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Visceral leishmaniasis (VL) or Kala-azar, primarily caused by Leishmania donovani, is a major health concern in
many countries including India. Growing unresponsiveness among the parasites toward the available drugs is
alarming, and so, it is necessary to decipher the underlying mechanism of such development for designing new
therapeutics. Moreover, even after successful treatment, some VL patients develop apparently harmless skin
lesions known as post-kala-azar dermal leishmaniasis (PKDL) which may serve as a reservoir of the parasite in the
transmission cycle. Furthermore, recent reports of para-kala-azar dermal leishmaniasis (para-KDL) cases having
PKDL manifestation with concomitant VL, emphasize the necessity of more attention to address complex nature
of the parasite for eradicating the disease effectively. In the present study, whole genome sequencing is per-
formed with sodium stibogluconate (SSG) sensitive and resistant L. donovani strains along with SSG sensitive
para-KDL strains, derived from the clinical isolates of Indian patients to identify the genomic variations among
them. Notably, the analyses of chromosome somy values and genome wide mutation profile in the coding regions
reveal distinct clustering of the para-KDL strains with 24 genes being mutated uniquely in this group. Such
distinguishing genomic changes among the para-KDL strains could be significant for the parasites to become
dermatotropic. Overall, the study reveals a possible correlation of the development of SSG resistance and the
transition towards the manifestation of PKDL with chromosome aneuploidy and non-synonymous genetic vari-
ations in the coding sequences of the L. donovani strains from Indian patients.

1. Introduction

Leishmaniases, caused by at least 20 species of the genus Leishmania
and spread across the mammalian hosts by the female phlebotomine
flies, range from self-healing cutaneous lesion to potentially fatal
visceral form and are endemic in more than 90 countries. Visceral
leishmaniasis (VL) or Kala-azar (KA), primarily caused by Leishmania
donovani, is prevailing in more than 60 countries with about 50,000 to
90,000 new cases annually. However, 95% of the VL incidences occur in

India, Brazil, Ethiopia, Kenya, Nepal, Somalia, Sudan and South Sudan
(Burza et al., 2018; Mann et al., 2021), (WHO). In India, the eastern part,
particularly the state of Bihar, is the endemic focus of VL infection,
where the periodic infection is common.

For decades, pentavalent antimonial sodium stibogluconate (SSG)
has been used as the major drug for treatment of VL. However, growing
resistance in the parasite makes its use limited for treatment of VL in the
Indian subcontinent, although it remains effective in East Africa (Sun-
dar and Singh, 2018). Miltefosine (MIL), primarily an oral cancer drug,
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has been introduced in 2002 to treat VL patients, especially for the SSG
unresponsive cases (Jha, 2006). However, within a decade, MIL resistant
cases have started appearing as well (Sundar et al., 2012). Liposomal
amphotericin B is another treatment option for VL that is still effective,
but the parasites may develop resistance due to its widespread use
(Hefnawy et al., 2017). As L. donovani causes a major part of the leish-
maniasis burden both in terms of morbidity and mortality, particularly
in the Indian sub-continent and East Africa (Downing et al., 2011; Sacks
et al., 1995), it is essential to understand the underlying mechanism of
the emergence and spreading of drug resistance among the parasite
populations.

Unfortunately, among the apparently cured VL patients, 10 to 20% in
India and 50-60% in Sudan develop post-kala-azar dermal leishmaniasis
(PKDL), consisting of painless macular and/or papulonodular skin le-
sions (Burza et al., 2018). Though the PKDL symptoms may not be very
harmful, the lesions on the patients harbour the parasites which can be
transmitted by the bites of sand flies (Zijlstra et al., 2017). Therefore,
PKDL patients possibly play a critical role in the transmission cycle of the
parasites and are considered to be a major concern in the elimination
programmes of VL. Hence, it is important to elucidate the mechanism
that assists the parasite to become dermatotropic.

The development of PKDL in VL patients is a gradual transition as a
proportion of patients having skin lesions are found with concomitant
presence of the parasites in bone marrow, lymph node or spleen in
several studies (Zijlstra, 2019; Zijlstra et al., 2000; Zijlstra et al., 2003).
Such symptoms are referred to as para-kala-azar dermal leishmaniasis
(para-KDL). Though VL associated with PKDL was rarely found in the
Indian subcontinent previously (Singh et al., 1989; Zijlstra et al., 2003),
more recently nine such cases have been reported from Bihar, India
(Kumar et al., 2016). Therefore, simultaneous presence of VL in
increasing number of PKDL cases requires more attention to understand
the pathology, diagnosis and treatment regime of these emerging in-
cidences of para-KDL.

