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Abbreviations 

ATP Adenosine triphosphate 

BSA Bovine serum albumin 

BSF Bloodstream form 

CACT Carnitine-acylcarnitine translocase 

Cas9 CRISPR associated protein 9 

CAT Carnitine acetyltransferase 

CPT1 and 2 Carnitine palmitoyltransferase 1 and 2 

CRISPR Clustered regularly interspaced short palindromic repeats 

ctr Control 

DMSO Dimethyl sulfoxide 

DNDi Drugs for Neglected Diseases Initiative 

DTU Discrete typing unit 

EGFP Enhanced green fluorescent protein 

ETO Etomoxir 

G6PI Glucose-6-phosphate isomerase 

GAT1 Glycosomal ATP binding cassette transporter 1  

GC-MS Gas chromatography-mass spectrometry  

GFP Green fluorescent protein 

gRNA Guide ribonucleic acid 

HSP60 Heat shock protein 60 

IC50 50% inhibitory concentration 

iFCS Inactivated fetal calf serum 

kDNA Kinetoplast deoxyribonucleic acid 

LC-MS Liquid chromatography-mass spectrometry 

LIT Liver infusion tryptose 

LSHTM London School of Hygiene & Tropical Medicine 

LucNeon Red-shifted luciferase and green fluorescent protein 

MEF Microtus embryonic fibroblast 

mRNA Messenger ribonucleic acid 

NMR  Nuclear magnetic resonance 

NTR1 Nitroreductase 1 

PBS Phosphate buffered saline 
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PCR Polymerase chain reaction 

PMM Peritoneal mouse macrophages 

RNAi Ribonucleic acid interference  

RPMI medium Roswell Park Memorial Institute medium 

rRNA Ribosomal ribonucleic acid 

SNP Single nucleotide polymorphism  

STIB Swiss Tropical Institute Basel 

TCA Tricarboxylic acid cycle 

VSG Variant surface glycoprotein 

WF Waltherione F 

WG Waltherione G 

wt Wildtype 
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Summary 

Natural products, and phytochemicals in particular, constitute a huge potential for 

drug discovery and medical use against parasitic diseases. Novel drugs and safer 

and more efficacious treatment options are urgently needed to fight neglected 

tropical diseases such as Chagas disease, caused by Trypanosoma cruzi.  

 So far, antichagasic drug discovery was marked by the lack of financial 

resources and restricted by low throughput. Research subsequently fell back on 

drug repurposing and target-based approaches, which did not translate to new 

drugs against Chagas disease. Understanding drug action and discovering potential 

mechanisms of action is vital in finding alternative, safe, and efficacious treatment 

options.  

 Waltheriones are a group of natural compounds isolated from the plant 

Waltheria indica, a plant occurring in tropical and subtropical area. Their activity 

against T. cruzi observed in protozoan phenotypic screens and the high selectivity 

towards the parasitic cells make the waltheriones very attractive for research, 

potentially leading to a candidate drug or advancing the knowledge about a novel 

drug target in T. cruzi.  

 In my Ph.D. thesis, I have investigated drug action of the waltheriones 

against T. cruzi by using cell biological and molecular approaches. Untargeted 

exposure metabolomics of extracellular epimastigote T. cruzi with waltherione 

revealed an accumulation of acylcarnitines, indicating an effect on fatty acid 

metabolism downstream of carnitine palmitoyltransferase 1 (CPT1). This finding 

was further investigated using isotopically labelled palmitate and NMR or mass 

spectrometry. This demonstrated that β-oxidation is functional in the vector form of 

T. cruzi. However, no effect of waltherione on β-oxidation or TCA metabolites was 

observed.  

 In vitro drug resistance selection was used as a starting point for finding 

possible mechanisms of resistance and possible mechanisms of action. Selecting 

for drug resistance in T. cruzi toward waltheriones proved to be difficult. 

Waltherione-resistant T. cruzi were generated and analysed with comparative 

transcriptomics revealing a candidate resistance mutation in a mitoribosomal 

protein.  
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 In conclusion, untargeted exposure metabolomics and comparative 

transcriptomics point to a mitochondrial involvement in waltherione drug action and 

a possible drug resistance mechanism. Stage-specific waltherione sensitivity 

profiles in different protozoan parasites further consolidate the hypothesis that the 

mode of action of waltheriones against T. cruzi involves interference with 

mitochondrial metabolism.  
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1 Waltheriones and Trypanosoma cruzi – general 

introduction 

1.1 Phytochemicals and parasites 

Nature is an incredibly rich source for pharmacophores. Natural compounds are 

molecules produced by a biological source such as plants, fungi or bacteria. 

Phytochemicals have already succeeded as antiparasitic agents. Quinine from the 

bark of the cinchona tree has been used as an antimalarial for centuries (and yet its 

mode of action is not fully understood). The discovery of the antimalarial agent 

artemisinin earned Tu Youyou the Nobel Prize in 2015 (Tu, 2016). The medical use 

of phytochemicals extends far beyond the field of parasitology, though. The pain 

reliever aspirin from the willow tree (Fuster and Sweeny, 2011), the most potent 

narcotic morphine from the poppy plant (Brook et al., 2017), and paclitaxel from the 

yew tree used in cancer treatment are just a few prominent examples (Wani et al., 

1971).  

 Plants are highly specialised and optimised production sites for biochemically 

active compounds. Therefore, phytochemical libraries usually yield a high hit rate in 

screening campaigns. However, the hit-to-lead development of natural products is 

restricted due to the difficulties to chemically synthesise and modify phytochemical 

compounds because they are often large and complex molecules with several 

stereocenters.  

 Taken together, natural compounds have limitations but also many 

advantages over synthetic compounds, as summarised in Table 1. Drug discovery 

can benefit from both fields. Screening for natural products facilitates the 

identification of bioactive and selective hit molecules, benefitting from a large 

diversity. Synthetic chemistry helps to overcome the limited product availability and 

facilitates modification. One way forward could be to first identify hits by screening 

biochemicals, then identify their target proteins in the pathogen, and finally perform 

screening campaigns on the purified target with synthetic derivative molecules. 

Such an approach is long and laborious but profits from the best of both fields, 

natural and synthetic chemistry.  
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Table 1. Characteristics of natural and synthetic compounds. Lipinski’s rule of five 

assesses the drug likeness of a chemical compound and determines its likeliness 

to be an orally available drug (Lipinski, 2004, Lipinski et al., 2001). 

 

 In contrast to malaria, natural compounds have so far not been used in the 

treatment of infections caused by trypanosomatid parasites. However, I believe that 

this untapped reservoir holds potential for antitrypanosomal agents as well, and that 

phytochemicals can also play an invaluable role in the treatment of Chagas disease 

caused by the parasite Trypanosoma cruzi. The waltheriones isolated from 

Waltheria indica (Cretton et al., 2014) are a promising starting point and the subject 

of the present work.  

1.2 Trypanosoma cruzi and Chagas disease 

T. cruzi is a unicellular eukaryote and the causative agent of Chagas disease, one 

of the neglected tropical diseases (Hotez et al., 2013, WHO, 2023, CDC, 2022). It 

belongs to the trypanosomatid family, which additionally comprises the human 

pathogenic parasites Trypanosoma brucei and Leishmania. Triatomine bugs are the 

competent vector for transmitting T. cruzi to its mammalian hosts. The parasite is 

 Natural compounds Synthetic compounds 

Diversity and 

availability 

 very diverse 

 limited accessibility 
 good accessibility  

Bioactivity 

 optimised for bioactivity 

by nature 

 fast metabolised  

 requires 
optimisation for 

bioactivity 

 low potency 

Specificity  very specific  low specificity 

Chemistry 

 difficult to synthesise 

 difficult to modify 

 less drug like according 

to Lipinski’s rule of five 

 easy to synthesise 

 easy to modify 

 usually follow 

Lipinski’s rule of five 

Hit rate  high hit rate in screens 
 low hit rate in 

screens 



Introduction 

7 

known to infect innumerable genera of mammalian species, making it a zoonotic 

pathogen (Zingales et al., 2012, WHO, 2002). 

 T. cruzi originated in Latin America, where the insect vector is prevalent. Due 

to climate change, the vector is spreading further north, making reports of vector-

transmitted Chagas disease also on the North American continent more frequent 

(Garcia et al., 2015). With increased mobility and migration, the disease has spread 

also to other continents (Requena-Méndez et al., 2015). Even in vector-free areas 

Chagas disease is of increasing concern as T. cruzi can be transmitted by blood 

transfusion, organ transplantation, congenitally, or orally by contaminated food 

(Pérez-Molina and Molina, 2018).  

 The disease manifests itself in different clinical forms. The majority of the 

acute infections are asymptomatic and resolve spontaneously in about 90% of 

cases. Only about 5-10% of all acute infections directly progress to symptomatic 

and life-threatening conditions. The acute phase is followed by the chronic phase of 

the disease, which can be marked by either the indeterminate or the determinate 

form. During the chronic indeterminate form, the parasites persist in host tissues 

without triggering any symptoms (Sanchez-Valdez et al., 2018). In the determinate 

form, the disease manifests itself in cardiomyopathy or megacolon and premature 

death (Rassi et al., 2010). In mice, the intestinal system is the primary site for 

persisting T. cruzi parasites (Lewis et al., 2014). In chronic human Chagas disease 

patients, reactivation of the persisting parasites could lead to the determinate form 

of the disease. This might occur under certain conditions, such as 

immunosuppression (Gray et al., 2018). The chronic form of Chagas disease also 

complicates the clinical phase of drug development. A novel drug must achieve total 

parasite clearance, also targeting parasites residing in specific host tissue. 

 Different clinical manifestations of Chagas disease have been associated 

with different parasite strains, categorised in discrete typing units (DTU), which 

follow a geographical distribution as recently systematically reviewed (Velásquez-

Ortiz et al., 2022). Drug research and development needs to consider potential 

influences of strain specificity when interpreting efficacy of novel hits, as well as the 

fact that artefacts may arise since many experimental strains have experienced 

laboratory adaptation (Sykes et al., 2023).  

 In the present work, I exclusively use the strain T. cruzi STIB980, which was 

previously used to design a new live in vitro drug assay (Fesser et al., 2020). This 
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strain has a short history of in vitro cultivation and thus is still more natural than 

other laboratory-adapted strains. T. cruzi STIB980 belongs to the DTU TcI as 

determined by PCR on the glucose-6-phosphate isomerase (G6PI) gene, the large 

ribosomal subunit (LSU), and the heat-shock protein 60 (HSP60) gene (Fesser, 

2021). DTU TcI is widespread throughout the whole South American continent and 

circulates extensively among humans. Therefore, T. cruzi STIB980 is well suited for 

drug discovery. The best annotated T. cruzi reference genome is that of T. cruzi CL 

Brener Esmeraldo-like. However, it is a hybrid of DTU TcII subgroups and had been 

chosen for the first T. cruzi genome to be sequenced as it was experimentally 

already well characterised (El-Sayed et al., 2005, Zingales et al., 1997). For 

STIB980, I have used the closely related Dm28c 2018 as reference genome for 

genetic experiments, which is also a DTU TcI (Berná et al., 2018). 

 The life cycle of T. cruzi alternates between the insect vector and a 

mammalian host, with morphologically distinguishable forms (Figure 1). The insect 

vector takes up T. cruzi parasites during a blood meal on the mammalian host. The 

extracellular trypomastigote T. cruzi differentiate inside the insect midgut to the 

epimastigote form upon changing environmental conditions and nutrient supply 

(Barisón et al., 2017). The epimastigotes proliferate extracellularly in the midgut. 

Eventually, they differentiate to the infective metacyclic trypomastigote stage in the 

insect’s hindgut triggered by the proline-rich environment (Barrett and Friend, 1975, 

Contreras et al., 1985, Lucena et al., 2019). During a next blood meal, infective T. 

cruzi are deposited with the bug's faeces onto the host and can enter the bite wound 

or any mucosal membrane. Parasites then invade nucleated cells where they 

differentiate into the intracellular replicative amastigote form (de Souza et al., 2010). 

Inside the host cell, T. cruzi differentiate into the trypomastigote form in an 

asynchronous manner. The trypomastigotes enter the blood circulation or the 

lymphatic system upon lysis of the host cell (Dvorak and Hyde, 1973, Taylor et al., 

2020). The insect vector then again takes up the extracellular trypomastigote form. 

 The entire lifecycle can be maintained in vitro without the need for any animal 

passage. In the present work, different life cycle stages were used. However, the 

extracellular and axenically cultured epimastigote T. cruzi simplify many 

experiments and were therefore used preferentially. 
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Figure 1. Life cycle of Trypanosoma cruzi. 

 

The biology of T. cruzi holds some unique features, which are at the same time 

intriguing for basic science and promising for drug discovery. Some were already 

suggested as potential antitrypanosomal drug targets.  

 Trypanosoma parasites possess only one single mitochondrion (Hellemond 

et al., 2005). The proper function of this singular organelle is vital. The 

mitochondrion is a site of energy generation comprising the enzymes for fatty acid 

import, β-oxidation, and the TCA cycle as well as the electron transport chain 

(Atwood et al., 2005). Maintaining the mitochondrial membrane potential is essential 

for cell viability. Alterations in the mitochondrial potential upon drug exposure 

indicate drug targets in energy metabolism within the mitochondrion. These include 

cytochrome bc1 or F0/F1 ATP synthase, which are part of the electron transport 

chain and oxidative phosphorylation. Both were discussed as potential antiparasitic 

drug targets (Khare et al., 2015, Wall et al., 2020, Dean et al., 2013, Muscat et al., 

2023). 
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 Trypanosomes belong to the class of kinetoplastea. The name originates 

from the kinetoplast containing the kinetoplast DNA (kDNA), a multicircular DNA 

structure encoding for mitochondrial genes as well as guide RNAs involved in the 

unique trypanosomal RNA editing process (Callejas-Hernández et al., 2021). A 

single point mutation in the gamma-subunit of the ATP synthase of the bloodstream 

form T. brucei causes tolerance to kDNA loss (Schnaufer et al., 2005). With this 

compensatory mutation, bloodstream-form T. brucei can survive without kDNA 

(Dean et al., 2013, Schnaufer et al., 2005). kDNA and the ATP synthase have been 

suggested as antitrypanosomal drug targets as they are important for mitochondrial 

gene expression and parasite survival (Fidalgo and Gille, 2011). 

 Mitochondrial ribosomes (mitoribosomes) are responsible for the translation 

of mitochondrial-encoded genes and feature a conserved ribosomal core formed by 

ribosomal RNA (rRNA). The trypanosomal mitoribosome is special in two ways. 

First, it holds the smallest rRNA, and second it has a higher protein but reduced 

rRNA content compared to other eukaryotic cells (Ramrath et al., 2018). The 

ribosomal proteins are nuclear-encoded with only one exception, uS12m, which is 

kinetoplast encoded as are the rRNAs (Aphasizheva et al., 2013, Ramrath et al., 

2018). The mitoribosome was suggested as a potential antitrypanosomal drug 

target due to its evolutionary divergence in trypanosomes and its key mitochondrial 

functions (Ramrath et al., 2018, Scaltsoyiannes et al., 2022). 

 The glycosome is a specialised, peroxisome-like organelle found in 

kinetoplastids. This organelle contains several glycolytic enzymes and it is the site 

where most steps of glycolysis occur. Only the three last steps, converting 

3-phosphoglycerate into pyruvate, occur in the cytosol. In all other eukaryotes, the 

entire glycolysis happens in the cytosol (Opperdoes and Borst, 1977, Acosta et al., 

2019). In contrast to the mitochondrion, glycosomes are present in large quantities 

(Opperdoes et al., 1984, Quiñones et al., 2020). The glycosomes also contain 

enzymes for purine salvage and β-oxidation (Acosta et al., 2019, Quiñones et al., 

2020). Fatty acid catabolism via β-oxidation is an alternative pathway for energy 

generation in case of glucose starvation (Barisón et al., 2017). One site of β-

oxidation is the mitochondrion. All enzymes of β-oxidation were also identified in the 

proteomes of T. cruzi and T. brucei glycosomes (Acosta et al., 2019, Güther et al., 

2014).  
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 T. cruzi is more infectious than T. brucei and thus requires extra caution in 

experimental handling. Therefore, work with T. cruzi is restricted to biosafety level 

3 laboratories in Europe. Working with T. cruzi is challenging because, i) there is a 

higher infection risk compared to other parasitic diseases, ii) there is no safe and 

efficacious drug treatment available, iii) the disease might manifest in a chronic 

clinical outcome, where no drug treatment is available, iv) parasites can persist in 

specific host tissues, and v) the disease-relevant stage is obligate intracellular and 

requires host cells for cultivation, adding a layer of complexity in drug research.  

1.3 Treatment options and drug discovery 

Benznidazole and nifurtimox are the two drugs that are approved for the treatment 

of Chagas disease. Both treatments are accompanied by severe side effects and 

are indicated for acute or reactivated Chagas disease only (CDC, 2021). For the 

chronic stage of the disease, no effective drug exists. Fexinidazole is currently in 

focus as a potential alternative treatment. This compound is the most recently 

approved drug for the treatment of human African trypanosomiasis, caused by T. 

brucei. 

 Benznidazole and fexinidazole are both nitroimidazoles, and nifurtimox is a 

nitrofuran. All three compounds are prodrugs that need activation upon entering the 

cell. Type I nitroreductase (NTR1) was shown to be the enzyme responsible for the 

reduction of the nitro group of the molecules (Dattani et al., 2021, Wilkinson et al., 

2008, Edwards, 1993). The reaction results in highly reactive products interacting 

with biological molecules and causing damage to the cell (Hall et al., 2011, Trochine 

et al., 2014a). Fexinidazole activity against T. cruzi was shown in the mouse model 

(Bahia et al., 2012). The highly promising results from the phase II clinical trial were 

published only recently, suggesting further investigation of fexinidazole as a 

treatment option for Chagas disease (Torrico et al., 2023). 

Posaconazole was a promising antichagasic compound, which, however, 

failed during clinical trials due to limited curative potential (Molina et al., 2014). This 

underlines the challenge of curing Chagas disease and the significance of finding 

molecules that can reach also persistent parasites. Posaconazole inhibits sterol 

14α-demethylase (CYP51), an enzyme of the T. cruzi essential sterol biosynthesis 

(Urbina et al., 1998, Lepesheva et al., 2006). 
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 The examples just mentioned are the result of drug repurposing and cell-

based screening. Phenotypic screening approaches thus brought the most recent 

advancements in research and development of new drugs (Chatelain and Ioset, 

2018). Identifying the drug target, nevertheless, is the challenging but important next 

step.  

 The experimental approaches to elucidate the mode of action of, or 

resistance mechanism to, an active molecule are manifold. Phenotypic approaches 

include straightforward techniques that measure the effect of drug exposure on 

morphology, changes in the mitochondrial potential, or growth. More sophisticated 

techniques include cell cycle analysis with imaging or flow cytometry (Wheeler et 

al., 2012, Signorell et al., 2009, Sarkar et al., 2003), isothermal microcalorimetry to 

monitor growth and metabolism in real time (Gysin et al., 2018, Wenzler et al., 

2012), and untargeted exposure metabolomics to investigate the biochemistry of 

drug action (Trochine et al., 2014b, Wenzler et al., 2012). Untargeted metabolomics 

investigates the total composition of low molecular weight molecules present in a 

sample qualitatively (Fillet and Frederich, 2015, Creek et al., 2011). This method 

was used in T. cruzi to compare the entire metabolome of parasites exposed to 

benznidazole and the non-exposed control. This indicated the thiol binding capacity 

of reduction products of benznidazole (Trochine et al., 2014a). Targeted 

metabolomics is the next step to quantitatively investigate the metabolome which 

requires prior knowledge of the metabolites of interest (Creek et al., 2011). 

Isotopically labelled molecules are used to quantitatively resolve specific metabolic 

pathways of interest including energy metabolism (Krishnan et al., 2020, Saunders 

et al., 2014). Depending on the approach and on the metabolites of interest, 

metabolite extraction can be adapted followed by liquid or gas chromatography 

coupled to mass spectrometry or NMR spectroscopy (Creek et al., 2011). 

 Next to the diverse set of direct exposure -omics approaches, selection 

strategies to investigate the mechanism of resistance can indirectly inform about 

the mechanism of action or the actual target (Wiedemar et al., 2018, Bernhard et 

al., 2007). Drug resistance selection followed by genomic and transcriptomic 

analysis led to important findings in T. brucei and its resistance mechanism against 

suramin (Wiedemar et al., 2018). Benznidazole drug resistance selection in T. cruzi 

coupled to genomic analysis revealed an accumulation of genome wide mutations 

associated with possible resistance mechanisms (Campos et al., 2017). Whole 
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genome sequencing has the advantage of finding mutations also in the intergenic 

regions and regulatory elements (McKenna et al., 2010). Total RNA sequencing, in 

contrast, enables the identification of differentially expressed genes and might also 

disclose alteration in the regulatory region of genes (Love et al., 2014, Anders et al., 

2015). A detailed overview on the different protocols to select for drug resistance is 

provided in the next chapter (Chapter 2). This will form the basis of my approach 

towards selecting for waltherione resistance in T. cruzi.  

1.4 Waltheria indica and the waltheriones 

Waltheriones were isolated and characterised from the malvacea Waltheria indica 

(Cretton et al., 2014). The plant is a yellow flowering shrub common in tropical and 

subtropical regions (Zongo et al., 2013). W. indica is used in traditional medicine in 

various regions all over the world for different indications. In Hawaii the plant is well 

recognised in traditional medicine and has been used to treat respiratory disorders 

and pain. In Central America and Africa the plant is also used as anti-inflammatory 

decoction (Zongo et al., 2013, Bala et al., 2010). In Nigeria, the plant is used to treat 

cattle for ‘Nagana’, the zoonotic form of African sleeping sickness caused by 

Trypanosoma brucei brucei (Bala et al., 2010). The whole plant extract was 

investigated for its potential antiplasmodial effect due to its traditional use in Burkina 

Faso (Jansen et al., 2010).  

 The waltheriones were identified upon fractionation of extracts of different 

parts of the plant. Dichloromethane, methanol, and water were used to extract air-

dried and powdered plant material from the root and aerial parts of Waltheria indica. 

