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Abstract

Mycobacterium tuberculosis (Mtb) lineage 2 (L2) strains are present globally, contributing to a widespread tuberculosis (TB)
burden, particularly in Asia where both prevalence of TB and numbers of drug resistant TB are highest. The increasing avail-
ability of whole-genome sequencing (WGS) data worldwide provides an opportunity to improve our understanding of the global
genetic diversity of Mtb L2 and its association with the disease epidemiology and pathogenesis. However, existing L2 subline-
age classification schemes leave >20% of the Modern Beijing isolates unclassified. Here, we present a revised SNP-based
classification scheme of L2 in a genomic framework based on phylogenetic analysis of >4000L2 isolates from 34 countries in
Asia, Eastern Europe, Oceania and Africa. Our scheme consists of over 30 genotypes, many of which have not been described
before. In particular, we propose six main genotypes of Modern Beijing strains, denoted L2.2.M1-L2.2.M6. We also provide SNP
markers for genotyping L2 strains from WGS data. This fine-scale genotyping scheme, which can classify >98% of the studied
isolates, serves as a basis for more effective monitoring and reporting of transmission and outbreaks, as well as improving
genotype-phenotype associations such as disease severity and drug resistance. This article contains data hosted by Microreact.

DATA SUMMARY information is in Table S7 and the barcoding SNPs are
summarized in Table S8.

(5) Vcf and multiple sequence alignment files are available
at Figshare.

(6) Interactive phylogenetic trees are available online at
Microreact for the discovery set (https://microreact.

(1) Raw M. tuberculosis sequence data are available in the
European Nucleotide Archive (ENA) database, and can
be accessed with accession numbers provided in Table
S2 (available in the online version of this article). A list of
sources of isolates from previous studies and references

is provided in Table S1. org/project/4P2iPeBx1Y66TyJfojNM1o) and the discov-
(2) M. tuberculosis strain H37Ryv is available from GenBank ery +testset (https://microreact.org/project/4kJjEVPW
with accession number NC_000962.3. e3TbfwFtqY3EDS)

(3) Script used for variant calling is available at https://
github.com/CENMIG/snpplet.

(4) A list of genotype-specific SNPs and a list of barcoding INTRODUCTION
SNPs are available at Figshare: https://doi.org/10.6084/ Mpycobacterium tuberculosis (Mtb) lineage 2 (L2) is a one of
m9.figshare.14709513.v1 [1]. The full list with additional the major global strains, with high prevalence in Asia [2].
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It belongs to a species complex that comprises eight main
human-adapted Mtb lineages. Mtb L2 likely originated in a
region around southern East Asia or Southeast Asia [3-5],
expanded in China and spread to the rest of the world,
particularly in Central Asia, Eastern Europe and East Africa
[2, 3, 6]. L2 strains have been associated with higher virulence
[7, 8], increased transmissibility [9-11] and high prevalence
of multidrug resistance [12, 13]. However, global genomic
diversity and population structure of Mtb L2 remain poorly
characterized. This hampers reporting and monitoring of local
and global transmission and outbreaks, and meaningful asso-
ciations of sublineages with epidemiologically or clinically
important phenotypes such as drug resistance, pathogenicity,
virulence, disease manifestations and clinical outcomes.

Several genotyping methods and classification schemes exist
for Mtb lineages, including large sequence polymorphism
(LSP) typing [14], VNTR typing [15], spoligotyping [16] and
single nucleotide polymorphism (SNP) typing based on a
limited set of genes [17-19]. However, these schemes tend
not to have sufficient resolution to differentiate epidemiologi-
cally important or emerging L2 strains at a sublineage level.
This is partly due to relatively limited genetic diversity of L2
strains compared with other Mtb strains [9, 20]. For instance,
the LSP scheme for L2 is based on the presence/absence
of five large genomic deletions (RD105, RD207, RD181,
RD150 and RD142) [14]. This deletion pattern can be used
to differentiate three major sublineages of L2, namely L2.1
(only RD105 deleted), L2.2.2 (RD105 and RD207 deleted)
and L2.2.1 (RD105, RD207 and RD181 deleted). RD150 and
RD142 deletions are unique to two small subgroups of L2.2.1.
L2.1 and L2.2 are also known as proto-Beijing and Beijing
strains, respectively [21, 22]. Spoligotyping, a widely-used
cost-effective genotyping method for Mtb isolates, has a low
discriminatory power for L2 strains: spoligotypes of L2 can
only distinguish primarily between L2.1 (mainly SIT523
(Manu Ancestor): 777777777777771) and L2.2 (mainly SIT1
(Beijing): 000000000003771). SNP-based genotyping schemes
are based on the presence of several selected SNPs. The most
widely-used SNPs for L2 genotyping are probably the ones
used to differentiate between Ancestral and Modern Beijing
strains [17]. The Modern Beijing strains were first described
based on insertion profiles of a transposable element called
IS6110 [23]. This group can be characterised by an IS6110
insertion pattern in the NTF region [24, 25] as well as allelic
variants of genes coding for DNA repair enzymes called
mutT2, ogt and mutT4 [17]. More comprehensive differen-
tiation schemes were also proposed, which classified Mtb L2
into several ST (sequence type) [18] or Bmyc [19]. Although
occasionally useful, the limited numbers of informative SNPs
used by those schemes resulted in limited discrimination
powers and genotypes, which do not always correspond to
valid phylogenetic clades.

