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New Mycobacterium tuberculosis 
Beijing clonal complexes in China 
revealed by phylogenetic and 
Bayesian population structure 
analyses of 24-loci MIRU-VNTRs
Chao Zheng  1,2, Yann Reynaud2, Changsong Zhao1, Thierry Zozio2, Song Li1, Dongxia Luo3, 
Qun Sun1 & Nalin Rastogi2

Beijing lineage of Mycobacterium tuberculosis constitutes the most predominant lineage in East 
Asia. Beijing epidemiology, evolutionary history, genetics are studied in details for years revealing 
probable origin from China followed by worldwide expansion, partially linked to higher mutation rate, 
hypervirulence, drug-resistance, and association with cases of mixed infections. Considering huge 
amount of data available for 24-loci Mycobacterial Interspersed Repetitive Units-Variable Number of 
Tandem Repeats, we performed detailed phylogenetic and Bayesian population structure analyses of 
Beijing lineage strains in mainland China and Taiwan using available 24-loci MIRU-VNTR data extracted 
from publications or the SITVIT2 database (n = 1490). Results on genetic structuration were compared 
to previously published data. A total of three new Beijing clonal complexes tentatively named BSP1, 
BPS2 and BSP3 were revealed with surprising phylogeographical specificities to previously unstudied 
regions in Sichuan, Chongqing and Taiwan, proving the need for continued investigations with extended 
datasets. Such geographical restriction could correspond to local adaptation of these “ecological 
specialist” Beijing isolates to local human host populations in contrast with “generalist pathogens” able 
to adapt to several human populations and to spread worldwide.

Tuberculosis (TB) is one of the main public health problems in the world and its morbidity and mortality rank 
first among infectious diseases. According to the World Health Organization (WHO), TB caused an estimated 
10.4 million new (incident) cases in 2015, including 480,000 cases of multidrug-resistant TB (MDR-TB), and 
1.8 million deaths1. Beijing lineage of Mycobacterium tuberculosis complex (MTBC) which belongs to the lin-
eage 2 (East-Asian) as defined by Regions of Differences-Large Sequence Polymorphisms (RD-LSPs), consti-
tutes the most predominant lineage in East Asia2–4. Partially attributed to its properties of hypervirulence, multi 
drug-resistance (MDR), and association with cases of mixed infections5–8, it has today spread worldwide9–11, 
leading to much effort to monitor its epidemiology within a broadened concept of its evolutionary genetics. In 
this context, we decided to perform a detailed mapping of available genotyping data on Beijing lineage strains in 
mainland China and Taiwan by means of phylogenetic and Bayesian population structure analyses to delineate 
tentative Beijing clonal complexes with distinct genetic and phylogeographical characteristics. In view of the huge 
amount of data available for Mycobacterial Interspersed Repetitive Units-Variable Number of Tandem Repeats 
(MIRU-VNTRs)11–13, we decided to exclusively focus on 24-loci format considered a robust classical genotyping 
marker for M. tuberculosis Beijing lineage epidemiology, phylogeny, and clonal heterogeneity14–17. Although, lim-
ited homoplasy due to convergent evolution events as regards to 24-loci MIRU-VNTR typing was underlined in 
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an earlier study18, a recent study focusing on whole genome sequencing (WGS) based phylogeographical struc-
ture of Beijing isolates (n = 4987 strains from 99 countries, including 615 strains from China), showed congruent 
results for clusterization obtained by 24-loci MIRU-VNTRs and WGS19, defining a total six clonal complexes 
(CC1 to CC6) and a basal sublineage (BL7). The authors showed that CC1-CC5 comprised typical/modern 
Beijing strains as opposed to CC6 and BL7 which comprised atypical/ancestral Beijing variants, an observation 
further corroborated by a deeper branching of CC6 and BL7 in the genome-based trees19. Subsequently, this 
approach was considered relevant for further studying phylogenetic sublineages of Beijing strains in a limited 
collection from China (n = 302 clinical isolates)20.

Nonetheless, considering the relatively smaller numbers of Chinese Beijing strains in the above studies (615 
and 302 isolates, respectively), we decided to evaluate these findings on an enlarged 24-loci MIRU-VNTR dataset 
(n = 1490 isolates from mainland China and Taiwan; data recovered from the SITVIT2 database and/or from 
published literature). Following phylogenetic and Bayesian population structure analyses performed on this data-
set led to the characterization of tentatively three new Beijing clonal complexes with phylogeographical specifi-
cities to previously unstudied geographical regions, proving the need for continued investigations with extended 
datasets worldwide. Lastly, as a spin-off of this larger study, we also studied the phenomenon of clonal hetero-
geneity (CH) defined as “inpatient” microevolution of an infecting clone, to explore if any given clonal complex 
could be more prone to variability (and subsequent geographical adaptability) among the involved isolates21, 22. 
Interestingly, CH cases exclusively mapped with ubiquitous Beijing lineages, suggesting higher adaptability.

