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Abstract

Leishmania spp. is the etiological agent of leishmaniases, neglected diseases that
seek to be eradicated in the coming years. The life cycle of these parasites involves
different host and stress environments. In recent years, many studies have shown
that several protein-coding genes are directly involved with the development and
host interactions. However, little is still known about the role of non-coding RNAs
(ncRNAs) in life cycle progression. In this study, we aimed to identify the genomic
structure and function of ncRNAs from Leishmania spp. and to get insights into the
repertoire of n\cRNAs (RNAome) of this protozoan genus. We studied 26 strains
corresponding to 16 different species of Leishmania. Our RNAome analysis revealed
the presence of several ncRNAs that are shared among different species, allowing
us to differentiate between subgenera as well as between species that are canoni-
cally related to visceral leishmaniasis. We also studied co-expression relationships
between coding genes and ncRNAs which in the amastigote developmental stage for
Leishmania braziliensis and Leishmania donovani revealed the presence of
miRNA-like transcripts co-expressed with several coding genes involved in starva-
tion, survival and histone modification. This work represents the first effort to charac-
terize the Leishmania ssp. RNAome, supporting further approaches to better
understand the role of ncRNAs in gene regulation, infective process, and host-
parasite interaction.
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Author summary

Leishmaniasis is a neglected tropical disease caused by Leishmania parasites,
which undergo complex developmental stages transitioning between insect
vectors and mammalian hosts. While considerable research has focused on
understanding protein-coding genes and their role in parasite survival and

host adaptation, the role of non-coding RNAs (ncRNAs) in regulating these
processes remains poorly explored. In this study, we performed a comprehen-
sive genome-wide characterization of ncRNAs across 16 Leishmania species,
integrating comparative genomics, transcriptomics, and co-expression network
analyses. We uncovered a diverse repertoire of ncRNAs, including conserved
and species-specific molecules, and identified key ncRNAs co-expressed with
genes involved in critical processes such as stress response, membrane dy-
namics, and cytoskeleton organization. Notably, we revealed ncRNAs potentially
regulating the expression of genes like aquaglyceroporins, surface proteins, and
heat shock proteins, highlighting their role in parasite survival and stage-specific
differentiation. This study underscores the importance of ncRNAs in parasite
development, survival, and host adaptation. Our findings open new perspectives
for exploring ncRNAs as potential targets for therapeutic interventions against
leishmaniasis.

1. Introduction

Leishmaniases are a group of diseases caused by parasites of the genus Leishma-
nia [1,2]. These pathologies present a wide range of clinical manifestations, from
self-healing skin lesions in cutaneous leishmaniasis (CL) to the more severe visceral
leishmaniasis (VL), which affects organs such as the liver, spleen, and bone marrow
[3,4]. Each year, approximately 1 million new cases are reported globally, with an
estimated 20,000 deaths [5].

The Leishmania life cycle alternates between invertebrate and mammalian hosts,
requiring several morphological changes and biochemical adaptations [6]. Infection
begins when metacyclic promastigotes (META) are introduced into the dermis via
the bite of a sandfly, a blood-feeding Diptera [7]. These metacyclic promastigotes
are rapidly internalized by skin resident or recruited phagocytes cells (neutrophils,
macrophages, and dendritic cells) [7,8]. Inside host cells, the parasites trigger
the maturation and morphological transformation into amastigote (AMA) forms. At
this point, the parasites multiply by binary fission. This division leads to the lysis
of the cell and induces the dissemination of amastigotes, allowing them to infect
other cells [7]. Finally, the cycle is completed when the vector ingests the parasites
during a blood meal on an infected host, taking with them macrophages carrying
amastigotes, triggering morphological changes to procyclic promastigotes (PRO)
in the sandfly midgut [7]. Such a challenging life cycle requires parasite adaptation
efforts to survive under nutritional starvation, sudden changes in temperature, pH,
and cellular plasticity varying from a free-living 15-30 um length flagellated form
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to a 3—6 pm rounded intracellular form. All these can be achieved by a very well-orchestrated post-transcriptionally
controlled gene expression and epigenetic events, similar to those regulatory mechanisms already reported in other
trypanosomatids [9,10].

Leishmania parasites exhibit unique characteristics in gene expression regulation [11,12], including constitutive gene
expression [13], polycistronic transcription [14—16], and extensive post-transcriptional regulation [17]. Additionally, studies
in L. donovani suggest that gene dosage through aneuploidy modulates gene expression [18,19]. However, these studies
have largely focused on the regulation of protein-coding genes, with little attention paid to non-coding RNAs (ncRNAs)
and their role in parasite development and pathogenesis. As a result, our understanding of ncRNAs in Leishmania
remains limited.

Non-coding RNAs are untranslated transcripts that participate in modulating multiple biological processes [20], such
as gene regulation at transcriptional [21] and post-transcriptional levels [22,23], developmental processes [24] or even
in many diseases, such as cancer [25] or pathogenic infections [26]. They can be broadly classified into two main sub-
classes [25,27,28]. The small RNAs (sncRNAs) (< 200 nt), a subclass that includes regulatory RNAs such microRNAs
(miRNAs), small interfering RNAs (siRNAs), piwi-interacting RNA (piRNAs), while the long non-coding RNAs (IncRNAs)
(> 200 nt) includes several transcripts known to take place regulating several important processes in eukaryotes, such
as genome imprinting [29], splicing [30] and chromatin organization [31]. Many classes of regulatory ncRNAs have been
identified in various eukaryotic organisms since the discovery of miRNAs in Caenorhabditis elegans in 1993 [32], but their
roles in eukaryotic pathogens remain poorly studied [33].

The first genome of Leishmania major was sequenced in 2005 [34], leading to numerous studies exploring the
genome structure and function at the protein-coding genes level [34—43]. In parallel, studies focused on ncRNAs
increased since its first description in Leishmania parasites in 2006 [44,45]. These works have been mainly concen-
trated on the identification of specific ncRNAs classes, such as siRNA [46]; microRNA-like and their regulatory roles
[47]; small RNAs derived from tRNAs and rRNAs as regulators of host-pathogen interaction processes [48]; small
nucleolar RNAs (snoRNA) and their function in rRNA processing [49]; UTR-associated ncRNAs (uaRNAs) [50]; or
identifying INcRNAs and their putative functions [51]. More recently, studies characterizing ncRNA repertoires in L.
braziliensis have highlighted the potential roles of these molecules in trypanosomatids developmental life cycle stages
regulation [52,53]. Understanding the role of ncRNAs significantly enhances our understanding of the molecular
biology of Leishmania and presents opportunities for the development of innovative therapeutic strategies to address
these severe parasitic infections.

This study combines computational, transcriptomic, comparative genomics, and systems biology approaches to provide
the first comprehensive characterization of the ncRNAs repertoire (RNAome) in 25 strains from 16 Leishmania species.
By integrating conserved and unique ncRNAs, we uncovered the intricate regulatory roles of these molecules across the
species. In addition, we explored ncRNA expression patterns and their relationship with coding genes. Through co-
expression networks analysis, we associated ncRNAs with coding genes, pinpointing important ncRNA-coding RNA pairs
that are co-expressed during developmental stages. Our findings underscore the non-coding RNAs as players in regulat-
ing gene expression during life cycle changes, revealing their essential role in the processes of parasite development, sur-
vival, and host adaptation. Furthermore, this work enhances our comprehension of the molecular biology of Leishmania
and opens new ways for the development of strategies, aimed at targeting ncRNA-driven mechanisms in the fight against
leishmaniasis.

2. Methods
2.1 Databases and datasets

To comprehensively analyze the ncRNA repertoire in Leishmania spp., we fetched genomic sequences and whole
RNA sequencing (RNA-seq) datasets from publicly available repositories. Complete genome sequences for 25 strains
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representing 16 different Leishmania species were downloaded from the NCBI [54] FTP site and TriTrypDB [55] (S1
Table). Associated metadata for each genome, such as the genome size, annotation details, database accession IDs, and
completeness metrics like BUSCO scores, are detailed in S1 Table. Publicly available RNA-seq libraries were retrieved
from the NCBI Sequence Read Archive platform (SRA) [56] and encompass samples from three Leishmania species

at different developmental stages: i) L. braziliensis M2903 (MHOM/BR/1975/M2903), study accession PRINA494068
[53], which includes samples from the amastigote, procyclic, and metacyclic stages; ii) L. donovani BPK282A1 (MHOM/
NP/2002/BPK282), study accession PRJEB15610 [18], with samples representing the amastigote and undifferentiated
promastigote stages; and iii) L. major Friedlin (MHOM/IL/1981/Friedlin), study accession PRINA252769 [57], which con-
tains samples for the metacyclic and procyclic stages. S2 Table provides a detailed overview of the RNA-seq data, includ-
ing the species, strains, developmental stages, biological replicates, number of reads per library, sequencing platform, and
associated references.

2.2. Predicting the repertoire of ncRNAs in Leishmania spp. genomes

To identify the repertoire of ncRNAs in Leishmania spp. we applied two different approaches that combine: i) sequence
homology and ii) secondary structure searches (use of covariance models). For the sequence homology-approach, we
used the set of non-redundant sequences available in the NR2 database (https://nr2.ncrnadatabases.org/). This reposi-
tory is a web-based portal that indexes 102 public ncRNA databases, providing a centralized and user-friendly platform
to retrieve ncRNAs sequences from different organisms. The database is organized by RNA family, data source, content,
and search mechanisms [58]. After downloaded all eukaryotic ncRNAs FASTA sequence available in the NR2 database
(FASTA file available in our GitHub, https://github.com/networkbiolab/ncRNA_leish), we aligned these sequences against
each Leishmania genome using Bowtie2 v2.3.5.1 [59]. We selected as option the report of all alignments (-a in com-
mand) and allowed 1 mismatch (-N 1). This step will enable us to align local to local, therefore predicting ncRNAs with
a2 80% sequence similarity, and in consequence, also allow us to recover the specific genome region where sequence
homology between ncRNA sequences and Leishmania genomes were detected. Next, BED files containing coordinates
location (loci) of predicted ncRNAs on the Leishmania genomes of were obtained using SAM2BED tool from BEDOPS
v2.4.41 with default parameters [60]. Additionally, to the NR2 database, we also utilized all previously described non-
coding RNAs (ncRNAs) from Leishmania species deposited in TriTrypDB. We selected all genes annotated with the
attribute “ncRNA_gene.” A manual curation step was subsequently performed to eliminate ncRNAs erroneously tagged
as ncRNAs (error in gene ID name) from the dataset. Finally, the curated ncRNA dataset was used to conduct homol-
ogy searches across all genomes analyzed in this study, applying same steps and parameters previously used for NR2
searches.

The second approach involved the use of covariance models, a statistical model used to describe the conserved
sequence and secondary structure of RNA molecules. To do so, we used StructRNAFinder pipeline [61], which integrates
Infernal v1.1 [62], RNAfold from ViennaRNA v2.7.0 [63] and Rfam v14.1 [64] to predict and annotate ncRNAs families in
each Leishmania genome. An e-value cut-off of 0.001 was applied for cmsearch. A score of 10 was used to identify and
annotate RNA families with StructRNAfinder, as reported by Torres et al (2017), with L. braziliensis [52]. Similar to the pre-
vious approach, this allowed us to predict ncRNAs on genome regions, but using secondary structure instead of sequence
homology.

