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Abstract 

Le pr osy, caused by Mycobacterium leprae and Mycobacterium lepromatosis , remains a significant global health issue despite a tremendous 
decline in its worldwide pr ev alence in the last four decades. Mycobacterium leprae strains possess v er y limited genetic v aria bility, 
making it difficult to distinguish them using traditional genotyping tools. Successful genome sequencing of a considera b le n umber 
of M. leprae strains in the recent past has allowed development of impr ov ed genotyping tools for the molecular epidemiology of 
le pr osy. Comparati v e genomics has identified distinct M. leprae genotypes and r ev ealed their c har acteristic genomic markers. This 
re vie w 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 ena b le differ entiation of closel y r elated 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 ena b le accurate identification of M. leprae genotypes, using targeted analysis of variable 
re gions. Suc h markers are good candidates for developing artificial intelligence-based algorithms for classifying M. leprae genomic 
datasets. 

Ke yw ords: Mycobacterium leprae ; genotyping; genomic v aria bility; genetic di v ersity; comparati v e g enomics; phylog eography 
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Introduction 

Lepr osy is r egarded as one of the earliest infectious diseases e v er 
known to mankind (Bennett et al. 2008 , Santacroce et al. 2021 ).
Lepr osy primaril y affects peripher al nerv es, 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. Ho w e v er, global statistics r e v eal that ∼200 000 
new cases are recorded annually worldwide . T he latest report 
from the World Health Organization (WHO) recorded 182 815 new 

le prosy cases world wide in 2023, whic h r eflects a 5% incr ease fr om 

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, lepr osy r emains a significant health issue, with cases rising 
to 135 485 in 2016, then suddenly dropping to 65 147 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 lepr osy pr ogr ams globall y, r educ- 
ing detection rates significantly. Since then, increased case report- 
ing has been observed, emphasizing the need for sustained efforts,
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articularly in priority regions where 95.7% of new cases are re-
orted (WHO 2024 ). 

Looking at historical and documentary evidence of leprosy 
hows that the earliest recorded description of leprosy is in the
550 bce in Egyptian papyri and 600 bce in the Indian Sushruta
amhita (Robbins et al. 2009 , Kohler et al. 2017 , Pfrengle et al. 2021 ,
edam et al. 2021 ). The earliest skeletal remains of leprosy were
ound in Hungary ( ∼5700 years old) and in India ( ∼4000 years old)
Robbins et al. 2009 , Kohler et al. 2017 , Roberts 2018 ). It should be
oted, ho w e v er, that no M. leprae DNA could be detected in these
pecimens (Haas et al. 2000 , Suzuki et al. 2010 ), most likely due to
oor pr eserv ation of the DNA in these samples (Suzuki et al. 2014 ).

Mycobacterium leprae remains uncultivated on any artificial 
edium, making it difficult to perform simple microbiological in- 
 estigations suc h as drug susceptibility testing or cloning and ex-
ression (Maeda et al. 2001 , Williams and Gillis 2004 , Scollard et
l. 2006 , Avanzi et al. 2020 ). The desperate efforts to cultivate M.

eprae hav e r emained futile . T he genomics-based clues into the bi-
logy of this bacterium have therefore been in valuable . T he ge-
omic sequencing of M. leprae TN, a strain from Tamil Nadu, India

Cole et al. 2001 ) was, ther efor e, a significant milestone that of-
er ed ne w pr omises to almost all fields of leprosy research and
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 v en beyond. Molecular and imm unodia gnostics of leprosy bacil-
us, efforts for designing vaccines, and identification of potential
rug tar gets, etc., ar e some of the examples of the fields where
he genomic insights wer e v ery helpful (Cole et al. 2000 , 2001 ,
iglmeier et al. 2001a , 2001b , Vissa and Brennan 2001 ). There-
ore, the genomics of leprosy bacilli successfully demonstrates
he value of genomic tools when tr aditional micr obiological pr o-
edur es ar e not a pplicable or pr acticable, suc h as in the case of
ncultiv ated or ganisms, arc hiv ed samples, or where biohazard-
nd/or tr ansportation-r elated concerns pr eclude the possibility of
ultiv ation (Av anzi et al. 2020 , Sharma et al. 2020 ). 

T here ha ve been significant advances in our understanding
f the genome composition and association with the biology of
eprosy bacilli in the last two decades. A large number of M.
eprae str ains hav e been sequenced and their compar ativ e ge-
omic analysis has revealed many new genomic markers that
ave helped to advance further in the field the molecular epi-
emiology of leprosy (Vissa and Brennan 2001 , Monot et al. 2005 ,
009 , da Silv a Roc ha et al. 2011 , Kuruwa et al. 2012 , Lavania et
l. 2018 , Das et al. 2020 ), as well as molecular drug susceptibil-
ty testing (MDST) (Maeda et al. 2001 , Cambau et al. 2002 , Singh
nd Cole 2011 , Benjak et al. 2018 , Cambau et al. 2018 , Lavania et
l. 2018 ). T here ha ve also been significant advances in the field of
he compar ativ e genomics, phylogen y, and phylogeogr a phy of M.
eprae as more genome sequences became available for compar-
son, allowing the de v elopment of differ ent genotyping sc hemes
o differentiate M. leprae strains (Brosch et al. 2000 , Matsuoka et
l. 2004 , Singh et al. 2015 , Urban et al. 2024 ). Even although the
ingle nucleotide pol ymor phism (SNP)-typing sc heme of M. leprae
tr ains was pr oposed based on a v ery limited number of strains,
t has r emained v alid ov er time, and most of the conclusions and
lassifications are still valid (Singh and Cole 2011 , Williams and
illis 2012 , Avanzi et al. 2016 , 2020 ). Ho w ever, there is a need for an
pdate in the genotyping scheme, as more M. leprae genomes from
iffer ent r egions of the world hav e become av ailable and their
ompar ativ e genomic anal ysis has helped in identifying newer
ubtypes of M. leprae , which are not included in the existing meth-
ds of M. leprae genotyping. 

