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Abstract

This study presents the complete sequencing and comparative genomic analysis of Leishmania
(Viannia) naiffi and Leishmania (Viannia) shawi, species of epidemiological relevance in the Brazilian
Amazon. Genome assemblies yielded sizes of 32.13 Mb and 32.51 Mb, with 8,170 and 7,767 annotated
genes, respectively. Predicted gene functions were primarily related to catalytic, binding, and ATP-
dependent activities. Pangenome analysis revealed a core genome of 6,256 genes alongside notable
species-specific differences, including 46 and 25 unique genes in L. naiffi and L. shawi. Functional
screening identified pharmacologically promising proteins such as calpains, ABC transporters, and
notably, GSK-3. Ploidy analysis indicated tetraploidy on chromosome 8 in L. naiffi and chromosome
2 in L. shawi. Genetic variability assessment detected 34,480 SNPs in L. naiffi and 26,562 in L. shawi,
indicating greater genomic diversity in the former. Phylogenetic inference based on the polA1 gene
confirmed the placement of both species within the Leishmania (Viannia) subgenus. These findings
advance Leishmania genomics knowledge by highlighting unique genetic signatures, regions of high
variability, and potential therapeutic targets. This work establishes a foundation for future research
on evolution, pathogenicity, and drug development for leishmaniasis.

Keywords: cutaneous leishmaniasis; Leishmania; comparative genomics; phylogeny; Brazilian
Amazon

1. Introduction

Leishmaniasis is a neglected disease caused by flagellated protozoa of the genus Leishmania,
responsible for infecting thousands of people worldwide each year [1,2]. Species of this genus belong
to the family Trypanosomatidae and are traditionally classified into the subgenera Leishmania
(Leishmania) and Leishmania (Viannia), which exhibit relevant epidemiological, clinical, and genetic
differences [3].

Transmission of leishmaniasis occurs through the bite of sand flies belonging primarily to the
subtribes Brumptomyiina, Lutzomyiina, and Psychodopygina [4,5]. It is a complex zoonosis whose main
reservoirs include dogs, rodents, and other wild mammals. Clinical manifestations in humans vary
according to the parasite species involved and may present as localized cutaneous, diffuse cutaneous,
mucocutaneous, and visceral forms—the latter being considered the most severe [6].

It is estimated that approximately 30,000 new cases of visceral leishmaniasis and more than 1
million new cases of cutaneous leishmaniasis occur annually worldwide [7]. In Brazil, recent data
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indicate a substantial impact of the disease, particularly in the Northern Region, where the diversity
of species of the subgenus Leishmania (Viannia) is high, including L. (V.) braziliensis, L. (V.) guyanensis,
L. (V.) shawi, L. (V.) lainsoni, L. (V.) naiffi, and L. (V.) lindenbergi [8,9].

Leishmania (V.) naiffi, initially described by Lainson and Shaw in 1989, was first identified in a
vertebrate host, the nine-banded armadillo (Dasypus novemcinctus), which is widely distributed
throughout the Amazon region. Although human cases were subsequently confirmed, infections
caused by this species have likely been historically underdiagnosed due to their generic classification
as Leishmania (Viannia) spp. [10,11]. Clinical manifestations associated with L. naiffi tend to be
localized cutaneous forms, usually presenting as a single lesion, and display particular features, such
as low pathogenicity in classical animal models [12].

By contrast, Leishmania (V.) shawi is mainly associated with cutaneous leishmaniasis and may
present with either single or multiple lesions, possibly related to lymphatic dissemination. This
species has been isolated from several wild reservoirs, including primates, coatis, and sloths,
reinforcing its ecological and epidemiological importance in the Amazon region [11].

Despite the clinical and epidemiological relevance of leishmaniasis, the available therapeutic
options remain limited and are often associated with high toxicity, elevated costs, prolonged
treatment regimens, and the emergence of parasite resistance [13]. In this context, the identification
of new therapeutic targets represents an urgent need for the development of more effective and safer
strategies.

Advances in genomic approaches have made a decisive contribution to the understanding of the
biology of parasites of the genus Leishmania, revealing high levels of genomic plasticity, variations in
gene content, chromosomal aneuploidy, and intraspecific diversity, in addition to enabling the
rational identification of potential pharmacological targets [14]. Comparative genomics and
pangenomics studies are therefore fundamental tools for elucidating evolutionary mechanisms, host
adaptation, and functional differences among closely related species.

In this context, the present study aimed to present the complete genome sequencing and
comparative genomic analysis of the strains L. naifi (MDAS/BR/1979/M5533) and L. shawi
(MCEB/BR/1984/M8408), exploring similarities and differences related to gene annotation,
pangenome composition, chromosomal ploidy, genetic variability, genomic coverage, variant calling,
phylogenetic inference, and the identification of potential therapeutic targets based on protein
homology.

2. Materials and Methods

2.1. DNA Extraction and Sequencing

Genomic DNA from the L. naiffi (MDAS/BR/1979/M5533) and L. shawi (MCEB/BR/1984/M8408)
strains was extracted using the Wizard® Genomic DNA Purification Kit (Promega). The DNA
samples were extracted and rehydrated to a final volume of 50 uL for each sample. Genomic libraries
were prepared using the Nextera XT DNA Library Preparation Kit (Illumina, Inc.) and sequenced on
the NextSeq 500 platform (Illumina, Inc.) using the NextSeq 500/550 High Output v2.5 Kit (300 cycles)
in a paired-end sequencing format for both samples. All laboratory procedures were performed
according to the manufacturer’s instructions, unless otherwise specified.

2.2. Read Quality Assessment
Read quality was assessed using FastQC version v0.12.1 [15], and adapter removal as well as
filtering of low-quality reads were performed using Fastp [16].

2.3. Genome Assembly

Genome assembly was performed using a de novo strategy with MEGAHIT v1.2.9 [17], applying
default parameters and automatic k-mer selection (21, 29, 39, 59, 79, 99, 119, and 141). MEGAHIT
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employs succinct de Bruijn graphs (SdBGs), which reduce memory usage and enable efficient
processing of large datasets. Its iterative multi-k-mer approach favors the recovery of low-coverage
regions and the resolution of repetitive sequences, while the use of mercy k-mers ensures the
inclusion of low-abundance regions, which are common in metagenomic data.