Results
Population structure of MTB Beijing lineage. A total of 16090M. tuberculosis isolates were collected 
from almost every province (excluding Macao) in mainland China as well as from Taiwan. Spoligotype profiles 
were available for 12674 isolates, and among these 9676 (76.35%) strains belonged to the Beijing lineage based on 
their lineage specific signatures10, 11, 23. When focusing on geographical distribution (Supplementary Figure S1), 
we found that Beijing lineage strains were largely predominant in each region, representing more than three 
quarter of all isolates in the north, east, west and center of China and a lesser proportion in southern provinces. 
Conversely, non-Beijing strains accounted for a quarter or more of all isolates in southern provinces (Chongqing, 
Guizhou, Guangxi, Hong Kong) and Taiwan, as well as south-west (Sichuan).

In the next step, we performed the phylogenetic and Bayesian population structure analyses of 24-loci 
MIRU-VNTR data of 1490 Beijing isolates recovered from 6 regions, including Tibet n = 484; Sichuan n = 348; 
Taiwan n = 338; Chongqing n = 199; Beijing n = 72; and Xinjiang n = 49 (Supplementary Table S2). As illus-
trated in Fig. 1, the STRUCTURE ancestry coefficient (Q-matrix) effectively divided the Beijing population into 
5 groups named Beijing subpopulations 1 to 5 (BSP1 to BSP5). In this figure, the geographical distribution pat-
terns of each of these clonal complexes can be visualized spatially by universal kriging on separate maps. Briefly, 
BSP1 and BSP2 isolates were predominant in Sichuan and Chongqing representing 94.25% (328/348) and 97.49% 
(194/199) of isolates respectively, while BSP3 isolates were exclusively found in Taiwan where they accounted for 
52.96% (179/338) of all isolates. As opposed to these region-specific Beijing clonal complexes, BSP4 and BSP5 
were broadly distributed being present in Tibet, Taiwan, Beijing and Xinjiang. Thus BSP4 and BSP5 represented 
62.40% (302/484) and 31.20% (151/484) of isolates in Tibet, 20.41% (69/338) and 17.16% (58/338) of isolates in 
Taiwan, 23.61% (17/72) and 72.22% (52/72) of isolates in Beijing, and 12.24% (6/49) and 36.73% (18/49) of iso-
lates in Xinjiang. Note that BSPint which represents strains in intermediate position among various BSPs defined, 
comprised 5.9% (88/1490) of all isolates.

Mean allelic richness of 24-loci MIRU-VNTRs. As illustrated in Fig. 2a, the mean allelic richness of 
24-loci MIRU-VNTR loci were calculated for various BSP groupings after correcting for sample size effects; mean 
values corresponded to 3.85 for BSP1, 2.7 for BSP2, 2.13 for BSP3, 2.3 for BSP4, and 2.19 for BSP5. Thus BSP1 was 
characterized by a significantly higher allelic richness than that observed for BSP2 to BSP5 (P < 0.01, t-test), sug-
gesting that it was the oldest clonal complex among the five. Interestingly, the mean allelic richness observed for 
BSP1 was even significantly higher than that observed for the most ancient group CC6 identified recently (mean 
value of 3.85 vs. 2.6, P < 0.01) by Merker et al.19. Considering that the time to the most recent common ancestor 
(TMRCA) was calculated as 6,161 years for CC6, one can presume that BSP1 corresponds to even an older group 
than the CC619. Note further that the newly-found BSP2 also presented an almost similar allelic richness to CC6 
(mean value of 2.7 vs. 2.6). Since the three newly described BSP groupings were phylogeographically restricted to 
precise geographic locations (BSP1 to Sichuan, BSP2 to Chongqing, and BSP3 to Taiwan), we also compared the 
mean allelic richness observed for various BSP groupings in our study vs. a similar analysis made on the global 
Beijing data (n = 4987 strains from 99 countries, including 615 strains from China) of Merker et al.19; interested 
readers may refer to Supplementary Figure S2a for a detailed comparison. Briefly, the highest mean allelic rich-
ness (mean value, 2.68) was seen in Eastern Asia (which included 615 strains from China). Nonetheless the values 
observed in Eastern Asia were not statistically different than those observed in Africa, North America, Pacific 
and Southern Asia, most likely as the strain collection from Eastern Asia was devoid of the BSP1 strains identified 
for the first time in the present study. Considering significantly higher mean allelic richness for BSP1 in our study 
than values obtained in each of the geographic regions in Merker’s dataset (P < 0.01, Supplementary Figure S2a), 
it seems crucial to extend future studies to cover all Chinese provinces to fully comprehend the evolution of 
Beijing strains in China.

