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“The developmental mechanics of organisms is ddige two parts, one
ontogenetical, the other phylogenetical. In a distature, both will be essential
components of a more exact concept of common deszsed on them. To
begin with, and for a long time, attention will eavo be restricted to the
ontogenetical part alone. Once this is developeate quell, some enlightening
shimmer of the causes of phylogeny will emerge figrand thereby phylogeny
will gain some fundament, albeit still be a verypbthetical one” (Wilhelm
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Summary

Dorsoventral (DV) patterning ibrosophila melanogasteis one of the most well-known
gene regulatory networks (GRN) in biology. To invgete if this GRN is conserved during
insect evolution, functional analysis of T@Fand Toll pathways in the short-germ beetle
Tribolium castaneunwas performed.

In the first part, the function of several BMP/Dpgtracellular modulators, including the
products of Tolloid(Tld) and Twisted-gastrulation/Crossveinless (Tsg;@vas investigated
in Tribolium via parental RNAi (pRNAI). WhileTc-tld pRNAi knock-down decreases
embryonic BMP activity,Tc-tsg(cv)knock-down completely abolishes it. These obseruat
are strikingly different from those iDrosophila wheretsg is only required for a subset of
Dpp activity. These results suggest that Tsg/Ce-pkoteins are essential for BMP signalling
in Tribolium. Since duplicated copies @$g(cv} and tid-related genes are present in the
Drosophila melanogastergenome, duplication followed by sub-functionaliaat of these
modulators might have changed the BMP/Dpp graddéeming evolution of the dipteran
Drosophilalineage.

In the second part, a functional analysis of thd pathway was performed. This analysis
addressed the question of why ffrébolium Dorsal nuclear gradient is not stable, but rapidly
shrinks and disappears, in contrast to the stBiotesophila gradient. Negative feedback
accounts for this dynamic behavior: Tc-Dorsal and of its target genes (Tc-Twisictivate
transcription of the kB homolog Tc-cactus which in turn terminates Dorsal function.
Despite its transient role, Tc-Dorsal is strictlgquired to initiate DV polarity, as in
Drosophila However, unlikeDrosophila embryos lacking Tc-Dorsal display a periodic
pattern of DV cell fates along the AP axis, indicgtthat a self-organizing ectodermal
patterning system operates independently of mesodermaternal DV polarity cues. The
presence of self-organizing patterning systemshiortsgerm insects likelribolium is in
agreement with a regulative type of embryogenesgpgsed by classical fragmentation
studies on hemimetabolous insects. These resuslisedlicidate how extraembryonic tissues
are organized in short-germ embryos, and how patigrinformation is transmitted from the
early embryo to the growth zone. Altogether, thectional analysis of the TGF-and Toll
pathways inTribolium dorsoventral patterning suggests that extensiemgds in this GRN

have occurred during insect evolution.



Zusammenfassung

Die dorsoventrale (DV) Musterbildung Drosophila melanogastgiD.m.) gehort zu den am
besten verstandenen Gen-regulatorischen NetzweftdtN) in der Biologie. Um zu
untersuchen, ob dieses GRN wahrend der Insektamewol konserviert ist, wurden
funktionale Analysen der TGF-und Toll-Signaltransduktionwege im Kurzkeiminsekt
Tribolium castaneurdurchgefuhrt.

Im ersten Teil dieser Arbeit wurden verschiedenteagellulare BMP/Dpp-Modulatoren, wie
z.B. Tolloid (TId) und Twisted-gastrulation/Crossvess (Tsg-Cv), mittels parentaler RNAI
(PRNAI) in Tribolium analysiert. Wahrendc-tld pRNAI zu einer reduzierten BMP-Aktivitat
im Embryo fihrt, verhinderfTc-tsg(cv) pRNAI diese vollstandig. Diese Beobachtungen
zeigen deutliche Veranderungen zu den MechanismBnoisophila wo Dm-tsgnur teilweise
fur die Dpp-Aktivitat bendtigt wird. Die Ergebnisskeuten auf eine essentiellere Funktion
Tsg/Cv-ahnlicher Proteine im BMP-Signalweg Tribolium hin. Im Drosophilagenom
befinden sich duplizierte Kopien vasg(cv)- und tld-verwandten Genen. Die Duplikation
gefolgt von einer Sub-Funktionalisierung dieser Memren kdnnte im Laufe der Evolution zu
Veréanderungen des BMP/Dpp-Gradienten gefiihrt haben.

Im zweiten Teil dieser Arbeit wurde die funktionaleAnalyse des Toll-
Signaltransduktionsweges durchgefihrt. Dabei sdikeFrage beantwortet werden, weshalb
der Dorsal-Gradient infribolium nicht stabil ist und schnell verschwindet, wohigee
Dorsal in Drosophila einen stabilen Gradienten bildet. [Fribolium ist ein negativer
Ruckkopplungsmechanismus fir das dynamische Verhaldes Dorsal-Gradienten
verantwortlich: Tc-Dorsal aktiviert zusammen miin@&n seiner ZielgeneT¢-twis) die
Transkription des B Homolog Tc-cactus Tc-cactuswiederum ist fur die Termination der
Dorsal Funktion verantwortlich. Anders alsDmosophilafiihrt der Verlust von Tc-Dorsal zu
einer periodischen DV-Musterbildung entlang der Adhse. Dies deutet auf ein
selbstorganisierendes ektodermales Musterbildusgssy hin, welches unabhéangig vom
Mesoderm und maternalen DV-Polaritatsinformatioagiert.

Die Prasenz selbstorganisierender Musterbildungmsys in  Kurzkeiminsekten wie
Tribolium castaneum stimmt mit dem regulativen Entwicklungstypus hemaiaboler

Insekten tberein, welcher in klassischen Fragmemtgs Studien vorgeschlagen wurde.



Die gewonnen Ergebnisse erklaren auRerdem die @egeom extraembryonalen Gewebes in
Kurzkeiminsekten und machen deutlich wie Mustetbilgsinformation vom frihen Embryo
auf die Wachstumszone ubertragen wird.

Zusammenfassend fuhrte die funktionale Analyse d&@GFf$i wund Toll-
Signaltransduktionswege ifribolium zu der Annahme, dass wahrend der Insektenevolution

intensive Veranderungen im DV-GRN stattgefunderehab



Chapter 1 General Background, specific objectives amdethods

Chapter 1 - General Background, specific objectiveand methods

1.1 - The emergence of a concept: Evolution and dgepment

In 1859, in the book “Origin of Species” Charlesr®im declared on p. 449 that
common descent is “the hidden bond of connectiorhvhaturalists have been seeking under
the term of the natural system....the structure ef ¢mbryo is even more important for
classification than that of the adult. For the eyolis the animal in its less modified state; and
in so far it reveals the structure of its progeriif@arwin 1859). From the middle till the end
of the 19" century, the link between embryology and evolutieere propagated mainly by
Ernst Haeckel. For Haeckel not only all animals ldoshare a common ancestor, but also
embryological events in extant animals would reflieir evolutionary path (recapitulation
theory). In other words, animals from distinct ggewould appear very similar at a specific
embryological stage, the so called phylotypic stated would then progressively differ.
Specific morphological traits of each group wouldyoappear after the phylotypic stage
(Haeckel 1866). Although the great similarity ofrtedrate embryos at the phylotypic stage
has been questioned (Richardson et al. 1997 )yitlsly assumed that at the germ-band stage,
insect embryos show a remarkable morphological larity, a clear phylotypic stage
(reviewed in Sander and Schmidt-Ott 2004).

In the beginning of the 30century genetics and embryology had split in déffe
disciplines. First, geneticists led by Thomas Hhhbrgan focused on the mechanisms
involved in heredity. Although Morgan was initiallyceptical about Mendel’s laws, he
showed later that the chromosomes carry the gemmgtiomation. Morgan is considered the
father of genetics and his research initiated Emesophila melanogasteescalade as the
golden bug of genetics. A second group, the exparial embryologists led by Wilhelm
Roux and Hans Driesch, started the developmental chamécs  studies
(“Entwicklungsmechanik followed by Hans Spemann and Mangold in theamsal
transplant experiments (Spemann and Mangold 19R8se are considered the precursor
studies of the modern developmental biology. Byt ttime, the ultimate goal of these
developmental studies was to explain their reshlised on “the simple components of
physics and chemistry” (reviewed in Gould 1977)etlel recapitulation theory was by that
time rejected by the Thomas Morgan School of Geistsi and by the developmental
mechanicists. These two areas stayed largely depidighe end of 80s, with some notable
exceptions in the works of Waddington and De BBer Beer 1958; Waddington 1966).

9



Chapter 1 General Background, specific objectives amdethods

Stephen Jay Gould in this seminal Ontogeny andogbgy (Gould 1977) provided
the theoretical basis for the recent fusion of ¢eseand developmental mechanics.
Intriguingly, the first framework for comparativetudies was obtained from the
characterization of embryonic mutants Drosophila (Lewis 1978). The observation that
molecules with a similar structural domain, the HQ&nhes, are involved in anteroposterior
patterning in flies and vertebrates is probablydtagting point of this new era: The Evolution
of Development (Carroll et al. 2001).

Following studies led to the astonishing observetithat the same set of molecules
e.g. transcription factors and secreted molecuiesn@olved in pattern formation in distantly
related organisms, such as flies and mammals. fstance, Bone-Morphogenetic Protein
(BMP) in vertebrates and its respective homologdpeataplegic (Dpp) in flies are secreted
molecules that act in dorsoventral pattern fornmatio both groups, and probably in all
animals with bilateral symmetry (Bilaterians) (Resgn 1996). Several other examples of
conserved sets of transcription factors and sigmalinolecules have been shown to act in
pattern formation on several groups over the lastdecades (Carroll et al. 2001).

