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Abstract

Background

Tuberculosis (TB) control strategies are focused mainly on prevention, early diagnosis,

compliance to treatment and contact tracing. The objectives of this study were to explore

the frequency and risk factors of recent transmission of clinical isolates ofMycobacterium
tuberculosis complex (MTBC) in Cantabria in Northern Spain from 2012 through 2013 and

to analyze their clonal complexity for better understanding of the transmission dynamics in

a moderate TB incidence setting.

Methods

DNA from 85 out of 87 isolates from bacteriologically confirmed cases of MTBC infection

were extracted directly from frozen stocks and genotyped using the mycobacterial inter-

spersed repetitive units-variable number tandem repeat (MIRU-VNTR) method. The MIRU-

VNTRplus database tool was used to identify clusters and lineages and to build a neighbor

joining (NJ) phylogenetic tree. In addition, data were compared to the SITVIT2 database at

the Pasteur Institute of Guadeloupe.

Results

The rate of recent transmission was calculated to 24%. Clustering was associated with

being Spanish-born. A high prevalence of isolates of the Euro-American lineage was found.

In addition, MIRU-VNTR profiles of the studied isolates corresponded to previously found

MIRU-VNTR types in other countries, including Spain, Belgium, Great Britain, USA, Croatia,

South Africa and The Netherlands. Six of the strains analyzed represented clonal variants.
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Conclusion

Transmission of MTBC is well controlled in Cantabria. The majority of TB patients were born

in Spain. The population structure of MTBC in Cantabria has a low diversity of major clonal

lineages with the Euro-American lineage predominating.

Introduction
The incidence of TB has gradually decreased worldwide, but remains a major global health
problem with 1.5 million deaths in 2013 [1]. In Spain, the overall incidence was 11.8 TB cases
per 100,000 inhabitants in 2013 [2]. Same year, in Cantabria, a coastal region located in the
North of Spain, a similar incidence of 12.4 TB cases per 100,000 inhabitants was observed [2].
This is far from the eradication target stated by WHO for 2050 defined as less than one case
per million inhabitants per year in developed countries [1].

During the last two decades, DNA genotyping techniques have been used to study MTBC
strains, in particular issues related to recent transmission of the bacteria [3–13]. Generally, it is
assumed, that isolates with identical DNA genotypes represent recent transmission, but other
variables must be taken into account before concluding on recent transmission. For instance,
the presence or absence of epidemiological links, the accuracy of the genotyping methods, the
grade of strain diversity and the relation between cases in time and location influence the inter-
pretation [8, 14, 15]. MIRU-VNTR [16] and whole genome sequencing (WGS) [12] have
increased our knowledge and helped appreciate the clonal complexity of MTBC [17–20] as
well as its phylogeographical distribution [21, 22] and the impact that several lineages have on
host immune regulation, transmission and disease severity [23].

In the present study, 85 MTBC strains from the region of Cantabria from 2012 through
2013 were genotyped with the 24 locus-based MIRU-VNTR method to analyze the genomic
diversity of MTBC and to estimate the frequency and risk factors associated with recent
transmission.

Materials and Methods
Cantabria is a coastal, mountainous region with 591,888 inhabitants [24], located in the North
of Spain. The majority of the population lives in the coastal area. In 2012, only 6.5% of the pop-
ulation in Cantabria was immigrants compared to 11.8% in the rest of Spain [24]. Most people
in the region, including immigrants and homeless, have access to the public health service
without charge.

Study population and design
This was a retrospective cohort study. The cohort included all patients living in Cantabria who
presented with pulmonary and/or extrapulmonary TB confirmed by culture from January 1st
2012 to December 31st 2013. The population of analyzed MTBC (n = 85) represent 98% of
bacteriologically verified cases (n = 87) and 61% (n = 139) of all TB cases reported in Cantabria
in the period. The cases were enrolled from all five hospitals treating TB patients in the region
of Cantabria. Epidemiological, clinical and microbiological data were gathered from the medi-
cal case records and the Department of Microbiology at University Hospital Marqués de Valde-
cilla. One isolate from each patient was included and genotyped.
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Laboratory methods
All the sputum samples were decontaminated and cultured on Coletsos slants (Difco, Mary-
land, USA) and BacT/ALERT-3D seed bottles (BioMérieux, Marcy l'Etoile, France). MTBC
was identified by 16S ribosomal RNA hybridization technique (AccuProbe; Gen Probe Inc.,
San Diego, California). The cultures were verified and susceptibility tested using the method of
critical concentrations at the National Microbiology Centre, Institute of Health Carlos III,
Madrid, Spain. The isolates were suspended in 1.5 ml of storage medium (BHI + glycerin 20%)
and kept at -80°C until DNA analysis. DNA extraction was performed directly from stock and
MIRU-VNTR typing performed as described by Supply et al. [16]. For the 24 loci based MIR-
U-VNTR typing we used a commercial kit (Genoscreen, Lille, France) and processed with a
48-capillary ABI 3730 DNA Analyzer (Applied Biosystems, CA, USA). The MIRU-VNTR
allele assignation was performed using GeneMapper software (Applied Biosystems, CA, USA)
[16]. Genotyping was performed at the International Reference Laboratory of Mycobacteriol-
ogy (IRLM) at Statens Serum Institut in Copenhagen, Denmark. In the external quality control
for 24 locus MIRU-VNTR typing performed by the European Center for Disease Prevention
and Control (ECDC) in 2014, IRLM obtained typing results matching 100% with the reference
data.

