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In the last 30 years, significant advances in genetic

manipulation tools along with complete genome and

transcriptome sequencing have advanced our understanding

of the biology of Leishmania parasites and their interplay with

the sand fly and mammalian hosts. High-throughput

sequencing in association with CRISPR/Cas9 have prepared

the ground for significant advances. Given the richness of the

progress made over the last decade, in this article, we focused

on the most recent contributions of genome-wide and

transcriptome analyses of Leishmania spp., which permit the

comparison of life cycle stages, the evaluation of different

strains and species in their natural niches and in the field and

the simultaneously comparison of the gene expression profiles

of parasites and hosts.
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Introduction
The protozoan parasite Leishmania is the causative agent

of leishmaniasis, a disease with a wide spectrum of clinical

forms varying from asymptomatic to mild, morbid and

fatal infections and involving tegumentary and visceral

disease. The outcome of this disease depends on factors

residing in the insect vector species, the parasite species

and strain and the host immune system and genetics.

Endemic areas are distributed over more than 80 coun-

tries, and over 1 billion individuals live in areas with a

high risk of infection. More than 1 300 000 cases of

leishmaniasis are reported, and 20 thousand deaths per

year are caused by visceral leishmaniasis [1]. Despite

these efforts, we still lack safe and effective chemother-

apy and have no vaccines. Leishmania parasites are quite

versatile as they alternate between two quite distinct but
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equally hostile environments: the gut of the sand fly and

the phagolysosome of a professional phagocyte in the

mammalian host. Understanding the molecular mecha-

nisms underlying the success of this parasite is an urgent

matter for the development of tools to combat leishmani-

asis and also a fascinating subject of study because of the

peculiarities of this early branching eukaryote. All avail-

able and upcoming high-throughput analyses and

resources have positively impacted the ability to geneti-

cally manipulate the parasite. The difficulties in large-

scale and comprehensive proteomics studies have

directed the investigation of gene expression profiling

to large-scale transcriptomics, despite the moderate cor-

relation between transcript abundance and cellular pro-

tein levels in Leishmania spp. [2–4]. Given the richness of

the progress over the last decade, this article focuses on

the most recent contributions of the genome-wide and

transcriptome analyses of Leishmania spp. (Figure 1).

A brief view of genetic manipulation tools
Powerful reverse and forward genetic tools in association

with genome and transcriptome sequencing, proteomics

and computational resources have been successfully

developed and applied to the study of Leishmania biology

and pathogenesis. Essential advances in genetic manipu-

lation instruments started in 1990 when stable transfec-

tion was first effectively achieved in Leishmania [5,6].

Over the past three decades, a large repertoire of effective

instruments for parasite genetic manipulation has been

developed. Gene knockout was made possible by homol-

ogous recombination, the overexpression of genes was

made achievable through ectopic or genome-integrated

vectors, and episomal functional complementation is used

in vitro and in vivo to examine essentiality. Functional

complementation gained power with the use of a negative

selectable marker in the vector, as in the plasmid shuffle

methodology. In more recent years, Leishmania genome

engineering by the Cre recombinase to mediate the

excision of sequences flanked by locus loxP sites has

been achieved using the inducible dimerization of split

Cre enzyme fragments to form active DiCre. However,

the most profound change and the revolution in genome

editing came to Leishmania with the adaption of the

CRISPR/Cas9 system for use in the parasite [7��,8].
There have been excellent reviews on the genetic manip-

ulation approaches and achievements in Leishmania
[9�,10].

What do genome comparisons tell us?
In 1994, the Leishmania Genome Initiative was launched

and gathered a large number of laboratories to sequence a
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Figure 1
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A timeline depicting the main achievements on genetic manipulation and large-scale genomics and transcriptomics analyses of Leishmania spp.
reference strain of Leishmania (Leishmania) major [11].