During late 80s and 90s Evo-Devo started to emasga discipline divided in two
sub-areas: the micro and macro-evolutionary studiles first tackles how genotypic changes
(nucleotide sequences), in related species orrdiffegpopulations, lead to phenotypic (trait)
differences. Examples of these kinds of studiestlaeeanalysis of the evolution of bristle
patterns or pigmentation among related Drosophdpdcies (Sucena et al. 2003, Jeong et al.
2008) or the genetic basis of pelvic reductionhreéspine stickleback fishes (Shapiro et al.
2004).

The second major area of Evo-Devo involves compasof distantly related groups,
the so called macroevolution. For instance, regemtbmparisons among the extant
choanoflagellates plants, fungi and animals (Meazprovided convincing molecular
evidence that choanoflagellates are more relatddetazoa than to fungi (a sister group to all
Metazoa) (Philippe et al. 2004). Macroevolutionasywell as microevolutionary studies are
based on phylogenetic trees, which are hypothdsisitarelationships among groups. The
knowledge of the last common ancestor among relgtedps or species is fundamental for
the interpretation of Evo-Devo studies (Jenner\afigs 2007).

In the pre-genome era these phylogenetic hypothger® based on very scarce
information such as only one or fewer genes peumrof organisms studied, but this has
changed in the past few years. The use of severalatenated genes to build a phylogenetic

tree is called a phylogenomic approach (Telford 2200 his latter approach has recently
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strengthened Evo-Devo, because 1) One can detethengirection in which developmental
features are evolving; 2) the knowledge of the ijeace times of branches in a tree, allows
evolution rates to be inferred; and 3) Phylogengtes allow homologies to be inferred or,
conversely, show that apparently homologous featare not so (Raff 2000; Raff 2007). The
three points above are important to discuss thdteem an Evo-Devo framework, as well as
influencing the choice of new model organisms (éemamd Wills 2007).

Studies using ribosomal RNA and phylogenomic apgiea have changed the
topology of the Metazoan Tree of Life. Before thmel ef 90s, the Bilateria Tree of Life was
based on the view that animal evolution occurednfrimple to complex forms through
gradual steps. This view was mainly based on tlssgxsion of a body cavity, the coelom. In
this traditional view, acoelomates (e.g. Platyhalimes), Pseudo-coelomates (e.g. Nematodes)
and Coelomates (arthropods and chordates) appeacedssively after the split from the last
common Bilaterian ancestor, the UrBilateria. In tcast, in the new Metazoan Tree of Life
Nematodes and Arthropods are grouped together e HEedysozoan clade, animals
characterized by the presence of moulting cutidlenelids, Molluscs and acoel flatworms
belong to another group, the Lophotrochozoans (#&doet al. 1999; de Rosa et al. 1999).
Lophotrochozoans share a spiral mode of cleavagecdiated larval forms that may be
considered as modified trochophores. Both groupspantostomes (the first opening forms
the mouth) while a third group contains the dewgEnmes (the first opening during
gastrulation forms the anus and mouth is formednfr@ second opening). In this new
phylogeny hemichordates, echinoderms, cephaloctewdairochordates and vertebrates
constititute the monophyletic group of deuterostem@/hat has this new Tree of Life
changed in Evo-Devo? Basically the two major itelerate genetic model systen(,
elegans and D. melanogaster belong to the same group, the Ecdysozoans and no
Lophotrochozoa model system has been establish&d.sbhis situation is starting to change
with the establishment of the the polychaete adri®ltynereisas a model system (Arendt et
al. 2008). Additionally this new tree of Life alsadicates that the deuterostomes, including
chordates, are closer to the putative Urbilater@aganism, than previously believed.
Important to mention is that although this new TofeAnimal Life is widely propagated,
some controversy still exist (see e.g. Rokas ando2006).

The example above is just one among many of howatlalability of sequenced
genomes and ESTs of several species has changadkedrty our understanding of Metazoa

evolution and the relationships among their grouBscently the genomes of twelve
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Drosophillids species have been sequenced (Stagk. &007), and more are expected to
come.

A striking observation from the genome sequencing developmental studies
melanogasteand vertebrates is that the same basic set of mlekeds involved in similar
pattern mechanisms of all animals investigatedaso(€arroll et al. 2001). An immediate
guestion then came up: How can complex vertebitdesis be different from a fruit fly, if
both groups share a comparable amount of develd@inganes in their genomes? Again
studies on the developmental geneticdDofmelanogastehelped Evo-Devo researchers to
build a “working hypothesis”, centred on gene ragjoh.

In the beginning of 90s, studies on gene regulatbreven-skipped (evea gene
expressed in seven stripes in Demelanogasteearly embryo, provided the first hint that
gene regulation would play a major role in thedteinces (Small et al. 1992; Arnosti et al.
1996). Mike Levine and colleagues discovered thatetxpression of evegvestripe in theD.
melanogasteembryo is regulated by a different stretch of DNMo@ule) present in the non-
coding part of the DNA. From this example, it waderred that every developmentally
regulated gene contains independent DNA modules-régulatory modules- CRMS),
typically around 500 base pairs, that control ikpression during development. From the
combinatorial action of several CRMs, one can oles#te seven stripes efe This example
highlights the modulatory nature of the controdefvelopmental genes. The employment and
variation among different CRMs has been invokedexplain the disparate morphological
variation among species. At least two pieces afl@wie favor that view: 1) developmentally
regulated genes, i.e., genes involved in seveaagsses of development such as transcription
factors or signalling molecules were shown to conli@ger intergenic regions comparatively
to structural genes iD. melanogasteandC. elegangNelson et al. 2004a). Structural genes,
by Sean Carroll’'s definition are primarily ubiqwito or 'housekeeping' genes, general
transcription factors, ribosomal constituents onegeacting in metabolism (Carroll 2005b).
This larger amount of non-coding DNA (intergeni@gion in developmentally regulated
genes would be related to the existence of sew&Rlls. This allows the same gene to act
independently in several developmental contexts tdugs several independent CRMs. A
direct consequence from these results is that théutar nature of the CRMs may trigger
evolutionary innovations, since mutations or appeee of new CRMs do not affect the
coding region of a given gene. Coding regions afegamportant for embryonic development
are normally under negative selection due to itgers# roles in different processes

(pleiotropy) (reviewed in Prud’homme et al. 20@))The ratio of non-coding/coding DNA in
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the human genome is much higher thabmsophila,so it was proposed that most of the
differences among these two groups rely on theaualing part of the DNA (Carroll 2005a).

This concept of regulatory evolution is a centharhe in Evo-Devo studies, although
only recently clear examples of phenotypic varitidue to CRM changes have been
demonstrated (Jeong et al. 2008; Marcellini andpSon 2006; McGregor et al. 2007). A
global model to understand how changes in CRM maytribute to evolution is being
generated by the analysis of entire gene regulatetyorks (GRNs). Examples of well
understood GRNSs are the endomesodermal specificatisea urchin (Davidson et al. 2002),
the Ciona intestinalis(Urochordate) heart differentiation (Satou and Ba2006), the C-
Lineage Specification irC. elegans(Maduro et al. 2001; Baugh et al. 2005) and the
dorsoventral (DV) axis formation irosophila melanogaste(Stathopoulos and Levine
2005).

Altogether, Evo-Devo is a new discipline that aitmring together knowledge from
cell, molecular and developmental biology in anlettonary framework. Consequently, as
any evolutionary hypothesis, Evo-Devo is based lmn @volutionary relationships among
organisms (phylogenetic trees). The current thiegigses on the macroevolutionary area of
Evo-Devo, by studying the dorsoventral axis forimatin Tribolium castaneumbeetle,
Coleoptera) in comparison with the genetic mdai@lsophila melanogastdfly, Diptera).

Beetles and flies share a last common ancestort &64+285 million years ago
(Savard et al. 2006b, Zdobnov and Bork 2007). Tdst knowledge of the dorsoventral GRN
in D. melanogaster(described below), enables a direct comparisothese two genetic
networks. As the whole Evo-Devo area is now in“lenome sequencing era”, this thesis has
largely profited from the genome sequencing obolium castaneumBefore the description
of any molecular comparative analysis, it is impottto describe the major embryological

events occurring in insects.

1.2- Insect embryology and key questions in insect EviDevo

1.2.1 - Oogenesis modes and their correlation witherm types

Insect embryogenesis is highly variable among tfferdnt groups. On the other hand
a few general trends can be observed. Among thgedimsects the holometabolous insects,

containing larval and pupal stages, have genefalijer embryonic development than the
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hemimetabolous, which hatch as nymphs (mini-aduli$lis embryonic “acceleration” is
correlated with changes in oogenesis mode durintugen.

The panoistic oogenesis mode found in many hemboégas insects is believed to be
the ancestral type (Bier 1970). This oogenesis hgseoocytes lacking nurse cells, a common
situation in the Metazoans. Irrespective of its euggis type, each ovary consists of several
ovarioles. Each ovariole contains a germarium kxtanteriorly (or proximally) followed by
the vittelarium where an array of oocytes in pregreely stages of development can be
observed (Figure 1.1).

Telotrophic meroistic and polytrophic meroistic dea are found mainly in
holometabolous insects. In both types nurse celist,ewhich are absent in panoistic
ovarioles. In telotrophic meroistic ovarioles therse cells do not accompany the oocytes on
their way through the vitellarium. This type of oyas found for instance in beetles such as
Tribolium castaneun{Trauner and Buning 2007). In contrast, polytrapmieroistic ovarioles
contain a cluster of nurse cells, derived from gleemline, and a unique posteriorly located
oocyte, which migrate together along the vittelarjuisurrounded by a somatic monolayer
epithelium, the follicle cells. Nurse cells arepessible for synthesis of RNAs, ribossomes
and other molecules, which are required during goric development. Polytrophic ovaries
are found in hymenopteras, such Idasonia vitripennis(Olesnicky and Desplan 2007),
lepidopterans and dipterans suctDagsophilamelanogastefRoth 2003). In general, insects
containing polytrophic meroistic ovaries have atdasembryonic development when
compared to insects with panoistic ovaries, dueth® “pre-fabrication” of organelles
performed by the nurse cells.