Data analysis
The international online MIRU-VNTRplus database tool was used to identify clusters, lineages
and to build neighbor joining (NJ) phylogenetic tree (www.miru-vntrplus.org) [25, 26]. We
used the strategy proposed by Allix-Béguec et al. for optimal phylogenetic identification [25].
When two or more MTBC isolates were 100% identical by MIRU-VNTR, the cases were classi-
fied as clustered [27]. Strains with more than one allele at a single locus were classified as clonal
variants infection within a host, whereas strains with more than one allele at two or more loci
were classified as simultaneous coinfection by more than oneM. tuberculosis strain [16, 17,
28]. These cases were confirmed by repeating MIRU-VNTR with a new extraction of DNA
from the stock.

The clustering rate was calculated as (nc-c)/n, where nc was the total number of clustered
cases, c was the number of clusters and n was the total number of genotyped isolates [3]. The
epidemiological and clinical data of the patients were compared between the clustered and
non-clustered cases in the study.

In order to know if the clusters were already described, we compared our MIRU-VNTR
types with the MIRU-VNTR international types (MIT) of SITVIT2 database [29].

Chi-square test or Fisher’s exact test were performed to test the univariate risk factors for
belonging to a cluster. The statistical analysis of data was performed using the software SPSS
version 19 (IBM Corporation, NY, USA), excluding all cases with missing data. A p value
<0.05 was considered significant. Statistical analysis was not performed when the expected cell
frequencies were equal to zero.

Ethics approval
This project was approved by the ethics committee of Cantabria (CEIC-2013.252).

Results

Patient characteristics
Forty-eight (56.5%) cases were males and 37 (43.5%) cases females. The median age was 50
years (range 4 to 89 years). The highest proportions of cases were found in the age groups
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40–59 (47%) and 20–39 (27%). The majority of patients were Spanish-born (80%) in contrast
to foreign-born (20%). The foreign-born were immigrants from South-Central America (71%),
Europe (23%) and Africa (6%). Roughly an equal number of patients were living in urban and
in rural areas. There were more pulmonary (82.4%) than extra-pulmonary cases (17.6%).
Among the pulmonary cases, 77% had positive sputum smears and 50% of them had cavities
on chest X-ray (CXR). Among sputum smear negative cases, only 13% had cavities on CXR. In
total, 78 (91.8%) strains were susceptible to first and second line drugs, six (7%) were monore-
sistant (three to isoniazid; two to streptomycin and one to pyrazinamide) and one (1.2%) was
multidrug resistant.

MIRU-VNTR typing
A total of 85 isolates (98%) were successfully typed with MIRU-VNTR; 83 were identified as
M. tuberculosis, one asM. bovis and one asM. africanum. Two cases were not typed due to
insufficient DNA for analysis and no amplification signal in PCR, respectively.

The MIRU-VNTR analysis detected a total of 65 different patterns; 31 isolates (36%) were
grouped in 11 clusters with different MIRU-VNTR types and 54 (64%) were unique patterns.

The clustering rate was 24%. The size of clusters varied between two and five patients, with
only one cluster of five cases and five clusters with only two patients. The mean age of the
patients in clusters was 50.5 years; 18 (58.1%) were men and 13 (41.9%) women. The most
common clinical presentation was pulmonary TB (87.1%). Twenty-nine (93.5%) patients were
born in Spain and two (6.5%) patients were foreign-born. The comparison of clustered and
non-clustered patients is shown in Table 1. Statistical analysis of potential causes for clustering
revealed that nationality was associated with clustering (p = 0.023)—a Spanish-born was more
likely to be clustered than a foreign-born. No other variables were found to be significantly
associated with clustering.

In ten of the clustered MIT profiles, we identified the MIT either by exact match or with
only one allele difference (Fig 1). The profiles were clustering mainly with isolates from Bel-
gium, Great Britain, USA, Croatia, South Africa and also Spain. The cluster number 10,
MIT157, was shared with theM. tuberculosis Zaragoza (MTZ) strain described in 2009 (30)
and the clusters 4 and 8 (MIT38 and MIT18) were shared with Madrid1 and Madrid 2 (31)
clusters respectively.

