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Abstract
Leishmaniases, a group of parasitic diseases caused by species of the genus Leishmania, a"ict 
millions of people across the globe and cause signi#cant morbidity and mortality. Unfor-
tunately, vaccine and chemotherapy options are limited. $e advances in whole genome 
sequencing have led to renewed impetus in identifying druggable targets for future develop-
ment of more e%ective treatments. Hence, the last decade has witnessed a revolution in our 
understanding of the Leishmania genomes through the completion of an increasing number 
of genome sequencing projects for several species and strains. However, the completion of 
a genome sequence is not the #nal product, rather it is just the beginning towards the objec-
tive of linking the wealth of data encoded in millions of bases to the biological processes 
of an organism. Moreover, the genome features (genomics) is only a part of the problem 
to be solved: the genome yields on transcription, the transcriptome, which in turn yields 
the proteome on translation, and ultimately the proteins either produce metabolites or are 
modulated by them. $e size of genomics, transcriptomics, proteomics and metabolomics 
datasets has impelled a new way of analysing data together with the development of potent 
bioinformatics tools. During their life cycles, Leishmania parasites undergo signi#cant 
changes in their morphology and metabolism. $ese changes clearly demand a develop-
mental regulation of di%erential gene expression. Moreover, it is now becoming clear that 
epigenetic control can also regulate other aspects of the parasitic life cycle, including the 
control of the switch from proliferative to developmental programs, and the adaptations 
required for host and cellular tropisms.

mailto:jmrequena@cbm.uam.es
https://doi.org/10.21775/9781910190838.05


Requena et al.78 |

Introduction
Protists of the genus Leishmania are aetiological agents of a spectrum of clinical diseases, 
known as leishmaniases, ranging from dis#guring skin lesions to life-threatening visceral 
infection. Depending on the Leishmania species, infection of humans may result in vary-
ing forms of leishmaniasis: cutaneous, di%use cutaneous, mucocutaneous and visceral. $e 
parasite has a worldwide distribution, both in tropical and subtropical regions, and around 
1.5 million new cases occur annually, resulting in 50,000 deaths, principally from visceral 
leishmaniasis (Alvar et al., 2012). Moreover, local socio-economical changes and world 
climate alterations are contributing to spreading both endemic regions and the number of 
a%ected persons (Dujardin et al., 2008; Pigo! et al., 2014; Herrador et al., 2015). Canine 
leishmaniasis is also a serious problem; it is estimated that 2.5 million dogs are infected in 
the Mediterranean basin alone (Moreno and Alvar, 2002).

Despite the existence of around 20 Leishmania species as human pathogens and the wide 
spectrum of clinical pathologies that they produce, the genus Leishmania, regarding mor-
phology and life cycle features, constitutes a homogenous group (Akhoundi et al., 2016). 
Leishmania parasites are transmi!ed between vertebrate hosts by phlebotomine sand&ies 
of the genera Phlebotomus (Old World) and Lutzomyia (New World). In the phlebotomine 
insect vector, the parasite thrives as an extracellular &agellated form (named promastigote), 
which is a!ached to the alimentary tract of the insect (Dostálová and Volf, 2012). Upon 
transmission to the vertebrate host, the parasite is phagocytosed by macrophages, being 
able to survive and grow inside phagolysosomes, where it adopts a rounded form known as 
amastigote. $ese two life cycle stages are adapted to di%erent environmental conditions. 
In the insect vector, promastigotes grow extracellularly, using sugars as the main nutritional 
source. In contrast, amastigotes grow intracellularly within the acidic environment of the 
phagolysosome, in which amino acids are the more abundant nutrients (McConville and 
Naderer, 2011). Also, drastic changes in temperature occur during transmission of promas-
tigotes from the vector to the mammalian host. A pre-adaptation process takes place within 
the sand&y vector that involves the development from a noninfective, ‘procyclic’ stage into 
an infective, ‘metacyclic’ stage that is adapted for transmission in the &y and survival in the 
mammalian host (reviewed in Requena, 2012). In summary, Leishmania parasites must cope 
with many and heterogeneous stressful situations during their life cycle: (i) temperature 
changes, from ambient temperature in the sand&y vector to 37°C in the mammalian host; 
(ii) pH changes, a'er internalization into the macrophage, inside the phagolysosome, the 
environmental pH decreases to very acidic values; (iii) changes in nutrient and oxygen 
availability; and (iv) induction of resistance mechanisms to evade both the immune a!ack 
by complement components and the harmful e%ects of antimicrobial molecules produced 
by phagocytic cells. To cope with these hostile environmental conditions, Leishmania has 
evolved mechanisms of environmental sensing that are able to distinguish between the 
physiology of vector and mammalian hosts, and controlling accordingly the expression of 
Leishmania stage-speci#c factors. Nevertheless, how the di%erent Leishmania stages are able 
to sense the environmental conditions, which are typical for either the insect or the mam-
malian, and to respond accordingly by altering gene expression are two largely unresolved 
issues.

Leishmania promastigotes are easily cultured in axenic media, and it is generally accepted 
that these forms are equivalent to the stages thriving in the sand&y midgut. In fact, the 
axenic promastigotes also undergo a process of programmed di%erentiation from a relatively 
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noninfective stage (logarithmic-phase cultures) to a highly infective metacyclic stage, which 
appears when the cultures reach the stationary phase (Da Silva and Sacks, 1987). Further-
more, highly infective metacyclic promastigotes of some Leishmania species can be isolated 
from stationary-phase cultures on the basis of their failure to be agglutinated by the lectin, 
peanut agglutinin (Sacks et al., 1985). Similarly, for some strains of particular Leishmania 
species, the amastigote forms can be obtained in axenic conditions. $us, using conditions 
mimicking those encountered during insect-to-mammal transmission, i.e. temperature 
upshi's in vitro from 25°C to 37°C combined with acidi#cation of the growth medium, 
promastigote-to-amastigote di%erentiation is readily obtained in axenic culture (Castilla et 
al., 1995; Callahan et al., 1997; Balanco et al., 1998). Nevertheless, there exists some con-
troversy regarding whether or not these axenic amastigotes must be considered bona !de 
amastigotes. On the one hand, several studies have previously shown that axenically grown 
amastigotes clearly resemble intracellular amastigotes with regards to their ultrastructural, 
biological, biochemical and immunological properties (Gupta et al., 2001). On the other 
hand, however, it cannot be forgo!en that amastigotes grow inside macrophages, where 
host molecules presumably modulate parasite cellular processes. In this regards, there are 
also several studies illustrating that axenic amastigotes (o'en known as amastigote-like 
forms) di%er from intracellular amastigotes in many molecular and biochemical aspects 
(Gupta et al., 2001; Pescher et al., 2011). A conclusion emerging from these studies is that 
axenic growth of the Leishmania forms is helpful for both the characterization of parasite 
molecules and understanding some molecular/cellular processes, but environmental con-
ditions are di%erent to those encountered by the parasite along its natural life cycle, even 
when considering the promastigote stage. In fact, L. infantum promastigotes obtained from 
the anterior thoracic midgut of Phlebotomus perniciosus are considerably more infective than 
promastigotes in the stationary phase of axenic cultures, and important di%erences in their 
transcriptomes were reported (Alcolea et al., 2016a). Moreover, it has been shown that the 
presence of mammalian serum in the culture media has a dramatic e%ect on Leishmania gene 
expression (Alcolea et al., 2016d).

$e mechanisms controlling gene expression in Leishmania substantially di%er from 
those in other eukaryotes (Papadopoulou et al., 2008; Requena, 2011; De Pablos et al., 
2016). $us, regulation of transcription on a per gene basis does not exist for almost the 
totality of genes; instead, genes are initially transcribed as polycistronic precursor RNAs 
from poorly characterized promoters located at the 5( of large directional gene clusters 
(DGCs). $erefore, we will dedicate the #rst sections of this chapter to describe our current 
knowledge about genome structure and the mechanisms of gene expression in Leishmania. 
$en, the readers would be ready to be!er appreciate the peculiarities of the analysis of 
Omics data derived from Leishmania studies. Finally, a'er presenting the contributions of 
Omics approaches to our knowledge of gene expression, we will discuss how -omics are 
adding new strategies for diagnosis and control of leishmaniasis.

