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Zusammenfassung

Wihrend der letzten zehn Jahre ist Tribolium castaneum das Insekt der Wahl der
vergleichenden Genetik und Entwiklungsbiologie ausserhalb der Drosophiliden
geworden. Bis heute sind die meisten molekularen Studien auf die Segmentierung und
die homeotischen Gene fokussiert. Um unabhidngiges Wissen {iber die genetische
Basis der Insektenentwicklung zu erlangen, wurden im Rahmen einer genomischen

Studie ein EST und ein BAC Enden Sequenzierprojekt initiert.

Fiir das EST Projekt wurden 2.246 zufillig gewihlte Klone sequenziert, aus
denen 488 nicht redundante Contigs zusammengesetzt wurden. Von diesen wurden
280 Sequenzen ausgewdhlt, und zusammen mit 86 unabhingig klonierten
mutmasslichen Transkripitonsfaktoren mittels in situ Hybridisierung genauer
charakterisiert. Durch die Expressionsanalyse konnten mindestens 25 neue Gene
isoliert ~werden, die wahrscheinlich in  verschiedenen  Aspekten  der
Embryonalentwicklung von Tribolium wie Segmentierung, Entwicklung der
Extremitdten, Neurogenese, Myogenese und Musterbildung der terminalen Strukturen
ein Rolle spielen. Eine vergleichende Analyse der EST Sequenzen unter
evolutiondren Gesichtspunkten bestitigte, dass 7ribolium im Vergleich zu den
Dipteren eine langsam evolvierende Spezies ist. Die Daten zeigten, dass
Evolutionsraten aus Gen und Spezies spezifischen Raten zusammengesetzt sind, wie

von der neutralen Evolutionstheorie vorhergesagt.

Bis heute deckt das BAC-Enden Sequenzierprojekt mit 8.640 Sequenzen 2,9%
des Tribolium Genoms ab. Durch eine funktionelle Analyse eines Teils dieser BAC
End Sequenzen (BES) konnten 486 mutmassliche offene Leseraster identifiziert
werden. Es kann geschitzt werden, dass in den 53.000 BES die produziert werden
sollen 6.900 offene Leseraster enthalten sind, und damit 18% des Genoms sequenziert

werden.

Es wird gezeigt, dass die Sequenzierung zufillig ausgewéhlter ESTs und der
BAC Enden eine leistungsfiahige Methode zur Identifizierung neuer Gene ist, bei der
Erstellung einer Karte des Tribolium Genoms hilft, und der Identifizierung von

kodierenden Bereichen in genomischen Sequenzen dient.
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Summary

During the last decade, Tribolium castaneum has become the insect of choice for
comparative genetics and developmental studies outside of drosophilids. Until
recently, most molecular studies have focused on the comparative analysis of early
development with a focus on segmentation and homeotic genes. In order to acquire
independent knowledge on the genetic basis of insect development, a genomic
approach consisting of EST and BAC-ends sequencing projects has been initiated in

Tribolium.

The EST project resulted in the production of 2,246 random sequences
representing 488 non-redundant EST contigs. Of those, 280 sequences were selected,
along with 86 independently cloned putative transcription factors, and further
characterized by in situ hybridization. Expression analysis led to the identification of
at least 25 novel genes putatively involved in diverse aspects of Tribolium embryonic
development such as segmentation, appendage development, neurogenesis,
myogenesis and terminal patterning. Comparative evolutionary analysis of the EST
sequences verified that Tribolium is a slow evolving species when compared to
dipterans. As predicted by the neutral theory, the data also revealed that evolutionary

rates are a composite measure of both gene and species specific rates.

To date, the BAC-ends sequencing project resulted in the production of 8,640
sequences covering 2.9% of the Tribolium genome. A functional analysis of a subset
of these BAC-end sequences (BES) allowed the identification of 486 putative ORFs.
It is estimated that of the 53,000 BES to be produced, 6,900 ORFs will be found,

comprising 18% of the genome.

Random sequencing of ESTs and production of BES are shown to be powerful
ways to identify new genes, to help mapping the Tribolium genome and to identify

coding regions in genomic sequences.
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1. General introduction

1.1 Taxonomy

Tribolium castaneum HERBST (Coleoptera; Tenebrionidae) also known as the
red flour beetle or Mehlkdfer is a common, worldwide distributed pest of cereal
products. The genus Tribolium comprises 33 species divided in five species groups
(Hinton, 1948; reviewed in Sokoloff, 1972). Only eight species are maintained as
culture in laboratories. Among those, Tribolium castaneum and Tribolium confusum,
which are the most widespread species, are the ones more frequently used in a

scientific environment.

1.2 First steps as model organism

Although the description of Tribolium castaneum by Herbst goes back to 1797,
its first use as a model organism had to wait until the beginning of the twentieth
century. The very first experiments generally concerned the Tenebrionidae family at
large rather than Tribolium castaneum per se. Chapman (1924a) first stressed the use
of Tribolium in population studies while Arendsen Hein (1920; 1924a; 1924b) and
Ferwerda (1928) were using Tenebrio molitor (mealworm) to study the heritability of
characters. 7. castaneum’s real debut on the scientific scene goes back to the 1930s
when Park (1934) and Good (1936) described the general biology of Tribolium, and

when pearl, the very first T. castaneum mutant, was described (Park, 1937).

Genetics being still at its infancy, the research involving 7Tribolium during the
following two decades focused almost entirely on population ecology and pest
control. Noteworthy was the work of Thomas Park, which mainly dealt with
interspecies competition between Tribolium castaneum and Tribolium confusum
(Park, 1948, 1954, 1957). Interestingly, what was first seen as being competition was
later reinterpreted as a predator-prey interaction between the two species (Park et al.,
1965; Sokoloff and Lerner, 1967). The question then raised by Alexander Sokoloff

“Interactions in Tribolium: Competition or predator-prey?” is still open today.
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A certain interest in 7ribolium among geneticists arose only in the early 1960s
with the production of the first linkage maps and the description of several mutants.
Yet, on the whole, the main focus of research on Tribolium historically speaking has
been as a model organism for population ecology and genetics, parasitology and
insecticide resistance. Figure 1.1 illustrates this fact. The histogram represents the
approximate number of publications describing Tribolium research produced every
decade since 1945, both in historical and genetic fields. At first sight, one can
immediately see that historical fields account for the vast majority (90%) of all the
Tribolium related publications. Still, interest in 7ribolium has never stopped growing,
and in the last fifteen years, the number of publications in every field of biology
follows an exponential growth. Here, we shall focus on the rise of Tribolium
castaneum as model organism in genetics and development. The association of

Tribolium with genetics has its very own history, which will be described later on.
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Figure 1.1 Distribution of scientific publications concerning T7ribolium between genetics and
development (blue) and other fields of biological sciences (ivory) since 1945. The shadowed areas in
the 2000-09 decade are forecasts for the interval 2004-2009. Statistics were compiled by querying the
ISI Web of Science database using “7Tribolium” as query.
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1.3 Why use Tribolium anyway?

Several factors favour the use of Tribolium castaneum as model organism.
Generally speaking, it represents the majority. Coleoptera is the most successful
group among insects and possibly among animals, if the number of species is a
criterion. The coleopteran order comprises a minimum of 350,000 species.
Specifically, Tribolium has a short life cycle that lasts about one month from zygote
to reproductive adult. It can be reared in dense population, on a simple medium (flour
supplemented with brewer’s yeast), and in a wide range of temperature and relative
humidity conditions. Females produce eggs one to two days after hatching and this for
a period of four to five months. They can produce about ten to twenty eggs a day.
Various stages of the life cycle can be isolated easily from the flour with sieves of
different mesh. The adults can be long-lived. The average for Tribolium castaneum is
about six months but two and a half year old males have been found (Good, 1936).
Stocks require little care. At 25°C, a stock can maintain itself for four to six months

before one needs to replace the medium.

Compared to Drosophila melanogaster, which is the major insect model
organism for genetics and development, Tribolium has also several advantages. First,
in contrast to Drosophila, Tribolium has a short germ mode of development, which is
considered to be the ancestral condition among insects (Tautz et al., 1994). Second,
the presence of a non-invaginated head and limb buds during embryogenesis favour
the use of Tribolium to study head and appendage development. Third, Tribolium can
be useful to bridge comparisons between Drosophila and human. It is well known that
dipterans and especially Drosophila are fast evolving organisms (Friedrich and Tautz
(1997) and Chapter 4 of this thesis), making the use of drosophilid species sometimes
difficult in the context of comparative biology. And finally, every standard genetic
and developmental technique developed in Drosophila melanogaster can also be

applied in Tribolium.
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1.4 Tribolium as model organism for genetics & development

As introduced earlier in this chapter, Tribolium castaneum has a long history as
a model organism among insects alongside the well-characterized fruit fly Drosophila
melanogaster. The situation of Tribolium being somewhat subordinated to Drosophila

as model organism has influenced the field of Tribolium genetics since its creation.