The waltheriones were found in the apolar dichloromethane extract of the root 

material, and they are heterocyclic quinoline alkaloid molecules (Figure 2) (Cretton 

et al., 2014, Cretton et al., 2015).  
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Figure 2. Chemical structures of the waltheriones. (1) 8-deoxoantidesmone, (2) 

waltherione E, (3) waltherione F, (4) waltherione G, (5) waltherione H, (6) 

waltherione I, (7) waltherione J, (8) waltherione K, (9) waltherione L, (10) 

antidesmone. The molecule with grey background is also waltherione F with 

numbered positions. (Cretton et al., 2014) 

 

 Waltheriones showed activity in protozoan phenotypic screens, especially 

waltherione F and G against T. cruzi (Cretton et al., 2014, Cretton et al., 2015). 

Cytotoxicity on mammalian cells for those two molecules was very low, resulting in 

very good selectivity towards T. cruzi (Cretton et al., 2014). Good transcellular 

permeation was found for waltherione G among other pharmacologically active 

waltheriones by parallel artificial membrane permeability assay (PAMPA) (Petit et 

al., 2016). 

 To date, the total chemical synthesis is only known for waltherione F, and still 

in development for the chiral waltherione G. The synthesis enabling modifications 

at positions 2 and 3 can assist in adding different functional groups to the molecule 

(Zdorichenko et al., 2019). Testing a variety of synthetic waltherione analogues 

against T. cruzi will inform about the structure-activity relationship of the molecules.  

Waltherione F and G are interesting molecules because they are i) natural 

compounds, ii) highly active against T. cruzi, and iii) selective towards the parasites. 
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1.5 Aim and Objectives 

My doctoral thesis aims to further characterise the antitrypanosomal action of the 

waltheriones, in particular to elucidate potential mechanisms of action and identify 

candidate targets of the waltheriones in T. cruzi. The presented work is part of a 

larger collaborative project following an interdisciplinary and comprehensive 

approach, including molecular and cell biology, different omics techniques, synthetic 

chemistry and modelling.  

 The literature review forming the first part of this work (Chapter 2) critically 

evaluates different approaches to select trypanosomatid parasites for drug 

resistance and outlines its importance for target deconvolution. This work helped to 

assess different experimental procedures to select waltherione resistant T. cruzi, 

which was decisive for the experimental part outlined in the second part of this work 

(Chapter 3 and 4). 

 The experimental part followed the same objective with two different 

approaches: elucidating potential mechanisms of action using i) a phenotypic and 

ii) a genetic approach. Untargeted exposure metabolomics revealed effects elicited 

by waltheriones on T. cruzi carnitine metabolism. Semi-targeted exposure 

metabolomics was subsequently used to further explore fatty acid catabolism 

(Chapter 3). Meanwhile, in vitro drug resistance selection had been performed, 

which is a time-consuming process of unknown duration. Comparative 

transcriptomic analysis with waltherione-resistant and susceptible T. cruzi revealed 

candidate resistance mutations pointing to the mitoribosome as a candidate target 

of waltheriones (Chapter 4). A transgenic line of T. cruzi STIB980 was generated 

that will allow to follow up on the results from the phenotypic and genetic 

investigation. 
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2.1 Abstract 

The selection of parasites for drug resistance in the laboratory is an approach 

frequently used to investigate the mode of drug action, estimate the risk of 

emergence of drug resistance, or develop molecular markers for drug resistance. 

Here, we focused on the How rather than the Why of laboratory selection, 

discussing different experimental set-ups based on research examples with 

Trypanosoma brucei, Trypanosoma cruzi, and Leishmania spp. The 

trypanosomatids are particularly well-suited to illustrate different strategies of 

selecting for drug resistance, since it was with African trypanosomes that Paul 

Ehrlich performed such an experiment for the first time, more than a century ago. 

While breakthroughs in reverse genetics and genome editing have greatly facilitated 

the identification and validation of candidate resistance mutations in the 

trypanosomatids, the forward selection of drug-resistant mutants still relies on 

standard in vivo models and in vitro culture systems. Critical questions are: is 

selection for drug resistance performed in vivo or in vitro? With the mammalian or 

with the insect stages of the parasites? Under steady pressure or by sudden shock? 

Is a mutagen used? While there is no bona fide best approach, we think that a 

methodical consideration of these questions provides a helpful framework for 

selection of parasites for drug resistance in the laboratory. 
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2.2 The TriTryp Parasites 

Trypanosoma brucei, Trypanosoma cruzi and Leishmania comprise the human-

pathogenic species in the trypanosomatid family. They cause the neglected tropical 

diseases sleeping sickness, Chagas disease and leishmaniasis, which have an 

estimated total prevalence of over 10 million and impose a substantial burden on 

global health (Murray and Lopez, 2017, Lee et al., 2013). The insect vectors - tsetse 

flies, triatomine bugs and phlebotomine sandflies, respectively - transmit the 

parasites to the mammalian host during a blood meal. The parasites thus encounter 

very different environments in their transmission cycles. Furthermore, the three 

species are zoonotic and infect various mammals. Leishmania and T. cruzi are 

intracellular in the mammalian host and extracellular in the gut of the insect, 

whereas all life-cycle stages of T. brucei are extracellular. This renders T. brucei 

easier to cultivate than T. cruzi or Leishmania. In addition, T. brucei is more readily 

amenable to reverse genetics than other trypanosomatids (Barnes et al., 2012). 

Table 1 compares the cellular and molecular characteristics of the TriTryp parasites 

T. brucei, T. cruzi and L. donovani. The drugs for treating the respective diseases 

are listed in Table 2, along with the in vitro sensitivity of the different life-cycle stages 

of the parasites. These drugs were developed by phenotypic, cell-based 

approaches rather than target-based. Consequently, for some of them, even though 

they have been used for decades, the mechanism of action is still not fully 

understood. 

 

Table 1. Molecular and cellular characteristics of the three selected 

trypanosomatids. 

 T. brucei T. cruzi L. donovani 

Genome size1 26.1 Mb 60.4 Mb 32.4 Mb 

Protein-coding genes1 9068 ~12,000 >8000 

Genes of RNAi pathway2 present partially present absent 

RNAi gene silencing2 functional non-functional non-functional 

CRISPR/Cas9 editing3 established established established 

Mammalian stages extracell. trypomastigotes intracell. amastigote, 

extracell. 

trypomastigote 

intracell. amastigote 

Vector stages procyclic trypomastigote, 

epimastigote, 

metacyclic trypomastigote 

procyclic 

epimastigote, 

metacyclic 

trypomastigote 

procyclic 

promastigote, 

metacyclic 

promastigote 
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1 (Berriman et al., 2005, El-Sayed et al., 2005, Downing et al., 2011) 

2 (Patrick et al., 2009, Garcia Silva et al., 2010, Lye et al., 2010, Batista and Marques, 2011) 

3 (Beneke et al., 2017, Lander et al., 2015, Peng et al., 2014, Zhang and Matlashewski, 2015) 

 

 

Table 2. Standard drugs and sensitivity of mammalian vs. insect stages. All values 

are in vitro IC50 in µg/mL, original data from our trypanosomatid drug screening 

platform. 

Parasite Drug 
Mammalian Stage 

Intracellular 

Mammalian Stage 

Axenic 
Vector Stage 

T. brucei 

Pentamidine n.a. 0.001 0.43 

Suramin n.a. 0.056 >10 

Melarsoprol n.a. 0.004 0.057 

Eflornithine n.a. 2.0 >100 

Nifurtimox n.a. 0.31 1.6 

Fexinidazole n.a. 0.62 1.2 

T. cruzi 
Benznidazole 0.47 n.a. 3.1 

Nifurtimox 0.14 n.a. 0.87 

L. donovani 

Pentostam 92 220 >1000 

Miltefosine 1.4 0.29 3.8 

Amphotericin B 0.33 0.26 0.03 

Paromomycin 28 >30 10 

 

2.3 New Tools for Target Deconvolution 

Knowing a drug’s target is of great importance for the development  of more 

effective, better tolerated therapies and for the management of drug resistance. 

However, the genetic mapping of mutations conferring resistance, which in 

Caenorhabditis elegans was key to the identification of anthelmintic drug targets 

(Sangster et al., 2005), is precluded in trypanosomatids as sexual recombination, if 

it occurs at all, is not obligate. This lack of forward genetics is to some extent 

compensated for by the declining costs of next-generation DNA sequencing, which 

have made it affordable to identify resistance mutations by whole genome 

sequencing or transcriptome sequencing of drug-resistant mutants (Graf et al., 

2016, Leprohon et al., 2015). In addition, reverse genetic tools were developed that 

have helped to overcome the lack of forward genetics. 

 Inducible RNA interference (RNAi) libraries were used as a high-throughput 

method for genome-wide loss-of-function studies in T. brucei (Alsford et al., 2012, 

Alsford et al., 2011). Performing RNAi induction followed by drug selection 

confirmed the role of the known drug resistance genes TbAT1, AAT6 and NTR1 as 
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determinants of susceptibility to melarsoprol, eflornithine and nifurtimox, 

respectively (Schumann Burkard et al., 2011, Baker et al., 2011). An experimental 

trypanocide whose target was validated by RNAi is 4-[5-(4-phenoxyphenyl)-2H-

pyrazol-3-yl]morpholine, a molecule that turned out to function as a hyperactivator 

of T. brucei adenosine kinase (Kuettel et al., 2011, Kuettel et al., 2009). These 

approaches obviously require the presence of a functional RNAi system in the target 

cell (Table 1). This, however, is not the case for T. cruzi and most species of 

Leishmania, with the notable exception of L. braziliensis (Lye et al., 2010). 

Parsimony suggests that the common trypanosomatid ancestor had been 

competent of RNAi and that the genes for Argonaute and Dicer proteins were lost 

multiple times in the subsequent course of evolution (Matveyev et al., 2017). 

 Genome editing by CRISPR-Cas9 is more generally applicable. First 

established for T. cruzi (Lander et al., 2015, Peng et al., 2014, Soares Medeiros et 

al., 2017), it was also successfully applied to Leishmania (Sollelis et al., 2015, 

Zhang and Matlashewski, 2015) and T. brucei (Beneke et al., 2017, Rico et al., 

2018, Shaw et al., 2020). Further improvements simplified the genetic manipulation 

of the trypanosomatids, providing a high-throughput system for large-scale genetic 

knock-out screens (Beneke et al., 2017, Beneke and Gluenz, 2020, Yagoubat et al., 

2020). Another high-throughput tool that has helped to understand the molecular 

genetics of drug action in Leishmania are cosmid libraries. Cos-Seq is based on the 

selection for enriched loci under drug pressure with subsequent sequencing and 

candidate gene identification (Fernandez-Prada et al., 2018, Gazanion et al., 2016). 

Targeted overexpression of candidate genes is possible as well; with DNA repair 

genes, this has provided new insights into the mode of action of benznidazole in T. 

cruzi (Rajão et al., 2014). Inducible gene overexpression libraries have been 

developed for trypanosomatids that allow identifying drug targets by screening for 

genes whose overexpression causes drug resistance (Wall et al., 2018). 

 Proteomic techniques are applicable to trypanosomatid parasites as well 

(Sioud, 2007, Werbovetz, 2000). Chemical proteomics combine chemistry to 

synthesize a drug-derived probe with biology to search for the target protein. This 

is achieved either by affinity chromatography, in which the chemical probe is 

immobilized on a matrix and incubated with a cell lysate to fish for proteins, or in 

situ, where the probe is added to live cells and cross-linked to target proteins e.g., 

by means of a photoreactive group (Kubota et al., 2019). The first approach was 
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used to identify MAP kinases and cdc2-related kinases as putative targets of 2,4-

diaminopyrimidines in T. brucei (Mercer et al., 2011). The second identified 

candidate targets of the antiobesity drug orlistat and the antichagasic protease 

inhibitor K11777 (Yang et al., 2012a, Yang et al., 2012b). Other innovative 

techniques for target fishing were developed, such as protein chips, phage display, 

or the yeast three-hybrid system (Chidley et al., 2011, Terstappen et al., 2007), but 

have to our knowledge not yet been applied to trypanosomatids. 

2.4 Artificial Selection for Drug Resistance 

Selecting pathogens for drug resistance is a classical experiment in a parasitology 

laboratory. The first scientist known to have performed it was Paul Ehrlich, the father 

of chemotherapy. Ehrlich and co-workers infected mice with African trypanosomes 

and treated the animals with subcurative doses of parafuchsin. They observed that 

after several passages, the trypanosomes had lost their susceptibility to the drug 

(Ehrlich, 1907). Decades later, Alexander Fleming observed the same phenomenon 

when he cultured bacteria on plates with sublethal concentrations of penicillin 

(Fleming, 1945). Ehrlich’s main interest in drug resistance was to learn about the 

nature of the subcellular drug targets. He proposed to use artificially selected drug-

resistant pathogens as a ‘therapeutic sieve’ based on cross-resistance profiles 

(Ehrlich, 1908). Thus, by testing a new drug candidate against a panel of resistant 

strains, he was able to tell whether it had a different mode of action. A hundred 

years later, this concept was incorporated for the development of antimalarials 

(Chugh et al., 2015). Today, the selection of drug-resistant mutants in the laboratory 

mainly serves three purposes: (i) to learn about the mode of drug action, i.e., to 

identify drug transport pathways and drug targets; (ii) to estimate the risk of 

emergence of drug resistance in the field based on how quickly resistance evolves 

in the laboratory; and (iii) to find molecular markers for drug resistance that enable 

rapid, DNA-based tests. In the following, we focus on the How rather than the Why 

in the experimental process of laboratory-selection for drug resistance, illustrating 

different protocols with examples from the ‘TriTryp’ parasites. 
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Selection In Vitro vs. In Vivo 

The selection for drug-resistant trypanosomatids by subcurative dosing of a rodent 

model of infection is the closest situation to what happens in a treated patient. 

Therefore, the knowledge that will be gained about the genes and mutations 

involved in drug resistance is likely to be relevant for the situation in the clinics. A 

second advantage of selecting in vivo is the high numbers of parasites that can be 

reached in an infected animal, increasing the probability of success in obtaining a 

drug-resistant mutant. The main point against in vivo selection is the use of animals 

per se, if it can be replaced by an in vitro system. In addition, in vivo studies are 

usually more laborious and expensive than in vitro experiments. A further advantage 

of in vitro systems is the better control over parameters such as drug concentration 

and number of parasites. 

Overall, there has been a good correlation between the drug resistance 

phenotypes obtained in vivo and in vitro (Kaminsky and Mäser, 2000), except in one 

case, where bloodstream-form T. b. brucei, which had been selected in vivo for 

Cymelarsan resistance, were only weakly resistant to arsenicals in culture (Scott et 

al., 1996, Scott et al., 1997). A possible explanation is the fast metabolisation of 

melamine-based arsenicals in vivo (Keiser et al., 2000). Some mechanisms, such 

as phenomena involving tissue tropism, will only evolve in vivo, whereas others 

might occur only in vitro. The latter is exemplified by the finding that expression of 

a particular variant surface glycoprotein (VSG) in T. brucei causes suramin 

resistance (Wiedemar et al., 2018). Such a mechanism is hardly sustainable in vivo, 

where the parasites will be eliminated by the adaptive immune response unless they 

switch to express another VSG. 

The first studies on the selection of trypanosomatids for drug resistance were 

performed in vivo, as long-term culture systems were unavailable at the time. Early 

studies with T. brucei mainly focused on arsenical resistance (Yorke and 

Murgatroyd, 1930, Yorke et al., 1931, Yorke et al., 1933, Lourie and Yorke, 1938, 

Fulton and Yorke, 1942) and on the phenomenon of cross-resistance between 

melamine-based arsenicals and diamidines (Rollo and Williamson, 1951). 

Generally, T. brucei spp. were propagated in immunosuppressed mice. The animals 

were treated with increasing but subcurative concentrations of arsenicals, and the 

relapsing trypanosomes were passaged to new mice (Frommel and Balber, 1987, 
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Scott et al., 1996, Pospichal et al., 1994, Fairlamb et al., 1992). In a typical 

experiment, it took eight rounds of infection to obtain a stable resistance phenotype 

with a resistance factor of 15 (Pospichal et al., 1994). There are only a few studies 

where T. cruzi or Leishmania were selected for drug resistance in vivo. Two different 

approaches were applied, both successfully, to obtain benznidazole-resistant T. 

cruzi. In the first, selection was performed by repeated treatment shocks: an infected 

mouse at peak parasitemia was treated with a single oral dose of 500 mg/kg 

benznidazole and after 6 hours, the surviving blood trypomastigotes were 

inoculated into another mouse. This procedure was repeated about 10 days later, 

again at the peak of parasitemia. After 25 rounds, the obtained T. cruzi were 

unresponsive to benznidazole and cross-resistant to nifurtimox and other 

nitroimidazoles (Murta and Romanha, 1998). The second approach used a lower 

but constant dose: infected mice were given an oral dose of 100 mg/kg 

benznidazole daily for 20 consecutive days. Thereafter, the animals were 

immunosuppressed with cyclophosphamide, and the emerging trypomastigotes in 

the blood were harvested and inoculated into new mice. Four out of five T. cruzi 

isolates became unresponsive to benznidazole after 2 to 9 rounds of selection (Dos 

Santos et al., 2008). A similar attempt to generate drug-resistant mutants of L. 

infantum and L. donovani by repeated subcurative dosing of infected hamsters 

succeeded remarkably quickly for paromomycin, but not for miltefosine (Hendrickx 

et al., 2015). A different approach, pre-exposing animals before infection, was used 

to test a possible link between the presence of arsenic in the drinking water and the 

emergence of antimonial resistance in Leishmania. Mice that had been given 

drinking water with 10 ppm arsenite for 1 month were infected with L. donovani. 

After 28 days, still with arsenite in the animals’ drinking water, the Leishmania were 

passaged to a new group of arsenite pre-exposed mice. After 5 such rounds, the 

Leishmania had become unresponsive to a dose of 500 µg/mL when tested in vitro 

(Perry et al., 2013). 

There have been many reports on the successful in vitro selection of 

trypanosomatids for drug resistance (Table 3). 
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Early in vitro selection experiments were performed even before it was possible to 

propagate the parasites in culture: African trypanosomes were isolated from an 

infected rodent at peak parasitemia, exposed in vitro for 1 hour to high 

concentrations of tryparsamide, and reinjected into another animal. After 3 to 13 

cycles, the trypanosomes had become less sensitive to tryparsamide (Hawking and 

Walker, 1966). The first culture systems for trypanosomatids were established for 

the insect stages, i.e., the procyclic, trypomastigote form of T. brucei (Brun and 

Schönenberger, 1979), the epimastigote form of T. cruzi (Berens et al., 1976), and 

the promastigote form of Leishmania (Krassner and Flory, 1972). When maintained 

in appropriate medium at 27 °C, these forms readily proliferate in axenic culture and 

reach densities of over 107 cells per mL before they enter stationary phase. The 

cultivation of the mammalian stages is less straightforward. Axenic in vitro 

cultivation is possible for T. brucei bloodstream forms (Baltz et al., 1985). 

Amastigote Leishmania, too, can proliferate in axenic culture if they are kept at low 

pH to simulate the phagolysosome (Balanco et al., 1998). Axenic long-term 

cultivation of T. cruzi amastigotes has been reported (Engel and Dvorak, 1988) but 

is not a standard procedure. Overall, the insect stages of trypanosomatid parasites 

do not require host cells, are easier to culture than the mammalian stages, and they 

reach much higher cell densities favoring the selection of drug-resistant mutants. 

The obvious drawback is that the insect stages are not clinically relevant. 

Selection of Insect Stages vs. Mammalian Stages 

The key question regarding the choice of the life cycle-stage is whether the mode 

of drug action is preserved in the insect stages, including drug transport pathway(s) 

and intracellular target(s). We would argue that if there is no difference in drug 

susceptibility between mammalian and insect stages, the mode of drug action is 

likely to be preserved and hence, in vitro selection for drug resistance will be easier 

and faster with the insect stages even though it is not the stage causing 

pathogenesis in mammals. However, if the insect stages are clearly less susceptible 

than the mammalian stages, they might not provide valuable insights on drug 

resistance (even though the target could be preserved but not essential in the insect 

stage). Benznidazole for T. cruzi is a typical example of a drug that is equally active 

against either stage, epimastigotes and amastigotes (Revollo et al., 2019) (Table 

2). Epimastigote T. cruzi selected for benznidazole resistance kept the phenotype 
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after transformation to amastigotes (Nirde et al., 1995). In contrast, paromomycin 

resistance that had been selected for in vivo was lost after the amastigote 

Leishmania had been transformed to promastigotes (Hendrickx et al., 2015). 

Regarding T. brucei, most drugs used for the treatment of sleeping sickness are 

much less effective against the procyclic forms in the tsetse fly midgut than against 

the mammalian bloodstream forms (Table 2). This might be due to the fact that 

some of the transporters mediating drug uptake are only expressed in the latter (de 

Koning, 2001, Ziegelbauer and Overath, 1992). 

 An interesting aspect about the relevance of selecting insect stages of 

trypanosomatid parasites for drug resistance is the question of whether the insect 

stages ever come into contact with drugs in nature. With African trypanosomes, a 

scenario that seems plausible is that of an infected tsetse fly that takes a blood meal 

on a cow that has received nagana drugs, whereupon the procyclic trypanosomes 

in the fly midgut will be exposed to sublethal drug concentrations. This was 

experimentally reproduced: Glossina morsitans infected with T. congolense were 

fed over 1 month on rabbits that received weekly prophylactic doses of 2 mg/kg 

Samorin (isometamidium chloride). The flies were then used to infect mice, which 

in turn served to infect a new group of teneral flies. After four such cycles, the 

selected T. congolense had a significantly lower susceptibility to Samorin than 

unselected ones, passaged in untreated animals (Nyeko et al., 1988). 

 Selection of a Clone vs. a Population 

The probability of obtaining a drug-resistant mutant increases with the genetic 

diversity of the starting population. This might suggest starting with a heterogeneous 

population of parasites when selecting for drug resistance in order to speed up the 

process. However, once the desired drug-resistant mutants have been obtained, 

their molecular genetic analysis is greatly facilitated if they all derive from the same 

parental, drug-sensitive clone. Otherwise, there are likely to be too many 

confounding nucleotide polymorphisms that are unrelated to the resistance 

phenotype. A typical procedure that facilitates downstream genomics, 

transcriptomics, and proteomics is to start the selection process with a fresh clone 

and select several lines independently. Thus, a melarsoprol-resistant mutant of T. 

b. rhodesiense was found to express only two genes (other than VSG) at a different 

level from the parental, melarsoprol-sensitive clone (Graf et al., 2016), even though 
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it had taken two years of in vitro selection to obtain the mutant (Bernhard et al., 

2007). 