The Leishmania genome
It is relevant to brie&y summarize the history leading to the uncovering of the genome 
structure in Leishmania parasites. In 1992, P. Bastien and co-workers published an article 
entitled ‘Leishmania: Sex, Lies and Karyotype’ (Bastien et al., 1992); this outstanding arti-
cle clearly shows the particular di)culties that scientists had to solve, many were hurdles 
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derived from the peculiarities of the Leishmania genome. In fact, nowadays, questions like 
ploidy and genetic exchange remain unsolved. As Leishmania chromosomes do not con-
dense during mitosis (Solari, 1995), their number and sizes could be studied only by pulsed 
#eld gel electrophoresis (PFGE), a technique that allows for electrophoretic separation of 
DNA molecules of very di%erent size (from some kilobases (Kb) to megabase (Mb)-size 
molecules). $e images derived from those analyses were called ‘molecular karyotypes’. 
$ese images suggested that the karyotype of Leishmania should be extremely polymor-
phic, since strains of the same Leishmania species yielded PFGE-pictures very di%erent 
with chromosomal bands of di%erent size and intensity of staining (Blaineau et al., 1991). 
However, this puzzling #nding did not discourage to the Montpellier team in its objective 
of determining the Leishmania karyotype and chromosomal structures. For this purpose, 
they decided to establish physical linkage groups by hybridization of speci#c DNA probes 
to PFGE-separated chromosomes. A'er individual hybridization of 244 di%erent probes, 
they concluded that the L. infantum genome comprises 36 chromosomes ranging in size 
from 0.35 to * 3 Mb (Wincker et al., 1996). Moreover, these authors demonstrated that the 
linkage groups were consistently conserved in other species, such as L. major, L. tropica and 
L. aethiopica. $is #nding contrasted with the size heterogeneity of the chromosomal bands 
derived from the PFGE analysis, and pointed to a high conservation of the chromosomal 
sca%olds within the genus Leishmania (Wincker et al., 1996). $is outstanding work paved 
the way for deciphering the genome sequence for this genus, #rst in L. major (Ivens et al., 
2005), a'erwards for L. infantum and L. braziliensis (Peacock et al., 2007) and, nowadays, 
for many other species (Cantacessi et al., 2015; www.tritrypdb.org). Nevertheless, as shown 
in a recent article, the L. major (Friedlin) genome, which is the best-assembled genome to 
date for a Leishmania species, cannot be considered as set in stone (Alonso et al., 2016), and 
users should be aware that a genome sequence is only a hypothesis.

$e Old World Leishmania spp. have 36 chromosomes, while the New World Leishmania 
spp. have 34 or 35 chromosomes. $us, L. mexicana has linkage groups of chromosomes 
8 and 29 as well as of chromosomes 20 and 36, and L. braziliensis has a linkage group of 
chromosomes 20 and 34 (Bri!o et al., 1998), regarding the L. major chromosomal set. Nev-
ertheless, taking into account the evolutionary distance existing between these Leishmania 
species (see below), translocations must be considered extremely rare, and the conservation 
of the major linkage groups seems to be an essential feature of the genome of this parasite 
(Smith et al., 2007).

$e completion of the genome sequence in L. major and those of two related trypa-
nosomatids in 2005, Trypanosoma cruzi (El-Sayed et al., 2005) and T. brucei (Berriman et 
al., 2005), revealed an extraordinary feature regarding gene organization. In the genome 
of these parasites, protein-coding genes are arranged into large unidirectional clusters, 
in which the genes present have no common nor akin function. $ese directional gene 
clusters (DGCs) are separated by short sequences termed strand-switch regions (SSRs), 
where the clusters converge towards or diverge from. $is peculiar gene organization 
is dictated by another surprising mechanism existing in these parasites: polycistronic 
transcription (see next section). Also, this unusual way of genome organization would 
be linked to the very high gene density (around one gene every 3.2 kb) existing in the 
Leishmania genome (and those of related trypanosomatids); this may be an evolutionary 
advantage for the parasite in order to reduce cell cycle length. In this regards, recent results 
point to the existence of a large number of potential replication origins in Leishmania, 
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whose activation would be regulated in a concerted manner with transcriptional activity 
(Lombraña et al., 2016).

$ese peculiarities in gene organization and transcriptional mechanisms existing in Leish-
mania are related, in part, to the fact that these protists occupy a deep-branched position on 
the evolutionary tree of eukaryotes (Sogin et al., 1986). $e genus Leishmania belongs to 
the order Trypanosomatida (Moreira et al., 2004), in which are also included T. brucei and 
T. cruzi, causative agents of other important infectious diseases for humans, sleeping sick-
ness and Chagas disease, respectively. In fact, the genera Leishmania and Trypanosoma share 
mechanisms of gene expression, and even a remarkable synteny regarding gene organization.

According to recent estimations, the common ancestor for Trypanosoma and Leishmania 
lasted around 400 or 600 millions of years (Stevens et al., 2001). However, in spite of the 
high level of divergence existing at the level of protein-coding sequences, species like T. 
brucei, T. cruzi and L. major exhibit a striking conservation in the gene arrangement, sug-
gesting that selection has maintained gene order in this parasitic species over hundreds of 
millions of years of evolution (Ghedin et al., 2004). Furthermore, when comparisons of 
genome sequences of L. major, L. infantum and L. braziliensis are done, the synteny across 
the genus is almost absolute, only a few di%erences regarding gene content exist (Peacock et 
al., 2007). $is is really surprising taking into account that the divergence of these species 
took place around 10 million (between L. infantum and L. major) and 100 million (between 
L. infantum and L. braziliensis) years ago, and the di%erent pathologies that each one of these 
species causes in humans (McGwire and Satoskar, 2014). At present, how those distinct dis-
ease pathogeneses emerge from this strong conservation in both gene content and synteny 
is a question yet to be solved. It is possible that just a few species-speci#c genes are crucial 
to disease outcome, but, alternatively, it is also possible that the parasite genome may play 
only a minor role in determining disease phenotype, which would be mainly determined by 
di%erences in the expression levels of key conserved genes.

Vanishing of transposable elements and flourishing of retroposon-
derived, repeated sequences in the Leishmania genome
Transposable elements (TEs) and related sequences constitute a substantial proportion of 
eukaryotic genomes, composing, for instance, more than 50% of the human genome (Rich-
ard et al., 2008). TEs are classi#ed into two major groups based on the mechanisms used for 
their transposition: retroelements or retroposons, which transpose via reverse transcription 
of an RNA intermediate, and DNA transposons that move through a DNA intermediate. 
Based on the presence (or its absence) of a long terminal repeat (LTR), retrotransposons 
are subdivided into LTR- and non-LTR-retrotransposons. A particularly abundant group 
of non-LTR retrotransposons are the long interspersed nuclear elements (LINEs), which 
in the human genome have a copy number of 850,000, and 660,000 LINEs were found in 
the mouse genome (Richard et al., 2008). LINEs encode a reverse transcriptase and other 
enzymes required for retrotransposition, and some of these elements are indeed functional 
(Belancio et al., 2008). However, the tendency to accumulate LINEs in the genomes has not 
been a general rule in eukaryotes, and even some organisms, as many species of Leishmania, 
have eliminated them from their genomes (Bringaud et al., 2006).

In contrast, the related trypanosomatids T. brucei and T. cruzi contain a signi#cant amount 
of retrotransposons, which are very similar in both species, suggesting a common evolution-
ary history. $us, they contain VIPER, an LTR retrotransposon originally characterized 
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in the T. cruzi genome (Vazquez et al., 2000). Also, they contain non-LTR retrotranspo-
sons, which are divided into site-speci#c retroelements (T. brucei SLACS, T. cruzi CZAR 
and Crithidia fasciculata CRE1/CRE2 elements), which are always inserted at the same 
relative position in the spliced leader (SL) RNA genes (Aksoy, 1991) and non-site-speci#c 
retroposons (Ingi and L1Tc) (Bringaud et al., 2008; $omas et al., 2010). $e genomes of 
those trypanosomatids also contain small non-autonomous retroposons derived from the 
autonomous retroelements (Ingi and L1Tc): NARTc in the T. cruzi genome and RIME in 
the T. brucei one (Bringaud et al., 2008; $omas et al., 2010). $ese retroelements and their 
derivatives constitute up to 5% of the genomic content of both species of trypanosomes. In 
contrast to trypanosomes, the genomes of the Old world species L. major and L. infantum 
do not contain any complete retroelement. However, a few highly degenerated Ingi/L1Tc-
related elements (DIREs) have been identi#ed in the genomes of these species, indicating 
that the genome of their ancestor contained active retroposons but they have been lost over 
time to become vestigial retroelements in the genome of the present day L. major and L. 
infantum (Bringaud et al., 2006).