In 1958, an informal meeting of geneticists and ecologists using 7ribolium in
their research was held at the International Genetics Congress in Montréal where it
was decided to create the 7ribolium Information Bulletin. This publication, patterned
on the Drosophila Information Service started in 1934, was meant to store
information concerning newly described mutants, linkage studies and stock lists.
However, at this time not much information was available. In total, only five

T. castaneum and two T. confusum mutants had been described.

During the 1960s, a first wave of genetic data was collected mainly due to the
effort of Alexander Sokoloff and Peter Dawson. During an interval of a few years,
more than 150 primarily spontaneous mutant phenotypes were described. In parallel, a
genetic map covering the ten linkage groups of Tribolium was constructed. This first
map, containing 35 markers, and several mutants were summarized in the first book
devoted to Tribolium genetics: “The Genetics of Tribolium and Related Species”
(Sokoloff, 1966). A few years later, a series of three books termed “The Biology of
Tribolium” (Sokoloff, 1972, 1974, 1977) was written in the spirit of “The Biology of
Drosophila” edited by Milislav Demerec in 1950. In the same way Demerec’s
publication was in his time a bible to any Drosophila researcher, the Tribolium
counterpart was meant to be a reference work that would stimulate research in the
field. However, these books represented the end of an era for Tribolium genetics.
Perhaps because of the great enthusiasm generated by the discovery of the Hox gene
cluster (Lewis, 1978) and the segmentation cascade (Nusslein-Volhard and
Wieschaus, 1980) in Drosophila melanogaster, research in genetics and development
using Tribolium more-or-less ceased to exist for about twenty years during the 1970s

and 1980s (Figure 1.1).
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It is only at the very end of the 1980s that researchers regained interest in
Tribolium. Stimulated by the description of the antero-posterior segmentation cascade
in Drosophila, researchers embarked on a comparative study of the cascade in both
organisms to determine how conserved this patterning mechanism might be. Starting
with the Hox cluster (Beeman et al., 1989; Stuart et al., 1991; Beeman et al., 1993),
every level of the segmentation cascade was studied and orthologous genes such as
the gap gene hunchback (Wolff et al., 1995), the pair-rule genes hairy (Sommer and
Tautz, 1993) and even-skipped (Brown et al., 1997) as well as the segment polarity
genes engrailed (Brown et al., 1994) and wingless (Nagy and Carroll, 1994) were
cloned and characterized in Tribolium. This interest for comparative analysis between
the two species extended to other areas of insect development such as head patterning
(orthodenticle (Li et al., 1996)), dorso/ventral patterning (twist and snail (Sommer and
Tautz, 1994), and decapentaplegic (Doctor et al., 1995; Doctor et al., 1996)),
appendage development (Distal-less (Beermann et al., 2001) and dachshund (Prpic et
al., 2001)) and most recently neurogenesis (achaete-scute (Wheeler et al., 2003)).

In parallel to the classical approach of cloning and characterizing orthologous
genes, other significant initiatives were taken to facilitate the use of Tribolium as
model organism. A new genetic map containing 131 molecular markers covering the
ten linkage groups at an interval of 350 kb/cM was produced (Beeman and Brown,
1999). A mutagenic screen focusing specifically on segmentation mutants
(Maderspacher et al., 1998) was initiated, bringing the number of mutant stocks
available from different laboratories to several hundred. Technical innovations were
also realized, making genetic manipulations possible in 7ribolium. The universal
insect transformation system (Berghammer et al., 1999) and the parental RNA
interference (pRNAi) technique (Bucher et al., 2002) were first developed in

Tribolium.
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1.5 Tribolium in the genomic era

Although the conserved and divergent aspects of Tribolium and Drosophila
development are far from being understood, almost every orthologous gene of
developmental interest that could be characterized in 77ibolium has been cloned. Yet,
after more than a decade of genetic and developmental studies in Tribolium, only few
original discoveries have been made outside of Drosophila. Notwithstanding the fact
that comparative work done between the two species was highly significant, relatively

few novel ideas concerning insect embryonic development were generated.

At the dawn of the 21* century, it became a consensus idea among Tribolium
developmental biologists that novel genetic data had to be generated to make
Tribolium a model organism in its own right. To circumvent the paucity of Tribolium
specific developmental molecular markers, we decided to adopt a genomic approach
to the problem and to initiate an expressed sequence tag (EST) project in Tribolium
castaneum. Our approach can be divided into three successive steps: (1) generation
and annotation of sequence data, (2) in sifu hybridization screen and (3) RNAi
functional analysis. For the purpose of my PhD work, only the first two steps are here
presented. The third step is to be initiated in the near future. Sequence data that were
originally meant to be generated from a single source of genetic material, ended up
being obtained using three different sources (cDNA library, direct cloning and BAC
library) and are therefore presented in three distinct chapters. A last chapter concerns
evolutionary features of Tribolium as deduced from the comparative analysis of

evolutionary rates between the beetle, dipterans and human.
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2. The EST project

2.1 Introduction

Since DNA cycle sequencing has become a routine procedure, the generation of
expressed sequence tags or ESTs is the method of choice to generate rapidly and
easily a very large number of raw genetic data about the transcriptome of any
organism or organ of interest. The first EST projects were initiated at the beginning of
the 1990s as part of the Human Genome Project (HGP) (Adams et al., 1991). Since
then, several hundreds of similar projects have been initiated, generating more than

eighteen millions ESTs that cover almost every phylum of the tree of life.

Outside of drosophilids, large amounts of insect genetic information are
currently publicly available only for the mosquito Anopheles gambiae, the honeybee
Apis mellifera and the silkworm Bombyx mori whose genomes have been or are in the
process of being sequenced. However, mosquitoes, honeybees and silkworms are by
no means model organisms for developmental genetics, in contrast to Tribolium
castaneum. It is therefore clear that such an EST project had to be initiated in the

beetle.

By definition, an EST is a single raw sequence read of a clone randomly chosen
from a ¢cDNA library. ESTs are generally short reads (400-500 bp) described as being
usually of “low quality”. The largely false idea that ESTs are of lower quality than
any other sequencing reaction performed on a daily basis comes from the fact that
ESTs are generated in a high throughput fashion, whereby tens of thousands of reads
are produced in a very short time. Consequently, they are never visually inspected for
quality and may therefore contain unnoticed sequencing errors. Nevertheless, these
sequences are highly informative since they allow a quick “read” of the information
contained in any cDNA library and provide a way to identify putative genes of

interest. In this chapter, I present the outcome of the 7ribolium EST project.
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2.2 Materials & Methods

c¢DNA library

The cDNA library was readily available in the laboratory when I started the project. It
was constructed by Dr. Reinhard Schroder in 1995 using the Uni-ZAP XR vector
(Stratagene). The library was generated using eggs covering every stage of Tribolium
embryonic development. cDNAs were cloned directionally into the EcoRI-Xhol site.

After mass in vivo excision, inserts were contained in pBluescript SK II + phagemid.

DNA extraction

Clones were randomly picked and grown for 24 hours (37°C, 325 rpm) in 1.2 ml of
2xLB-Amp (50 pg/ml) [2xLLB: 50 g Peptone 140, 25 g yeast extract, 25 g NaCl in
2.5 1 of ddH,0] contained in a 2.2 ml 96 deep well plate. Cells were pelleted 10 min.
at 3,200 g and supernatant was discarded. The pellet was then suspended in 200 pl of
Solution 1 [50 mM glucose, 25 mM Tris-Cl pH 8.0, 10 mM EDTA pH 8.0, 20 ng/ml
RNase A]. Lysis was achieved by adding 200 ul of Solution 2 [0.2 N NaOH, 1%
SDS]. The solution was neutralized by adding 200 pl of Solution 3 [5 M guanidine-
HCL, 0.7 M KOAc pH 4.8]. Cell debris was precipitated (15 min. at 3,200 g) and
400 pl of the cleared supernatant was loaded on a 96-well Unifilter 800 GF/B plate
(Whatman). These plates contain a silica membrane on which DNA binds reversibly
in the presence of high concentrations of a chaotropic agent such as guanidine-HCI.
The DNA was bound to the silica membrane by centrifugation (1 min. at 1,900 g) and
the flow-through was discarded. Bound DNA was washed twice with 500 pl of 80%
ethanol and eluted using 100 pl of ddH,O. The resulting extract was further
isopropanol precipitated or air dried and finally suspended in 25 pl of 10 mM Tris-ClI
pH 8.0. Plasmid DNA preparations were stored at -20°C in 96-well plates. This
method gave in average 1-2.5 pg of DNA per clone.

Sequencing reaction

Clones were sequenced using the DYEnamic ET Terminator Cycle Sequencing kit
and run on a MegaBACE 1000 instrument (Amersham Biosciences). Sequencing
reactions were set as follow: 3 ul DYEnamic ET reagent premix, 250 nM of primer

and 2 pl of plasmid DNA (x100-200 ng) brought to a final volume of 10 ul with
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ddH,0. Reactions were cycled (95°C, 20 sec.; 50°C, 20 sec.; 60°C, 1 min. x 40
cycles) and then purified on Sephadex G-50. Primers used are MI13 reverse
(GGAAACAGCTATGACCATG) and M13 forward 21 (GTAAAACGACGGCCA
GT). Reactions were injected in ddH,O at 2 kV for 45 sec. and run at 9 kV for 150
min. at 44°C.

Sequence trace analysis

Sequence traces were basecalled using Phred (Ewing and Green, 1998; Ewing et al.,
1998) and assembled into contigs using Phrap. Contigs were subsequently examined
by eye and non-overlapping contigs belonging to a single transcript were manually

joined for the subsequent BLAST analysis.

Annotation

Preliminary functional annotation was performed on the basis of a tBLASTx analysis
against the non-redundant NCBI database and a BLASTx analysis against the BDGP
predicted proteins data set. Batch BLAST at NCBI was done using the BLAST client
(blastcl3) program and BLASTs at BDGP were done by hand. Cut-off value was
e<le-03.