Limitations of traditional genotyping methods for L2 strains
motivate higher resolution typing methods based on whole-
genome sequencing (WGS) data. For instance, genome-wide
SNP-based genotyping relies on SNPs shared exclusively
within each genotype. These genotype-specific SNPs can be

Impact Statement

Mycobacterium tuberculosis lineage 2 (L2) is widespread
globally and may be expanding in several countries.
Genotypic classification is crucial for better under-
standing of the relationships between the genetic and
phenotypic characteristics of the bacteria. Several geno-
typic classification schemes have been proposed. Unfor-
tunately, many L2 isolates were still left unclassified
beyond the level of Ancestral or Modern Beijing strains.
The classification scheme proposed here can classify
98% of the L2 isolates and is kept as backward compat-
ible as possible. The scheme is useful for identification of
phenotypic characteristics that could be associated with
genotypes, recognition of genetic relationships between
isolates in different countries. The scheme is also a basis
for further studies in pathogenesis such as identification
of interesting homoplastic SNPs that are resulted from
convergent evolution.

identified from genome-wide SNPs extracted from WGS data
in a phylogenetic framework. Several SNP-based genotyping
schemes for L2 strains have been proposed [5, 22, 26-28]. For
instance, Merker et al. [5] proposed a classification scheme
that splits L2.2 (Beijing) into eight major genotypes based on a
global collection of ~100 isolates, namely Asia Ancestral 1-3,
Asian African 1-2, Pacific RD150, Europe-Russia BO/W148
and Central Asian. Liu et al. [27] proposed a set of 44 SNPs
for distinguishing the Modern Beijing strains within L2.2.1.
Some authors refer to the Modern Beijing strains as L2.3
[10, 21] but this terminology is avoided here as it renders L2.2
paraphyletic. Two additional genotypes have been recently
proposed, Asian African 3 [26] and Asia Ancestral 4 [29],
bringing the total number of major L2 sublineages to twelve.
Rutaihwa et al. [30] proposed an alternative nomenclature
system whereby L2.2 comprises ten genotypes L.2.2.1-1.2.2.10
for Asia Ancestral 1-3, Asian African 1, Asian African 3,
Pacific RD150, Asian African 2, RD142 (nested within Asian
African 2), Europe-Russia BO/W148 and Central Asian,
respectively. Note that L2.2.1 and L2.2.2 in this scheme are
different from the previous definition of these two genotypes.
However, existing SNP-based genotyping schemes are either
based on a small collection of L2 isolates or based on isolates
from limited geographical regions and are not representative
of the global genetic diversity of L2. In particular, isolates
from endemic regions such as East Asia and Southeast Asia
tend to be under-represented. Thus, they may not adequately
capture the diversity of L2 strains in endemic areas for use
in epidemiological applications such as local transmission
monitoring. In fact, a large proportion of L2 strains remain
unclassified at a sublineage level beyond L2.2.1 by any existing
genotyping scheme, particularly Modern Beijing strains [29].

Here, we analysed a collection of over 4,000 Mtb L2 genomes
from Asia, Eastern Europe, Oceania and East Africa to gain
insights into the global genetic diversity and population
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structure of L2 strains. The selected areas cover likely places
of origin of Mtb L2 as well as its major sublineages and the
Modern Beijing strains. Using a phylogenetic framework, we
propose a hierarchical classification and nomenclature system
that captures most of the diversity of L2 strains sampled to
date, keeping backward-compatibility with existing major
genotyping schemes as much as possible. We also provide
SNP markers for genotyping existing and new sublineages of
L2 strains. Our proposed scheme is expected to greatly facili-
tate identification and reporting of sublineage-level L2 strains,
e.g. in monitoring transmission and outbreak investigations,
particularly in endemic regions. It also serves as a founda-
tion for studying evolution, epidemiology and pathogenesis
of Mtb L2.

METHODS
Whole-genome sequence data and variant calling

We compiled a collection of whole-genome sequencing data
of 4,425 Mtb L2 isolates from countries in Asia, Eastern
Europe, Oceania and Africa with a particular emphasis on
isolates from East Asia, Southeast Asia and South Asia where
L2 is endemic (Table S2). All sequencing data were from the
[lumina platform and from over 50 studies. Studies focusing
on large outbreaks or highly clonal strains were not included.

Raw sequence data in the fastq format were downloaded
from the European Nucleotide Archive (ENA) for each study
(https://www.ebi.ac.uk/ena). The short reads were trimmed
to remove adapter sequences and low quality read positions
using trimmomatic v0.39 (sliding-window trimming with
window size of 4 and read quality threshold of 30) [31].
Depending on the quality of the raw reads which differ among
studies, variation of the trimming procedure or parameter
values may be used. The trimmed reads were then mapped to
the H37Rv reference genome (NC_000962.3) using bwa mem
[32]. Picard’s MarkDuplicates was used to identify duplicate
reads before per-sample variant calling using GATK Haplo-
typeCaller in a haploid model [33], excluding bases with a
quality score below 20.

We performed the following four sample quality checks to
exclude isolates with poor quality sequence/genotype data,
or were redundant. (1) Read-mapping coverage: A sample
was excluded if it had a median depth of mapped reads below
10 or median breadth of coverage below 10%, where at least
20 reads were required for a position to be counted. We also
performed parallel analyses using more stringent criteria of
median cutoft of 20 and median breadth (at depth 20) of 50%.
(2) Identity: For multiple isolates with identical BioSample
accession number, only the sample with the highest median
depth of mapped reads was included. For studies where
multiple clinical samples were taken from a single patient
at different times, only one sample per patient was retained
(the earliest sample collected was used if the information
was available). (3) Contamination: Samples with the mean
absolute difference between the observed and expected
per-read GC content distributions greater than 30% (based
on fastqc) were excluded. (4) Mixed strains: Samples that

were not L2 or had SNPs indicating the presence of multiple
non-nested genotypes were excluded. We identified strains
using SNP markers from several schemes (see next section). A
sample was identified as mixed strains if it had more than one
genotype-specific SNP for at least two different genotypes, or
had genotype-specific SNPs for more than two non-nested
genotypes. Note that SNPs from Coll et al. [22] appeared to
contain a small proportion of SNPs not specific to a genotype
for most genotypes in our data, so this scheme by itself was
not useful for identifying mixed strains. The sample quality
control step resulted in 4,425L2 isolates.

To compare SNPs across samples, we performed joint geno-
typing of all samples using GATK GenotypeGVCFs [33],
using per-sample variant calls as inputs. We excluded indels
and low-quality SNPs (filter: QD <2 or MQ <40). To minimize
false positive variant calls, SNPs located within repeat regions,
regions annotated as mobile element, phage, IS6110 or 13E12,
PE/PPE genes and known drug resistant genes were excluded
as previously described [29]. This filtering resulted in 140,049
high-quality SNPs, which were annotated with SnpEff [34]
using annotation from the H37Rv reference genome. This
SNP set was then converted into a multiple sequence align-
ment using a custom shell script. Both point deletions and
uncalled variants were converted into gaps in the alignment.

