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Using Genomic Information to Understand Leishmania Biology
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Abstract: The genomes of different species of Leishmania have been deciphered in recent years. We learned that the ge-
nome content and organization of Leishmania major, Leishmania braziliensis and Leishmania infantum are highly similar
and annotation of these genomes revealed that there are few species-specific genes. Association of genome information
with reverse and forward genetics approaches allows posing and answering relevant biological questions in a novel way.
In this article we briefly present an overview of relevant aspects of genome organization of the Leishmania and how this
information can be used to improve our understanding of the biology, pathogenesis, host-parasite interaction issues. We
present some of the most useful bioinformatics tools/softwares, which are currently available and how each one of them
can be used to explore the genome supporting a wide variety of queries. We included other computational tools which al-
low integrating the genome data with biochemical pathways revealing metabolic and regulatory networks to be investi-
gated. Finally, we discuss reverse and forward genetic tools available and finalize with considerations on established and
novel high-throughput approaches at the genome, transcriptome and proteome levels.
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1. LEISHMANIA AND LEISHMANIASIS

Leishmaniasis is caused by the protozoa of the
Leishmania genus and affects about 12 million people
around the world. Leishmaniasis is considered the second
most important parasitic disease in the world considering the
number of people at risk in endemic areas, number of in-
fected people and morbidity. It is estimated that more than 2
million new cases of leishmaniasis occur each year in 88
countries  (http://www.who.int/health-topics/leishmaniasis.
htm) affecting mainly the poorest population living in tropi-
cal and subtropical areas. Leishmaniasis is a spectral disease
with multifaceted clinical manifestations varying from: i)
cutaneous leishmaniasis (CL), that may produce localized
and self-healing or disseminated lesions, caused mainly by
Leishmania (Leishmania) major, L. (Leishmania) tropica
and L. (Leishmania) mexicana species, ii) mucocutaneous
leishmaniasis (MCL), a disfiguring form of the disease, typi-
cal of L. (Viannia) braziliensis infections, and iii) visceral
leishmaniasis (VL) caused by L. (Leishmania) donovani, L.
(Leishmania) infantum and L. (Leishmania) chagasi and it is
fatal if untreated.

About 20 different species of the Leishmania genus are
known to be pathogenic to humans. These protozoan para-
sites, kinetoplastids from the Trypanosomatidae family,
complete their life cycle alternating between extreme forms,
i) the free-living promastigotes occurring in the gut of the
insect host, the female Phlebotominea and ii) the amastig-
otes, the intracellular form, which lives inside of phagolyso-
somes of phagocytic cell in a variety of vertebrate
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organisms. The infective metacyclic promastigotes are
transmitted by the Phlebotominea vector to the vertebrate
host during its blood meal and to evade host’s humoral de-
fense, parasites invade the cells of macrophagic system [1].
Recently it was demonstrated by intravital two-photon mi-
croscopy that the parasites have more difficulty establishing
an infection and surviving in mice lacking neutrophils, sug-
gesting the relevance of this mechanism of silent entry into
macrophages involving polymorphonuclear leukocytes as the
first phagocytic cell to encounter the parasite in the host. The
apoptotic infected cells are then ingested by macrophages
functioning as a “Trojan horse” [2, 3].

Leishmania are mostly diploid organisms which divide
mainly by binary partition, although sexual exchange has
been recently evidenced in the invertebrate stage [4, 5].
Leishmania and the other eukaryotes of the order Kinetoplas-
tida display some uncommon biochemical, genetic, and
morphological features including the mitochondrial DNA
organization, the kinetoplast, mitochondrial DNA editing [6,
7], glycosomes [8], polycistronic transcription [9], trans-
splicing [10, 11], and GPI anchoring of membrane proteins
[12].

Leishmania parasites have a very “plastic” genome and
the ability to alter the copy number of individual gene,
groups of genes, chromosomes or the entire genome as a
means to fit adverse conditions. This singular characteristic
is known as genetic plasticity and is manifested by chromo-
somal rearrangements, ploidy variation or occurrence of cir-
cular molecules that modify the expression levels of gene(s)
involved in the process of “copy amplification”. Sites of
highly conserved repeat sequences appear to facilitate these
rearrangements and the amplification of key genes during
environmental changes. In the absence of sense or antisense
repeats in the vicinity of a gene conferring a selective advan-
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tage, Leishmania will make use of extra-copy chromosomes
to increase the levels of a gene product [13-19].

Genes in trypanosomatids are transcribed as long polycis-
tronic units. The primary transcripts are processed into indi-
vidual mRNAs by a coupled mechanism of trans-splicing
and polyadenylation [20, 21]. The trans-splicing machinery
is responsible for transferring a capped small RNA, known
as spliced-leader (SL), to the 5' end of the mRNAs [22]. The
splice acceptor site (SAS) is an AG dinucleotide preceded by
a polypyrimidine track located upstream from the open read-
ing frame (ORF). The polypyrimidine track of a given gene
is also responsible for directing the polyadenylation site of
the upstream mRNA [20]. Therefore, control of gene expres-
sion is post-transcriptionally regulated by downstream events
affecting mRNA stability and translation [23-25].

The success of the first genome projects and the urgent
need for genetic tools and information to help improving
knowledge about pathogenesis, virulence and host-parasite
interaction issues were the driving forces to put forward a
genome project for Leishmania in the early nineties. The
enterprise should open new avenues for the rationale defini-
tion of molecular targets and compounds leading to low-
toxicity and effective drugs, better diagnostic approaches and
vaccine development.