Of the 85 typed strains, six (7%) strains presented a double allele in a single MIRU-VNTR
locus. The corresponding loci were 2163b (QUB-11b) (two strains), 4052 (QUB-26), 3192
(MIRU 31), 3690 (Mtub-39) and 4156 (QUB-4156). Among these patients, two were immi-
grants from Romania and Republic of Moldova respectively, and among the Spanish-born
patients, two had previously had TB. All these strains were susceptible to first line drugs. All
these patients had pulmonary TB, five were unilateral and one compromised both lungs.

Phylogenetic lineages
The Euro-American lineage was the most widespread (98%), including 49 strains (58%) of five
known sublineages, and 34 strains (40%) with no identified (NI) sublineages, using the MIR-
U-VNTRplus database. One West African I (1%) and oneM. bovis (1%) complete the picture
of lineages in Cantabria.

Latin American Mediterranean (LAM), n = 34 (40%), and NI, n = 34 (40%), were the pre-
dominant sublineages. Furthermore, four other Euro American sublineages (18%) (S, Haarlem,
Uganda -I, X) were observed. As can be seen in Fig 2, MIRU-VNTR typing showed highly
linked strains belonging to three main branches, two for LAM sublineages and one for NI
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sublineages. Only LAM and NI sublineages were found in clusters as defined by MIRU-VNTR
type.

Discussion
We conducted a population-based study to analyze the genomic diversity of MTBC and to
determine the frequency of recent transmission as well as associated risk factors in the region

Table 1. Comparison of socio-demographic and clinical characteristics of clustered and non-clustered TB cases.

Parameters Clustered Non clustered Total p value

N° 31(%) 54(%) 85

Age group

<35 5(16.1%) 12(22.2%) 17(20%) 0.499

>35 26(83.9%) 42(77.8%) 68(80%)

Gender

Male 18(58.1%) 30(55.6%) 48(56.5% 0.822

Female 13(41.9%) 24(44.4%) 37(43.5%)

Inmigrant

Spanish-born 29(93.5%) 39(72.2%) 68(80%) 0.023

Foreign-born 2(6.5%) 15(27.8%) 17(20%)

Place of residencea

Rural 15(48.4%) 25(46.3%) 40(47.1%) 0.853

Urban 16(51.6%) 29(53.7%) 45(52.9%)

Site of TB

Extrapulmonary 4(12.9%) 11(20.4%) 15(17.6%) 0.556

Pulmonary 27(87.1%) 43(79.6%) 70(82.4%)

HIV status

HIV- 31(100%) 43(79.6%) 74(87.1%)

HIV+ 0 5(9.3%) 5(5.9%)

ND 0 6(11.1%) 6((7%)

Alcohol use

Non 16(51.6%) 36(66.7%) 52(61.2%) 0.255

Yes 11(35.5%) 14(25.9%) 25(29.4%)

ND 4(12.9%) 4(7.4%) 8(9.4%)

Smoking

Non 19(61.3%) 27(50%) 46(54.1%) 0.204

Yes 10(32.2%) 26(48%) 36(42.4%)

ND 2(6.5%) 1(2%) 3(3.5%)

Smear

Positive 21(67.7%) 39(72.3%) 60(70.6%) 0.475

Negative 10(32.3%) 13(24%) 23(27.0%)

ND 0 2(3.7%) 2(2.3%)

Chronic diseaseb

Non 13(42%) 29(53.8%) 42(49.4%) 0.058

Yes 15(48.3%) 13(24%9 28(33%)

ND 3(9.7%) 12(22.2%) 15(17.6%)

a Rural <30.000 inhabitants Urban > = 30.000 inhabitants
b Diabetes, malignant disease, immunosuppression not mediated by HIV

ND: Not data available.

doi:10.1371/journal.pone.0157266.t001
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of Cantabria, Spain, an area of moderate TB-incidence and a low rate of immigration. We dem-
onstrated an MTBC population with a low clustering rate (24%) implying limited ongoing
transmission within the region. Clustering was associated with being Spanish-born. A high
prevalence of Euro-American lineage was found. Ten of our MIT clustered patterns have been
found in other countries such as Belgium, Great Britain, USA, Croatia, South Africa and The
Netherlands and six (7.1%) of the strains analyzed presented clonal variants.

Of the cases included in the study, 17 (20%) were isolates from the foreign-born population.
This is similar to observations made in Zaragoza, Spain (17.6%) [10], but lower than observed
in Almeria, Spain (52.6%), which has a higher immigration rate than Cantabria [11]. Our
region had experienced an increasing immigrant rate until 2000, followed by a downward
trend in the following years [24]. This fact, could be one of the reasons for the lower number of
foreign-born cases found in this group. Furthermore, the disappearance of the health card for
patients without residence papers since 2012 could lead us to underestimate the size of foreign
population with TB.