This r e vie w aims to summarize these updates in genotyping
c hemes and pr esents an ov ervie w of genomic v ariability in M.
eprae strains. In addition, we have also compiled the genomic
ariability data to identify genomic markers specific to various
enotypes, including the ones which have been identified and de-
cribed in recent years. 

iscovery of the leprosy bacillus 

iscovery of Mycobacterium leprae 
he Norwegian doctor Daniel Cornelius Danielssen (1815–94) is
egarded as an early researcher in the field of leprosy research.
anielssen was determined to find the source of leprosy because
e thought the condition was inherited and was not a communi-
able disease. Danielssen’s protégé and eventual son-in-law, Ger-
ard Armauer Hansen, who began working with Danielssen in
868, had the opinion that micr obes wer e the r oot cause of the
eprosy disease. Despite Danielssen’s refusal to accept the bacil-
us as the causative agent of leprosy, Hansen later identified M.
eprae as the primary agent of the disease, due to which leprosy
s also known as Hansen’s disease. Hansen discov er ed the bac-
erium using histological examination, staining methods, and mi-
r oscopy. The disease’s neur ological symptoms ar e explained by
he bacterium’s affinity for nerve tissues, which Hansen also ob-
erv ed. After the lepr osy bacillus was discov er ed, earl y scientists
ere curious as to why M. leprae had a neurological affinity. Be-

ore this discovery, leprosy was primarily believed to be a genetic
isease . T her efor e, identifying a micr obial cause for lepr osy was
 r e volutionary finding. Indeed, lepr osy is one of the earliest hu-
an diseases to be associated with any bacterial agent (Festskrift

973 , Jay 2000 , Marmor 2002 , Grzybowski et al. 2013 , Hegde et al.
015 ). T his finding pa ved the wa y for the de v elopment of dia g-
ostic tests, detection of pathogen transmission, and enabled re-
earch into therapeutic interventions. With this discovery, a sig-
ificant focus on cultivating M. leprae in the artificial medium also
egan, which has so far remained futile . T his inability has been a
ajor obstacle in carrying out r esearc h into the basic biology of

his organism (Rambukkana 2001 , Levy and Baohong 2006 , Lahiri
nd Adams 2016 ). 

A collection of clinical and histological studies fr om lepr osy pa-
ients spanning the whole clinical range led to the discovery that
. leprae specificall y tar gets Sc hwann cells in peripher al nerv es

Dr e v ets et al. 2004 , Jessen et al. 2015 , Hess and Rambukkana
019 ). The ability of leprosy bacilli to adapt to intracellular par-
sitism, long-term survival inside its host cells, and peripheral
erv e pr edilection, ar e some of the peculiar featur es of their bi-
logy. By their affinity for Schwann cells of peripher al nerv es, lep-
osy bacilli avail substantial advantages in survival and patho-
enesis: it gives access to bacteria to circulate in an area that
he host’s immune system is unable to r eac h (Ooi et al. 2004 ,
apinos and Rambukkana 2005 , Scollard 2008 , Scollard et al. 2015 ,
ietto et al. 2020 ). It also permits the bacillus to m ultipl y in-

efinitely because the Schwann cell lacks antimicrobial cellular
achinery. 
The successful sequencing of the M. leprae genome has also

r ovided ne w insights into the fundamental aspects of the biol-
gy of this bacteria (Cole et al. 2001 , Eiglmeier et al. 2001 ). The
enomes of Mycobacterium tuberculosis H37Rv (Cole et al. 1998 ) and
. leprae TN were compared (Cole et al. 1998 , Brosch et al. 2000 ,
ole et al. 2001 , Cole 2002 ), and it was found that the M. leprae
enome is m uc h smaller than that of M. tuberculosis , suggesting
 loss of ∼1000 genes (Table 1 ). Ne v ertheless, the r emaining func-
ional genes of M. leprae are still capable of allowing the bacterium
o adapt to intracellular parasitism and long-term survival (Oré et
l. 2001 , Suzuki et al. 2006 , Singh and Cole 2011 ). 

Genomics features of leprosy bacilli and other related my-
obacterial pathogens were retrieved from the National Center for
iotechnology Information (NCBI) database, where genome anno-
ations have been updated using the NCBI Prokaryotic Genome
nnotation Pipeline. In Table 1 , the genome assembly size of the
RHRU-G-235 strain is shown to be ∼80 Kb smaller compared
ith other complete genomes of M. leprae (TN, Br4923, and Kyoto-
). This is most pr obabl y due to incomplete assembl y/cov er a ge of
he M. leprae strain MRHRU-235-G. 

As can be seen from Table 1 , the genome size of M. leprae strains
nd M. lepromatosis strains are ∼3.2 Mb while other related my-
obacterial pathogens have genome sizes of > 4 Mb with the only
xception being the genome assembly of Mycobacterium uberis Jura
tr ain wher e the curr entl y assembled genome is r epr esented in
he form of 54 contigs totaling to 3.1 Mb (Benjak et al. 2018 ).
ycobacterium uberis is the closest mycobacterial r elativ e of lep-

osy bacilli, M. leprae , and M. lepromatosis (Pin et al. 2014 ) and also
hows evidence of reductive ev olution. Ho w ever, a closed cir cu-
ar genome of M. uberis is not yet available and thus the actual
enome size cannot be stated accur atel y at present. 

The total number of genes in the M. leprae and M. lepromato-
is species is ∼3000, with ∼2300 protein coding genes and ∼700
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seudogenes. A comparable number has been observed for M.
beris . The other related mycobacterium pathogens M. tuberculosis
nd Mycobacterium haemophilum have ∼4000 genes each, with 3721
nd 3900 protein-coding genes, while the pseudogene number is
nly 30 and 270, respectively. This indicates evidence of reduc-
iv e e v olution and genome do wnsizing in M. leprae , M. lepromato-
is , and M. uberis . In all these mycobacterial species, the rRNA,
RNA, and other non-coding RNA genes numbers remain identi-
al. Likewise, the GC content of these reductively evolved species
s ∼57.8%, while in other mycobacterial pathogens it is ∼65%
Table 1 ). 

