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Abstract

The trypanosomatid parasites cause death and suffering, among humans as well
as livestock. Current drugs lack efficacy and cause severe side effects, and no
vaccines are available. Increased knowledge of the biology of the parasites is
vital for the development of new drugs. Research on these ancient eukaryotes
has also already led to the discovery of mechanisms of broader relevance, such as
RNA editing, trans splicing and antigenic variation. Post-transcriptional regu-
lation is an important part of the regulatory networks of most higher organisms,
including humans. In the kinetoplastids, only a very limited part of the control
of gene expression is exerted at the transcriptional level. Genes are expressed
as long polycistronic pre-mRNA, and individual messages are formed by trans
splicing and polyadenylation. Even genes that are not coregulated can be on the
same polycistronic pre-mRNA. The trypanosomatids can be regarded as models
for post-transcriptional regulation, in relation to the more complex eukaryotes.

The progress of the human and other genome projects shows the opportunity
provided by a complete genomic sequence to increase the efficiency of traditional
molecular biology. Use of computer-aided and fully automated genome sequence
analysis tools allows novel feature discovery as well as the direction of hypothesis
driven experiments.

We have sequenced the genome of Trypanosoma cruzi as part of a three-
centre collaboration, and provided an extensive annotation that identifies bi-
ologically interesting features. To this end we have used available informatics
tools where possible, and developed some new programs. Focus was on integrat-
ing current molecular biology knowledge in large scale analyses, and arriving at
experimentally testable hypotheses.

This thesis is based on five papers (I-V). Paper I describes a program for
gene-finding and annotation that we constructed for the annotation of the
genome, described in paper III. Here we collaborated with experts in several
areas to investigate the gene content of T. cruzi. In paper II we present global
base skew features in the genome. In paper IV we describe a model of trans
splicing in Trypanosoma brucei, and the application of it at the genome level.
In paper V, we apply the trans splice model to predict message boundaries
in Trypanosoma cruzi, and based on these predictions, we find that upstream
open reading frames are common. We hypothesise that these generally repress
translation.

Keywords: Trypanosoma cruzi, genome sequence, bioinformatics, gene find-
ing, Trypanosoma brucei, Leishmania major, strand asymmetry, trans splicing,
polyadenylation, post-transcriptional control, uAUGs.
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“Imagine a world where parasites control the minds of their hosts, sending
them to their destruction.

Imagine a world where parasites are masters of chemical warfare and
camouflage, able to cloak themselves with their hosts’ own molecules.

Imagine a world where parasites steer the course of evolution, where the
majority of species are parasites.

Welcome to earth.”

– Carl Zimmer, promoting his book Parasite Rex



Chapter 1

The trypanosomatid
parasites

The trypanosomatid parasites cause death and morbidity in man, as well as
livestock. Some 26 million people are infected with trypanosomatids, which
directly cause 113 000 deaths each year (table 1.1), but also much disability as
well as economic difficulty due to loss of livestock[1].

An organism that lives off the resources collected by another organism, with-
out giving any benefit back, is called a parasite. The name trypanosoma de-
rives from the greek trypanon, meaning borer, and soma, meaning body, and
is suggestive of the rotational swimming movements of the parasites. The try-
panosomatids are classified as protozoan euglenozoan kinetoplastids with a sin-
gle flagellum. As unicellular eukaryotes, they are complex organisms compared
to many other pathogens. They differentiate to adopt to the contrasting envi-
ronments of their many hosts. This obligatory progression of cellular states is
termed life cycle (figure 1.1). The parasite morphology changes considerably
over the life cycle. The different stages are characterised by the relative po-
sition of nucleus and flagellum. Extracellular stages are comparatively large,
25 µm, and flagellated. The intracellular stage, amastigote, is smaller, about
5 µm, with a rudimentary flagellum. The trypanosomatid parasite species are

Infected Deaths yr−1 New infections yr−1

Leishmania spp. >12 000 000 51 000 2 000 000
Trypanosoma brucei 3-500 000 48 000 3-500 000
Trypanosoma cruzi 13 000 000 14 000 200 000

Table 1.1: WHO estimates on the number of people currently infected with the
trypanosomatid parasites, number of deaths caused annually and new infections
caused annually. The Leishmania figures are uncertain since disease declaration
is required in only 32 of the 88 endemic countries.

1



2 CHAPTER 1. THE TRYPANOSOMATID PARASITES

numerous and can be found in a broad range of hosts. This thesis is focused in
particular on Trypanosoma cruzi, and to a lesser extent also on Trypanosoma
brucei and Leishmania major.

The kinetoplastids are extraordinary organisms, with many features that
are unique or at least uncommon among eukaryota. The single kinetoplastiod
mitochondrion differs from other eukaryotic mitochondria. The defining char-
acteristic is a suborganellar structure, the kinetoplast. It contains a braided
network of circular DNA which forms the organellar genome, kDNA (reviewed
in [2]). mRNAs in the organelle are extensively edited with the help of trans-
acting guide RNAs that carry the information to change, add or remove certain
U bases. Another most particular organisational feature is the compartmental-
isation of glycolysis to glycosomes [3, 4].

A spliced leader RNA is trans spliced to each mRNA, as a memeans to get
unicistronic mature messages from the multicistronic transcripts produced from
the unidirectional transcription clusters found in the genomes [5, 6, 7]. Very few
RNA polymerase promoters are known (reviewed in [8]), and no traditional polII
promoters, not even at the start of each gene cluster, although transcription
initiation is more common there than at any other investigated positions of the
genome[9, 10]. The genomes have uniquely modified bases, DNA-J, which could
be involved in epigenetic inheritance and gene silencing (reviewed in [11]).

The coat proteins of Trypanosoma brucei are not only exchanged as the par-
asite leaves the tsetse fly gut to enter the human bloodstream. Periodically,
a subpopulation of the parasites within the host switch to a different surface
antigen, so that when the adaptive immune response finally recognises epitopes
from the last major parasite coat, the subpopulation can grow unaffected (re-
viewed in [12]). Many surface molecules in the trypanosomatids, including these
variable surface antigens, are anchored to the cell membrane via addition of
glycosylphosphatidylinositol (GPI) [13]. These discoveries have benefited basic
research in a more general way, since other eukaryotes also use GPI anchoring,
RNA editing and trans splicing.

Though similar in appearance, an estimated 100 million years of evolu-
tion has passed since the last common ancestor between Leishmania and Try-
panosoma [14]. Their molecular peculiarities are as fascinating as their common
features. The following sections describe some unique features, and summarise
the life cycles, of each parasite species complex.

1.1 Trypanosoma cruzi

Trypanosoma cruzi, the etiological agent of Chagas disease, is prevalent in Latin
America. The symptoms of this American trypanosomiasis are varied. After an
acute phase of a few weeks, which sometimes shows symptoms and can even be
lethal, the infection can remain relatively quiescent for as long as 10-20 years.
Untreated T cruzi infection is often lifelong [15]. 25-30% of the chronically
infected die by heart failure or failure of the digestive tract[1].

The parasite proliferates in the gut of triatomine bugs as an epimastigote,
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migrates to the hindgut and progresses to a metacyclic trypomastigote (figure
1.1). When the insect bites a vertebrate, and ingests a bloodmeal, parasites
can enter the wound via insect faeces. The Trypanosoma cruzi trypomastigotes
do not switch coat proteins, but rather express a multitude of diverse surface
molecules; notably trans-sialidases [16], mucins [17] and proteases [18]. The
trans-sialidases transfer host sialyl moieties to the mucins. Mucin diversity may
help avoid an immune response, and also mediate attachment to a broad range
of cells[19]. The trypomastigotes enter cells by being endocytosed and escaping
the phagocytic vacuole. The parasite is initially so successful in avoiding a host
cell response that it has been called “the stealth parasite” [20]. The trypo-
mastigotes differentiate into small amastigotes. Now the cell cycle is once again
released, and the amastigotes can proliferate. The amastigotes again express dif-
ferent proteins, such as the surface glycoprotein amastin[21]. The amastigotes
differentiate into trypomastigotes, via an epimastigote like intermediate stage
[22], and burst out of the host cell. The trypomastigotes in the bloodstream are
infective and can spread via the blood, e g via new insect bites. Upon differ-
entiation to epimastigotes, the surface proteins are replaced by a different set
[23].

Trypanosoma cruzi is a heterogenous species [24]. Several useful classifi-
cation models have been proposed, based on different diagnostics and on data
from a varying number of isolates. Current nomenclature differentiates between
two major groups, T. cruzi I and T. cruzi II, but recognises the existence of
additional isolates that do not fit these [25]. T. cruzi I and T. cruzi II can
be further subdivided based on nucleotide sequence diversity into six different
discrete typing units, DTU I and DTU IIa-IIe [26]. Two major ecological cir-
culations are recognised. The silvatic group largely lives in wild animals, while
T. cruzi strains from the other group circulate in domestic animals and human.
The two can be locally connected, e.g. via animals that belong to both circu-
lations, such as mice, rats and bats. Infectious species can be found also in the
silvatic circulation.

Mixed infections and heterogenous natural isolates complicate the picture
further. While propagation is predominantly clonal, hybrids can form in vitro
[27] under selective pressure, and ample genetic evidence of hybrid formation in
vivo exist [28]. The large genetic variation of T. cruzi will be discussed further
in section 2.3.1.

1.2 Trypanosoma brucei

Trypanosoma brucei causes sleeping sickness in man and Nagana in livestock. It
is spread by the tsetse fly on the African continent. Sleeping sickness is severely
debilitating and fatal if untreated. The human form is caused by two subspecies,
T. b ghambiense and T. b rhodiense. The genome project and much molecular
biology research is focused on the livestock pathogen T. b brucei, believed to be
similar to T. b rhodiense.

The lifecycle is complex (figure 1.1). When trypomastigotes arrive in the
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midgut of the tsetse fly, they differentiate into proliferative procyclics. When
they leave the midgut, they change into epimastigotes, which multiply in the
salivary glands of the fly. The epimastigotes transform into infective metacyclic
trypomastigotes. These can be injected into the mammal when the fly bites.
The metacyclics then differentiate into the bloodstream forms. The long, slen-
der bloodstream trypomastigotes can divide, but upon sensing high population
densities they enter an arrested short, stumpy stage that is tsetse infective[29].
Trypanosoma brucei has no intracellular stage, and since life and proliferation
occurs in the bloodstream of the vertebrate host, the parasite is directly exposed
to the host immune system. The surface of the bloodstream form is coated with
variable surface glycoproteins. While these are immunogenic, a parasite infec-
tion can still persist since occasionally a subpopulation will express a different
VSG. The VSG switching is achieved by moving quiescent VSG variants to
bloodstream form active expression sites. A large number of VSG genes exist in
the genome, the inactive ones mostly in the form of pseudogenes [30]. The insect
gut is quite different from the human bloodstream, and T. brucei responds by
shedding of the VSG coat and expression of procyclins, a group of GPI anchored
acidic glycoproteins, upon differentiation to the procyclic stage (see also chapter
6).

T. brucei genetic exchange differs from that of T. cruzi. It is also rare, but
appears to involve meiotic division rather than hybridisation with aneuploidy
[31].

1.3 Leishmania spp.

At least 20 different species of Leishmania are known to be infective in human,
but even more are being recognised as a threat to immunosuppressed individuals
[1]. The different diseases caused are collectively called leishmaniases. These
include visceral leishmaniasis, mucocutaneous leishmaniasis and oriental sores.
An absolute link between parasite strain and the type of disease caused has not
been established. Differences between infected individuals, in particular in the
immune system, affect the outcome.

Leishmania spp. promastigotes live and divide in the sand fly, differentiate
to cell-cycle arrested metacyclics that when taken up by vertebrates can invade
phagocytic macrophages. In the phagolysosome, the amastigotes proliferate,
lyse the macrophage and reinfect others. Amastigotes can be taken up in insect
blood meals, and once again transform into procyclics to complete the life cycle
(see figure 1.1).