Another remarkable feature of Ingi and L1Tc retroelements is the presence at their 5(-end 
of a conserved stretch of 77–79 bp (Bringaud et al., 2002), which was also present in the 
short non-autonomous non-LTR retrotransposons identi#ed in T. brucei (RIME; Hasan et 
al., 1984) and T. cruzi (NARTc; Bringaud et al., 2002). $is sequence, named ‘non-LTR 
retrotransposon signature’ (Bringaud et al., 2006) or Pr77 (Heras et al., 2007), was found to 
be present in the L. major genome at the time of NARTc characterization in T. cruzi (Brin-
gaud et al., 2002), and a'erwards in some of the L. major DIREs (Bringaud et al., 2006). 
Subsequently, using the 79-bp signature (the hallmark of trypanosomatid retroposons) 
as bait, Bringaud and co-workers identi#ed in the L. major genome two large families of 
small repeated elements that were named LmSIDER1 (785 copies) and LmSIDER2 (1,073 
copies); LmSIDER stands for L. major Short Interspersed DEgenerated Retroposon (Brin-
gaud et al., 2007). A detailed analysis of LmSIDER2 elements in the L. major indicated 
that most LmSIDER2 would be located within the 3(UTR of mRNAs, suggesting a role 
of these elements in modulating mRNA stability (Bringaud et al., 2007). Moreover, it was 
shown that, unlike most eukaryotic transcripts, some of the SIDER2-bearing mRNAs do 
not undergo poly(A) tail shortening prior to rapid turnover, but instead, they are targeted 
for degradation by a site-speci#c endonucleolytic cleavage (Müller et al., 2010a; Müller et 
al., 2010b). In this regard, the auto-catalytic ribozyme activity, demonstrated in the Pr77 
sequence (retroposon-hallmark, see above) of L1Tc (Sánchez-Luque et al., 2011), might be 
responsible for the endonucleolytic cleavage observed in those SIDER2-bearing mRNAs 
(Sánchez-Luque et al., 2014). Another salient feature of SIDER2 elements is that they can 
group, based on sequence similarity, into subfamilies, whose members are restricted to 
particular regions of a sole chromosome (Requena et al., 2008; Requena et al., 2017). $is 
peculiar pa!ern of distribution would be related to the genomic plasticity of this parasite 
(see below). Also, members of the family SIDER1 have been involved in regulatory mecha-
nisms of gene expression as stage-speci#c translational regulators (McNicoll et al., 2005). 
In summary, Leishmania would be an outstanding example in eukaryotes of domestication 
and expansion processes in which TEs have evolved to ful#l essential roles related to gene 
expression, genome plasticity and perhaps transcriptional initiation (Bringaud et al., 2008; 
Requena et al., 2017).
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In this context, it was surprising to detect potentially active retroposons in the genome 
of L. braziliensis (Peacock et al., 2007). $us, non-LTR retrotransposons, equivalent to T. 
brucei SLACS and T. cruzi CZAR, are associated also with the SL gene array in L. braziliensis. 
In addition, the telomeres in the L. braziliensis genome accommodate DNA transposable 
elements, called TATEs (telomeric associated transposable elements), encoding putative 
reverse transcriptase, phage integrase (site-speci#c recombinase) and DNA/RNA polymer-
ase domains. Another remarkably distinct feature found in L. braziliensis, but absent from 
the genome of Old World Leishmania species, is the existence of an active mechanism of 
RNA interference (RNAi) (Lye et al., 2010). In trypanosomatids, an RNAi mechanism was 
initially identi#ed in T. brucei (Ngô et al., 1998), but could not be demonstrated in other 
species including L. major and T. cruzi (Lye et al., 2010). An open question is whether RNAi 
machinery has been lost or acquired across the Leishmania genus. Examination of the syn-
tenic regions in L. major and L. infantum identi#ed remnants of Argonaute in both species, 
an observation that favours the proposal that RNAi was lost in L. major/L. infantum a'er 
their divergence from the L. braziliensis evolutionary branch (Smith et al., 2007). It can be 
hypothesized that the presence of retrotransposons in L. braziliensis parasites forced them 
to maintain the RNAi pathway, taking into account that it functions as a genome immune 
defence mechanism to limit the potentially deleterious consequences of transposon/ret-
roposon mobilization (Carthew and Sontheimer, 2009).

Plasticity of the Leishmania genome: gene copy number alterations, 
repeated sequences and aneuploidy
It may result paradoxical to describe the Leishmania genome as unstable or plastic, a'er 
having indicated in the previous section that gene organization has been maintained static 
among evolutionarily distant Leishmania species, and even relatively few changes have 
occurred a'er the separation of the genera Leishmania and Trypanosoma. However, the 
Leishmania genome, when analysed as a whole, exhibits a remarkable degree of inter- and 
intraspeci#c variability. Initial gene mapping studies suggested that Leishmania is mostly 
diploid (Iovannisci and Beverley, 1989). However, it was later shown during gene knock-out 
experiments that Leishmania parasites can undergo changes in ploidy. Currently, the stand-
ard approach for deletion of a given gene in Leishmania consists of the sequential deletion of 
both chromosomal alleles by homologous gene replacement using constructs carrying dif-
ferent drug resistance markers &anked with the boundary regions of the gene to be deleted 
(Cruz et al., 1991). Nevertheless, a!empts to delete essential genes in Leishmania more 
o'en yield parasites bearing the planned allelic replacements but containing additional gene 
copies that arise via aneuploidy or polyploidy (Cruz et al., 1993; Dumas et al., 1997; Genest 
et al., 2005). In fact, this observation is considered as a clue about the essentiality of the 
targeted gene, especially when accompanied by successful replacement in the presence of an 
ectopic gene (Ilgoutz et al., 1999; Vergnes et al., 2005; Murta et al., 2009).

Other manifestations of the genomic plasticity of Leishmania are found in the DNA ampli-
#cation events that occur a'er incubation of this parasite with a variety of anti-leishmanial 
drugs, and even amplicons have been found in unselected laboratory isolates (Beverley, 
1991; Grondin et al., 1996). In fact, an idea widely accepted is that Leishmania parasites can 
re-shape their genome rapidly in vitro to survive stressful environments (Leprohon et al., 
2009). Homologous recombination events between direct repeats (mostly involving SIDER 
elements) would lead to the generation of the circular amplicons, whereas recombination 
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between inverted repeats would generate linear or circular, inverted amplicons (Ubeda 
et al., 2014). Gene ampli#cation through homologous recombination between repeated 
sequences is a common mechanism of drug resistance in Leishmania (Grondin et al., 1993, 
1996), and it is probably the only possible strategy for altering gene expressions in organ-
isms like trypanosomatids lacking transcriptional control (see below). Clues about the 
enzymes and molecular mechanisms responsible for these ampli#cation events are being 
obtained. Extrachromosomal circular amplicons are dependent on the activity of +D51 
and +D51–4 (Ubeda et al., 2014; Genois et al., 2015) while linear amplicons depend on 
MRE11 (La)!e et al., 2014). In summary, genomic rearrangements in Leishmania occur 
genome-wide (Ubeda et al., 2014), they can lead to the formation of extrachromosomal 
elements (Leprohon et al., 2009; Downing et al., 2011), to supernumerary chromosomes 
and to mosaic aneuploidy (Sterkers et al., 2011).

A special comment merits aneuploidy as a genetic feature of Leishmania parasites. $us, 
di%erent sets of data support the idea that chromosomal dosage in Leishmania genomes is 
aneuploid rather than strictly diploid (Ravel et al., 1998; Sunkin et al., 2000; Dubessay et 
al., 2002b; Martínez-Calvillo et al., 2005; Rogers et al., 2011; Sterkers et al., 2011). More 
strikingly, the genome of Leishmania, when considered at the population level, exhibits an 
unusual feature termed ‘mosaic aneuploidy’ (Sterkers et al., 2011). $is concept serves to 
describe that in a given Leishmania population, there are cells that are mono-, di-, trisomic 
(and so on) in proportions that vary from one chromosome to another, from one strain to 
another, and even from cell to cell (Lachaud et al., 2014; Seco-Hidalgo et al., 2015). How 
this remarkable genome plasticity is generated and tolerated is poorly understood at present.

Regulation of gene expression in Leishmania
Initial studies dealing with the analysis of the transcriptional activity of particular Leishma-
nia genes showed somewhat unexpected results: transcription of individual genes remains 
constant irrespective of the abundance of the mRNA products. $e heat shock protein 
(HSP) genes of Leishmania were among the #rst to be analysed, because it was easy to #nd 
them due to their remarkable sequence conservation along the evolutionary scale and, on 
the other hand, because they seemed to be ideal candidates for identi#cation of inducible 
RNA polymerase II promoters (reviewed in Folgueira and Requena, 2007). Such analyses 
were based on the technically demanding nuclear-run-on procedure, which consists of the 
isolation of nuclei from promastigotes and their incubation with labelled ribonucleotide 
triphosphates. $us, polymerases engaged to DNA in the act of transcriptional elongation 
continue to transcribe (or ‘run-on’) for several hundred additional nucleotides. Labelled 
nuclear RNA is then puri#ed and hybridized to blots containing speci#c DNA probes. 
$e hybridization signals equate directly to the density of PolII and, consequently, the 
rate of transcription of a given gene. Run-on analyses of the expression of the HSP70 and 
HSP83/90 genes in several Leishmania species concluded that there was not transcriptional 
activation of these genes when the parasites are exposed to a heat shock, in spite that accu-
mulation of the respective mRNAs occurred (Brandau et al., 1995; Quijada et al., 1997). 
Subsequent studies analysing the transcriptional regulation of additional genes fostered 
the idea that most protein-coding genes in Leishmania, and related trypanosomatids, 
do not have their own promoters and are transcribed as part of polycistronic transcripts 
(Clayton, 2002). In an outstanding article, Martínez-Calvillo and co-workers (2003), by 
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using strand-speci#c nuclear run-on assays, showed that most of the transcriptional activity 
occurs on the sense DNA strand, and that RNA polymerase II-mediated transcription initi-
ates within the strand-switch regions (SSRs) and radiates bidirectionally from them. $e 
idea that transcription initiation is occurring at the SSRs was strengthened by the #nding 
that acetylated histones are concentrated at divergent SSRs (putative sites of transcription 
initiation) but are absent from convergent SSRs (putative sites of transcription termination) 
in T. cruzi (Respuela et al., 2008). In T. brucei, two histone modi#cations associated with 
open chromatin (H4K10ac and H3K4me3) and two histone variants (H2AZ and H2BV) 
concentrate in divergent SSRs, whereas variants of H3 and H4 are found near the probable 
pol II transcription termination sites of DGCs (Siegel et al., 2009; Wright et al., 2010). In 
L. major, acetylated histones H3 accumulate at all divergent SSRs (as well as other internal 
locations that are in turn predicted to be transcription start sites) in a manner that is more 
pronounced in dividing cells than in stationary-phase cells. Moreover, a remarkable enrich-
ment of transcription factors TATA-binding protein (TBP) and SNAP50 has been also 
detected at these putative transcription start sites ($omas et al., 2009). In Leishmania, a 
modi#ed thymidine, base J (,---glucosyl-hydroxymethyluracil), is located at chromosome-
internal RNA polymerase II termination sites and promotes termination of transcription 
(van Luenen et al., 2012; Reynolds et al., 2016). $is DNA modi#cation, which has been 
found in the nuclear DNA of trypanosomatids and in the genera Diplonema and Euglena 
(van Leeuwen et al., 1998; Dooijes et al., 2000), is introduced enzymatically through the 
hydroxylation of thymidine, forming hydroxymethyluridine, followed by the transfer of a 
glucose by a speci#c glucosyltransferase (Bullard et al., 2015).