Pseudogenes and intergenic regions, dormant reading frames
hat have functional equivalents in other mycobacteria, and reg-
latory sequences make up 49.5% of the total genome of M. leprae .
ur knowledge of the ph ysiology, pathoph ysiology, and genetics of
. leprae has impr ov ed because of the availability of genome se-
uence analysis and annotations . T his knowledge is also helpful
or de v eloping molecular epidemiology tools and impr ov ed dia g-
ostics for tr ac king drug-r esistance tr ends and tr ansmission dy-
amics (Singh and Cole 2011 , Williams and Gillis 2012 , Avanzi
t al. 2016 , 2020 ). As per the curr ent cur ated annotation av ail-
ble at the NCBI (accessed on 15 August 2024), the genomic fea-
ures of the reference strains of M. leprae (genome assembly ID
SM19585v1), M. lepromatosis (ASM97526v2), and other closel y r e-

ated mycobacterial pathogens are shown in Table 1 . 
Evidence of r eductiv e e v olution and genome do wnsizing is vis-

ble for both the leprosy bacilli ( M. leprae and M. lepromatosis )
s well as for M. uberis , which is a closely related uncultivated
ycobacterial species (Table 1 ). The loss of se v er al metabolic

athways and loss of redundancy are characteristic features of
hese pathogens. Reductiv e e volution is typicall y distinguished
y the large number of pseudogenes, a build-up of insertion se-
uence (IS) elements, and a decreased G + C content (Oré et al.
001 , Gomez-Valero et al. 2007 ). These traits may indicate evo-
ution via an evolutionary bottleneck and the minimum gene
et for maintenance of the pathogenic mycobacterium might
ave been spontaneously determined by this process. Interest-

ngly, the G + C content of the genes belonging to M. leprae is
igher (60.1%) than that of the pseudogenes (56.5%) and the re-
aining genome (54.5%). Cytosine deamination in non-coding ar-

as may have resulted in more neutral G + C content in leprosy
acilli and M. uberis . In other mycobacteria species, high G + C
ontent appears to be driven by active gene codon pr efer ence
Cole et al. 2001 ). 

ycobacterium lepromatosis , a ne wl y identified 

ausati v e agent of leprosy 

eprosy has been exclusiv el y associated with M. leprae since 1873.
o w e v er, a ne w mycobacterial species named M. lepromatosis was

ound to be the causative agent in two Mexican patients affected
ith leprosy and that died with diffuse lepromatous leprosy in
008 (Han et al. 2008 ). The initial report described the sequences
f 20 genes of M. lepromatosis including 16S rRNA, rpoB , and rpoT
enes (Han et al. 2009 ), and r e v ealed ∼90% similarity with the cor-
esponding M. leprae sequences . T his is in stark contrast to the
ery high level of genome conservation between M. leprae strains
 > 99.995%). The first independent confirmation of the existence
f M. lepromatosis was then described in a Mexican patient (Vera-
abr er a et al. 2011 ) and this sample was later used for whole
enome sequencing (WGS) that yielded 126 contigs and a genome
ssembly size of ∼3.20 Mb (Singh et al. 2015 ). Upon comparing
he sequences of the M. lepromatosis Mx1-22 strain with the M.
eprae TN genome, 90.9% identity at the genome le v el was ob-
erved. It was interesting to note that the genetic identity be-
ween both species was r elativ el y higher in the protein-coding se-
uences (93%) compared with the pseudogenes (82%) (Han et al.
009 , Singh et al. 2015 ), indicating that the SNPs are more eas-
l y toler ated in non-coding r egions or pseudogenes in contr ast to
hose in the coding regions. 

Upon compar ativ e genomics anal ysis of M. leprae and M. lepro-
atosis, species-specific genomic regions were also detected, e.g.
emW (earlier annotated as HemN ) (Dwivedi et al. 2021 , Sharma
t al. 2021 ), which is present in M. lepromatosis (but absent in M.
eprae ) and has served as a specific diagnostic marker and al-
o w ed for screening of M. lepromatosis in the arc hiv ed samples
Singh et al. 2015 ). Later on, a simple sequencing independent as-
ay for simultaneous detection and differentiation of M. leprae and
. lepromatosis was de v eloped that was based on a 45 base dele-

ion in the rpoT gene of M. leprae compared with that in M. lep-
omatosis (Dwivedi et al. 2021 ), which can be visualized by sim-
le PCR-a gar ose gel electr ophor esis. Ho w e v er, the rpoT and hemW
enes are present in a single copy in the genomes of both species.
her efor e, identification of a m ulticopy r e petiti ve sequence (simi-

ar to the RLEP re petiti ve element in M. leprae ) could increase sen-
itivity during the screening of M. lepromatosis and will be use-
ul in determining its true pr e v alence and distribution, which is
ossible only upon availability of a closed circular genome of
. lepromatosis . 
Subsequently, a major development took place when M. lepro-

atosis was isolated from a Costa Rican patient and successfully
assaged in nude mice (Sharma et al. 2020 ). This strain, named M.

epromatosis NHDP-385, was also analyzed by WGS, which yielded
 second genome composed of 77 large and 26 small contigs and
omparable genome size (3.26 Mb), as pr e viousl y r eported for
ther M. leprae and M. lepromatosis strains. Following the discov-
ry of the first re petiti ve region associated with M. lepromatosis
initially named as RLPM, which was later on renamed as LPM-
EP) by WGS, a sensitive and species-specific real-time qPCR tech-
ique was de v eloped and validated (Sharma et al. 2020 ). Target-

ng these sequences, the pathogen was found in 42% of leprosy
atients (15/36) in Mexico and among 4% of patients in the USA

3/72). Co-infection with M. leprae and M. lepromatosis was observed
mong 11% of patients in Mexico (Sharma et al. 2020 ). Pr e viousl y
lso, high co-infection rates have been reported based on the
rimers targeting the species-specific polymorphisms in the 16S
RN A gene. Ho w e v er, in most of these initial reports, the resul-
ant amplicons were not sequenced, and detection was primarily
ased on the a ppear ance of the target amplicon using M. leprae or
. lepromatosis specific primers. 
This v ery m uc h awaited de v elopment took place when the

omplete circular genome of M. lepromatosis FJ924 was described
n 2022. Having this complete circular genome also allowed the
dentification of four families of re petiti ve sequences in M. lepro-
atosis FJ924, which were named RLPM (38 copies), LPMREP (eight

opies), REPLPM (eight copies), and LPMREP (six copies) (Silva et
l. 2022 ). This nomenclature follows the same pattern as for M.

eprae . The copy number, av er a ge length, and percenta ge identity
etween conserved parts of these elements are shown in Fig. 1 .
he knowledge about copy numbers and genomic locations of
hese repeats has also allo w ed the development of more sensitive
iagnostics. 