2.4. Taxonomic Classification

The contigs resulting from the assembly of L. naiffi and L. shawi were subjected to a local
alignment against a custom database created from complete genomes of the genus Leishmania
available on NCBI. For this analysis, the BLASTn algorithm [18] was used.

Taxonomic classification of the contigs was performed using Kraken2 software [19], which
allowed the identification and separation of contigs related to the Leishmania genus and the
assignment of taxonomic labels to each sequence. This classification enabled the extraction of all
contigs related to L. naiffi and L. shawi.

To visualize and analyze the taxonomic classification data of the contigs, the Pavian application
[20] was used, which is a tool for exploring metagenomic classification results for pathogen detection,
in this case, Leishmania.

Subsequently, the SSPACE v3.0 program was used to order and join contigs and generate
scaffolds [21].

2.5. Genome Annotation

Genome annotation was performed using AUGUSTUS v3.5 [22], employing the genomic
structure of Leishmania (Sauroleishmania) tarentolae as a reference. A local genomic database
comprising 69 Leishmania genomes (Supplementary table S3) was constructed from GenBank to
improve genome annotations and to analyze and refine the positions and structures of open reading
frames (ORFs). Geneious v8.1.4 [23] was used for genome visualization and for the manual sequence
edition of the identified ORFs after assessing the quality and integrity of each ORF.

To identify and classify genes according to their molecular and biological functions, the
PANTHER database [24] was used. Through its web service, genes were functionally annotated
based on their associated biological processes and molecular functions.

2.6. Gene Ortholog Evaluation

Genomic data from L. naiffi and L. shawi were used to analyze the pangenome and identify gene
orthologs by comparison with assembled genomes available in the NCBI database for L. (V.)
gquyanensis (MHOM/BR/75/M4147) and Leishmania (L.) major (MHOM/IL/80/Friedlin). These analyses
were performed using BLASTp v2.5.0 [25] and the R statistical software with the venn package [26].

2.7. Identification of Pharmacological Targets

To identify genes with potential to serve as pharmacological targets in L. naiffi and L. shawi, a
sequence homology-based approach using amino acid sequences was adopted. Initially, a local
database was constructed containing protein sequences derived from three-dimensional structures
previously associated with the rational development of drugs against leishmaniasis, including
calpains (PDB IDs: 1TLO, IMDW, 1ZCN), DYRK1A (3ANQ), GSK-3 (7S6V), and an ABC family
transporter (7OJ8). These structures were retrieved from the RCSB Protein Data Bank and had already
been used in studies conducted in our laboratory (data not yet published).

Predicted protein sequences derived from the genomes of L. naiffi and L. shawi were compared
against this database using BLASTp, from the BLAST+ suite (version 2.15.0) [27].

BLASTYp results were subjected to a set of minimum filtering criteria to ensure consistency in the
identification of potential functional homologs. Only alignments simultaneously meeting the
following parameters were retained: (i) amino acid identity > 35%, (ii) alignment length > 60 residues,
(iii) e-value <1 x 103, and (iv) bitscore > 30. These thresholds are widely accepted for the detection of
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moderately conserved functional homologies, allowing the exclusion of short or statistically weak
alignments [28].

Approved hits were subsequently ranked based on a combined score integrating information on
percentage identity, alignment coverage, statistical significance (logarithm of the e-value), and
bitscore. For each analyzed genome, the top 200 hits were selected according to this score. Finally, all
results were consolidated into a single file, enabling a global comparative interpretation among the
analyzed species.

2.8. Reference Mapping, Genomic Coverage, and Variant Calling

Reference mapping of the L. naiffi and L. shawi genomes was performed using Bowtie2 [29],
enabling the assessment of chromosomal coverage. Read mapping also allowed the inference of
chromosomal ploidy, calculated as the ratio between the coverage of each individual chromosome
and half of the global mean coverage across the 35 chromosomes—characteristic of the Leishmania
(Viannia) subgenus—as expected for a diploid organism.

Single nucleotide polymorphisms (SNPs) and insertions/deletions (indels) were identified using
BCFtools v1.2 [30] to detect nucleotide differences between the sequenced strains L. naiffi and L. shawi
and the corresponding reference genomes available in GenBank (L. naiffi: GCA_962239345; L. shawi:
GCA_962240455.1).

2.9. Phylogenetic Inference

The alpha catalytic subunit of DNA polymerase (polA1) was selected as the molecular target for
phylogenetic inference of Leishmania, based on its phylogenetic signal evaluated using the TREE-
PUZZLE v5.3 algorithm [31] with the likelihood mapping method. A total of 65 Leishmania genomes,
together with the genomes of L. naiffi (MDAS/BR/1979/M5533) and L. shawi (MCEB/BR/1984/M8408),
were included in this analysis.

The polAl gene was identified and extracted using Geneious v8.1.4 [23], and phylogenetic
analysis was performed using the maximum likelihood (ML) method implemented in IQ-TREE2 [32],
following selection of the most appropriate nucleotide substitution model. Parameters were
optimized to identify the most likely tree topology, with robustness assessed by bootstrap analysis
(1000 replicates). The best phylogenetic tree was selected based on genetic identity thresholds among
Leishmania species, inferred from a sequence identity matrix constructed using the software. All
programs were run with default parameters unless otherwise specified.

3. Results

3.1. Quality Control, Genome Assembly, and Taxonomic Classification
The results of read trimming, the total number of assembled contigs, and the taxonomic

classification of contigs for L. naiffi and L. shawi are shown in table 1.

Table 1. General data from read quality analysis after genomic sequencing, genome assembly, and contig

analysis following taxonomic classification.

. . , e Leishmania
Read quality control Leishmania naiffi shawi
Total reads before trimming 16,008,124 10,855,510
Total reads after trimming 15,103,553 9,741,698
Total base pairs before trimming 2,401,218,600 1,628,326,500
Total base pairs after trimming 2,265,532,950 1,461,254,700
De novo assembly
Total contigs 20,542 13,849
Genome coverage 70.5x 45x
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Contig analysis after taxonomic

classification
Total Leishmania contigs 20,446 13,816
Total base pairs 32,129,546 32,505,670
Number of scaffolds 20,446 13,816
Minimum contig length 200 bp 200 bp
Maximum contig length 17,834 bp 49,040 bp
Average contig length 1,565.86 bp 2,347.94 bp
N25 4,494 bp 10,605 bp
N50 2,583 bp 5,882 bp
N75 1,303 bp 2,839 bp
GC content (bp) 18,445,163 18,717,749
GC content (%) 57.41 57.58

The genomes of L. naiffi and L. shawi were sequenced, yielding 16,008,124 and 10,855,510 reads,
respectively. After the quality control (trimming) step, the final number of reads was 15,103,553 for
L. naiffi and 9,741,698 for L. shawi.