Strain typing schemes

We implemented the following six SNP-typing schemes for
identifying strains in our collection and for comparing with
our proposed scheme. (1) Ajawatanawong et al. [29] scheme
derived from >1,000 isolates from Chiang Rai, Thailand,
representing local diversity of lineages 1-4 in the region.
(2) Coll et al. [22] scheme derived from a global collection
but had limited resolution for L2 strains. (3) Shitikov et al.
[26] provided one of the most comprehensive classifica-
tion schemes for L2 strains, compiled from several existing
schemes, and can identify most of the known L2 genotypes
including eight major sublineages of L2.2.1 (Asia Ancestral
2-3, Asian African 1-3, Pacific RD150, Europe/Russia B0/
W187 and Central Asian) as well as two outbreak strains of
the Central Asian clade: Clade A and Central Asia Outbreak
(CAO). (4) Liu et al. [27] provided 44 SNPs specific to Modern
Beijing strains. (5) South African strain of Asia Ancestral 1
(AAILSA) [35]. (6) Mestre et al. [19] Bmyc scheme is based
on the presence/absence pattern of SNPs in genes involved
in replication, recombination and repair. Bmyc genotypes
are not necessarily monophyletic. We also performed in silico
spoligotyping using two methods: SpoTyping v2.1 [36] and
Galru v1.0.0 [37].

Phylogenetic analysis

A maximum-likelihood (ML) phylogenetic tree of 4,425
isolates was inferred using IQ-TREE v2 [38] with ultrafast
bootstrap supports from 1,000 replications. The best-fit
nucleotide substitution model was GTR+G4 as determined
by ModelFinder [39]. The lineage 4 H37Rv reference strain
(GenBank accession number NC_000962.3) was used as an
outgroup for rooting the tree.
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We also identified genomic clusters as clades in the phylogeny
containing isolates that can be linked via pairwise SNP
distances of at most 12 [40, 41]. A cluster may contain pairs
of isolates that differed by more than 12 SNPs.

Identification of clades and genotype assignment

We aimed to assign genotypes to previously unclassified
ancestral and modern Beijing strains while keeping backward
compatibility with existing genotyping schemes as much
as possible. We required that a genotype must satisfy the
following four criteria. (a) Isolates that have the same geno-
type must form a monophyletic clade in the phylogenetic tree.
(b) The clade must have a bootstrap support at least 90% at the
branch leading to the root node of the clade. (c) All isolates
within the clade must share at least one common SNP that
is different from the variant of the outgroup. (d) A genotype
must be represented by at least 10 isolates for Ancestral Beijing
genotypes, and at least 20 isolates for Modern Beijing geno-
types. This difference in the sample size cutoft reflected the
fact that Modern Beijing strains are much more genetically
similar to each other (~200SNP differences between geno-
types on average) compared with Ancestral Beijing strains
(~300-500 SNP differences between genotypes on average).

Population diversity and divergence

Once the genotypes have been defined, we calculated three
summary statistics of genetic diversity within and between
genotypes. First, a genome-wide average of nucleotide diver-
sity was calculated as the proportion of pairwise differences in
allelic types among all pairs of isolates within each genotype.
Second, the mean pairwise SNP distance among isolates
from the same genotype compared with the distance where
one isolate is from other genotype. Third, the average F for
each pair of genotypes based on the Hudson estimator [42].
We also performed principal component analysis (PCA) to
illustrate clustering of genotypes. Allele frequency data were
centred and scaled to unit variance. All computations were
performed using scikit-allele v1.3.1 [43].

Identification of genotype-specific SNPs and
genotyping SNPs

For each genotype, we identified SNPs that were shared
only by samples within the genotype using a custom python
script. We then selected a few genotype-specific SNPs as stable
markers for genotyping. We preferred synonymous SNPs in
T cell epitopes, in essential genes or in the third codon posi-
tion (in order of preference) as well as those used by previous
barcoding schemes [22, 26]. For genotypes with no more than
two clade-specific SNPs, all SNPs were used. If multiple SNPs
satisfied all those properties, we retained a few. For geno-
types with no SNPs satisfying those preferable properties, we
relaxed the criteria and considered other types of variants and
states of essentiality [44].

The T cell epitopes in Mtb have been shown to be hypercon-
served in Mtb [45]. A list of T cell epitopes was obtained from
the Immune Epitope Database (IEDB) (https://www.iedb.

org/) on 28 August 2020 [46]. We initially retrieved 2116 T cell
epitopes using the following selection criteria: linear epitope,
organism: Mycobacterium tuberculosis (ID: 1773), positive
assays only, T cell assays, any MHC restriction, human host,
any disease and any reference type. After excluding epitopes
that cannot be assigned to a unique genomic location of
the H37Rv reference strain, we obtained a final list of 1720
epitopes from 312 annotated ORFs. However, only three SNPs
fall within a T-cell epitope, this property was less useful for
selecting barcoding SNPs.

We also annotated variants within an ORF using four states of
essentiality: essential (ES), growth defect (GD), nonessential
(NE) and growth advantage (GA) [44].

Validation of the genotyping scheme

We validated the proposed genotyping scheme on an inde-
pendent dataset of 1,207 publicly available isolates of Mtb L2
downloaded from the NCBI’s Sequence Read Archive (SRA)
database (Table S2). The raw sequence data were processed in
the same way as for the main (discovery) dataset (n=4,425).
Joint genotyping of all samples of all 5,632 was performed
using GATK GenotypeGVCFs [33] to produce a multi-sample
vcf file which was then converted to multiple sequence
alignment. An ML phylogenetic tree was inferred under
the GTR+G4 model using IQ-TREE v2 [38]. We assigned a
genotype to the isolates using genotype-specific SNPs from
Table S7. The ML tree was used to confirm the accuracy of the
assigned genotypes: a genotype assignment of an isolate was
correct if the isolate fell within a well-supported (bootstrap
support >90%) monophyletic clade of isolates with the same

genotype.