As per the available sequencing data at NCBI, M. lepromatosis is
istributed mainly in Mexico, Singapore, Canada, Myanmar, and
razil (Virk et al. 2017 ). In addition to the reports of M. lepromato-
is 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 
re petiti ve 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 . 
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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 discov er ed in armadillos, in contrast 
to M. leprae (Truman et al. 2011 , Monsalv e-Lar a et al. 2024 ). Com- 
par ativ e 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 sho w ed large genetic 
differences and a divergence period of ∼30 000 years, implying 
that these two linea ges hav e r emained quite distant fr om eac h 

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 
r e vie w article, we observed that the RLPM re petiti ve 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 r ed squirr el-deriv ed 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 encour a ging observ a- 
tion, as it implies that the RLPM is present in multiple copies in 

all curr entl y known str ains of M. lepromatosis . This is similar to the 
RLEP copy counts in M. leprae strains. 
a  
enomics and evolutionary journey of the 

eprosy bacilli 
epr osy pr esents as a r ange of div erse signs and symptoms with
ifferent bacillary loads that fr equentl y cause painful immuno-

ogical reactions. Multidrug therapy (MDT) is recommended by the 
HO for the treatment of leprosy. All forms of leprosy, including

he condition known as Lucio’s phenomenon, were believed to be
nly caused by M. leprae until M. lepromatosis was described in dif-
use le promatous le prosy cases by Han and colleagues in 2008.
DT is equally effective for infections caused by M. leprae and M.

epromatosis (Sharma et al. 2020 ) . 

epetiti v e elements in the leprosy bacilli 
he M. leprae genome has four families of scattered repeats: RLEP

37 copies); REPLEP (15 copies); LEPREP (eight copies); and LEP-
PT (five copies) (Fig. 1 ). Additionally, there are about 26 dead

S elements . T hese re petiti ve sequences make up ∼2% of the
N genome, and their recombination activities are primarily re- 
ponsible for the downsizing of the M. leprae genome (Cole et al.
001 ), but the repeats seem to have lost their ability to transpose.
enomic evidence suggests that these re peats lik ely underwent
 ecombination e v ents that contributed to the M. leprae genome
ownsizing. Compar ativ e genomics of M. leprae strains later con-
rmed the lack of variety found in early RLEP-based restriction
r a gment length pol ymor phism inv estigations. Consequentl y, it
ppears 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. 

Genomic 
position 

Genomic 
variant type 

M. leprae TN 

genome, GenBank 
id AL450380.1 
version 1, genome 
size 3 268 203 

All other M. leprae 
g enomes ( ∗) 

384 393 INDEL GC GCC 

944 191 INDEL CA CAA 

958 228 INDEL ACC ACCC 

1 533 315 INDEL C CG 

1 841 279 INDEL CG CGG 

1 849 026 INDEL GCC GCCC 

1 912 456 INDEL AC ACC 

2 893 091 INDEL GT GTT 

3 100 774 INDEL GCCC GCCCC 

∗M. leprae TN genome, version 2 (ID AL450380.2) with genome size 3 268 212 
updated v ersion pr esent in the Mycobr owser database ( https://mycobr owser. 
epfl.c h/) (Ka popoulou et al. 2011 ). Abbr e viation: InDel: Insertion/Deletion. 
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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 , 
Av anzi et al. 2020 , Hoc kings et al. 2021 , Urban et al. 
2024 ). 

Genomic polymorphism and 
their effects Number of SNPs 

Inter genic r egion 1167 
Missense variant 1352 
Synon ymous v ariant 884 
Non-coding transcript 
variant 

1340 

Start lost 3 
Stop gained 22 
Stop lost 2 
Total SNPs 4770 
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seudogenes include RLEP, indicating that these are the remain-
ng transposons that are no longer able to conduct transposition
Williams et al. 1990 ). Additionally, in the sections that these re-
eating elements flank, the c hr omosomal r earr angements (inv er-
ions , translocations , and gene deletions) caused by recombina-
ion account for the loss of synteny (discontinuities in gene order,
n contrast to that in the M. tuberculosis genome) (Cole et al. 2001 ).

enomic variability and genetic diversity 

espite genome degradation and the presence of many pseu-
ogenes, M. leprae strains hav e exceptionall y low genomic vari-
bility. The second M. leprae strain to be sequenced for its en-
ire genome was M. leprae Br4923, isolated from a Brazilian pa-
ient. It contains 3268071 bp and differed in 185 locations only, in-
luding 31 variable-number tandem repeats (VNTR) regions, eight
nsertion-deletion (InDel) e v ents, and 146 SNPs. Following that,
hole genome re-sequencing of two str ains, namel y T hai53 (T hai-

and) and NHDP63 (USA), was completed using Illumina technol-
gy and were compared with the TN and Br4923 reference strains
Monot et al. 2009 ). 

This comparison r e v ealed that the original submission of the
. leprae TN genome had missed nine bases at various positions

Monot et al. 2009 ) (Table 2 ). Hence, the size of the M. leprae TN
enome was determined to be 3268212 bp and subsequent work
ad described the SNPs as per the new coordinates (Truman et al.
011 ), whic h ar e also av ailable fr om the Mycobr owser database
Kapopoulou et al. 2011 ). Ho w ever, it w as observed that this could
ead to inconsistencies in the SNP numbering system (GenBank ID
L450380.1, genome size 3268203 bp) and can create difficulties
hile comparing the SNP positions described earlier, e.g. the SNP
ositions described in a recent paper follow the updated num-
ering system (Jouet et al. 2023 ). Ther efor e, to maintain unifor-
ity with the pr e vious liter atur e, the originall y described genome

oordinate numbering system can be uniformly follo w ed. These
dditional nine bases missed from the original genome assem-
ly could be useful for validating the bioinformatic data analysis
ipelines, particularly those for determining the InDels and can
erve as an inbuilt quality control measure. For all the newly se-
uenced M. leprae genomes, these positions should appear as In-
els at the positions mentioned in Table 2 . 
The compar ativ e genomic anal ysis of M. leprae genomes av ail-

ble at the time of this analysis revealed ∼4770 SNPs . T hese SNPs
r e pr esent in genes , pseudogenes , re petiti ve regions, or in the in-
er genic r egions and ar e either non-synon ymous or synon ymous
ariants . T he classification of these SNPs into various categories
s shown in Table 3 . Importantly, 22 SNPs led to a gain of pre-

