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1. Introduction 

1.1. Leishmania & leishmaniasis  

 Leishmania is a genus of obligate protozoan parasites belonging to the order 

Trypanosomatida, class Kinetoplastida. The genus comprises about 50 species described to 

date, out of which more than 20 are capable of infecting humans and/or domestic animals, 

causing them to suffer from a disease called leishmaniasis (Akhoundi et al 2016). The parasites 

are typically transmitted to mammals by infected insect vectors leading to the eruption of skin 

sores at the site of the bite, which may eventually disseminate throughout the skin and 

thereupon to other tissue types. The clinical manifestation of leishmaniasis ranges from often 

asymptomatic or self-healing cutaneous (CL) to potentially life-threatening mucocutaneous 

(MCL) or systemic visceral forms, depending on the species of Leishmania as well as of the 

host genetic background. The observed wide clinical spectrum reflects the complexity of 

leishmaniasis epizootiology; not only is it caused by several Leishmania species, but also 

many different invertebrate and vertebrate species have been implicated in the transmission of 

the disease, whether as vectors or reservoir hosts (Reithinger et al 2007). Consequently, the 

abundance of insect vectors and mammalian reservoirs is tied to the geographical distribution 

of leishmaniasis, which thus affects the populations of almost a hundred countries mainly in 

tropical and subtropical regions. Globally, there are an estimated 12 million cases of 

leishmaniasis, with 1,5-2 million new cases occurring annually and about 350 million people 

at risk of the infection; however, incidence numbers are likely underestimated, as many 

infections may be asymptomatic or misdiagnosed (Alvar et al 2012). Additionally, 

surveillance data indicate that the global number of cases has increased over the past decade, 

hence leishmaniasis constitutes a major public health problem (Bern et al 2008). Rationally, 

the ailment is most prevalent in regions where people live in poverty, without adequate 

sanitation and, in close contact with the infectious vectors, domestic animals and livestock. 

Therefore, it is classified by the WHO as a severely neglected disease, with little interest by 

financial donors, public-health authorities, and professionals to implement activities to 

research, prevent or control the disease (WHO 2018). 

 With regard to the varied spectrum of symptoms and signs, leishmaniasis is often 

referred to as a group of diseases, out of which the cutaneous form is the most prevalent. CL 

is endemic to all sub/tropical areas of the world, with about one-third of cases occurring in 

each of the three epidemiological regions, the Americas, the Mediterranean basin, and western 

to central Asia (Fig.1) (Alvar et al 2012). Currently, more than 15 Leishmania species are 

recognized as the disease causative agents (Reithinger et al 2007). These can be grouped 
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between the Old World species of the parasite (e.g. L. major, L. infantum, and L. tropica) and 

the ones from the New World (e.g. L. amazonensis, L. chagasi, L. mexicana, L. braziliensis 

and other), consecuently transmitted by the sandflies of genera Phlebotomus or Lutzomyia 

respectively (de Vries et al 2015). 

 

 

 

 

 

 

 

 

 

 

Fig.1: Status of endemicity of cutaneous leishmaniasis worldwide 2015 (WHO 2017). 

Whereas the Leishmania species from the Old World cause, in most cases, self-limiting ulcers, 

CL induced by Leishmania New World species often develops into the disseminated form of 

the disease, resulting in mucocutaneous ulcerations. Unfortunately, almost all the current 

options for CL treatment are toxic and exhibit significant side effects, therefore, no definitive 

treatment guidelines are presently available (González U 2009). 

In the Americas, CL is mainly caused by L. braziliensis and L. mexicana (Martins et 

al 2014), the latter representing our model organism of choice. In order to better understand 

the epidemiology of CL and to develop new treatment and preventive strategies, investigation 

of genes influencing Leishmania growth and/or differentiation, followed by experimental 

validation of such putative virulence factors, is required. 

1.2. Leishmania life cycle 

 Leishmania is characterized by a dixenous life cycle consisting of the extracellular, 

flagellated promastigotes, which multiply and develop within the sand fly vector and the 

intracellular, sessile amastigotes, which reside within the phagocytes of their mammalian hosts 

(Fig. 2). 

The journey of Leishmania begins in the midgut of sand flies, where Leishmania 

procyclic promastigotes proliferate and mature into the infectious metacyclic forms, which 

then migrate through the digestive tract into the oesophagus. When the sand fly is taking a 

blood meal, the parasites are transmitted into the mammalian skin tissue along with the vector 

saliva. Once in the mammalian host, phagocytes such as macrophages or dendritic cells, are 
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chemoattracted to the site of infection and eventually engulf the promastigotes, which reside 

within the newly formed phagosomes, where many are destroyed. However, some manage to 

evade the microbicidal power thereby modifying this organelle into a parasitophorous vacuole, 

which favors parasite growth and their transformation into the amastigote stage. Finally, once 

the host cell is brimful of the parasites, it may either rupture, leading to the release of 

amastigotes or become apoptotic and pass its amastigote cargo to other surrounding 

phagocytes. Either way amastigotes ultimately continue to proliferate and may in turn be 

ingested by another sand fly while taking a blood meal on the infected individual. At this stage 

the parasites transform again into procyclic promastigotes, which multiply within the hindgut 

of the insect vector and, subsequently migrate and accumulate in the anterior midgut, where 

they undergo the differentiation into metacyclic promastigotes (Sacks et al 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.2: Leishmania life cycle; (a) when an infected sandfly takes a bloodmeal, Leishmania 

promastigotes are transmitted into the mammalian skin tissue along with vector saliva, (b) promastigotes are 

phagocytosed by macrophages, where they (c) transform into the amastigote stage, which multiplies 

intracellularly until (d) the cell eventually bursts, whence amastigotes are released and infect other phagocytes. 

(e) Once a sandfly takes a bloodmeal on the infected individual, parasitized macrophages are ingested, hereupon 

amastigotes transform into promastigotes (f, g) within the insect gut. (Modified from CDC 2018). 

The establishment of Leishmania infection and the development of pathogenesis in the 

mammalian host is largely dependent upon multiple factors of the parasite, the sand fly and 

the host, such as the amount of vector saliva or the size of infectious inoculum egested 

(Abdeladhim et al 2014, Bates 2007, Belkaid et al 1998, Belkaid et al 2000, Norsworthy et al 

2004). Yet, the most crucial determinant is the complex network of interactions among the 

innate and acquired immune responses of the host (Muller et al 1989, Rosas et al 2005, Soo et 

al 1998), as the resulting inflammatory reaction mediates the disease expression, ultimately 

manifested as either symptomless/self-healing local CL or chronic disseminated (M)CL. 

Typically, two types of CD4+ T helper cell (Th) responses may be induced by antigen 

presenting cells (APC; i.e. dendritic cells (DC), macrophages and others), designated Th1 and 

Th2, triggering either APC activation (and the consequent secretion of pro-inflammatory 
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cytokines) or the maintenance of an inert inactive state, which eventually develops as a disease 

resistant or susceptible phenotypes, respectively (Scott 2005). 

Current knowledge of the immune response to leishmaniasis stems mainly from studies 

employing L. major murine model of infection, which could be summarized as follows: (i) 

pathogen clearance is mediated via cell-mediated rather than humoral immunity; (ii) the 

primary activation of specific T cell subsets is crucial for the development of either Th1 or 

Th2 responses and the consequent course of infection, as (iii) there is a strong correlation 

between activation of different T-cell subsets and the final outcome of the disease (Reithinger 

2007). 

1.3. Evolutionary arms race: host immune response & Leishmania immune evasion 

Once the parasites are injected into the host skin tissue, its immune system reacts by 

secreting a large numbers of cytokines, i.e. small proteins involved in the balance between 

humoral and cell-based immune responses (IR), acting via the chemoattraction of particular 

cell populations, and the regulation of their maturation, growth, and responsiveness to 

extracellular stimuli (Zhang et al 2009). The parasites are therefore rapidly taken up by various 

phagocyte populations recruited to the site of inoculation, including neutrophils, macrophages, 

monocytes and DCs, ultimately triggering their transformation into the amastigote stage, 

which then continuously proliferate within the host macrophages (Sacks 2001). 

Macrophages act as the sentinels of the immune system (IS); they are present in all 

mammalian tissues (Ovchinnikov 2008), where they patrol for the occurrence of pathogens 

which are, upon their recognition, engulfed in the process of phagocytosis. Subsequently, the 

newly emerged pathogen-containing phagosome undergoes membrane fusion with the 

endogenous lysosomes leading to the exposure of the pathogen to the activity of hydrolytic 

enzymes and consequently, partial degradation. Next, immunogenic peptides of pathogen 

origin are transported to the cell surface in order to facilitate antigen (Ag) presentation to T 

cells, eventually leading to the activation and differentiation of CD8+ and various CD4+ T 

cell subsets, the latter resulting in the development of either Th1 or Th2 IRs with their typical 

cytokine profiles. Consequently, the cytokines released by Th1 cells (IL-12, TNFα, and most 

importantly, IFNγ) may induce macrophage activation resulting in the production of oxygen 

and/or nitrogen reactive compounds linked to intracellular pathogen killing. In contrast, 

cytokines produced by Th2 cells (IL-4, IL-5, TGFβ) render macrophages inactive and shift the 

balance of the IR towards humoral immunity (Fig. 3) (Chakraborty 1997). Thus, macrophages 

play a critical role in linking the innate to adaptive IR and therefore, perform a pivotal role in 

the regulation of microbial invasion and the progression of their infection within the host. 
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Hence Leishmania persistence within the host is determined by the subversion 

mechanisms that allow it to survive and multiply within the phagocytic cells. Although living 

in an extremely hostile environment specialized for pathogen destruction, this mechanism 

represents an ideal way to pass unnoticed by the IS. Therefore, Leishmania evolved ingenious 

ways to adapt to life inside the macrophage and, sophisticated mechanisms to dodge the IR by 

disabling key microbicidal activities though the manipulation of macrophage signaling 

pathways and the downstream transcription factors, eventually leading to the modulation of 

cytokine production in response to extracellular stimuli or more precisely, unresponsiveness 

to the stimuli (Olivier et al 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3: Interactions among phagocytes in Leishmania infection; (a) upon infection tissue resident 

macrophages produce inflammatory cytokines that attract (b) polymorphonuclear leukocytes (PMN), some of 

which may secrete products that attract monocytes and macrophages. Neutrophils (of BALB/c mice) are 

incapable of parasite clearance, hence the infection is propagated (c) to macrophages, monocytes and DCs. 

Phagocytes infected via efferocytosis of neutrophils fail to activate T lymphocytes, otherwise (d) infected DCs 

migrate to lymph nodes to induce Th1 response, (e) cytokines produced by Th1 cells promote macrophage 

activation. (f) Infected macrophages, depending on their cytokine profiles, may induce Th1 as well as Th2 

response, the latter rendering macrophages inactive, thus parasite-permissive (modified from Lopes et al 2014). 

In order to survive, the parasites interact with host IS at multiple levels, for instance 

counteracting the innate IR by complement inactivation (Brittingham et al 1995) or inhibition 

of natural killer cell proliferation (Lieke et al 2008). Furthermore, while many virulence 

factors interfere with basic macrophage functions such as the phagolysosome biogenesis 

(Desjardins & Descoteaux 1997), consequently affecting Ag processing and presentation 

(Reiner et al 1988), others manipulate the cellular gene expression pattern. This is achieved 

either through direct degradation of transcription factors (Contreras et al 2010) or by the 

modulation of macrophage signaling pathways, primarily through the activation of protein 

tyrosine phosphatases, which leads to the disruption of e.g. PKC activity, JAK/STAT or 

(f) 
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MAPK signaling (Gomez 2009). Finally, the above-mentioned alterations altogether result in 

the inhibition of macrophage activation, thus unresponsiveness to external stimuli reflected by 

repression of cytokine production, thereby preventing the induction of protective adaptive IR. 

The main virulence factors and the respective molecular mechanisms involved in the 

subversion of macrophage physiology have been thoroughly reviewed (Arango Duque & 

Descoteaux 2015, Basu & Ray 2005, Gregory & Olivier 2005, Kima 2014, Olivier et al 2012, 

Séguin & Descoteaux 2016). 

