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ABSTRACT

Leishmaniasis is a worldwide public health problem caused by protozoan parasites of the genus
Leishmania. Leishmania braziliensis is the most important species responsible for tegumentary leishma-
niases in Brazil. An understanding of the molecular mechanisms underlying the success of this parasite is
urgently needed. An in-depth study on the modulation of gene expression across the life cycle stages of
L. braziliensis covering coding and noncoding RNAs (ncRNAs) was missing and is presented herein.
Analyses of differentially expressed (DE) genes revealed that most prominent differences were observed
between the transcriptomes of insect and mammalian proliferative forms (6,576 genes). Gene ontology
(GO) analysis indicated stage-specific enriched biological processes. A computational pipeline and 5
ncRNA predictors allowed the identification of 11,372 putative ncRNAs. Most of the DE ncRNAs were
found between the transcriptomes of insect and mammalian proliferative stages (38%). Of the DE
ncRNAs, 295 were DE in all three stages and displayed a wide range of lengths, chromosomal distribu-
tions and locations; many of them had a distinct expression profile compared to that of their protein-
coding neighbors. Thirty-five putative ncRNAs were submitted to northern blotting analysis, and one or
more hybridization-positive signals were observed in 22 of these ncRNAs. This work presents an over-
view of the L. braziliensis transcriptome and its adjustments throughout development. In addition to
determining the general features of the transcriptome at each life stage and the profile of protein-
coding transcripts, we identified and characterized a variety of noncoding transcripts. The novel putative
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ncRNAs uncovered in L. braziliensis might be regulatory elements to be further investigated.

Introduction

The protozoan parasites Leishmania spp. are trypanosomatids
with a dimorphic life cycle completed between the sandfly
digestive tract and mammalian hosts [1]. These parasites are
the etiological agents of leishmaniases, a group of diseases
with highly diverse clinical presentations. These presentations
include a tegumentary form that ranges from cutaneous loca-
lized (LCL) or self-healing to a disfiguring and morbid disease
affecting the nasopharyngeal mucosae (MCL) and a visceral
form (VL) in which hematopoietic organs are affected and
that is fatal if not treated. The disease is a serious global public
health problem in more than 90 countries [1,2], and the out-
come of infection depends mainly on the parasite species and
host genetics and immune response [1]. These parasites are
classified into two subgenera, and species of the subgenus
Viannia are associated with tegumentary leishmaniasis in
Central and South America [3,4]. Leishmania (Viannia) bra-
ziliensis is a predominant species in Brazil. It is broadly dis-
tributed in endemic areas across the country and is the main

causative agent of MCL, a highly morbid clinical form affect-
ing 5 to 10% of infected individuals. In MCL, a strong cellular
immune response corroborates tissue destruction in the meta-
static and pauciparasitary affected loci [5-7].

Leishmania parasites are ingested by the female sandfly
vector during blood feeding. Amastigote (AMA) forms,
which are mammalian intracellular proliferative forms, are
released from ingested macrophages into the digestive tract
of the insect and differentiate into the replicative form, pro-
cyclic (PRO) promastigotes. After a few days, these promasti-
gotes undergo metacyclogenesis, a process of differentiation
that leads to the infective metacyclic (META) promastigote
stage. They are then released from the peritrophic membrane
and migrate to the stomodeal valve, which is situated between
the midgut and the esophagus of the insect [6-8]. Once inside
the mammalian host, the META are internalized by phagocy-
tic cells present in the dermis and will proliferate within the
phagolysosomes as AMA. The successful adaptation of the
parasite to different hostile environments involves important
and rapid modifications in its gene expression profile [9-12].
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Given the genetic organization of Leishmania, its gene
expression is regulated mainly at the posttranscriptional
level; RNA polymerase II-transcribed genes lack canonical
promoters and are organized as large polycistronic transcrip-
tion units (PTUs) that may comprise more than a hundred
genes with no functional relationships [13,14]. It has been
demonstrated that posttranscriptional regulation of gene
expression occurs at several levels, from the control of RNA
abundance to the translation rate and posttranslational mod-
ification or degradation regulation [15-17]. The last two levels
may involve the control of the translation process (initiation,
elongation and termination), posttranslational modifications
and directed protein degradation routes [17-19]. Control of
the abundance and stability of mRNAs may involve factors
and pathways including cis- and trans-elements, such as ele-
ments of the 3' untranslated regions (3'UTR), which were
suggested in a previous study to function in the posttranscrip-
tional regulation of differentially expressed (DE) genes in
L. major and L. infantum [20]. We previously identified
a large group of conserved elements present outside the cod-
ing sequences (CICS - conserved intercoding sequences) of
three different Leishmania species and demonstrated that
these elements may act as regulatory elements [21,22]. In
addition to cis-elements acting as binding sites for proteins,
previous studies on Trypanosoma brucei [23,24] and other
eukaryotes [25] and our own study on Leishmania major
and Leishmania donovani identified putative noncoding
RNAs (ncRNAs) arising from mRNA UTRs; these ncRNAs
may act as regulatory elements [22,26].

Genome and transcriptome data from various Leishmania
species and isolates suggest complex adaptive traits in these
parasites. Despite differences in clinical output, the genomes
of different species of Leishmania are syntenic, and protein-
coding genes are highly conserved [27]. However, compara-
tive analyses of genomes and transcriptomes of different
Leishmania species and isolates indicate that gene dosage
variation is an important adaptive trait conferring phenotypic
plasticity to Leishmania populations. Gene dosage variation
may be a result of individual copy number variation or chro-
mosomal somy changes [28]. The correlation of gene copy
dosage with corresponding transcript levels may explain the
similarities and differences between isolates and species [29-
31]. Furthermore, the regulation of gene expression at the
posttranscriptional level and the corresponding regulatory
elements and pathways may partially explain species differ-
ences. In this scenario, the whole transcriptome of Leishmania
species is important for the initial approximation of genetic
activity and gene structural features. Comparative transcrip-
tomic analysis identifies the modulation of gene expression
differences among species or among developmental stages
within species [32,33].

In light of literature findings indicating that ncRNAs act as
gene expression regulatory elements in other eukaryotes and
the observation that ncRNAs are found in trypanosomatids,
we used RNA-seq and in silico analysis to investigate the
whole transcriptome and modulation of gene expression pro-
file throughout development in this parasite and explored
mRNA content and putative ncRNA transcripts. This study
used L. braziliensis parasites in axenic culture to investigate

the three main developmental stages. We present incremental
data on the genome structure of L. braziliensis, the main
characteristics of gene structure and the DE protein-coding
genes throughout development. Moreover, we investigated the
presence, distribution and characteristics of putative regula-
tory ncRNAs using an ad hoc computational pipeline.
Comparative transcriptome analysis at the three stages
revealed the presence of a variety of DE ncRNAs and candi-
dates for functional and regulatory roles in distinct biological
processes.

Results and discussion

RNA-seq of L. braziliensis procyclic and metacyclic
promastigotes and axenic amastigotes

Biological material

To compare gene expression patterns throughout the life cycle
of a Leishmania (Viannia) subgenus, we conducted axenic
culturing of Leishmania (Viannia) braziliensis (MHOM/BR/
75/M2903, now named L. braziliensis 2903), which allows the
in vitro reproduction of different life cycle stages: procyclic
promastigotes (PRO), metacyclic promastigotes (META) and
amastigotes (AMA) [34,35].

The PRO forms were obtained from the logarithmic phase
(day 2), and culture-derived META forms were rescued from
a mixed population of promastigotes in the stationary phase
(day 5) of culture. The META were extracted based on density
differences using the Ficoll enrichment method [36] (Fig. 1A).
Promastigotes in the stationary phase (day 5) were incubated
in fetal bovine serum (FBS, 100%) at 33°C for 3 days for
differentiation into culture-derived AMA [34]. After 10 pas-
sages in culture, the AMA were obtained on day 3 (Fig. 1A).
Subsequently, the typical PRO, META and AMA morpholo-
gies were verified by scanning electron microscopy (Fig. 1B).
In addition, we analyzed the mRNA levels of two §-amastins
previously described as markers of the L. braziliensis AMA
stage [37]. The §-amastin transcripts were upregulated at the
AMA stage by ~5-fold and ~14-fold relative to those at the
META and PRO stages, respectively (Additional file 1: Fig. S1
and Additional file 3: Table S1).

Experimental design and correlation between samples
Transcriptome profiling of L. braziliensis throughout its life
cycle was performed using RNA-seq technology. The total
RNA of three biological replicates from the three main life
stages of L. braziliensis was sequenced, resulting in nine
c¢DNA libraries. These libraries were constructed and
sequenced using Illumina technology, and ~677 million
paired-end reads were generated (Additional file 1: Fig. S2A,
Table 1).

Analysis of sequence quality metrics revealed that most of
the reads obtained base calling accuracy as determined by
a Phred quality score (Q score) above 30 (91% of reads 1
and 83% of reads 2). In addition, more than 98% of the reads
were mapped to the reference genome, L. braziliensis 2903-
TriTrypDB version 30 [38] (Table 1).

