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Abstract

The completion of the genome sequencing projects for major pathogens Trypanosoma brucei,
Trypanosoma cruzi and Leishmania major has enabled numerous studies that would have been
difficult or impossible to perform otherwise. New technologies in sequencing and protein analyses
promise further rapid expansion in our capabilities. The keys to successful use of these new tools are
recognizing the power and limitations of studies performed thus far, grasping the unrealized potential
of new and developing technologies, and creating access to a multidisciplinary set of skills that will
facilitate research, particularly in the bioinformatic analysis of the reams of data that will be
forthcoming. In this Discussion, we will provide an overview of kinetoplastid genomics studies with
emphasis on studies advanced through genomic data, and a preview of what may come in the near

future.
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Introduction

Trypanosomes, members of the order Kinetoplastida, are characterized by their overabundance
of mitochondrial DNA, and are most notorious as the causative agents of African Sleeping
Sickness, Chagas disease, and Leishmaniasis. As relatively ancient eukaryotes, the
trypanosomes have maintained pathways that have not survived the test of time in most other
lineages, while evolving mechanisms that are unique. Notable examples of these peculiarities
include the widespread use of trans-splicing that permits translation of RNA polymerase I-
generated transcripts that are viable mRNASs due to the acquisition of a RNA polymerase |-
transcribed spliced leader (SL) sequence (Campbell et al., 2003), the insertion/deletion RNA
editing mechanism of kinetoplastid mitochondrion (Stuart et al., 2005), and the elaborate
structure of their mitochondrial DNA, composed of thousands of interlinked molecules (Luke$
et al., 2003).

In 2005 three kinetoplastid (a.k.a. “Tritryp’) genomes were published, along with the first
genome-wide comparison showing extensive conservation of gene order, or synteny (El-Sayed
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et al., 2005a). The individual reports focused on various biological questions, both specifics
of the focus organism and highlighting features conserved throughout the Tritryps. The
Trypanosoma cruzi analysis discussed the high level of multicopy genes, DNA metabolism
pathways, signaling, and surface molecules (El-Sayed et al., 2005b); a complementary
proteome analysis was also performed (Atwood et al., 2005). The spotlight centered on
antigenic variation, cytoskeletal structures, and various physiological pathways in the
Trypanosoma brucei presentation (Berriman et al., 2005). The Leishmania major report delved
into transcription and RNA processing mechanisms (lvens et al., 2005).

The Tritryp databases are a constant tool in most every laboratory examining the cellular
biology, molecular biology, or evolution of kinetoplastids (a list of some useful web sites is
provided in Table 1). We will give a few of the many examples of genome use, and discuss
potential future directions using emerging technologies.

and improving the genomes

Some limitations to the genome assemblies exist currently. Within repeated sequences
insufficient data may be available to distinguish between polymerase errors, sequencing errors,
true alleles, and genomic repeats. As a result repetitive portions of the genome are not
represented accurately or may be collapsed to falsely appear singular. These issues continue
to be addressed by a number of researchers.

SL RNA genes are found in multicopy arrays on the order of a hundred copies. The published
genome sequences for the SL RNA gene arrays in all three Tritryps are incomplete in various
ways due to their repetitive natures, although attempts were made to present the data in as much
detail as possible. In L. major, for example, an arbitrary assembly was created in an effort to
represent as much of the data as possible, filling the estimated length of the array. The high
level of sequence conservation coupled with the head-to-tail tandem organization of the SL
RNA gene array has made it an ideal target for kinetoplastid identification, or barcoding
(Fernandes et al., 1994; Westenberger et al., 2004; Maslov et al., 2007). Typically asingle PCR
product is cloned and sequenced per identification, based on the assumption that the arrays are
homogeneous. SL repeat units gathered from L. major and T. cruzi sequencing projects were
used to perform an analysis of the multicopy SL RNA array (Thomas et al., 2005), challenging
the basis of the SL marker. Unexpected variation was revealed among the sequences within a
single array, including SL gene sequences in T. cruzi, however the use of single SL array
representatives was validated as a taxonomic marker in both genera.