RESULTS
Strain diversity and the phylogeny of Mtb L2

To characterize the genetic diversity and population struc-
ture of L2 strains in endemic regions at a global scale, we
compiled a collection of L2 whole-genome sequencing (WGS)
data of 4425 clinical isolates from >50 studies representing
34 countries in Asia (86%), Eastern Europe (Russia and
Belarus, 4%), Oceania (2%) and East/Southern Africa (8%).
A summary of sources of isolates from previous studies is in
Table S1. The full details are in Table S2, Supplementary Data
Sheet 1. This dataset consisted of 3% L2.1 (n=150), 8%12.2.2
(n=361), 88%1.2.2.1 (n=3,913) and one unclassified L2 isolate,
representing all of the twelve major L2 clades described so far
[5, 26, 29] (Table S3). About 90% of the isolates were from
Asia, about 76% of which were from China, Thailand or
Vietnam. The isolates from these three countries represented
diverse L2 strains rather than clonal or outbreak strains. A
large proportion (26.4%) of the isolates could not be identi-
fied beyond Ancestral or Modern L2.2.1, 87% of which were
Modern Beijing strains.

We identify >140,000 high-quality genome-wide SNPs (~3%
of the genome), about 32% of which were phylogenetically
informative. A maximum-likelihood (ML) phylogenetic tree
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Fig. 1. Phylogenetic tree of 4,425 isolates in the discovery set estimated under the maximum-likelihood framework, rooted using the
H37Rv reference strain (lineage 4). The first column of labels lists sixteen level-2 and level-3 genotypes (L2.2 not shown), the second
column lists twenty-two level-4 genotypes and the last column lists two level-5 genotypes. Clades with notable features such as
geographic specificity are highlighted. Previous or other names are given in parentheses; see Table 1 for references. Labels such as
Bmyc13 +meansthe clade contains Bmyc13 [19] as a major subclade and non-Bmyc13 isolates at the base. Bmyc2 +Bmyc3 refers to
a clade of both Bmyc2 and Bmyc3 strains. AATSA refers to a South African subclade of L2.2.AA1 (32). RD142 refers to a subclade of
L.2.2.M2.5 defined by the presence of a deletion in the RD142 region [14], which in turn contains Bmyc18 as a subclade. RD142 deletion
was used to define L2.2.1.2 [17]. CAO, Central Asia Outbreak. An interactive version of the phylogeny is available online at Microreact
(https://microreact.org/project/4P2iPeBx1Y66TyJfojNM10).
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Table 1. Revised list of phylogenetically informative genotypes of Mtb L2. Ancestral Beijing genotypes are listed as in the branching order in the
phylogeny in Fig. 1. Level refers to the hierarchy level in the nomenclature; level 1 is the entire L2. Other names lists previously proposed genotypes
based on phylogenetic analysis of WGS data. Genotypes with no other names are newly proposed in this study. Bmyc names are included to illustrate
that most of the groups in this Bmyc scheme, an early SNP-based classification [19], do not correspond to monophyletic clades, except for those
labelled in bold (also shown Fig. S1).

Genotype Level Other names Bmyc name (Mestre) Description
121 2 Proto-Beijing [4] Proto-Bmycl Non-Beijing L2
122 2 Beijing
L2.2.AA1 3 Asia Ancestral 1 [5], 1L2.2.2 (21), Bmyc2, Bmyc3 Contains clades from Japan/South Korea, Indonesia and a
Bj-MG1 (3) recent outbreak in South Africa (AA1SA clade)
12.2.A 3 - Bmyc4 Associated with Japan
L2.2.AA2 3 Asia Ancestral 2 [5] Bmyc4 Contains large clades from Thailand and from Japan/South
Korea
L2.2.B 3 - Bmyc6
12.2.AA3 3 Asia Ancestral 3 [5], Bj-MG2 [4] Bmyc25, Bmyc6é Contains several large clades from Thailand and from
Vietnam
L2.2.AA3.1 4 - Bmyc25 Vietnam-majority
12.2.AA3.2 4 - Bmyc25 Thailand-majority
12.2.C 3 - Bmyc26 Mostly from Japan and South Korea
L2.2.D 3 - Bmyc26 Mostly from China
122.E 3 - Bmyc26 Mostly from China
12.2.AA4 3 Asia Ancestral 4 [29], Bmyc26/10 Bmyc26/10 Mostly from Thailand
(27]
L2.2.M1 3 -
L2.2.M1.1 4 Pacific RD150 [5], L2.2.1.1 [22] Bmycl10 Contains large clades from Vietnam, Thailand, Papua New
Guinea and South Africa
L2.2.M1.2 4 - Bmycl0 Mostly from China and Vietnam
12.2.M1.3 4 - Bmycl10 Mostly from Vietnam
L2.2.M1.4 4 - Bmycl0 Mostly from China
L2.2.M2 3 Asian African 2 [5]
L2.2.M2.1 4 - Bmyc10 Contains a large clade mostly from Vietnam, and a large

clade from multiple African countries

12.2.M2.2 4 - Bmyc10 From diverse countries
12.2.M2.3 4 - Bmyc10 Contains large clades from Vietnam and from Thailand, and
a small clade from South Africa and Mozambique
12.2.M2.4 4 - Bmycl0 A small clade, mostly from China
L2.2.M2.5 4 - Bmycl0 Contains large clades from Vietnam and from Thailand, and
a small clade of Bmyc18 within an RD142 clade (12.2.1.2)
(22]
12.2.M3 3 Asian African 3 [26] Bmycl3 Contains a large clade from Thailand that may be associated
with drug resistance and recurring local outbreaks
L2.2.M4 3 -
12.2.M4.1 4 Bmyc22 [19, 29] Bmyc22, Bmycl0 Mostly from Thailand
12.2.M4.2 4 - Bmycl0 All from Thailand
12.2.M4.3 4 - Bmyc10