Ribosomal RNAs (rRNAs) were estimated based on the
number of reads mapped on chromosome 6 of L. braziliensis
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Figure 1. Time course for selection of life cycle stages and morphology of cells used for RNA extraction. (a) Growth curve illustrative of the study design and time
points. Growth curves of promastigote forms of L. braziliensis. Culture-derived procyclic forms (PRO) were obtained on day 2, metacyclic forms (META) were purified
from a stationary-phase culture (day 5), and amastigotes (AMA) were obtained from differentiated cultures maintained in fetal bovine serum (FBS) at 33°C in a 1%
CO, atmosphere on day 3. Data are shown as the means + SD, n = 3. (b) Morphology of the different L. braziliensis developmental stages, as indicated above each

panel, under scanning electron microscopy. White bars: 5 pm.

Table 1. RNA-seq results for each Leishmania developmental stage.
Bowtie2 — LbrM2903

Total % of % of

paired-  reads per mapped % of reads on
Library Replicate end reads library* reads chromosome 6°
Procyclic 1 69,458,528 10.25 98.5 28.46
Procyclic 2 84,539,426 1247 98.54 30.48
Procyclic 3 90,215,594 13.31 98.66 2541
Metacyclic 1 72,520,332 10.70 98.83 22.81
Metacyclic 2 84,021,672 1240 98.84 23.01
Metacyclic 3 66,830,070 9.86 99.01 23.62
Amastigote 1 54,228,698 8.00 98.95 20.40
Amastigote 2 81,757,314 12.06 98.76 22.21
Amastigote 3 74,281,704  10.96 99.18 32.29

@ The ribosomal locus (185 and 28S) of L. braziliensis is annotated on chromo-
some 6. Reads mapped on chromosome 6 were referenced to estimate the
representation of the rRNA in the samples.

* total reads (9 libraries): ~677 million reads

2903 because the largest locus of rRNA is annotated on this
chromosome as a result of a misassembly. The representation
of this chromosome varied between 20% and 32% per library
(Table 1).

To evaluate the consistency of reads distribution per repli-
cate at each stage and compare the homogeneity of reads
distribution across stages, we conducted a count distribution
of raw reads in annotated CDSs (protein-coding sequences)
per library (Additional file 1: Fig. S2B). Furthermore, to
analyze the pattern of replicate grouping and the distance
between the compared samples (PRO, META, AMA), we
used the biological coefficient variation (BCV) distance in
a multidimensional scaling (MDS) chart. Analysis revealed
the proximity of replicates at each developmental stage and

a consistent distance between life cycle stages (Additional file
1: Fig. S2C). This result indicates that the quality of generated
data allows differential expression analysis.

Transcriptome profiling

L. braziliensis transcript element structure
Because gene expression regulation in trypanosomatids occurs
mainly at the posttranscriptional level [39], RNA stability,
storage, degradation and translation rates are important
points of control [40,41]. Determining the UTR boundaries
is a useful tool for future analysis of possible cis- and trans-
acting elements involved in the regulation of gene expression
[42,43]. Transcript boundaries have been previously estimated
for some Leishmania species [11,23] but not for L. braziliensis.
To estimate the boundaries of annotated L. braziliensis
transcripts, we used the genome of L. braziliensis 2903 (ver-
sion 30 - TriTrypDB) associated with SL-based transcriptome
data (unpublished data). PolyA sites were predicted as pre-
viously described by Dillon and cols [11], and it allowed us to
estimate the terminus of the 3'UTR for 38% (3,568) of the
CDSs and that of the 5'UTR for 81% (7,494) of the annotated
CDSs (Additional file 2). These analyses indicated an average
length of 1,621 nucleotides (nt) for the L. braziliensis anno-
tated CDSs, ranging from 49 to 19,893 nt (Fig. 2A); the
estimated 5UTR mean length was 582 nt (Fig. 2B), and that
of the 3'UTR was 1,254 nt (Fig. 2C). The average lengths of
CDSs and UTRs found for L. braziliensis are comparable to
those previously predicted for L. major [11].
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Figure 2. Length distribution of gene elements in Leishmania braziliensis. (a) CDSs (Leishmania braziliensis 2903-TriTrypDB version 30). (b) 5'UTRs. (c) 3'UTR. For the
methodology used to define the main SL acceptor and polyA sites, refer to Methods. The size of each bin is 100 nt.

Highly abundant transcripts

The most abundant transcripts were identified by calculating
the FPKM (fragments per kilobases of transcript per million
mapped reads) for each annotated CDS, and the first FPKM
percentile was examined (see Methods). The Venn diagram
shows the number of highly expressed genes distributed
between the PRO, META and AMA stages (Additional file 1:
Fig. $3). Fifty percent (32/63 genes) of the genes common to all
stages code for ribosomal proteins (Additional file 3: Table S2);
similar results have been obtained for other Leishmania species
[44]. In the population of highly abundant genes common to
PRO and META (11 genes), 9 are ribosomal protein tran-
scripts. META and AMA shared 6 highly abundant genes;
among them was one amastin (LBRM2903_080005000.1) that
was previously reported to express in META as well as AMA
[45]. AMA and PRO shared only a ribosomal protein gene
(LBRM2903_300045100.1) as a highly abundant transcript.
Among the 10 most abundant transcripts detected only in

PRO, 6 were ribosomal protein-coding genes, and among 5
transcripts exclusively abundant in META, 2 were ribosomal
protein-coding genes. Interestingly, for 9 of the ribosomal
protein transcripts that were either highly abundant in both
META and PRO or exclusively highly abundant in META, an
extraribosomal function had been previously described in
homologues in other organisms [46-51]. Relevant extrariboso-
mal regulatory roles for some of these proteins classes have
been thoroughly investigated and are dependent on posttran-
slational modifications [46,52]. In AMA, 5 of the 11 highly
abundant transcripts were amastin-coding genes.

Differentially expressed (DE) protein-coding genes
throughout development

It is important to keep in mind that analysis of DE genes is
based on relative abundance of transcripts and that transcript
levels do not necessarily have strong correlations with the
corresponding protein levels [53]. In addition, this study



used axenic conditions; it may have overestimated or under-
estimated transcript abundance and may have failed to detect
differences that only occur in the parasite’s natural niches
[54]. Another important consideration is that small statisti-
cally significant differences between transcript abundance in
different conditions are not necessarily less important or have
less impact than larger differences.

In the deposited genome of L. braziliensis 2903
(TryTripDB - version 30), there are 9,269 predicted and
annotated protein-coding genes. Previous comparative analy-
sis of transcript levels in Leishmania indicated that fold
change (FC) differences are frequently modest [I1].
Therefore, we first analyzed the DE genes (Additional file 4)
considering only the statistical significance (adjusted p value <
0.05); under this condition, 5,689 transcripts (61%) were DE
between PRO and META promastigotes (PROvsMETA).
When applying a FC cutoff of 1.5, 1,229 (13%) genes were
DE, and with a FC cutoff of 2,256 genes (2.8%) were DE. In
the comparative analysis of PROvsMETA, the FCs in the
population of downregulated genes reached 3-fold, and
those in the population of upregulated genes reached
5.2-fold. Between META and AMA (METAvsAMA) using
the same parameters, we detected 4,856 genes (52%), 1,084
(12%) and 264 (2.8%) DE genes, respectively. The FC differ-
ences in the group of META-downregulated genes reached
15.1-fold, and those in the group of META-upregulated genes
reached 5.7-fold. The comparison between AMA and PRO
(AMAvsPRO) using the same cutoff values revealed 6,576
(71%), 1,309 (14%) and 813 (8.8%) DE genes, respectively.
In the comparative analysis of AMAvsPRO, the FCs in the
population of AMA-downregulated genes reached 3.9-fold,
and those in the population of AMA-upregulated genes
reached 43.7-fold.

Up- and downregulated genes were visualized using MA
plots comparing the developmental stages of the parasite
(Additional file 1: Fig. S4 - red dots). Subtle differences
(low FCs) were found in PROvsMETA (Additional file 1:
Fig. S4A), and large differences (high FCs) were found in
AMAvsPRO (Additional file 1: Fig. S4C). Closer proximity
between PRO and META than between either and AMA was
also observed in the hierarchical clustering (Additional file 1:
Fig. $4D) and principal component analyses (Additional file
1: Fig. S4E).

Functional enrichment analysis of DE coding genes

Gene ontology (GO) enrichment analyses of DE protein-
coding genes across the development of L. braziliensis were
performed. These analyses identified significantly enriched
processes based on the up- and downregulated genes at each
pairwise developmental stage comparison (Additional file 3:
Tables S3-S8). The upregulated biological processes in the
PROvsMETA, METAvsAMA and AMAvsPRO comparisons
were selected and are presented graphically (Fig. 3).