ature stop gain while two SNPs also led to the loss of a start
odon and one SNP led to the loss of a stop codon, which could
otentially lead to pseudogenization. In addition, the InDel mu-
ations ar e v ery likel y to disrupt the entir e pr otein sequence of a
ene and thus could result in a pseudogene formation. One well-
 har acterized example is the pseudogenization of ML0825c due
o the insertion of a “T” at position 978 585 in the strains belong-
ng to the genotypes 4O and 4P. The ML0825c has been described
s a r epr essor of 32 genes, man y of whic h ar e r elated to virulence,
uch as esxG and esxH . In an important investigation of comparing
he growth kinetics of the two different genotypes (with and with-
ut this frameshift deletion), the difference in growth rate was
bserved (Sharma et al. 2018 ), implying the possibility of the exis-
ence of pathological variants in leprosy bacilli. In a recent study
omparing the morphotypes of three different strains belonging
o different genotypes (1A, 3I, and 4N), it has been shown that, de-
pite remarkable genome conservation, a few genomic changes
etween differ ent str ains may still cause c hanges in the pheno-
ype such as their growth rates, intracellular viability, and interac-
ion with the host cells, which can alter the host immune response
nd thus may contribute to differences in clinical manifestations
Gomes et al. 2024 ). More studies concerning this will be helpful
n determining the role of the pathogen genotype in diverse clini-
al pr esentations, whic h so far has been mostl y attributed to host
mm unogenetics onl y. 

Genome sequencing of M. leprae strains has been done suc-
essfull y fr om differ ent countries r epr esenting v arious time peri-
ds including ancient DNA studies from le prosy sk eletons sam-
les ( Supplementary Table S1 ). Considering that such genomes
r e highl y decayed, one might expect higher v ariability in the
enome from different locations . Nonetheless , genomic variabil-
ty was also minimal between those str ains. Howe v er, according to
etailed phylogeogr a phic inv estigations into M. leprae str ains col-

ected fr om ar ound the world, Monot and colleagues sho w ed that
ll known M. leprae strains are clonal and possess only a handful
f SNPs (Monot et al. 2005 , 2009 ) or varying amounts of tandem re-
eats in their genome . T his makes it very difficult to differentiate
iffer ent str ains of M. leprae by simple PCR-based tests. 

After having undergone a massive pseudogenization and
enome downsizing e v ent some 20 million years ago, The Most

https://mycobrowser.epfl.ch/
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf012#supplementary-data
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Recent Common Ancestor div er ged into M. leprae and M. lepromato- 
sis ∼13.9 million years ago (Singh et al. 2015 ). Howe v er, it seems 
that there has been a remarkable level of genome conservation 

since then, as seen from the compar ativ e genomic anal ysis 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. Ho w ever, bioinformatics 
analysis of the sequencing datasets (for Sanger and NGS) still re- 
quir es significant expertise. Curr entl y, while cur ated databases 
or bioinformatics pipelines are available for other mycobacterial 
species, ther e ar e no suc h tools av ailable for M. leprae . 

A wide range of molecular epidemiology techniques are being 
de v eloped to identify potential human and non-human reservoirs,
the source of infection, and to distinguish between r ela pse cases 
and re-infection cases . T he 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. Ho w e v er, earl y 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. No w ada ys , there 
ar e mor e opportunities to inv estigate the molecular epidemiol- 
ogy of leprosy via genome-derived information of polymorphic 
positions. Ho w e v er, WGS still r emains a c hallenging and expen- 
siv e a ppr oac h for r outine a pplication. Ther efor e, the v ariable 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 Dee plex Myc-Le p technology (Jouet et al.
2023 ). In this a ppr oac h, 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 
w ell-kno wn mutations in rpoB (associated with rifampicin resis- 
tance), in folP1 (associated with dapsone resistance), and in gy r A 

and gyrB (associated with fluoroquinolones resistance) genes. In 

addition, a few exploratory loci such as ctpC and ctpI (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 phenotypicall y rifampicin-r esistant str ain Air aku- 
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 ). Ho w e v er,
nth m utations wer e 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 ). T hus , the role of nth needs further e v aluation in drug resis- 
tance in strains representing various geographical regions. 

Suc h tar geted sequencing using NGS tec hnologies offers gr eat 
promise as they allow genotyping of M. leprae dir ectl y 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 

ne wl y pr oposed loci, allowing the detection of mutations associ- 
ated with rifampicin ( rpoB/ctpC/ctpI ), dapsone ( folP1 ) and fluoro- 
quinolone ( g yrA/g yrB ), for da psone-r esistance, for ofloxacin and 
he ne wl y pr oposed atpE for bedaquiline . T his ability to accur atel y
r edict (heter o)r esistance to major anti-lepr osy drugs suc h as ri-
ampicin, da psone, and fluor oquinolones in a single assay pr o-
ides a significant advancement in lepr osy dia gnosis and clinical
ecision-making on patient treatment. The assay can be updated 

dding or removing loci as per the need and this assay also con-
ributes to the epidemiological tr ac king of lepr osy by r ecognition
f str ains, linea ges and identification of mixed infections, essen-
ial for molecular epidemiology and detecting transmission of re- 
istant strains (Marijke Braet et al. 2022 , Jouet et al. 2023 ). The
urr entl y av ailable Dee plex assay includes the hsp65 gene for m y-
obacterial species identification. Inclusion of RLEP (for M. leprae ) 
nd RLPM (for M. lepromatosis ) can be considered in subsequent
pdates in this assay to further enhance the analytical sensitivity
nd ability to detect mixed infection. 

olecular epidemiological tools based on 

enomic variability in M. leprae 
he determination of pr e v alent genotypes of a pathogen us-

ng various genotyping tools or molecular epidemiological ap- 
r oac hes has been helpful in improving the understanding of
athogen transmission. For M. leprae , the SNP-based genotyping 
c heme was de v eloped at the time when detailed genomic in-
ormation of only two reference strains ( M. leprae TN and M. lep-
ae Br4923) was available (Monot et al. 2005 , 2009 ). Their com-
arison identified pol ymor phic locations that wer e then e v alu-
ted in strains from different locations of the globe. Based on the
ther two later obtained genomes, the number of pol ymor phic
oci was expanded. The current genotyping system for M. leprae 
as initially based on SNP analysis on just three SNPs (14676,
642875, and 2935685) located in RNC1, ML1378, and ML2462 in
he genome, classifying all known strains of M. leprae into four ma-
or SNP types (SNP types 1, 2, 3, and 4). These markers have been
hown to correlate with the geographical distribution of M. leprae 
trains. Further subtyping into 16 groups was proposed (1A-4P).
ubsequentl y, when mor e genomes became av ailable for compar-
son, ther e wer e some refinements , e .g. the merging of a few geno-
ypes while a few new subtypes have been identified, taking the
urrent total to 19 (depicted in Figs 3 , 4 , and 5 ) (Avanzi et al. 2020 ).