During genome assembly, 20,542 contigs were obtained for L. naiffi and 13,849 for L. shawi.
Following taxonomic classification, these numbers were refined to 20,446 and 13,816 contigs,
respectively. The final assembled genome sizes were 32.13 Mb for L. naiffi and 32.51 Mb for L. shawi.

For both species, scaffolds had a minimum length of 200 bp, whereas the maximum scaffold
length was 17,834 bp for L. naiffi and 49,040 bp for L. shawi. The N50 values, which indicate the median
scaffold length, were 2,583 bp for L. naiffi and 5,882 bp for L. shawi.

3.2. Genome Annotation

Based on genome annotation performed using AUGUSTUS, open reading frames (ORFs) were
established for L. naiffi, in which 8,170 genes were identified, compared with 7,767 genes identified
in L. shawi. Of these, only 2,935 genes in L. naiffi were assigned known functions, whereas this number
was slightly higher in L. shawi, reaching 3,033 genes.

In the prediction of molecular functions (Table 2), most proteins from L. shawi (62.0%) and L.
naiffi (61.1%) could not be assigned to functional categories in the PANTHER database. Among the
classified proteins, the most representative functions corresponded to catalytic activity (16.6% in L.
shawi and 16.8% in L. naiffi) and binding activity (12.1% and 12.3%, respectively). Other categories,
such as ATP-dependent activity, transporter activity, and structural molecule activity, were detected
at lower proportions but showed similar distributions between the two genomes (Table 2).

Table 2. Percentage distribution of L. shawi and L. naiffi proteins by molecular function classes (Gene Ontology —

GO).
Molecular Function Classes (Gene Ontology — GO) L. shawi L. naiffi
No PANTHER category is assigned (UNCLASSIFIED) 4,942 62.0% 4,614 61.1%
Catalytic activity (GO:0003824) 1,326 16.6% 1,269 16.8%
Binding (GO:0005488) 965 121% 932 12.3%
ATP-dependent activity (GO:0140657) 230 29% 223  3.0%
Transporter activity (GO:0005215) 166 21% 163  22%
Molecular function regulator activity (GO:0098772) 75 0.9% 75 1.0%
Structural molecule activity (GO:0005198) 76 1.0% 84 1.1%
Cytoskeletal motor activity (GO:0003774) 67  08% 66  0.9%
Molecular adaptor activity (GO:0060090) 42 0.5% 40 0.5%
Translation regulator activity (GO:0045182) 41 05% 42  0.6%
Transcription regulator activity (GO:0140110) 21 0.3% 16 02%
Antioxidant activity (GO:0016209) 14 0.2% 15 0.2%
Molecular transducer activity (GO:0060089) 6 0.1% 6 0.1%
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Electron transfer activity (GO:0009055) 3 0.0% 3 0.0%

Cargo receptor activity (GO:0038024) 1 0.0% 1 0.0%
Regarding biological processes (Table 3), a high proportion of proteins could not be classified
(52.7% in L. shawi and 52.0% in L. naiffi). Among the identified categories, cellular processes (20.0%
and 20.4%) and metabolic processes (14.6% and 14.7%) were the most prominent, respectively.
Processes related to localization, biological regulation, and response to stimuli were observed at
intermediate proportions, whereas categories such as reproduction, homeostasis, and development

were poorly represented, with nearly identical frequencies between the analyzed species (Table 3).

Table 3. Main categories of proteins involved in Biological Processes (Gene Ontology —GO) identified in L. shawi

and L. naiffi.
Biological Processes (Gene Ontology—GO) L. shawi L. naiffi
No PANTHER category is assigned (UNCLASSIFIED) 5,011 52.7% 4,684 52%
Cellular process (GO:0009987) 1,905 20.0% 1,842 20.5%
Metabolic process (GO:0008152) 1,388 14.6% 1,326 14.7%
Localization (GO:0051179) 476 5.0% 469  52%
Biological regulation (GO:0065007) 359  38% 340 3.8%
Response to stimulus (GO:0050896) 269 28% 254  2.8%
Reproductive process (GO:0022414) 30 0.3% 28 0.3%
Reproduction (GO:0000003) 30 0.3% 28 0.3%
Homeostatic process (GO:0042592) 30 0.3% 29 0.3%
Developmental process (GO:0032502) 2 0.0% 2 0.0%
Rhythmic process (GO:0048511) 1 0.0% 1 0.0%
Multicellular organismal process (GO:0032501) 1 0.0% 1 0.0%

3.3. Gene Ortholog Evaluation

Pangenome analysis of Leishmania species, represented by the Venn diagram, showed that the
core genome—defined as the set of genes shared among all analyzed species—comprised 6,256 genes.
In addition, species-specific gene sets and genes partially shared among subsets of species were
identified (Figure 1).

L naif L. shawi

L. guyanensis L. major

Figure 1. Shared and species-specific orthologous genes among representative species of the Viannia and

Leishmania subgenera.
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L. naiffi and L. shawi share a set of 6,681 conserved genes. Despite this similarity, both species
also exhibit particular features in this analysis: L. naiffi possesses 46 exclusive genes, whereas L. shawi
presents 25 species-specific genes.

3.4. Identification of Pharmacological Targets

Protein homology analysis enabled the identification of 21 genes with therapeutic potential, of
which 11 were identified in L. naiffi and 10 in L. shawi (Table 4). Among the candidate genes, members
of the GSK-3, calpain, and ABC transporter families were particularly prominent—protein classes
that are widely explored as pharmacological targets in trypanosomatids.

The distribution of quality scores among the candidate genes revealed quantitative differences
between the two species (Figure 2). In L. naiffi, the highest score was observed for gene g6653.t1_1,
annotated as GSK-3, whereas in L. shawi the highest score corresponded to gene g2262.t1_1, also
belonging to the GSK-3 family. These findings reinforce the relevance of this protein family as a
conserved and potentially exploitable target in both analyzed species.