GO terms related to cellular proliferation (GO:0006412,
GO:0006457, GO:0006414 and GO:0008284) were enriched
in PRO forms (PROvsMETA - Fig. 3, Additional file 3:
Tables S3 and S4), consistent with a proliferative life stage
[9,11,55]. GO terms related to cellular motility (GO:0007018
and GO:0007017) were also enriched in PRO when compared

RNA BIOLOGY (&) 643

to AMA (Additional file 3: Table S4); similar results were
found in L. donovani and L. major [9,12]. Protein metabo-
lism- and energy-related GO terms (GO:0015986,
GO:0006183 and GO:0006228) were enriched in PRO
(PROvsMETA - Fig. 3 and Additional file 3: Table S3) as
seen before [11]. The category ATP synthesis (GO:0015986)
was enriched in the PRO form in both comparisons
(PROVSMETA - Fig. 3 and AMAvsPRO - Additional file 3:
Table S4), suggesting increased mitochondrial activity in the
PRO. GO terms related to signalization (GO:0044081 and
GO0:0075130) were enriched in META when compared to
PRO (Additional file 3: Table S5) and enriched in AMA
when compared to META (Additional file 3: Table S$6) and
PRO (AMAvsPRO - Fig. 3 and Additional file 3: Table S7),
suggesting the relevance of signalization during the differen-
tiation of promastigote to AMA forms, as already described in
L. major [10,11]. Phosphorylation-related GO terms
(GO:0006468 and GO0:0008160) were enriched at infective
and mammalian stages (META and AMA) when compared
to PRO (Fig. 3 - AMAvsPRO and Additional file 3: Tables S5
and S7). Consistently, protein phosphorylation is a process
correlated with differentiation and virulence [9,10,56]. GO
terms related to transport (GO:0008160) were enriched in
META (Additional file 3: Table S5) and AMA (GO:0008160,
G0:0006817 and GO:0005315) in both comparisons (Fig. 3 -
AMAvsPRO and Additional file 3: Table S6 and S7).
Amastins act as membrane transporters [37] and are AMA-
specific or AMA-preferential proteins (as some isoforms are
also found in META). The enrichment of transport-related
genes in META and AMA might be associated with the
upregulation of genes coding for surface proteins involved
in signaling and transport or due to the number and abun-
dance of amastins [57]. A similar profile of GO enrichment in
META was reported in L. major [9].

In general, GO terms related to proteolysis activities
(GO:0051603, GO:0030163, GO:0005839, and GO:0019773),
although present at all stages, were enriched in promastigotes
(Fig. 3 - PROvSMETA and METAvsAMA and Additional file
3: Tables S3, S4 and S8). Protein catabolism (GO:0030163
and GO:0051603) was enriched in promastigotes in both
comparisons (Fig. 3 - METAvsAMA and AMAvsPRO and
Additional file 3: Tables S4 and S8), while proteolysis activ-
ities related to protein processing (GO:0006508 and
GO:0006470) were enriched in the infective and mammalian
forms in both comparisons (Fig. 3 - AMAvsPRO and
Additional file 3: Tables S5 and S7). Proteolysis activities
play key roles in cellular remodeling that occurs through
autophagy, a process important to parasite differentiation,
which is well described during META to AMA differentiation
[19,58,59].

The amastin transcripts are among those with marked FC
differences in both comparisons METAvsAMA (Additional file
1: Fig. S4B and Additional file 3: Table S9 - METAvsAMA -
downregulated) and AMAvsPRO (Additional file 1: Fig. S4C
and Additional file 3: Table S9 - AMAvVsPRO - upregulated),
reaching a 39.2-fold increase in AMA. These small surface
proteins, unique to kinetoplastids, are composed of approxi-
mately 45 members [45,60] and are considered essential viru-
lence factors for AMA multiplication into mammalian host cells
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Figure 3. Gene ontology enrichment analysis. Biological processes enriched in genes upregulated in the life cycle stages of L. braziliensis (adjusted p value < 0.05) are
shown. Red bars: biological processes upregulated in PRO compared to META. Green bars: biological processes upregulated in META compared to AMA, and blue
bars: biological processes upregulated in AMA compared to PRO. The x-axis percentage represents the fraction (%) of genes upregulated within the set of all genes

from Leishmania assigned to the corresponding biological process.

[37,61]. Although a clear function for amastins remains
unknown, it is believed that these proteins interact with the
host cell molecules or act as membrane transporters [37]. Some
authors have suggested that amastins may be involved in ion or
proton traffic through the membrane to adjust the cytoplasmic
pH of the parasite [45,60]. Although upregulation of amastins in
AMA has been previously reported in other species [12,61], the
FCs did not reach the levels of differential expression reported
here for L. braziliensis.

We must bear in mind that the high number of genes
coding for hypothetical proteins represents an extra obstacle
for conducting computational function analysis in these para-
sites. A large number of hypothetical protein-coding genes
(3,466 genes) were observed among DE genes (Additional file
4). Similar results were previously observed in Leishmania and
other trypanosomatids [9,11]. We also observed that three of
these genes were among those with the highest levels of FC,
being upregulated ~44-fold in AMA (Additional file 3: Table
S9 - AMAvsPRO - upregulated).

Profiles of DE protein-coding genes

To investigate the most common modulation of gene expres-
sion profiles throughout parasite development, DE genes that
were either up- or downregulated by a FC > 1.5 (FC cutoff
used for reliability) and were DE in all three comparisons

(PROvsMETA, METAvsAMA and AMAvsPRO) were
selected; 216 such genes were found (Additional file 5). To
evaluate the modulation profile throughout development, we
used the raw counts to calculate CPM (counts per million);
this strategy led to the classification of DE genes into 6
different groups based on their expression profile (Fig. 4).
Interestingly, most DE transcripts were present at lower levels
in promastigotes, with incremental levels in META and AMA;
176 such genes were detected (Fig. 4 - Group 1). The second
largest group (21 genes) included those transcripts with the
opposite expression pattern, with the highest levels in pro-
mastigotes and the lowest levels in AMA (Fig. 4 - Group 4).
The third group contained 17 DE genes with the highest levels
in META (Fig. 4 - Group 2). Three other groups with differ-
ent modulation profiles encompassed either one or no DE
genes (Fig. 4 — Groups 3, 5 and 6). Among the 176 genes in
Group 1, 26% (46) were amastin or amastin-like transcripts
and ~40% (70) coded for hypothetical proteins. The remain-
ing genes (13.8%) were heterogeneously distributed into dif-
ferent classes. Curiously, among the 17 genes in Group 2
(with higher levels in META), 6 were classified as hypothetical
protein-coding transcripts and 6 (35%) as RNA or nucleic
acid/nucleotide binding proteins. In Group 4, among 21
genes, 6 were hypothetical, and the remaining genes were
distributed heterogeneously into several classes.
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Figure 4. Profiles of differentially expressed protein-coding genes during life cycle progression. The set of genes encompasses only those DE in all three comparisons
analyzed (PROvSMETA, METAvsAMA and AMAvsPRO). Total number of DE protein-coding genes = 216, distributed into 6 groups. Group 1: 176 genes, group 2: 17
genes, group 3: no representative, group 4: 21 genes, group 5: 1 gene, group 6: 1 gene. Reads per counts per million (CPM), values in log2.

We also analyzed the group of genes that could be classi-
fied as stage-preferential genes. Genes presenting a FC > 2
were compiled, and those presenting a FC > 3 were consid-
ered possible stage-specific markers in L. braziliensis
(Additional file 3: Table S10). We consistently confirmed
the expression profile of some genes that were previously
identified as PRO, META or AMA markers in other species.
A chaperonin HSP60 (LBRM2903_350028900) was identified
as a possible marker for PRO (FC ~3.0, Additional file 3:
Table S10) [62,63]. One of the stage-preferential genes
detected in META that might be a stage marker was
a putative autophagy protein, ATG8 ubiquitin like
(LBRM2903_190018000) (FC ~3.6, Additional file 3: Table
$10) [19,64]. Similar results have been reported in other
Leishmania species, in which ATG8 was upregulated in the
motile forms derived from sand fly, termed nectomonads [9].
As mentioned above, several amastin and amastin-like genes
were highly prominent transcripts in AMA forms.