2.3 Results

A total of 2,304 randomly chosen clones were sequenced from the 5° end. The
rational to generate only 5° ESTs comes from the fact that 3’ ESTs are likely to be
less informative since they usually contain long untranslated regions (UTRs), which
do not help to assess the functional relevance of a transcript. This is less frequently
the case for 5’ ESTs in the context of a cDNA library where the average insert size
should be around 1 kb. In this EST project, I placed a special emphasis on
transcription factors since they are frequently involved in key steps of embryological
development and have very specific expression patterns, which allow their use as
molecular markers. From all the sequencing reactions performed, 76% were

successful, resulting in the production of 1,750 5° ESTs.
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Sequences were first classified in three general categories to help identify and
discard contaminating sequences and to assess at the same time the quality of the
cDNA library used in the project. Mitochondrial and ribosomal sequences were the
first targets of such a screen. Both sequence types are present in very large copy
numbers in any cell at any time and are sometimes over-represented in cDNA
libraries (Bonaldo et al., 1996). Sequences of mitochondrial origin are considered real
contaminants since mitochondrial transcripts do not contain the poly-A tail used to
select transcripts to be included in the library. Of all the 5° EST produced, we
obtained 417 mitochondrial sequences (23.8%), 411 ribosomal sequences (23.5%) and
922 other sequences of nuclear origin (52.7%). This last category is the one on which
I concentrated my efforts in the subsequent steps. After assembly of the non-
ribosomal nuclear sequences into contigs, we obtained 488 non-redundant single
sequences. These contigs were preliminarily annotated using BLASTx results from
BDGP and FlyBase annotation (when available) as guidelines. When no specific
information was available from these databases, annotation was done on the basis of
the NCBI BLAST result. Figure 2.1 represents the different sequence classes obtained
in this way. Classes were created following the Gene Ontology classification system

but in a much less exhaustive way.

Cell cycle Enzyme

Unknown 1% 20%

23%

Ligand binding or
carrier
3%

Translation factor
1%

Transcription factor
6%
Structural protein
2%
Signal transduction
2%

RNA binding
4%

No hits
27%

Figure 2.1 Distribution of 488 non-redundant EST contigs among sequence classes.
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Although most categories are self-explanatory, others require some explanation.
“No hits” comprises contigs for which no BLAST result was obtained, while
“Unknown” includes contigs for which a significant BLAST hit was obtained but no
functional information could be found. Good examples of genes belonging to the later
category are the ones showing high similarity to predicted but unannotated genes from
Drosophila melanogaster or Anopheles gambiae. Tribolium is, from a phylogenetic
point of view, more closely related to the fruit fly and the mosquito than to any other
highly represented organism in the NCBI database, therefore, the “Unknown”
category is a major one. The class “Enzyme” contains every contig that putatively
encode proteins for which a molecular function involving an instance of enzyme
activity was found. “Other” includes contigs that could not easily fit into any
category. A detailed table of EST assignation to contigs, BLAST results and

preliminary annotation is available in Appendix I.

From this set of non-redundant sequences, 280 genes potentially involved in
embryonic patterning were selected for further investigation by in situ hybridization
(see Chapter 5). Included in this pool are transcription and translation factors, signal
transduction proteins as well as all the contigs belonging to the “Unknown” and “No

hits” classes.

In the context of a collaboration with Dr. Richard Beeman (USDA, Kansas), the
3’ ends of 496 clones were sequenced for mapping on the Tribolium castaneum
genetic map. All the sequences produced during the EST project have been deposited
in the NCBI dbEST (Genbank accession numbers CB334789-CB337245; dbEST ID
17071305-17073761) as well as in the Tribolium Genome Database (TGD) and are

therefore not included here.
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2.4 Discussion

2.4.1 High throughput preparation of plasmid DNA and sequencing

In such a high throughput project, a key factor to success is the proper design of
a production line. One must understand that protocols used in an everyday laboratory
life, which are good for processing few samples in parallel, need to be modified and
optimised in order to reach an output of hundreds to thousands of samples a day.
Hence, much time was spent designing high throughput procedures, which were
efficient but also cheap. This chapter and some of the followings contain a discussion
of technical points, which might be considered trivial but are in fact the cornerstone of

any high throughput approach.

As a very first step, I designed a DNA extraction protocol based on selective
binding of nucleic acids on silica. This method has the advantage of being fast, highly
efficient and low cost. The ability of silica to bind DNA in the presence of chaotropic
agents (guanidine hydrochloride, guanidine thiocyanate, sodium iodine or the like)
has been known at least since the 1960s and is still currently used in several
commercially available miniprep kits. The basis of such protocols is very simple: an
alkaline lysis in the most traditional way is followed not by phenol-chloroform
extraction and ethanol precipitation but by binding of the DNA on a silica-based
column and cleaning with an ethanol solution. The principle remains the same for
processing one or 96 samples, except that single miniprep procedures rely on
centrifugation to exchange liquids on the column, while all the commercial high
throughput procedures rely on liquid exchanges by application of a vacuum. This step
has the advantage of being totally automatable if one has a pipetting robot but has the
disadvantage of being less efficient given that only one plate can be manipulated at a
time. Initially, we had no pipetting robot in our facility, therefore I designed the
protocol to be done using centrifugation. Such a modification allowed a single person
to extract up to 768 samples (eight 96-well plates) within a normal working day.
Surprisingly, the procedure turned out to be faster, cheaper and as efficient as most

DNA miniprep kits available on the market.
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The amount of DNA isolated by this method unfortunately turned out to be quite
low. In general, 1-2.5 pg of plasmid DNA could be recovered per sample. The low
yield of extraction was not due to the protocol itself but to the difficulty of obtaining
saturated bacterial cultures. Since extraction was done in 96-well plates, bacterial
growth was therefore also performed in a 96-well format. In these plates, culture
volume is reduced (maximum 1.5 ml) and because the wells are square and not round,
the oxygenation of the culture media by shaking is suboptimal. Incubating the cultures
for 24 hours at 325 rpm instead of the usual 16 hours at 125 rpm had only a marginal
effect in increasing the amount of recovered DNA. I tried using richer media such as
TB or 2xYT to increase yields but these media decreased the overall purity of the
DNA, which in turn affected negatively the quality of sequencing. The paucity of
DNA material available impeded subsequent steps, making them more prone to
failure. I never managed to overcome the yield problem within the time interval where
ESTs were produced. In retrospect, I believe that a simple solution would be to grow
bacteria in 48-well instead of 96-well plate. This modification is used to grow low
copy plasmids such as BACs. In this way, one would have been able to double the
volume of culture, to overcome the problem of culture oxygenation and to certainly

double the yield.

Sequencing reactions were performed and run using Amersham Biosciences
technology. The MegaBACE 1000 sequencer has the advantage of being extremely
rapid. It can process 96 samples in one and a half hour. However, the technology
developed by Amersham is relatively recent and not optimal. To obtain good results
with this set up (600-700 bp per read) one needs to use normalized DNA samples free
of EDTA or salt contamination. This was not the case here, so the average read length
ended up being closer to 400-500 bp, with a high level of failure (24%). Having
recently experienced ABI sequencing technology, I find this technology much simpler
to handle and more robust against variations of template quality and quantity. I would
therefore consider that ABI is currently more adapted than the Amersham technology

for such a high throughput project.
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2.4.2 EST assembly and annotation

The Tribolium EST project has remained at a small scale. However, it could
have been otherwise. Our initial goal was the production of 10,000 5 ESTs. A full
scale EST project depends of the organism and the cDNA library used but is generally
in the order of 25,000 5° ESTs. Since this was a single man project and time was
limited, we envisage a more restricted project. However, we quickly came across
another major problem, which convinced us to stop the EST production more rapidly
than initially expected. From the preliminary annotation, it turned out that 47% of all
the ESTs produced were “trash” sequences of mitochondrial or ribosomal origin. In
addition, assembling of all the sequences in non-redundant contigs resulted in a
maximum of 586 clusters from a total of 1,750 sequences. This is equivalent to a
redundancy level of 67%. Such a high value is definitely abnormal after production of
so few ESTs. At this point of the project 10-20% redundancy would have been more
likely. This odd result signifies that the embryonic cDNA library available for the
EST project was not suited for high throughput random sequencing. Today, if another
EST project would be conducted, I would advise constructing a new library and to test
it beforehand. New methods of library construction allow cloning of full-length
cDNAs, which was not the case in 1995 when our library was constructed. There are
also ways to decrease the amount of mitochondrial sequence contamination.
Normalization and subtraction of the library could also be considered. Finally,
depending on the goal of the EST project, one might think about being more specific

in the selection of the life stages and/or the organs to be included in the library.

At the point where raw data production came to completion, computational
processing and analysis became more important. Bioinformatics and general computer
knowledge thus became the second key factor to the EST project success. Considering
the throughput allowed by the equipment, the point is reached very quickly where it is
not possible to manage the data by hand within a respectable amount of time. Simple
processes such as quality assessment, vector and low quality regions trimming as well
as preliminary annotation cannot be performed on a sequence-by-sequence basis and
have to be automated. To do so, the programs Phred (basecaller), Phrap (assembler)
and Consed (viewer) were used (Ewing and Green, 1998; Ewing et al., 1998; Gordon

et al., 1998). These programs were originally designed to assemble BAC clone
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shotgun sequences generated by the HGP and are the state of the art in sequence data
processing. The only difficulty with those programs is that, until recently, they could
only be run under Unix-like operating systems, which are seldom used in biology
laboratories. The pipeline was thus operated on a remote fashion, which had the
disadvantage that one could not easily modify the assembly parameters and control
the quality of the resulting assemblies. This unfortunate situation resulted in three
minor problems. First, the data trimming parameters were far too stringent. This
resulted in a loss of intermediate quality sequence information, which could have
been valuable in the context of an EST project. Second, this hyper-stringency resulted
in several unassembled contigs. As much as possible, overlapping contigs were
assembled by hand but this was not always feasible. For instance, several ribosomal
proteins and the 16S rRNA are represented by more than one contig (Appendix I).
Third, cases of overcollapsing were not resolved. Overcollapsing occurs where
sequences are wrongly included into a larger contig on the basis of short repeated
sequences. Putative mitochondrial and ribosomal contigs have been found to attract
unrelated sequences in seven cases, thus partially explaining the multiplication of

ribosomal and rRNA contigs described above.

