Comparative Genomics of Parasites
INAUGURALDISSERTATION
zur
Erlangung der Würde eines Doktors der Philosophie
vorgelegt der
Philosophisch‐Naturwissenschaftlichen Fakultät
der Universität Basel
von
Philipp Ludin
aus Ettiswil (LU)
Basel, 2013

Original document stored on the publication server of the University of Basel
edoc.unibas.ch

This work is licenced under the agreement „Attribution Non-Commercial No Derivatives –
2.5 Switzerland“. The complete text may be viewed here:
creativecommons.org/licenses/by-nc-nd/2.5/ch/deed.en

Attribution-Noncommercial-No Derivative Works 2.5 Switzerland

You are free:

to Share — to copy, distribute and transmit the work

Under the following conditions:

Attribution. You must attribute the work in the manner specified by the author or
licensor (but not in any way that suggests that they endorse you or your use of the
work).

Noncommercial. You may not use this work for commercial purposes.

No Derivative Works. You may not alter, transform, or build upon this work.
•

For any reuse or distribution, you must make clear to others the license terms of this work. The best way
to do this is with a link to this web page.

•

Any of the above conditions can be waived if you get permission from the copyright holder.

•

Nothing in this license impairs or restricts the author's moral rights.

Your fair dealing and other rights are in no way affected by the above.
This is a human-readable summary of the Legal Code (the full license) available in German:
http://creativecommons.org/licenses/by-nc-nd/2.5/ch/legalcode.de
Disclaimer:
The Commons Deed is not a license. It is simply a handy reference for understanding the Legal Code (the
full license) — it is a human-readable expression of some of its key terms. Think of it as the user-friendly
interface to the Legal Code beneath. This Deed itself has no legal value, and its contents do not appear in
the actual license. Creative Commons is not a law firm and does not provide legal services. Distributing of,
displaying of, or linking to this Commons Deed does not create an attorney-client relationship.

Quelle: http://creativecommons.org/licenses/by-nc-nd/2.5/ch/deed.en

Datum: 3.4.2009

Genehmigt von der Philosophisch‐Naturwissenschaftlichen Fakultät auf
Antrag von
Prof. Dr. Pascal Mäser
Prof. Dr. Marcel Tanner
Prof. Dr. Volker Heussler

Basel, den 11. Dezember 2012
Prof. Dr. Jörg Schibler
Dekan

Table of Contents

I

Acknowledgements

III

Summary

V

Table of Abbreviations

VII

Chapter 1 ‐ General Introduction

1

Comparative Genomics and Applications to Parasites

Chapter 2 – Molecular Mimicry

25

Genome‐Wide Identification of Molecular Mimicry Candidates in Parasites

Chapter 3 – Palindromics

41

Species‐specific Typing of DNA Based on Palindrome Frequency Patterns

Chapter 4 – Drug Target Prediction

53

In Silico Prediction of Antimalarial Drug Target Candidates

Chapter 5 – Dirofilaria immitis Genome Project

65

The Genome of the Heartworm, Dirofilaria immitis, Reveals Drug and Vaccine
Targets

Chapter 6 – Drug Resistance in African Trypanosomes

81

Comparative Genomics of Drug Resistance in Trypanosoma brucei rhodesiense

Chapter 7 – General Discussion and Conclusion

103

Curriculum Vitae

121
‐I‐

Acknowledgements
First and foremost, I would like to thank Pascal Mäser for giving me the opportunity to
do this PhD thesis, for his supervision, ideas and support. It has been a privilege and a
real pleasure to work with such an expert.
I would also like to thank Prof. Marcel Tanner and Prof. Volker Heussler for joining my
PhD committee.
I am indebted to Daniel Nilsson for all advice and teaching of the most important
bioinformatic skills.
I would like to express my gratitude to Fabrice, Fügi, Nadia, Eva and Chri for the fruitful
inputs and the nice time we spent together.
Warmest thanks to all other members of the Parasite Chemotherapy Unit, in particular
to Scheuri, Ralf, Sergio, Matze and Reto Brun.
I sincerely acknowledge our collaborators Harry de Koning, Mike Barrett (both
University of Glasgow), David Horn (London School of Hygiene and Tropical Medicine),
Ben Woodcroft, Stuart Ralph (both University of Melbourne) and people from the
Blaxter Lab (University of Edinburgh).
I wish to thank Roche for the 10 Giga‐Base Grant which allowed us to sequence several
Trypanosoma brucei genomes on the 454 platform. I am thankful to the Mathieu‐Stiftung,
Freiwilligen Akademischen Gesellschaft and Emilia Guggenheim‐Schnurr Stiftung for
financial support.
A special thank must go to my former working place on the 3rd floor at the ICB in Bern:
Mosi, Lucien, Robin, Bernd, Sandro, Patrick, Jan, Baschi, Simon, Gaby, Aline, Marina,
Kapila

‐III‐

I am very grateful to Christian Lengeler and the whole SwissTPH football team for
spending some nice time on the pitch.
Many thanks must also go to a number of people who provided an unforgettable
atmosphere at the SwissTPH: Urs, Beni, Moes, Lucienne, Kate, Thomas, KW, Chrigu,
Theresia, Dania, Sophie, Oli, Igor, Chris, Esther, Isabel, Mireille, Cristian, Dirk, Mireia,
Araceli, Daniela, Sonia, David, Michael, Raphael, Alex, Susy, Kurt, Christine
Finally, I am deeply grateful to my family and friends for their support and
encouragement.

‐IV‐

Summary
Comparative genomics is an emerging field in biology that started in 1995 when the first
two genomes of self‐replicating organisms had been sequenced. Since then, a plethora of
genome sequences from parasites, hosts and vectors has been made available. The
comparison of genomes may shed light on the genetic and evolutionary bases of
convergent and divergent properties throughout the tree of life. Comparative genomics
of parasites may be performed at different levels: (i) between parasites and free‐living
organisms, (ii) between parasite and host, (iii) within closely related species (family,
genus), and (iv) within species.
Studies on all four levels were performed in the framework of this PhD thesis. On the
one hand I took advantage of the wealth of genomes available to gain new insights into
the molecular nature of host‐pathogen interactions, drug target discovery and evolution
of parasites in general. On the other hand whole genome sequencing projects were
carried out that directly addressed parasite chemotherapy. Three algorithms were
invented to study important aspects of parasitology. Automated tools were developed
that are widely applicable to parasites and they were included in the Dirofilaria immits
genome project.
First, whole parasite proteomes were screened for molecular mimicry candidates by
comparing parasite sequences to host and control species. Linear epitopes were
identified that were present in the host proteome as well as in the parasite but not in
free‐living control organisms. The designed pipeline returned several interesting hits,
most notably a motif in several PfEMP1 variants identical to part of the heparin‐binding
domain in the cytoadhesive and immunosuppressive serum protein vitronectin.
Moreover, a homolog of cytokine suppressor SOCS5 was found in several pathogenic
nematodes.
Second, a tool was built that discriminates DNA sequences to the level of species of
origin based on palindrome frequency patterns. It relied on the highly specific
palindrome occurrence among species for DNA typing. The power of the program was
illustrated when the comparison of palindrome frequency patterns provided further
evidence for horizontal gene transfer between D. immitis and its Wolbachia
endosymbiont.
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Third, a drug target prediction pipeline was designed that is based on the assumption
that proteins are likely to be essential if they are highly conserved among related species
and if there are no similar proteins in the same proteome. By inclusion of other criteria
such as matchlessness in the human proteome, expression in a relevant stage and
prediction of druggability, candidates were identified that may serve as starting points
for rational drug discovery. When applied to P. falciparum, a sizeable list of 40 proteins
with proven and new targets was obtained.
Further, whole genome sequencing was conducted of a drug‐sensitive Trypanosoma
brucei rhodesiense STIB900 line and two drug‐resistant derivatives STIB900‐M and
STIB900‐P. By comparative genomics, mutations and gene deletions were detected that
may confer drug resistance to melarsoprol and pentamidine. Proof‐of‐principle was the
detection of the loss of known determinants of drug susceptibility, the adenosine
transporter TbAT1 and the aquaporin TbAQP2. Moreover, a coding mutation occurred in
both resistance lines in the gene for the RNA‐binding protein UBP1.
In conclusion, comparative genomics is a powerful tool that offers new opportunities in
biological research. Comparative genomics can be applied at different levels, from basic
research to applied questions such as drug discovery and resistance.
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General Introduction
1 A General Introduction to Comparative Genomics
A landmark in the field of genomics represents undeniably the first sequenced genome
of a self‐replicating organism, the one of the bacterium Haemophilus influenzae [1]. Since
then, thousands of sequenced genomes have been made available across the tree of life.
The genome of Saccharomyces cerevisiae was the first eukaryotic to be published [2]. At
this time, species were mainly selected for sequencing projects based on their size, role
as a model organism and their relevance to humans [3]. Therefore it was no surprise
that Caenorhabditis elegans was the first completed metazoan genome [4], as the
nematode serves as an important model for multicellular organisms [5]. A further
milestone in the era of genomics was certainly the announcement of the human draft
genome in 2001 accomplished by the publicly funded Human Genome Project [6] and
private company Celera Genomics [7] simultaneously. Researchers now started to
systematically compare genomes of model organisms to Homo sapiens to gain insights
into evolution and human diseases [8–11]. I refer here to comparative genomics as the
comparative analysis of the fully sequenced genomes and their predicted encoded
proteins between or within species. It can be further complemented by other 'omics'
approaches such as proteomics, transcriptomics and metabolomics.
The beginning of comparative genomics marks the completion of the second bacterial
genome, Mycoplasma genitalium [12], although some researchers date back the starting
point to the late 1970s when the first viral genomes were completed [13]. With the
completion of the genomes and their analyses, the scale has dramatically changed, from
genes to genomes, from kilobases to megabases or even gigabases. Global views on
genomes allow the discovery of conserved and divergent regions within and between
species at various evolutionary distances [14,15].
The first comparison of complete genomes between organisms revealed a reduced
genome of M. genitalium that is associated with a strikingly lower number of genes
involved in metabolic pathways compared to H. influenzae [12]. With only two genomes
available, the biological analyses were already put into another dimension by studying
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fundamental processes such as replication, transcription and translation on a genome‐
wide scale.
In terms of evolution, the release of the first complete genome of an archaeon,
Methanococcus jannaschii [16], was a major breakthrough because this provided the first
opportunity to explore the three domains of life on the whole genome level, although the
genome of S. cerevisiae was made public available two months later [2]. The comparison
revealed that genes of the cellular information process were more 'eukaryotic‐like',
whereas genes concerned with energy production, cell division, and metabolism seemed
to have their origin in bacteria [16].
With more and more sequences available, the field of comparative genomics has grown
rapidly and has become a major part in biological research. A pioneering study was
unquestionably the comparative analysis of Drosophila melanogaster, C. elegans and S.
cerevisiae [17]. For the first time, the full genomic sequences of three eukaryotic model
organisms were available. Rubin et al. uncovered the 'core proteome' of each organism,
i.e. the number of distinct proteins where a set of paralogs was taken together as a unit.
The researchers pointed out that the 'core proteome' size of the fly is only doubled
compared to the single‐celled yeast, although Drosophila is a complex metazoan.
Moreover, they showed that fly and worm share similar size of distinct protein families,
despite the differences related to development and morphology. They concluded that
the apparent complexity of an organism is not obtained by the pure number of genes
[17].
As technological advances have reduced costs and have enormously accelerated the
sequencing process, comparative genomics has got more informative and sensitive by
accumulation of genomic data [14]. In the past few years, a large amount of meaningful
studies addressing all kinds of biological questions were carried out ‐ among them, I am
focusing on eukaryotic parasites.