1.4. Murine models of infection 

Leishmania infection in different mouse strains is a widely used model for the study of 

Th1 or Th2 responses that control resistance or susceptibility to the parasite, respectively 

(Müller et al 1989, Scott & Farrell 1998). The conventional model typically utilizes high doses 

(1x105-1x107) of parasites inoculated subcutaneously into the footpad, where the development 

of the lesion and the onset of immunity is relatively rapid as compared to natural infection 

(Belkaid et al 2000). The model has, however, been successfully employed for the detailed 

identification of cells, cytokines and effector molecules involved in the development of 

acquired resistance, which has been shown to be dependent upon the IL-12-driven activation 

of Th1 cells for the production of IFNγ, which in turn activates the microbicidal mechanisms 

of infected macrophages (Sypek et al 1993). The extent to which the high dose model 

accurately recapitulates the pathology following the natural transmission of Leishmania by 

insect vectors has not been addressed until recently. Importantly, the Th1/Th2 dichotomy 

observed in murine models does not seem to be fully applicable to humans (Valencia-Pacheco 

et al 2014). 

Perhaps, a model of cutaneous leishmaniasis resulting from a low-dose infection challenge 

can mimic the evolution of self-limiting infections that occur in mammalian reservoirs and 

human hosts more precisely. Thus, another model of Leishmania infection has later been 

established, which combines two main features of the natural transmission – low dose (1x102-

1x103 parasites) and the inoculation into a dermal site (ear dermis) (Belkaid et al 2000, Kimbin 

et al 2008). This natural infection model revealed two discrete stages in the evolution of 

pathogenesis, which were previously not recognized – an initial silent phase, lasting for 4-5 

weeks favoring parasite amplification in the absence of any overt pathology, followed by the 

second phase corresponding to the lesion development coincident with parasite clearance 

(Belkaid et al 2000). Furthermore, it has been demonstrated that the chronic phase of the 

disease, maintaining the reservoir potential of mammalian hosts, was established more 
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efficiently and lasted longer in the low-dose as compared to the high-dose infection (Lira et al 

2000). 

The high-dose inoculum results in the rapid onset of lesion formation as well as the IR, 

where the development of lesion is associated with an increasing number of parasites at the 

site, whereas healing is correlated with the activation of infected macrophages and the 

consequent destruction of the parasites (Lira et al 2000). The relatively fast disease progression 

is likely caused by the excessive amounts of parasites and antigens that may be taken up 

primarily by DCs. These cells are, in contrast to macrophages, capable of IL-12 production in 

response to Leishmania infection (Gorak et al 1998, van Stebut et al 1998), hence providing a 

potent source of APCs for T cell activation (Konecny et al 1999, Will et al 1992). Thus, this 

model undermines the ability of the parasite to initiate the infection in a quiescent manner. 

Contrarily, in the natural infection model, the parasites most probably first interact with 

neutrophils; these were suggested to act as „Trojan horses“ as Leishmania is able to avoid their 

intracellular killing (Laskay et al 2003) therefore, the infected neutrophils are quickly 

undergoing apoptosis and subsequently being cleared by macrophages (Savill et al 2002). In 

this manner the parasites are selectively confined to macrophages early on, therefore delaying 

the development of acquired resistance (Peters & Sacks 2009, Ribeiro-Gomes et al 2012). 

Such a sequence of events is supported by a large number of in vitro studies indicating that 

Leishmania can avoid or actively inhibit the immune response of their host macrophages, and 

particularly production of IL-12 (Belkaid et al 1998, Carrera et al 1996, Piedrafita et al 1999, 

Reiner et al 1994, Sartori et al 1997). Additionally, this scenario is also consistent with the 

histopathological descriptions of human lesions (ElHassan et al 1995, Gaafar et al 1995, 

Gaafar et al 1999). 

1.5. The complex life of tRNAs 

Transfer RNAs (tRNAs) are the essential players in translation, acting as the adapter 

molecules that decode the genetic information into protein sequences, in accordance with the 

rules defined by the genetic code. Functionally, most important regions of tRNA structure 

include i) the 3’ acceptor stem which is the site for the amino acid attachment; and ii) the 

anticodon stem, critical for the recognition of the complementary bases of the messenger RNA 

(mRNA). Hence, in the process of translation, each tRNA is charged with a specific AA that 

matches its anticodon triplet; this triplet in turn matches with a codon in the mRNA, therefore 

delivering the relevant AAs to be added to the growing polypeptide chain (Hoper et al 2011). 

The biogenesis of tRNAs begins with the transcription of the respective genes as precursor 

molecules (pre-tRNAs), which undergo an elaborate set of alterations to generate mature 



- 11 - 

 

tRNAs capable of passing the nuclear export quality control, a process that precedes their 

subsequent inclusion in the translation machinery. Although the sequence of these maturation 

steps may differ among individual tRNAs, ultimately, they are all subjects to the cleavage of 

their 5’ and 3’ end overhangs respectively. Further on, the 3’ end is (usually) reshaped by the 

addition of CCA tail, which is essential for the later attachment of the cognate amino acid 

(AA). Some pre-tRNAs also encounter intron removal; yet most importantly many are heavily 

modified in order to become fully active (Hoper et al 2011). 

In fact, tRNAs exhibit the highest density of post-transcriptional modifications among all 

RNAs (Lorenz et al 2017). While pre-tRNAs are composed of the four standard bases 

exclusively, many are later converted, resulting in mature tRNAs with 7-15% nucleosides 

substituted with their variants (Phizicky & Alfonzo 2010). Currently, about 100 different 

modified bases are recognized, and the variety of their functions is at least similarly diverse 

(The tRNA Modification Database). The presence of chemically modified residues at various 

positions of the tRNAs has been shown to influence a number of their functional properties, 

such as the structure, stability, aminoacylation rate and accuracy (Madore et al 1999), as well 

as tRNA cleavage (Klassen et al 2008). Although the modifications may be present throughout 

the whole structure of the molecule, there are some “modification hotspots” located chiefly at 

certain positions of the anticodon loop, hence performing a critical function in accurate codon 

selection and frame shift prevention (Manickam et al 2016). 

Since the genetic code comprises 61 possible codons (43 minus 3 stop codons generally 

not recognized by tRNAs) and most organisms encode fewer than 45 tRNA species, some 

must pair with more than one codon and vice versa; since there are only 23 proteinogenic AAs, 

different tRNA species are necessarily decoded as one and the same AA. This phenomenon is 

termed codon degeneracy or genetic code redundancy and it has been explained (at least to 

some extent) by the wobble hypothesis. According to the theory, the 5' base on the anticodon, 

which binds to the 3' base on the mRNA, is not as spatially confined as the other two bases, 

and thus could exhibit non-standard base pairing (called wobble), for instance an anticodon 

sequence 5‘-GAA-3‘ is able to recognize either 5‘-UUC-3‘ or 5’-UUU-3‘ codon sequences 

(Crick 1966). Wobble base pairing had later been postulated to be genuinely facilitated by 

post-transcriptional modifications of tRNAs, particularly those located at position 34 of the 

anticodon loop, thus expanding the ability of tRNAs to read three or even four degenerate 

codons (Agris 1991, Agris et al 2006).  

Importantly, modified nucleotides within the anticodon loop modulate the binding to 

certain codons, granting specific tRNAs with the ability to regulate gene expression (Agris et 
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al 2006). Although multiple codons may lead to the incorporation of the same AA, tRNAs 

read codons with differing speed and accuracy. Also, synonymous codons are not used in equal 

frequency throughout the genome, a phenomenon referred to as “codon bias”. Consequently, 

codon bias is linked to tRNA isoacceptor abundance within the cell; this means that if multiple 

codons code for the same AA, one of them may be significantly more abundant than the other 

“rare” codons among the mRNAs (Gustafsson et al 2004, Plotkin & Kudla 2011). 

Consequently, rare codon clustering or positioning near initiation or termination codons cause 

ribosome stalling and frameshifting due to the low abundance of the tRNAs that read them. 

Interestingly, rare codons are contained in regulatory genes and those involved in DNA 

replication (Cruz-Vera 2004, Gurvich 2005, Sakamoto et al 2004). 

In conclusion, modifications found at the wobble position of the anticodon (34 and 37) 

contribute to the decoding of rare codons, and restrict or expand codon recognition depending 

on their chemistries. Thus, the modifications present in the anticodon affect translation rate 

and control gene expression (Gustilo et al 2008). 

1.6. Queuosine tRNA modification 

As already mentioned, modified nucleosides are most often located at the wobble position 

of the anticodon, and play a direct role in translational efficiency and fidelity, as well as codon 

recognition, consequently affecting gene expression. One of such modified bases is queuosine 

(Q), a hypermodified analogue of guanosine (G), found at the wobble position 34 in tRNAs 

containing “G34U35N36” anticodon sequence (where N is standing for any of the canonical 

nucleotides). These correspond to four tRNA species (AsnGUU, AspGUC, HisGUG, TyrGUA), with 

their respective pre-tRNAs originally carrying G at the first position of the anticodon, which 

is post-transcriptionally modified to Q during the process of their maturation (Vinayak & 

Pathak 2009). 

Notably, in Xenopus laevis it has been demonstrated that Q-modified tRNAs (Q-tRNAs) 

exhibit equal affinity to both NAU and NAC codons, unlike their unmodified counterparts (G-

tRNA) (Meier et al 1985). Furthermore, in silico analysis of codon usage in the housekeeping 

versus onco-developmental gene transcripts suggests a significant difference in the codon bias, 

between C-ending and U-ending codons (Morris et al 1999). Additionally, in one case, Q-

tRNATyr was shown to mediate stop codon read-through resulting in a longer translational 

product (Bienz & Kubli 1981). A recent study in mammals showed that depletion of Q-tRNAs 

is directly correlated with the levels of tRNA methylation at position 38. Consequently, the 

reduced levels of these modifications affect translational speed at Q-decoded as well as near-

cognate codons, ultimatelly resulting in translation deregulation and activation of unfolded 
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protein response (Turto et al 2018). Taken together, these data indicate that Q-tRNAs influence 

gene expression (and thus the arising cellular functions) by codon bias-based regulation of 

protein synthesis, resulting in translational stalling or programmed frame-shifting. 

Q is ubiquitously present in all domains of life; while prokaryotes can synthesize it de novo 

in a multi-step enzymatic reaction, this biosyntetic pathway is absent in eukaryotes, hence they 

acquire the fully modified free base queuine (q) either from their diet or gut microbiome 

(Kersten 1988). The final reaction of Q insertion with the concomitant elimination of the 

genetically encoded G is catalysed by highly conserved tRNA-guanine transglycosylase 

(TGT), thus it is nearly identical in both prokaryotes and eukaryotes, yet the manner of Q 

uptake varies largely (Iwata-Reuyl 2003). 

Prokaryotes utilize cytosolic GTP for its conversion into a partially modified base preQ1, 

which is the substrate for the bacterial TGT (bTGT) that incorporates it into the respective 

tRNA species (Okada et al 1978, Okada et al 1979). PreQ1 is then further remodeled in situ 

by the action of two enzymes resulting in Q-tRNA (Frey et al 1988). Henceforth the Q-tRNA 

participates in normal cellular functions until degraded by natural tRNA turnover, whereupon 

Q and/or q are released to the environment as metabolic waste products (Vinayak & Pathak 

2009). 

Since eukaryotes lack the enzymes required for Q de novo biosynthesis, q is salvaged from 

the environment via the recently characterized DUF2419 protein family, which was 

demonstrated to participate in q uptake from the extracellular environment and proposed to 

take part in the nutrient recycling following Q-tRNA degradation (Zallot et al 2014). Contrary 

to prokaryotes, q is then directly and irreversibly exchanged for guanin (thus converting q into 

Q) in a single enzymatic step catalyzed by the eukaryotic TGT (eTGT) (Fig.4). 

While bTGT was shown to form homodimers (Romier at al 1996), eTGT functions 

predominantly as a heterodimer (Howes & Farkas 1978, Slany & Müller 1995), consisting of 

the queuine tRNA ribotransferase 1 (QTRT1) and its splice variant queuine tRNA 

ribotransferase domain containing 1 (QTRTD1). Even though both of the subunits were shown 

to be essential for Q-tRNA formation in vivo, QTRT1 subunit alone accommodates residues 

responsible for the catalytic activity of the complex, while QTRTD1 has been implicated as a 

regulatory subunit possibly involved in the complex stabilization, as well as in the nutrient 

recycling (Chen et al 2010). 
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Fig. 4: Q tRNA modification in eukaryotes; Q, a base analogue of G, is found in position 34 of the anticodon 

loop in tRNAs containing “GUN” consensus sequence (AsnGUU, AspGUC, HisGUG, TyrGUA), which is recognized 

by eTGT enzyme that facilitates post-transcriptional modification of such tRNAs (modified from Fergus et al 

2015). 

