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Abstract

Background and Aims: Tuberculosis (TB) remains an important global health issue 

worldwide. Despite this scourge threatening many human lives, especially in developing countries, 

thus far, no advanced molecular epidemiology study using recent and more accurate tools has 

been conducted in Mali. Therefore, this study aimed to use variable-number tandem repeats 

of mycobacterial interspersed repetitive units (MIRU-VNTR) technology coupled with the 

spoligotyping method to accurately determine the hot spots and establish the epidemiological 

transmission links of TB in Bamako, Mali.
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Methods: In a cross-sectional study, 245 isolates of Mycobacterium tuberculosis complex 

(MTBC) were characterized using spoligotyping and MIRU-VNTR, and an epidemiological 

investigation was conducted.

Results: Of the 245 isolates, 184 (75.1%) were formally identified. The most widespread 

strain was the Cameroon strain (83; 45.1%). Eight major clusters were identified: Ghana (27; 

14.7%), West African 2 (22; 12%), Haarlem (13; 7.1%), H37Rv (t) (8; 4.3%), Latin American 

Mediterranean (8; 4.3%), and Uganda I and II (6; 3.3%). Statistical analysis showed a significant 

difference between lineages from the respective referral health centers of Bamako, Mali (P = 

0.01).

Conclusion: This study establishes, for the first time, an accurate spatial distribution of 

circulating MTB strains in Bamako, Mali. The data was used to identify strains and “hot spots” 

causing TB infection and can also be used for more targeted public health responses, particularly 

for hot spots of drug-resistant strains.
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Introduction

Mycobacterium tuberculosis (MTB) remains a major global health problem with an 

estimated 10.4 million new cases of tuberculosis (TB) each year, causing approximately 

1.5 million human deaths worldwide, with 95% of deaths occurring in developing countries 

(WHO, 2020). According to the World Health Organization (WHO), regions of Southeast 

Asia, Africa, and the Western Pacific are experiencing the highest number of TB cases 

(Chakaya et al., 2021), whereas, India (26%), Indonesia (8.5%), China (8.4%), Philippines 

(6.0%), Pakistan (5.7%), Nigeria (4.4%), Bangladesh (3.6%), and South Africa (3.6%) are 

accounting for two-thirds of the global TB cases. Despite the fact that the WHO African 

region accounted 14% of the world’s population, it was found out that a quarter of the global 

TB incidence occurs in the continent and possesses the highest HIV-associated comorbidity 

with increased fatality rates (Dye et al., 2006). Thus, sub-Saharan region in Africa is the 

most affected region in terms of case per population ratio. In West Africa, 3 countries 

(Nigeria, Liberia, and Sierra Leone) are the most affected by TB and listed among the 30 

high-burden countries worldwide (Chakaya et al., 2021). Mali, located in West Africa, also 

has high incidences and is at a potential risk of increased rates and resistances, given that it 

is only in West Africa where all 6 major human TB lineages are confirmed to be present (de 

Jong et al., 2008 Yeboah-Manu et al., 2016). The Euro-American lineage (lineage 4) and the 

M. africanum lineages (lineage 5 and 6) are the strains that are most associated with causing 

pulmonary TB in West Africa (Gehre et al., 2016). According to the 2019 Mali National TB 

Program Report, the mean incidence of TB in Mali was 53/100,000 habitants (ranking from 

90 to 117 per 100,000 habitants) (CDC Division of Global HIV and TB Country Profile, 

2018). The T1 family and Latin American Mediterranean 10 (LAM-10) from lineage 4 and 

M. africanum 2 from lineage 6 were the most predominant strains reported in the Bamako 

region (Togo et al., 2017).
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Molecular epidemiology of MTB complex (MTBC) was initially based on an IS6110 

restriction fragment length polymorphism (RFLP) analysis (Almeida et al., 2019). Owing 

to the complexity of the RFLP method and the theoretical and practical limitations, new 

alternative molecular epidemiology tools have been developed to distinguish relapse or 

re-infection, assess risk factors associated with transmission, track infection transmission 

dynamics, and detect suspected outbreaks (Kone et al., 2020 Smith et al., 2017). These 

new methods are polymerase chain reaction (PCR)-based with simpler, more reliable 

techniques introduced as TB molecular typing tools such as spoligotyping and mycobacterial 

interspersed repetitive units–variable-number of tandem repeats (MIRU-VNTR) assays 

(Kamerbeek et al., 1997 Rozo-Anaya and Ribón, 2010; Supply et al., 2006). Spoligotyping, 

referred to as spacer oligonucleotide typing, is a widely used PCR-based method for 

genotyping MTBC organisms (Huard et al., 2003 Zeng et al., 2016). It detects the presence 

or absence of unique spacer sequences present in the direct repeat (DR) genomic region of 

MTBC by a reverse line blot hybridization approach (Honisch et al., 2010). MIRU-VNTR 

is a more recent molecular MTB strain-typing method developed and introduced into the 

platform of molecular typing tools, which uses the variations observed from strain to 

strain in 12 to 24 independent minisatellite-like loci scattered throughout the MTB genome 

(Allix-Béguec et al., 2008b). MIRU-VNTR typing have emerged as valuable markers for 

genotyping of MTBC (Allix et al., 2004 Allix-Béguec et al., 2008a; Alonso-Rodríguez et 

al., 2008; Oelemann et al., 2007; Shamputa et al., 2006). Furthermore, the combination 

of spoligotyping and MIRU-VNTR more accurately characterizes the genetic diversity and 

molecular epidemiology of MTBC strains circulating in the clinical isolates of a given 

population, estimates recent transmission of TB, and possibly detects active transmission of 

TB (Shi et al., 2018 van Deutekom et al., 2005).