In the end, these difficulties of processing had no significant influence on the
subsequent steps of the project. Most contigs selected for further in situ analysis were
represented by single clones and the few that were not were checked by eye (I found
only one misassembled contig in this way). The data stored in NCBI dbEST and TGD
is also not negatively influenced since dbEST data is not assembled (only the vector
has been trimmed) and data included in the TGD will be reprocessed in the context of

the Tribolium genome sequencing project using proper parameters.

Functional annotation was probably the only part of the data processing that
could not be easily extensively automated. Although batch BLAST can be performed
at NCBI and outputs can be easily parsed, the results obtained are usually not highly
informative. NCBI contains functional annotations for only few genes and frequently,
because of the different ongoing EST and genome projects, these annotations are done
automatically on the basis of BLAST results. The circularity of the procedure
increasing chances of wrong annotations, I decided to perform functional annotation

of most contigs by hand using the large amount of information available in FlyBase.
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Surprisingly, 27% of the Tribolium ESTs did not have homologous sequences in the
queried databases (“No hits” from Figure 2.1). There might be two major reasons for
such a situation: (1) they are orphan genes, which are by definition not expected to be
closely related to other sequences or (2) they encode UTRs, which should be poorly
conserved between distantly related species. Current data does not allow

discriminating between the two possibilities.

In summary, a grand total of 2,246 ESTs (1750 5 ESTs and 496 3° ESTs) have
been produced and made publicly available. From these, 280 non-redundant clones
were selected for further analysis by in situ hybridization (see Chapter 5). The
importance of high quality starting materials (cDNA library and extracted DNA) and
appropriate computational organization were shown to be key factors in the successful

completion of such a large scale approach.
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3. Cloning of Exelixis ESTs

3.1 Introduction

This chapter describes the results of a collaboration between our laboratory and
Exelixis Inc. (South San Francisco, USA). Exelixis has produced in a private fashion
over 8,800 ESTs derived from adult and mixed larvae cDNA libraries. In the context
of this collaboration, I had the occasion to search their database for transcription
factor sequences and to take them back to K&ln for cloning and in situ analysis. Here,

I present the results of the database mining and the cloning procedure.

3.2 Materials & Methods

Database mining

In June 2001, I visited Exelixis laboratories where I queried the database with two
lists of subjects. The first one contained 77 Pfam IDs corresponding to all the known
transcription factor and DNA binding domains, as well as few protein-protein
interaction domains associated to transcription factors. The second list contained 412

gene keywords.

Annotation

Preliminary annotation was performed as described in Chapter 2. Cut-off value was

e<le-10.

mRNA isolation

Total RNA extraction from eggs, larvae and adults (1 g each) was done using a scaled
up Trizol total RNA extraction procedure (GibcoBRL). Total mRNA isolation was
performed using the PolyATtract mRNA Isolation System (Promega).
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c¢DNA cloning

First-strand cDNA synthesis was done according to the SuperScript II RT protocol
(Invitrogen) using 300 ng of mRNA from embryos, larvae and adults. Amplification
and cloning of the target cDNA was performed using the 3’-RACE kit (Invitrogen)
with the following modifications. AccuPrime SuperMix I (Invitrogen) was used
instead of normal tag polymerase in a final reaction volume of 25 ul instead of 50 ul
as suggested (half reaction). Touchdown PCR was done using the following cycling
parameters: 94°C, 2 min.; [94°C, 30 sec.; 65°C to 55°C, 30 sec. with decreasing steps
of 1°C; 68°C, 2 min.] x 1; [94°C, 30 sec.; 55°C, 30 sec.; 68°C, 2-4 min.] x 30. After
agarose gel analysis, amplified fragments of interest were extracted and eluted in
30 ul of 10 mM Tris pH 8.0. Purified products were cloned in the TOPO-TA cloning
vector (Invitrogen) as described but quarter reactions were performed. In each cloning
experiment, one GSP and an anchor (GGCCACGCGTCGACTAGTAC) or two GSPs

were used. A list of primers is presented in Appendix II.

DNA extraction
DNA extraction was done as presented in Chapter 2. For each gene, 4-8 clones were

selected for analysis.

Sequencing reaction & sequence trace analysis

Both of these steps were performed as described in Chapter 2.

Positive clones identification
Positive clones were identified by searching the resulting contigs back against a

database composed of sequences recovered from Exelixis database.
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3.3 Results & Discussion

From the database mining, a total of 125 putative transcription factor sequences
were obtained using the Pfam list of domain IDs and none with the list of gene
keywords. This second result probably represents a flaw in the procedure since I
found using the Pfam domain IDs several genes, which were part of the keywords list
as well. However, time was limited and the database querying was not under my

control so no further queries were possible.

Retrieved EST sequences were found to be dispersed across 26 different
families of putative transcription factors or DNA binding proteins. Family
assignments were done only on the basis of the Pfam domains search. The distribution

of the sequences across the main transcription factor families is depicted in Figure

3.1.

Other (16 families)
16%

TFIID
2%
Cold-shock
3%
BTB/POZ
5%

bHLH

Homeobox
15%

SAM
3%
Zf-C2H2

bZIP
4%
Zf-C3HC4
3%

Figure 3.1 Distribution of 125 retrieved Exelixis ESTs across the Pfam transcription factor families.
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Preliminary functional annotation was subsequently performed to better assess
the relevance of each sequence as far as their potential role in embryonic development
is concerned. BLAST results and sequences annotation can be consulted in Appendix
II. From this analysis, it seems clear that a few sequences might have been misplaced
in some families since eighteen sequences could not return any significant BLAST
hits (e<le-10), which is not to be expected from a gene belonging to a family
characterized by a conserved domain. For convenience, the original assignment was
not modified but simply labelled with a question mark. If these genes are not truly
transcription factors, then they can be regarded as unknown sequences possibly
distantly related to transcription factors, which makes them candidates for cloning and

analysis via in situ hybridization.

From the pool of 125 sequences available, 99 were finally chosen for cloning.
Genes already published in Tribolium by other workers (mainly homeobox genes) and
general transcription factors were not further considered. Cloning was performed
preferentially with only one gene specific primer (GSP) to decrease the cost of the
operation. In addition, this allowed cloning of sequences including the 3’-UTR, which
was not present in the sequences obtained from Exelixis. A mixture of embryonic,
larval and adult mRNA was used as template. Although I am primarily interested in
factors involved in embryonic development, Exelixis genes were retrieved from
mixed larvae or adult cDNA libraries. Using only embryonic mRNA as template
would have not allowed discriminating between a failed reaction and an unexpressed
gene. Cloning was finally successful for 87 genes using only one GSP 59% of the

time.

For each gene, up to eight clones were sequenced. Surprisingly, twelve genes
gave multiple transcripts showing insertions and/or deletions ranging from 9 to 142 bp
in length. I have not been able to determine if this was due to alternative splicing or to
experimental artefacts and if the insertions/deletions were in-frame or not, although
half of them seem to be. In addition, I found seven cases of discrepancies between
Exelixis and my sequences. Here again, I was not in a position to easily discriminate
between wrong assembly of Exelixis sequences, experimental artefacts or biological
reality. In these cases, clones selected for in sifu probe synthesis were the ones

verifying Exelixis sequences or the most frequently obtained.
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The sequences discussed here are currently not publicly available since they are
protected by a confidential disclosure agreement between Exelixis and myself.
However, Exelixis has agreed to release the Tribolium ESTs and to deposit them in

the TGD where they will be publicly available.
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4. Evolutionary features of Tribolium

4.1 Introduction

The molecular clock hypothesis states that evolutionary rates of proteins and
DNA are approximately constant over time and across lineages (Zuckerkandl and
Pauling, 1962, 1965; reviewed in Bromham and Penny, 2003). The existence of a
molecular clock is predicted by the neutral theory, which presumes that most amino

acid changes are selectively neutral (Kimura and Ohta, 1971).

However, the neutral theory also predicts rate variation between phylogenetic
lineages, which may be caused by differences in mutation rate and effective
population size (Ohta and Kimura, 1971; Ohta, 1987). The discovery that in mammals
(Catzeflis et al., 1987; Gu and Li, 1992), rates of evolution differ among lineages has
opened the door to larger scale experiments to verify to which extent rate between
lineages was heterogeneous. Britten (1986) estimated the rate of evolution for
different groups using DNA-DNA hybridization and gene comparisons. It was found
that rates vary between groups by a factor of 5. Birds and higher primates have slow
rates, while rodents, sea urchins and Drosophila have high rates. A study of a similar
scale but restricted to vertebrates was achieved by Adachi et al. (1993) who compared
the substitution rates of mitochondrial encoded proteins from eight vertebrates. They
found that the rate has increased from fish to amphibians to birds to mammals by a

total factor of 6.

Following the initial work by Britten (1986) indicating that Drosophila is a fast
evolving species, several groups studied the peculiar evolutionary behaviour of this
model organism. The rate of synonymous substitutions in Drosophila was found to be
approximately 2 times higher than in rodents and 10 times higher than in primates
(Moriyama, 1987). However, the rate calculated seemed to depend on the genes
studied, since Sharp and Li (1989) calculated only a 3-fold difference between

Drosophila and mammalian evolutionary rates using a different set of sequences.