In differentiation to the metacyclic form, Leishmania promastigotes express
larger amounts of GP63, a GPI anchored surface protease. The structure of
the other major surface glycoprotein, lipophosphoglycan is also altered. This
releases the parasites from the insect gut epithelium and, as the GP63 pro-
tease, is important for host cell attachment and survival in the phagolysosome
(reviewed in [32]).
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1.4 Chemotherapeutics and disease control

The success in the last years in reducing the disease impact owes much to vector
control programs. Traps, nets, insecticides, urbanisation, better housing and
blood donor screens limit the transmission, although the gap between rich and
poor areas in endemic countries is large[1]. The trypanosomatids continue to
cause diseases of the poor. New, effective and ideally cheap chemotherapeutics
are much needed.

Against Trypanosoma cruzi two drugs, nifurtimox and benznidazole, are
currently recommended. They are effective in the early stages of disease, im-
mediately after infection. An efficacy of 80 % is reported [33], although the
side effects can be severe. However, there are no drugs for the later stages of
infection.

Against Trypanosoma brucei, two drugs are available for the early stage,
pentamidine and suramin. One new drug against African trypanosomiasis has
been introduced, eflornithine, effective against T. brucei gambiense. It has less
severe side effects than the older melarsoprol, and is also effective in the late
stage. The death rate from melarsoprol administration alone is about 5 %[34].
Eflornithine was initially too expensive for broad use. Since this drug also
removes unwanted facial hair, eflornithine production has been scaled up [35],
and is also made available for the African trypanosomiasis endemic countries
via a donation program [1].

The standard treatment against visceral leishmaniasis, pentavalent antimo-
nials, is loosing effectiveness due to increasing drug resistance. A liposomal
formulation of amphotericine B is effective but expensive [33]. Recently, hope
for treatment of visceral leishmaniases has been associated with miltefosine, a
new orally administered drug - a failed antitumor agent - with a high cure rate
and relatively mild side effects [36].

To develop a vaccine for african trypanosomiases seems difficult, when the
mechanisms of antigenic coat switching are considered. Significant progress
has been made on vaccine development in Leishmaniasis, but none are as yet
in production. Generally, vaccine development for trypanosomatids must be
considered difficult, as not even inocculation with live parasite is sufficient to
induce protective immunity [37].

A handful of new potential therapeutic drugs are in clinical trials [33], but
there is a tremendous need for new active substances. Increased knowledge of
parasite biology should accelerate the development. Although one should note
that previous attempts at rational drug design in the trypanosomatids have
failed [33], new informatics attempts[38] where structure homology models and
molecular dynamics are used to arrive at target models for rational inhibitor
selection are interesting.
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Figure 1.1: The life cycles of the TriTryps are complex and involve many large
morphological changes, as well as changes of surface components and other
adaptions to the differences between insect, bloodstream and intracellular en-
vironments. (A) Amastigote, (T) Trypomastigote (L) Long, slender (S) Short,
stumpy (M) Metacyclic, (E) Epimastigote. Black, semi-circular arrows indicate
proliferating stages. Reproduced from [iii, figure S1] with permission.



Chapter 2

Genome sequencing

2.1 Genomics

Genome sequencing can be defined as the complete determination of the hered-
itary nucleic acid material of an organism.

The genomics era began in earnest with the completion of the genome se-
quence of the bacteriophage MS2 [39]. The first complete DNA based genome
ΦX170 [40] was possible after additional method development. These gene-
dense phages of 3569 nt and 5375 nt, with overlapping genes and regulatory
regions, confirmed contemporary knowledge about transcription and transla-
tion, and raised new questions. New techniques for sequencing were invented
[41, 42], that made the sequencing of larger genomes feasible. Modified versions
of the Sanger method for DNA sequencing with chain terminators [42] are to-
days method of choice. It’s primary limitation of sequencing single stranded
DNA only was solved [43] by use of an intermediate step of cloning into bacte-
riophages, and later by cycle sequencing with thermostable polymerases.

Briefly, a DNA polymerase elongates the template for sequencing from a
primer site in a reaction mix with small amounts of dideoxytriphosphate nucle-
oside analogues together with the four ordinary nucleosides that inhibit poly-
merisation. Four separate reactions are run, each with a nucleotide specific reac-
tion and a labeled primer, or in modern protocols, one reaction with a different
terminator fluorophore for each inhibiting analogue. The ladder of sequences
that is produced after several polymerisation cycles is resolved according to size
in a gel, and the sequence of bases can be read.

The human mitochondrial genome was completed [44], and almost as a side
product the genome of bacteriophage λ [45], a genome that has served as a
model for gene regulation.

The Human Genome Project [46, 47], one of the great scientific endeavours of
our time, drove technology forward in earnest. The project plan was ambitious
and well ahead of its time when formalised in 1990. But, automation and inno-
vative solutions made sequencing faster, cheaper and more accurate than hoped

7



8 CHAPTER 2. GENOME SEQUENCING

for. In consequence, bacterial genomes were sequenced in 1995, Haemophilus
influenzae [48] and Mycoplasma genitalium [49]. The first eukaryote sequenced
was the unicellular S. cerevisiae [50], a genome with 6000 genes in 12 Mbp.

2.1.1 Shotgun sequencing

Although other strategies exist, the methods of shotgun sequencing (figure 2.1)
are employed in almost all sequencing projects. Multiple copies of the target
DNA are sheared to pieces, filtered to a relatively well defined size and subcloned
into a phage or plasmid vector. The insert sequences are sequenced using the
Sanger method with primers for so called universal primer sites just outside the
insert in the subcloning vector. By sequencing enough randomly selected sub-
clones, each base in the original clone has a good probability of being sequenced.
Computer programs for sequence assembly are used to tile the sequence pieces
together based on the near identical overlaps.

This procedure lends itself to automation, and scales well to a very large for-
mat due to its parallel nature once libraries have been constructed. The shotgun
procedure is employed in two main strategies, clone-by-clone - aka hierarchical
shotgun - or whole genome shotgun (reviewed in e.g. [51]). In clone-by-clone
shotgun, a physical map is first constructed, and clones are chosen using this
map to cover the entire genome with limited redundancy. The chosen clones are
subsequently sequenced as previously described. A map can also be generated
underway. In this case, start points in the form of seed clones are chosen on
different chromosomes. New clones, overlapping these seed clones, are picked,
sequenced and used as new seed clones in an iterative fashion. Sequencing and
mapping can in this way progress in parallel.

In whole genome shotgun, the mapping and cloning step is left out. The
entire genome is sheared and subcloned. To aid sequence assembly and reduce
the need for laborious finishing, distance constraints via paired forward and
reverse clone end reads can be added [52]. Different size inserts can be used to
simplify assembly of repeat regions of different sizes.

Hybrid approaches can also be effective, such as whole-chromosome shotgun,
used for four chromosomes in the Trypanosoma brucei genome project [30],
where most chromosomes were sequenced in a clone-by-clone fashion.

2.1.2 Sequence assembly

The shotgun assembly problem is computationally difficult. The basic strategy
assumes that all bases are correct, and each subsequence in the project above a
minimum overlap length is unique. By determination of the overlaps between
reads, the problem is reduced to a travelling salesman like shortest path finding
exercise in a graph that represents this connectivity. The assumptions of cor-
rect bases must be relaxed, and are replaced by error probabilities gained from
basecalling. Here, the electropherograms are scrutinised by a program that es-
timates the quality of each base on local properties of the elution curve [53, 54].
The base calling error probabilities are also used to help estimate the total error
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in the finished sequence. The overlap graph becomes probabilistic, with each
overlap conditional on sequence error probability, and methods to find the most
probable solution can be used. To find completely unique overlaps would require
a huge minimum overlap length. In practice, minimum overlaps of less than 100
bp are used. Repeats of this length, and even more than a read length, are not
uncommon. Here, length constraints from inserts of different size can be used as
additional constraints to prune the graph. Repeats with some polymorphisms
between repeat copies can often be resolved by statistical methods [55]. The
problem grows more complex if the repeat units are nearly identical. Polymor-
phism between homologous copies of the repeat from different chromosomes also
deepens the complexity. Repeats are a common source of gaps between contigs.
Sometimes these can be tentatively bridged by the clone end pairs, sequence-
mapped gap. Chains of such ordered contigs are often called assembly scaffolds.
Accurate sequence-mapped gaps can often be closed by simply sequencing the
remainder of the clone that bridges it (see 2.1.1).

2.2 Pathogen Genomics

The drive to know the human genome is almost self evident. Even if the benefits
to medicine, now manifest mainly in new genetic tests, may not initially have
been as large as anticipated, curiosity as to our basic building blocks, and as to
what makes us who we are and what makes individuals different, is a fundamen-
tal drive. To understand model organisms at a very detailed level is naturally
important. Results from experiments can be tied to their genomic causes. The
sequencing of pathogen genomes follows almost as a predictive method, with
the model organisms as training examples. Once the genome is known, further
experimentation and characterisation is accelerated. To find and clone a gene of
interest is made very easy, and various forms of large and small scale functional
genomic experiments become possible. Features can be inferred from similarity
to those known from other organisms. Also, discovery and analyses of general
phenomena are greatly simplified. What was once a deductive procedure with
need for much experimental effort, or a serendipitous occurrence observed by a
prepared mind, is opened up to exploration and feature discovery.

Pathogen sequencing has had a given place on the genomics agenda. Conse-
quently, virus sequencing was early, notably the 5224 bp SV40 [56]. Sequencing
and genome analysis in pathogenic microbes has had a tremendous impact [57].

The mass of completely known genomes is increasing rapidly, with 361 pub-
lished non-viral genomes, and some 1600 ongoing1. Complete sequences are
available for some 1200 virus types, some of which have been sequenced many
times over.

The pioneering work in protozoan parasite genomics was done in the api-
complexans. The human malaria parasite Plasmodium falciparum [58] and the
rodent malaria parasite Plasmodium yoelii [59], Cryptosporidium hominis [60]
and Cryptosporidium parvum [61] and lately two bovine parasites Theileria

1http://www.genomesonline.org, April 1 2006 update
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spp.[62, 63] have been sequenced at high coverage. Other recently completed
protozoan genomes include Entamoeba histolytica [64] and Cryptococcus neofor-
mans[65]. Several other projects are underway or near completion (reviewed in
e g [66]), and much interesting data is being produced by means of low coverage
sequencing of species closely related to the already sequenced ones as well as
survey sequencing and expression studies.

2.3 The Trypanosoma cruzi Genome Initiative

The basis for the Trypanosoma cruzi Genome Initiative was established at the
1994 WHO/TDR Parasite Genome Network Planning Meeting at Fiocruz, Rio
de Janeiro. The reference strain, previously known as F11F5, was chosen by
a workgroup of 15 researchers and named CL Brener, after Professor Zigman
Brener, who isolated it [67]. The first Genome Initiative progress, financed in
part by seed money from WHO/TDR, involved several projects, many carried
out in the endemic countries [68]. Macro-biological parameters, cytogenetics,
EST sequencing, genomic survey sequencing and a pilot chromosome sequencing
endeavour preceded the eventual Genome Project.

CL Brener was shown to grow and differentiate in culture, as well as to
be infective, clinically relevant, susceptible to drugs and cytogenetically stable
[69, 70].

2.3.1 Cytogenetics

The nuclear chromosomes of Trypanosoma cruzi condense poorly. This makes
karyotype determination difficult. Pulse field gel electrophoresis techniques [71]
coupled with hybridisation of gene probes or densiometric analysis has been
used extensively [72, 73, 74, 75, 76, 77] in many strains. The variance in chro-
mosome number and total genome size estimates is large between strains and
between laboratories, and the complexity of the analyses leads authors to claim
unspecified uncertainty in the results. The genome of CL Brener appears to be
87 Mb in 64 chromosomes [78, 75], > 100 Mb in > 40 chromosomes [74] and
78 Mb in 55 chromosomes [77]. Other estimation methods arrive at a DNA
content of approximately 110 Mb [79]. Aside from unspecified method error,
the kDNA content is possibly not included in the genome content for some of
the karyotype determination studies.

Results indicate that CL Brener is largely diploid, with possible partial ane-
uploidy. Interestingly, the homologous chromosome pairs show large size varia-
tion [78, 74]. The homologs are heterogenous also at the sequence level, showing
considerable allelic variation and correlation to comparative data indicates that
CL Brener is a hybrid [28].