To date, in Mali, all molecular epidemiology studies have only used spoligotyping (Diarra 

et al., 2018 Togo et al., 2017; Traore et al., 2012), resulting in a poor epidemiological 

characterization of TB cases. Therefore, this study sought to use both molecular methods

—spolygotyping and MIRU-VNTR—to characterize the diversity of MTB genotypes of 

clinical isolates from patients admitted in multiple municipalities in the capital city of 

Mali, Bamako, where a third of all TB cases are reported. The findings from this study 

contribute to a better understanding of TB hot spots and the phylogenetic diversity of MTBC 

circulating strains in Bamako.

Methods

Study Setting, Population, Sample Size Determination, and Ethical Consideration

A cross-sectional study was conducted from January 2017 to December 2019 at the 

University Clinical Research Center (UCRC) of the University of Sciences, Techniques 

and Technologies of Bamako (USTTB), Mali. Confirmed cases of patients with TB who 

agreed to participate signed a consent form before enrolment. All participants were enrolled 

in the study from the 6 referral health centers (RHCs) in Bamako, RHC I, II, III, IV, V, and 

VI, where TB diagnosis and treatment are performed routinely. Bamako is the capital city 

of Mali, with an estimated 2.7 million inhabitants who represent one-tenth of the Malian 

population (Atlas of populations and countries of the world, 2020). According to the Mali 
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National TB/HIV Program, Bamako is where a third of TB infection takes place and is 

considered to be the highest transmission area (National TB, HIV and Hepatitis program, 

2020). Participants in the study included males and females aged more than or equal to 18 

years with confirmed cases of active pulmonary TB.

The sample size was calculated in accordance with a previous study conducted in Bamako 

(Traore et al., 2012). In general, there is low prevalence of mycobacterial species circulating 

in Mali; however, the lineage 4 (T1 family and LAM) is the most dominant, followed by 

lineage 6 (M. africanum). We assumed that the 2 predominant strains are likely to form 

clusters; therefore, our sample calculation was based on M. africanum prevalence (the least 

frequent of the 2 predominant strains) estimated to be 28% (Traore et al., 2012). Epi Info 

3.5.3 software was used to calculate the study sample size. Expecting the prevalence of M. 
africanum greater or equal to 20%, a power of 80%, and α at 0.05, with a number of 2090 

new TB cases reported in Bamako in 2017, we retained a total of 221 participants as our 

sample size.

The research protocol and the consent form were first approved by the ethical committee 

of the Faculty of Medicine and Odontostomatology (FMOS) of the University of Sciences, 

Techniques and Technologies of Bamako (USTTB) before any research activity (ethical 

reference number: No2018/97/CE/FMOS).

Sputum Sample Collection, Mycobacterial Sputum Culture, and DNA Extraction

Sputum samples were collected from potentially eligible patients and treated according 

to the standard operating procedure. Briefly, digestion and decontamination methods were 

applied using sodium hydroxide and N-acetyl-L-cysteine solutions, then the mixture was 

concentrated through centrifugation at 3000 × g. Pellets obtained from the centrifugation 

were used to inoculate liquid and solid TB culture media. Smears were also prepared 

with the processed sputum pellets for microscopic visualization of acid-fast bacillus (AFB). 

(Traore et al., 2012). DNA was extracted from the pure isolates of MTB for molecular 

characterizations (Jafarian et al., 2010).

Spoligotyping

A commercially available kit was used to perform the spacer oligonucleotide typing 

and the manufacturer’s instructions were followed (Isogen Bioscience BV, Maarssen, 

The Netherlands). Briefly, an implication of the DR locus was done with primers 

Dra and Drb using PCR, and then, the amplicons were hybridized to a set of 43 

immobilized oligonucleotides covalently bound to a membrane. The hybridized PCR 

products were incubated with streptavidin peroxidase conjugate and the results were 

detected by chemiluminescence system (ECL detection). Strain comparisons were made 

using the SPOTCLUST (SpolDB3-based) database. Corresponding shared spoligotypes 

were further defined using the SITVIT database (Institut Pasteur de la Guadeloupe, Abymes, 

Guadeloupe). (Kamerbeek et al., 1997) H37Rv and BCG strains were used as internal 

controls.
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Variable-Number Tandem Repeats of Mycobacterial Interspersed Repetitive Units (MIRU-
VNTR) Test

The GenoScreen MIRU-VNTR typing kit, using which the 24 markers are amplified from 

purified DNA or crude extract using 6 quadruplex PCR and fluorescent primers specific 

for the flanking regions of the targeted loci, was used in this study as previously described 

(Variable-Number Tandem Repeats of Mycobacterial Interspersed Repetitive Units, 2020).

Raw data (.fsa files) were analyzed using GeneMapper v5.0 software. Proprietary 

GeneMapper modules and panels were used to match fragment sizes to each MIRU-VNTR 

locus repeat number. In case of failure or double alleles, the analysis was repeated once, 

except if more than 4 alleles were missing. Strain identification was performed using the 

MIRU-VNTRplus database, following a strategy described previously (Allix-Béguec et al., 

2008b). Briefly, VNTR patterns were first matched against the MIRU-VNTRplus database, 

using a default stringent distance cutoff of 0.17, which corresponds to a tolerance of, at 

most, 4 locus differences. In cases of no match detected after the initial best-match analysis, 

a tree-based identification was used. The phylogenetic tree was calculated and drawn by 

using the neighbor-joining algorithm, using the MIRU-VNTRplus database reference strains 

(BCG strain). The most straightforward categorical distance was used by default. This 

distance simply scores the number of markers with a different allele divided by the total 

number of markers used. Missing data were ignored to accommodate the incorporation of 

strains with incomplete data. However, to avoid the overinterpretation of results, sample 

identification was usually not performed if more than 1 marker is missing. BCG strain was 

used as internal controls.