The merge of BED files generated by both approaches was performed using MergeBed from BEDtools [65]. Note-
worthy, this step allowed us to remove redundancies, i.e., ncRNA prediction in the same locus. Intragenic ncRNAs were
filtered out using intersectBED [65]. The final set of ncRNA sequences in FASTA format was obtained using the final BED
file that contained the complete ncRNA repertoire of each Leishmania genome through BEDtools GetFasta [65]. GTF files
for predicted ncRNAs were built using AGAT toolkit [66]. RNA class annotation for predicted ncRNAs were determined by
consensus between the classifications identified by both predictions.
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2.3. Transcriptional evidence of predicted ncRNAs

Transcriptional evidence for predicted ncRNAs was performed through RNA-seq data analysis. The public available data
of: i) Leishmania braziliensis MHOM/BR/1975/M2903, ii) Leishmania donovani BPK282A1 (MHOM/NP/2002/BPK282A1)
and iii) Leishmania major Friedlin (MHOM/IL/1981/Friedlin) were download and used for subsequent analyzes, accord-
ing to previously described parameters [48]. Briefly, the RNA-seq mapping and read counts measuring, were performed
with the following modifications. FastQC v0.11.8 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Fastp
v0.23.4 [67] were used to evaluate and filter out low quality reads from RNA-seq data, considering a Phred cut-off value
of Q=30. The infer_experiment.py tool from RSeQC v5.0.4 [68] was applied to determine the strandness of the reads.
High-quality reads were then mapped to genomes using Bowtie2 (with -N 1 --local parameters) [59]. Read count values
for the predicted ncRNAs from the three Leishmania species were calculated using featureCounts from Subread v2.0.8
[69] with parameters for paired-end reads (-p) and strand-specific reads (-s). Then, the genes counts were normalized
using FPKM (Fragments Per Kilobase per Million mapped fragments). A modest filter of > 1 FPKM was selected to deter-
mine a ncRNAs as expressed, comparable to other works with similar methodology [70-73].

2.4. Comparative analysis of ncRNAs

Conservation analysis of ncRNA repertoire in Leishmania spp., was carried out. First, predicted ncRNA sequences of all
species were clustered using CD-HIT version 4.8.1 [74] with a threshold of 85% of sequence similarity with an alignment
coverage of 85% for the shorter sequence and 85% of query coverage. Additionally, we select a global alignment with -G
parameter and select the best cluster for each sequence using the -g parameter. Next, a binary presence-absence matrix
was then constructed based on the predicted ncRNA clusters. The set of ncRNA clusters conserved across all species
was designated as the “core-RNAome”, while the “accessory RNAome” refers to ncRNA clusters present in some, but
not all, Leishmania genomes. The total collection of core-RNAome, accessory-RNAome, and species-specific (unique to
strains) ncRNA clusters was collectively defined as the “pan-RNAome.

We generate a cladogram to visualize the species clustering based on the ncRNA family distribution by performing hier-
archical clustering with Euclidean distance on the presence/absence matrix. We then compared the resulting cladogram
with a phylogenetic tree derived from a set of conserved orthologous proteins. For this, we constructed core-genome
phylogenetic trees using 613 conserved orthologous proteins from the core-genome of 25 Leishmania representatives.
We employed a bidirectional best-hit algorithm for orthologs clustering using ProteinOrtho v5.11 [75], with default param-
eters. Next, conserved orthologous multiprotein family sequences were aligned using MAFFT version v7.453 [76], con-
sidering the L-INS-I iterative refinement method. The alignments were masked to remove unreliable aligned regions with
GBLOCKS version 0.91b [77] with default parameters. Maximum likelihood trees were prepared for concatenated align-
ments through IQ-TREE version 1.6.12 [78], using 1,000 replicates as bootstrap with the best-suited substitution model.
The final tree was visualized using Figtree (http://tree.bio.ed.ac.uk/software/figtree/).

2.5. Differential expression analysis among developmental stages in Leishmania spp

The same RNA-seq libraries used in the transcriptional evidence step were employed to perform expression analysis
across different developmental stages L. braziliensis, L. donovani and L. major. Differential expression was performed
using DESeq2 v1.46.0 [79,80]. First, to account for differences in library sizes and compositional biases across RNA-seq
samples, we applied Trimmed Mean of M-values (TMM) normalization using the edgeR package. This method calculates
normalization factors by trimming the most extreme count values to reduce the influence of highly expressed genes,
which may skew the overall count distribution. This normalization procedure ensures more accurate comparisons of gene
expression levels between samples, allowing for reliable downstream analyses such as differential expression testing and
co-expression network analysis.
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Differentially expressed genes (DEGs) were calculated using DESeq2 and EdgeR with the following thresholds:
p-value<0.001, false discovery rate (FDR) or adjusted pvalue<0.05, and |log2FC|> 1. We then generated a consensus
between both tools to identify candidate genes specifically associated with developmental stages.

2.6. Co-expression network analysis

To identify modules related to the developmental stages of Leishmania, we performed a gene co-expression analysis
using Weighted Gene Co-expression Network Analysis (WGCNA) package v1.69 [81]. Normalized read counts in TMM of
coding genes and ncRNAs recovered from RNA-seq data analysis were used as input for WGCNA. A soft threshold power
(B) was chosen to achieve a scale-free topology (scale-free R?>0.85), ensuring that the network structures are biologically
meaningful for each Leishmania species data. A weighted adjacency matrix was created by raising the absolute value

of the Pearson correlation coefficient between gene pairs to the selected soft-threshold power. This adjacency matrix

was transformed into a topological overlap matrix (TOM), which measures network connectivity and accounts for shared
neighbors between gene pairs. Genes were hierarchically clustered based on TOM dissimilarity, and modules were
defined using the dynamic tree-cut algorithm with a minimum module size of 30 genes. Module-stage relationships were
determined by calculating Pearson correlation coefficients between modules and developmental stage traits (procyclic,
metacyclic, or amastigote stages). Modules with significant correlations (R?>10.7|, p<0.05) were considered stage-
associated. Next, gene significance (GS) and module membership (MM) metrics were utilized to identify genes that are
strongly associated with developmental stages and their corresponding modules. GS measures the correlation between
an individual gene expression and the developmental stage of interest. On the other hand, MM quantifies the correlation
of a gene expression profile with the eigengene of its module. A gene X was considered to be highly associated to devel-
opmental stage Z, if it met the criteria: X(Z) = GS>0.70, p<1e-3 and MM>0.85|, p<1e-5.

To identify hub genes in the coexpression network, we utilized the NetworkAnalyzer plugin v4.5.0 [82] of Cytoscape.
The network was analyzed to compute key topological parameters, including degree, betweenness centrality, and close-
ness centrality. To define hub genes, we applied a threshold based on the 90th percentile of these metrics, selecting
nodes with the highest connectivity, influence, and proximity within the network. The final hub gene list was extracted and
further examined for potential biological relevance, particularly their associations with developmental stages.

2.7. Functional associations of ncRNA in Leishmania parasites

To obtain functional associations for each ncRNA, we employed a modified version of the method described by Liao and
collaborators [83]. First, we obtained the Gene Ontology (GO) annotation GAF files from TritrypDB [55], which contain
GO term annotations for each coding gene, that include biological process (BP), cellular component (CC), and molecular
function (MF). Then, we performed a GO term enrichment first on the first-level coding gene neighbors for each ncRNA
obtained from coexpression network analysis using the cytoscape app BiNGO v3.0.5 [84]. The p-values were adjusted
using the FDR method, with a significance threshold of p<0.05. To reduce redundancy in GO terms, we processed the
results using Revigo v1.8.1 [85], which clusters similar terms based on semantic similarity. All code employed in this work
are available at GitHub: https://github.com/networkbiolab/ncRNA _leish.

3. Results
3.1. Dissecting the repertoire of non-coding RNAs across Leishmania spp

We employed a combined computational approach, utilizing covariance model comparisons of established RNA families,
and sequence similarity searches from public databases to characterize the ncRNA repertoire across 25 genomes from
16 different Leishmania species. Our analysis, described for the first time, a plethora of different types of ncRNAs (Fig
1A). We predicted a total of 539,528 ncRNAs, with individual species counts ranging from 10,563 (LspLD974) to 34,403
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Fig 1. ncRNAs repertoire and transcriptional evidence in Leishmania parasites. A. Distribution of ncRNAs identified in all species. Those ncRNAs
representing less than 0.5% were categorized as “Others”. The presence of a large proportion of non-categorized ncRNAs (unclassified) are elements
that could not be assigned to any group due to a lack of biological information related to their secondary structure motifs or functional annotation in the
original database. B. ncRNAs gene prediction was validated by transcriptional evidence using RNA-seq analysis. We observed expression for a rate
between 46.3% (L. braziliensis) to 97.55% (L. major) of predicted ncRNAs. C. Comparative expression values of log, counts per million (log, ,,) normal-

ized read counts. The top five representative ncRNAs according to the number of predictions are represented, together with the coding genes expressed
in L. braziliensis, L. donovani, and L. major.

https://doi.org/10.1371/journal.pntd.0013108.9001

(Leishmania turanica LEM423). A total of 13 well-known and one unclassified RNA types were identified across the Leish-
mania spp. genomes, based on the NR2 and Rfam [64] original annotations and nomenclature. Additionally, we identified
a set of ncRNAs without specific functional annotations but conserved according to other RNA sequences available in
public databases and indexed in NR2. The most representative RNA class is sSRNA, with an average of 16,622 copies per
genome, while the less abundant were scaRNA and SRP, each represented by 38 and 30 ncRNAs, respectively. The top
five RNA classes according to their average occurrence across all genomes were: sRNAs (16,622) that represent the 77%
of identified ncRNAs on Leishmania genomes repertoire (Fig 1A), Unclassified (3,312) representing the 15% from the
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total, rRNAs (575, the 2.6%), miRNAs (miRNA-like) (453, the 2.1%), and snoRNA (357, the 1.6%). Notably, the ncRNAs
presented a GC content ranging between 48% and 60%, and lengths ranging from 18 (miRNA-like) to ~6,000 nt (unclassi-
fied RNAs). Further details on the ncRNA repertory for each species are provided in S1 and S2 Tables.

To validate the transcriptional evidence of the predicted ncRNAs, we integrated publicly available RNA-seq data
from three different species: L. braziliensis M2903 (MHOM/BR/75/M2903) [53], L. donovani BPK282A1 (MHOM/NP/02/
BPK282) [18], and L. major Friedlin (MHOM/IL/81/Friedlin) [57]. We selected a modest expression cut-off of 1 FPKM
based on previous works in different samples and model species [70-73], in order to define bona fide expressed tran-
scripts. In this sense, we obtained transcriptional evidence for several ncRNAs, ranging from 46.3% in L. braziliensis
M2904 to 97.55% of the predicted ncRNAs in L. major Friedlin. Additionally, we observed expression for approximately
98% of protein-coding genes across these three species using the same RNA-seq datasets (Fig 1B).

Next, we filtered all normalized counts of the most representative ncRNAs classes and compared expression values for
ncRNAs and protein-coding genes in each strain (Fig 1C). We noted that in L. braziliensis, the mean expression value for
ncRNAs (log,) was 7.4 FPKM. A similar trend was observed for L. major, with an average expression of 7.25 FPKM. In L.
donovani, we found an FPKM average of 6.94.

3.2. The Leishmania spp. pan-RNAome: ncRNAs conservation across 25 genomes

We performed a comparative genomic analysis to explore the ncRNA repertoire across Leishmania genomes. After clus-
tering the predicted ncRNAs using CD-HIT [74], we identified 16,572 clusters, which we refer to as the pan-RNAome of
Leishmania spp. The pan-RNAome was further divided into a core-RNAome, consisting of 876 (5.27%) clusters (Fig 2A),
representing a total of 230,788 ncRNAs conserved across all species, and the accessory-RNAome, made up of 10,526
(63.52%) clusters encompassing 30,1971 ncRNAs (Fig 2A). Additionally, we identified 6,552 species-specific ncRNAs
(5,170 clusters) in the Leishmania genomes, corresponding to 31.21% of the pan-RNAome (Fig 2A).

