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Tuberculosis, caused by Mycobacterium tuberculosis, is a major global health problem. In Mexico, the 
State of Nuevo Leon is among the top ten in tuberculosis morbidity. Information about transmission 
patterns and case clustering for tuberculosis in Nuevo Leon is limited. The spoligotypes of 151 
isolates from newly diagnosed pulmonary tuberculosis patients were obtained and its phenotypic 
drug susceptibility pattern for streptomycin, isoniazid, rifampin, ethambutol, and pyrazinamide was 
determined by using the Mycobacteria Growth Indicator Tube fluorometric method. Geographical data 
of isolates were mapped using geographic information systems. Nineteen M. tuberculosis sublineages 
were identified. The most frequent lineages were: T1 at 35% (n = 53), X1 at 19.2% (n = 29), and LAM at 
10.2% (n = 15). Additionally, we identified the Beijing lineage (3.3%, n = 5) and orphan strains (9.9%, 
n = 15). Drug resistant strains were 25 (16.55%) DR-TB, 15 (9.93%) MDR/RR-TB and 6 (3.97%) Hr-TB. 
Regarding TB comorbidities, diabetes mellitus II affected 21.85% of patients, while four patients 
were HIV-positive (2.65%). Despite the large number of tuberculosis cases in Monterrey, no definitive 
correlation with clusters and comorbidities was found. However, our results suggest a potential TB 
transmission hotspot for the T1 lineage within the Monterrey metropolitan area.
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Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis. It remains a major public 
health problem worldwide, particularly in low- and middle-income countries. In 2022, the global incidence 
of newly diagnosed TB cases reached 7.5 million. the highest figure since the inception of the World Health 
Organization’s (WHO) global TB monitoring in 1995. This number surpassed the pre-COVID-19 baseline of 
7.1 million in 2019, representing an increase from 5.8 million in 2020 to 6.4 million in 20221. TB ranks among 
the top 10 causes of death worldwide and is the second leading cause of death from a single infectious agent after 
COVID-19. Furthermore, it is estimated that a quarter of the world’s population (two billion people) has latent 
TB infections and five to ten% of them will develop active TB disease during their lives1.

TB incidence in Mexico is influenced by factors such as healthcare resources, access to medical care and 
public health interventions. In 2023 Mexico reported more than 28,000 new cases of TB of all forms; however, 
pulmonary tuberculosis (PTB) accounted for more than 90% of those cases. The national PTB incidence rate 
was 14.9 cases per 100,000 inhabitants. The federal entities with the highest incidence rates were Baja California 
(49.8), Sonora, Sinaloa (33.2), Tamaulipas (32.0) and Tabasco (28.2). Nuevo Leon is among the top ten, with an 

1Facultad de Ciencias Biológicas, Laboratorio de Inmunología y Virología, Ciudad Universitaria, Universidad 
Autónoma de Nuevo León, San Nicolás de los Garza, NL, Mexico. 2Departamento de Patología Clínica, Universidad 
Autónoma de Nuevo León, Facultad de Medicina y Hospital Universitario Dr. José Eleuterio González, Monterrey, 
NL, Mexico. 3Facultad de Ciencias Biológicas, Laboratorio de Bioquímica y Genética de Microorganismos, Ciudad 
Universitaria, Universidad Autónoma de Nuevo León, San Nicolás de los Garza, NL, Mexico. 4Facultad de Ciencias 
Biológicas, Laboratorio de Química, Universidad Autónoma de Nuevo León, San Nicolás de los Garza, NL, Mexico. 
5Departamento de Pediatría, Universidad Autónoma de Nuevo León, Facultad de Medicina y Hospital Universitario 
Dr. José Eleuterio González, Monterrey, NL, Mexico. 6Lydia Guadalupe Rivera-Morales and Jorge Castro-Garza 
contributed equally to this work. email: lydiariver@gmail.com; jorgecg@yahoo.com

OPEN

Scientific Reports |         (2025) 15:7098 1| https://doi.org/10.1038/s41598-025-90579-y

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-90579-y&domain=pdf&date_stamp=2025-2-27


incidence of 26.8 cases per 100,000 inhabitants2. Each year, the Secretary of Health of the State of Nuevo Leon 
(SHSNL), Mexico performs more than 2,000 microbial cultures, of which more than 1,300 cultures test positive 
for new TB cases each year. These cultures account for 80–90% of the total TB clinical samples in the state of 
Nuevo Leon3.