Unannotated shotgun sequences generated by the genome projects of two T. cruzi strains were
used to assemble complete maxicircle sequences (Westenberger et al., 2006), including the
problematic variable regions that contain high numbers of repeated sequences. A preliminary
catalogue of guide RNA genes in the mitochondrial minicircle population was also generated
using the shotgun sequencing reads (Thomas et al., 2007), taking advantage of the relatively
low level of small fragments contaminating the 5-kb size cutoff for shotgun cloning; their
proportional mass alone dictated that the 1.4-kb minicircles would be present in the sequenced
population.

Kinetoplastid genomes are rife with multicopy genes. Over 20,000 new open reading frames
in the T. cruzi genomic analysis were described recently using a modified criterion that took
sequence coverage into account to combat artificial compression of the repeated alignments
(Arner et al., 2007). The basic idea is that sequence coverage should have been proportional
for all areas of the genome, thus if a particular gene was sequenced at a multiple of the 7.5-
fold average coverage of the entire genome, additional copies are indicated as indicated by the
sequence representation. This genome-wide bioinformatic study nearly doubles the number of

Infect Genet Evol. Author manuscript; available in PMC 2009 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 3

genes identified by the original report, emphasizing the importance of thorough in silico
analysis.

Pathway-specific studies

While their unique pathways are often the focus of attention, kinetoplastids are true eukaryotes
and share much of the same basic machinery with their vertebrate hosts and insect vectors.
Sequences with unknown function within the kinetoplastid genome projects can be ascribed
roles based on homology with other organisms. For example, part of the unique ‘cap 4’
hypermethylation of the trans-spliced universal mMRNA leader sequence, or SL RNA, is
catalyzed by three enzymes, one that is a member of a larger family found in other eukaryotes,
and two of which are relatives of a viral methyltransferase. The cap 4 enzymes had been sought
unsuccessfully using biochemical methods for decades, but emerged in an exhaustive
bioinformatic study of methyltransferases (Feder et al., 2003). This comparative genomics
study provided targets whose roles in important biological processes are being validated and
further studied at the molecular level, thus far revealing three of the five or six
methyltransferases involved (Zamudio et al., 2006; Zamudio et al., 2007; Mittra et al., 2008).

Using the shared and distinct characteristics of other organisms will provide clues for the roles
of many hypothetical kinetoplastid genes. A clever screen for cytoskeletal elements involved
in cellular motility revealed a group of 50 potential targets, 41 of which had not been
characterized previously, by comparing motile-flagellar and non-motile-flagellar components
the 41 proteins were challenged for motility function using inducible RNA interference (Baron
et al., 2007). This study used functional parameters to generate a list of candidate proteins that
are likely to include key structural and regulatory elements in kinetoplastid movement.
Anticipated members include not only structural flagellar components, but also regulatory
elements controlling motor function such as Dynein Regulatory Complex (DRC).

By generating sequences from more strains and species, more elaborate comparative genomics
studies can be performed to distinguish differences between these groups and perhaps to shed
light on differences in biology and pathogenesis. Regulatory gene families including the
kinases (Parsons et al., 2005), phosphatases (Brenchley et al., 2007), and RNA binding proteins
(De Gaudenzi et al., 2005) have been the focus of Tritryp-based studies. This approach can
help distinguish the various species of Leishmania, for example, and has been broached on an
organismal level (Peacock etal., 2007; Smith et al., 2007) as well as for particular gene families
and genomic regions (Jackson et al., 2006; Liang et al., 2007; Puechberty et al., 2007). Genome
data is being used to determine the differences between T. brucei and T. cruzi (Obado et al.,
2007) and to determine differences between strains of T. cruzi (Westenberger et al., 2005).