Main patterns of tandem repeats (WebLogos) and allelic diversity. Based on its allelic diversity, 
each loci was classified as highly discriminatory (HGDI > 0.6, shown in bold font), moderately discriminatory 
(0.3 ≤ HGDI ≤ 0.6, shown as normal font), or poorly discriminatory (HGDI < 0.3, shown in italic font). As illus-
trated in Supplementary Fig. S3, it allowed to define a total of 6 highly discriminatory loci (loci 4052, 424, 1955, 
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3192, 2163b, 4156), 8 moderately discriminatory loci (loci 3690, 802, 4348, 2996, 2059, 1644, 960, 580), and 10 
poorly discriminatory loci (loci 2401, 2461, 2687, 2531, 3007, 3171, 2165, 154, 577 and 2347) in the Chinese 
dataset. Next, we drew WebLogos to visualize main patterns of tandem repeats for 24-loci MIRU-VNTRs in each 
BSP grouping in our dataset (Fig. 2b), as well as on Merker’s global Beijing data in function of different geographic 
regions worldwide (Supplementary Figure S2b). When the two datasets (Chinese vs. global) were compared, one 
could notice that: (i) among the 6 highly discriminatory loci in China, locus 4052 was also highly discriminatory 
in North America, 2163b in Africa, Eastern Asia, North America and Southern Asia, and 4156 only in Eastern 
Asia. The three remaining loci (424, 1955, and 3192) showed variable HGDI for the geographic regions in the 
global study but none was highly discriminatory; (ii) among the loci with moderately discriminatory power in 
China, 3/8 loci were poorly discriminatory in each geographic region in the global sample (580, 1644, and 2059), 
while the remaining 5 loci showed variable discriminatory power; (iii) among the 10 poorly discriminatory loci 
in China, 7 loci (2461, 2687, 3007, 3171, 154, 577, and 2347), were also poorly discriminatory worldwide, while 
3 others were moderately discriminatory (2401 in South America, 2531 in South and North America, and 2165 
in North America).

We further analyzed the genetic characteristics of five BSP groupings described in this investigation (Fig. 2, 
Supplementary Figures S2b and S3). Briefly, the BSP1 isolates showed significantly greater allelic diversity than 
other BSPs, noticeably linked to higher HGDI for loci 424, 4348, 802, 960, 3690, 1644, 3007 and 4156 (as can also 

Figure 1. Bayesian population structure analyses based on 24 loci MIRU-VNTRs on 1490 M. tuberculosis 
Beijing isolates from mainland China and Taiwan. The figure shows STRUCTURE ancestry coefficient 
(Q-matrix) displayed spatially by universal kriging on separate maps for each K (subpopulation) showing the 
presence of 5 clonal complexes named BSP1 to BSP5. Briefly, BSP1 and BSP2 were predominant in Sichuan and 
Chongqing, BSP3 was exclusively found in Taiwan, while BSP4 and BSP5 were present in Tibet, Taiwan, Beijing 
and Xinjiang; black dots represent spatial coordinates of individuals.
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be seen through a wider range of WebLogos and accompanying highest mean allelic richness). Furthermore, the 
BSP1 isolates were associated with 3 or less repeats of VNTR 424 vs. 4 or more repeats for other groups (P < 0.01). 
For BSP2 and BSP3, a total of 3 loci showed a potential to identify specific groups: (i) VNTR 2687 resulted 
exclusively in 2 repeats in BSP2 isolates vs. a single copy for all other groups, (ii) VNTR 2059 showed contrasted 
number of repeats between BSP2 (4 repeats in 94.87% isolates, n = 185/195) vs. all other groups where 2 repeats 
predominated, (iii) VNTR 154 showed predominantly 5 repeats for BSP3 isolates vs. 2 copies for other groups. 
Lastly, for BSP4 and BSP5, 87.31% (n = 344/394) of BSP4 isolates and 97.87% (n = 278/284) of BSP5 isolates pre-
sented the 4 and 2 repeats, respectively, in VNTR 4156.