Conservation within ncRNA types such as, rRNAs, snRNAs, snoRNAs, sSRNAs and tRNAs comprised 89.79% of the core-
RNAome. The remaining 16.21% consisted of unclassified RNAs (Fig 2B). The species-specific ncRNAs showed greater diver-
sity in ncRNA types compared with core-RNAome, with unclassified RNAs, miRNA-like, and sRNAs being the most abundant
classes, representing 92.82% of the total unique ncRNA inventory (Fig 2B). The accessory-RNAome was mainly integrated by
unclassified RNAs, miRNA-like, and sRNAs. We also distinguished a subset of 793 ncRNA clusters conserved only in species of
the Viannia subgenus and absent in other groups (Fig 2C). These Viannia-specific clusters were primarily annotated as unclas-
sified ncRNAs, sRNAs and snoRNAs but also, we distinguished that the 10.34% of ncRNAs shared across Viannia subgenus
species has potential roles in gene expression regulation such, IncRNAs, miRNA-like, Cis-regulatory RNAs (Fig 2C). Next, we
evaluated the ncRNA conservation in species of L. donovani complex, canonically associated with visceral leishmaniasis. Based
on the literature, we selected Leishmania donovani and Leishmania infantum as representatives of VL-associated species
[1,86,87], identifying a subset of 140 ncRNA clusters (Fig 2C). These clusters were mostly made up of unclassified ncRNAs and
miRNA-likes (Fig 2C).

To assess the relationship between phylogeny based on protein-coding genes and the distribution of ncRNA classes
across all Leishmania species causing different clinical manifestations or from distinct subgenus, we compared the phy-
logenetic relationships for the primary sequences of 613 core orthologous protein-coding genes conserved within all 25
Leishmania isolates, with a clustering generated using the Jaccard similarity index computed from the ncRNA presence/
absence matrix. Interestingly, both approaches (sequence phylogeny and Jaccard coefficient clustering) showed similar
patterns, indicating a phylogenetic relationship in the conservation and distribution of ncRNAs (Fig 3).

3.3. Stage-specific differential expression of coding genes and ncRNAs

We obtained the set of differentially expressed protein-coding genes and ncRNAs across the three main developmen-
tal stages of L. braziliensis. We analyzed the expression of 5,528 ncRNAs and 8,345 coding genes through pairwise
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25 conserved clusters within all 25 genomes. In Purple are represented the clusters conserved exclusively in species of L. donovani complex, related to
visceral leishmaniasis (VL) (L. donovani and L. infantum strains), while the clusters associated with Viannia subgenus (L. braziliensis, L. panamensis,
and L. peruviana species) are in green. The core clusters are in blue. Pie charts for the Viannia subgenus and L. donovani complex lineages illustrate
the relative abundance of different ncRNA classes.

https://doi.org/10.1371/journal.pntd.0013108.g002

comparisons of the amastigote, metacyclic promastigote, and procyclic promastigote developmental stages. Notably, the
amastigote stage exhibited the highest number of DEGs, with 537 protein-coding genes and 447 ncRNAs differentially
expressed (DE) when compared to the procyclic stage (Fig 4A), that denoted an extensive transcriptional change during
this stage, impacting not only protein-coding genes but also the expression of ncRNAs. In total, 1,103 DEGs were
identified in the amastigote, in which 810 were found to be exclusive for this stage (783 mMRNAs and 220 ncRNAs). In
comparison to the others, 273 genes were shared with the metacyclic, while only 39 genes overlapped with the procyclic,
highlighting the profound transcriptional differences between the amastigote and procyclic stages (Fig 4B). In the meta-
cyclic stage, 83 ncRNAs and 101 protein-coding genes were exclusively differentially expressed, whereas the procyclic
stage exhibited 176 ncRNAs and 159 coding genes with exclusive differential expression (Fig 4B).

A Gene Ontology (GO) enrichment analysis was performed to identify the biological processes associated with the
differentially expressed genes (DEGs) in each developmental stage of Leishmania braziliensis (Fig 4C).

In the amastigote stage, we found that DEGs were significantly enriched in biological processes related to transmem-
brane transport, response to osmotic stress, hypotonic response and establishment of localization.
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right represents the clustering of RNA families based on the presence/absence of core RNAome elements, calculated using the Jaccard coefficient simi-
larity matrix. Nodes are colored according to Leishmania subgroups: the Leishmania subgenus (yellow), Sauroleishmania subgenus (green), and Viannia
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https://doi.org/10.1371/journal.pntd.0013108.g003
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https://doi.org/10.1371/journal.pntd.0013108.g004

In contrast, the procyclic stage showed significant enrichment in processes related to protein folding, regulation of cell
proliferation, cellular response to heat among others. In this sense, the procyclic stage seems to reflect the other side of
the coin of the amastigote, suggesting a completely different transcriptional configuration, according to the limited overlap
of differentially expressed genes found between both stages (Fig 4B and S5 and S6 Tables).

3.4. Co-expression network analysis identifies developmental stages-associated gene modules in Leishmania
braziliensis

Atotal of 13,872 genes (5,528 ncRNAs and 8,345 coding genes) of L. braziliensis were employed to construct the
weighted gene co-expression networks using WGCNA [81]. The set-up condition by our network construction was a soft
threshold power B at 14, the scale-free network fitting index (R?) greater than 0.85 was set to ensure low mean connec-
tivity and high scale independence. Ten co-expression modules were recognized in L. braziliensis. The number of genes
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per module varies from 21 (M9) to 2,706 (M0). The total number of genes per module, as well as its composition of coding
and ncRNAs is described in detail in S7 Table.

To analyze the correlation of each module in Leishmania braziliensis developmental stages, we used a module-
development stage relationship comparison. The relationship between co-expression modules and developmental stage is
shown in Fig 5. After assessing strong correlations between all modules and developmental stages, we found that mod-
ule M4 had the highest correlation with the procyclic promastigote (R?=0.98 and p<0.001). In the same way, module M2
presented a stronger correlation with metacyclic promastigote (R2=0.86 and p<0.001), and M1 with amastigote (R>=0.92
and p<0.001).

After identifying the modules related to each developmental stage, we generated a filter based on the Module Member-
ship (MM) and Gene Significance (GS) metrics, obtained from our coexpression analysis, to select the genes most closely
associated with each developmental stage. Additionally, we filtered the network to retain only the top 1% of the strongest
connections between genes, focusing on the most biologically relevant information for each phase of the Leishmania
braziliensis life cycle.
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Fig 5. Co-expression module-developmental stages associations for L. braziliensis. Each row corresponds to a module and the columns to a
developmental stage. Each cell contains the corresponding correlation and p-value (in parenthesis). The table is color-coded by correlation according to
the color legend. The heatmap shows that modules M4 (R2=098 and p<0.001), M5 (R?=0.79 and p<0.001) have the major correlation with the procyclic
developmental stage, besides M2 (R?=0.86 and p<0.001), M3 (R?=0.66 and p<0.001) are tightly related to the metacyclic stage and modules M1
(R?=0.92 and p<0.001); and M9 (R?=0.67 and P<0.001) are correlated to the amastigote developmental stage.

https://doi.org/10.1371/journal.pntd.0013108.g005
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Using this approach, we identified 1,042 genes highly correlated with the amastigote stage (68 ncRNAs and 974 coding
genes) (S1 Fig). Similarly, we identified 907 genes highly related to procyclic promastigotes, of which 110 were ncRNAs
and 797 coding genes (S2 Fig). Additionally, 266 coding genes and 13 ncRNAs were highly associated with metacyclic
promastigotes (S3 Fig).

Subsequently, we performed a biological process (BP) GO enrichment analysis on these modules. The module
associated with amastigotes showed enrichment in biological processes related to host interaction, such as the “bio-
logical process involved in interspecies interaction between organisms.” Other enriched processes included “regulation
of autophagy” and “response to osmotic stress” (S8 Table). The enrichment of BP in procyclic promastigotes revealed
processes associated with defense, flagellar structure, and cell proliferation (S9 Table). Finally, processes involved in
amino acid metabolism and carbohydrate transport were enriched in the module associated with metacyclic promastig-
otes (S10 Table).

3.5. Detection of potential ncRNAs involved in developmental stages of Leishmania braziliensis

To assess the possible functions of the ncRNAs associated to developmental stages of L. braziliens, differentially
expressed mMRNAs and ncRNAs were selected to filter the co-expression network corresponding to each developmen-
tal stage. Next, we predicted the functions of selected ncRNAs from the co-expression network by combining hub- and
module-based methods previously reported [83]. In this analysis, we selected the hub genes based on their key topologi-
cal parameters, such as degree, betweenness centrality, and closeness centrality, and expression and gene significance
metric. Based on this filter, a final set of 45 genes (1 IncRNA and 44 mRNAs) were identified as hub genes in amastigote
(Fig 6A). At the same time, the evaluation of the procyclic promastigotes characterized 2 ncRNAs (one unclassified RNA
and sRNA) and 17 protein-coding genes as hub (Fig 6B). Otherwise, we identified 8 protein-coding genes as hub in the
metacyclic promastigote related module, but no ncRNAs.

Through the guilty by association functional annotation approach, we predicted the possible function of the hub
ncRNAs in the amastigote and procyclic promastigote developmental stage. The ncRNA00056_IncRNA a IncRNA gene
was co-expressed with 44 protein-coding genes (Fig 5A). Among them, three genes are related to response to osmotic
stress. These protein-coding genes are annotated as Aquaglyceroporin 1, encoded by LbrM.31.0020, Vesicle-
associated membrane protein 7 (LbrM.27.2560) and the amino acid permease 24 (LbrM.10.0840). Additionally, the
expression of ncRNA00056_IncRNA is correlated with the expression of the gene LbrM.27.0480, which encodes the auto-
phagy protein APG9. Our analysis suggests that this INncRNA could participate in biological processes mostly associated
with response abiotic stimulus, response to osmotic stress as well as transmembrane transport and amino acid homeo-
stasis (p-values<0.05) (Fig 6C and S11 Table). Interestingly, this IncRNA was conserved with Vianna subgenus species.
We also observed that ncRNA14305_sRNA a sRNA was co-expressed with 3 protein-coding genes in procyclic promas-
tigote developmental stage (Fig 6C), These genes encode for the kinetoplastid membrane protein-11 (LbrM.34.2160),
kinetoplast-associated protein (LbrM.35.6130) and alpha tubulin (LbrM.13.0210) (Fig 6B). Additionally, we identified that
ncRNAO05461_Unclassified co-expressed with other 15 protein-coding genes in L. braziiliensis procyclic promastigotes
(Fig 6B), possessing an enrichment in defense response associated with the gene LbrM.34.2150, that encodes to a
kinetoplastid membrane protein-11. Interestingly, this miRNA-like was also co-expressed with several copies of chaperone
HSP-83 (LbrM.33.0330, LbrM.33.0340, LbrM.33.0350) and HSP-110 (LbrM.18.1400) (S12 Table).

4. Discussion

Here we have described for the first time a genome-wide prediction of non-coding RNAs in 16 Leishmania species. Our
results on 25 different strains revealed expression patterns of coding and non-coding RNAs highly related to different
parasite developmental stages. These findings may suggest a role in the regulation of morphological differentiation in both
insect and mammal host stages, as occurs in other Trypanosomatidae [88]. So far, different efforts have been performed
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https://doi.org/10.1371/journal.pntd.0013108.9006

ent from these previous works, our computational approach did not focus on any particular ncRNA class, thus allowing an
unbiased genome-wide identification of the ncRNA repertoire. We followed a similar approach implemented before by our
group to describe the sets of ncRNAs available in Leishmania braziliensis [52)].