The genome of T. cruzi is highly repetitive[75], as are many other eukaryotic
genomes. The long tandem arrays of housekeeping genes are a hallmark of the
T. cruzi genome, and were encountered during the pilot sequencing[5]. The
surface antigen molecules are repeated in large numbers [19], and have nearly as
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many pseudogene copies at that. Dispersed repeats, in the form of non-tandem
arrayed gene families and transposable elements, are common. Oligonucleotide
repeats and other low-complexity sequences are also found[5, 80].

2.3.2 Transcriptome and genomic survey sequencing

My first experience with he Genome Initiative was with the final stages of the
T. cruzi EST project, carried out as collaboration between several laboratories,
with about half of the sequences produced at Uppsala University [81, 82, 83]. 4.3
Mb random shotgun fragments were also sequenced in genome survey sequencing
[84].

Genome sequencing started with the pilot sequencing of chromosome 3 [5].
Clones from a cosmid library [79] that hybridised to the chromosome 3 homologs
(∼ 0.67 Mb and ∼ 1.1 Mb) were selected for shotgun sequencing. While a core,
gene-dense strand switch part of the chromosome could be closed by sequenced
cosmid overlaps, the project remains unfinished due to the large repetitive re-
gions encountered.

2.3.3 The Trypanosoma cruzi CL Brener Genome Project

Large scale sequencing commenced in 2001 in a NIH/NIAID financed consortium
of three groups; El-Sayed’s at The Institute for Genomic Research, Stuart and
Myler’s at Seattle Biomedical Research Institute and Andersson’s at Uppsala
University, which moved to Karolinska Institutet in 2001. The initial approach
of BAC-by-BAC shotgun, map-as-you-go proved difficult. All centers failed to
find clear extensions for their seed BACs. Instead, sequencing was switched
to whole genome shotgun. Since the genome is highly repetitive, clone end
pairs from libraries with different insert sizes, but a high proportion of large
inserts, were sequenced. Low coverage sequence from Esmeraldo, another T.
cruzi strain, was obtained to help resolve the issues arisen from haplotype allelic
variance. Further background and results can be found in chapter 7.5 and [III].

2.4 The TriTryp initiative

Early on in the Trypanosoma cruzi genome project, it was clear that a collab-
oration with the other two trypanosomatid genome projects could be mutually
beneficial. The gene order was found to be well conserved between the three
TriTryps [85]; later, large blocks of conserved syntenous genes could indeed
be identified [86, 87]. Comparisons between the three related parasites was
deemed an important field of research. Also, three of the four centers were di-
rectly involved in more than one of the sequencing projects, albeit in different
constellations. This simplified collaboration.

The structural part of the comparative genomics effort [iii] focused on align-
ments of L. major and T. brucei chromosomes. By alignment of the T. cruzi
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contigs to the L. major and T. brucei ones, some of the T. cruzi genome struc-
ture could also be used in the comparison.

For instance, some larger scaffolds in T. cruzi were found to have telomeric
sequences and conspicuous subtelomeric gene arrays at synteny break points
that coincided with chromosome end telomeric sequences in L. major, but not
in T. brucei. This was one of several lines of evidence in suggesting that the T.
brucei karyotype has formed by fusion of ancestral chromosomes after the split
between the Leishmania and Trypanosoma lineages.

A core proteome of the three organisms comprising 6158 proteins was estab-
lished by clustering of gene orthologs. The parasite specific commonalities are
of particular interest for drug development, as these could possibly be multi-
organism targets for a single compound.

The comparative annotation was also a major added benefit to the individual
genomes. False negative genes from one genome that were present in the other
two would leave an obvious hole in the synteny chain for the annotators to
curate. This was especially useful to the larger shotgun parts of the projects:
the T. cruzi genome, the groups of chromosomes not sufficiently separated by
PFGE, “blobs”, of L. major and the last large chromosomes of T. brucei. These
had not been manually annotated at the steady clone-by-clone pace. For T.
cruzi, functional annotation was tentatively transfered from T. brucei where
homology was sufficient. These tentative functional assignments were manually
curated, but at higher pace than would otherwise have been possible.

An integral part of the project was to continuously disseminate the gained
information and integrate it with other knowledge [88]. This was accomplished
by release of sequence data daily to the web and ftp sites of the genome centers,
by inclusion of the TriTryp data on genedb [89], and upon publication by sub-
mission to GenBank [90]. The genedb resource is still actively maintained, and
for Trypanosoma cruzi, the parallel TcruziDB also integrates proteomic data
[88, 91].
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Figure 2.1: Shotgun sequencing and assembly. Multiple copies (1) of the target
DNA is sheared into fragments of a desired size (2) and cloned into sequencing
vector (3). Typically, the sequencing equipment cannot sequence the entire in-
sert, rather short sequences from both ends of the inserts are sequenced. The
resulting “reads” are processed and assembled in silico (4) into contigous se-
quences, contigs. Contigs can be ordered by virtue of sequence mapped gaps
into scaffolds (5).



“Computers are useless. They can only give you answers.”

– Pablo Picasso



Chapter 3

Bioinformatics

The fundamental theories of computation were established just prior to the
modern revolution in molecular biological methodology. The development was
to a large extent driven by the need to dechipher wartime crypto, the need to
quickly and accurately solve differential equations and simulate rocket trajec-
tories. Molecular biology initially benefitted from the possibility to store and
manipulate the large amount of data produced in protein sequencing and later
DNA sequencing. Catalogs of sequences, as pioneered by Dayhoff[92], could be
stored digitally. The sequence databases and tools to handle them were the
first components of bioinformatics, and remain important. The Internet has
since considerably simplified access to biological information through various
databases. The field of cybernetics1 also later led to the means to search the
sequence data in an evolutionarily meaningful fashion by means of homology
based searches (see section 4.1). Many other experimental methods that gen-
erate large bodies of data have been established, and bioinformatics methods
are used to handle and make sense of this data. The development of computer
hardware capable of handling the biological information has been fortunately
timely - or perhaps it was rather that the new machines enabled new experi-
ments, such as in the case of shotgun sequencing and sequence assembly (see
section 2.1).

In general, the analysis of data can be made in an explorative fashion with
the use of statistical and probabilistic methods to find commonalites, connec-
tions and exceedingly rare events. This can in turn lead to the formulation of
hypotheses, and the generation of information. Data analysis can also be driven
directly by a hypothesis. Simple or elaborate models can be expressed mathe-
matically, implemented and tested in silico. This allows us to test the bounds
of our understanding of what caused the observed data, much as if these con-
jectures had been tested by real in vivo experiments. Predictions, qualitative
or quantitative, that are not contradicted by the data at hand, can so be made.
For example, a predictive method founded in our understanding of peptide bio-

1Control theory, originally inspired by neurobiology, and pioneered by Norbert Wiener.
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chemistry is the prediction of protein features from primary sequence, spanning
from relatively simple ones such as local hydrophobicity, to complex, such as
complete three-dimensional structures and substrate specificities. An early ap-
plication of qualitative predictive bioinformatical methods was that of finding
genes in DNA sequence data (see chapter 4).

Bioinformatics can also pertain to the use of computers to perform these
tasks, rather than the use of pen and paper or other aids. A distinction between
bioinformatics and computational biology is often made2. If so, bioinformatics is
typically said to encompass data storage and algorithms for feature identification
and pattern recognition, as well as the large body of evolutionary models while
computational biology deals with simulations, often via differential equation
models of biological systems [93]. A distinction between qualitative data, which
belongs to the field of bioinformatics, and quantitative data, which belongs to
the fields of computational biology or systems biology.

It is difficult to imagine the field of genomics without the tools of bioinformat-
ics. Base-calling, vector trimming, sequence storage, sequence assembly, gene
prediction, similarity searches, functional predictions, multiple alignments and
phylogenetic trees and many other bioinformatical approaches are intimately
connected with the success of genomics.

2Such as the NIH Working Definintion of Bioinformatics and Computational Biology, July
17, 2000, http://www.bisti.nih.gov/CompuBioDef.pdf.





<TU>
<FEAT_NAME>199.t00333</FEAT_NAME>
<CHROMO_LINK>39.t00012</CHROMO_LINK>
<DATE>Jan 9 2001 3:56PM</DATE>
<GENE_INFO>

<LOCUS>28H13.55</LOCUS>
<PUB_LOCUS>Tb927.2.3410</PUB_LOCUS>
<COM_NAME CURATED="1">hypothetical protein, unlikely</COM_NAME>
<COMMENT>Giuliani, Richard L., D.D.S. Oral Surgery Dentists Only

Drs. Breen &amp; Giuliani, D.D.S.,
P.A. 5530 Wisconsin Ave, Ste 640 Chevy Chase,
MD 20815 (301) 652-7372</COMMENT>

<IS_PSEUDOGENE>0</IS_PSEUDOGENE>
<FUNCT_ANNOT_EVIDENCE TYPE="CURATED">
</FUNCT_ANNOT_EVIDENCE>
<DATE>May 14 2002 9:52AM</DATE>

</GENE_INFO>
<TRANSCRIPT_SEQUENCE>

ATGTCGGGGCTTATTGACCGCGGGGCAAAGTGCAACAAAAACACAGTCTCAATGTCTTGT
GCGTTGCCTCCTTCAACGCAAGTTGTGTATGGACATTCGAGAAAGAATTTAAAAAATAAA
AAAAAGTATGAGTGCGGGGGAGCAATTTTAATCTGCACCTCTCTTCGTGAGATTGTAATT
TGTCATGGTTCCTTTCTTTCTTTCTTTGTTGGAAATTATTGGAGAACTGCACTGCGGTAA

</TRANSCRIPT_SEQUENCE>
</TU>

– Anonymous annotator, Trypanosoma brucei chromosome II, 2002

“[Gene annotations] provide not only a mechanism for researchers to fo-
cus searches on genes that interest them but also a framework upon which ‘big
picture’ analyses can be built. Good genome annotation reflects the collective
knowledge of many scientists but distributed over the entire genome. By provid-
ing tools and database infrastructure, this diffuse knowledge can be harnessed;
the data can be interrogated and new hypotheses built.”

– Matt Berriman, Parasitology 128 p. S23, 2004



Chapter 4

Identifying and annotating
genes

To find genes in a long string of nucleotides by computational methods is still
an open problem. Partial solutions explicitly or implicitly exploit evolutionary
conservation, constraints from the function of the gene product and biochemical-
and biological constraints that arise from the gene expression machinery. The
problem of assignment of a biological function to the identified genes is related,
but more complicated.

The terms gene identification and gene finding are used interchangeably and
refer to a number of tasks, such as determination of the protein coding nu-
cleotides in a genome or of the mature RNA coding ones and may also include
the identification of cis-acting regulatory elements (reviewed in [94, 95, 96, 97]).
The delineation of the exon-intron boundaries of genes, sometimes called struc-
tural annotation, adds complexity to the gene identification. Only very few
cis-spliced genes have been found in the trypanosomatids [98, 99]. In the TriT-
ryp genome projects, the automated gene finding did not consider introns.

The core components of gene finding methods can be divided into two broad
categories, database lookup and ab initio methods. While this is also true for
RNA gene finding, we shall treat this separately.

4.1 Database lookup methods

Database lookup based on sequence homology at the protein or even DNA level
is useful for gene identification, in particular when a large number of genes are
already known in the species or in a closely related species. For the TriTryps,
∼35% of the called genes could have been identified via database lookup [66].

The most common database lookup methods are based on pairwise align-
ments of the query sequence against many candidates. The problem of pair-
wise alignment is solved by a dynamic programming algorithm which will find
the optimal alignment, given a set of match/mismatch/gap scores. The op-

19
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timality principle employed is attributed to R. Bellman. A global alignment
approach was suggested by Needleman-Wunsch [100], and a locally optimal ver-
sion by Smith-Waterman [101]. A match/mismatch score is given to each pair of
residues in an alignment, that reflect the odds of finding such a pair in unrelated
sequences, and gaps are treated as another possible symbol in the pair. This
appears most simplistic, when all the complexity involved in the evolution of
proteins is considered. Nevertheless, the approach is often successful [102]. The
match and mismatch scores can be represented by a matrix. The PAM family
of score matrices are based on estimates of evolutionary distance between se-
quenced protein. The original PAM family matrices are somewhat dated, based
on only few proteins, and computed iteratively from these using a simple model
of evolution. The BLOSUM[103] family is derived from statistics on alignments
of structurally similar proteins.

