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Abstract

Leprosy, caused by Mycobacterium leprae and Mycobacterium lepromatosis, remains a significant global health issue despite a tremendous
decline in its worldwide prevalence in the last four decades. Mycobacterium leprae strains possess very limited genetic variability,
making it difficult to distinguish them using traditional genotyping tools. Successful genome sequencing of a considerable number
of M. leprae strains in the recent past has allowed development of improved genotyping tools for the molecular epidemiology of
leprosy. Comparative genomics has identified distinct M. leprae genotypes and revealed their characteristic genomic markers. This
review summarizes the progress made in M. leprae genomics, with special emphasis on the development of genotyping schemes.
Further, an updated genotyping scheme is introduced that also includes the newly reported genotypes 1B_Bangladesh, 1D_Malagasy,
3K-0/3K-1, 3Q and 4N/O. Additionally, genotype-specific markers (single nucleotide polymorphisms, Insertion/Deletion) have been
incorporated into the typing scheme for the first time to enable differentiation of closely related strains. This will be particularly
useful for geographic regions where M. leprae strains characterized by a small number of genotypes are predominant. The detailed
compilation of genomic markers will also enable accurate identification of M. leprae genotypes, using targeted analysis of variable
regions. Such markers are good candidates for developing artificial intelligence-based algorithms for classifying M. leprae genomic

datasets.
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Introduction

Leprosy is regarded as one of the earliest infectious diseases ever
known to mankind (Bennett et al. 2008, Santacroce et al. 2021).
Leprosy primarily affects peripheral nerves, skin, mucosal mem-
branes, and eyes (Bhat and Prakash 2012, Eichelmann et al. 2013).
Mycobacterium leprae and Mycobacterium lepromatosis are the two
known causative agents of leprosy (Han et al. 2014, Deps and
Collin 2021). There is a general perception that leprosy is mostly a
disease of the past. However, global statistics reveal that ~200 000
new cases are recorded annually worldwide. The latest report
from the World Health Organization (WHO) recorded 182 815 new
leprosy cases worldwide in 2023, which reflects a 5% increase from
2022. Looking at the data for the last 10 years (2014 to 2023), the
total number of cases detected annually has declined by 14.6%. In
India, leprosy remains a significant health issue, with cases rising
to 135485 in 2016, then suddenly dropping to 65147 in 2020 due
to under-detection during the COVID-19 lockdown. This number
increased to 107 851 by 2023. This fluctuation mirrors patterns in
countries like Brazil, South Sudan, and Sri Lanka. The COVID-19
pandemic further complicated leprosy programs globally, reduc-
ing detection rates significantly. Since then, increased case report-
ing has been observed, emphasizing the need for sustained efforts,

particularly in priority regions where 95.7% of new cases are re-
ported (WHO 2024).

Looking at historical and documentary evidence of leprosy
shows that the earliest recorded description of leprosy is in the
1550 bce in Egyptian papyri and 600 bce in the Indian Sushruta
Samhita (Robbins et al. 2009, Kohler et al. 2017, Pfrengle et al. 2021,
Vedam et al. 2021). The earliest skeletal remains of leprosy were
found in Hungary (~5700 years old) and in India (~4000 years old)
(Robbins et al. 2009, Kohler et al. 2017, Roberts 2018). It should be
noted, however, that no M. leprae DNA could be detected in these
specimens (Haas et al. 2000, Suzuki et al. 2010), most likely due to
poor preservation of the DNA in these samples (Suzuki et al. 2014).

Mycobacterium leprae remains uncultivated on any artificial
medium, making it difficult to perform simple microbiological in-
vestigations such as drug susceptibility testing or cloning and ex-
pression (Maeda et al. 2001, Williams and Gillis 2004, Scollard et
al. 2006, Avanzi et al. 2020). The desperate efforts to cultivate M.
leprae have remained futile. The genomics-based clues into the bi-
ology of this bacterium have therefore been invaluable. The ge-
nomic sequencing of M. leprae TN, a strain from Tamil Nadu, India
(Cole et al. 2001) was, therefore, a significant milestone that of-
fered new promises to almost all fields of leprosy research and
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even beyond. Molecular and immunodiagnostics of leprosy bacil-
lus, efforts for designing vaccines, and identification of potential
drug targets, etc., are some of the examples of the fields where
the genomic insights were very helpful (Cole et al. 2000, 2001,
Eiglmeier et al. 2001a, 2001b, Vissa and Brennan 2001). There-
fore, the genomics of leprosy bacilli successfully demonstrates
the value of genomic tools when traditional microbiological pro-
cedures are not applicable or practicable, such as in the case of
uncultivated organisms, archived samples, or where biohazard-
and/or transportation-related concerns preclude the possibility of
cultivation (Avanzi et al. 2020, Sharma et al. 2020).

There have been significant advances in our understanding
of the genome composition and association with the biology of
leprosy bacilli in the last two decades. A large number of M.
leprae strains have been sequenced and their comparative ge-
nomic analysis has revealed many new genomic markers that
have helped to advance further in the field the molecular epi-
demiology of leprosy (Vissa and Brennan 2001, Monot et al. 2005,
2009, da Silva Rocha et al. 2011, Kuruwa et al. 2012, Lavania et
al. 2018, Das et al. 2020), as well as molecular drug susceptibil-
ity testing (MDST) (Maeda et al. 2001, Cambau et al. 2002, Singh
and Cole 2011, Benjak et al. 2018, Cambau et al. 2018, Lavania et
al. 2018). There have also been significant advances in the field of
the comparative genomics, phylogeny, and phylogeography of M.
leprae as more genome sequences became available for compar-
ison, allowing the development of different genotyping schemes
to differentiate M. leprae strains (Brosch et al. 2000, Matsuoka et
al. 2004, Singh et al. 2015, Urban et al. 2024). Even although the
single nucleotide polymorphism (SNP)-typing scheme of M. leprae
strains was proposed based on a very limited number of strains,
it has remained valid over time, and most of the conclusions and
classifications are still valid (Singh and Cole 2011, Williams and
Gillis 2012, Avanzi et al. 2016, 2020). However, there is a need for an
update in the genotyping scheme, as more M. leprae genomes from
different regions of the world have become available and their
comparative genomic analysis has helped in identifying newer
subtypes of M. leprae, which are not included in the existing meth-
ods of M. leprae genotyping.

This review aims to summarize these updates in genotyping
schemes and presents an overview of genomic variability in M.
leprae strains. In addition, we have also compiled the genomic
variability data to identify genomic markers specific to various
genotypes, including the ones which have been identified and de-
scribed in recent years.

Discovery of the leprosy bacillus

Discovery of Mycobacterium leprae

The Norwegian doctor Daniel Cornelius Danielssen (1815-94) is
regarded as an early researcher in the field of leprosy research.
Danielssen was determined to find the source of leprosy because
he thought the condition was inherited and was not a communi-
cable disease. Danielssen’s protégé and eventual son-in-law, Ger-
hard Armauer Hansen, who began working with Danielssen in
1868, had the opinion that microbes were the root cause of the
leprosy disease. Despite Danielssen’s refusal to accept the bacil-
lus as the causative agent of leprosy, Hansen later identified M.
leprae as the primary agent of the disease, due to which leprosy
is also known as Hansen’s disease. Hansen discovered the bac-
terium using histological examination, staining methods, and mi-
croscopy. The disease’s neurological symptoms are explained by
the bacterium’s affinity for nerve tissues, which Hansen also ob-

served. After the leprosy bacillus was discovered, early scientists
were curious as to why M. leprae had a neurological affinity. Be-
fore this discovery, leprosy was primarily believed to be a genetic
disease. Therefore, identifying a microbial cause for leprosy was
a revolutionary finding. Indeed, leprosy is one of the earliest hu-
man diseases to be associated with any bacterial agent (Festskrift
1973, Jay 2000, Marmor 2002, Grzybowski et al. 2013, Hegde et al.
2015). This finding paved the way for the development of diag-
nostic tests, detection of pathogen transmission, and enabled re-
search into therapeutic interventions. With this discovery, a sig-
nificant focus on cultivating M. leprae in the artificial medium also
began, which has so far remained futile. This inability has been a
major obstacle in carrying out research into the basic biology of
this organism (Rambukkana 2001, Levy and Baohong 2006, Lahiri
and Adams 2016).