Continued



Thawornwattana et al., Microbial Genomics 2021;7:000697

Table 1. Continued

Genotype Level Other names Bmyc name (Mestre) Description
12.2.M4.4 4 - Bmycl0 Mostly from South Africa
12.2.M4.5 4 Europe/Russia BO/W148 [5], Bmyc12, Bmycl0 Mostly from Russia, Central Asia and Eastern Europe
Clade B [12]
12.2.M4.6 4 - Bmyc10
L2.2.M4.7 4 - Bmycl0 Mostly from Nepal
12.2.M4.8 4 - Bmycl10 Contains a clade from South Africa and Malawi
L2.2.M4.9 4 Central Asian [5] Bmycl0 Mostly from Russia, Central Asia and Eastern Europe
L2.2.M4.9.1 5 Central Asia Outbreak (CAO) Bmyc10
(5]
12.2.M4.9.2 5 Clade A [12] Bmycl0
L2.2.M5 3 - Bmyc10
L2.2.M6 3 -
L2.2.M6.1 4 Asian African 1 [5] Bmycl10
L2.2.M6.2 4 N Bmycl10

estimated from this SNP set recovers all the twelve previously
described major L2 sublineages [26, 29] as monophyletic
clades with 100% bootstrap support (Fig. 1). The phylogeny
basally splits into two sublineages, L2.1 (proto-Beijing) and
L2.2 (Beijing). We also identify a single isolate from South
Korea that appears to be basal to the rest of the L2 isolates
(Supplementary Text). It has a similar LSP profile as L2.1: an
L2-specific deletion in RD105 and intact RD181 and RD207.
It also has SNPs specific to L2 but does not have SNPs specific
to L2.1 or any other L2 sublineages, consistent with its basal
phylogenetic position. Overall, isolates from China, Thailand
and Vietnam appear relatively evenly across the phylogeny
and are present in most of the L2 sublineages (Table S3),
suggesting long-term presence and a possible origin and
diversification of L2 strains in the region.

L2.1 (proto-Beijing) mostly consists of isolates from China,
Thailand and Vietnam, with a few isolates from Japan, Malaysia
and Indonesia. There is no clear separation by country except
for a distinct clade from Vietnam which could represent an
emerging local strain. Most isolates have the typical SIT523
spoligotype (777777777777771).

Classification of L2.2 sublineages and the revised
nomenclature

The remaining isolates belong to L2.2 (Beijing), which splits
into two clades, L2.2.1 and L2.2.2, with over 90% of the
isolates belonging to the former. The phylogeny of L2.2.1 has
a cascading structure that ends with a large star-shaped clade
of the Modern Beijing strains. L2.2 isolates that do not belong
to the Modern Beijing genotype are sometimes referred to as
Ancestral Beijing strains, which are not monophyletic.

The cascading structure of L2.2.1 phylogeny poses a
challenge in defining genotypes that both reflect their

hierarchical phylogenetic relationships and capture
potentially important circulating strains without having
too many nested levels of hierarchy in the nomenclature,
which would preclude wide adoption of the scheme. We
make a compromise by discarding the L2.2.1 and L2.2.2
nomenclature, similar to Rutaihwa et al. [30] and proposing
fifteen level-3 genotypes of L2.2 (Table 1). The criteria are
described in Methods. Briefly, a genotype must correspond
to a monophyletic clade with bootstrap support value at
least 90%, and must uniquely share at least one SNP (relative
to the reference H37Rv strain). Our scheme captures >98%
of L2.2 isolates. The remaining <2% are left as unclassified
Ancestral or Modern Beijing strains due to either insuf-
ficient phylogenetic structure or the number of isolates is
too small to confidently identify clade-specific SNPs. We
note that there are a few well-supported clades of Ancestral
Beijing strains with too few isolates (<10) that could emerge
as distinct genotypes when more genomes are added.

We next describe the nomenclature for L2.2 subline-
ages. Each genotype has a combination of capital letters
and numbers as a label for the level-3 classification. If a
genotype has been previously described, multiple letters
and numbers are used in a meaningful way, for instance, to
reflect the existing name. For example, we use L2.2.AA1 for
Asia Ancestral 1 [5]. For new Ancestral Beijing genotypes,
we use a single letter starting from A (e.g. L2.2.A, L2.2.B).
For Modern Beijing genotypes, we use the letter M followed
by a number (e.g. L2.2.M1, L2.2.M2). Further classification
of each genotype can be added at the fourth or fifth level if
appropriate (e.g. L2.2.AA3.1, L2.2.M1.1). This nomencla-
ture system is designed to be simple and human-readable,
compatible with existing genotypes, and extendible when
new genotypes are discovered.
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Fig. 2. Geographical distribution Mtb L2 by country and region. Pie charts show proportions of isolates from each location by sublineages.
Pie sizes are proportional to the total number of isolates from each location. An interactive version of this map is available online at

Microreact (https://microreact.org/project/4P2iPeBx1Y66TyJfojNM10).

Revised Ancestral Beijing genotypes

L2.2 is classified into nine Ancestral Beijing genotypes and
six modern Beijing genotypes (Table 1). We propose the
following names for the nine genotypes of Ancestral Beijing
strains: L2.2.AA1, L2.2.A, L2.2.AA2, L2.2.B, L2.2.AA3,
L2.2.C, L2.2.D, L2.2.E and L2.2.AA4 (in their cascading
branching order in the phylogeny in Fig. 1). L2.2.AA1
coincides with L2.2.2. The remaining eight clades share
the RD181 deletion and belong to L2.2.1 in the scheme of
Coll et al. [22].

L2.2.AA1 (Asia Ancestral 1) contains several distinct clades
associated with specific countries (Table S3, Fig. S2), such
as clades associated with South Korea/Japan, Indonesia and
South Africa. We find one Russian isolate (SRR6256978)
from Buryatia in eastern Siberia nested within a clade
consisted entirely of isolates from South Korea and Japan,
suggesting that L2.2.AA1 could have originated in East
Asian and spread to North Asia [47]. Moreover, L2.2.AA1
appears to be the most common strain (64%) among South
Korean isolates. One South Korean-majority clade coincides
with the Bmyc3 genotype [19], nested within Bmyc2. Bmyc3
has been associated with an outbreak strain in South Korea

known as the K strain [26, 48]. There is a large South African
clade with a distinct cascading structure, short terminal
branches and poor internal branch supports, indicative of
recent local outbreaks. This clade, referred to as AA1SA, is
also associated with highly drug-resistant strains that have
become endemic to South Africa [35]. Further classification
of AA1ISA has been described [35] but we did not observe
any clear phylogenetic structure of subclades of AAISA in
our dataset.

L2.2.A is the most basal clade of L2.2.1 and comprises isolates
almost entirely from Japan. The deep-branching structure of
L2.2.A is suggestive of a previously unrecognized endemic
strain.

12.2.AA2 (Asia Ancestral 2) contains isolates mostly from
China, Thailand and Japan, with two large clades, Thailand-
majority and Japan-majority. There is a small clade (#=9)
consisting entirely of isolates from western Asian coun-
tries (Georgia, Kazakhstan, Iran) and Russia, with a long
supporting branch. This clade is a part of a larger clade that
has been strongly associated with drug resistance (MDR and
XDR) in Russia [47, 49] (Fig. S3).
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Coll et al. [22] or Pacific RD150 in Shitikov et al. [26].