A successful approach towards high-level pentamidine resistance in T. brucei 

was to start with a genetically engineered clone that was already less susceptible 

to pentamidine since it was homozygously disrupted in the gene TbAT1, which 

encodes an aminopurine permease that also transports diamidine drugs (Mäser et 

al., 1999). This starting clone was already 2.4-fold resistant (Matovu et al., 2003); 

after several months of in vitro exposure to increasing concentrations of 

pentamidine, a resistance factor of 130 was obtained (Bridges et al., 2007). 

Selection with Mutagens vs. Adaptive Evolution 

The use of chemical mutagens poses a similar dilemma as discussed above: it will 

increase the probability of obtaining a drug-resistant mutant and thus shorten the 

process of selection. At the same time, it will confront the downstream analyses of 

the obtained mutants with the challenging task of identifying which of the many 

mutations are the cause of drug resistance. Since back-crossing to the parental, 

drug-sensitive line is not feasible with trypanosomatid parasites, resistance 

selection based on chemical mutagenesis requires a large number of drug-resistant 

mutants that have been selected in parallel, preferably from the same, freshly 

cloned parent. Ethyl methanesulfonate (EMS) is frequently used as a mutagen to 

generate point mutations. It alkylates guanine to ethylguanine, which can form a 

base pair with thymine, leading to the transition from a G:C pair to A:T. EMS and 

other mutagens were applied to L. infantum promastigotes, followed by plating on 

media containing either miltefosine or paromomycin, which allowed the isolation of 

drug-resistant mutants (Bhattacharya et al., 2019). Finally, the drug itself can be 

mutagenic. This is the case for ethidium bromide (homidium), which is used in 

veterinary medicine for T. congolense infections. Benznidazole, too, is mutagenic 

to trypanosomes (Campos et al., 2017). 

Selection under Constant Pressure vs. Sudden Shock 

The intuitive approach to select parasites for drug resistance in culture is to apply a 

steady selective pressure with a sublethal drug concentration, which can be 

gradually increased as the parasites lose susceptibility. This has been the most 

commonly used procedure (Table 3). Such an approach is likely to result in the 
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accumulation of several mutations over time, and the phenotype of drug resistance 

that is ultimately obtained might result from a combination of genetic mechanisms. 

It is, therefore, imperative to freeze away intermediate samples, which will allow one 

to determine at what time point a given mutation has occurred. A different, 

potentially much faster approach is to start with a high inoculum of parasites, expose 

them to a supposedly lethal concentration of drug, and then wait and see whether, 

eventually, a population of parasites will recover. This worked well to select T. brucei 

for suramin resistance: when bloodstream-form trypanosomes were incubated with 

suramin at 5- to 25-fold the IC50, all cells seemed to be dead by the following day. 

However, the cultures were further incubated, and after 6 days a population had 

regrown that was about 100-fold resistant to suramin (Wiedemar et al., 2018). 

Obviously, such a shock treatment bears the risk that the culture is not going to 

recover simply because all the parasites are dead. Nevertheless, we think it is a 

worthwhile experiment to try, since it quickly delivers a (positive or negative) answer. 

2.5 Biosafety Considerations and Conclusion 

Parasites that have been selected for drug resistance may require additional 

biosafety measures or even an upgrade in the biosafety level. T. cruzi bears the 

highest biohazard risk among the trypanosomatids. Highly infectious not only by 

traumatic inoculation but also via mucous membranes, T. cruzi is considered in 

many countries as a pathogen of biosafety level 3 (Table 4). Only two drugs are 

available for the treatment of an accidental infection with T. cruzi, benznidazole and 

nifurtimox. Both are nitroimidazoles, and they have the same mechanism of action: 

activation by electron transfer catalysed by nitroreductase 1 (NTR1), leading to the 

formation of radicals. Cross-resistance between benznidazole and nifurtimox due to 

reduced levels of NTR1 expression is the most frequently observed mechanism 

(Murta and Romanha, 1998). Thus, when T. cruzi is being selected for resistance 

to nitroimidazoles, this will demand even more stringent biosafety measures than 

required anyhow. This word of caution also applies to selection experiments with 

the insect stages, because densely grown cultures of epimastigote T. cruzi will 

contain infective metacyclic forms. 

In summary, selecting trypanosomatid parasites for drug-resistant mutants 

requires special care. Moreover, whatever the experimental approach, it also 
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requires patience and luck (in German Geduld and Glück), two of Paul Ehrlich’s 

famous Four Gs (Raju, 1998). With points 3.1 to 3.5, we hope to have provided 

some guidance about the parameters that need to be considered when planning a 

drug selection experiment. While there is no bona fide best approach, a 

methodological consideration of the points outlined above will provide a framework 

for the successful planning of experiments. 

Table 4. Risk group and biosafety level categorisation of T. brucei, T. cruzi and L. 

donovani (in an infected insect vector, all human-pathogenic trypanosomatids are 

classified as biosafety level 3). 

Countries T. brucei T. cruzi L. donovani

USA 2 2 2 

AU/NZ 2 2 n.s.

EU 2 (Tbb), 3 * (Tbr) 3 3 *

UK 2 (Tbb), 3 * (Tbr) 3 3 *

CH 2 3 2

* Limited danger of transmission; usually not transmitted through the respiratory tract (Risk Group 

Database of the American Biological Safety Association, https://my.absa.org/Riskgroups, accessed 

on 19 July 2021).
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3.1 Abstract 

Chagas disease is caused by the parasite Trypanosoma cruzi. Autochthonous to 

Latin America and the southern United States, Chagas disease has spread globally 

due to travel and migration. The options to treat Chagas disease are very limited, 

with benznidazole and nifurtimox the only available drugs. Treatment is commonly 

marked with side effects and no treatment success for the chronic form of the 

disease is guaranteed. Therefore, new drugs are needed urgently. Natural 

compounds are a rich source of biologically optimised compounds with high 

potential for new drugs. In particular, the waltheriones are a group of quinoline 

alkaloids isolated from the medicinal plant Waltheria indica that have shown 

promising activity against T. cruzi. Waltheriones are specifically active against T. 

cruzi but not against the related parasite Trypanosoma brucei nor against 

Leishmania. Here we investigate the elusive mode of action of the waltheriones. We 

demonstrate that T. cruzi extracellular epimastigote forms are as sensitive to 

waltheriones as intracellular amastigotes. This offers the possibility to use 

untargeted exposure metabolomics to study the action of waltheriones. Incubation 

of epimastigote T. cruzi with waltherione G leads to an accumulation of acylcarnitine 

adducts in the parasite. This indicates an interference with fatty acid metabolism 

downstream of carnitine palmitoyltransferase 1 (CPT1), e.g. with the carnitine 

shuttle system or with subsequent β-oxidation. This study provides the first evidence 

on the mode of antichagasic action of the waltheriones, highlighting the 

mitochondrion as site of action and informing further (i.e. molecular genetic) studies 

to support the development of waltheriones as antichagasic agents. 
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3.2 Introduction 

There is an urgent need for drugs to cure Chagas disease. Chagas disease is a 

vector-borne neglected tropical disease caused by the protozoan parasite 

Trypanosoma cruzi. Originating on the South American continent, infection with T. 

cruzi is more frequently occurring further north and spreading globally due to climate 

change and human mobility and migration (Pérez-Molina and Molina, 2018). 

Triatomine bugs are the competent hosts and vectors for T. cruzi, but there are 

alternative routes of transmission such as blood transfusion, organ transplantation, 

congenital transmission as well as foodborne transmission, all of which are of high 

epidemiological relevance (Howard et al., 2014, Pinazo et al., 2011, Shikanai-

Yasuda and Carvalho, 2012, El Ghouzzi et al., 2010).  

To date, the treatment of Chagas disease still relies on benznidazole and 

nifurtimox only, drugs showing limited efficacy and substantial side effects (Aldasoro 

et al., 2018, Molina et al., 2015). Efforts to find alternative drugs were unsuccessful 

so far. Posaconazole was one drug candidate showing initial activity during the 

chronic phase of the disease, but failed to deliver cure due to relapses in the follow-

up period, leaving benznidazole as the first choice for Chagas disease treatment 

(Molina et al., 2014).  

In protozoan screens of natural molecules for novel antichagasic candidates, 

the waltheriones have emerged as top hits (Cretton et al., 2014). The waltheriones 

are phytochemical compounds of the plant Waltheria indica belonging to the 

quinoline alkaloids (Cretton et al., 2014). Two out of the ten analogues (waltheriones 

F and G) exhibited exceptional activity against T. cruzi intracellular amastigotes and 

good selectivity indices as compared to uninfected mammalian cells. Remarkably, 

there was no activity against bloodstream-form Trypanosoma brucei, making this 

class of phytochemicals even more intriguing.  

Quinoline alkaloids are a well-known group of bioactive molecules and still 

drug candidates for the parasitology field, in particular quinine and related quinoline 

antimalarials (Foley and Tilley, 1997). The therapeutic potential of the N-based 

heterocyclic compounds extends beyond the field of parasitology including 

antitumor, antibacterial, antiviral, or anti-inflammatory activities (Shang et al., 2022). 

Apart from their promising activity profiles, very little is known about a potential 

mode of action of quinoline alkaloids against trypanosomatids. 2-n-propylquinoline 
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from Galipea longiflora had shown efficacy in BALB/c mice in the treatment of 

visceral leishmaniasis (Fournet et al., 1993). Further studies suggested an inhibitory 

effect on P-glycoprotein as a possible mechanism of action (Belliard et al., 2003).  

 Untargeted metabolomics upon drug exposure is a powerful tool for 

deconvolving a compound's mode of action, as it is a hypothesis-free approach, 

which provides information on the molecular level in an unbiased way. In drug 

discovery for protozoans, it was successfully used in Plasmodium falciparum and 

T. brucei (Ali et al., 2013b, Alkhaldi et al., 2015, Creek et al., 2016). In T. cruzi 

untargeted metabolomics helped to identify the mechanism of action of 

benznidazole, a prodrug that is reduced and metabolised to several different 

metabolites that elicit toxic reactions by binding to low molecular weight thiols as 

well as protein thiols (Trochine et al., 2014b). 

 The relevant lifecycle-stage for the pathology of Chagas diseases is the 

amastigote form, which is obligate intracellular and thus not amenable to 

metabolomics. Here we take advantage of the finding that the waltheriones are 

active against the vector stage as well as the mammalian forms of T. cruzi. We 

report the results from untargeted exposure metabolomics with extracellular 

epimastigote T. cruzi exposed to waltherione G, and in particular the effects elicited 

by waltherione G on the parasites' fatty acid metabolism. 
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3.3 Material and Methods 

Parasite strain and culturing 

The epimastigote form of Trypanosoma cruzi STIB980 clone 1 (DTU TcI) was 

cultured in liver infusion tryptose (LIT) medium supplemented with 10% inactivated 

fetal calf serum (iFCS) and 2 μg/mL hemin at 27 °C (Fernandes and Castellani, 

1966). Parasites were diluted once a week to maintain cultures in exponential 

growth. 

Epimastigote drug sensitivity testing 

In vitro drug sensitivity was tested on the epimastigote form of T. cruzi STIB980. In 

a 96-well microtiter plate serial drug dilutions from 10 μg/mL to 0.17 ng/mL in 1:3 

steps were prepared. Parasites were added to a final starting density of 5×106 per 

mL. The starting concentration for the standard drug benznidazole was 100 μg/mL 

and 10 μg/mL for waltherione F and G, respectively. Stock solutions were prepared 

at a concentration of 10 mg/mL and pre-diluted to 1 mg/mL for waltherione F and 

G. After 69 h, resazurin was added to a final concentration of 0.01 μg/mL (stock

solution of 0.125 μg/mL in PBS). After a total assay duration of 72 h, the plate was 

read in a spectrofluorometer (SpectraMAX GEMINI EM Microplate, Molecular 

Devices, San Jose, CA). Fluorescence values (excitation and emission wavelength 

of 536 and 588 nm) were recorded using SoftMax Pro Software (version 5.4.6.005). 

50% inhibitory concentration (IC50) values were calculated using nonlinear 

regression in GraphPad Prism (version 8.2.1). 

Metabolite extraction for untargeted metabolomics 

Epimastigote T. cruzi were cultured over two weeks to a high density of 2.5×107

parasites per mL. They were then kept for 2 days in the incubator reaching a density 

of 108 parasites per mL. Parasite density was adjusted to 108 parasites per mL 

before drug was added according to the experimental set up (Supplementary Table 

1). Ten times the IC50 (0.5 μg/mL or 1.4 μM) of waltherione G was used for the 

experiment. The same concentration of 0.5% (v/v) DMSO was added to the control 

sample as waltherione G was dissolved in 100% DMSO. The cells were incubated 

for 6 h. To preclude changes in parasite number in the different samples, only a 

short incubation period was used (Trochine et al., 2014b). After the incubation, 
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parasites were placed for 3 min on ice to slow down metabolic activity. The same 

drug concentration and DMSO concentration was then added to the untreated 

parasites as a control to exclude any immediate effect or stress response on the 

parasites. Parasites were pelleted by centrifugation (3 min at 2000 g and 4 °C). 100 

μL of the supernatant was collected (supernatant fraction). The rest of the 

supernatant was removed carefully to receive the pellet only. The supernatant 

fraction, the cell pellet and an additional fresh medium sample were extracted with 

a monophasic solvent already used by Trochine et al. (Trochine et al., 2014b). The 

cell pellet was additionally first dissolved in 40 μL water. Methanol was added in a 

ratio of 3:1. One part chloroform was then added to the sample, resulting in a 

monophasic extraction solvent (water, methanol, chloroform in the volumetric ratio 

of 1:3:1). Extraction was done for 1 h in a Thermomixer (VWR Thermal Shake lite, 

at 1000 rpm and 4 °C). By a second centrifugation step (3 min at 13,000 g and 4 °C) 

cell debris were separated from the extract. To get an additional quality control, 

fractions of only the pellet samples, only the supernatant samples, the total pool of 

all samples, and a sample with only the extraction solvent were prepared. The 

samples were kept at -80 °C until analysis. The experiment was repeated in 

biological replicates 5 times on independent time points, each with up to 10 

replicates.  

LC-HRMS for untargeted metabolomics analysis 

Samples from metabolite extraction were analysed on a Q Exactive Focus Hybrid 

quadrupole-orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA) 

using electrospray ionization in positive-ion mode. The instrument was programmed 

with spray voltage at 3.5 kV; sheath gas flow rate (N2) at 50 units; capillary 

temperature at 320 °C; S lens RF level at 50 and probe heater temperature at 

425 °C. 

The separation was performed with a mobile phase, (A) acetonitrile with 0.1% 

formic acid; (B) water with 20 mM of ammonium formate and 0.1% formic acid; flow 

rate, 400 μL/min; injection volume, 2 μL; gradient, 95% A during 2 min, linear 

gradient of 95–60% A over 6 min, and then reconditioning at 95% A during 4 min. 
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Untargeted metabolomics data treatment 

The raw files were converted to .mzXML (mass spectrometry data format) using 

MSConvert software (version 0.30), part of the ProteoWizard package 

(ProteoWizard, Palo Alto, CA, USA) (Chambers et al., 2012). The converted files 

were then processed using MZmine software suite (version 2.53) (Pluskal et al., 

2010). For mass detection at MS1 level, the noise level was set to 105. For MS2 

detection, the noise level was set to 0.00. The ADAP chromatogram builder 

parameters were set as follows: minimum group size of scans of 5, minimum group 

intensity threshold of 105, minimum highest intensity of 105, and m/z tolerance of 

8.0 ppm. The ADAP algorithm (wavelets) was used for chromatogram 

deconvolution with the following parameters: signal-to-noise tolerance of 50, 

minimum feature height of 5×106, coefficient area threshold of 110, peak duration 

range between 0.02 and 1.5 min and RT wavelet range between 0.02 and 0.05 min. 

Isotopes were detected using the isotope peak grouper with a m/z tolerance of 8.0 

ppm, an RT tolerance of 0.05 min (absolute), a maximum charge set at 2, while in 

isotope grouping the determining peak in case of several isotopes was the lowest 

m/z. The peak alignment was done with the join-aligner method with an m/z 

tolerance of 8.0 ppm, an RT absolute tolerance of 0.05 min, and a weight for m/z 

and RT at 30. The peak list was then gap-filled using the same RT and m/z gap filler 

with an m/z tolerance of 10.0 ppm. Each file was filtered by retention time within a 

range from 0.70 to 10.0 min, and only the ions with an associated MS2 spectrum 

were kept. Peaks of the last batch of analysis of 10 replicates were removed using 

duplicate peak filtering with m/z tolerance of 7.0 ppm and an RT tolerance of 0.2 

min. Peaks were filtered using a relative mean standard deviation threshold of 0.5 

in pooled QC samples. Intensity drift along the analytical sequence was then 

corrected for each individual feature based on LOESS regression (Dunn et al., 

2011). Samples were then treated using Probabilistic Quotient Normalization (PQN) 

based on median QC values to guarantee their comparability (Dieterle et al., 2006). 

The resulting aligned peak list was exported for further analysis as an .mgf 

file. The MassBank of North America (MONA) library was used for compound 

annotation by accurate mass and MS/MS spectral similarity (Horai et al., 2010). The 

MZmine files were exported in .mgf format to SIRIUS 5.6 (version 5.6) (Lehrstuhl 

für Bioinformatik, Jena, Germany) for the feature annotation (calculating the feature 

raw formula, predicting the fragmentation pattern with CSI, inferring the chemical 
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class with the CANOPUS module) (Dührkop et al., 2019, Dührkop et al., 2021, 

Dührkop et al., 2015). Statistical analysis was done with GraphPad Prism (version 

8.2.1).  

 Sample preparation of U-13C16-palmitate assay and NMR analysis of 

the medium 

A uniformly labelled U-13C16-palmitate-BSA conjugate (final concentration of 5 mM 

in 7% BSA) was prepared for incubation of epimastigote T. cruzi. Conjugation was 

done according to the protocol used in Huynh et al. (Huynh et al., 2014). Fatty acid-

free BSA (Sigma, A9205) was dissolved in water to 7.5% and heated to 42 °C under 

continuous stirring. 77 mM solution of sodium palmitate uniformly labelled with 13C 

(Sigma, 700258) in water was prepared and dissolved under continuous heating at 

70 °C until the fatty acids were dissolved. The BSA (7.5%) was added to the 

solubilised sodium palmitate and kept at 42 °C for 30 min under continuous stirring 

to get the final palmitate-BSA conjugate of 5 mM in 7% BSA. The BSA control 

solution without sodium palmitate was prepared with the same procedure in parallel. 

 Epimastigote T. cruzi were cultured and adjusted to a density of 2.5×107 

parasites per mL. Over the succeeding 72 h the parasites were kept in the incubator 

to reach a density of 108 parasites per mL without providing any fresh medium to 

enhance the depletion of glucose and force the parasites to starvation. For each 

condition and replicate, 1 mL of roughly 1.5×108 parasites per mL where pelleted 

(10 min at 1400 g and room temperature) and washed twice with PBS. Parasites 

were incubated for 6 h at 27 °C in 1.5 mL of PBS supplemented with 2 g/L NaHCO3 

(pH 7.4) together with the treatment according to the experimental set up. The 

sodium bicarbonate favours carboxylation steps in the subsequent NMR analysis. 

According to the experimental set up samples were supplemented with 0.3 μM U-

13C16-palmitate and drug. For waltherione F and G the concentrations were ten 

times the IC50 (3.0 μg/mL = 9.0 μM and 0.5 μg/mL = 1.4 μM, respectively). For 

etomoxir (ETO) the concentration was 500 μM (Souza et al., 2021). For a second 

experiment cells were pre-incubated for 18 h to reach a final incubation time of 24 

h with drug. After the incubation time, cells were centrifuged for 10 min at 7500 g at 

room temperature. To get parasite-free samples, the supernatant was collected, 

filtered with a Spin-XTM filter (Corning™ 8161), and centrifuged for 5 min at 2000 g 
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at room temperature. Samples were stored at -20 °C until NMR analysis. For later 

GC-MS analysis, pellets were kept at -80 °C (Supplementary Table 2).  

The collected and filtered supernatant samples were supplemented with 10 

mM maleate solution in D2O as an internal reference. 1H-NMR spectra were 

collected according to the previously published protocol (Souza et al., 2021). 

Statistical analysis was done with GraphPad Prism (version 8.2.1). 

Metabolite extraction of pellets from U-13C16-palmitate assay for GC-

MS analysis 

T. cruzi pellets isolated from the U-13C16-palmitate assay were thawed for 10 min on

ice. Metabolite extraction was performed according to Krishnan et al. and Saunders 

et al. (Krishnan et al., 2020, Saunders et al., 2014). Parasites were lysed and 

metabolites extracted by adding 50 μL chloroform followed by thorough vortexing. 

200 μL methanol/water solvent were added at a ratio of 3:1 (v/v), resulting in a 

monophasic mixture. All solvents used were of analytical grade. After thorough 

vortexing, the samples were centrifuged (10 min at 20,000 g and 4 °C) to separate 

the insoluble material from the soluble phase. The supernatant was transferred to a 

new vial containing 100 μL water, resulting in a biphasic chloroform/methanol/water 

mixture at a ratio of 1:3:3, and vortexed thoroughly. The upper polar phase of about 

300 μL was separated from the lower apolar phase of about 50 μL by centrifugation 

(10 min at 20,000 g and 4 °C). The extracts were stored at -80 °C until derivatisation. 