A collection of clinical and histological studies from leprosy pa-
tients spanning the whole clinical range led to the discovery that
M. leprae specifically targets Schwann cells in peripheral nerves
(Drevets et al. 2004, Jessen et al. 2015, Hess and Rambukkana
2019). The ability of leprosy bacilli to adapt to intracellular par-
asitism, long-term survival inside its host cells, and peripheral
nerve predilection, are some of the peculiar features of their bi-
ology. By their affinity for Schwann cells of peripheral nerves, lep-
rosy bacilli avail substantial advantages in survival and patho-
genesis: it gives access to bacteria to circulate in an area that
the host’s immune system is unable to reach (Ooi et al. 2004,
Tapinos and Rambukkana 2005, Scollard 2008, Scollard et al. 2015,
Mietto et al. 2020). It also permits the bacillus to multiply in-
definitely because the Schwann cell lacks antimicrobial cellular
machinery.

The successful sequencing of the M. leprae genome has also
provided new insights into the fundamental aspects of the biol-
ogy of this bacteria (Cole et al. 2001, Eiglmeier et al. 2001). The
genomes of Mycobacterium tuberculosis H37Rv (Cole et al. 1998) and
M. leprae TN were compared (Cole et al. 1998, Brosch et al. 2000,
Cole et al. 2001, Cole 2002), and it was found that the M. leprae
genome is much smaller than that of M. tuberculosis, suggesting
a loss of ~1000 genes (Table 1). Nevertheless, the remaining func-
tional genes of M. leprae are still capable of allowing the bacterium
to adapt to intracellular parasitism and long-term survival (Oré et
al. 2001, Suzuki et al. 2006, Singh and Cole 2011).

Genomics features of leprosy bacilli and other related my-
cobacterial pathogens were retrieved from the National Center for
Biotechnology Information (NCBI) database, where genome anno-
tations have been updated using the NCBI Prokaryotic Genome
Annotation Pipeline. In Table 1, the genome assembly size of the
MRHRU-G-235 strain is shown to be ~80 Kb smaller compared
with other complete genomes of M. leprae (TN, Br4923, and Kyoto-
2). This is most probably due to incomplete assembly/coverage of
the M. leprae strain MRHRU-235-G.

As can be seen from Table 1, the genome size of M. leprae strains
and M. lepromatosis strains are ~3.2 Mb while other related my-
cobacterial pathogens have genome sizes of >4 Mb with the only
exception being the genome assembly of Mycobacterium uberis Jura
strain where the currently assembled genome is represented in
the form of 54 contigs totaling to 3.1 Mb (Benjak et al. 2018).
Mycobacterium uberisis the closest mycobacterial relative of lep-
rosy bacilli, M. leprae, and M. lepromatosis (Pin et al. 2014) and also
shows evidence of reductive evolution. However, a closed circu-
lar genome of M. uberis is not yet available and thus the actual
genome size cannot be stated accurately at present.

The total number of genes in the M. leprae and M. lepromato-
sis species is ~3000, with ~2300 protein coding genes and ~700



3

Ansari et al.

"awouad ur saseq (D) autsolfd pue (9) sutuens jo aSejusdiad Y], :DDY 'surens avida] ‘Jy Jo sswouad pariodar Asnotaid oY) ULy} IS[[EWS YDNUI ST 3T S 339[dWodUT 9q 0} SWads (qIN 8T°€) 921 A[quIasse
swouad H-5ez-NMHIN :y 21481 SA0QE S} Ul P2IIALI0D Us3q SBY SIY, “UOTIBIOUUE [BUISLIO 3Y) Ul PAUOTIUSUI 219M $3U33 YNYI 0M] ATUO SN pue (810¢ 'Te 12 Feluag) sauad Surpod-ursioid Jo ISI[ SU) Ul UMOUS IST[IES SeM U3
VNI S9T 9yl * ‘paysiqnd jou A[quIasse swious :,, SUOTBIASIGQY "PIUONIUSUL S SI9qWINU SNU0D 19U} PUB PIUIISPUN 1€ SIWOSOUIOIYD IB[NDID 939[dWod Ytm J0U ST A[qUISSSE UDTYM 10 SUTBIIS WINLI9I0BGOIAUT Y],

8661 '€ 19 30D CASES6TINSY T S'S9 4 Sy € 0¢ 906¢ 800¥% ceSTIvY AY/EH Siso[naloqni ‘N
S10C T
1B O[[sUEINL EACTOPEINSY T 6°€9 € Sy € 0/¢ 1cLe (474014 S9/SeCy $£9 ¥ INSA wnydowavy W
810¢
Te 39 yelusg TAQLBOVENSY %S S'LS € 44 *¢ 109 8¢C €e0¢e TecLect e eIn( suaqn ‘W
S10¢C
Te 32 y3uis TASE996NSY r 68'LS € 9% € /69 9/C¢C SC0g ¥/ 90¢C € V- TXIN
(444 surens
‘Te 13 BATIS CA9CSLEINSY T 68'LS € 4 € 9/9 /[8¢EC Site Y69 1/C ¢ yeeld s1soypuwioda] ‘I
v I9DN TA//ESCENSY T 8/S < St < /19 9vce v/6¢C #CL1 /81 ¢ D-Se¢-MIHIN
€10C 'Te 19 ETY TAC/V8SENSY T 8'/S € Sy € 089 96¢¢C £20¢ ¢C189¢C ¢ z-01043
189 566 / av1da)]
v I9DN TAE88YITINSY 1T 8'/S € Sy € 1L ¥Sec 911¢ 955 99¢ € Wnw2120qodA N
609 SCT € av1da]
v I9DN TA6FESOTINSY T 8'/S € Sy € 69 861¢C ¥6¢ 0¢v 99¢ € wWnw2120qodAp
600¢
‘T8 13 J0UOI TA899ZINSV T 8'/S ¢ S € 69/ 1€TC 1S6C 1/0 89 € cz6vId
surens
100¢ ‘e 1= 310D TAG8S6TINSY T 8°/S € Sy € €89 ¥91¢ 868¢ €0C 89¢ € NI avida] ‘N
S9DUSISJRY ar Ajquisssy s3nuod 'oN 1UDU0D sauad VNI sauasd sauasd sauadop (sap) seuad saua3 [e10], (dq) az1s
awouad 1gON 2D Y% urpoo-uou VN VNYI -nasd gD  Surpod ur01g swousn
™y10

S9.injesj diousH

sa1ads WNLIRIBqOdAN

‘(Fzoz 1sn8ny ‘oseqerep bagiay 1gDN :921n0s) suadoyied [BLI810BGOIATI Pale[al IS0 PUE I[[10eq £s01daT JO UOTIBIOUUE 9WOUS3 oYL *T S[qeL



4 | FEMS Microbiology Reviews, 2025, Vol. 49

pseudogenes. A comparable number has been observed for M.
uberis. The other related mycobacterium pathogens M. tuberculosis
and Mycobacterium haemophilumhave ~4000 genes each, with 3721
and 3900 protein-coding genes, while the pseudogene number is
only 30 and 270, respectively. This indicates evidence of reduc-
tive evolution and genome downsizing in M. leprae, M. lepromato-
sis, and M. uberis. In all these mycobacterial species, the rRNA,
tRNA, and other non-coding RNA genes numbers remain identi-
cal. Likewise, the GC content of these reductively evolved species
is ~57.8%, while in other mycobacterial pathogens it is ~65%
(Table 1).