4. Evolutionary features of Tribolium 24

Nevertheless, high rates of nuclear evolution in drosophilids seem to be a general
trend. Caccone and Powell (1990), who reviewed six DNA-DNA hybridization
studies of drosophilids, also determined that the nuclear genome evolves about
1 order of magnitude faster in drosophilids than in mammals. The high evolutionary
rates measured in drosophilids have been suggested to be a characteristic of the whole
dipteran order (Carmean et al., 1992; Carmean and Crespi, 1995; Friedrich and Tautz,
1997). When 18S and 28S rDNA are compared among insect orders, an increase of
evolutionary rate is noticeable in the dipteran clade (Carmean et al., 1992; Friedrich
and Tautz, 1997). This change of rate seems to have been episodic in the stem lineage
of dipterans with a maximum increase of rate of about 20-fold compared to other

Insects.

One of the major criticisms that can be addressed to the vast majority of the
studies where evolutionary rates are compared between organisms is the paucity of
genetic data on which conclusions are based. To the knowledge of the author, only
five studies compared more than ten nuclear genes between species, four of them
being related to the controversy surrounding primate and rodent evolution. This
situation has the pervasive effect that one considers rates measured mostly using a
single gene as being a proper estimate of an organism trend. However, it is clear that
heterogeneity in evolutionary rates is present at every level of complexity from genes
to genomes to organisms. Evolution of the three genomes (nuclear, mitochondrial and
chloroplastic) is uncoupled. Even within the genomes themselves, evolutionary rates
are far from being homogenous. Mutation rates vary from region to region (Werman
et al., 1990; Pesole et al., 1999), gene to gene (Ayala et al., 1996; Takano, 1998), and
domain to domain (Miyata et al., 1980).

In order to better assess the evolutionary trend of both Tribolium and
Drosophila within the insect clade and in comparison to human, the author in
collaboration with Dr. Martin Lercher, took a genomic approach to the question of
rate heterogeneity among lineages. Here, using 185 orthologous nuclear genes, we
compare evolutionary rates between Tribolium castaneum, Homo sapiens, and two

dipterans Drosophila melanogaster and Anopheles gambiae.
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4.2 Materials & Methods

Sequences

EST contigs described in Chapter 2 were used as starting genetic material. From a
total of 586 contigs, only 569 sequences of nuclear origin have been retained. ESTs
obtained from Exelixis (Chapter 3) have not been included in this work because they

constitute a biased data set composed solely of transcription factors.

Identification of orthologues

Tribolium contigs were first searched against all the Drosophila proteins from NCBI
using BLASTx. The reading frame from the best hit was assumed to be the correct
reading frame and was used to translate Tribolium contigs into peptides. These were
then searched against all the Homo sapiens and Anopheles gambiae peptides available
in NCBI using BLASTp. Sequence representativeness of queried organisms in NCBI
protein database was of 15/06/2002. Reciprocal best BLAST hit between Drosophila,
Anopheles and Homo was then used to discriminate between orthologous and
paralogous sequences. If in all cases we obtained the same sequences as the best hit,
we assumed that the four genes in the cluster were indeed orthologues. Cut-off value

for all the BLAST searches was e<le-10.

Alignments
Four-gene alignments were performed with ClustalW (Thompson et al., 1994).
Resulting alignments were purged from gap containing positions and concatenated

into a single alignment.

Estimation of evolutionary distances

Branch lengths were calculated with the maximum likelihood model by Goldman and
Yang (1994) as implemented in the PAML package (Yang, 1997). We used the
empirical transition matrix compiled by Jones et al. (1992) and the distribution of
evolutionary rates was approximated by a discrete y-distribution, with the shape
parameter as an additional free parameter. Branch lengths were estimated without a
molecular clock (i.e., different rates for every branch). When calculating rates for

individual genes, we assumed a uniform rate across sites.
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4.3 Results

4.3.1 Analysis of concatenated genes

From the 569 nuclear EST contigs of Tribolium, we were able to form
185 clusters comprising orthologous sequences from Tribolium, Homo sapiens,
Drosophila melanogaster and Anopheles gambiae. Concatenation of these
orthologous clusters resulted in a single alignment of 24,708 amino acids in length.
Given this alignment and the topology presented in Figure 4.1, the best tree was
calculated using maximum likelihood. The tree obtained without a molecular clock is

((Dm:0.208, Ag:0.190):0.099, T¢:0.217):0.075, Hs:0.438).

Dm

Tc

Hs

Figure 4.1 Topology used for maximum likelihood branch length estimates. Abbreviations are Dm:

Drosophila melanogaster, Ag: Anopheles gambiae, Tc: Tribolium castaneum, Hs: Homo sapiens.
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The divergence of dipterans (Drosophila and Anopheles) from coleopterans
(Tribolium) was estimated at 280 Mya (Kukalova-Peck, 1991), which corresponds
approximately to the primary radiation of holometabolous insect orders. The
divergence between different dipterans was estimated at 210 Mya (Hennig, 1981).
From the branch length measurements, we then calculated the mean rates of evolution
for each branch (Table 4.1). On first sight, one can immediately see that dipterans are
evolving much faster than Tribolium. In the time interval of 70 My between the
separation of Coleoptera from the dipteran lineage and the radiation of Diptera, an
episodic increase of 1.8 times the evolutionary rate of 7Tribolium was measured. Since
the diversification of dipterans, the rates are still relatively faster (1.2 to 1.3 times)

than in the coleopteran lineage but to a lesser extent.

Table 4.1 Evolutionary rates of each branch since the radiation of holometabolous insects

Distance Time Rate
5 Relative rate
[Substitutions/site] [My] [10™ subs/site/My]
Dm 0.208 210 0.99 1.3
Ag 0.190 210 0.90 1.2
Tc 0.217 280 0.77 1.0
Base of Diptera 0.099 70 1.41 1.8

4.3.2 Analysis of individual genes

Figure 4.2 compares the amino acid distance of individual Tribolium genes, and
the mean distance of Drosophila and Anopheles genes to their last common ancestor.
There is a strong linear correlation between the two distances (Pearson’s 1=0.64).
Assuming that a species-specific rate of evolution is equivalent to forcing the
regression through the origin, the corresponding constant of proportionality is 1.34
(excluding the seven genes where either distance was larger than 1). Thus, although
evolutionary rates among genes of a genome can vary extensively, these rates are
correlated between species in a fashion corresponding to their relative evolutionary

rates.
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Figure 4.2 Amino acid distances of individual Tribolium and dipterans (Drosophila and Anopheles)

genes to their last common ancestor.

4.4 Discussion

Evolutionary rates among dipteran and coleopteran lineages are shown here to
be more heterogeneous than expected. Hence, using 185 nuclear transcripts we found
that the Diptera lineage (here represented by Drosophila and Anopheles) has
experienced an episodic increase in evolutionary rate when compared to Coleoptera
(here represented by Tribolium). This rate subsequently dropped in the diversifying
dipteran lineage. This result verifies the previous finding that Drosophila and
probably the dipteran clade as a whole evolve faster than other insect orders by a
factor of 3 to 10 (Carmean et al., 1992; Carmean and Crespi, 1995; Friedrich and
Tautz, 1997).

However, the rate differences found in our genome scale analysis appear weaker
than those reported earlier, with an increase of only 1.3 to 1.8-fold at varying times of
the dipteran evolution. This discrepancy may be due to the fact that we calculated
rates using concatenated sequences, creating a “super-gene” instead of using a single

gene. Super-genes should average genome scale evolutionary rates more accurately
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than a single gene and should therefore be less subject to gene-to-gene variation of
rates within and between lineages. This is confirmed by the gene-specific rate

comparisons in Figure 4.2, which vary widely among proteins.

This peculiar evolutionary behaviour of Drosophila melanogaster has strong
implications considering its position of most studied model organism. When
Tribolium, Drosophila and Homo are compared in a BLAST analysis, Tribolium
sequences are frequently more similar to human than to their Drosophila counterpart.
In the EST study (Chapter 2), this situation was found 33% of the time in a tBLASTx
analysis (Appendix I). BLAST search of BAC-end sequences resulted in a similar
finding. The best hit is a species outside of Hexapoda 24% of the time and a chordate
in 18% of all cases (Chapter 6). A comparable situation was found in a BLAST
analysis of honeybee ESTs (Whitfield et al., 2002). These results suggest that data
from other insects might be necessary to link human genes to Drosophila
counterparts. In this respect, Tribolium is likely to play a significant role as insect
model organism. Indeed, it has already been the case at least once since evolutionary
relationships between the Drosophila zen gene and human HOX3 genes have been
resolved by comparison with orthologous counterparts from 7ribolium and

Schistocerca gregaria (Falciani et al., 1996).