Less sensitive, but much faster methods for database lookup via pairwise
alignment have been developed. These use computationally cheap exact word
matching of short words against a database, and follow up matches over certain
threshold criteria with a more computationally costly pairwise alignment. The
most widely used must be FASTA [104] and BLAST[105, 106]. The usefulness
of the database lookup methods hinges on the availability of estimates of error
probabilities. The most commonly used are Karlin-Altschul statistics [107, 108],
developed for the BLAST tools, that allows estimation of the probability of see-
ing a random match to the database from the query sequence given an alignment
score and but a few parameters derived from the database.

Sensitivity/specificity tradeoffs are introduced in the choice of method, ma-
trices and gap penalties. Parameters more suited to finding also distantly re-
lated sequences will often result in many false positives, while more selective
approaches in general lower sensitivity. The optimal parameter set for detec-
tion varies from protein to protein given a certain database [102].

Database lookup methods are implemented in several gene finding tools,
typically using careful rulesets to weed spurious matches from the actual genes.
Other hybrid approaches use results from similarity searches to delineate ex-
onic structure[109]. Similar methods are very useful for delineation of the exon
structure by cDNA sequences of mature messages where cis-splicing is an issue.

Other database reliant approaches include motif searching, by means of motif
specific score matrices [106], profile HMMs[110] or regular expressions [111].
This in particular, but also the other database methods, constitutes a pillar of
functional annotation which will be introduced in section 4.5.

4.2 Ab initio methods

Ab initio gene finding, also called de novo or extrinsic gene finding, at least
partially addresses the major weakness with the database lookup methods: our
ability to identify novel genes, that are not previously part of the sequence
databases. They are based around pattern recognition techniques, and the as-
sumption that gene sequence differs from non-gene sequence in a consistent
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manner. This assumption appears valid, given constraints from the transcrip-
tion and translation machineries and constraints from protein function. If the
cellular machinery can tell the difference, a computational model could be able
to do the same.

The models are typically built around a number of sensors sensing statistical
properties of local sequence, that are integrated into a decision method.

Sensors include simple features of the translational machinery, such as open
reading frames, bounded by start and stop codons, periodicities of base three,
that arise from the codon grouping of the nucleotides and synonymous codon
usage bias, and biochemical DNA strand properties such as bendability. Slightly
longer periodicities, hexanucleotides or longer subword frequencies, arising from
protein function, as well as biochemical properties of conceptually translated
peptides can also be exploited to separate coding regions from non-coding.

Transcription control signals, such as RNA promoter elements, transcription
factor binding sites etc, form inputs to some gene finding models. Also, tran-
scription related maturation signals, such as splice sites and polyadenylation
sites have been used. Regulatory signals that pertain tot ranscript stability can
influence the base composition of translated and untranslated gene regions, and
be sensed.

Signals, signal strengths and measures of coding potential based on nu-
cleotide composition are integrated and a decision is made on the classification
of an ORF by an algorithm with certain parameters. Upon integration, contex-
tual information and typical ordering of the sensed elements - the gene syntax,
can be considered. Linear discriminants, Neural networks, Markov models and
hidden Markov models are some common algorithms used by gene finding pro-
grams. The model parameters, in sensors and decision boundary, are adjusted
using a training material, and tested to estimate the performance.

Codonusage [112] decides on which reading frame to use based on a codon
usage table for an organism. Synonymous codon usage in a genome will vary
between genes in an organism. Highly expressed genes must be well adapted
to the tRNA isoacceptor pools, and use codons for which charged tRNAs are
readily available. Calibration by organism average codon usage matrices [113]
is common.

Testcode [114] classifies a given sequence as protein coding, uncertain or not
protein coding, in a certain window. It employs a content measure

max(NXinCP1, NXinCP2, NXinCP3)
1 + min(NXinCP1, NXinCP2, NXinCP3)

drawing from the observation that any particular nucleotide in a coding sequence
is much more likely to recur at a distance of 2+3n, where n is an integer, than at
distance 3n or 3n+1. This pattern is rare in non-coding sequence. Probabilities
of the sequence being coding are estimated for some intervals of the content
measure. Likewise, coding probabilities for some intervals of single nucleotide
frequency for each base are estimated. For a sequence window, these eight
probabilities are weighted by one parameter each and added to form a measure
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of coding potential, the Testcode measure. The method could be retrained to
suit a particular organism, but in practice the original parameters are most
often used. This is motivated by good performance on an early test on some
250 kb of sequence from different organisms.

GeneScan [115] uses a Fourier-analysis measure, and identifies portions of a
sequence with high signal to noise ratio for a three-periodicity.

Glimmer [116], as several other earlier programs, uses the frequencies of dif-
ferent oligomers. Long oligomers are powerful in discriminating coding from
non-coding sequence, but occur seldom in a training set. By careful weighting
of different oligomers, treated as Markov chains, good use is made of the avail-
able samples. The program also considers limited gapping [117], by releasing
the requirement that the nucleotides be sequential. A tree-like “Interpolated
Context Model” is used, and a mutual information measure is applied to select
what nucleotide positions within a context to use. Glimmer has shown very
good performance in prokaryotes. A splicing enabled extension to Glimmer has
been used with some success in the Plasmodium falciparum genome [118].

Combining predictions from different gene finders can give more accurate
results than even the best component genefinder [119]. A requirement of agree-
ment of all predictions will result in a conservative annotation, and weed out
false positives, while including any prediction made by any program will give
high sensitivity. The parameters of the combiner method can again be estimated
from training data for a specific genome.

AutoMagi, a gene finder used for gene finding in L. major and T. cruzi, com-
bines CodonUsage, Testcode, Glimmer and Genescan predictions by automation
of the approach in [120] and the addition of an additional step of GC-skew based
strand estimation1.

4.3 RNA genes

RNA molecules fill important roles in the cell, even if messenger RNA is not
considered. In the trypanosomatids, RNA components are used in at least the
machineries for replication, transcription, splicing, RNA modification, message
regulation, translation, and membrane translocation [99].

Separate methods are available for finding RNA genes. The database lookup
methods can be used at the nucleotide level. Since RNA structure is largely de-
fined by basepairing, methods that consider the pairwise covariaton between
bases are useful. Stochastic context free grammars are well suited to finding
RNA genes. Several methods for detecting tRNA are available, e.g. tRNAscan
[121] which was used in the TriTryp analyses. A probabilistic method for detec-
tion of snoRNA [122] was also used. SnoRNAs are involved in several aspects of
rRNA maturation, some of them acting as guides for sequence specific methy-
lation.

Attempts to find non-protein coding genes based on RNA structure proper-
ties have been made, but the results indicate that RNA structure is not much

1http://apps.sbri.org/netmagi
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Predicted positive Predicted negative
Actual positive TP FN
Actual negative FP TN

Table 4.1: A true positive is a correctly predicted actual feature, in this case a
gene. A false negative is a missed actual gene. A false positive is a prediction
of a gene that does not exist. A true negative is neither predicted nor real.

different from that which would be expected from the sequence composition bias
[123].

4.4 Measuring performance

Most sensors and integration methods require calibration, or training, from ex-
ample data, such as a set of experimentally verified genes. Most mentioned
methods have organism specific parameters. For instance, the average synony-
mous codon usage bias varies between different organisms. A subset of verified
genes can be excluded from training and used to estimate model performance in
a testing or validation procedure (see table 4.1). The results are often reported
as sensitivity

Sn =
TP

TP + FN
and specificity,

Sp =
TP

TP + FP
.

A number of combined performance measures weighting these have been
devised. We will use one such, accuracy,

Ac =
TP− FP
TP + FN

,

that measures the number of correct predictions relative to the number of actual
positives and is 1 if all cases are correctly predicted, with no missed cases or
erroneous calls.

These measures can be applied at different resolutions - at the nucleotide,
exon or gene level. The gene level is predominantly used in the present investi-
gation, with a few measures taken at the nucleotide level for the prediction of
splice sites and polyadenylation sites.

For an organism where little of the protein complement is known, accuracy
estimation can be difficult. The gene finding methods would ideally be trained
and tested on a few contiguous regions from the genome, where it is completely
clear which nucleotides are coding and non-coding, which constitute regulatory
signals and so forth. In practice it is especially hard to rule that a particular
sequence is not expressed under any circumstances. It can still be difficult to
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find such regions even for the most studied model organism genomes. Another
interesting objective for these automated methods is to perform as well as an
expert annotator. Then the test set can be a “gold standard” that reflects the
opinion of expert annotators, and the method is judged according to how well
it can automatically perform the gene calling task instead of the annotator.

Much of the development in gene finders of late has been in resolving intron-
exon structure, to make the boundaries more exact and to incorporate related
genomes to enhance the predictions, to construct state of the art methods such as
TwinScan [124]. In the intron scarce trypanosomatid genomes, older programs
as well as approaches originally intended for prokaryotic gene finding are useful.

4.5 Functional annotation

Once structural gene models have been established, functional annotation can
start. This is usually taken to encompass the entire process where biological
functions are inferred from the sequence information.

The evidence connected to a sequence can be plentiful and diverse. Much
biological knowledge is not well represented in the many databases and tools
available. It is reasonable to assume that educated guesswork by experts on cer-
tain gene families, pathways or organisms, well supported by what information
can be extracted by automatic means, generally constitutes the best possible
method without additional experiments. The approach is sometimes referred to
as semi automatic annotation.

A common decision task set before the annotator is to inspect a large set
of sequence based predictions, including database and motif matches, and the
literature regarding these, predicted features of the translated protein, from hy-
drophobicity, pH and isoelectric point to protein cellular localisation, based on
signal peptides, nuclear import and export signals, membrane spanning regions,
secondary and tertiary structure, and regulatory signals. The annotator would
judge the quality of database matches and motifs based on the alignments, tak-
ing not only scores into account - which an automaton could easily do - but
also structure-function relationships and a broad biological perspective. Like-
wise the other sources of information would be weighed together based on the
various likelihoods associated with different predictors, ideally to form a com-
prehensive picture of gene function. The function can subsequently be expressed
in a controlled vocabulary to simplify downstream analyses. An interesting op-
tion is Gene Ontology terms, into which some parasite specific terms have been
introduced [125].

Once all genes have been so analyzed, an expert annotator can proceed to
establish if all expected components of pathways, molecular machine complexes
are present. Often glaring holes in metabolic pathways can be filled by care-
ful search for a particular function. If not, new hypotheses of alternative or
substitute pathways can be formulated.

If closely related genomes are available, a transitive annotation can be made,
where close homologs automatically receive function assignments from the re-
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lated genome.
The current paradigm has it that sequence and structural similarity imply

or is equivalent to functional similarity. However, it is also known that small
differences in sequence or structure can cause a difference in function. The
change of even a single catalytic amino acid in an active site, or an amino acid
that determines substrate specificity can have dramatic effects [126]. The Janus
peptide showed that proteins in the 40 % identity range, which will often re-
ceive good homology scores, can have completely different structures [127]. Near
perfect sequence conservation is thus certainly not a guarantee for conservation
of function. Also, a protein can have different functions in different situations
and at different times. Conversely, function can be similar regardless of se-
quence conservation, as in convergent evolution. Functional annotation should
not be taken as experimental evidence, except in the cases where genes have
been previously studied, but rather as conjectures and hypotheses to be tested.
Nevertheless, the statistically measured performance of many of the prediction
methods used is already impressive, and the additional expert knowledge should
increase the accuracy further.

4.5.1 Annotation platforms

For semi automatic annotation, an interactive graphical presentation of the
different lines of evidence is natural. Modern alternatives suitable for protozoan
genomes include Artemis [128], which was extensively used by WTSI for the L.
major and T. brucei annotation. A GUI [I], which was used for some parts of the
T. cruzi annotation at KI, is another example. These are sequence centric tools,
suitable in particular for additional structural annotation where gene models are
not already well defined.