Pseudogenes and intergenic regions, dormant reading frames
that have functional equivalents in other mycobacteria, and reg-
ulatory sequences make up 49.5% of the total genome of M. leprae.
Our knowledge of the physiology, pathophysiology, and genetics of
M. leprae has improved because of the availability of genome se-
quence analysis and annotations. This knowledge is also helpful
for developing molecular epidemiology tools and improved diag-
nostics for tracking drug-resistance trends and transmission dy-
namics (Singh and Cole 2011, Williams and Gillis 2012, Avanzi
et al. 2016, 2020). As per the current curated annotation avail-
able at the NCBI (accessed on 15 August 2024), the genomic fea-
tures of the reference strains of M. leprae (genome assembly ID
ASM19585v1), M. lepromatosis (ASM97526v2), and other closely re-
lated mycobacterial pathogens are shown in Table 1.

Evidence of reductive evolution and genome downsizing is vis-
ible for both the leprosy bacilli (M. leprae and M. lepromatosis)
as well as for M. uberis, which is a closely related uncultivated
mycobacterial species (Table 1). The loss of several metabolic
pathways and loss of redundancy are characteristic features of
these pathogens. Reductive evolution is typically distinguished
by the large number of pseudogenes, a build-up of insertion se-
quence (IS) elements, and a decreased G + C content (Oré et al.
2001, Gomez-Valero et al. 2007). These traits may indicate evo-
lution via an evolutionary bottleneck and the minimum gene
set for maintenance of the pathogenic mycobacterium might
have been spontaneously determined by this process. Interest-
ingly, the G + C content of the genes belonging to M. leprae is
higher (60.1%) than that of the pseudogenes (56.5%) and the re-
maining genome (54.5%). Cytosine deamination in non-coding ar-
eas may have resulted in more neutral G + C content in leprosy
bacilli and M. uberis. In other mycobacteria species, high G + C
content appears to be driven by active gene codon preference
(Cole et al. 2001).

Mycobacterium lepromatosis, a newly identified
causative agent of leprosy

Leprosy has been exclusively associated with M. leprae since 1873.
However, a new mycobacterial species named M. lepromatosis was
found to be the causative agent in two Mexican patients affected
with leprosy and that died with diffuse lepromatous leprosy in
2008 (Han et al. 2008). The initial report described the sequences
of 20 genes of M. lepromatosis including 16S rRNA, rpoB, and rpoT
genes (Han et al. 2009), and revealed ~90% similarity with the cor-
responding M. leprae sequences. This is in stark contrast to the
very high level of genome conservation between M. leprae strains
(>99.995%). The first independent confirmation of the existence
of M. lepromatosis was then described in a Mexican patient (Vera-
Cabrera et al. 2011) and this sample was later used for whole
genome sequencing (WGS) that yielded 126 contigs and a genome
assembly size of ~3.20 Mb (Singh et al. 2015). Upon comparing
the sequences of the M. lepromatosis Mx1-22 strain with the M.

leprae TN genome, 90.9% identity at the genome level was ob-
served. It was interesting to note that the genetic identity be-
tween both species was relatively higher in the protein-coding se-
quences (93%) compared with the pseudogenes (82%) (Han et al.
2009, Singh et al. 2015), indicating that the SNPs are more eas-
ily tolerated in non-coding regions or pseudogenes in contrast to
those in the coding regions.

Upon comparative genomics analysis of M. leprae and M. lepro-
matosis, species-specific genomic regions were also detected, e.g.
HemW (earlier annotated as HemN) (Dwivedi et al. 2021, Sharma
et al. 2021), which is present in M. lepromatosis (but absent in M.
leprae) and has served as a specific diagnostic marker and al-
lowed for screening of M. lepromatosis in the archived samples
(Singh et al. 2015). Later on, a simple sequencing independent as-
say for simultaneous detection and differentiation of M. leprae and
M. lepromatosis was developed that was based on a 45 base dele-
tion in the rpoT gene of M. leprae compared with that in M. lep-
romatosis (Dwivedi et al. 2021), which can be visualized by sim-
ple PCR-agarose gel electrophoresis. However, the rpoT and hemW
genes are present in a single copy in the genomes of both species.
Therefore, identification of a multicopy repetitive sequence (simi-
lar to the RLEP repetitive element in M. leprae) could increase sen-
sitivity during the screening of M. lepromatosis and will be use-
ful in determining its true prevalence and distribution, which is
possible only upon availability of a closed circular genome of
M. lepromatosis.

Subsequently, a major development took place when M. lepro-
matosis was isolated from a Costa Rican patient and successfully
passaged in nude mice (Sharma et al. 2020). This strain, named M.
lepromatosis NHDP-385, was also analyzed by WGS, which yielded
a second genome composed of 77 large and 26 small contigs and
comparable genome size (3.26 Mb), as previously reported for
other M. leprae and M. lepromatosis strains. Following the discov-
ery of the first repetitive region associated with M. lepromatosis
(initially named as RLPM, which was later on renamed as LPM-
REP) by WGS, a sensitive and species-specific real-time qPCR tech-
nique was developed and validated (Sharma et al. 2020). Target-
ing these sequences, the pathogen was found in 42% of leprosy
patients (15/36) in Mexico and among 4% of patients in the USA
(3/72). Co-infection with M. leprae and M. lepromatosis was observed
among 11% of patients in Mexico (Sharma et al. 2020). Previously
also, high co-infection rates have been reported based on the
primers targeting the species-specific polymorphisms in the 16S
TRNA gene. However, in most of these initial reports, the resul-
tant amplicons were not sequenced, and detection was primarily
based on the appearance of the target amplicon using M. leprae or
M. lepromatosis specific primers.

This very much awaited development took place when the
complete circular genome of M. lepromatosis FJ924 was described
in 2022. Having this complete circular genome also allowed the
identification of four families of repetitive sequences in M. lepro-
matosis FJ924, which were named RLPM (38 copies), LPMREP (eight
copies), REPLPM (eight copies), and LPMREP (six copies) (Silva et
al. 2022). This nomenclature follows the same pattern as for M.
leprae. The copy number, average length, and percentage identity
between conserved parts of these elements are shown in Fig. 1.
The knowledge about copy numbers and genomic locations of
these repeats has also allowed the development of more sensitive
diagnostics.

As per the available sequencing data at NCBI, M. lepromatosis is
distributed mainly in Mexico, Singapore, Canada, Myanmar, and
Brazil (Virk et al. 2017). In addition to the reports of M. lepromato-
sis in human samples from different countries, a very unusual
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Figure 1. Families of repeats in M. leprae and M. lepromatosis, and the percentage of sequence similarity between them. There are four families of
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repetitive elements in both M. leprae and M. lepromatosis. The similarity between repeat groups (A, B, C, and D) in both species is very low (75-87%) and

repeat copy number and length size (bases) also vary a lot. Mycobacterium leprae multicopy repeats REPLEP have very few differences in repeat size

compared with the multicopy repeats REPLPM of M. lepromatosis .

finding, which was the detection of M. lepromatotis in red squirrels
(Sciurius vulgaris) in Scotland, has been described (Meredith et al.
2014, Avanzi et al. 2016). Mycobacterium lepromatosis has also been
found in squirrels with and without lesions resembling leprosy
in England, Ireland, and Scotland (Avanzi et al. 2016). Until now,
M. lepromatosis has not been discovered in armadillos, in contrast
to M. leprae (Truman et al. 2011, Monsalve-Lara et al. 2024). Com-
parative genomics and Bayesian analysis of the Mexican strain
of M. lepromatosis isolated from patients and the British strain of
M. lepromatosis isolated from red squirrels showed large genetic
differences and a divergence period of ~30000 years, implying
that these two lineages have remained quite distant from each
other during their evolutionary journeys (Silva et al. 2022). The
illnesses among red squirrels appear to cause little concern to
public health, as there are no reports of leprosy infections among
native inhabitants in the UK (Avanzi et al. 2016).