2. THE LEISHMANIA GENOME PROJECT: AN
OVERVIEW

The first Parasite Genome Network Planning Meeting
was held in April 1994 in Rio de Janeiro, Brazil, and was
sponsored by FIOCRUZ (Fundagdo Oswaldo Cruz) and
World Bank/WHO (World Health Organization) Special
Programme for Research and Training in Tropical Diseases
(TDR). The Genome Projects of Trypanosoma cruzi,
Trypanosoma brucei, and Leishmania major (CL) were
planned at this meeting. Reference strains for the trypano-
somes were chosen and L. (L.) major Friedlin (LmjF) was
defined as the reference strain for the Leishmania Genome
project a couple of years later. Several laboratories from all
over the world joined the Leishmania Genome Network
(LGN). The first tasks of the LGN were to determine the
number of chromosomes of Leishmania, based on the link-
age groups established previously by Bastien and co-workers
[26], and to generate a physical map of a cosmid library rep-
resentative of the parasite genome. Due to technology and
financial restrains initially single pass sequencing of cDNA
library clones was conducted to generate tags of the ex-
pressed genome (ESTs). A couple of years later the genomic
sequencing was undertaken on a chromosome by chromo-
some approach based on the cosmid maps generated or by
chromosome shotgun sequencing [27].

The chromosome 1 sequencing was initiated in 1996, as a
pilot project of physical map-based sequencing, and was
published by Myler and co-workers in 1999 [28]. The rest of
the genome came afterwards, and the 32.8-Mb sequence rep-
resenting the haploid genome was obtained by a combination
of approaches ranging from hierarchical sequencing strategy,
clone-by-clone approach, and Whole Chromosome Shotgun,
which involves an initial fractionation step of individual or
co-migrating chromosomes by PFGE. The entire Leishmania
genome sequence was published along with the T. brucei and
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T. cruzi genomes in 2005, and the genome annotation esti-
mated the presence of 911 RNA genes, 39 pseudogenes, and
8272 protein-coding genes [29]. Since genome annotation is
a continuous process, in 2007, Peacock et al. announced
8298 genes annotated as protein-coding and 97 pseudogenes
for L. (L.) major [30]. As raised initially by El-Sayed et al.,
those species-specific or trypanosomatid-specific genes or
even those protein domains only found in trypanosomatids
and not in their hosts are fertile grounds to be explored in the
search for novel and safe anti-leishmanial or anti-
trypanosomatid drugs.

The transcriptional analysis of L. (L.) major chromosome
1 by run-on assays showed that transcription initiates in both
directions within a single region revealing a novel kind of
gene organization, the Directional Gene Clusters (DGCs)
[9]. This polarity of transcriptional units is noteworthy and it
constitutes a singular characteristic of trypanosomatids.
These DGCs are non homogeneous in size ranging from a
few kb to more than 1Mb. These DGCs keep a strikingly
conserved synteny among trypanosomatid genomes [31] but,
differently from prokaryotic operons, genes in the same
DGC are not functionally related. Sequences located be-
tween two divergent or convergent transcription units are
called strand-switch regions (SSRs). The nucleotide sequen-
ces within these regions do not display a particular consen-
sus sequence for any known RNA polymerase promoter but
show a high AT content compared to the coding genome.
These regions must contain the signaling sites for transcrip-
tion initiation and termination.

Recent informatics and sequencing technology improve-
ments allowed the expansion of the Leishmania genome pro-
ject to L. (L.) infantum (VL) and L. (V.) braziliensis (MCL)
species. These genomes were accomplished in less than a
year, in a way that now genomic information is available for
species representative of the three kinds of clinical manifes-
tations of the disease.

3. COMPARATIVE GENOMICS OF LEISHMANIA

With the completion of the genome sequencing of three
representative parasite species (two from the Leishmania
subgenus: L. (L.) major and L. (L.) infantum; and one from
the Viannia subgenus: L. (V.) braziliensis), a comparative
analysis of the Leishmania spp. genomes was conducted and
recently published [30]. This study is a landmark because
now we can try to understand some basic aspects of
Leishmania biology such as: i) the development of L. (V.)
braziliensis in the hindgut of its sandfly vector, ii) the dogs
as restricted reservoir hosts of infections with the L. (L.)
donovani, L. (L.) chagasi or L. (L.) infantum or iii) the
Leishmania genotype contribution to large spectrum of clini-
cal manifestations in humans.

The identification of factors that allow three closely re-
lated organisms to cause a human disease with so many dif-
ferent manifestations is a great challenge for the Leishmania
researchers. It was observed that gene families that deter-
mine the properties of the parasite cell surface, as the
amastin gene repertoire, have some differentially expanded
loci among the three species [32]. In addition, several func-
tional studies of different genes involved in virulence or
parasite survival within the host revealed that those genes are
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not equally relevant in each species [33-36]. Overall, reverse
genetics and genome information will be synergistic to im-
prove understanding of host-parasite interaction similarities
and differences among Leishmania species. Understanding
Leishmania biology may help in the development of species-
specific or common drugs for all pathogenic Leishmania
species. Differential gene expression, species-specific genes
and characterization of the specificity of the host response to
the infection may determine the parasite tropism and viru-
lence. A paradigm for a virulence related species-specific
genes is the L. donovani-A2 multigenic family, only ex-
pressed in amastigotes of this species; transfection of A2 into
L. (L.) major alters the strain virulence [37].