Minimum Spanning Tree (MST) based analysis on evolutionary relationships. A MST (Fig. 3) 
based on pooled data on all Beijing isolates (n = 6779 strains) was constructed to highlight evolutionary rela-
tionships of different Beijing groups described. It included n = 1490 strains from our study on BSP groupings, 
n = 4987 strains from Merker’s study19, and n = 302 Chinese isolates classified as “modern” n = 192, “ancient” 
n = 81, and “early ancient” n = 29 by Yin et al.20. It allowed to compare the BSPs described in this paper with the 
previously described clonal complexes by Merker et al.19 and Yin et al.20, revealing that; (i) the three new Beijing 
clonal complexes described by us as BSP1, BSP2 and BSP3 were not highlighted earlier since these did not overlay 
with other groups described so far; (ii) among these, BSP2 and BSP3 appeared as tightly-knit groups with remark-
able phylogeographical specificities to Chongqing and Taiwan respectively; however, BSP1 which appeared well 
structured and phylogeographically restricted to Sichuan in the Bayesian STRUCTURE analyses (Fig. 1), was 
split partially in the MST of Chinese isolates (Fig. 4), and even more dispersed in the global MST without a 
distinct central node (Fig. 3); this discrepancy in the BSP1 structure needs to be further studied using WGS 
to understand the finer differences that could explain for phylogeographical restriction of Sichuan BSP1; (iii) 
BSP4 structured together with CC6 isolates, while the BSP5 was scattered all over major nodes of typical/mod-
ern Beijing sublineages CC1 to CC5; (iv) the isolates classified as “modern” by Yin et al.20 were mostly directly 
connected to, or close to CC3 and CC4 which were the primary groups of typical/modern Beijing strains in 
Eastern Asia (Supplementary Figure S2c); (v) two-third (n = 54/81) of isolates classified as “ancient” by Yin et al.20  
overlapped with CC6 and BSP4, while the remaining isolates were mostly associated to, or close to, BL7, BSP1 
and Early Ancient isolates; and lastly (vi) the isolates classified as “early ancient” by Yin et al.20 were scattered over 
distant branches of loosely-knit BSP1, or close to BL7; nonetheless the number of isolates was too small (n = 29) 
to conclude.

Figure 2. The mean allelic richness of 24-loci MIRU-VNTRs and WebLogo representation to visualize 
main patterns observed for BSPs. (a) Allelic richness of different BSPs. Notched boxes correspond to median 
values ± quartiles of allelic richness, while the dots and bars within notched boxes correspond to the mean and 
median values. Dotted lines adjacent to the boxes show the minimum/maximum values. Note that comparison 
tests as well as P values were estimated based on mean values by t-test. (b) WebLogo of allele copy number 
of 24-loci MIRU-VNTRs loci in each BSP grouping. The allelic diversity of the loci was classified as highly 
discriminant (HGDI > 0.6, bold in the table), moderately discriminant (0.3 ≤ HGDI ≤ 0.6, normal) and poorly 
discriminant (HGDI < 0.3, italic).
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The phenomenon of clonal heterogeneity. We further decided to focus on the phenomenon of clonal 
heterogeneity (CH) defined as “inpatient” microevolution of an infecting clone, as a spin-off of the larger study 
by adding 24-loci MIRU data on a total of 106 isolates that were defined as cases of clonal heterogeneity20, 24, 25. 
This aimed to explore if a given clonal complex could be more prone to variability (and subsequent geographical 
adaptability) among the involved isolates. Consequently, a new MST (Supplementary Figure S4) was drawn to 
investigate the evolutionary relationships of different Beijing subpopulations in the worldwide dataset (n = 6779 
strains, including the present study from China) as shown in Fig. 3 above, supplemented with 106 entries cor-
responding to 53 strains of clonal heterogeneity (total n = 6885). The CH isolates were scattered over the MST 
especially among the typical/modern Beijing strains (CC1-CC5, limited to BSP5), followed by a few strains linked 
to atypical ancestral Beijing variants of the CC6/BSP4 group; but none of the CH strains overlapped with the 
newly described BSP1, BSP2 and BSP3 clonal complexes. Since the CH isolates were all collected from China, 
we also drew a new MST limited to mainland China and Taiwan (n = 1596 isolates) with different BSP groupings 
including CH isolates. As shown in Fig. 4, the MST corroborated the fact that all the CH strains are exclusively 
restricted to BSP4 and BSP5. Indeed, if one considers previous findings concerning modern/ancient/early-ancient 
Beijing sublineages19, 20, it is obvious that BSP5 linked to modern CH isolates (10 entries corresponding to 5 CH 
strains), while BSP4 linked to ancient and early-ancient CH isolates (2 entries corresponding to 1 CH strain each) 
in Fig. 4. Thus, the CH isolates from Yin et al.20 provide a better comprehension of modern vs. ancient Beijing iso-
lates among CH cases, and further suggest why most of CH isolates (without information on modern vs. ancient 
Beijing strains) appear as connected with BSP5. Lastly, the detection of CH cases among our dataset (n = 92 