Leishmania parasites can re-shape their genomes rapidly in response
to stress (Grunebast and Clos, 2020; Mannaert et al., 2012), implying the
importance of genomic variation by which they can promptly acclima-
tize to changing environmental condition and drug pressure. Though
many studies have been carried out using molecular methods to study
the population genetics of Leishmania, limited information is available
on the diversity of the parasite populations in the clinical context and
their modification during treatment (Alam et al., 2009; Schonian et al.,
2008). The existing genetic markers have poor resolution in this regard,
and very little genetic differentiation can be identified using these ap-
proaches among L. donovani population, particularly in the Indian
sub-continent (Downing et al., 2012; Imamura et al., 2016). On the other
hand, whole-genome sequencing of different isolates and their com-
parison have the potential to identify significant variations in the
parasitic population. Keeping such objectives in mind, we report here
the genome comparison of nine L. donovani strains from VL and
para-KDL clinical isolates collected from Indian patients between 2010
and 2014. Interestingly, several novel mutations are detected in the
parasites from para-KDL patients which could be responsible for gradual
transition towards the development of PKDL in the apparently cured VL
patients.

2. Materials and methods
2.1. Ethics statements

Collection of Bone marrow or splenic aspirates from VL and para-
KDL patients were approved by the Ethical Committee of the Calcutta
National Medical College, Kolkata, India. The written consent was ob-
tained from each patient or guardian (for a minor patient) prior to the
study.
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2.2. Collection of isolates and culture of parasite

Nine clinical isolates from VL and para-KDL patients of India
(Table S1) including five from our previous studies (Khanra et al., 2012;
Khanra et al., 2017; Khanra et al., 2016) were analysed in the present
work. The bone marrow aspirates with demonstrable presence of the
parasite were collected from the three patients having PKDL-like skin
patches (Table S1) and used in the present study. Such patients having
simultaneous symptom of VL and PKDL were termed as para-KDL cases
(Zijlstra et al., 2000; Zijlstra et al., 2003). The symptoms of these pa-
tients were fever and hepatosplenomegaly associated with macular
patches on skin. The occurrence of amastigotes in the bone marrow or
splenic aspirates of the patients was established by Giemsa staining as
well as transformation into promastigotes in M199 (Sigma-Aldrich)
culture medium supplemented with 10% Fetal Bovine Serum (Invi-
trogen-Thermo Fisher) at 22°C. In vitro drug sensitivity of the intra-
cellular amastigotes was evaluated (Khanra et al., 2017; Khanra et al.,
2016) in murine macrophage cell line RAW 264.7, which was main-
tained in RPMI-1640 medium supplemented with 10% FBS at 37°C and
in a humid atmosphere containing 5% CO». All promastigotes used in
the present study were cloned as described elsewhere (Bhattacharyya
et al., 2002; Pal et al., 2001).

2.3. Whole genome sequencing and analysis

Isolation of genomic DNA from promastigotes of the cloned strains
was carried out using QIAamp DNA isolation kit (Qiagen) and then
characterized by ITS1 sequencing and PCR-RFLP methods (Alam et al.,
2009; Khanra et al., 2012; Khanra et al., 2016). High quality RNA free
DNA libraries were prepared using Ion plus Fragment Library Kit
(Thermo-Fisher). The Libraries were quantified by Qubit DNA HS kit and
their quality-check was carried out in Agilent 2100 Bioanalyzer.
Enriched and template-positive Ion PI™ Ion Sphere™ Particles (ISPs)
containing clonally amplified DNA up to 200 bp was prepared from the
qualified DNA library by OneTouch™ 2 System (Thermos-Fisher). The
enriched library was sequenced in Ion Proton Semiconductor Sequencer
using Ion pI™ Chip V3 and Ion PI™ Hi-Q™ Sequencing 200 reagents.
The adapter sequences were removed from the reads and the data were
trimmed based on Phred quality score followed by alignment to the
L. donovani BPK282 reference strain using Ion Torrent Suite Version 4.2.
The SNPs analysis was carried out using low frequency variant detection
option in CLC genomics workbench 12 (Qiagen). In addition, the
in-house perl scripts were also used to analyse the SNP data derived from
the sequencing platform. To eliminate the pseudo variants from the
analyses, at least 100x or more coverage at a specific position was
ascertained and variant allele frequencies (VAF, fraction of mutant
reads) of 25 % or above were considered. For the present study, the
non-synonymous mutations in the protein coding genes were only
considered.