However, currently, it is not clear where transcription precisely starts or how RNA pol 
II is recruited to the DNA. Furthermore, the principle that SSRs are the sole sites of tran-
scription initiation is not absolute, since resistance genes introduced into a copy of L. major 
chromosome 1 lacking the divergent SSR can still be transcribed at levels su)cient for selec-
tion (Dubessay et al., 2002a).

A polycistronic mode of transcription, as occurs in Leishmania and related trypanoso-
matids, does not leave much scope for regulation at the level of transcription initiation and 
explains why gene expression is mainly controlled post-transcriptionally in these organisms. 
$e #rst task a'er polycistronic transcription is to separate the individual open reading 
frames into translatable mRNAs. In eukaryotes, crucial are the addition of a 5(-cap structure, 
which is made of modi#ed bases and is usually put in place by the transcribing polymerase, 
RNA polymerase II, and the addition at the 3(-end of a poly(A) tail. Both modi#cations are 
required in an mRNA to be recognized as properly processed in order to be escorted to the 
cytosol; otherwise, the RNA may be held back in the nucleus and degraded (Moore, 2005).

In Leishmania, and related trypanosomatids, processing of the polycistronic transcripts 
to monocistronic RNAs and capping are accomplished by transcriptional trans-splicing of 
a capped, 39-nt RNA exon (named spliced leader -SL- or miniexon) to the 5( untranslated 
region (5( UTR) and polyadenylation of the 3(UTR (Liang et al., 2003). $e mini-exon is tran-
scribed by RNA polymerase II (pol II), yielding a * 110–140-nt RNA donor (SL medRNA) 
for the trans-splicing reaction (Campbell et al., 2000). $e SL medRNA is encoded in an 
array of monocistronic tandem repeats located on chromosome 2; in contrast to the case 
for pol II-transcribed protein-coding genes, the SL genes are transcribed from bona #de 
pol II promoters (Gilinger and Bellofa!o, 2001).$e signal for trans-splicing consists of an 
invariant dinucleotide AG (3(-splice acceptor site) and an upstream polypyrimidine tract of 
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variable length (Requena et al., 2003). Interestingly, polyadenylation is inextricably coupled 
to trans-splicing, and contrary to most eukaryotes, polyadenylation signals have not been 
found in trypanosomatids. Instead, poly(A) site selection is conditioned by the position of 
the downstream splice acceptor site (LeBowitz et al., 1993).

Taking into account that the two principal roles of promoters in other eukaryotes (capping 
and mRNA start site selection) are instead handled in trypanosomatids by the trans-splicing 
machinery, it is conceivable that promoters may be not necessary and possibly might not 
exist for pol II-transcribed protein-encoding genes. Nevertheless, the lack of transcriptional 
regulation in gene expression does not mean that these parasites have renounced to regula-
tory purposes; quite the contrary, the complexity of their life cycles makes di%erential gene 
expression of central importance to complete their biphasic developmental programmes. 
$erefore, their needs of controlling gene expression must be accomplished through down-
stream mechanisms that involve RNA and protein regulatory processes.

$e requirement for the addition of the SL sequence to the polycistronic RNAs represents 
a potential point for modulation of mRNA levels between transcripts, since di%erences in the 
e)ciency of trans-splicing would contribute to producing di%erences in steady state levels of 
speci#c mRNAs. Similarly, the polyadenylation process may also contribute to generating 
di%erences in expression for transcripts derived from the same polycistronic precursor. In 
fact, mutagenesis of the polypyrimidine tracts leads to the utilization of cryptic 3(-splice and 
polyadenylation sites (Ma!hews et al., 1994). Additionally, for a given transcript, alternative 
trans-splicing events may occur, generating di%erences in the length of 5(-UTRs, but also in 
the protein-coding regions. $e relevance of these processes for regulation of gene expres-
sion is currently unknown, but answers are likely to be forthcoming soon.

The heat shock response in Leishmania: a prototypical model for 
studying gene expression
For all living organisms, a moderate increase of just a few degrees above the optimum 
growth temperature represents a challenging problem for survival (Richter et al., 2010). 
Temperature a%ects many physiological processes in the cell, as protein conformation is 
highly dependent on this physiochemical factor, and proteins tend to denature in response 
to temperature increases. As a survival mechanism, in response to heat stress, all the cells 
and organisms activate the so called heat shock response, which consists of several signalling 
pathways aimed to increase the expression of the heat shock proteins (HSPs; de Nadal et 
al., 2011). $e main role of HSPs (also known as molecular chaperones) is alleviating the 
deleterious e%ects of heat increase on the cellular homeostasis, by facilitating protein folding 
and preventing (or reversing) protein misfolding. In response to heat shock, gene expres-
sion changes quickly; hence, the heat shock response is being used as an amenable system to 
investigate gene expression mechanisms in di%erent cells and organisms.

Changes in temperature occur regularly in the life cycle of Leishmania, when the parasite 
is transmi!ed between the insect vector and mammalian hosts, and accordingly tempera-
ture shi' is considered one of the factors triggering di%erentiation from the promastigote 
form to the amastigote stage (Requena, 2012). However, the parasite also experiences 
abrupt changes in temperature in the poikilothermic vector, for example when it is being 
exposed directly to the sunlight. $erefore, it is conceivable that heat shock response is 
being used as a suitable model for analysing gene expression in Leishmania (Schwede et al., 
2012; Requena, 2012). In most eukaryotes, the regulation of HSP synthesis is mediated by 
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heat shock transcription factors (HSFs), which act as master regulators of stress-induced 
gene expression through binding to de#ned cis-acting heat shock elements (HSE) inside 
promoters or enhancers of HSP genes (Santoro, 2000). In Leishmania, there is no evidence 
for the existence of either HSE promoter elements or HSFs. $is is not so surprising taking 
into account that, indeed, the entire gene expression in Leishmania is regulated mainly at 
the post-transcriptional level (Requena, 2011). Transcript stabilization and preferential 
translation of HSP mRNAs are the main mechanisms by which these parasites control HSP 
synthesis (Quijada et al., 1997, 2000; Zilka et al., 2001; Larreta et al., 2004; Folgueira et 
al., 2005; David et al., 2010). By way of example, the regulation of HSP70 expression is 
illustrated in Fig. 5.1, and presented brie&y. $e genomic organization and expression of 
HSP70 genes have extensively been studied in L. infantum. $e L. infantum genome contains 
a single locus with six HSP70 genes arranged tandemly in a head-to-tail manner (Quijada 
et al., 1997). $is gene organization was found to be conserved in other Leishmania species 
(Folgueira et al., 2007; Ramírez et al., 2011). All six HSP70 genes have identical 5(-UTRs 
and coding sequences, the sole di%erence is the 3(-UTR of gene 6 (located at the 3( end of 
the cluster; Fig. 5.1A) that is absolutely divergent in sequence relative to the 3(-UTR of the 
other #ve genes. Hence, for simplicity, genes 1 to 5 are referred as HSP70-I genes and gene 6 
as HSP70-II gene (Folgueira et al., 2005). Regarding transcripts levels, it is remarkable that 
nearly all the mRNAs come from gene 6, but only expression levels from HSP70-I genes 
are increased by heat shock (Fig. 5.1B; Quijada et al., 1997). Subsequently, it was shown 
that the temperature-dependent accumulation of HSP70-I transcripts is associated with the 
presence of a cis-acting sequence in their 3(-UTR (Quijada et al., 2000). Regarding trans-
lation, HSP70-II mRNAs are preferentially translated at heat shock temperatures, but not 

Figure 5.1 Regulation of HSP70 gene expression in Leishmania. (A) Organization of the HSP70 
locus. Expression of (B) HSP70-I and (C) HSP70-II transcripts at normal (26°C) or heat shock 
(37°C) temperatures. See text for additional details.
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at 26°C, whereas HSP70-I mRNAs are bound to polysomes at 26°C and 37°C (Fig. 5.1B; 
Folgueira et al., 2005). $is well-documented gene model illustrates how the expression of 
a gene may be controlled by variations in mRNA abundance, stability and translatability 
through di%erences in sequence elements residing in 3(-UTRs. Di%erential gene expression 
controlled by mechanisms a%ecting mRNA stability and translation has been documented 
in other Leishmania genes (Boucher et al., 2002; Myung et al., 2002; Soto et al., 2004).