1.7. Physiological relevance of Q-tRNAs 

The presence of Q-tRNAs in nearly all forms of life suggests a likely relevant role in 

physiology. Although several studies indicate the possible involvement of Q-tRNAs in diverse 

cellular processes, such as the survival of organisms under stress conditions, antioxidant 

defense systems, cell proliferation or signaling, up-to-date literature does not provide a 

satisfactory answer to any exact function and mechanism of action. 

In an attempt to elucidate the physiological relevance, several studies have reported on the 

consequences of Q depletion in various experimental systems, no obvious defects were noted 

(Gaur et al 2007, Kirtland et al 1988, Ott et all 1982), except in one case (of Drosophila 

melanogaster) where the organisms exhibited decreased ability of response to certain stress 

stimuli (Siard et al 1991). Q deficiency did not cause an overt pathology any in vertebrate 

model (Farkas 1980), unless tyrosine had been withdrawn from the diet concurrently. This 

resulted in severe neurological symptoms ultimately leading to death of the studied 

individuals, indicating that in the absence of Q, tyrosine becomes an essential AA (Marks & 

Farkas 1997). This observation was later explained by the reduced capacity of conversion of 

phenylalanine to tyrosine, due to deficiency of phenylalanine hydroxylase (PAH), that stems 

from an increased oxidation of its essential co-factor BH4. Yet, this co-factor is not only 

critical for the activity of PAH, but also for the biosynthesis of various neurotransmitters, such 

as dopamine, epinephrine and others, thus the neuropathological symptoms observed may not 

necessarily be a direct consequence of tyrosine deficiency. The authors conclude that the 

increased oxidation of BH4 likely occurs due to changes in the intracellular homeostasis, since 
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queuine deficiency had previously been suggested to affect the activity of a number of 

antioxidant systems (Rakovich et al 2011). It is worthy of note that the experimental systems 

employed in the above-mentioned reports were not equivalent hence, the determination of the 

exact role of Q in this process will require further investigations. 

The presence of Q was indeed shown to enhance the activity of anti-oxidant enzymes such 

as catalase, superoxide dismutase, glutathione peroxidase or glutathione reductase. 

Interestingly, the activity of these enzymes is decreased in cancerous cells, consequently 

increasing the accumulation of ROS, both of which can be counteracted by the exogenous 

administration of queuine (Pathank et al 2008). Inquisitively, Q-tRNAs of tumor cells were 

found to be hypomodified to various degrees that correlate with the histopathological grade of 

malignancy (Dirheimer et al 1995, Emmerich et al 1985). Additionally, q administration leads 

to the formation of Q-tRNAs, along with a decrease in the proliferation capacity of tissues. 

Although these data indicate a role for Q in cell proliferation (Pathak et al 2007), available 

literature provides an evidence for Q acting both as negative and positive regulator (Langgut 

et al 1993); this might be due to a number of factors, including the possible involvement of Q 

in cell signaling (Langgut 1995, Pathak et al 2008), the underlying molecular mechanisms of 

which remain to be elucidated. 

Notably, the activity of TGT enzymes was shown to influence the virulence of Shigella 

flexneri, a human pathogen able to escape macrophage phagosomes via the expression of 

certain virulence factors, which are under the control of a transcriptional regulator termed 

VirF. Although TGT is well-known to function in tRNA modification, it has been 

demonstrated that VirF mRNA is recognized as a substrate of the enzyme leading to site-

specific modification of a single base. Curiously, the translation of VirF is markedly reduced 

in TGT mutant strains, resulting in bacteria being incapable of host cell invasion. The authors 

suggest that Q may be acting on small molecule binding motifs of mRNAs (“riboswitches”) 

consequently modulating their conformation and translation, thus TGT could promote the 

translation of VirF by mRNA modification (Hurt et al 2007). Additionally, the insertion of Q 

was also reported to occur in ribosomal RNA (Brooks et al 2012), leading to a hypothesis that 

there might be other potential TGT substrates, that resemble the secondary structure of the 

anticodon stem-loop containing the “UGUN” sequence.  

In conclusion, the current knowledge on TGT as well as q and Q-tRNAs is rather 

incomplete. Therefore, the insufficiently defined signaling pathways adopted by q and/or Q-

tRNA pose a challenge for the research in this field, as it is currently unclear, whether the 

biological functions are executed by q and/or Q-tRNA or due to a secondary effect to the 
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depletion of q and/or Q-tRNA therefore, the presented phenomena require further in-depth 

analysis. 

1.8. Rational of the project 

1.8.1. Leishmania reverse genetics (in brief) 

Trypanosomatids, including Leishmania have, among eukaryotes, an unusual genome 

organization with protein-coding genes organized in tandem arrays (McDonagh et al 2000), 

which are transcribed as polycistronic units (Martinez-Cavillo et al 2004), encoding for 

multiple, usually functionally unrelated, mRNAs. Additionally, due to the lack of conventional 

RNA polymerase II promoters (Schimanski et al 2005), these protists largely rely on post-

transcriptional mechanisms, regulating precursor mRNAs processing and abundance, or post-

translational events (Shapira et al 2001). 

Leishmania is a well-established model organism (Duncan et al 2017), with the whole 

genome sequence available (Ivens et al 2005, Rogers et al 2011), and readily searchable using 

the online source TriTrypDB (Aslett et al 2010). Although these protists are diploid, 

aneuploidy can occur (Sterkers et al 2014), therefore, in order to generate a null mutant by 

homologous recombination, two or more rounds of targeted gene replacement may be 

required, while the number of selectable markers is limited. Furthermore, the attempts to 

disrupt both alleles of target genes were reported to result in chromosomal amplification or 

aneuploidy (Cruz et al 1993). Additionally, this method does not allow for the study of 

essential genes, as it does not provide an option for conditional regulation of target gene 

expression. 

Evidence for gene essentiality can be provided by complementation experiments where 

the ability to generate null mutants in the presence, but not absence, of episomes that express 

target gene is generally accepted. Yet, since episomal vectors lack active segregation 

mechanisms, equal distribution into daughter cells is not guaranteed, therefore the level of 

episomal expression varies among the cell population depending upon the episomal copy 

number. Consequently, the expression level of target gene may be insufficient for rescue 

(Roberts 2011). 

Another tool for the regulation of gene expression is represented by RNAi, a technique 

well-established in Trypanosoma brucei, which operates at the transcriptional level, and is 

therefore not limited by the gene copy number, hence a single round of transfection usually 

allows for an efficient downregulation of the target mRNA. Moreover, the knock-down of the 

target gene can be designed as inducible, thus allowing for the study of essential genes (Kolev 
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et al 2011). However, in contrast to trypanosomes, most Leishmania species lack the RNAi 

machinery (Lye et al 2010). 

One of widely used techniques for the regulation of gene expression at protein level 

relies on the expression of regulatory destabilizing domain (dd) fused to the protein of interest 

(Madeira da Silva et al 2009), where the protein stability is controlled by a chemical inducer. 

This system has been recently established in L. mexicana (Podešvová et al 2017), however it 

does not allow for generation of null mutants for essential genes. 

Recently, a new tool based on a bacterial CRISPR (Clustered Regularly Interspaced 

Short Palindromic Repeats) /Cas9 (CRISPR-associated protein-9 nuclease) system has 

generated a considerable excitement among the scientific community, as it is extremely fast, 

cheap and so far, the most precise method for genetic manipulation. This technology allows 

for genome editing by removal, addition or alteration of target DNA sequences (Hsu et al 

2014). The system was rapidly implemented in various model organisms, including 

Leishmania parasites (Sollelis 2015, Zhang 2017), and more recently its efficient use was 

demonstrated also in L. mexicana (Beneke et al 2017, Ishemgulova et al 2018). This method 

enables generation of null mutants in a single round of transfection, with the downside that it 

does not allow for study of genes essential for cell viability. 

Promisingly, the recent development of a transgenic cell line of L. mexicana expressing 

tetracycline (Tet) repressor and T7 polymerase enabled conditional gene expression. This 

system has the potential to generate null mutants, which in parallel contain a Tet-inducible 

ectopic copy of a gene of interest, while the removal of Tet from the culture media allows for 

the null mutant phenotype to be assessed (Kareva et al 2014). Another study also revealed 

dramatically reduced expression of the constructs in both metacyclic promastigotes and 

amastigotes, making it unable to apply this system during in vitro macrophage and in vivo 

murine infections (Ishemgulova et al 2016). 

1.8.2. Rationale of the project 

Considering the large dependence of trypanosomatid species on post-transcriptional 

regulation of gene expression, the suggested roles for Q in the antioxidant defense system, cell 

proliferation and differentiation, as well as the preliminary results from our own laboratory 

suggesting a role for Q in the virulence of T. brucei, we hypothesized that these features might 

become particularly relevant in Leishmania residing in the hostile environment of host 

macrophages, which, if activated, utilize reactive oxygen and nitrogen compounds for the 

pathogen destruction. 
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Furthermore, in contrast to T. brucei, studies conducted in Leishmania allow the 

investigation of parasite virulence using an in vitro system. Additionally, the time period for 

phenotype assessment during in vivo infection is significantly prolonged, since contrary to 

trypanosomes, the pathology caused by these parasites is not fatal to the mammalian host. 

Therefore, we decided to identify the homologues of TGT genes in L. mexicana and 

take an advantage of the recently established CRISPR/Cas9 system for the generation their 

respective knock-out (KO) cell lines, in order to test the possible influence on the virulence of 

the parasites in vitro as well as in vivo. 

  



- 19 - 

 

2. Aims of the thesis 

1. Evaluation of the role of LmxTGT1 and LmxTGT2 in the formation of Q-tRNAs 

2. Infection experiments in vitro 

3. Infection experiments in vivo 
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3. Materials and methods 

3.1. Cell culture 

 Leishmania mexicana isolate MNZC/BZ/62/M379 was utilized for the generation of 

the cell line stably expressing humanized Streptococcus pyogens Cas9 nuclease (hereafter 

referred to as WT cell line) as described elsewhere (Ishemgulova et al 2018). The WT lineage 

was kindly provided by doc. MSc. Vyacheslav Yurchenko, Ph.D. (Life Science Research 

Centre, Faculty of Science, University of Ostrava). 

The WT culture was maintained in M199 medium (Sigma-Aldrich, Cat. No. M0393-

10X1L) supplemented with 2 μg/ml biopterin (Sigma-Aldrich, Cat. No. B2517-25MG), 

2μg/ml hemin (Sigma-Aldrich, Cat. No. 51280-5G), 25 mM HEPES (Applichem, Cat. No. 

A3268), 100 units/ml penicillin, 100 μg/ml streptomycin (Sigma-Aldrich, Cat. No. P4333-

100ML), 10% fetal bovine serum (FBS) (Sigma Aldrich, Cat. No. F7524-500ML) and 100 

μg/ml hygromycin (Hyg) (Invivogen, Cat. No. ant-hg-1) at 25°C. The medium used for 

cultivation of the TGT KO cell line was additionally supplemented with 100 μg/ml 

nourseothricin (Ntc) (Jena Bioscience, Cat. No. AB-102L) and 50 μg/ml puromycin (Puro) 

(Invivogen, Cat. No. ant-pr-5) serving as selection markers. 

In order to assess the cell density, samples were fixed with 10% formalin solution 

(3,6% formaldehyde, 150 mM NaCl, 15 mM Na3C6H5O7) and the cell count was determined 

using Neubauer haemocytometer (Sigma Aldrich, Cat. No. BR717805-1EA). The cells were 

kept in logarithmic phase of growth by diluting to 2x105 cells/ml once per 72 hours, unless 

otherwise specified. 

In vitro differentiation was performed by varying pH and temperature as described 

previously (Bates 1994) with slight modifications as specified elsewhere (chapter 3.5. In vitro 

differentiation). 

Murine (BALB/c) peritoneal macrophages were cultured in RPMI medium (Sigma 

Aldrich, Cat. No. R4130-10X1L), supplemented with 2 g/l sodium bicarbonate, 50 units/ml 

penicillin, 50 μg/ml streptomycin (Sigma Aldrich, Cat. No. P4333-100ML) and 10% FBS at 

37°C (prior to infection) or 34°C (post infection) and 5% CO2. Identical culture conditions 

were applied for murine splenocytes (RPMI, 37°C, 5% CO2). 

3.2. Generation of the TGT KO cell line(s) 

3.2.1.  Molecular cloning 

 L. mexicana TGT1 and TGT2 genes were identified by BLAST search based on the 

sequence of their respective counterparts known in Trypanosoma brucei (Kulkarni et al 

unpublished manuscript) and human (Boland et al 2009). Multiple sequence alignment (Larkin 
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et al 2007) has shown 48% and 32% sequence identity for LmTGT1 and LmTGT2 respectively 

as compared to the human homologues. 