Despite the similar DNA content of around 33 Mb in
sequenced Leishmania genomes and a remarkable conserva-
tion of gene content and synteny in orthologous chromo-
somes, karyotypic differences have been identified among
the species. While L. (L.) major and L. (L.) infantum display
36 chromosomes, the L. (V.) braziliensis and L. (L.) mexi-
cana present respectively 35 and 34 chromosomes. These
differences were shown to be due to fusion of chromosomes
20 + 34 in L. (V.) braziliensis; 8 + 29 and 20 + 36 in L. (L.)
mexicana [38].

Considering that 20-100 million years have gone since
the divergence between the Leishmania species complexes
and that major differences exist in the clinical manifestations
of the disease, a large variation in genomic content would be
expected. Nevertheless, only 2.5% of genes present in each
Leishmania genome were found to be species-specific.
Structure and sequence of the Leishmania genomes must
have been under strong evolutionary pressure over time to
maintain such high levels of genetic similarity between these
species.

In the Leishmania comparative genome analysis it was
noted that some genes are inactivated while others seem to
be evolving faster. This analysis confirmed that the most
divergent species among the three sequenced genomes is L.
(V.) braziliensis, containing about 47 genes not shared by the
other two. L. (L.) infantum has 26 species-specific genes
while L. (L.) major has only 5 [30]. Compared to other
trypanosomatids’ genomes, such as T. brucei and/or T. cruzi,
it was found that among the L. (L.) major, L. (L.) infantum,
and L. (V.) braziliensis specific genes only one (1/5), ten
(10/26) and seventeen (17/47), respectively, had orthologs in
T. brucei and/or T. cruzi genomes [30].

Differently from other eukaryotes, where inser-
tion/deletion events and sequence re-arrangements take place
in gene diversification, degeneration of existing genes ac-
counts for ~80% of the species differences in Leishmania
[39].

The lack of intact mobile DNA elements in the L. (L.)
major and L. (L.) infantum genomes in opposition to the
presence of intact retrotransposon elements in L. (V.) bra-
ziliensis could explain the higher divergence of the Viannia
subgenus [40]. Remarkably, sequencing of L. (V.) brazilien-
sis genome revealed that only this species (and apparently
other species from the Viannia subgenus, unpublished re-
sults) display genes encoding putative machinery for a func-
tional RNAIi pathway (S. Beverley, personal communica-
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tion). The L. (V.) braziliensis Dicer and Argonaute-like
genes were identified in silico based on its similarity to the
functional genes from T. brucei [30, 31, 40-44].

The use of the RNAi machinery to knock-down different
genes may turn into an invaluable tool to understand gene
function and may bring novel insights into host-parasite
interaction mechanisms. However, genetic plasticity of the
Leishmania genome has been proposed as a mode by which
Leishmania increases expression of a given gene or avoids
loss of essential genes. The generation of extra copies of the
wild-type alleles occurs during artificial attempts to inacti-
vate essential genes in this protozoan [13-15, 19, 45-47].
This characteristic, which impedes generation of null mu-
tants for essential genes, may also interfere with the outcome
of RNAI experiments [13].

4. EXPLORING THE GENOME: BIOINFORMATICS
TOOLS

The plethora of genome data available in recent years and
the consequent comparative analyses are powerful resources
to explore, at the molecular level, the genetic and biochem-
ical similarities and dissimilarities in the Leishmania genus.
At this point, the development of computational algorithms
is crucial for analyzing the great amount of data from multi-
ple organisms and it is a challenge to generate tools to allow
the translation of genome data into relevant biological in-
formation and the postulation of novel routes of investiga-
tion. In the past twenty years, Bioinformatics has become a
close partner from the Genomics, Transcriptomics and Pro-
teomics fields providing essential tools frequently used by
the geneticists, molecular biologists and molecular parasi-
tologists. The algorithms are often open sourced and can be
downloaded from the developers’ webpages, so the expert
users and bioinformaticians may alter them, run them locally
on their own system and apply them in a specific pipeline if
necessary. On the other hand, several developers also pro-
vide friendly web user interfaces of their algorithms, so the
researchers may run them online in an easier way.

In this section we will highlight some important tools and
databases available to work on the web (Table 1). It includes
searching for genes of interest and getting all the information
about them, searching for unique genes or by a group of
them sharing some common structural and/or functional
traits, and also the investigation of more complex data from
these parasites such as regulatory networks and metabolic
pathways. Possible approaches for rational identification of
drug-targets will also be discussed here.

4.1. GeneDB

The first robust database created for accessing the raw
data from Leishmania spp. genomes sequencing projects was
GeneDB [48], a project developed by the Sanger Institute
Pathogen Sequencing Unit (PSU), which provides access to
37 other genomes among viruses, bacteria, fungi, protozoa,
parasitic vectors and helminths. The first Leishmania species
to have a completely sequenced genome was L. (L.) major
(http://www.genedb.org/ Homepage/Lmajor - current anno-
tation version 5.2). L. (L.) infantum (http://www.genedb.org/
Homepage/Linfantum) and L. (V.) braziliensis (http://
www.genedb.org/Homepage/Lbraziliensis) genomes came
just after L. (L.) major and are in the annotation versions 3.0
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and 2.0, respectively. These databases are kept under contin-
ual manual annotation and curation, so the versions might
change with time and new features are frequently attributed
to the genomes.