Ho w e v er, the main structur e of this genotyping sc heme lar gel y
till stands. Since the description of SNP-subtyping (Monot et al.
009 ), it took ∼15 years before the number of publicly available
. leprae genomes substantially increased to 328. From published

eports, the most common genotypes in the world among these
tr ains ar e subtypes 1D, 3I, and 4N, although the r epr esentation
f different strains and geographical areas is not uniform. Molec-
lar epidemiology r esearc h does not yet employ WGS as a routine
r ocedur e and limited information is available about polymorphic
arkers to explore their genetic diversity and transmission in a

lobal context. To completely understand the diversity of genetic 
ariation in M. leprae strains, additional research in this area is
ecessary. This pa per ther efor e also describes the e volution of lep-
osy molecular epidemiology and the role play ed b y WGS-derived
ata in expediting the identification of genomic markers and mu-
ations associated with various genotypes and drug resistance. 

e v elopment of genotyping schemes for 
ycobacterium leprae through comparative 

enomic analysis 

he de v elopment of genotyping sc hemes for M. leprae has signif-
cantl y adv anced thr ough compar ativ e genomic anal ysis. Recent
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Figure 2. Mycobacterium leprae genomes r epr esenting v arious genotypes fr om differ ent continents . T he size of circles corresponds to the number of 
samples of a particular genotype and colors r epr esent the different continents. α: Bangladesh; β: Malagasy. 
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dv ancements in WGS hav e enabled r esearc hers to anal yze M.
eprae str ains dir ectl y fr om clinical specimens, whic h is crucial
iven the organism’s inability to be cultured in vitro, containing
onsiderable number of SNPs in genes, intergenic regions, and
seudogenes that are instrumental for strain differentiation
nd understanding evolutionary relationships among strains
Dwivedi et al. 2024 ). 

VNTRs ar e short, r e petiti v e DNA sequences that v ary in num-
er among differ ent str ains. In M. leprae , specific VNTR loci have
een identified as useful markers for genotyping. The addition and

ntegration of VNTRs to SNP-based genotyping has refined the
enotyping schemes, allowing for a more comprehensive under-
tanding of strain diversity and transmission dynamics. For in-
tance , studies ha ve identified distinct VNTR patterns that can
ifferentiate between closely related strains, aiding in epidemio-

ogical tr ac king (Ho Tinh Tam et al. 2023 , Dwivedi et al. 2024 ). 
It was observed that individually, either SNP- or VNTR-based

ethods have their inherent limitations. For example, SNPs are
ot frequent enough for differentiation of closely related strains,
hile some of the VNTRs could be so variable that M. leprae DNA

rom two different lesions of the same patient may show varia-
ions in some loci. Ther efor e, car eful selection of VNTRs is im-
ortant and adding such VNTR loci to the SNP patterns can fur-
her help in discriminating closel y r elated str ains. In some sit-
ations, this discrimination can e v en occur without the need

or identification at the SNP le v el. On the contr ary, despite the
se of these highly discriminatory loci, if one observes iden-
ity on the genome-scale le v el, this is an indication of a recent
ommon origin. The po w er of combining the SNP- and VNTR-
ased genotyping schemes was realized during demonstrating
he zoonotic link between human and armadillo leprosy (Tru-
an et al. 2011 , Sharma et al. 2015 , da Silva et al. 2018 , da Silva
err eir a et al. 2020 ). 

Some of the VNTR loci hav e r eceiv ed particular attention dur-
ng studies on genetic diversity among M. leprae isolates, includ-
ng A C8b , A C9, A C8a, and GTA9. A study on leprosy patients con-
ucted in Brazil utilized these VNTR loci to analyze nasal secre-
ions and skin biopsies from patients, revealing significant vari-
bility in VNTR patterns that could indicate different transmis-
ion pathways within the community (Fontes et al. 2017 , Lima et
l. 2018 ). Ho w e v er, a fe w VNTR loci ar e known to be hyperv ari-
ble (Monot et al. 2009 ) and the inclusion of selected VNTR loci
an be helpful for short range transmission studies where SNP
iffer ences ar e often minimal. This was further demonstrated in
 study by Fontes et al. ( 2017 ) by combining SNP and VNTR typing.
hey observ ed differ ent genotypes of M. leprae in nasal swabs and
kin biopsies in a few cases when VNTRs with highest resolution
ere included. The authors also tried to associate demographic
ata with molecular typing but with limited success (Fontes et al.
017 ). 

The application of VNTR typing is crucial for understanding
epr osy tr ansmission networks. By anal yzing the genetic pr ofiles
f v arious isolates, r esearc hers can identify clusters of infection
nd tr ac k the spr ead of specific str ains within populations . T his
apability is essential for public health efforts aimed at control-
ing lepr osy outbr eaks and understanding the disease’s epidemi-
logy in endemic regions (Ho Tinh Tam et al. 2023 ). As genomic
ec hniques adv ance, the r efinement of VNTR typing in light of
ewer genome datasets will likely enhance its utility in leprosy re-
earch. Combining VNTR data with other genomic markers, such
s SNPs , ma y pro vide a mor e compr ehensiv e understanding of M.

eprae diversity and evolution. VNTR analysis represents a pow-
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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 r epr esent the full list of SNPs for e v ery 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 r epr esenting one SNP-Gr p. 
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 
alternati ve n ucleotides, shown in gr een color in SNP-Gr p 16). The corr esponding r ectangle for the r emaining 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 
(y ello w 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 . T he total number of SNPs for e v ery SNP-Gr p 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). 
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erful a ppr oac h 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 ). 

Figur e 2 illustr ates the genetic div ersity 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, 3I, and 4N 

being the most pr e v alent, collectiv el y r epr esenting 50% of the to- 
tal genomes analyzed. 