Both, the polar and the apolar phase, were transferred to a mass 

spectrometry glass vial insert and dried by centrifugal evaporation (Speed Vac). The 

polar phase was dried sequentially, adding 50 μL at a time. Free aldehyde groups 

of the polar phase metabolites were protected by reacting with 20 μL methoxyamine 

hydrochloride in pyridine (Sigma, 20 mg/mL) over night at room temperature. The 

next day, silylation was performed by adding 20 μL N,O-Bis-(trimethylsilyl)-

trifluoroacetamide (BSTFA with 1% trimethylchlorosilane, Cerilliant) to mask 

hydroxyl and amino groups (Krishnan et al., 2020, Saunders et al., 2014). Fatty 

acids contained in the apolar phase were resuspended in 40 μL 

chloroform/methanol (2:1, v/v) supplemented with 3% (v/v) of 3-(trifluoromethyl)-

phenyltrimethylammonium hydroxide (TCI) to hydrolyse fatty acids from lipids and 

convert them to their respective fatty acid methyl ester (FAME) (Krishnan et al., 

2020, Saunders et al., 2014, Saunders et al., 2011). 
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 GC-MS on pellet extracts from U-13C16-palmitate assay  

The extracted pellet samples from the labelled U-13C16-palmitate assay were 

analysed by GC-MS using a 6890N Network GC system (Agilent Technologies, 

Santa Clara, CA, USA), equipped with a VF-5ms capillary column with a 10 m EZ 

guard (Agilent Technologies, Santa Clara, CA, USA) and connected to a 5973 

Network Mass Selective Detector (MSD, Agilent Technologies, Santa Clara, CA, 

USA). The GC system was operated using helium as carrier gas at a flow rate of 1 

mL/min.  

Per run, 3 μL of derivatised polar metabolites were injected and analysed in 

splitless mode using the following GC oven temperature gradient, lasting a total of 

24 min: 70 °C hold for 2 min, ramp to 295 °C at 12.5 °C/min, ramp to 320 °C at 

25 °C/min, and hold 320 °C for 3 min. Samples were analysed twice, once with the 

MSD operating in scan mode, scanning all ions between m/z 70-700, and once in 

selected ion monitoring (SIM) mode detecting specifically the parental ion and mass 

isotopologues of succinate-TMS (m/z 247-251), malate-TMS (m/z 335 -339), and 

citrate-TMS (m/z 465-471). 

As for the polar metabolites, 3 μL of derivatised apolar metabolites were 

injected per run and analysed in splitless mode. Samples were analysed using the 

following GC oven temperature gradient, lasting a total of 37 min: 80 °C hold for 2 

min, ramp to 140 °C at 30 °C/min, ramp to 250 °C at 5 °C/min, ramp to 265 at 

15 °C/min, and hold at 265 °C for 10 min. As above, the samples were analysed 

twice, once in scan mode, scanning all ions between m/z 70-700, and once in a 

selected ion monitoring method detecting specifically the parental ion of the 

palmitate-methyl ester and its mass isotopologues (i.e., m/z 270-286), with m/z 286 

corresponding to the fully U-13C16-palmitate labelled sample, which was introduced 

as labelled precursor. 

Polar metabolites and FAMEs were identified using authentic standards. 

Citrate-TMS and the palmitate-methyl ester eluted at 14.500 and 18.657 minutes, 

respectively, using the column and temperature gradients described above. 

Abundance of the citrate-TMS (m/z 465-471) and palmitate-methyl ester mass 

isotopologues (m/z 270-286) were inferred using Mass Hunter Workstation 

Software (Agilent Technologies, Quantitative Analysis, version B07.00). The extent 

of 13C-labelling was calculated using Excel (Microsoft) software following correction 
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for the occurrence of natural isotopes as described by Zamboni et al. (Zamboni et 

al., 2009). Statistical analysis was done with GraphPad Prism (version 8.2.1). 

Bioinformatics: Translocase search 

The carnitine-acyl carrier from rat, annotated in UniProt as TB 2.A.29.8.1 was used 

as starting point to build a HMM library and as reference sequence. A blastp search 

was performed with this sequence against the SwissProt and RefSeq protein 

databases. In the search, eutheria (taxid:9347) and metazoa were excluded and 

instead alveolata and oomycetes as well as some specific additional sequences 

were included. A diverse sequence set of eleven hits annotated as carnitine-acyl 

carrier were downloaded. With the help of the MegaX software (version 10.0.5) a 

phylogenetic tree with the neighbour joining method and a distance table were 

created to detect almost identical sequences. No sequences were removed, though. 

The multiple alignment was done using ClustalW in Biolinux. The multiple alignment 

was converted to a HMM profile with hmmbuild of the HMMer3 package (Eddy, 

2009). The profile was used to search the proteomes of T. cruzi and T. brucei with 

hmmscan of the HMMer3 package (Eddy, 2009). 
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3.4 Results 

 Waltheriones are active against amastigote and epimastigote T. cruzi 

Waltherione F and G are highly active against T. cruzi amastigotes (Cretton et al., 

2014). Waltherione G shows higher activity against T. cruzi compared to 

waltherione F and has a higher selectivity index of more than 200 (Figure 1). 

Amastigotes are the relevant lifecycle-stage for the treatment of Chagas disease. 

However, the amastigotes are not readily amenable to metabolomics as they only 

proliferate inside host cells. Remarkably, waltherione F and G are active also 

against T. cruzi epimastigotes, with IC50 values in the same, submicromolar range 

(Figure 1). Thus, we concluded that the epimastigotes are a valid and convenient 

substitution for the amastigotes to perform metabolomics without having to deal with 

host cell metabolites. 

Figure 1. Chemical structure and in vitro activity of waltherione F and G. The 50% 

inhibitory concentration (IC50) is shown in μM ± standard deviation (n≥3). SI, 

selectivity index = IC50 L6/IC50 T. cruzi amastigote. 

Waltherione F Waltherione G 

T. cruzi amastigotes 0.48 ± 0.45 0.11 ± 0.10 

T. cruzi epimastigotes 0.27 ± 0.13 0.10 ± 0.03 

Rat L6 myoblasts 39.4 ± 34.2 26.3 ± 22.6 

Selectivity index 82 231 
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Untargeted exposure metabolomics 

Untargeted exposure metabolomics was performed to obtain a general insight into 

the effect of waltherione G on T. cruzi metabolism. With a monophasic solvent of 

water, methanol, and chloroform (ratio 1:3:1, v/v/v), metabolites were extracted for 

LC-MS analysis (Figure 2). The procedure for drug incubation and metabolite 

extraction was done according to Trochine et al. (Trochine et al., 2014b), where 

untargeted metabolomics on epimastigote T. cruzi had been used to investigate 

benznidazole drug action. The protocol was optimised to T. cruzi strain STIB980 

and to our biosafety facility, complying with biosafety and chemical safety 

guidelines. This explains the stepwise addition of extraction components. 

Waltherione G-treated epimastigotes were compared to non-treated epimastigotes 

separating the supernatant and cell pellet fractions. Waltherione G was dissolved in 

100% DMSO. To exclude any cytotoxic effect elicited by the drug solvent a 

concentration of 0.5% of DMSO was added as control. In total 5 independent 

experiments with at least 3 replicates were performed (n1=3, n2=5, n3=5, n4=5, 

n5=10).  

Figure 2. Drug incubation and metabolite extraction. Epimastigote T. cruzi were 

incubated with 10× the IC50 of waltherione G (WG). Drug and DMSO was first only 

added to the treated samples. After 6 h of drug incubation, all samples were 

metabolically quenched on ice. Drug and DMSO was instantly added to the 

untreated control samples accordingly. An additional medium sample was taken 

along as control. Centrifugation and metabolite extraction was performed on the 

pellet and supernatant fraction separately. 

The first two experiments served as pilot experiments without including any 

metabolite standards. Throughout all the biological replicates, waltherione G 
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treatment resulted in an overabundance of acylcarnitines in the pellet fraction and 

a lower abundance of acetylcarnitine (Table 1 and Figure 3A, B, and C). Strikingly 

several different acylcarnitine analogues were detected in the same experiment 

including isovalerylcarnitine, oleoylcarnitine, and palmitoylcarnitine. This pointed to 

an interference of waltherione G with fatty acid catabolism. Hypoxanthine and 

inosine were two other metabolites which showed an altered abundance in the 

waltherione treated pellet fraction. 

Table 1. Metabolites identified in the WG-treated epimastigote T. cruzi. 

Acylcarnitines, hypoxanthine, and inosine were identified in all 5 experiments. m/z, 

mass-to-charge ratio; level of identification, 5 levels with different data requirements 

(MS/MS, confidence level 4; Standard, confidence level 5) (Xue et al., 2019). 

Identification m/z Level of identification 

Experiment 1 Carnitine 162.1125 MS/MS 

Oleoyl-L-carnitine 426.357 MS/MS 

Palmitoylcarnitine 400.3418 MS/MS 

Isovalerylcarnitine 246.1698 MS/MS 

Inosine 269.088 MS/MS 

Hypoxanthine 137.0458 MS/MS 

Sphinganine 1-phosphate 382.2719 MS/MS 

Phe-Pro-Leu 376.223 MS/MS 

Glu-Ala 219.0976 MS/MS 

Experiment 2 Carnitine 162.1125 MS/MS 

Oleoyl-L-carnitine 426.357 MS/MS 

Isovalerylcarnitine 246.1698 MS/MS 

Propionylcarnitine 218.1388 MS/MS 

Acetylcarnitine 204.1231 MS/MS 

Inosine 269.088 MS/MS 

Hypoxanthine 137.0458 MS/MS 

Sphinganine 1-phosphate 382.2719 MS/MS 

Experiment 3 Carnitine 162.1125 Standard 

Oleoyl-L-carnitine 426.357 MS/MS 

Palmitoylcarnitine 400.3418 standard 

Isovalerylcarnitine 246.1698 Standard 

Acetylcarnitine 204.1231 MS/MS 

Inosine 269.088 MS/MS 

Hypoxanthine 137.0458 MS/MS 

Sphinganine 1-phosphate 382.2719 MS/MS 

Experiment 4 Carnitine 162.1125 Standard 

Oleoyl-L-carnitine 426.357 MS/MS 

Palmitoylcarnitine 400.3418 standard 

Isovalerylcarnitine 246.1698 Standard 

Acetylcarnitine 204.1231 MS/MS 

Inosine 269.088 MS/MS 

Hypoxanthine 137.0458 MS/MS 
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Identification m/z Level of identification 

Sphinganine 1-phosphate 382.2719 MS/MS 

Experiment 5 Carnitine 162.1125 Standard 

Oleoyl-L-carnitine 426.357 MS/MS 

Palmitoylcarnitine 400.3418 standard 

Isovalerylcarnitine 246.1698 Standard 

Propionylcarnitine 218.1388 MS/MS 

Acetylcarnitine 204.1231 MS/MS 

Inosine 269.088 MS/MS 

Hypoxanthine 137.0458 MS/MS 

Sphinganine 1-phosphate 382.2719 MS/MS 

Phe-Pro-Leu 376.223 MS/MS 

Glu-Ala 219.0976 MS/MS 

 Log2 fold change WG/ctr mean sd 

Experiment 1 2 3 4 5 

Isovalerylcarnitine 1.17 1.67 2.10 0.01 1.42 1.27 0.70 

Oleoylcarnitine 2.82 2.18 0.27 1.70 1.74 0.94 

Palmitoylcarnitine 3.55 3.44 0.06 1.84 2.22 1.42 

Acetylcarnitine -0.18 -1.17 -1.13 0.15 -0.73 -0.61 0.52 

Carnitine -0.24 -0.80 0.14 -0.22 0.64 -0.10 0.48 

Figure 3. (A) Accumulation and depletion of metabolites identified in the pellet 

samples of waltherione G treated and control samples in all 5 experiments. The log2

fold change values were calculated based on the peak area (n≥3). (B) Accumulation 

and depletion of carnitine analogues calculated across all replicates (n≥20). P-

values were assessed by unpaired t-test (****=p<0.0001, ns=p>0.05). (C) Structure 

of palmitoylcarnitine, oleoylcarnitine, isovalerylcarnitine, and acetylcarnitine. The 

carnitine moiety is marked in grey. 

A 

C B 
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 U-13C16-palmitate uptake and metabolism 

To investigate fatty acid uptake and metabolism in more detail, a semi-targeted 

approach using isotopically labelled fatty acid was followed. T. cruzi epimastigotes 

were cultured to the very late exponential growth phase whereby pushing them to 

glucose starvation. 6 h prior to harvesting, the cells were transferred to PBS, 

depleting them of the remaining nutrients. During those 6 h PBS was supplemented 

with U-13C16-palmitate. The samples were treated with waltherione F, waltherione 

G, or ETO. ETO inhibits CPT1 in T. cruzi (Kiorpes et al., 1984) and was used as a 

control. It had been shown that ETO is only effective against T. cruzi at the very 

high concentration of 500 µM, and only in late exponential growth (Souza et al., 

2021). 

 Starved epimastigotes excrete acetate as primary end product of carbon 

consumption through fatty acid catabolism (Souza et al., 2021). Therefore, the 

supernatant of the U-13C16-palmitate-fed epimastigotes was analysed with NMR 

focusing on acetate, hypothesizing waltheriones to affect the carnitine-mediated 

fatty acid shuttling or downstream catabolism. 13C-labelling was detected in the 

acetate identified in the supernatant. No clear difference was seen between the 

different treatments (adjusted p-value for all samples >0.3, assessed by One Way 

ANOVA followed by Tukey’s post-test) (Figure 4A). Preincubating the cells for 18 

more hours led to the same result. The signal for unlabelled acetate in the second 

experiment was in general higher, likely reflecting the higher degree of starvation. 

 To gain more detailed insights into palmitate catabolism, the pellets of the 

U-13C16-palmitate fed T. cruzi were analysed with GC-MS with the focus on fatty 

acids and TCA metabolites. In both experiments, the ETO-treated parasites 

showed, as expected, an accumulation of U-13C16-palmitate (adjusted p-value 

<0.0001, assessed by One Way ANOVA with Tukey’s post-test) (Figure 4B). 

However, contrary to the expectation, this did not result in a depletion of 13C 

incorporated into citric acid (Figure 4B). No clear differences were seen in the 

waltherione-treated cells compared to the non-treated control (adjusted p-value for 

all waltherione treatments >0.5, assessed by One Way ANOVA with Tukey’s post-

test). 
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Figure 4. (A) NMR results of analysing the medium fraction of experiment 1 and 2. 

Experiment 2 was a repetition of experiment 1 including 18 h additional drug 

incubation prior to PBS starvation, and PBS and PBS/T. cruzi as additional controls. 

Acetate is the primary end product of β-oxidation. 13C labelling was traced in this 

metabolite. (B) GS-MS results of extracted pellets of experiment 1 and 2. 13C 

labelling was determined in citric acid representing a TCA metabolite. ICS, internal 

carbon source; AA-palmitate, acetate from labelled palmitate; BSA, bovine serum 

albumin; ETO, etomoxir; WG, waltherione G; WF, waltherione F. 

B 

A 
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Profile-based search - carnitine-acylcarnitine translocase and fatty 

acid metabolism 

The carnitine-acylcarnitine antiporter (carnitine-acylcarnitine translocase, CACT) 

appeared as a potential target of waltherione G based on the untargeted 

metabolomics experiment. However, it was not conclusive from the literature 

(Quiñones et al., 2020, Güther et al., 2014) whether that gene was actually present 

in T. cruzi. Therefore, a search was performed on the predicted proteome of T. cruzi 

Dm28c 2018 (version TriTrypDB-57). Starting from the known carnitine-

acylcarnitine carrier from rat, a hidden Markov model-based profile (Eddy, 2009) 

was built that included diverse species. This identified C4B63_28g89 as the 

candidate carnitine-acylcarnitine antiporter of T. cruzi. 
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3.5 Discussion 

Waltheriones have a potential for further development to a new drug for Chagas 

disease. However, their mode of action against T. cruzi is unknown. Here we aimed 

to reveal which metabolic pathways are targeted by metabolomic approaches, 

profiting from the fact that the waltheriones are active not only against T. cruzi 

intracellular amastigotes but also against extracellular epimastigotes. Waltherione 

G was slightly more potent than waltherione F (Figure 1) and was therefore chosen 

to investigate drug action. The most consistently observed effect of waltherione G 

exposure on the metabolome of T. cruzi was an accumulation of acylcarnitines in 

the cellular fraction (i.e. pellet), which occurred over five independent consecutive 

experiments, each carried out in multiple replicates. Carnitine is involved in long-

chain fatty acid shuttling across the inner mitochondrial membrane (Kerner and 

Hoppel, 2000). In T. cruzi a putative carnitine O-acyltransferase (CPT) had been 

found in the glycosomal proteome, but no carnitine-acylcarnitine translocase 

(CACT) (Güther et al., 2014, Acosta et al., 2019, Quiñones et al., 2020). A profile-

based search on carnitine-acylcarnitine antiporter confirmed the general presence 

of a putative carnitine-acylcarnitine antiporter gene in T. cruzi and T. brucei, which 

makes the mitochondrion a plausible site of drug action. 

 Inside the insect vector of T. cruzi, the extracellular epimastigote form 

switches from glucose as their primary carbon source to amino acids under poor 

nutrient availability (Barisón et al., 2017). It was shown that fatty acids are used as 

an alternative carbon source upon glucose starvation (Souza et al., 2021). An 

operational fatty acid catabolism in T. cruzi epimastigotes, even in standard medium 

that contained glucose, was confirmed by our results. Furthermore, the 

accumulation of acylcarnitines observed in untargeted metabolomics suggested 

that waltherione G interfered with fatty acid catabolism downstream of CPT1, the 

enzyme that links fatty acids to carnitine, implicating mitochondrial acylcarnitine 

import or β-oxidation as potential targets (Figure 5). To further investigate fatty acid 

metabolism, the fate of U-13C16-palmitate was traced after having depleted the 

parasite cells of nutrients and providing them only uniformly isotopically labelled 

palmitate as a C-source. The GC-MS data from extracted T. cruzi STIB980 cells 

showed that U-13C16-palmitate was taken up and metabolised, as indicated by the 
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presence of isotopically labelled C atoms in citrate. This confirmed that β-oxidation 

and the TCA cycle are functional in these cells. 

Epimastigote T. cruzi excrete acetate as the primary end-product when 

relying on fatty acids as a carbon source (Souza et al., 2021). The presence of a 

large fraction of unlabelled acetate in the medium fraction questions whether the U-

13C16-palmitate really was the only available C-source and indicates an internal 

reservoir of carbon sources. The presence of internal lipid storage, which is known 

for epimastigote T. cruzi, might be visualised using BODIPY staining and 

fluorescence imaging (Pereira et al., 2018). The glucose and triglyceride content of 

the medium could additionally be measured to ensure total glucose depletion 

(Souza et al., 2021).  

ETO inhibits CPT1, which leads to a block of fatty acid uptake into the 

mitochondrion (Lopaschuk et al., 1988). The effect of ETO was apparent in the 

cellular fraction, where an accumulation of labelled palmitate was indicative of 

inhibition of CPT1. However, contrary to expectations, ETO treatment did not 

reduce the amount of 13C incorporated into citrate (Figure 4B) or secreted acetate 

(Figure 4A). So either 500 µM ETO did not sufficiently block CPT1 activity, or there 

is an alternative, carnitine-independent pathway for β-oxidation. The glycosome 

might provide such an alternative path. In procyclic T. brucei, the glycosomal ABC 

(ATP-binding cassette) transporter 1 (GAT1) had been demonstrated to import long-

chain fatty acids into the glycosome (Igoillo-Esteve et al., 2011). Enzymes involved 

in fatty acid catabolism were shown to be present in the T. cruzi glycosomal 

proteome (Quiñones et al., 2020)). What we can conclude at present is that ETO 

indeed inhibited CPT1, but that this did not impair the incorporation of C-atoms from 

palmitate into citrate and acetate. The reverse conclusion is that the observed lack 

of inhibition of the waltheriones on 13C incorporation into citrate and acetate does 

refute the hypothesis that the waltheriones inhibit carnitine shuttling or β-oxidation.  

The target of waltheriones is connected with mitochondrial fatty acid 

metabolism, as indicated by the striking accumulation of acylcarnitines upon 

waltherione treatment. What exactly kills the parasite remains to be elucidated. We 

confirm here that β-oxidation is functional in epimastigote T. cruzi. However, 

β-oxidation is unlikely to be essential when the parasites are grown in standard 

medium, and yet the waltheriones are highly active also against epimastigotes 

(Figure 1). Acylcarnitines and fatty acids in excess are toxic to cells (Kerner and 
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Hoppel, 2000). Thus, either an inhibition and subsequent internal nutrient depletion 

or a toxic effect from accumulation of carnitine derivatives might be responsible for 

cell death. 

The observed difference in the abundance of hypoxanthine and inosine in T. 

cruzi upon waltherione exposure might be of interest as well. Like all 

trypanosomatids, T. cruzi cannot synthesise purines de novo and rely on purine 

salvage from their host to build nucleic acids (Berens et al., 1981). An accumulation 

of purine bases and nucleosides, but not nucleotides, could indicate a block in 

purine interconversion, e.g. affecting hypoxanthine/guanine phosphoribosyl-

transferase (Glockzin et al., 2022). Purine salvage per se is essential for 

proliferation of the parasites (Berens et al., 1981). However, given the high degree 

of redundancy in trypanosomatid purine salvage pathways, no single enzyme is 

likely to be essential. 

To conclude, untargeted exposure metabolomics consistently and most 

strikingly showed an accumulation of acylcarnitines in T. cruzi epimastigotes. Fatty 

acid uptake, β-oxidation, and the TCA cycle were functional in the epimastigote T. 

cruzi STIB980 independent of treatment. Thus, the waltheriones are likely to 

interfere with mitochondrial fatty acid metabolism downstream of CPT1, highlighting 

the mitochondrion to be involved in the mechanism of action of waltheriones. 
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Figure 5. T. cruzi mitochondrion showing fatty acid shuttling and catabolism. TCA, 

tricarboxylic acid cycle; OMM, outer mitochondrial membrane; IMM, inner 

mitochondrial membrane; CoA, coenzyme A; CPTI, carnitine palmitoyltransferase 

1; CPTII, carnitine palmitoyltransferase 2; CACT, carnitine-acylcarnitine 

translocase. 
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3.7 Supplementary material 

Supplementary Table 1. Experimental set up of untargeted exposure 

metabolomics analysis. 

Supplementary Table 2. Experimental set up of U-13C16-palmitate uptake and 

metabolism experiment.