2.4. Somy estimation

The chromosomal somy values were estimated based on variability
of sequence depth and median read depth of the sample (Downing et al.,
2011; Dumetz et al., 2017; Imamura et al., 2016). Read depth for each
position of chromosome in a sample was estimated using “Samtools
Depth” in galaxy web server version 1.9 (https://usegalaxy.org/). To
calculate the median read depth, the first 7,000 bases and last 2,000
bases of each chromosome were excluded because these regions tend to
be repetitive telomeric regions and their depths were not reliable
(Domagalska et al., 2019). Similarly, certain over-amplified chromo-
some regions were excluded from median depth calculation (Table S3).
The resulting raw median read depth of an individual chromosome was
normalized against the median read depths of the 15 chromosomes - 7
neighbouring chromosome on each side and the chromosome itself
(Dumetz et al.,, 2017). The chromosome somy value S was finally
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obtained by dividing 2 x raw median depth value of the chromosome
with its normalized median depth value. The range of monosomy, dis-
omy, trisomy, tetrasomy, and pentasomy was defined as described
previously (Dumetz et al., 2017). The somy values of each chromosome
in a sample were plotted to create the clustered heatmap using the Rplot
of heatmap2.

2.5. Gene clustering and pathway analyses

Principal component analysis (PCA) was performed based on the
mutation profile in the coding regions as well as on the genes that
contained those mutations in the individual strains using ClustVis
(Metsalu and Vilo, 2015). Further, the Venn-diagrams were generated to
analyse the overlap of the mutated genes of individual strains, using the
webtool to calculate and draw custom Venn Diagram at http://bioinfo
rmatics.psb.ugent.be/webtools/Venn/. In order to understand the
functional involvement of mutated genes of individual strains, the
pathway analysis was carried out by mapping the respective sets of the
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mutated gene of each strains onto the L. donovani specific KEGG
pathway database (Du et al., 2014).

3. Results
3.1. Whole genome sequencing

To identify the genetic variations that could lead to manifestation of
PKDL and development of SSG resistance in Indian VL patients, whole
genome sequencing (WGS) of nine L. donovani strains from the clinical
isolates (Table S1) were carried out on Ion Proton plus platform followed
by mapping to the reference genomic sequence of LdBPK282/0cl4
(Downing et al., 2011). Three strains each of SSG sensitive VL
(VL-SSG-S), SSG resistant VL (VL-SSG-R) and SSG sensitive para-KDL
(para-KDL-S) were isolated from the bone marrow or splenic aspirates
of the patients from Bihar-West Bengal area of India during 2010-2014
(Table S1) and cloned. The strains were genotyped by PCR-RFLP or
PCR-ITS1 sequencing methods and their drug sensitivities were
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Fig. 1. Comparison of aneuploidy profiles of the L. donovani strains obtained from clinical isolates. Chromosome numbers are indicated on the right side of the heat-
map and the study codes of the L. donovani isolates are mentioned across the bottom of the map. The dendrogram on the top indicates the clustering of the strains
based on similarity of aneuploidy profile. Similarly, the dendrogram on the left represents the clustering the chromosomes. The insert shows the colour code that is

used to indicate the ploidy of chromosomes.
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confirmed. A mean depth coverage of 117-fold was obtained for each
strain in WGS, and on an average, 97% of the sequence reads could be
mapped to the reference genome (Table S2).

3.2. Aneuploidy

To evaluate the possible association of aneuploidy with the devel-
opment of PKDL and the drug resistance in the Indian VL patients,
chromosome copy numbers were estimated using normalized whole
chromosome median read depths (Domagalska et al., 2019; Downing
etal.,, 2011; Dumetz et al., 2017). The estimated somy values (Table S3)
showed that each strain contained on an average 30 disomic chromo-
somes. In para-KDL-S strains, number of trisomic and tetrasomic chro-
mosomes were estimated to be 4 and 1, respectively, whereas the
numbers were 6 and 1, respectively, in VL-SSG-S strains. Notably, the
proportion of tetrasomy was estimated to be more in VL-SSG-R strains.