Comorbidities such as HIV coinfection and diabetes4 and the emergence of drug-resistant (DR-TB) and 
multidrug-resistant (MDR-TB) strains complicate treatment and increase the number of deaths caused by TB5.

Spoligotyping is a PCR-based molecular technique that uses the reverse hybridization principle of the highly 
polymorphic direct repeat (DR) genome region for the genotypic characterization of M. tuberculosis isolates6,7. 
The use of spoligotyping data combined with drug resistance analysis and geospatial information system 
(GIS) mapping provides a tool for examining the spatial distribution of TB patients8, risk factors9,10 and drug 
resistance. Additionally, we can analyze TB transmission dynamics11,12, and cluster formation13,14 and identify 
highly virulent and drug resistant lineages such as the Beijing lineage15. The present study aimed to analyze the 
molecular epidemiology and drug resistance patterns of M. tuberculosis strains isolated from patients newly 
diagnosed with pulmonary tuberculosis. Additionally, we used GIS to analyze the distribution of tuberculosis in 
specific urban geographical areas of the state of Nuevo León, México.

Materials and methods
Study population
One hundred and fifty-one patients with three serial sputum samples were confirmed to be acid-fast bacillus 
positive and culture positive. The patients (41 females and 110 males) were attending the Secretary of Health 
of the State of Nuevo León (SHSNL), México. The samples were collected from June 2019 to June 2020. 
Epidemiological and clinical information, including age, HIV infection status and diabetes status, was obtained 
from the clinical records of each patient. The age range was 18–96 years. This study included only patients who 
were diagnosed with pulmonary TB for the first time and had not received any prior TB treatment. Patients with 
extrapulmonary TB, and underaged and inmate patients were excluded from this study.

Ethic statement
All methods were carried out in accordance with the institutional, national (Mexican General Health Law 
and Regulations of the General Health Law on Health Research) and international (Declaration of Helsinki) 
guidelines and regulations. Informed consent was obtained from all subjects and/or their legal guardian(s). This 
study was approved by the ethics committee of the Facultad de Enfermería, Universidad Autónoma de Nuevo 
León, with registration number FAEN-E-1496.

Isolation and purification of M. tuberculosis DNA
Sputum samples were decontaminated using Petroff´s modified method16. Briefly, 2 mL of the sample was 
combined with 2 mL of 4% NaOH in a sterile conical-bottom tube. The mixture was vortexed for 30  s to 
ensure homogenization. The samples were subsequently centrifuged at 3000 rpm for 15 min, after which the 
supernatant was discarded. HCl was used to neutralize the pH. Primary isolation was performed in Lowenstein-
Jensen medium. After 5–8 weeks of incubation at 37 °C, a loop of each culture was resuspended in 2 mL of 
phosphate-buffered saline (PBS) (pH ~ 7.4) and inactivated at 95 °C for 60 min, and 50 µL of lysozyme (50 mg/
ml) was added and incubated overnight at 37 °C. The Precellys® VK05 Lysing Kit (Bertin Technologies, France) 
was used for DNA purification. The purified DNA was dissolved in TE buffer (10 mM Tris–HCl, 1 mM EDTA, 
pH = 8.0) and quantified with a Nanodrop™ 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, USA). 
The DNA samples were stored at – 20 °C until use.