The basic rate of molecular evolution on which the molecular clock is based
refers to the intrinsic mutational rate supplied by the DNA replication machinery.
This fundamental mutation rate, in concert with selective pressures, gives rise to
variations in amino acid substitution rates between lineages but also between genes.
Here, we show that although evolutionary rates among genes of a genome can vary
extensively, these rates can be correlated between organisms. Thus, evolutionary rate
of a gene in a given species is a good indicator of the evolutionary rate of an
orthologue in another species, providing that the relative evolutionary rate between
both organisms is known. This finding contradicts the work of Rodriguez-Trelles et
al. (2001) who studied molecular clocks of three proteins across a range of species
(30-61 per gene) and concluded that evolutionary rates are distributed erratically
among genes and lineages. This discrepancy is likely to be a sample size effect. Due
to the variation in relative rates, three proteins may not be sufficient to detect the

linear trend shown in Figure 4.2.
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In summary, we have shown that the dipterans and especially Drosophila
melanogaster are fast evolving when compared to Tribolium castaneum, and that the
rate of amino acid evolution of a gene in one species is a good predictor of the rate in
another species. As predicted by the neutral theory, evolutionary rates are a composite
measure of both gene specific and species specific rates, which together explain two
thirds of the variation in evolutionary distances. These results will have important
implications for the interpretation of comparative genetics and developmental

experiments between Drosophila, Homo and Tribolium.
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5. In situ screening of ESTs

5.1 Introduction

Within the context of a large scale EST project, functional studies are essential
steps in assessing relevance of genes for developmental genetics. Preliminary
functional annotation using BLAST analysis, the very first step in this direction, is
useful in the way that it provides basic information about putative orthology and
function of genes. However, this approach is quite limited since databases such as
NCBI or FlyBase contain relevant functional annotation for a relatively limited
number of genes. Hence, in the case of the 7ribolium EST project, no functional
annotation could be found 23% of the time for genes showing a significant level of
similarity to our ESTs, even by querying several different databases. Moreover, a
fairly large number of ESTs (27%) simply did not return significant hits to any
sequences currently available in databases. Thus, a BLAST analysis can be seen in the
present context as a rough but easy and rapid procedure, allowing discrimination
between genes of potential interest (e.g. showing similarity to transcription factors or
signalling molecules) and genes that should not be directly relevant to developmental

genetics (e.g. house-keeping genes).

After attention has been narrowed from thousands to a few hundreds of
sequences, the second logical step to the identification of genes involved in
embryonic patterning is to analyse the expression pattern of the selected genes using
in situ hybridization. As a common rule, it is generally assumed that a gene showing
an expression pattern restricted in space and/or in time during embryonic
development is likely to play a significant role in this process, thus further narrowing
down the number of genes to be more deeply investigated via RNAi for example.
Here, I present the results of an in situ hybridization screen performed on 366 genes

selected from the sequence pools presented in Chapters 2 and 3.
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5.2 Materials & Methods

Egg collection and fixation
Cultures of Tribolium adults were reared at 25°C. Eggs covering every embryological

stage were collected on a weekly basis by sieving. Fixation was carried-on as

described in Wigand et al. (1998).

RNA probe synthesis
DIG-labelled RNA probes were synthesized and purified according to the procedure
described in the DIG RNA Labelling Mix protocol (Roche) except that half reactions

were performed. Clones chosen for RNA probes synthesis are listed in Appendix III.

In situ hybridization

In situ hybridization was performed as described in Lehmann and Tautz (1994).

5.3 Results & Discussion

From a possibility of 613 non-redundant EST contigs, a total 366 sequences
(280 in-house ESTs and 86 Exelixis ESTs) were selected for further analysis by
in situ hybridization. Included in this pool were all the genes possibly involved in
embryonic development, including all the putative transcription factors and DNA
binding proteins (26%), signalling molecules (3%) as well as all the genes of
unknown function (71%). As of October 2003, the screen was completed at 78% (286

out of 366 genes screened).

From all the genes tested, an expression pattern was obtained in only 68% of all
cases (194 out of 286 genes). This level is somewhat low, because most genes tested
were isolated from an embryonic cDNA library and should therefore be expressed
during embryogenesis. General failure of the in sifu screen can be rejected because the
gene engrailed used as a positive control never failed to give a signal. Failure was
observed on a gene-by-gene basis. Given that one never knew what kind of signal to

expect, it was sometimes difficult to differentiate between very low ubiquitous
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expression and non-specific staining or to determine how long a staining reaction
would need to be pursued in order to give a signal. In our case, if no specific signal
could be obtained after sixteen hours of incubation, the gene was classified as

showing no signal and was not further investigated.

A general distribution of the expression patterns obtained is presented in Figure
5.1 and a more detailed description of all the results is available in Appendix III. As
expected, the vast majority of the patterns represent ubiquitous gene expression.
Although most ubiquitously expressed genes are present at every stage of the
embryonic development, few of them (12 out of 154) have an expression pattern
restricted in time. For convenience, I have separated the different developmental
stages of Tribolium in three categories: early, intermediate and late. The early stages
correspond to the blastoderm and primitive pit stages before the appearance of the
germ anlage (approximately 0-12 hours of development at 30°C). The intermediate
stages correspond to the growing germ anlage when all the segments are added up to
the point where the germ band is fully elongated (12-20 hours). And finally, the late
stages include all the subsequent developmental stages from the point where the
embryo begins to retract and appendages begin to appear up to the dorsal closure
(20 hours to hatching). Especially frequent were the ubiquitous genes restricted to the
early developmental stages (9 out of 12). These genes could be interesting candidates
for early patterning of the embryo, especially for the establishment of the

antero/posterior and dorso/ventral axis.
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Appendages
6%

Extra-embryonic
tissues
5%
Myogenesis
2%
Neurogenesis
8%

Other

9%
Segmentation
3%

Ubiquitous expression
67%

Figure 5.1 Distribution of expression patterns obtained by in sifu hybridization.

Other expression patterns were assigned to general categories of expression
according to what could be observed. A very large number of patterns were unspecific
and/or excessively dynamic. Some patterns were easily interpreted and assigned to
one or several categories of expression, while others were more problematic. Many
genes exhibited mixed expression patterns where, for example, a neurogenic-like
expression was overlayed on a low level ubiquitous expression, or a gene with
ubiquitous expression will seem to form segmental stripes or to be more strongly
expressed in appendages. These cases were documented as precisely as possible and
when the observations seemed uncertain, they were assigned a question mark
(Appendix III). Other expression patterns were difficult to interpret considering that,
contrary to Drosophila, no fate map and few morphological markers are available in
Tribolium. Patterns described as being possibly specific to the terminal patterning
system, tracheal system, ventral midline, presumptive mesoderm or non-neurogenic
ectoderm have all been classified in the “Other” category to illustrate the uncertainty
surrounding the interpretation of the expression patterns. Notwithstanding these
difficulties, some highly interesting expression patterns have been obtained for genes
covering every category of expression. Pictures representing the main aspect of these

patterns are presented in Figure 5.2. Clearly, more work needs to be done to properly
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characterize these genes. Double in situ using specific morphological markers and/or

RNAI will be necessary to assess the biological significance of the observed patterns.

As we can see here, an in sifu screen is a very powerful way to identify new
molecular markers for developmental genetics. Nevertheless, such an approach was
difficult to implement in 7ribolium. The main difficulty was to get a sufficient amount
of embryos to perform hundreds of in situ hybridizations. Obtaining a large number of
eggs from Tribolium cultures is not as problematic as preparing them for in situ
analysis. The relatively low efficiency of the egg devitellinization procedure in
Tribolium compared to Drosophila is limiting in two respects. First, it is very hard to
obtain enough fixed embryos to perform such a large number of in situ hybridization.
In the present case, fixations had to be performed once a week for about half a year in
order to obtain sufficient material. Second, it is virtually impossible to obtain a pool
of devitellinized embryos containing an even distribution of every developmental
stage. In Tribolium, the fixation procedure provides a large number of early and late
stages but very few intermediate stages. Incidentally, the intermediate stages are
usually regarded as being among the most relevant for developmental genetics since
most segments are added during this period. To circumvent the problem, egg fixations
restricted to a 12-20 hours interval (30°C) were performed to enrich the egg pool in
intermediate stages, thus increasing the chances of obtaining few representative

embryos of each developmental stage in every in sifu analysis.

In conclusion, about 25 molecular markers covering almost every aspect of
Tribolium embryonic development have been identified in this in situ hybridization
screen. Most of these genes, especially the ones putatively involved in antero-
posterior segmentation and appendage development, will be further investigated at

least by pRNA..
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Figure 5.2 Some of the most interesting expression patterns obtained in the in sifu hybridization

screen. Magnification for all the pictures is 10X. A-D Putative segmentation genes. A,B Tc006A12

shows an expression in two phases. The first phase (A) is mainly characterized by a gap-like expression

while the second phase (B) is mostly restricted to appendages. No homology to other genes was found.
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C Tcex003 is a putative segment polarity gene. No homology to other genes was found. D Tc021D12
is a segment polarity gene homologous to Notum from Drosophila, which is part of the Wnt receptor
signalling pathway. E-H Putative neurogenesis genes. E TcO07HOS5 is an HLH transcription factor
showing homology to E(spl) region transcript mf from Drosophila. F Tc025H12 shows low similarity
to modulator of the activity of Ets from Drosophila, which is involved in the regulation of the EGF
receptor signalling pathway. G Tc005B12 is an HMG-box DNA binding protein homologous to
Sox21b from Drosophila. H Tc027HO03 expression pattern is highly similar to 7ribolium achaete-scute
homolog (Tc-ASH), which is a proneural gene. No homology to other genes was found. I-L Putative
appendage genes. I TcOO1E12 shows a low level of similarity to a Drosophila PKC-potentiated PP1
inhibitory protein of unknown biological function. It is expressed in every appendage. J Tc014B0S is
expressed in every head appendage and in the last abdominal segment at the presumptive position of
the urogomphi. It shows low similarity to an ORF from Anopheles. K Tc025C01 is expressed in the
anterior compartment of every appendage as well as in a circular area of each abdominal segment. No
similarity to other genes was found. L Tcex019 is a homeobox gene forming rings in developing
appendages. It also forms a neurogenic-like expression pattern in older embryonic stages. It is
homologous to ventral veins lacking from Drosophila, which is required for the differentiation of
selected neurons and glia in the central nervous system. M-R Other processes. M Tc027C03 is
presumptively expressed in the non-neurogenic ectoderm. No homology to other genes was found.
N Tc014A02 is a Zf-C2H2 transcription factor probably involved in myogenesis. No homology to
other genes was found. O Tcex045 is Zf-C2H2 transcription factor possibly involved in the terminal
patterning system. It shows high homology to Drosophila no ocelli, which is involved in tracheal
system development. P TcO10C05 expression pattern possibly borders the mesoderm. No homology to
other genes was found. Q Tc002G09 has an early segmental expression and is possibly marking the
visceral mesoderm. This gene shows high similarity to a RA domain containing protein from
Drosophila. Proteins with this domain are mostly RasGTP effectors. R Tcex051 is a Zf-C2H2
transcription factor expressed very strongly in the growth zone during early embryonic stages. It is
expressed in the fashion of a proneural gene in late embryonic stages. It shows low similarity to genes

from Drosophila.