Analysis of the somy values revealed the presence of significant
variability in aneuploidy across the strains, though the SSG sensitive (VL
and para-KDL) and resistant strains were broadly clustered distinctly
(Fig. 1 and Table S3). Considering somy value 2+0.5 as disomy, 18
chromosomes were found to be disomic in all strains (Chromosomes 1-4,
7, 12-14, 17, 19, 21, 22, 27-30, 32, 34, 36). On the other hand, chro-
mosomes 8 and 31 showed variable somy (trisomy to pentasomy) across
the strains as reported earlier (Downing et al., 2011). Other chromo-
somes showed characteristics changes in somy among the analysed
strains. As shown in Fig. 1, among the SSG sensitive strains, VL-SSG-S
(S1, S2 and S3) and para-KDL-S (K1, K2 and K3) strains were further
grouped separately. However, S1 strain showed unique aneuploidy
profile compared to other two VL-SSG-S strains, though all are collected
from the same geographical region. Distinct changes were observed in
S1 strain compared to S2 and S3 strains for Chromosomes 9 and 16
(trisomy in S2 and S3 to disomy in S1), chromosomes 10, 11 and 18
(disomy in S2 and S3 to monosomy in S1), and chromosome 31 (tet-
rasomy in S2 and S3 to trisomy in S1) (Table S3). Also, VL-SSG-S and
para-KDL-S strains could be distinguished based on significant change of
average chromosome somy values (p<0.05) with chromosomes 5, 6 and
15 showing disomy to trisomy and chromosomes 16, 20, 24, 25 and 33
showing trisomy to disomy, respectively (Fig. 1 and Table 1). Similarly,
distinct changes could also be observed between VL-SSG-S and VL-SSG-R
strains, with a greater number of chromosomes showing varying average
somy values (Fig. 1 and Table 2). Strikingly, for certain chromosomes,
unique variations were noted when somy values of para-KDL-S and
VL-SSG-R strains were compared with that of VL-SSG-S strains (Table 3).
As shown in Table 3, for chromosomes 5, 6, 15 and 16, overall somy
changes were observed only between VL-SSG-S and para-KDL-S strains.
On the other hand, somy variation was found in chromosomes 8, 23, 26

Table 1
Distinction between SSG sensitive para-KDL and VL strains based on average
chromosome ploidy.

Chromosome Mean_K* Mean_S" P value Mean_K/Mean_S
15 2.81 1.84 0.000 1.53
5 2.64 1.81 0.001 1.46
6 2.85 2.07 0.002 1.38
11 2.03 1.69 0.050 1.20
2 2.33 2.01 0.000 1.16
19 1.87 1.63 0.004 1.14
29 1.95 1.82 0.013 1.07
30 2.05 1.92 0.019 1.06
8 2.79 3.06 0.007 0.91
26 2.02 2.41 0.003 0.84
14 1.95 2.35 0.000 0.83
16 2.08 2.81 0.042 0.74
20 2.00 2.79 0.001 0.72
25 2.01 2.94 0.000 0.68
24 2.02 2.99 0.000 0.68
33 1.98 2.96 0.000 0.67

# K, SSG sensitive para-KDL strains. S, SSG sensitive VL strains
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Table 2
Distinction between SSG resistant and sensitive VL strains based on average
chromosome ploidy.

Chromosome Mean_R" Mean_S" P value Mean_R/Mean_S
26 3.96 2.41 0.000 1.64
23 3.16 2.24 0.002 1.41
35 2.74 2.05 0.037 1.33
8 3.83 3.06 0.005 1.25
19 1.86 1.63 0.003 1.14
14 1.97 2.35 0.000 0.84
20 2.05 2.79 0.001 0.74
25 2.02 2.94 0.000 0.69
33 2.01 2.96 0.000 0.68
24 2.03 2.99 0.000 0.68

2 R, SSG resistant VL strains. S, SSG sensitive VL strains

Table 3
Distinct change of chromosome ploidy among SSG sensitive VL and para-KDL
strains and SSG resistant VL strains.

Chromosome Mean_S" Mean_K" Mean_R*
5 1.81 2.64 1.93
6 2.07 2.85 2.06
15 1.84 2.81 2.00
16 2.81 2.08 3.15
8 3.06 2.79 3.83
23 2.24 2.46 3.16
26 2.41 2.02 3.96
35 2.05 1.93 2.74

2 'S, SSG sensitive VL strains; K, SSG sensitive para-KDL strains, R, SSG resis-
tant VL strains

and 35 only between VL-SSG-S and VL-SSG-R strains (Table 3). Thus,
differential somy changes in SSG sensitive strains could be important for
transition to PKDL or development of the drug resistance.