Figure 3. A minimum spanning tree (MST) based on pooled data on Beijing isolates (n = 6779 strains). The 
combined MST highlights evolutionary relationships of different Beijing groups from the present study on BSP 
groupings (BSP1 n = 350, BSP2 n = 195, BSP3 n = 179, BSP4 n = 394, BSP5 n = 284, BSPint n = 88; total 1490 
strains), classification of a series of clonal complexes (CCs) defined by Merker et al.19 in a global study (CC1 
n = 907, CC2 n = 457, CC3 n = 972, CC4 n = 1027, CC5 n = 542, CC6 n = 475, BL7 n = 607; total n = 4987 
strains), and a recent study describing 3 groups based on evolutionary history of Beijing isolates in China 
countrywide by Yin et al.20, as Modern n = 192, Ancient n = 81, Early ancient n = 29; total n = 302 strains); the 
complexity of the lines denotes the number of allele/spacer changes between two patterns: solid lines (1 or 2 
or 3 changes), gray dashed lines (4 changes) and gray dotted lines (5 or more changes); the size of the circle is 
proportional to the total number of isolates sharing same pattern.
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entries corresponding to 46 strains, Supplementary Figure S3) was optimal with 6 highly discriminatory loci (loci 
4052, 424, 1955, 3192, 2163b, 4156); the values being 60.88% for this category vs. 23.90% for the 8 moderately 
discriminatory loci (loci 3690, 802, 4348, 2996, 2059, 1644, 960, 580), and 15.27% by the 10 poorly discriminatory 
loci (loci 2401, 2461, 2687, 2531, 3007, 3171, 2165, 154, 577 and 2347).

Figure 4. A minimum spanning tree (MST) illustrating evolutionary relationships of cases of clonal 
heterogeneity observed among Beijing isolates from China versus BSP groupings (n = 1596 strains). The MST 
was constructed based on 24-loci MIRU-VNTRs on a total of 1490 strains representing different BSP clonal 
complexes (BSP1 n = 350, BSP2 n = 195, BSP3 n = 179, BSP4 n = 394, BSP5 n = 284, BSPint n = 88), and 106 
entries for the group “clonal heterogeneity” representing 53 isolates. Among the latter, 46/53 strains were from 
our dataset while 7/53 strains were from a recent study by Yin et al.20, and described as Modern (10 entries from 
5 strains), Ancient (2 entries from 1 strain), and Early ancient (2 entries from 1 strain).
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Discussion
Based on phylogenetical and Bayesian population structure analyses of 24-loci MIRU-VNTRs, this investiga-
tion identified a total of five BSPs in China out of which three clonal complexes (BSP1, BSP2 and BSP3) were 
described for the first time when the data were compared to previous studies19, 20. We showed that the atypical 
ancestral Beijing isolates (CC6 and BL7) and the typical/modern Beijing isolates (CC1–CC5) were mainly con-
nected together with BSP4 and BSP5, respectively. A recent study revealed that Beijing strains endemic in East 
Asia were genetically diverse, whereas the globally emerging strains mostly belonged to a highly homogenous 
“modern” Beijing subpopulation26. Both collections by Merker et al. and Yin et al. primary contained the “globally 
emerging strains”, which in China correspond to BSP5 as the most homogenous “modern” Beijing, and BSP4 as 
the globally emerging ancient strains, yet neither included the phylogeographically restricted clonal complexes 
corresponding to BSP1, BSP2 and BSP3 in our study. Moreover, according to the mean allelic richness as a sur-
rogate indication of diversification time, BSP1 isolates were much older than other BSPs (P < 0.01) as well as the 
oldest Beijing clonal complex CC6 (P < 0.01) grouped by Merker et al.19. The age and population expansions of 
Beijing lineage estimated by Merker et al. were challenged by Luo et al. who suggested a much earlier time, and 
such incongruence could be explained by homoplasy affecting MIRU-VNTR markers26. However, as evidenced 
in the Merker et al. study19, the coalescent analysis based on 24-loci MIRU-VNTRs of Beijing lineage was fairly 
congruent with the WGS. A more reasonable explanation would be the limitation of sample collection by Merker 
et al., as revealed during the course by our study.

The epidemiology of human TB has been shaped by the long-standing association between MTBC and its 
human host27, hence the different lineages might be adapted to particular human populations. Growing evidence 
indicate the association of Mycobacterium tuberculosis Beijing lineage with drug-resistant, and/or with specific 
pathobiological or epidemiological manifestations is affected by the existence of substantial intra-lineage bioge-
ographical diversity19. Regarding the distribution of BSP clustering (Fig. 1), BSP1, BSP2 and BSP3 showed phy-
logeographical specificity to Sichuan, Chongqing and Taiwan, respectively, as compared to BSP4 which showed a 
broader distribution (although highly predominant in Tibet with 76.65% of all isolates). On the other hand, BSP5 
was widely distributed in China with the exception of Sichuan and Chongqing. Such geographical restriction as 
the one described here for BSP1, BSP2 and BSP3 has been previously highlighted recently for several sublineages 
of lineage 4, and was proposed to correspond to local adaptation of these MTB isolates to local human host pop-
ulations28. Such phenomenon led to the notion of “ecological specialist” in contrast with “generalist pathogen” 
able to adapt to several human populations. So an important clue to clarify of the phylogeography of these Beijing 
clonal complexes would be a careful analysis of extrinsic factors as peopling of regions implicated in terms of 
successive waves of migration vs. region-specific demographics as well as an analysis of intrinsic factors of each 
clonal complex. Indeed, waves of migrations were successively encouraged by various governments since Yin 
dynasty (~1600–1000 BC), leading to frequent large-scale migrations in the history of China29. The following 
three sections below briefly review such observations regarding Sichuan, Chongqing, and Taiwan – associated 
with newly shown BSP clonal complexes.

