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A B S T R A C T 
The daily increasing sequencing of Mycobacterium tuberculosis has made it possible to establish an advanced phylogeny of this bacterium. It currently includes 
9 lineages mainly affecting humans, completed by animal lineages, which form the Mycobacterium tuberculosis complex. Inherited from various historical 
approaches, this phylogeny is now based on Single Nucleotide Polymorphisms (SNPs), of which updates are frequently proposed. We present here evidence 
that the task needs refinements: some lineages have currently suboptimal defining SNPs, and many sublineages still need to be named and characterized. 
These findings are based on a new tool specifically designed to index the entire existing sequencing data. In this article, we focus on lineages 4.5, 4.7, 6 and 7. 
We take the opportunity to present some evidence that TB-annotator shows strong relevance, identifying well supported sublineages, as well as good global 
agreement with previous findings. 
 
 

1. Introduction 
Tuberculosis (TB) still remains a significant global health problem. According to the World Health Organization (WHO), TB is one of the top 
10 causes of death worldwide and the leading cause of death from a single infectious agent. In 2020, an estimated 10 million people fell ill 
with TB, and 1.4 million died from the disease. Additionally, the emergence of drug-resistant forms of TB is a growing concern, as these 
strains are much more difficult to treat and can lead to higher mortality rates. The agent of TB is Mycobacterium tuberculosis complex 
(MTBC) that encompasses lineages transmitting between humans and the lineage adapted onto animals including several species, among 
which M. bovis, M. caprae and M. pinnipedi. Studying the global diversity of MTBC is important for understanding the disease, developing 
new treatments, and ultimately controlling and eliminating TB as a public health threat. For more than one decade, the study of this 
disease can also be done through the analysis of genomes obtained from numerous strains. 
Having many different MTBC genomes is interesting for several reasons. Firstly, it allows researchers to build the foundations for an 
understanding of the genetic diversity of MTBC. MTBC encompasses several species due to its obvious ecological adaptations: some 
sublineages such as M.bovis, M. caprae but also M. microti are widely found in a single, homogeneous host taxon. M. africanum accounts 
for up to 20% of MTBC diversity in Western and Central Africa and less than 1% in Europe of the Americas despite large population 
migrations. By studying the entire genomes of different clinical isolates worldwide, researchers can identify the specific genetic variations 
that exist within the populations. This can provide insight into how MTBC evolves and spreads, and how it adapts to different host 
environments. Secondly, it can help researchers understand the emergence and spread of drugresistant strains of MTBC. By comparing the 
genomes of drug-sensitive and drug-resistant strains, researchers can identify the specific genetic changes that confer resistance to certain 
drugs. This can aid in the development of new drugs and treatment strategies to combat drugresistant TB, in a personalized treatment 
approach. Thirdly, it can help to develop new vaccine candidates. By comparing the genomes of different strains of MTBC, researchers can 
identify genes and proteins that are conserved across the population, and that could be targeted by a vaccine. This can help to improve the 
chances of developing a vaccine that is effective against a wide range of MTBC strains. Lastly, studying many different MTBC genomes can 
also aid in the development of more accurate diagnostic tools. A better knowledge of the genetic diversity of the bacteria will allow for a 
more refined identification of the disease. There are currently over 160,000 genomes available on NCBI [1]. 
However, many things remain to be understood about this bacterium, and being able to analyze such a database should help to enrich our 
knowledge. This is particularly obvious in the case of the analysis of the phylogeny of M.tuberculosis. If a lot of progress has been made in 
the knowledge of this phylogeny thanks to numerous studies comparing several hundreds or thousands of sequenced genomes, there are 
still many grey areas that the increase by almost two orders of magnitude of the sampling should help us to remove. Among these shadowy 
areas of phylogeny, we have chosen to illustrate in this article the following cases. First, lineage 6 [4] has only recently been explored by 
Coscolla et al. [5] but still a restricted number of samples (n = 338), not including all presently available data and not including outgroups so 
that several classifying SNP lack specificity. Lineage 4 [4,18], on the other hand, was heavily sequenced but is currently heterogeneous, with 
some sublineages highly represented and subdivided (e.g. 4.1) and others poorly characterized (4.5 and 4.7). Finally, no sublineage of 
Ethiopian L7 [4] is currently defined. The aim of this article is to illustrate these imperfections, and to show that with a new ad hoc tool, 
namely the TB-annotator, we have the means to make light into these grey areas, by evaluating the quality of currently selected Single 
Nucleotide Polymorphism (SNP) for lineages definition, and by searching for new clades sharing exclusive characters.  
 