Importantly, a somatic follicle cell layer surroungd the oocyte is a common feature
of insect oogenesis. In addition, in all insectcspe observed so far, the oocyte nucleus
moves to an asymmetric position in later stagesogienesis (Roth 2003). Drosophilathis
final asymmetric position of the nucleus defines ttorso-anterior position of the future
embryo. This nuclear migration is important for #stablishment of the dorsoventral polarity
in Drosophilg and may be a conserved feature of insect embngsi®e (reviewed in Roth
2003).

14
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Meroistic

Figure 1.1: The three ovary types present in insest

Panoistic ovaries are found in the crict&yllus bimaculatusmeroistic telotrophic, the beetle
Tribolium castaneumand meroistic polytrophic in the flprosophila melanogastekdapted
from Anderson 1972. (TF) Terminal filament, (FC)olli€le cells, (NC) nurse cells, (G)
germarium, (NC) nurse cells, (N) nutritive cord3) pocyte.

Bier, in a seminal paper (Bier 1970), was the fiospropose a correlation among the
type of oogenesis and the size of the germ anthgeregion of the egg that gives rise to the
embryo. Before establishing this correlation, iingortant to explain the differences in germ
anlagen among insects. Thirty years before Bierh&e Krause divided insects in short,
semi-long (intermediate) and long-germ type acewydo the size of the germ anlage (Krause
1939). In one extreme, the short-germ type, whieeegerm anlage contains essentially the
procephalon (head) and the remaining metamericgbdhe body emerges from the budding
zone (growth zone) by a secondary process. In ther @xtreme, the long-germ type, where
the different body regions in the germ anlage aprasented proportionally to their relative

position in the germ band. Intermediate germ tyljpesn between, since not only head but
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also gnathal segments are present before gasbrylabiut the abdominal segments are
generated later during development from the graetie.

Nowadays, two different approaches are used indisiEnction among insects with
short, intermediate or long-germ-types of developm&he first approach is based on the
timing of segment specification relative to ventiarow formation. Segment specification
would be, in this first view, defined by the ap@eare ofengrailedexpression, which marks
the irreversible segment determinatiorDrosophila(Davis and Patel 2002). Sineegrailed
expression is variable in relation to gastrulatimavements in many Diptera species, which
are presumably all long-germ type, this approachbeen recently questioned (Roth, 2004).
The alternative approach proposed by Roth, 200dlwes fate-map establishment after local
irradiation of small parts of the germ anlage. dsthis latter approach, no convincing
evidence of germ anlage containing only the hegdsats (short-germ type) has been so far
observed (Roth, 2004). In this thesis the ternrtsierm development will be adopted for all
insects which generate segments from the postgrowth zone and long-germ type of
development for embryos where all presumptive segsnare specificied early along the AP
axis and no secondary growth zone exists. Exangfidsng-germ type ard\pis mellifera
(Hymenoptera) andDrosophila melanogaste(Diptera) and of short-germ the beetles
Tribolium castaneumand Atrachya menetriesi.In addition, beetles also contain species
undergoing long-germ development suctBaschidiusvillosus.

Long-germ type of development occurs mainly in hoétabolous insects, which
present meroistic type of oogenesis. Apparentfpre-fabrication” of organelles by the nurse
cells in meroistic types can provide the oocyte hwinholecules required for early
embryogenesis, leading to faster development. Uetiently it was widely accepted by
morphological and embryological evidence that theegence of polytrotrophic ovaries in
Hymenopterans and Dipterans would have a comma@ma(frigure 2A). In this “traditional”
version of insect phylogeny, beetles (Coleoptena)uiding Tribolium, would occupy a basal
position in relation to Hymenoptera and Dipterac&sly, this traditional phylogenetic tree
has been questioned by a phylogenomic approachré~@B, Savard et al. 2006b; Zdobnov
and Bork 2007). According to this new tree Hymeeaptwould be basal to Coleoptera and
Diptera. What are the possible implications of tiesv phylogenetic tree? It could imply that
the meroistic polytrophic ovaries and the long-gedevelopment of Hymenoptera and
Diptera have emerged twice independently. Eithethi®a “modern” or in the “classical”
phylogenetic trees, the Eumetabola ancestor is\malito be a short-germ type insect. On the

other hand, in the “modern” phylogeny, the holorhetaus ancestor might have been a long-
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germ insect (Figure 2B). So, although widely pragiad as an example of a primitive short-
germ insectTribolium short-germ type of development might have ariseorsgarily from a

long-germ ancestor.

A B

Diptera Diptera
(flies) L (flies) L
Lepidoptera L Lepidoptera L
(butterflies, moths) (butterflies, moths)
Hymenoptera Coleoptera
(wasps, bees) L (beetles) S' L' I
Holometabola Holometabola

Neuroptera L
(lacewings)

Hymenoptera
Eumetabola Coleoptera S L | Eumetabola I_
I S (wasps, bees)
(beetles)
) Heteroptera | ' Heteroptera I
Hemiptera (bugs) Hemiptera (bugs)

Cicadomorpha
(Cicadas) I

Cicadomorpha I
(Cicadas)

Figure 1.2: Schematic drawings of classical phylogetic relationships among insect groups
(A) and the new molecular phylogeny (B).L - long-germ type of development, S-short-germ
type of development, | - intermediate-germ typedefrelopment. No species belonging to the
Neuroptera order was used for the molecular phylpgso this group is omitted from B.

1.2.2 - From classical embryology to the moleculara

Classical embryological experiments involving tgalastions, centrifugation and UV
or X-ray irradiation have been extensively perfodniy several researchers until the end of
the first-half of the 20 century. These studies suggested the existendwmfseparate
systems involved in patterning the embryo (reviewe8&ander 1976). The longitudinal axis,
nowadays called anteroposterior (rostro-caudal}] #me transversal axis, the current
dorsoventral axis, were described much before amjecular study was carried out.
Although a complete review on these topics is duhe scope of the present thesis (see for
instance Sander 1976), it is important to mentiendonceptual framework which arose from
those experiments.

Eggs of the leaf hoppdtucelis plebejusvere fragmented along the longitudinal and
transversal axis (Fig 1.3A) during early cleavadegs, and observed during several
successive days (Sander 1971). Interestingly, égggnented along the longitudinal axis,
which disrupts the dorsoventral axis, displayeeéraarkable capacity of recovery (Fig 1.3B).
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Complete twinning was observed in several casapi(€il.3C), suggesting that “Embryonic
Regulation” occurred. “Embryonic Regulation” waseyipusly defined by Hans Driesch
(1909) as “an event or group of events which odacuhe living organism after disturbances
and result in restitution of the normal functiostdte or lead toward this restitution” (Driesch
1909). This type of complete germ-band regeneratias never observed after transversal
sectioning (Sander 1959; Sander 1971). After trarssl sectioning, which disturbs the
anteroposterior axis, the fragments observed edtgvery contained just parts of germ bands
(Fig 1.3B). Normally, these partial germ-bands gatezl fewer segments than expected from
their location in the egg before the fragmentatimnconclusion, these experiments clearly
indicated that two different systems operate ingh#ryonic pattern of the leaf hopper, one
of them clearly displays “Embryonic Regulation” (doventral), while the other does not

(anteroposterior).
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Figure 1.3: Summary of experimental results obtaine by classical fragmentation studies

(A) Using leaf hopper eggs, Klaus Sander perforingasverse and longitudinal fragmentation studies
(Sander 1959; Sander 1971). Longitudinal sectiaesupt the dorsoventral axis while transversal
sections disrupt the anteroposterior axis. (B) Samnof the results obtained with leafhoppers and
with non-regulative (originally called “mosaic”) démyos (e.gDrosophilg. The height of the frames
represents the size of the system or fragment.r &féely longitudinal fragmentation, two separate
embryos containing a complete pattern can be geiker&o, more pattern elements than expected are
generated. If the same longitudinal fragmentatsopdarformed later in development, this phenomenon
does not occur. After transversal fragmentatior, fitagments produce less pattern elements than
expected. Non-regulative embryos after longitudiiedlgmentation generate pattern elements
according to their fates, so the expected amouhfsattern elements are generated in early or late
fragmentation. Taken together, these results stiggese flexibility in the mechanism responsible for
dorsoventral axis (longitudinal sections) than meaoposterior axis patterning (transversal sesjion
in the leaf hopper. (C) An example of complete twmg formation after longitudinal fragmentation.

The existence of extensive embryonic regulatiom@lthe dorsoventral axis has also
been reported in the beetddrachya menetriesiwhereup to four embryos may be formed
from one egg after cold-shock treatment (Miya armb#&yashi 1974). Occurrence of two
embryos in a single egg (dorsoventral duplicatieg)also observed in spiders, basal
arthropods under natural conditions (Holm 1952, @ua Akiyama-Oda 2008).
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Similar experiments using long-germ embryos suEbmsophila melanogastedid
not provide similar results in relation to regeniera After sectioning, UV irradiation or
transplantion almost no embryonic regulation tgikase (reviewed in Sander 1976) . For this
reason these embryos are called non-regulativegimos Sander, 1971) embryos, where their
cells are determined early in development and daanquire a new function after injury
(Sander 1971). It is noteworthy to mention thahsantion and centrifugation experiments
also provided evidence for the existence of anremtéleterminant (Sander 1976, Kalthoff
1983) before its molecular nature was uncoverede{@r and Nusslein-Volhard 1988; St
Johnston and Nusslein-Volhard 1992). Importantigutation of the dorsoventral axis after
injury as described above in short-germ embryos awé occur in long-germ embryos like
Drosophila. This indicates that changes on the events resderfsibthe DV axis patterning

axis must have occurred during insect evolution.