In contrast, gene centric tools rely to a greater extent on the an automated
pipeline or initial semiautomatic structural annotation using other tools. Ex-
amples include the two companion packages Manatee and Sybil, that were orig-
inally developed at TIGR. Manatee2 is designed for single genomes and Sybil3

enables comparative annotation against multiple Manatee-compatible genome
databases. They were built employing the Coati4 architecture with three ab-
straction layers: a bottom, database layer, a top, graphical presentation, layer
and a middle interface layer connecting the two by abstraction of the database
layer.

Manatee was used for functional annotation at TIGR, and via Sybil in
the TriTryp comparative annotation. ACT[129], a comparative extension to
Artemis, was also used by the WTSI.

2http://manatee.sourceforge.net/
3http://sybil.sourceforge.net/
4Named after the coatis met in Foz do Iguassu, Brasil, at the 2001 TriTryp meeting, where

the initial structure was agreed upon.



“The universe is asymmetric.”

– Louis Pasteur



Chapter 5

Strand asymmetry

5.1 Chargaffs rules

Chargaff postulated four rules [130] based on observation of the properties of
cellular DNA. Two of these are called the ’parity rules’. The first parity rule
states that in DNA, the total base content of A is equal to that of T, and
that of C to that of G. The basis of this was not understood[131], but became
evident two years later with Watson and Crick’s model of the DNA structure
[132]. Chargaff also observed that pyrimidines and purines tend to cluster in
the sequence and often occur as oligonucletides - the ’cluster rule’, and that GC
content tends to be constant within a species, but vary between species - the
’GC rule’.

The second parity rule states that if the two DNA strands are separated,
the A = T, C = G rule is still approximately correct within each of the strands,
i e the intra-strand compositions share the pairing of the inter-strand ones.
Genome sequences give us a good, albeit approximate, confirmation of this.
The genome sequence - one strand - of Eschericia coli K12 [133] has 1142228 A
and 1140970 T, but 1176923 G and 1179554 C. In Leishmania major Friedlin
[99] chromosome 36, there were 781455 G and 777798 C but 565517 A and
557413 T. In Trypanosoma brucei chromosome 1 [30], there were 290021 A and
293719 T but 247081 G and 233651 C.

It is possible to derive the second parity rule from the first. With no bias
between the DNA strands, the number of unique single nucleotide substitution
rates are halved due to the Watson-Crick base pairing between strands [134].
Under equilibrium assumptions, this leads to inter-strand A = T, C = G [135].

5.2 Skew

While the second rule holds true for most genomes and chromosomes, there
are local variations. These can be measured by counting the GC skew (G −
C)/(G + C) and AT skew (A− T )/(A + T ) in sliding windows over the genome
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sequence [136]. For virii and bacteria the sign of these measures often coincide
well with directions of replication and transcription. This becomes evident when
cumulative GC skew curves [137] are used. These have optima at the origin and
terminus of replication for many bacteria.

The genetic code leaves ample room for variation in the third codon position.
Here, selection acting at the protein level will have little impact. The GC or AT
skew is often prominent in the third codon position and in intergenic regions.

The replication fork is asymmetric with regard to strand. This can lead to
different substitution rates on the leading and lagging strand, as is the case in
E. coli [138]. Also other cellular machineries involved in the DNA metabolism
differentiate between strands. In transcription, the non-coding strand - the
template - is more protected from mutation than the coding strand [139]. Also,
it also undergoes transcription coupled repair [140]. The substitution rates of
the two strands can thus be different, which could lead to skewed nucleotide
distributions [141].

In bacteria, there is a tendency for transcription and replication to progress
in the same direction [142]. Colliding polymerases are problematic, and would
at least slow the growth of bacteria. Functions for resolving collisions exist in
bacteriophages.

Eukaryotes typically have less conspicuous skew curves, with many local
maxima and minima, possibly due to multiple origins of replication [143, 144].
The striking pattern found in Leishmania major [145], with maxima and minima
of the cumulative skew curves coinciding with strand switches, was unexpected.





“All organisms adapt to changes in their environment by adjustments in
gene expression, and in all organisms, from Escherichia coli to man, the most
important control point is at transcription initiation. All, that is, except those
belonging to one very small family of early-branching eukaryotes, which seems
to have completely lost the ability to regulate transcription by RNA polymerase
II.”

– Christine Clayton, The EMBO Journal 21, p1881 2001



Chapter 6

Gene expression

A genome, without the machinery to interpret and express it, is a dead molecule.
The genome contains the information required to build more of the expression
machinery, and signals that determine under what conditions and in what quan-
tities the genes are expressed, but a system for expression must be present to
interpret this.

As most other eukaryotes, the trypanosomatids have three principal DNA
dependent RNA polymerases, but the three polymerases of trypanosomes have
some unusual features (reviewed in [11, 146]). PolI transcribes some surface
antigen genes in T. brucei [147] in addition to the expected rRNA, and polII the
SL RNA [148, 149] genes as well as protein coding pre-mRNA. PolIII transcribes
all U-rich snRNA in addition to the tRNAs.

Promoters are known for polI transcribed rRNA-genes, as well as the T.
brucei bloodstream stage VSGs and insect stage procyclins. The regulation of
the VSG genes is not fully understood. But, a single polI containing nuclear
body [150] is located at one expression site per cell. This indicates a choice of
transcription site, which is consistent with the apparently epigenetic regulation
[151].

The polII transcribed SL RNA genes also have promoters, although these
are not typical for polII. While it appears clear that polII transcription of the
bulk of the pre-mRNA originates in strand switch regions, as shown in L. major
[9, 10], no known promoter or otherwise overrepresented conserved sequence
elements have been detected. Some larger areas of unusual sequence composition
are present on the strand switches. In T. cruzi, GC-islands in certain strand
switch regions have been shown to be centromeres [152]. L. major has AT-rich
strand switches instead[153]. The coding strand appears about 10 fold more
transcribed than the non-coding. The latter may however still be important, at
least as anti-sense RNA, if not protein coding [154]. Transcriptional terminators
are known, and can contribute in determining the strandedness of transcription.

Many housekeeping genes in the trypanosomatids, and in T. cruzi in partic-
ular, are repeated. This might constitute a primitive mechanism of control of
the transcript concentration [5]. Naturally, this could be evolutionarily useful,
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since pressure to keep the individual copy intact is reduced and variation be-
tween the copies can be allowed. While a copy number mechanism only offers
crude differential control, the concentration of many housekeeping proteins does
not need to vary much. This is consistent with data from a recent T. cruzi pro-
teomics study [155]. This study detected 1500-2000 proteins from each stage.
30% of the proteome was found to be expressed in all tested lifecycle stages.
Detection counts are related to concentration, although precise measurement is
precluded, and houskeeping genes were among the most abundant in all stages.
This speaks in favour of a limited variation in expression for at least this gene
complement.

6.1 Transcript maturation

The trypanosomatid transcript maturation process is unusual. Genes are ex-
pressed as polycistronic messenger pre-mRNAs. Essentially only monocistronic
transcripts are known to be translated, except in cases where internal riboso-
mal entry sites exist on the transcript to allow ribosomal entry at a downstream
start codon (e.g. [156]). This mechanism has so far not been found in try-
panosomes. Ribosomes are also known to re-initiate on certain transcripts even
with multiple upstream open reading frames [157].

The 5’ end of each mature transcript is provided by a small capped[158]
spliced leader (SL) transcript[159]. The SL miniexon is important for export
from the nucleus, at least during SL RNA biogenesis [160], as well as for trans-
lation [161]. The SL RNA’s length is different in different species, around 95 nt
to 135 nt. The exonic part of this is between 35 and 39 nt, and is added to the
pre-mRNA by a trans splicing reaction[162, 163, 164, 165] (reviewed in [7], and
depicted in figure 6.1). This is a two step process in which the SL RNA 3’ end
is attached to the branch site just upstream of the splice acceptor of one of the
genes in a pre-mRNA, forming a Y-shaped intermediate [166], and the 5’ splice
donor attaches to the start of the pre-mRNA exon, at the 3’ splice acceptor.
The Y-shaped intronic sequences are degraded.

The recognition of the 3’ trans splice acceptor appears similar to that of cis-
splice acceptors in other eukaryotes. A pyrimidine stretch is required for splicing
[167]. A pyrimidine stretch of more than 7 nt can be found between the branch
site and the splice acceptor AG dinucleotide of efficient splice acceptors [168].
The exact minimum requirements are not known. Alternative trans splicing,
where mature transcripts of different lengths are produced, is known. Examples
include T. brucei procyclins [169] and the T. cruzi LYT1 gene[170].

The process of trans splicing is directly connected to that of polyadenylation
of the message 3’ end [171, 172]. While the location of polyadenylation depends
on an upstream splice-signal [173, 174], the exact sites can not yet be predicted.
Polyadenylation is also directed by sites with a strong resemblance to the splice
acceptors, but that are not major splice acceptors of any known downstream
genes [174]. There is no clear consensus sequence at the polyadenylation site,
as in e.g. yeast. Mapping studies sometimes identify multiple sites ([171] and
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Figure 6.1: Trypanosomatid transcript maturation occurs via trans-splicing of
a mini-exon sequence to the pre-mRNA and polyadenylation. Both processes
are directed by signals including a branch site adenosine, a pyrimidine stretch
and an AG dinucleotide.

references therein) for the same gene. Different distances are also found for
different genes, even across studies where the same major site is observed for
many transcript clones.

6.2 Post-transcriptional control

The trypanosomatid parasites achieve orchestration of cell cycle progression
and differentiation into morphologically and biochemically distinct states. Yet,
for most genes investigated, control of gene expression is not predominantly
transcriptional (reviewed in [8]).

The procyclins in T. brucei give a well studied example. Expression of pro-
cyclin molecules on the surface while in the bloodstream is potentially lethal
to the parasite, while expression of at least some of them is important for sur-
vival in the insect stage [175]. The regulation of the procyclins is tight [176] -
no procyclin has been detected in bloodstream forms. Although the procyclin
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genes have a transcriptional promoter, the down-regulation of transcription in
bloodstream forms is only about 5-10 fold [177, 178]. Further levels of post-
transcriptional regulation function in addition to the promoter to give the full
dynamic range of expression. A procyclic stage stabilising cis-element [179, 180]
on the 3’-UTR gives a 10-fold factor. The transcripts are rapidly degraded in the
bloodstream form. Additional stabilisation occurs in the procyclics. Changes
in translational efficiency, via known elements in the 3’-UTR, and possibly also
other translational blocks, result in even lower translation levels in the blood-
stream form. The post-transcriptional contribution to the regulation is in the
end greater than the transcriptional control.

Transcript maturation, in particular the trans splicing and polyadenylation
step, can affect the abundance of transcripts[167]. The trans splicing signals
direct maturation with greatly varying efficiency. The maturation step could
also be differentially regulated, as with the transcripts from the T. cruzi LYT1
gene[170]. One of the alternative transcripts showed a drastically reduced abun-
dance in epimastigotes. Although the experiments did not ask for expression
explicitly, this still indicates an important role for transcript maturation in
post-transcriptional control.

Transcript stability can be modified by cis-acting elements elements. A T.
cruzi amastin 3’-UTR element binds a trans-acting protein, which gives a 7
times longer halflife[181]. Such mechanisms are also used to achieve differential
regulation. Transcripts of the amastin gene were 50 fold more abundant in
amastigotes as compared to epimastigotes and trypomastigotes[21], while they
were transcribed at an equal rate. AU-rich and G-rich elements on the 3’-UTRs
have been shown to affect the stability of mRNAs in T. cruzi also differently in
different stages [182]. The TcUBP1 and TcUBP2 proteins bind to the 3’-UTR
motifs and form a stabilising complex [183, 184].