Sichuan region, which can be divided into three parts: the Sichuan basin, Sichuan northwest plateau and 
Sichuan southwest mountains, is localized in the southwest of China with indigenous civilizations dating back to 
at least the 15th century BC. As the most ancient clonal complex in our study, BSP1 exhibited the highest allelic 
diversity, most diverging branches, and presented relatively lower repeats when compared with other subpopula-
tions, especially in VNTR 424, 4348, 1644, 3007 and 4156 (Fig. 2b and Supplementary Figure S3). The decreasing 
trend in the number of repeats from modern Beijing isolates to ancestral Beijing in several loci, such as 424, was 
reported previously and attributed to the evolutionary history of Beijing isolates, and might involve the same 
events in the related regions30. Overall, the BSP1 isolates in Sichuan have been associated with elevated drug 
resistance31, related with heteroresistance and stable coexistence of Manu isolates as mixed in a single host22. 
Nonetheless, whether it can be attributed to their particular population structure remains a question of debate. 
Sichuan has been inhabited by multiple ethnic groups linked to massive population resettlements in the past, e.g., 
(i) around 263, during the six dynasties period of Chinese disunity, the non-Han ethnic minority (such as Gelao 
people from the Yunnan–Guizhou Plateau), began to populate Sichuan where the Han were indigenous; (ii) in 
the middle of the 17th century, people from the neighboring provinces moved and resettled massively in Sichuan 
which suffered from a fall in population due to years of turmoil during the Ming-Qing transition32, 33. Overall, 
more people poured in than went out in its history, resulting in the total of 55 ethnic groups with a population 
of more than 4 million now in Sichuan, probably accounting for BSP1 phylogeographical specificity and genetic 
diversity.

Chongqing, as the only one municipality in inland China sharing the fertile “Sichuan basin”, was sepa-
rated from Sichuan in 1997. Similar to Sichuan, it is striking that both BSP4 and BSP5 are not represented in 
Chongqing, and that BSP2 represent around 97.49% of Beijing isolates in this region. Moreover, VNTR 580, as 
one of the poorly discriminatory loci worldwide (Supplementary Figure S2b), showed a moderate discriminatory 
power in our dataset just caused by BSP1 and BSP2 isolates (Fig. 2b and Supplementary Figure S3). One may 
notice that BSP1 and BSP2 shared same primary pattern for VNTR 580 with 3 repeats at this marker (84.86%, 
n = 297/350; 95.38%, n = 186/195 respectively; Fig. 2, Supplementary Figures S2b and S3), vs. 2 repeats for other 
groups. Nonetheless, BSP2 isolates can be clearly discriminated from BSP1 strains by the acquisition of additional 
copy numbers in VNTR 2059 and 2687. Such a geographical delimitation between BSP1 and BPS2 could indicate 
contrasted host–pathogen association histories in these regions. Nevertheless, one may notice that Chongqing 
presents a history of mixed populations contradicting such hypothesis; indeed, later to the massive popula-
tion resettlements in Sichuan described above, Chongqing underwent additional population changes, e.g., (i) 
Chongqing became the first inland commerce port open to foreigners, and the British, French, German, US and 
Japanese consulates were opened in Chongqing in 1890–1904; (ii) the city served as the provisional capital of the 
Republic of China as well as a partially recognized Korean capital-in-exile, making it the focus of bombing by 
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force, and many factories and universities were relocated from eastern China to Chongqing during the Second 
World War, transforming this city from inland port to a heavily industrialized city. Whether these contrasted 
characteristics are sufficient to explain for the phylogeographical restriction of BSP2 isolates in Chongqing (such 
as selective advantage under the evolutionary pressure putatively linked to the specificity trade and war), remains 
a matter of debate.