We combined sequence similarity searches and covariance model comparisons to identify and annotate a large num-
ber of ncRNAs in all studied genomes. Additionally, we used publicly available RNA-seq assays relevant in the sense
of different stages of Leishmania to obtain transcriptional evidence to validate these predictions. The results revealed a
majority of miRNA-like, as reported in L. major, most possess a length varying around 20-26 nt [47]. Given our results
showing heterogeneity of size and number of predicted ncRNA observed in all species, we identified a median size of 23
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nt for all these putative ncRNAs. This finding contrasts greatly with the data presented by Ruy and colleagues (2019), who
observed a median size of 281 nt in their search in L. braziliensis. Interestingly, when comparing our method with other
approaches, we realized that their rationale was based on the identification of non-coding transcripts and then asked for
an RNA class. Instead, we based our search on sequence alignment and probabilistic models and then verified our find-
ings using RNA-seq data. Ruy colleagues (2019) also found more IncRNAs than we did with our approach and our results
showed a larger proportion of small ncRNAs [53]. This may suggest that they were identifying primary transcripts that
could be precursors of small RNA classes identified in our analysis, which will require further analysis to be verified.

The conservation of ncRNA sequences has been observed in phylogenetically distant clades, such as between
Caenorhabditis elegans and Homo sapiens [91], even in an inter-kingdom level, such as the miR485 family [92], which is
conserved between Arabidopsis thaliana, C. elegans, Mus musculus, and H. sapiens; as well as in more closely related
species, such as A. thaliana and A. lyrata [93]. In our case, considering the accepted phylogenetic relationship between
Leishmania parasites and their potential to infect different hosts, as well as the ability of this pathogen to be associated
with many clinical manifestations, we studied a putative relationship between sequence conservation of different ncRNAs
classes and their role in parasite development. This was performed by comparing their expression profile in different
developmental stages. The results we obtained here yield evidence of ncRNAs great conservation in Leishmania par-
asites among different species. These 876 core clusters (230,788 ncRNAs) represent more than 40% of all predicted
ncRNAs. Additionally, as expected, we observed that conservation increases as phylogenetic distance decreases.

Our analysis also identified an increase in ncRNA conservation in species that are canonically related to the same dis-
ease pathology or subgenus, as previously reported for Leishmania parasites [48,53] and other trypanosomatids [94].
Sequence conservation is also an indicator of selective pressure, as occurs with other species, and it can be associated
with shared biological processes within related organisms [95]. Previous studies on other pathogens showed that many
ncRNA classes are related to different developmental stages [96,97]. Thus, we observed that ncRNA conservation may
indicate an important role in Leishmania development and in the physiopathology of leishmaniases.

To understand the differences in gene expression along distinct developmental stages in Leishmania parasites, we
selected three representative strains according to their disease type, subgenus, and availability of RNA-seq datasets in
public databases. In this sense, we compared the expression of both coding genes and ncRNAs from L. (Viannia) bra-
ziliensis, which causes cutaneous and mucocutaneous leishmaniasis; L. (Leishmania) donovani, which causes visceral
leishmaniasis; and L. (L.) major, that causes cutaneous leishmaniasis. Our results show an expression of several proteins
involved in host-parasite interaction in L. braziliensis amastigotes, such as major surface protease GP63 (leishmanolysin),
a protein that is involved in the survival of intracellular amastigotes [98]. Also, this protein allows promastigotes to evade
the complement-mediated lysis before its internalization by macrophages [99]. The expression of this gene was also
observed in metacyclic promastigotes in L. braziliensis. Additionally, we also identified Biopterin Transporter (BT1) overex-
pression in this stage, which product plays a key role in growth, infectivity, and survival in the macrophages [100]. In two
computational studies, the potential of the GP63 protein from L. major and L. donovani as a vaccine target was demon-
strated [101,102]. Another study performed by Chowdhury et al. (2019), designed two siRNAs and three miRNAs that had
L. donovani GP63 as their exclusive target, demonstrating that these molecules can be used to inhibit the expression of
GP63 and act as one more therapeutic tool for tackling leishmaniasis [103]. This could inspire more tests to be performed
on GP63 and to observe its potential as a vaccine and therapeutic target [104].

We identified the association of three ncRNA genes with the amastigote and procyclic developmental stages in L.
braziliensis, based on a coding/non-coding gene coexpression network. Previously this approach has been employed
to determine the function of different classes of ncRNAs, such as IncRNAs and miRNAs, in distinct etiological agents of
infectious diseases, such as Plasmodium falciparum [83], Toxoplasma gondii [105], and Schistosoma [106,107].

We identified biological processes associated with the amastigote stage such as response to osmotic stress, hypotonic
response and detection of osmotic stimulus in L. braziliensis, that involved one specific ncRNAs classified as INcCRNA.
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Notably, the IncRNA (ncRNA_00056_IncRNA), shows significant coexpression with a putative gene for Amino acid per-
mease (LbrM.10.0840), a vesicle-associated membrane protein (LbrM.27.2560) and a putative gene for aquaglyceroporin
(LbrM.31.0020). In this context, Amino acid permease genes are required for Leishmania species for amino acid uptake,
such as amino acid permease 3 (APP3) required for selective uptake of L-arginine [108]. Indeed, aquaglyceroporin are
proteins that allow the transport of water, glycerol, and other small, uncharged solutes and plays an important role in
osmoregulation [109,110]. The observed co-expression pattern for the INcRNA suggests it as a player in a possible regula-
tory role in modulating nutrient uptake, osmotic stress responses, and membrane dynamics during the amastigote stage.

In procyclic stage we found a sSRNA (ncRNA14305_sRNA) significant coexpressed with a gene set that resulted in
biological process enrichment related to pathogen motility, such as cytoskeleton organization, microtubule-based pro-
cess, microtubule organizing center organization, ciliary basal body organization among others. In this sense, we can
highlight the presence of alpha tubulin (LbrM.13.0210) and kinetoplastid membrane protein-11 (KMP-11) (LbrM.34.2150
and LbrM.34.2160) as coexpressed genes with the sSRNA, suggesting a potential implication of this SRNA in cytoskeletal
dynamics. Interestingly, KMP-11 is one of the major structural components of the surface membrane of Leishmania para-
sites and has been implicated in regulating the overall lipid bilayer morphology of the parasite membrane [111,112]. In fact,
recent findings have revealed that KMP-11 facilitates the initial step of Leishmania donovani infection by modulating cho-
lesterol transport and membrane fluidity, thereby promoting host cell invasion [112]. Briefly, KMP-11 forms oligomers that
bridge the parasite and host macrophage membranes. This interaction is critically dependent on cholesterol (CHOL) and
ergosterol (ERG) levels in the respective membranes. KMP-11 facilitates the transfer of cholesterol from the host macro-
phage to the parasite, which is essential for successful invasion [112]. Our findings, the co-expression of an sRNA with
KMP-11 in the procyclic stage could suggest a regulatory mechanism, in which the sSRNA may influence the expression
or functional modulation of KMP-11. Given that membrane dynamics and fluidity are essential for the differentiation and
survival of Leishmania within the vector, this SRNA might play a role in preparing the parasite for efficient host invasion.

In other hand, an unclassified ncRNA (ncRNA05461_Unclassified) was found to be coexpressed with Heat Shock Proteins
HSP83 (LbrM.33.0350, LbriM.33.0340, LbrM.33.0330) and HSP110 (LbrM.18.1400). The protein set is involved in counteract
stress conditions like high temperature, low pH, oxidative stress, change in nutritional availability and host inflammatory response
through the folding, assembly, secretion, and the regulation of other protein [113]. In this sense, the co-expression results that
involve the HSP set in Leishmania suggests a potential regulatory role of the ncRNA05461_Unclassified on the stress response
during the procyclic stage. Given that the parasite must withstand environmental stressors within the sandfly vector and prepare
for the transition to the mammalian host, the ncRNA05461_Unclassified might contribute to the fine-tuning of HSP expression.

In summary, our work is the first to identify novel ncRNAs in 25 genome isolates from 16 Leishmania species depicted
from its pan-RNAome. We revealed a new set of non-coding genes that are involved in different developmental stages in
the parasite life cycle and may play an important role in infection and survival. Furthermore, we obtained the co-
expression profile of coding and non-coding genes functional insights for the potential role of a IncRNA and sRNA through
guilty by association inferences. Importantly, our results provide novel evidence of possible mechanisms underlying
co-regulation between coding-ncRNA, opening the way for further research on the role of these ncRNAs and their putative
relationship with parasite survival.

Supporting information

S1 Table. Genome information of Leishmania species, and BUSCO completeness analysis.
(XLSX)

S2 Table. Publicly available data for Leishamania spp. The information corresponds to that reported directly on
NCBI’'s SRA platform.
(XLSX)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013108 May 28, 2025 16/22



https://paperpile.com/c/1W3BRK/OrAVs
https://paperpile.com/c/1W3BRK/xgS9e+HDBfH
https://paperpile.com/c/1W3BRK/BY0xN+Os9uy
https://paperpile.com/c/1W3BRK/Os9uy
https://paperpile.com/c/1W3BRK/Os9uy
https://paperpile.com/c/1W3BRK/kKRgX
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s002

PLO§- Neglected Tropical

Diseases

S3 Table. Non-coding RNA prediction and GC content compared vs genome sequence.
(XLSX)

S4 Table. Number of all classes of non-coding RNAs found in the genomes of Leishmania spp.
(XLSX)

S5 Table. Gene Ontology (GO) enrichment analysis of Biological Processes of Procyclic promastigotes DEG.
(XLSX)

S6 Table. Gene Ontology (GO) enrichment analysis of Biological Processes of Procyclic promastigotes DEG.
(XLSX)

S7 Table. Number of coding genes and ncRNAs per module in different Leishmania parasites.
(XLSX)

S8 Table. Biological processes enriched in Module related to Amastigote developmental stage in L. braziliensis.
(XLSX)

S9 Table. Biological processes enriched in Module related to Metacyclic promastigote developmental stage in L.
braziliensis.
(XLSX)

$10 Table. Biological processes enriched in Module related to Procyclic promastigote developmental stage in L.
braziliensis.
(XLSX)

S11 Table. Biological processes of hub genes in Amastigote developmental stage in L. braziliensis.
(XLSX)

S$12 Table. Biological processes of hub genes in Procyclic promastigote developmental stage in L. braziliensis.
(XLSX)

S1 Fig. Module associated to Amastigote developmental stage in L. braziliensis. In orange represented the
ncRNAs and in purple the protein-coding genes.
(DOCX)

S2 Fig. Module associated to Procyclic promastigote developmental stage in L. braziliensis. In orange repre-
sented the ncRNAs and in purple the protein-coding genes.
(DOCX)

S3 Fig. Module associated to Metacyclic promastigote developmental stage in L. braziliensis. In orange repre-
sented the ncRNAs and in purple the protein-coding genes.
(DOCX)

Acknowledgments

We acknowledge the kind support received from Dr. Evandro Ferrada, Dr. Fernando Alfaro and Dr. Ruben Mercado. Their
patience and useful discussions were valuable for the improvement of our work. Also, we would like to thank the members
of both NBL and LIB laboratories for their constructive criticism and advice along the development of this manuscript. We
thank Dr. Adriana Ludwig - Instituto Carlos Chagas, Fundagao Oswaldo Cruz, Curitiba, PR, Brazil, for her discussion and
advice and for sharing her background and thoughts on ncRNA in trypanosomatids. PhD scholarship from Universidad

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013108 May 28, 2025 17122



http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s007
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s008
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s009
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s010
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s011
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s012
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s013
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s014
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0013108.s015

PLO“- Neglected Tropical

Diseases

Mayor to J.E.M.H. Powered@NLHPC: this research was partially supported by the supercomputing infrastructure of the
NLHPC (CCSS210001); and by the computing infrastructure of the Centro de Gendmica y Bioinforméatica, Universidad
Mayor.