Genes classified with intermediate scores predominantly corresponded to partial fragments or
conserved domains of GSK-3 and calpains, whereas the sole representative of the ABC transporter
family showed a lower score, reflecting a shorter alignment length and moderate sequence identity,
although still within the established minimum criteria.

Table 4. Results of the BLASTp-based homology analysis for the identification of potential therapeutic targets
in L. naiffi and L. shawi, after application of filtering and ranking criteria. Alignment parameters (percent identity,
alignment length, e-value, and bitscore), the identified target family, and the quality score used for candidate

prioritization are presented.

Gene target pident length evalue bitscore Target family quality score Species
2262.t1 1 GSK-3 93.239 355 0 702 GSK-3 0.969575937 L. shawi
g6653.t1 1 GSK-3 92.676 355 0 698 GSK-3 0.967042056 L. naiffi
g70.t1 1 GSK-3 41.176 68 2.61E-10 504 GSK-3 0.638724366 L. naiffi

g6076.t1 1 GSK-3 41.176 68 2.65E-10 50.4 GSK-3 0.638592259 L. shawi
g7580.t1 1 GSK-3 52.593 135 0 144 GSK-3 0.588149574 L. shawi
24889.t1 1 Calpain 40.278 72  2.96E-10 52.4 Calpain 0.577380499 L. naiffi
g6708.t1 1 Calpain 38.889 72 3.67E-10 52 Calpain 0.569262623 L. shawi
g5011.t1 1 GSK-3 35.135 111 0 62.4 GSK-3 0.568017545 L. naiffi
g5438.t1 1 GSK-3 35.135 111 0 61.2 GSK-3 0.568017545 L. shawi
gl1346.t1 1 GSK-3 35.294 102 0 59.3 GSK-3 0.564705471 L. naiffi
g7003.t1 1 GSK-3 46.753 77 0 63.5 GSK-3 0.556492643 L. shawi
5886.t1 1 GSK-3 35417 144 0 95.5 GSK-3 0.555903944 L. shawi
23959.t1 1 GSK-3 46.154 78 0 65.5 GSK-3 0.553846692 L. naiffi
g6215.t1 1 GSK-3 36.905 84 0 56.2 GSK-3 0.517262738 L. shawi
g6018.t1 1 GSK-3 36.905 84 0 56.2 GSK-3 0.517262738 L. naiffi
5925.t1 1 GSK-3 37 100 0 57.4 GSK-3 0.4695 L. shawi
g6586.t1 1 GSK-3 3641 195 0 112 GSK-3 0.465896539 L. naiffi
g2627.t1 1 GSK-3 36.774 155 0 80.1 GSK-3 0.409676742 L. naiffi
g4212.t1 1 ABCG2 39394 66 1.17E-06 36.2 ABC 0.381454677 L. naiffi

g3791.t1 1 GSK-3 36.522 115
g4105.t1 1 GSK-3 35.652 115

56.6 GSK-3 0.372174826 L. naiffi
54.7 GSK-3 0.368260261 L. shawi

oo
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Figure 2. Comparison of quality scores of candidate genes identified as potential therapeutic targets belonging

to the GSK-3, calpain, and ABC transporter families in L. naiffi and L. shawi.

3.5. Chromosomal Coverage, Ploidy, and Variant Calling

For L. naiffi, chromosomal coverage ranged from 22.55x (chromosome 28) to 68.53x (chromosome
2), with most chromosomes showing coverage values concentrated between approximately 24x
(chromosomes 6, 14, 15, 21, 23, and 32) and 26x (chromosomes 1, 5, 7, 11, 18, and 22). In contrast, L.
shawi exhibited higher chromosomal coverage, ranging from 50.76x (chromosome 35) to 165.46x
(chromosome 8), with a predominance of values around 63x (chromosomes 14, 20, and 24) (Figure 3).

150 -

100-

ey -7

50

0_IIllllIIIIIIIIIIIIIII|I||||I|II||II|

Average Coverage

imeys -7

0

Figure 3. Comparative analysis of chromosomal coverage shows markedly higher coverage in L. shawi than in
L. naiffi.

Regarding ploidy (Figure 4), L. naiffi exhibited variation ranging from 1.59 (chromosome 28) to
approximately 4.85 (chromosome 2), whereas L. shawi showed values ranging from approximately
1.24 (chromosome 35) to 4.04 (chromosome 8). In both genomes, most chromosomes displayed a
ploidy pattern close to 2, consistent with a predominantly diploid state (Figure 4).
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Figure 4. Chromosomal ploidy analysis in L. naiffi and L. shawi, showing a predominantly diploid pattern across
most chromosomes. However, increased ploidy was observed in chromosome 2 of L. naiffi and chromosome 8

of L. shawi.

The identification of the number of SNPs (Figure 5) and indels (Figure 6) across the
chromosomes of L. naiffi and L. shawi revealed differences between the two species. In L. naiffi, SNP
counts varied among chromosomes, ranging from 243 in chromosome 8 to 3,041 in chromosome 31.
In L. shawi, SNP counts ranged from 224 in chromosome 4 to 2,313 in chromosome 35 (Figure 4).
Across the entire genome, genetic variability analysis identified 34,480 SNPs in L. naiffi and 26,562
SNPs in L. shawi, indicating greater genomic diversity in the former species.

3000 -

2000 -

1000 -
.hnannnﬂﬂlﬂll 1 -

I L naifi
- L. shawi

reu -7

SNP

3000 -

2000~

meys -7

1000 -

Figure 5. Analysis of polymorphisms in the genomes of L. naiffi and L. shawi, showing a high number of SNPs,

primarily located in chromosomes 20, 31, 34, and 35.

Similarly, the number of indels also varied across chromosomes in both species. In L. naiffi, indel
counts ranged from 91 in chromosome 2 to 704 in chromosome 31. In L. shawi, the number of indels
ranged from 75 in chromosome 2 to 791 in chromosome 35 (Figure 6).
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Figure 6. Increased presence of indels in chromosomes 20, 31, 34, and 35 in L. naiffi and L. shawi.

In the genome of L. naiffi, chromosome 31 stood out for having the highest variant counts, with
3,041 SNPs and 704 indels. Other chromosomes, such as 23 and 27, also showed elevated numbers of
these genetic markers. In L. shawi, the distribution of SNPs and indels across the genome was
similarly heterogeneous, with chromosome 31 highlighted for having 2,074 SNPs and 462 indels.