Statistical Analysis

Data were encrypted and analyzed using SPSS version 25 for Windows (IBM SPSS 

Statistics 25). Frequencies were calculated for all descriptive variables. Fisher exact test 

or chi-square test was used for the comparison of the frequencies. Variables with a P value 

<.05 were considered statistically significant. Geographic origin and strain diversity profiles 

with spoligotyping families or MIRU-VNTR were made using QGIS software version 3.10.

Results

Clinical and Sociodemographic Characteristics of Participants

A total of 245 participants from 6 respective RHCs (I, II, III, IV, V, and VI) were enrolled 

in the study. Of the 245 participants, n = 16 (6.5%) were patients co-infected with HIV and 

n = 9 (3.7%) were multidrug resistant TB (MDR-TB) cases (Table 1). A small number were 

TB cases being retreated (n = 34, 13.9%), with the remaining being new cases (n = 211; 

86.1%). Overall, most participants were male (n = 171, 69.8%) with a sex-ratio of 2.3 with 

participants’ mean age of 33 ± 11.7 years (range 18–76). The most predomi nant isolates 

were from the referral health centers (RHCs) V and VI (with n = 37, 20.10% and n = 82, 

44.56%, respectively) (Table 2 and Figure 1).
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Identification and Genotyping of M. Tuberculosis Using Spoligotyping

All 245 isolates were successfully classified by the spoligotyping method, in which 

the largest spoligotype family observed was LAM-10, which accounted for 82 isolates 

(33.47%). The next most common family was the T1 family with 78 isolates (31.84%), 

followed by the M. africanum family with 39 isolates (15.92%). A few isolates belonged to 

Beijing (n = 6, 2.45%), Haarlem-3 (n = 5, 2.04%), M. bovis (n = 5, 2.04%), Family-33 (n = 

12, 4.9%), LAM-7 (n = 4, 1.63%), LAM-3 (n = 3, 1.22%) LAM-9 (n = 3, 1.22%), X3 (n = 4, 

1.63%), EAI5 (East African-Indian-5) (n = 3, 1.22%) and Family-34 (n = 1, 0.41%) (Table 

S1).

M. tuberculosis Strain Identification and Genotyping Using MIRU-VNTR and Spoligotyping

Of the 245 isolates that were genotyped by MIRU-VNTR, 61 isolates were found to be 

indeterminate (Table S2). As a result, only 184 were fully analyzed, which revealed that 

Cameroon, Ghana, LAM, West African-2, and H37Rv strains of MTB were present in 5 of 

the 6 referrals health centers. The Cameroon type was highly represented in RHC V and VI 

with respectively 50 (60.2%) and 12 (14.5%), whereas the Ghana types was mostly found 

in the RHC III with 10 (37.0%). The West African 2 strain was found to be predominant in 

RHC V with 10 (45.5%) and the LAM strains with 3 (37.5%) in RHC V. The H37Rv type 

was mostly identified in RHC II, IV, and VI with 2 (25%) (Table 2).

Notably, 184 strains were grouped into 8 major clusters: 45.1% (83 isolates) of Cameroon, 

14.7% (27 isolates) of Ghana, 12% (22 isolates) of West African 2, 7.1% (13 isolates) 

of Haarlem, 4.3% (8 isolates) of H37Rv(t) and LAM, 3.8% (7 isolates) of Beijing, and 

2.7% (5 isolates) of Uganda I. Conversely, 3 isolates (1.6%) presented a single strain with 

MIRU-VNTR assay (Table 3). The distribution of study isolates into various clusters using 

MIRU-24 and spoligotyping databases is shown in Table 3. The majority of LAM-10, T1 

family, identified by spoligotyping solely were reclassified as Cameroon and Ghana by 

the combination of spoligotyping and MIRU-VNTR. Most of H37Rv strains identified 

by the MIRU technique were classified as T1 family. The majority of M. africanum 
family remained the same with both techniques (Table 3). Five isolates of Family-33 for 

spoligotyping test were classified by MIRU as being Cameroon, Ghana, West African 2, 

Haarlem, and H37Rv. Overall, the clusters rate was 68.64%. In contrast, the MDR-TB 

cases were mostly associated with the Ghana type in this study, where of the 9 isolates of 

MDR-TB, 7 were genotyped as Ghana. Statistical analysis showed a significant difference 

between the identified lineages from the referral health centers in Bamako, Mali (P < 0.01) 

in the exception of RHC IV with P = 0.478. (Table 4)

A few isolates did not provide any results for some loci. The most problematic loci were 

MIRU10 (VNTR 0960) and MIRU16 (VNTR 1644) and they failed for 1 allele in 36 cases. 

The failure to amplify MIRU10 (VNTR 0960) and MIRU16 (VNTR 1644) was associated 

with isolates belonging to the Cameroon family.

Transmission Links in Clusters

We further sought to identify potential links of transmission between the cases, using MIRU 

and spoligotyping similarities between the strains (a combination of all 24 loci) (Table 5). 
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The Cameroon clade revealed active ongoing community transmissibility with the highest 

numbers of clusters and cases in each cluster (SIT 61). A total of 6 clusters were found; of 

which, cluster 1 had 11 cases (Table 5). Two clusters involved M. africanum West African 2.

Phylogenetic Analysis

A neighbor-joining (NJ) tree of all the isolates is shown in Figure S1 in the supplementary 

material. We observed that the main families were well-distinguished with high diversity 

within and between families. There is a subdivision of MTBC species into 2 main groups. 

The first group includes the most virulent strains (Beijing, Cameroon, LAM and Delhi) 

and the second is composed of less virulent strains from West Africa (notably, Ghana and 

Haarlem).