Spoligotyping
Spoligotyping assays were performed using the Spoligotyping Diagnostic Kit (Mapmygenome India Limited, 
Madhapur, India). The direct repeat region of the M. tuberculosis genome was amplified using the DRa 
forward (5′-​G​G​T​T​T​T​G​G​G​T​C​T​G​A​C​G​A​C-3′ biotinylated) and DRb reverse (5′-​C​C​G​A​G​A​G​G​G​G​A​C​G​G​
A​A​A​C-3′) primers17. The chromosomal DNA of the M. tuberculosis H37Rv strain and Mycobacterium bovis 
BCG P3 strain were used as positive controls, whereas molecular grade water (Corning, New York, NY, USA) 
was used as a negative control. The amplified products were hybridized on a membrane precoated with the 
43 spacer oligonucleotides of the direct repeat (DR) region (Ocimum Biosolutions, Hyderabad, India). The 
spoligotype patterns were visualized on X-ray films after incubation with streptavidin‐peroxidase and enhanced 
chemiluminescence (ECL) detection (Santa Cruz Biotechnology, USA). The obtained spoligotypes were entered 
into the SITVIT2 WEB database (Institut Pasteur de la Guadeloupe) ​(​​​h​t​t​p​:​/​/​w​w​w​.​p​a​s​t​e​u​r​-​g​u​a​d​e​l​o​u​p​e​.​f​r​:​8​0​8​1​/​S​I​
T​V​I​T​2​/​​​​​)​, and the octal method was used to determine the M. tuberculosis sublineage and families.

Drug susceptibility testing
Phenotypic drug susceptibility testing for the first-line drugs streptomycin (S), isoniazid (H), rifampin 
(R), ethambutol (E), and pyrazinamide (Z) was performed using the Mycobacteria Growth Indicator Tube 
fluorometric method (MGIT 960, Becton–Dickinson, New Jersey, United States) at standard concentrations 
(H > 0.1 µg/mL, R 1.0 µg/mL, E 5.0 µg/mL and S 1.0 µg/mL). The Z resistance determination was performed 
using the BACTEC™ MGIT™ 960 PZA kit 100 µg/mL. Classification of resistant strains was made according to 
the WHO operational handbook on tuberculosis18.

Spatial analysis
To identify hotspots and cluster formation, we created maps of the TB lineage and strain clusters using 
ArcGIS® (version 10.2) software. These maps incorporated the geographic location of each patient. To maintain 
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confidentiality, we used the intersections of each block and the municipality of each patient instead of their exact 
addresses. We constructed maps displaying the distribution of all the tuberculosis cases in the neighborhoods to 
identify spatial point patterns.

Statistical analysis
To investigate associations between epidemiological variables (such as age, sex, risk factors and drug resistance) 
and a specific SIT or cluster, odd ratios were calculated. A p value < 0.05 was considered to indicate statistical 
significance. Tests were performed using GraphPad Prism (V 9) software.

Results
The patient distribution revealed an approximate 3:1 sex ratio, with ages ranging from 18 to 96 years and a mean 
age of 40–44 years (± 12) (Fig. 1). Among the patients, 32 had type II diabetes mellitus (21.2%) and 4 were HIV 
positive (2.65%). Other risk factors, such as smoking (more than 10 cigarettes per week) (1.32%) and the use of 
drugs (2.64%), were also reported (Table 1). The statistical analysis showed no significant association between 
the different variables considered (age, sex, risk factors and drug resistance) with respect to any lineage.

Spoligotyping
The spoligotyping patterns of the 151 samples corresponding to nineteen sublineages are shown in Table  2. 
The two most frequent clades were T1 with 53 (35.1%) isolates and X1 with 29 (19.2%) isolates. Lam family 
(including clades 1, 2, 4, 5 and 9) had 15 (9.93%) isolates. Clade H1 had 1 (0.67%) isolate and clade H3 had 

Male (%) Female (%) Total (%)

DM 24 15.89 8 5.3 21.2

HIV 3 1.99 1 0.66 2.64

Drugs 4 2.63 0 0 2.64

Smoking 2 1.32 0 0 1.32

None 77 50.9 32 21.2 72.18

Total 110 72.84 41 27.15 100

Table 1.  Epidemiological data and risk factors. Significant values are in [bold].