The most recent species being sequenced by the Sanger
PSU is L. (L.) mexicana (http://www.genedb.org/Homepage/
Lmexicana) which already have the assembled contigs and
predicted peptide sequences available for searches on the
genedb blast server (http://www.genedb.org/blast/submitblast/
GeneDB_Lmexicana). All the sequences data sets from these
Leishmania species can be downloaded from the Sanger ftp
server (ftp.sanger.ac.uk/pub4/pathogens/) where we can find
FASTA files of the assembled contigs (whole genomes),
predicted protein coding genes (CDSs), predicted proteins
(translated CDSs), among others, and also the annotation
files for each chromosome. All the annotation process of the
trypanosomatids’ genes/genomes is made by curators at the
Sanger Institute and Artemis [49] bears it all in excellent
graphical output. These files can also be downloaded on the
Sanger ftp server mentioned above. Artemis is written in
JAVA and can be executed on any OS that have JAVA in-
stalled.

On genedb.org one can search for genes by their acces-
sion number or by doing a full content text search and get all
crucial information about them (DNA and protein sequences,
genome location, peptide properties, domain information,
gene ontology annotation, orthologues, among others). It is
also possible to link all the genes directly to SWISS-PROT,
Pfam, Interpro, and Gene Ontology (AmiGO) databases,
and, clicking on the “view sequence” weblink, one can run
local alignment search tools [50] inside a single genome
(BLAST link) and/or using multiple selected genomes as
databases (omniBLAST link). Other interesting tools, par-
ticularly for protein sequences of a chosen organism, are (1)
Motif Search which finds proteins containing a specific pat-
tern defined by the user, and (1) EMOWSE which identifies
proteins in a genome that most likely correspond to a query
peptide, not only by the peptide sequence but also by its
mass, digestion type (e.g. trypsin), orientation (N-term to C-
term or C-term to N-term) and other parameters. Both tools
are available on http://old.genedb.org//genedb/leish.

4.2. TritrypDB

In January 2009, with financial support from the Bill &
Melinda Gates Foundation, a beta-release version of a new
component of the EuPathDB family of databases (eu-
pathdb.org), the TriTrypDB (tritrypdb.org), was announced.
EuPathDB is considered a portal for accessing genomic-
scale datasets associated with the eukaryotic pathogens
(Cryptosporidium, Giardia, Plasmodium, Toxoplasma, Tri-
chomonas and, more recently, Leishmania and Trypano-
soma). The TritrypDB project represents a collaborative ef-
fort between the GeneDB team, researchers at the Seattle
Biomedical Research Institute, and the EuPathDB team (an
NIAID-supported Bioinformatics Resource Center) and, with
less than one year of its creation, it has become a database
with powerful bioinformatics tools able to integrate and to
compare a large amount of data from the genomes of T.
brucei, T. cruzi, L. (L.) major, L. (L.) infantum and L. (V.)
braziliensis, and recently, L. (L.) mexicana, L. (Sauro-
leishmania) tarentolae, T. congolense and T. vivax. Besides
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the biological sequences and in silico-generated data, Tri-
TrypDB also incorporates multiple experimental data sets
and provides a refined Boolean search method that may be
conducted by combining or subtracting a series of desired
queries [51, 52]. Users’ questions can be related to gene type
(protein, snRNA, tRNA, snoRNA, rRNA coding sequences
and misc RNA), gene putative functions (Gene Ontology
terms and Enzyme Commission Number), cellular location
(predicted transmembrane domains and signal peptides),
transcript and protein expression (ESTs, microarray and
mass spectrometry evidences), protein attributes (molecular
weight, isoelectric point and 3D structure), protein features
(epitope presence) and evolution (discovering orthologues
and paralogs). In an example, one may search for all proteins
from L. (L.) major which contain at least one predicted
transmembrane domain AND a predicted signal peptide
AND a high confidence epitope: the result for this search in
L. (L.) major rescues 2 genes coding the surface antigen pro-
tein (GP63, metallo-peptidase).

It is also possible to do BLAST analysis and run Se-
quence Retrieval algorithm into the “Tools” link. FASTA
files, including the newest L. (S.) tarentolae genome data,
are available on the “Download” link.

It is important to highlight that a registered and logged
user on TriTrypDB can save his/her search strategies and
also add comments on his/her target-genes’ page. The com-
ments will be forwarded to the Annotation Center for review
and possibly included in future versions of the Databank. As
mentioned above, there is a partnership between TriTrypDB
and GeneDB teams and both Databases should be main-
tained and updated evenly to keep a similar content (personal
communication on the EuPathDB WorkShop 2009).

4.3. Regulatory Networks, Parasite Metabolism and
Drug-target Discovery: KEGG, LeishCyc, TDR Targets,
BRENDA and other web tools

The availability of the complete DNA sequence of the
human and human pathogens genomes [31, 53] associated
with the heavy expansion of information on chemical struc-
tures of known drugs and three-dimensional structures of
potential new drug targets enables rational drug design [54-
56]. Comparative genomic studies allow the identification of
molecules or biochemical pathways that have already been
targeted successfully in other pathogens [30, 31]. Concern-
ing data integration into biochemical networks, the main
databases to be consulted are KEGG and LeishCyc.

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a
suite of databases and associated software for understanding
and integrating the knowledge of the cell from its genomic
information. It is maintained by Kanehisa Laboratories in the
Bioinformatics Center of Kyoto University and the Human
Genome Center of the University of Tokyo. This integrated
resource contains databases for genomic, chemical and net-
work information. It is designed to be a system for linking
genomes to life at the cellular level, containing a complete
set of genes and molecules (building blocks) linked in inter-
action networks (wiring diagrams) making possible to build
a computational representation of the cell and the organism
and enabling in silico analysis of biological systems [57, 58].
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In 2009 an Australian group at the University of Mel-
bourne developed the first biochemical pathways database
devoted to L. (L.) major: LeishCyc (www.leishcyc.org) [59].
This database, a part of the BioCyc Project (biocyc.org), was
built based on the L. (L.) major genomic data (version 5.2)
provided by the Sanger Institute and its main aim is to de-
scribe all chemical entities involved in Leishmania cellular
processes (metabolites, proteins, enzymes, and parent genes),
as well as their interactions. LeishCyc currently contains
8304 polypeptides, 1043 enzymatic reactions, 811 enzymes,
and 785 compounds assembled into 214 metabolic pathways;
all of them can be viewed at once by clicking on the Cellular
Overview “Diagram” web link. Since a large amount of lit-
erature was consulted and experimental and bioinformatics
studies were approached by the Australian research group,
the LeishCyc development has refined the L. (L.) major ge-
nome data curation, finding errors in gene annotation, cor-
recting them and increasing information about certain gene
products [59].