Discussion

The results of this study showed a high diversity of Mycobacterium tuberculosis in Bamako, 

Mali. Based on these findings, the TB epidemic in Mali appears to be, in large part, a result 

of many imported cases, followed by intense local community transmissions. In 2000, WHO 

reported an incidence of TB in Mali of 77 cases per 100,000 people, which significantly 

decreased to 53 cases per 100,000 people in 2019 (World Health Organization, 2020). 

Despite the decreased incidence but high diversity in Mali, this study suggests that the nation 

should be concerned about the emergence of new strains with high potential of increased 

transmissibility and development of resistances, such as the Ghana and Cameroon strains, 

which are present in high numbers in the different RHCs in Bamako. This was evidenced 

by Senghor et al reporting that the Ghana genotype isolates appeared more likely to be 

associated with MDR-TB than other identified genotypes (Senghore et al., 2020).

The TB spoligotyping revealed that the most represented spoligotype family was LAM 

with 33.47% (82/245) of all isolates across the different RHCs of Bamako, followed by 

the T1 family with 31.84% (78/245), the M. africanum family with 15.92% (39/245), and 

Family-33 with 4.9% (12/245). The Beijing, Haarlem 3, M. bovis, LAM-7, LAM-3/LAM-9, 

X3, EAI5, and family-34 were least represented (<2%). In 2012, a cross-sectional study 

using spoligotyping method conducted in Bamako showed that the T1 family, M. africanum 
West African type 2, and the LAM-10 family were the most predominant strains (Traore et 

al., 2012). Another study reported the same 3 major families across Bamako, Mali, where 

T1 was 31.9%, LAM-10 was 15.3%, and M. africanum West African type 2 was 16.8%. 

Our study confirms these reports with spoligotyping, with a minor difference in that the 

LAM family was found to be the most prevalent in our analysis (Togo et al., 2017). This 

demonstrates that these MTB families remained predominant in this region of Bamako for 

many years and that a thorough investigation is needed to effectively identify the source of 

the infections and to shed light on the transmission links.

As predicted, solely spoligotyping had gaps that clearly delineated the circulating strains 

and the classification of the observed strains changed when the MIRU method was applied, 

highlighting the limitation of previous molecular epidemiology of TB in Mali. Thereby, 

the standard 24-locus MIRU-VNTR genotyping of MTBC improved the resolution power 

of tracking TB transmission and predicting different strains, lineages, and sublineages in a 
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specific area or community. Remarkably, in our study, the 24-locus MIRU-VNTR typing 

method identified 3 unique types and grouped them into 8 major clusters, which include the 

Cameroon, Ghana, West African 2, Haarleem, H37Rv, LAM, Beijing, and Uganda I. The 

Cameroon and Ghana strains were present in all referral health centers, with the exception 

of RHC IV, and this can be explained by the sample size of this health center (with only 

6 of 184). In contrast, the H37Rv (t) was found in 5 of the 6 RHCs (Table 2). A previous 

study reported that the dominant lineage was the Euro-American lineage, and the Cameroon 

genotype was the most prevalent genotype, followed by the Ghana genotype (Senghore et 

al., 2020), which was confirmed by our current study. The genotype Ghana was associated 

with 77.78% of MDR-TB appearing to be a highly representative strain in 2 of the 6 RHCs, 

especially RHCIII with 37%. The emergence of this strain is worrisome and should be 

followed and managed appropriately. Overall, the high clustering rate of 68.64% in this 

study is indicative of local transmission across the RHCs. High mycobacterial diversity 

with many European and Asian origins suggests continuous importation of cases. The 

Cameroon(s) cluster was the most predominant in this study.

To identify and accurately classify the mycobacterial species and better establish the 

molecular epidemiology profile of TB in Mali, we combined spoligotyping and MIRU 

methods because both methods are complementary for TB strain-typing. Spoligotyping 

and MIRU-VNTR technologies differentially identified the MTB strains, the majority of 

LAM-10 and T1 family identified by spoligotyping were classified as Cameroon(s) and 

Ghana(s) by MIRU-VNTR, respectively. The H37Rv strains in MIRU were also classified 

as T1 family. However, the majority of the M. Africanum family was classified the 

same by spoligotyping and MIRU-VNTR technologies (Table 6). Family-33, identified by 

spoligotyping, was classified as Cameroon(s), Ghana(s), West African 2(s), Haarlem(s), and 

H37Rv by MIRU, showing that MIRU provided better resolution in classifying MTBC at 

sublineage levels. Five distinct lineages were identified in this study (lineage 1, 2, 3, 4, 

and 6), each of them grouping together various MTB strains and sublineages (Table 3). 

Lineage 4 represented the most diverse strains and sublineages, followed by lineage 6. In 

2016, Winglee et al found similar patterns of diverse lineages and demonstrated that they are 

involved in drug resistance through similar mechanisms (Winglee et al., 2016). Togo et al 

also showed that these 2 lineages have been the leading sources of TB infection in different 

parts of Bamako for a decade (Togo et al., 2017). Statistically significant differences were 

observed between the identified lineages across the RHCs, confirming distinct and diverse 

MTB strains in different parts of the RHCs.

The hierarchical clustering of the observed MTB strains is illustrated in a dendrogram 

(Figure S1), where the genetic relatedness of most predominant families are shown, based 

on the neighbor-joining (NJ) tree constructed using the 24-loci MIRU-VNTR database. 

This phylogenetic analysis clearly demonstrates that MTBC isolates from the 6 RHCs are 

represented by several distinct groups, mainly 2 distinct groups, each comprising various 

subgroups. The main Cameroon clusters found in Bamako showed similarity in all 24 

loci, meaning that the cases are likely from the same chain of transmission. Although our 

investigation did not establish a formal link, it can be explained, in part, by the wide use of 

public transportation by many infected patients and the lack of precautions to prevent TB. 