Upon data mining of the raw fastq sequences while writing this
review article, we observed that the RLPM repetitive element se-
quences are also present in previously described M. lepromatosis
genomes from other patients (Mx1-22, PL-02, and NHDP-385), as
well as in the red squirrel-derived M. lepromatosis strains (namely,
IR-25 and IR-36), and their count is consistently higher compared
with the fastq reads corresponding to the single copy genes such
as rpoB and gyrA. This is an important and encouraging observa-
tion, as it implies that the RLPM is present in multiple copies in
all currently known strains of M. lepromatosis. This is similar to the
RLEP copy counts in M. leprae strains.

Genomics and evolutionary journey of the
leprosy bacilli

Leprosy presents as a range of diverse signs and symptoms with
different bacillary loads that frequently cause painful immuno-
logical reactions. Multidrug therapy (MDT) is recommended by the
WHO for the treatment of leprosy. All forms of leprosy, including
the condition known as Lucio’s phenomenon, were believed to be
only caused by M. leprae until M. lepromatosis was described in dif-
fuse lepromatous leprosy cases by Han and colleagues in 2008.
MDT is equally effective for infections caused by M. leprae and M.
lepromatosis (Sharma et al. 2020).

Repetitive elements in the leprosy bacilli

The M. leprae genome has four families of scattered repeats: RLEP
(37 copies); REPLEP (15 copies); LEPREP (eight copies); and LEP-
RPT (five copies) (Fig. 1). Additionally, there are about 26 dead
IS elements. These repetitive sequences make up ~2% of the
TN genome, and their recombination activities are primarily re-
sponsible for the downsizing of the M. leprae genome (Cole et al.
2001), but the repeats seem to have lost their ability to transpose.
Genomic evidence suggests that these repeats likely underwent
recombination events that contributed to the M. leprae genome
downsizing. Comparative genomics of M. leprae strains later con-
firmed the lack of variety found in early RLEP-based restriction
fragment length polymorphism investigations. Consequently, it
appears that the sequences at the 3’ end of genes and often within
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Table 2. Identification of nine base insertions in the M. leprae TN
strain genome.

M. leprae TN
genome, GenBank
id AL450380.1

Genomic  Genomic version 1, genome  All other M. leprae
position variant type  size 3268203 genomes (*)
384393 INDEL GC GCC
944191 INDEL CA CAA
958228 INDEL ACC ACCC
1533315 INDEL C CG
1841279 INDEL CG CGG
1849026 INDEL GCC GCCC
1912456 INDEL AC ACC
2893091 INDEL GT GTT
3100774 INDEL GCCC GCCcCC

*M. leprae TN genome, version 2 (ID AL450380.2) with genome size 3268212
updated version present in the Mycobrowser database (https://mycobrowser.
epfl.ch/) (Kapopoulou et al. 2011). Abbreviation: InDel: Insertion/Deletion.

pseudogenes include RLEP, indicating that these are the remain-
ing transposons that are no longer able to conduct transposition
(Williams et al. 1990). Additionally, in the sections that these re-
peating elements flank, the chromosomal rearrangements (inver-
sions, translocations, and gene deletions) caused by recombina-
tion account for the loss of synteny (discontinuities in gene order,
in contrast to that in the M. tuberculosis genome) (Cole et al. 2001).

Genomic variability and genetic diversity

Despite genome degradation and the presence of many pseu-
dogenes, M. leprae strains have exceptionally low genomic vari-
ability. The second M. leprae strain to be sequenced for its en-
tire genome was M. leprae Br4923, isolated from a Brazilian pa-
tient. It contains 3268071 bp and differed in 185 locations only, in-
cluding 31 variable-number tandem repeats (VNTR) regions, eight
insertion-deletion (InDel) events, and 146 SNPs. Following that,
whole genome re-sequencing of two strains, namely Thai53 (Thai-
land) and NHDP63 (USA), was completed using Illumina technol-
ogy and were compared with the TN and Br4923 reference strains
(Monot et al. 2009).

This comparison revealed that the original submission of the
M. leprae TN genome had missed nine bases at various positions
(Monot et al. 2009) (Table 2). Hence, the size of the M. leprae TN
genome was determined to be 3268212 bp and subsequent work
had described the SNPs as per the new coordinates (Truman et al.
2011), which are also available from the Mycobrowser database
(Kapopoulou et al. 2011). However, it was observed that this could
lead to inconsistencies in the SNP numbering system (GenBank ID
AL450380.1, genome size 3268203 bp) and can create difficulties
while comparing the SNP positions described earlier, e.g. the SNP
positions described in a recent paper follow the updated num-
bering system (Jouet et al. 2023). Therefore, to maintain unifor-
mity with the previous literature, the originally described genome
coordinate numbering system can be uniformly followed. These
additional nine bases missed from the original genome assem-
bly could be useful for validating the bioinformatic data analysis
pipelines, particularly those for determining the InDels and can
serve as an inbuilt quality control measure. For all the newly se-
quenced M. leprae genomes, these positions should appear as In-
Dels at the positions mentioned in Table 2.

The comparative genomic analysis of M. leprae genomes avail-
able at the time of this analysis revealed ~4770 SNPs. These SNPs

Table 3. The types of genomic variations observed
upon comparing M. leprae genomes (Monot et al.
2009, Schuenemann et al. 2013, Benjak et al. 2018,
Avanzi et al. 2020, Hockings et al. 2021, Urban et al.
2024).

Genomic polymorphism and

their effects Number of SNPs

Intergenic region 1167
Missense variant 1352
Synonymous variant 884
Non-coding transcript 1340
variant

Start lost 3
Stop gained 22
Stop lost 2
Total SNPs 4770

are present in genes, pseudogenes, repetitive regions, or in the in-
tergenic regions and are either non-synonymous or synonymous
variants. The classification of these SNPs into various categories
is shown in Table 3. Importantly, 22 SNPs led to a gain of pre-
mature stop gain while two SNPs also led to the loss of a start
codon and one SNP led to the loss of a stop codon, which could
potentially lead to pseudogenization. In addition, the InDel mu-
tations are very likely to disrupt the entire protein sequence of a
gene and thus could result in a pseudogene formation. One well-
characterized example is the pseudogenization of ML0825c due
to the insertion of a “T” at position 978 585 in the strains belong-
ing to the genotypes 40 and 4P. The ML0825c has been described
as a repressor of 32 genes, many of which are related to virulence,
such as esxG and esxH. In an important investigation of comparing
the growth kinetics of the two different genotypes (with and with-
out this frameshift deletion), the difference in growth rate was
observed (Sharma et al. 2018), implying the possibility of the exis-
tence of pathological variants in leprosy bacilli. In a recent study
comparing the morphotypes of three different strains belonging
to different genotypes (1A, 31, and 4N), it has been shown that, de-
spite remarkable genome conservation, a few genomic changes
between different strains may still cause changes in the pheno-
type such as their growth rates, intracellular viability, and interac-
tion with the host cells, which can alter the hostimmune response
and thus may contribute to differences in clinical manifestations
(Gomes et al. 2024). More studies concerning this will be helpful
in determining the role of the pathogen genotype in diverse clini-
cal presentations, which so far has been mostly attributed to host
immunogenetics only.

Genome sequencing of M. leprae strains has been done suc-
cessfully from different countries representing various time peri-
ods including ancient DNA studies from leprosy skeletons sam-
ples (Supplementary Table S1). Considering that such genomes
are highly decayed, one might expect higher variability in the
genome from different locations. Nonetheless, genomic variabil-
ity was also minimal between those strains. However, according to
detailed phylogeographic investigations into M. leprae strains col-
lected from around the world, Monot and colleagues showed that
all known M. leprae strains are clonal and possess only a handful
of SNPs (Monot et al. 2005, 2009) or varying amounts of tandem re-
peats in their genome. This makes it very difficult to differentiate
different strains of M. leprae by simple PCR-based tests.