Geogr a phic distribution of these subtypes r e v eals 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 4O are 
primarily found. In the South American countries, the subtypes 
1D, 3I, 4N, and 4P are common. In North America, based on the 
data from patients detected in the USA, the subtype 3I is fre- 
quentl y identified, particularl y in the autoc hthonous cases and 

in the strains derived from armadillos . T he human strains from 

Eur ope ar e onl y r epr esented by skeletal samples, whic h exhibit 
genotypes 2F, 3I, 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 po w er of genomic technologies. In the recent past,
hundreds of M. leprae genomes have been successfully sequenced 

and their genomic datasets made fr eel y av ailable. Ho w e v er, the 
identification of correct SNP-types/subtypes and drug resistance- 
r elated m utations fr om millions of small r eads is not onl y diffi- 
cult but can be err or pr one as it also r equir es understanding of 
the genotyping scheme . T here ha ve been several updates in re- 
ent years as new subtypes have been reported in recent studies.
n updated genotyping scheme including these new subtypes is 

her efor e r equir ed. 

pdated SNP-genotyping scheme and 

enotype-specific markers 

 here ha ve been several studies where SNP-genotyping has been
uccessfully used for strain classification including the recent 

GS-based descriptions of new SNP-subtypes . T hese subtypes are
efined by the help of genomic markers in the form of SNP groups

SNP-Gr p), whic h include informativ e SNPs and InDels. In the con-
ext of M. leprae genotyping, the informative markers are described
s the SNPs/InDels that follow a “staircase pattern”, as shown in
ig. 3 . The lad der-lik e re presentation in this figure illustrates that a
ow featuring a combination of a green cell (indicating a base sim-
lar to M. leprae Br4923) immediately follo w ed b y a y ello w cell de-
nes its corresponding SNP subtype (listed in the second column
f that row). The first informati ve mark er (corresponding to sub-
ype 1A) is at position 8453, in which subtype 1A strains possess
 “T” nucleotide, consistent with the r efer ence genome ( M. leprae
N), r epr esented in y ello w. By contrast, all other subtypes (1B-4P)
xhibit a “C” nucleotide, shown in dark gr een. Ov er the years, there
ave been several new studies, and genomes of several M. leprae
tr ains hav e been sequenced that hav e r e v ealed ne w subtypes.
o w e v er, the genotyping scheme has not been updated to include

hese ne wl y detected subtypes . Hence , this r e vie w has aimed to
etail these updates and compile a new genotyping scheme as
etailed in Fig. 3 . 

https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf012#supplementary-data
https://academic.oup.com/femsre/article-lookup/doi/10.1093/femsre/fuaf012#supplementary-data
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Figur e 4. (A) T he best five genomic markers specific to each SNP-genotype of M. leprae strains . T hese 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 . T his can help with accurate 
and r epr oducible identification of sub-genotypes of M. leprae . (B) SNPs uniquel y pr esent in str ains belonging to these genotypes . ∗T he genotypes 3L, 3Q, 
and 3M are represented by only a single strain for which genome information is a vailable . T hat is why some or all of the SNPs uniquely present in 
these strains (Fig. 4 b) might be strain-specific instead of genotype-specific. Likewise, the genotypes 1B and 4N/O are represented by two and six strains, 
r espectiv el y. Ho w e v er, SNPs specific to these two genotypes are not known. 
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dentification of new subtypes in light of recent 
GS studies and their inclusion in the 

enotyping scheme 

he WGS of > 300 M. leprae strains has been completed. Approx-
mately 4770 SNPs have been identified by comparative genomic
nalysis of these strains (Monot et al. 2009 , Schuenemann et al.
013 , Benjak et al. 2018 , Avanzi et al. 2020 , Hockings et al. 2021 , Ur-
an et al. 2024 ). These genomes also include the ne wl y described
ubtypes such as 1B-Bangladesh, 1D-Malagasy, 3K-0, 3K-1, 3Q, and
N/O. This has been addressed in the present genotyping scheme
y incor por ating ad ditional mark ers (r eferr ed to as subtype-
pecific markers). The updated genotyping scheme shown in Fig. 3
ncludes ne wl y described subtypes while the subtypes 1C and 3 J
ave been omitted as these cluster within the subtypes 1D and 3K,
 espectiv el y. Genotype 3Q has been reported in an ancient DNA
ample BEL024 (from Belarus) (Pfrengle et al. 2021 ). Upon looking
t the SNP genomic markers of this strain using the genomic loci
entioned in Fig. 3 , it appears to be an intermediate strain be-

ween 3L and 3M. Hence this 3Q strain has been incor por ated in
he typing scheme accordingly as per its SNP pattern. 

dentification of subtype-specific genomic 

arkers 

n Fig. 3 , ther e ar e 16 gr oups of SNPs (SNP-Gr p), totalling 86 SNPs.
t is difficult to utilize all SNP markers mentioned in Fig. 3 us-
ng a PCR-based a ppr oac h, and also not necessary as just one
NP per group can provide the required information. Using these
NP groups, the subtypes 1D cannot be differentiated from 1D-
ala gasy. Like wise, 3K-0 and 3K-1 r emain undiffer entiated using

hese SNP-group markers . T herefore , the use of subtype-specific
arkers can be helpful. This has been compiled for all the sub-

ypes in Fig. 4 . Figure 4 A lists the best five SNP markers specific to
 particular subtype. Such markers can differentiate between 1D
nd 1D-Malagasy, and 3K-0 and 3K-1 also. Such markers are use-
ul for automated bioinformatics pipelines or targeted NGS ap-
r oac hes suc h as NGS and the Deeplex technology. Ho w ever, for
anual and PCR-based genotyping, a simple version of this list
ill be useful. Ther efor e, a list r epr esenting just one SNP specific

o each subtype is compiled in Fig. 5 . 
Ho w e v er, the genotypes 3L, 3Q, and 3M are represented cur-

 entl y by onl y one str ain eac h. The subtypes 1B and 4N/O are rep-
esented by only two and six strains, respectively. Because these
ubtypes ar e r epr esented by onl y one or a v ery fe w str ains, it
s difficult to determine which markers are associated with that
ubtype and which ones are likely to be strain-specific, there-
ore these subtypes are listed separately in Fig. 4 b. Such subtype-
pecific markers need to be e v aluated in mor e samples belonging
o these genotypes. Fig. 4 b displays the five subtypes for which
t is difficult to determine specific SNPs, as a limited number of
enomes belonging to these SNP-types are available for compari-
on at present. 
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Figure 5. Genotype-specific SNPs in M. leprae . The number of genomes curr entl y known for eac h subtype is indicated in parentheses. It should be noted 
that the markers indicated for the subtypes r epr esented by onl y one str ain (3L, 3Q, and 3M) could be strain-specific also. ∗represents the genotypes (1B 
and 4N/O) for which currently genotype-specific markers are not known. 
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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 geogr a phical r egion, as e.g. > 75% of the str ain pr esent 
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 
dir ectl y 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 impr ov ed 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 informati v e and subtype-specific mark ers 

The complete list of SNPs in each SNP-group is mentioned in 

Fig. 3 . Ho w e v er, for PCR-based inv estigations, onl y 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). T hus , Fig. 6 
includes the summary of Figs 3 , 4 , and 5 and is proposed as the 
updated genotyping scheme. 