$is post-transcriptional regulation relies on the interaction between trans-acting 
RNA-binding proteins and cis-acting RNA elements (Kramer and Carrington, 2011). In 
this regard, a putative master regulator of HSP mRNA stability has been described in T. 
brucei. $us, the zinc #nger protein ZC3H11 was identi#ed as a speci#c binding factor for 
a common AUU repeat motif, which is found inside the 3(UTR of HSP70 and other genes 
coding for stress proteins (Droll et al., 2013).

Another regulatory level of the stress response in Leishmania may operate through phos-
phorylation/dephosphorylation of HSPs and other proteins (Morales et al., 2010). $us, 
during the promastigote-to-amastigote di%erentiation, an increase of phosphorylated sites 
in HSP70 and HSP90 has been demonstrated (Morales et al., 2008). $ese #ndings suggest 
that stress-response regulation in Leishmania would be done in part by protein kinases that 
regulate chaperone function (Späth et al., 2015). Among the candidate kinases for regulating 
the stress response, it has been suggested the Leishmania PKR-homologue (named PERK), 
based on the observation that exposure of promastigotes to a combination of elevated tem-
perature and acidic pH, key signals triggering amastigote di%erentiation, leads to a marked 
decrease in global translation initiation and a concomitant increase in the phosphorylation 
of the translation factor eIF2. (Cloutier et al., 2012). Moreover, impairing PERK leads to 
a defect in intracellular amastigote di%erentiation (Chow et al., 2011), which provides a 
further link between Leishmania stress signalling and parasite di%erentiation. Nevertheless, 
other Leishmania kinases have also been postulated as putative master regulators of the heat 
shock response (Späth et al., 2015).

Although important advances in the characterization of the response to stress in Leishma-
nia have been achieved, li!le is known about the molecular details of the switch that triggers 
the heat shock response. In this way, a relevant #nding was the observation that calcium 
uptake and calcineurin signalling are required for the development of parasite thermotoler-
ance at 34–37°C (Naderer et al., 2011).

Genomics and transcriptomics approaches
$e Omics technologies are tools designed to gather information on the vast majority of 
constituents of a cell, a tissue, an organ or even the whole organism. $ey are aimed pri-
marily at the universal detection of genes (genomics), mRNA (transcriptomics), proteins 
(proteomics) and metabolites (metabolomics) in a speci#c biological sample and in a non-
biased manner. In this section and the following ones, brief descriptions on the foundations 
of the main Omics technologies, together with their contribution to increasing our knowl-
edge on Leishmania biology, are provided.

Genomics is the study of the sequence and structure of the genome, paying a particular 
a!ention to gene organization. Transcriptomics deals with genome-wide identi#cation 
and quanti#cation of RNA species such as mRNAs, non-coding RNAs and small RNAs. 
Another Omic, closely related to genomics, is epigenomics, which study modi#cations and 
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structural alterations of the chromatin, and their relationships with genome replication and 
transcription dynamics.

When genome-sequencing projects began to generate a wealth of information about 
gene content in Leishmania, and other organisms, DNA microarrays became a major high-
throughput platform by which genome-wide analysis of gene expression could be explored 
at that time (Boothroyd et al., 2003; Duncan, 2004). Serial Analysis of Gene Expression 
(SAGE) was another sequencing-based methodology used for transcriptomics studies (Vel-
culescu et al., 1995), but currently it has fallen into disuse.

Microarrays consist of ordered collections of thousands of nucleotide sequences 
(genomic DNA, cDNA, or oligonucleotides) set as microscopic spots on a glass slide 
(Boothroyd et al., 2003; Duncan, 2004). With DNA microarrays, gene expression levels are 
measured as the amount of RNA in the sample that matches the set of probes #xed on the 
array. Either RNA molecules or more o'en their cDNA copies are &uorescently labelled and 
hybridized onto the array, where the intensity of the signal, measured for a given probe, is 
assumed to be proportional to the quantity of RNA present in the sample. $e simultane-
ously use of two probes (labelled separately with Cy3- or Cy5-&uorescent dyes) allows for 
direct comparison between two environmental/physiological conditions, and the relative 
abundance of a given sequence under the two conditions can be deduced from the ratio 
of &uorescence intensity between both dyes. According to the nature of the probes, which 
are mainly derived from genomic DNA or cDNAs, synthesized from the RNA samples of 
interest, the application of this technology serves to address genomic or transcriptomic 
purposes, respectively.

$e quality of the microarrays relies largely on the quality of the libraries, and the con-
struction of them is the most cumbersome step. $us, cDNA libraries have the problem that 
some genes are over-represented (those with a high level of expression) whereas others, cor-
responding to low expressed transcripts, may be completely absent. To avoid this problem 
of complexity, genomic libraries are a valid alternative in Leishmania, as the vast majority of 
genes lack introns and its genome has a remarkable gene density. However, a clear drawback 
of genomic libraries is that some segments can span two or more genes. For Leishmania 
species, whose genomes have been sequenced and annotated, these limitations were solved 
by using oligonucleotides that, furthermore, can be prepared and spo!ed directly onto the 
microarray slides.

In the last 10 years, an extraordinary progress has been made in sequencing technol-
ogy. Currently, various sequencing platforms can generate simultaneously several millions 
of sequences with very a%ordable costs. $ese methodologies are o'en referred as next-
generation sequencing (NGS); for readers interested in the technical details about the main 
types of NGS approaches, we suggest consulting an outstanding review published recently 
(Goodwin et al., 2016). NGS platforms can be classi#ed into two categories regarding the 
size of the sequences generated: short-reads (35–700 nucleotides) and long-reads (several 
hundreds of nucleotides). Within the category of short-read sequencing, NGS research 
is increasingly being conducted with Illumina instruments, which provide vast quantities 
of data; whereas the most widely used long-read platform is the single-molecule real-time 
(SMRT) sequencing approach (Eid et al., 2009), developed by Paci#c Biosciences (PacBio). 
Nevertheless, this is a #eld in continuous evolution and surely, in the next few years, novel 
sequencing solutions will emerge.

NGS can indeed be used for DNA or RNA sequence analyses. In particular, 
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high-throughput sequencing of cDNA copies of mRNA (RNA-seq), because millions of 
sequences are generated, provides a digital read-out of mRNA levels over several orders of 
magnitude and allows for mapping of transcripts to the nucleotide level. Hence, RNA-seq 
has become particularly useful for quantitation of relative abundance of transcripts and for 
detection of polymorphisms, minor RNA species, and RNA editing. Currently, RNA-seq 
is replacing the use of microarrays for analysis of gene expression, because it has several 
advantages over microarrays: array design is not required, it has be!er resolution, and very 
low amounts of input material are used. Furthermore, microarrays can be limited by probe 
cross-reactivity, high background, and signal saturation. But depending on the array design, 
chips may provide rapid and high-quality data at lower cost. In fact, microarrays remain 
widely used in genomic research, such as allelic polymorphism determinations, pathogen 
identi#cation and measuring of expression levels for selected genes. For example, DNA 
microarrays have been developed for simultaneous identi#cation of 18 species of common 
blood protozoa a%ecting humans, among them Leishmania (Chen et al., 2016).

Translation of the vast amount of genetic data into biological contexts is currently a 
bo!leneck; mapping the vast amount of short read sequences (Martin and Wang, 2011) 
and assessing the signi#cance of di%erences in reads coverage are two relevant questions 
to address. In addition, well-validated experimental samples would be a requisite, before 
proceeding with NGS data collection. Finally, powerful databases containing this plethora 
of data, continuously organized and updated, are crucial. Currently, TriTrypDB (h!p://
tritrypdb.org) is the most relevant database aimed to provide access to genome-scale data-
sets for many kinetoplastid parasites (Asle! et al., 2010). $is database forms part of the 
platform Eukaryotic Pathogen Bioinformatics Resource Centre (EuPathDB; Aurrecoechea 
et al., 2013).