Author contributions

Conceptualization: J. Eduardo Martinez-Hernandez, Victor Aliaga Tobar, Rubens Monte-Neto, Alberto J. M. Martin,
Vinicius Maracaja-Coutinho.

Formal analysis: J. Eduardo Martinez-Hernandez, Victor Aliaga Tobar.

Funding acquisition: Rubens Monte-Neto, Alberto J. M. Martin, Vinicius Maracaja-Coutinho.
Methodology: J. Eduardo Martinez-Hernandez, Victor Aliaga Tobar, Carolina Gonzalez-Rosales.
Supervision: Alberto J. M. Martin, Vinicius Maracaja-Coutinho.

Writing — original draft: J. Eduardo Martinez-Hernandez, Victor Aliaga Tobar, Rubens Monte-Neto, Alberto J. M. Martin,
Vinicius Maracaja-Coutinho.

Writing — review & editing: J. Eduardo Martinez-Hernandez, Victor Aliaga Tobar, Carolina Gonzalez-Rosales, Rubens
Monte-Neto, Alberto J. M. Martin, Vinicius Maracaja-Coutinho.

References
Burza S, Croft SL, Boelaert M. Leishmaniasis. Lancet. 2018;392(10151):951-70. https://doi.org/10.1016/S0140-6736(18)31204-2 PMID: 30126638

2. Mendoza-Roldan JA, Votypka J, Bandi C, Epis S, Modry D, Ticha L, et al. Leishmania tarentolae: A new frontier in the epidemiology and control of
the leishmaniases. Transbound Emerg Dis. 2022;69(5):e1326-37. https://doi.org/10.1111/tbed.14660 PMID: 35839512

3. Subramanian A, Sarkar RR. Perspectives on Leishmania Species and Stage-specific Adaptive Mechanisms. Trends Parasitol. 2018;34(12):1068—
81. https://doi.org/10.1016/j.pt.2018.09.004 PMID: 30318316

4. Murray HW, Berman JD, Davies CR, Saravia NG. Advances in leishmaniasis. Lancet. 2005;366(9496):1561—77. https://doi.org/10.1016/S0140-
6736(05)67629-5 PMID: 16257344

5. Yasmin H, Adhikary A, Al-Ahdal MN, Roy S, Kishore U. Host—Pathogen Interaction in Leishmaniasis: Inmune Response and Vaccination Strate-
gies. Immuno. 2022;2(1):218-54. https://doi.org/10.3390/immuno2010015

Bates PA. Revising Leishmania’s life cycle. Nat Microbiol. 2018;3(5):529-30. https://doi.org/10.1038/s41564-018-0154-2 PMID: 29693656

7. Clos J, Griinebast J, Holm M. Promastigote-to-Amastigote Conversion in Leishmania spp.-A Molecular View. Pathogens. 2022;11(9):1052. https://
doi.org/10.3390/pathogens11091052 PMID: 36145483

8. Podinovskaia M, Descoteaux A. Leishmania and the macrophage: a multifaceted interaction. Future Microbiol. 2015;10(1):111-29. https://doi.
0rg/10.2217/fmb.14.103 PMID: 25598341

9. Maran SR, de Lemos Padilha Pitta JL, Dos Santos Vasconcelos CR, McDermott SM, Rezende AM, Silvio Moretti N. Epitranscriptome machinery in
Trypanosomatids: New players on the table?. Mol Microbiol. 2021;115(5):942-58. https://doi.org/10.1111/mmi.14688 PMID: 33513291

10. Haile S, Papadopoulou B. Developmental regulation of gene expression in trypanosomatid parasitic protozoa. Curr Opin Microbiol.
2007;10(6):569—77. https://doi.org/10.1016/j.mib.2007.10.001 PMID: 18177626

11. Karamysheva ZN, Gutierrez Guarnizo SA, Karamyshev AL. Regulation of Translation in the Protozoan Parasite Leishmania. Int J Mol Sci.
2020;21(8):2981. https://doi.org/10.3390/ijms21082981 PMID: 32340274

12. Black JA, Reis-Cunha JL, Cruz AK, Tosi LRO. 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 PMID: 36779182

13. Cohen-Freue G, Holzer TR, Forney JD, McMaster WR. Global gene expression in Leishmania. Int J Parasitol. 2007;37(10):1077-86. https://doi.
org/10.1016/j.ijpara.2007.04.011 PMID: 17574557

14. De Gaudenzi JG, Noé G, Campo VA, Frasch AC, Cassola A. Gene expression regulation in trypanosomatids. Essays Biochem. 2011;51:31-46.
https://doi.org/10.1042/bse0510031 PMID: 22023440

15. Palenchar JB, Bellofatto V. Gene transcription in trypanosomes. Mol Biochem Parasitol. 2006;146(2):135—41. https://doi.org/10.1016/j.mol-
biopara.2005.12.008 PMID: 16427709

16. Clayton C. Regulation of gene expression in trypanosomatids: living with polycistronic transcription. Open Biol. 2019;9(6):190072. https://doi.
org/10.1098/rsob.190072 PMID: 31164043

PLOS Neglected Tropical Diseases | https://doi.org/10.137 1/journal.pntd.0013108 May 28, 2025 18/22



https://doi.org/10.1016/S0140-6736(18)31204-2
http://www.ncbi.nlm.nih.gov/pubmed/30126638
https://doi.org/10.1111/tbed.14660
http://www.ncbi.nlm.nih.gov/pubmed/35839512
https://doi.org/10.1016/j.pt.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30318316
https://doi.org/10.1016/S0140-6736(05)67629-5
https://doi.org/10.1016/S0140-6736(05)67629-5
http://www.ncbi.nlm.nih.gov/pubmed/16257344
https://doi.org/10.3390/immuno2010015
https://doi.org/10.1038/s41564-018-0154-2
http://www.ncbi.nlm.nih.gov/pubmed/29693656
https://doi.org/10.3390/pathogens11091052
https://doi.org/10.3390/pathogens11091052
http://www.ncbi.nlm.nih.gov/pubmed/36145483
https://doi.org/10.2217/fmb.14.103
https://doi.org/10.2217/fmb.14.103
http://www.ncbi.nlm.nih.gov/pubmed/25598341
https://doi.org/10.1111/mmi.14688
http://www.ncbi.nlm.nih.gov/pubmed/33513291
https://doi.org/10.1016/j.mib.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18177626
https://doi.org/10.3390/ijms21082981
http://www.ncbi.nlm.nih.gov/pubmed/32340274
https://doi.org/10.3389/fcimb.2023.1102462
http://www.ncbi.nlm.nih.gov/pubmed/36779182
https://doi.org/10.1016/j.ijpara.2007.04.011
https://doi.org/10.1016/j.ijpara.2007.04.011
http://www.ncbi.nlm.nih.gov/pubmed/17574557
https://doi.org/10.1042/bse0510031
http://www.ncbi.nlm.nih.gov/pubmed/22023440
https://doi.org/10.1016/j.molbiopara.2005.12.008
https://doi.org/10.1016/j.molbiopara.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16427709
https://doi.org/10.1098/rsob.190072
https://doi.org/10.1098/rsob.190072
http://www.ncbi.nlm.nih.gov/pubmed/31164043

PLO\Sﬁ\\ Neglected Tropical

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Diseases

Clayton C, Shapira M. Post-transcriptional regulation of gene expression in trypanosomes and leishmanias. Mol Biochem Parasitol.
2007;156(2):93—-101. https://doi.org/10.1016/j.molbiopara.2007.07.007 PMID: 17765983

Dumetz F, Imamura H, Sanders M, Seblova V, Myskova J, Pescher P, et al. Modulation of Aneuploidy in Leishmania donovani during Adaptation to
Different In Vitro and In Vivo Environments and Its Impact on Gene Expression. mBio. 2017;8(3):€00599-17. https://doi.org/10.1128/mBio.00599-17
PMID: 28536289

lantorno SA, Durrant C, Khan A, Sanders MJ, Beverley SM, Warren WC, et al. Gene Expression in Leishmania Is Regulated Predominantly by
Gene Dosage. mBio. 2017;8(5):e01393-17. https://doi.org/10.1128/mBio.01393-17 PMID: 28900023

Nemeth K, Bayraktar R, Ferracin M, Calin GA. Non-coding RNAs in disease: from mechanisms to therapeutics. Nat Rev Genet. 2024;25(3):211—
32. https://doi.org/10.1038/s41576-023-00662-1 PMID: 37968332

Shimoni Y, Friedlander G, Hetzroni G, Niv G, Altuvia S, Biham O, et al. Regulation of gene expression by small non-coding RNAs: a quantitative
view. Mol Syst Biol. 2007;3:138. https://doi.org/10.1038/msb4100181 PMID: 17893699

Balasubramanian D, Vanderpool CK. New developments in post-transcriptional regulation of operons by small RNAs. RNA Biol. 2013;10(3):337—
41. https://doi.org/10.4161/rna.23696 PMID: 23392245

Vaucheret H. Post-transcriptional small RNA pathways in plants: mechanisms and regulations. Genes Dev. 2006;20(7):759-71. https://doi.
org/10.1101/gad.1410506 PMID: 16600909

Sun BK, Tsao H. Small RNAs in development and disease. J Am Acad Dermatol. 2008;59(5):725-37; quiz 738-40. https://doi.org/10.1016/j.
jaad.2008.08.017 PMID: 19119093

Romano G, Veneziano D, Acunzo M, Croce CM. Small non-coding RNA and cancer. Carcinogenesis. 2017;38(5):485-91. https://doi.org/10.1093/
carcin/bgx026 PMID: 28449079

Shirahama S, Miki A, Kaburaki T, Akimitsu N. Long Non-coding RNAs Involved in Pathogenic Infection. Front Genet. 2020;11:454. https://doi.
org/10.3389/fgene.2020.00454 PMID: 32528521

Zhang P, Wu W, Chen Q, Chen M. Non-Coding RNAs and their Integrated Networks. J Integr Bioinform. 2019;16(3):20190027. https://doi.
org/10.1515/jib-2019-0027 PMID: 31301674

Fu X-D. Non-coding RNA: a new frontier in regulatory biology. Natl Sci Rev. 2014;1(2):190-204. https://doi.org/10.1093/nsr/nwu008 PMID:
25821635

Koerner MV, Pauler FM, Huang R, Barlow DP. The function of non-coding RNAs in genomic imprinting. Development. 2009;136(11):1771-83.
https://doi.org/10.1242/dev.030403 PMID: 19429783

Romero-Barrios N, Legascue MF, Benhamed M, Ariel F, Crespi M. Splicing regulation by long noncoding RNAs. Nucleic Acids Res.
2018;46(5):2169-84. https://doi.org/10.1093/nar/gky095 PMID: 29425321

Amaral PP, Leonardi T, Han N, Viré E, Gascoigne DK, Arias-Carrasco R, et al. Genomic positional conservation identifies topological anchor point
RNAs linked to developmental loci. Genome Biol. 2018;19(1):32. https://doi.org/10.1186/s13059-018-1405-5 PMID: 29540241

Holley CL, Topkara VK. An introduction to small non-coding RNAs: miRNA and snoRNA. Cardiovasc Drugs Ther. 2011;25(2):151-9. https://doi.
0rg/10.1007/s10557-011-6290-z PMID: 21573765