DNA microarrays have been used to examine the message levels of a larger
range of genes in different cellular states, mainly in the life cycle stages, but so
far met limited success. Only very limited control of transcript levels has been
found, i.e. the levels of most genes tested show only small changes between life
cycle stages. This is perhaps consistent with what can be expected with little
transcriptional control [185]. Still, while transcription levels may be relatively
similar for many genes, different transcripts have different halflives, as is even
the case for some identical transcripts under different circumstances. Similar
studies in L. major showed somewhat larger transcript level variations [186].
Recent Trypanosoma cruzi proteomics data [155] indicate more dynamics in
gene expression at the protein level than do similar DNA microarray experiments
[187]. Both studies are limited in extent. The DNA array was further limited
by the incomplete state of the genome and limited gene annotation available in
2003, and the proteomics approach gives only limited quantitative information.
A careful analysis of both transcription and translation at a large scale would be
of interest. Likely, mRNA expression and stability will have a larger impact for
some genes, and controlled translation and protein degradation for others. There
are also indications that motifs - even the same motifs - in the 3’-UTRs affect
translation in addition to transcription [179, 180]. Developmental regulation
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of protein expression can also be conveyed by translational control mechanisms
(e.g. [188]).

The codon usage of genes affects the translation of proteins due to differences
in tRNA isoacceptor concentrations (see e.g. [i] and references therein). An early
study on codon usage identified a narrow spectrum of within genome variation
in L. major, but T. brucei and T. cruzi appeared more diverse [189] (see also
7.4.3).

Upstream open reading frames, AUGs on the exonic but normally untrans-
lated 5’-UTRs of transcripts, generally down regulate translation of a transcript
(reviewed in [157]). When the ribosome encounters an uAUG, one of several
things can happen, depending on the state of the ribosome and on the sequence
context of the AUG (figure 6.2). The ribosome can begin translation, translate
the uORF and unload the transcript. The transcript can also under some cir-
cumstances be reloaded downstream of the uAUG. The uAUG can be ignored
- leaky-scanned. uAUGs can also induce mRNA degradation. There are exam-
ples of transcripts with multiple uORFs that still express protein, albeit at a
much lower level than with the uAUGs removed, e.g. the fungal GCN4 with
four uORFs, which is conditionally regulated on starvation [190].

uAUGs are common in eukaryotes. 15-52% of the 5’-UTRs had uAUGs,
as estimated in 10 eukaryotic species[191]. uAUGs are also conserved between
species in mammalia[192]. Upstream AUGs have been reported to down regulate
translation of a gene in Trypanosoma cruzi [193] and on a reporter gene in
Leishmania major [168].

AAAAAAORFuORF
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Figure 6.2: When the ribosome encounters an upstream AUG, one of several
things can happen. The uORF can be translated, and the transcript unloaded
(1). Ribosome stalling and transcript degradation are possible. The ribosome
can translate the uORF, reload the transcript (2) and resume scanning to later
translate the downstream gene (3). The ribosome can also leaky-scan past the
uAUG without initiation and translate the gene (3).



”If we knew what it was we were doing,
it would not be called research, would it?”

– Albert Einstein



Chapter 7

Present investigation

7.1 Aims

• To participate in the sequencing of the genome of Trypanosoma cruzi.

• To provide a functional annotation of the gene content.

• To identify further features of the genome, especially with regard to post-
transcriptional control.

• To develop algorithms and construct computer tools to aid the above as
needed.

7.2 A graphical tool for parasite genome anno-
tation (I)

We have constructed a tool for semi-automatic annotation and genome sequence
visualization [I]. Visualization of predicted genes from several different gene find-
ing programs, database homology search results, together with DNA and protein
sequence properties provides a human annotator with ample decision support
for calling genes. By combining the results from several different gene finding
programs as well as database matches, a good basis for further annotation can
be achieved. Based on organism specific knowledge we have also developed ad-
ditional heuristics to facilitate the annotation process without loosing manual
control. The program has been in routine use, and is provided free of charge for
non-profit use.
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7.3 Strand asymmetry patterns in the kineto-
plastids (II)

We have investigated the base skews of three kinetoplastid parasites [II]. We
report overall skew patterns similar to those found in bacteria, with optima
coinciding with strand switches of unidirectional gene clusters. This skew is
not directly caused by a skew inherent in the codon usage, since it can also be
observed in intergenic regions, but can rather be hypothesized to have affected
the codon usage. In particular, the derivative of the cumulative GC-skew of
T. cruzi and T. brucei has the opposite sign to that of L. major. By analogy
with bacteria, it is tempting to suggest that T. cruzi and T. brucei have origins
of replication at the cumulative skew optima. The same analogy would place
termini of replication at the corresponding strand switches in L. major. But,
the three organisms share a strong conservation of synteny. Such a difference
would require a major divergence in the replication machinery. Furthermore, it
seems unlikely that regulatory signals are causing the difference seen between T.
cruzi, T. brucei and L. major. We could not rule out simple, strand asymmetric
repeats as a cause of the observed difference. Nevertheless, it seems likely that a
difference in the transcription coupled repair or replication machinery is causing
the difference in skew.

7.4 Gene finding in Trypanosoma cruzi (III)

7.4.1 Automating A GUI*

The tools available for semi-automatic annotation in A GUI were automated to
allow for whole genome predictions in a limited time frame. Glimmer, Testcode,
splicemodel, high GC-content and long ORF based strandedness predictions
were combined using many different combiner settings.

Since a gene to be expressed by the polII machinery in the trypanosomatids
must be spliced and polyadenylated, we used a version of the splicemodel [IV]
trained on T. cruzi [V] as a gene prediction tool. It is interesting to note that a
successful approach to score the coding potential of T. brucei genes essentially
detects the presence of splicing signals [194].

The strand filtering predictions used a non-iterative version of the stranded-
ness heuristic[I]. The GC-content score was not used. The procedure is described
in figure 7.1. The combinations are made either serially or by majority vote.
Serial combination is akin to “and” type combination, although the order of
the operations has a slight impact in the cases of strandfinder and splicemodel.
This is a conservative combination of the included gene finders, compared to
predictor majority vote.
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Figure 7.1: A re-implementation of the strand finder heuristic. ORFs on the
Watson strand are assigned a score of 1 while Crick strand ORFs receive -1 (1).
The scores are summed for each sequence position (2). The score is smoothed
using a sliding window step function (3). ORFs are given a new score as the
sum of the smoothed scores in each constituent sequence position (4). If the
sign of this new ORF score disagrees with the sign of the ORF strand, the ORF
is discarded.

7.4.2 Have we found all genes?*

Before the gene prediction on the whole genome started, around 1500 previously
studied genes were already present in GenBank. A subset of these (∼ 100) had
been used as a training set for Glimmer, and even more for the estimation of
codon usage tables. Thus they do not formally constitute a validation set, in the
sense that extrapolations to the performance for other genes could be made. It
is, however, certainly informative to know how many of the already established
genes the gene finding methods missed. Many of the GenBank entries were
obtained from resequencing of essentially the same gene. If these were used
in the test set, uneven weight would be given to performance on a few genes.
We thus clustered the 1507 genes with NCBI blastclust, at default settings, to
produce 770 non-redundant representatives. 180 of these were shorter than the
minimum 300 nt set for the shortest gene. Some of those were fragments and
could potentially still be useful, and were initially retained in the analysis.
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Found genes Red
relative FN relative Pred. vs

# Scaff ORFs Scaff ORFs num. ORFs
T. cruzi annotation set 615 1.00
ORFs > 299 nt 603 0.98 1.00 0.02 93070
Glimmer 582 0.95 0.97 0.05 0.03 34152 0.63
Glimmer · Strandfinder 572 0.93 0.95 0.07 0.05 28674 0.69
Glimmer · Splicemodel 563 0.92 0.93 0.08 0.07 27920 0.70
Glimmer · Strf · Sm 563 0.92 0.93 0.08 0.07 23572 0.75
Orffinder > 299 nt 606 0.99 1.00 0.01 0.00 93432
Orffinder · Strf 594 0.97 0.98 0.03 0.02 49071 0.47
Orffinder · Sm 591 0.96 0.98 0.04 0.02 63134 0.32
Orffinder · Sm · Strf 582 0.95 0.96 0.05 0.04 34147 0.63
Orffinder · Strf· Sm 577 0.94 0.95 0.06 0.05 33579 0.64
Testcode (w no opinion) 589 0.96 0.97 0.04 0.03 60794 0.35
Testcode (confident) 494 0.80 0.82 0.20 0.18 36063 0.61
G+O·(Strf+Sm)(≥ 2) 583 0.95 0.96 0.05 0.04 38045 0.59
G+O·(Strf+Sm)(= 3) 557 0.91 0.92 0.09 0.08 21779 0.77
G+O·(Strf+Sm+T)(≥ 3) 573 0.93 0.95 0.07 0.05 26823 0.71
G+Strf+Sm+T(≥ 3) 581 0.94 0.96 0.06 0.04 28503 0.70

Table 7.1: · denotes sequential combination, + denotes majority vote according
to the number in braces. The Found column has the number of genes identified
out of 770 possible. G Glimmer, O Orffinder, Sm Splicemodel, Strf Strandfinder,
T Testcode.

The protein sequences were searched against conceptual translations in all
six reading frames of the target data, the genomic scaffolds longer than 5 kb.
GenBank entries not found in the assembly - often old entries sequenced with less
reliable techniques - are not useful for gene prediction comparisons1. 615 genes
were found by BLAST search in the annotation set. These formed the baseline
for further comparison of the prediction methods. Estimates of method FN and
Sn were obtained by comparison to these genes. The reduction in number of
predictions from the more sophisticated methods compared to a näıve orffinder
were used as a tentative estimate of Sp. These approximative numbers agreed
well with the average Sn and Sp derived from comparing a few automated
predictions to a manual annotation gold standard on three reference sequences2

and were used during the development phase to evaluate performance (shown
in columns “Found rel Scaff” ∼ Sn and “Red vs ORFs” ∼ Sp in table 7.1).

As a final test, five contigs from the genome assembly were annotated man-

1On a related issue, initial worries that the assembly was incomplete were mitigated by
comparisons between assembly and the clone-by-clone approach, as well as inspection of the
missing genbank entries.

2The sequences were TIGR BAC 42O19, a SBRI cosmid from Chr 8 and the UU/KI Chr3
strandswitch[5], and the unpublished annotations were made by P. Myler, SBRI.
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Genes FP FN Ac
Manual 168 0 0 100%
KI 200 47 16 69%
AM (2 of 3) 168 29 29 65%
AM (2of 4 with skew) 231 70 8 66%
AM (3 of 4 with skew) 143 11 35 68%

Table 7.2: Comparison of AutoMAGI at different settings with the automated
A GUI approach against a manual gold standard annotation on five contigs.

ually by the SBRI team. For this analysis, the KI prediction from Glimmer,
Strandfinder, Splicemodel and Testcode at qualified majority (at least three out
of the four in agreement) was chosen since it showed good trade off in increased
specificity in return for a small decrease in sensitivity as compared to the most
sensitive methods, although it did not have the best overall accuracy.

168 genes were found in total. The KI approach was tied with AutoMAGI
for overall accuracy (table 7.2), but at the same accuracy, AutoMAGI had a
better Sp whereas the KI approach had better Sn. The previous was ultimately
considered preferable, since in the following comparative annotation we could
catch many genes missing from T. cruzi based on their homology to T. brucei
and L. major, whereas the work with weeding out false positives would have
been considerable. The annotation may possibly have lacked some T. cruzi
specific genes due to this decision.

Observing the rather high FP rate required for AutoMAGI to reach a better
Sn than the tested approach, it could be considered unfortunate that we did
not evaluate the predictions with our gene finder at settings for higher speci-
ficity. But, since the AutoMAGI predictions were satisfactory and a round of
comparative and manual annotation lay ahead, this was acceptable.

An additional source of information used in the AutoMAGI predictions, aside
from CodonUsage and GeneScan, was GC-skew optimum based strandedness
predictions. This should have made the assignment of strandswitches more
exact than in the strandfinder approach. The analysis in [II] was performed on
annotations made without use of any GC-skew directed strand choice.

It is interesting to note that there is a considerable number of ORFs with pre-
dicted splice-sites on the strand assigned as the non-coding (going from Orffinder
splicemodel to Orff·Sm·Strf in table 7.1). This is consistent with results from
later careful studies of gene expression in L. major, where two stable processed
transcripts were detected from the non-coding strand, in addition to 10 from
the coding strand [154].