Comparison of Viannia and Leishmania subgenera:
species-specific genes and genes upregulated in different
life stages

In 2007, Smith and colleagues comparatively analyzed the
L. major, L. infantum and L. braziliensis genomes. A total of
49 L. braziliensis-specific genes were found (39 annotated as
hypothetical and 10 with predicted function) [27]. We
searched for these genes in more recent versions of the
L. braziliensis genome and identified 16 genes with predicted
function and 33 classified as hypothetical protein-coding
genes (Additional file 3: Table S11). Thirty-nine of them
were found to be DE between developmental stages, of
which 25 were classified as coding for hypothetical proteins
and 14 with a predicted function (Table 2). Some of the genes
that were over- or underrepresented in META or AMA may

be important tools for understanding the peculiar differentia-
tion and infection properties of L. braziliensis compared to
other Leishmania species and should be further investigated.
In addition to evaluating GO enrichment profiles and
species-specific genes, we investigated similarities and differ-
ences in transcriptomes between species of the different sub-
genera by comparing upregulated, DE protein-coding genes.
We compared these genes in PRO, META and AMA between
L. braziliensis and both L. major and L. mexicana according to
available data using orthology as the parameter. We first
compared our results from L. braziliensis (PROvsMETA,
METAvsAMA, AMAvsPRO) with those of procyclics, meta-
cyclics and lesion-derived amastigotes from an L. major tran-
scriptomic analysis of sand-fly [9]. In L. braziliensis, 3,948 DE
genes were upregulated in PRO, 4,465 were upregulated in
META, and 3,843 were upregulated in AMA (adjusted p value
< 0.05). The L. major orthologous genes were identified using
TriTrypDB tools, and the search resulted in 3,913, 4,223 and
3,475 genes in the three stages. These L. major orthologs were
then submitted to the list of DE genes identified by Inbar et al
[9]. Interestingly, the percentages of orthologous genes that
were similarly upregulated in L. major were low: 572 (14.6%)
genes in PRO, 513 (12.1%) in META and 437 (12.6%) in
AMA (Additional file 4: sheet LbrM-LmjF). Using the same
approach, we compared L. braziliensis PRO and META upre-
gulated genes with previously reported upregulated genes of
axenic PRO and META of L. major [11]. Our L. braziliensis
PROvsMETA comparative analysis revealed 2,888 genes upre-
gulated in PRO and 2,800 in META (adjusted p value < 0.05),
and, according to TriTrypDB, the L. major orthologous genes
were 2,929 in PRO and 2,575 in META. The number of
orthologous genes in the comparison species that were
found to be upregulated was 894 (30.5%) in PRO and 900
(34.9%) in META (Additional file 4: sheet Axenic_LbrM-
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LmjF). We then compared our L. braziliensis axenic forms
(PROvsAMA) with available data from L. mexicana axenic
forms (PROvsAMA) [44]. In L. braziliensis, there were 3,299
genes upregulated in PRO and 3,276 genes upregulated in
AMA (adjusted p value < 0.05), and, according to
TriTrypDB, the L. mexicana orthologous genes were 3,230
in PRO and 2,827 in AMA. The orthologous genes found to
be upregulated in both species were 741 (23%) in PRO and
422 (15%) in AMA (Additional file 4: sheet Axenic_LbrM-
LmxM). These comparative analyses suggest that despite syn-
teny and sequence conservation of protein-coding genes
among species, the upregulated-DE genes content differences
may contribute to diversity between species and subgenera
and may be biologically relevant.

Leishmania braziliensis putative ncRNAs

In general, for most living organisms, there are many gray
areas to be investigated concerning the mechanisms and fac-
tors involved in the control of gene expression. One route of
investigation relies on the discovery and functional character-
ization of ncRNAs as part of regulatory machineries involved
in a diverse number of biological processes in several organ-
isms [65-67]. The plethora of discovered ncRNAs and the
several characterized ncRNAs in different organisms contrasts
the lack of information on the ncRNA arsenal in Leishmania
species; only a few reports mentioning en passant the detec-
tion of ncRNAs in different Leishmania species are available
[26,41,68-71]. Therefore, we decided to conduct a systematic
in-depth transcriptome-wide analysis for the identification of
ncRNAs in L. braziliensis, focusing on DE putative ncRNAs.

Because the source of data of the L. braziliensis transcrip-
tomes of PRO, META and AMA was total RNA from each
stage, the discovery of ncRNAs presented here, due to the
large number of abundant coding RNAs, may be an under-
estimation. It must be noted that the less abundant transcripts
buried in the PTUs may have been missed due to the
employed strategy. Complementary approaches that exclude
most of the polysomal RNA fraction should be used for
rescuing such transcripts [24,72]. It was a challenge to identify
individual transcripts (peak of reads), distinguish between
a ncRNA candidate and background noise, and exclude
those most likely to be non-annotated CDSs in the genome.
A read coverage cutoff and a database of known CDSs were
used to minimize these difficulties; therefore, the identifica-
tion of putative ncRNAs began with the definition of tran-
script strand specificity based on the genome coverage by
nucleotide. Two main types of ncRNAs were considered:
short (< 200 nt) and long (> 200 nt) transcripts. We excluded
from the analysis those transcripts found within CDSs when
transcribed from the same strand. For the annotation and
analysis, a consensus of the putative ncRNAs was generated
for all three stages (Additional file 1: Fig. S5).

On the computational pipeline, after the generation of
ncRNA consensus sequences, 12,050 ncRNAs were identified
(Additional file 1: Fig. S5). From this population of tran-
scripts, those with significant similarity to protein domains
(Pfam dataset) were removed from the analysis (659 tran-
scripts). The 11,391 remaining putative ncRNAs were

RNA BIOLOGY (&) 647

submitted to 5 ncRNA predictors: PORTRAIT, RNAcon,
ptRNApred, snoscan and tRNAscan-SE. PORTRAIT pre-
dicted 7,085 (62%) ncRNA candidates, RNAcon predicted
7,883 (69%) candidates, and ptRNApred predicted 10,212
(90%) candidates. snoscan identified 242 candidates as possi-
ble snoRNAs, and tRNAscan-SE predicted 27 transcripts as
tRNAs. From the overall population (12,050), 11,372 tran-
scripts were identified as putative ncRNAs by at least one of
the abovementioned predictors (Additional file 6). These
putative ncRNAs presented a median size of 281 nt
(Additional file 1: Fig. S6). Among the 11,372 putative
ncRNAs identified in L. braziliensis, 4,021 were classified as
short ncRNAs, and 7,351 were classified as long ncRNAs
(IncRNAs; Table 3, Additional File 6).

In the genome of L. braziliensis, 9,269 protein-coding genes
were annotated (TriTrypDB, version 30 [29]). The ratio of
protein-coding to noncoding genes in L. braziliensis is supported
by similar analyses conducted in different organisms. In Hormo
sapiens, which has 20,376 protein-coding genes, 22,305 ncRNAs
were reported (GRCh38- http://www.ensembl.org/Homo_
sapiens/Info/Annotation; accessed September 2018). In
Caenorhabditis elegans, 20,222 protein-coding genes have been
annotated, whereas 24,765 ncRNAs have been reported
(WBcel235 - http://www.ensembl.org/Caenorhabditis_elegans/
Info/Annotation; accessed September 2018).

The sequence conservation of putative ncRNAs, as an
indication of selective pressure, was examined to infer or
contribute to the proposition of possible functional relevance
of the identified ncRNA candidates. The sequences of putative
L. braziliensis ncRNAs were compared to the genomic
sequences of seven trypanosomatids. The ncRNA conserva-
tion percentage was 41% in L. major, 40% in each of
L. donovani and L. infantum, and 35% in L. amazonensis. In
the more distantly related Leishmania species, L. enriettii and
L. tarentolae, ~28% conservation was observed, and in
T. brucei, 7% conservation was observed.

Differential expression analysis was performed to compare
the transcript levels of 11,372 putative ncRNAs at the three
stages of L. braziliensis development (Additional file 6 - sheets
PROvsMETA, METAvsAMA and AMAvsPRO). Analogously
to the procedure used for the DE protein-coding genes, we
analyzed the DE noncoding genes with no filters based only
on the statistical significance (adjusted p value < 0.05); in this
condition, 3,266 DE ncRNAs were identified in the
PROvsMETA comparison (29%, Additional file 1: Fig. S7A).
When applying FC cutoffs > 1.5 and > 2, 1,897 (17%) and 625
DE ncRNAs (5.5%) were identified in the same comparison,
respectively. In METAvsAMA using the same parameters, we
detected 3,058 DE ncRNAs (27%, Additional file 1: Fig. S7B);
this number decreased to 2,031 (18%) and 730 (6.4%) DE
ncRNAs when applying FC cutoffs of > 1.5 and 2 2, respec-
tively. In the AMAvsPRO comparison, 4,380 DE ncRNAs were
identified (38%, Additional file 1: Fig. $7C) with no FC cutoff,
and 3,332 (29%) and 1,448 DE ncRNAs (12.7%) were identified
with FC cutoffs of > 1.5 and > 2, respectively. The ncRNAs with
the largest differences (the first 25 putative ncRNAs) in the
comparisons between the up- and downregulated ncRNAs are
presented in Additional file 3: Tables S12-S14. Because the
assembly of the genome of L. braziliensis is not ideal, a large
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Table 3. Genome distribution and general features of putative ncRNAs.