In high-income countries and cities, the proportion of new cases of TB due to recent trans-
mission versus reactivation is higher [3, 8, 10, 11]. We found a clustering rate of 24% that is
lower than Denmark (47%) [4], San Francisco (31%) [3] and other cities in Spain (Gran

Fig 1. Cluster comparison. Comparison of identical (or one allele different = 1/MIT 836 and 7/MIT0219) clusters in Cantabria and
MIRU-VNTR International Types (MIT, reported in reference 29 doi: 10.1016/j.meegid.2012.02.004).The comparison is based on
MIRU12.

doi:10.1371/journal.pone.0157266.g001
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Canaria (58.5%) [8], Zaragoza (42.7%) [10], Almeria (32%) [11]) but higher than Zurich (11%)
[5], a place with lower ongoing transmission. Different circumstances could explain our low
rate. Firstly, as 39% of all TB cases could not be bacteriological verified and therefore geno-
typed, clustering could be underestimated [15]. Secondly, the majority of residents have free
and universal access to public health services with a mycobacteriology lab open every day of

Fig 2. NJ phylogeny tree rooted by Canetti based on 24-loci MIRU-VNTR data. Colors indicate the main MTBC lineages. Each
circle represents a MIRU-VNTR genotype and the circle size is proportional to the number of strains in cluster.

doi:10.1371/journal.pone.0157266.g002
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the week to evaluate cases with high suspicion of active TB. Finally, reporting of all cases of
active TB to the Regional Health Service is mandatory for the physician involved in the diagno-
sis. As these factors contribute to faster TB control, the clustering rate would tend to be lower.

Several risk factors have been associated with clustering: age younger than 60 years, male
sex, positive smear microscopy, previous contact with a TB patient, injection drug use, urban
residence, the presence of a cavitary disease, history of previous TB and foreign-born patients
or non-foreign patients [3, 4, 5, 8, 10, 11]. In Cantabria, the native population was more likely
to be recently infected, in agreement with other reports [3, 11], but unlike other European
countries [13, 32]. We compared our MIT clustered patterns with MIT of the SITVIT2 data-
base [29]. This database contains a total of 2379 12-MIRU-VNTR patterns (from 8,161 clinical
isolates) from 87 countries of patient origin [29]. We found that the Cantabria population of
MTBC share some of its genotypes with other Spanish cities. Viedma et al. described Madrid 1
and Madrid 2 spoligopatterns with their corresponding MIT as probable specific clonal com-
plexes in Spain [31]. Lopez Calleja et al. described a strain,MTZ, causing a large cluster (85 iso-
lates) in Zaragoza, which is also represented (MIT157) in our population [30]. Another
significant finding in our phylogeoraphic structure is that we shared the majority of the clus-
tered patterns with Belgium and Great Britain. One may speculate that the important political-
economic relations between Cantabria and these countries in the 16th to 18th centuries could
explain this finding [32].

A comparison of our findings with global phylogeography distribution ofM. tuberculosis
lineages using the MIRU-VNTRplus database indicates that most of the patients (98%) were
infected by the Euro-American lineage, which is in agreement with other contemporary studies
using MIRU-VNTR in Europe [33, 34] and other continents [35, 36]. Recent literature
describes that the East Asian and Euro-American lineages could be more virulent than the
Indo-Oceanic and West-African lineages (23) thereby promoting dissemination.

Clonal complexity, understood as mixed infections with more than one strain and simulta-
neous presence of clonal variants, is widely described in literature [37–39]. MIRU-VNTR has
been reported as a rapid, simple and sensitive tool for revealing this matter [17]. In our study,
we found a rate of microevolution events of 7.1%, which is similar to countries with a high inci-
dence of TB cases [28, 38]. While these microevolution events could have developed in context
of different clinical circumstances [37–39], they are not always limited to specific clinical epide-
miological situations [40]. In our study, two cases have previously had TB and two were from
countries with high incidence of TB. The remaining two cases were patients with a pulmonary
transplant and cavitary pulmonary TB, respectively. Variants could have appeared due to a
delay in diagnosis or during the latent phase after infection [19], but we are cautious with these
interpretations.

Furthermore, it has been established that a genetic association (polymorphism in CC che-
mokine ligand 5) plays an important role in pulmonary TB susceptibility in our region, a com-
munity with conserved genetic background [41]. Our findings support the idea that
predisposition to TB is a complex and multifactorial outcome of interactions by factors such as
human genetic determinants [41], bacterial determinants of virulence (predominance of line-
age Euro-American) and unknown environmental factors.