3.3. Mutation analysis in coding sequences

To estimate the contribution of genome-wide mutation profile of the
protein coding genes in the development of PKDL and the drug resis-
tance, the analysis of 3522 unique non-synonymous mutations (InDels;
multi-nucleotide variations, MNVs and single nucleotide variations,
SNVs) across the strains (Table S4) was performed. The mutation burden
was found to be the least in R2 and the most in R3. Overall, on an
average only 2.8% mutations were homozygous (Table S4). However,
significantly low percentage of homozygous mutation was observed in
para-KDL-S strains compared to that in VL-SSG-S strains (P<0.02 with z-
statistic 2.495). But, homozygous mutations in four genes were detected
in the three para-KDL-S strains only (Table S4), suggesting their possible
association with the development of the symptom.

The extent of similarities among the different strains based on the
pair wise analysis of non-synonymous mutation profiles in the coding
sequences and profiles of the affected genes were shown in Fig. 2. In the
heat-maps, each coloured square represented fraction of similarity be-
tween the strain mentioned on the right and corresponding strain indi-
cated at the bottom. As shown, the para-KDL-S strains were found to
form a distinct cluster in the heat-maps based on total mutation profiles
in coding sequences as well as profiles of mutated genes (3 x 3 cluster in
the top left corners of Fig. 2A and B). The para-KDL-S strains also showed
fewer similarities with the other strains (mainly lower similarity squares
in 6 x 3 rectangles of R1-S3 x K1-K3 strains in Fig. 2A and B). Similarly,
VL-SSG-S strain S1 and VL-SSG-R strain R3 showed less resemblance
with most of the other strains.

To evaluate the significance of genetic differences across the strains,
the principal component analysis (PCA) was performed based on the
frequency of occurrence of the non-synonymous mutation among the
genes in the individual strains (Fig. 3 and Table S5). As shown in Fig. 3A,
two most significant principal components resulted in distinct clustering
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Fig. 2. Comparison between mutation profiles of the L. donovani strains obtained from clinical isolates. The heat-map visualizes the similarities between all mu-
tations in the coding sequences of the sequenced strains. Each coloured square in the map represents the fraction of similarity between strain mentioned on the right
and that listed at the bottom. The colour code representing the fraction of similarity is shown. A. Comparison based on the complete mutation profiles. B. Comparison

based on the profiles of genes that were mutated.

of para-KDL strains with slight deviation of K2 from K1 and K3, indi-
cating an overall covariance of the mutation profiles. The identification
of comparable number of mutations among the para-KDL strains and
distinctly higher number of para-KDL specific mutations (Table S4 and
Fig. 4A and D; Table S6) justified such a separate clustering. Fig. 3 also
depicted that VL-SSG-S strains S2 and S3 formed a cluster with VL-SSG-R
strains R1 and R2. Strikingly, VL-SSG-S strain S1 and VL-SSG-R strain R3
distinctly deviated from the clustering groups. The comparative muta-
tion analysis across the R strains clearly revealed that the number of
mutation present in R3 were quite different from that in R1 and R2
(Fig. 4B, Table S6). These data supported R3 being a far distant strain in
comparison to R1 and R2 strains (Fig. 3). Similarly, the mutational in-
formation among the S strains showed comparatively higher mutation
burden in S1 strain (Fig. 4C, Table S6), which was clearly reflected in the
PCA analysis plot (Fig. 3). In order to validate the clustering analysis
performed with the mutation profiles, the affected mutated genes were
further considered for the principal component analysis. As represented
in Fig. 3B, the clustering analysis using the mutated gene sets highly
correlated with that using the total mutation datasets.

The mutational analysis at the genomic level revealed the presence of
61 genes, which were found to get mutated across the all strains studied.
Further, the pathway analyses revealed that most of these 61 genes are
involved in different metabolic processes (Fig. S1 and Table S7). Inter-
estingly, the analysis also revealed the occurrence of 24 genes which
were mutated only in the para-KDL-S strains, with 13 of them being
homologous to genes with previously known function (Table 4 and
Table S8). As shown in Table 4, various cellular processes including
metabolism, ion transport, repair and translation could be affected due
to the mutations, possibly contributing significantly towards the devel-
opment of PKDL.