Chromosome Short ncRNAs Long ncRNAs
Inter CDS* UTR Intra CDS Inter CDS* UTR Intra CDS
ID Length Sense Antisense SSR  Sense Antisense Antisense Sense Antisense SSR Sense Antisense Antisense  Total
LbrM2903_01 286,661 23 8 1 9 1 1 40 2 0 24 3 1 113
LbrM2903_02 352,826 21 0 3 13 0 1 45 3 14 27 4 3 134
LbrM2903_03 408,717 27 0 0 7 0 7 39 6 1 30 4 1 122
LbrM2903_04 502,955 43 4 0 21 2 1 71 2 3 40 1 1 189
LbrM2903_05 505,114 29 1 5 19 0 0 70 3 10 35 1 5 178
LbrM2903_06 590,413 43 10 2 17 5 3 69 16 6 38 2 1 212
LbrM2903_07 639,434 22 1 7 27 3 0 67 4 10 41 3 6 191
LbrM2903_08 537,514 37 8 2 18 1 0 70 9 1 40 3 1 200
LbrM2903_09 620,965 50 5 1 24 2 1 52 9 2 33 0 0 179
LbrM2903_10 695,527 33 6 1 29 5 3 61 4 31 38 10 5 236
LbrM2903_11 603,537 28 7 3 19 4 2 46 7 22 49 3 10 200
LbrM2903_12 408,254 20 2 1 13 1 0 35 9 7 33 0 0 121
LbrM2903_13 658,307 36 0 3 19 1 3 67 9 4 44 1 7 194
LbrM2903_14 650,483 59 1 3 34 2 1 61 2 13 63 1 1 241
LbrM2903_15 654,844 43 1 3 23 3 1 53 3 3 48 5 4 190
LbrM2903_16 771,689 42 2 7 23 3 0 70 5 18 43 5 6 224
LbrM2903_17 740,364 28 4 6 30 0 0 65 14 1 52 0 2 212
LbrM2903_18 822,729 46 12 1 22 4 1 119 9 8 58 1 4 285
LbrM2903_19 810,851 57 9 7 23 3 2 80 5 17 53 5 1 262
LbrM2903_20.1 1,943,446 188 1 14 0 0 2 345 15 32 0 0 5 612
LbrM2903_20.2 917,802 87 5 6 0 0 1 145 15 10 0 0 3 272
LbrM2903_21 783,199 49 1 3 34 2 1 80 7 3 44 2 1 227
LbrM2903_22 728,622 40 1 1 19 2 1 88 4 1 59 2 5 223
LbrM2903_23 913,624 50 6 6 44 1 0 88 9 1 65 3 5 288
LbrM2903_24 933,121 65 3 1 36 2 2 75 5 7 56 7 2 261
LbrM2903_25 968,025 56 3 3 39 4 0 91 12 2 76 6 0 292
LbrM2903_26 1,030,512 66 0 2 48 0 0 100 1 3 75 2 1 298
LbrM2903_27 1,281,939 68 15 10 55 4 2 103 21 21 101 4 3 407
LbrM2903_28 1,239,708 66 2 6 47 2 4 147 12 1 83 3 5 388
LbrM2903_29 1,257,134 70 7 4 51 3 1 115 7 10 104 7 8 387
LbrM2903_30 1,460,206 119 7 14 52 2 1 149 14 34 108 9 10 519
LbrM2903_31 1,738,660 103 10 2 55 5 1 248 14 3 134 8 4 587
LbrM2903_32 1,666,992 126 3 6 55 4 3 121 9 18 122 1 10 478
LbrM2903_33 1,581,728 99 7 5 68 6 4 125 21 19 135 19 13 521
LbrM2903_34 2,192,442 122 17 9 95 5 6 207 25 16 152 20 19 693
LbrM2903_35 2,890,053 156 7 9 106 13 7 221 18 1 230 17 13 808
Scaffolds - 4 0 93 0 0 2 8 1 313 1 0 6 428
Total 2221 186 260 1194 95 65 3636 331 716 2334 162 172
4021 7351 11,372

*Inter CDS: term used when the 3'UTR border was not determined

number of sequences are not assigned or are assembled in the
chromosomes; these sequences are grouped as ‘Scaffold’. We
observed that a large number of the putative ncRNAs identified
among the most abundant transcripts in promastigotes were
scaffold allotted.

The distribution of ncRNA classes for each ncRNA pre-
dictor was analyzed using the list of 11,372 putative ncRNAs.
To increase the stringency, we selected those transcripts iden-
tified as putative ncRNAs by at least two predictors. With this
approach, 9,561 transcripts remained as predicted ncRNAs
(Fig. 5A and Additional file 1: Fig. S8). To obtain information
on the classification of DE ncRNAs as inferred by the pre-
dictors, we selected those ncRNAs presenting FC > 1.5 in at
least one of the comparisons (PROvsMETA, METAvsAMA or
AMAvsPRO). Within the population of 9,561 ncRNAs iden-
tified by at least two predictors, 3,602 such transcripts were
identified (Fig. 5B). After exclusion of mRNAs and different
rRNAs present in the transcript population, internal ribosome
entry site (IRES) and introns were the classes most repre-
sented; transcripts classified as introns (group I and group II)
represented 25% of the population of putative ncRNAs. In the
population of DE transcripts, those classified as introns repre-
sented 24% of the population; when the DE ncRNAs were
filtered to include only those DE transcripts with an FC > 2,

the introns (groups I and II) increased to 32% of the popula-
tion. It is curious to observe this large number of transcripts
classified as introns in an organism virtually lacking cis-
splicing and introns [13].

Each ncRNA predictor uses different algorithms (see
Methods), and combining at least two algorithms to predict
a ncRNA may improve stringency and decrease the odds of
false-positive ncRNAs. When we used the filter of at least two
positive predictions, 1,809 putative ncRNAs were excluded
from the original list (11,372).

In addition, to evaluate possible biases in the profile of
differential expression throughout development, we selected
from the list of ncRNAs that were DE in all comparisons
analyzed (PROvsMETA, METAvsAMA and AMAvsPRO)
with a cutoff of FC > 1.5. With this analysis, 295 putative
ncRNAs were identified (Additional file 7), and they were
distributed into 6 groups with different expression profiles
(Fig. 6). Interestingly, as observed for CDSs, most DE
ncRNAs meeting this criterion were either present at lower
levels in PRO than in META and AMA (Group 1-180
ncRNAs) or exhibited the highest levels in PRO and the low-
est levels in AMA (Group 4-67 ncRNAs).

The total putative ncRNAs (11,372) with the main para-
meters analyzed were plotted in a single graphical presentation
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Figure 5. Graphic representation of predicted putative ncRNAs. The in silico identified putative ncRNAs were submitted to five ncRNAs predictors (see
Methods). Results from Portrait, which estimates coding and noncoding potential of the transcript, and RNAcon, which discriminates between coding and
noncoding RNAs and classifies the ncRNAs under 18 different ncRNAs classes, are presented. (a) On the left, the 11,372 putative ncRNAs that had been
predicted by at least one of the 5 predictors are distributed in PORTRAIT classes (pie on the top) and RNAcon classes (pie on the bottom). On the right, in
a similar organization, the 9,561ncRNAs predicted by at least two of the 5 programs are depicted and distributed among the different classes. (b) Those
differentially expressed (DE) putative ncRNAs (3,602, FC > 1.5) predicted at least by two of the 5 programs are depicted under the RNAcon 18 classes.
Portrait and RNAcon classes are color-coded and presented in the figure. The gray ‘no score attributed’ indicates that the transcript is neither ncRNA nor
mRNA according to Portrait classification.
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Figure 6. Profiles of differentially expressed putative ncRNAs during life cycle progression. The set of transcripts encompasses only those DE in all three comparisons
analyzed (PROvVSMETA, METAvsAMA and AMAvsPRO). Total number of DE ncRNAs = 295, distributed into 6 groups. Group 1: 180 ncRNAs, Group 2: 15 ncRNAs, Group
3: 4 ncRNAs, Group 4: 67 ncRNAs, Group 5: 7 ncRNAs, Group 6: 22 ncRNAs. Reads per counts per million (CPM), values in log2.

(Additional file 8). This output allows us to discern (i) the
profile of modulation throughout development, (ii) the length,
(iii) the chromosomal distribution and location relative to the
annotated genes and (iv) the sense of transcription compared
to annotated PTUs. This overview was helpful for searching for
biases of ncRNA categories and their genome distribution. We
also used a circos plot to plot only those abovementioned DE
protein-coding and putative ncRNAs, totaling 216 and 295
transcripts, respectively. In this representation of DE tran-
scripts only, it is possible to discern the length, chromosomal
distribution, location and direction of transcripts. In addition,
this circos plot highlights that many ncRNAs present
a different expression profile than that of neighboring protein-
coding genes. This profile reinforces the hypothesis that the
observed DE putative ncRNAs are not mere artifacts or by-
products of the polycistronic mode of transcription (Fig. 7).
From the list of predicted putative DE ncRNAs, 35 were
selected for confirmation by Northern blotting. This selection
was based on sequence conservation in other Leishmania spe-
cies, upregulation in infective (META) and/or mammalian
(AMA) proliferative forms and a minimal of two positive pre-
dictions by ncRNA prediction programs. Hybridization was
conducted with total RNA fractionated in polyacrylamide gels
and allowed the identification of at least one transcript (more
frequently, more than one) for 22 ncRNA candidates (Table 4).
A perfect match between in silico and experimental prediction/
results for both parameters analyzed, transcript length and DE
pattern, was observed for LbrM2903_33_IncRNA177. For most

of the putative ncRNAs, one of the parameters, length or DE
pattern, agreed with the in silico prediction and northern blot
results (Fig. 8 and Additional file 1: Fig. §9). We have no
explanation for the presence of multiple bands or the 100-200-
nt transcript common to several of the examined putative
ncRNAs. However, we have not applied higher stringency
hybridization conditions to exclude non-specific binding of
the probe. The pattern of differential expression for six putative
ncRNAs (Table 4 - bold) was confirmed, reinforcing a possible
regulatory role for ncRNAs in L. braziliensis (Fig. 8 and
Additional file 1: Fig. S9).