Other places of high transmission are potentially common households and use of communal 
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public toilets. Social and cultural norms in Mali do not encourage the isolation of patients 

even with known TB infection. Furthermore, the hypervirulence and hyper-transmissibility 

of the Cameroon clade are considered as contributing factors.

Limitation

This is one of few studies to use spoligotyping and the MIRU-VNTR techniques together 

to genotype the different MTBC and the first of such studies in Mali. Despite these 

encouraging results, the limitations of this study include difficulties encountered in 

processing MIRU-VNTR samples because of the limited amount of DNA in some cases. 

The results of the study are not generalizable to Mali, given that all participants were from 

Bamako. Nevertheless, this study is the first to use the most up-to-date tools to determine 

the molecular profile of TB in Bamako with greater accuracy. This study should guide future 

epidemiological characterization and be used to target the transmission of both imported and 

community strains.

Conclusion

By combining spoligotyping and MIRU-VNTRs 24-loci technologies, a more 

comprehensive view of MTBC distribution in Bamako, Mali was achieved. The predominant 

strain circulating in Bamako was Cameroon(s). The MIRU-VNTR technology achieves a 

high level of biodiversity discrimination and provides efficient subclustering to considerably 

reduce the number of potential epidemiological links. The geographic variability of MTBC 

strains may allow health authorities and researchers to track the global spread of TB. 

Indeed, the elimination and eradication of this disease will only be possible if prevention 

efforts are more effectively targeted at hot spots where the disease is widespread. Advanced 

molecular techniques allow for resistant strains to be rapidly identified and break the chain 

of transmission. These results should be used as proof of concept to initiate a national 

ongoing evaluation of MTBC genetic diversity in Mali.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to acknowledge all UCRC staff, laboratory and clinical, who contributed to patient 
recruitment, sample processing, and data collection. We are immensely grateful to the volunteers who participated 
in the study. We would like also to thank the 6 health referral centers and the national TB and HIV programs for 
their collaboration in the recruitment of patients.

Funding information

This work was supported by the National Institutes of Health (Grant D43TW010350; D43 TW010543 and 
R21AI148033).

Kone et al. Page 9

Int J Infect Dis. Author manuscript; available in PMC 2022 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

Allix C, Supply P, Fauville-Dufaux M. Utility of fast mycobacterial interspersed repetitive unit-
variable number tandem repeat genotyping in clinical mycobacterio-logical analysis. Clin Infect 
Dis 2004;39:783–9. doi: 10.1086/423383. [PubMed: 15472808] 

Allix-Béguec C, Fauville-Dufaux M, Supply P. Three-year population-based evaluation of standardized 
mycobacterial interspersed repetitive-unit-variable-number tandem-repeat typing of Mycobacterium 
tuberculosis. J Clin Microbiol 2008a;46:1398–406. doi: 10.1128/JCM.02089-07. [PubMed: 
18234864] 

Allix-Béguec 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 
2008b;46:2692–9. doi: 10.1128/JCM.00540-08. [PubMed: 18550737] 

Almeida SMde, Malaspina AC, Leite CQF, Saad MHF. Usefulness of 3’- 5’ IS6110-RFLP genotyping 
and spoligotyping of Mycobacterium tuberculosis isolated in a tertiary hospital: a retrospective 
study detecting unsuspected epidemiological events. Rev Inst Med Trop Sao Paulo 2019;61:e51. 
doi: 10.1590/S1678-9946201961051. [PubMed: 31531629] 

Alonso-Rodríguez N, Martínez-Lirola M, Herránz M, Sanchez-Benitez M, Barroso P, Bouza E, García 
de Viedma DINDAL-TB group. Evaluation of the new advanced 15-loci MIRU-VNTR genotyping 
tool in Mycobacterium tuberculosis molecular epidemiology studies. BMC Microbiol 2008;8:34. 
doi: 10.1186/1471-2180-8-34. [PubMed: 18339198] 

Atlas of populations and countries of the world, 2020. Population of Mali [WWW Document]. URL 
https://www.populationdata.net/pays/mali/ (accessed 5.19.21).

CDC Division of Global HIV and TB Country Profile, 2018.

Chakaya J, Khan M, Ntoumi F, Aklillu E, Fatima R, Mwaba P, Kapata N, Mfinanga S, Hasnain 
SE, Katoto PDMC, Bulabula ANH, Sam-Agudu NA, Nachega JB, Tiberi S, McHugh TD, 
Abubakar I, Zumla A. Global Tuberculosis Report 2020 – Reflections on the Global TB burden, 
treatment and prevention efforts. International Journal of Infectious Diseases 2021;0. doi: 10.1016/
j.ijid.2021.02.107.

de Jong BC, Hill PC, Aiken A, Awine T, Antonio M, Adetifa IM, Jackson-Sillah DJ, Fox A, Deriemer 
K, Gagneux S, Borgdorff MW, McAdam KPWJ, Corrah T, Small PM, Adegbola RA. Progression 
to active tuberculosis, but not transmission, varies by Mycobacterium tuberculosis lineage in The 
Gambia. J Infect Dis 2008;198:1037–43. doi: 10.1086/591504. [PubMed: 18702608] 

Diarra B, Kone M, Togo ACG, Sarro YDS, Cisse AB, Somboro A, Degoga B, Tolofoudie M, Kone B, 
Sanogo M, Baya B, Kodio O, Maiga M, Belson M, Orsega S, Krit M, Dao S, Maiga II, Murphy 
RL, Rigouts L, Doumbia S, Diallo S, de Jong BC. Mycobacterium africanum (Lineage 6) shows 
slower sputum smear conversion on tuberculosis treatment than Mycobacterium tuberculosis 
(Lineage 4) in Bamako, Mali. PLoS One 2018;13. doi: 10.1371/journal.pone.0208603.