5. In situ screening of ESTs

38




6. BAC-ends sequencing project 39

6. BAC-ends sequencing project

6.1 Introduction

Since about 1990, which marks the beginning of the human sequencing project,
dozens of eukaryotic genomes have been sequenced and hundreds are planned or
already in progress. Most large genomes, with the exception of human and
Drosophila melanogaster, are still at the level of draft sequences. Sequence coverage
is suboptimal, gaps remain to be closed and discrepancies in the assembly of large
contigs along the genome map (i.e. integrated genetic, physical and cytological maps)
must be resolved. Notwithstanding the relative incompleteness of these genome
projects, a tremendously large amount of information regarding gene content and

genome organization can readily be retrieved from such drafts.

There exist two main strategies to sequence a genome: the hierarchical or clone-
by-clone and the whole-genome shotgun (WGS) strategies (reviewed in Green, 2001).
The first approach relies on the previous mapping of BAC clones to determine a
minimal tiling path of clones covering the whole genome, which will then be
sequenced by shotgun. The second approach bypasses the mapping step to directly
shotgun the whole genome at once. Both methods have strengths and weaknesses. The
clone-by-clone approach has the merit of making the assembly of contigs into an
ordered genome sequence easy since every BAC clone was previously mapped.
However, it also signifies that marker dense genetic and physical maps must be
available at the beginning of the sequencing project. The WGS approach has the
advantage of bypassing the time consuming construction of genome maps. Hence,
generation of a prefinished genome sequence by WGS is much faster than by
hierarchical sequencing. However, assembling tens of millions of single reads into a
genome is far from being trivial and WGS usually fails to provide a properly
assembled genome if no genome map is available. Even if a physical map exists,
WGS will usually result in a low resolution assembly of several thousands of

scaffolds (very large contigs) split by gaps of every magnitude (e.g. WGS of the
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human genome (Venter et al., 2001)). In summary, WGS is a much more rapid
method to generate a prefinished genome sequence, but the hierarchical approach
provides a draft sequence that is easier to finish. Here, I should emphasize that no
matter which approach is chosen to sequence a genome, marker dense physical and
genetic maps must be available at one point during the assembly process. Currently,
the trend to genome sequencing is somewhat a hybrid strategy between clone-by-
clone and WGS strategies. Although there exist several variations of this hybrid
strategy, one can summarize it in this way: the bulk of sequence data is first obtained
by whole-genome shotgun but the final assembly and gap closing steps rely on a

physical map and on sequencing of specific BAC clones.

In October 2003, Tribolium castaneum was granted the rank of high priority
organism for genome sequencing by the National Human Genome Research Institute
(NHGRI). The NHGRI was the organization responsible to coordinate the efforts of
the HGP and is currently the sponsor of dozens of eukaryotic genome sequencing
projects including chimpanzee, chicken, dog, cow, sea urchin, honeybee as well as
eleven Drosophila species. Before this announcement, several initiatives had already
been taken to pave the way in obtaining the full genome sequence of Tribolium. A
high quality BAC library and an intermediate resolution genetic map (Beeman and
Brown, 1999) covering every chromosome are readily available and a physical map
based on BAC clone fingerprints is underway. It is in this context that we decided to
establish a BAC-ends sequencing project in our laboratory. End sequences of BAC
clones are highly specific markers, which can make a useful contribution to the proper
completion of large scale genome projects. First, BAC-end sequences (BES) can be
mapped on both genetic and physical maps. This has the advantage of increasing the
density of markers on both maps in a non-random fashion. BAC libraries are meant to
cover whole genomes with a high level of redundancy so BES increase density of
makers more or less evenly along every chromosome. Second, they are very helpful in
assembling the physical map and ordering the genomic scaffolds. Third, when a
prefinished genome sequence is available, they become key players by helping to
select BAC clones to close gaps. Finally, BES can provide an easy and rapid way to

identify new genes.
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The goal of the BAC-ends sequencing project is to produce about 53,000 BES.
Producing such a large number of end sequences will allow us on the one hand to
obtain high resolution physical and genetic maps and on the other hand to retrieve a
large amount of sequence data. Considering a genome size of 200 Mb and a
theoretical average read length of 500 bp per sequence, BES will provide a marker
approximately every 3.8 kb and a sequence coverage corresponding to at least 13% of

the Tribolium genome.

6.2 Materials & Methods

BAC library

The BAC genomic library was prepared by Exelixis during a collaboration phase with
laboratories in Kansas and our laboratory. The GA-2 strain was used for this purpose.
This strain was inbred by single sib pairs for twenty generations. The EcoRI library
was constructed using the cloning vector pBACe3.6 (gi4878025). The theoretical
coverage of the Tribolium castaneum genome is 20X, with an average insert size of

155 kb. The library contains 26,496 clones grided in sixty-nine 384-well plates.

DNA extraction

DNA extraction was performed by Dr. Susan J. Brown in the context of a BAC
fingerprinting project. BAC clones were purified using the R.E.A.L. Prep 96 System
(Quiagen). The unused part of the DNA preparations was given to us in the format of

two hundred and seventy-six 96-well plates containing dried BAC DNA.

Sequencing reaction

Clones were sequenced using the ABI Prism BigDye Terminator v3.1 Cycle
Sequencing kit and run on an ABI Prism 3730 DNA Analyzer (Applied Biosystems).
DNA was rehydrated overnight in 18 pl of HPLC-H,0O and sequencing reaction were
set up as follow: 2 pl of BigDye Terminator v3.1 Ready Reaction Mix, 4 ul of Magic-
Dye (Red Rabbit), 1 pul 20 uM primer solution and 8 pl of BAC DNA for a final
volume of 15 ul. Reactions were cycled (95°C, 5 min.; [95°C, 30 sec.; 45°C, 20 sec.;
60°C 4 min.] x 80 cycles) and then purified on Sephadex G-50. Primers used are Sp6
(ATTTAGGTGACACTATAGAAG) and T7 (TAATACGACTCACTATAGGQG).

Reactions were injected 15 sec. and run on short capillaries.
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Sequence trace analysis

Basecalling and quality assessments were done using the ABI Prism DNA
Sequencing Analysis Software v5.0. Raw traces were basecalled with the ABI
basecaller and transferred as such to NCBI dbGSS and TGD. For statistical purpose,
basecalling was redone in-house with the KB basecaller, which calculates sample
quality values and allows trimming of low quality regions. The clear range of a trace
was set such that every base from the ends were removed until fewer than 4 bases out
of 20 had quality values less than 20. Analysis reports were produced for each

sequencing run.

Annotation
Preliminary functional annotation was performed on the basis of a BLASTx analysis
against the non-redundant NCBI protein database. Batch BLAST at NCBI was done

using the blastcl3 program. Cut-off value was e<le-10.

6.3 Results

As of October 2003, 8,640 BES had been generated. This number represents
only about 16% of the total number of BES to be generated but it is nevertheless
sufficient to gain insights concerning the quality of the data produced and to readily
obtain valuable genetic information through sequence analysis. The sequencing data
are continuously submitted to dbGSS and Trace Archive at NCBI as well as to TGD

so these data will not be presented here.

6.3.1 Quality assessment of the BAC-end sequences

Quality was assessed using three parameters: the percentage of success, the
average length of read and the average quality value. A successful read was defined as
a sequence of at least 200 bp in length with an average quality value of at least 20.

The results of the BES quality analysis are summarized in Table 6.1.
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Table 6.1 BES quality analysis

# of sequence 8,640
% of success 85%
bp sequenced 5.9 Mb
% of the genome 2.9%
Average length of read 810 bp
Average quality value 38

The quality analysis is a combined measure of both T7 and Sp6 sequencing
reactions. It is noteworthy that even if the average length of read and quality value is
the same for both primers, a small discrepancy exists between the percentages of
success of both reactions. T7 reactions are successful 90% of the time against 80% for
Sp6. Several Sp6 derived primers with higher GC contents and several modifications
to the sequencing protocol were made in an attempt to increase the percentage of
success of Sp6 reactions without any positive outcome. Recently, the problem was
resolved by decreasing the annealing temperature from 50°C to 45°C. The average
success rate, which is currently of 85%, is expected to increase to 90-95%. We can
estimate that an amount of sequence data equivalent to at least 18% of the total

genome will be produced in the Tribolium BAC-ends sequencing project.