2 Comparative Genomics of Parasites
Parasites frequently have a complex life‐cycle, switching between different stages that
may include vector, alternate‐ and definite host. There is a persistent 'arms‐race'
between host and parasite that is reflected in the genome to some extent. Comparative
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Parasite species

Genome size [Mb]

Protein‐coding genes

Year

Reference

Encephalitozoon cuniculi

3

2000

2001

[18]

Plasmodium falciparum

23

5300

2002

[19]

Plasmodium yoelii

23

5900

2002

[20]

Cryptosporidium hominis

9

4000

2004

[21]

Cryptosporidium parvum

9

3800

2004

[22]

Entamoeba histolytica

24

9900

2005

[23]

Leishmania major

33

8300

2005

[24]

Plasmodium berghei

18

5900

2005

[25]

Plasmodium chabaudi

17

5900

2005

[25]

Theileria annulata

8

3800

2005

[26]

Theileria parva

8

4000

2005

[27]

Trypanosoma brucei

26

9100

2005

[28]

Trypanosoma cruzi

55

12000

2005

[29]

Babesia bovis

8

3700

2007

[30]

Brugia malayi

90

11500

2007

[31]

Giardia lamblia

12

6500

2007

[32]

Leishmania braziliensis

32

8100

2007

[33]

Leishmania infantum

32

8200

2007

[33]

Trichomonas vaginalis

160

60000

2007

[34]

Meloidogyne hapla

54

14400

2008

[35]

Meloidogyne incognita

86

19200

2008

[36]

Plasmodium knowlesi

24

5200

2008

[37]

Plasmodium vivax

27

5400

2008

[38]

Schistosoma japonicum

398

13500

2009

[39]

Schistosoma mansoni

363

11800

2009

[40]

Ascaris suum

273

18500

2011

[41]

Leishmania mexicana

32

8300

2011

[42]

Leishmania tarentolae

30

8200

2011

[43]

Trichinella spiralis

64

15800

2011

[44]

Dirofilaria immitis

84

10200

2012

Chapter 5

Plasmodium cynomolgi

26

5700

2012

[45]

Table 1. List of published endoparasite genomes. (Mb: megabases).
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genomics can be a powerful discipline to illuminate this host‐parasite co‐evolution.
Indeed, there is a wealth of parasite genomes to be explored (Table 1). With full genomic
sequences of host and vector available, the opportunities for the study of each species
and their complex interactions make the field of comparative genomics very attractive.
Comparative genome analyses of parasites may be performed at different levels:
Comparative genomics (i) between parasites and free‐living organisms, (ii) between
parasite and host, (iii) within closely related species (family, genus), and (iv) within
species. By no means this subdivision is definite; comparative studies may include more
than one category as they do for drug target identification or vaccine development
(Figure 1).
In the recent years, many studies on parasite genomics were undertaken but it is not the
aim of my thesis to cover here the whole diversity of analyses because it is almost
impossible to mention them all. Therefore I focus mainly on studies in which
endoparasites of our own research are involved, i.e. plasmodia, trypanosomatids and
nematodes.

2.1 Comparative Genomics between Parasites and Free‐living Organisms
Regardless of having an intracelluar or extracelluar lifestyle, the challenges that
endoparasites face are manifold: they need to (i) enter the host, (ii) route to the definite
location, (iii) develop and/or reproduce, (iv) deal with the host's defense mechanisms,
and (v) infect a new host.
Comparison of a non‐parasitic genome to a parasitic one may give hints about the
specific genomic adaptations during the evolution of a free‐living organism into a
parasite [46]. Ideally, the compared species are closely related because during evolution
genomic divergence unrelated to parasitism may appear.
The first genomic sequenced parasitic eukaryote was Encephalitozoon cuniculi in 2001
[18], the smallest in size and the fewest gene number so far (Table 1). The remarkable
reduction was manifested by the lack of genes for the tricarboxylic acid cycle and for
several biosynthetic pathways, a low diversity of transporters, and gene shortening
compared to non‐parasitic species [18]. The authors speculated that the shortening is a
consequence of reduced protein‐protein interactions as a result of gene losses related to
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Figure 1. Overview on comparative genomics as discussed to parasites herein.

a parasitic adaptation because longer proteins may enable more complex regulation
networks [47]. Moreover, E. cuniculi lacks mitochondria and peroxysomes [18].
The first sequenced eukaryotic parasite showed already tremendous differences
compared to the hitherto sequenced free‐living species. A common feature among
endoparasites is the loss of metabolic functions during evolution [48]. For example, all
obligate endoparasitic protozoa examined to date miss the genes for purine de novo
synthesis, importing exogenous purines from their hosts [49]. Brugia malayi is incapable
of purine synthesis as well, and it was suggested that the filarial nematode salvages
purines from its Wolbachia endosymbionts [31]. Because the de novo purine synthesis is
an energetically costly pathway, the hypothesis was that parasites primarily lost
enzymes of ATP‐consuming reactions for economical cause [48]. However, Nerima et al.
disproved the proposed hypothesis by comparative analysis of metabolic‐networks of
free‐living and parasitic eukaryotes, where they concluded that ATP‐requiring reactions
‐7‐
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have been preferentially maintained during the course of evolution, whereas NADH‐ or
NADPH‐requiring reactions were lost [48].
Beside the convergent trend towards metabolic simplification, more traits among
endoparasites were revealed by comparative genomics. For instance, the genome of
Plasmodium falciparum showed a higher proportion of proteins involved in adhesion
and immune evasion when compared to S. cerevisiae [19] but one must be careful
because the analysis was based on assignment of gene ontology terms [50] which was at
that time in its infancy. Another fascinating case of parasitic adaptation comes from
plant‐parasitic root‐knot nematodes Meloidogyne spp. Their genomes contained an
unexampled set of plant cell wall‐degrading, carbohydrate‐active enzymes (CAZymes)
[35,36,46]. It is increasingly acknowledged that CAZymes were acquired by horizontal
gene transfer (HGT) because the most similar proteins were found in bacteria
[35,36,46]. It seems that these capture events played a crucial role in the evolution of
root‐knot nematodes [35,36,46]. Interestingly, diverse cellulases were found in
Pristionchus pacificus, a necromenetic nematode that lives in association with beetles
[51]. Dietrich et al. suggested that the acquisition of cellulases and other genes through
HGT played a critical role in the evolutionary transition into a parasite and that P.
pacificus may display preadaptations to a parasitic lifestyle [46,51].
Our knowledge about nematode parasitsm has benefited hugely from the availability of
the genomes of the free‐living C. elegans [4] and the necromenic P. pacificus [51]. This
underpins the importance of having a closely related species to compare with to gain
new insights into the evolution of parasites. A similar effect could be observed in
trypanosomatidae as soon as the genome of the free‐living kinetoplastid Bodo saltans
[52] is fully sequenced or in Plasmodium when the genome of Chromera velia [53], a
photosynthetic alveolate phylogenetically related to apicomplexans, is published.

2.2 Comparative Genomics between Host and Parasite
As mentioned earlier, a major accomplishment in the era of comparative genomics was
the release of the draft human genome [6,7]. Indeed, research on similarities and
differences between host and parasite on a large scale have revolutionized modern
biology. In particular, drug target identification has benefited vastly since the release of
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the host genome because comparison of host and parasite genome may uncover
biochemical peculiarities and vulnerable points for chemotherapeutic intervention, such
as essential parasite enzymes that are not present in the host [48]. Although not directly
linked with the human draft genome release, a striking example is the identification of
enzymes targeted to or encoded by the apicoplast, an essential plastid of Plasmodium
and other apicomplexa [54]. The fact that the apicoplast is derived from the secondary
endosymbiosis of a cyanobacterium implies that these enzymes are excellent targets for
drug development as many of them are bacterial‐like and hence different from the
mammalian host [54]. Furthermore, the fact that the present set of apicoplast proteins
has been maintained during the reductive evolution of the endosymbiont indicates that
they are likely to be essential [54]. Although the apicoplast genome was sequenced
already in 1996 [55], the metabolic pathways targeted to the organelle became clearer
when the P. falciparum genome was obtained as 545 of the 568 proteins predicted to be
in the apicoplast are encoded by the nuclear genome [19,54]. In addition to
housekeeping process (DNA replication, RNA transcription and Protein synthesis)
proteins of prokaryotic origin, the identified anabolic pathways of isoprenoid precursor
synthesis, fatty‐acid biosynthesis and a partial haem biosynthesis are of particular
interest, as they are not found in the vertebrate host of Plasmodium [54,56]. This was
illustrated by the usage of fosmidomycin, an antibiotic that inhibited the non‐
mevalonate pathway of isoprenoid synthesis in P. falciparum [57]. Intriguingly,
Fosmidomycin is currently tested in Phase II as combination‐therapy with clindamycin
against malaria [58].
As described before (see 2.1), all obligate endoparasitic protozoa are purine auxotrophs,
a consequence of the parasitic trend towards metabolic simplification [48]. In contrast,
parasites have developed alternative strategies and gained pathways in the course of
evolution [56]. Compared to the host genome, parasites possess metabolic pathways
absent in humans [56]. For instance, Leishmania and T. cruzi are able to synthesize
cysteine from serine [56]. In many cases, genes involved in these pathways were similar
to prokaryotes and therefore were believed to be acquired by HGT [56]. For example, it
was suggested that nearly 50 genes were transferred from prokaryotes into the Tritryp
lineage [28]. Further, a genome‐wide search revealed up to 3% of the proteins