The duplicated chromosomes (20.1 and 20.2) in L. naiffi also exhibited a high number of genetic
variations, particularly chromosome 20.1, with 1,721 SNPs and 452 indels. In L. shawi, the duplicated
chromosomes showed a similar pattern, with chromosome 20.1 concentrating 1,477 SNPs and 415
indels. Across the whole genome, 34,480 SNPs and 9,104 indels were identified in L. naiffi, whereas L.
shawi presented 26,562 SNPs and 8,046 indels. Analyses of genomic coverage, ploidy, and variant
calling for L. naiffi and L. shawi are provided in Supplementary table S2.

3.6. Phylogenetic Inference

Phylogenetic analysis of the genomes of 67 Leishmania strains, using the polAl gene as a
molecular marker, produced a maximum likelihood tree (Figure 7). This analysis showed that L. naiffi
clustered within the Leishmania (Viannia) subgenus with strong bootstrap support (bootstrap >90%),
although positioned outside the L. guyanensis and L. braziliensis complexes. Conversely, L. shawi
grouped within the clade corresponding to the L. guyanensis complex, also with strong bootstrap
support (>90%).
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Figure 7. Maximum likelihood phylogenetic tree based on the polAl gene from 67 Leishmania genomes, with
bootstrap support evaluated using 1,000 replicates. L. naiffi clusters within the Leishmania (Viannia) subgenus
with high support (>90%), yet outside the L. guyanensis and L. braziliensis complexes, whereas L. shawi clusters

within the L. quyanensis complex. Bootstrap values are indicated by colors at the nodes.
4. Discussion

4.1. Genome Assembly, Taxonomic Classification, and Scaffold

The genome sizes were very similar (32.13 Mb and 32.50 Mb), yet the assemblies of L. naiffi and
L. shawi revealed notable structural differences. The L. naiffi assembly was more fragmented,
exhibiting a higher total number of contigs and scaffolds (20,446) compared to L. shawi (13,816). This
pattern of increased genomic fragmentation in L. naiffi is consistent with prior observations from a
comparison involving L. guyanensis [33] (Supplementary table S3).
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Despite higher coverage for L. naiffi (70.5x) compared to L. shawi (45x), this did not translate
into greater assembly continuity for the former. This observation reinforces the previously
documented structural constraints characteristic of the subgenus Viannia, which include significant
genomic plasticity and structural variations [34]. Such features have also been confirmed in the
phylogenetically related species L. braziliensis and L. panamensis [35].

The higher N25, N50, and N75 values for L. shawi compared to L. naiffi indicate a more
contiguous assembly for the former. This pattern mirrors that observed for L. guyanensis when
compared to the L. naiffi assembly in a prior genomic study [33].

The maximum contig sizes, 49,040 bp in L. shawi versus 17,834 bp in L. naiffi, further highlight
this difference, clearly demonstrating the greater continuity of the former assembly compared to the
latter.

The GC content was nearly identical between the two species, at approximately 57% of the
genome. This value falls within the typical range reported for the subgenus Leishmania (Viannia)
(57-57.5%) and aligns with data reported for L. peruviana [36].

4.2. Genome Annotation

Functional analysis of genes via BLASTp and PANTHER revealed a highly conserved profile
between L. shawi and L. naiffi, characterized by a predominance of unclassified genes (62.0% and
61.1%, respectively). This pattern, previously noted in other genomes of the subgenus Leishmania
(Viannia) [33], reflects the large proportion of proteins that remain without detailed functional
annotation. Catalytic functions represented the most abundant class (16.6% in L. shawi and 16.8% in
L. naiffi), indicating conservation of essential metabolic processes. This finding is consistent with
reports of amplified enzymatic activities in Leishmania (Viannia) subgenus, as also observed for L.
panamensis [35].

Minor differences, such as the higher absolute number of structural proteins in L. naiffi (84
versus 76), may reflect genomic particularities previously associated with the structural plasticity of
Leishmania, as also discussed elsewhere [33,35,36].

The analysis of biological processes corroborated this pattern of conservation: unclassified
proteins were predominant (52.7% and 52%), as previously reported [33]. Cellular processes (20%
and 20.5%) and metabolic processes (14.6% and 14.7%) showed similar proportions between the
species, consistent with the flexible metabolism of Leishmania (Viannia) discussed elsewhere [35].
Categories associated with response to stimuli, regulation, and localization remained stable,
reinforcing that functional differences likely arise mainly from mechanisms such as amplifications,
aneuploidies, and copy-number variations, widely recognized in Leishmania (Viannia) subgenus
[33,34]. The numerical proximity observed in these categories is compatible with the homogeneous
life cycle of the genus and aligns with annotations described in the literature [37,38].

4.3. Orthologs

Pangenome analysis revealed a well-conserved core genome of 6,256 genes shared between L.
naiffi, L. shawi, and two additional reference species (L. major and L. guyanensis). This conserved
core underscores the essential functional repertoire maintained across the Leishmania genus. The size
of this core is aligned with previous genomic studies focusing on the Viannia subgenus, which
reported core sizes of 6,635 [39] and 6,784 [38] genes when analyzing different species combinations,
including those from the Leishmania (Leishmania) subgenus. This consistency reinforces the concept
of strong functional and syntenic conservation within the genus.

However, the core genome size identified here is smaller than the 7,392 and 7,157 genes reported
in other studies [34,35]. This variation is likely attributable to differences in methodological pipelines,
stringency of orthology assignment, or the distinct phylogenetic breadth of the genome datasets
analyzed.

Notably, the analysis also delineated species-specific gene sets, with 46 unique genes in L. naiffi
and 25 in L. shawi. These accessory genes may underpin adaptive traits particular to each species,
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potentially influencing mechanisms of host-parasite interaction, niche-specific environmental
responses, or metabolic adaptations.

4.4. Identification of Pharmacological Targets

The recurrent identification of genes belonging to the GSK-3 family among the candidates with
the highest quality scores in L. naiffi and L. shawi reinforces the relevance of this kinase as a high-
priority therapeutic target in Leishmania species. Recent studies have highlighted GSK-3 as a core
regulatory protein for essential cellular processes in trypanosomatids, including cell cycle control,
parasite survival, and host adaptation. These studies also provide robust genetic and
pharmacological validation supporting its potential as a promising drug target [40,41].