Given the available resources, the status of sequencing

technology and the computational power and tools, the

first complete genome of the parasite was published in

2005. Since then, huge improvements in these technolo-

gies have permitted the sequencing of the genomes of

36 strains from 15 different species, according to Tri-

TrypDB records (https://tritrypdb.org/tritrypdb/, March

2019). Deep sequencing using a combination of second-

generation (Illumina) and third-generation (PacBio)

sequencing technologies allowed the reassembly of Leish-
mania genomes, improving the available information

[12,13]. The first comparative analysis of Leishmania
genomes was conducted between Leishmania (Leishmania)
infantum and Leishmania (Viannia) braziliensis with the

available L. major genome published in 2007 [14]. These

species are associated with different disease outcomes;

typically, L. major leads to uncomplicated cutaneous

disease (LCL), L. infantum leads to visceral disease

(VL) and L. braziliensis is responsible for the morbid

mucocutaneous forms (MCL and LCL) [15]. The study

revealed the genomes to be highly conserved at the

content and synteny levels, an expected result based

on the conservation of the L. major genome with two

other trypanosomatids [11,14], which was confirmed by

PacBio reassembly. This comparative analysis contrib-

uted to unraveling similarities and differences due to the

restricted number of species-specific genes detected; the

highest number of L. braziliensis-specific genes was

49 [16]. Remarkably, this study revealed that in contrast
www.sciencedirect.com 
to the two Leishmania from the subgenus Leishmania, L.
braziliensis, from the Viannia subgenus, contains compo-

nents of the RNA-mediated interference pathway, trans-

posable elements and retrotransposons. The RNAi path-

way was subsequently shown to be functional; tools have

been developed for its technological application and

utilized to study gene function [17,18].

In addition to the typical extraction of information allow-

ing the total or partial assembly and annotation of gen-

omes, more recently, genome sequencing has been used

to detect single nucleotide polymorphisms and gene copy

number variation (CNVs) in comparative analysis of

strains with phenotypic differences to illuminate possible

phenotype/genotype correlation [19]. In particular,

genome-wide association studies have been applied suc-

cessfully to understand drug resistance versus responsive

phenotypes. In an illustrative example, the authors gen-

erated the genome sequences of 26 L. infantum isolates

from Brazilian patients with different miltefosine treat-

ment outcomes. Wide-ranging information on genomic

variation was obtained, such as SNPs, INDELs, and gene

and chromosome copy number variations that were

unique to the Brazilian parasites. Importantly, the study

revealed a molecular marker of miltefosine treatment

failure, the Miltefosine Sensitivity Locus (MSL) that

contains four genes. Remarkably, the MSL has not been

identified in reports of miltefosine resistance in Leish-
mania in the laboratory. Moreover, in the publicly avail-

able genomes of Leishmania donovani, a species also
Current Opinion in Microbiology 2019, 52:64–69

https://tritrypdb.org/tritrypdb/


66 Host–microbe interactions: parasites
responsible for VL and responsive to miltefosine, the

MSL was universally present [20��]. MSL has not yet

been confirmed as a biomarker for the prediction of

patient response to the drug, but this study may help

establish better therapeutic strategies for VL treatment

after similar investigations have been conducted in dif-

ferent endemic zones. The take-home message from

analysis of the few genome-wide studies on drug resis-

tance/sensitivity in a large number of clinical isolates is

that the results of studies on drug resistance acquired

through artificial means do not necessarily translate into

real-world drug resistance mechanisms. For a detailed

retrospect and the prospect of genetic research on drug

resistance and drug development, there are enlightening

reviews [21��,22].

Combining genomes and transcriptomes: a
path for epidemiological studies
The association of genome-wide (DNA-seq) and tran-

scriptome (RNA-seq) high-throughput sequencing and

analyses has allowed the comparison of field strains (and

species) from different endemic areas and countries or

long-maintained laboratory strains in a number of studies.

Aneuploidy, chromosome-variable ‘somy’, restricted

regions of amplification that may be either circular or

linear, or expansion/deletions in gene arrays contribute in

a variable way (depending on species and endemic areas)

to gene copy number variations (CNVs). These issues

have been revisited since the 1980s and are now central

characteristics of the Leishmania genome, which leads to

marked gene expression plasticity. The complexity of the

genomic adaptation of the parasite to the field environ-

ment is high, and different reports have pointed so [23–

27,28��,29]. One paradigmatic example of such complex-

ity is a high-resolution study that have been conducted to

analyze intraspecies differences in genetic diversity and

gene expression by pairing genome-wide DNA-seq with

RNA-seq. A reference genome and the genomes of

14 geographically dispersed field isolates of Leishmania
tropica were used in the study, and the authors demon-

strated a high degree of polymorphisms, more polymor-

phisms represented by SNPs in L. tropica strains than in L.
donovani and L. infantum [28��]. It is remarkable, however,