‐9‐

Chapter 1 – General Introduction

comprised on TriTrypDB (http://www.tritrypdb.org) resembled rather prokaryotic
than eukaryotic proteins [59].
Aside of drug targets, the development of vaccine candidates and diagnostic tools can
benefit from comparative genomics as well by exploiting characteristics that distinguish
parasite and host [56]. Nevertheless, genome comparisons that reveal similarities are
also of interest. Molecular structures that are shared between host and parasite lead to
the concept of molecular mimicry [60]. Molecules that are expressed on the parasites’
surface or are secreted may interfere with the host. The benefits of mimicking host
molecules are manifold: camouflage, cytoadherence or manipulation of host signalling
[61]. The P. falciparum genome revealed a putative homolog of human cytokine
macrophage inhibitory factor (MIF) that functions as a growth factor and immune‐
modulator in vertebrates [19]. Similar genes were found in L. major [24] (see 2.3). In
Plasmodium knowlesi, researchers identified amino acid stretches in the extracelluar
domain of the kir gene family products that resembled the immunoregulatory host
protein CD99 [37]. Strikingly, one protein that belongs to the cyir gene family in
Plasmodium cynomolgi had a highly similar region to CD99 as well [45]. Proteins that
may interact with the host's immune system were also described in nematodes.
Endoparasitc helminths are known as 'masters of immune regulation and host
manipulation' [62]. In addition to MIF, predicted proteins similar to the human
transforming growth factor β (TGFβ) and interleukin‐16 were uncovered by the B.
malayi genome project [31]. Molecular mimicry candidates were also found in Ascaris
suum, where Jex et al. specifically turned their interest to the excretory/secretory (E/S)
peptides [41]. Amongst others, they identified several C‐type lectins similar to low
affinity IgE receptors and it is thought that the parasite masks itself with these host‐like
antigens [41].
In summary, the research community has taken advantage of the availability of the host
genome by identifying potential drug targets or molecular mimicry candidates.
However, one should not forget to consider the genomes of vectors such as Anopheles
gambiae [63] or Aedes aegypti [64], because they are published as well and their
comparisons could significantly augment our understanding about the parasites.
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2.3 Comparative Genomics within Family/Genus
Comparison of the genomes of closely related species may shed light on the parasite's (i)
virulence, (ii) preference for a distinct host or niche and, (iii) lifestyle by characterizing
features that are species or genus/family‐specific. Trypanosoma brucei, Trypanosoma
cruzi and Leishmania spp. belong to the Trypanosomatidae family that is defined by the
presence of a single flagellum and a kinetoplast [65]. Although they have different
vectors and life‐cycle features, the genomes of these parasites shared about 6200
orthologues gene clusters that were mostly arranged in syntenic order [66]. Genes
conserved among closely related species may fulfil important functions and drugs
against these potential targets may be effective against more than one species [66]. The
causative agents of sleeping sickness, chagas disease and leishmaniasis have peculiar
characteristics in common such as polycistronic transcription, trans‐splicing, RNA
editing and ergosterol biosynthesis [66]. Amino acid alignments of orthologues genes
showed an average of 57% identity between T. brucei and T. cruzi, and 44% identity
between L. major and both trypanosomes [66], following their expected phylogenetic
relationship [67]. Despite the large number of shared genes, the parasites show vast
differences in regard to their vector, tissue targeting and their immune evasion
mechanisms [66]. These discrepancies may be reflected by species‐specific genes. The
parasite‐specific genes were mostly found on non‐syntenic chromosomes at
subtelomeric locations and the majority seemed to be members of surface antigens
families [65]. Unique gene families that are involved in host‐parasite interactions were
found towards telomeres in other organisms as well and it was suggested that
subtelomeric regions have a higher rate of gene diversification in many organisms [68].
Indeed, most T. brucei‐specific genes were located near telomeres and were related to
the parasite's ability to undergo antigenic variation in the mammalian host [28]. Similar,
the largest T. cruzi‐specific gene families occurred at subtelomeric regions and encoded
for the surface proteins mucin and mucin‐associated surface proteins (MASPs) [29]. In
contrast, most L. major‐specific genes were randomly dispersed among the
chromosomes [24]. Although some of them were identified to be responsible for pivotal
metabolic differences between Leishmania and the other trypanosomes, 68% have no
functional annotation [24]. Interestingly, two closely related genes were found to encode
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a protein that showed up to 40% identity to MIF homologs from other organisms [24]. It
is suggested that Leishmania MIF may manipulate the host macrophage response (see
2.2). Further, a comparison of three Leishmania species revealed only 200 genes that
varied between the investigated species and it seems that they were lineage‐specific
mainly due to gene loss and pseudogene formation [33]. Moreover, the genomes showed
high conservation in terms of synteny and coding sequences [33].
Similar comparisons were carried out with Plasmodium spp. [25,69]. To date,
approximately 200 species have been described belonging to the genus Plasmodium and
infect mammals, birds and squamate reptiles (e.g. lizards, snakes) [70]. So far, the fully
sequenced genomes of the human malaria parasites P. falciparum, P. vivax, the monkey
parasites P. knowlesi and P. cynomology, and the rodent parasites P. berghei, P. chabaudi
and P. yoelii were published from mammal pathogens (Table 1). The comparison
between P. falciparum and the sequenced rodent parasites uncovered about 4500 genes
conserved among the Plasmodium spp. [25]. Moreover, orthologous genes of P. berghei
and P. chabaudi seemed to be under negative selection in general, however, it was
suggested that genes likely involved in host‐parasite interactions (i. e. genes containing
transmembrane domains or signal peptides) are more diverse [25]. As seen for T. brucei
and T. cruzi, comparative genomic analyses revealed that Plasmodium species‐ or
species subset‐specific genes were preferentially located at dynamically evolving
subtelomeric regions [25,68,69]. In P. falciparum, the highly variable var, repetitive
interspersed family (rifin) or sub‐telomeric variable open reading frame (stevor)
families were found towards the telomeres [19]. The reference 3D7 P. falciparum
genome contained 59 var genes whose products are exported to the surface of infected
red blood cells and permit adhesion to host endothelia through multiple adhesion
domains [19,71]. The var gene family encodes P. falciparum erythrocyte membrane
protein 1 (PfEMP1) which is thought to be the predominant virulence factor [69,71].
Only one of the PfEMP1 proteins is expressed at a time and transcriptional switching
between var genes allows antigenic variation that leads to immune evasion [19,71]. The
specific function of rifin and stevor remains to be solved [19]. Similar families implicated
in immune evasion were likewise found in other Plasmodium species, namely vir in P.
vivax, SICAvar and kir in P. knowlesi, cyir in P. cynomolgi, and the cir/bir/yir family in
rodent‐infective parasites [45,72]. They are generally described as Plasmodium
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interspersed repeat (pir) multigene families and may have diverse functions such as
signaling, trafficking and adhesion [25,72]. In contrast to other Plasmodium genomes
where only few genes of pir families were found outside subtelomeric and telomeric
regions, SICAvar and kir family genes were distributed throughout the P. knowlesi
genome [37]. Although genes unique to a single Plasmodium species were
predominantly located near teleomeres, species‐specific genes were identified in core
regions at synteny breakpoints and intrasyntenic indels [68,69]. Frech et al. compared
the genomes of six Plasmodium species (P. falciparum, P. vivax, P. knowlesi, P. berghei, P.
chabaudi and P. yoelii) to identify possible chromosome‐internal species‐specific genes
to reveal unknown factors related to human diseases including pathogenicity and
'human‐mosquito‐human' transmissibility [69]. First, they focused on genes that were
present in the primate parasites but absent in the rodent parasites to identify candidates
linked to the parasite's ability to infect primates. Among 16 identified genes, of
particular interest were three key enzymes of thiamine biosynthesis. The authors
speculated that the primate host may provide insufficient amount of thiamine to the
parasites [69]. Second, genes possibly important for parasite transmission between
humans were identified by finding genes conserved between P. falciparum and P. vivax
but absent in P. knowlesi. Despite P. knowlesi can naturally infect humans, no natural
'human‐mosquito‐human' transmission has been documented so far [73]. Overall, 13
syntenic genes were identified to be specific to P. falciparum and P. vivax when
compared to P. knowlesi [69]. Strikingly, three genes were specifically upregulated in
gametocytes and sporozoites in cell cycle expression experiments suggesting a role in
parasite development within the vector [69]. Next, the researchers were looking for
novel candidate genes that may explain the high virulence of P. falciparum compared to
P. vivax apart from the known var/rif/stevor gene families. It is widely believed that P.
vivax is less virulent because it preferentially infects reticulocytes that comprise only 1‐
2% of erythrocytes and hence limit hyperparasitaemia [69,74]. Another reason could be
that P. vivax‐infected red blood cells do not need to adhere to the vascular endothelium
to avoid splenic clearance because they are more deformable and therefore are not stuck
in the spleen [69,74,75]. To narrow down the potential candidate set, only genes were
retained that account for features associated with human virulence such as Plasmodium
export element (PEXEL) motifs [76], signal peptides, transmembrane domains, or co‐
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expression or interaction with known virulence genes [69]. Most of the 15 novel
candidate virulence genes had unknown function and their association with high
virulence remained speculative. And finally, Frech et al. were looking for genes that were
only present in P. vivax to gain insights into the parasite's ability to infect reticulocytes
and to develop dormant hypnozoite formation [69]. They identified an uncharacterized
gene cluster that may be linked to erythrocyte invasion, but they were unsuccessful in
identifying genes associated with hypnozoites. However, only recently, the complete
genome of P. cynomology was published where the authors found nine candidate genes
implicated in hypnozoite formation [45].
Although a large amount of new findings were revealed by comparative genomics of
closely related species, there is still a long way to understand the unique and common
features among parasites of the same genus or family. A huge problem is the large
proportion of genes that have unknown function. The inclusion of transcriptome,
proteome or metablome data and further experimental work will significantly increase
our knowledge about parasite lifestyles and pathogenicity in the future.