Users can navigate into the target-gene pages where they
may find a direct link to the GeneDB allowing rescue of ge-
nomic information. It is also possible to have access to spe-
cific metabolic pathways diagrams containing the target-
proteins. Leishmania high-throughput data now has gained a
practical and reduced-time-needed visualization of the re-
sults with the “Omics Viewer” tool of the LeishCyc data-
base.

Chokepoints, reactions that consume unique substrates or
synthesize unique products which are essential metabolites
for parasite survival, can also be searched on the LeishCyc
database, and enzymes that participate in unique chokepoints
should be prioritized as potential drug targets [60].

The comparison between Leishmania and Human meta-
bolic networks could be used to identify parasite-specific
chokepoints. Besides LeishCyc, another useful tool to find
chokepoints is The Pathway Hunter Tool (http://pht.tu-
bs.de/PHT/). The search of druggable proteins in Leishmania
genomes could be guided by rule of five (or 'Lipinski's rule
of drug-likeness'). This rule sorts the drugs based on the
physico-chemical properties that are necessary to increase
the likelihood of oral bioavailability [61-63]. The Therapeu-
tic Target Database (http://xin.cz3.nus.edu.sg/group/cjttd/
ttd.asp) and DrugBank (http://www.drugbank.ca) are pub-
licly available databases with information about virtually all
known proteins, nucleic acid targets and drugs already de-
scribed in the literature. They contain information about
drugs and ligands directed to these targets [64, 65]. The use
of docking softwares such as AUTODOCK allows predic-
tion of the ability of small molecules to potentially fill pro-
tein pockets. However, current status of the Leishmania
structural database restrains the utility of docking softwares
(http://www.sgpp.org).

Several distinct metabolic pathways between parasite and
host, such as purine salvage, peroxisome biogenesis, gly-
colysis and trypanothione redox-system, have been investi-
gated and are target candidates to be tested in rational anti-
leishmania drug discovery platforms. In addition to its im-
portance in drug target discovery, the comparative analysis
of the parasites’ genomes may reveal peerless parasitic en-

de Toledo et al.

zymes able to convert a pro-drug in an active compound [66-
68].

The accumulating genomic data for pathogens of neg-
lected diseases is promising for the field of rational drug
design. To facilitate the integration of data emerging from
such studies and to help identify candidate drug targets in a
user friendly platform the TDR Targets database
(http://tdrtargets.org) was created [56]. In addition to assess
the role of a gene in the pathogen, the user will rescue data
on orthology relationships, a relevant issue to predict good
drug targets and minimizing adverse effects. Importantly,
when available, this database offers structural information on
the target or related proteins, a helpful tool for drug design-
ing. The physicochemical nature of small-molecule binding
sites on the target and the availability of drug-like molecules
directed to related proteins in other organisms may help pre-
diction of druggability of a given target in a pathogen [63,
69].

Another useful database for rational drug discovery is
BRENDA (Braunschweig Enzyme Database), a comprehen-
sive enzyme information system maintained and developed
at the Institute of Biochemistry and Bioinformatics at the
Technical University of Braunschweig, Germany (http://www.
brenda-enzymes.org/). BRENDA represents the largest freely
available information system containing biochemical and
molecular data on all classified enzymes as well as software
tools for querying the database and calculating molecular
properties. The data are manually curated and each entry is
clearly linked to a literature reference, the origin organism
and, where available, to the protein sequence [70].

The genomic information and curated databases make it
possible to integrate data and to create metabolic networks in
silico. Although Leishmania spp. functional data are far from
complete, well characterized microorganisms such as
Escherichia coli or Saccharomyces cerevisae and their com-
putational metabolic models can be used in the integration of
high-throughput data to facilitate genome annotation process
and drug target search. Chavali and co-workers reconstructed
a metabolic network of L. (L.) major, the iAC560 [71], using
a 560 genes repertoire (approximately 6.7% of the genome).
The network encompasses 1112 reactions, most of which are
gene related and the rest comprises intracellular reactions not
associated to genes, or inter-compartment/extracellular
transport. The authors proposed 25 new annotations based on
iIAC560 metabolic network. Seventeen were previously
characterized as hypothetical proteins; the rest had an incor-
rect annotation, localization or EC (enzyme commission)
classification. One example is the LmjF23.1480 gene pre-
dicted to code for alanine racemase by the iAC560 metabolic
network analysis, although no genes for alanine racemase
had been predicted by KEGG or GeneDB. Using computa-
tional modeling the authors presented the theoretical network
response to enzymatic inhibitors demonstrating the useful-
ness of network reconstruction for therapeutic targets re-
search [71]. The comparison of metabolic network of
Leishmania with that of humans can help identify peculiar
features of Leishmania metabolism and aid the rational de-
sign of new drugs against leishmaniasis.