Regarding Taiwan, three main clonal complexes were described: BSP3 accounted for 52.96% (179/338), BSP4 
for 20.41% (69/338) and BSP5 for 17.16% (58/338) of all isolates in Taiwan. Focusing on BSP3, restriction to 
Taiwan could be hypothetically explained easily considering insularity of this region. However, the circulation of 
several clonal complexes could be linked to successive waves of migrations that happened during the period of 
the colonial rule and wars and/or to different ethnic and migratory populations in Taiwan. For example, (i) the 
aborigines inhabited before the 17th century; (ii) the Han Chinese began migrating from Mainland China in the 
17th century during the Ming dynasty when the Dutch colonized southern Taiwan; (iii) members of the military, 
veterans, and some civilians moved from Mainland China between 1945 and 1950 due to the civil war34. A chron-
ological trend among Beijing isolates from the three groups was apparent: Beijing isolates from the aborigines 
had signatures compatible with ancient strains and those from the latter two populations with modern strains34. 
The prevalence of different Beijing isolates in specific ethnic/migratory populations suggested that M. tuberculosis 
transmission was limited and restricted to close contact34, 35. As one of the main clonal complexes in Taiwan and 
an atypical ancestral Beijing group in our study, BSP4 was proposed predominantly prevalent in the aboriginal 
patients. Considering that the expansions of CC1–5 dates back some 200–700 years19, the Ming voyages of Zheng 
He36 could have contributed to BSP5 expansion. Thus, it would be interesting in future studies to confirm if BSP5 
isolates are more common in the population of Han Chinese whose ancestors migrated to Taiwan during the 
Ming dynasty. As the most recent clonal complex in this study, BSP3 with specific copy numbers in VNTR 424 (5 
repeats in 78.77% isolates, n = 141/179), 3192 (3 repeats in 95.53%, n = 171/179) and 154 (5 repeats in 91.62%, 
n = 164/179) (Fig. 2, Supplementary Figures S2b and S3) might be related to the latest massive population migra-
tion due to the Republic of China policy.

Hence, it would be now of prime interest to perform Bayesian Skyline Plot analyses37 using WGS data to 
reconstruct population size through time and then to estimate demographic history of each Beijing subpopula-
tions within China in comparison with human migrations and populations. Concerning intrinsic factors it would 
be relevant to use whole genome data of so called “specialist” vs. “generalist” Lineage 2 sublineages in order to 
decipher underlying genetic mechanisms driving this ecological separation. It was shown before as for example28 
a contrasted diversity in T cell epitopes in the specialist sublineage L4.6.1/Uganda when compared to general-
ist sublineages associated with host adaptation and immune escape. Such phenomenon should be now further 
explored on Beijing clonal complexes.

In agreement with previous suggestions that the differential virulence of modern Beijing vs. ancestral groups 
might have contributed to their differential spread38, 39 (as summarized in Supplementary Figure S2c), one may 
presume a similar explanation for BSP4 versus BSP5. Indeed, the majority of BSP4 isolates are confined to Tibet, 
and cluster together (Supplementary Figure S4) with atypical/ancestral CC6 and BL7 clonal complexes described 
by Merker et al.19 (mainly represented in Eastern Asia and North America), as well as with the Ancient Beijing 
isolates identified by Yin et al.20 (also reportedly prevalent in Tibet). Concerning the Early Ancient Beijing lineage, 
these isolates were absent in Tibet, an observation that could be linked to the early history of Tibet being devoid of 
any significant Han Chinese human influx20, 26. Regarding BSP5, these strains were scattered all over major nodes 
of typical/modern Beijing clonal complexes CC1 to CC5, and corresponded to the only clonal complex character-
ized primarily by 2 copies in VNTR 4156 in the global dataset (Fig. 2b, Supplementary Figures S2b). Interestingly, 
BSP5 strains were clearly associated with CH isolates in phylogenetic analysis (Supplementary Figure S4), with 
whom they also shared the characteristic 2 copies in VNTR 4156 (97.89%, n = 278/284 vs. 79.35%, n = 73/92, 
respectively; Fig. 2b, Supplementary Figure S3). Considering a recent evidence that within patient microevolution 
of M. tuberculosis may lead to differential drug-resistance patterns and a heterogeneous response to treatment 
between lesions40, our findings on putative association of BSP clonal complex and CH strains regarding Beijing 
isolates should be considered cautiously.

Conclusion
This study compared the structuration of M. tuberculosis Beijing isolates in mainland China and Taiwan using 
24-loci MIRU-VNTR data against published worldwide data. Among the total of five BSPs, three new clonal 
complexes called BSP1, BSP2 and BSP3 were highlighted for the first time. These three new clonal complexes 
are characterized by phylogeographical specificities to respectively Sichuan, Chongqing and Taiwan. BSP4 and 
BSP5 could be regarded as the epitomes of reported global ancient and modern Beijing sublineages in China, 
respectively. The relationship between BSP5 and CH revealed in our study may have contributed to further global 
expansion. It is now of prime interest to use WGS data in order to decipher evolutionary histories of these clonal 
complexes and to explore underlying extrinsic and intrinsic mechanisms explaining geographical restriction of 
these “ecological specialist” in contrast with global circulation of “generalist pathogen”.