Last, but certainly not least, the genome data serve as an invaluable reference in the daily lives
of researchers in simple inglorious tasks such as the design of cloning strategies that would
have required a great deal more effort in the past. It is rare to come across a kinetoplastid
manuscript that does not take advantage of a genome project at some level, indicating that the
effort was worthy and that the presentation is accessible to the research community.
Furthermore, the presence of the kinetoplastid sequences in general databases such as Genbank
will lead to their inclusion in biologically broad studies, such as the methyltransferase study
(Feder et al., 2003), revealing unsuspected activities in the process.

Genomics-based tools

Microarrays have become less expensive, more reliable, increasingly customizable and, as a
result, widely used. With the current technology, a single microarray can contain probes
covering nearly the entire kinetoplastid genome sequence, allowing researchers to map a
hybridizing molecule back to the genome with great precision. The most broadly accessible
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services offer custom microarray design, and full-service labeling, hybridization, and scanning
of samples. Such services remove the onus of developing in-house technical expertise from
scratch and provide more reliability and quality control to the technique, allowing the
researcher to focus on proper experimental design. While the analyses for some applications
such as expression studies can be performed as a service, many advanced experimental
questions such as time-courses or protein-binding and motif discovery are unique or difficult
to streamline. For these applications laboratories must develop the bioinformatic infrastructure
to manage and analyze the data, or initiate strategic collaborations.

For kinetoplastid studies microarrays have been used primarily to assay steady-state levels of
RNA transcripts genome-wide. These arrays can be used to determine differences in expression
between different lifecycle stages (Cohen-Freue et al., 2007; Holzer et al., 2006; Leifso et al.,
2007; Saxena et al., 2007; Srividya et al., 2007), and to determine expression differences
associated with drug resistance (Salotra et al., 2006; Singh et al., 2007). More recent studies
have used microarrays and chromatin immunoprecipitations (ChIP-chips) to map the binding
of transcription factors and epigenetic markers genome-wide (Peter Myler, personal
communication). These studies revealed the first genome-wide predictions for sites of
polycistronic transcription initiation, confirmed the observation of acetylations at divergent
strand-switch regions (Respuela et al. 2008), and suggested that the acetylations may be life-
cycle-dependent.

DNA sequencing: beyond Sanger

Eleven years and many millions of dollars were required between the selection of the strains
used for genome sequencing and the completion of the three genome projects produced by
whole-genome shotgun for T. cruzi (El-Sayed et al., 2005), large insert clones and whole
chromosome shotgun sequencing for L. major (lvens et al., 2005), and whole chromosome
shotgun with bacterial artificial cloning walking strategies for T. brucei (Berriman et al.,
2005). The L. infantum and L. braziliensis genomes were sequenced relatively rapidly for a
much lower price (Peacock et al., 2007). The Sanger dideoxy chain termination method was
used to generate the data in these genome projects, using cloned genomic DNA fragments,
vector-specific oligonucleotide primers, and a DNA polymerase for elongation. Chain
terminator nucleotides identify the nucleotide at the terminal end of each DNA strand, and
individual sequencing ‘reads’ range from 400-900 nt.

The drive to develop efficient sequencing technologies in the race for the $1,000 dollar human
genome has encouraged further innovation (Service, 2006). With newer sequencing platforms,
cost and speed are improved dramatically (Pop and Salzberg, 2008; Shendure et al., 2008).
Non-Sanger methodologies have given rise to a new set of jargon to describe the processes,
including ‘emulsion PCR’, ‘cyclic array’ and ‘massively parallel sequencing’. The details of
these methods may differ, but essentially they involve running sequencing reactions on a
nanoscale, avoiding cloning altogether while relying on PCR to amplify entire fragmented
genomes in isolated microenvironments. A bare bones description of a genomic sequencing
reaction would proceed as follows: 1) purified DNA is sheared to a size range of 300-800 bp,
followed by ligation of two adapter oligonucleotides; 2) each genomic fragment is isolated
from the rest of the genome and amplified by PCR; 3) the PCR fragments are attached to a
solid support and localized onto a microwell plate with DNA polymerase; 4) the microwell
plate is flooded sequentially with each nucleotide, and elongations in individual wells are read
and recorded. ‘Emulsion PCR’ describes the aqueous PCR reactions that occur within mineral
oil based droplets prior to attachment to a bead. The microwell plating results in the ‘massively
parallel’ sequencing reactions that occur by the nucleotide ACGT “cycling’ until the read is
complete, and are read according to output of particular nucleotide markers or the generation
of pyrophosphate in the elongation (hence, ‘pyrosequencing’). Some methods elongate only
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one base at a time, while the pyrosequencing method can record accurately a maximum of 8
consecutive identical nucleotides. The read lengths of the various methodologies range from
a few dozen to several hundred nucleotides, making the task of data assembly more of a
challenge than with the traditional Sanger capillary sequencing approaches. The genome of
model kinetoplastid Crithidia fasciculata has been sequenced using the Roche 454 platform,
and is being assembled (Stephen Beverley, personal communication).