The present study has several limitations. First, we used only one method to analyze the
clonal structure of the isolates. Second, clonal variants described in this study were found in a
single isolate per patient, so the chance that results of MIRU-VNTR had epidemiological and/
or clinical repercussions is uncertain. Third, only MTBC strains from culture positive cases
could be genotyped, thus in theory, some transmission could occur from not include cases.
This is a limitation for all genotyping studies, and we do not believe is will change conclusions
significantly. Culturing is for free working against selection bias.
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Conclusion
In summary, our findings suggest that transmission of MTBC is well-controlled in Cantabria.
The majority of TB patients were born in Spain and the transmission in this group was higher
than in the immigrants group. The population structure of MTBC in Cantabria has a low diver-
sity consisting of principal clonal lineages with the predominance of the Euro American line-
age, sharing strain patterns with clonal complexes of Spanish isolates as well as American,
European and African isolates.
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(XLSX)

Acknowledgments
We thank Mrs Anita Jørgensen for technical support. We thank Mrs Eleanor Calver for English
revision.

Author Contributions
Conceived and designed the experiments: ICPMB LMM JA. Performed the experiments:
ICPMB TL MKP DBF EMR. Analyzed the data: ICPMBMKP DBF EMR. Contributed
reagents/materials/analysis tools: ICPMB LMM JA TL EMR. Wrote the paper: ICPMB TL
MKP JA LMMDBF EMR.

References
1. WHO report 2014. “Global Tuberculosis Report”. Available: http://www.who.int/tb/publications/global_

report/gtbr14_main_text.pdf?ua=1 2014.

2. Informe epidemiológico sobre la situación de la tuberculosis en España. Año 2013. http://www.isciii.es/
ISCIII/es/contenidos/fd-servicios-cientifico-tecnicos/fd-vigilancias-alertas/fd-enfermedades/TB_
Informe_2013_CNE_9febrero2015.pdf.

3. Small PM, Hopewell PC, Singh SP, Paz A, Parsonnet J, Ruston DC et al. The epidemiology of tubercu-
losis in San Francisco. A population-based study using conventional and molecular methods. N Engl J
Med Jun 1994; 16; 330:1703–9. doi: 10.1056/nejm199406163302402 PMID: 7910661

4. Kamper-Jørgensen Z, Andersen A. B, Kok-Jensen A, Bygbjerg IC, Andersen PH, Thomsen VO et al.
Clustered Tuberculosis in a Low-Burden Country: Nationwide Genotyping through 15 Years. J Clin
Microbiol 2012; 50: 2660–2667. doi: 10.1128/JCM.06358-11 PMID: 22675129

5. Pfyffer GE, Strässle A, Rose N, Wirth R, Brändli O, Shang H. Transmission of tuberculosis in the metro-
politan area of Zurich: a 3 year survey based on a DNA fingerprinting. Eur Respir J 1998; 11:804–8
PMID: 9623680

6. Lillebaek T, Andersen AB, Bauer J, Dirksen A, Glismann S, de Haas P, et al. Risk ofMycobacterium
tuberculosis transmission in a low-incidence country due to immigration from high-incidence areas. J
Clin Microbiol 2001; 39: 855–861. doi: 10.1128/JCM.39.3.855-861.2001 PMID: 11230395

7. Dahle UR, Sandven P, Heldal E and Caugant DA. Molecular epidemiology ofMycobacterium tubercu-
losis in Norway. J Clin Microbiol 2001; 39: 1802–7. PMID: 11325994

8. Pena MJ, Caminero JA, Campos-Herrera MI, Rodríguez-Gallego JC, García-Laorden MI, Cabrera P,
et al. Epidemiology of tuberculosis on Gran Canaria: a 4 year population study using traditional and
molecular approaches. Thorax 2003; 58:618–22. doi: 10.1136/thorax.58.7.618 PMID: 12832681

9. Van Deutekom H, Hoijng SP, de Haas PE, LangendamMW, Horsman A, van Soolingen D, et al. Clus-
tered tuberculosis cases: do they represent recent transmission and can they be detected earlier? Am
J Respir Crit Care Med 2004; 169: 806–10. PMID: 14684559

10. López Calleja AI, Lezcano MA, Vitoria MA, Iglesias MJ, Cebollada A, Lafoz C et al. Genotyping of
Mycobacterium tuberculosis over two periods: a changings scenario for tuberculosis transmission. Int
J Tuberc Lung Dis 2007; 11:1080–6. PMID: 17945064 1