 

Fig. 1.  Age and sex distributions of pulmonary TB patients.
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4 (2.60%) isolates, while MANILLA had 3 (1.98%) isolates. Clades U had 4 (2.6%), X2 had 5 (3.3%), X3 had 
4 (2.6%), S and T had 3 (1.98%) isolates. Additionally, we identified 5 (3.3%) isolates belonging to the Beijing 
lineage and 15 (9.9%) classified as orphan strains. The spoligotype patterns of the 151 samples are shown in 
Supplementary Table 1 (sTable 1).

Drug resistance
Among the 151 clinical isolates, 25 (16.55%) were resistant to at least one drug (DR-TB), 15 isolates (9.93%) were 
MDR/RR-TB, and 6 isolates (3.97%) were Hr-TB. The resistance to each drug, regardless of whether the strain 
was resistant to one or multiple drugs, was 27 (17.9%) streptomycin-resistant isolates, 24 (15.9%) isoniazid-
resistant isolates, 15 (9.9%) rifampicin-resistant isolates, 7 (4.6%) ethambutol-resistant isolates, and 21 (13.9%) 
pyrazinamide-resistant isolates. Table 3 shows the resistance to first-line drugs for each strain. Additionally, 105 
(69.1%) clinical isolates were susceptible to all the drugs tested.

Spatial distribution
The approximate address of each patient at the time of diagnosis was geocoded by ArcGIS®. Among the 
municipalities, Monterrey had the greatest number of cases (42), followed by Juarez with 25 and Gudalupe 
with 24. Apodaca accounted for 20 cases. Outside the metropolitan area, Montemorelos had 9 cases, whereas 
Linares and Cadereyta had 3 cases each (Fig. 2). Figure 3 shows the spoligotype distribution in the metropolitan 
area of Monterrey; the drug-resistant and multidrug-resistant strains are highlighted (orange and red circles, 
respectively). Clades X and T had the most drug-resistant and multidrug-resistant strains, with 18 and 17 
respectively.

Table 2.  Distribution of M. Tuberculosis lineages (n = 151) by spoligotyping.
*The BOV lineage was included because phenotypic tests indicated that the strain belonged to M. tuberculosis. 
However, the spoligotype result revealed that it was M. bovis.
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Isolate