The next generation of DNA sequencing technologies is likely to be dominated by single-
molecule, real-time (e.g. SMRT) techniques as opposed to methods that require amplification
of DNA or where sequencing occurs in repetitive cycles with pausing at various stages. One
implementation of this strategy uses Fluorescence Resonance Energy Transfer (FRET) to
monitor fluorescent nucleotides in real-time as they are incorporated into individual elongating
strands (Korlach et al., 2008). Relying on the processivity, speed, and fidelity of DNA
polymerase coupled with thousands of simultaneous reactions, Pacific Biosciences anticipates
that an entire human genome can be sequenced in 15 minutes for less than $500 by 2013. Also
in the near future, nanopore methods (Shendure et al., 2008) may play an important role in
DNA sequencing. By drawing individual DNA strands through a nanopore, its bases can be
scanned as it flows through, generating a very rapid sequence with extremely long read lengths.
In addition to its theoretical cost and speed benefits, this technology has the relatively unique
potential to eliminate current problems in assembling repetitive sequences with little genetic
variation.

Proteomics and post-genomic analyses

Proteomics analyses complement microarray studies (McNicoll et al., 2006; Leifso et al.,
2007) with distinct data content since a subset of the genome project is represented with further
modifications overlaid upon the basic amino acid sequence. As alternative splicing is not
anticipated to be a common strategy to generate diversity in kinetoplastid gene expression due
to the dearth of introns (Berriman et al., 2005), post-transcriptional protein modifications will
account for the variety of products arising from single gene sources. The content of a proteome
analysis can change rapidly, as during a switch between life stages, or vary according to the
sub-cellular locale. While some kinetoplastid studies focus on particular sub-cellular regions
(Foucher et al., 2006) or organelles such as the mitochondrion or glycosome (Colasante et al.,
2006), the most ambitious studies tackle the whole organism (Atwood et al., 2005) or seek to
compare species (Brobey et al., 2006). Parasite antigenicity (Dea-Ayuela et al., 2006; Forgber
etal., 2006; Gupta et al., 2007), and drug resistance (Vergnes et al., 2007) are common foci in
kinetoplastid proteomics. Analysis of the kinetoplast transcriptome and proteosome revealed
unexpected diversity (Lukes et al., 2005), which could be attributed to the phenomenon of
differential RNA editing (Ochsenreiter et al., 2008).

The identification of particular genes marks the beginning of characterization and validation
at the protein level. While most research groups will follow specific pathways, others have
taken a wider approach, as through the systematic application of RNA interference to each of
the 210 genes found on chromosome 1 of T. brucei (Subramaniam et al., 2006). Proteins of
particular interest can be assessed for participation in complexes using a variant of the tandem
affinity purification tag called PTP (Schimanski et al., 2005).