2. Material and method  
The work presented here is based on our new tool called TB-annotator, in its 15901-strain version. We briefly recall here how it works. For 
further information, see Ref. [14]. The first step of the TB-annotator is the preparation of the reads. SeqKit [16] is first used to estimate the 
likely coverage of the genome under consideration. A estimated coverage of 95% and 20X depth were used as thresholds to exclude low 
depth and contaminated samples. Fastp [2] is then applied for quality control and the following preprocessing steps. Adapters are 
trimmed, and low quality bases at ends are removed. Also, reads with too many low quality bases are removed. Finally, various advanced 
database corrections are made. Processed reads are mapped on a reference genome using BWA-MEM [9], while duplicate reads are 
marked using SAMTOOLS [10], and the sequence alignment is saved in CRAM format. Note that optimization is achieved thanks to the 



Snakemake [8] ability to continue partially executed workflows, and sequence alignment is used in all steps, instead of raw reads. Some 
statistics are finally computed with SAMTOOLS using the sequence alignment file, like mean read depth and the proportion of covered 
bases. This information can be used to assess the quality of the sample and the quality of sequencing. Variant calling is performed by 
Snippy [13]. False SNP calling close to structural variations are avoided by applying Samclip [12] on aligned reads. Variants are then called 
with Freebayes, and the final output is a VCF file. These variants are annotated using SnpEff [3] and identified using their SPDI notation. 
Regarding large insertions and deletions, a custom Python script creates the list of clipped reads, the position of the left clipping and right 
clipping, and the clipped sequence. Let us recall that a clipping signal is the position where a configuration amount of reads are clipped 
(when a read partially matches the reference sequence, the aligner separates the unmatched part). The list of clipping signals is then 
obtained thanks to the bedtools groupby function. Such signals allow the detection of insertion sequences (IS) and of regions of deletion 
(RD). The SNP lists obtained then allow to build an alignment of the considered strains, and the use of RAxML [17] (GTRCAT model) allows 
to build the associated phylogenetic tree. The latter is reproduced in an ad hoc web interface, in which it is possible to select a set of strains 
and to visualize the characters (SNPs, IS, RD …) that they have in common, and exclusively. An exclusive character of a clade is a good 
candidate to be a phylogenetic marker. Conversely, a SNP known to be a phylogenetic marker of a given sublineage, but which does not 
appear to be exclusive (either because it is present elsewhere in the tree, or because strains in the selection do not have it), is not a good 
marker. Individual quality of each SNPs can be visualized on the tool, as well as available metadata of the samples. TB-annotator [14] is 
now online,1 but with private access. Readers interested in accessing this analysis platform can send a request for access to the authors of 
this article.  
 