Leishmania transcriptomics
Just before the completion of the genome sequence for a Leishmania species, DNA microar-
rays emerged as a powerful method to study global gene expression in terms of quantitation 
of mRNA levels (see previous section for details on microarrays foundations). $e initial 
studies dealt with the use of whole-genome shotgun DNA microarrays (Saxena et al., 2003; 
Akopyants et al., 2004), but the completion of the genome sequencing of L. major (Ivens 
et al., 2005), L. infantum and L. braziliensis (Peacock et al., 2007) allowed the generation 
of high-density oligonucleotide microarrays suitable for genome-wide expression pro#ling 
analyses (Roche!e et al., 2008). Microarrays monitoring gene expression have been used 
for the study of various aspects of Leishmania biology: metacyclogenesis (Saxena et al., 
2003; Alcolea et al., 2009), promastigote-to-amastigote di%erentiation (Holzer et al., 2006; 
McNicoll et al., 2006; Leifso et al., 2007; Srividya et al., 2007; Roche!e et al., 2009; Alcolea 
et al., 2010; Lahav et al., 2011), sand&y-derived promastigotes (Alcolea et al., 2014, 2016a), 
species-speci#c gene expression (Depledge et al., 2009), intraspeci#c heterogenicity of 
clinical isolates (Adaui et al., 2011), resistance to antileishmanial drugs (Guimond et al., 
2003; Leprohon et al., 2009; Singh et al., 2010), and response to stress conditions imposed 
by heavy metals (Alcolea et al., 2011a). On the other hand, microarrays have also been used 
for monitoring the expression of host genes being altered by Leishmania infection (Novais 
et al., 2015).

$e application of high-throughput RNA sequencing (RNA-seq) to the study of Leish-
mania parasites has represented a milestone in the knowledge of their transcriptome, both 
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regarding the real number of genes and their primary structure. $e #rst transcriptome for 
a species of the genus Leishmania was reported by Rastrojo et al (2013). $ese authors 
documented the existence of 10,285 di%erent transcripts, of which 1884 were considered 
novel, as they did not match previously annotated genes. In addition, the annotations for 
around 500 ORFs were corrected based on the location of SL-addition sites. In 2015, Fiebig 
et al (2015), using also RNA-seq, de#ned the transcriptome for L. mexicana; a total of 
9169 protein-coding transcripts, including 936 corresponding to previously non-annotated 
genes, were identi#ed.

Apart from its usefulness for establishing the gene models, RNA-seq methodology is an 
excellent tool for quantitation of relative expression levels for each one of the transcripts 
composing the Leishmania genome (Rastrojo et al., 2013). Also, RNA-seq has begun to be 
applied to the measurement of mRNA transcript abundance in some developmental stages 
of Leishmania. $us, Dillon et al. (2015b) used RNA-seq to identify global changes in gene 
expression occurring as L. major undergoes metacyclogenesis, a developmental progression 
that is well mimicked in vitro using reliable axenic cultivation methods (Sacks and Perkins, 
1984). Remarkably, this analysis identi#ed 3138 genes that were expressed at signi#cantly 
di%erent levels between procyclic and metacyclic promastigotes (Dillon et al., 2015b). $e 
transcriptomes of L. mexicana promastigotes, axenic amastigotes and intracellular amastig-
otes have also been compared by RNA-seq (Fiebig et al., 2015). More than one-third of 
all genes were found to be di%erentially expressed between promastigotes and intracellular 
amastigotes.

RNA-seq methodologies have also been used for analysing the complete repertoire of L. 
major small nucleolar RNAs (snoRNAs), which are the molecules guiding modi#cations by 
methylation and pseudouridylation on rRNAs (Eliaz et al., 2015). rRNA processing events 
in trypanosomatids are unique, as the large subunit rRNA undergoes trypanosome-speci#c 
cleavages during rRNA maturation, yielding two large rRNA molecules and four small ones 
(Hernández and Cevallos, 2014).

RNA-seq has also been used to simultaneously identify global transcriptional changes in 
host cells and L. major parasites during the entry into and persistence within murine mac-
rophages (Dillon et al., 2015a). Similar studies were carried out using human macrophages, 
and the infection with two di%erent Leishmania species, L. amazonensis and L. major (Fer-
nandes et al., 2016). No signi#cant di%erences were observed between the two Leishmania 
species transcriptomes or in the transcriptional response of human macrophages infected 
with each species. Nevertheless, depending on the host cells (human or mouse mac-
rophages), remarkable di%erences in the L. major transcriptome were observed (Fernandes 
et al., 2016). More recently, host and parasite gene expression in skin biopsies from L. bra-
ziliensis-infected patients were simultaneously analysed using RNA-seq (Christensen et al., 
2016). It was evidenced a clear uniformity in the parasite gene expression in all the patient 
biopsies analysed. Remarkably, 4579 host genes were di%erentially expressed in patient’s 
skin lesions relative to the expression occurring in normal skin. Again, the most abundant 
parasite transcripts expressed in lesions were distinct from transcripts expressed in vitro in 
human macrophage cultures infected with L. amazonensis or L. major (Christensen et al., 
2016). Additionally, RNA-seq approaches have been used to uncover microRNAs (short 
single-stranded ribonucleic acids that act blocking mRNA translation) that are speci#cally 
expressed in human monocyte-derived dendritic cells and macrophages a'er infection with 
Leishmania parasites (Geraci et al., 2015).
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Determination of the mRNA levels existing in a cell at a given moment does not allow for 
directly inferring the abundance of the encoded protein, as the la!er also depends on other 
factors like nuclear-cytoplasmic transport, transcript-speci#c silencing mechanisms and 
mRNA translational e)ciency. However, technologies for assessing the relative abundance 
of all proteins existing in a cell is not currently an achievable goal. A recently developed 
technique, ribosome pro#ling, has emerged as a valuable approach to #lling this gap, as it 
allows inferring global protein production via sequencing small mRNA fragments protected 
by the assembled ribosomes (Ingolia et al., 2012). $is approach has only recently been 
applied to the identi#cation of actively translated transcripts in protozoan parasites T. brucei, 
T. cruzi, and Plasmodium falciparum (reviewed in Parsons and Myler, 2016), and in L. major 
(Dillon et al., 2015a).

Application of whole-genome sequencing to Leishmania studies
Currently, whole genome sequencing (WGS) is becoming one of the most widely used 
appli cations of NGS methodologies. $rough these platforms, researchers can obtain the 
most comprehensive view of genomic information. Using these methodologies, an increas-
ing number of genomic sequences for Leishmania species is being reported (Downing et al., 
2011; Rogers et al., 2011; Raymond et al., 2012; Real et al., 2013; Gupta et al., 2015; Llanes 
et al., 2015; see also the TriTryp database at www.tritryp.org).

$e relevance of WGS for epidemiological purposes has been highlighted recently in 
an article in which genome sequences from 204 clinical isolates have been determined and 
used to track the evolution and epidemiology of L. donovani in the Indian subcontinent 
(Imamura et al., 2016). In addition, this approach results crucial to understand how drug 
resistance emerges and spreads among parasite populations. $ese studies have furtherly 
demonstrated the plasticity of Leishmania genomes that allows these parasites to develop 
resistance to drugs by increasing the copy number of particular genes.

Leishmania proteomics

Overview of proteomics methodologies
$e term proteome was coined to refer to the protein complement encoded in a given 
genome, and the process of studying the proteome is known as proteomics. $e experimen-
tal objective of proteomics approaches is to detect and identify in a reproducible and robust 
quantitative manner as many proteins in a single sample as possible. $e development of 
mass spectrometry (MS), which was initially an analytical technique to determine mass 
to charge (m/z) ratios of chemical compounds (reviewed in Aebersold and Mann, 2003), 
resulted pivotal for proteomics analyses. Mass spectrometry is widely used to study proteins 
(proteomics) and also metabolites (metabolomics, see next section). Several methods of 
sample analysis and types of spectrometers exist, but their description falls out of the scope 
of this chapter. Detailed information can be obtained elsewhere (Dunn, 2011).

Proteomics aims at de#ning all of the proteins present in a cell, a tissue, or an organism 
(or any other biological compartment) and employs large-scale, high-throughput tech-
niques dealing with protein content, modi#cations, subcellular localization, and protein 
interactions. Initial proteomic studies were based on a combination of protein fractionation 
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using either one- or two-dimensional gel electrophoresis (2-DE) and MS determination 
of peptides derived from trypsin digestion of selected protein spots. Firstly, total protein 
extracts and/or subcellular fractions are separated by isoelectric focusing and a'erwards in 
a second dimension by SDS-PAGE. For comparative purposes, images of stained gels for 
the di%erent protein extracts are superimposed, spots are matched between the di%erent 
gels and their intensity quantitated using specialized so'ware. $is critical and error-prone 
analytical step must be meticulously conducted. Many of these di)culties disappeared 
a'er the introduction of the di%erence gel electrophoresis (DIGE) technique (Tannu and 
Hemby, 2006). Although DIGE technology also relies on 2-DE electrophoresis, up to three 
di%erent protein samples can be analysed in the same gel. Prior to 2-DE, protein samples are 
separately labelled with size-matched, charge-matched spectrally resolvable &uorescent dyes 
(cyanine derivatives Cy2, Cy3 and Cy5). Once spots of interest are selected and excised 
from 2-DE gels, proteins are fragmented into peptides for subsequent MS identi#cation. 
Trypsin is the most common protease used to produce peptides, but other proteases can be 
also used. Peptides in the digested samples can be separated by HPLC prior to identi#ca-
tion by tandem MS. In the #rst MS round, peptides are ionized and separated producing 
mass spectra with peaks corresponding to peptides (peptide #ngerprint). $en, peptides are 
sequenced in the second round (fragmentation spectra).

