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Leishmaniasis is a parasitic disease caused by Leishmania spp. with worldwide distribution. Autochthonous leishmaniasis has been
reported to result from the infection by Leishmania martiniquensis in Thailand. This species was isolated in culture and subjected
to high-throughput whole-genome sequencing. A total of 30.8 Mb in 36 chromosomes of the whole genome was assembled,
annotated, and characterized. The L. martiniquensis under study was shown to segregate into the same clade and thus closely
related to the previously identified L. martiniquensis (LU_Lmar_1.0), as determined by phylogenetic analysis of their genomic
sequences along with those of representative kinetoplastid species. The total number of open reading frames genomewide
predicts 8,209 protein-coding genes, of which 359 are putative virulence factors, including two previously known, e.g., cysteine
proteinase C and superoxide dismutase Bl. The results obtained from this study will be useful for further annotation and
comparison with other Leishmania martiniquensis in the future.

1. Introduction

Leishmania species are members of the Class Kinetoplastea,
Order Trypanosomatida. They are intracellular protozoa
that are transmitted through vertebrate hosts by infected
female phlebotomine sandflies. There are three major clini-
cal presentations of the disease including cutaneous leish-
maniasis (CL), mucocutaneous leishmaniasis (MCL), and
visceral leishmaniasis (VL). Symptoms of CL occur on the skin
with wet or dry ulcers that are usually painless and localized

lesions, while MCL produces sores on mucosal surfaces, espe-
cially the nose, mouth, or throat. VL is the most severe form
which occurs in internal organs including the spleen, liver,
lymph nodes, and bone marrow. Recently, a novel subgenus
Mundinia of Leishmania parasites has been described, which
consists of L. martiniquensis, L. orientalis n. sp. (previously
called L. siamensis), L. enriettii, and L. macropodum (previ-
ously called “Leishmania sp. AM-2004") [1-4]. Only L. marti-
niquensis and L. orientalis n. sp. have been described as
causative agents of leishmaniasis in humans [1, 5, 6].
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In Thailand, autochthonous leishmaniasis is caused by L.
martiniquensis and L. orientalis n. sp. (L. siamensis). The
prevalence of L. martiniquensis cases in Thailand have dra-
matically increased in recent years [7, 8]. Indigenous leish-
maniasis cases in Thailand caused by L. martiniquensis and
L. orientalis n. sp. were presented with CL, VL, and overlap-
ping CL and VL. Most of the cases were found in immuno-
compromised patients especially those with AIDS, and these
patients also present a poor response to medical treatment.
Amphotericin B is the only antileishmanial agent available
for the treatment of indigenous leishmaniasis in Thailand.
Cases of relapsed leishmaniasis caused by L. martiniquensis
were found after receiving amphotericin B treatment [9].
Therefore, the whole-genome sequencing of L. martini-
quensis would be useful for the understanding of virulence
factor genes and interpretation of clinical severity and
manifestations.

There have been many studies of the Leishmania
genome in various species based on next-generation
sequencing during the past few years [10, 11]. Currently, it
is known that there are virulence factor genes in protozoans
including Leishmania species. These genes are related to par-
asite survival and infection in the host cells. For example,
proteins such as chaperones and endoribonuclease L-PSP
can improve the survival rate of the parasite. In addition,
some enzymes are related to migration to facilitate infection
of host cells [12]. Particular proteinases, e.g., cysteine-pro-
teinases, metalloproteinases, and serine-proteinases, are also
known as virulence factors in Leishmania spp. Moreover,
they have a wide range of biological roles, including the
mechanism of infection [13].

In this study, the L. martiniquensis genome was
sequenced, assembled, and explored, providing a genetic
resource for future exploration of the biology of a clinical
isolate of under study species. Subsequently, virulence factor
genes in this genome were predicted and analyzed. The can-
didate virulence factor genes will be validated in further
studies.