Sample Treatment Aim 
10WG Drug treated parasites Drug effect 

10WGnt Non-treated, drug added after metabolic 
quenching 

Immediate drug reaction 

10D DMSO treated parasites General stress response 
10Dnt Non-treated, DMSO added after metabolic 

quenching 
Negative control 

m10WG Medium fraction from 10WG samples Drug effect 
m10WGnt Medium fraction from 10WGnt samples Immediate reaction 

m10D Medium fraction from 10D samples General stress response 
m10Dnt Medium fraction from 10Dnt samples Negative control 

Med Fresh medium Control 
Sol Extraction solvent Control 

QC Quality control, pool of all extraction derived 
samples 

Control 

QC P Quality control, pool of all pellet samples Control 
QC SN Quality control, pool of all supernatant samples Control 

Experiment 1 

condition  Treatment 

PBS + BSA 

PBS + palmitate 

PBS + cells + BSA 

PBS + cells + palmitate 

PBS + cells + palmitate + ETO (500 µM) ETO (500 µM) 

PBS + cells + palmitate + WG (10× IC50) WG (10× IC50) 

PBS + cells + palmitate + WF (10× IC50) WF (10× IC50) 

Experiment 2/18 h preincubation of treatment 

condition Treatment 

PBS 

PBS + cells 

PBS + BSA 

PBS + palmitate 

PBS + cells + BSA 

PBS + cells + palmitate 

PBS + cells + palmitate + ETO (500 µM) ETO (500 µM) 

PBS + cells + palmitate + WG (10× IC50) WG (10× IC50) 

PBS + cells + palmitate + WF (10× IC50) WF (10× IC50) 
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4.1 Abstract 

Chagas disease is a neglected tropical disease caused by the parasite 

Trypanosoma cruzi. The treatment options of Chagas disease are limited to two 

drugs only, benznidazole and nifurtimox, which require long treatment and cause 

adverse effects. Finding alternative drugs that are safe and efficacious in all stages 

of the infection is key in fighting Chagas disease. The waltheriones are a group of 

natural compounds isolated from the plant Waltheria indica. These phytochemicals 

show exceptional activity and selectivity against T. cruzi. However, nothing is known 

on their mode of action. Here we combine isothermal microcalorimetry, drug 

resistance selection, and transcriptomics to investigate the mechanisms of drug 

resistance and drug action. In vitro drug resistance selection not only helps to inform 

about potential threats of resistance in vivo but is also a good starting point for target 

deconvolution. Moreover, this approach coupled to omics techniques has already 

been applied successfully in other protozoan parasites. This study aims at 

elucidating the mode of resistance and the mode of action of waltheriones. Our 

results indicate an effect on mitochondria, specifically on mitochondrial ribosomal 

proteins. 
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4.2 Introduction 

Natural products still serve as an attractive starting point for drug discovery. The 

diversity of pharmacophores synthesised by plants is a vast source for potential 

drug candidates. One of the most successful examples in parasitology is quinine 

from the cinchona tree and the related quinolines in malaria treatment (Foley and 

Tilley, 1997, Schmidt et al., 2012). Phytochemicals have been optimised for their 

bioactivity during the evolution of the plant, be it for protection against herbivores or 

pathogens, making them highly attractive for drug discovery. In return, herbivores 

including humans have developed defence mechanisms against those 

phytochemicals during coevolution. This makes translation from in vitro to in vivo 

more complex (Schmidt et al., 2012). 

Trypanosoma cruzi is the causative agent of Chagas disease, a neglected 

tropical disease that is autochthonous to Latin America and the southern United 

States but has spread globally due to travel and migration (Requena-Méndez et al., 

2015, Bern and Montgomery, 2009). The disease progresses slowly, with an 

asymptomatic phase that can last for decades, but eventually produces life-

threatening pathology, in particular of the heart and the digestive tract (Rassi et al., 

2010). There is an urgent need for new and better drugs for the treatment of Chagas 

disease (Pérez-Molina et al., 2021). However, drug discovery for Chagas disease 

is hampered by the difficulty to work with T. cruzi in the laboratory. It is a biosafety 

level 3 organism in Europe and the replicative stages in the human host, the 

amastigotes, are strictly intracellular. 

Target-based approaches have so far not yielded new drugs for T. cruzi 

(Chatelain, 2015), in spite of the fact that the parasite possesses many biochemical 

peculiarities as potential drug targets, such as the ergosterol synthesis pathway 

(Urbina and Docampo, 2003, Urbina et al., 1998), the glycosome, a peroxisome-like 

organelle found in trypanosomatids only (Dawidowski et al., 2017), or the 

mitoribosomes (Ramrath et al., 2018). Mitoribosomes were already suggested as 

promising drug targets in trypanosomatids because of their peculiar protein-based 

architecture differing from other eukaryotic cells (Ramrath et al., 2018). 

Posaconazole, which inhibits sterol 14α-demethylase (CYP51), (Lepesheva et al., 

2006) was one of the most promising drug candidates. However, it failed in clinical 
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trials due to relapse in the follow-up after treatment (Molina et al., 2014). This 

example underscores the importance for a compound to kill all the parasites.  

 The waltheriones are a group of natural quinoline alkaloids isolated from the 

plant Waltheria indica (Cretton et al., 2014). The waltheriones were tested against 

different protozoan parasites, including Trypanosoma cruzi, Trypanosoma brucei, 

Leishmania donovani, and Plasmodium falciparum. T. cruzi showed high sensitivity 

towards waltherione G and waltherione F with promising selectivity indices (Cretton 

et al., 2014) (Figure 1). It is exceptional that T. cruzi alone shows susceptibility in 

phenotypic drug screening against trypanosomatid parasites, where T. brucei is 

usually the most sensitive species (Mahmoud et al., 2020). This distinct activity 

pattern is intriguing as it points to targets that might be specific to T. cruzi and absent 

in T. brucei, or targets that are conserved between the two species but essential 

only in T. cruzi. As the waltheriones are a rather recent discovery, nothing is known 

about their mode of action and their target(s) in T. cruzi. Here we aim to identify 

potential targets of waltheriones and mechanisms of resistance by combining 

cellular and molecular approaches. 

 

 

Figure 1. Chemical structures. Waltherione F and G show anti-parasitic activity. 

  

waltherione G waltherione F 
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4.3 Material and Methods 

 T. cruzi parasite strain and culturing 

T. cruzi STIB980 clone 1 (DTU TcI) (Fesser et al., 2020) extracellular epimastigotes 

were maintained in liver infusion tryptose (LIT) medium supplemented with 10% 

inactivated fetal calf serum (iFCS) and 2 μg/mL hemin (complete LIT) at 27 °C 

(Fernandes and Castellani, 1966). The parasites were kept in exponential growth 

by diluting the culture once or twice a week.  

 The intracellular amastigote form was cultured in RPMI-1640 medium 

supplemented with 10% iFCS and 1.7 μM L-glutamine (complete RPMI medium) 

and kept at 37 °C and 5% CO2 (Dumoulin and Burleigh, 2018). Microtus embryonic 

fibroblast (MEF) cells were used as host cells for infection with T. cruzi. Host cells 

were sub-cultured once a week in complete RPMI medium using 0.05% trypsin in 

0.02% EDTA treatment to detach the cells from the culture flask. Freshly egressed 

trypomastigotes were passaged weekly onto an uninfected MEF culture. 

 Differentiation of the epimastigote culture to 

amastigote/trypomastigote culture 

The extracellular epimastigote form of T. cruzi was differentiated to the 

trypomastigote and intracellular amastigote form. Parasites were cultured to a high 

density of about 108 parasites per mL. About 0.5 mL of this dense culture, which 

already contained metacyclic trypomastigotes, was passaged onto freshly seeded 

MEF cells. The intracellular parasites were subsequently maintained as described 

above. 

 Epimastigote drug sensitivity testing 

In vitro drug sensitivity on the extracellular epimastigote form of T. cruzi was tested 

in complete LIT medium. Stepwise 1:3 serial drug dilution were performed in a 96-

well microtiter plate starting with 100 μg/mL for benznidazole and 10 μg/mL for 

waltheriones F and G. Parasites were added at a concentration of 5×106 per mL in 

complete LIT medium. After 69 h resazurin was added to a final concentration of 

0.01 μg/mL (stock solution at 0.125 μg/mL in PBS). After a total assay duration of 

72 h, the plate was read in a spectrofluorometer (SpectraMAX GEMINI EM 

Microplate, Molecular Devices, San Jose, CA). Fluorescence values at excitation 
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and emission wavelength of 536 and 588 nm, respectively, were recorded using 

SoftMax Pro Software (version 5.4.6.005). 50% inhibitory concentration (IC50) 

values were calculated by nonlinear regression using GraphPad Prism (version 

8.2.1). 

Amastigote drug sensitivity testing 

In vitro drug sensitivity of intracellular amastigotes was determined using the T. cruzi 

infected macrophage assay. 10,000 peritoneal mouse macrophages (PMM) in 100 

μL complete RPMI medium per well were seeded into a 96-well microtiter plate (PS 

μClear, Chimney well Greiner Bio-One PN 655090). After 48 h incubation at 37 °C 

and 5% CO2, the medium was replaced with 100 μL T. cruzi suspension to reach a 

macrophage to parasite ratio of 1:3. After 24 h, the supernatant was removed and 

the infected adherent cells were washed twice with 200 μL PBS before adding 100 

μL of fresh complete RPMI medium. A 1:3 stepwise serial drug dilution was 

performed with a drug starting concentration of 100 μg/mL. The plates were 

incubated for 96 h before fixation with 10% formalin solution, and stained with a 5 

μM DRAQ5™ (BioStatus, Leicestershire, UK) solution in PBS. Image acquisition was 

done with the high-content analyser Operetta® CLS™ (PerkinElmer, Waltham MA, 

USA) and analysis was performed with the corresponding Harmony™ software 

(version 4.9). IC50 values were calculated by nonlinear regression using GraphPad 

Prism (version 8.2.1). 

Amastigote time-laps/washout assay with T. cruzi STIB980-

LucNeonGreen 

To assess the time-to-kill of a given compound and to monitor eventual 

recrudescence of the parasites, an assay using PMM as host cells was designed. 

10,000 PMM per well were seeded into a 96-well microtiter plate (PS μClear, 

Chimney well Greiner Bio-One PN 655090) in complete RPMI medium. After 48 h 

of incubation at 37 °C and 5% CO2, the PMM were infected with fluorescent 

trypomastigote T. cruzi STIB980 reporter line LucNeonGreen. STIB980 was 

transfected with the plasmid pTRIX2-Luc::Neon-HYG providing the red shifted 

luciferase and green fluorescent protein domains according to the protocol 

previously published (Costa et al., 2018, Fesser et al., 2020) in a ratio of 1:3. After 

72 h, a washing step with 200 μL complete RPMI medium was done and the plate 
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was imaged with the high-content analyser Operetta® CLS™ (PerkinElmer, 

Waltham MA, USA) for mNeonGreen (emission and excitation at 460-490 and 500-

550 nm, respectively). Drugs were then added in a stepwise 1:3 serial dilution with 

a starting concentration of 100 μg/mL prepared on a separate 96-well plate. After 

24, 48, 72, and 96 h drug incubation the plates were imaged again. After the last 

imaging, the wells were washed twice with 200 μL complete RPMI medium, 100 μL 

complete RPMI medium were added, and the plate was imaged again (100 h). 

Further image acquisition of the plates followed after 168, 264, 360, and 432 h. The 

plate was fixed after the last image acquisition with 10% formalin, stained with 5 μM 

DRAQ5™, and imaged again with the high-content analyser Operetta® CLS™ 

(PerkinElmer, Waltham MA, USA) for EGFP and DRAQ5™ (emission and excitation 

at 615-645 and 655-760 nm, respectively). 

 Isothermal microcalorimetry with epimastigote T. cruzi 

Isothermal microcalorimetry was performed to monitor drug action in real time. 

Extracellular epimastigote T. cruzi parasites in exponential growth were diluted in 

complete LIT medium to a density of 5×105 parasites per mL. Each ampoule was 

prepared with 2 mL of parasite culture and supplemented with waltherione F or G 

in concentrations of 3×, 10×, or 30× IC50. Waltherione G was also tested at 100× 

IC50. The positive controls were untreated parasites and parasites treated with 

0.15% (v/v) DMSO, the negative control was complete LIT medium. Over a period 

of 6 to 8 weeks, the heat flow was measured at 27 °C in a TAM III isothermal 

microcalorimeter (thermal activity monitor, model 249; TA instruments, New Castle 

DE, USA). Data acquisition was done with the TAM Assistant software (version 

2.0.175.1) and data analysis was performed in Microsoft Excel (version 16.0) and 

R (version 4.1.3). 

 Drug resistance selection with epimastigote T. cruzi 

Extracellular epimastigote T. cruzi STIB980 cultured in the exponential growth 

phase of about 5×107 parasites per mL were diluted to a density of 107 parasites 

per mL in 10 mL complete LIT medium and supplemented with 10× IC50 of 

waltherione F or G. As a control, the parental cell line was cultured in parallel without 

drug but with normal regular sub-culturing. The culture was kept in a non-vented 75 

cm2 Sarstedt® Tissue Culture Flasks at 27 °C. After 10, 20, and 30 d, 1 mL fresh 
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medium supplemented with the respective drug concentration was added to the 

culture to prevent death by nutrient shortage. Parasites were regularly monitored 

for their viability. After 40 d, there were still very few parasites alive. 1 mL of the 

culture was transferred to 4 mL fresh LIT medium without drug. After about 10 d, 

the culture had recovered to usual growth. Epimastigote drug sensitivity testing was 

performed to check for a shift in the IC50. Cryopreservation in LIT medium containing 

0.08% DMSO (v/v) was done from the recovered cultures. 

 Cloning of epimastigote T. cruzi 

Cloning was done with the gilded paperclip method already used for T. brucei 

(Wiedemar et al., 2018). In a 96-well plate, 15 μL of standard LIT medium were 

given to one side of the well. A parasite suspension of 105 parasites per mL was 

prepared. With a gilded paperclip a micro-drop of this cell suspension was placed 

next to the medium droplet and inspected under an inverted microscope to confirm 

the presence of a single parasite in one droplet. 35 μL medium were supplemented 

to the wells. After 3 days 50 μL medium were added to ensure that the wells did not 

dry out. The wells were regularly checked for parasite growth. After one week, 200 

μL medium were added to the wells with growing clonal culture before transferring 

them to the standard culture procedure as described earlier.  

 RNA isolation, mRNA-sequencing and comparative transcriptomics 

analysis 

107 parasites were centrifuged and washed once with PBS. Total RNA was isolated 

using the QIAGEN RNeasy® Mini Kit including an on-column DNA digestion with 

the QIAGEN RNase-Free DNase Set. RNA was stored at -80 °C after quick-freezing 

in liquid nitrogen. 1 μg of RNA from the three independently cultivated cultures per 

strain was used for library preparation with the Illumina Truseq Stranded mRNA kit. 

Single-end sequencing of 120 nucleotides was done on an Illumina NovaSeq 6000 

(Illumina San Diego, USA). All data analysis performed on sciCORE 

(http://scicore.unibas.ch/), the scientific computing centre at University of Basel as 

described (Hitz et al., 2021, Wiedemar et al., 2018). Sequencing read quality control 

was performed with FastQC (version 0.11.9) (Babraham Bioinformatics, 2022). The 

reads were mapped to the genome of T. cruzi Dm28c 2018 (version TriTrypDB-57) 

using Burrows-Wheeler Aligner (version 0.7.17) with the default parameters (Li and 
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Durbin, 2009). Samtools (version 1.15) was used to convert the alignment files from 

the SAM format to binary files in BAM format (Li and Durbin, 2009). The binary files 

were coordinate-sorted and read groups were added with Picard tools (version 

2.26.10) (Broad Institute, 2022). The Genome Analysis Toolkit’s (GATK, version 

4.2.6.1) HaplotypeCaller in GVCF mode with a minimal mapping quality of 10 was 

used for variant calling (McKenna et al., 2010). GATK was then used to combine 

the g.vcf files and for subsequent genotyping (McKenna et al., 2010). For variant 

annotation, SnpEff (version 5.0e) was used after manually supplementing the 

SnpEff database with the genome of Dm28c 2018 (version TriTrypDB-57) 

(Cingolani et al., 2012). Read counts per transcript were determined using the 

Python package HTSeq (version 0.11.2) (Anders et al., 2015) and raw counts were 

analysed with the R package DESeq2 with independent filtering disabled (version 

1.30.18) (Love et al., 2014). 

 DNA isolation, PCR amplification, and confirmation of candidate 

variants 

Epimastigotes or trypomastigotes from T. cruzi STIB980_wt, STIB980_ctr, and 

STIB980_WF were cultured to reach the exponential phase. 107 parasites were 

collected by centrifugation. Genomic DNA was isolated using the QIAGEN DNeasy 

Blood & Tissue Kit. 1-2 μg of isolated DNA was used to PCR amplify the genes of 

interest. PCR was performed with Taq polymerase (New England Biolabs, Ipswich 

MA, USA) and forward and reverse primers designed 300 base pairs adjacent to 

the suspected mutation (Supplementary Table 1). PCR amplified fragments were 

Sanger sequenced (Microsynth AG, Switzerland) to confirm the presence on the 

genomic level of the variants identified in the transcriptomics analysis.  

 Phylogeny of the mitochondrial small subunit ribosomal protein 

Blastp searches were performed on-line at NCBI, and sequences downloaded in 

fasta format. Multiple alignments performed with Muscle and phylogenetic trees 

were calculated with the MegaX software (version 10.0.5), using the neighbour 

joining algorithm and bootstrap resampling of 1000 times. The non-parasitic 

kinetoplastid Bodo saltans served as an outgroup species. 
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4.4 Results 

Waltherione G and F show activity on different protozoa depending on 

the parasite stage  

Waltherione G and F are both highly active against T. cruzi, on both the extracellular 

epimastigote form as well as the intracellular and disease-relevant amastigote form. 

Investigating drug sensitivity and testing the compounds against different stages of 

other protozoan parasites revealed specific sensitivity profiles. As shown in Table 

1, both waltheriones were active against the procyclic form but not against the 

bloodstream form of T. brucei rhodesiense. In L. donovani, WG was again active 

against the procyclic and axenic amastigote form. However, when tested against 

the intracellular amastigote form cultured in peritoneal mouse macrophages, the 

obtained IC50 value was 10-times higher and the selectivity over mammalian cells 

was lost. Neither of the waltheriones was active against P. falciparum. A selectivity 

index value above 80 calculated for the intracellular T. cruzi is very high and makes 

waltheriones promising compounds to further investigate.
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 First attempts to select for waltherione resistance were unsuccessful 

Drug resistance selection of epimastigote and amastigote T. cruzi STIB980 was 

attempted using different approaches listed in the following: i) a constant 

subcurative dose was applied to epimastigote and amastigote T. cruzi over a long 

period of time and sub-culturing whenever the culture reached high enough density, 

ii) a single but high drug dose was applied to epimastigote T. cruzi repeatedly for

48 h followed by a washing step and recovery phase until sub-culturing was 

possible, iii) a single but constant high drug dose was applied to epimastigote T. 

cruzi just once with subsequent monitoring for surviving and viable parasites. 

Selecting parasites at a subcurative dose over several months did not result in 

resistance to waltherione F and G. Even a very high dosage of 10× IC50 on 106 

parasites per mL in 10 mL did not lead to resistant parasites after four weeks of 

incubation. From these results we concluded that (i) the waltheriones are not prone 

to drug resistance, underscoring their potential as novel antichagasic agents; and 

(ii) that a more rational approach is needed for the selection of drug-resistant T.

cruzi mutants. For this purpose, we monitored the in vitro pharmacodynamics of the 

waltheriones against epimastigote trypanosomes. 

Isothermal microcalorimetry shows decelerated and diminished 

growth 

Isothermal microcalorimetry can be used to monitor cell growth by measuring the 

heat produced by the cells' metabolism (Wenzler et al., 2012). This method was 

used to observe drug action and potential emerging resistance in African 

trypanosomes (Gysin et al., 2018, Wenzler et al., 2012, Wiedemar et al., 2018). It 

cannot be used for intracellular pathogens though, due to the heat produced by the 

host cell. However, the fact that the waltheriones are active not only against 

intracellular amastigote T. cruzi but also against extracellular epimastigotes, meant 

that the latter can be used as a model for the former, disease-relevant form. In pilot 

experiments, the suitable parasite starting density was assessed to be 5×105 

epimastigote T. cruzi per mL. Independent of the concentration, the onset of action 

of the waltheriones was extremely fast, as apparent from the divergent heat flow 

right from the beginning (Figure 2). The action itself, however, was rather slow. The 

curves of the treated samples were shifted towards the right indicating a delayed 
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growth. The overall heat flow of the samples treated with concentrations above 3× 

IC50 was reduced compared to the untreated control. Treatment with 30× IC50 

waltherione F or 100× IC50 waltherione G was necessary to completely abolish 

growth. Treatments with 10× IC50 waltherione F and 30× IC50 waltherione G still 

enabled growth, though decelerated and diminished. This observation formed the 

basis for setting the conditions for drug resistance selection.  

Figure 2. Isothermal micro-calorimetry with T. cruzi STIB980. The curves show the 

mean (line) and standard deviation (coloured band) of three technical replicates. 

The heat flow in μW produced by the parasites is displayed against time. Colours 

refer to the different drugs and drug concentration imposed on the T. cruzi STIB980. 

In a pilot experiment, 30-fold the IC50 of waltherione G was not sufficient to kill all 

parasites. Therefore, a fourth concentration of 100-fold the IC50 was included for 

waltherione G. The positive control included parasites in standard medium, the 

negative control only included standard medium without parasites and the DMSO 

control included the highest used drug solvent concentration of 0.15% DMSO, which 

is much below the toxic limit of 1%. 