1.3 - Drosophila melanogaster molecular findings and their consequences for
understanding the evolution of insect embryogenesis

The molecular characterization of numerous mutaffiscting early patterning has
been carried out during the last 25 years. Thesdiest led to the conclusion that four
maternal genetic systems, containing several geaeh, are involved in setting up the
polarity along the anteroposterior and the dorstreéraxis. First, the anterior system is
involved in the anterior localization dficoid, a transcription factor that activates zygotic
downstream genes involved in the anteroposteritiepa Second, posterior group genes (e.g.
oskar, nanos, vagaare involved in establishing the pole plasm, Whi€ required for germ
cell development, besides their requirement in grast pattern. Third, the terminal class
genes ensure that the receptor Torso is activatdd & anterior and posterior poles of the
embryo. Fourth, the DV system sets up the dordoalepolarity of the egg (St Johnston and
Nusslein-Volhard 1992). Downstream of these malesgstems zygotic genes such as gap,
pair-rules, segment polarity and Hox genes are e in the establishment of the
anteroposterior (AP) axis. The fact that Hox gesmresexpressed in similar regions in several
insect species during the phylotypic stage, the t@rm band in insects, suggested that a
conserved molecular mechanism would act at thgegteviewed in Sander and Schmidt-Ott
2004).

On the other hand an overall variation in the fi¢hese four maternal systems has

been observed in insects. Duplications followedblgfunctionalization of key factors played
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an important role in evolutionary changes. A classtample of an important duplication
during insect evolution was described for the ARgpaing systembicoid, a core gene in this
system, has arisen by a duplication event fromravel Hox3 gene terknullt, zep in the
common ancestor of the cyclorrhaphan flies (Staebed. 1999; Stauber et al. 2002). Since
bicoid activates most of the anterior zygotic genes saghgap and pair-rule genes, the
emergence of this gene was probably a key evolatyomnovation for anterior patterning. In
beetles and waspsrthodenticle(otd) and hunchback(hb), two bicoid target genes in flies,
are responsible for anterior pattern, constitutthg putative ancestral system in insect
evolution (Schroder 2003; Lynch et al. 2006a).

The role of terminal genes was also investigatedther insects. Interestingly, the
function of the terminal system, e.g. torso signgll is apparently conserved in both poles
among short-germ insects lik€ribolium and long-germ Drosophila (Schoppmeier and
Schroder 2005). Conversely, the function and regulaof tailless, a transcription factor
involved in the establishment of the terminal r@gion the fly seems not to be conserved in
the waspNasonia vitripennigLynch et al. 2006b).

The role of posterior genes such wassa and nanos in specifying germ cell
development is apparently conserved not only iredtss (Lall et al. 2003), but also in
Lophotrochozoans and non-bilaterian animals (Exdaeb al. 2005, Tsuda et al. 2003; Sato et
al. 2006). On the other handskarwhich is also involved in the determination of gecail
fate, besides the determination of posterior ptylars not conserved at the sequence level

outside Drosophillids.

1.3.1 - Understanding the dorsoventral (DV) systenthe establishment of polarity
during oogenesis

The last maternal system, the DV system is thenrt@pic of the current thesis. 17
maternally provided factors were identified by genacreenings and are involved in the
formation of a ventralizing signal in the fly embryThis ventralizing signal and embryonic
dorsoventral polarity are dependent on events gakiace during oogenesis (reviewed in
Roth 2003). Thérosophilamelanogastepocyte at mid-oogenesis (stage 8-10) is surrounded
by a somatic layer of follicle cells (Fig 1.4). Atage 9 the first visible sign of symmetry
breaking along the dorsoventral axis occurs. Theyt@onucleus migrates from a posterior
position towards an anterior asymmetric positiamnglthe DV axis. The oocyte nucleus final

destination determines the dorso-anterior locaticthe oocyte (Micklem et al. 1997; Peri and
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Roth 2000). At that region, the oocyte nucleus asta signalling center, since the mRNA of
the secreted TGE-like ligand Gurken (Grk) accumulates around itam anterior-dorsal cap
(Neuman-Silberberg and Schupbach 1993). This atadin of Grk mRNA in the anterior-
dorsal cap is required for the correct orientatabong the future DV axis, but not for the
establishment of the different cell fates. This @asion was obtained from the analysis of
mutants where Grk mRNA is mis-localized, which thgpall DV fates along the AP axis
(Roth and Schupbach 1994).

The secretion of Grk activates tl@rosophila Epidermal Growth Factor receptor
(Egfr) present in the overlying dorsal follicle ksglgenerating DV polarity in the follicle
epithelium. This Egfr activation in the dorsal @gieads to the restriction pfpe expression
in ventral follicle cells by an unknown mechanisidilg§on and Schupbach 1998)ipe
encodes a heparan sulphat®-8ulphotransferase, so it is generally assumed pipet is
involved in the modification of an unknown glycofeim or glycolipid-associated
carbohydrate in the periviteline space. Recent idence have discarded all
glycosaminoglicans carbohydrates (heparin sulfaparin, chondroitin sulfate and dermatan
sulfate) aspipe substrates (Sen et al. 1998; Sen et al. 2000eZhl 2005; Zhu et al. 2007),
so the glycoprotein which acts as a substrate fpe Femains unknown. Theipe domain
extends around 40% of the ventral embryonic cir@rsrice, a similar width as the final

Dorsal nuclear gradient (figure 1.4).

A Restrictlon of Plpe expression

Dorsal
Nurse cells Nucleus
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Figure 1.4: Major events during dorsoventral axis érmation in Drosophila.

(A) Gurken (green), a TGFprotein emanating from a dorsal source in the agpressegipe (orange)

in the follicular epithelium, restricting its exmsaon to a ventral stripe. (B) Pipe leads to theliffeation

of an unknown ECM component (red) which is secrdigdhe follicle cells and maintained within the
extracellular space surrounding the late oocyteemmty embryo. (C) Subsequently, an extracellutzmed

is generated within the region defined by the mediECM component. This signal induces the nuclear
transport of the transcription factor Dorsal inside embryo. The signal has peak levels within raoma
stripe straddling the ventral midline (dark blu®jcture from Moussian and Roth, 2005 Curr Biol.
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Importantly, thispipe expression domain cannot explain why the gradedeau
Dorsal gradient is achieved, since the ventral mdS% region of the embryonic
circumference contain the highest amounts of nudeasal. Apparently, thpipe expression
domain exerts a permissive role, but downstreamtsva the perivitelline space are required
for the establishment of the correct graded nudBeasal gradient inside the embryo. These
downstream events are mediated in the perivitelipace by a cascade of four proteases
(gastrulation defective, snake, easter, nudéie serine protease inhibitgerpin27Aand
spatzle,a Nerve Growth Factor-like (NGF-like) molecule, whighthe ligand of the receptor
Toll (reviewed in Moussian and Roth 2005). Pairsacfivators and inhibitors act in the
perivitelline space, showing that extensive fee®bggulation occurs in this region. The
carboxy- and amino-terminal fragments gdstrulation defectiv€GD), the protease Easter
and its inhibitor Serpin27A, and the carboxy andiremterminal fragments of Spatzle
(reviewed in Moussian and Roth 2005) are theses pafiractivators-inhibitors, which are
required for the formation of a unique peak of Rbectivity in the ventral embryonic region.

Spéatzle mRNA injection may generate embryos witplidated axis, as judged by two
oppositetwist expression domains. Such axis duplication phenomaiso occurs iegfr and
grk mutant eggs, where an expangbgole expression domain in the follicle cells is observe
(Morisato 2001). These axis duplications might earfsom perturbation of the balance
between the ligand (Spatzle) and its inhibitor ¢3ledamino-terminal fragment). Higher
concentrations of unprocessed Spatzle or an exgansithe ventral domain where Spatzle is
processed (iregfr or grk mutants) are likely to cause increased inhibitmncentrations at
ventralmost positions. It is clear that the molacwvents responsible for axis duplication
occurs outside the embryo, since embryos with umfbigh amounts of Toll signalling, show
twist expression along the whole dorsoventral axisdiounhot exhibit a duplicated axis (Roth
et al. 1989; Roth and Schupbach 1994, Morisato 2001

1.3.2 — Downstream events inside the embryo

Upon Spatzle signalling in the ventral region,ascade of downstream events takes
place inside the embryo. A complex involving Tolhe adaptor molecules Tube and
Krapfen/Myd88, and the serine/threonine kinaseeHslformed upon signalling. This leads to
a local increase of Pelle concentration, resultimgautophosphorylation of this kinase.

Remarkably, an activated form of Pelle is able ¢negate all known Toll-Dorsal patterning
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thresholds when ectopically expressed along thea&B. This implies that all required
functions downstream of the Toll pathway can beiated by the kinase Pelle (Stathopoulos
and Levine 2002b).

This kinase phosphorylates Toll and Tube, theretipd released from the receptor
complex (Fig 1.5). Pelle can then act directly aac@Qs and Dorsal. The phosphorylation of
Cactus, followed by its ubiquitination and degramlatoy the proteasome, releases Dorsal in
the cytoplasm. Phosphorylated Dorsal then dimeasesenters the nucleus (Fig 1.5). Tamo,
Drosophila Nuclear Transport Factor-2 (DNTF-2) andmbers-only (Mbo), a nuclear pore
protein, also interacts specifically with Dorsatlaare required for nuclear transport (Fig 1.5).
This nuclear transport is independent of Toll silgmg.  Importantly, Cactus degradation only
occurs in the ventral regions where Spétzle biralsToll, so the dorsal region of the

Drosophilaegg is free of nuclear Dorsal (reviewed in Moussiad Roth, 2005).
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Figure 1.5: The cytoplasmic events downstream of éhToll receptor.