2. Materials and Methods

2.1. Ethics Statement. This study was approved by the Insti-
tutional Review Board of the Faculty of Medicine, Chula-
longkorn University, Bangkok, Thailand (COA No. 768/
2012). Patients were not involved in this study.

2.2. Promastigote of L. martiniquensis Culture. The promas-
tigotes of L. martiniquensis (MHOM/TH/2011/CU1) were
isolated from the bone marrow of an overlapping CL and
VL patient in Songkhla province, Southern Thailand, in
2011 [14-17]. The promastigotes were cultured in Schnei-
der’s Insect Medium (Sigma-Aldrich, Missouri, USA) at a
pH of 6.7 supplemented with 10% heat-inactivated fetal
bovine serum, 100 U/ml penicillin, and 100 yg/ml strepto-
mycin. The promastigotes were incubated at 25+2°C in
an incubator and inspected for parasite viability every
day under an inverted microscope (Olympus, Tokyo,
Japan).
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2.3. DNA Extraction. The L. martiniquensis promastigotes
(10° parasites/ml) were washed with 1x phosphate-buffered
saline (PBS) three times (Sigma-Aldrich, Missouri, USA)
and centrifuged at 11,000 x g for 10min. The sample was
ground in lysis buffer and used for DNA extraction by using
an Invisorb Spin Tissue Mini Kit (STRATEC Molecular,
Berlin, Germany), following the manufacturer’s instructions.
The DNA concentration and purity were quantified by a
Qubit 2.0 Fluorometer (Invitrogen, Massachusetts, USA).
The extracted DNA samples were used for sequencing
immediately, and the rest of the samples were stored
at -80°C.

2.4. Library Preparation and High-Throughput Sequencing.
DNA (1ug) was fragmented by using a Covaris M220
focused-ultrasonicator (Covaris, Brighton, UK) with a 20%
duty factor, 50 units of peak incident power (W), and 200
cycles per burst for 150 seconds. Then, the fragmented
DNA was used for DNA library preparation based on the
TruSeq DNA LT Sample Prep Kit (Illumina, California,
USA) following the manufacturer’s instructions. The DNA
library was cleaned up, and the size was selected by
AMPure XP beads (Beckman Coulter, USA). The concen-
tration of library DNA was measured by using the KAPA
Library Quantification Kit (Kapa Biosystems, Massachu-
setts, USA). The DNA library was diluted to 6 pM and then
paired-end sequenced (2 x 150 bp) based on the MiSeq plat-
form (Illumina, California, USA) by using MiSeq Reagent
Kits V2 (300 cycles) according to the standard protocol.

2.5. Quality Filter and Genome Assembly. FASTQ files with
150bp paired-end reads were checked for the quality of
sequences by FastQC [18]. Trimmomatic version 0.39 [19]
was used to trim and remove low-quality reads using default
parameters. De novo assembly was performed using SPAdes
version 3.12.0 [20]. The scaffold sequences from the previ-
ous step were used to align with the Leishmania martini-
quensis genome from the NCBI database (accession
number CM030396.1-CM030431.1 for chromosome 1-36)
[21] using the Artemis comparison tool (ACT) [22]. In addi-
tion, the Illumina reads were mapped into the assembled
scaffolds using BWA version 0.7.16a [23].

2.6. Gene Prediction and Functional Annotation. AUGUS-
TUS (Galaxy version 3.3.3) [24] was used to predict genes
in the L. martiniquensis genome. In this work, the Leishmania
tarentolae model organism was used in the species parameter
for the prediction of gene locations and protein-coding genes.
Putative protein-coding sequences from AUGUSTUS were
performed in the functional annotation. The EggNOG-
mapper version 2 [25] (default parameters) was used to pre-
dict functional annotation against EggNOG 5.0 [26]. This
database contains functional information from many sources
including a Cluster of Orthologous Groups of proteins
(COGs) [27], KEGG pathway [28], and GO annotation [29].