Conclusion

This study comprises the first in-depth comparative transcrip-
tomic analysis of the three main life cycle stages of the para-
site L. braziliensis. The comparison of the transcriptomes of
the proliferative (PRO) and infective (META) stages of the
insect and of the mammalian proliferative form (AMA) pro-
vides information on gene expression variation throughout
the life cycle, highlighting stage-specific (or stage-preferential)
genes, pathways and biological processes modulation. More
importantly, we present the first global scenario of putative
ncRNA, apart from the housekeeping ncRNAs, that might
play roles as regulatory ncRNAs.

This study contributes to the information on L. braziliensis
genome organization and content by defining gene structure
features, estimating boundaries of annotated genes and
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Figure 7. Genomic distribution of DE ncRNA identified in Leishmania braziliensis, represented in a circos plot. Sectors are equivalent to parasite chromosomes. Each
sector contains 4 tracks, three of which are divided into two subtracks. From outside to inside, the tracks are named CDS, CDS_DE, ncRNA_DE and Size_&_ Loc. The
subtracks correspond to the positive and negative strands, transcription oriented clockwise or counterclockwise, respectively. Track 1 (‘CDS’) shows all CDS
throughout the parasite chromosomes. Each CDS is represented by a vertical line painted with alternation of 3 grayscale colors to help discriminate individual
CDSs and to highlight the annotation and orientation of the polycistronic transcription units (PTUs). Tracks 2 and 3 show the DE protein-coding and ncRNA
transcripts, respectively. All of them are DE in all three comparisons. The color of each transcript line depicts the expression profile of each group, as shown in the
graphical representation in figure 6 (P, M and A are procyclic, metacyclic and amastigote, respectively). Track 4 shows the DE ncRNAs smaller than 2000 bp. The
subtrack delimits the ncRNA length (below or above 200 nucleotides long). The colors are related to the transcript location (orange — 5°UTR, gray — undetermined,

yellow - 3°UTR, dark brown — antisense-CDS).

identifying novel putative protein-coding genes. The 3'UTR
terminus was estimated for 38% of the annotated protein-
coding genes, and the 5'UTR main start sites were estimated
for 81%.

Comparative analyses conducted on the protein-coding
gene content at each stage revealed that 61%, 52% and 71%
of these genes (adjusted p value < 0.05) were DE in the

PROvsMETA, METAvsAMA and AMAvsPRO comparisons,
respectively, and GO enrichment analyses revealed no novel-
ties compared to previous similar studies carried out in other
species of Leishmania [11,12,20,61]. However, the investiga-
tion of the contents of differentially-expressed upregulated
genes in procyclics, metacyclics and amastigotes of
L. braziliensis and comparisons with the corresponding stages
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Table 4. Putative ncRNAs evaluated by northern blotting.

Reference genome ncRNA Positive in silico
ncRNA ID* coordinate length (nt) Location Direction prediction Conservation UP DOWN UP DOWN UP DOWN
LbrM2903_03_IncRNA44 183,923 1644 IC sense 2 7 - - - 2.1 24 -
LbrM2903_08_IncRNA44 204,347 301 3'UTR sense 3 7 - - - 2.2 2.5 -
LbrM2903_08_IncRNA78 336,906 476 IC sense 2 6 - - - 117 165 -
LbrM2903_08_IncRNA78 336,906 476 IC sense 2 6 - - - 11.7 165 -
LbrM2903_08_IncRNA8O 339,993 294 IC sense 2 0 - - - 119 149 -
LbrM2903_10_IncRNA197 683,729 358 IC SSR 2 3 - - - 2.2 24 -
LbrM2903_13_IncRNA115 541,130 1829 IC sense 2 3 - 3.8 - 52 20.0 -
LbrM2903_16_IncRNA87 398,646 401 IC sense 3 6 - - - 26 33 -
LbrM2903_16_IncRNA88 399,069 328 IC sense 3 6 - - - 2.5 3.0 -
LbrM2903_16_IncRNA92 401,004 218 3'UTR  antisense 3 5 - - - 3.1 38 -
LbrM2903_20.1_IncRNA157 559,675 493 IC sense 2 0 - 3.1 - 10.1 322 -
LbrM2903_20.1_IncRNA164 574,425 235 IC SSR 3 6 - 25 - 25 6.8 -
LbrM2903_20.1_IncRNA319 1,429,674 367 IC sense 3 4 - 2.7 - 48 129 -
LbrM2903_20.1_IncRNA393 1,883,386 574 IC sense 3 3 - 2 - 42 8.7 -
LbrM2903_20.1_IncRNA395 1,887,223 911 IC sense 3 5 - 24 - 3.7 8.8 -
LbrM2903_22_IncRNA152 673,011 317 3'UTR sense 3 5 - 2.2 2.1 - - -
LbrM2903_23_IncRNA173 780,429 596 IC sense 2 2 - - - 34 4.6 -
LbrM2903_25_IncRNA140 668,547 546 3'UTR sense 2 6 - 2.1 23 - - -
LbrM2903_29_IncRNA116 606,054 590 IC sense 3 6 - - - 33 35 -
LbrM2903_29 IncRNA122 622,374 1185 3'UTR sense 2 6 - - - 24 29
LbrM2903_30_IncRNA54 238,337 558 IC sense 3 4 - 3.1 26 - - -
LbrM2903_31_IncRNA203 924,474 443 IC sense 3 0 - 4.1 37 - - -
LbrM2903_32_IncRNA242 1,374,540 739 IC sense 2 5 - 2.7 24 - - -
LbrM2903_32_IncRNA243 1,376,864 428 IC sense 2 4 - 3.7 3.8 - - -
LbrM2903_32_IncRNA285 1,522,614 1253 IC sense 4 5 - - - 2.1 29 -
LbrM2903_33_IncRNA177 692,839 300 IC sense 2 4 - 3.1 438 - - -
LbrM2903_33_IncRNA271 1,249,774 675 5'UTR sense 3 0 - 54 44 - - -
LbrM2903_33_IncRNA289 1,340,368 232 3'UTR sense 2 0 - - 6.4 - - 54
LbrM2903_34_IncRNA377 1,635,186 310 5'UTR sense 2 6 - 4.0 5.0 - - -
LbrM2903_34_IncRNA379 1,643,460 337 IC sense 3 0 - 34 33 - - -
LbrM2903_34_IncRNA380 1,643,833 1674 IC sense 3 6 - 21 2.2 - - -
LbrM2903_34_IncRNA46 169,075 1347 5'UTR sense 2 7 - 6.3 49 - - -
LbrM2903_34_IncRNA58 199,824 468 IC sense 2 5 - 74 3.0 - 23 -
LbrM2903_34_IncRNA62 210,928 242 IC sense 2 5 - 4.1 33 - - -
LbrM2903_34_ncRNA23 211,281 104 IC sense 3 6 - 5 29 - - -

*ncRNA ID: LbrM2903_chromosome_ncRNA (> 200 nt = IncRNA) followed by the given ncRNA number.

Bold denotes ncRNAs confirmed by northern blotting. Positive prediction: the number of positive in silico ncRNA predictions. UP: upregulated transcript in the first
cited stage in the comparison; DOWN: downregulated transcript in the first cited stage in the comparison. The columns of the analyzed comparisons depict values
in fold change. IC: inter CDS; SSR: strand switch region; (-): transcript not differentially expressed (adjusted p value < 0.05); nt: nucleotides

in L. major and L. mexicana yielded interesting results and
revealed an apparently not-so-conserved content of upregu-
lated genes in each stage. Data from both Leishmania species
from the subgenus Leishmania were used to compare
L. braziliensis culture-derived PRO and META with L. major
forms obtained with similar protocols. In addition, compar-
isons of L. braziliensis PRO, META and AMA with L. major
forms derived from their natural niches (vector and mice
lesions) were performed. Regarding the conservation of the
pool of orthologous genes, the comparison of cultured PRO
and META from L. braziliensis and L. major revealed that
30.5% (PRO) and 34.9% (META) are orthologous genes. After
rescuing the L. major orthologous genes upregulated in PRO,
META and AMA obtained from their natural niches, the
percentages of orthologous genes represented in both species
were lower: 14.6% (PRO), 12.1% (META) and 12.6% (AMA).
Comparison between L. braziliensis PROvsAMA and
L. mexicana PROvsAMA (both culture-derived parasites)
revealed that 23% (PRO) and 15% (AMA) of the upregulated
genes were orthologs.