Drug susceptibility

STR INH RIF EMB PZA Spoligotype Drug resistance

1 R S S S S X1 DR-TB

3 S S S S R U DR-TB

11 R R S S S T1 Hr-TB

19 S R R R S X1 MDR/RR-TB

24 R S S S S T1 DR-TB

25 S R S S S H3 Hr-TB

26 R R R S S T2 MDR/RR-TB

29 S S S R S X2 DR-TB

36 S S S S R T1 DR-TB

37 S R R S R T1 MDR/RR-TB

38 R R R S R X1 MDR/RR-TB

44 S R S S S T1 Hr-TB

51 S R R S R T1 MDR/RR-TB

54 R S S S R LAM 5 DR-TB

55 S S S R S X3 DR-TB

71 R S S S S T1 DR-TB

73 S S S S R EAI2_MANILLA DR-TB

75 R S S S S T1 DR-TB

80 S R R S R S MDR/RR-TB

86 S R S S S T1 DR-TB

92 R R S S R X1 Hr-TB

94 R S S S R X1 DR-TB

95 R S S S S T1 DR-TB

100 R R R S R X1 MDR/RR-TB

101 R R R S R X1 MDR/RR-TB

102 R S S S S X1 DR-TB

103 R S S S S X3 DR-TB

112 R S S S S EAI2_MANILLA DR-TB

113 R R R R S T1 MDR/RR-TB

114 S S S S R X1 DR-TB

116 S S S S R X2 DR-TB

118 S R S S S T1 Hr-TB

121 R S S S S T1 DR-TB

123 R S S S S H3 DR-TB

127 R R R S R X1 MDR/RR-TB

128 R S S S S X1 DR-TB

131 R S S S S H3 DR-TB

133 R R R R R T1 MDR/RR-TB

135 R R R R R T2-T3 MDR/RR-TB

136 S R R R R LAM 5 MDR/RR-TB

140 S R S S S ORPHAN DR-TB

141 R R S S R X1 Hr-TB

146 R S S S S X3 DR-TB

147 S R R S R X1 MDR/RR-TB

Continued
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Hotspots
The spoligotype T1 had the greatest number of cases in the metropolitan area, with 54 isolates. Most of them were 
located near the border limits of the Guadalupe and Juarez municipalities. These data suggest a TB transmission 
hotspot within the metropolitan area (Fig. 4).

Discussion
Knowledge of the M. tuberculosis strains circulating in a specific region may aid in the implementation of health 
programs to control tuberculosis. The State of Nuevo León, which is located in northeast Mexico and has a 
population of over five million inhabitants, boasts a well-developed commercial and industrial infrastructure 
that attracts immigrants from other regions of the country. While a few studies have investigated the genetic 
variability of M. tuberculosis strains circulating in urban areas of the State of Nuevo León, Mexico, our present 
study provides an update on the TB lineages occurring in the state and their drug resistance profiles. Additionally, 
by using GIS, we were able to geolocate the cases, linking them with their corresponding lineages and drug 
sensitivities to predict potential TB transmission hotspots.

Several studies performed in Mexico have reported a wide range of genetic diversity of M. tuberculosis strains 
depending on the geographical region of the country. We found that the predominant spoligotype group was T1 
(SIT53), as previously reported by Molina Torres19,20 and Zenteno Cuevas21,22. However, we could not establish 
a relationship between clades and age groups. Another common spoligotype found is “LAM”, which is a global 
spoligotype and is common in Mexico23.

An important lineage, which is globally distributed, corresponds to Beijing strains. It has been associated 
with increased virulence and a drug resistance phenotype. Beijing strains cause up to 50% of TB cases in East-
Asia24. In recent years, this strain has been reported in México25–27. A recent study reported that 14 Beijing 
strains among 406  TB isolates from 2008 to 2015 in Nuevo Leon were classified as modern strains because 

Fig. 2.  Case distribution of pulmonary tuberculosis per municipality in the State of Nuevo Leon.

 

Isolate

Drug susceptibility

STR INH RIF EMB PZA Spoligotype Drug resistance

148 S R S S S T1 DR-TB

151 R R R S R BEIJING MDR/RR-TB

27 24 15 7 21 46

Sensitive strains 105

Total 151

Table 3.  Drug-resistance profile of resistant TB isolates. STR: streptomycin, INH: isoniazid, RIF: rifampin, 
EMB: ethambutol, PZA: pyrazinamide; R: drug resistant; S: drug sensitive. Drug-resistant TB (DR-TB): TB 
disease caused by a strain of Mycobacterium tuberculosis complex that is resistant to any TB medicines. MDR/
RR-TB: refers to either multidrug-resistant TB (MDR-TB) or rifampicin-resistant TB (RR-TB). Rifampicin-
susceptible, isoniazid-resistant TB (Hr-TB): TB disease caused by a strain of M. tuberculosis complex that is 
resistant to isoniazid but susceptible to rifampicin.
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of the deletion of the TbD1 region28. In this work, we identified 5 strains (3.3% of TB cases) belonging to the 
Beijing lineage in patients newly diagnosed with TB. Only one of them was resistant to four first line antibiotics 
(Table 3), whereas the other four Beijing isolates were drug sensitive. Although the number of strains found 
is still low, identification of these strains is important for molecular epidemiology, determining transmission 
routes and determining whether migration phenomena occur, which we were unable to do owing to the small 
number of Beijing isolates. Efforts to control the spread of Beijing family include identifying and treating infected 
individuals and implementing infection control measures in healthcare settings.