The cloning vector for the expression of sgRNA (under the control of U6 promoter) is 

a modified version (Ishemgulova et al 2018) of pLEXY-SAT2.1 (Jena Bioscience, Cat. No. 

EGE-274) (hereafter termed as pLEXY) carrying nourseothricin resistance marker. The vector 

was provided for the purpose of our study by Life Science Research Centre, Faculty of 

Science, University of Ostrava. 

Gene-specific parts of the sgRNA sequence (hereafter referred to as seed) targeted for 

the ablation of TGT1 (GTCTCGCGGCCAACCAGAAT│CGG) and TGT2 

(GAAGATGGTGCAGGTAAGCG│CGG) ORFs were designed using eukaryotic pathogen 

CRISPR guide RNA/DNA design tool at http://grna.ctegd.uga.edu (Peng & Tarleton 2015). 

The corresponding regions were amplified from the pLEXY vector using primers encoding 

the individual seed sequences, appropriate restriction sites (underlined) and partially annealing 

to the vector-encoded U6 promoter or terminator (highlighted) as shown in Tab. I (and Fig. 

7); (i) P01/P02; (ii) P03/P04; (iii) P01/P04 for TGT1 and (i) P01/P05; (ii) P06/P04; (iii) 

P01/P04 for TGT2. The PCRs were performed using Q5® High-Fidelity DNA Polymerase 

(NEB, Cat. No. M0491S) in conformity with the manufacturer’s instructions. 

The resulting fusion PCR products (iii) as well as the pLEXY vector were double-

digested using NotI HF (NEB, Cat. No. R3189S) and NcoI HF (NEB, Cat. No. R3193S) 

following the manufacturer’s instructions. The pLEXY restriction reaction was run on 1% 

agarose gel and DNA was isolated from the band of appropriate size using GenElute™ Gel 

Extraction Kit (Sigma-Aldrich, Cat. No. NA1111-1KT) in compliance with the 

manufacturer’s instructions. Ligation was carried out using T4 DNA ligase (NEB, Cat. No. 

M0202S) as reported by the instruction manual.  

The ligation products were transformed by standard heat shock (Froger & Hall 2007) 

protocol into E. coli strain XL-1 Blue. Plasmid DNA was isolated from five individual 

colonies using Hybrid-QTM Plasmid (GeneAll, Cat. No. 100-102) following the standard 

protocol stated in the manufacturer’s instructions. The purified plasmids were screened for the 

presence of the correct insert by PCR using seed-specific primers (P07/P04 and P08/P04 for 

TGT1 and TGT2 respectively, Tab I), and confirmed by sequencing (Eurofins Genomics) 

using primers P09 and P10 (Tab. I). Diagnostic PCR was carried out using PPP Master Mix 

(Top-Bio, Cat. No. P126) according to manufacturer’s instructions. For linearization we 

utilized SwaI (NEB, Cat. No. R0604S) restriction enzyme, the restriction reaction was cleaned 
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using GenElute™ PCR Clean-Up Kit (Sigma-Aldrich, Cat. No. NA1020-1KT). 10 ug of 

linearized and purified construct was used for electroporation (see next section).  

Tab. I: List of oligonucleotides used. 

 

 In order to facilitate targeted mutagenesis and to enable selection of the transfectants, 

we discerned 30 bp regions flanking the expected (3‘ and 5‘) sites of the double strand break 

to produce a template for DNA repair by homologous recombination. These regions were 

employed for primer design to generate a cassette containing the puromycin resistance gene 

flanked by the 30 bp regions targeted for the homology recombination. The puromycin 

resistance was amplified (by Q5® HF Polymerase, using primers P11/P12 for TGT1 and 

P13/P14 for TGT2; Tab.I) from the cloning vector termed pVY013, a modified version of 

pLS6-PFR2 (Sollelis et al 2015), which was kindly provided by doc. MSc. Vyacheslav 

Yurchenko, Ph.D. (Life Science Research Centre, Faculty of Science, University of Ostrava). 

The amplicon was purified by GenElute™ PCR Clean-Up Kit. 10 ug of purified PCR product 

were used for electroporation. 

 All PCR reactions were performed using T100™ Thermal Cycler (Bio-Rad), run on 

1% agarose gel containing ethidium bromide (at the final concentration of 0,2 μg/ml) and 

visualized using ChemiDoc™ MP Imaging System (Bio-Rad). 

  

labeling 5'-3' sequence purpose

P01 CCTTGCCACCAGATCTGCCATGGCTATGCTCAAGTGCGTGTCTGC Nco I U6 term

P02 GTCTCGCGGCCAACCAGAATGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC seed sgRNA

P03 ATTCTGGTTGGCCGCGAGACTCCATCACTGAGCATACGGTCAAGACAAGG seed U6 term

P04 AGGAGGAGGAGGGCGGCCGCGCACTACCCACCAAGCG Not I U6 prom

P05 GAAGATGGTGCAGGTAAGCGGTTTTAGAGCTAGAAATAGCAAGTTAAAA seed sgRNA

P06 CGCTTACCTGCACCATCTTCTCCATCACTGAGCATACGGTCAAGACAAGG seed U6 prom

P07 GTCTCGCGGCCAACCAGAAT TGT1

P08 CGCTTACCTGCACCATCTTC TGT2

P09 CCGACTGCAACAAGGTGTAG

P10 CATCTATAGAGAAGTACACGTAAAAG

P11 GCAAAGCGTTCCATCCGGTGGCTTGACCGCAGGCTTGCACCCAGGCTCGT

P12 CCTGCACGATGCCAAAGATGCACTGCTTTTCCTCCCTATCTCTCTCTCTC

P13 GTGCGACTGCTTCACCTGCAAGCGGCACTAGGCTTGCACCCAGGCTC

P14 GAATGTCGCTGTTCATTTCCTGAACGGTCCTCCCTATCTCTCTCTCTCCGCTC

P15 ACCACGGTAGCCGGTGATAA

P16 ACCACCTGCGCAAGATTATG

P17 ATGACCGAGTACAAGCCCAC

P18 GAGGCCTTCCATCTGTTGCT

P19 CCTCCCGTTGGATTCGAAC Asn

P20 TCCCGGCCGGGAATTGAA Asp

P21 GGGGAAACCGGGAATCGGAC His

P22 CCTTCCGGCCGGAATCGAAC Tyr

P23 CCAACAGGGGTCGAACCTGTGACC Ile

P23 GTTGTACACCGTCAGCTCCA

P24 CAAGGAGAACGAGGAGATGC

P25 ACCAGGAGACAAGGGACCA

P26 CGCTTATCTTGTCCTTGATGC

P27 TTCCTCGCGTTTCTCTTTGT

P28 AAAATGGAAATGACCGCAAG

P29 AACCAGTTCACGAAGGTGCT

P30 CTTCGTCGACACCGTCTTCT

PfrD1

stage-specific primers 

for RT PCR

Sherp

Ama

60 S

seed-specific

seed-specific

5' HR
TGT2 HRs

3' HR

WT TGT 2

PuroR

probes for APB

features

gRNA TGT1

gRNA TGT2

pLEXY sequencing

5' HR
TGT1 HRs

3' HR
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3.2.2.  Electroporation 

 In total 20 μg purified DNA were resuspended in 10 ul NucleofactorTM Solution 

(AmaxaTM Human T Cell NucleofactorTM Kit, Lonza, Cat. No. VPA-1002). 5x107 cells per 

transfection were harvested by centrifugation (at 1000 g, 10 min, 4°C), washed once with ice-

cold PBS (137 mM NaCl, 2,7 mM KCl, 10 mM Na2HPO4, 1,8 mM KH2PO4, pH 7,4) and 

resuspended in 90 μl of NucleofactorTM Solution, DNA was added in 10 ul volume. The 

cell/DNA suspension was then transferred into certified cuvettes, which were placed into 

NucleofactorTM Cuvette Holder and programme U-033 was applied. One electroporation was 

carried out without the addition of DNA serving as negative control. 

Subsequently the cells were deposited into 5 ml of pre-warmed M199 medium (Hyg) 

and allowed to recover for 18 hours at 25°C prior to the addition of selection drugs (Ntc, Puro) 

in appropriate concentrations. At the same time the cultures were distributed into 24-well 

plates, clones were selected on liquid medium (supplemented as mentioned above). 

3.3. Isolation of nucleic acids 

Isolation of genomic DNA (gDNA) was performed as previously described (Medina-

Acosta & Cross 1993) with slight modifications. In brief, 5x107 cells were harvested by 

centrifugation (at 1000 g, 10 min, RT), washed with PBS and resuspended in lysis buffer (100 

mM NaCl, 20 mM Tris pH 8, 20 mM EDTA pH 8, 1% SDS). Upon the addition of RNAse A 

(Quiagen, Cat. No. 19101) to the final concentration of 80 μg/ml the sample was incubated at 

37°C for 30 min, proteinase K (MP Biomedicals, Cat. No. 193504) was then added to the final 

concentration of 80 μg/ml and the sample was further incubated at 37°C for 2 hours. The DNA 

was purified by phenol-chloroform extraction (1V phenol, pH 8; 0,3V chloroform/IAA, 24:1), 

following centrifugation (at 12000 rpm, 10 min), the aqueous layer was transferred to a new 

tube, EtOH-precipitated and dissolved in MiliQ® water. 

Isolation of RNA was carried out as described previously (Chomczynski & Saschi 

2006) with modifications. Concisely, 5x107 cells were harvested by centrifugation, washed 

with PBS and resuspended in 0,5 ml solution D (4 M guanidine isothiocyanate, 25 mM sodium 

citrate pH 7, 0,5% sarcosyl, 0,1% β-mercaptoethanol). Sodium acetate (pH 4) was added at 

200 mM concentration, the sample was then mixed with equal volume of (H20 saturated) 

phenol and 0,3V chloroform/IAA (24:1), vortexed for 1 min, placed on ice for 10 min and 

spun (at 12000 rpm, 15 min, 4°C). The aqueous phase was then precipitated using equal 

amount of isopropanol, following centrifugation RNA pellet was dissolved in MiliQ® water 

and purified afresh using 0,5V phenol (pH 8), 0,5V chloroform/IAA. Subsequent to the second 
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phenol-chloroform extraction, the aqueous phase was EtOH-precipitated and dissolved in 

MiliQ® water. 

Concentration and purity of nucleic acid samples was determined using NanoDropTM 

1000 Spectrophotometer (Thermo Fisher Scientific). 

3.4. Boronate affinity electrophoresis 

Boronate affinity electrophoresis was performed as described elsewhere (Gabar & Kössel 

1985) with modifications. Briefly, 5 μg of total RNA was deacetylated by incubation in 100 

mM TRIS-acetate (pH 9) at 37°C for 30 min, EtOH-precipitated and resuspended in urea 

loading dye (8 M urea, 20 mM TRIS-HCl pH 8, 1 mM EDTA, 5% bromophenol blue/xylene 

cynaol). Periodate-oxidized RNA was employed as technical control, this sample was 

prepared by incubation of 5 μg of deacylated RNA in 50 mM Na-acetate (pH 4,5-5,2) and 2,5 

mM NaIO4 in the dark, at 37°C for 2 hours, followed by addition of glucose to the final 

concentration of 2 mM, further incubation at 37°C for 30 min and purification by SephadexTM 

G-25 (GE Healthcare, Cat. No. 17-0572-02) column. RNA was then EtOH-precipitated and 

resuspended in urea loading dye. The samples were denatured at 70°C for 10 min prior to 

loading on the gel. 

3-(Acrylamido)phenylboronic acid (APB) (2,5 mg/ml; Sigma-Aldrich, Cat.No. 771465-

1G) was dissolved at RT for 30 min in the gel solution (7 M urea, 8% acrylamide (40%, 19:1) 

in 1x TAE (i.e. 40 mM TRIS-acetate, 1 mM EDTA)), once dissolved APS (final concentration 

0,06%) and TEMED (1 μl/1 ml gel solution) were added to facilitate polymerization. Gel 

electrophoresis was performed at 4°C, 75V for 5,5 hours, the gel was then stained with EtBr 

(visualized using ChemiDoc™) serving as loading control. 