2.4 Comparative Genomics within Species
The youngest field in comparative genomics of parasitic eukaryotes is the comparison of
complete genomes within species. This discipline shares some approaches applied to
genus/family comparisons but at a finer level. Differences and similarities within species
may give information about evolutionary history, genetic diversity and population
structure, other studies may involve evaluation of vaccine candidates, identification of
virulence or drug resistance factors [77,78]. So far, only few studies have been published
of eukaryotes, most from the malaria field. A genome‐wide survey revealed around
47'000 SNPs across the P. falciparum lab strains 3D7, HB3, DD2 and 16 geographically
distinct isolates [79]. As expected, the study demonstrated that genes associated with
antigenic variation and cytoadherence showed the highest nucleotide diversity, whereas
housekeeping genes lacked nucleotide variation [79]. Further, recent selective sweeps
attributed to chloroquine‐ and pyrimethamine‐resistance were identified by searching
for chromosome regions exhibiting low polymorphism in resistant populations
compared to sensitives [79]. Another study surveyed genes for potential vaccine
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candidates where the nucleotide diversity of about 65% of the predicted genes was
investigated [80]. Genes annotated as antigens were found to be under positive selection
in agreement with the hypothesis that they were exposed to the host immune system
[80]. To find further potential immune targets, the authors searched the P. falciparum
genomes for highly polymorphic genes [80]. Over 50% of the 56 highly polymorphic
genes identified had no functional annotation. Intriguingly, 57% contained a signal
peptide and/or transmembrane domain suggesting host‐parasite interaction [80].
A similar genome‐wide variation analysis was undertaken within P. vivax strains [81]. It
was shown that P. vivax exhibits greater genetic diversity than P. falciparum [81]. The
authors speculated that the lower diversity in P. falciparum may be due to drug‐induced
selective sweeps, creating a bottleneck in recent history which was not the case in P.
vivax [81]. As seen for P. falciparum, most diverse genes and gene families were linked to
red blood cell invasion and immune evasion [81]. A similar picture was observed within
strains of P. cynomologi, the closest relative of P. vivax, where genes under positive
selection were predicted to have transmembrane domains including annotated antigens
and transporters [45].
Comparative genomics within species plays also an increasingly important role in the
discovery of new mutations underlying drug resistance. Whole genome sequencing
holds the advantage that all mutations can be discovered at the genomic level that
occurred between drug‐resistant and drug‐sensitive lines. A successful study addressed
the identification of mutations conferring artemisinin resistance [82]. Comparative
genomic analysis between different artemisinin‐resistant P. chabaudi lines showed that
a point mutation in ubp1, which encodes a ubiquitin‐specific protease, seemed to be the
predominant factor leading to resistance as no other shared mutation was found among
the resistant lines when compared to the sensitive at the genomic level [82]. The
researchers hope to transfer their knowledge to human pathogenic P. falciparum and P.
vivax and use their model not only to detect mutations in response to the current drugs
but also for new ones, to obtain genetic markers for resistance prior to the introduction
of new drugs, allowing to detect resistance in the field [82,83]. Moreover, the proposed
approach can be used to evaluate possible partners for combination therapy to avoid
eventual shared resistance mechanisms [82,83].
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Although only few publications are available, the power of comparative genomics within
species to gain new insights into parasites is indisputable and it will certainly further
advance our knowledge in parasitology and other fields.
In summary, comparative genomics is an emerging field that harbors a wide range of
applications. Comparative genomics of parasites may address questions at different
levels starting with characteristics that distinguish parasites from free‐living organisms
through to the identification of specific mutations underlying drug resistance. Thus,
comparative genomics is a powerful tool that augments our understanding of
parasitology and other biological areas. Many genomes from species throughout the tree
of life have been sequenced in the past and are freely available to be used and explored.
Moreover, new technologies make whole genome sequencing affordable for smaller
research projects where researchers can answer their own specific questions beyond
the individual gene level. As comparative genomics offers manifold investigations to
various fascinating topics, I applied several approaches at different levels in my PhD
thesis.
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3 Objectives
The aim of my PhD thesis was on the one hand to explore and exploit the plethora of
genome data available from parasites, on the other hand to produce own sequencing
data from species that allow to answer specific questions in key areas of parasite
chemotherapy. In this thesis, all four previously described disciplines of comparative
genomic analyses (Figure 1) were used to shed more light to various aspects of
parasitology. In particular, three generally applicable in silico tools were developed and
included in the Dirofilaria immits genome project. Moreover, drug resistance candidate
genes were identified in African trypanosomes by whole genome sequencing. The
following specific objectives were accomplished by comparative genomics of parasites:
(i)

Invention of an algorithm and development of an automated tool for genome‐wide
identification of molecular mimicry candidates that can be adopted to any host‐
pathogen pair (Chapter 2)

(ii) Invention of an algorithm and development of an automated tool that allows to
discriminate DNA sequences to the level of species based on palindrome frequency
patterns (Chapter 3)
(iii) Invention of a generally usable in silico drug target prediction pipeline and
application to Plasmodium falciparum (Chapter 4)
(iv) Application of the invented algorithms from (i, ii, iii) to the international genome
project of D. immits (Chapter 5)
(v) Whole genome sequencing of T. b. rhodesiense STIB900 and its two drug‐resistant
derivatives STIB900‐M and STIB900‐P, and identification of candidate resistance
mutations (Chapter 6)
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Figure S1. ClustalW dendrogram of CRIT orthologues from Schistosoma mansoni (Sma),
S. haematobium (Sha), S. japonicum (Sja), Trypanosoma cruzi (Tcr), H. sapiens (Hsa), and
R. norvegicus (Rno). The scale bar indicates changes per site. Bootstrapping numbers
(grey) are given as percent positives of 1,000 rounds.
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Figure S2. The filtering system used in the overlapping fragments approach. Numbers
represent identical amino acid residues. Red line: threshold for negative control species.
Green line: threshold for molecular mimicry candidate in mammalian host or insect
vector.
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Figure S3. Database schema of mimicDB. The mimicDB database schema centers around
mimic_sequence, which represents the individual genes. This table has as attribute tables
the

actual

peptide

sequences

(mimic_sequence_seq)

and

predicted

motifs

(mimic_sequence_motif). Hits between parts of these genes are collected in mimic_hit,
which stores the coordinates and properties of the hit. A complexity measure, in the
form of Shannon source entropy for each peptide hit is stored in mimic_hit_entropy. The
database connects to the GO consortium GO term database in that mimic_sequence
entries

that

have

a

GO

association

mimic_sequence_with_go_association,

where

gene_product::id is also a foreign key.
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Introduction
Human African trypanosomiasis (HAT) or sleeping sickness is a fatal disease caused by
Trypanosoma brucei rhodesiense and T. b. gambiense, protozoan parasites that are
transmitted by the tsetse fly. Trypanosoma brucei spp. proliferate extracellular in the
bloodstream of their mammalian hosts and evade the immune system by antigenic
variation. The periodic exchange of surface proteins makes the development of a vaccine
highly unlikely and therefore chemotherapy is the only way to control the disease [1].
The treatment of sleeping sickness relies on just five drugs, selected based on the
causative subspecies and the stage of the disease: In the first, haemolymphatic stage,
patients are treated with suramin (T. b. rhodesiense, introduced in 1916) or pentamidine
(T. b. gambiense, 1937). In the second stage, when the trypanosomes have invaded the
central nervous system, melarsoprol (both forms, 1949), eflornithine (T. b. gambiense
only, 1977) and nifurtimox‐eflornithine combination therapy NECT (T. b. gambiense
only, 2009) are used [2]. All of the current drugs are difficult to administer and suffer
from severe adverse effects. Melarsoprol, in particular, holds unacceptable toxicity, 5%
of the treated patients die from reactive encephalopathy [3]. Furthermore, treatment
failure rates of up to 30% are reported throughout sub‐Saharan Africa [4–7] possibly
indicating the spread of drug resistant trypanosomes.
New and expectantly safer drugs are under development. Fexinidazole [8] is currently in
clinical Phase II/III (www.dndi.org). However, until new drugs are available, it is
essential to maximally extend the life‐spans of the current ones and therefore it is
crucial to understand the molecular mechanisms of drug resistance.
The known mechanisms of drug resistance were recently discussed by Barrett et al. [9].
Most investigations have addressed melarsoprol resistance. Two observations were
repeatedly made, namely (i) a declined drug uptake by drug resistant trypanosomes and
(ii) cross‐resistance between melarsoprol and pentamidine. Cellular uptake of
melarsoprol was linked to the adenosine transporter P2 encoded by TbAT1, the high
affinity

pentamidine

transporter

HAPT1

(gene

unknown)