The high degree of conservation observed for GSK-3 genes in the two analyzed species is
consistent with their functional essentiality, a characteristic frequently associated with therapeutic
targets of high biological value. It is important to note that this high conservation does not preclude
its pharmacological exploitation. Structural, regulatory, and kinetic differences relative to the
mammalian host homolog have already been described, enabling the achievement of molecular
selectivity [42]. In this context, the prioritization of GSK-3 family genes observed in this study, based
on objective criteria of sequence homology and quality score ranking, finds strong support in the
specialized literature. These findings underpin the potential of GSK-3 as a conserved and exploitable
therapeutic target, with applicability in drug intervention strategies aimed at multiple Leishmania
species. This reinforces its relevance in the landscape of the rational development of new
antileishmanial agents [40—42].

4.5. Coverage, Ploidy, and Variant Calling

Analysis of chromosomal coverage and ploidy reinforces the genomic plasticity of the subgenus.
L. naiffi exhibited coverages between 22.55x and 68.53x, whereas L. shawi showed higher values
(50.76x to 165.46x), suggesting greater overall coverage and potential for variant detection. Both
species displayed extensive aneuploidies (ploidies from ~1.2 to ~4.8), a pattern consistent with the
chromosomal mosaicism characteristic of the subgenus, as documented in prior studies [33,34].

The predominance of ploidy near 2 reflects a baseline diploid karyotype, also reported for L.
panamensis and L. braziliensis [35]. SNP and indel analyses revealed marked heterogeneity. In L.
naiffi, chromosome 31 stood out with 3.041 SNPs, while in L. shawi, chromosomes 31 and 35 showed
a high density of variants, suggesting regions subject to distinct selective pressures. The duplicated
chromosomes (20.1 and 20.2) exhibited a strong accumulation of variants in both species, reinforcing
the role of duplications and structural divergence, as proposed in existing models of genomic
plasticity [33]. Such patterns corroborate that chromosomal instability in Leishmania is an adaptive
functional mechanism, as reported elsewhere in the literature [43].

4.6. Phylogenetic Inference

Phylogenetic analysis based on the polA1 gene consistently placed L. naiffi and L. shawi within
the subgenus Leishmania (Viannia) subgenus, reinforcing the previously described evolutionary
patterns for this lineage. L. naiffi was robustly grouped within this subgenus but occupied an external
phylogenetic position relative to the L. guyanensis and L. braziliensis complexes, indicating a distinct
evolutionary trajectory. This placement is compatible with the high genomic plasticity and structural
particularities already described for Leishmania (Viannia) species [33,34].

In contrast, L. shawi consistently grouped within the L. guyanensis complex, with strong
bootstrap support (>90%), corroborating its close phylogenetic relationship with other species in this
complex. The clear separation between the Leishmania (Leishmania) and Leishmania (Viannia)
subgenera observed in the tree is congruent with previously published multi-locus analyses [35] and
with the structural and evolutionary differences described for South American species [36].
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Collectively, these results indicate that although L. naiffi and L. shawi share a conserved genetic
core, they follow distinct evolutionary paths, which are reflected in both their pangenome
organization and their patterns of chromosomal variation.

5. Conclusions

This study provides two new genomic assemblies for L. naiffi (MDAS/BR/1979/M5533) and L.
shawi (MCEB/BR/1984/M8408), expanding the landscape for comparative analyses within the
Leishmania (Viannia) subgenus. These resources establish the foundation for developing species-
specific diagnostic tools based on unique molecular markers and enable future research on gene
expression, novel drug discovery, and pathogenicity. Thus, the genomes presented herein not only
contribute to the fundamental knowledge of these species but also pave the way for targeted clinical
interventions and integrated molecular surveillance strategies for controlling cutaneous
leishmaniasis in the Amazon region.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Reference Leishmania genomes (N = 69) used for annotation; Table S2:
Coverage, ploidy, and variant calling data for L. naiffi and L. shawi; Table S3: Comparative table of assembled

genomes among Leishmania species.

Authors' Contributions: Conceptualization: FS, LC, E]J and LG; methodology: FS, LC, EJ and LG; software: EJ;
validation: FS, LC and EJ; formal analysis: FS, LC, E] and LG; investigation: FS, LC, EJ and LG; data curation: FS,
LC and EJ; writing — original draft preparation: FS, LC, and EJ; writing — review and editing: FS, LC, EJ, WS, and
LG; supervision: LG and WS; project administration: LG and WS. All authors have read and agreed to the

published version of the manuscript.

Funding: Financier of studies and projects (FINEP), Brazil, agreement number 01.22.0495.00; Co-ordination for
the Improvement of Higher Education Personnel (CAPES), Brazil, within the scope of Notice no. 13/2020 -
Postgraduate Development Program - Process: 88887.919409/2023-00.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The assembled genomes of L. naiffi and L. shawi have been deposited in GenBank
under accession numbers JBLLJP000000000 and JBLLJQ000000000, respectively.

Acknowledgments: We acknowledge the technical assistance and provision of biological material by the
Parasitology Section of the Evandro Chagas Institute (Ananindeua-Pa), which were essential for the sequencing

and analysis in this work.

Conflicts of Interest: The authors declare no conflicts of in-terest.

Abbreviations

The following abbreviations are used in this manuscript:

ATP Adenosine triphosphate

BLASTp  Basic Local Alignment Search Tool for proteins

GO Gene Ontology

GSK-3 Glycogen synthase kinase-3

PDB Protein Data Bank

polAl DNA polymerase alpha catalytic subunit 1

SNP Single nucleotide polymorphism
References

1.  Steverding, D. The history of leishmaniasis. Parasites Vectors 2017, *10%, 82. https://doi.org/10.1186/s13071-
017-2028-5.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1820.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2025 d0i:10.20944/preprints202512.1820.v1

15 of 17

2. WHO. Control of Leishmaniasis (Resolution WHA®60.13). 2007. Available online:
https://apps.who.int/gb/ebwha/pdf_files/fWHA60/A60_R13-en.pdf (accessed on 14 December 2025).

3.  Lainson, R. The Neotropical Leishmania species: a brief historical review of their discovery, ecology and
taxonomy. Rev. Pan-Amazonica Saude 2010, *1*, 13-32. ISSN 2176-6215. http://dx.doi.org/10.5123/S2176-
62232010000200002.