Quantitative proteomics approaches based on 2DE-MS/MS are being replaced by shot-
gun proteomics, which relies exclusively on MS analysis because the former are cumbersome 
and expensive, especially DIGE. Currently, complex protein samples are separated by means 
of liquid chromatography (LC) or liquid-phase isoelectric focusing (L-IEF). $ese separa-
tion methods precede qualitative and quantitative analysis by MS. Liquid chromatographers 
are coupled to mass spectrometers in many cases, but large samples may require additional 
separation by L-IEF or an alternative method prior to LC-MS. $is will depend on the 
genome size of the organism of interest and the desired coverage. Once samples have been 
run, a complex bioinformatics analysis is required for peptide identi#cation, assembly of 
polypeptides and protein database search. Additionally, for quanti#cation purposes, di%er-
ential isotopic labelling is used; hence, di%erent samples may be mixed and analysed together 
in the same run. Among the labelling methods is the Stable Isotope-Labelling by Amino 
acids in Culture (SILAC) approach (Ong et al., 2002), which is based on the growth of 
cell cultures in the presence of 13C6-arginine, 15N4-arginine, 13C6-lysine or another labelled 
amino acid. $en, the samples are mixed, digested and analysed by means of LC-MS/MS. 
Another labelling method is Isotope-coded A)nity Tag (ICAT); this technique only allows 
comparison of two samples because proteins are labelled on their cysteine sul/ydryl groups 
a'er protein extraction and before digestion (Smolka et al., 2001). $e ICAT reagent con-
sists of an iodoacetylamide residue coupled to a linker region (light or heavy) containing a 
biotin residue for avidin-a)nity LC coupled to MS. In this regard, Isobaric Tag for Relative 
and Absolute Quantitation (iT+Q) is more advantageous because samples are labelled 
a'er digestion and up to eight samples can be pooled and simultaneously compared (Phan-
stiel et al., 2009).

Finally, protein microarrays based on parasite proteins can be also considered a prot-
eomic approach as they o%er the potential for a high-throughput screen to determining 
either protein interactomes or host antibody responses when using sera from patients suf-
fering parasitic infections (Davies et al., 2005).
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Proteomics studies in Leishmania
Although the protein-coding genes in Leishmania are regulated at the post-transcriptional 
level, mRNA abundance may not necessarily re&ect protein levels, and methodologies to 
globally analyse gene expression at the protein level are particularly relevant for under-
standing the molecular dynamics in this organism. $us, proteomics analyses are being 
conducted to understand di%erent aspects of Leishmania biology (Cuervo et al., 2010; Paape 
and Aebischer, 2011; Tsigankov et al., 2012), such as stage di%erentiation, but also to study 
aspects of the host that result altered during the infection and disease processes (Veras and 
Bezerra de Menezes, 2016). Initial proteomics approaches were based on visual comparison 
of two-dimensional gel electrophoresis (2-DE) of proteins, followed by liquid chromatogra-
phy – tandem mass spectrometry (LC-MS/MS) of the selected protein spots (Acestor et al., 
2002; El Fakhry et al., 2002; Bente et al., 2003; Drummelsmith et al., 2003). When genome 
annotations for Leishmania species became available, larger numbers of proteins could be 
identi#ed; conversely, proteomic data can be used as a complementary approach (referred 
as proteogenomics) to conventional informatics annotation (Pawar et al., 2014). Addi-
tionally, technological improvements like protein fractionation by isoelectric point using 
free-&ow electrophoresis were introduced for be!er resolving in the 2-DE gels of the basic 
proteins, which tend to be poorly represented on classical 2-DE gels compared to the acidic 
ones (Brotherton et al., 2010). In many of these studies, it was o'en observed that some par-
ticular proteins were present in multiple spots, suggesting, therefore, that post-translational 
modi#cations might be extensive in Leishmania. Remarkably, for several proteins, di%erent 
isoforms appeared to be stage-speci#c (McNicoll et al., 2006; Dea-Ayuela et al., 2006; Gupta 
et al., 2007; Vergnes et al., 2007; Alcolea et al., 2011b, 2016c; Coelho et al., 2012).

$e use of conventional 2-DE electrophoresis for analysing relative levels of proteins 
has a number of limitations, mainly derived from the need of densitometry analysis of the 
stained gels and superimposition of images from di%erent 2-DE runs. Some methodological 
approaches are being used for solving these drawbacks (see the previous section). $us, 
quantitative proteomic approaches based on Isobaric Tags for Relative and Absolute quan-
ti#cation (iT+Q) coupled to high-resolution mass spectrometry are being used to identify 
di%erentially expressed proteins. $is method is based on the tagging of primary amines 
present in tryptic-digested proteins; by using di%erent tags, it is possible multiplexing up to 
eight distinct samples in a single experiment. Samples are then combined at an equal ratio and 
subjected to LC-MS/MS and, #nally, relative abundance values of all peptides a!ributed to 
a speci#c protein are averaged to represent the relative abundance of the entire protein. $is 
methodology has been used for quanti#cation of protein changes during the promastigote-
to-amastigote di%erentiation (Rosenzweig et al., 2008b; Biyani and Madhubala, 2012; Lynn 
et al., 2013), and also for detecting protein modi#cations (phosphorylation, methylation, 
acetylation, and glycosylation sites) throughout the di%erentiation process (Rosenzweig et 
al., 2008a; Tsigankov et al., 2014). Also, Sardar et al. (2013) used iT+Q proteome analyses 
to assess the e%ect of oxidative and nitrosative stresses on protein abundance in L. donovani 
promastigotes.

Quantitative proteomics, using the isotope-coded a)nity tag (ICAT) technology and 
mass spectrometry (MS) were used to identify Leishmania stage-speci#c, di%erentially 
expressed proteins (Leifso et al., 2007). Nevertheless, new technical improvements like 
label-free quanti#cation of proteins are greatly contributing to improve comparative 
proteomics (Wong and Cagney, 2010). $is technique is relatively simple as it relies on 
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computational procedures for recovering the quantitative information derived from the 
mass spectrometry data of peptides, obtained a'er trypsin enzymatic cleavage of protein 
extracts and subsequent separation through LC. $is methodology has been recently used 
to identify di%erentially modulated proteins a'er hypericin treatment, an inhibitor of sper-
midine synthase (Singh and Dubey, 2016).

Additionally, studies aimed to identify phosphorylated proteins (phosphoproteomics) in 
Leishmania have been done by immobilized metal a)nity chromatography (IMAC), separa-
tion by 2-DE, &uorescent staining and peptide identi#cation by MS (Morales et al., 2008). 
Analysis of the phosphoproteome has revealed that the overall phosphorylation pa!ern in 
Leishmania substantially changes during the di%erentiation process (Tsigankov et al., 2014). 
In this regards, it should be noticed that Leishmania, and related trypanosomatids, possess 
a large set of protein kinases, comprising approximately 2% of the proteome (Parsons et al., 
2005). Overall, these #ndings suggest a key role of phosphorylation in regulating protein 
function and signalling pathways in these parasites. In fact, a few number of studies have 
been published, in which the relevance of some protein kinases begins to be envisaged. For 
example, temperature increase and pH decrease trigger activation of three mitogen-activated 
protein kinases (MAP4, 7 and 10), suggesting their involvement in signalling events during 
the Leishmania life cycle (Morales et al., 2007). In another study, L. donovani promastigotes 
were engineered to express a mammalian protein tyrosine phosphatase, or were treated 
with inhibitors of protein tyrosine kinases. As a result, following both approaches, a partial 
di%erentiation from promastigotes to amastigotes was elicited (Nascimento et al., 2003). 
However, we are still at the initial stages to understand the regulatory pathways involved. In 
fact, regulation of phosphorylation pa!erns and intracellular signalling cascades have not 
been characterized in these parasites to date, and there is no guarantee that any of the regula-
tion pathways described in model organisms are present in these protists.

Other relevant phenotypic features of Leishmania that have been studied through 
proteomic approaches are: virulence factors (Magalh0es et al., 2014), antigenic proteins 
(Forgber et al., 2006; Costa et al., 2011; Coelho et al., 2012), resistance to oxidative and 
nitrosative stresses (Alcolea et al., 2016b,e). Also, proteomics techniques have been used to 
analyse composition of exosomes (Hassani and Olivier, 2013), glycosomes ( Jamdhade et 
al., 2015) and plasma membrane proteins (Yao et al., 2010).