The activated Toll receptor recruits the membramalised dMyd88-Tube heterodimer to the
intracellular domain of the activated Toll receptBubsequently, the kinase Pelle is recruited € th
heterotrimeric Toll-dMyd88-Tube complex and undegyautophosphorylation, thereby enhancing its
kinase activity. By phosphorylation of Toll and BybPelle is released from the heterotetrameric
complex. At this step, signalling is disrupted, @hd Toll-Spéatzle complex is presumably internalise
Next, Pelle transduces the signal to downstreanofscresulting in the degradation of Cactus. This
allows binding of Dorsal to Tamo which regulatesclear entry of Dorsal through a nuclear pore
containing DNTF-2 and Mbo. From Moussian and Ra@95 Curr Biol.
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1.3.3 - Dorsal has a central role in the Gene Regubry Network (GRN) responsible for

DV axis formation

Once Dorsal is transported to the nuclei aftert@adegradation in ventral regions,
this transcription factor activates several genesgatheDrosophilaDV axis. High amounts
of Dorsal activatesnail (sna)andtwist (twi) in the prospective mesoderm, progressive lower
amounts activatehort-gastrulation (sog brinker (brk)andrhomboid (rho)in the neurogenic
ectoderm and even lower amounts repm=gnllt (zen)and decappentaplegic (dpdyom
the non-neurogenic ectoderm (dorsal ectoderm) {Hig Stathopoulos and Levine 2002a).
The above described genes are just examples ohD@rget genes that were discovered by

classical genetic screening (around 30 direct tajyge
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Figure 1.6: Positional information generated by theloll pathway.

(A) A schematic half cross-section of an edhpsophilaembryo; the nuclear Dorsal gradient
leads to the activation of target genes in differ@gions along the dorsoventral axis. (B)
Lateral views with the exception efm which is a ventral view. Genes are activated m th
presumptive mesodermMgs2 in B), mesectoderm si{ngle-minded - simin B) and
neuroectodermspgin B). Genes such afpp are repressed from the non-neurogenic (dorsal
ectoderm) region.

cDNA microarrays uncovered additional 20-40 direDorsal target genes
(Stathopoulos et al. 2002). Recently, tilling arrsgreenings (Biemar et al. 2006) and
chromatin immunoprecipitation (ChlP)-on-chip (Sarashm et al. 2007; Zeitlinger et al. 2007)
approaches added more 30 genes to this GRN. Sedatter approach covers the vast

majority of theDrosophila melanogastegenome, 80-100 Dorsal target genes might be closer
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to the actual number of Dorsal targets (Fig 1.As)can be observed in Figure 1.7a, not only
Dorsal has a central role in this GRN, but also dabttarget genes can be separated in
different categories (colors in the picture) depegdn the region of the embryo they are
expressed. In blue one can observe genes exprassim mesoderm, in yellow genes
expressed in the neurogenic ectoderm and in gresesgexpressed in non-neurogenic
ectoderm and in the amnioserosa (Fig 1.7a). Imptiytathese genes are expressed in

different embryonic territories due to the differ@haracteristics of their DV enhancers (Fig
1.8).
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Figure 1.7: The Gene Regulatory Network responsibléor DV axis formation in Drosophila.

(A) Dorsal directly regulates several enhancerghen mesoderm (light blue), in the mesectoderm (dark
yellow), in the neurogenic ectoderm (light yelloahd in the dorsal ectoderm (light green). So, Blassa
central molecule in this GRN. (B) Between 80-10Mhacers are Dorsal direct targetshDnosophila
genome, as judged by whole genome studies likagtérrays.

Genes responding to the Dorsal gradient can bdethin at least three different types,
[, I and 1ll. This distinction is based on the imidual binding sites present on their enhancers
and the region along the DV axis where the genexigressed (Fig 1.8, reviewed in
Stathopoulos and Levine 2004). Genes expressdteingntralmost region, the presumptive
mesoderm, contain the so called type | Dorsal iesipe enhancer. Correlated to the highest

amounts of Dorsal and Twist present in the mesodenhancers of genes expressed in this
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region, e.g.twist, snail, mir-1, htl,contain binding sites with the lowest affinity ftne
transcription factor Dorsal (Fig 1.8). In addititrese enhancers also contain binding sites for
Twist (Ebox). Genes containing type Il enhancechsasbrk, ventral neuroblasts defective
(vnd), rho, and vein (vn)contain binding sites for the repressor Snailthey are excluded
from the mesoderm (Fig 1.8, reviewed in Stathop®alnd Levine 2004). These genes also
contain binding sites for the transcription factovolved in the Notch signalling pathway,
Suppressor of HairlesS@H), as well as Twist and Dorsal. Interestingly, altgh Twist is
known to be a mesodermal determinant, Twist antitgidinings have shown that the Twist
domain extends around 5 cells onto the prospentweogenic ectoderm (Kosman et al. 1991,
Leptin 1991), so the aforementioned neurogenic dectnal genes depend on Twist
expression and contain high affinity binding sites Twist (Papatsenko and Levine 2005).
Genes containing type Il enhancers contain optitialding sites for Dorsal and are
expressed in regions where the amount of this ¢rgotgn factor is the lowessogandthisbe
(ths)are activated by Dorsal, while other genes sudblbmsd (tld), dpp andzenare repressed
by it and by the co-repressors Groucho and CtBRiegineed in Stathopoulos and Levine
2004). Taken together, the different amounts afsBloalong the DV axis correlate to distinct
enhancer organizations along this axis. So, Docsal be considered as l@ona fide

morphogen irDrosophila(Wolpert 1969).
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Figure 1.8: Dorsal-dependent cis-regulatory regions Drosophila DV patterning

(A) Genes regulated by Dorsal along tbeosophila DV axis. (B) The known Dorsal-target gene
enhancers can be categorized into three diffefasses. Type | enhancers contain low-affinity dorsa
binding sites and may also contain E-box sitesiming sites for Twist. Type Il enhancers havedbig
sites for Dorsal, Twist (E-boxes with a CA coredal, Su(H), and a transcription factor that redngs

the RGGYCAG motif, possibly Dip3. Type lll enhansesupport expression in a broad lateral domain
and contain high-affinity Dorsal binding sites tlzae closely spaced. Adapted from Stathopoulos and
Levine 2004.
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1.3.4 - Decapentaplegic (BMP/Dpp) and its modulatsrconstitute a conserved network

involved in DV patterning

dppis directly repressed by Dorsal in fly embryosjts@xpression is confined to the
40% most dorsal regiorin addition, two other mechanisms repress Dpp igtia ventral
regions, one involvingogand the othebrk, which are described in detail in Chapter 3. Dpp
itself is a morphogen since high amounts of Dppvatd genes in the amnioserosa and
progressive lower amounts control non-neurogeniadermal genes (Ashe et al. 2000).

The role of BMP/Dpp4 and its modulators.,g Sog/Chordin, Twisted-gastrulation
(Tsg), Tolloid (Tld), in DV patterning is conservddring Bilateria evolution (Ferguson 1996,
De Robertis 2008, Chapter 3). StudiesXienopudaevisand D. melanogastehave shown
that a similar set of molecules is involved in thiscess. Briefly, the conserved role of these
molecules is the major argument favoring the rdwifahe old hypothesis of the inversion of
the DV axis between protostomes and deuterostofndstailed historical description of this
topic is available in Arendt 2004.

Although much attention has been drawn to the ewesl aspects of the BMP/Dpp4
in DV axis formation, several aspects differ betw@&MP/Dpp4 modulation ilbrosophila
and Xenopus First, a subset of BMP/Dpp4 modulators is notserg¢ in Drosophila
melanogastegenome, although present in vertebrate genomes.pbint will be addressed
in detail in the Chapter 2 (Umulis et al. 2006; Rabertis 2008).

Second, the control of BMP/Dpp4 antagonists by maleNF«B related molecules
might be be restricted to insects (reviewed in Bi@d0) Two BMP/Dpp4 antagonistsog
andbrk, are directly regulated by the NdB related molecule, Dorsal, iDrosophilg while
this regulation might be absent in vertebratescé&ii is not clear if Dorsal/NkB-related
molecules participate in early DV polarity duringriebrate embryogenesis (Armstrong et al.
1998; Prothmann et al. 2006), it is possible thatmajor maternal role of Dorsal/NdB in
Drosophila early patterning is a late acquisition in insegblation. This hypothesis is
analysed in detail on Chapter 4.

Third, while in Drosophila the molecular system involved in DV and AP axis
formation is considered completely independent fom each other, this is not the case for
vertebrates. It has been long realized that zedbraind mouse mutants affecting the DV axis
formation are also affected along their AP axisvigeed in Bier, 2000), but molecular links
between these molecular systems have only recbady uncovered iKenopugFuentealba
et al. 2007, Fig 1.9). It was recently shown tKahopusDV and AP axis converge at the
level of Smad1,5,8 phosphorylation. While the Wnadient, responsible for AP axis in
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vertebrates, is responsible for the duration of &ya8 signal, the BMP4 gradient provides
the intensity of this signal (Fuentealba et al. Z0@e Robertis 2008, Fig 1.9). This
mechanism was suggested to explain the overlappaahanisms between AP and DV axis.
In the long-germ development Bfrosophila AP and DV axis patterning are largely
independent. In insects of short-germ type, whi@negate segments from a posterior
secondary process, similarly to the somite germraduring vertebrate segmentation (Tautz
2004), it is not clear if AP and DV axis are indeg@ently patterned. To sum up, insects with
short-germ development might be suitable to answégast three important questions related
to the evolution of DV axis formation: 1) Did thesk of several Dpp modulators occur early
in insect evolution, or did it occur later, e.g.higher Diptera likeDrosophila (analysed in
Chapter 2 and 3) ?; 2) Is the major role of RB-+elated molecules controlling DV axis an
specific feature oDrosophila or is it a general insect feature, being presentore primitive
insects (analysed in Chapter 4)?; 3) Does the AP Y crosstalk, as demonstrated for
vertebrates, occur in primitive insects and wag los higher Diptera likeDrosophila
(analysed in Chapter 4)? In order to answer thesstopns a suitable insect model system

with short-germ development should be used formaparative approach.
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Figure 1.9: The Conserved Chordin-BMP Signalling Nevork and AP-DV integration at the level of
Smad phosphorylation

The Chordin-BMP signalling network is conservedaesinDrosophilaandXenopus(A) In XenopusChordin

is expressed on the dorsal side BiP4 at the opposite ventral pole. (B) Drosophila dppis dorsal (blue)
andsogis ventral (in brown) in the ectoderm. (C) A netwoif conserved secreted proteins mediates DV axis
patterning inXenopusandDrosophila although some molecules do not act in both osgasi (D) AP (Wnt)

and DV (BMP) gradients are integrated at the lefghosphorylation of the transcription factors 8s4, 5,

and 8. Note that in this self-regulating model BMP gradient provides the intensity, but the Wradjent
controls the duration of the Smad 1, 5, 8 signakd protein-protein interactions are shown irckjaand
transcriptional activity of Smads 1, 5, and 8 arblue. Adapted from De Robertis 2008.