After having undergone a massive pseudogenization and
genome downsizing event some 20 million years ago, The Most
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Recent Common Ancestor diverged into M. leprae and M. lepromato-
sis ~13.9 million years ago (Singh et al. 2015). However, it seems
that there has been a remarkable level of genome conservation
since then, as seen from the comparative genomic analysis of the
extinct and extant strains of M. leprae (Schuenemann et al. 2013,
Avanzi et al. 2020).

Findings of the genomic analysis of M. leprae strains, the geno-
typing scheme, and MDST assays for M. leprae have been devel-
oped. Sequencing has become more affordable now owing to sig-
nificant advances in Next Generation Sequencing (NGS) technolo-
gies and library preparation methods. However, bioinformatics
analysis of the sequencing datasets (for Sanger and NGS) still re-
quires significant expertise. Currently, while curated databases
or bioinformatics pipelines are available for other mycobacterial
species, there are no such tools available for M. leprae.

A wide range of molecular epidemiology techniques are being
developed to identify potential human and non-human reservoirs,
the source of infection, and to distinguish between relapse cases
and re-infection cases. The source and dynamics of transmission
can also be better understood with the use of strain molecular
typing, and the modes of transmission of M. leprae are still not fully
understood. However, early detection of persons affected with lep-
rosy is crucial for the successful implementation of MDT, the pre-
vention of disabilities, and the control of spread. Nowadays, there
are more opportunities to investigate the molecular epidemiol-
ogy of leprosy via genome-derived information of polymorphic
positions. However, WGS still remains a challenging and expen-
sive approach for routine application. Therefore, the variable po-
sitions that are useful for molecular epidemiology or molecu-
lar drug susceptibility testing can be investigated in a targeted
manner wherein many such loci are targeted. This approach has
been used successfully in Deeplex Myc-Lep technology (Jouetetal.
2023). In this approach, a total of 43 loci are included: 18 SNPs and
11 VNTR loci for molecular strain typing and the remaining loci
for detecting drug resistance determining regions, including the
well-known mutations in rpoB (associated with rifampicin resis-
tance), in folP1 (associated with dapsone resistance), and in gyrA
and gyrB (associated with fluoroquinolones resistance) genes. In
addition, a few exploratory loci such as ctpC and ctpl (Singh and
Cole 2011) have been included in this assay as these genes are an-
notated as efflux proteins and were suspected to play a role in re-
sistance in the phenotypically rifampicin-resistant strain Airaku-
3, which had wild-type rpoB sequences, although no such confir-
matory link has been shown so far. Additionally, the Endonucle-
ase III gene nth (ML2301) involved in base excision DNA repair
mechanism is also included in the Deeplex assay as it has been
associated with the emergence of mutations in other genes (rpoB,
folP1, and gyrA) (Benjak et al. 2018, Cambau et al. 2018). However,
nth mutations were not found in 17 strains possessing mutations
in gyrA or folP1 genes in a recent study in M. leprae strains from
central India. By contrast, mutations (including both synonymous
and non-synonymous changes) were found in seven samples pos-
sessing wild-type sequence in folP1, gyrA, and rpoB (Sharma et al.
2024). Thus, the role of nth needs further evaluation in drug resis-
tance in strains representing various geographical regions.

Such targeted sequencing using NGS technologies offers great
promise as they allow genotyping of M. leprae directly in clini-
cal samples and the species differentiation from M. lepromatosis
(Marijke Braet et al. 2022, Jouet et al. 2023). This assay also in-
cludes well-established drug resistance associated markers and
newly proposed loci, allowing the detection of mutations associ-
ated with rifampicin (rpoB/ctpC/ctpl), dapsone (folP1) and fluoro-
quinolone (gyrA/gyrB), for dapsone-resistance, for ofloxacin and

Ansarietal. | 7

the newly proposed atpE for bedaquiline. This ability to accurately
predict (hetero)resistance to major anti-leprosy drugs such as ri-
fampicin, dapsone, and fluoroquinolones in a single assay pro-
vides a significant advancement in leprosy diagnosis and clinical
decision-making on patient treatment. The assay can be updated
adding or removing loci as per the need and this assay also con-
tributes to the epidemiological tracking of leprosy by recognition
of strains, lineages and identification of mixed infections, essen-
tial for molecular epidemiology and detecting transmission of re-
sistant strains (Marijke Braet et al. 2022, Jouet et al. 2023). The
currently available Deeplex assay includes the hsp65 gene for my-
cobacterial species identification. Inclusion of RLEP (for M. leprae)
and RLPM (for M. lepromatosis) can be considered in subsequent
updates in this assay to further enhance the analytical sensitivity
and ability to detect mixed infection.

Molecular epidemiological tools based on
genomic variability in M. leprae

The determination of prevalent genotypes of a pathogen us-
ing various genotyping tools or molecular epidemiological ap-
proaches has been helpful in improving the understanding of
pathogen transmission. For M. leprae, the SNP-based genotyping
scheme was developed at the time when detailed genomic in-
formation of only two reference strains (M. leprae TN and M. lep-
rae Br4923) was available (Monot et al. 2005, 2009). Their com-
parison identified polymorphic locations that were then evalu-
ated in strains from different locations of the globe. Based on the
other two later obtained genomes, the number of polymorphic
loci was expanded. The current genotyping system for M. leprae
was initially based on SNP analysis on just three SNPs (14676,
1642875, and 2935685) located in RNC1, ML1378, and ML2462 in
the genome, classifying all known strains of M. leprae into four ma-
jor SNP types (SNP types 1, 2, 3, and 4). These markers have been
shown to correlate with the geographical distribution of M. leprae
strains. Further subtyping into 16 groups was proposed (1A-4P).
Subsequently, when more genomes became available for compar-
ison, there were some refinements, e.g. the merging of a few geno-
types while a few new subtypes have been identified, taking the
current total to 19 (depicted in Figs 3, 4, and 5) (Avanzi et al. 2020).
However, the main structure of this genotyping scheme largely
still stands. Since the description of SNP-subtyping (Monot et al.
2009), it took ~15 years before the number of publicly available
M. leprae genomes substantially increased to 328. From published
reports, the most common genotypes in the world among these
strains are subtypes 1D, 31, and 4N, although the representation
of different strains and geographical areas is not uniform. Molec-
ular epidemiology research does not yet employ WGS as a routine
procedure and limited information is available about polymorphic
markers to explore their genetic diversity and transmission in a
global context. To completely understand the diversity of genetic
variation in M. leprae strains, additional research in this area is
necessary. This paper therefore also describes the evolution of lep-
rosy molecular epidemiology and the role played by WGS-derived
data in expediting the identification of genomic markers and mu-
tations associated with various genotypes and drug resistance.

Development of genotyping schemes for
Mycobacterium leprae through comparative
genomic analysis

The development of genotyping schemes for M. leprae has signif-
icantly advanced through comparative genomic analysis. Recent
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Figure 2. Mycobacterium leprae genomes representing various genotypes from different continents. The size of circles corresponds to the number of
samples of a particular genotype and colors represent the different continents. o: Bangladesh; g: Malagasy.

advancements in WGS have enabled researchers to analyze M.
leprae strains directly from clinical specimens, which is crucial
given the organism’s inability to be cultured in vitro, containing
considerable number of SNPs in genes, intergenic regions, and
pseudogenes that are instrumental for strain differentiation
and understanding evolutionary relationships among strains
(Dwivedi et al. 2024).

VNTRs are short, repetitive DNA sequences that vary in num-
ber among different strains. In M. leprae, specific VNTR loci have
beenidentified as useful markers for genotyping. The addition and
integration of VNTRs to SNP-based genotyping has refined the
genotyping schemes, allowing for a more comprehensive under-
standing of strain diversity and transmission dynamics. For in-
stance, studies have identified distinct VNTR patterns that can
differentiate between closely related strains, aiding in epidemio-
logical tracking (Ho Tinh Tam et al. 2023, Dwivedi et al. 2024).