Methods
Data collection. The study is based on genotyping data of an initial collection of MTBC clinical isolates 
(n = 16090) classified as Beijing lineage from mainland China and Taiwan, recovered either from the SITVIT2 
database11 or from published literature (detailed in Supplementary Table S1). Briefly, our collection contained 
unpublished genotyping data of 193 isolates from our laboratory; genotyping data of 420 isolates from the 
SITVIT2 database; and 15477 from published literature, including 2652 also provided in the SITVIT2 database. 
Available genotyping data comprised spoligotyping and/or MIRU-VNTRs41–43. The 24-loci MIRU-VNTR data 
(n = 1490 Beijing isolates) were recovered from 6 regions, including Tibet, Sichuan, Chongqing, Beijing, Xinjiang 
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and Taiwan. In addition, 68 isolates with clonal heterogeneity were collected in this study, which were identified 
from a Chinese national survey including 3929 cases from all over the country24, 25. Each of the 68 isolates with 
clonal heterogeneity was divided into 2 distinct patterns (due to twin values for variable loci) bringing their total 
number to 136 entries for the group “clonal heterogeneity”. Since the 55 isolates from Xinjiang and 68 isolates 
from the Chinese national survey were without spoligotyping data, these were subjected to MIRU-VNTRplus web 
tool41 for lineage classification, and 49/55 and 46/68 isolates (corresponding to 92/136 entries due to twin values 
for variable loci) respectively were identified as Beijing genotype. Additionally, we also used published 24-loci 
MIRU-VNTR data from two recent studies to construct a global Beijing Minimum Spanning Tree (MST); the first 
set comprised a global collection of 4987 Beijing isolates from 99 countries19, while the second set comprised data 
on 302 Beijing strains from China country-wide20. Besides, the latter study also contained 7 cases of clonal heter-
ogeneity (corresponding to 14 entries due to twin values for variable loci) that was further analyzed for studying 
the phenomenon of clonal heterogeneity.

Ethics statements. Genotyping data were already published or extracted as anonymized data from the 
SITVIT2 database (Supplementary Tables S1 and S2).

Phylogenetic inferences. MST algorithm was applied on global 24-loci MIRU-VNTR data using 
BioNumerics software 6.6 (Applied Maths, Sint-Martens-Latem, Belgium) in order to infer the potential evolu-
tionary relationships between strains. The identical MIRU-VNTR haplotypes in the MST were pooled as a single 
node representing a cluster, and the rate of clustered strains was considered as an indicator for the extent of recent 
transmission19, 44.

Population structure analyses. The STRUCTURE software (version 2.3) was used to confirm the infer-
ences by using an admixture model which can deal with complexities of data considering that individuals with 
mixed ancestry may have inherited part of their genome from ancestors in population K. Posterior estimates 
for the parameters of interest were computed by using a Markov chain Monte Carlo (MCMC) algorithm in ten 
parallel chains with a burn-in of 100,000 iterations and a run length of 106. The Evanno method was used to 
calculate the delta K in the program STRUCTURE HARVESTER45, 46. To guarantee the optimum clustering, 
medians were calculated from 10 replicates for K by using the FullSearch algorithm implemented in CLUMPP 
1.1.2 software47, and a cutoff of 0.6 was fixed for clustering of isolates. Results of admixture coefficients were then 
displayed spatially by an interpolation technique called universal kriging: Q-matrix were represented on separate 
maps (ETOPO1 map produced by NOAA48 freely available as indicated here: https://www.ngdc.noaa.gov/mgg/
global/dem_faq.html#sec-2.4) for each K by using the script ‘plot.admixture.r’ (available through TESS website: 
http://membres-timc.imag.fr/Olivier.Francois/tess.html) using R software49.

Genetic characteristics. Mean allelic richness in each MTB clonal complexes or geographical regions was 
estimated using a rarefaction procedure implemented in the software HP-RARE 1.0 which compensates for sam-
pling disparities50; differences were analyzed using t-test. Comparison of number of repeats at each VNTR locus 
for each population was studied by Pearson’s chi-square exact test (two-tailed). The data were analyzed using 
the Stata statistical software (version 12; Stata Corporation, College Town, TX, USA) and statistical significance 
was considered for P values < 0.05. WebLogo51 was used to visualize main patterns of tandem repeats for 24-loci 
MIRU-VNTRs. The Hunter-Gaston discriminatory index (HGDI) was calculated as described previously52, and 
the allelic diversity of the loci was classified as highly discriminatory loci (HGDI > 0.6), moderately discrimina-
tory loci (0.3 ≤ HGDI ≤ 0.6) and poorly discriminatory loci (HGDI < 0.3) according to Sola et al.53.
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