Another important database, mainly for immunologists,
is ImmuneEpitope (www.immuneepitope.org) which con-
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tains ~1500 antibody or T cell response-related epitopes
identified and described for trypanosomatids, being ~650 for
the Leishmania genus. All information about the epitopes is
presented there: reference, structure, source antigen, host,
immunization and assay descriptions for B cell, T cell, MHC
binding and MHC Ligand Elution. This is also an Analysis
Resource containing a series of epitope prediction tools
where the user can search for epitopes in protein sequences
of interest using the suitable method for that particular case.
It is important to remind that TriTrypDB uses ImmuneEpi-
tope data on its “Protein Features — Epitope Presence”
searching strategy. This kind of information is crucial for
applied research on vaccine development.

5. APPROACHES FOR FUNCTIONAL ANALYSES OF
THE PARASITE GENOME

The peculiarities of Leishmania gene expression among
eukaryotes and the plasticity of its genome impaired rapid
progress on parasite genetics studies. However, trypanoso-
matid researchers around the globe have developed a series
of exceptionally useful approaches that enhanced the
Leishmania molecular toolkit.

5.1. Forward and Reverse Genetics

The major difficulty in forward genetic approaches has
always been the assumed asexual diploid life in Leishmania
[72]. Recently, it has been shown that Leishmania clearly
displays genetic exchange inside the sand fly vector [4].
Thus, infection of Phlebotomus could be a valuable experi-
mental tool in investigation based on classic genetics.

Until the late 1980s there were no feasible direct means
to conduct reverse genetics in Leishmania itself. It became
evidently necessary to develop specific tools to facilitate
trypanosomatid analyses. Tools such as transient and stable
transfections, transposon-direct mutagenesis and gene re-
placement [73, 74] became major advantages in association
with genome sequencing data. Circular shuttle vectors in-
itially provided methods for functional genetic rescue of
Leishmania mutants by complementation with DNA libraries
[75]. Transfection of Leishmania with circular DNA mol-
ecules have allowed the identification of a variety of relevant
genes related to pathogenesis and infectivity [75-77]. Transi-
ent and stable transfections of Leishmania are performed
with vectors designed to be functional under the parasite odd
regulatory genetic system [78, 79]. These vectors contain the
genetic elements required for gene expression within the
parasite. At the 5’UTR a dinucleotide AG associated with a
polypirimidine tract will work as the SL acceptor site and at
the 3'UTR similar sequences will drive poly-A tail addition
and cleavage. Any particular gene inserted in between these
regions will be transcribed by the parasite RNA polymerase
Il in a promoterless background. On the other hand, RNA
polymerase | drives strong initiation of transcription in
trypanosomatids [80, 81].

Therefore, integration of a given gene in the rDNA locus
is a convenient route for the overexpression under stable
conditions. Targeted gene disruption is achievable in
Leishmania by homologous recombination of linear DNA
and it is a powerful and effective tool for genetic functional
studies in the parasite [82]. Since gene replacement and
double gene knockout strategies have been established in
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Leishmania [74, 83], several essential and non-essential
genes have been knocked-out and phenotypic changes have
been analyzed [84-88]. Some of these studies confirmed the
complexity of issues such as virulence, infectivity or patho-
genesis [33-36]. Quite useful for gene function studies are
the reporter genes, e.g. luciferase or GFP (green fluorescent
protein), which are applicable to studying regulatory ele-
ments involved in mRNA stability or initiation of translation
control [89-91] and to evaluate protein interactions or sub-
cellular distribution.

In the toolkit of Leishmania reverse genetics a robust
inducible kit was missing, such as the tetracycline repres-
sor/inducer-dependent expression fully functional in T.
brucei [92]. Recently, a reversible and tunable system has
been adapted to Leishmania. It was originally described for
mammalian cells and it is based on the targeting of FKBP
(FK506-Binding Protein) to proteasomal degradation after
rapamycin/FK506/Shld1 binding to its destabilizing domain
[93]. This system was implemented in L. (L.) major and L.
(V.) braziliensis to conditionally express destabilized UDP-
galactopyranose mutase (UGM), a fundamental enzyme in
lypophosphoglycan (LPG) biosynthesis [94].

Leishmania reverse genetics is still lacking a functional
and regulatable RNAi machinery to allow faster and global
approaches of knocking down genes, despite the presence of
orthologues of genes related to RNAi machinery in L. (V.)
braziliensis [30, 95], as mentioned before. Therefore, reli-
able strategies such as the destabilization domain system
represent promising benefits for molecular biology investiga-
tion [94].

5.2. Leishmania Biology Research Becomes
Throughput

High-

5.2.1. Transcriptome and Proteome

Despite the fact that trypanosomatids are unicellular or-
ganisms, which should make genomic survey simpler than in
more complex eukaryotes, they undergo drastic and diverse
changes throughout infection of vertebrate and invertebrate
hosts. Several efforts have been made to unveil the differen-
tial expression of genes during Leishmania growth and de-
velopment in an attempt to explain modifications taking
place during the parasite digenetic life-cycle. Understanding
these modifications may help to comprehend genetic features
supporting fitness of promastigotes and amastigotes for their
distinct environments. Available genome data allow large-
scale functional approaches to be undertaken. A diversity of
methods or combination of these may be used such as RNA
profiling (transcriptome), identification of the complete set
of proteins (proteome) and the generation of genome-wide,
single gene knockouts (or knockdowns via RNA.I, a feasible
goal). Besides expression profile comparison of different
developmental stages, other comparative studies have been
pursued to understand divergent behavior of Leishmania
strains or species regarding drug resistance, clinical manifes-
tations, tropism and host-pathogen interaction.