3.4.1. Northern blotting and hybridization 

Following boronate-affinity electrophoresis, RNA was transferred on ZETA probe 

membrane (Bio-Rad) at 150 mA for 90 min in 0,5x TAE. Subsequently, the membrane was 

dried, UV cross-linked (Stratagene, Stratalinker® UV Crosslinker) and pre-hybridized at 48°C 

for at least 30 min (hybridization solution: 5x SSC, 20 mM Pi, 7% SDS, 1x Denhardt’s 

solution, and 1 mg/ml salmon sperm DNA; Denhardt’s solution: 0,02% Ficoll 400, 0,02% 

polyvinylpyrrolidone, 0,02% BSA). 

The sequences of oligonucleotides used for northern hybridization are listed in Tab I (P19 

– P23). The primers were radioactively end-labelled with -32P ATP (Hartmann Analytic, Cat. 

No. FP-401, 9,25MBq) using T4 Polynucleotide kinase (NEB, Cat. No. M0201S) according 

to manufacturer’s instructions, purified by SephadexTM G-25 column and denatured at 98°C 

for 5 min prior to transfer into the hybridization solution. The membrane was hybridized at 
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48°C overnight, washed at 48°C 2x 20 min (wash I: 3x SSC, 5% SDS, 25 mM NaH2PO4, 10x 

Denhadt’s solution; wash II: 1x SSC, 1% SDS), exposed to Phosphoimager screen (GE 

Healthcare) overnight and developed using Typhoon scanner (Molecular Dynamics). The 

membrane was then stripped by heating at 80°C 2x 20 min (stripping solution: 0,1x SSC, 0,1% 

SDS) and re-hybridized with the control probe. 

3.5. In vitro differentiation 

 In vitro differentiation was performed as described previously (Bates 1994) with slight 

modifications. In brief, isolated lesion amastigotes were cultivated in biphasic medium 

composed of blood agar (1,5% Neopepton, 1,5% Bacto agar, 0,5% NaCl, 20% human blood) 

overlaid with equal volume of M199 medium. Once the promastigotes reached logarithmic 

phase of growth (usually within 5 days) they were transferred into M199 medium pH 7, 10% 

FBS. 

In order to differentiate these into the infective metacyclic form cells were seeded at 

the density of 2x105/ml and cultured in M199 medium pH 5,5, 10% FBS, the parasites were 

regarded as metacyclic 4 days after reaching stationary phase (i.e. cell density dropped by 10% 

over the preceding 24 hours), at this point (day 10) the cultures were harvested for macrophage 

and/or murine infection studies. Amastigotes could be observed within one week following 

transfer of the metacyclic culture to 32°C (otherwise incubated under the same conditions). 

In order to assess stage-specific gene expression by quantitative reverse transcription 

PCR (qRT-PCR) RNA was harvested on days 0, 8, 10, 13 and 17 of differentiation. 

3.5.1.  RT PCR 

Reverse transcription of RNA into cDNA was performed using QuantiTect Reverse 

Transcription Kit (Qiagen, Cat. No. 205311) following the instruction manual. The cDNA was 

utilized for qRT-PCR using stage-specific primers (Tab.I, P24-P29), the reaction was carried 

out using Power SYBR™ Green PCR Master Mix (ThermoFisher Scientific, Cat. No. 

4367659) according to manufacturer’s instructions and executed on LightCycler® 480 Real-

Time PCR System (Roche). 

3.6. In vitro infection of macrophages 

3.6.1.  Isolation of peritoneal exudate cells (PECs) 

 Isolation of murine macrophages was performed as described previously (Zhang et al 

2008). Thioglycollate (TG) - elicited PECs were harvested 4 days after i.p. injection of 2 ml 

3% TG medium (DifcoTM, Cat. No. 225640). 

Concisely, 8 - 10-week-old female BALB/c mice were euthanized by cervical 

dislocation (CD), their peritoneal cavity was injected with 5 ml ice-cold PBS supplemented 
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with 3% FBS and gently massaged for approximately 3 min, the cell suspension was then 

withdrawn using 24 G needle and deposited into falcon tubes, this step was repeated twice for 

each mouse, whilst the isolated PECs were kept on ice. The cellular exudates were washed 

with PBS (at 1000 g, 10 min, 4°C), resuspended in RPMI medium (supplemented as 

mentioned above) and checked for presence of any contamination potentially originating from 

the dissection procedure. 

The number of viable cells was determined using Trypan blue (Sigma-Aldrich, Cat. 

No. T8154) exclusion assay performed according to manufacturer’s instructions. The cells 

where then pooled, seeded at the concentration of 3x105/well (in 1 ml volume) on glass cover 

slips (P-lab, Cat. No. H101112) situated in 24-well plates and incubated at 37°C, 5% CO2 

overnight. Non-adherent cells were removed by repeated washes with PBS, while the 

remaining (adherent) cell population was used for infection studies and will be referred to 

hereafter as macrophages. For some experiments macrophages were primed with IFN-γ 

(5ng/ml; Invitrogen, Cat. No. PMC4031) 24 hours prior to infection and activated with a 

combination of IFN-γ (5 ng/ml) and LPS (10 ng/ml; Sigma-Aldrich, Cat. No. L2630-10MG) 

4 hours post infection (corresponding to time point 0 as mentioned in the following chapter). 

Macrophage-parasite interaction experiments were carried out at 34°C, 5% CO2. 

3.6.2.  Macrophage infection in vitro 

Infection of murine macrophages was performed as described previously (Sousa-

Franco et al 2005) with modifications. 

The parasites were differentiated into metacyclic form in vitro as described above 

(seeding log-phase promastigotes into M199 medium pH 5,5, 10% FBS) and harvested (at 

1000 g, 10 min, RT) on day 10 of differentiation, washed once and resuspended in RPMI 

medium to the required density (3x106/ml). 

Macrophage cultures were exposed to parasites (at 1:10 macrophage:parasite ratio; in 

2 ml final volume) for 4 hours at 34°C, 5% CO2. Non-internalized parasites were removed 

with four successive washes with PBS, subsequently replaced with fresh medium with or 

without stimulants. This point was considered as initial time of infection (i.e. 0 hpi). Cultures 

of infected macrophages were incubated up to 5 days under the same conditions. 

 Samples were collected during the course of the experiment (at 0, 24, 72 and 120 hpi) 

for determination of the number of intracellular parasites per infected macrophage and the 

percentage of macrophages infected. For this purpose, the slides were washed twice with 1x 

PBS, fixed in 4% paraformaldehyde for 20 min, washed twice afresh, permeabilized with ice-

cold methanol for 20 minutes at -20°C, washed three times with PBS and subsequently stained 
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using a mountant with DAPI (ThermoFisher Scientific, Cat. No. P36935). The slides were 

stored in the dark, 4°C until analysed using fluorescence microscope (Zeiss, Axioplan 2 

imaging Universal Microscope), at least 230 macrophages were inspected per sample. 

3.7. In vivo infection of mice 

 Female BALB/c mice were purchased from VELAZ, s.r.o. (Prague, Czech Republic) 

and maintained under controlled conditions by the Animal facility, Institute of Parasitology, 

BC CAS in České Budějovice, in accordance with the institutional guidelines. The animals 

were used for infection at 8 - 10 weeks of age. The infection of animals was carried out as 

previously described (Belklaid et al 2000) with modifications. 

 L. mexicana WT and TGT2 KO strains were differentiated in M199 medium pH 5,5, 

10% FBS as mentioned above. Infective-stage metacyclic promastigotes were harvested from 

stationary-phase cultures (day 10), washed and resuspended in PBS to the desired 

concentration. The cells were inoculated intra-dermally in 25 μl volume into left ear pinna 

using 29 G needle. Injection of 25 μl PBS served as negative control. 

 In the pilot infection experiment two groups of five and six animals were infected with 

2,5x106 cells per mouse of WT and TGT2 KO strains respectively, for the dosage experiment 

the size of inoculum varied from 1x102 to 1x105 parasites utilizing four groups of three mice. 

Disease progression was monitored at 1 - 2 week-intervals (up to 15 weeks post infection) by 

measuring the diameter of the ear induration with a digital calliper. The results are expressed 

as the increase in thickness of the left ear, compared to the uninfected right ear. 

Peripheral blood samples (30 μl) were obtained during the course of the pilot infection 

experiment (at 1 week-intervals) by tail snapping, plasma samples were acquired following 

centrifugation at 200 g, 30 min, 4°C. The blood plasma (present in the form of supernatant) 

was collected for studies on cytokine production using ELISA (Osuchowski et al 2005), while 

the cell pellet could be utilized for the same purpose employing RT-PCR. Both samples 

respectively were therefore stored at -80°C for further examination. 

Once the experiment was terminated, mice were euthanized by CD, ears were collected 

for histopathological analysis and the lesions were detached for estimation of parasite load. 

Total blood volume was collected for analysis of cytokine production by ELISA and/or RT-

PCR. The weight of spleen was considered as an indicator of the immune response, and the 

splenocytes were isolated for further inspection of cytokine profiles. 
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3.7.1.  Estimation of parasite load 

Relative parasite burdens were determined by limiting dilution analysis as described 

previously (Titus et al 1985). In brief, the tissue was incubated in M199 medium at 37°C for 

approximately 2 hours, homogenized using a syringe plunger and filtered through 70 μm pore 

size nylon cell strainer (Sigma-Aldrich, Cat. No. CLS431751-50EA). The tissue homogenate 

was then serially diluted in a 96-well plate containing biphasic medium (100 μl volume per 

well in total). The number of parasites in each sample was determined from the highest dilution 

at which viable promastigotes could be observed after 7 days of incubation at 25°C, the results 

are expressed as log parasite titer. 

3.7.2.  Histopathology 

For histopathological examination, the ears were first fixed in 40% formalin for 10 

days, then dehydrated by series of ethanol solutions of increasing concentrations (70% EtOH 

60 min, 80% EtOH 2x 45 min, 90% EtOH 2x 45 min, 100% EtOH 3x 30 min). Xylene was 

applied as a clearing agent (1:1 100% EtOH:xylene 2x 10 min, xylene I 10 min, xylene II 40 

min), finally the samples were embedded in paraffin (2 days incubation) and cut into 5 μm 

sections. Subsequently, these sections were re-hydrated (xylene I 5 min, xylene II 5 min, 100% 

EtOH 5 min, 96% EtOH 5 min, dH2O 5 min) and stained by routine hematoxylin-eosin staining 

(hematoxylin 5 min, acid alcohol 5 min, washed with dH2O 20 min, 0,1% eosin 3 min, and 

dehydrated as mentioned above with 5 min incubation at each step). 

3.7.3.  Splenocyte culture 

The spleen was weighed, placed in a 6-well plate containing PBS and homogenized using a 

syringe plunger. The tissue homogenates were filtered through 70 μm pore size nylon cell 

strainer and then spun down at 200 g, 10 min, 4°C. The pellet was resuspended in equal 

amounts of PBS and ACK lysis buffer (also referred to as RBC lysis buffer; 150 mM 

NH4Cl, 10 mM KHCO3, 0,1 mM Na2EDTA). The cell suspension was incubated at 37°C 

for 3 min, spun under the same conditions, washed three times with PBS and resuspended in 

RPMI medium (supplemented as described above). 

The number of viable cells was determined using Trypan blue exclusion assay and the 

concentration was adjusted to 5x106/ml corresponding to the cell seeding concentration. 

Splenocytes were then stimulated using concanavalin A at the final concentration of 2,5 μg/ml 

(Sigma-Aldrich, Cat. No. C2010-100MG), with some samples left untreated to serve as 

negative controls. The cultures were incubated at 37°C, 5% CO2 up to 72 hours; culture 

supernatants were collected every 24 hours and stored at -80°C for further analysis by ELISA, 

the cells were harvested for examination by RT-PCR at the last time point of the experiment. 
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Ethical statement 

All experimental procedures were conducted in accordance with the law of the Czech 

Republic on the use of experimental animals, safety and use of pathogenic agents. The study 

was approved by the Institute of Parasitology, Biology Centre of the Academy of Sciences of 

the Czech Republic and Institutional and National Committees (protocols no. 73/2017).   
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4. Results 

4.1. Identification of LmxTGT1 and LmxTGT2 genes 

The orthologues of TGT1 and TGT2 genes in L. mexicana were identified by BLAST 

search using the sequences of their respective human counterparts. The analysis has revealed 

that LmxTGT1 (XP_003877324.1) and LmxTGT2 (XP_003876577.1) share 48% and 32% 

sequence identity respectively, as compared to the human equivalents. When aligned, 

LmxTGT1 displays all the conserved aspartate residues critical for the catalytic activity as 

well as the cysteine and histidine residues involved in co-factor binding. On the contrary, 

LmxTGT2 only displays the residues important for co-factor binding (Fig. 5). 