Genomic Diversity ofMycobacterium tuberculosis Complex Spain

PLOS ONE | DOI:10.1371/journal.pone.0157266 June 17, 2016 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157266.s001
http://www.who.int/tb/publications/global_report/gtbr14_main_text.pdf?ua=1
http://www.who.int/tb/publications/global_report/gtbr14_main_text.pdf?ua=1
http://www.isciii.es/ISCIII/es/contenidos/fd-servicios-cientifico-tecnicos/fd-vigilancias-alertas/fd-enfermedades/TB_Informe_2013_CNE_9febrero2015.pdf
http://www.isciii.es/ISCIII/es/contenidos/fd-servicios-cientifico-tecnicos/fd-vigilancias-alertas/fd-enfermedades/TB_Informe_2013_CNE_9febrero2015.pdf
http://www.isciii.es/ISCIII/es/contenidos/fd-servicios-cientifico-tecnicos/fd-vigilancias-alertas/fd-enfermedades/TB_Informe_2013_CNE_9febrero2015.pdf
http://dx.doi.org/10.1056/nejm199406163302402
http://www.ncbi.nlm.nih.gov/pubmed/7910661
http://dx.doi.org/10.1128/JCM.06358-11
http://www.ncbi.nlm.nih.gov/pubmed/22675129
http://www.ncbi.nlm.nih.gov/pubmed/9623680
http://dx.doi.org/10.1128/JCM.39.3.855-861.2001
http://www.ncbi.nlm.nih.gov/pubmed/11230395
http://www.ncbi.nlm.nih.gov/pubmed/11325994
http://dx.doi.org/10.1136/thorax.58.7.618
http://www.ncbi.nlm.nih.gov/pubmed/12832681
http://www.ncbi.nlm.nih.gov/pubmed/14684559
http://www.ncbi.nlm.nih.gov/pubmed/17945064


11. Lucerna MA, Rodríguez-Contreras R, Barroso P, Martínez MJ, Sánchez-Benítez ML, García de
Viedma D; Grupo Indal-TB. Epidemiología molecular de la tuberculosis en Almería. Factores asociados
a transmisión reciente. Enferm Infecc Microbiol Clin 2011; 29: 174–178.

12. Roetzer A, Diel R, Kohl TA, Rückert C, Nübel U, Blom J et al. Whole genome sequencing versus tradi-
tional genotyping for investigation of aMycobacterium tuberculosis outbreak: a longitudinal molecular
epidemiological study. PLoS Med 2013; 10:e1001387. doi: 10.1371/journal.pmed.1001387 PMID:
23424287

13. Fallico L, Couvin D, Peracchi M, Pascarella M, Franchin E, Lavezzo et al. Four year longitudinal study
ofMycobacterium tuberculosis complex isolates in a region of North-Eastern Italy. Infect Genetic and
Evol 2014; 26:58–64. doi: 10.1016/j.meegid.2014.05.004 PMID: 24820340

14. Midori Kato-Maeda J, Metcalfe Z and Flores L. Genotyping ofMycobacterium tuberculosis: application
in epidemiologic studies. Future Microbiol 2011; 6: 203–216.

15. Borgdorff MW, van den Hof S, Kalisvaart N, Kremer K and vanSoolingen D. Influence of Sampling on
Clustering and Associations With Risk Factors in the Molecular Epidemiology of Tuberculosis. Am J of
Epidemiol 2011; 174: 243–51. doi: 10.1093/aje/kwr061 PMID: 21606233

16. Supply P, Allix C, Lesjean S, Cardoso-Oelemann M, Rüsch-Gerdes S, Willery E et al. Proposal for stan-
dardization of optimized mycobacterial interspersed repetitive unit variable-number tandem repeat typ-
ing ofMycobacterium tuberculosis. J Clin Microbiol 2006; 44: 4498–4510. doi: 10.1128/JCM.01392-06
PMID: 17005759

17. García de Viedma D, Alonso Rodríguez N, Andrés S, Ruiz Serrano MJ and Bouza E. Characterization
of Clonal Complexity in Tuberculosis by Mycobacterial Interspersed Repetitive Unit–Variable-Number
Tandem Repeat Typing. J Clin Microbiol 2005; 43: 5660–5664. doi: 10.1128/JCM.43.11.5660-5664.
2005 PMID: 16272501

18. Shamputa IC, Jugheli L, Sadradze N, Willery E, Portaels F, Supply P et al. Mixed infection and clonal
representativeness of a single sputum sample in tuberculosis patients from a penitentiary hospital in
Georgia. Respir Res 2006; 7: 99. doi: 10.1186/1465-9921-7-99 PMID: 16846493

19. Navarro Y, Herranz M, Pérez-Lago L, INDAL-TB, Ruiz-Serrano MJ, Bouza E et al. Systematic survey of
clonal complexity in tuberculosis at a populational level and detailed characterization of the isolates
involved. J Clin Microbiol 2011; 49: 4131–7. doi: 10.1128/JCM.05203-11 PMID: 21956991

20. Perez-Lago L, Comas I, Navarro Y, González-Candelas F, Herranz M, Bouza E et al. Whole genome
sequencing analysis of intrapatient microevolution inMycobacterium tuberculosis: potential impact on
the inference of tuberculosis transmission. J Infect Dis 2014; 209: 98–108. doi: 10.1093/infdis/jit439
PMID: 23945373

21. Gagneux S, Deriemer K, Van T, Kato-Maeda M, de Jong BC, Narayanan S et al. Variable host-patho-
gen compatibility inMycobacterium tuberculosis. Proc Natl Acad Sci USA 2006; 103: 2869–7310.
PMID: 16477032

22. Wirth T, Hildebrand F, Allix-Beguec C, Wölbeling F, Kubica T, Kremer K et al. Origin, spread and
demography of theMycobacterium tuberculosis complex. PLoS Pathog 2008; 4. doi: 10.1371/journal.
ppat.1000160 PMID: 18802459

23. Coscolla M, Gagneuxa S. Consequences of genomic diversity inMycobacterium tuberculosis. Semin
Immunol 2014; 26: 431–444. doi: 10.1016/j.smim.2014.09.012 PMID: 25453224

24. Boletín de información sociodemográfica y sanitaria de la población inmigrante en Cantabria.www.
fmdv.org/Es/Unidades/OSPC/Documents/Proyectos%20OSPC/Informe%20Inmigrantes/Bolet%C3%
Adn_Inmigrantes_2013.pdf.

