacteriosis/descargas/pdf/

SituacionActualTbMexico.pdf

Genetic diversity of M. tuberculosis in Veracruz

PLOS ONE | https://doi.org/10.1371/journal.pone.0193626 March 15, 2018 16 / 18

https://doi.org/10.1128/JCM.01894-09
http://www.ncbi.nlm.nih.gov/pubmed/19940048
https://doi.org/10.1155/2011/408375
http://www.ncbi.nlm.nih.gov/pubmed/21197077
https://doi.org/10.1111/apm.12312
https://doi.org/10.1111/apm.12312
http://www.ncbi.nlm.nih.gov/pubmed/25257651
https://doi.org/10.1186/1756-0500-6-172
http://www.ncbi.nlm.nih.gov/pubmed/23635381
https://doi.org/10.1016/j.meegid.2012.12.024
http://www.ncbi.nlm.nih.gov/pubmed/23333775
http://www.ncbi.nlm.nih.gov/pubmed/24912522
http://www.ncbi.nlm.nih.gov/pubmed/24912522
https://doi.org/10.1016/j.meegid.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27637930
http://www.ncbi.nlm.nih.gov/pubmed/19867850
http://www.ncbi.nlm.nih.gov/pubmed/19867850
http://www.ncbi.nlm.nih.gov/pubmed/19867850
http://www.ncbi.nlm.nih.gov/pubmed/1685494
http://www.ncbi.nlm.nih.gov/pubmed/1685494
https://doi.org/10.1007/978-1-60327-999-4_10
http://www.ncbi.nlm.nih.gov/pubmed/19521871
https://doi.org/10.1186/1471-2180-6-23
https://doi.org/10.1186/1471-2180-6-23
http://www.ncbi.nlm.nih.gov/pubmed/16519816
https://doi.org/10.1016/j.meegid.2012.02.004
https://doi.org/10.1016/j.meegid.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22365971
https://doi.org/10.1128/JCM.00540-08
http://www.ncbi.nlm.nih.gov/pubmed/18550737
https://doi.org/10.1093/nar/gkq351
http://www.ncbi.nlm.nih.gov/pubmed/20457747
http://www.ncbi.nlm.nih.gov/pubmed/3069867
http://www.ncbi.nlm.nih.gov/pubmed/3069867
http://www.ncbi.nlm.nih.gov/pubmed/3069867
https://doi.org/10.1016/j.jclinepi.2010.04.003
http://www.cenaprece.salud.gob.mx/programas/interior/micobacteriosis/descargas/pdf/SituacionActualTbMexico.pdf
http://www.cenaprece.salud.gob.mx/programas/interior/micobacteriosis/descargas/pdf/SituacionActualTbMexico.pdf
http://www.cenaprece.salud.gob.mx/programas/interior/micobacteriosis/descargas/pdf/SituacionActualTbMexico.pdf
http://www.cenaprece.salud.gob.mx/programas/interior/micobacteriosis/descargas/pdf/SituacionActualTbMexico.pdf
https://doi.org/10.1371/journal.pone.0193626


32. Stucki D, Malla B, Hostettler S, Huna T, Feldmann J, Yeboah-Manu D, et al. Two new rapid SNP-typing

methods for classifying Mycobacterium tuberculosis complex into the main phylogenetic lineages.

PLoS One. 2012/08/23. 2012; 7: e41253. https://doi.org/10.1371/journal.pone.0041253 PMID:

22911768

33. Manson AL, Cohen KA, Abeel T, Desjardins CA, Armstrong DT, Barry CE 3rd, et al. Genomic analysis

of globally diverse Mycobacterium tuberculosis strains provides insights into the emergence and spread

of multidrug resistance. Nat Genet. 2017/01/17. 2017; 49: 395–402. https://doi.org/10.1038/ng.3767

PMID: 28092681

34. Kato-Maeda M, Nahid P. Mycobacterium tuberculosis lineage—what’s in your lungs? Clin Infect Dis.

2011/12/27. 2012; 54: 220–224. https://doi.org/10.1093/cid/cir795 PMID: 22198990

35. Gagneux S, Small PM. Global phylogeography of Mycobacterium tuberculosis and implications for

tuberculosis product development. Lancet Infect Dis. 2007/04/24. 2007; 7: 328–337. https://doi.org/10.