2.7. Prediction of Virulence Factor Genes. Putative protein-
coding sequences were analyzed by blastP with the protozoa
virulence protein database (ProtVirDB) [30] and pathogen
host interaction database (PHI-base) [31] for predicting
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candidate virulence factor proteins and interaction between
hosts and pathogens, respectively. In this study, the criteria
for the determination of candidate virulence sequences were
an e-value of 10e™ or less. For proteinase gene analysis, pro-
teinase genes of L. martiniquensis were predicted using
sequences from the previous report [13] as a reference.

2.8. Phylogenetic Tree Analysis. OrthoFinder version 2.5.2
[32] with default parameters was used for finding single-
copy orthologous genes and alignment of single-copy ortholo-
gous genes. In this study, the protein sequence dataset from
various species including Trypanosoma brucei TREU927
(GCF_000002445.2), Trypanosoma vivax Y486 (CA_
000227375.1), Trypanosoma grayi (GCF_000691245.1),
Trypanosoma cruzi strain CL Brener (GCF_000209065.1),
Trypanosoma rangeli (GCF_003719475.1), Phytomonas sp.
isolate EM1 (GCA_000582765.1), Leptomonas seymouri
(GCA_001299535.1),  Leptomonas  pyrrhocoris  (GCF_
001293395.1), Leishmania enriettii (GCA_017916305.1),
Leishmania martiniquensis (GCA_017916325.1), Leishmania
tarentolae (GCA_009731335.1), Leishmania mexicana
MHOM/GT/2001/U1103 (GCF_000234665.1), Leishmania
major strain Friedlin (GCF_000002725.1), Leishmania dono-
vani (GCF_000227135.1), Leishmania infantum JPCM5
(GCF_000002875.1),  Leishmania  panamensis  (GCF_
000755165.1), Leishmania braziliensis MHOM/BR/75/
M2904 (GCF_000002845.1), and our Leishmania martini-
quensis (MHOM/TH/2011/CU1) were used as input of the
OrthoFinder tool. The Newick format of phylogenetic tree
from OrthoFinder was visualized using Interactive Tree Of
Life iTOL) (https://itol.embl.de/) [33].

2.9. Comparison of L. martiniquensis Genome with Other
Leishmania Species. The analysis of the percentage identity
of Leishmania chromosomes was performed on representa-
tive Leishmania species including Leishmania major strain
Friedlin (GCF_000002725.1), Leishmania infantum JPCM5
(GCF_000002875.1),  Leishmania  donovani  (GCF_
000227135.1), Leishmania mexicana MHOM/GT/2001/
U1103 (GCF_000234665.1), and Leishmania martiniquensis
MHOM/TH/2012/LSCM1 ~ (LU_Lmar_1.0)  (GCA_
017916325.1) using Clustal Omega version 1.2.4 with default
parameters [34].

3. Results

3.1. Genome Characteristics of L. martiniquensis Genome.
Paired-end FASTQ files were used for de novo assembly
using SPAdes. After assembly, there were 6,939 scaffolds
with N50 63,362bp. The percentage of mapped reads to
assembled scaffolds between L. martiniquensis in this study
and L. martiniquensis (LU_Lmar_1.0) was 82.36%.

The statistics of L. martiniquensis data are shown in
Table 1. After the gene prediction step, there were 8,209
protein-coding genes in the final assembly of chromosome
1 to chromosome 36. The chromosome size ranges from
0.24 to 2.8 Mb. The existence of regions in the genome
with large variations in the CG content may be caused
by over- or underfragmentation during the library con-

TaBLE 1: Statistics of L. martiniquensis data and de novo assembly.