T. cruzi recovers from a high dose of waltherione treatment

The amastigote time-laps/washout assay newly designed in our laboratory based 

on previous work from Anna Fesser (Fesser et al., 2020) measures 

pharmacodynamics parameters, including the concentration-dependent time-to-kill, 

the drug concentration reaching total kill, the number of parasites and viability over 
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time, and eventual re-growth after drug washout at 96 h, revealing potential 

reversibility (Figure 3). Benznidazole and posaconazole were included as reference 

compounds. For benznidazole, the number of parasites dropped to 100 in the first 

48 h and stayed around 100 after washout at a drug concentration of >40 μM. For 

posaconazole, the number of parasites took much longer to drop below 100 and 

only remained below 100 after washout for treatments with the highest drug 

concentration of >0.14 μM. For waltherione F and G the number of parasites quickly 

dropped much below 100 in the first 24 h at high drug concentration of >100 μM and 

>200 μM, respectively. However, regrowth after washout was observed even at the

highest concentration of 302 and 271 μM, respectively. For all tested compounds, 

the dose-response-curve measured over the different time points remained very flat 

in the first 24 hours. Optimal dose-response curves for WF and WG appeared later 

at 96 hours. A minimum of 72 h were required for waltherione activity. 
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Figure 3. Amastigote time-laps/wash out assay. Time and concentration dependent 

representation of the same experiment (n=4). Number of amastigote T. cruzi 

detected by fluorescence over time shown on the left. Each curve shows one drug 

concentration. Background ctr represents the control of false positive T. cruzi 

detected in uninfected PMM (negative control). The dotted line at 96 h corresponds 

to the time point of washout. Dose-response curves shown on the left at different 

time points of the assay expressed by the viability in percentage of the normal 

amastigote growth (positive control). 
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 T. cruzi selected with waltherione F are resistant towards waltheriones 

Based on the findings above, we optimised the selection protocol as follows. 

Epimastigote T. cruzi STIB980 were continuously kept at a high density of 107 

parasites in 10 mL medium and a high drug pressure of 10× IC50, regularly providing 

1 mL fresh medium with 10× IC50 of drug. In the case of waltherione F, this led to 

the emergence of drug-resistant parasites after 40 days of selection (Figure 4A and 

B); no resistant parasites were obtained with waltherione G. The waltherione F 

selected epimastigote T. cruzi showed a significant increase in IC50 (adjusted p-

value <0.0001 by One Way ANOVA with Tukey’s multiple comparisons test) 

compared to the STIB980 wildtype. Not only did they become more than 10-fold 

resistant to the drug used for selection, but also more than 10-fold cross-resistant 

to waltherione G (adjusted p-value <0.0001 by One Way ANOVA with Tukey’s 

multiple comparisons test) (Table 2). The obtained resistance was stable. Culturing 

the waltherione F selected and resistant epimastigote T. cruzi over one month in 

the absence of drug did not affect the resistance level (Figure 5). 
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Figure 4. Drug resistance selection. (A) A total amount of 108 epimastigote T. cruzi 

were kept in 10 mL medium under constant and high drug pressure with waltherione 

F or G at a concentration of 10× IC50. Every ten days the parasites were supplied 

with a tenth of the original volume of fresh medium supplemented with the starting 

drug concentration to prevent death caused by starvation. (B) Dose-response curve 

of wildtype T. cruzi and T. cruzi selected with waltherione F (WF selected). 

  

A 

B 
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Table 2. Waltherione F drug resistance selection. Epimastigote drug sensitivity of 

the parental STIB980_wt strain, the STIB980_ctr strain co-cultured as control, and 

the waltherione F selected (WF selected) strain. The 50% inhibitory concentration 

is shown in μM ± standard deviation (n≥3). The WF selected strain is 20.7 times 

more resistant towards waltherione F and 13.5 times more cross-resistant towards 

waltherione G compared to the STIB980_wt. 

 

  STIB980_wt STIB980_ctr WF selected 

Benznidazole 4.07 ± 0.19 7.72 ± 0.23 8.38 ± 0.88 

WF 0.33 ± 0.09 0.63 ± 0.18 6.89 ± 1.02 

WG 0.11 ± 0.03 0.19 ± 0.03 1.49 ± 0.16 

 

 

Figure 5. Stability of waltherione F resistance over time. Between the first and the 

last drug sensitivity assay parasites were cultured for more than 50 d without any 

drug pressure. The 50% inhibitory concentration (IC50) is shown in μM ± standard 

deviation (n=3). The parasites maintain more than 10-fold resistance compared to 

the wildtype which was assayed at the same time. 

 

 Transcriptomics reveals a single point mutation in the mitochondrial 

small subunit ribosomal protein 

Transcriptomics was chosen as a preferred tool to investigate the molecular 

changes underlying the observed phenotype of waltherione-resistance. It has the 

advantage to reveal qualitative mutations in coding regions and quantitative 

mutations in gene expression at the same time. Epimastigotes were grown in three 

independent cultures per cell line: parental STIB980 wildtype baseline control 

(STIB980_wt), STIB980 wildtype growth control (STIB980_ctr), which was cultured 

in parallel of the drug resistance selection but without drug, and the STIB980 

waltherione F selected (STIB980_WF) parasites. Resistant and sensitive parasites 
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were cultured for 10 to 15 days to reach the exponential phase. Total RNA was 

isolated and transcriptomics analysis was performed as described under methods. 

 Differential gene expression analysis did not show any significant change of 

any gene (Figure 6). The slightly outlying gene downregulated in the STIB980_WF 

compared to STIB980_ctr was the alpha-tubulin gene, C4B63_222g21. Very high 

expression in the co-cultured control sample but not in the baseline STIB980_wt 

and the WF-resistant samples points to an expression difference unrelated to the 

drug resistance phenotype. Mapping the reads from the two controls and the WF 

selected samples to the reference sequence of T. cruzi Dm28c 2018 yielded a total 

of 19,320 variants. These were filtered for i) variants showing a homozygous 

genotype towards the reference sequence in all the STIB980_wt and STIB980_ctr 

samples but a heterozygous or homozygous alternative genotype in STIB980_WF; 

ii) the impact “HIGH” and “MODERATE”, thus excluding synonymous variants. The 

filtering reduced the list to 13 candidate variants of single point mutations, which 

were manually inspected in the Integrative Genomics Viewer (version 2.5.0) 

(Thorvaldsdóttir et al., 2013). Variants in regions of low coverage, or having variants 

in the sensitive parental and control samples with low allele frequency, were 

counted as false positives and excluded. This revealed three non-synonymous 

single nucleotide mutations and one synonymous single nucleotide mutation which 

were unique to T. cruzi STIB980_WF (Table 3). Two of the non-synonymous 

mutations were present in more than 50% of the reads. The third non-synonymous 

mutation was present in only 9-25% of the reads which was confirmed with Sanger 

sequencing (Supplementary Figure 1). Therefore, the latter and the synonymous 

mutation were excluded from further analysis. The most promising mutation was  a 

C to T transition at position 370 of the protein-coding sequence of the C4B63_2g442 

gene, annotated in Dm28c 2018 as a mitochondrial small subunit protein, causing 

an amino acid substitution from proline to leucine. The other promising mutation 

was a G to A transition at position 459 of the protein coding sequence of the 

C4B63_52g56 gene, annotated in Dm28c 2018 as a conserved hypothetical protein, 

substituting tryptophan with a stop codon instead. 
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Figure 6. Differential gene expression. Analysis of waltherione F-resistant T. cruzi 

versus susceptible wildtype T. cruzi with DESeq2. The x-axis shows the mean of 

normalised read counts for all samples in the dataset giving the transcript 

abundance. The y-axis displays the logarithmic fold-change of transcript 

abundance. Included in the analysis were three resistant samples, three parent 

samples, and the control samples cultured in parallel. Overexpressed or 

underexpressed genes with a significantly different fold change would appear in a 

different colour. The outlier with a -2.5-fold change and a mean normalised read 

count of 100 corresponds to the alpha tubulin gene C4B63_222g21. 

 

 

Table 3. Candidate resistance mutations. SNPs identified in the STIB980_WF 

samples during transcriptomic analysis. REF, reference allele; ALT, alternative 

allele; CHROME, chromosome; POS, position. 

GENE ID GENE REF ALT MUTATION CHROM POS COMMENT 

C4B63_2g442 
Mitochondrial small 

subunit ribosomal protein 
C T Pro370Leu PRFA01000002 1125697 

53-56% reads 

contain SNP 

C4B63_52g56 
conserved hypothetical 

protein 
G A Trp459* PRFA01000052 205986 

45-53% reads 

contain SNP 

C4B63_4g435 protein kinase G A Val to Val PRFA01000004 321851 
50-57% reads 

contain SNP 

C4B63_16g95 
conserved hypothetical 

protein 
G A Arg22Gln PRFA01000016 291927 

9-25% reads 

contain SNP 
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 Waltherione F-resistant epimastigote can be differentiated to 

amastigote T. cruzi without losing resistance and by keeping the 

candidate resistance mutation 

T. cruzi STIB980 wildtype and three clones of STIB980_WF were differentiated from 

the epimastigote to the amastigote form, and subsequently tested for their drug 

sensitivity. Differentiating the WF-resistant parasites did not significantly affect their 

resistance to waltherione F (Table 4). The IC50 value remained more than 4-fold 

higher than that of the STIB980 wildtype. The parasites also retained the cross-

resistance to WG, however, it was not as pronounced as in the epimastigote form. 

Genomic DNA was isolated to perform Sanger sequencing on the PCR-amplified 

gene, C4B63_2g442. The mutations identified in the epimastigote WF-resistant T. 

cruzi were still present after differentiation to the amastigote form, with around 50% 

of the sequences showing the alternative base pair, indicating a heterozygous 

mutation (Supplementary Figure 2). 

 

Table 4. Differentiation of resistant epimastigote to amastigote T. cruzi. The 

waltherione F selected and resistant T. cruzi epimastigotes were differentiated into 

the intracellular amastigote form. The 50% inhibitory concentration is shown in μM 

± standard deviation (n=3). The parasites maintain a 4.2- to 5.0-fold resistance 

compared to the susceptible STIB980_wt. The cross-resistance to waltherione G is 

2.3- to 2.7-fold compared to the susceptible STIB980_wt. 

  STIB980_wt STIB980_WF_ 
clone_14F 

STIB980_WF_ 
clone_2E3 

STIB980_WF_ 
clone_2G5 

Benznidazole 5.65 ± 0.42 4.96 ± 0.88 5.26 ± 0.92 5.07 ± 0.35 

WF 1.93 ± 0.09 9.63 ± 2.41 9.00 ± 0.90 8.10 ± 1.57 

WG 0.76 ± 0.08 1.76 ± 0.43 2.00 ± 0.27 1.84 ± 0.30 

 

 The mitochondrial ribosomal small subunit protein is very conserved 

in the family of trypanosomatidae 

We performed a phylogenetic analysis of the gene carrying one of the most 

promising candidate mutations, the mitochondrial small subunit ribosomal protein. 

As a first step, a search library was built manually. The mitochondrial small subunit 

ribosomal protein from T. cruzi (Trytryp Gene ID in Dm28c 2018: C4B63_2g442) 

was used as the starting sequence. A blastp search was performed against the non-

redundant protein database from the NCBI. 88 hits were found in the class of 

kinetoplastea, of which 86 belonged to the trypansomatidae. No hit outside the class 

of kinetoplastae was found. 18 sequences were selected based on their low 
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expectancy E-value and high percentage of coverage of the alignment. A 

neighbour-joining phylogenetic tree was constructed, which clearly showed the 

close relationship of T. cruzi to the non-pathogenic Trypanosoma rangeli and T. 

brucei, all in the same clade (Figure 7A and B). The overall mean distance of the 

phylogenetic tree was p=0.42. The multiple sequence alignment revealed that the 

proline to leucine mutation took place in a highly conserved region.  

 

Figure 7. Phylogeny of the mitochondrial small subunit ribosomal protein in the 

class of kinetoplastida. (A) Phylogenetic tree built with the neighbour-joining method 

using Bodo saltans as outgroup. (B) Muscle alignment of the protein in different 

kinetoplastida. The region where the mutation in the transcriptome was observed 

appears to be conserved in amino acid sequence throughout this group of 

protozoans.  

B 

A 



Chapter 4 

80 

4.5 Discussion 

Waltherione F and waltherione G are promising antichagasic molecules because of 

their high activity against T. cruzi and low toxicity towards mammalian cells. 

However, their mode of action remained completely obscure. The waltheriones are 

about 100-fold less active against T. brucei bloodstream forms than against T. cruzi 

amastigotes, which is unusual as the extracellular T. brucei are generally more 

sensitive than the intracellular T. cruzi. However, the procyclic, tsetse fly midgut-

stage of T. brucei is more susceptible to waltheriones. This, again, is unusual since 

for reference drugs such as melarsoprol, the bloodstream forms are the more 

susceptible. The higher susceptibility of procyclic forms indicates the mitochondrion 

as a potential site of action, because the main metabolic difference between 

procyclic and bloodstream-form T. brucei is the active mitochondrion in the former. 

In T. cruzi, the waltheriones exhibit about the same activity against intracellular 

amastigotes and insect-stage, extracellular epimastigotes. This is convenient for 

further analysis of their mode of action, since the epimastigote forms are easier to 

investigate and to cultivate at high density. 

 The fact that they are cultivated axenically allows epimastigote T. cruzi to be 

investigated by isothermal microcalorimetry. This revealed that the waltheriones are 

special also in terms of their pharmacodynamics: they act immediately but slowly. 

The heat-flow curves of treated T. cruzi and non-treated control diverge right from 

the beginning of drug incubation. This prompt onset of drug action contrasts with 

other trypanocides, as described previously (Wenzler et al., 2012, Wiedemar et al., 

2018). Epimastigote T. cruzi exposed to waltherione F and G still grow, even when 

the drug concentration is ten-fold higher than the IC50, although with a decreased 

growth rate. This finding is confirmed by the time-laps/wash out assay performed 

on the disease relevant intracellular stage, in which drug action sets in immediately 

but slowly at lower drug concentrations, however, fast at higher drug concentrations. 

This can be seen from the time dependent representation where curves diverge 

from the beginning and concentration dependent representation where the growth 

response curves are shifted to the right in the first 96 hours. Only after 96 hours of 

drug exposure a good dose response curve can be observed (Figure 3). 

Optimisation of the molecules from this point of view is necessary and ongoing.  
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 Selecting T. cruzi for drug resistance was very difficult with waltherione F and 

impossible with waltherione G. This further underscores the potential of these 

molecules. With the optimised selection procedure for T. cruzi using a shock-like 

waltherione drug exposure, it was still only possible to obtain about 10-fold 

waltherione F-resistant parasites. The selected T. cruzi culture required dilution with 

fresh medium to allow the resistant mutants to recover to a normal proliferating 

culture. Once obtained, the resistance was stable over at least 40 days of cultivation 

and it was maintained even after differentiation of the epimastigotes to the 

intracellular amastigote form.  

 Comparative transcriptomics of waltherione-resistant and -sensitive T. cruzi 

revealed no candidate genes of altered expression level as determined by 

comparing the numbers of mapped reads per gene. The alpha-tubulin gene 

(C4B63_222g21) was down-regulated in T. cruzi STIB980_WF as compared to the 

STIB980 growth control cultured in the absence of drug, but not when compared to 

the non-cultured STIB980 baseline control (demonstrating the added value of 

having both controls). Sequence comparison of the mapped reads identified four 

mutations that were present in the resistant trypanosomes but absent from both 

controls. One of the SNPs was synonymous and not further investigated. One out 

of three nonsynonymous SNPs was only present in about 9-25% reads and could 

not be confirmed with Sanger sequencing and was also excluded from further 

investigation. Two candidate mutations were heterozygous with about 50% of the 

reads carrying the alternative allele. This result is in line with the fact that T. cruzi is 

diploid and may be due to the short time of selection. 

 The most promising mutation is found at position 370 of the protein-coding 

sequence of the gene C4B63_2g442, mitochondrial small subunit ribosomal protein, 

resulting in a proline to leucine substitution. The mitochondrial small subunit protein 

is part of the mitochondrial ribosome, responsible for translation of the 

mitochondrial-encoded genes. The mutated leucine is located in a highly conserved 

region of a mitoribosomal protein specific for the class of kinetoplastae. 

Mitoribosomes were already suggested as promising drug targets in 

trypanosomatids because of their peculiar protein-based architecture differing from 

other eukaryotic cells (Sloof et al., 1985, Ramrath et al., 2018). This specific protein 

is located at the head of the small subunit of the mitoribosome. However, its function 

is unclear apart from playing a role in mitoribosomal small subunit assembly 
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(Ramrath et al., 2018, Scaltsoyiannes et al., 2022). The mitoribosomes of 

trypanosomatids are unique in that they possess more protein subunits, and fewer 

rRNA subunits, than those of other eukaryotes (Ramrath et al., 2018). The 

waltheriones might be the first examples to chemotherapeutically exploit this 

difference. However, proving that the waltheriones actually target trypanosomal 

mitoribosomes will be very difficult. As a next step, we will investigate the effect of 

the mutation in epimastigote T. cruzi by CRISPR-Cas9 mediated reverse genetics. 

In addition, knowing the procyclic T. brucei are susceptible to waltheriones and that 

the identified mutation is in a highly conserved region opens up possibilities for 

further research using T. brucei as a well-known model organism with well-

established molecular biology tools.  
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4.7 Supplementary material 

Supplementary Table 1. Primer list. Primers designed 300 bases upstream and 

downstream of to the candidate variant mutation. 

 

 

 

 

Supplementary Figure 1. Electropherogram of Sanger sequencing. The presence 

of the three nonsynonymous candidate SNPs was confirmed with Sanger 

sequencing on PCR amplified epimastigote T. cruzi gDNA. Y, cytosine/thymidine 

(pyrimidine); R, guanine/adenine (purine). 

  

Primer Name Primer Sequence 

13_16g95_SNP_PCR_sequencing_fw1 ATGGGGAAGACACCGTCATTTGAGT 

14_16g95_SNP_PCR_sequencing_rv1 AGTGTGATGCAAAAGCCTTCATGCT 

17_2g442_SNP_PCR_sequencing_fw2 CTGGAGGCCTACTACTACTT 

18_2g442_SNP_PCR_sequencing_rv2 GCAGTAAGGTCTGAAAACTG 

21_52g56_SNP_PCR_sequencing_fw2 ACTCGTGTCGGTAACTGACT 

22_52g56_SNP_PCR_sequencing_rv2 GCCAACAACGCCAACTGATT 
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Supplementary Figure 2. Electropherogram of Sanger sequencing. The presence 

of the SNP in the gene C4B63_2g442 after differentiation to the intracellular stage 

was confirmed. Sanger sequencing on PCR amplified trypomastigote T. cruzi 

gDNA. Y, cytosine/thymidine (pyrimidine). 
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5.1 Abstract 

Since the first published genome sequence of Trypanosoma cruzi in 2005, there 

has been tremendous technological advance in genomics, reverse genetics, and 

assay development for this elusive pathogen. However, there is still an unmet need 

for new and better drugs to treat Chagas disease. Here we introduce a T. cruzi 

assay strain that is useful for drug research as well as basic studies in host-

pathogen interaction. Trypanosoma cruzi STIB980 is a strain of discrete typing unit 

TcI that grows well in culture as axenic epimastigotes or intracellular amastigotes. 

We have evaluated the optimal parameters for genetic transfection and constructed 

derivatives of T. cruzi STIB980 that express reporter genes for fluorescence- or 

bioluminescence-based drug efficacy testing, as well as a Cas9-expressing line for 

CRISPR/Cas9-mediated gene editing. The genome of T. cruzi STIB980 was 

sequenced by combining short-read Illumina with long-read Oxford Nanopore 

technologies. The latter served for the primary assembly, the former to correct 

mistakes. This resulted in a high-quality nuclear haplotype assembly of 28 Mb in 

400 contigs, containing 10,043 open-reading frames with a median length of 1077 

bp. We believe that T. cruzi STIB980 is a useful addition to the antichagasic toolbox, 

and that it can serve as a DTU TcI reference strain for antichagasic drug efficacy 

testing. 
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5.2 Introduction 

Chagas disease is a neglected tropical disease and at the same time also a most 

elusive disease. Due to the chronic nature of Chagas disease, with an indeterminate 

phase that is asymptomatic and lasts for decades, the vast majority of the carriers 

do not know that they are infected. For the same reason, there are no solid data on 

the prevalence of Chagas disease. The epidemiology of Chagas disease is further 

complicated by (i) the large zoonotic reservoir of Trypanosoma cruzi, which infects 

all kinds of mammals provided they are preyed upon by the triatomine vectors; (ii) 

alternative transmission routes, including via the oral mucosa upon consumption of 

contaminated food, and transplacental to the unborn child; (iii) the genetic 

heterogeneity and genomic flexibility of T. cruzi with its (at least) seven different 

Discrete Typing Units (DTU) (Velásquez-Ortiz et al., 2022, Wang et al., 2021). 

 The parasites are elusive also in the human body. Trypanosoma cruzi can 

infect any type of nucleated cell, and the parasites will replicate intracellularly in the 

cytosol of the host cell. Infected macrophages distribute the parasites throughout 

the body. Thus, they can access different tissues and niches to hide in, including 

the heart and the intestinal tract, the typical sites of chronic pathology (Matsuda et 

al., 2009). Trypomastigote T. cruzi do not proliferate but persist extracellularly in the 

blood thanks to their elaborate immune evasion strategies (Ramírez-Toloza and 

Ferreira, 2017). The intracellular amastigotes, too, can enter a non-replicative state 

of dormancy (Sanchez-Valdez et al., 2018). All this makes Chagas disease difficult 

to diagnose and even harder to cure, as became apparent in the clinical trials with 

new antichagasic drug candidates. In the laboratory, research on T. cruzi is 

hampered by the fact that the disease-relevant stages, the amastigotes, are strictly 

intracellular and require host cells for in vitro culture. The infectious nature of T. 

cruzi renders all experimental investigation resource-intensive in terms of biosafety 

measures, assay time, and overall cost. 

 On a positive note, there has been tremendous technological progress in 

genomics and reverse genetics with T. cruzi, which has boosted basic research as 

well as drug discovery. Classical genetic manipulation based on homologous 

recombination (Taylor et al., 2011, Docampo, 2011) is being replaced by 

CRISPR/Cas9-mediated gene editing (Lander and Chiurillo, 2019), which allows for 

functional genomics in spite of the fact that T. cruzi lacks the RNAinterference 
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machinery (Kolev et al., 2011). Genetically engineered reporter strains of T. cruzi 

have enabled assay formats that better predict the potential of antichagasic 

molecules for irreversible and cidal action, both in vitro and in vivo. Here we present 

a new reference strain, T. cruzi STIB980, which is useful for all kinds of investigation 

including genomics, reverse genetics, and drug efficacy testing. 
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5.3 Results and discussion 

 Genotyping and cloning of T. cruzi STIB980 

Trypanosoma cruzi STIB980, originally received in 1983 from Prof. Antonio Osuna, 

University of Granada, is one of the standard strains used for drug efficacy testing 

at the Parasite Chemotherapy Unit of the Swiss Tropical and Public Health Institute. 