4. Discussion

In the present study, nine L. donovani strains including three SSG
sensitive VL strains, three SSG resistant VL strains, and three para-KDL
strains derived from the patients’ isolates of Bihar and West Bengal

region in India are subjected to whole genome sequencing. All the
strains used in the study are promptly derived from the patients’ isolates
and cultured under identical conditions for similar number of passages
prior to isolation of DNA for WGS to minimize variable effects due to
environmental conditions. Also, distinct clustering of the strains derived
from similar disease condition based on aneuploidy is observed in our
study. Therefore, the sequenced parasites can safely be said to represent
that of the corresponding original patient isolates, as observed previ-
ously (Downing et al., 2011; Zackay et al., 2018).

Like other clinical isolates, extensive aneuploidy is observed across
the strains with distinct changes in VL-SSG-R and para-KDL-S strains
compared to VL-SSG-S strains. In the absence of transcriptional regula-
tion of gene expression in kinetoplastida parasites, variation of gene
dosage via aneuploidy and mRNA turnover is critical to maintain a
differential pool of messages for adopting prompt survival strategy in
response to stressful and changing environments in different hosts
(Dumetz et al., 2017). Higher somy of a chromosome increases the mean
gene expression from it, and expectedly, the gene expression from the
trisomic chromosomes has been reported to be significantly higher than
that from disomic chromosomes (lantorno et al., 2017; Ubeda et al.,
2008). Interestingly, trisomy is noticed for chromosomes 5 and 6
exclusively in the para-KDL strains. Several essential genes are located
on chromosomes 5 and 6, whose protein products are involved in
various metabolic activity (Manzano et al., 2017; Tovar et al., 1998;
Vickers and Beverley, 2011), including three ABCG (ATP-binding
cassette G) subfamily of transporters — LABCG1 (LdBPK_060080),
LABCG2 (LdBPK 060090) and LABCG3 (LdBPK 060100) on chromo-
some 6. Recent studies show the association of LABCG2 transporter with
polarization of parasitized macrophage to M2 phenotype leading to
Leishmania survival and PKDL manifestation (Mukhopadhyay et al.,
2015). But the three ABCG subfamily of transporters on chromosome 6
are deleted in the para-KDL strains studied here. However, three more
copies of the similar genes - LABCG4 (LdBPK 150950), LABCG5
(LdBPK_230430) and LABCG6 (LdBPK _363040), are present on chro-
mosomes 15, 23 and 36, respectively, without any change. Intriguingly,
chromosome 15 is trisomic in the para-KDL strains, implicating higher
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Fig. 3. Principal component analysis (PCA)
based on (A) the mutational data types in pro-
tein coding genes and (B) the mutated genes in
the L. donovani strains from the clinical isolates.
In both the clustering analyses, two most sig-
nificant PCs resulted in formation two clusters —
one consisting of para-KDL-SSG-S strains (K1,
K2 and K3) and the other including VL-SSG-S
strains S2 and S3 and VL-SSG-R strains R1 and
R2. Strikingly, VL-SSG-S strain S1 and VL-SSG-R
strain R3 were independently and distantly
located from the two clusters in the PCA plot.
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Fig. 4. Venn diagram of intra- and inter-strain specific clustering analysis. A to C. Intra-strain clustering analysis of para-KDL-SSG-S (K1, K2 and K3) strains, VL-SSG-
R (R1, R2 and R3) strains and VL-SSG-S (S1, S2 and S3) strains. D. Inter strain clustering analysis using K’s R’s and S’s strains simultaneously.

Table 4

List of genes mutated only in para-KDL strains and encoding previously known proteins.