[10]

and

the

aquagylcerolporin TbAQP2 [11]. Loss of function of any of these transporters – AT1,
HAPT1 or AQP2 – is thought to give rise to melarsoprol‐pentamidine cross‐resistance.
Mutations in TbAT1 were shown to cause drug resistance in T. brucei lab strain [12]. The
same mutations also occur in the field [13]. Whether they contribute to melarsoprol
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treatment failures is not resolved [14,15]. Furthermore, overexpression of the putative
melarsoprol‐trypanothione export pump encoded by TbMRPA was shown to cause
melarsoprol resistance [16,17].
The following MelB resistance factors were observed for null mutant bloodstream‐form
T. brucei: 2.5 for TbAT1 [10] and 2 for TbAQP2 [11]. Trypanosomes with MRPA
ovexpression were 6‐fold resistant [18], respectively 10‐fold in a tbat1‐/‐ null
background [18]. Given these results, the molecular mechanisms of high‐level resistance
of pentamidine and merlarsoprol have not been fully resolved. In order to gain more
insights into the mechanisms of drug resistance, the drug‐sensitive T. b. rhodesiense
STIB900 strain had been selected independently in vitro for melarsoprol and
pentamidine resistance, giving rise to the two lines STIB900‐M and STIB900‐P,
respectively [19]. Both lines showed a high and stable cross‐resistance between
melarsoprol and pentamidine. Here, we perform whole genome sequencing of the
parental STIB900 and its resistant derivatives STIB900‐M and STIB900‐P, aiming to
identify new drug resistance genes at the molecular level by comparative genomics.
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Material and Methods
T. b. rhodesiense lines and maintenance
Trypanosoma brucei rhodesiense STIB900 is a derivative of STIB704 which was isolated
from a male patient at St. Francis Hospital in Ifakara, Tanzania. After several passages in
rodents and a cyclic passage in Glossina morsitans morsitans, a cloned population was
adapted to axenic growth. T. b. rhodesiense STIB900 was selected independently in vitro
for melarsoprol (STIB900‐M) and pentamidine (STIB900‐P) as described [19]. Female
Naval Medical Research Institute (NMRI) mice from Harlan (Netherlands) were
inoculated with 106 trypanosomes of STIB900, STIB900‐M and STIB900‐P, respectively.
Tail blood was checked every second day for trypanosomes. When the parasitaemia was
high, trypanosomes were harvested. The trypanosomes were separated from the blood
cells on DEAE‐cellulose columns as described [20].
DNA isolation
Genomic DNA of the 3 T. b. rhodesiense lines was isolated from bloodstream‐form
trypanosomes propagated in mice by phenol/chloroform extraction. The purity of the
obtained DNA was assessed by PCR, using primers for mouse Glyceraldehyde‐3‐
phosphate‐dehydrogenase (GAPDH). Mouse cDNA was kindly provided by Dr. Hansjörg
Keller (Novartis Pharma AG, Basel) as a positive control. All T. b. rhodesiense DNA
samples tested negative for mouse GAPDH.
Whole genome sequencing analysis
Whole genome sequencing was carried out by 454 Life Sciences (Branford, US) on the
Genome Sequencer FLX Titanium. Two shotgun runs per line were performed. FASTQ
format

was

extracted

from

.sff

files

using

‘SFF

converter’

from

Galaxy

(main.g2.bx.psu.edu) [21]. High quality (HQ) reads were mapped to the reference
genome T. b. brucei 927 from EBI‐EMBL (www.ebi.ac.uk, October 2011) using SMALT
(ftp.sanger.ac.uk/pub4/resources/software/smalt). The reference genome was indexed
with wordlength 13 and skipstep 1. Consensus sequence and variants relative to the
reference genome were identified by SAMtools [22] using ‘mpileup’ command. Ad hoc
perl scripts were used to compare nucleotide variants between the mapped reads of
STIB900, STIB900‐M, STIB900‐P and T. b. brucei 927 genome. SNPs were called if they
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had a read depth of at least 5 high quality bases (DP4 ≥ 5) and a read mapping quality of
minimum 20 (mapq ≥ 20). Variants that had reads at the same position had to differ to
the reference base to avoid false negatives as the reference genome is a haploid mosaic
of the diploid chromosomes [23]. A SNP of STIB900‐M or STIB900‐P was only called if
the coverage was at least 5 DP4 in STIB900 to eliminate false positives due to low
coverage. The remaining SNPs, indels and gene deletions were inspected manually using
Artemis (ftp.sanger.ac.uk/pub4/resources/software/artemis) [24]. The software used
.embl annotation files (www.ebi.ac.uk, October 2011) to distinguish of intergenic from
intragenic, and non‐synonymous from synonymous mutations.
Restriction digest of TbAT1
TbAT1 was PCR‐amplified with primers TbAT1_F: GAAATCCCCGTCTTTTCTCAC /
TbAT1_R: ATGTGCTGAGCCTTTTTCCTT flanking of the ORF (Tannealing = 56°C). The PCR
product was purified on a silica membrane column (Nucleospin gel and PCR clean up
(Macherey Nagel)) according to the supplier’s protocol. The product was digested with
NruI (New England Biolabs) and run on a 1.5% agarose gel.
Status of AQP2/3 locus
A 3.2 kb fragment encompassing the complete AQP2/3 locus was PCR‐amplified with
primers

AQP2/3_F:

AAGAAGGCTGAAACTCCACTTG

/

AQP2/3_R:

TGCACTCAAAAACAGGAAAAGA (Tannealing = 58°C). The products were run on a 0.8%
agarose gel.

‐86‐

Chapter 6 – Drug Resistance in African Trypanosomes

Results
Whole genome sequencing analysis
The genomes of T. b. rhodesiense STIB900, STIB900‐M and STIB900‐P were sequenced
on the 454 platform [25] with a calculated coverage of 18‐fold (STIB900) and 21‐fold
(STIB900‐M, STIB900‐P) (Table 1). There is evidence that T. b. brucei and T. b.
rhodesiense are not reproductively isolated taxa and they may differ in just one gene, the
SRA gene [26]. Given this information, HQ reads were mapped to the reference genome
T. b. brucei 927, ‘minichromosomes’ were not included [23]. T. b. brucei 927 is currently
the best annotated Trypanosoma brucei genome. Reads with low mapping quality (mapq
< 20) were removed, i.e. sequences that have a significant number of mismatches
compared to the reference genome or reads that mapped equally well to at least one
other location (non‐unique/repetitive sequences or regions containing low complexity).
There were only minor differences between the lines regarding reference genome
overall coverage and number of genes covered with high quality bases (Table 1).
Compared to the T. b. brucei 927, 112’565 common SNPs were found among STIB900,
STIB900‐M and STIB900‐P (Table 1). Only 2 were shared between both resistant lines,
31 were specific to STIB900‐M and 11 were only detected in STIB900‐P. However, the
number of variants is an underestimate, as a mutation was only counted if all mapped
reads showed differences to the reference base. The reason for the preclusion of
heterozygous alleles is that the available T. b. brucei 927 genome is a haploid mosaic of
the diploid chromosomes [23], thus variation between T. b. rhodesiense reads and the
reference genome may occur due to heterozygosity within the T. b. brucei 927 sequences
itself. Although we can not exclude all false‐positives, the likelihood that a detected SNP
is a true‐positive is very high as one would expect to find at least a few reads that show
the same base as the reference if there is a heterozygous allele. With this filter, we tried
to maximize the specificity of a SNP at the cost of sensitivity, taking into account missing
true‐positives. In addition, false negative calls could occur in regions with insufficient
high quality read coverage.
Gene deletion
In terms of drug resistance, genes that are lost in STIB900‐M and/or STIB900‐P
compared to the parental line are of high interest. It turned out that STIB900‐M had not
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only lost TbAT1 (Tb927.5.286b) as previously published, but a whole region of over 25
kb encompassing TbAT1 and the adjacent genes (Tb927.5.288b, Tb927.5.289b,
Tb927.5.291b, Tb927.5.292b) (Figure 1). This probably explains the failure of
amplification a PCR product with primers in the 5’ and 3’ untranslated regions of TbAT1
[19]. In addition to this large deletion at the TbAT1 locus, a deletion of 1.8 kb was
detected at the AQP2/3 locus (Figure 2). Strikingly, the same deletion occurred also in
STIB900‐P (Figure 2). The gene deletion was confirmed by Sanger sequencing (data not
shown) and by PCR (Figure 3). Further, suspected regions of deletion or small indels
were inspected manually using the Artemis software, but no further distinct case was
located.
Genomewide SNP analysis
Compared to the drug‐sensitive STIB900, one coding mutation was found in both
resistant lines, three specifically in STIB900‐M and one mutation only in STIB900‐P
(Table 2), this mutation was in TbAT1. In STIB900‐P, a non‐synonymous substitution
was identified at position 430, leading from a neutral glycine to a positively charged
arginine. We confirmed the point mutation with Sanger sequencing and a restriction
digest of the TbAT1 PCR product with the endonuclease NruI that specifically cuts at the
position where the mutation occurs (Figure 4). The PCR product of STIB900‐P was not
completely digested, although both 454 and Sanger sequencing showed a homozygous
mutation. Furthermore, the gene is transcribed as seen in RNAseq studies (Graf et al.,
unpublished). To date, the variant has not been detected in published genotyping data
from laboratory strains [12] or from field isolates [13,14]. Surprisingly, the mutation
was not previously reported in STIB900‐P although the gene had been sequenced [19],
suggesting a sequencing error or misinterpretation in the previous study.
In addition to a coding mutation in an atypical VSG (Tb927.5.4950), two non‐
synonymous substitutions in a hypothetical protein (Tb927.3.5720) were specific to
STIB900‐M (Table 2). A blastp search against the non‐redundant protein database from
NCBI (blast.ncbi.nlm.nih.gov) showed no siginificant similarity to known proteins, but
there are paralogs within the genome. At the genomic level, Tb927.3.5720 exhibited
91% identity to the adjacent Tb927.3.5700, Tb927.3.5710 and Tb927.3.5730. No reads
were mapped to these genes because they are almost identical to each other.
With regard to cross‐resistance, mutations specific to both resistant lines are of
particular interest since T. b. rhodesiense STIB900‐M and STIB900‐P have the same
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pattern of cross‐resistance. The same coding variant was found in the gene of uridine‐
rich‐binding protein 1 (UBP1) (Tb11.03.0620) in STIB900‐M and STIB900‐P. Compared
to the drug‐sensitive STIB900, STIB900‐M and STIB900‐P carry a leucine instead of an
arginine in the RNA‐binding motif of the protein at position 131 (Table 2; Figure 5).
The approach presented here detected by no means all mutations that may be involved
in drug resistance. As mentioned above, the number of variants is an underestimate, and
in addition, so far we only looked at coding regions and at the genomic level. For
instance, a mutation in a regulatory region could lead to an over/underexpression of a
gene that may lead to a reduced drug uptake. To complete our catalogue of drug
resistance candidates, we are currently performing RNAseq studies to find differences at
the expression levels (Graf et al., unpublished).
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Discussion
Drug resistance in African trypanosomes has been investigated since the pioneering
studies of Paul Ehrlich [27]. Until recently, genes involved in resistance were identified
based on hypotheses related to possible mechanisms. In the last few years, functional
genomics approaches have emerged that dramatically changed the scale. New
techniques allow high‐throughput studies beyond the individual gene level,
investigating whole genome, transcriptome, proteome and metabolome to gain insights
into the mechanisms of drug resistance [9]. Here, we took advantage of whole genome
sequencing. The 454 reads obtained from the three T. b. rhodesiense lines were mapped
to the reference genome T. b. brucei 927 [23]. The idea was to use the published T. b.
brucei genome as a triangulation point (and not to compare T. b. rhodesiense to T. b.
brucei). Compared to the drug‐sensitive STIB900 line, we found that both resistant lines
have lost TbAQP2 (Figure 3). A new coding mutation was detected in TbAT1 of STIB900‐
P, a large deletion encompassing TbAT1 and neighbouring genes in STIB900‐M (Figure
1). Furthermore, we detected a non‐synonymous substitution in TbUBP1 that has not
been linked to resistance so far. Strikingly, the same mutation was independently fixed
in both resistant lines. The variant led to an amino acid change from a positively charged
arginine to a neutral leucine. Intriguingly, the substitution occurred in the highly
conserved RNA recognition motif (RRM). The conservation among kinetoplastids is
illustrated in Figure 5. Interestingly, it was shown that the corresponding arginine
residue in the T. cruzi homolog plays a crucial role in RNA binding [28]. Moreover,
TcUBP1 was implicated in regulation of small mucin gene (SMUG) mRNA levels [29].
However, a specific role has not been attributed to TbUBP1 so far. It was suggested that
TbUBP1 is essential for parasite growth and that it may be involved in mRNA regulation
[30]. In general, cross‐resistance may occur if the drugs share a common uptake/efflux
mechanism and/or a common target. It is assumed that the mode of action of
pentamidine and melarsoprol are different [31]. One explanation could be that the
amino acid substitution changes the binding properties of UBP1 to the negatively
charged RNA. This may affect mRNA levels of other genes. Up‐ or downregulation of a
specific gene (i. e. transporter) should be detectable with RNAseq studies (Graf et al.,
unpublished). However, the mutation could also have a more systemic effect, i.e. it could
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stabilize mRNAs of several genes that lead to an overproduction of proteins that were
affected by the drug itself or by oxidative stress.
A crucial experiment will be to test, by double homozygous deletion, whether
simultaneous loss of TbAT1 and TbAQP2 fully explains the observed multidrug resistant
phenotype of T. b. rhodesiense STIB900‐M or whether additional mutations, such as that
identified in TbUBP1, must be involved.
An important point will be to evaluate whether the variations are relevant to the field.
Mutations conferring resistance are often associated with fitness costs. For instance, it
was shown in Mycobacterium tuberculosis that rifampin‐resistant mutants had a reduced
fitness when compared with the sensitive ancestor in competition assays and that
mutations bearing the highest fitness cost never appeared in clinical isolates [32].
Once relevant determinants of drug resistance are selected, a diagnostic tool may be
eventually developed that allows to monitor drug resistance in the field. By designing
specific primers that can discriminate between drug‐resistant and drug‐sensitive lines, a
loop‐mediated isothermal amplification (LAMP) test [33] may have great potential to be
applied in the field.
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Tables
STIB900