how variable the number of SNPs reported in different

studies for the same species is [19,30,31]. In fact, Down-

ing et al. [19] showed that fewer than half of the biallelic

SNPs found in L. tropica field strains would distinguish L.
donovani from L. infantum species, which pertain to the

same complex [19]. In an L. tropica genetic diversity

study, the authors highlighted that the gene dosage at

the level of individual genes or chromosomal ‘somy’

accounted for greater than 85% of the total gene expres-

sion variation among genes presenting a twofold or

greater change [28��]. It is worth mentioning, however,

that several studies ([3,32,33�,34��], among others) indi-

cated mostly modest differential expression levels rang-

ing from �1.5-fold to �3.0-fold changes, and it was not
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clear in the study on L. tropica whether the differentially

expressed (DE) genes with lower FCs could be explained

by similar mechanisms. Relevant studies addressing the

factors that govern Leishmania genome adaptation in the

field or laboratory have recently been conducted, all of

which point to the genomic regulation of gene expression

levels [29,35–37]. One of these studies demonstrated the

strain-based and species-based specificity of the observed

karyotypic changes [29]. In summary, the genomic plas-

ticity of Leishmania spp., is at least partially responsible for

phenotypic variation and drives parasite fitness gains in

response to different environmental constraints to differ-

ent degrees.

What do Leishmania transcriptome
comparisons tell us?
Transcriptome analysis via high-throughput sequencing

(RNA-seq) captures significant changes in gene expres-

sion and has several advantages over other transcriptional

profiling approaches, such as DNA microarrays or the

serial analysis of gene expression [38]. A number of

relevant communications using the later techniques are

available, but they will not be discussed in this review

[39] and have been reviewed previously [40].

Global RNA sequencing (RNA-seq) and analyses have

been used in diverse transcriptomic profiling studies

carried out to improve understanding of the interaction

between the parasite with the mammalian and insect

hosts, to capture changes in gene expression during life

cycle progression and to compare axenic and natural

environments at each stage.

The first global RNA profiling study of L. major was

conducted with axenic promastigotes [41]. Following this

article, a series of comparative analyses on the transcrip-

tomes at the major life cycle stages were reported. Three

of these studies were conducted in L. major, Leishmania
mexicana and L. braziliensis species [32,33�,34��]. In gen-

eral, these reports illustrate the improvement of genomic

annotation, gene structure, and existing expression data-

sets for each species and stage. Comparison of the

reported results indicates that alternative processing sites

are a common finding, but no correlation between stage-

related alternative processing and expression levels was

found [33�]. In each of these studies, the profiles of the

DE genes were thoroughly analyzed, and lists of genes

preferentially expressed at different stages were com-

piled. These results are relevant and allow the identifica-

tion of specific coexpression networks that may be useful

for interspecies and intraspecies comparative analysis.

After a groundwork study towards the discovery of

noncoding RNAs (ncRNAs) in Leishmania spp. trans-

criptomes [42], a comparative transcriptomics study per-

formed with L. braziliensis was the first to systematically

search for ncRNAs in the transcriptomes; a large number

of novel putative ncRNAs were detected. The analysis of
www.sciencedirect.com
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DE ncRNAs indicated that the most prominent differ-

ences were observed between the transcriptomes of the

proliferative insect and mammalian forms [34��], which

was similar to the results found for protein-coding genes

[32,34��,43��].

A Gene Ontology (GO) functional enrichment analysis of

the DE protein-coding genes described in the studies on

L. major, L. mexicana and L. braziliensis revealed that the

functional GO terms of the clustered DE genes were

upregulated in promastigotes, metacyclics or amastigotes

and fell in similar GO classes across species, which was

not surprising. This analysis also revealed that the approx-

imate number of genes preferentially expressed at each

stage (by pairwise analysis) was similar among species.

Nonetheless, using orthology as a parameter to compare

DE gene content, the percent of orthologous genes was

low, ranging between 12 and 35%. These results suggest

that in spite of synteny, coding sequence conservation,

and the conservation of DE genes, according to the

functional categories (GO), orthology-based differences

may contribute to species diversity. A possible explana-

tion for the lack of orthologs in the subpopulations of

upregulated genes at any of the compared stages from

different species might be that paralogous genes carry out

similar functions; these paralogous genes are a conse-

quence of gene duplication events, the expansion of

tandem arrays or ‘somy’ changes [34��].