Fig. 3.  Number and spatial distribution of pulmonary tuberculosis cases. The green area delinates the 
Monterrey metropolitan area. Colored dots with letters represent spoligotypes. Regarding drug resistance: blue 
cricled dots represent DR-TB, red circled dots represent Hr-TB, and black circled dots represent MDR/RR-TB.
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Our results showed that sublineage X1 is the lineage most strongly associated with the drug- resistant 
phenotype. Similarly, the X3 sublineage is strongly associated with MDR-TB29. We are concerned that, as the 
62.06% of X1 strains are drug resistant and constitute the second largest group of isolates, their spread could 
represent an increase in TB cases; adequate measures need to be taken to control it. Additionally, a larger number 
of samples need to be analyzed to determine the importance of these strains in the region. However, we found 
that 46 out of 151 strains were resistant to one or more drugs. Becerril et al. reported a high prevalence of MDR-
TB among previously treated patients in Monterrey30. We detected MDR-TB strains in newly diagnosed patients, 
which may indicate the transmission of drug-resistant strains into the TB naive population. The detection of 
drug-resistant strains and the location of those cases by GIS may explain the spread of those strains with the 
potential formation of local foci, increasing the transmission risk31–33. Poojar et al.33 explored the spatiotemporal 
aggregation and proved the usefulness of this method. They geolocated the precise address of each single TB 
case to avoid a selection bias due to misinformation in routine records. This also limited the aggregation bias to 
construct heat maps based on the occurrence of an event. Poojar reported that the sample size used in that work 
(larger than 1000) was adequate for the spatial heterogeneity analysis. We observed similar spatial heterogeneity 
in our results; the geographic distribution of the TB lineages and resistant strains were randomly dispersed.

GIS are very useful tools for creating maps to visualize the geographic distribution of TB cases to analyze 
the distribution and transmission of M. tuberculosis in a specific region11. The association of spoligotyping 
information with GIS analysis allows us to track the spread of specific strains in the community and understand 
their transmission dynamics34. By using GIS, we geolocated the highest rates of TB cases within the municipality 
of Monterrey (the most populated city of the state). Similar results were reported in other cities in Mexico with 
large populations. Those cities, as expected, also have the highest rates of TB transmission. The studies were 
performed in several states, such as Veracruz35, the state of Mexico36, Mexico City37 and Jalisco25.

The geographic location of Nuevo León, bordering Texas, makes it a transit route for migrants seeking 
to enter the US. Official data highlight the increased number of foreign individuals seeking temporary or 
permanent residence in Nuevo León, placing it among the top ten states in Mexico with the highest number of 
foreigners. The National Institute of Statistics and Geography (INEGI) reported over 19,000 foreigners in the 
state in 2000, which increased to 49,500 in 202038. Foreign residents in Nuevo León mainly come from the US 
(46.9%), Venezuela (12.1%), and Honduras (9.0%). The high number of U.S. residents is easily explained by the 
commercial and cultural exchange between Texas and Nuevo León, while people from Venezuela and Honduras 
come to Mexico seeking better living conditions or reaching the U.S. Moreover, the Mexican Migration Policy 
Unit, Registration and Identity of Persons (UPMRIP, 2021) reported that 2,674 temporary residence cards were 
issued in 2021, mainly to citizens from South Korea (16%), Colombia (11%), Venezuela (9%), Honduras (6%), 
and Brazil (5%)39.

Fig. 4.  Spatial distribution of spoligotype T1 incidences. The darkest red mark indicates a higher incidence of 
tuberculosis, suggesting a TB transmission hotspot.
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The M. tuberculosis lineages with low incidence in this study may represent introduced lineages associated 
with recent migratory movements between countries40, as migration phenomena play an important role in 
tuberculosis epidemiology41. Additionally, the geographical proximity of Nuevo León to Texas in the United 
States underscores the importance of exploring spatial-temporal relationships in densely populated regions for 
understanding tuberculosis transmission dynamics. Agarwal, et al.42 described the temporal and geospatial 
characteristics of TB in Harris County, Texas, which includes the Houston metropolitan area, the third most 
populous county in the United States and has one of the highest TB rates in the United States of America. They 
analyzed active TB transmission, identified hot and cold spots and related them to geographic areas with high 
and low TB incidence. A similar trend was observed in the Monterrey metropolitan area, indicating a correlation 
between population size and TB incidence. This city requires constant surveillance as a potential emerging hot 
spot for TB transmission.