7.4.3 Codon usage groups*

Codon usage bias has traditionally been estimated by selecting a set of ribo-
somal and other highly expressed proteins and counting the codon usage for
these. A recent algorithm [195] attempts to find such a dominating codon usage
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group de novo without consideration of annotation. The algorithm discovers
a “dominant” group of genes that gives a high CAI when used for computing
CAI weights by an iterative procedure. There is no guarantee that the most
dominant bias is a translational one. The correlation to GC content, GC3 bias,
GC-skew or other possible sources of biased codon usage must be investigated
in order to be certain that a group of genes with actual translational bias has
been found. It is possible to check what genes conform to this codon usage, and
test whether they are highly expressed.

This algorithm was reimplemented, and found a dominant codon usage
groups for each of the TriTryp genomes. The average codon usage was sim-
ilar between T. brucei and T. cruzi. Codon usage in the dominant groups was
also similar, and close to the average codon usage in L. major (figure 7.2).

The new codon adaption index(CAI) values showed low correlation to GC-
skew (R< 0.01). A pre-genome sequence study on codon usage found a strong
positive correlation between G+C content in the third codon position (GC3)
and gene expression in the TriTryps[189]. As expected we found a correlation
to GC3 (R=0.91) in T. cruzi. A comparatively weak correlation to GC con-
tent was also found (R=0.33), but the GC3 and GC unsurprisingly confounded
(R=0.41). The results in T. brucei and L. major were similar. However, in L.
major, the GC3 and GC content is not correlated; the variation in GC content
is small although the GC3 is highly variable and strongly correlated to CAI.
Consequently, no correlation between CAI and GC was found in L. major.

The functional annotation of the of the high CAI scoring genes indicate that
these are highly expressed genes, such as histones, ubiquitin, ribosomal proteins,
elongation factors, heat shock proteins, calmodulin, tubulin, paraflagellar rod
protein and some glycolytic enzymes. A translational bias towards this group
seems possible. The dominant set also includes genes for tryparedoxin peroxi-
dase as well as putative genes for dynamin, ubiquitin hydrolase, IgE-dependent
histamine-releasing factor, acetyltransferase and sets of genes for putative cal-
cium binding and flagellar calcium binding proteins. While not expected, it is
reasonable to assume a stress response gene such as tryparedoxin peroxidase to
be efficiently translated. The high scoring set also includes DGF-1. DGF-1s are
encoded by relatively large genes - often over 10 kbp. It is tempting to speculate
that the use of abundant isoacceptors is a necessity to ensure timely and error
free translation of a gene much larger than the average. Five hypothetical pro-
teins were present in the dominant set. These were all located in close proximity
on one contig3.

The results for L. major and T. brucei are similar. The dominant set for
T. brucei contained most of the expected genes found for T. cruzi, but lacked
calmodulin and calcium binding proteins. In additon genes for putative univer-
sal minicircle sequence binding protein (UMSBP) and membrane protein KM-11
were in the set. It seems reasonable to assume that these are also highly ex-
pressed in some circumstances. A small group of six conserved hypothetical

3Tc00.1047053508153 with gene numbers 40, 70, 80, 90 and 110
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Figure 7.2: Relations between the codon usage tables of Lm L. major, Tb T.
brucei, Tc T. cruzi, A all genes, G dominant codon usage group. The average
codon usage for all genes is similar in T. brucei and T. cruzi, but the codon
usages of the dominant groups are similar to the average codon usage of L.
major. Drawn using EMBOSS cusp and codcmp[196], PHYLIP Neighbour and
Drawtree[197].

genes were also in this set 4.
The L. major dominant set of genes is also similar to that of T. cruzi, but

includes UMSBP and the activated protein kinase c receptor (LACK) genes.
Eight hypothetical protein genes have a codon usage that indicates that they
are highly expressed under certain conditions 5.

7.5 The genome sequence of Trypanosoma cruzi
(III)

Together with our close collaborators at TIGR and SBRI, we presented the gene
content and insights into the genome structure of T. cruzi CL Brener [III]. CL
Brener was concluded to be a hybrid, showing considerable haplotype differ-

4Tb10.26.0240, Tb11.01.5740, Tb11.02.2540, Tb11.03.0660, Tb927.3.2560 and
Tb09.211.1240

5LmjF24.0410, LmjF32.2420, LmjF34.3140, LmjF35.1980, LmjF36.3820, LmjF36.4820,
LmjF32.2520 and LmjF06.0710
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ence. The differences are clustered in blocks, with intervening regions of higher
conservation. The genome is also highly repetitive. These factors made an accu-
rate structural assembly very difficult. Current scaffolds are mostly short, but
show good correlation to molecular karyotype markers. The structure of the
telomeric regions, home to some of the surface antigen molecules, was further
analyzed. 49 contigs with telomere repeats were found present in the genome
sequence. The large repetitive surface molecule families, of keen interest for the
understanding of host interaction and immune responses, were investigated. A
novel large family, named mucin associated surface protein, was discovered and
subsequently confirmed to be expressed [155]. The repetitive character of the
genome was investigated, also in relation to L. major and T. brucei. Signalling
pathways were analyzed, in particular the phosphatases and kinases, showing
some promise as potential drug targets.

My personal involvement consisted of setting up and running the computer
infrastructure in Uppsala and at the Karolinska, in-house database develop-
ment and interfaces between these and the sequencing crew as well as towards
the main T. cruzi sequence repository at TIGR. I have also taken part in the
continuing discussions on the analysis of genome content and structure. Aside
from the work on gene-finding, annotation software, message boundary predic-
tions and uORF predictions, which is presented elsewhere in this thesis, I have
been directly involved in the annotation of the T. cruzi surface molecules and
telomeric regions, the TriTryp kinases and RNA binding proteins. While the
genome analysis of T. cruzi revealed many more interesting features, the re-
mainder of this section will expand upon these areas. I also took part in the
analyses of the T. cruzi repeat content, in particular in the development of
software for the estimation of putative collapsed tandem repeats [III, table S4],
and contributed to the comparative structural and functional annotation of the
TriTryp genomes[iii].

7.5.1 Surface molecules

The T. cruzi surface is covered with extensively glycosylated GPI anchored
proteins of different kinds. These have previously been partially analyzed by
cloning and sequencing of individual members, as well as non-stringent hybridi-
sations with probes to estimate copy numbers. A large heterogeneity in the
surface molecules was expected, and also found.

Trans-sialidases

T. cruzi cannot synthesise sialic acid; rather parasite shed surface trans-sialidases
transfer sialyl moieties to surface mucins. These molecules appear to be impor-
tant for parasite survival (see e.g. [198]). Initially, we worked from the hypoth-
esis of six distinct trans-sialidase subgroups [16] (table 7.3), with 1a, 1b and
1c groups belonging to the trans-sialidase group, and group 2-4 to the trans-
sialidase like group. Using BLAST searches with representative sequences from
these subgroups as well as shorter peptide sequence signatures, such as SAPA
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TS group Function or notable members
1a enzymatically active; SAPA repeats and Tyr active site residue
1b enzymatically inactive; SAPA repeats and His active site residue
1c enzymatically active; SAPA repeats and Tyr active site residue
2 GP85-GP90
3 FL160 (CEA/CRP)
4 Tc13 with EPKSA-repeat

Table 7.3: Trans-sialidase subgroups as initially defined for searches.

repeats, the sialidase SXDXGXTW, the N-terminal FRIP motif and the sub-
terminal motif VTVxNVfLYNR, a matrix of similarity to the subgroups was
established. The diversity was larger than expected, with many putative pro-
teins that defied previous category boundaries. Also, many genes had good
overall homology, but lacked what was previously thought to be key signature
motifs.

Due to the within-group and between-group diversity, the six-group schema
was abandoned. We classified the TS into one active TS category, with high
similarity to the active form and the key tyrosine residue conserved [199], and
one large TS-like group [III, table S13], in accordance with the previous major
group division [16].

The active group was smaller than anticipated from previous estimates by
about an order of magnitude. Collapse of repeat copies may explain a large part
of this. The read coverage is deep on the active molecules, but without actually
resolving the repeats, an accurate count is difficult.

Much variation was present in the TS-like group (as can also be seen from
the TribeMCL clusters at different similarity cutoffs [III, table S5]), and it will
be interesting to see further functional studies on subgroups of these. Several
immune-response related effects have been shown for different catalytically in-
active TS molecules (see e.g. [16] and references therein).

Mucins

BLAST searches using some 40 partial mucin sequences from different categories
allowed the annotation of the mucins according to established subgroups of
TcMUC[19] and TcSMUG[23] (see [III, table S14]).

The insect vector expressed Tc SMUG showed low variation and few assem-
bled copies, although the copy number is almost certainly underestimated due
to collapses of nearly identical repeat copies [III, table S4]. In contrast, a large
variation was seen among the TcMUC. This is interesting, as these are expressed
in the mammalian host and exposed to the immune system. No homologs were
found in the other TriTryps, but eight of the PSA-2 GPI anchored surface pro-
teins in L. major were found to be structurally similar to the T. cruzi mucins,
and possess repeats similar to the T7KP2 otherwise found in TcMUC group I.
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GP63

A massive expansion of putative GP63 metalloprotease genes, better known as
MSP genes, was found in T. cruzi (see e.g. [III, table S5] and [99], table S17).
GP63 is primarily known as a Leishmania spp. surface dominant protein and
facilitator of complement lysis defense [18], but is also known to be expressed
in both T. cruzi and T. brucei. A reason for the expansion in T. cruzi is
not known, but due to the importance of GP63 in Leishmania sp. virulence,
further investigation is warranted. The expansion follows the general tendency
of expanded surface molecule gene families in T. cruzi.

7.5.2 Protein kinases

The TriTryp kinases [III, table S12] were identified using hmmer[200] searches
for PFAM[201] kinase domain (PF00069), BLAST searches against the Sugen-
Salk kinase database6, multiple alignments of catalytic domains and manual
expert inspection to verify classifications (see also [202]). The putative kinases
were further classified into the major eukaryotic protein kinase groups[203, 204].

While the kinome is large for a protozoan, the protein tyrosine kinase groups
(TK and TKL) are missing [III, table 4]. These are involved in many aspects
of signaling and differentiation in eukaryotes, with an emphasis on relaying in-
tercellular signals. The CAMK and AGC groups were underrepresented. These
groups contain members sensing Ca2+ and secondary messengers. Only a few
TriTryp PKs have predicted transmembrane regions. Taken together, it ap-
pears that the TriTryp kinases are not primarily involved in transmembrane
signalling. The TriTryps showed relatively high numbers of CMGC, STE and
NEK kinases. The CMGC group contains e.g. CDKs and MAP kinases, impor-
tant in regulation of cell cycle progression. STE in turn contains activators of
MAP kinases. The NEK group is less well studied, but NEK PKs function in cell
cycle and cytoskeleton[202]. Perhaps most surprising, auxiliary domains nor-
mally present to convey signalling specificity were scarce. In all, the relatively
large kinomes appear suited to enable the trypanosomatid parasites to respond
to environmental changes via orchestration of the cell cycle and differentiation.

There were about 20 atypical PKs in each genome, not found in human,
which is somewhat promising from a medical point of view (see e.g. [205]).

7.5.3 RNA recognition motif proteins

The RRM motif proteins are interesting in transcriptional and post-transcriptio-
nal regulation. Some are involved in the general RNA metabolism, and some
bind specific elements in the 3’-UTRs of mRNAs and alter message stability
and the differential regulation of expression[206].

We searched the genomes for the known TcUBP/RBP-proteins and some
RRM motifs using BLAST, as well as using hmmer with the PFAM RRM motif
(PF00076). Regular expression type patterns were used to confirm the presence

6http://kinase.com
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of RNP signatures. Results are found in [99] and the analysis was subsequently
expanded in [207]. In the context of RNA binding proteins, it is also interesting
to note the expansion of a group of zinc-finger proteins as compared to yeast
[99].

A large number of putative RNA binding proteins without assigned func-
tion opens for speculation, and is indeed consistent with post-transcriptional
mechanisms acting at the levels of transcript stability and translation control.