STIB900‐M

STIB900‐P

1'418'416

1'513'957

1'482'415

Average read length

330

362

371

Calculated coverage

18

21

21

1'212'557

1'205'716

1'201'165

897'213

959'151

959'663

% coverage of RG with HQ bases (DP4 ≥ 5)

82%

82%

82%

% gene coverage (gene length ≥ 95%)

84%

81%

83%

Overall

112'565

112'598

112'578

CDS

46'453

46'458

46'455

Non‐synonymous

19'575

19'579

19'577

HQ reads total

Mapping statistics
Mapped reads (all mapping quality)
Mapped reads (mapq ≥ 20)

SNP statistics

Table 1. Whole genome sequencing and mapping statistics when compared to T. b.
brucei 927 reference genome. (RG: reference genome, HQ: high quality).
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Chr

Gene ID

Annotation

STIB900

STIB900‐M

STIB900‐P

Substitution

3

Tb927.3.5720

hypothetical protein

A

C

A

K188N

3

Tb927.3.5720

hypothetical protein

T

C

T

F189L

5

Tb927.5.4950

VSG, atypical

G

T

G

T347K

5*

Tb927.5.286b

adenosine transporter 1

G

G

C

G430R

11

Tb11.03.0620

RNA‐binding protein

G

T

T

R131L

Table 2. Coding point mutations occurred in drug‐resistant lines. * TbAT1 is currently
not included in the dataset of chromosome 5, it is included in BAC26D11.
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Figures

Figure 1. Deletion encompassing TbAT1 and neighbouring genes. Genes depicted in red
were lost in STIB900‐M.
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Figure 2. Loss of AQP2 in the drug‐resistant lines. Reads from STIB900, STIB900‐M and
STIB900‐P were mapped to the reference genome T. b. brucei 927 using SMALT.
Numbers indicate the genomic position on chromosome 10. Arrows represent the length
of the genes and their orientation. Artemis was used to visualize the data.
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Figure 3. Probing for AQP2/3 locus by PCR. Smaller PCR products were obtained
from STIB900‐P and STIB900‐M when compared to STIB900. Actin served as a
positive control.
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Figure 4. Restriction digest of the TbAT1 PCR products from sensitive parental (S)
and pentamidine‐selected (P) trypanosomes with the endonuclease NruI.
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Figure 5. ClustalW alignment of the RRM motif from UBP1 homologs of kinetoplastids.
Arrow indicates position where the amino acid substitution occurred in the drug‐
resistant STIB900‐M and STIB900‐P. (Tb: Trypanosoma brucei brucei, Tco: T. congolense,
Tcr: T. cruzi, Lm: Leishmania major).

‐101‐

Chapter 7 – General Discussion and Conclusion

Chapter 7
General Discussion and Conclusion

‐103‐

Chapter 7 – General Discussion and Conclusion

General Discussion
1 Rationale, Objectives and Aim of the Present Thesis
The genome contains the evolutionary history as well as the functions of an organism.
However, the DNA sequence of a single species alone may reveal only a few secrets.
Instead, comparative genomics to other species will yield information on the genetic and
evolutionary bases of shared and distinct properties throughout the tree of life. Indeed,
our knowledge about genomes and their functions have been dramatically enhanced in
the post‐genomic era. Comparative genomics is an emerging field in biology that started
when the first two sequenced genomes of self‐replicating organisms were available,
Haemophilus influenzae and Mycoplasma genitalium [1]. Since then, an enormous
number of genomes from parasites, hosts and vectors were sequenced. Sequencing and
assembly technologies have been further developed which led to remarkably reduced
costs and time to complete a genome sequence.
Comparative genomics of parasites may be studied in different ways: (i) between
parasites and free‐living organisms, (ii) between parasite and host, (iii) within closely
related species (family, genus), and (iv) within the same species. In my PhD thesis, all
four disciplines were touched in various projects. The aim was to explore and benefit
from the wealth of available genomes on the one side and being an active part in whole
genome sequencing projects on the other side. In particular, three algorithms (Chapter 2,
3, 4) were invented that are of general interest to the parasitology community, and they
were applied in the genome project of Dirofilaria immitis (Chapter 5). Further, the
genomes of Trypanosoma brucei rhodesiense STIB900 and its two drug‐resistant
derivatives STIB900‐M and STIB900‐P were sequenced to identify the mutations
underlying drug resistance (Chapter 6). For the further discussion, Chapter 25 will be
taken together and discussed in a general manner separately from Chapter 6.
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2 Inventions of Algorithms and their Applications in Parasitology
With the rapidly growing number of sequenced genomes, the collected data need to be
stored in customized databases for ease of community access. Nowadays, well‐curated
databases such as NCBI, EMBL and Uniprot exist, which arrange the wealth of data in a
user‐friendly way either by storing their data directly on their servers or by linking
them to other databases. For eukaryotic parasites, EuPathDB (eupathdb.org) and
WormBase (wormbase.org) are currently the best portals for accessing genomic‐scale
datasets. Besides the data collection, there is a plethora of open‐source programs
available for similarity searches, orthology detection, transmembrane domain or signal
prediction, etc. They can be accessed online on a web interface or downloaded as
standalones. However, if complex biological questions are addressed on a large scale, the
output of these programs needs to be parsed and fed into other programs to obtain the
anticipated results. In bioinformatics, automated pipelines are developed that combine
existing programs with e. g. Perl scripts for parsing, reformatting and analysis for
output. Perl is a simple but effective programming language. In my thesis, algorithms
were invented that were partly based on existing programs, and Perl scripts were
created to build tools that are automated and widely applicable.
Although some genome projects documented molecular mimicry candidates in their
publications [2–7], no systematic approach has been conducted to identify molecular
mimicry in the post‐genomic era. The first developed algorithm was therefore to
perform a genome‐wide survey for molecular mimicry candidates (Chapter 2) which
was built on my M. Sc. thesis [8]. In brief, I screened parasite proteomes independently
with either full‐length proteins or overlapping peptide fragments for linear epitopes that
were present in the host proteome but were not found in free‐living control organisms.
Compared to my master thesis, several improvements were made, namely (i) a more
accurate filtering system, (ii) the use of randomized sequences to estimate significance
of

the

identified

candidates,

(iii)