Amastigote and epimastigote forms are readily cultured as described under 

Methods. A fresh clone of T. cruzi STIB980 was made with epimastigotes, 

employing the gilded paperclip method (Figure 1A). This clone was used for all 

further analyses. Genotyping based on restriction fragment length polymorphisms 

of three target loci (the large ribosomal RNA subunit, heat-shock protein 60, and 

glucose-6-phosphate isomerase) (Messenger and Miles, 2015) placed T. cruzi 

STIB980 in DTU TcI (Figure 1B to F). TcI is the DTU that circulates most broadly 

among humans, and is correlated mostly with cardiomyopathic symptoms (Zingales, 

2018, Izeta-Alberdi et al., 2016). Therefore, a TcI strain is highly relevant as an 

assay strain. 
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Figure 1. Establishing a T. cruzi STIB980 clonal line with the gilded paperclip 

method (A) and genotyping results. Agarose gels of the PCR products of the large 

ribosomal subunit (B), HSP60 before (C) and after (D) digestion with EcoRV, G6PI 

before (E) and after (F) digestion with HhaI. In all three reactions and subsequent 

digestions, STIB980 most closely resembled the DTU TcI strains. 1) Dm28c [TcI]; 

2) Sylvio [TcI]; 3,4) STIB980; 5) Tulahuen [TcVI]; 6) Esmeraldo [TcII]; 7) Sylvio 

X10/4 [TcI]; 8) Y strain [TcII]; 9) CL Brener [TcVI]; 10) Y strain [TcII]. Genomic DNA 

kindly provided by Michael Lewis (LSHTM). 
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 Genome sequence of T. cruzi STIB980 

Genomic DNA of T. cruzi STIB980 was sequenced on the Illumina HiSeq 2500 and 

the Oxford Nanopore MinION platforms. Illumina sequencing was done with a 125-

bp paired end protocol and yielded 67,187,531 reads that passed quality control. 

Assuming a diploid genome size of 53.3 Mb as reported for T. cruzi Dm28c (Berná 

et al., 2018), this corresponds to a coverage of 158-fold. With Nanopore sequencing 

we obtained 250,005 reads and a median length of 1.4 kb. The estimated coverage, 

again assuming a genome size of 53.3 Mb, was 12-fold. The reads were categorised 

according to their size and GC content (Figure 2) into nuclear genome, maxicircle 

(assembled to a single contig), minicircles, and sequences of unknown origin (Table 

1). The best results for genome assembly (as judged by the mapping rate) was 

obtained by first assembling the long Nanopore reads (using Canu v1.7 (Koren et 

al., 2017)), followed by fixing errors with the short Illumina reads (using Pilon v1.22 

(Walker et al., 2014)). This combination of Nanopore and Illumina reads led to 

drastic improvements compared to the assembly based on Illumina reads alone: the 

number of contigs was reduced 23-fold, the N50 increased 30-fold, and the numbers 

of gaps (n=13,000) and undetermined nucleotides (5 Mb) were reduced to zero. The 

total assembly amounted to 28.2 Mb in 492 contigs; the nuclear genome had a 

haploid size of 27.9 Mb in 397 contigs (Table 1).  

 Gene prediction was performed using GLIMMER (Salzberg et al., 1998) with 

the standard codon table. The genome of T. cruzi Dm28c (Berná et al., 2018) served 

as training set. This resulted in 10,043 open-reading frames (ORFs) with a median 

length of 1077 bp. The amino acid sequences were queried against UniProt 

KnowledgeBase (UniProt Consortium, 2023) using blastp (Altschul et al., 1990) with 

an expectancy (E-value) cut-off of 10-8. This allowed the functional annotation of 

3505 genes. 
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Figure 2. Distribution of the Nanopore reads (n=250,005) of T. cruzi STIB980 

according to their GC content and length. This separates nuclear sequences from 

mitochondrial sequences. The majority of the reads were categorised as minicircles, 

with a GC content between 30% and 40% and a length of about 1.4 kb. 

 

 

Table 1. Summary statistics of the separate genome assemblies for T. cruzi 

STIB980. n.a., not applicable. 

 Total size (nt) No. of 
contigs 

N50 (nt) longest 
contig (nt) 

shortest 
contig (nt) 

Nuclear 27,888,483 397 165,577 715,804 1,660 

Minicircles 248,782 91 2,699 10,035 1,264 

Maxicircle 68,708 1 n.a. n.a. n.a. 

Unknown 14,070 3 3,090 9,979 1,001 

Total 28,220,043 492 158,042 715,804 1,001 

 

 Antibiotic sensitivity profile of epimastigote T. cruzi STIB980 

In order to determine the best selection markers for use in genetic manipulation, we 

tested the sensitivity of T. cruzi STIB980 epimastigotes to commonly used 
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antibiotics: blasticidin, G418, hygromycin, phleomycin, and puromycin. 

Benznidazole and nifurtimox were included as benchmark drugs, DMSO as the 

most commonly used solvent of test compounds. Drug sensitivity was tested for 72 

h and 168 h of incubation. For the latter, we used two different inocula: a lower 

starting density (2×104 epimastigotes/mL) to assess the inhibition of proliferation, a 

higher density (105 epimastigotes/mL) to measure cidality. However, the obtained 

IC50 values were similar across all the tested conditions (Table 2). The STIB980 

epimastigotes had comparably high IC50 values for G418, which is in agreement 

with the high concentrations (100 to 500 µg/mL) of G418 that are generally used for 

epimastigote T. cruzi (Olmo et al., 2018) and in stark contrast to the 1 to 5 µg/mL 

used in the genetic manipulation of procyclic T. brucei (Burkard et al., 2007). 

 

Table 2. Drug sensitivity profile of T. cruzi STIB980 epimastigotes. 95% CI is given 

in parentheses. Parasite inocula were 5×105 mL-1 (72 h), 105 mL-1 (168 h, high), and 

2×104 mL-1 (168 h, low).  

 IC50 72 h [µg/mL] IC50 168 h [µg/mL] 

high inoculum 

IC50 168 h [µg/mL] 

low inoculum 

Blasticidin 1.6 (1.2; 2.0) 0.37 (0.20; 0.54) 0.32 (0.29; 0.34) 

Puromycin 1.3 (1.1; 1.4) 1.2 (1.1; 1.4) 0.56 (0.48; 0.64) 

Hygromycin 41 (30; 52) 22 (13; 31) 37 (28; 46) 

G418 46 (38; 54) 50 (42; 57) 31 (25; 37) 

Phleomycin 89 (70; 110) 71 (60; 81) 27 (23; 32) 

Benznidazole 1.9 (0.67; 3.1) 1.2 (0.90; 1.4) 0.66 (0.53; 0.79) 

Nifurtimox 0.87 (0.58; 1.2) 0.41 (0.37; 0.46) 0.24 (0.20; 0.28) 

DMSO 3.8 ( 3.2; 4.5) 3.2 (-1.1; 7.4) 1.2 ( 0.93; 1.4) 

 

Besides the sensitivity of the untransfected trypanosomes, other factors will 

determine the optimal concentration of antibiotics to select positive transfectants. 

The expression level of the resistance gene will be affected by its copy number 

(especially in episomal transfections), and by the strength of the promoter, by the 

RNA polymerase (RNAPolII usually resulting in a lower level of transcription than 

RNAPolI), and – in case of the ribosomal locus – the exact site of integration (Alsford 

et al., 2005). Overall, we recommend blasticidin or puromycin to select for T. cruzi 

STIB980 transfectants, rather than G418, hygromycin, or phleomycin. 
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 Optimal transfection protocol for T. cruzi STIB980 

The Lonza Nucleofector® 2b is a widely used electroporation device for genetic 

transfection. It provides excellent results also with trypanosomes but is a black box, 

as the provider does not disclose the characteristics of the electric discharge nor 

the composition of the buffers. Tests on Nucleofector® programs had already been 

published for T. brucei (Burkard et al., 2007) and T. cruzi (Pacheco-Lugo et al., 

2017). We investigated which program is best suited for T. cruzi STIB980. 

Epimastigotes were transfected with a circular pTcRG plasmid, kindly provided by 

Santuza Teixeira (Federal University of Minas Gerais, Brazil), that contained the 

green fluorescent protein (GFP) gene plus the 3' UTR of the GAPDH gene, which 

confers constitutive expression. 4×107 epimastigotes in the exponential growth 

phase were transfected with 10 µg plasmid DNA using nine different Nucleofector® 

programs. Immediately after transfection, we counted the surviving parasites. Then, 

we incubated them for 24 h in 10 mL LIT medium at 27 °C. Finally, the proportion 

of GFP expressing parasites was quantified by flow cytometry (Burkard et al., 2007). 

The transfection efficiency was calculated as the product of cell survival and GFP 

positivity (Table 3). The programs U-033, X-001, and Z-001 had the best overall 

efficiencies. The lower survival rates with Z-001 and U-033 were compensated by 

higher fractions of GFP expression. For subsequent transfections, we have used 

the Nucleofector® programs U-033 or X-014. 

 

Table 3. Efficiency of transient transfection of different Nucleofector® programs, 

expressed as the fraction of surviving cells multiplied with the fraction of GFP 

expressing cells. 

Program % Survival % GFP expression Efficiency 

X-001 55.0 6.83 0.038 

U-033 42.5 8.15 0.035 

Z-001 32.5 7.80 0.025 

X-014 58.8 4.16 0.024 

X-013 57.5 4.23 0.024 

X-024 65.0 3.56 0.023 

Z-014 60.0 3.18 0.019 

X-006 57.5 2.67 0.015 

T-020 91.3 1.11 0.010 
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 Transgenic T. cruzi STIB980 lines for drug testing and reverse 

genetics 

The levels of cytosolic GFP obtained after transient transfection of pTcRG were too 

low for high-content fluorescence microscopy. Most of the parasite signal was below 

three times the background level (i.e. the autofluorescence of untransfected 

epimastigotes). For better use of T. cruzi STIB980 in drug efficacy testing and 

molecular genetics, we generated stable transgenic lines expressing a LucNeon 

reporter gene, Cas9 nuclease gene, or both (Costa et al., 2018). LucNeon is a 

chimeric gene encoding a fusion protein of mNeonGreen, suitable for fluorescence-

based in vitro imaging, plus a red-shifted luciferase that is suitable for 

bioluminescence-based in vivo imaging (Costa et al., 2018). The plasmids had been 

kindly provided by John Kelly (LSHTM). Epimastigotes were transfected as 

described in the Methods section. The three resulting transgenic lines all had similar 

growth rates with population doubling times around 20 h, slightly higher than the 17 

h of the parental T. cruzi STIB980 (Figure 3). The sensitivity profiles to reference 

drugs (benznidazole and nifurtimox) and drug candidates (posaconazole, 

fexinidazole, and the oxaborole DNDi-6148) of parental T. cruzi STIB980 and 

STIB980-LucNeon were determined by high content imaging of intracellular 

amastigotes in expanded mouse peritoneal macrophages. The IC50 values were 

calculated by two different methods, either based on the number of infected host 

cells or the total number of intracellular amastigotes (Table 4). The first method 

resulted in slightly higher IC50 values, which was to be expected as the total number 

of parasites is reduced more readily than the host cells cured of the infection. 

Overall, the drug sensitivities of the parental STIB980 and transgenic derivative 

were very similar using either method (Table 4). The function of the Cas9 nuclease 

was validated by CRISPR/Cas9-mediated deletion of the fluorescence reporter 

using specific guide RNAs for the LucNeon gene (Figure 4). 
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Figure 3. Growth curves of epimastigote T. cruzi STIB980 wildtype (wt) and 

transgenic derivatives expressing Cas9 nuclease, LucNeon reporter gene, or both. 

The indicated population doubling times were calculated by linear regression to the 

log-transformed data. 

 

 

Figure 4. Validation of the LucNeon reporter and Cas9 nuclease in T. cruzi 

STIB980-Cas9-LucNeon. The x-axis represents the fluorescence level measured in 

arbitrary units, with the green fluorescence channel (excitation 488 nm, emission 

525/50 nm; bandwidth 50 nm); the y-axis the normalised cell counts. Only 23.7% of 

the cells still show a green fluorescence signal after CRISPR-Cas9 mediated knock-

out of the LucNeon fusion gene.  
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Table 4. Drug sensitivity profiles of T. cruzi STIB980 wildtype (wt) and STIB980-

LucNeon as determined by high content imaging of intracellular amastigotes. IC50 

values were calculated based on the number of infected host cells (Infection rate, 

left) or the total number of intracellular amastigotes (No. amastigotes, right).  

 IC50 [ng/mL] 

Infection rate 

IC50 [ng/mL] 

No. amastigotes 
 

wt LucNeon wt LucNeon 

Benznidazole 750 840 550 600 

Fexinidazole 3000 4500 2900 2300 

DNDi-6148 110 110 100 70 

Nifurtimox 580 700 <410 540 

Posaconazole 0.85 0.72 0.51 0.69 

 

5.4 Conclusion 

Trypanosoma cruzi STIB980 is a useful new assay strain in the toolbox of 

antichagasic drug discovery. It is a DTU TcI strain that is readily cultured in vitro and 

amenable to genetic manipulation. We provide optimised electroporation conditions 

and the antibiotic sensitivity profile of epimastigotes to facilitate genetic transfection. 

The genome sequence of T. cruzi STIB980 was assembled by combining short 

reads generated by Illumina sequencing and long reads generated by Oxford 

Nanopore sequencing, demonstrating the power of combining both technologies, in 

particular for a genome with a high degree of repetitive regions like that of T. cruzi. 

We further provide T. cruzi STIB980 derivatives that express reporter genes (eGFP, 

LucNeon) for imaging in vitro and in vivo. The reporter genes are stable in the 

absence of selective pressure in epimastigotes but much less so in amastigotes, 

underlining the importance of frequently resorting to a new stabilate, e.g. when 

running drug testing campaigns against intracellular amastigotes. To facilitate 

CRISPR/Cas9-mediated gene editing, we have also constructed a line of T. cruzi 

STIB980-LucNeon with a stably integrated Cas9 gene, and validated that line by 

knocking-out the LucNeon gene as a proof-of-principle. Thus T. cruzi STIB980 can 

serve not only as a reference strain for drug efficacy testing but also as a tool for 

molecular genetics. 
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5.5 Material and Methods 

 Cell cultivation  

Trypanosoma cruzi epimastigotes were cultured at 27 °C in LIT medium 

supplemented with 2 µg/mL hemin and 10% heat-inactivated fetal calf serum (iFCS) 

(Fernandes and Castellani, 1966). The cultures were diluted weekly. 

Metacyclogenesis was stimulated by keeping the epimastigotes for 3 to 4 weeks in 

the same medium. Mouse embryonic fibroblasts (MEF) were cultured at 37 °C, 5% 

CO2 in RPMI medium supplemented with 10% iFCS and >95% humidity. The MEF 

were subpassaged weekly at a ratio of 1:10 after 5 min treatment with trypsin. 

Peritoneal mouse macrophages (PMM) were obtained from female CD1 mice. A 2% 

starch solution in distilled water was injected i.p., and the macrophages were 

harvested 24 h later by peritoneal lavage. The cells were washed and resuspended 

in RPMI medium containing 1× antibiotic cocktail (Mäser et al., 2002), 10% iFCS, 

and 15% medium conditioned by LADMAC cells (ATCC® CRL2420™), which 

secrete colony stimulating factor 1 (CSF-1). The macrophages were kept in this 

medium at 37 °C for 3 to 4 days and then detached with trypsin treatment and cell 

scrapers. The isolation of PMM from mice was conducted in accordance with the 

strict guidelines set out by the Swiss Federal Veterinary Office, under the ethical 

approval of license number #2374. 

 Cloning of T. cruzi 

The gilded paper clip method was used for cloning (Figure 1A). An exponentially 

growing epimastigote culture was diluted to 5×104 cells/mL. The outer wells of a 96-

well plate were filled with 100 μL sterile water. 15 μL of conditioned LIT medium (LIT 

supplemented with 10% filtered post-culture medium and 20% iFCS) were placed 

at the edge of the other wells, so that some space of the well remained dry. Using 

a gold-plated paperclip, a micro-drop of approximately 0.1 μL was transferred from 

the diluted parasite suspension to the dry space of the well. Two people analysed 

the droplet under an inverted microscope. Wells that contained only one parasite 

were supplemented with 35 μL of conditioned LIT. The plates were incubated at 

27 °C and assessed regularly for outgrowth of the clones. 
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 Isolation of genomic DNA 

Genomic DNA for genome sequencing was isolated from 108 epimastigotes. The 

cells were washed and resuspended in 500 µL NTE, and lysed by addition of 25 µL 

of 10% SDS. The lysate was treated with 50 µl RNase A (10 mg/mL) and 25 µL 

pronase (20 mg/mL), and incubated over night at 37 °C. The lysate was extracted 

sequentially with phenol and chloroform:isoamyl alcohol (24:1, v/v). The DNA was 

precipitated by the addition of 1 mL cold 100% ethanol. For Illumina sequencing, 

the DNA was pelleted by centrifugation; for Oxford Nanopore sequencing, the DNA 

was collected with a glass hook. The DNA was washed with 70% ethanol, air-dried, 

and resuspended in 80 µL DNase-free water. For other purposes, genomic DNA 

was isolated with the QIAGEN DNeasy blood and tissue kit.  

 Genome sequencing and assembly 

Library preparation and sequencing on the Illumina platform was performed at the 

Quantitative Genomics Facility Basel (GFB) of the ETH Zürich. Sequencing libraries 

were prepared using the PCR-free KAPA HyperPrep kit (Illumina). Paired-end 

sequencing of 125 nucleotides was done on an Illumina HiSeq 2500 sequencer. For 

Nanopore sequencing, the library was prepared using the Ligation Sequencing kit 

108 (SQK-LSK108, Oxford Nanopore Technology) and sequenced using the 

MinION platform. Basecalling was carried out using Albacore. Quality control for all 

reads was done with FastQC (version 0.11.3) (Babraham Bioinformatics, 2022). 

Different assemblers were tested: Velvet (Zerbino and Birney, 2008) and 

SOAPdenovo (version 2.04) (Xie et al., 2014) for the Illumina reads (with a range of 

different kmer sizes from 17 to 73), Canu (version 1.7) (Koren et al., 2017) and Flye 

(release 2.3.3) (Kolmogorov et al., 2019) for the Nanopore reads. Illumina polishing 

of the Canu-assembled Nanopore reads was performed using Pilon (version 1.22) 

(Walker et al., 2014). The Flye assembly was done on the pore-chopped long reads, 

with an expected genome size of 53 Mb (Kolmogorov et al., 2019). 

 Optimisation of electroporation 

107 epimastigotes from a dense culture were centrifuged and resuspended in 100 

µL TbBSF buffer (Burkard et al., 2007) containing 10 µg of circular (for transient 

transfection) or linearized (for stable transfection) plasmid DNA. The cells were 

electroporated with a Nucleofector® device (Lonza) in a 0.2 mm cuvette (BioRad). 
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After electroporation, the cells were transferred to 10 mL LIT with a fine-tipped 

Pasteur pipette. The parasites transfected with circular plasmid were incubated for 

24 h and then tested with flow cytometry for GFP expression. The parasites 

transfected with linearized plasmid were incubated for 24 h, diluted 1:10 in medium 

containing 100 µg/mL G418 (Gibco), and further distributed in a four-fold dilution 

series in a 48 well plate under antibiotic pressure. Outgrowing epimastigotes were 

cloned by limiting dilution and assessed for correct integration of the transgene by 

PCR and Southern blot.  

 Generation of transgenic lines 

Exponentially growing T. cruzi epimastigotes were synchronised for 24 h with 

20 mM of hydroxyurea (Sigma) (Olmo et al., 2018). Following hydroxyurea removal 

by washing twice with PBS, 107 epimastigotes were electroporated with 2.5 μg of 

pTRIX2-Luc::Neon-HYG plasmid linearized with AscI and SacI (New England 

Biolabs) or pLEW-Cas9 plasmid linearized with NotI (New England Biolabs). The 

pTRIX2-Luc::Neon-HYG plasmid had been derived from pTRIX-REh9 (Lewis et al., 

2014). CRISPR-Cas9 mediated genetic knock-out was performed according to 

(Costa et al., 2018, Beneke et al., 2017). The resistance cassette was amplified by 

PCR from plasmid pPOTcruzi v1 blast-blast mNeonGreen with primers 

5'-aacatcaagaagggaccagcccccttctacggtagttaagagctcggacccac (forward) and 

5'-acgagtgctggggcgtcggtttccactatcccaatttgagagacctgtgc (reverse). sgRNA were 

amplified using a gene specific forward primer (5'-gaaattaatacgactcactatagggagtact 

tctacacagccatgttttagagctagaaatagc and 5'-gaaattaatacgactcactataggcggctgtgccgtc 

ctccagggttttagagctagaaatagc) and the G00 (sgRNA scaffold) reverse primer. 24 h 

after transfection, the parasites were diluted 1:10 in medium containing 100 μg/mL 

G418 (Gibco). 

 Drug sensitivity assay with epimastigotes  

In a 96-well microtiter plate, 100 µL epimastigotes at a starting density of 5×106/mL, 

105/mL, or 2×104/mL were incubated with test compound in three-fold serial dilution 

with 11 dilution steps. After 69 h or 165 h of incubation at 27 °C, 10 µL of resazurin 

(Sigma) solution (12.5 mg in 100 mL water) were added to each well. After another 

3 h of incubation, the plates were read with a SpectraMAX GeminiXS fluorescence 

reader (Molecular Devices, San Jose, CA). 50% inhibitory values (IC50) were 
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determined in R version 3.5.1 (R Core Team 2018) using the “drc” package (Ritz et 

al., 2015). 

 Flow cytometry 

For flow cytometry, 105 epimastigotes were fixed with 10% formalin (Merck) for 15 

min and then analysed for the green fluorescence levels (FL1) on a BD 

FACSCalibur (Becton Dickinson and Company, Franklin Lakes, NJ, USA). The 

threshold for GFP expression was set above the autofluorescence level of 99.6% of 

the untransfected control cells. The proportion of GFP expressing cells (Table 3) 

was therefore the proportion of cells exhibiting a higher level of fluorescence than 

the threshold. 