It was observed that individually, either SNP- or VNTR-based
methods have their inherent limitations. For example, SNPs are
not frequent enough for differentiation of closely related strains,
while some of the VNTRs could be so variable that M. leprae DNA
from two different lesions of the same patient may show varia-
tions in some loci. Therefore, careful selection of VNTRS is im-
portant and adding such VNTR loci to the SNP patterns can fur-
ther help in discriminating closely related strains. In some sit-
uations, this discrimination can even occur without the need
for identification at the SNP level. On the contrary, despite the
use of these highly discriminatory loci, if one observes iden-
tity on the genome-scale level, this is an indication of a recent
common origin. The power of combining the SNP- and VNTR-
based genotyping schemes was realized during demonstrating
the zoonotic link between human and armadillo leprosy (Tru-

man et al. 2011, Sharma et al. 2015, da Silva et al. 2018, da Silva
Ferreira et al. 2020).

Some of the VNTR loci have received particular attention dur-
ing studies on genetic diversity among M. leprae isolates, includ-
ing AC8b, AC9, AC8a, and GTA9. A study on leprosy patients con-
ducted in Brazil utilized these VNTR loci to analyze nasal secre-
tions and skin biopsies from patients, revealing significant vari-
ability in VNTR patterns that could indicate different transmis-
sion pathways within the community (Fontes et al. 2017, Lima et
al. 2018). However, a few VNTR loci are known to be hypervari-
able (Monot et al. 2009) and the inclusion of selected VNTR loci
can be helpful for short range transmission studies where SNP
differences are often minimal. This was further demonstrated in
a study by Fontes et al. (2017) by combining SNP and VNTR typing.
They observed different genotypes of M. leprae in nasal swabs and
skin biopsies in a few cases when VNTRs with highest resolution
were included. The authors also tried to associate demographic
data with molecular typing but with limited success (Fontes et al.
2017).

The application of VNTR typing is crucial for understanding
leprosy transmission networks. By analyzing the genetic profiles
of various isolates, researchers can identify clusters of infection
and track the spread of specific strains within populations. This
capability is essential for public health efforts aimed at control-
ling leprosy outbreaks and understanding the disease’s epidemi-
ology in endemic regions (Ho Tinh Tam et al. 2023). As genomic
techniques advance, the refinement of VNTR typing in light of
newer genome datasets will likely enhance its utility in leprosy re-
search. Combining VNTR data with other genomic markers, such
as SNPs, may provide a more comprehensive understanding of M.
leprae diversity and evolution. VNTR analysis represents a pow-
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An updated SNP list of informative markers for genotyping of M. leprae

SNP

Type | SuPtYPE [SNP-Grp-mlSNP-Grp-IH SNP-Grp-03 | SNP-Grp-04 | SNP-Grp-05 | SNP-Grp-06 | SNP-Grp-07

SNP-Grp-08 | SNP-Grp-09 | SNP-Grp-10 | SNP-Grp-11 | SNP-Grp-12 | SNP-Grp-13 | SNP-Grp-14 |SNP-Grp-15

SNP-Grp-16

1A 1A

=8 Bangladesh

Number of SNPs 14 SNPs 8 SNPs 6 SNPs. 3 SNPs 5 SNPs. 15NP 1SNP.

6 SNPs. 4 SNPs 5 SHPs 8 SNPs 7 SNPs 9 SNPs 15NP 28NPs

(=]

S SNPs and 1 InDel

BA53T>C 61425:A>G | 313361:A>G | 1605956:G>A | 832152:T>C | 1104232:0>G | 2I51783:A5G

738G 1133492756 | 413902:G>A | 20910:G>A

379804:0T M676:C>T | 508986:G>h | INS 978565:G>GT | DEL 14765197 >-

347385:T>C | 29B572A>G | BADSRAASG | 1642875.GeT | 972005T>G
383599:C>6 | 1087397T>C | 1143423:T>C | 2458766:4>G | 1339813:T>C
45147646 | 1257185:T>C | 115556276 201174716
285138:T>C_| 1328009:CG | 1643162:T5C 3102778:AC
494574T>G_| 1614060-T>C | 2174885:G>C
SORABLTAC | 2706236726
634090T>C_| 3016175:T>C
830453 A5G
504824/G>C
1348426:T>C
1579109:75G
2553176156
2818521:T>C

100574:4>G | 1205192:5G | 642131.51

365373.T>C | 537330:G7A | 22719:GwA 1509131:G2A

330125:G>A | 2235048:C5T | BOT613:C5T | 527964:A5G | 1524667:0>T | 467512:C5T

1721295:056

1526696:T>C | 2312053:C>G | 2131753:G5T | S91857:C>G | 1947401:G=A | 1079802:43G

2238662:C2A

2015320:65C
2935685:A>C

309072256 | 733WNLC-A | 2132052624 | 1214326:05T
2347320:G>C | 223046B:0>G | 1313204:C>1
2B15502:C>6 | 2423927:G>A | 1575600:C>T
3267975:G24 2096406:C>A
2414869:C-T

2531394:01
2701788:C>T

| The yellow colour represents wild type base (same as in the M. leprae TN genome}
[ The dark-green colour represents SNP compared to the hase in M. leprae TN

Figure 3. Updated informative markers for genotyping in Mycobacterium leprae. Starting from the third column, the header row indicates SNP-groups
(SNP-Grp-01 to 16) whose SNPs are mentioned at the bottom of the column. The left-side column shows SNP types (1-4) and their 19 subtypes (1A-4P).
The SNPs mentioned at the bottom represent the full list of SNPs for every SNP group. A red rectangle is shown in each row corresponding to all
known 19 genotypes. For the genotype on the terminal sides of this scheme, i.e. 1A and 4P, the rectangle covers only one cell representing one SNP-Grp.
Genotype 1A can be identified by a single SNP from all wild-type positions (shown in yellow color for SNP-Grp-1), as is the case for genotype 4P (all
alternative nucleotides, shown in green color in SNP-Grp 16). The corresponding rectangle for the remaining genotypes includes two adjoining
SNP-Grps: the first possessing alternative bases (dark green color) at the corresponding positions, while the second SNP-Grp exhibits wild-type bases
(vellow color). A single marker per SNP group from the corresponding rectangle is considered to be sufficient for identifying the respective genotype.
The SNPs shown in orange highlighted cells are newly identified genomic markers added in this figure. The total number of SNPs for every SNP-Grp is
mentioned at the start of the SNP list at the bottom of each column. The subtypes that are newly incorporated in this genotyping scheme are
underlined. The genomic positions are based on original reference genome M. leprae TN strain (GenBank ID AL450380.1 version 1, genome size

3268203).

erful approach for identifying genomic markers in M. leprae, con-
tributing significantly to our understanding of leprosy transmis-
sion and epidemiology (Shinde et al. 2009, Fontes et al. 2017, Lima
et al. 2018).

Figure 2 illustrates the genetic diversity of M. leprae based on
an analysis of 328 genomes from 50 countries, as detailed in
Supplementary Table S1. The genotypes encompass all four SNP
types (1-4) and 19 subtypes (1A-4P), with subtypes 1D, 31, and 4N
being the most prevalent, collectively representing 50% of the to-
tal genomes analyzed.