Dye C, Harries AD, Maher D, Hosseini SM, Nkhoma W, Salaniponi FM. Tuberculosis. In: Jamison 
DT, Feachem RG, Makgoba MW, Bos ER, Baingana FK, Hofman KJ, Rogo KO, editors. Disease 
and Mortality in Sub-Saharan Africa. Washington (DC): World Bank; 2006.

Gehre F, Kumar S, Kendall L, Ejo M, Secka O, Ofori-Anyinam B, Abatih E, Antonio M, Berkvens 
D, de Jong BC. A Mycobacterial Perspective on Tuberculosis in West Africa: Significant 
Geographical Variation of M. africanum and Other M. tuberculosis Complex Lineages. PLoS 
Negl Trop Dis 2016;10. doi: 10.1371/journal.pntd.0004408.

Honisch C, Mosko M, Arnold C, Gharbia SE, Diel R, Niemann S. Replacing Reverse Line Blot 
Hybridization Spoligotyping of the Mycobacterium tuberculosis Complex. J Clin Microbiol 
2010;48:1520–6. doi: 10.1128/JCM.02299-09. [PubMed: 20200291] 

Huard RC, Lazzarini LCde O, Butler WR, van Soolingen D, Ho JL. PCR-based method to differentiate 
the subspecies of the Mycobacterium tuberculosis complex on the basis of genomic deletions. J 
Clin Microbiol 2003;41:1637–50. doi: 10.1128/jcm.41.4.1637-1650.2003. [PubMed: 12682155] 

Jafarian M, Aghali-Merza M, Farnia P, Ahmadi M, Masjedi MR, Velayati AA. Synchronous 
Comparison of Mycobacterium tuberculosis Epidemiology Strains by “MIRU-VNTR” and 
“MIRU-VNTR and Spoligotyping” Technique. Avicenna J Med Biotechnol 2010;2:145–52. 
[PubMed: 23408229] 

Kone et al. Page 10

Int J Infect Dis. Author manuscript; available in PMC 2022 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.populationdata.net/pays/mali/


Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D, Kuijper S, Bunschoten A, 
Molhuizen H, Shaw R, Goyal M, van Embden J. Simultaneous detection and strain differentiation 
of Mycobacterium tuberculosis for diagnosis and epidemiology. J Clin Microbiol 1997;35:907–14. 
doi: 10.1128/JCM.35.4.907-914.1997. [PubMed: 9157152] 

Kone B, Somboro AM, Holl JL, Baya B, Togo AA, Sarro YDS, Diarra B, Kodio O, Murphy 
RL, Bishai W, Maiga M, Doumbia S. Exploring the usefulness of molecular epidemiology of 
tuberculosis in Africa: a systematic review. Int J Mol Epidemiol Genet 2020;11:1–15. [PubMed: 
32714498] 

National TB, HIV and Hepatitis program, 2020. Rapport annuel 2019 (Annuel). Ministere de la sante 
et des affaires sociales.

Oelemann MC, Diel R, Vatin V, Haas W, Rüsch-Gerdes S, Locht C, Niemann S, Supply P. Assessment 
of an optimized mycobacterial interspersed repetitive- unit-variable-number tandem-repeat typing 
system combined with spoligotyping for population-based molecular epidemiology studies of 
tuberculosis. J Clin Microbiol 2007;45:691–7. doi: 10.1128/JCM.01393-06. [PubMed: 17192416] 

Rozo-Anaya JC, Ribón W. Molecular tools for Mycobacterium tuberculosis genotyping. Rev Salud 
Publica (Bogota) 2010;12:510–21. [PubMed: 21311838] 

Senghore M, Diarra B, Gehre F, Otu J, Worwui A, Muhammad AK, Kwambana-Adams B, Kay GL, 
Sanogo M, Baya B, Orsega S, Doumbia S, Diallo S, de Jong BC, Pallen MJ, Antonio M. Evolution 
of Mycobacterium tuberculosis complex lineages and their role in an emerging threat of multidrug 
resistant tuberculosis in Bamako. Mali. Sci Rep 2020;10:327. doi: 10.1038/s41598-019-56001-0. 
[PubMed: 31941887] 

Shamputa IC, Jugheli L, Sadradze N, Willery E, Portaels F, Supply P, Rigouts L. 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. [PubMed: 16846493] 

Shi J, Zheng D, Zhu Y, Ma X, Wang S, Li H, Xing J. Role of MIRU-VNTR and spoligotyping in 
assessing the genetic diversity of Mycobacterium tuberculosis in Henan Province. China. BMC 
Infectious Diseases 2018;18:447. doi: 10.1186/s12879-018-3351-y. [PubMed: 30176820] 

Smith CM, Trienekens SCM, Anderson C, Lalor MK, Brown T, Story A, Fry H, Hayward 
AC, Maguire H. Twenty years and counting: epidemiology of an outbreak of isoniazid-
resistant tuberculosis in England and Wales, 1995 to 2014. Euro Surveill 2017;22. doi: 
10.2807/1560-7917.ES.2017.22.8.30467.