Transcriptome analyses based on microarrays have been
extensively performed and proven to be an useful tool in
Leishmania research [96-99]. So far, a variety of microarray
analyses between diverse Leishmania samples revealed only
small differences in expression profiling. Microarray ana-
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lyses between procyclic and metacyclic promastigotes have
revealed that only 1 to 2% of the genes (slides scoring ~7000
genes) are modulated by a 2-fold or larger factor in all stud-
ied conditions [100]. Preferential stage-specific genes consti-
tute only ~0.2-5 % of the expressed genome (8160 genes
surveyed) when analyzing promastigote and amastigote tran-
scriptomes [98, 101]. Therefore, stage-specific genes are
poorly represented in microarray analysis as shown for sev-
eral Leishmania species (e.g. L. (L.) donovani axenic amas-
tigotes: 5.5%) [100]. Altogether, most of the up-regulated
genes are found in promastigotes.

An obstacle for amastigote versus promastigote compara-
tive expression profile studies resides on the difficulty to
obtain sufficient amounts of the intracellular form for the
assays. With some of the Leishmania species it is feasible to
obtain amastigotes in axenic conditions. These cells (axenic
amastigotes) resemble amastigotes found in the vertebrate
host and are widely used in life-cycle studies [102-104].
Nonetheless, recent global mRNA profiling analyses of
axenic and intracellular amastigotes have shown important
differences between their transcriptomes; they share only
12% of upregulated genes [105]. Therefore, it is necessary to
go through validation steps before extrapolating data ob-
tained with the axenic forms to intracellular amastigotes. A
recent strategy to obtain pure amastigotes by combining
macrophage/mice infection and fluorescence-activated cell
sorting (FACS) has been described for L. (L.) mexicana ex-
pressing DsRed [106]. This approach provided a large para-
site yield (> 2 x 10% cells/sort) mostly free of host cell ma-
terial.

Microarray comparative analyses could not explain the
differences observed between the life cycle stages of
Leishmania. This probably happens because, considering
genome architecture and demonstration of polycistronic na-
ture of transcription in these parasites, it is believed that the
whole genome is constitutively expressed [107] and that
gene expression regulation happens at the levels of transcript
stability and translational control, protein stability and post-
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translational modifications. Therefore, transcriptomic ana-
lyses should be preferentially accompanied by proteomic
approaches [97]. Leishmania post-translational modifications
play important roles throughout the digenetic infectious life
cycle and it has been emphasized that transcriptomic and
proteomic analysis have a weak degree of correlation [97,
99, 107].

Leishmania proteome characterization based on two-
dimensional gel electrophoresis (2DE) has been successfully
conducted [108-110]. Even so, proteomics have not revealed
evident differential expression between cell stages. Only 5%
of proteins are differentially expressed between L. (L.) infan-
tum promastigotes and amastigotes [111]. Around 90% of
the L. (L.) mexicana proteome is qualitatively unchanged
during the life cycle [108]. Apparently the most pronounced
proteomic feature in promastigote-to-amastigote differenti-
ation is the shifting from glucose to fatty acid catabolism
which is explained by the lack of glucose availability inside
the phagolysosome [112]. Amastigotes also synthesize more
basic proteins [106], as shown for other microorganisms
inhabiting acidic environments such as Helicobacter pylori
[113] and Coxiella burnetii [114]. Still, proteomics is a more
promising tool for estimating gene profiling than microarray
analysis in Leishmania. Global protein profile analyses have
contributed with noteworthy perception on energetic and
metabolic requirements of amastigotes. Several hypothetical
proteins have been identified by proteomic analysis [111,
115] confirming their expression for the first time. Studies
have identified several protein isoforms differentially ex-
pressed during Leishmania life-cycle through successful en-
richment of poorly represented proteins [99, 116]. Relevant
results should come from characterization of orga-
nelle/structure-related proteomes and transcriptomes. The T.
brucei flagellum proteome was completed and generated
interesting further investigations [117].

New technologies based on isotope labeling (ICAT™

and ITRAQ™) may solve some limitations of 2DE such as
sub-representation of membrane bound and low-abundance

Table1. Important Web Resources on the Investigation of Leishmania Omics Data
Web Tools Capabilities Address
1.1. Find genes (by Acc. numbers or text search) and run BLAST searches 1.1. http:/www.genedb.org
1. GeneDB 1.2. Identify proteins corytaining a s.pecif.ic pattern (Motif Search) or by a 1.2. http:fiold genedb.org/lgenedbleishy
query peptide mass/digestion type (Emowse)
2. TriTryp Refined boolean search method, BLAST searches, sequence retrieval and http:/tritrypdb.org
more functions.
3 KEGG Find genome data and correlate genes with their specific(s) biochemical(s) http:/www.genome.jo/kegg/
pathway(s)
4. LeishCyc L. (L.) major metabolic Pathvyays databése: Cellular and Genome Overview http://leishcyc.bio21.unimelb.edu.au/
and Omics Viewer for high-throughput data
5. BRENDA Comprehensive enzyme information system for rational drug discovery http://www.brenda-enzymes.org/
6 Pathw‘a(l;/:#l)nter Tool Map reactions, metabolites and enzymes involved in chokepoints http://pht.tu-bs.de/PHT/
7. ImmuneEpitope Database for antibody or T cell response-related epitopes www.immuneepitope.org
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proteins [107]. Proteome coverage is a major concern in
studies of protein expression, because frequently only abun-
dant proteins are detected. Around 2500 proteins have been
identified so far in Leishmania genus covering approxi-
mately 30% of the predicted proteome [118]. Establishment
of Multidimensional Protein Identification Technology
(MudPIT) for Leishmania may be necessary to achieve a
better unbiased proteome representation. In a recent study,
Paape et al. used a gel free proteomic analysis to investigate
L. (L.) mexicana proteins putatively secreted inside the host
phagolysosome [118]. This approach allowed the identifica-
tion of over 1000 novel proteins.