Fig. 5: Protein alignment of A) human QTRT1 with LmxTGT1 and B) human QTRTD1 with LmxTGT2. The 

catalytic (aspartate) and co-factor-binding (cysteine, histidine) residues are highlighted. 

4.2. Determination of presence of Q in Lmx tRNAAspn, Asn, His, Tyr 

In order to ascertain the presence of Q in the anticodon position of the relevant tRNA 

species, we performed boronate affinity electrophoresis of L. mexicana WT total RNA, 

followed by northern blotting and hybridization with the respective tRNA species-specific 

probes. Ethidium bromide gel staining showed good-quality RNA of equal loading (Fig. 6A), 

since the method is based on the affinity of cis-diol groups to APB resulting in the differential 

mobility of G- and Q-tRNAs (Gabar & Kössel 1985); oxidized RNA was employed as 

negative control of the technique, Q-non-containing tRNA (Ile) represents negative control. 

As a result, it was confirmed that at least three out of the four corresponding tRNAs are 

modified with Q to various levels (Fig. 6B). 



- 31 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Northern blot of L. mexicana WT total RNA; A) Ethidium bromide gel staining, B) hybridization of 

the northern blot with tRNA species-specific 32P-labeled probes (as indicated above each image; see Tab. I). 

OX standing for periodate-oxidized RNA serving as negative control of the technique, tRNAIle serving as 

negative control. 

4.3. Generation of the LmxTGT knock-out cell lines 

4.3.1. Generation of the constructs 

To address the role of LmxTGT in Q-tRNA formation, CRISPR/Cas9 approach was 

utilized for generation of LmxTGT1 and LmxTGT2 KO cell lines. The construct for the 

expression of sgRNA was generated using the pLEXY vector (for details see Fig. 7) as a 

template for the amplification of the corresponding regions. The resulting fusion PCR products 

(Fig. 8A), as well as the pLEXY vector were subjected to double-digestion, by a matching pair 

of restriction enzymes (Fig. 8B), and subsequently ligated together in order to facilitate the 

final substitution of the original seed sequence with the genes-of-interest specific sequences. 

The homology template for DNA repair was produced using the pVY013 vector as a template 

for the amplification of puromycin resistance flanked by genes-of-interest regions of 

homology (Fig. 8C). 
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Fig. 7: Schematic depiction of the cloning strategy and primers used; A) vector maps; B) Replacement of gene-

specific part of sgRNA (seed) in pLEXY and generation of template for DNA repair by homology recombination 

using pVY013 by PCR. 

Fig. 8: Agarose gel electrophoresis; A) The sequential amplification of gene-of-interest-specific seed sequences 

of the sgRNA and the final fusion product subjected to double-digestion and followed by ligation into the 

restricted pLEXY vector; B) pLEXY double-digestion; C) The amplicon used as homology repair template. 

Primer combinations and the expected product sizes are indicated at the labels above each line. Negative controls 

not shown. Results for TGT1 not shown. 
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4.3.2. Confirmation of correct integration of the construct 

Following the electroporation of the respective gene-specific constructs into the L. 

mexicana Cas9-expressing cell line (referred here to as WT), transfectants were selected in 

liquid medium containing appropriate antibiotics and individual clones were obtained by 

single-cell-dilution in tissue culture plates. Once recovered, gDNA was isolated for analysis 

by PCR (Fig.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Schematic depiction of recombination of the introduced constructs with endogenous genomic loci; A) 

recombination of the construct coding for sgRNA; B) double strand break introduction by Cas9 and repair by 

homology recombination with the template provided leading to the disruption of TGT2 ORF by PuroR. 

Despite performing three independent repeats of the electroporation of constructs 

targeted for the ablation of LmxTGT1, we failed to produce the TGT1 KO cell line, most 

probably due to its lethal phenotype. 

Correct integration of the repair template, following the induction of the double-strand 

break by sgRNA-guided Cas9, aimed for the disruption of LmxTGT2 ORF by puromycin 

resistance gene was verified by PCR, using primers annealing either to the WT TGT genomic 

locus or the resistance marker introduced in TGT2 KO cell line, additionally combinations of 

these primers were also utilized (for reference see Fig. 9). Here we provide an evidence for 

the successful generation of the TGT2 KO cell line (Fig. 10). 
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Fig. 10: Agarose gel electrophoresis of the PCR products resulting from the reactions indicated at the labels of 

respective lines. The expected sizes of the PCR products are listed in Tab. II. WT cell line was employed as 

negative control. 

            Tab.II: Expected product size [bp] 

 

 

  

WT KO

15 16 624 1922

17 16 0 925

15 18 0 1333

17 18 0 336

Primer combination
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4.4. Evaluation of the role for LmxTGT2 in Q-tRNA(s) formation in vivo 

For the assessment of Q-tRNA content in the TGT2-deficient cell line, total RNA was 

isolated and resolved by boronate affinity electrophoresis. Following ethidium bromide gel 

staining and subsequent transfer by northern blotting, the RNA was subjected to hybridization 

with Q-tRNA specific probes. The resulting radiographs showed complete depletion of Q in 

all corresponding tRNA species (Fig. 11), thus attesting the role for LmxTGT2 in Q-tRNA 

formation in vivo. 

Fig. 11: Northen blot of total RNA isolated from WT and TGT2 KO cell line hybridized with Q-tRNA specific 
32P-labeled probes revealed complete depletion of Q-tRNAs. OX standing for periodate-oxidized RNA serving 

as negative control of the technique, tRNAIle serving as negative control. 

4.5. The effect of LmxTGT2 ablation on cell growth in vitro 

We first investigated the effect of LmxTGT2 ablation on L. mexicana growth by 

comparing the cell division kinetics of WT and TGT2 KO strains in vitro. The TGT2 KO 

strain did not exhibit any significant difference in growth rate, as compared to the parental cell 

line (Fig 12). 

Fig. 12: Growth-curves of L. mexicana WT and TGT2 KO cell lines, the growth-curves represent an average 

value of two repeats, error bars indicate standard deviation. 

4.6. In vitro infection of macrophages 

Although the ablation of LmxTGT2 did not affect cell proliferation in the axenic culture, 

we presumed that the absence of Q could perhaps be demonstrated if the parasites were 

subjected to a more challenging environment within their host cells. To test the plausible 

impact of LmxTGT2 KO on the virulence of the parasites, we conducted in vitro infection of 

TG-elicited murine macrophages. First, we compared the ability of WT and TGT2 KO strains 

to infect and multiply within the unstimulated macrophages. The experiment revealed a slight, 
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yet significant, impairment of the ability of TGT2 KO strain to infect macrophages as well as 

to multiply within the phagolysosomal environment (Fig. 13, 14).  

 

 

 

 

 

 

 

 
 

 

 

Fig. 13: Infection of unstimulated macrophages with WT and TGT2 KO cell lines; the data represent three 

experiments of two technical repeats, 230 cells were inspected per sample. Results are expressed in the form of 

infection index, which was calculated as the number of intracellular parasites per infected macrophage multiplied 

by the percentage of macrophages infected. 

Fig. 14: Number of intracellular parasites per infected macrophage at different time points as indicated; the data 

represent three experiments of two technical repeats, 130 cells were inspected per sample. The experiment 

revealed a significant difference (p <0.0015) between the strains (▪WT, ▪TGT2 KO) at all the time points 

examined. Statistical analysis of the results was performed using T-test paired two sample for means. 

We had, however, questioned the feasibility of this observation to become more 

pronounced if macrophages were classically activated by the combination of IFN-γ and LPS, 

as macrophages activated in this manner typically produce nitric oxide, which is toxic to the 

parasites. With the literature suggestion for a role of Q-tRNAs under stress conditions and in 

the antioxidant defence mechanisms, we wondered whether TGT2 KO parasites could resist 

the microbicidal power with the same efficiency as WT cell line. Although the phagocytosis 

in IFN-γ-primed macrophages was generally enhanced, TGT2 KO strain was either taken up 

in lower numbers or its ability of intracellular survival was considerably decreased already in 

the first time point examined. Furthermore, while WT parasites were still capable of 

multiplication within the macrophages up to 24 hours post infection, this ability was 
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completely abolished with regard to TGT2 KO strain (Fig 15). In conclusion, the results 

suggested that the ability of TGT2 KO parasites to survive intracellularly were significantly 

decreased, pointing to a possibility that the cell line may be possessing certain developmental 

defects. 

Fig. 14.: Infection of stimulated macrophages; the data represent three experiments of two technical repeats and 

were analysed as for in vitro infection of unstimulated macrophages; A) infection index, B) number of 

intracellular parasites per infected macrophage, for ▪WT and ▪TGT2 KO cell lines. 

4.7. The effect of LmxTGT2 ablation on in vitro differentiation 

In order to determine whether the disruption of LmxTGT2 and/or the consequent depletion 

of Q-tRNAs affected the development of the parasite, we induced complete life cycle 

differentiation in axenic culture. Total RNA was harvested at specific time points throughout 

the period of the in vitro differentiation for the expression analysis of previously identified 

stage-specific markers (Pfr1d for procyclic and metacyclic promastigotes, Amastin for 

amastigotes) by qRT-PCR. For normalization, the expression value of LmxM.07.0510 (gene 

encoding a 60S ribosomal protein L7a) was used (Ishemgulovat et al 2017). Whereas the 

expression of promastigote-specific marker was unaffected, the expression levels of the 

amastigote marker showed considerable differences in between the strains. Thus, the data 

obtained suggest that the absence of TGT2 presented difficulties for metacyclic-to-amastigote 

life stage transition (Fig. 15). 
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Fig. 15: qRT-PCR analysis of stage-specific markers for ▪WT and ▪TGT2 KO cell lines, the data represent 

mean value of three technical repeats. A) Pfr1d, marker of procyclic and metacyclic promastigotes, B) Amastin, 

marker for the amastigote stage. 

4.8. Q levels throughout L. mexicana life cycle 

The results obtained from the previous experiments led us to hypothesize that if TGT2 

absence was to affect the development of parasites in the amastigote stage exclusively, it 

would imply that the requirements for Q modification levels differ among the individual life 

stages. In order to test this possibility, we performed boronate affinity electrophoresis of WT 

total RNA comparing the Q content of tRNATyr. This was performed using logarithmic phase 

procyclic promastigotes as well as cells at specific time points of the differentiation, 

particularly day 0 when parasites are at the very beginning of their transition to the next life 

stage, day 10 representing metacyclic promastigotes and day 17, when the majority of cells 

are present in the amastigote form. The experiment revealed that the levels of Q modification 

were increasing throughout the life cycle, starting immediately from day 0 of differentiation 

until reaching metacyclic stage, while the amastigote culture, on the other hand, showed 

almost equal amount of Q- and G-tRNAs (Fig. 16). 

 

 

 

Fig.16: Q levels throughout the life cycle; northern blot of L. mexicana WT total RNA from log phase 

procyclic promastigote culture (log) and days 0, 10 and 17 of differentiation. Q percentage content was 

assessed using ImageQuant software and represents a mean value of three technical repeats, error bars represent 

standard deviation. 
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4.9. In vivo infection of mice 

To test whether the outcome of the macrophage experiment could possibly be reflected in 

an altered susceptibility of mice to TGT2 KO as compared to WT parasites, murine infections 

were carried out. 

First, we performed a pilot infection experiment using a high dose of parasites inoculated 

intradermally, which triggered off clinical symptoms in all mice. Although only two (2) out 

of six mice infected with TGT2 KO strain developed an apparent pathology, the size of these 

lesions was actually greater than those of mice infected with the WT cell line, while the ear 

thickness of the remaining four (4) mice was comparable to that of the uninfected control 

group. TGT2 KO-infected animals are therefore depicted as two separate groups (labelled as 

KO (2) and (4); Fig. 17). The mean size of lesions by the end of the experiment were likewise 

similar in between the two (2) mice infected with TGT2 KO and WT strains, respectively, 

both of which, however, differed significantly from the other four (4) mice infected with TGT2 

KO parasites (Fig. 18). 

 

 

 

 

 

 

 

 

 

 

Fig. 17: Experimental infection of BALB/c mice with WT and TGT2 KO parasites.Each mouse was 

inoculated with 2,5x106 parasites in 25 μl volume. Additionally, two mice were injected with equal volume of 

PBS, serving as negative control. Hence, in the legend of the chart numbers in brackets represent the number of 

animals per each group. Error bars represent standard deviations. 