Mass spectrometry is one of most efficient tools to use for proteomic characterization. The
RBP12 subunit of T. brucei RNA polymerase Il was characterized by mass spec, and seven
proteins that associate with the RNA polymerase were identified (Das et al., 2006). With the
emergence of Multidimensional Protein Identification Technology (MudPIT), complex protein
populations can be characterized without prior gel purification of the target proteins. Using
sequential cation exchange and reverse phase chromatography, the tryptic peptides in a sample
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are subjected to mass spectrometry. Post-transcriptional modifications will play a major role
in kinetoplastid gene expression, thus a catalog of secondary protein modifications will be
revealing. An example of what could be revealed in kinetoplastids using MudPIT is the
identification of sumoylated proteins in Saccharomyces cerivisiae by employing nickel-
column purification of His8-tagged SUMO (or small ubiquitin-related modifier) conjugated
proteins: 271 proteins modified by this post-transcriptional pathway were validated by a
minimum of two peptide hits per gene (Wohlschelegel et al., 2004). As in any mass spec-driven
analysis, a complete genomic sequence is essential to protein identification.

Bioinformatics: beyond BLAST

Increasingly popular fee-based genomics services include analysis of microarray, sequencing
and spectrometry data, however the details of kinetoplastid biology often necessitate the ability
to tailor analyses to suit their peculiarities. The programming language Perl, introduced by
Larry Wall in 1987, and the statistics package R (Ihaka and Gentleman, 1996) are in silico
tools for extracting the most from genomic data. Both are available free for download for a
variety of operating systems from sources like ActivePerl and CRAN, respectively. After
developing the ability to read and write files in standard formats (fasta, gff, bed, wiggle, etc),
a multitude of analytical possibilities are accessible. In general, Perl is used when complex
algorithms and manipulation of genomic sequence data are involved, and R is especially good
with statistics and with plots and graphs. As an example, we have written Perl scrips to identify
and analyze sequencing reads of SL RNA genes (Thomas et al., 2005) and both Perl and R
were used to cull minicircle reads from the T. cruzi sequence database and to develop a method
of predicting the location of guide RNAs within those sequences using a simple Hidden Markov
Model (Thomas et al., 2007). Likewise, the KISS database (Ochsenreiter et al., 2007),
developed for T. brucei guide RNA analysis used an assortment of bioinformatic programs to
generate a website tool for use by the RNA editing community. Simple stepping stones such
as reading data from a file, performing simple analyses, and writing the results back to a file
pave the way for the development of more sophisticated analyses like dynamic programming
methods (Markov Chain processes, Metropolis/Hastings approaches, etc.).

Among our short list of popular bioinformatics tools, BioConductor for R is free source for a
range of tools including those needed for microarray analysis available for download from the
CRAN website. MEME and MAST (Bailey et al., 2006) can be used to find and map,
respectively, any motifs found in a set of sequences. The aptly named ‘Cluster’ (Eisen et al.,
1998) can perform a range of clustering techniques. For visualization of clustered data,
Matrix2png can be run over the web (Pavlidis and Noble, 2003) as can WebLogo (Crooks et
al., 2004), which is used to generate cartoons of sequence motifs. For mass spectrometry data,
the best software available will likely be that owned by the unit performing the analysis,
however a few free tools such as the Open Mass Spectrometry Search Algorithm (OMSSA)
are available through NCBI (Geer et al., 2004).

Permutation methods offer another powerful set of tools. To determine if a sequence motif is
enriched in a particular set of immunoprecipitated sequences, for example, the probability that
the motif could be found at random from among sequences of identical base frequency and
length as that used in the analysis must be determined. This probability can be determined
without any statistical knowledge whatsoever, thus removing the boundary between the
researcher and a homegrown tool. The dataset is shuffled randomly and the number of times
that sequence is found in the permuted list is counted. When repeated infinitely (or several
thousand times), the probability can be approximated. Three observations in 100,000
permutations can be interpreted directly as a 3 in 100,000 chance that the motif observed can
occur randomly, given weight to any conclusion that such a motif is significant when found
multiple times in a data set. Permutation tests are expensive computationally and do require
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some coding, but sample scripts are available (Thomas et al., 2007) that can be adapted for
particular uses.