Supply P, Allix C, Lesjean S, Cardoso-Oelemann M, Rüsch-Gerdes S, Willery E, Savine E, de 
Haas P, van Deutekom H, Roring S, Bifani P, Kurepina N, Kreiswirth B, Sola C, Rastogi N, 
Vatin V, Gutierrez MC, Fauville M, Niemann S, Skuce R, Kremer K, Locht C, van Soolingen 
D. Proposal for standardization of optimized mycobacterial interspersed repetitive unit-variable-
number tandem repeat typing of Mycobacterium tuberculosis. J Clin Microbiol 2006;44:4498–510. 
doi: 10.1128/JCM.01392-06. [PubMed: 17005759] 

Togo ACG, Kodio O, Diarra B, Sanogo M, Coulibaly G, Bane S, Diallo F, Somboro AM, Cisse AB, 
Baya B, Goita D, Diabate S, Kone B, Sarro YDS, Maiga M, Toloba Y, Belson M, Orsega S, Dao 
S, Murphy RL, Siddiqui S, Doumbia S, Diallo S. The most frequent Mycobacterium tuberculosis 
complex families in mali (2006–2016) based on spoligotyping. Int J Mycobacteriol 2017;6:379–
86. doi: 10.4103/ijmy.ijmy_140_17. [PubMed: 29171452] 

Traore B, Diarra B, Dembele BPP, Somboro AM, Hammond AS, Siddiqui S, Maiga M, Kone B, Sarro 
YS, Washington J, Parta M, Coulibaly N, M’baye O, Diallo S, Koita O, Tounkara A, Polis MA. 
Molecular strain typing of Mycobacterium tuberculosis complex in Bamako, Mali. Int J Tuberc 
Lung Dis 2012;16:911–16. doi: 10.5588/ijtld.11.0397. [PubMed: 22508197] 

van Deutekom H, Supply P, de Haas PEW, Willery E, Hoijng SP, Locht C, Coutinho RA, van 
Soolingen D. Molecular typing of Mycobacterium tuberculosis by mycobacterial interspersed 
repetitive unit-variable-number tandem repeat analysis, a more accurate method for identifying 
epidemiological links between patients with tuberculosis. J Clin Microbiol 2005;43:4473–9. doi: 
10.1128/JCM.43.9.4473-4479.2005. [PubMed: 16145094] 

Variable-Number Tandem Repeats of Mycobacterial Interspersed Repetitive Units [WWW Document], 
2020. Solutions de typage de Mycobacterium Tuberculosis. URL https://www.genoscreen.fr/fr/
genoscreen-services/produits/miru-vntr-fr (accessed 11.20.21).

Kone et al. Page 11

Int J Infect Dis. Author manuscript; available in PMC 2022 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.genoscreen.fr/fr/genoscreen-services/produits/miru-vntr-fr
https://www.genoscreen.fr/fr/genoscreen-services/produits/miru-vntr-fr


WHO, 2020. Global tuberculosis report 2020 [WWW Document]. URL https://www.who.int/
publications-detail-redirect/9789240013131 (accessed 5.18.21).

Winglee K, Manson McGuire A, Maiga M, Abeel T, Shea T, Desjardins CA, Diarra B, Baya B, Sanogo 
M, Diallo S, Earl AM, Bishai WR. Whole Genome Sequencing of Mycobacterium africanum 
Strains from Mali Provides Insights into the Mechanisms of Geographic Restriction. PLoS Negl 
Trop Dis 2016;10. doi: 10.1371/journal.pntd.0004332.

World Health Organization, 2020. Global tuberculosis report 2020 [WWW Document] URL https://
www.who.int/publications-detail-redirect/9789240013131 (accessed 5.19.21).

Yeboah-Manu D, Asare P, Asante-Poku A, Otchere ID, Osei-Wusu S, Danso E, Forson A, Koram 
KA, Gagneux S. Spatio-Temporal Distribution of Mycobacterium tuberculosis Complex Strains in 
Ghana. PLoS One 2016;11. doi: 10.1371/journal.pone.0161892.

Zeng X, Li H, Zheng R, Kurepina N, Kreiswirth BN, Zhao X, Xu Y, Li Q. Spoligotyping 
of Mycobacterium tuberculosis Complex Isolates by Use of Ligation-Based Amplification 
and Melting Curve Analysis. J Clin Microbiol 2016;54:2384–7. doi: 10.1128/JCM.00857-16. 
[PubMed: 27335152] 

Kone et al. Page 12

Int J Infect Dis. Author manuscript; available in PMC 2022 April 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.who.int/publications-detail-redirect/9789240013131
https://www.who.int/publications-detail-redirect/9789240013131
https://www.who.int/publications-detail-redirect/9789240013131
https://www.who.int/publications-detail-redirect/9789240013131


Figure 1. 
Structure of the urban district of Bamako with the distribution of lineages based on 

the combination of MIRU and spoligityping methods. (a) Describes the distribution of 

population density per tuberculosis and the localization of the health center; (b) describes the 

distribution of the most population by strain; and (c) describes the distribution of TB cases 

recruited by lineage. MIRU, mycobacterial interspersed repetitive unit.
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Table 3

TB isolates classification based on spoligotyping solely and in combination with 24-MIRU-VNTR

Strain assignment using spoligotyping solely N = 184 Strain assignments using 24 MIRU-VNTR loci and spoligotyping N = 184

LAM-10 (n = 64) Cameroon (n = 83)

T1 (n = 10)

X3 (n = 1)

Family 33 (n = 1)

X5 (n = 1)

M. africanum (n = 2)

X7 (n = 1)

LAM-10 (n = 3)

T1 (n = 18) Ghana (n = 27)

Harlem 3 (n = 1)

Family 33 (n = 1)

T1 (n = 7)

M. africanum (n = 14) West African 2 (n = 22)

T1 (n = 1)

Family 33 (n = 1)

M. africanum (n = 6)

T1 (n = 5) Haarlem (n = 13)

Haarlem 3 (n = 2)

M. africanum (n = 1)

Family 33 (n = 1)

T1 (n = 3)

Haarlem3 (n = 1)

T1 (n = 6) H37Rv (n = 8)

Family 33 (n = 1)

X1 (n = 1)

LAM-9 (n = 3) LAM (n = 8)

LAM-7 (n = 3)

LAM-3 (n = 1)

T1 (n = 1)

Beijing (n = 4) Beijing (n = 7)

Beijing (n = 2)

M. africanum (n = 2)

T1 (n = 4) Uganda I (n = 5)

Haarlem 3 (n = 1)