Additionally, the weight of the spleen was employed as an indicator of the immune 

response. Mice infected with TGT2 KO parasites showed overall lower values, however, one 

of the two (2) mice within this group exhibited an evident splenomegaly (Fig. 19). 
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Fig. 18: Mean lesion size at week 15 post infection showing a non-significant difference between WT and TGT2 

KO (2) as contrasted to the significant (p= 0.0015) difference between WT and TGT2 KO(4)-infected animals. 

Numbers in brackets are standing for the number of animals per each group, error bars represent standard 

deviations. Statistical analysis of the results was performed using T-test paired two sample for means. 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 19: Comparison of spleen weight between WT- and TGT2 KO- infected animals at week 15 post infection. 

Furthermore, the assessment of the parasite load by serial dilution assay, demonstrated 

lower numbers of viable parasites in one of the two (2) mice infected with TGT2 KO as 

compared to WT strain, despite of the larger lesions observed in the former than the latter 

group. Interestingly, this experiment also revealed persistence of viable parasites at the site of 

infection even in TGT2 KO-infected animals (4) which did not develop discernible lesions 

(Fig. 20), albeit this fact could not be readily distinguished by histopathological examination, 

where these samples appeared as relatively preserved skin tissue. On the contrary, the 

inspection of ear skin originating from the animals infected with WT as well as TGT2 KO (2) 
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strain showed large influx of immune cells with a considerable number of infected 

macrophages harbouring the amastigotes (Fig. 21).  

 

 

 

 

 

 

 

 

 

 
Fig. 20: Determination of parasite burden by serial dilution assay, average value of two samples is presented for 

WT- and a representative of each TGT2 KO-infected group is shown. 

We conclude, that the discrepancy among the TGT2 KO-infected group was likely 

caused by different dose of parasites inoculated per each mouse due to an experimental and/or 

human error. Thus, the decreased susceptibility of the animals to TGT2 KO parasites seen in 

majority of the animals might be manifested in a dose-dependent manner. 

 

 

 

 

 

 

 

 

 

Fig. 21: Histopathological analysis of infected ears; A) WT and B) KO (2) showing ulceration and extensive 

tissue destruction with inflammatory infiltrate comprised of parasitized macrophages (arrows indicate 

intracellular parasites) and neutrophils. In contrast, section C) KO (4) displayed more preserved skin, in the 

absence of any infected macrophages. 

Consequently, in an attempt to test the lowest possible number of parasites which 

would, in our hands, be capable of establishing the infection, mice were infected with four 
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various doses of parasites. We have, however, not noted any significant lesion development 

within 14 weeks post infection, hence the experiment was terminated (Fig. 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22: The dosage experiment; each group represents three mice infected with different dosage of parasites; A) 

1E5, B) 1E4, C) 1E3, D) 1E2, the graph depicts mean lesion size of all mice within the individual groups, error 

bars represent standard deviation. No significant lesion growth was observed within 14 weeks post infection. 
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5. Discussion 

5.1. The presence of Q modification in Lmx tRNAAsp, Asn, His, Tyr 

Although the ubiquitous presence of Q modification at the wobble position 34 in tRNAGUN 

is well documented in both Bacteria and Eukarya (Vinayak & Pathak 2009), a few exceptions 

exist, such as S. cerevisiae (Globisch et al 2011, Walden T et al 1982). Therefore, we tested 

the presence of the modification in the corresponding tRNAs in L. mexicana. The analysis 

indeed proved the presence of Q in this species, yet the individual tRNAs seem to differ in the 

exact degree of the modification, with nearly equal quantities of G- and Q-containing tRNAs 

concerning the cellular pool of tRNAAsn as contrasted to >70% Q-modified tRNAAsp
. A similar 

trend was noted in T. brucei by other members of our laboratory (Kessler et al 2018). 

Additionally, in case of tRNAHis we conclude that G- and Q-tRNAs were apparently not 

distinguished by this method, as the northern blot of WT RNA showed presence of a single 

band, which intensity was however later found to be decreased to about 30% in TGT2 KO cell 

line. 

As the enzymatic reaction catalysed by TGT does not require any energy input (Okada & 

Nishimura 1979), it seems highly probable that the base-exchange reaction may be mediated 

by the energy released from the enzyme-tRNA binding interaction (Curnow & Garcia 1995). 

Despite of the 7 bp ‘UGUN’-containing loop being the minimal recognition motif for bTGT, 

eTGT appears to require an intact tRNA molecule for efficient transglycosylation (Grosjean 

et al 1996). Therefore, not only the exact size and conformation of the anticodon loop, but 

presumably also the overall tRNA tertiary structure may influence the amount of energy 

released, and consequently the strength and duration of this interaction. Thus, the minimal 

differences in the structure of the individual tRNA species could eventually account for their 

varying degree of modification.  

Additionally, starvation experiments performed in murine model demonstrated that there 

is a distinct hierarchy for Q incorporation into tRNAGUN species, with tRNAAsp taking a 

precedence over tRNAHis leading to a speculation about differential affinity of the enzyme for 

various substrates (Reyniers et al 1981). 

Besides, the minor sequence and consequent structural dissimilarities as well as the 

varying Q content also result in diverse interactions, thus the rate of migration, when subjected 

to boronate affinity electrophoresis, leading to the disparity observed in the relative distance 

of Q- and G-bands among individual tRNAs. 
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5.2. LmxTGT KO cell lines & the role of LmxTGT2 in Q-tRNA formation 

Based on the sequence homology, we identified the orthologues of TGT genes in L. 

mexicana, taking into consideration their constituent conserved residues, we hypothesize that 

likewise the human counterparts (Chen et al 2010), LmxTGT1 represents the catalytic subunit, 

while LmxTGT2 is responsible for the complex stabilization and/or nutrient recycling. 

We failed to produce LmxTGT1 KO cell line, which could be due to its possible lethal 

phenotype. We have noted a similar observation in T. brucei, where the (RNAi-mediated) 

downregulation of TbTGT1, as opposed to TbTGT2, results in a growth phenotype. Of note, 

preliminary results of co-immunoprecipitation experiments indicate that TbTGTs form 

heterodimeric complex like their mammalian counterparts however, both subunits of the 

complex localize to nucleus (Kulkarni et al unpublished manuscript), suggesting a slightly 

different mode of action as compared to the one described for mammalian enzymes, which 

associate with mitochondrial outer membrane (Boland et al 2010). 

On the other hand, LmxTGT2 KO cell line was successfully generated, and the gene 

product was demonstrated to participate in Q-tRNA formation in vivo. Whereas it is likely that 

a complex of LmxTGT1 and LmxTGT2 functions in Q-tRNA generation, if the phenotype for 

LmxTGT1 KO was to be lethal, the underlying reason for this must clearly result from the 

enzyme exhibiting an additional activity that would be TGT2- and Q-tRNA-independent. 

Since TGT1 constitutes the catalytic subunit of the complex, with significant sequence 

identity to bTGT (Chen et al 2010), the primary reason for its essentiality could theoretically 

be originating from an action of the enzyme on alternative (i.e. other than tRNA) substrates, 

such as DNA (Thiaville et al 2016), ribosomal and messenger RNA (Brooks et al 2012, Hurt 

et al 2007) or plausibly additional, yet unidentified targets. Thus, such activity of TGT1 would 

be TGT2-independent and could eventually involve interaction with (an)other binding 

partner(s). Interestingly, the initial purification studies of eTGT reported on the recovery of a 

number of peptides, with no homology to either of the TGT subunits, including aspaginyl 

tRNA synthetase, coenzyme A reductase (Fergus et al 2015), elongation factor 2 and a 

deubiquitinating enzyme USP14 (Deshpande et al 1996). Moreover, the identification of 

USP14 has led to its assignment as a critical component of the TGT complex (Shinji et al 

1996), eventually proposing eTGT to be a heterodimer of QTRT1:USP14, with USP14 

representing the regulatory subunit (Morris et al 1995). Although the relevance of USP14 to 

the catalytic activity of TGT complex has been dismissed, by demonstration of the 

QTRT1:QTRTD1 heterodimer, the experiments conducted in this study did not address nor 

could rule out the possibility that USP14 could act as a regulator of TGT dimer (Chen et al 
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2010). Furthermore, recent literature indicates that both subunits of the complex can also exist, 

although in less quantity, as monomers and homodimers the function of which remains to be 

elucidated (Behrens et al 2018, Boland et al 2009, Chen et al 2010). 

Even though the ultimate proof of essentiality of LmxTGT1 is missing, perhaps, it could 

be provided using the tetracycline-inducible gene expression system (Kareva et al 2014). 

Theoretically, in parallel with the constructs targeted for the ablation of LmxTGT1, the cells 

could be transfected with a copy of TGT1 gene, carrying mutation at the protospacer adjacent 

motif (a site critically required for Cas9-mediated cleavage (Hsu et al 2014)), under the control 

of T7 promoter.  

Furthermore, co-immunoprecipitation experiments could be performed in order to verify 

LmxTGT1-TGT2 complex formation in vivo and the plausible ability of the individual 

subunits to form homodimers and/or to exist as monomers. Yet most importantly, the 

subsequent mass spectrometry analysis would clarify the possibility of LmxTGT1 interaction 

with alternative binding partners, which would provide us with valuable insights into the 

hypothesized other than Q-tRNA function for this subunit. Additonally, in order to determine 

wheter TGT1 was to act on other than tRNA substrates, RNA immunoprecipitation should be 

carried out.  

5.3. In vitro infection of macrophages 

Although no effect of TGT2 ablation was noted in the axenic culture, we questioned 

whether the presence of Q-tRNAs could potentially be vital for the survival of the parasite 

within the host macrophages. Hence, to verify the conceivable effect of Q absence on the 

parasite virulence, we first scrutinized the parasite-host cell interaction in vitro. Observing the 

infected cells at 24-48-hour intervals for a time period of up to 5 days, we quantified the 

proportion of infected macrophages as well as the numbers of intracellular parasites. Thus, the 

ability of parasites to complete the host cell entry, life stage transition and intracellular survival 

were examined. 

The experiment revealed significantly lower numbers of intracellular parasites, as well as 

the overall percentage of infected cells for TGT2 KO- as compared to WT-infected 

macrophages. This difference was especially noticeable at earlier time points of the infection, 

suggestsing that the differentiation of TGT2 KO parasites into amastigote stage took place at 

lower rate, probably due to their increased sensitivity to the phagolysosomal environment. The 

decreased infectivity of TGT2 KO strain was, however, observed also in the later time points 

of the infection, leading to the assumption that, once transformed into the amastigotes, the 

ability of parasite to multiply within the host cells was also affected. A possible mechanism 
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for such a sequence of events could be an inefficient blockage of macrophage functions, for 

instance phagolysosome biogenesis, perhaps, as a consequence of (s)lower translation of 

amastigote-specific products. 

This scenario is additionally supported by the observations made in classically activated 

macrophages where TGT2 KO parasites showed a complete lack of multiplication up to 24 

hours post infection, in contrast to the WT strain. Furthermore, at 72 hours post infection, 

TGT2 KO parasites were completely eliminated, whereas WT-infected macrophages still 

harboured a negligible number of parasites (data not shown). Since this effect was IFNγ-

dependent, it strongly suggests that the natural capability of L. mexicana to interfere with 

macrophage cytokine signalling pathways, particularly IFNγ-dependent JAK-STAT 

signalling that leads to the production of killing agents such as NO; was appreciably less 

efficient in the mutant, as compared to the WT cell line (Atayde et al 2016, Basu & Ray 2005). 

Hence, the determination of NO production by macrophages infected by the respective cell 

lines, measured as nitrate accumulation in the culture supernatants and/or iNOS expression 

levels, would be of interest for future experiments. Additionally, both strains could also be 

examined for the expression levels of gene products known to participate in the blockade of 

IFNγ signalling. 

Alternatively, the increased susceptibility of TGT2 KO parasites to intracellular killing by 

the activated macrophages could be explained by the role for Q-tRNAs in the general 

enhancement of antioxidant defence mechanisms (Pathank et al 2008), which could also be 

determined as a measure of gene expression for the particular enzymes involved in this 

pathway. Althgouh, the phenotype observed may as well be resulting from a combination of 

both factors. 

5.4. In vitro differentiation 

Since several studies suggest a role for Q in differentiation and development (Beier et al 

1987, Jacobson et al 1981, Singhal et al 1981) and the results of in vitro macrophage infection 

indicated that the ability of WT and mutant parasites to complete their life cycle was likely 

not equivalent, we examined this possibility by inducing the complete developmental cycle of 

Leishmania parasites of both strains in the axenic culture. RNA was isolated at particular time 

points throughout the period of in vitro differentiation for the expression analysis of stage-

specific transcripts. Whereas the marker for procyclic and metacyclic promastigotes did not 

show any major differences in gene expression, among the strains tested, the situation was 

quite different in the case of amastigote-specific marker. While the expression levels of 

amastin in WT cell line were continually raising from day 8 until day 17 of differentiation, 
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TGT2 KO parasites did not achieve comparable levels of expression at any time point 

examined. 