Genome features of L. martiniquensis

Read length (bp) 150
Raw reads 26,205,720
Q30 reads 23,836,943
Number of scaffolds 6,939
N50 (bp) 63,362
Number of protein-coding genes 8,209
Ilumina read mapping to the assembled scaffolds (%)  82.36

A

B

FIGURE 1: Venn diagram analysis of genes between Leishmania
martiniquensis (LU_Lmar_1.0) genome from the NCBI database
(a) and Leishmania martiniquensis from our study (b).

struction. The L. martiniquensis genome had an average
GC content of 59.77%.

3.2. Comparison of L. martiniquensis with Other Leishmania
Species. The genome (36 chromosomes) of L. martiniquensis
was compared with other Leishmania species including L.
infantum, L. donovani, L. braziliensis, L. major strain Frie-
dlin, L. mexicana, and L. martiniquensis. In addition, the
genome of L. martiniquensis in this study was closely related
to L. martiniquensis (LU_Lmar_1.0). Genome coverage
between L. martiniquensis in this study and L. martiniquen-
sis (LU_Lmar_1.0) was 95.18%. The Venn diagram analysis
in Figure 1 shows that 10 genes and 50 genes were found
in only L. martiniquensis (LU_Lmar_1.0) genome and our
L. martiniquensis, respectively. In addition, the descriptions
of genes are shown in Supplementary Material 3. The result
of nucleotide identity is summarized in Supplementary
Table 1. The COG functional category in L. martiniquensis
was compared with other Leishmania spp. including L.
infantum, L. donovani, L. braziliensis, L. major, and L.
mexicana. Our results showed that L. martiniquensis genes
occupied similar functional roles to those in other
Leishmania spp. (Supplementary Table 2). The KEGG
pathway analysis and GO annotation are represented in
Supplementary Figure 1. In the KEGG pathway analysis
(Supplementary Figure 1A), the top three pathways include
ribosome, metabolic pathways, and RNA polymerase.
Functional annotation is the process of collecting
information about the function of genes. Gene Ontology
(GO) is the most widespread and extensive functional
annotation for gene and protein sequences. There are three
categories of terms in Gene Ontology. First, the molecular
function comprises the molecular activities of individual
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F1GURE 2: The phylogenetic analysis based on 17 single-copy shared orthologous genes obtained from OrthoFinder tool. The star symbol

represents our Leishmania martiniquensis (MHOM/TH/2011/CU1).

gene products. Second, the cellular component comprises
the region of active gene products. Third, the biological
process comprises the processes and the pathways in which
the activity of gene products is involved. The result of GO
analysis in Supplementary Figures 1B-1D shows that the
top three molecular functions were structural constituent
of ribosome, poly (A) RNA-binding, and DNA-directed
RNA polymerase activity. The top three cellular
component functions were cytosolic large ribosomal
subunit, motile cilium, and intraciliary transport particle B.
The top three biological process functions were translation,
rRNA processing, and ribosomal large subunit assembly.

3.3. Virulence Factor Gene Analysis. Predicted proteins for
the protein-coding genes predicted by AUGUSTUS were
analyzed by blastP with the protozoa virulence protein data-
base (ProtVirDB) using the criteria of e-value <10e”. A total
of 359 genes were found as candidate virulence factor genes.
These genes were then analyzed for COG functional annota-
tion. The top 3 COG functions were signal transduction
mechanism, carbohydrate transport and metabolism, and
intracellular trafficking, secretion, and vesicular transport,
while the remaining COG functions are shown in Supple-
mentary Figure 2. The annotation lists of the 359 genes
from ProtVirDB are shown in Supplementary Material 1.
Moreover, forty-three predicted protein sequences that
passed the criteria from blastP with PHI-base were related
with Homo sapiens organisms. The annotation lists of the
43 genes from the PHI-base are shown in Supplementary
Material 2. However, the predicted virulence factor gene
should be validated in further study.