the

setting

up

of

an

online

database

(mimicdb.scilifelab.se) designed for community access to the mimicry data, and (iv) the
development of a fully automated tool with exchangeable parasite, host and control
proteomes.
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Amongst the identified mimicry candidates, my personal highlights were the SOCS5
homolog of B. malayi (Chapter 2, Figure 2) and the motif shared between human
vitronectin and the extracellular domain of several PfEMP1 variants of P. falciparum
(Chapter 2, Figure 5). SOCS proteins are important regulators of the immune system [9]
and we proposed that B. malayi may mimic SOCS5 to manipulate the host's immune
system (Chapter 2). Intriguingly, SOCS5 homologs were also present in the genomes of
the animal‐parasitic nematodes D. immitis, A. suum and T. spiralis but were not identified
in the plant‐parasitic Meloidogyne spp., the free‐living C. elegans and necromenic P.
pacificus (Chapter 5). Strikingly, various viruses have developed mechanisms to induce
host SOCS protein expression for immune evasion and survival [10]. However, SOCS5‐
like proteins from animal‐parasitic nematodes did not carry an N‐terminal signal
peptide [11], but they were predicted to be targeted to the non‐classical secretory
pathway using the SecretomeP method [12]. The SOCS5 homolog was not detected in
E/S products of B. malayi proteomic analysis [13–15] but was found in the somatic
fraction of L3 larvae [15]. Transcriptomic analysis showed expression in all the profiled
lifecycle stages (microfilariae, adults, L3 and L4) [16]. Therefore, it seems that the gene
is expressed but more experimental data are needed to clarify the function of SOCS5
homologs in parasitic nematodes and their roles in host‐parasite interaction.
In the genome project of D. immitis, we expanded our survey for host manipulating
candidates with blast searches of known immune modulators from parasitic nematodes.
Most of these cannot be detected with the presented mimicry approach because they
share similarities to C. elegans proteins (and C. elegans was used as a negative filter; see
Chapter 2, p. 28). Amongst others, a D. immitis MIF‐1 homolog was found that was
previously described in other nematodes as well as in Leishmania and Plasmodium
(Chapter 1). In general, the identified repertoire of immune modulators seemed to be
rich, in agreement with the view of parasitic helminths role as 'masters of immune
regulation' [17].
In P. falciparum, we found several fragments from different PfEMP1 variants in all
investigated strains (3D7, HB3, DD2) that shared amino acid identity with human
vitronectin (Chapter 2, Figure 5). This was the best hit over all parasites analysed and
very striking as only significant hits were returned from vitronectin and PfEMP1 when
searched with the shared amino acid stretch on non‐redundant protein databases. On
the host side, the motif was detected in vitronectin, a protein that is abundant in plasma
and present in the extracellular matrix of various human tissues [18]. The function of
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vitronectin is manifold, most notably it is implicated in negative immunomodulation and
cytoadherence [19]. Moreover, Moraxella catarrhalis, Haemophilus influenzae and
Neisseria gonorrhoeae recruit host vitronectin to their surface to evade the complement
system, Streptococcus pneumoniae and Streptococcus pyogenes utilize host vitronectin
for adherence and internalisation [20]. The mimicked region lay in the first heparin‐
binding domain; however, a specific function has not been attributed so far. On the
parasite side, the corresponding amino acid stretch was predicted in several PfEMP1
variants extracellularly close to the transmembrane domain (Chapter 2, Figure 5).
PfEMP1 is expressed on the surface of infected erythrocytes and thus involved in host‐
parasite interactions. Therefore it is easy to conceive that the proposed mimicry motif
would hold advantage for the parasite. In the 3D7 genome, the var gene family was
subdivided into 16 types based on their domain type and order, or into three major
classes (upsA, upsB, upsC) according to their upstream regions [2]. So far, a minimum of
12 human receptors have been documented to mediate adhesion to infected
erythrocytes and it is thought that different subsets of PfEMP1s bind to distinct
receptors which may influence disease severity [21,22]. PfEMP1 variants containing the
amino acid stretch similar to vitronectin were not grouped to a specific type or class.
However, the motif was identified as a homology block (IGHvar29_1726_1743) when
399 PfEMP1 sequences were aligned [23]. Overall, 43 PfEMP1s across eight genomes (P.
falciparum clone 3D7, HB3, DD2, IT4/FCR3, PFCLIN, RAJ226, IGH and P. reichenowi clone
PREICH)

were

identified

when

searching

on

the

VarDom

server

(www.cbs.dtu.dk/services/VarDom). In general, it is difficult to demonstrate molecular
mimicry experimentally because by definition in vivo models are needed to obtain
conclusive results. Unfortunately, this is not possible for P. falciparum and in the case of
PfEMP1, P. berghei or P. chabaudi are not an option as they do not have var genes.
Moreover, PfEMP1 and Vitronectin are multifunctional proteins with several domains
which render the experiments even more difficult.
By comparative genomics, parasite linear epitopes were detected that resembled host
sequences. BLAST was implemented to conduct direct sequence comparisons between
parasite and host. However, neither mimicry by glycosylated peptides nor by non‐linear
epitopes were identified. Although the number of 3D or carbohydrate structures from
molecules stored in databases is growing steadily, it is unrealistic to perform genome‐
wide surveys with conformational epitopes or carbohydrate compositions at the
moment. Moreover, parasites may mimic lipids [24] or microRNAs [25] to manipulate
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their host, mechanisms we did not cover in our study. Further, the pipeline is dependent
on the appropriate choice of the free‐living negative controls. It is crucial to have a
convenient mixture of unrelated free‐living organisms to eliminate generally conserved
proteins and motifs. Nevertheless, the survey vastly benefits if a closely related species
is available. For instance, C. elegans serves as a convenient control for parasitic
nematodes as it excludes genus‐specific sequences unassociated to mimicry. A reduction
of artefacts would certainly be observed in kinetoplastids with the inclusion of Bodo
saltans, or with Chromera velia in apicomplexan parasites.
To make our algorithm accessible to the research community, a fully‐automated tool
was developed that can be adopted to any parasite‐host pair and free‐living control
species. Moreover, we made our results publicly available by setting up mimicDB
(mimicdb.scilifelab.se), a database where our mimicry candidates are stored. Thus I
believe that our work will contribute to a better understanding of host‐parasite
relationships at the molecular level.
As advanced sequencing technologies open up new opportunities so do we face new
challenges. High‐throughput methods allow whole genome sequencing not only for a
single species but for whole communities as well. A major challenge in exploiting these
data is the binning of non‐overlapping DNA contigs into groups that correspond to the
different species present in the community [26]. In my PhD thesis, an algorithm was
invented that allows to discriminate DNA sequences to the level of species based on
palindrome frequency patterns (Chapter 3). In summary, we made use of the general
underrepresentation of short palindromes in all kinds of genomes, and the observation
that palindromes exhibit the highest inter‐species but a low intra‐species variance. The
degree of underrepresentation of a given palindrome depends on the organism; the
pattern of palindrome frequency distribution is highly species‐specific. In our analysis,
we included the 16 palindromic words of length 4. Therefore, every investigated DNA
sequence converts to a vector of 16 numbers which allows to group sequences by
clustering based on distance. With this method, we were able to cluster together DNA
from the same species, and to assign plasmids and certain viruses to their corresponding
host genomes. Nevertheless, it is important to mention that no phylogenetic tree can be
inferred from palindrome typing. Moreover, a critical point is the minimal sequence
length needed as input. At the moment, most commercial available sequencing machines
produce reads shorter than 1 kb [27], however, new technologies promise significantly
‐109‐