Beyond analysis and implementation, a grasp of how to interpret properly genomics data is
imperative. To generate potential drug targets from microarray data, for example, a vast number
of statistical tests are performed and a few are selected based on specific criteria. Three popular
ways to determine significance and control error when performing massive numbers of
statistical tests include: 1) the standard single test approach (most relaxed), 2) the false
discovery rate (FDR) (Benjamini and Hochberg, 1995) approach, and 3) the Bonferroni
correction (Bonferroni, 1936) the most stringent of the three. A working knowledge of these
methods should be sought out in order to grasp the challenges of whole-genome studies.

To determine whether certain data cluster in any meaningful way, such as when evolutionary
trees are derived or when gene networks are inferred from microarray data, two general
categories of clustering algorithms can be applied: hierarchical and partitioning. Evolutionary
trees are an example of hierarchical clustering, where a number of objects are clustered by
distance from one another and are linked in a relationship tree. Partition methods such as K-
means clustering (MacQueen, 1967) break a group of objects into a preordained number of
classes, 2 for example, when the goal is to identify genes affected by a drug versus those
unaffected.

This short survey of concepts is a slice through the realm of skills useful in genomics research
that provide new views of data not otherwise visible. The conduct of biology research has
changed in dramatic ways with the introduction of the BLAST algorithm (Altschul et al.,
1990), combined with an ever-increasing number of fully sequenced genomes. Advancements
in genomics technology and analysis will continue to shape the broader field, and bioinformatic
methodologies will have to rush to keep pace with the torrent of information that will fill
databases in the coming years.

Catching the nuances

In genomics we need ways to study cryptic sub-populations and 'unculturable' specimens. In
these respects, the development of single-cell genomics techniques (Walker and Parkhill,
2008) will aid researchers answer questions that are difficult to address currently, such as the
assembly of genomes for unculturable organisms. Even in cells that have been ‘domesticated’
it is not certain that the genomes of these organisms truly represent the variety found in nature,
and in genomics studies of pathogenicity or potential therapies, the behavior of these domestic
strains may not always reflect the behavior of fresh isolates. The development of single-cell
genomics techniques will greatly aid our understanding of these currently-opaque problems.

Up-and-coming technologies could generate 3 Mbp per second of sequence information. The
sheer magnitude of this output would allow experiments that could only be imagined just a
few years ago. Combined with single-cell genomics techniques, a fresh isolate containing a
number of genetically or functionally unique unculturable cells could be sequenced as
individuals, have their genomes assembled, be completely profiled for expression, epigenetic
markers, DNA-binding, and RNA-protein binding all with amazing rapidity. In conjunction
with proteomics technologies, researchers will be able to measure what is happening at all
levels of kinetoplastid physiology. A critical bottleneck in the ability to utilize these
technologies effectively will be access to mathematics, statistics, computer science,
informatics, and engineering skill sets within the kinetoplastid research community.
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List of useful web sites for the kinetoplastid genomics researcher
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Kinetoplastid-specific
GeneDB

TrypanoFAN database
Structural Genomics of Parasitic Protozoa
TDR drug discovery database
KISS RNA editing tool
Genome browsers

UCSC genome browser
Artemis genome browser
NimbleGen genome browser
Sequencing

454 Sequencing techology
SMRT

Nanopore

Bioinformatics

Perl

R

Cluster

MEME (motif discovery)
Gibb's Sampler (motif discovery)
Sequence logos

OMSSA (mass spec search)

matrix2png

www.genedb.org/
trypanofan.path.cam.ac.uk/trypanofan/main/
WWW.sgpp.org

tdrtargets.org/

rna.bmb.uga.edu/kiss/

genome.ucsc.edu
www.sanger.ac.uk/Software/Artemis

www.nimblegen.com

www.dkfz.de/gpcf/242.html
www.pacificbiosciences.com/index.php

www.mcb.harvard.edu/branton/projects-NanoporeSequencing.htm

www.activestate.com/Products/ActivePerl
cran.r-project.org
rana.lbl.gov/EisenSoftware.htm
meme.sdsc.edu/meme
bayesweb.wadsworth.org/gibbs/gibbs.html
weblogo.berkeley.edu
pubchem.ncbi.nlm.nih.gov/omssa

www.bioinformatics.ubc.ca/matrix2png
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