25. Allix-Béguec C, Harmsen D, Weniger T, Supply P and Niemann S. Evaluation and user-strategy of
MIRU-VNTRplus, a multifunctional database for online analysis of genotyping data and phylogenetic
identification ofMycobacterium tuberculosis complex isolates. J Clin Microbiol 2008; 46: 2692–2699.
doi: 10.1128/JCM.00540-08 PMID: 18550737

26. Weniger T, Krawczyk J, Supply P, Niemann S and Harmsen D. MIRU-VNTRplus: a web tool for poly-
phasic genotyping ofMycobacterium tuberculosis complex bacteria. Nucleic Acids Res 2010; 38:
W326–331. doi: 10.1093/nar/gkq351 PMID: 20457747

27. Tuberculosis Genotyping.October 2008. http://www.cdc.gov/tb/publications/factsheets/statistics/
genotyping.htm

28. Cohen T., Wilson D., Wallengren K., Samuel E. Y., and Murray M.. Mixed strainMycobacterium tuber-
culosis infections among patients dying in a hospital in KwaZulu-Natal, South Africa. J Clin Microbiol.
2011; 49: 385–388. doi: 10.1128/JCM.01378-10 PMID: 20980576

29. Demay C, Liens B, Burguière T, Hill V, Couvin D, Millet J et al. SITVITWEB, a publicly available interna-
tional multimarker database for studyingMycobacterium tuberculosis genetic diversity and molecular
epidemiology. Infect Genet Evol 2012; 12:755–766. doi: 10.1016/j.meegid.2012.02.004 PMID:
22365971

Genomic Diversity ofMycobacterium tuberculosis Complex Spain

PLOS ONE | DOI:10.1371/journal.pone.0157266 June 17, 2016 10 / 11

http://dx.doi.org/10.1371/journal.pmed.1001387
http://www.ncbi.nlm.nih.gov/pubmed/23424287
http://dx.doi.org/10.1016/j.meegid.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24820340
http://dx.doi.org/10.1093/aje/kwr061
http://www.ncbi.nlm.nih.gov/pubmed/21606233
http://dx.doi.org/10.1128/JCM.01392-06
http://www.ncbi.nlm.nih.gov/pubmed/17005759
http://dx.doi.org/10.1128/JCM.43.11.5660-5664.2005
http://dx.doi.org/10.1128/JCM.43.11.5660-5664.2005
http://www.ncbi.nlm.nih.gov/pubmed/16272501
http://dx.doi.org/10.1186/1465-9921-7-99
http://www.ncbi.nlm.nih.gov/pubmed/16846493
http://dx.doi.org/10.1128/JCM.05203-11
http://www.ncbi.nlm.nih.gov/pubmed/21956991
http://dx.doi.org/10.1093/infdis/jit439
http://www.ncbi.nlm.nih.gov/pubmed/23945373
http://www.ncbi.nlm.nih.gov/pubmed/16477032
http://dx.doi.org/10.1371/journal.ppat.1000160
http://dx.doi.org/10.1371/journal.ppat.1000160
http://www.ncbi.nlm.nih.gov/pubmed/18802459
http://dx.doi.org/10.1016/j.smim.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25453224
http://www.fmdv.org/Es/Unidades/OSPC/Documents/Proyectos%20OSPC/Informe%20Inmigrantes/Bolet%C3%Adn_Inmigrantes_2013.pdf
http://www.fmdv.org/Es/Unidades/OSPC/Documents/Proyectos%20OSPC/Informe%20Inmigrantes/Bolet%C3%Adn_Inmigrantes_2013.pdf
http://www.fmdv.org/Es/Unidades/OSPC/Documents/Proyectos%20OSPC/Informe%20Inmigrantes/Bolet%C3%Adn_Inmigrantes_2013.pdf
http://dx.doi.org/10.1128/JCM.00540-08
http://www.ncbi.nlm.nih.gov/pubmed/18550737
http://dx.doi.org/10.1093/nar/gkq351
http://www.ncbi.nlm.nih.gov/pubmed/20457747
http://www.cdc.gov/tb/publications/factsheets/statistics/genotyping.htm
http://www.cdc.gov/tb/publications/factsheets/statistics/genotyping.htm
http://dx.doi.org/10.1128/JCM.01378-10
http://www.ncbi.nlm.nih.gov/pubmed/20980576
http://dx.doi.org/10.1016/j.meegid.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22365971