1016/S1473-3099(07)70108-1 PMID: 17448936

36. Stucki D, Brites D, Jeljeli L, Coscolla M, Liu Q, Trauner A, et al. Mycobacterium tuberculosis lineage 4

comprises globally distributed and geographically restricted sublineages. Nat Genet. 2016/11/01. 2016;

48: 1535–1543. https://doi.org/10.1038/ng.3704 PMID: 27798628

37. Ritacco V, Lopez B, Ambroggi M, Palmero D, Salvadores B, Gravina E, et al. HIV infection and geo-

graphically bound transmission of drug-resistant tuberculosis, Argentina. Emerg Infect Dis. 2012/10/25.

2012; 18: 1802–1810. https://doi.org/10.3201/eid1811.120126 PMID: 23092584

38. Ritacco V, Iglesias MJ, Ferrazoli L, Monteserin J, Dalla Costa ER, Cebollada A, et al. Conspicuous mul-

tidrug-resistant Mycobacterium tuberculosis cluster strains do not trespass country borders in Latin

America and Spain. Infect Genet Evol. 2011/07/02. 2012; 12: 711–717. https://doi.org/10.1016/j.

meegid.2011.06.006 PMID: 21718805

39. Dantas NG, Suffys PN, Carvalho Wda S, Gomes HM, de Almeida IN, de Assis LJ, et al. Genetic diver-

sity and molecular epidemiology of multidrug-resistant Mycobacterium tuberculosis in Minas Gerais

State, Brazil. BMC Infect Dis. 2015; 15: 306. https://doi.org/10.1186/s12879-015-1057-y PMID:

26231661

40. Perizzolo PF, Dalla Costa ER, Ribeiro AW, Spies FS, Ribeiro MO, Dias CF, et al. Characteristics of mul-

tidrug-resistant Mycobacterium tuberculosis in southern Brazil. Tuberc. 2011/10/18. 2012; 92: 56–59.

https://doi.org/10.1016/j.tube.2011.09.008 PMID: 22001593

41. de Freitas FA, Bernardo V, Gomgnimbou MK, Sola C, Siqueira HR, Pereira MA, et al. Multidrug resis-

tant Mycobacterium tuberculosis: a retrospective katG and rpoB mutation profile analysis in isolates

from a reference center in Brazil. PLoS One. 2014/08/06. 2014; 9: e104100. https://doi.org/10.1371/

journal.pone.0104100 PMID: 25093512

42. Grandjean L, Iwamoto T, Lithgow A, Gilman RH, Arikawa K, Nakanishi N, et al. The Association

between Mycobacterium Tuberculosis Genotype and Drug Resistance in Peru. PLoS One. 2015/05/20.

2015; 10: e0126271. https://doi.org/10.1371/journal.pone.0126271 PMID: 25984723

43. Caceres O, Rastogi N, Bartra C, Couvin D, Galarza M, Asencios L, et al. Characterization of the genetic

diversity of extensively-drug resistant Mycobacterium tuberculosis clinical isolates from pulmonary

tuberculosis patients in Peru. PLoS One. 2014/12/10. 2014; 9: e112789. https://doi.org/10.1371/

journal.pone.0112789 PMID: 25489950

44. Ferro BE, Nieto LM, Rozo JC, Forero L, van Soolingen D. Multidrug-resistant Mycobacterium tuberculo-

sis, Southwestern Colombia. Emerg Infect Dis. 2011; 17: 1259–1262. https://doi.org/10.3201/eid1707.

101797 PMID: 21762581

45. Aguilar D, Hanekom M, Mata D, Gey van Pittius NC, van Helden PD, Warren RM, et al. Mycobacterium

tuberculosis strains with the Beijing genotype demonstrate variability in virulence associated with trans-

mission. Tuberc. 2010/09/14. 2010; 90: 319–325. https://doi.org/10.1016/j.tube.2010.08.004

46. Buu TN, van Soolingen D, Huyen MN, Lan NT, Quy HT, Tiemersma EW, et al. Increased transmission

of Mycobacterium tuberculosis Beijing genotype strains associated with resistance to streptomycin: a

population-based study. PLoS One. 2012/08/23. 2012; 7: e42323. https://doi.org/10.1371/journal.pone.

0042323 PMID: 22912700

47. Glynn JR, Whiteley J, Bifani PJ, Kremer K, van Soolingen D. Worldwide occurrence of Beijing/W strains

of Mycobacterium tuberculosis: a systematic review. Emerg Infect Dis. 2002/07/27. 2002; 8: 843–849.

https://doi.org/10.3201/eid0808.020002 PMID: 12141971
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