Interestingly, among the orthologs upregulated in AMA or
META in all three species, we detected genes involved in
transport across the membrane (ABC transporters; ion,
amino-acid and sugar transporters), LPG biosynthesis, amas-
tin and amastin-like proteins, different classes of protein
kinases and proteases, genes related to DNA repair,

autophagy-related genes, signaling and vesicular transport
genes, pore-forming protein transcripts, and proteasome and
ubiquitin  machinery-related proteins, among others.
Approximately 40% of the transcripts of orthologous genes
in each comparison are predicted to code for hypothetical
proteins. The finding of orthologous genes similarly upregu-
lated in a given stage among the three species suggests that
their sequence, levels and functional conservation might be
central to parasite survival and success. The lack of a high
proportion of orthologs in the subpopulation of upregulated
genes (in any stage) may be partially explained by gene dupli-
cation events and somy changes; the genome plasticity of the
Leishmania genus facilitates the generation of paralogous
genes with potentially similar functions or alternative ones.
These results reveal differences between species and subgenera
that may have biological significance. Nevertheless, the
observed differences may derive from a diversity of factors,
including the distinct computational tools and parameters
used in the different studies, study variation in the origins of
the parasite forms (natural niche vs culture-derived parasites),
and differences among subgenera. These similarities and dif-
ferences should be explored, and their study may improve our
understanding of the clinical and biological features of differ-
ent Leishmania species.

Investigation of common gene expression profiles (DE
genes through all comparisons with FC > 1.5) during parasite
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development revealed that most DE transcripts presented
increased levels of expression from promastigotes to AMA
(Group 1), whereas the second largest group of transcripts
depicted the opposite profile (Group 4). The majority of genes
in group 1 were annotated as hypothetical proteins (40%) or
amastin/amastin-like transcripts (26%). Investigation and
analysis of cis-elements common to transcripts presenting
a similar expression profile must be performed to unravel
possible posttranscriptional regulons.

To identify putative ncRNAs based on total RNA sequen-
cing, we used the coverage of reads for positive and negative
strands. The identified transcripts were considered candidates
for short RNAs or IncRNAs when i) they were outside the
CDS region or within them, transcribed from the opposite
strand; ii) they presented no similarity to known protein
domains (Pfam database); and iii) they received at least one
positive prediction for known ncRNA characteristics. Thus,
11,372 putative ncRNAs were identified in L. braziliensis
(4,021 as short ncRNAs and 7,351 as IncRNAs), with
a median size of 281 nt and between 27% and 41% conserved
in other Leishmania species. The identified ncRNAs represent
15% of the L. braziliensis genome (predicted ncRNAs are
contained in 5,295,295 nt, and the genome length is
35.210.471 nt, including scaffolds). Analysis of DE ncRNAs
(adjusted p value < 0.05) identified 29%, 27% and 38% DE
ncRNAs in the PROVSMETA, METAvsAMA and AMAvsPRO
comparisons, respectively. The expression profile of DE
ncRNAs in all comparisons (FC > 1.5-295 putative
ncRNAs) showed a similar distribution among different
expression profiles throughout the life cycle compared to the
protein-coding genes; most of the noncoding transcripts pre-
sented a Group 1 expression profile, followed by transcripts in
Group 4. Interestingly, and supportive of the hypothesis that
ncRNAs may be functional in the parasite, we observed that
many of ncRNAs presented an expression profile that differs
from the neighboring protein-coding genes in several geno-
mic regions, as witnessed in the circos plot (Fig. 7).

A frequent finding for many of the ncRNAs analyzed by
northern blotting was the presence of multiple hybridization-
positive signals in the polyacrylamide fractionated RNA. As
mentioned above, these signals could be the result of RNA
processing or degradation or technical artifacts. For those
ncRNAs to be further investigated as putative regulatory fac-
tors, experimental conditions for northern blotting analysis
should be modified to exclude non-specific binding of the
probe. If they are confirmed as products of RNA degradation,
they might nonetheless have functional roles. Much has been
discussed regarding RNA degradomes, and it is clear that they
are reservoirs for RNA degradation products that may act as
signaling molecules or participate in mechanisms that control
gene expression. Studies of RNA degradomes indicate that
RNA degradation is an underestimated source of regulatory
molecules and that it has relevance for cellular homeosta-
sis [73].

Functional analyses of these transcripts must be conducted
to confirm and identify possible biological roles in the para-
site. Nevertheless, we presented evidence that suggests that the
identified transcripts might be functional regulatory ncRNAs.
The in silico detection of the ncRNA transcripts revealed the

differential expression of many of these transcripts through-
out the parasite life cycle, some of which were confirmed as
small transcripts by northern blotting. Additionally, different
tools and algorithms were used to predict transcripts as
ncRNAs. Corroborating the hypothesis that ncRNA tran-
scripts are functional elements and not the result of polycis-
tronic transcription promiscuity, many ncRNA sequences
were found to be conserved across species, which might
suggest selective pressure.

This work comprises the first comparative analysis of the
transcriptomes of the PRO, META and AMA forms of
L. braziliensis, revealing the expression profile of protein-
coding genes and modulation of biological processes through-
out the life cycle. Moreover, for the first time, a panorama of
the putative ncRNAs of the parasite is presented. The putative
ncRNAs might act as signaling molecules or in gene expres-
sion regulation, and investigation of their role may improve
our understanding of the biology of this parasite and contri-
bute to a better understanding of the processes of gene
expression regulation in Leishmania.

Methods

Leishmania life stage obtainment: procyclic, metacyclic
and axenic amastigote

L. braziliensis (M2903 - MHOM/BR/75/M2903) promasti-
gotes were routinely cultured in M199 medium supplemented
as previously described [35]. To maintain virulence and infec-
tivity, BALB/c mice were inoculated with fresh parasites. After
6 weeks of infection, the mice were euthanized, and their
lymph nodes were extracted and transferred to promastigote
culture medium for the recovery of parasites. Every 2 days, the
parasites were subcultured 0.1:10 in fresh medium, remained
in culture until the sixth passage, and then frozen in freezing
medium. Prior to the experiments, the parasites were thawed
and kept in culture until the fourth passage (tenth passage
after the immune system of BALB/c).

We established culture conditions to obtain META pro-
mastigotes and axenic AMA from promastigote cultures in
the stationary phase of growth. To obtain the META forms,
i.e., the infective forms of Leishmania, promastigotes on the
fifth day of the stationary growth phase were submitted to
centrifugation in Ficoll solution (10%) [36] to obtain an
enriched fraction of the META stage. The culture of parasites
on the fifth day of the stationary growth phase was also used
for differentiation of the promastigote form in axenic AMA
from culture in FBS at 33°C and 5% CO, [34]. After the
differentiation process, the parasites were subcultured 0.1:10
in fresh serum and remained in culture until the tenth pas-
sage, when the experiments were carried out. To visualize the
morphology of each life stage, samples from PRO, Ficoll-
purified META and axenic AMA were fixed in two solutions,
2% glutaraldehyde, 2% paraformaldehyde, 0.05% CaCl,, caco-
dylate 0.1 M and osmium 2% and 0.2 M cacodylate, and then
subsequently transferred to ethanol (30% to 100%). Samples
were visualized using scanning electron microscopy (Jeol
JSM-6610 LV; Multiuser Laboratory, Ribeirdo Preto Medical
School/University of Sdo Paulo-FMRP/USP).



Rt-gPCR

The cells were lysed using TRIzol reagent (Invitrogen). Direct-
Zol RNA Miniprep (Zymo Research) was used for RNA
purification. The extracted RNA was treated with DNase
Turbo (Thermo Fisher Scientific), and an RT-qPCR assay
was performed according to Freitas Castro and cols [26].
Data were analyzed according to the AACt method [74]
using the geometric mean of two selected housekeeping
genes (G6PD and rRNA45) for normalization according to
a previously described strategy [75]. RT-qPCR data were
analyzed using GraphPad Prism 5 (Prism). Where shown,
the data correspond to the means and standard deviations
(+ SD) from 3 independent experiments. Statistics were per-
formed by Student’s t-test (two-tailed), and asterisks indicate
statistically significant differences between samples, p < 0.002
(**) and p < 0.0001 (***).

RNA isolation and cDNA library preparation

The total RNA of 10° cells of L. braziliensis was extracted by
using the Direct-zol™ extraction kit (Zymo Research) from
cultured PRO and AMA. The experiment was performed in
biological triplicate (a culture flask for each replicate). RNA
samples were evaluated for quantity and quality by fluoro-
metric quantitation (Qubit RNA BR Assay Kit - Thermo
Fisher Scientific) and an Agilent Bioanalyzer system (with
the RNA 6000 Nano Kit - Agilent, Waldbronn, Germany)
according to the manufacturers’ instructions. Subsequently,
RNA samples were submitted to treatment with a Ribo-Zero
Epidemiology kit (Illumina) for rRNA depletion. Libraries
were constructed for the 9 samples using the TruSeq®
Stranded Total RNA kit following the manufacturer’s
instructions.

RNA-seq data generation

Paired-end reads (150 bp) were obtained in the NextSeq®
Mlumina platform using a NextSeq 500/550 Kit v2 high output
with 300 cycles. RNA sequencing data can be accessed from
the Sequence Read Archive (SRA) database using accession
number SRP162992.