3.4. Phylogenetic Tree Analysis. The concatenated protein
sequences of 17 single-copy orthologous genes were used
to create a phylogenetic tree. In Figure 2, the phylogenetic
tree indicates that L. martiniquensis is related to Leishmania
spp. Moreover, the outgroup including Trypanosoma brucei

TREU927, Trypanosoma vivax Y486, Trypanosoma grayi,
Trypanosoma cruzi strain CL Brener, and Trypanosoma ran-
geli is a more distinctly related group of the Leishmania spe-
cies. The result suggests that L. martiniquensis in this study
is closely related to L. martiniquensis (LU_Lmar_1.0) pub-
lished in April 2021 on the NCBI website.

4. Discussion

In this study, genome assembly and gene prediction of Leish-
mania martiniquensis were performed. The results showed
that the COG functional category of L. martiniquensis was
similar to other Leishmania species. However, there was a
slight difference in the number of genes in each functional
group. The importance of parasite virulence factors has
become apparent in recent years [35]. The variability of vir-
ulence factor genes within the Leishmania species is largely
unknown. In our virulence factor gene prediction of L. mar-
tiniquensis, the result showed that 359 candidate virulence
factor genes were found in L. martiniquensis. Some of these
genes are discussed below.

Heat shock proteins are intracellular molecules of vary-
ing molecular weights. They are a large family of molecular
chaperones. The role of this protein is maturation, degrada-
tion, and refolding [36]. They also play an important role in
immune biological functions, especially in hsp70. There was
a report which showed that hsp70 induces dendritic cells to
generate proinflammatory cytokines [37] and is related to
the enhancement of adaptive immunity [38]. In our results,
the hsp70 protein-coding gene in 359 candidate virulence
factor genes was found. This gene might be related to the
infection of host cells.

Proteinases are enzymes that hydrolyze peptide bonds in
proteins and participate in a wide range of biological func-
tions, including the process of infection [13]. There are
many classes of proteinase based on catalytic domains [39].
There are only three classes, including aspartyl-, metallo-,
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and cysteine-proteinase, which have been extensively stud-
ied in Leishmania organisms [40, 41]. In a previous review,
cysteine proteases were considered to play a crucial role in
the pathogenesis of other parasitic protozoan infections
[42]. CPA, CPB, and CPC genes in a group of cysteine pro-
teases have been widely studied in Leishmania species. In
our analysis result, CPC genes were found in L. martiniquen-
sis. CPC plays a potential role in resisting parasite killing by
macrophages [43].

In addition, superoxide dismutase gene (SODBI) was
found only in our genome when compared with L. mar-
tiniquensis (LU_Lmar_1.0). There is a report that SODBI
is required for Leishmania major pathogenicity in mice
and persistence in macrophages [44]. Superoxide dismu-
tases (SODs) are metalloenzymes that convert superoxide
to oxygen and hydrogen peroxide in the antioxidant
defense system. Nickel (Ni), manganese (Mn), iron (Fe),
or copper and zinc (Cu/Zn) are cofactors of superoxide
dismutases [45, 46].

The phylogenetic analysis showed that our L. martini-
quensis is closely related to the previously reported L. marti-
niquensis (LU_Lmar_1.0) reference genome in the NCBI
database. Comparative genomics of L. (Mundinia) martini-
quensis was reported in 2019 [47]. This research undertaken
here reported genomes of L. (Mundinia) martiniquensis
with a protein dataset.

5. Conclusions

In this study, L. martiniquensis genomic DNA was success-
fully sequenced and was assembled into 6939 scaffolds. A
total of 30,784,469 bp in 36 chromosomes of the L. martini-
quensis genome were analyzed. The analysis results showed
that the general features of L. martiniquensis were similar
to other Leishmania species, including chromosome sizes,
the number of protein-coding genes, and the GC contents.
In addition, the results of COG functional annotation were
shown to be similar to other Leishmania species. In the vir-
ulence factor gene prediction result, 359 potential candidate
virulence factor genes were found in this study. Most pre-
dicted virulence factor genes were related to RNA processing
and modification function. However, candidate potential
virulence factor genes should be validated in a further study
using experimental study.
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