It includes only one SNP position from every SNP-Grp (shown in 

Fig. 3 ) and only the selected SNPs from Fig. 4 a, which are needed 

for further differentiation of M. leprae subtypes . T he 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 ne wl y in this scheme to differentiate the genotypes 
1D and 1D-Malagasy from each other (163 438:C > T). Likewise,
the SNP types 3K-0 and 3K-1 can be differentiated based upon 
he genotype-specific SNP marker (509 178:G > A). Such subtype-
pecific SNPs are shown in blue color in Fig. 6 . 

In this r e vie w, we hav e summarized all r ecent studies in whic h
ew genotypes of M. leprae were described. This has been pre-
ented as a compr ehensiv e list of the SNPs in v arious figur es. We
ave k e pt the same color schemes as in the pr e vious publications

Monot et al. 2009 , Truman et al. 2011 ) to k ee p the pattern consis-
ent and easily understandable. Ho w ever, there are important and
ovel updates in the revised genotyping scheme compiled in this
 e vie w article. To the best of our knowledge and understanding,
he SNP-genotyping scheme compiled in this r e vie w article is the

ost updated one. It has taken out the genotypes that are now
erged with other genotypes such as 1C and 3 J, and the geno-

ype 3 K, which is now split into 3K-0 and 3K-1. T hus , out of 16
enotypes initially described, only 13 remain, while six new geno- 
ypes have been included in this new updated genotyping scheme
1B-Bangladesh, 1D-Malagassy, 3K-0, 3K-1, 3Q, 4 N/O). 

The c har acteristic genomic markers of all genotypes including
he ne wl y described ones hav e been compiled for the first time
n this article . T his no velty aspect of the present review article
s highlighted by underlining the ne wl y described genotypes in
he second column of Figs 3 and 6 . Additionally, the genotype-
pecific markers for all these 19 SNP-genotypes are being pre-
ented for the first time through this article (Fig. 5 ). Also, this up-
ated version of the SNP-genotyping sc heme, pr esented in Fig. 6 ,
as made use of informative markers (an up-to-date list is shown

n Fig. 3 as SNP-Grps 1 to 16), as well as genotype-specific mark-
rs (Fig. 5 ) to provide higher resolution between closely related
enotypes. 

oncluding remarks 

he genomic and evolutionary analysis of M. leprae and M. lepro-
atosis offers significant insights into the molecular epidemiol- 

gy and genetic diversity of leprosy bacilli, underscoring the high
e v el of genome conservation despite substantial pseudogeniza- 
ion and downsizing e v ents. Mycobacterium leprae str ains demon-
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Figure 6. Updated SNP-genotyping scheme of M. leprae . Wild-type bases are in y ello w while the green indicates the SNPs compared with the M. leprae 
TN r efer ence str ain. The blue color indicates the SNPs r estricted to onl y one genotype . T he SNP genomic positions ar e based on the r efer ence genome 
M. leprae TN strain (GenBank ID AL450380.1 version 1, genome size 3268203). 
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tr ate minimal v ariability, limiting the use of conventional PCR-
ased SNP genotyping and targeted sequencing approaches . T he
vailability of more genomes of M. leprae has enabled finer res-
lution of the M. leprae genotyping scheme . T he updated geno-
yping scheme as shown in this article can be useful for further

olecular epidemiological applications and thus can help in un-
erstanding the transmission dynamics of M. leprae . The integra-
ion of SNPs , InDels , and VNTRs has significantly advanced the
enotyping of M. leprae , enabling better definition of bacterial pop-
lation structure, detailed tracking of strains, and recognition of
ransmission patterns. While SNPs alone are of limited value in
iffer entiating closel y r elated str ains due to their low substitu-
ion rate, VNTRs provide greater variability, which is particularly
seful for distinguishing closely related strains circulating within
 r egion. Car eful selection of VNTR loci, in conjunction with SNP-
ased a ppr oac hes, enhances the r esolution needed for identifying
nd tracing specific genotypes across different regions and hosts.
his has substantial value from the One Health perspective also,
s shown in pr e vious studies wher e the zoonotic link between hu-
an and armadillo leprosy was established (Truman et al. 2011 ,

harma et al. 2015 ). 
The updated genotyping sc heme, whic h categorizes M. leprae

trains into 19 subtypes across four primary SNP-Types, offers a
or e r efined understanding of str ain div ersity world wide. Ad di-

ionall y, a defined geogr a phic distribution of specific subtypes re-
 eals c har acteristic r egional genetic patterns, whic h can be v alu-
ble while delineating M. leprae transmission. By continuing to
efine VNTR selection and exploring new SNPs and InDel mark-
rs, r esearc hers can further impr ov e existing genotyping schemes,
ontributing valuable insights into M. leprae ’s evolutionary his-
ory, disease spread, and drug resistance. Such updated lists of ge-
omic variants can be a useful resource for updating the targeted
mplification/ca ptur e-based NGS assays such as Deeplex Myc-
e p. Ad ditionally, specific mark ers for less c har acterized str ains
e.g. 1B, 4N/O) should be studied further, pr efer abl y by including
d ditional re presentati ve strains belonging to these subtypes . T he
pdated genotyping scheme can allow precise identification of M.

eprae strains, while the genomics markers associated with MDST
an provide clinically relevant information about the choice of
ffective drugs. Considering all these difficulties while classify-
ng strains after WGS, it is evident that suitable bioinformat-
cs tools/algorithms/browsers should be developed to accurately
dentify the M. leprae genotypes from NGS datasets to minimize
he possibilities of wrong classifications manually (Economou et
l. 2013a , 2013b ). The use of bioinformatics algorithms to accu-
 atel y and r a pidl y fetc h this information fr om NGS datasets is pos-
ible only when an input database of updated genomic markers
s created and made accessible to those interested. As genomic
equencing and bioinformatics tools impr ov e, the use of WGS in
efining the global genotyping framework and expanding our un-
erstanding of le prosy e pidemiology and evolution will also in-
rease . T herefore , future research focusing on additional VNTR
oci, SNPs, and InDels will enhance the accuracy and resolution
f M. leprae genotyping, ultimately contributing to public health
fforts in tr ac king and controlling leprosy. 
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