4.  Galati, E.A.B. Phlebotominae (Diptera, Psychodidae): Classification, Morphology and Terminology of
Adults and Identification of American Taxa. In Brazilian Sand Flies; Springer: Cham, Switzerland, 2018; pp.
9-212. https://doi.org/10.1007/978-3-319-75544-1_2

5. Zapata, S.; Galati, E.A.B.; Chaves, ]J.A.; Artigas, P.; Gantier, ].-C.; Bargues, M.D.; Mas-Coma, S.; Depaquit,
J. Diversity and epidemiological relevance of Neotropical sand flies. Parasites Vectors 2023, *16*, 123.
https://doi.org/10.1051/parasite/2023018

6.  Abadias-Granado I, Diago A, Cerro PA, Palma-Ruiz AM, Gilaberte Y. Cutaneous and Mucocutaneous
Leishmaniasis. Actas Dermosifiliogr (Engl Ed). 2021 Feb 27:50001-7310(21)00108-3. English, Spanish.
https://doi.org/10.1016/j.ad.2021.02.008

7. WHO. Control of the Leishmaniases: Report of a Meeting of the WHO Expert Committee on the Control of

Leishmaniases, Geneva, 22-26 March 2010. Available online:
https://apps.who.int/iris/bitstream/handle/10665/44412/WHO_TRS_949_eng.pdf  (accessed on 14
December 2025).

8.  Figueira, L.P,; Soares, F.V.; Naiff, R.D.; Vinho te-Silva, A.C.; Silva, S.S.; Espir, T.T.; Naiff, M.F.; Gomes,
L.HM.; Moreira, F.R.A.C.N,; Franco, AM.R. New human case reports of cutaneous leishmaniasis by
Leishmania (Viannia) naiffi in the Amazon region, Brazil. Acta Amazon. 2017, *47%, 47-52. Available online:
https://repositorio.inpa.gov.br/handle/1/13127 (accessed on 14 December 2025).

9. Brazil. Ministério da Satide. Leishmanioses: Painel de Monitoramento. 2025. Available online:
https://leishmanioses.aids.gov.br/app/dashboards?auth_provider_hint=anonymous14/view/5fc3a7ec-
22b9-4402-9a52-a5001ca659ad ?embed=true&_g=()&show-top-menu=false (accessed on 11 December 2025).

10. Lainson, R. The Neotropical Leishmania Species: A Brief Historical Review of Their Discovery, Ecology
and Taxonomy. Rev. Pan-Amaz. Saade 2010, *1*, 13-32. Available online:
http://scielo.iec.gov.br/pdf/rpas/vin2/vin2a02.pdf (accessed on 11 December 2025).

11. Lainson, R.; Shaw, ].J.; Silveira, F.T.; Braga, R.R; Ishikawa, E.A. Cutaneous leishmaniasis of man due to
Leishmania (Viannia) naiffi Lainson and Shaw, 1989. Ann. Parasitol. Hum. Comp. 1990, *65*, 282-284.
Available online: https://patua.iec.gov.br/items/1bfbl4ad-52e4-4e9f-a935-bOelefl51e5a (accessed on 11
December 2025).

12.  Figueira, L.P.; Soares, F.V.; Naiff, R.D.; Vinho te-Silva, A.C.; Silva, S.S.; Espir, T.T.; Naiff, M.F.; Gomes,
L.H.M.; Moreira, F.R.A.C.N,; Franco, AM.R. New Human Case Reports of Cutaneous Leishmaniasis by
Leishmania (Viannia) naiffi in the Amazon Region, Brazil. Acta Amazon. 2017, *47*, 47-52. Available
online: https://repositorio.inpa.gov.br/handle/1/13127 (accessed on 14 December 2025).

13. Sundar, S; Singh, V.K.; Agrawal, N.; Singh, O.P.; Kumar, R. Investigational New Drugs for the Treatment
of Leishmaniasis. Expert Opin. Investig. Drugs 2024, *33%, 1029-1046.
https://doi.org/10.1080/13543784.2024.2400139.

14. Antinori, S.; Schifanella, L.; Corbellino, M. Leishmaniasis: New Insights from an Old and Neglected
Disease. Eur. J. Clin. Microbiol. Infect. Dis. 2012, *31*, 109-118. https://doi.org/10.1007/s10096-011-1276-0.

15.  Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online:
https://www .bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 11 December 2025).

16. Chen, S.; Zhou, Y.; Chen, Y.; Gu, ]. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018,
*34%, 1884—i890. https://doi.org/10.1093/bioinformatics/bty560.

17. Li, D.; Liu, C.-M.; Luo, R.; Sadakane, K.; Lam, T.-W. MEGAHIT: An ultra-fast single-node solution for large
and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 2015, *31%, 1674-1676.
https://doi.org/10.1093/bioinformatics/btv033.

18.  Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]. Basic local alignment search tool. ]. Mol. Biol.
1990, *215%, 403-410. https://doi.org/10.1016/50022-2836(05)80360-2.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1820.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2025 d0i:10.20944/preprints202512.1820.v1

16 of 17

19. Wood, D.E; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, *20%,
257. https://doi.org/10.1186/s13059-019-1891-0.

20. Breitwieser, F.P.; Salzberg, S.L. Pavian: Interactive analysis of metagenomics data for microbiome studies
and pathogen identification. Bioinformatics 2020, *36%, 1303-1304.
https://doi.org/10.1093/bioinformatics/btz715.

21. Boetzer, M.; Henkel, C.V.; Jansen, H.J.; Butler, D.; Pirovano, W. Scaffolding pre-assembled contigs using
SSPACE. Bioinformatics 2011, *27*, 578-579. https://doi.org/10.1093/bioinformatics/btq683.

22. Stanke, M.; Diekhans, M.; Baertsch, R.; Haussler, D. Using native and syntenically mapped cDNA
alignments to improve de mnovo gene finding. Bioinformatics 2008, *24* = 637-644.
https://doi.org/10.1093/bioinformatics/btn013.

23. Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.;
Markowitz, S.; Duran, C.; et al. Geneious Basic: An integrated and extendable desktop software platform
for the organization and analysis of sequence data. Bioinformatics 2012, *28%, 1647-1649.
https://doi.org/10.1093/bioinformatics/bts199.