Geographic distribution of these subtypes reveals that in Asia,
the predominant subtypes are 1A, 1D, and 3K (3K-0 and 3K-1),
while in Africa the subtypes 1D-Malagasy, 2E, 2H, 4N, and 40 are
primarily found. In the South American countries, the subtypes
1D, 31, 4N, and 4P are common. In North America, based on the
data from patients detected in the USA, the subtype 3I is fre-
quently identified, particularly in the autochthonous cases and
in the strains derived from armadillos. The human strains from
Europe are only represented by skeletal samples, which exhibit
genotypes 2F, 31, and 3K-0. In addition, one patient sample from
Surinam exhibited a mixed infection of subtypes 1D and 4P (Fig. 2
and Supplementary Table S1). The detection of such mixed geno-
type infection is possible only through NGS-based approaches and
reflects the power of genomic technologies. In the recent past,
hundreds of M. leprae genomes have been successfully sequenced
and their genomic datasets made freely available. However, the
identification of correct SNP-types/subtypes and drug resistance-
related mutations from millions of small reads is not only diffi-
cult but can be error prone as it also requires understanding of
the genotyping scheme. There have been several updates in re-

cent years as new subtypes have been reported in recent studies.
An updated genotyping scheme including these new subtypes is
therefore required.

Updated SNP-genotyping scheme and
genotype-specific markers

There have been several studies where SNP-genotyping has been
successfully used for strain classification including the recent
WGS-based descriptions of new SNP-subtypes. These subtypes are
defined by the help of genomic markers in the form of SNP groups
(SNP-Grp), which include informative SNPs and InDels. In the con-
text of M. leprae genotyping, the informative markers are described
as the SNPs/InDels that follow a “staircase pattern”, as shown in
Fig. 3. The ladder-like representation in this figure illustrates that a
row featuring a combination of a green cell (indicating a base sim-
ilar to M. leprae Br4923) immediately followed by a yellow cell de-
fines its corresponding SNP subtype (listed in the second column
of that row). The first informative marker (corresponding to sub-
type 1A) is at position 8453, in which subtype 1A strains possess
a “T” nucleotide, consistent with the reference genome (M. leprae
TN), represented in yellow. By contrast, all other subtypes (1B-4P)
exhibit a “C” nucleotide, shown in dark green. Over the years, there
have been several new studies, and genomes of several M. leprae
strains have been sequenced that have revealed new subtypes.
However, the genotyping scheme has not been updated to include
these newly detected subtypes. Hence, this review has aimed to
detail these updates and compile a new genotyping scheme as
detailed in Fig. 3.
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(A)
Sl - Best five genotype-specific SNPs for direct identification of M. leprae genotype
(number of strains)
1A (16) 8453:T 494674:T 508481:T 890453:A 2818521:T
1B_Bangladesh (7) 14502:G>A 62630:C>A 70738:G>A 501955:C>A 572401:C>T
1D (36) 639580:A>G 3016895:C>A 3262657:C>T 492614:C>A (26/36) | 3070616:A>C (26/36)
1D_Malagasy (32) 163438:C>T 228773:T>G 317057:G>T 480629:C>T 616172:G>C
2E (13) 48732:C>T 421565:C>T 848261:G>A 1974673:C>T 2061910:G>A
2F (10) 13907:C>T 537503:G>T 1604320:A>G 3076110:G>A 3257070:G>A
2G (2) 9297:C>T 16094:C>A 20906:G>A 27227:G>A 29739:A>G
2H (15) 24864:G>A 31049:G>A 31839:G>A 44180:T>C 58052:C>T
31 (40 883:G>A 7614:C>T 193848:C>T 604325:T>C 1017407:G>A
3K-0 (17) 509178:G>A 563796:G>C 1262010:T>C 1530718:A>G 1828126:A>G
3K-1 (5) 15439:G>A 26545:G>A 57633:T>G 62545:G>T 165853:C>A
305597:G>C 511079:A>C 1037678:C>T 1237129:C>T 1730876:C>T
886998:T>G 2105674:T>C 2105745:C>T 2311044:G>T 2501116:C>T
1509131:G>A 1721295:C>G 2238662:C>A 2531394:C>T 2701788:C>T
(B)
cenptype SNPs uniquely present in strains belonging to these genotypes.
(number of strains)
1B (2) 4423:G>A (1/2) | 12709:A>G (1/2) | 21266:G>A (1/2) 43827:C>G (1/2) 230575:G>T (1/2)
3L (1)* 23299:G>A 46096:A>G 56421:C>T 76343:C>T 86867:G>A
3Q(1)* 116056:C>T 184256:G>T 507793:T>G 1003977:C>G 1136631:G>A
3M (1)* 681512:C>G 931817:G>A 1007582:G>A 1012293:C>T 1674957:A>G
45159:A>G (2/6) | 47405:C>T (2/6) | 223657:C>T (2/6) | 321320:G>T (2/6) 433909:A>G (2/6)

| Gray color indicates that these SNPs are not present in all strains of that genotype |

Figure 4. (A) The best five genomic markers specific to each SNP-genotype of M. leprae strains. These SNPs can be used for decision trees for automated
and accurate identification of genotypes from the SNP list obtained from whole genome sequencing of M. leprae strains. This can help with accurate
and reproducible identification of sub-genotypes of M. leprae. (B) SNPs uniquely present in strains belonging to these genotypes. *The genotypes 3L, 3Q,
and 3M are represented by only a single strain for which genome information is available. That is why some or all of the SNPs uniquely present in
these strains (Fig. 4b) might be strain-specific instead of genotype-specific. Likewise, the genotypes 1B and 4N/O are represented by two and six strains,

respectively. However, SNPs specific to these two genotypes are not known.

Identification of new subtypes in light of recent
WGS studies and their inclusion in the
genotyping scheme

The WGS of >300 M. leprae strains has been completed. Approx-
imately 4770 SNPs have been identified by comparative genomic
analysis of these strains (Monot et al. 2009, Schuenemann et al.
2013, Benjak et al. 2018, Avanzi et al. 2020, Hockings et al. 2021, Ur-
ban et al. 2024). These genomes also include the newly described
subtypes such as 1B-Bangladesh, 1D-Malagasy, 3K-0, 3K-1,3Q, and
4N/O. This has been addressed in the present genotyping scheme
by incorporating additional markers (referred to as subtype-
specific markers). The updated genotyping scheme shown in Fig. 3
includes newly described subtypes while the subtypes 1C and 3]
have been omitted as these cluster within the subtypes 1D and 3K,
respectively. Genotype 3Q has been reported in an ancient DNA
sample BEL024 (from Belarus) (Pfrengle et al. 2021). Upon looking
at the SNP genomic markers of this strain using the genomic loci
mentioned in Fig. 3, it appears to be an intermediate strain be-
tween 3L and 3M. Hence this 3Q strain has been incorporated in
the typing scheme accordingly as per its SNP pattern.

Identification of subtype-specific genomic
markers

In Fig. 3, there are 16 groups of SNPs (SNP-Grp), totalling 86 SNPs.
It is difficult to utilize all SNP markers mentioned in Fig. 3 us-

ing a PCR-based approach, and also not necessary as just one
SNP per group can provide the required information. Using these
SNP groups, the subtypes 1D cannot be differentiated from 1D-
Malagasy. Likewise, 3K-0 and 3K-1 remain undifferentiated using
these SNP-group markers. Therefore, the use of subtype-specific
markers can be helpful. This has been compiled for all the sub-
types in Fig. 4. Figure 4A lists the best five SNP markers specific to
a particular subtype. Such markers can differentiate between 1D
and 1D-Malagasy, and 3K-0 and 3K-1 also. Such markers are use-
ful for automated bioinformatics pipelines or targeted NGS ap-
proaches such as NGS and the Deeplex technology. However, for
manual and PCR-based genotyping, a simple version of this list
will be useful. Therefore, a list representing just one SNP specific
to each subtype is compiled in Fig. 5.