Although morphological examination did not reveal any major difference among the cell 

lines tested, the results suggest that the TGT2 KO cell line amastigotes were most probably 

unable to express the full spectrum of stage-specific transcriptome, consequently affecting the 

proteome to a degree which only became relevant when subjected to the challenging 

environment within host macrophages. 

Therefore, it made us wonder whether the ratio of G- and Q-tRNAs within the cellular 

pool would undergo any major alterations as the parasites sequentially proceed through 

different life stages, facing dynamic environmental changes, which may require rapid 

translational adaptation. The comparison of Q content between different life stages indeed 

revealed a gradual increase in Q levels from procyclic to metacyclic promastigotes, with a 

subsequent fall in the value once transformed into the amastigote stage. Thus, the results 

confirmed that the translational requirement for Q-tRNAs may be particularly important 

during metacyclic-to-amastigote life stage transition. 

Although more time points of differentiation and biological repeats should certainly be 

considered for any future investigation, perhaps, we may hypothesize that variability in codon 

usage bias among the individual life stages might be correlated to the varying degree of Q 

modification and may account for the hampered development seen in TGT2 KO cell line in 

amastigote stage. Transcriptome-wide stage-specific analysis of codon usage followed by 

proteomic studies will, however, be necessary to test this hypothesis. 

5.5. In vivo infection of mice 

5.5.1. Murine infection models revisited 

It must be noted that, although animal infections are routinely performed by several 

laboratories, there is no validated animal model for CL which would appropriately reflect 

human condition (Mears et al 2015). Furthermore, most research aiming for the elucidation of 

the molecular factors that govern CL progression employs murine infection with L. major, 

while the mechanisms contributing to the chronic disease seen during infection with New 

World Leishmania species are poorly understood, yet some profound differences in the 

virulence factors and the consequent pathology are recognized (Alexander & Bryson 2005, 

McMahon-Pratt & Alexander 2004). A large variability exists in the experimental design 

utilized by different laboratories, particularly in terms of the strain of parasite used, the 

duration of in vitro cultivation since obtaining a field isolate, method of in vitro maintenance, 

differentiation and selection of infective stage parasites, route of inoculation, size of the 
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infective inoculum, the strain and sex of mice employed in the studies and so forth (Mears et 

al 2015). 

Two distinct modes of experimental infection are described in the introduction of this 

thesis, with the past literature mostly reporting on murine infection employing high numbers 

of parasites inoculated subcutaneously to either footpad or back rump, leading to a rapid onset 

of the disease (Belklaid et al 2000). On the other hand, more recent literature introduces in 

vivo models for CL which pursue the objective to mimic the natural transmission of the 

parasites, hence utilizing low dose inoculum injected intradermally, typically into the ear 

(Kimblin et al 2008), revealing an initial silent phase favouring parasite amplification prior to 

the lesion formation. Thus, leading to the development of an animal model reminiscent of 

pathological features and immunological responses similar to humans (Belklaid et al 2000). 

However, the combination of many experimental variables and natural variation generally 

seen in animal experimentation (Hilley et al 2000), results in no universal correlation regarding 

criteria such as the number of parasites inoculated and the time it takes for lesions to first 

appear. Hence, inoculation of lower numbers of parasites (1x105) occasionally lead to a more 

rapid onset of pathology (week 1-2) (Denise et al 2003) as compared to higher dose infection 

(5x106) with lesion development perceived significantly later (week 10) (Alexander et al 

1998). Even though these particular studies were produced by a single research team, and the 

parameters utilized for cell culture, differentiation, route of inoculation or the choice of mice 

strain are seemingly identical. 

Profound dissimilarities in pathogenesis may, first of all, be a result of parasite growth 

conditions, as the cells are frequently reported to be serially passaged in mice, either using 

isolated lesion amastigotes directly for subsequent infection (Bryson et al 2011, Hilley et al 

2000, Pollock et al 2003), or performing in vitro differentiation into metacyclic promastigotes 

(Al-Mutairi et al 2010, Cummings et al 2012, García-Miss Mdel et al 2015, Rosas et al 2005). 

In other cases, the infective inoculum originates from apparently long-term in vitro cultures, 

with a wide variety of culture media employed (Aguilar Torrentera et al 2002, Buxbaum & 

Scott 2005, Denise et al 2003, Ramos-Martínez et al 2012). 

Second, while L. major infective-stage metacyclic promastigotes (naturally transmitted by 

the sandfly bite) can be purified using negative selection with peanut agglutin (Sacks et al 

1985), this method was proved to be ineffective for L. mexicana due to the differences in cell 

surface carbohydrates (Bates & Tetley 1993). Hence it appears that stationary-phase 

promastigotes are generally considered as metacyclic (Al-Mutairi et al 2010, Cummings et al 

2012, Rosas et al 2005), although at times the inoculum is solely stated to consist of metacyclic 
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promastigotes, omitting detailed information of the culture conditions applied to induce such 

differentiation (García-Miss Mdel et al 2015, Ramos-Martínez et al 2012, Tuladhar et al 2015). 

Since long, it has been known that L. mexicana cell culture at acidic pH (simulating the 

environment within the sandfly midgut (Bates 2007)) produces homogenous population of 

metacyclic forms (Bates & Tetley 1993). Despite the emphasis on the requirement for purified 

metacyclic promastigotes with regards to low dose infection challenge (Lira et al 2000), to the 

best of our knowledge, studies reporting L. mexicana low-dose infection do not employ any 

selection method (Cummings et al 2012). 

5.5.2. Interpretation of the results  

We tested differentiation from procyclic into metacyclic form, by means of allowing the 

cells to reach stationary phase of growth, in both neutral and acidic medium, since cultivation 

in low pH was likewise utilized in order to facilitate L. mexicana full life cycle development 

in vitro, as previously described (Bates 1994). Upon morphological evaluation of the samples, 

we could clearly distinguish a substantial enrichment of metacyclic forms within the cell 

population maintained at acidic pH, hence we found it reasonable to set up the cultures 

intended for infection experiments under such condition. 

 Since there was no previous experience with Leishmania murine infection studies in 

our laboratory, when designing the pilot infection experiment, we decided to utilize a supposed 

“medium” (2,5x106) among the high doses of parasites commonly used (Belklaid et al 2000), 

in order to determine, first of all, whether the pathogenesis could be established in our hands, 

under the conditions employed and furthermore, if the phenotype of TGT2 mutant cell line 

observed during in vitro macrophage infection experiment could, perhaps, become 

pronounced in vivo. 

 In spite of using high dose of parasites, with an inoculum consisting of metacyclic 

promastigotes, an apparent lesion formation was only noticed as soon as 4 weeks post 

infection. We cannot, however pinpoint the exact time of lesion appearance, as the ear 

thickness was unfortunatly not measured unless visible lesions occurred.  

Subsequently, an inhibition of ear dermis swelling was observed in most of the mice 

that were injected with TGT2 KO parasites, leading to the significant decrease in lesion size 

by the end of the experiment. While the histological tissue sections originating from WT-

infected mice showed persistent mononuclear cell infiltrates revealing heavily infected 

macrophages, the histological analysis of nearly all mice infected with TGT2 KO cell line 

failed to reveal any major changes in the dermal architecture, although small numbers of 

parasites were found to persist at the site. Since we never noted a significant lesion formation 



- 50 - 

 

in these animals, this result supports our already stated hypothesis on the hampered ability of 

TGT2 KO parasites to multiply within mammalian cells that most probably resulted in failure 

to establish peak parasite loads capable of eliciting a potent source of antigen presentation to 

CD4+ T lymphocytes. The activation of CD4+ cells could in turn trigger an immune response 

that would lead to macrophage activation and complete parasite elimination. Thus, the TGT2 

KO parasites appeared to induce rather chronic infection, hence not bringing about any major 

tissue damage. 

Even though two of the TGT2 KO-infected mice developed a more severe form of the 

disease when compared to those infected with WT parasites, the difference in lesion size by 

the end of the experiment was insignificant, and we consider these to be outliers, explanations 

are as follows. When the experiment reached completion, one of the two individuals was found 

to suffer from splenomegaly, suggesting an occurrence of abnormalities in this particular 

animal, such as a disordered immunoregulation resulting from slight differences in genetic 

background, which could eventually lead to dissemination of CL into MCL. Yet, the exact 

cause of our observation could not be determined. Also, it is plausible that the dosage of 

parasites may have had variations from one animal to another, due to technical limitations. 

Considering the lack of experience, needle injection aimed at the borderline of the ear dermal 

and epidermal sheets represented a technical difficulty per se, furthermore, the dosage could 

have, perhaps, been more accurate if lower volume syringes, or ideally microliter syringes, 

would have been used. 

The relationship between lesion progression and parasite numbers at the site of 

infection was examined by quantifying the numbers of viable amastigotes. There appeared to 

be a direct correlation between parasite amplification and the size of lesion in WT-infected 

animals. However, one of the two mice within the TGT2 KO-infected group (2), which 

developed larger lesions showed lower parasite load when compared to the former set. 

Moreover, the analysis also revealed persistence of parasites in the other four TGT2 KO-

infected animals, which did not develop any significant lesions. Since this was a preliminary 

experiment, the sample size utilized for parasite load determination was insufficient for 

statistical evaluation. However, the results obtained suggest that the disease progression 

resembles that of the high dose model-like in case of WT-infected mice. Meanwhile, TGT2 

KO infected animals, displayed a low dose-like infection thus providing additional support for 

the decreased ability of TGT2 KO parasites to multiply in vivo (Fig. 23). The infection 

experiment, however, clearly requires more repeats, hence drawing any final conclusions from 
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the results currently available would be premature. Therefore, the samples collected for the 

analysis of cytokine profiles are awaiting further validation of the results. 

Fig. 23: Interpretation of the pilot in vivo infection experiment; A) Leishmania high-dose vs. low-dose murine 

models of infection, B) Disease progression in animals infected with equal dose of WT and TGT2 KO-parasites, 

representing KO (4) experimental group, C) representation of KO (2) experimental group. 

Observing the effect of TGT2 absence on the infection propagation following large 

inoculum, we hypothesized that the impact would be more evident in an infection model 

employing a number of parasites comparable to the amount inoculated during the natural 

transmission of L. mexicana by sandflies. Also, the delayed parasitemia seen in mice infected 

with T. brucei TGT2 KO cell line appears to be manifested in a dose-dependent manner, with 

the routinely used high experimental dose of parasites causing a slight yet consistent effect 

and, meanwhile infection with a smaller inoculum results in a significantly prolonged survival 

of the animals (Kulkarni et al unpublished manuscript).  

Therefore, we attempted to test the lowest possible infectious dosage of WT cells that 

would be capable of the disease manifestation. Regrettably, none of the doses utilized in this 

study led to a significant lesion formation, most probably due to long-term in vitro cultivation 
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of the parasites, which is known to result in decreased infectivity potential (da Silva et al 1987, 

Moreira et al 2012, Nolan et al 1985, Segovia et al 1992). Although we successfully isolated 

the parasites from the animals sacrificed for the pilot experiment, unluckily a contamination 

of these cultures later occurred, whence these could not be employed for the subsequent 

infection. Therefore, we have recently passaged both cell lines through mice and isolated the 

parasites afresh for use in an additional repeat of the dosage experiment. 
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6. Conclusion 

In conclusion, we generated TGT2 KO cell line in Leishmania mexicana and demonstrated 

the involvement of this gene product in Q-tRNA formation. The results of in vitro infection 

experiments suggested that LmxTGT2 KO cell line exhibits difficulties with metacyclic-to-

amastigote life stage transition, which was also confirmed in vivo. This hypothesis was 

supported by the gradual increase in Q levels from procyclic to metacyclic promastigotes 

noticed in WT parasites in combination with the expression analysis of stage-specific markers. 

We hypothesize that Q-tRNAs may be crucial for the translation of the full-spectrum 

amastigote-specific proteome due to the differences in codon usage bias among the individual 

life stages (Fig. 24). 

 

 

 

 

 

 

 

 

 

Fig. 24: Current model for the role of Q-tRNA modification in the virulence of Leishmania mexicana;  

   procyclic/metacyclic promastigote-specific gene expresson,   amastigote-specific gene expression,    level of 

Q-tRNA modification,    time point when Q is critical. 
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