 High-content drug efficacy assay 

Assays were performed with two technical and two biological replicates. For the 

standard assay, 104 PMM were seeded into the central wells of a black 96-well plate 

(Greiner, μCLEAR®, black, REF 655090, Lot E1803364) in 100 µL of RPMI medium 

containing 1% antibiotic mix (Mäser et al., 2002), 10% iFCS and 15% RPMI medium 

containing LADMAC growth factors per well. The border wells were filled with 100 

µL of water. After 48 hours, the PMM were infected with 104 trypomastigotes from 

either the wildtype or the transgenic STIB980 line. After 24 h, the remaining 

trypomastigotes were washed off twice with 200 µL RPMI medium per well. The 

infected PMM were kept in 100 µL RPMI medium containing 1% antibiotic mix and 

10% iFCS. Drugs were added in three-fold serial dilution 24 h post-infection. 96 h 

after addition of drugs, the plates were fixed with 10% formalin for 15 min at room 

temperature. Subsequently, the plates were stained with 50 µL of 5 µM DRAQ5™ 

(Merck, Darmstadt, Germany) per well for 30 min at room temperature in the dark. 

The plates were stored at 4 °C for at least 24 h and then imaged using an 

ImageXpress Micro XLS microscope (Molecular Devices, San Jose, CA) with a 20× 

Zeiss objective with the Cy5 filter cube for 300 ms per image on 9 sites per well. 

Image analysis was performed with the MetaXpress 6 software. Statistical analysis 

and graphs were done in R version 3.5.1 (R Core Team 2018) using the packages 

“tidyverse” (Wickham, 2017) and “readxl” (Wickham, 2018).  
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6 Waltheriones and Trypanosoma cruzi – general 

discussion 

Waltherione F and G are natural molecules active on Trypanosoma cruzi in the 

submicromolar range. In vitro drug resistance selection was performed for 

subsequent target deconvolution by comparative transcriptomics analysis. 

Selecting T. cruzi for waltherione resistance was challenging and only possible for 

waltherione F. Untargeted metabolomics showed an accumulation of acylcarnitine 

in epimastigote T. cruzi upon exposure to waltherione G. Comparative 

transcriptomics of waltherione F-resistant and susceptible epimastigote T. cruzi 

revealed a candidate resistance mutation in a mitoribosomal protein. Additionally, 

waltheriones are also active on specific stages of other trypanosomatids including 

procyclic T. brucei. Together these findings suggest the mitochondrion as a 

potential site of drug action of waltheriones.

6.1 Waltheriones are hard-to-resist natural molecules  

As reviewed in Chapter 2 (Beilstein et al., 2022) very different approaches can lead 

to successful drug resistance selection in trypanosomes. There is no general best 

procedure which guarantees finding resistant phenotypes. This is also underlined 

by the different outcome of selecting T. cruzi for waltherione F and G. Different 

approaches outlined in Chapter 4 were used to select extracellular epimastigote and 

intracellular amastigote T. cruzi resistant to waltheriones. Applying a sub-lethal drug 

concentration, parasites survived well, without showing any loss of sensitivity even 

after more than one year of selection. This procedure is the most commonly used 

and was previously successfully employed for selecting bloodstream form T. brucei 

rhodesiense for resistance against melarsoprol and pentamidine. However, the 

resistance arose only after 18-24 months of selective pressure and was then stable 

(Bernhard et al., 2007, Graf et al., 2016). In contrast, selecting T. brucei for suramin 

resistance with a presumably lethal drug concentration needed only one week until 

a 100-fold resistant parasite population recovered in the same medium. In 

comparison to the melarsoprol and pentamidine resistance, suramin resistance 

decreased after 80 days to a level of 10- to 50-fold (Wiedemar et al., 2018).  

 In the case of suramin, the resistance phenotype appeared during the 

selection process by the expression of a particular variant surface glycoprotein 
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(VSG). For melarsoprol-resistant parasites, the accumulation of spontaneous 

mutations during selection led to the loss of the TbAT1 gene and consequently the 

P2 transporter, (Bernhard et al., 2007, Carter and Fairlamb, 1993, Mäser et al., 

1999) and aquaglyceroporin 2 (Graf et al., 2016), causing decreased drug uptake.  

 During waltherione resistance selection in T. cruzi a comparable 

phenomenon to melarsoprol and pentamidine or suramin could not exactly be 

observed. The parasites were finally successfully selected with a short but high drug 

pressure of 10× IC50 and subsequently showed a stable resistance phenotype. For 

waltherione G, no drug resistance arose with any applied selection method. This  

outcome speaks for the attractiveness of waltheriones. 

 Two adaptations in the selection procedure were most critical for gaining 

waltherione F-resistant T. cruzi. First, the parasites under drug pressure were 

supplied regularly with fresh medium. Second, the selection was started with a 

higher parasite number, increasing the genetic pool and the probability of including 

an already resistant mutant (Chapter 4). The advantage of the optimised selection 

procedure for waltheriones lies in the comparably short experimental time until you 

get an answer whether some, potentially resistant cells have survived. Using a 

hypermutating strain, as it is often done with Plasmodium falciparum, might further 

shorten the time for in vitro resistance generation (Ding et al., 2012, Trotta et al., 

2004, Rathod et al., 1997). 

 The microcalorimeter data showed that some parasites are able to endure 

very high drug pressure of up to 10× IC50 over a long time (Chapter 4). Washout 

experiments confirmed that individual parasites persisted at very high waltherione 

concentrations and regrew even at the highest tested drug concentration. A similar 

phenomenon had been observed for benznidazole in experiments in mice. 

Intracellular parasites were observed to resist the highly cytotoxic benznidazole 

over a long time, whereas the overall parasite number was rapidly reduced. 

Spontaneous dormant forms were also suggested for intracellular and extracellular 

T. cruzi (Sanchez-Valdez et al., 2018, Resende et al., 2020). Metabolically 

quiescent epimastigote forms might also still exist in our cultures, including the 

resistance selection, and be able to endure nutrient depletion better. For future 

research and development with waltheriones, it should also be kept in mind that the 

drug acts instantly but slowly and a high dose is required for total parasite killing 

(Chapter 4). Testing waltheriones in combination with other drugs might help to 
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improve the waltherione action or even find a synergistic partner drug which might 

overcome the challenge to kill all parasites and to impede the emergence of drug 

resistance. 

 Considering fatty acid metabolism to be potentially involved in drug action 

(Chapter 3), the parasites might resist waltheriones better at lower parasite density, 

when the nutrients are not yet scarce and fatty acid metabolism is not yet essential 

as they still can access other carbon sources, such as glucose, to gain energy 

(Souza et al., 2021). There would be no selective advantage to less sensitive 

mutants because the sensitive parasites would still have an alternative pathway to 

survive. Time-laps/washout experiments (Chapter 4) showed that the parasites 

become more sensitive when cell density increases and most probably nutrients are 

depleted. At a subcurative dosage, parasites would survive and proliferate well over 

a long time. Starting with a higher parasite number, the culture reaches the late 

exponential phase where drug action sets in much sooner, exerting a stronger 

selective force for waltherione-resistant mutants.  

6.2 Waltheriones affect T. cruzi fatty acid catabolism 

Acylcarnitines were upregulated in extracellular epimastigote T. cruzi exposed to 

10× IC50 of waltherione G (Chapter 3). In eukaryotic cells, including trypanosomes, 

long-chain fatty acids are imported into the cells and coupled to Coenzyme A. At 

the mitochondrial outer membrane, carnitine palmitoyltransferase 1 (CPT1) shuttles 

acyl-CoA to the mitochondrial intermembrane space by transferring the acyl group 

to carnitine. Carnitine-acylcarnitine translocase (CACT) then shuttles acylcarnitine 

to the inner mitochondrial space where carnitine palmitoyltransferase 2 (CPT2), 

located at the inner membrane, transfers the acyl group to CoA again. An 

accumulation can thus occur after the enzymatic step of CPT1 in the inter-

mitochondrial membrane space or before the enzymatic step of CPT2 in the 

mitochondrial matrix. (Kerner and Hoppel, 2000, Berg et al., 2013)  

 There are different hypothetical reasons for the observed accumulation of 

acylcarnitines. This might be an inhibition of the CACT or CPT2 involved in the 

carnitine dependent long-chain fatty acid shuttling into the mitochondrion. 

Acylcarnitines might then accumulate in the inter-mitochondrial membrane space or 

the mitochondrial matrix, respectively. It might also be a downregulation of enzymes 
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involved in β-oxidation, comprising acyl-CoA dehydrogenase, enoyl-CoA-

hydratase, 3-hydroxyacyl-CoA-dehydrogenase, or β-ketothiolase. In this case, acyl 

carnitines would not enter fatty acid catabolism and accumulate in the mitochondrial  

matrix.  

 Tracing palmitate uptake using uniformly 13C-labelled palmitate (U-13C16-

palmitate) and its metabolism in treated compared to untreated T. cruzi did not 

provide evidence that β-oxidation or the TCA are affected by waltheriones. 

However, it also did not refute these hypotheses as inhibiting CPT1 and blocking 

the initiation of β-oxidation by etomoxir (ETO) also did not show the expected effect 

on acetate excretion and TCA metabolites (Chapter 3). In T. cruzi, it has been 

shown that 500 µM ETO only affects cells in the late exponential growth phase of 

parasites under starvation, where fatty acid oxidation gets essential for the 

epimastigote form (Souza et al., 2021). Effects of ETO were shown at very different 

concentrations in different organisms and cells (Agius et al., 1991, Kiorpes et al., 

1984, Divakaruni et al., 2018). These findings therefore do not exclude that 

waltheriones might have an effect on fatty acid catabolism.  

 Instead of using the non-radioactive labelled U-13C16-palmitate, radiolabelled 

U-14C16-labelled palmitate would give a more global picture of metabolic effects 

caused by the compound. CO2 as one of the TCA products and a sink for labelled 

carbon atoms from fatty acid metabolism could additionally be quantified by CO2 

trapping (Souza et al., 2021, Barisón et al., 2016, Girard et al., 2018). Glucose and 

triglyceride contents of the medium could be measured in parallel using a 

colorimetric enzymatic assay to estimate the level of glucose starvation (Souza et 

al., 2021). Experiments would thus be limited by access to the required instruments 

under appropriate biosafety conditions with T. cruzi as a biosafety level 3 parasite, 

which so far was the limiting factor for such approaches in the scope of this work.  

 At present, there are different possible explanations for parasite death 

caused by waltheriones and an accumulation of acylcarnitines. First, parasites 

might starve to death as soon as all other carbon sources such as glucose are used 

up and the fatty acid catabolism is blocked. Metabolically active parasites would 

have a disadvantage in survival. Second, the accumulation of acylcarnitine or a 

shortage in carnitine might intoxicate the parasite cells (Klein et al., 1982, Gilbert 

and Klein, 1984, Bringaud et al., 2006). From human diseases, including liver and 

kidney dysfunction, or endocrine imbalance, it is suggested that L-carnitine has a 
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detoxifying effect by its ability to bind fatty acids and a role in maintaining CoA 

balance in mitochondria (Kerner and Hoppel, 1998, Virmani and Cirulli, 2022). T. 

brucei brucei BSF possess a high activity of carnitine acetyltransferase (CAT) 

(Gilbert and Klein, 1982). CAT catalyses the transfer of the acetyl group from CoA 

to carnitine resulting in acetylcarnitine which then can be shuttled out of the 

mitochondrion and converted again to acetyl-CoA and used for lipid biosynthesis 

and the free carnitine can be recycled. Carnitine had been shown to stimulate 

acetyl-CoA hydrolysis by CAT (Klein et al., 1982, Gilbert and Klein, 1982). A 

shortage of carnitine might thus also affect CAT and have an influence on CoA 

balance in our waltherione treated T. cruzi parasites. Providing parasites with L-

carnitine as a detoxifying agent might reveal a rescuing effect. 

6.3 A candidate waltherione resistance mutation in mitoribosomes 

The most likely candidate resistance mutation revealed by comparative 

transcriptomics lies in a mitochondrial ribosomal small subunit protein (Chapter 4). 

This observation is intriguing not only because trypanosomes feature a peculiar 

mitoribosome architecture but also because it further pinpoints the mitochondrion 

as the potential target site of waltheriones. The individual function of many 

mitochondrial ribosomal proteins is hypothetical (Ramrath et al., 2018, 

Scaltsoyiannes et al., 2022). Looking at the homologue in T. brucei, the mutation 

lies in the sequence of the mS52 mitochondrial ribosomal protein which is unique to 

Trypanosoma and could be involved in the assembly of the small subunit 

(Scaltsoyiannes et al., 2022). Whether the identified mutation solely causes 

resistance, or together with the two other promising mutations in conserved 

hypothetical protein genes, needs further investigation. 

 Different options can be considered to confirm that the mutation confers 

waltherione resistance to T. cruzi; i) insert the mutation into the wildtype gene by 

the use of an integrated CRISPR-Cas9 system (Costa et al., 2018, Beneke et al., 

2017) (Chapter 5), ii) create a rescue construct by inserting the wildtype gene into 

the resistant cell line using homologous recombination (Barnes and McCulloch, 

2007), or iii) co-transfect the rescue construct together with CRISPR-Cas9 directly 

as protein. The most promising approach would be i) as it is an already successfully 

established method in T. cruzi. Furthermore, the finding that waltheriones are also 



Chapter 6 

110 

active on procyclic T. brucei provides now a well-established model organism to test 

our hypothesis (Alsford et al., 2012, Beneke et al., 2017). The mutation identified in 

the T. cruzi is conserved in the orthologue gene of T. brucei. The mutation could be 

introduced into T. brucei. To test whether the mutation confers resistance drug 

sensitivity would be assessed. The lower biosafety level of T. brucei will greatly 

facilitate the experimental procedure.  

 The mRNA to protein translation is the primary function of ribosomes, 

including the mitoribosomes. A mutation in one subunit might thus affect key 

translational processes. In human mitochondria, mutations in mitoribosomal 

proteins led to an effect on the assembly and an influence on mitochondrial protein 

synthesis, and subsequent respiratory chain deficiencies (Emdadul Haque et al., 

2008). In bacteria, antibiotics often target ribosomes and thus interfere with 

translation (Yassin et al., 2005). Ribosomal and mitoribosomal translation as 

potential targets were also discussed for aminoglycosides in Leishmania and 

Trypanosoma as they were known to target ribosomes in bacteria (Carter et al., 

2000). By producing bacterial recombinant ribosomes and mitoribosomes it then 

had been shown that the aminoglycoside paromomycin affects cytosolic translation 

in Leishmania and Trypanosoma (Hobbie et al., 2011). Investigating the effects on 

mitoribosomal assembly or mitoribosomal translation might be difficult as many 

subunits seem to have essential roles such as conferring rRNA stability as was 

researched in T. brucei (Lenarčič et al., 2022). We could hypothesise, that the 

waltheriones target the mitoribosomes decreasing the number of functional 

mitoribosomes in the cell and impairing translation. A compensatory mutation might 

prevent an interaction of the waltherione with the mitoribosomal protein without 

influencing its function in translation. 

 Confirming the mutations to be responsible for drug resistance is the first next 

step. Validation and providing direct proof of mitoribosomal proteins as a target will 

then be another much more challenging step. 

6.4 The mitochondrion as a potential target site of waltheriones 

Together, the results from untargeted metabolomics and comparative 

transcriptomics elicited the question of stage specificity of waltheriones in different 

protozoan parasites as energy acquisition and mitochondrial reliance differ between 
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life cycle stages. The difference in sensitivity between the bloodstream and 

procyclic T. brucei rhodesiense is a striking observation, as it is known that the 

bloodstream form T. brucei depends on glucose as carbon source (Bringaud et al., 

2006). 

 Extracellular epimastigote T. cruzi preferentially use glucose as the primary 

carbon source in vitro (Barisón et al., 2017). However, under starvation, they switch 

to amino acids and fatty acid catabolism (Barisón et al., 2017, Souza et al., 2021). 

Intracellular amastigote T. cruzi preferentially use amino acids and fatty acids as 

the primary carbon source. Fatty acid oxidation is upregulated, and enzymes for the 

tricarboxylic acid cycle are abundant in this stage, which might also be dependent 

on gluconeogenesis (Atwood et al., 2005). Glucose uptake is downregulated in 

intracellular amastigote T. cruzi and proteome analysis additionally showed the 

absence of the hexose transporter in this parasite stage (Silber et al., 2009, Atwood 

et al., 2005). In vitro, procyclic T. brucei preferentially use glucose as the primary 

carbon source, similar to extracellular epimastigote T. cruzi. However, they switch 

to amino acids and fatty acid catabolism if no glucose is available, as it happens in 

vivo in the tsetse fly were glucose is scarce (Lamour et al., 2005). Bloodstream form 

T. brucei, on the contrary, depend on glucose for energy generation using glycolysis 

(Opperdoes, 1987, Bakker et al., 1995, Bringaud et al., 2006). Their mitochondrion 

plays a minor role, although enzymes for oxidative phosphorylation, tricarboxylic 

acid cycle, and the respiratory chain enzymes are present (Bienen et al., 1981, 

Besteiro et al., 2005). L. donovani promastigotes mainly rely on glucose and amino 

acids as carbon sources, as was also confirmed by stage-specific transcriptomics 

analysis (Inbar et al., 2017). Upon differentiation to the intracellular amastigote form, 

L. donovani shows reduced glucose consumption and an increased β-oxidation as 

well as an upregulation of genes involved in the tricarboxylic acid cycle and oxidative 

phosphorylation (Rosenzweig et al., 2008, Saunders et al., 2014). Our results show 

that parasite stages relying less on the glycolytic pathway are more sensitive to 

waltheriones, confirming mitochondrial involvement in a potential mechanism of 

action.  

 To collect further evidence for this hypothesis we might evaluate the effects 

on mitochondrial membrane potential upon drug exposure, the differences in drug 

uptake by different parasite stages, or test for cross-resistance of waltherione F 

selected parasites towards drugs with known mechanisms of action. Especially 
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compounds aiming at mitochondrial targets would be first in focus. Oligomycin, a 

natural compound from streptomyces, targeting the F0/F1-ATP synthase could be 

one option. It was shown that procyclic T. brucei are only sensitive under glucose 

starvation (Coustou et al., 2003). This would contradict our finding from waltherione 

being active on procyclic T. brucei. Testing waltherione susceptibility on procyclic 

T. brucei grown with and without glucose might thus add valuable information. 

Rotenone, a natural compound from plants, would be another option. It was shown 

that at high concentration the NADH-fumarate reductase and mitochondrial 

respiratory chain are targeted (Hernandez and Turrens, 1998).  

 Next to antitrypanosomal activity, the antifungal activity of waltheriones was 

also assessed in different Candida species, thus displaying a broad activity 

spectrum and morphological changes in the plasma membrane and disorganisation 

of cytoplasmic content. This included the disintegration of mitochondrial structures 

after waltherione G treatment (Cretton et al., 2016). So far, no molecular target was 

found. 

6.5 How can we test and confirm our findings? 

The diverse repertoire of methods suitable for target deconvolution and target 

identification is especially powerful in a combined approach. With comparative 

transcriptomics analysis, we miss non-expressed genes and intergenic regions. 

Comparative genomic analysis as done for melarsoprol- and pentamidine-selected 

T. brucei rhodesiense can fill this gap (Graf et al., 2016). 

 Affinity-based chemical proteomics is another tool to investigate the 

interaction between the compound and candidate targets. However, this requires 

knowledge about the chemical synthesis of the phytochemical molecule and its 

structure-activity relationship to add modifications such as biotin or immobil ise the 

molecule in a matrix without impairing activity or specificity (Wright and Sieber, 

2016). Waltherione F can be chemically synthesised, which is so far not the case 

for the chiral waltherione G (Zdorichenko et al., 2019). Two positions of the core 

structure of waltherione F have been in focus to add modifications useful for 

medicinal chemistry. After affinity purification, interaction partners are identified by 

mass spectrometry analysis. This method was already successfully applied in T. 
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cruzi and revealed an aldo-keto reductase (TcAKR) among interaction partners of 

immobilised benznidazole (Trochine et al., 2014a).  

 Drug Affinity Responsive Target Stability (DARTS) and cellular thermal shift 

assay (CETSA) are two label-free methods to assess protein interaction and target 

engagement. These methods would evade the dependency of a functional group. 

DARTS is based on the increased proteolytic stability of the target protein conferred 

by interaction with an inhibitor (Pai et al., 2015, Lomenick et al., 2011, Hwang et al., 

2020). CETSA relies on drug-induced thermal stabilisation of a target protein. For 

instance, the purine nucleoside phosphorylase was identified as a target of the 

quinoline drug quinine in Plasmodium falciparum using CETSA (Dziekan et al., 

2019). Applying these methods in T. cruzi on waltheriones as quinoline related 

molecules, might reveal candidate target proteins in a straight forward way without 

requiring any drug modifications. This approach would be new to T. cruzi, where 

prior optimisation will be required especially regarding cell lysis and protein 

digestion. 

 Structural biology with crystal structure formation or prediction by AlphaFold 

(Jumper et al., 2021), combined with modelling of molecular dynamics and docking 

contributes valuable information in an advanced stage of finding and evaluating a 

candidate target. Especially mitoribosomes as a potential target might be interesting 

to investigate. Here we might profit from the research which was performed around 

mitoribosomal architecture and assembly in T. brucei and the knowledge on protein 

structures in this peculiar trypanosomal complex (Ramrath et al., 2018). 
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7 Waltheriones and T. cruzi – final conclusion 

In this study, the investigation of waltherione drug action and drug resistance 

selection in T. cruzi coupled with transcriptomic analysis brought mitochondria into 

the focus, suggesting fatty acid metabolism to be involved in drug action and the 

mitoribosome as a potential target. The waltheriones are very attractive molecules 

because i) they are selective against T. cruzi, ii) they are more active on T. cruzi 

than the standard drug benznidazole, iii) they are not prone to resistance in vitro, iv) 

they might guide antitrypanosomal drug research to a new druggable target of T. 

cruzi, and v) they are being further developed as candidate antichagasic molecules 

by DNDi (INNOSUISSE, 2022). Finding the mechanism of action and possible 

targets of waltheriones in T. cruzi will be a valuable contribution to antichagasic drug 

discovery and development. 
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