1.4 - Establishing a comparative approach: the beket Tribolium castaneum and its DV
axis formation

Tribolium castaneunfTenebrionidae, Rust Red Flour Beetle) is an degarthat has
been used for more than 50 years in laboratoryiegu@okoloff 1975). In the past few years
Triboliumresearch has been boosted by the development@&fadenolecular techniques such
as gene knock-down by systemic RNAI and transgser(@sicher et al. 2002; Klingler 2004).
Lethal and enhancer trap screenings are beingntlyrperformed (Richards and Genome
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Consortium, 2008). Nowaday$ribolium is the second most used insect model system only
behindDrosophila

Several developmental processes common to extaetts can be investigated in
Tribolium, since they were largely reduced or modified inhleigDiptera likeDrosophila.
Examples are head, leg formation during embryogenasd the short-germ mode of
embryonic development. During@ribolium embryonic development, only the head and
thoracic segments are specified before gastrulatind the remaining segments emerge from
the posterior region, the growth zone. In the pgast years, molecular studies have been
carried out to characterize AP and DV patterningcima@isms in this beetle, which are
summarized in the following paragraphs.

One of the key differences between short and bpg1gn insect eggs relates to extra-
embryonic membranes. While Trribolium the serosa is located anteriorly,Dnosophilathe
largely reduced extraembryonic membrane, the araroes, is located dorsallgen is
required for the development of these extraembryammbranes in both insects (Fig 1.10).
Interestingly, Tc-zenlknock-down leads to an anterior expansion of thergamic region at
the expense of the serosa (van der Zee et al. 200pprtantly, while the amnioserosa is a
structure controlled only by the DV systemDnosophilg the Tribolium serosa specification
is controlled mainly by the AP system. So, changesthe GRN responsible for
extraembryonic membranes must have occurred dursagt evolution.

The GRN network responsible for DV axis formationTribolium may rely less on
maternal cues than thgrosophilasystem. It is possible that Dorsal has a lessdiae in
Tribolium DV patterning than it®rosophila ortholog and that zygotic components have a
more pronounced role in beetles than in flies,ualgg¢d by at least four pieces of evidence.
First, a nuclear Dorsal gradient exists Tnibolium, but this gradient is not stable and
disappears fast during embryonic development, noefbre gastrulation starts (Chen et al.
2000, Fig 1.10), in contrast to the stable gradiemrosophila(Roth et al. 1989). Second, the
unique Toll receptor known so far Fribolium seems to be zygotically expressed, possibly
being activated by Dorsal. IBrosophilag conversely, Toll maternal mRNA is absolutely
required for early patterning. Third, some gengsagsed by Dorsal iBrosophilaare not so
in Tribolium such asTc-dppandTc-zen(Fig 1.10). For instancd,c-dppis expressed in an
oblique stripe and in a posterior domain not beegwessed by Dorsal (Fig 1.10H). Fourth,
there is no nuclear Tc-Dorsal in the growth zonggesting that different DV mechanisms

operate at this region (Chen et al. 2000).
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Figure 1.10: Tribolium DV axis formation and the comparison of beetle anfly gene expression
patterns

(A-D) A transient nuclear Dorsal gradient existdiibolium, in contrast to the stable Dorsal gradient
present irDrosophila(Roth el al. 1989, Chen et al. 2000).D the arrow points to the anterior ‘cap’
expression of Tc-dorsal which coincides with theespmptive serosa. (E-F) Differences in
expression ozenin Drosophila (E) andTribolium (F). Zen marks extraembryonic tissue in both
insects. Note the anteridic-zenexpression when compared to the dorsal locatidbnofzen (G) dpp

is expressed in the dorsal side of B@sophilaembryo, being repressed by Dorsal. (H) In contrast
Tc-dppis transcribed in an oblique stripe of cells (blbetween the embryo proper and the anterior
serosa.

Mesoderm formation inTribolium also displays several different features from
Drosophila. First, the ventral furrow inrribolium is multilayered in the posterior region
(Handel et al. 2005, Fig 1.11A,B), in contrastDmsophilawhere a monolayer epithelium
starts to invaginate. Second, Drosophila, mitosis are inhibited in the mesoderm before
ventral furrow formation, but cell divisions occwspecifically in mesodermal precursors in
Tribolium. Third, invagination occurs differentially aloniget AP axis inTribolium, so that
embryonic posterior regions from the same embryainea more pronounced ventral furrow

invagination than respective anterior regions (Hdwed al. 2005, Fig 1.11C). In the long-germ
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Drosophilaembryogenesis, not only mesoderm invagination @csumultaneously along the
AP axis, but also the cellular organization is ¢ansalong it.

Besides the aforementioned differences in mesodenmation, a key question is the
origin of the mesoderm in segments arising fromgiteavth zone. Thdribolium growth zone
is composed of an outer layer that is continuoub wie ectoderm, a thin layer constituting
the amnion and an inner layer that is continuoul e mesoderm, besides a cell mass that
were suggested to be the germ cells (Handel 208b, Fig 1.11). Although Tc-Twist protein
is detected in anterior regions of the inner laged in the posterior tip of the growth zone,
Tc-Twist is absent in the huge inner cell massrantéo the posterior tip (Handel et al. 2005,
Fig 1.11D). Since this cell mass is continuous Wit inner layer cells that exprebs-twist
in anterior regions, it was suggested that theie ceght comprise an undifferentiated pool
of mesodermal cells (Handel et al. 2005). On thieeothand, it is also possible that
gastrulation-like mechanisms involving cell migoastibetween different layers might occur in
the growth zone (this hypothesis is evaluated enGhapter 4). Altogether, it is not clear how
the growth zone DV pattern occurs and what is #te 6f the different cell populations in this

region. The question of how DV pattern from thevgito zone is dependent on early cues will
be described in Chapter 4.
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Figure 1.11: Mesoderm invagination and growth zonenorphology in Tribolium

(A,A") F-actin (cell membranes - red) and Yoyo (BMgreen) staining of an embryo at a similar stage t
the one in C. A" represents a posterior section Andn anterior one, displaying the progressive
mesodermal internalization and the multilayeredatiar of the ventral furrow in the posterior ragi¢B)
Detection of Twist protein (red) in the ventral rfow. (C) An antibody staining for Twist in a
representative embryo. (C1,C4) Regions of respeatioss sections. The amnion and the serosa have
closed ventrally in the posterior part (C4), but imothe anterior region (C1), where the extraerohiy
cells are still moving ventrally. Moreover, almdise whole mesodermal cells have invaginated iniC4,
contrast to C1. (D1,D2) Two longitudinal sectionsan embryo undergoing germ band elongation, slaine
for Twist. The anterior Twist expressing cells amntinuous with the inner layer of the growth zone,
although inner layer cells do not express Twishe Buter layer is continuous with the ectoderm tied
formation of the amniotic cavity is evident. (E1)Ehti-Phospho-histone3 (cell proliferation - rexdjd F-
actin (cell membrane - green). Two optical crosstises from an embryo undergoing germ band
elongation, displaying the cellular organization the growth zone. Note the globular cell mass
constituting the putative germ cells (E1). Adagretn Handel et al. 2005
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2 - Specific Objectives

The recent sequencing ®fibolium castaneungenome has enabled us to address the

following questions related to the GRN responsibteDV patterning in this beetle:

1) Investigation of the evolution of TGFsignalling pathway in insects (Chapters 2 and 3).
will first describe the role of several genes imeal in the TGH3 signalling pathway found in
the recently sequenceltibolium genome (Chapter 2). Then the role and evolutiotwof
BMP/Dpp modulators twisted-gastrulation/crossveinlesand tolloid, will be analysed in

more detail (Chapter 3)

2) Investigation of the role of Dorsal/Toll pathwagmponents in the formation of the DV
axis in the short-germiribolium (Chapter 4). Particular emphasis will be givenlfowhy the
Tc-Dorsal gradient is less stable and rapidly #s;iim contrast to the stable nuclear Dorsal in
Drosophila 2) Whether there are ifribolium genes responding to different thresholds of
Dorsal activity (type 1, type 1) like inDrosophil?; 3) Is the growth zone DV pattern
dependent on the early Toll signalling establisdedng early blastoderm differentiation?
These studies may generate insights into the mialecmechanisms involved in the
experimental duplications along the DV axis obserire short-germ insects more than 30

years ago.
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3 - Methods

In the following section the new developed methads described and the available
protocols are properly cited. Together with thiesis a CD is provided containing a step-by-
step description of new methods established. Indtion onTribolium castaneunculture,
rearing, egg collection and fixation is availabiethie beetle book, written by Gregor Biicher,

Gottingen  hittp://wwwuser.gwdg.de/~gbucherl/tribolium-castanem-beetle-book1.pdj.