3. Results  
Analysis of the 15,901 strains by our pipeline led to the detection of 180 RDs and more than 300,000 good quality SNPs. This list contained 
the SNPs proposed by Coscolla [4] to define the L6 sublineages, those of Stucki [18] for the L4 sublineages, and the SNPs of Coll [4]. This 
allowed us to question the quality of these SNPs based on our 15,901 strains. We also took the opportunity to interrogate two more recent 
lineage characterization proposals, those of Napier [11] and Freschi [6]. Regarding L6, we first recall that it was defined by SNP C1816587G 
in Coll et al. (2014), but that the team did not propose any sublineage. Coscolla and coworkers, for their part, identified three sublineages, 
numbered 6.1, 6.2, 6.3, each having in turn 3 sublineages. While they did propose SNPs for sublineages 6.1.1 to 6.3.3, they did not propose 
anything for L6, nor for 6.1 to 6.3. Napier et al., on the other hand, proposed 10 new SNPs for defining L6, but did not retain Coll’s. They 
also did not define any sublineages. Freschi, finally, returned to the Coll definition of L6 (C1816587G), and with no sublineages. The Coll et 
al. SNP of L6, first, was identified in 609 strains in TB-annotator tool, and this selection showed two exclusive variants. However, looking in 
detail, the strains selected by this SNP are L6 as well as L9, see Fig. 1a. On our side, we found that SNP G41241A allows to define exclusively 
L6 (excluding L9): it is present in 599 strains that share 78 exclusive variants (Fig. 1b). Exploring deeper Coscolla’s proposal, 6.3.1 seems to 
be well defined, but not 6.3.2 and 6.3.3 do not: the number of strains presenting the different SNP presented as specific varies from simple 
to double depending on the SNP chosen (several SNPs are proposed for the same sub-lineage). Regarding Coscolla’s 6.2, this sublineage 
was well supported by TB-annotator but the SNP of 6.2.2 also turned on 6.2.1 and 6.2.3. Similar observations were made for 6.1: 6.1.1 and 
6.1.3 SNPs are well supported by TB-annotator, but 6.1.2 was poorly defined, including 2 strains 6.1.3. Finally, ten isolates from 6.1’s belong 
to no sublineages, although they seem to form clades. Concerning L7, Freschi’s and Napier’s definitions match Coll’s definition of 
G1137518A. However, this SNP achieves only 97% exclusivity. In contrast, TB-Annotator revealed 836 variants that are 100% exclusive. This 
is the case for G1960C, which we propose as the best feature of L7. Moreover, there is currently no defined sublineage of L7, whereas with 
our interface we gathered evidence that at least 3 sublineages could be defined. The first one consists of at least 10 strains, and has various 
exclusive variants among which T109162C. Similarly, G160716A defines a group of 18 strains and G1932863T a group of at least two 
strains. More advanced studies regarding the quality of these SNPs and associated clades are needed to confirm their relevance. 
Concerning lineage 4, as we have seen, some sublineages are much more thoroughly characterized than others. 4.7, for example, has no 
sublineage in the various phylogenies currently proposed, and Stucki, Freschi, and Napier all use Coll’s definition (C4249732A). Using the 
TB-annotator, we first found a better characterization of 4.7 (C10741G), and many sublineages appear to be definable from SNPs. A 
potential scheme is reproduced in Fig. 2, which will require confirmation in future work. Exactly the same is true for 4.5, where the list of 
sublineage SNPs could be the one in Table 1.  



 
 

 
 
4. Discussion  
The most detailed characterization of lineage 6 is for the moment the one proposed by Coscolla. The 3 main sub-lineages they define seem 
to be true according to our study, as well as the existence of sublineages for 6.1 to 6.3. However, it is regrettable that there are only 
features for the third level of classification, and that neither the L6 nor the 6.1 to 6.3 have a defining SNP or SNP list. With our interface, 
many candidates (exclusive variants) appear, like C3887907A for the 6.1, G4393A for the 6.2, and C98536T for the 6.3. These candidates 
will need to be investigated further to gain a better understanding of L6. Similarly, it could be seen that better SNPs can be defined for each 
of the 6.1.1 to 6.3.3 sublineages, reducing or negating false positives (strains outside the clade that still have the SNP) and false negatives 
(strains in the clade without the SNP). Finally, it appears to us that these sublineages can in turn be divided into sublineages, which will be 
the subject of further study in the future. L7, on the one hand, is clearly understudied. We have seen that the SNP that has defined it for 
almost ten years is not optimal. In addition, it seems quite possible to define sub-lineages in L7, but this would probably require a larger 
number of genomes to be confirmed. Last, we showed that lineages 4.5 and 4.7 are both currently poorly characterized (presence of false 
positives and false negatives), and poorly decomposed (no sub-lineage definitions), although such definitions are quite possible. The 
objective of this work was not to propose a new phylogeny, but to raise many points showing, on the one hand, that the current 
characterizations are perfectible, and on the other hand, that we can probably go further in the definition of certain sublineages with new 
tools using the entire sequencing data currently available. These improvements, achieved for instance in Refs. [7,15], are made possible by 
the very large number of genomes that we now have at our disposal, but they require the development of ad hoc tools to manage such 
large amounts of data, and to produce the analyses necessary for these new definitions. TB-annotator is such a tool, which we are 
intensively developing. A first version is currently available on demand. All computations have been performed on the Mesocentre de 
Franche-Comt´e supercomputer facilities.  
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