The prospect of a research filled with large amounts of
information requires appropriate data handling. In silico
tools based on the programming language Perl and the stat-
istics package R are very useful for extracting and analyzing
genomic data [119]. Both are free and computational open-
source tools.

Taken together, data generated so far display an unex-
pected perspective related to Leishmania gene expression
throughout parasitic development. Infectivity and contrasting
adaptation may arise from the modulation of a small but rel-
evant set of genes and/or the parasite life cycle is sustained
by post-translational modifications yet to be investigated.
Another possibility is the modulation of gene expression
through chromatin-mediated epigenetic control between dif-
ferent forms.

5.2.2. Molecular Interactions on Chip

As described above, transcription initiation sites in
Leishmania comprise divergent strand-switch regions at op-
posite polycistron junction sites [9]. It has been shown that
such regions are enriched with acetylated H3 histone and
transcription-related proteins, such as TATA-binding protein
(TBP) and Small Nuclear Activating Protein complex
(SNAPs5), in Leishmania [120]. The group used a tiling array
approach hybridized with DNA obtained from Chromatin
ImmunoPrecipitation assays (ChIP-chip). Marked peaks of
an acetylated form of the H3 histone were preferentially
found in logarithmic instead of stationary phase promastig-
otes. Most of the acetylated H3 peaks were detected at diver-
gent SSRs, although the presence of such peaks was shown
at chromosome ends and within polycistronic gene clusters.
These DGC-related peaks were associated with upstream
TBP/SNAP50 peaks, evidence that they represent transcrip-
tion start sites [120]. Therefore regulation of transcription
initiation in Leishmania could be accomplished by control-
ling histone modification inside strand switch regions.

A similar work in T. brucei using sequencing-coupled
ChIP (ChlP-seq) showed that transcription start sites (TSS)
and termination sites (TTS) are enriched with specific dis-
tinct histone variants [121]. Noncanonical unstable nu-
cleosomes are mainly associated to TSS in this organism,
which results in an open conformation of chromatin in this
region. A specific acetylated H4 histone is largely concen-
trated in TSS by a 300-factor over genomic background
[121]. It would be also interesting to analyze the genomic
distribution of histone variants in Leishmania. In T. cruzi
sequencing of DNA from ChIP experiments revealed that
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acetylated and methylated histones were found to be en-
riched in TSS but not in TTS [122].

Despite elevated costs, sequencing-coupled ChIP repre-
sents a large advantage over microarray analysis because it is
not limited to the genome regions surveyed in the microarray
slides and therefore potentially analyzes all types of enriched
sequences throughout the genome [123]. Studies based on
ChIP are promising and may still produce considerable data
concerning transcription in Leishmania.

ChIP approaches rely mainly on the enrichment of inter-
action sites of a protein of interest. Protein microarrays,
however, allow the identification of proteins bound to a
known DNA sequence. There are three main types of protein
microarrays used in biology research: analytical, functional
and reverse phase microarrays [124]. Analytical microarrays
provide insights at complex protein mixtures measuring pro-
tein profiling [125]. One example of analytical analysis is
antibody microarray which may be used for important anti-
gen screening in Leishmania. Functional microarrays are
designed with full-length proteins or protein domains and are
used for biochemical analysis of the entire proteome in a
single run [125]. In this approach protein-protein, protein-
DNA and protein-RNA interactions are targeted. In reverse
phase microarrays, cellular proteins are bound to a nitrocel-
lulose slide and screened for antibody interaction allowing
the identification of labeled protein usually by a fluores-
cent/colorimetric signal. In contrast to DNA microarrays,
there is a lag to the establishment of protein microarray in
Leishmania research, due to the difficulty in the production
of proteins compared with DNA. Different post-translational
modifications may be surveyed by using protein microarrays,
such as glycosylation and ubiquitination [126, 127].

5.2.3. Large-Scale Microscopy

Post-genomic era provided easier planning and develop-
ment of mutations in specific genes to analyze their function
and relevance in varied Leishmania biologic processes. Ob-
servation and analysis of modified pronounced phenotypes
have been facilitated by the generation of feasible high-
throughput large-scale microscopy. Systems based on confo-
cal microplate readers such as the OPERA imaging platform
(Evotec Technologies) are appropriate for the studies with
parasitic microorganisms like Leishmania, mainly to analyze
host-pathogen specific interactions and drug screening [128,
129]. These platforms recognize cells by fluorescence pa-
rameters, quantify the biologic process of interest and trans-
form biological observations into numeric results.

6. PERSPECTIVES

The molecular comparisons provided by the experimental
approaches discussed here may yet lead to a better appreci-
ation of Leishmania biology and identification of novel tar-
gets for leishmaniasis control and treatment. The Leishmania
toolkit available to research laboratories increases enor-
mously in association with genome information. Several
different approaches and combination of them may be cho-
sen to answer biological questions under the light of the
large data flow generated. In post-genomic era, trypanoso-
matid research is profiting from biological information made
available by a combination of bioinformatics tools and data-
banks; the standpoint for raising hypothesis has moved. The
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technological advances in experimental large-scale ap-
proaches should catalyze Leishmania's molecular genetics
research and may facilitate drawing a “big picture” of the
complex host-parasite interactions.
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