M. bovis (n = 2) Bovis (n = 3)

M. bovis (n = 1)

T1 (n = 2) Delhi/CAS (n = 3)

T1 (n = 1)

EAI5 (n = 2) EAI (n = 2)
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Strain assignment using spoligotyping solely N = 184 Strain assignments using 24 MIRU-VNTR loci and spoligotyping N = 184

T1 (n = 1) S (n = 1)

T1 (n = 1) TUR (n = 1)

T1 (n = 1) Uganda II (n = 1)

Abbreviations: CAS, Central Asian Strain; EAI, East African-Indian; LAM, Latin American Mediterranean; MIRU, mycobacterial interspersed 
repetitive unit; TB, tuberculosis; TUR, Turkish; VNTR, variable-number tandem repeat.
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Table 4

Comparison of the distribution of the most represented lineage 4 vs to the nonlineages 4 (animal strain, lineage 

1, lineage 2, lineage 3, lineage 6) across the 6 referral health centers in Bamako, Mali.

Referral health centers (RHC) Lineage 4 Nonlineage 4a P value

RHC I 16 (76.2) 5 (23.8) 0.037

RHC II 13 (81.3) 3 (18.7) 0.039

RHC III 21 (95.5) 1 (4.54) 0.002

RHC IV 4 (66.7) 2 (33.3) 0.478

RHC V 25 (67.6) 12 (32.4) 0.046

RHC VI 68 (82.9) 14 (17.1) 0.0001

Int J Infect Dis. Author manuscript; available in PMC 2022 April 30.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kone et al. Page 19

Ta
b

le
 5

M
ai

n 
cl

us
te

rs
 a

cc
or

di
ng

 to
 M

IR
U

-V
N

T
R

 a
nd

 s
po

lig
ot

yp
in

g 
w

ith
in

 th
e 

«C
am

er
oo

n»
 (

C
A

M
) 

an
d 

W
es

t A
fr

ic
an

 (
2)

 c
la

de
.

SI
T

cl
us

te
rs

C
as

es
 

in
 t

he
 

cl
us

te
r

M
IR

U
02

 
(0

15
4)

M
tu

b0
4 

(0
42

4)
E

T
R

C
 

(0
57

7)
E

T
R

D
 

(0
58

0)
M

IR
U

40
 

(0
80

2)
M

IR
U

10
 

(0
96

0)
M

IR
U

16
 

(1
64

4)
M

tu
b2

1 
(1

95
5)

M
IR

U
20

 
(2

05
9)

Q
U

B
11

b 
(2

16
3)

E
T

R
 

A
 

(2
16

5)

M
tu

b2
9 

(2
34

7)
M

tu
b3

0 
(2

40
1)

E
T

R
 

B
 

(2
46

1)

M
IR

U
23

 
(2

53
1)

M
IR

U
24

 
(2

68
7)

M
IR

U
26

 
(2

99
6)

M
IR

U
27

 
(3

00
7)

M
tu

b3
4 

(3
17

1)
E

T
R

 
E

 
(3

19
2)

M
tu

b3
9 

(3
69

0)
Q

U
B

26
 

(4
05

2)
Q

U
B

41
56

 
(4

15
6)

M
IR

U
39

 
(4

34
8)

61
-G

rp
 1

1
2

2
4

2
3

2
3

3
1

5
4

4
2

2
5

1
5

3
3

3
3

5
2

2

61
-G

rp
 2

7
2

2
4

2
3

3
3

3
1

6
4

4
2

2
5

1
5

3
3

2
3

5
2

2

61
-G

rp
 3

6
2

2
4

2
3

3
3

3
1

6
4

4
2

2
5

1
5

3
3

3
3

5
2

2

61
-G

rp
 4

3
2

2
4

2
3

3
3

3
1

4
4

4
2

2
5

1
5

3
3

3
4

6
2

2

61
-G

rp
 5

3
2

2
4

2
4

3
2

3
1

3
3

4
2

2
5

1
5

3
3

3
1

5
2

2

61
-G

rp
 6

3
2

2
4

2
3

3
3

3
1

6
4

4
2

2
5

1
5

3
3

3
4

5
2

2

11
5-

G
rp

 1
3

2
2

4
2

3
3

3
3

1
6

4
4

2
2

5
1

5
3

3
3

3
4

2
2

85
2-

G
rp

 1
3

2
2

4
2

3
3

3
3

1
5

4
4

2
2

5
1

5
3

3
3

3
5

2
2

A
bb

re
vi

at
io

ns
: G

rp
, g

ro
up

; M
IR

U
, m

yc
ob

ac
te

ri
al

 in
te

rs
pe

rs
ed

 r
ep

et
iti

ve
 u

ni
t; 

SI
T,

 S
po

lig
o-

In
te

rn
at

io
na

l t
yp

e;
 V

N
T

R
, v

ar
ia

bl
e-

nu
m

be
r 

ta
nd

em
 r

ep
ea

t.

Int J Infect Dis. Author manuscript; available in PMC 2022 April 30.


	Abstract
	Introduction
	Methods
	Study Setting, Population, Sample Size Determination, and Ethical Consideration
	Sputum Sample Collection, Mycobacterial Sputum Culture, and DNA Extraction
	Spoligotyping
	Variable-Number Tandem Repeats of Mycobacterial Interspersed Repetitive Units (MIRU-VNTR) Test
	Statistical Analysis

	Results
	Clinical and Sociodemographic Characteristics of Participants
	Identification and Genotyping of M. Tuberculosis Using Spoligotyping
	M. tuberculosis Strain Identification and Genotyping Using MIRU-VNTR and Spoligotyping
	Transmission Links in Clusters
	Phylogenetic Analysis

	Discussion
	Limitation
	Conclusion
	References
	Figure 1.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