Simultaneous interrogation of the parasite
and host transcriptomes
The best scenario to interpret the host–parasite interac-

tion is to evaluate the parasite and host gene expression

profiles concomitantly. In this context, a thorough exami-

nation of the transcriptomes of the main sand fly stages

(procyclic, nectomonad, and metacyclic promastigotes) of

L. major within the insect gut infected with tissue-derived

amastigotes was carried out [43��]. The authors described

the modulation of gene expression throughout differen-

tiation, highlighting the main differences between the

transcriptomes of each sand fly stage. Some of the most

marked differences and relevant findings to help under-

stand the parasite in its natural niche were thoroughly

discussed. A remarkable and positive surprise from this

study was the similarity between the sand fly and culture-

derived metacyclic transcriptomes, which had only

26 mRNAs that differed in abundance.

Switching to the mammalian host/parasite interaction,

there have been some remarkable contributions. In

2015, Dillon et al. performed transcriptome profiling using

RNA-seq to simultaneously identify global changes in

murine macrophage and L. major gene expression, fol-

lowing a time-course to cover the progress of infection

from 4 to 72 hours. Differential gene expression and gene

ontology analysis led to the identification of host and

parasite responses during infection. The most substantial
www.sciencedirect.com 
and dynamic gene expression responses by both the

macrophages and parasites were observed during early

infection [44�]. Fernandes, in 2016, reported an elegant

study characterizing the gene expression signatures of L.
major and Leishmania amazonensis and the coordinated

response of in vitro-infected human macrophages using a

similar time course to cover the progression of infection

[45��]. The authors reported a parasite-specific response

in the human macrophages early in infection that was

reduced at later time points in association with a similar

expression pattern observed in the parasites. These anal-

yses provided specific insights into the interaction

between human macrophages and Leishmania parasites.

Moreover, the abovementioned previous and similar

study, performed in murine macrophages, allowed the

authors to establish a parallel between the similarities and

differences of the responses of macrophages from diverse

origins to parasite infection. These reports constitute

preeminent resources for the study of parasite evasion

from host defense and the subversion of host cell physi-

ology to allow intracellular survival.

The examination of parasite–host interplay in real-world

infection/disease moved a step forward with the meta-

transcriptome profiling of human-L. braziliensis cutaneous

lesions [46��]. The authors faced the challenge of pauci-

parasitary L. braziliensis lesions and succeeded in simul-

taneously analyzing the patterns of parasite and host gene

expression. The stratification of patients into two groups,

with or without detectable parasite transcripts, allowed

the authors to examine host responses as a function of

parasite persistence. Very briefly, they confirmed a pre-

vious transcriptomic analysis of early and late L. brazi-
liensis lesions [47] but also encountered unexpected nov-

elties, such as B-cell transcripts associated with persistent

parasite lesions. Unanticipated findings such as the uni-

formity of parasite gene expression across all patients

irrespective of lesion characteristics were also revealed

in the parasite transcriptome profile. Overall, these

reports are major resources to understand L. braziliensis
and host interplay and should be carefully examined.

Final remarks
The most recent contributions on genome-wide and

transcriptome analyses of Leishmania spp. bestow consid-

erable knowledge of Leishmania genetics, from their

structural to their functional characteristics. The life cycle

stages of different species and strains have been com-

pared, and genetic strategies of the parasite to survive in

mammalian and insect environments have been evalu-

ated. Moreover, the comparative analysis of large num-

bers of clinical isolates from different corners of the world

and from different species is unravelling how substantial

the genetic plasticity of these parasites is and how diverse

the different species are. In addition, the simultaneous

analysis of the gene expression profiles of parasites and

hosts is a milestone in the field.
Current Opinion in Microbiology 2019, 52:64–69
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There exist a colossal amount of data, including similari-

ties and differences, open to being explored with rigor

and acuity. We must not forget that genetic plasticity,

species and strain specificities and different experimental

conditions and computational settings may lead to quite

different results. The field has reached its maturity, and it

is time to innovate and design strategies to understand

parasite biology and pathogenesis by inspecting publicly

available information using novel and powerful genetic

manipulation tools.
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25. Ouellette M, Hettema E, Wüst D, Fase-Fowler F, Borst P: Direct
and inverted DNA repeats associated with P-glycoprotein
gene amplification in drug resistant Leishmania. EMBO J 1991,
10:1009-1016.
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