For a specific question on chapter 3, the widaponiavitripennisis used as a model system.
For similar information onNasoniaas a developmental biology insect model the reader

should follow Lynch and Desplan 2006.

3.1 - CloningTribolium castaneum and Nasonia vitripennis genes and phylogenetic
analysis
A BLAST survey for possible orthologousequences was performed in thebolium

castaneum (http://www.hgsc.bcm.tmc.edu/projects/triboligmbr in Nasonia vitripennis

(http://www.hgsc.bcm.tmc.edu/projects/nasonigénome website. Gene prediction models

based on EST and homology evidence, the GLEAN ditagas available fofribolium
castaneunsequences, which in most of the cases containsdimplete coding sequence of

the gene of interest. Primer design was performgd @ligo (www.oligo.ne}) to generate

fragments ranging from 400-1000 bp for each gentabde of cloned genes and markers used
during this thesis is provided in a CD that accomgm this thesis, with respective restriction
sites and enzymes used for anti-sense probe si;tres dsRNA templates.

For phylogenetic analyses, similar aminoacid segeemoTribolium or Nasoniagenes were
obtained by BLAST, alignments performed using Bib€éGLUSTALW interface available),
and sequences loaded into MEGA Version 3.1 softwkrenar et al. 2004). Neighbor-
joining and Minimum Evolution were performed andOQOreplicates were used for
bootstraps.

RNA extraction using 100-200 embryos (0-72 hoursi®@felopment, from freshly laid eggs
until completely extended germ bands) was doneguSRIZOL (Invitrogen). 1ug of RNA
was used for cDNA synthesis using the SuperSchiiTl (Invitrogen). The obtained PCR
fragments were cloned into the pCRII TOPO, whichtams SP6 and T7 promoter regions

flanking the cloned product. For the completendsh® mMRNA sequences 3'- and 5° RACE
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reactions were done using the SMART RACE cDNA Arigaition Kit (Clontech) following

the manufacturer instructions.

3.2 — RNA Probe preparation,in situ hybridization and immunohistochemistry

RNA probes were synthesized from purified (Quiagetquick PCR purification Kkit)
dsDNA PCR products (0,2-04g/probe). Modified Ribonucleotides containing Diggenin

or Biotin were purchased from Roche and used tahegize ssRNA probes. Fluorescein-
labelled probes led to low signal/background ratiolribolium embryos. Briefly, the one-
color colorimetric staining fofrribolium was essentially the same as described by Tautz and
Pfeifle 1989 forDrosophilaembryos, without the proteinase K treatment step.

For two-color colorimetric staining, the method d#sed by Liu and Kaufman 2004 for
Oncopeltus fasciatugras adapted forribolium. NBT/BCIP solution (Roche) and Fast Red
(Roche) or Vector Red (Vector Labs) were used dstsates for two successive alkaline
phosphatate enzyme reactions. For fluorescenturhgbridizations, the method described by
Kosman et al. 2004 was adaptedTiibolium embryos. Amplification steps using tyramide
reactions (TSA) are required to obtain intense nstgi in Tribolium embryos. The
immunohistochemistry was done essentially as pusiyodescribed (Roth et al. 1989).
Detailedin situ, immuno-histochemistry and fluorescence protoeath respective pictures
as examples are supplied in the CD which comedhegevith this thesis. Protocols can also

be downloaded frorttp://fonsecarn.50webs.com/

Antibodies used during this study and their coneiuns:

For in situ hybridization

Anti-DIG-AP (Roche, 1:5000)
Anti-DIG-POD (Roche, 1:100)
Anti-BIO-AP (Roche, 1:2000-1:5000)
Mouse-Anti-BIO (Roche, 1:200)
Anti-MOUSE-HRP (Roche, 1:200)
Anti-BIO-POD (Roche, 1:200)
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For immunofluorescence or immunohistochemistry, pnnary antibodies
Rabbit-Anti-OTD (Reinhard Schroder, 1:100)

Rat-Anti-TWIST (Jessica Cande & Mike Levine, UCrBaley, 1:100)

Guinea Pig-Anti-DORSAL (Jessica Cande & Mike Levib& Berkeley, 1:50 -1:100)
mouse-Anti-MAPK (Sigma, 1:2000)

mouse-Anti-ENGRAILED- 4D9 (Developmental Studiesbfigoma Bank, 1:5)
rabbit-anti-Phospo-MALR1:2000, gift from Alfonso Martinez-Arias, CambrelgUK)
mouse-anti-phospho-TYROSINE (Sigma; 1:500)

Rhodamine Phalloidin (R415-Invitrogen; 1:500)

For immunofluorescence or immunohistochemistry, semdary antibodies
Anti-GUINEA-PIG-Alexa555 (Molecular Probes, 1:400)
Anti-RAT-Alexa555 (Molecular Probes, 1:400)

Anti- MOUSE-Alexa555 (Molecular Probes, 1:400)
sheep-Anti-RABBIT-HRP (Roche, 1:500)

sheep-Anti-RABBIT-BIO (Roche, 1:1000)

3.3 - dsRNA synthesis, egg, pupae and beetle injects

In order to obtain a PCR product containing T7-poten sites on both ends, PCRs from
template plasmids (10-100ng template) were perfdroseng a T7 primer and a SP6 primer
containing a T7 tail (added during the first PCRleg). These PCR fragments were then used
as templates for Ambion Megascript RNAI Kit, witbth RNA strands being synthesised and
annealed during synthesis reaction (3 hours-37/g). at least one gend,c-cv/Tc-tsg
(described in Chapter 3), two non-overlapping dsRi¥Astructs were used for injections and
led to identical phenotypes. GFP dsRNA was alsected as a control for unspecific effects.
For simultaneous injection of two different dsRN#&imers leading to similar size amplicons
were designed and used as templates for dsRNAesistheaction. A mixture of two dsRNA
was performed using equal concentrationgd/lul). Pupae injection was described in Bucher
et al. 2002 and adult injection in van der Zed.e2@06.

For egg injections, egg lay was performed for omer {30°C), when the flour was sieved and
eggs collected. These eggs developed for one fuinihr, before their dechorionation (20%
commercial bleach for 40 seconds). Eggs were aligne a glass slide and dried for 7-10

minutes with the help of a dissecator. Voltalef @itochem) was then added and injection
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proceeded on the anterior part, the region whezes#tosa is located, although injection in
posterior regions led to similar knock-down phepety. For analysis of phenotypes during
blastoderm differentiation the embryos were letdevelop further 8-10 hours, and for
observation of segmented germ bands further 18-@4rsh During every egg injection

experiment GFP dsRNA was injected in a similar nendd embryos, which were fixed at the
same time of the experimental dsRNA injected edgter fixation, methanol step was

omitted and the vitelline membrane was carefulijoeed with the help of a needle (0,3mm).

3.4 - Confocal sections

Tribolium eggs were fixed as previously described (Chenl.et2800, Tribolium Beetle

book). A primary mouse-anti-phosphotyrosine (Sigin&00) antibody was used followed by
a secondary anti-mouse-Alexa-conjugated-555 (Mddederobes, 1:400). The embryos were
hand-sectioned, vecta-shield mounting medium coimgi DAPI (H1000) was added, and

optical sections with a Leica SP2 Confocal (40xeotye, immersion) were performed.
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Chapter 2 - Evolution of TGF$ modulators in insects

Introduction:
TGF{3s are evolutionary conserved molecules involvedminst processes where cell

communication takes place. The evolutionary originT GF{f3s traces back to the origin of
multicellular organisms. Sponges, considered teeisgroup of Eumetazoans contain TBF-
in their genomes, but choanoflagellates, the stptep of Metazoans and Fungi do not
(Nichols et al. 2006; King et al. 2008). From amletionary point of view it is possible that
very early in Metazoa evolution, TGFs, in particular BMPs, were required to establish
different cell fates along the DV axis, or at le@stlistinguish different germ-layers (Matus et
al. 2006b.). Many BMP modulators have arisen eiarlyletazoa evolution. Noggin, Chordin,
secreted frizzled-related proteins (SFRPs), Grenllimlloid and Follistatin-like genes are
examples of secreted molecules present in the AothdNematostella vectensiand
vertebrates (Putnam et al. 2007, Fig 2These modulators are involved in establishing a
gradient of BMP activity in vertebrates, since tiuectly bind to BMPs in the extracellular
space. This binding prevents BMP interaction wigl surface receptors (reviewed in De
Robertis 2008, Fig 2.1). This modulation also iwesl extracellular matrix components
(Belenkaya et al. 2004).

Strinkingly, many of these BMP modulators indeeé absent from genomes of
invertebrate Ecdysozoa model systems Iik@sophila melanogasteand C. elegans(De
Robertis 2008), indicating that gene loss has @eduduring Ecdysozoa evolution. The fast-
evolving character of these two species, has besmusbed elsewhere (Dopazo and Dopazo
2005, Savard et al. 2006b). On the other handgpr®tacting in the BMP intracellular signal
transduction such as mothers-against decapenta@BIAD) genes are present in all extant
Metazoa analysed so far.

The important open questions in the evolution of BMpp modulators in Ecdysozoa
are: 1) When has specific gene losses occurredcolyddzoa evolution? Did it occur
independently in higher Diptera and nematodes,iditite Ur-Ecdysozoa already lack many
BMP/Dpp modulators? 2) If the cocktail of BMP/Dppodulators present in Cnidaria and
vertebrates also exists in ancestral insectsTiiaolium, what is their function?