In Montemorelos, a small city located 80  km away from Monterrey (still with easy access and constant 
communication due to business), the transmission dynamics exhibited intriguing patterns. The identification of 
four distinct lineages (LAM, X1, Manilla, and T1), alongside an orphan strain, suggested random transmission 
from urban to less populated areas. The identification of areas where TB is prevalent and has active transmission 
could lead to the initiation of improvements in TB control programs.

Figure 4 shows the spatial distribution of spoligotype T1, which had the highest incidence in the metropolitan 
area, particularly in the municipalities of Guadalupe, Juarez, and Monterrey. The darkest colored areas have the 
highest number of TB cases.

These data suggest a TB transmission hotspot formation area on the border line between Gudalupe and Juarez. 
Geospatial tuberculosis hotspots serve as hubs of TB transmission both within and across community groups12. 
Confirmation of these hotspots involves several challenges that complicate accurate results: the interpretation 
of spatial clustering with low TB case reporting rates, the number of analyzed strains, short-term analyses (less 
than one year), and the chosen spatial analysis method. For example, kernel density estimation, which is based 
on the location of TB cases may differentiate between regions with a high number of diagnosed TB cases and 
those with high disease density in studies with 2000–5000 patients with a statistically normal distribution43. 
Alternatively, Zelner et al. utilized a nonparametric distance-based mapping (DBM) approach to construct 
hotspot maps. Compared with kernel density estimation, DBM is less sensitive to asymmetric spatial patterns of 
cases and controls, thus providing an attractive alternative for detecting high-risk areas in real communities with 
long-term follow up44. Although, we found a potential hot spot, it may not reflect actual TB transmission, as we 
used coordinates close to real residential addresses, which provide approximate neighborhoods; additionally, the 
number of patients was relatively low, and this was a short-term study. Additionally, it must be considered that 
transmission could have occurred in other areas where patients work, commute, or socialize.

Significant spatial heterogeneity was observed. Geospatial techniques can identify spatial variability in 
reported TB case rates and provide critical information for program planning. It remains unclear whether the 
observed heterogeneity in reported TB case rates is due to underlying differences in disease burden or barriers to 
accessing TB medical services14. High-resolution genomic data are required to establish real transmission links 
between individual cases and spatial locations and to explore the possibility that specific clones possess high 
reproductive fitness. Future analyses should integrate geographic and genetic information with dynamic models 
to highlight individual-level heterogeneity in TB transmission45. Additionally, further geographic analyses and 
mathematical modeling studies are essential to evaluate the potential of such strategies to curtail transmission.

Perhaps the main limitations of this study were the limited number of isolates and the lack of use of other 
genotypic methods, such as the mycobacterium interspersed repetitive unit-variable number of tandem repeats 
(MIRU-VNTR), the lack of knowledge of the natural residence of the patients and follow up data. The latter 
would be complicated as these patients were newly diagnosed. Overall, GIS can provide valuable insights into 
the distribution and transmission of TB, as well as guide the development and implementation of effective TB 
control programs. Further studies are needed to better understand the dynamics of TB circulation in Mexico. 
The implementation of more robust molecular surveillance methods is key for the proper monitoring of lineages, 
their introduction into the area and the development of drug resistance. This study revealed the diversity of 
genotypes and drug resistant strains circulating in the State of Nuevo Leon, Mexico and represents a data update 
on surveillance.

Data availability
Data is provided within the manuscript or supplementary information files.
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