Library processing

Cutadapt version 1.4.1 (http://journal.embnet.org/index.php/
embnetjournal/article/view/200) was used for adapter clean-
ing. The quality metrics, size and number of reads were
obtained with FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Reads were mapped by Bowtie2 ver-
sion 2.1.0 [76] with the reference genome of L. braziliensis
2903 (version 30 - TriTrypDB [38]). Alignment parameters
were — N 1, to allow only 1 mismatch, and - local, to dismiss
the requirement of end-to-end read alignment. Picard
(https://broadinstitute.github.io/picard/) version 2.0.1 was
used to convert sam to bam files and to group, sort and
index these files. Mapping of the reads was visualized and
analyzed with IGV (Integrative Genomic Viewer) version
2.3.91 [77].
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CDSs and UTR length definition

CDS length was obtained from TriTrypDB L. braziliensis 2903
(version 30). The UTRs were defined by combining the coor-
dinates of CDS, SL (spliced-leader) and polyadenylation
(polyA) sites. The SL sites were obtained with a genomic
library constructed to identify these sites [78] in
L. braziliensis PRO promastigotes (unpublished data — Peter
Myler). The sequenced reads were mapped with Bowtie2
allowing 1 mismatch in the alignment (-N 1). Picard software
was used to manipulate the mapping files. The coverage of
each nucleotide was obtained with genomecoverageBed
(BEDTools package version 2.26 [79]), and a minimum cover-
age of 10 reads was considered to define regions with possible
SL sites. A Perl script connected each CDS to the nearest
upstream SL site with deeper coverage (main site), defining
the 5'UTR region. For the 3'UTR definition, the sequenced
total RNA libraries were remapped to rescue those reads with
polyA tracks, with no match in the genome. For that, we
excluded the - local parameter. Nonmapped reads were con-
sidered candidates to have polyA tails. Sequences with at least
four continuous ‘As’ were selected and trimmed using the
cutadapt program. After remapping these reads with the
reference genome, a minimum coverage of 10 reads was
considered to define regions with possible polyA sites. Each
annotated CDS was associated with the nearest downstream
polyA site with deeper coverage (main site). This methodol-
ogy was based on similar work by Dillon and cols on
L. major [11].

Transcript frequency

The most abundant transcripts were identified using FPKM
calculation for each annotated CDS. The first FPKM percen-
tile for all replicates of PRO, META and AMA was analyzed.
The CDSs found in all replicates at each developmental stage
were considered the most abundant. The VennDiagram [80]
package was used to produce the Venn diagram in R.

Differential gene expression analysis

The number of reads in CDSs per library was obtained with
featureCounts [81]. An R script [82] was developed to first
analyze the correlation between the replicates and to perform
DE analysis. The correlation between replicates included
a comparison of the raw reads count distribution and the
similarities/differences between the replicates with an MDS
chart and BCV distance. For differential expression analysis,
genes with a read count equal to zero were removed. DESeq
was used (Bioconductor package) [83,84] to conduct the DE
analysis. Genes with an adjusted p value < 0.05 were consid-
ered DE. This methodology was used for differential expres-
sion analysis of CDSs and putative ncRNAs.

Functional enrichment analyses

The GOseq [85] package of R was used for GO term enrich-
ment analysis. Up- and downregulated DE genes were


http://journal.embnet.org/index.php/embnetjournal/article/view/200
http://journal.embnet.org/index.php/embnetjournal/article/view/200
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://broadinstitute.github.io/picard/

656 (&) P.D.C.RUY ET AL.

analyzed separately and compared between life cycle stages,
and a p value cutoff < 0.05 was used.

L. braziliensis species-specific genes

L. braziliensis species-specific genes were identified in 2007 in
comparison to L. major and L. infantum. To identify these
genes among those DE at each of the developmental stages, it
was necessary to update the gene IDs provided by the authors.
With the list of IDs, the sequences were searched in the NCBI
(National Center for Biotechnology Information). These
nucleotide sequences formed the database for similarity search
(BLAST). The hits of the 49 species-specific genes with the
annotated CDSs of L. braziliensis (2903 — TriTrypDB - ver-
sion 30) were manually analyzed.

Comparisons of the contents of DE genes: L. braziliensis,
L. major and L. mexicana

To compare the contents of DE genes that were upregulated
in each stage of L. braziliensis with corresponding data from
L. major and L. mexicana, we first rescued the orthologous
genes available in TriTrypDB for each species (using the
‘transform by orthology’ tool). The number of upregulated
L. braziliensis DE genes unique to each of the different life
stages was 3,948 in PRO, 4,465 in META and 3,843 in AMA.
The L. major orthologs were then submitted to the list of
upregulated DE genes in procyclics and metacyclics obtained
from the vector gut and mice lesion-derived amastigotes
(PROVSMETA, METAvsAMA and AMAvsPRO comparisons)
from Inbar et al [9]. The L. braziliensis procyclic and meta-
cyclic upregulated genes from the PROvsMETA contrast were
also compared with L. major axenic procyclic and metacyclic
upregulated genes from Dillon et al [11]. The upregulated
genes of L. braziliensis procyclics and amastigotes from the
PROvsAMA contrast were compared with those of
L. mexicana culture-derived procyclics and axenic amastigotes
from Fiebig et al [44].

Putative ncRNA identification

The process of identification of putative ncRNAs began with
the definition a set of transcripts obtained by total RNA
sequencing of three L. braziliensis life stages: PRO and META
promastigotes and AMA. Because transcription in Leishmania
occurs in polycistronic blocks, followed by post transcriptional
processing (splicing and polyadenylation) leading to the gen-
eration of mature mRNAs, the use of programs that identify
transcripts appropriate for organisms that perform monocis-
tronic transcription are unsuitable. To minimize this problem,
we identified the transcripts in an alternative way using the
parameters of minimum coverage (number of mapped reads),
size and location of a transcript for the prediction of putative
ncRNAs (Additional file 1: Fig. S5). The definition of the
transcripts began by grouping triplicates to obtain the largest
number of reads, increasing the chance that low-expressed
ncRNAs were identified. These libraries were merged with the
Picard program (MergeSamFiles). To define the boundaries of
the transcripts, we obtained the reads coverage by genome

position and used the program igvtools count [77] with the
parameters — strand first (considering the original strand of the
transcript) and — windowSize 1 of coverage for each position in
the genome. An in-house Perl script was developed to split the
coverage file by chromosome. The coverage files were analyzed
by in-house Perl scripts that defined the boundaries of the
transcripts on the positive (+) and negative (-) strands of the
chromosomes. Transcripts of 50 to 200 nt with minimal cover-
age (per position) of 100 reads were grouped as short ncRNAs,
and those > 200 with minimal coverage of 50 reads were
grouped as IncRNAs. Those transcripts within annotated
CDSs were discarded, except when transcribed from the com-
plementary strand. An in-house Perl script was developed to
apply these filters to the identified transcripts. At the end of this
step, short and long putative ncRNAs were identified for PRO,
META and AMA, generating tabular and gff files. The con-
sensus of the ncRNA regions between PRO, META and AMA
was generated considering the largest overlapping region
between the three life cycle stages. The BEDTools merge pro-
gram [79] was used to generate consensus, with the parameters
-s (to group only regions on the same strand) and -o distinct
(nonduplicated regions) applied.

ncRNA characterization

Once the putative ncRNAs were identified, known protein
domains in these regions were searched for, thus avoiding
the possibility that non-annotated CDSs in the genome were
considered putative ncRNAs. A search for sequence similarity
in the 6 reading frames (blastx) was performed against the
Pfam database, which contains a large set of protein families
[86,87]. Blastx was executed (e-value parameter less than
10°) in the cluster of the LCCA-USP (Laboratory of
Advanced Scientific Computing). Putative ncRNAs with
a hit in Pfam were discarded. To enhance the reliability of
the sequences identified as ncRNA candidates, predictors of
specific characteristics of ncRNAs were used: PORTRAIT
[88], RNAcon [89], snoscan [90], tRNAscan program-SE
[91], and ptRNApred [92].

ncRNA conservation between Leishmania species

For conservation analysis of the identified ncRNAs, a sequence
similarity search was performed with the genomes of L. major
Friedlin, L. infantum JPCMS5, L. amazonensis MHOM
BR71973M2269, L. donovani BPK282A1, L. tarentolae
ParrotTarll, L. enriettii LEM3045, and T. brucei TREU927
(TriTrypDB - version 29). One hit was considered positive
with an e-value < 107,

ncRNAs Northern blots

A group of 35 putative ncRNAs was submitted to Northern
blotting to confirm the transcript, checking its length. They
were chosen by the following criteria: transcript length
(2100 nt); ncRNA prediction (minimum of 2 positive predic-
tions); and DE with FC > 2, either upregulated in META and/or
AMA forms and conserved in at least three Leishmania species
or, in opposition, L. braziliensis specific. Northern blot



experiments were performed using total RNA extracted from
L. braziliensis PRO, META and AMA. RNA samples were frac-
tionated in 15% polyacrylamide 8 M urea gel at 160 V
(1.5 hours), stained with ethidium bromide and electrotrans-
ferred to the Hybond-N+ membrane (GE Lifesciences). RNA
hybridization was carried out in Amersham rapid hybridization
buffer (GE Healthcare) overnight at 42°C. Random primed
probes were produced in the presence of [a-*°P] dCTP, as
described previously [93], and 3’ end-labeled probes were pro-
duced in the presence of [y —3°P] ATP [26]. The primers used
for probe generation are listed in Additional file 3: Table S1.
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