Chacko N, Lin X. Non-coding RNAs in the development and pathogenesis of eukaryotic microbes. Appl Microbiol Biotechnol. 2013;97(18):7989—
97. https://doi.org/10.1007/s00253-013-5160-y PMID: 23948725

Ivens AC, Peacock CS, Worthey EA, Murphy L, Aggarwal G, Berriman M, et al. The genome of the kinetoplastid parasite, Leishmania major. Sci-
ence. 2005;309(5733):436—42. https://doi.org/10.1126/science.1112680 PMID: 16020728

Peacock CS, Seeger K, Harris D, Murphy L, Ruiz JC, Quail MA, et al. Comparative genomic analysis of three Leishmania species that cause
diverse human disease. Nat Genet. 2007;39(7):839-47. https://doi.org/10.1038/ng2053 PMID: 17572675

Rogers MB, Hilley JD, Dickens NJ, Wilkes J, Bates PA, Depledge DP, et al. Chromosome and gene copy number variation allow major structural
change between species and strains of Leishmania. Genome Res. 2011;21(12):2129-42. https://doi.org/10.1101/gr.122945.111 PMID: 22038252

Downing T, Imamura H, Decuypere S, Clark TG, Coombs GH, Cotton JA, et al. Whole genome sequencing of multiple Leishmania donovani
clinical isolates provides insights into population structure and mechanisms of drug resistance. Genome Res. 2011;21(12):2143-56. https://doi.
org/10.1101/gr.123430.111 PMID: 22038251

Real F, Vidal RO, Carazzolle MF, Mondego JMC, Costa GGL, Herai RH, et al. The genome sequence of Leishmania (Leishmania) amazonen-
sis: functional annotation and extended analysis of gene models. DNA Res. 2013;20(6):567-81. https://doi.org/10.1093/dnares/dst031 PMID:
23857904

Zhang W-W, Matlashewski G. Screening Leishmania donovani-specific genes required for visceral infection. Mol Microbiol. 2010;77(2):505-17.
https://doi.org/10.1111/j.1365-2958.2010.07230.x PMID: 20545850

Camacho E, Rastrojo A, Sanchiz A, Gonzalez-de la Fuente S, Aguado B, Requena JM. Leishmania Mitochondrial Genomes: Maxicircle Structure
and Heterogeneity of Minicircles. Genes (Basel). 2019;10(10):758. https://doi.org/10.3390/genes10100758 PMID: 31561572

Inbar E, Hughitt VK, Dillon LAL, Ghosh K, EI-Sayed NM, Sacks DL. The Transcriptome of Leishmania major Developmental Stages in Their Natural
Sand Fly Vector. mBio. 2017;8(2):e00029-17. https://doi.org/10.1128/mBi0.00029-17 PMID: 28377524

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013108 May 28, 2025 19/22



https://doi.org/10.1016/j.molbiopara.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17765983
https://doi.org/10.1128/mBio.00599-17
http://www.ncbi.nlm.nih.gov/pubmed/28536289
https://doi.org/10.1128/mBio.01393-17
http://www.ncbi.nlm.nih.gov/pubmed/28900023
https://doi.org/10.1038/s41576-023-00662-1
http://www.ncbi.nlm.nih.gov/pubmed/37968332
https://doi.org/10.1038/msb4100181
http://www.ncbi.nlm.nih.gov/pubmed/17893699
https://doi.org/10.4161/rna.23696
http://www.ncbi.nlm.nih.gov/pubmed/23392245
https://doi.org/10.1101/gad.1410506
https://doi.org/10.1101/gad.1410506
http://www.ncbi.nlm.nih.gov/pubmed/16600909
https://doi.org/10.1016/j.jaad.2008.08.017
https://doi.org/10.1016/j.jaad.2008.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19119093
https://doi.org/10.1093/carcin/bgx026
https://doi.org/10.1093/carcin/bgx026
http://www.ncbi.nlm.nih.gov/pubmed/28449079
https://doi.org/10.3389/fgene.2020.00454
https://doi.org/10.3389/fgene.2020.00454
http://www.ncbi.nlm.nih.gov/pubmed/32528521
https://doi.org/10.1515/jib-2019-0027
https://doi.org/10.1515/jib-2019-0027
http://www.ncbi.nlm.nih.gov/pubmed/31301674
https://doi.org/10.1093/nsr/nwu008
http://www.ncbi.nlm.nih.gov/pubmed/25821635
https://doi.org/10.1242/dev.030403
http://www.ncbi.nlm.nih.gov/pubmed/19429783
https://doi.org/10.1093/nar/gky095
http://www.ncbi.nlm.nih.gov/pubmed/29425321
https://doi.org/10.1186/s13059-018-1405-5
http://www.ncbi.nlm.nih.gov/pubmed/29540241
https://doi.org/10.1007/s10557-011-6290-z
https://doi.org/10.1007/s10557-011-6290-z
http://www.ncbi.nlm.nih.gov/pubmed/21573765
https://doi.org/10.1007/s00253-013-5160-y
http://www.ncbi.nlm.nih.gov/pubmed/23948725
https://doi.org/10.1126/science.1112680
http://www.ncbi.nlm.nih.gov/pubmed/16020728
https://doi.org/10.1038/ng2053
http://www.ncbi.nlm.nih.gov/pubmed/17572675
https://doi.org/10.1101/gr.122945.111
http://www.ncbi.nlm.nih.gov/pubmed/22038252
https://doi.org/10.1101/gr.123430.111
https://doi.org/10.1101/gr.123430.111
http://www.ncbi.nlm.nih.gov/pubmed/22038251
https://doi.org/10.1093/dnares/dst031
http://www.ncbi.nlm.nih.gov/pubmed/23857904
https://doi.org/10.1111/j.1365-2958.2010.07230.x
http://www.ncbi.nlm.nih.gov/pubmed/20545850
https://doi.org/10.3390/genes10100758
http://www.ncbi.nlm.nih.gov/pubmed/31561572
https://doi.org/10.1128/mBio.00029-17
http://www.ncbi.nlm.nih.gov/pubmed/28377524

PLO“- Neglected Tropical

Diseases

42. Butenko A, Kostygov AY, Séadlova J, Kleschenko Y, Beévar T, Podesvova L, et al. Comparative genomics of Leishmania (Mundinia). BMC Genom-
ics. 2019;20(1):726. https://doi.org/10.1186/s12864-019-6126-y PMID: 31601168

43. Kumar A, Pandey SC, Samant M. DNA-based microarray studies in visceral leishmaniasis: identification of biomarkers for diagnostic, prognostic
and drug target for treatment. Acta Trop. 2020;208:105512. https://doi.org/10.1016/j.actatropica.2020.105512 PMID: 32389452

44. Dumas C, Chow C, Miiller M, Papadopoulou B. A novel class of developmentally regulated noncoding RNAs in Leishmania. Eukaryot Cell.
2006;5(12):2033—46. https://doi.org/10.1128/EC.00147-06 PMID: 17071827

45. Fernandes JCR, Acufia SM, Aoki JI, Floeter-Winter LM, Muxel SM. Long Non-Coding RNAs in the Regulation of Gene Expression: Physiology and
Disease. Noncoding RNA. 2019;5(1):17. https://doi.org/10.3390/ncrna5010017 PMID: 30781588

46. Atayde VD, Shi H, Franklin JB, Carriero N, Notton T, Lye L-F, et al. The structure and repertoire of small interfering RNAs in Leishmania (Viannia)
braziliensis reveal diversification in the trypanosomatid RNAi pathway. Mol Microbiol. 2013;87(3):580-93. https://doi.org/10.1111/mmi.12117 PMID:
23217017

47. Sahoo GC, Ansari MY, Dikhit MR, Gupta N, Rana S, Das P. Computational Identification of microRNA-like Elements in Leishmania major. Microrna.
2014;2(3):225-30. https://doi.org/10.2174/2211536602666131203232422 PMID: 25069447

48. Lambertz U, Oviedo Ovando ME, Vasconcelos EJR, Unrau PJ, Myler PJ, Reiner NE. Small RNAs derived from tRNAs and rRNAs are highly
enriched in exosomes from both old and new world Leishmania providing evidence for conserved exosomal RNA Packaging. BMC Genomics.
2015;16(1):151. https://doi.org/10.1186/s12864-015-1260-7 PMID: 25764986

49. Eliaz D, Doniger T, Tkacz ID, Biswas VK, Gupta SK, Kolev NG, et al. Genome-wide analysis of small nucleolar RNAs of Leishmania major reveals
a rich repertoire of RNAs involved in modification and processing of rRNA. RNA Biol. 2015;12(11):1222-55. https://doi.org/10.1080/15476286.2015
.1038019 PMID: 25970223

50. Freitas Castro F, Ruy PC, Nogueira Zeviani K, Freitas Santos R, Simdes Toledo J, Kaysel Cruz A. Evidence of putative non-coding RNAs from
Leishmania untranslated regions. Mol Biochem Parasitol. 2017;214:69-74. https://doi.org/10.1016/j.molbiopara.2017.04.002 PMID: 28385563

51. Aoki JI, Muxel SM, Zampieri RA, Laranjeira-Silva MF, Miller KE, Nerland AH, et al. RNA-seq transcriptional profiling of Leishmania amazon-
ensis reveals an arginase-dependent gene expression regulation. PLoS Negl Trop Dis. 2017;11(10):e0006026. https://doi.org/10.1371/journal.
pntd.0006026 PMID: 29077741

52. Torres F, Arias-Carrasco R, Caris-Maldonado JC, Barral A, Maracaja-Coutinho V, De Queiroz ATL. LeishDB: a database of coding gene annota-
tion and non-coding RNAs in Leishmania braziliensis. Database (Oxford). 2017;2017:bax047. https://doi.org/10.1093/database/bax047 PMID:
29220437

53. Ruy PDC, Monteiro-Teles NM, Miserani Magalhaes RD, Freitas-Castro F, Dias L, Aquino Defina TP, et al. Comparative transcriptomics in Leish-
mania braziliensis: disclosing differential gene expression of coding and putative noncoding RNAs across developmental stages. RNA Biol.
2019;16(5):639-60. https://doi.org/10.1080/15476286.2019.1574161 PMID: 30689499

54. Sayers EW, Beck J, Brister JR, Bolton EE, Canese K, Comeau DC, et al. Database resources of the National Center for Biotechnology Information.
Nucleic Acids Res. 2020;48(D1):D9-16. https://doi.org/10.1093/nar/gkz899 PMID: 31602479

55. Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington M, et al. TriTrypDB: a functional genomic resource for the Trypanosomati-
dae. Nucleic Acids Res. 2010;38(Database issue):D457-62. https://doi.org/10.1093/nar/gkp851 PMID: 19843604

56. Leinonen R, Sugawara H, Shumway M; International Nucleotide Sequence Database Collaboration. The sequence read archive. Nucleic Acids
Res. 2011;39(Database issue):D19-21. https://doi.org/10.1093/nar/gkq1019 PMID: 21062823

57. Fernandes MC, Dillon LAL, Belew AT, Bravo HC, Mosser DM, EI-Sayed NM. Dual Transcriptome Profiling ofLeishmania-Infected Human Macro-
phages Reveals Distinct Reprogramming Signatures. mBio. 2016;7(3). https://doi.org/10.1128/mbio.00027-16

58. Paschoal AR, Maracaja-Coutinho V, Setubal JC, Simbdes ZLP, Verjovski-Almeida S, Durham AM. Non-coding transcription characterization and
annotation: a guide and web resource for non-coding RNA databases. RNA Biol. 2012;9(3):274-82. https://doi.org/10.4161/rna.19352 PMID:
22336709

59. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012;9(4):357-9. https://doi.org/10.1038/nmeth.1923 PMID:
22388286

60. Neph S, Kuehn MS, Reynolds AP, Haugen E, Thurman RE, Johnson AK, et al. BEDOPS: high-performance genomic feature operations. Bioinfor-
matics. 2012;28(14):1919-20. https://doi.org/10.1093/bicinformatics/bts277 PMID: 22576172

61. Arias-Carrasco R, Vasquez-Moran Y, Nakaya HI, Maracaja-Coutinho V. StructRNAfinder: an automated pipeline and web server for RNA families
prediction. BMC Bioinformatics. 2018;19(1):55. https://doi.org/10.1186/s12859-018-2052-2 PMID: 29454313

62. Nawrocki EP, Eddy SR. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics. 2013;29(22):2933-5. https://doi.org/10.1093/bioinfor-
matics/btt509 PMID: 24008419

63. Lorenz R, Bernhart SH, Honer Zu Siederdissen C, Tafer H, Flamm C, Stadler PF, et al. ViennaRNA Package 2.0. Algorithms Mol Biol. 2011;6:26.
https://doi.org/10.1186/1748-7188-6-26 PMID: 22115189

64. Kalvari |, Nawrocki EP, Argasinska J, Quinones-Olvera N, Finn RD, Bateman A, et al. Non-Coding RNA Analysis Using the Rfam Database. Curr
Protoc Bioinformatics. 2018;62(1):e51. https://doi.org/10.1002/cpbi.51 PMID: 29927072

PLOS Neglected Tropical Diseases | https://doi.org/10.137 1/journal.pntd.0013108 May 28, 2025 20/22



https://doi.org/10.1186/s12864-019-6126-y
http://www.ncbi.nlm.nih.gov/pubmed/31601168
https://doi.org/10.1016/j.actatropica.2020.105512
http://www.ncbi.nlm.nih.gov/pubmed/32389452
https://doi.org/10.1128/EC.00147-06
http://www.ncbi.nlm.nih.gov/pubmed/17071827
https://doi.org/10.3390/ncrna5010017
http://www.ncbi.nlm.nih.gov/pubmed/30781588
https://doi.org/10.1111/mmi.12117
http://www.ncbi.nlm.nih.gov/pubmed/23217017
https://doi.org/10.2174/2211536602666131203232422
http://www.ncbi.nlm.nih.gov/pubmed/25069447
https://doi.org/10.1186/s12864-015-1260-7
http://www.ncbi.nlm.nih.gov/pubmed/25764986
https://doi.org/10.1080/15476286.2015.1038019
https://doi.org/10.1080/15476286.2015.1038019
http://www.ncbi.nlm.nih.gov/pubmed/25970223
https://doi.org/10.1016/j.molbiopara.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28385563
https://doi.org/10.1371/journal.pntd.0006026
https://doi.org/10.1371/journal.pntd.0006026
http://www.ncbi.nlm.nih.gov/pubmed/29077741
https://doi.org/10.1093/database/bax047
http://www.ncbi.nlm.nih.gov/pubmed/29220437
https://doi.org/10.1080/15476286.2019.1574161
http://www.ncbi.nlm.nih.gov/pubmed/30689499
https://doi.org/10.1093/nar/gkz899
http://www.ncbi.nlm.nih.gov/pubmed/31602479
https://doi.org/10.1093/nar/gkp851
http://www.ncbi.nlm.nih.gov/pubmed/19843604
https://doi.org/10.1093/nar/gkq1019
http://www.ncbi.nlm.nih.gov/pubmed/21062823
https://doi.org/10.1128/mbio.00027-16
https://doi.org/10.4161/rna.19352
http://www.ncbi.nlm.nih.gov/pubmed/22336709
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/bioinformatics/bts277
http://www.ncbi.nlm.nih.gov/pubmed/22576172
https://doi.org/10.1186/s12859-018-2052-2
http://www.ncbi.nlm.nih.gov/pubmed/29454313
https://doi.org/10.1093/bioinformatics/btt509
https://doi.org/10.1093/bioinformatics/btt509
http://www.ncbi.nlm.nih.gov/pubmed/24008419
https://doi.org/10.1186/1748-7188-6-26
http://www.ncbi.nlm.nih.gov/pubmed/22115189
https://doi.org/10.1002/cpbi.51
http://www.ncbi.nlm.nih.gov/pubmed/29927072

PLO\Sﬁ\\ Neglected Tropical

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Diseases

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics. 2010;26(6):841-2. https://doi.
org/10.1093/bioinformatics/btg033 PMID: 20110278

Dainat J, Herefiu D, Murray KD, Davis E, Ugrin |, Crouch K. NBISweden/AGAT: AGAT-v1.4.1. Zenodo. 2024. https://doi.org/10.5281/
ZENODO.3552717

Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics. 2018;34(17):i884—90. https://doi.org/10.1093/
bioinformatics/bty560 PMID: 30423086

Wang L, Wang S, Li W. RSeQC: quality control of RNA-seq experiments. Bioinformatics. 2012;28(16):2184-5. https://doi.org/10.1093/bioinformat-
ics/bts356 PMID: 22743226

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics.
2014;30(7):923-30. https://doi.org/10.1093/bicinformatics/btt656 PMID: 24227677

Ilwakiri J, Terai G, Hamada M. Computational prediction of IncRNA-mRNA interactionsby integrating tissue specificity in human transcriptome. Biol
Direct. 2017;12(1):15. https://doi.org/10.1186/s13062-017-0183-4 PMID: 28595592

Mirza AH, Kaur S, Brorsson CA, Pociot F. Effects of GWAS-associated genetic variants on IncRNAs within IBD and T1D candidate loci. PLoS One.
2014;9(8):e105723. https://doi.org/10.1371/journal.pone.0105723 PMID: 25144376

Sahoo B, Gupta MK. Transcriptome Analysis Reveals Spermatogenesis-Related CircRNAs and LncRNAs in Goat Spermatozoa. Biochem Genet.
2024;62(3):2010-32. https://doi.org/10.1007/s10528-023-10520-8 PMID: 37815627

Bergmann JH, Li J, Eckersley-Maslin MA, Rigo F, Freier SM, Spector DL. Regulation of the ESC transcriptome by nuclear long noncoding RNAs.
Genome Res. 2015;25(9):1336—46. https://doi.org/10.1101/gr.189027.114 PMID: 26048247

Fu L, Niu B, Zhu Z, Wu S, Li W. CD-HIT: accelerated for clustering the next-generation sequencing data. Bioinformatics. 2012;28(23):3150-2.
https://doi.org/10.1093/bioinformatics/bts565 PMID: 23060610

Lechner M, Findeiss S, Steiner L, Marz M, Stadler PF, Prohaska SJ. Proteinortho: detection of (co-)orthologs in large-scale analysis. BMC Bioinfor-
matics. 2011;12:124. https://doi.org/10.1186/1471-2105-12-124 PMID: 21526987

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 2002;30(14):3059-66. https://doi.org/10.1093/nar/gkf436 PMID: 12136088

Castresana J. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis. Mol Biol Evol. 2000;17(4):540-52.
https://doi.org/10.1093/oxfordjournals.molbev.a026334 PMID: 10742046

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: a fast and effective stochastic algorithm for estimating maximume-likelihood phyloge-
nies. Mol Biol Evol. 2015;32(1):268—74. https://doi.org/10.1093/molbev/msu300 PMID: 25371430

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
https://doi.org/10.1186/s13059-014-0550-8 PMID: 25516281

Chen 'Y, Chen L, Lun ATL, Baldoni PL, Smyth GK. edgeR v4: powerful differential analysis of sequencing data with expanded functionality and
improved support for small counts and larger datasets. Nucleic Acids Res. 2025;53(2):gkaf018. https://doi.org/10.1093/nar/gkaf018 PMID:
39844453

Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics. 2008;9:559. https://doi.
org/10.1186/1471-2105-9-559 PMID: 19114008

Assenov Y, Ramirez F, Schelhorn S-E, Lengauer T, Albrecht M. Computing topological parameters of biological networks. Bioinformatics.
2008;24(2):282—4. https://doi.org/10.1093/biocinformatics/btm554 PMID: 18006545

Liao Q, Shen J, Liu J, Sun X, Zhao G, Chang Y, et al. Genome-wide identification and functional annotation of Plasmodium falciparum long non-
coding RNAs from RNA-seq data. Parasitol Res. 2014;113(4):1269-81. https://doi.org/10.1007/s00436-014-3765-4 PMID: 24522451

Maere S, Heymans K, Kuiper M. BiNGO: a Cytoscape plugin to assess overrepresentation of gene ontology categories in biological networks.
Bioinformatics. 2005;21(16):3448-9. https://doi.org/10.1093/bioinformatics/bti551 PMID: 15972284

Supek F, Bosnjak M, Skunca N, Smuc T. REVIGO summarizes and visualizes long lists of gene ontology terms. PLoS One. 2011;6(7):e21800.
https://doi.org/10.1371/journal.pone.0021800 PMID: 21789182

Bi K, ChenYY, Zhao S, Kuang Y, John Wu C-H. Current Visceral Leishmaniasis Research: A Research Review to Inspire Future Study. Biomed Res
Int. 2018;2018:9872095. https://doi.org/10.1155/2018/9872095 PMID: 30105272

Al-Salem W, Herricks JR, Hotez PJ. A review of visceral leishmaniasis during the conflict in South Sudan and the consequences for East African
countries. Parasit Vectors. 2016;9(1):460. https://doi.org/10.1186/s13071-016-1743-7 PMID: 27549162

Michaeli S. Non-coding RNA and the complex regulation of the trypanosome life cycle. Curr Opin Microbiol. 2014;20:146-52. https://doi.
org/10.1016/j.mib.2014.06.006 PMID: 25063970

Peng R, Santos HJ, Nozaki T. Transfer RNA-Derived Small RNAs in the Pathogenesis of Parasitic Protozoa. Genes (Basel). 2022;13(2):286.
https://doi.org/10.3390/genes 13020286 PMID: 35205331

Fort RS, Chavez S, Trinidad Barnech JM, Oliveira-Rizzo C, Smircich P, Sotelo-Silveira JR, et al. Current Status of Regulatory Non-Coding RNAs
Research in the Tritryp. Noncoding RNA. 2022;8(4):54. https://doi.org/10.3390/ncrna8040054 PMID: 35893237

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0013108 May 28, 2025 21122



https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
https://doi.org/10.5281/ZENODO.3552717
https://doi.org/10.5281/ZENODO.3552717
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
https://doi.org/10.1093/bioinformatics/bts356
https://doi.org/10.1093/bioinformatics/bts356
http://www.ncbi.nlm.nih.gov/pubmed/22743226
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1186/s13062-017-0183-4
http://www.ncbi.nlm.nih.gov/pubmed/28595592
https://doi.org/10.1371/journal.pone.0105723
http://www.ncbi.nlm.nih.gov/pubmed/25144376
https://doi.org/10.1007/s10528-023-10520-8
http://www.ncbi.nlm.nih.gov/pubmed/37815627
https://doi.org/10.1101/gr.189027.114
http://www.ncbi.nlm.nih.gov/pubmed/26048247
https://doi.org/10.1093/bioinformatics/bts565
http://www.ncbi.nlm.nih.gov/pubmed/23060610
https://doi.org/10.1186/1471-2105-12-124
http://www.ncbi.nlm.nih.gov/pubmed/21526987
https://doi.org/10.1093/nar/gkf436
http://www.ncbi.nlm.nih.gov/pubmed/12136088
https://doi.org/10.1093/oxfordjournals.molbev.a026334
http://www.ncbi.nlm.nih.gov/pubmed/10742046
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/nar/gkaf018
http://www.ncbi.nlm.nih.gov/pubmed/39844453
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
http://www.ncbi.nlm.nih.gov/pubmed/19114008
https://doi.org/10.1093/bioinformatics/btm554
http://www.ncbi.nlm.nih.gov/pubmed/18006545
https://doi.org/10.1007/s00436-014-3765-4
http://www.ncbi.nlm.nih.gov/pubmed/24522451
https://doi.org/10.1093/bioinformatics/bti551
http://www.ncbi.nlm.nih.gov/pubmed/15972284
https://doi.org/10.1371/journal.pone.0021800
http://www.ncbi.nlm.nih.gov/pubmed/21789182
https://doi.org/10.1155/2018/9872095
http://www.ncbi.nlm.nih.gov/pubmed/30105272
https://doi.org/10.1186/s13071-016-1743-7
http://www.ncbi.nlm.nih.gov/pubmed/27549162
https://doi.org/10.1016/j.mib.2014.06.006
https://doi.org/10.1016/j.mib.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25063970
https://doi.org/10.3390/genes13020286
http://www.ncbi.nlm.nih.gov/pubmed/35205331
https://doi.org/10.3390/ncrna8040054
http://www.ncbi.nlm.nih.gov/pubmed/35893237

PLO“- Neglected Tropical

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112,

113.