Chapter 7 – General Discussion and Conclusion

longer reads [28]. But as long as the reads are shorter than 9 kb, they need to be
concatenated to long enough contigs prior to their usage in our program. In general, the
longer the input sequence, the more accurate the pattern. A higher discriminative power
could also be achieved by the usage of the 64 palindromic words of length 6, but then
the input sequences would need to be even longer.
To test the presented method, the developed tool was applied to the sequences obtained
from the 2007 ‘Sorcerer II Global Ocean Sampling Expedition’ [29], where the hundred
largest contigs were analysed (Chapter 3, Figure S2). In fact, we were capable of
producing major clusters which appeared to be species‐specific. However, we could not
assess our results because the genomes of the investigated species were not stored in
the NCBI nucleotide collection. Nonetheless, the potential of our application was
underpinned when we assembled randomly picked DNA pieces correctly to their
respective species of origin in over 90% (Chapter 3, p. 49).
In the D. immits genome project, we took advantage of the palindrome frequency
patterns to provide further evidence for the insertion of Wolbachia DNA into the nuclear
genome of D. immits through horizontal gene transfer. We demonstrated that the
sequences of suspected horizontal gene transfer clearly clustered together with the
Wolbachia genome (Chapter 5, Figure S1). Wolbachia‐host transfer has been reported
for several species [30], but the evidences supplied from whole genome data are rarely
with any doubt [31] and hence our method sheds more light on the proposed transfer
sequences, provided that the sequences are long enough.
Taken together, we developed a tool that clusters DNA sequences to their species of
origin by comparative palindromics. The power of the program lies in its simple
application and high resolution. Even closely related species such as C. elegans and C.
briggsae were correctly resolved. The method can in principal be adopted to any DNA
sequence which needs to be assigned to its species of origin.
The increasing availability of genomic sequences from parasites is also supporting drug
discovery. As many parasites are genetically intractable, the prediction and
prioritization of promising drug targets are pivotal steps in rational drug design [32,33].
In the frame of my PhD thesis, an algorithm was developed to predict drug target
candidates based on phylogenomics among closely related species and comparative
genomics to the host (Chapter 4). Even though not all targets are encoded by essential
genes [33], a desirable drug target should be essential and specific for the parasite. The
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prediction of essentiality plays a critical role in target‐based approaches. At the moment,
reverse genetic techniques such as homologous recombination or gene silencing are in
many parasites impractical at the single gene level, not to mention on a genome‐wide
scale [33]. Moreover, related model organisms from which essential genes may be
inferred are not available for a majority of parasites. Therefore, an essentiality
prediction was developed that is largely independent of experimental data and hence
widely applicable. The hypothesis was that a protein is less likely to be dispensable if
there are no other similar proteins in the same proteome, but conserved orthologues in
all the related species. The hypothesis was tested with the S. cerevisiae deletion
phenotype data set, where the applied algorithm significantly enriched for essential
genes. Further, the drug target prediction pipeline was refined by the inclusion of more
criteria: To be considered as potential drug target, the protein needs to be matchless in
the host proteome, expressed in a relevant stage, and predicted to be druggable.
The presented approach for target prediction mainly differs from published ones [32–
34] in that it relies on evolutionary evidence and comparative genomics between closely
related species to predict essentiality, and not on model organisms. In addition, amino
acid comparisons were based on Needleman‐Wunsch global alignments instead of
Smith‐Waterman local alignments to avoid misleading similarity interpretation due to
small common domains.
As functional genomics approaches are limited in Plasmodium spp., and no related
model organism is available and there is an urgent need for new antimalarial drugs, P.
falciparum was an ideal pathogen for the designed drug target pipeline. Importantly, the
genomes from different Plasmodium spp. were available that permit a reliable orthology
analysis. Starting with the complete set of 5400 proteins, we came up with a sizeable list
of 40 candidates which contained proven and new targets. Strikingly, of the nine
proteins investigated by reverse genetics in Plasmodium spp. that were in our list, eight
appeared to be essential, backing our fundamental hypothesis to enrich for essentiality.
A further improvement could be obtained by inclusion of network connectivity
information as it is widely believed that highly connected genes are more likely to be
essential [33]. However, available P. falciparum network data were incomplete and
therefore not incorporated. As the idea was to compile a sizeable set of highly promising
targets, we missed many plausible candidates by applying stringent filters. Although not
of first priority, of potential interest are the 178 hypothetical proteins. Among them,
there might be very exciting targets as they would be most likely novel and provide new
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opportunities to tackle Plasmodium species. Therefore, the high number of proteins with
unknown function is a real bottleneck in malaria research. Nevertheless, to be
considered as a promising protein in a target‐based approach, a functional annotation
needs to be at hand. From my point of view, the most prospective candidates to begin
with are the predicted phosphomannose isomerase and phosphenolpyruvate
carboxylase. Since both enzymes were successfully inhibited in other systems by
antifungals or herbicides respectively, the drug development process would not need to
start from scratch. The potential of agrochemicals against protozoan parasites was
recently demonstrated when over 600 compounds were tested against Malaria, Sleeping
Sickness, Leishmaniasis and Chagas disease [35].
Another point I would like to discuss is the large discrepancy between the number of
conserved proteins among Plasmodium spp. detected in Chapter 4 and the analysis from
Hall et al. [36], where they mentioned an 'universal Plasmodium set' of about 4500
genes. In our approach, we identified about 3600 P. falciparum proteins that contained
at least one ortholog in all of the other included Plasmodium species. In comparison to
the analysis conducted by Hall et al., where the complete genomes of P. falciparum, P.
berghei, P. chabaudi and P. yoelii were considered, we included the genomes of the
primate‐infective P. knowlesi and P. vivax as well. As the method to detect orthologs was
similar, the differences need to have appeared as a result of incorporation of more
genomic data. Hence this is a good example of how comparative genomics got more
informative and precise by incorporation of additional reliable sequences.
The fact that the identified targets from our pipeline are by definition highly conserved
among Plasmodium species holds the advantage that an eventual drug might be active
against P. vivax as well, a highly desirable property in line with the Malaria Eradication
Research Agenda (malERA) [37]. Moreover, as mouse models are crucial in drug
development process, the conservation among rodent parasites is an important plus.
Apart from efficacy and toxicity tests, rodent malaria parasites can also be used to obtain
resistance markers before the introduction of new drugs to the market as well as for the
evaluation of potential combination therapies [38].
For the filarial genome project of D. immitis, the prediction pipeline was modified due to
the availability of a related model organism. The main difference was that essentiality
was inferred from C. elegans homologs predicted to be essential for survival and
development from RNAi analyses. As for P. falciparum, we identified proven targets as
well as novel candidates. Although we have enriched for essential genes in the S.
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cerevisiae test set and there is evidence for the P. falciparum predicted drug targets, in
my opinion, it is more convenient to infer essentiality from functional genomics studies
from closely related organisms, if data are complete and trustworthy. However, as
mentioned above, related model organisms are frequently not available and thus I
believe that our pipeline will advance the field of rational drug discovery against
parasites in general.
In summary, I made use of the wealth of genomes and open‐source programs available
to learn more about the evolution of parasites and to identify vulnerable points. By
comparative genomics, algorithms addressing specific biological questions were
invented and automated tools based on existing programs and self‐developed Perl
scripts were built that are available to the scientific community.

3 Drug Resistance in African Trypanosomes
With the arriving of next generation sequencing technologies (NGS) [27], the
opportunities for genomic research have been markedly increased. Whereas in the past
the large sequencing centers appointed which species to sequence, nowadays even small
research labs are able to sequence their organism of interest. In the frame of my PhD
thesis, whole genome sequencing was performed to reveal mutations underlying drug
resistance in African trypanosomes (Chapter 6). The power of this method lies in its high
resolution as all genomic mutations can be rapidly identified at a time, if the produced
sequences are of high quality. The study was built on a previous work at our institute,
where the drug‐sensitive T. b. rhodesiense STIB900 line was selected independently in
vitro for melarsoprol (STIB900‐M) and pentamidine (STIB900‐P) resistance [39]. Due to
the ‘10 Giga Grant’ from Roche (Basel, CH), the genomes were sequenced on the 454
platform [40] by 454 Life Science (Branford, US). The company provided high quality
reads for all three lines and a de novo assembly of STIB900. In a first step, the reads of
each line were mapped to the reference genome T. b. brucei 927 [41]. Available
programs were combined with Perl scripts to parse the outputs and automate the
variant detection. About 80% of the reference genome was covered with at least 5 high
quality bases by STIB900, STIB900‐M or STIB900‐P, respectively (Chapter 6, Table 1).
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No reads mapped to the remaining parts of the genome mainly because they contained
non‐unique regions or they were of low complexity. The threshold coverage of 5 high
quality bases was low, especially for a diploid organism. In my opinion, a good value
would be of at least 15 as it would allow more precise differentiation between
sequencing errors and true variants. A further issue was that the reference genome was
a haploid mosaic of the diploid chromosomes. However, the T. b. brucei 927 is currently
the best annotated genome that is publicly available. Instead of mapping reads to a
reference genome, the usage of the de novo assembly of STIB900 would have been an
option. With blastn, gene annotation transfer from T. b. brucei 927 to STIB900 would
have been straightforward as Trypanosoma brucei genes typically have no introns [42].
However, the N50 of the provided assembly was only 6 kb. N50 represents ‘the contig
length at which 50% of the assembly span was in contigs of that length or greater’
(Chapter 5, p. 69) and is often used as measurement for assembly quality [43]. In
comparison,

the

N50

of

the

2.2

release

of

the

D.

immitis

genome

(nematodes.org/genomes/dirofilaria_immitis) was 38 kb. Moreover, the produced
sequences contained errors in homopolymer stretches which meant that almost every
single gene prediction would have needed to be manually corrected; hence we decided
to map all the reads to the T. b. brucei reference genome.
By comparative genomics between the drug‐sensitive STIB900 and its drug‐resistant
derivates STIB900‐M and STIB900‐P, new as well as proven variants were identified.
Overall, more mutations might have been detected with a higher coverage, e.g. in
combination with other NGS platforms such as Illumnia. Nevertheless, proof‐of‐principle
was the detection of the loss of TbAT1 and TbAQP2, two validated resistance factors
[44,45]. Whether the loss of both genes is sufficient to explain the high‐level of
resistance in STIB900‐M and STIB900‐P, needs to be further investigated, e.g. by
constructing a tbat1‐/‐aqp2‐/‐ line. If a double homozygous deletion cannot explain the
high resistance factors, the coding mutation in the conserved RNA‐binding motif of
TbUBP1 will be a very interesting candidate to follow up as the same mutation was
independently fixed in both lines. Moreover, it needs to be resolved whether TbAT1 in
STIB900‐P is still partly functional as it may explain the lower resistance factors of
STIB900‐P compared to STIB900‐M.
Our approach focused on coding regions, although mutations in regulatory elements
may have an effect on resistance as well. Therefore, a study of RNA expression levels
was conducted with the spliced leader trapping protocol [47] and the results are
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currently analysed (Graf et al., unpublished). In addition, the status of the AQP locus is
currently tested in T. b. gambiense field isolates of relapse patients (Graf et al.,
unpublished).
In summary, major efforts have been made recently to reveal new drug resistance
candidates with new high‐throughput methods. These approaches have brought the
research community a step closer to the development of molecular genetic markers for
monitoring drug resistance in the field. However, candidate genes need to be validated
and tested in isolates of relapse patients. Moreover, it was shown that the handling of
whole genome sequencing data is feasible and open‐source programs can be
implemented to detect mutations or deletions at the genomic level.
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Conclusion
Comparative genomics is a powerful discipline that has striking impacts on genomic
research and the entire field of biology. A plethora of genomes from parasites, hosts and
vectors is already available and the number is steadily increasing as new technologies
reduces cost and time to sequence complete genomes. In the framework of my PhD
thesis, algorithms were invented and automated tools were built that are widely
applicable to parasites. First, a pipeline was developed that takes a whole parasite
proteome and by comparing to the host and control species, it returns molecular
mimicry candidates. The pipeline revealed promising epitopes from various parasites
that may play crucial roles in host‐parasite interactions. Second, an algorithm was
developed that takes advantage of the species‐specific nature of palindrome frequency
patterns. The built tool is easy to use and able to discriminate DNA sequences to the
level of species. Third, an in silico prediction was developed that translates a whole
parasite proteome into a sizeable list of promising drug targets. 40 candidates were
obtained from P. falciparum that may serve as a starting point for rational drug
discovery. Further, as a part of an international genome project, the previously
described tools were applied to the heartworm D. immitis. Moreover, whole genome
sequencing of drug‐resistant and drug‐sensitive T. b. rhodesiense lines was performed.
By comparative genomics, candidate genes were revealed that are involved in resistance
to melarsoprol and pentamidine.
Taken together, it was shown that the wealth of available genomes offers new
opportunities to study parasites at different levels. Comparative genomics significantly
enhances our understanding of parasites and it accelerates the discovery of new drugs
and vaccine candidates, that eventually lead to the control of infectious diseases.
Further, it can be concluded that whole genome sequencing is an effective method to
reveal new drug resistance candidates and the necessary data processing is feasible with
open‐source programs. Moreover, this thesis illustrated also limitations of genomic
studies: experimental data are still indispensable to validate new findings and the
inclusion of other ‘omics’ approaches may further augment our understanding.
Nevertheless, comparative genomics is an emerging biological discipline which will
certainly continue to play a pivotal role in parasitology.
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