However, the genotypes 3L, 3Q, and 3M are represented cur-
rently by only one strain each. The subtypes 1B and 4N/O are rep-
resented by only two and six strains, respectively. Because these
subtypes are represented by only one or a very few strains, it
is difficult to determine which markers are associated with that
subtype and which ones are likely to be strain-specific, there-
fore these subtypes are listed separately in Fig. 4b. Such subtype-
specific markers need to be evaluated in more samples belonging
to these genotypes. Fig. 4b displays the five subtypes for which
it is difficult to determine specific SNPs, as a limited number of
genomes belonging to these SNP-types are available for compari-
son at present.
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Figure 5. Genotype-specific SNPs in M. leprae. The number of genomes currently known for each subtype is indicated in parentheses. It should be noted
that the markers indicated for the subtypes represented by only one strain (3L, 3Q, and 3M) could be strain-specific also. xsrepresents the genotypes (1B

and 4N/O) for which currently genotype-specific markers are not known.

A simple description of genotype-specific markers is compiled
in Fig. 5, which represents one genomic marker specific to a par-
ticular genotype, enabling its direct detection. For example, the
second column in Fig. 5 lists specific SNP “14 502:G > A”, where “A”
is present in only 1B-Bangladesh strains at position 14 502 while
the remaining genotypes have a “G” at this position. These SNP po-
sitions shown in Fig. 5 can identify a predominant genotype in a
particular geographical region, as e.g. >75% of the strain present
in north and central India belong to genotype 1D (Kuruwa et al.
2012, Lavania et al. 2015, Das et al. 2020). This genotype can be
directly identified by SNP 639580: a “G” can confirm the presence
of 1D subtype while all other genotypes exhibit a “A” at this po-
sition. In most of the studies, InDels are not being reported and
both their inclusion and improved and standardized InDels iden-
tification pipelines are therefore needed as these could be helpful
for finer resolution by targeted analysis using Deeplex technology.

Compilation of updated genotyping scheme
using informative and subtype-specific markers
The complete list of SNPs in each SNP-group is mentioned in
Fig. 3. However, for PCR-based investigations, only one SNP per
SNP-group is sufficient to provide the desired information. There-
fore, a summary version representing only the first SNP of each
SNP-group is depicted in Fig. 6. It also includes the use of subtype-
specific SNPs (highlighted in blue in the last column). Thus, Fig. 6
includes the summary of Figs 3, 4, and 5 and is proposed as the
updated genotyping scheme.

Itincludes only one SNP position from every SNP-Grp (shown in
Fig. 3) and only the selected SNPs from Fig. 4a, which are needed
for further differentiation of M. leprae subtypes. The three SNPs
shown on the left side are used for identification of SNP types 1-4
and SNP positions mentioned on the right side are used for identi-
fication of SNP subtypes (1A-4P). The last column on the right side
was added newly in this scheme to differentiate the genotypes
1D and 1D-Malagasy from each other (163438:C > T). Likewise,
the SNP types 3K-0 and 3K-1 can be differentiated based upon

the genotype-specific SNP marker (509 178:G > A). Such subtype-
specific SNPs are shown in blue color in Fig. 6.

In this review, we have summarized all recent studies in which
new genotypes of M. leprae were described. This has been pre-
sented as a comprehensive list of the SNPs in various figures. We
have kept the same color schemes as in the previous publications
(Monot et al. 2009, Truman et al. 2011) to keep the pattern consis-
tent and easily understandable. However, there are important and
novel updates in the revised genotyping scheme compiled in this
review article. To the best of our knowledge and understanding,
the SNP-genotyping scheme compiled in this review article is the
most updated one. It has taken out the genotypes that are now
merged with other genotypes such as 1C and 3 J, and the geno-
type 3 K, which is now split into 3K-0 and 3K-1. Thus, out of 16
genotypes initially described, only 13 remain, while six new geno-
types have been included in this new updated genotyping scheme
(1B-Bangladesh, 1D-Malagassy, 3K-0, 3K-1, 3Q, 4 N/O).

The characteristic genomic markers of all genotypes including
the newly described ones have been compiled for the first time
in this article. This novelty aspect of the present review article
is highlighted by underlining the newly described genotypes in
the second column of Figs 3 and 6. Additionally, the genotype-
specific markers for all these 19 SNP-genotypes are being pre-
sented for the first time through this article (Fig. 5). Also, this up-
dated version of the SNP-genotyping scheme, presented in Fig. 6,
has made use of informative markers (an up-to-date list is shown
in Fig. 3 as SNP-Grps 1 to 16), as well as genotype-specific mark-
ers (Fig. 5) to provide higher resolution between closely related
genotypes.

Concluding remarks

The genomic and evolutionary analysis of M. leprae and M. lepro-
matosis offers significant insights into the molecular epidemiol-
ogy and genetic diversity of leprosy bacilli, underscoring the high
level of genome conservation despite substantial pseudogeniza-
tion and downsizing events. Mycobacterium leprae strains demon-
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Figure 6. Updated SNP-genotyping scheme of M. leprae. Wild-type bases are in yellow while the green indicates the SNPs compared with the M. leprae
TN reference strain. The blue color indicates the SNPs restricted to only one genotype. The SNP genomic positions are based on the reference genome

M. leprae TN strain (GenBank ID AL450380.1 version 1, genome size 3268203).

strate minimal variability, limiting the use of conventional PCR-
based SNP genotyping and targeted sequencing approaches. The
availability of more genomes of M. leprae has enabled finer res-
olution of the M. leprae genotyping scheme. The updated geno-
typing scheme as shown in this article can be useful for further
molecular epidemiological applications and thus can help in un-
derstanding the transmission dynamics of M. leprae. The integra-
tion of SNPs, InDels, and VNTRs has significantly advanced the
genotyping of M. leprae, enabling better definition of bacterial pop-
ulation structure, detailed tracking of strains, and recognition of
transmission patterns. While SNPs alone are of limited value in
differentiating closely related strains due to their low substitu-
tion rate, VNTRs provide greater variability, which is particularly
useful for distinguishing closely related strains circulating within
a region. Careful selection of VNTR loci, in conjunction with SNP-
based approaches, enhances the resolution needed for identifying
and tracing specific genotypes across different regions and hosts.
This has substantial value from the One Health perspective also,
as shown in previous studies where the zoonotic link between hu-
man and armadillo leprosy was established (Truman et al. 2011,
Sharma et al. 2015).

The updated genotyping scheme, which categorizes M. leprae
strains into 19 subtypes across four primary SNP-Types, offers a
more refined understanding of strain diversity worldwide. Addi-
tionally, a defined geographic distribution of specific subtypes re-
veals characteristic regional genetic patterns, which can be valu-
able while delineating M. leprae transmission. By continuing to
refine VNTR selection and exploring new SNPs and InDel mark-
ers, researchers can further improve existing genotyping schemes,
contributing valuable insights into M. leprae’s evolutionary his-
tory, disease spread, and drug resistance. Such updated lists of ge-
nomic variants can be a useful resource for updating the targeted

amplification/capture-based NGS assays such as Deeplex Myc-
Lep. Additionally, specific markers for less characterized strains
(e.g. 1B, 4N/O) should be studied further, preferably by including
additional representative strains belonging to these subtypes. The
updated genotyping scheme can allow precise identification of M.
leprae strains, while the genomics markers associated with MDST
can provide clinically relevant information about the choice of
effective drugs. Considering all these difficulties while classify-
ing strains after WGS, it is evident that suitable bioinformat-
ics tools/algorithms/browsers should be developed to accurately
identify the M. leprae genotypes from NGS datasets to minimize
the possibilities of wrong classifications manually (Economou et
al. 20133, 2013b). The use of bioinformatics algorithms to accu-
rately and rapidly fetch this information from NGS datasets is pos-
sible only when an input database of updated genomic markers
is created and made accessible to those interested. As genomic
sequencing and bioinformatics tools improve, the use of WGS in
refining the global genotyping framework and expanding our un-
derstanding of leprosy epidemiology and evolution will also in-
crease. Therefore, future research focusing on additional VNTR
loci, SNPs, and InDels will enhance the accuracy and resolution
of M. leprae genotyping, ultimately contributing to public health
efforts in tracking and controlling leprosy.
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