7.5.4 The telomeric regions

We identified telomeric contigs and scaffolds by searching for inexact matches
to the telomeric hexamer repeat. As the telomeric and subtelomeric regions are
highly - and inherently - repetitive, assembly problems were expected. 49 contigs
were found, and all but one were in scaffolds [III, table S6]. The telomeric regions
were rich in putative retrotransposon hot spot protein, trans-sialidase, and and
DGF-1 genes. Kinases, N-acetyltransferase ARD1 subunit, glycosyltransferase
and DEAD box helicase genes were also present in many of the telomeric contigs.
Many of these were annotated as pseudogenes. The 189 bp junction [208] and
part of the “GP85 5’-UTR”-element is conserved among all contigs (a total of
approximately 400 nt). Most also contain a further conserved region ending
with a first RHS protein. This is consistent with other sequenced telomeric
regions[209].

7.6 Messenger RNA processing sites in Trypano-
soma brucei (IV)

We developed a simple computer model of kinetoplastid splicing and polyadeny-
lation and applied this to the delineation of transcript boundaries [IV]. Ex-
pressed Sequence Tag sequences from T. brucei were aligned (mapped) to the
genomic sequence to obtain a set of known splice sites and polyadenylation sites.
These were used to calibrate and test the model in a leave-many-out cross-
validation study. We found that the model was sufficient to exactly predict the
correct splice sites in 2/3 of the cases, but that the exact polyadenylation site lo-
cation is currently poorly understood (only 4% were exactly predicted, whereas
90% of the predictions were within a short distance from the polyadenylation
site). We categorised the features of a typical splice site. We also made initial
attempts to localise regulatory motifs in the mapped and predicted 3’-UTRs.
A näıve linear motif finding approach did not uncover motifs that could ex-
plain developmentally regulated mRNA expression results sufficiently well. The
regulation may depend on tertiary structure rather than linear motifs.
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7.7 Kinetoplastid parasite trans splice site pre-
dictions reveal translational control by uAUGs
(V)

The model of kinetoplastid splicing was validated and applied to the genome
of T. cruzi [V]. Using both predictions and mapped cDNA, we found that a
large proportion of the genes have upstream open reading frames. Previously,
only one gene with a uORF has been studied in T. cruzi, but, just as for the
many such genes documented in higher eukaryotes, its expression was down
regulated by the uORF. Using the same model of splicing, a similar proportion
of uORFs was predicted for T. brucei and L. major. A set of orthologous
genes were predicted to have uORFs in all three species. We have proceeded to
test predicted uORFs experimentally, and expect them to repress translation in
GFP reporter constructs in T. cruzi epimastigotes. These experiments are still
ongoing.

7.7.1 Other elements on predicted UTRs*

Predictions of transcript boundaries are directly useful for identification of reg-
ulatory elements. The uORFs provide an example of this. We also identified
two subsets of transcripts with AU-rich elements (ARE) and G-rich elements
(GRE) in the 3’-UTRs. Since the 3’-UTRs could not be predicted to the exact
nucleotide, and a model for how the polyA tail is directed to one particular out
of several alternative downstream splice signals, a conservative prediction with
the shortest possible 3’-UTRs was used.

A set of ARE and GRE motifs were located in the predicted 3’-UTRs of
the T. cruzi genome. To this end, a simple and again relatively conserva-
tive approach was used. ATTTATTTATTTATTTATTTA, ATTTATTTATT-
TATTTA, WATTTATTTATTTAW and CGGGGCGGGG sequences, with at
most one mismatch each were located by fuzznuc[196], a IUPAC code enabled
program for inexact nucleotide matching. In order to minimise the overlap in
motifs, the longest motifs were first masked from the UTR sequences, and subse-
quent searches with the next shorter motifs were done on the masked sequences.
A search in the predicted 3’-UTRs of all T. cruzi contigs ≥ 10kbp uncovered
AREs for 973 genes, with 210 3’-UTRs that matched the longest motif form.
GREs were found in 687 genes. Hypothetical genes, mainly conserved ones,
were the most common; AREs were found in 605, and GREs in 345.

ARE and GRE motifs have previously been shown to regulate transcript sta-
bility in a set of mucin genes[210]. AREs promote stage specific rapid transcript
degradation in trypomastigotes, whereas GREs specifically stabilise transcripts
in epimastigotes.

While this approach revealed only 2 AREs in putative mucins (TcMUCII),
GREs were found in the 3’-UTRs of 51 putative mucins, 27 trans-sialidases and
24 MASPs. GREs were also found in 11 GP63 genes.

A set of 49 kinases have AREs, and another 25 GREs. AREs were found in



7.7. TRANS SPLICE SITE PREDICTIONS REVEAL UAUGS 49

17 chaperone genes, 11 with the longest form of the motif, in 14 phosphatase
genes and in 11 RNA-binding factor genes.

We postulate that these transcripts are under differential control of mRNA
stability. Experimental work to test this could prove interesting. While incom-
plete, a picture emerges where the stability of certain surface molecule tran-
scripts may be under direct control, as well as sets of proteins potentially regu-
lating many others, such as kinases, phosphatases, chaperones and RNA-binding
proteis.

As both 3’-UTR boundary predictions and this motif finding approach are
rather conservative, more AU/G rich elements must be present on expressed
transcripts. This is supported by the small number of AREs found in mucin
genes, and that no transcrips with both ARE and GRE were predicted, while
they have previously been described [183]. These previously studied TcMUC
transcripts had the GREs upstream of the AREs on the 3’-UTRs, which is
consistent with overly conservative 3’-UTR predictions.

Given the predicted alternative sites, one can also speculate in a mechanism
of alternative polyadenylation site choice, where the shorter form contains only
the GRE, and the longer variant contains also ARE, which in turn would affect
the stage specific stability of the transcripts.



”Science is what you know.
Philosophy is what you don’t know.”

– Bertrand Russell



Chapter 8

Concluding remarks

In this chapter, I will venture some thoughts of a more conjectural nature.

8.1 Base skew in the TriTryps

Given the striking difference between base skews in L. major v́ıs-a-v́ıs T. cruzi
and T. brucei, I would have expected to find a large difference between L. major
and T. brucei/T. cruzi in one of the strand asymmetric processes. From the
replication, transcription and repair machineries [99] of the TriTryps, this is not
yet evident. Perhaps instead small differences between the systems lead to the
skews over time. Still, such a discrepancy could be experimentally tractable. It
also seems that the story will turn more complex, before a solution is found.
The GC3 of L. major1, is also in conflict with current evolutionary theories.

8.2 The Trypanosoma cruzi genome

The Trypanosoma cruzi genome project yielded more structural information
than could be expected with the current methodologies. The whole genome
shotgun revealed the gene content, as expected, and core parts of chromosomes
could be assembled. The libraries showed good coverage of the chromosomes,
as exemplified by the large number of telomers assembled. The assembly was
also tested against previously sequenced BACs. With the extreme repeat and
polymorphism problems, a complete structural assembly was not to be expected.
Low coverage sequencing of a second strain in addition to CL Brener allowed
separation of regions where the haplotypes differed, and identification of regions
where they merged. Alignment of the fragmented contigs to the structurally
nearly complete L. major and T. brucei genomes allowed analyses at a structural
level, although partially conjectural.

1Submitted work by Necsulea and Lobry, electronic preview at http://biomserv.univ-
lyon1.fr/∼necsulea/repro
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While the most pressing objectives of the genome project have been fulfilled,
finishing of the repeated and polymorphic genome of CL Brener could still
yield valuable information on the evolution of T. cruzi. The variability and
repetiveness is certainly not only a nuisance to shotgun assembly: it constitutes
an inherent and important biological characteristic of T. cruzi. Ignoring it could
be a mistake.

It would be interesting to see if an optical map could be used to order and
bridge at least some of the repeats/polymorphic breaks. Optical maps were
used for the L. major [99] and T. brucei [30] genomes. A new assembly program
suited for a polymorphic genome, allowing bubbles of differences, or splitting
of identical regions between homologs, would be useful. It would likely have to
use information from both comparative analyses, related sequences, as well as
current sequence mapped gaps, karyotype data and other physical information.

The functional annotation of the genome is by necessity incomplete. While
dissatisfying at some level, even more detailed informatics analyses and more
experimental work will over time contribute to filling our gaps in knowledge.
The genome provides a lab notebook to connect results to. Only with the
involvement of experts from various fields and their help did the annotation
reach the current quality.

Publication of in particular the T. cruzi gene content was possibly delayed
due to the decision to incorporate comparative data. On the other hand, this
led to a level of structural and functional information that would otherwise not
have been attainable at the time. The sequencing data were continuously made
available to the community, albeit under restrictions against genome scale pub-
lications, which must have mitigated most problems with a delayed publication.

8.3 The usefulness of parasite genome sequences

Perhaps few in the post-genome era would raise objections to the cost-effective-
ness of genome sequences. This was however not the general sentiment in the
early days of the TriTryp project. The availability of the first few parasite
genomes has had an impact on research.

The availability of a few high coverage parasite genomes opens up the pos-
sibility for low coverage comparative sequencing. This enables near full genome
analyses at a lower cost. Such projects are well underway for each of the TriT-
ryps - notably L. infantum, L. braziliensis, L. chagasi, one of the human infec-
tive T. brucei subspecies, T. b. gambiense, as well as the livestock parasites
T. congolense, T. vivax, the T. cruzi related apathogenic T. rangeli and the
extracellular fish parasite T. carassii.

The genome sequence enables large scale expression studies. One example
is the University of Georgia proteome project [155], verifying the differential
expression of some 2800 proteins from four life cycle stages (metacyclic trypo-
mastigotes were separately recognised).

The availability of the genome sequence accelerates research in T. cruzi in
several other ways as well. Researchers that work with the basic biology of the
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trypanosomatids and some of those that strive to identify new drug and vaccine
candidates report significantly more efficient work due to the availability of the
genome data2.

Studies of gene function, in turn, aid rational drug design. While effec-
tive drugs have mainly been discovered serendipitously, the many rational ap-
proaches do produce some interesting inhibitors for different biochemical path-
ways of the parasites. With further derivatization and formulation, potent drugs
may appear. As drug resistance evolves, making old chemotherpeutics obsolete
in parts of the world, understanding the genetic basis of these mechanisms must
be worthwhile.

Metagenomics - to study by large scale sequencing all organisms in an en-
vironmental samples, all virii in a diseased person, or for that matter all pro-
tozoans in a complex infection, such as hyperendemic malaria - has become
feasible, at least for virii and bacteria. This allows the elucidation of population
structure, variation and interaction [57]. To sequence environmental isolates of
parasites and samples from individuals with complex infections would undoubt-
edly further our knowledge - and deepen our questions - about the trypanoso-
matids.

8.4 Trypanosomatid regulation of gene expres-
sion

The sometimes large differences between species and even isolates and the vary-
ing results from the use of different experimental techniques have been largely
ignored in this presentation to give a hopefully more comprehensive picture.
While this is certainly incorrect in some cases and the unique mechanisms of
each organism are of great importance, by and large this modus operandi has
proven useful in biology. A mechanism in one of the trypanosomatids can ini-
tially be assumed to be reasonably similar in the others. In time, evidence to
the opposite should accumulate via inconsistencies in results that rely on these
presumptions.

While it is reasonable to leave gene expression at the stage of finished protein,
regulation of protein stability and degradation can achieve changes in concen-
trations as much as regulation of protein expression, albeit at a longer time
scale. The actually discussed mechanisms also span a wide spectrum of time
scales, which can sometimes be essential for parasite survival.

Protein modification, such as the acetylation, farnesylation and phosphory-
lation brings much to the ability to fine tune the metabolome and interactome of
the parasites, also directly in response to environmental cues without dramatic
changes in protein translation rates. Some processes are compartmentalised
in the trypanosomatids, notably the glycolysis to the glycosome, which may
simplify metabolic control via transporters and metabolite concentrations.

2See e.g. Wellcome News 42 where Dr. Mike Fergusson and Dr. Sara Melville describe
their experiences.
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It is probably sufficient that a key set of proteins is carefully regulated, to
achieve orchestration of the cell cycle, differentiation and interaction with the
hosts.

Many of the post-transcriptional regulation mechanisms are shared, at least
in part, with other eukaryotes, including human, although there transcriptional
regulation is the most important. While this conservation may preclude some
possibilities for drug candidates, the trypanosomatids can be put to use as model
organisms.
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