24. Mi, H,; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER version 14: More genomes, a new
PANTHER GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2019, *47*, D419-
D426. https://doi.org/10.1093/nar/gky1038.

25. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+:
Architecture and applications. BMC Bioinform. 2009, *10%*, 421. https://doi.org/10.1186/1471-2105-10-421.

26. Chen, H. VennDiagram: Generate High-Resolution Venn and Euler Plots. R Package Version 1.6.17. 2016.
Available online: https://cran.r-project.org/package=VennDiagram (accessed on 14 December 2025).

27. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+:
Architecture and applications. BMC Bioinform. 2009, *10%, 421. https://doi.org/10.1186/1471-2105-10-421.

28. Pearson, W.R. An introduction to sequence similarity (“homology”) searching. Curr. Protoc. Bioinform.
2013, *42*, 3.1.1-3.1.8. https://doi.org/10.1002/0471250953.bi0301s42.

29. Langmead, B; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, *9*%, 357-359.
https://doi.org/10.1038/nmeth.1923.

30. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.;
McCarthy, S.A.; Davies, RM.; et al. Twelve years of SAMtools and BCFtools. GigaScience 2021, *10%,
giab008. https://doi.org/10.1093/gigascience/giab008.

31. Schmidt, H.A,; Strimmer, K., Vingron, M.; von Haeseler, A. TREE-PUZZLE: Maximum likelihood
phylogenetic analysis using quartets and parallel computing. Bioinformatics 2002, *18% 502-504.
https://doi.org/10.1093/bioinformatics/18.3.502.

32. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R.
IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol.
Evol. 2020, *37%, 1530-1534. https://doi.org/10.1093/molbev/msaa015.

33. Coughlan, S.; Taylor, A.S.; Feane, E.; Sanders, M.; Schonian, G.; Cotton, J.A.; Downing, T. Leishmania naiffi
and Leishmania guyanensis reference genomes highlight genome structure and gene evolution in the
Viannia subgenus. R. Soc. Open Sci. 2018, *5%, 172212. https://doi.org/10.1098/rs0s.172212.

34. Rogers, M.B.; Hilley, ].D.; Dickens, N.J.; Wilkes, J.; Bates, P.A.; Depledge, D.P.; Harris, D.; Herr, Y.; Hermes,
L; Hirst, C.; et al. Chromosome and gene copy number variation allow major structural change between
species and strains of leishmania. Genome Res. 2011, *21%, 2129-2142. https://doi.org/10.1101/gr.122945.111.

35. Llanes, A, Restrepo, C.M.; Lleonart, R. Unraveling the Genome Diversity of Leishmania Parasites Using
Next-Generation DNA Sequencing Strategies. Life 2025, *15*, 1590. https://doi.org/10.3390/1ife15101590.

36. Valdivia, H.O.; Reis-Cunha, J.L.; Rodrigues-Luiz, G.F.; Baptista, R.P.; Baldeviano, G.C.; Gerbasi, R.V.;
Dobson, D.E.; Pratlong, F.; Bastien, P.; Lescano, A.G.; et al. Comparative genomic analysis of Leishmania
(Viannia) peruviana and Leishmania (Viannia) braziliensis. BMC Genomics 2015, *16%, 715.
https://doi.org/10.1186/s12864-015-1928-z.

37. Peacock, C.S.; Seeger, K.; Harris, D.; Murphy, L.; Ruiz, ].C.; Quail, M.A_; Peters, N.; Adlem, E.; Tivey, A,;
Aslett, M,; et al. Comparative genomic analysis of three Leishmania species that cause diverse human
disease. Nat. Genet. 2007, *39%, 839-847. https://doi.org/10.1038/ng2053.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1820.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 December 2025 d0i:10.20944/preprints202512.1820.v1

17 of 17

38. Real, F.; Vidal, R.O.; Carazzolle, M.F.; Mondego, ].M.; Costa, G.G.; Herai, R.H.; Wiirtele, M.; de Carvalho,
L.M.; Carmona e Ferreira, R.; Mortara, R.A; et al. The genome sequence of Leishmania (Leishmania)
amazonensis: Functional annotation and extended analysis of gene models. DNA Res. 2013, *20%, 567-581.
https://doi.org/10.1093/dnares/dst031.

39. Gonzalez-Garcia, L.N.; Rodriguez, M.P.; Parra-Mufioz, M.; Clavijo, A.M.; Levy, L.; Ovalle-Bracho, C,;
Colorado, C.; Camargo, C.; Quiceno, E.; Moncada, M.]; et al. Genetic diversity and comparative genomics
across Leishmania (Viannia) species. Commun. Biol. 2025, *8%, 925. https://doi.org/10.1038/s42003-025-
08331-1.

40. Diaz, A.P,; Canal, C.A.M.; Valdés, A.].; Delgado, ].E.G.; Varela-M, R.E. GSK-3 kinase a putative therapeutic
target in  trypanosomatid  parasites. Braz. J. Infect. Dis. 2024, *28*% = 103736.
https://doi.org/10.1016/j.bjid.2024.103736.

41. Efstathiou, A.; Smirlis, D.; Myrianthopoulos, V.; Fytas, C.; Galanis, A.; Papadopoulou, B. Leishmania
Protein Kinases: Important Regulators of the Parasite Life Cycle and Promising Drug Targets.
Microorganisms 2021, *9%, 691. https://doi.org/10.3390/microorganisms9040691.

42. Ojo, KK,; Gillespie, ].R.; Riechers, A.J.; Napuli, A.].; Verlinde, C.L.M.J.; Buckner, F.S.; Van Voorhis, W.C;
Merritt, E.A. Structure determination of glycogen synthase kinase-3 from Leishmania major and
comparison with Trypanosoma brucei. Mol. Biochem. Parasitol. 2011, *176%  98-108.
https://doi.org/10.1016/j.molbiopara.2010.12.009.

43. Black, J.A,; Reis-Cunha, J.L.; Cruz, A.K,; Tosi, L.R.O. Life in plastic, it’s fantastic! How Leishmania exploit
genome instability to shape gene expression. Front. Cell. Infect. Microbiol. 2023, *13%, 1102462.
https://doi.org/10.3389/fcimb.2023.1102462.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1820.v1
http://creativecommons.org/licenses/by/4.0/