6.3.2 Preliminary sequence analysis

A preliminary sequence analysis was conducted over the first 3,648 BES by
means of a BLASTx analysis in the same way as it was performed for the ESTs
(Chapter 2). Since in this case sequences are not of transcriptional but of genomic
origin, the procedure was restricted to the identification of putative ORFs. From the
BLASTx analysis against the non-redundant NCBI protein database, 622 significant
hits were obtained (e-value < le-10). From those, 134 vector hits (21.5%) detected by
a search against the pBACe3.6 vector sequence and twenty putative contaminating
sequences (3%) were discarded. Putative contaminants are referred as sequences of
microbial origin, which are detected at a very high frequency in the BLAST analysis.
In the present case, only a hypothetical protein from Plasmodium yoelii yoelii

detected twenty times was rejected.
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We considered that the remaining 468 BES contained putative ORFs. This
signifies that on average a putative gene is found in 13% of the single BES reads.
Distribution of the top BLAST hit for these 468 ORFs across kingdoms and metazoan
phyla is presented in Figure 6.1. To better assess the value of the BLAST results
obtained, e-value ranges were split in le-10>e>1e-25 and e<le-25 intervals. The first
interval indicates putative ORFs and the second putative orthology between the query
and the subject of the BLAST analysis. 1e-25 is an arbitrary cut-off for putative
orthology and has not been empirically determined. All the hits are distributed more-

or-less equally between both intervals (48.5% and 51.5% respectively)

Other Kingdoms
4%

Other Phyla
3%

Chordata
15%

Arthropoda
78%

Figure 6.1 Distribution of putative ORFs among kingdoms and metazoan phyla. The shadowed slice of

each group corresponds to the 1e-10>e>1e-25 interval and the clear one to the e<le-25 interval.

Not surprisingly, the vast majority of the BES show high similarity to arthropod
(78%) or chordate (18%) sequences while other phyla or kingdoms are seldom
represented (7% altogether). This result was expected since almost all of the animal
sequences present in NCBI databases come from these two phyla. Further subdivision
of the Arthropoda slice into classes and orders (Figure 6.2) help to exemplify the bias
in top hits obtained. In this case, Diptera and Lepidoptera that are the only hexapod
orders for which large data sets are currently available, monopolize most of the top

hits (85% for the Diptera alone).
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Other Arthropoda
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Other Hexapoda
2%
Coleoptera
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Diptera
85%

Lepidopetra
8%

Figure 6.2 Distribution of putative ORFs among Arthropoda classes and orders. Slice colour scheme is

as in Figure 6.1.

However, the trend is rapidly changing. Not so long ago Drosophila
melanogaster was virtually the only heavily sequenced insect and thus the one usually
retrieved by BLAST analysis. A closer look at the distribution of hits in Figure 6.2
reveals that the dipteran slice surface begins to shrink at the expense of other orders
for which sequence data is rapidly growing. Most notable are the cases of
lepidopterans represented by the silkworm Bombyx mori and coleopterans represented
by Tribolium itself. The honeybee sequence data are not yet available in protein
databases and is, except in one case, not present in the BLAST analysis. This situation

might change in the near future.

Distribution of hits within the Diptera also deserves a closer look (Figure 6.3).
Since the release of the data from the Anopheles gambiae genome project, top hits
distribution has shifted from a majority of Drosophila to a majority of Anopheles
sequences. One can also note that most Anopheles hits are in the 1e-25 interval (60%)
while only 48% of the Drosophila hits can pretend to the same confidence interval.
Taken together, these results would suggest that proteins in Drosophila melanogaster

are more divergent than in Anopheles gambiae when compared to Tribolium.
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Other Diptera
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36%
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Figure 6.3 Distribution of putative ORFs among Diptera species. Slice colour scheme is as in

Figure 6.1.

Classification of BAC-ends ORFs into functional classes on the basis of the
BLAST analysis is in progress and is therefore not explicitly presented here.
However, preliminary results suggest that putative orthologues of Drosophila
transcription and translation factors, signalling molecules as well as genes involved in
dorso/ventral axis determination, neurogenesis, wing, eye, antenna and sex
morphogenesis have been identified. Moreover, genes or genomic regions such as
hedgehog and the Hox cluster, which are well known in Tribolium, have also been

found.

6.4 Discussion

The Tribolium BAC-ends sequencing project is by itself slightly different from
the other projects presented in this thesis since the work is still in progress and will
hopefully be completed in the perspective of the Tribolium genome project. This
situation implicates that the whole analysis is preliminary and somewhat incomplete.
Along with a discussion of the results already obtained, I shall therefore take this

opportunity to suggest improvements to the data analysis procedure.
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The data quality obtained is quite surprising. 85% sequencing success for an
average read length of 810 bp is extremely high when compared to a large BAC-ends
sequencing project such as the one for human where in average 65% success rate and
460 bp read length was obtained over more than 300,000 BES (Zhao et al., 2000). Our
rate of success is probably accurate, because we find for the most part that either these
sequencing reactions provide long, high quality reads, or they fail entirely. However,
average read length could be subject to interpretation. Our data have been analysed
with the software provided by ABI while the human BAC-ends sequencing project
used Phred. I believe that average read length in our case is overestimated, because
quality value assessment by Phred appears to be more stringent than by the ABI
basecaller. It would be more advantageous to use the Phred basecaller to assess
quality of the BES produced because this basecaller will be the one used for

processing of all the traces in prevision of the genome sequence assembly.

The BLAST analysis resulted in the identification of 468 putative ORFs in 13%
of the BES. From this number, we can readily estimate that about 6,900 ORFs will be
identified during the course of the Tribolium BAC-ends sequencing project. This
estimate includes a certain level of redundancy, which has not been estimated.
Nevertheless, the high rate at which we find genes suggests that the Tribolium
genome is compact, possibly containing a low level of repetitive sequences. If it is the
case, this will ease the sequencing and assembly of the genome, because repetitive
elements are difficult to sequence and problematic to assemble, especially in the
context of a whole-genome shotgun approach. From the genes found in the BES,
some are already known and mapped in Tribolium. The Hox cluster and hedgehog are
the only examples for the moment but this result is encouraging. Identification of
previously mapped genes, ESTs and other sequence-tagged sites in the BES facilitates
mapping of the corresponding BAC clones on the genetic map, which will aid in the
integration of physical and genetic maps. In this respect, it is worth mentioning that a
subset of the BES produced in Kdln are mapped by Dr. Richard Beeman in Kansas,

thus increasing the marker density of the 7ribolium linkage map.

Currently the BES annotation is done only by BLASTx of the NCBI non-
redundant database. This approach is simple but minimally informative. Most

sequences in the NCBI database are very badly annotated if they are annotated at all.
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A BLAST-only approach requires a time consuming ORF-by-ORF analysis to obtain
an accurate preliminary functional annotation on the basis of which genes will be
selected for cloning and further studies via in situ hybridization and pRNAi. One of
the obvious modifications of the approach is to search all the NCBI databases along
with the very well annotated data from Drosophila and the EST data from Tribolium.
This last step is important since it would potentially allow linking mapped ESTs to
specific BAC clones. This large scale BLAST analysis would require database
integration, which could potentially be performed at TGD. In addition, BES should be
searched for conserved protein domains using Pfam or Interpro databases. Obviously,
if a BES contains a protein motif, it will return a highly significant BLAST hit but it is
always much easier to understand the biological significance of “Homeobox™ or
“Zf-C2H2” than “ENSANGP00000013231” or “CG5669” (unannotated proteins from
Anopheles and Drosophila respectively).

In summary, the BAC-ends sequencing project initiated in 7Tribolium will
provide 53,000 markers covering every chromosome at an interval of 3.8 kb, resulting
in the identification of about 6,900 putative genes and in the production of sequence
data equivalent to 18% of the genome. These BES will play key roles in the

assembling and finishing of the complete genome sequence of Tribolium castaneum.
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7. Conclusion

The aim of this study was to identify new genes involved in Tribolium
castaneum embryonic development. This goal has been achieved by the production
and functional analysis of 10,973 ESTs, cDNA clones and BES. Sequence analysis is
far from being completed, but we already know that at least 25 genes of high interest,
covering almost every aspect of Tribolium embryonic development, have been
identified and are now being further characterized. This is a relatively small outcome,
but more functional analyses are to be performed and many more genes will certainly
be discovered and characterized in the near future. Sequence data produced also
helped to clarify the evolutionary trend of 7ribolium and to better illustrate the
concept of the molecular clock. Finally, in the context of the Tribolium genome
project, the work presented here provides key elements for the production of a
genome map and contributes significantly to the Tribolium Genome Database by

providing most of the content.

During the course of this project, I have been able at several occasions to
realize, mostly in a frustrating way, the key role that a bioinformatic infrastructure
plays in the successful completion of such a project. From the point where a sequence
trace is produced to the moment where few genes are chosen for functional
characterization, data analysis is done in silico. Consequently, without proper data
treatment, analysis and storage facilities it is virtually impossible to get all the
substance out of the data. Although I have been able to overcome most of the
problems associated to data analysis, much work remains to be done in order to ease

and standardize in-house data treatment and to make the TGD fully operational.

In retrospective, such a high throughput approach might seem an odd enterprise
for a single person especially within a PhD degree. Hence, the data presented in this
thesis could have potentially been produced within one or two weeks by any genome
sequencing facility. However, such a homemade approach is worthwhile in two
respects. First, it can be adapted to any organism of interest with a relatively low

amount of effort, thus easily providing large amounts of raw data for genes discovery
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and beyond. Second, it can provide the initial information necessary for the selection
of an organism for whole genome sequencing. Availability of a large amount of
sequence data along with libraries, maps, and databases are all elements

demonstrating the interest of the scientific community for an organism.

All of these considerations taken together, I consider this study a good starting
point to a genomic approach for the study of Tribolium genetics, development and
evolution. The work presented here will certainly help to finally make of Tribolium

castaneum a model organism of its own.
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