Metabolomics applied to the study of Leishmania
In order to fully understand the phenotypic characteristics of an organism, it is essential to 
complement genomic, transcriptomic and proteomic approaches with metabolomics stud-
ies. Metabolomics is the high-throughput characterization of the mixture of all metabolites 
in a biological system, both endogenous and exogenous small molecules. Metabolites are 
lipids, peptides, and amino, nucleic and organic acids. Metabolite levels are not easily pre-
dicted by protein or transcript levels due to the continuous &ux and interconversions of 
metabolites occurring between the di%erent metabolic pathways. Furthermore, particular 
aspects of the cellular physiology are likely impacting on both the steady state levels of 
metabolites and the metabolic dynamics, and consequently, measurements of the metabo-
lome can be also used to detect subtle changes in a biological system. Metabolomics is now 
widely used in microbiology, nutrition, agriculture and environmental sciences, and in the 
clinical and pharmaceutical #elds. Also, metabolomics has emerged as a key area in the study 
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of Leishmania and related trypanosomatids (t’Kindt et al., 2010b; Creek et al., 2012; Saun-
ders et al., 2014).

$e analysis of cellular metabolomes is complicated by the chemical diversity and wide 
range of concentrations of di%erent metabolite classes and by the fact that there is no single 
analytical platform that provides complete coverage of all cellular metabolites. However, 
recent advances in both NMR and hyphenated mass spectrometry, in which liquid chro-
matography, gas chromatography and capillary electrophoresis (CE) are interfaced with 
mass spectrometry, are allowing to detect and quantitate a signi#cant proportion of a given 
cellular metabolome in broad untargeted analyses, at least in relative terms (Scheltema et 
al., 2010; Berg et al., 2013b). $e LTQ-orbitrap mass spectrometry is also used for metabo-
lomics purposes (t’Kindt et al., 2010a). $e CE-ESI-TOF-MS metabolic #ngerprinting 
has also been used as a complementary technique to LC in order to separate metabolites 
(Canuto et al., 2012). Additionally, stable-isotope labelling approaches result appropriate 
for identi#cation of metabolite &uxes and mapping metabolic pathways. $is method, 
for instance, has been used to characterize the changes in metabolism occurring during 
the promastigote-to-amastigote di%erentiation in L. mexicana, and the results showed an 
increased dependence of the amastigote stage on hexose and mitochondrial metabolism 
(Saunders et al., 2014).

Metabolic pathways databases began to be established years ago, and they are an inex-
tricable complement to metabolomics analyses. Among the many metabolic pathways 
databases available, several have emerged as front runners, i.e. LeishCyc (Doyle et al., 
2009), KEGG (Kanehisa et al., 2010; www.genome.jp/kegg/), and BioCyc (Caspi et al., 
2010; h!p://metacyc.org/). Metabolic reconstructions of L. major, L. infantum and L. 
braziliensis are all available at KEGG. Network theory applied to metabolism has been the 
subject of a comprehensive recent review (Lacroix et al., 2008). Various web servers, such as 
MetExplore (Co!ret et al., 2010) and MetaboAnalyst 2.0 (www.Metaboanalyst.ca; Xia and 
Wishart, 2016), are available for metabolomic data analysis and interpretation.

To date, only a few metabolomics studies of Leishmania have been published. $ese 
have been directed towards the analysis of changes in metabolites associated with the dif-
ferentiation process in some Leishmania species (Silva et al., 2011; Arjmand et al., 2016). 
Interestingly, using heavy water labelling of infected BALB/c mice and metabolomics deter-
minations, it has been possible to estimate Leishmania metabolic activity and growth rate in 
vivo (Kloehn et al., 2015). Also, metabolomics studies have been used for the detection of 
metabolic di%erences that may correlate to drug resistance in parasite strains from clinical 
isolates (Scheltema et al., 2010; Shaw et al., 2016), for analysing the mode of drug action 
(Berg et al., 2013a, 2015; Vincent et al., 2014; Rojo et al., 2015), and for the detection of 
possible new drug targets using in vitro studies (Cunha-Júnior et al., 2017). Additionally, 
metabolomics approaches have been found useful for identi#cation of Leishmania species 
(Westrop et al., 2015). Complementary analyses based on the identi#cation of genes coding 
for metabolism enzymes serve for drawing up particular biosynthetic routes (Opperdoes et 
al., 2016). Additionally, integration of proteomics and metabolomics data has been done in 
order to elucidate metabolic adaptation in Leishmania mutant parasites (Akpunarlieva et al., 
2017), and integration of genomics and metabolomics analysis for elucidating di%erences 
in virulence (Alves-Ferreira et al., 2015). Obviously, metabolomics approaches are also well 
suited for analysing relevant pathways, such as polyamine metabolism (Castilho-Martins et 
al., 2015).
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Future trends
Whole-genome sequencing is becoming every day more accessible and a%ordable, and soon 
it will be an essential tool for investigating the evolution and epidemiology of Leishmania and 
all other human infectious agents. Moreover, parallel sequencing of di%erent strains, repre-
sentative of the clinical and phenotypic diversity of a given Leishmania species, is revealing 
genome-wide sequence di%erences in pathogen populations (Imamura et al., 2016) that 
might explain the phenotypic variation of the infection outcomes. Insights derived from 
those genomic data should aid to leishmaniasis control in disease-burdened regions as well 
as facilitate drug resistance diagnosis and vaccine development.

A recurrent theme emerging from some people working in the #eld of gene expression 
in Leishmania and related trypanosomatids is that transcriptomics data may have a marginal 
value for quantitation of protein expression as mRNA levels are o'en poorly correlated with 
protein or enzymatic activity. $is represents a simplistic view, since every gene-encoded 
protein is expressed through the translation of the corresponding mRNA. $erefore, the 
mRNAs are central players for gene expression, which is achieved by regulation one or more 
of the following aspects: successful maturation of pre-mRNA (trans-splicing and polyade-
nylation, in Leishmania), export from the nucleus, cytoplasmic mRNA half-life, the fraction 
of mRNA in translation and the e)ciency of that translation. In this regards, transcripts 
might be sequestered into ribonucleoprotein particles (or RNA granules) that ultimately 
control their availability to the translation machinery, storage or degradation in response 
to di%erent stresses (i.e. temperature, starvation, oxidative stress) as shown in T. brucei 
(Fernández-Moya et al., 2012; Kramer et al., 2012, 2013). $e regulation of these aspects is 
mediated by cis-elements mainly located at 5( and 3( untranslated region (UTR) sequences 
in concert with trans-acting protein factors. $us, the 5(- and 3(-UTR should be considered, 
together with the coding regions, when de#ning gene models (Rastrojo et al., 2013). Addi-
tionally, RNA-binding proteins (RBPs), which are responsible for the rapid gene expression 
remodelling that occurs during cell di%erentiation in Leishmania, and the identi#cation of 
the cohorts of mRNAs they bind, must be the objects of extensive studies in the forthcom-
ing years (Alves and Goldenberg, 2016; Kramer, 2014).

Another of the most exciting advances to look forward to is the ability to integrate data 
across genomics, transcriptomics, proteomics, metabolomics and perhaps other broad 
approaches. Pioneering studies, using this integrative approach, are being produced (Vac-
china et al., 2016). Current high-throughput technologies produce very large data sets and 
have shi'ed the bo!leneck from data production to data analysis. $us, great e%orts have 
to be invested in the training of a new generation of scientists in the #elds of bioinformatics 
and systems biology.

Although we are still faced with inadequate chemotherapy and no e%ective vaccines, the 
information that is emerging from the -omics techniques promise to alleviate this problem 
in the near future. For Leishmania, this means identifying the genes that are expressed in 
forms of the parasite that invade and survive in the vertebrate host. $is is the case of the 
recently described DNA polymerase theta from L. infantum, which increases the infection 
ability of the parasite by repairing the DNA damaged by the oxidative stress that the parasite 
experience inside the phagolysosomal vacuole of macrophages (Fernández-Orgiler et al., 
2016). Similarly, metabolite pro#ling of both the parasite and the mammalian host during 
the course of infection will lead to the identi#cation of novel diagnostic biomarkers, as well 
as the development of new strategies for controlling leishmaniasis.
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Currently, genetic manipulation of Leishmania is a di)cult and challenging task, mainly 
if essential genes are targeted (Späth and Clos, 2016). Fortunately, into the two last years, 
novel and very useful tools for the phenotypic analysis of essential genes have been devel-
oped. Firstly, the CRISPR/Cas9 system, which has been shown to be a powerful tool for 
genome editing in Leishmania (Sollelis et al., 2015; Zhang and Matlashewski, 2015). More 
recently, it has been implemented an inducible gene deletion system based on a dimerized 
Cre recombinase (diCre) that allows the targeting of essential genes (Duncan et al., 2016). 
$us, these new methods will serve to directly assess whether a gene is essential to parasite 
viability, and therefore they will become useful tools for obtaining novel insights into the 
function of essential genes in Leishmania.
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