The rest of the phylogeny is the sister clade of L2.2.AA2
where isolates share the variant CGG/GGG at mutT4 codon
48 (4393590 C/G) [19]. L2.2.B is a small Bmyc6 clade with
a unique SIT250 spoligotype (000000000000371). There are
two other distinct Bmyc6 clades left unclassified Ancestral
2.2 (Beijing) since the numbers of isolates are too small
(<10).

12.2.AA3 (Asia Ancestral 3) is the most common genotype
among the Ancestral Beijing strains. It contains two major
clades, designated as L2.2.AA3.1 (Vietnam-majority) and
L2.2.AA3.2 (Thailand-majority), and a small basal clade of
only two isolates from Thailand. The two major clades are
Bmyc25, characterized by the variant 1477522 C/A at ogt
codon 37, while the basal isolates are Bmyc6 [26, 29]. Both
clades have smaller but comparable proportions of isolates
from China (25%) and Japan (10%).

We assign three small Bmyc26 clades L2.2.C, L2.2.D
and L2.2.E. L2.2.C is associated with Japan and South
Korea while L2.2.D and L2.2.E consist of mostly Chinese
isolates. A few Bmyc26 isolates have no strong phyloge-
netic structure and are left as unclassified Ancestral 2.2
(Beijing).

12.2.AA4 (Asia Ancestral 4) represents the final major clade
of Ancestral Beijing strains before transitioning to Modern
Beijing strains. It is dominated by Thai isolates (~70%),
with small proportions of isolates from China and Vietnam.
It is probably associated with ethnic minority groups who
distribute in the three countries [29]. L2.2.AA4 has the
nonsynonymous variant GGA/CGA at mutT2 codon 58
(1286766 G/C) previously thought to be specific to Modern
Beijing strains but lack the synonymous variant GGG/GGA
at ogt codon 12 (1477596 C/T) shared by all Modern Beijing
isolates.

Six major clades of Modern Beijing genotypes

The phylogenetic tree of Modern Beijing strains is star-like,
suggestive of recent population expansions. Seven major
genotypes have been described previously: Asian African
1-3, Bmyc22, Pacific RD150, Central Asian, and Europe/
Russia BO/W148 [5, 26, 30]. Our results suggested that
most of the Modern Beijing strains can be clustered into
six well-supported clades, labelled L2.2.M1-1L2.2.M6, where
'M' designates 'Modern Beijing'. All previously described
genotypes fall into five of these clades while L2.2.M5 does
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not appear to contain any known genotype (Table 1). This
six-group scheme is able to identify ~99% of the Modern
Beijing isolates (L2.2.M1 23%, L2.2.M2 24%, L2.2.M3 10%,
12.2.M4 27.5%, L2.2.M5 5.5% and L2.2.M6 9%), with ~1%
of the isolates remain as unclassified Modern Beijing strains.
Four clades, L2.2.M1, L2.2.M2, L2.2.M4 and L2.2.M6, are
further classified into subclades at the fourth level. L2.2.M1
and L2.2.M4 have some isolates left unassigned at the fourth
level due to poor phylogenetic resolution (18/670=3% of
L2.2.M1 and 199/794=25% of L2.2.M4).

L2.2.M1 contains four subclades: 1L2.2.M1.1-L2.2.M1.4.
L2.2.M1.1 coincides with the Pacific RD150 genotype [5],
also called L2.2.1.1 [22], characterized by the deletion of
RD150. It is the main subclade of L2.2.M1 (422/672=63%)
and is present in several countries around the Indian Ocean
and in the Pacific Ocean (Table S3, Fig. S2). Its geographical
distribution is more widespread than previously thought
[5, 26], with high prevalence in East Asia and mainland
Southeast Asia. Basal L2.2.M1.1 isolates tend to come from
China whereas more terminal isolates are mainly from Thai-
land and Vietnam. Two notable large subclades could be
associated with local outbreaks, one in Papua New Guinea
and another in South Africa. The remaining three subclades,
12.2.M1.2-12.2.M1.4, are dominated by isolates from China
and Vietnam. L2.2.M1.3 also contains a large Vietnamese
clade.

L2.2.M2 is Asian African 2 [5]. It has a distinct long
supporting branch compared with other M clades and clear
within-clade separation into five subclades, designated as
[2.2.M2.1-12.2.M2.5. 1L2.2.M2.4 is a small clade of mostly
Chinese isolates. The other four clades have substantial
proportions of isolates from China, Vietnam, Thailand and
South Africa, and contain large clades associated with each
country. L2.2.M2.5 includes the so-called L2.2.1.2 as a small
clade (25/146=14% of 12.2.M2.5), defined based on the
shared RD142 deletion (~2.85kb) [22]. Bmyc18 [19] forms
a small clade within RD142 (18 out of 25), and is thus not
synonymous with RD142 as previously suggested [26]. We
do not assign a specific genotype for this group since it only
constitutes a small fraction of L2.2.M2.5, with surprisingly
little geographic specificity.

L2.2.M3 is Asian African 3 [26]. A few basal isolates are
Bmycl0 while the rest of the clade are Bmyc13 [26, 29].
L2.2.M3 contains three major clades, each of which is associ-
ated with a specific country: China, Vietnam and Thailand.
The Thai clade consists exclusively of samples from Thailand
forming a large genomic cluster that could represent recent
MDR outbreaks in Thailand [50]. All African isolates in
12.2.M3 come from Malawi in our dataset.

L2.2.M4 is the largest and the most diverse Modern clade, with
several outbreak strains associated with distinct geography.
We further assign nine genotypes: 1L2.2.M4.1-12.2.M4.9,
three of which have been described in the literature: L2.2.M4.1
(Bmyc22 [19, 29]), L2.2.M4.5 (Europe/Russia BO/W148
[4, 5,51]) and L2.2.M4.9 (Central Asian [4, 5]). These clades
are extended to include more basal isolates when possible.
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The subclades of L2.2.M4 tend to show high geographic speci-
ficity and short terminal branches. For example, 1L.2.2.M4.5
and L2.2.M4.9 are the only two L2 genotypes with high
prevalence in Central Asia, Russia and Eastern Europe but
are uncommon elsewhere, whereas L2.2.M4.4 and L2.2.M4.8
are mainly associated with Africa. 25% (199/794) of L2.2.M4
isolates, mostly from China, are still left as unclassified.