30. López Calleja AI, Gavin P, Lezcano MA, Vitoria MA, Iglesias MJ, Guimbao J et al. Unsuspected and
extensive transmisssion of a drug-susceptibleMycobacterium tuberculosis strains. BMC PulmMed
2009; 9:3. doi: 10.1186/1471-2466-9-3 PMID: 19144198

31. García de Viedma D, Bouza E., Rastogi N. and Sola C. Analysis ofMycobacterium tuberculosisGeno-
types in Madrid and Identification of two New Families to Spain-Related Settings. J Clin Microbiol 2005;
43: 1797–1806.

32. Historia de Cantabria. Tomo I Santander: Editorial Cantabri;2007. pp 213–215 ISBN 84-86420-50-4.

33. Roetzer A, Schuback S, Diel R, Gasau F, Ubben T, di Nauta A, et al. Evaluation ofMycobacterium
tuberculosis typing methods in a 4-year study in Schleswig-Holstein, Northern Germany. J Clin Micro-
biol 2011; 49: 4173–8. doi: 10.1128/JCM.05293-11 PMID: 21998434

34. Fitzgibbon M.M, Gibbons N, Roycroft E, Jackson S, O'Donnell J, O’Flanagan D et al. A snapshot of
genetic lineages ofMycobacterium tuberculosis in Ireland over a two-year period, 2010 and 2011.
Euro Surveill 2013; 18(3).

35. Vasconcelos SE, Acosta CC, Gomes LL, Conceição EC, Lima KV, de Araujo MI et al. Strain Classifica-
tion ofMycobacterium 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; 9:10. doi: 10.1371/journal.pone.0107747 PMID:
25314118

36. Chaoui I, Zozio T, Lahlou O, Sabouni R, Abid M, El Aouad R et al. Contribution of spoligotyping and
MIRU-VNTRs to characterize prevalentMycobacterium tuberculosis genotypes infecting tuberculosis
patients in Morocco. Infect Genet Evol 2014; 21:463–71. doi: 10.1016/j.meegid.2013.05.023 PMID:
23732366

37. Braden CR, Morlock GP, Woodley CL, Johnson KR, Colombel AC, Cave MD et al. 2001. Simultaneous
infection with multiple strains ofMycobacterium tuberculosis. Clin. Infect. Dis 33:42–47.

38. Shamputa IC, Rigouts L, Eyongeta LA, El Aila NA, van Deun A, Salim AH,Willery E, et al. 2004. Geno-
typic and phenotypic heterogeneity amongMycobacterium tuberculosis isolates from pulmonary tuber-
culosis patients J Clin Microbiol 42:5528–5536.

39. Pérez-Lago L, Herranz M, Lirola MM, Bouza E, Garcia de Viedma D. Characterization of microevolution
events inMycobacterium tuberculosis strains involved in recent transmission clusters. J Clin Microbiol
2011; 49: 3771–6. doi: 10.1128/JCM.01285-11 PMID: 21940467

40. Pérez-Lago L, Palacios JJ, Herranz M, Ruiz Serrano MJ, Bouza E, García-de-Viedma D. Revealing
hidden clonal complexity inMycobacterium tuberculosis infection by qualitative and quantitative
improvement of sampling. Clin Microbiol Infect 2015; 21:2. doi: 10.1016/j.cmi.2014.09.015 PMID:
25658553

41. Sánchez-Castañón M, Baquero IC, Sánchez-Velasco P, Fariñas MC, Ausín F, Leyva-Cobián F, et al.
Polymorphisms in CCL5 promoter are associated with pulmonary tuberculosis in northern Spain. Int J
Tuber Lung Dis 2009; 13(4):480–485. PMID: 19335954

Genomic Diversity ofMycobacterium tuberculosis Complex Spain

PLOS ONE | DOI:10.1371/journal.pone.0157266 June 17, 2016 11 / 11

http://dx.doi.org/10.1186/1471-2466-9-3
http://www.ncbi.nlm.nih.gov/pubmed/19144198
http://dx.doi.org/10.1128/JCM.05293-11
http://www.ncbi.nlm.nih.gov/pubmed/21998434
http://dx.doi.org/10.1371/journal.pone.0107747
http://www.ncbi.nlm.nih.gov/pubmed/25314118
http://dx.doi.org/10.1016/j.meegid.2013.05.023
http://www.ncbi.nlm.nih.gov/pubmed/23732366
http://dx.doi.org/10.1128/JCM.01285-11
http://www.ncbi.nlm.nih.gov/pubmed/21940467
http://dx.doi.org/10.1016/j.cmi.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25658553
http://www.ncbi.nlm.nih.gov/pubmed/19335954