Changes in coding sequence

Encoded protein

GeneDB ID Nucleotide Amino acid

LDBPK_040010 2944delA Met982fs calcium-translocating P-type ATPase Ton Transport
LDBPK_080830 216delA Ala73fs mitochondrial DNA polymerase beta Repair
LDBPK_120610 2548C>T GIn850stop serine/threonine protein phosphatase with EF-Hand domain Phosphatase
LDBPK_130390 4046T>C 11e1349Thr RNA helicase, putative Helicase
LDBPK_210010 154C>A Pro52Thr phosphoglycan beta 1,3 galactosyltransferase 2 Metabolism
LDBPK_ 210700 1685C>T Ala562Val phosphoglucomutase, putative Metabolism
LDBPK_231970 760delC Leu254fs neutral sphingomyelinase activation associated factor-like protein Metabolism
LDBPK_250010 112delT Tyr38fs beta galactofuranosyl transferase Metabolism
LDBPK_310600 810delT Phe270fs amino acid transporter aATP11, putative Transport
LDBPK_311290 3539G>C Ser1180Thr p-glycoprotein e, partial Metabolism
LDBPK_321520 5626delG Val1876fs phosphatidylinositol 3-related kinase, putative Metabolism
LDBPK_332650 1255G>A Ala419Thr UDP-N-acetylglucosamine pyrophosphorylase, putative Metabolism
LDBPK_360270 181C>A Pro61Thr EIF3-interacting protein-like protein Translation

expression of LABCG4 possibly leading to the survival of the parasite.

In our study, distinct clustering of para-KDL strains in pairwise
analysis as well as principal component analysis strongly suggest the
covariance of the unique sets of mutations. Further identification of 24
genes that are mutated only in the three para-KDL strains, also supports
the commonalities in mutation burden. Non-synonymous mutations
present in the coding sequences are crucial, because they can change the
structure-function properties of the encoded proteins. Moreover, muta-
tions in the four out of these 24 genes are homozygous in nature, raising
the probability of more pronounced effect on the functionality of the
gene-products. Also, thirteen of them are homologous to genes with
previously known cellular function including metabolism, transport,
repair and RNA activity. Thus, the appearance of the unique set of
mutations in the para-KDL strains, as identified in the present study, can
be important for viscerotropic to dermatotropic transition of the
parasites.

The isolated positions of VL-SSG-S strain S1 and VL-SSG-R strain R3
in the PCA plots and their distinct aneuploidy profiles imply unique
mutation burden for each of these strains. However, the strains are ob-
tained from the isolates of the patients having close geographical loca-
tions, implying a possible role of divergent host immune responses for
the development of the unique mutation profiles and aneuploidy pat-
terns in the strains.

The association of L. donovani with viscerotropism as well as der-
matotropism in Sri Lanka has been reported (Ranasinghe et al., 2012)
with differential copy number variation (CNV) of some genes as a

possible contributing factor causing visceral and cutaneous (CL) mani-
festation (Zhang et al., 2014). Significant CNVs are also observed for
some of these gene loci in the Indian strains studied here (Tables S9 and
$10). However, no differential CNV is observed among the Indian strains
except for one major facilitator superfamily protein in chromosome 29
(LdBPK_291620), which is absent in SSG-R-VL strains. The absence of
ABC transporter like protein (LdBPK_111220) and phosphoglycerate
kinase B (LdBPK_200120) is the other notable feature found among the
Indian strains. Moreover, similar average copy number of A2 and A2rel
repeat cluster (LdBPK 220670) is found in all the Indian strains
(Table S9), though its lower copy number in CL-causing L. donovani
strains of Sri Lanka is associated with the impaired survival of the
parasite in visceral organs (Zhang et al., 2014). Among the genes that
are mutated in CL-causing L. donovani strains of Sri Lanka (Lypaczewski
et al., 2018), two are mutated in all the Indian strains, though the mu-
tation profiles are different (Table S9). On the other hand, 24 genes are
mutated specifically in the Indian para-KDL strains. Therefore, genomic
variations exist in L. donovani strains between two neighbouring coun-
tries in the same continent and the findings strongly imply the presence
of different underlying mechanisms for the development of PKDL like
manifestation in India and CL in Sri Lanka, even though both are skin
manifestations caused by the same species of the parasite.

Our whole genome sequencing data reveal distinguishing genomic
changes among the para-KDL strains, which possibly contribute for
survival of the persistent parasites in the skin with gradual removal from
the visceral area. The elucidation of structural and functional alterations
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of the encoded proteins due to the specific genomic modifications will
reveal the possible molecular details of the parasite persistence leading
to coexistence of PKDL and VL in the para-KDL patients of Indian sub-
continent. Nevertheless, the analysis of genomic sequences of
L. donovani strains in the present study reveals a strong correlation of
development of para-KDL with chromosome aneuploidy and specific
non-synonymous genetic variation in the coding sequences. Further
studies are needed to understand the ‘complex rules’ revealing how such
variation of para-KDL isolates at the genome level dictates tropism and
PKDL development.
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