L2.2.M4.5 consists of two clades: Europe/Russia BO/W148
[4, 5, 51], which is Bmyc12 (Fig. S1), and a small Bmyc10
clade of isolates from China. Other synonymous names of
Europe/Russia BO/W148 include Clade B [12], East European
2 [4] and Clonal Complex 2 (CC2) [5]. It likely originated in
Siberia in North Asia and spread across Central Asia, Russia
and countries associated with the former Soviet Union [52].
12.2.M4.9 is the Central Asian clade or Clonal Complex 1
(CC1) [5], also known as East European 1 [4], Central Asian/
Russian and 94-32 cluster [53, 54]. Similar to L2.2.M4.5,
it is geographically restricted to Central Asia, Russia and
Eastern Europe, but with higher prevalence in Central Asia
compared with L2.2.M4.5. It contains two major subclades:
(i) L2.2.M4.9.1, known as the Central Asia Outbreak (CAO),
which is more prevalent in Central Asian countries (such
as Kazakhstan and Uzbekistan) [55], and (ii) L2.2.M4.9.2,
known as Clade A, which is more prevalent in Russia and
Eastern Europe [12] (Fig. S2).

The remaining L2.2.M4 subclades are smaller and more
geographically restricted. L2.2.M4.1 and L2.2.M4.2 are sister
clades. L2.2.M4.1 mainly comprises Bmyc22 (37/41=90%)
and a few basal Bmyc10 isolates. Most isolates are from Thai-
land which associated with HIV infection [29]. L2.2.M4.2
is specific to Thailand and could represent a local outbreak
cluster. L2.2.M4.3, L2.2.M4.6 and L2.2.M4.8 are dominated
by isolates from China and tend to have long terminal
branches, suggesting their long-term presence in East Asia.
L2.2.M4.6 contains a Vietnamese clade while L2.2.M4.8
contains a large clade associated with several African coun-
tries including South Africa, Mozambique and Malawi.
L2.2.M4.4 is a large South African clade, with one basal
isolate from Myanmar, suggesting a possible introduction
from Asia. L2.2.M4.7 is Nepal-majority (34/58=59%) and
contains a small Thai subclade.

Finally, L2.2.M5 and L2.2.M6 are relatively small Modern
clades with isolates mostly from Vietnam, Thailand and
China. Both also contain several African clades nested among
Asian isolates. 1L2.2.M6 consists of two subclades, L.2.2.M6.1
and L2.2.M6.2. L2.2.M6.1 is previously described as Asian
African 1 [5].

Population diversity and divergence

To characterize the genetic diversity within and between
the proposed genotypes, we calculated several summary
statistics for each genotype and for pairs of genotypes.
For most genotypes, the nucleotide diversity is 0.003 %
on average (Fig. S4), compared with ~0.01 % for main Mtb
lineages (L1-L7) [20]. Early branching genotypes such as
L2.1, L2.2.AA1 and L2.2.A have the highest nucleotide
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diversity, ~0.006 %, while L2.2.M4.1 (Bmyc22), L2.2.M4.2
(Thailand), L2.2.M4.4 (South Africa) and L2.2.M4.5
(Europe/Russia B0O/W148) subclades of L2.2.M4 have
the lowest diversity of about 0.001% or lower. Pairwise
SNP distances between isolates, averaged within and
across genotypes, indicate a clear distinction between
four groups of genotypes: L2.1, early Ancestral Beijing
genotypes (L2.2.AA1 and L2.2.A), remaining Ancestral
Beijing genotypes and Modern Beijing genotypes (Fig.
S5a-c, Table S4). The median pairwise SNP distances
between genotypes for these four groups are as follows:
~800-900 SNPs between L2.1 and L2.2, ~400-500 SNPs
for between the early Ancestral Beijing genotypes and the
other L2.2, 300 SNPs between the rest of Ancestral Beijing
and Modern Beijing genotypes, and ~200 SNPs among the
Modern Beijing genotypes. Within genotypes, the pairwise
SNP distances are around 100-200 on average.

We further investigate genetic differentiation between
genotypes from genome-wide average of the fixation index
(F,,) between genotypes and principal components analysis
(PCA) of 4,425 isolates. We find relatively high F__ across
genotypes, with L2.1 being most differentiated from other
genotypes (F,. ~0.7) (Fig. S6a). The Modern Beijing geno-
types are more genetically similar to each other (F, ~0.2).
Exceptions are clades with a long supporting branch and
short terminal branches such as 1L.2.2.M4.2, 1.2.2.M4.4 and
L2.2.M4.5 (see Fig. 1), which are more differentiated from
other Modern Beijing genotypes (F,, ~0.5-0.6). Ancestral
Beijing genotypes tend to have intermediate F, values
of ~0.4-0.5. PCA confirms strong clustering of isolates by
genotype, particularly L2.1 and Ancestral Beijing genotypes
(Fig. S6b), consistent with the observed patterns from the
phylogeny (Fig. 1) and other summary statistics (Fig. S5).
PCA on the Modern Beijing strains supports clustering of
the six genotypes 1L.2.2.M1-L2.2.M6 (Fig. S6¢).

Geographical distribution of Mtb L2 genotypes

We observe geographic specificity among Mtb L2 strains
(Figs 2 and S2). Isolates from China, Thailand and Vietnam
tend to be basal in the phylogeny, suggesting the long-
term presence of diverse L2 strains in the region. Japan
and South Korea have higher prevalence of Ancestral
Beijing strains, especially L2.2.A and L2.2.C. L2.2.M4
clades show strongest geographical clustering, including
two well-known Europe/Russia/Central Asia-majority
clades L2.2.M4.5 (Europe/Russia BO/W145) and L2.2.M4.9
(Central Asian), two Africa-majority clades (L2.2.M4.4
and L2.2.M4.8), a Nepal-majority clade (L2.2.M4.7) and
two Thailand-majority clades (L2.2.M4.1 and L2.2.M4.2).
African isolates were present in all six Modern Beijing
clades (L2.2.M1-L2.2.M6), and L2.2.AAl. They always
appear as tip clades, suggesting multiple introductions of
L2 strains from Asia into Africa, most likely via maritime
trade routes [25, 30]. We caution that non-systematic
sampling of the isolates can bias inference about the
geographic composition of genotypes.
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Genomic clusters across L2 phylogeny