Diseases

Ibafiez-Ventoso C, Vora M, Driscoll M. Sequence relationships among C. elegans, D. melanogaster and human microRNAs highlight the exten-
sive conservation of microRNAs in biology. PLoS One. 2008;3(7):€2818. https://doi.org/10.1371/journal.pone.0002818 PMID: 18665242

Arteaga-Vazquez M, Caballero-Pérez J, Vielle-Calzada J-P. A family of microRNAs present in plants and animals. Plant Cell. 2006;18(12):3355—
69. https://doi.org/10.1105/tpc.106.044420 PMID: 17189346

Jones-Rhoades MW. Conservation and divergence in plant microRNAs. Plant Mol Biol. 2012;80(1):3—16. https://doi.org/10.1007/s11103-011-
9829-2 PMID: 21996939

Doniger T, Katz R, Wachtel C, Michaeli S, Unger R. A comparative genome-wide study of ncRNAs in trypanosomatids. BMC Genomics.
2010;11:615. https://doi.org/10.1186/1471-2164-11-615 PMID: 21050447

Walter Costa MB, Honer Zu Siederdissen C, Dunji¢ M, Stadler PF, Nowick K. SSS-test: a novel test for detecting positive selection on RNA sec-
ondary structure. BMC Bioinformatics. 2019;20(1):151. https://doi.org/10.1186/s12859-019-2711-y PMID: 30898084

Cai P, Piao X, Hao L, Liu S, Hou N, Wang H, et al. A deep analysis of the small non-coding RNA population in Schistosoma japonicum eggs.
PLoS One. 2013;8(5):e64003. https://doi.org/10.1371/journal.pone.0064003 PMID: 23691136

Mourier T, Carret C, Kyes S, Christodoulou Z, Gardner PP, Jeffares DC, et al. Genome-wide discovery and verification of novel structured RNAs
in Plasmodium falciparum. Genome Res. 2008;18(2):281-92. https://doi.org/10.1101/gr.6836108 PMID: 18096748

Arango Duque G, Jardim A, Gagnon E, Fukuda M, Descoteaux A. The host cell secretory pathway mediates the export of Leishmania virulence
factors out of the parasitophorous vacuole. PLoS Pathog. 2019;15(7):e1007982. https://doi.org/10.1371/journal.ppat. 1007982 PMID: 31356625

Chan A, Ayala J-M, Alvarez F, Piccirillo C, Dong G, Langlais D, et al. The role of Leishmania GP63 in the modulation of innate inflammatory
response to Leishmania major infection. PLoS One. 2021;16(12):e0262158. https://doi.org/10.1371/journal.pone.0262158 PMID: 34972189

Jain M, Dole VS, Myler PJ, Stuart KennethD, Madhubala R. Role of Biopterin Transporter (BT1) Gene on Growth and Infectivity of Leishmania.
American J of Biochemistry and Biotechnology. 2007;3(4):199—-206. https://doi.org/10.3844/ajbbsp.2007.199.206

Shams M, Nourmohammadi H, Basati G, Adhami G, Majidiani H, Azizi E. Leishmanolysin gp63: Bioinformatics evidences of immunogenic
epitopes in Leishmania major for enhanced vaccine design against zoonotic cutaneous leishmaniasis. Informatics in Medicine Unlocked.
2021;24:100626. https://doi.org/10.1016/j.imu.2021.100626

Sinha S, Sundaram S, Singh AP, Tripathi A. A gp63 based vaccine candidate against Visceral Leishmaniasis. Bioinformation. 2011;5(8):320-5.
https://doi.org/10.6026/97 320630005320 PMID: 21383918

Chowdhury FT, Shohan MUS, Islam T, Mimu TT, Palit P. A Therapeutic Approach Against Leishmania donovani by Predicting RNAi Molecules
Against the Surface Protein, gp63. CBIO. 2019;14(6):541-50. https://doi.org/10.2174/1574893613666180828095737

Olivier M, Hassani K. Protease inhibitors as prophylaxis against leishmaniasis: new hope from the major surface protease gp63. Future Med
Chem. 2010;2(4):539-42. https://doi.org/10.4155/fmc.10.17 PMID: 21426002

Acar IE, Sacar Demirci MD, Grof U, Allmer J. The Expressed MicroRNA-mRNA Interactions of Toxoplasma gondii. Front Microbiol. 2018;8:2630.
https://doi.org/10.3389/fmicb.2017.02630 PMID: 29354114

Maciel LF, Morales-Vicente DA, Silveira GO, Ribeiro RO, Olberg GGO, Pires DS, et al. Weighted Gene Co-Expression Analyses Point to
Long Non-Coding RNA Hub Genes at Different Schistosoma mansoni Life-Cycle Stages. Front Genet. 2019;10:823. https://doi.org/10.3389/
fgene.2019.00823 PMID: 31572441

Cheng S, You Y, Wang X, Yi C, Zhang W, Xie Y, et al. Dynamic profiles of INcRNAs reveal a functional natural antisense RNA that regulates the
development of Schistosoma japonicum. PLoS Pathog. 2024;20(1):e1011949. https://doi.org/10.1371/journal.ppat.1011949 PMID: 38285715

Aoki JI, Muxel SM, Zampieri RA, Acufia SM, Fernandes JCR, Vanderlinde RH, et al. L-arginine availability and arginase activity: Characterization
of amino acid permease 3 in Leishmania amazonensis. PLoS Negl Trop Dis. 2017;11(10):e0006025. https://doi.org/10.1371/journal.pntd.0006025
PMID: 29073150

Figarella K, Uzcategui NL, Zhou Y, LeFurgey A, Ouellette M, Bhattacharjee H, et al. Biochemical characterization of Leishmania major aquaglyc-
eroporin LmAQP1: possible role in volume regulation and osmotaxis. Mol Microbiol. 2007;65(4):1006—17. https://doi.org/10.1111/j.1365-
2958.2007.05845.x PMID: 17640270

Tunes LG, Ascher DB, Pires DEV, Monte-Neto RL. The mutation G133D on Leishmania guyanensis AQP1 is highly destabilizing as revealed

by molecular modeling and hypo-osmotic shock assay. Biochim Biophys Acta Biomembr. 2021;1863(10):183682. https://doi.org/10.1016/].
bbamem.2021.183682 PMID: 34175297

Jardim A, Hanson S, Ullman B, McCubbin WD, Kay CM, Olafson RW. Cloning and structure-function analysis of the Leishmania donovani kineto-
plastid membrane protein-11. Biochem J. 1995;305 ( Pt 1)(Pt 1):315-20. https://doi.org/10.1042/bj3050315 PMID: 7826347

Sannigrahi A, Ghosh S, Pradhan S, Jana P, Jawed JJ, Majumdar S, et al. Leishmania protein KMP-11 modulates cholesterol transport and mem-
brane fluidity to facilitate host cell invasion. EMBO Rep. 2024;25(12):5561-98. https://doi.org/10.1038/s44319-024-00302-7 PMID: 39482488

Yadav S, Anand A, Goyal N. Heat Shock Proteins as Emerging Therapeutic and Vaccine Targets Against Leishmaniasis. Challenges and Solu-
tions Against Visceral Leishmaniasis. Springer Nature Singapore. 2023. p. 213-43. https://doi.org/10.1007/978-981-99-6999-9_10

PLOS Neglected Tropical Diseases | https://doi.org/10.137 1/journal.pntd.0013108 May 28, 2025 22122



https://doi.org/10.1371/journal.pone.0002818
http://www.ncbi.nlm.nih.gov/pubmed/18665242
https://doi.org/10.1105/tpc.106.044420
http://www.ncbi.nlm.nih.gov/pubmed/17189346
https://doi.org/10.1007/s11103-011-9829-2
https://doi.org/10.1007/s11103-011-9829-2
http://www.ncbi.nlm.nih.gov/pubmed/21996939
https://doi.org/10.1186/1471-2164-11-615
http://www.ncbi.nlm.nih.gov/pubmed/21050447
https://doi.org/10.1186/s12859-019-2711-y
http://www.ncbi.nlm.nih.gov/pubmed/30898084
https://doi.org/10.1371/journal.pone.0064003
http://www.ncbi.nlm.nih.gov/pubmed/23691136
https://doi.org/10.1101/gr.6836108
http://www.ncbi.nlm.nih.gov/pubmed/18096748
https://doi.org/10.1371/journal.ppat.1007982
http://www.ncbi.nlm.nih.gov/pubmed/31356625
https://doi.org/10.1371/journal.pone.0262158
http://www.ncbi.nlm.nih.gov/pubmed/34972189
https://doi.org/10.3844/ajbbsp.2007.199.206
https://doi.org/10.1016/j.imu.2021.100626
https://doi.org/10.6026/97320630005320
http://www.ncbi.nlm.nih.gov/pubmed/21383918
https://doi.org/10.2174/1574893613666180828095737
https://doi.org/10.4155/fmc.10.17
http://www.ncbi.nlm.nih.gov/pubmed/21426002
https://doi.org/10.3389/fmicb.2017.02630
http://www.ncbi.nlm.nih.gov/pubmed/29354114
https://doi.org/10.3389/fgene.2019.00823
https://doi.org/10.3389/fgene.2019.00823
http://www.ncbi.nlm.nih.gov/pubmed/31572441
https://doi.org/10.1371/journal.ppat.1011949
http://www.ncbi.nlm.nih.gov/pubmed/38285715
https://doi.org/10.1371/journal.pntd.0006025
http://www.ncbi.nlm.nih.gov/pubmed/29073150
https://doi.org/10.1111/j.1365-2958.2007.05845.x
https://doi.org/10.1111/j.1365-2958.2007.05845.x
http://www.ncbi.nlm.nih.gov/pubmed/17640270
https://doi.org/10.1016/j.bbamem.2021.183682
https://doi.org/10.1016/j.bbamem.2021.183682
http://www.ncbi.nlm.nih.gov/pubmed/34175297
https://doi.org/10.1042/bj3050315
http://www.ncbi.nlm.nih.gov/pubmed/7826347
https://doi.org/10.1038/s44319-024-00302-7
http://www.ncbi.nlm.nih.gov/pubmed/39482488
https://doi.org/10.1007/978-981-99-6999-9_10
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