To gain insights into possible transmission and outbreak clus-
ters of Mtb L2, we identify genomic clusters on the phylogeny
as clades that include isolates linked by at most 12 SNP
differences [40, 41]. We find that 1065 isolates grouped into
250 clusters, with median cluster size of two isolates (Table
S5). Only thirteen clusters have at least ten isolates (Fig. S7).
Each cluster was always from a single country. There is no
clear association between genotype and cluster size or the
number of cluster. The six largest clusters (>30 isolates) are
belong to different genotypes in both Ancestral and Modern
Beijing groups (L2.2.AA1, L2.2.AA3.2, 12.2.M3, L2.2.M4 4,
L2.2.M2.3, and 1L.2.2.M4.2) and are from two countries: Thai-
land and South Africa (Table S5, Fig. S8).

Revised SNP-based genotyping scheme for Mtb L2

We identify SNPs specific to each genotype of Mtb L2 at three
hierarchical levels when applicable (Table 1). The numbers of
genotype-specific SNPs are in Table S6. The full list is in Table
S7. We also select a few SNPs as genotyping (or barcoding)
SNPs for each genotype based on properties of the variants
that tend to be evolutionarily stable as well as consistency with
existing schemes. In particular, we prefer synonymous SNPs
in T cell epitopes, in essential genes or in the third codon
position. These genotyping SNPs are indicated in the column
'barcoding' in Table S7. The barcoding SNPs for each genotype
were summarized in Table S8.

Validation of the genotyping scheme

We validated the proposed genotyping scheme (Table S7) on
an independent test set of 1,207 isolates as, representing 32
countries from Asia, Africa, Europe and Americas (Table S1).
The genotype identity was confirmed via phylogenetic tree
inference of isolates from both discovery and test sets (Fig.
S9). All genotypes are recovered as well-supported clades
in the phylogeny of the combined dataset, demonstrating
the stability of our genotypes. From the test set, we identify
most of the genotypes in our proposed scheme, the majority
(87%) of which are Modern Beijing strains (Table S9). Only
six isolates (0.5%), all from Asia, are unclassified L2.2 strains
in our scheme, in contrast with 180 isolates (15%) based on
existing schemes. Genotypes not present in the test set are
12.2.B, L2.2.D, L2.2.M4.4 and L2.2.M4.6. These clades are
small or specific to regions not included in the test set.

DISCUSSION

Here, we provide a revised hierarchical genotyping scheme for
Mtb L2 based on phylogenetic and population genetic analyses
of a collection of isolates representative of the endemic areas
in Asia, Eastern Europe, Africa and Oceania. This collection
is significantly more diverse than the previous works. Our
nomenclature system is designed to capture the hierarchical
relationships between genotypes while being human-readable
as well as being backward compatible with genotypes defined
based on genetic and epidemiological evidence. It classifies
L2 into two genotypes at the second level of the hierarchy, 15
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genotypes at the third level, 22 genotypes at the fourth level
and two genotypes at the fifth level (Table 1). This represents
a substantial improvement over existing genotyping schemes
in terms of coverage: over 98% of the studied L2 instead of just
under 75% in the discovery set (n=4,425) (Fig. 3), and 99.5%
versus 85% in an independent test set of globally diverse
strains (1=1,207).

In order to facilitate rapid identification of L2 sublineages,
we summarize the proposed barcoding SNPs in Table S8.
Although it is not always necessary, barcoding of every
level of classification should be identified. As new variants
of M. tuberculosis are likely to emerge, confirmation of the
barcoding results with the whole set of sublineage specific
SNPs should be considered, especially for isolates from the
countries that WGS data are still scarce.

Since the Beijing strains are possibly expanding, as exempli-
fied by several country-associated clades, it is possible that
more widespread applications of WGS will lead to discovery
of new large clades. The genomic framework presented here
can be updated and extended to include new genotypes as they
emerge or more data are collected. The finding that L2.2.M4
encompasses isolates from highly diverse regions, including
several well-known genotypes associated with outbreaks or
drug resistance that are distributed over all the studied areas,
suggests intriguing properties of the L2.2.M4 genotypes that
deserve further investigation.

One major limitation of our work is the sampling bias. We
relied mainly on publically available WGS data and previ-
ously published reports, and the majority of isolates were
from China, Vietnam and Thailand. Non-systematic sampling
across geographic regions can bias inference about geographic
composition (Fig. S2) and spread of genotypes. More WGS
data from under-represented countries and regions such as
Myanmar, Laos, Cambodia, Indonesia, many African coun-
tries, as well as South Asian countries where TB incidence
is highest, may uncover more phylogenetic structure and
new genotypes. As another limitation, we did not investigate
genotype-specific insertions or deletions. Some large deletions
have traditionally been used to classify L2 strains into a few
groups [14, 22], but there could be more. Finally, our geno-
typing scheme could be refined and improved with more data,
including WGS, epidemiological and clinical data, to support
the significance of genotypes beyond population and phyloge-
netic structure. For instance, there are clear distinct subclades
within several genotypes including L2.2.AA3, 1L2.2.M3 and
L2.2.M4.9, some of which could potentially be associated
with local outbreaks (Fig. S7) or multidrug resistance. In this
case, new genotypes could be added by continuing the current
nomenclature, e.g. L2.2.AA3.1.1, L2.2.M3.1 or L2.2.M4.9.3.

With increasing routine use of whole-genome sequencing of
Mtb, our genotyping and nomenclature framework provides
a solution to genotyping of globally diverse Mtb L2 strains.
Having such a fine-scale genotyping scheme opens up oppor-
tunities for enriched comparisons between studies, improving
surveillance of transmission and possibly detecting the
spread of drug resistant strains. This can also lead to better
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understanding of local strain diversity in a global framework,
more meaningful interpretations of WGS data in clinical and
public health settings, better genotype-phenotype associa-
tions, better design of drugs and vaccines, as well as improve-
ments in designing and implementing TB control strategies
tailored to local contexts. Detailed genotyping can also be
useful for further genomic investigation, such as homoplastic
mutation identification [56].
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