To answer these questions, | searched for BMP/Bygglulators in the recently
sequencedTribolium genome (Richards and Genome consortium 2008), anenever

possible performed functional analysis with theselatators.
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Figure 2.1: TGF- extracellular modulation and intracellular cascade

TGF4, in particular BMP activity is modulated by seuef@ctors in the extracellular space, such as stalfin,
Cerberus, Noggin, Chordin/Sog, Cv/Tsg, Tld and I8&zGremlin and DAN proteins are proteins simitar
Cerberus, so they are not displayed in the pictuketivins and BMPs belong to the TGFsuperfamily of secreted
factors that interact as homo or heterodimers witteterodimeric receptor complex. While Tkv and SeexBMP
receptors, Baboon is an Activin receptor. The sgstan also be modulated by BAMBI, a pseudo-recdpttking
the intracellular tyrosine kinase domain. Inside ¢kll, phosphorylation of pMad or Smox leads tolear transport
and activation of specific target genes.Orosophilg the Dpp negative regulator, Brk, competes withagMor

transcriptional regulation. Modified from Van deg&et al. 2008.
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Results and Discussion:
To analyse the distribution of TGFpathway members in thigibolium castaneungenome, |

performed BLAST searches in tAeibolium genome using as query sequences not only fly
(D. melanogaster)but also mouseMus musculuscoding sequences. All TGFdigands,
receptors and extracellular or intracellular mothri& present in th&ribolium genome were
manually annotated. Phylogenetic trees (maximumehliod) performed by Maurjin van der
Zee are available in Van der Zee et al. 2008. Aetanmmarizing BMP/Dpp modulators
present in the beetle genome is provided below.

GLEAN
number

Gene name Drosophila | Vertebrate Embryonic pRNAI

phenotype

ortholog

ortholog expression

Tc-tkv Yes Yes Tc 06474 Yes Yes
Tc-sax Yes Yes Tc_15984 Yes Yes
Tc-Mad Yes Yes Tc-14924 Yes Yes

Tc-Medea Yes Yes Tc 10848 Yes Yes
Tc-cv/Tc-tsg Yes Yes Tc_03620 Yes Yes
Tc-tok/Tc-tld Yes Yes Tc 11197 Yes Yes

Tc-sog Yes Yes Tc-12650 Yes Yes*
Tc-cv2 Yes Yes Tc-12674 No ND

Tc-wit Yes Yes Tc_09314 ND ND
Tc-punt Yes Yes Tc_11357 ND ND
Tc-dpp Yes Yes Tc_08466 Yes Yes*
Tc-mav Yes Yes Tc_04299 ND ND
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Table TGF-p ligands, receptors and modulators

NC — not clear, ND — not done. Color code: GREWhegeresent iffribolium and Drosophilg but
not in vertebrates. ORANGE - genes preserifribolium and vertebrates, but lost Brosophila
GREEN - putative pseudo-geneTiribolium. YELLOW - Single copy genes ifribolium, but two or
more copies exist iDrosophila BLUE - Genes of the Activin pathway which are notolved in
Tribolium DV patterning (see results this Chaptd?)NK - Gene predicted probably due to an
assembly error in the region, so probably this gioes not exist (see * 2). GLEAN - automatic gene
prediction method based on homology and EST evelemdich was applied to th€ribolium
castaneungenome (for details sé&@ichards and Genome consortium 2008

* Although two different dsRNA constructs agaifst-brk were injected intdr'ribolium pupae, no
phenotype was observed. In addition, dsSRNA agdindbrk was also injected in last instar larvae
(Tomoyasu and Denell 2004; Tomoyasu et al. 200&)nb phenotype was observed. Larval RNAI
againsfTc-tld led to pupae and adults wings with increased(siata not shown).

*1 Two different non-overlapping dsRNA constructsiagsT c-bambiwere injected into Tribolium
adults and no embryonic phenotype was observeibualh the gene is expressed in overlapping
domains withTc-dpp(Fig 2.3).

*2 Tc-mad2is not an actual gene, a problem in the assemitlyatfchromosomal region occurred.

*3 Tc-smadXis a putative pseudo-gene (see explanation orviActir BMP: TGF$ signalling in
Tribolium embryos, page 48).

** Tc-sogandTc-dppphenotypes were published elsewhere (van der iZae 2006).

*> Although Weber has reported knock-down phenotgussnstTc-gbb1 using two different non-
overlapping constructs | was unable to retrievalairphenotype:

TGF-p ligands and receptors

Overall, most molecules involved in TG@F-signalling are conserved among
Tribolium, Drosophilaand vertebrates. TGFHdigands such as Dpp and Gbb (BMPs), and
Activin and Alp (Activin family) are conserved betenTribolium and Drosophila(Table).
Interestingly, Screw, a Dpp related ligand involvedDrosophila DV axis formation, is
absent fromTribolium, Apis melliferaand lower Diptera genomes. This indicates that the
interaction of Screw with Dpp arose late in inseeblution. On the other harall insects
investigated so far have at least giass bottom boat (gbbh their genomes. A specific
duplication ofgbb related genes occurred in the lineage which geeeto Tribolium since
two Tc-gbbgenes exist iMribolium, Tc-gbbland Tc-gbb2 Since bothgbb genes are more
similar one to each other than to other insect gbis, likely that a duplication took place
recently in the lineage giving rise Taibolium. While Tc-gbblis expressed in the ectoderm,
in the growth zone, in the midline and in the Iggg 2.2 and Weber 2006)c-gbb2does not
show any sign of expression in early embryos (datashown).Tc-gbb2might be involved in

other processes as sosophilaortholog,e.g.wing patterning (Khalsa et al. 1998).
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A A’

Figure 2.z2 Expression of Tc-gbbl (A-D) Tc-gbbl expression. (A,A”) Gastrulating embryo in
different focal planes, ventral view.c-gbblis detected at the embryonic surface, mainly & th
ectoderm. (B,B") Shortly before serosal closdre,gbblis expressed in the whole embryo with the
exception of the mesoderm (arrow). (C) A closenwi@ the growth zone shows highc-gbbl
expression in two dots of the outer layer (arrovadthough lower amounts are ubiquitously present.
(D) A complete extended germ band embfyo.gbblis expressed in the dorsal borders, in the ventral
midline (see high magnified thoracic region), ie flegs and in the middle of the head, possibly the
prospective stomodeum (arrow).

In addition, a putative BMP ligand similar to BMBAd BMP10, which is absent from
Drosophillid genomes, is found ifribolium genome. In vertebrateBMP9 is involved in
forebrain development (Lopez-Coviella et al. 2086) BMP10 in cardiogenesis (Chen et al.
2004). Last,Tribolium lacks an ortholog of the Anti-Dorsalizing Morphogtic Protein
(ADMP), a recently described vertebrate BMP ligagxpressed in regions where BMP
signalling is abolished (Reversade and De Rob&@B5). Since ADMP is found in the
genomes of waspsN@sonia vitripennis bees Apis melliferd, hemichordates and
echinoderms, and is absentTinbolium, Anophelesnd Drosophilg it is possible that this
gene was present in in the Urbilateria and a sitgge event occurred in insect evolution.
This assumption is based on the new insect phylogédrere Hymenoptera are considered

basal to Coleoptera (Savard et al. 2006b, descib€thapter 1).
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An overall conservation was also observed for TGfeceptors. TGH- signalling
occurs via a tetrameric receptor composed by twmeTyreceptors like Sax and Tkv and two
Type 1l receptors likec-punt.These receptors are conserved in insects inclubittoglium.
Another molecule involved in the modulation of TBR&nd BMP signalling is BAMBI (BMP
and Activin Bound Inhibitor). BAMBI behaves as aepdo-receptor inXenopus laevis
(Onichtchouk et al. 1999), acting in regions whérgh amounts of BMPs are present.
BAMBI acts as a negative feedback of BMP2/7 Xenopuslaevis since it lacks the
intracellular tyrosine kinase domain required fomtstream signalling. BAMBI is present in
the Tribolium genome, although absent from tbesophilaone. As inXenopus BAMBI is
also expressed in regions with high amounts of BifPisemichordates (Lowe et al. 2006),
suggesting that this mechanism is conserved inedestomes. | cloned the BAMBI ortholog
in Tribolium and analysed its expression. Interestingly, BANEBéxpressed in regions with
high amounts of BMP4, as judged by stainings wite phosphorylated form d¥lothers
against dpp(pMad), a known read-out of BMP/Dpp signallinggF.3). During blastoderm
stages BAMBI is expressed in dorsal regions, whuehrlaps with the amnion, and during
germ band elongation BAMBI is detected in dorsaimdms. Both domains overlap with
pMad staining (Fig 2.3). Altogether, like in hemictates and vertebrates, BAMBI is
expressed in regions containing high amounts of BMPp activity. In Xenopus laevijs
overexpression of BAMBI leads to decrease of BMHE awtivin signalling. On the other
hand, knock-out mice for BAMBI are viable and fltiindicating that this gene is
dispensable for embryonic and post-natal survi@ief et al. 2007). In aggrement with the
latter observation no embryonic phenotywas observed infribolium after injection of
dsRNA againstc-bambi.
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Figure 2.3: The Tc-BAMBI ortholog in Tribolium is expressed in overlapping domains with
BMP/Dpp activity

(A,B) Tc-BAMBI in situ hybridisation. (A)Tribolium differentiated blastoderm embrydc-
BAMBI is expressed at the dorsal side of the embryov@rout is restricted to the embryo proper,
not being present in the more anterior extraemhcyserosa. (B) In the extending germ bahdh
BAMBI is expressed along the dorsal borders of the emmg@asrows), which overlap with Dpp
activity (pMad). (C,D) Phosphorylated Mad (pMadadout of BMP signalling, is visualized. (C)
Differentiated blastoderm. pMad is observed aldrggdorsal side of the embryo, in the serosa and
in the dorsal ectoderm/amnion (arrow). (D) Elonggtgerm band. pMad antibody staining in
brown. The blue in situ staining againBt-gooseberry(Tc-gsh is used as segmental marker.
pMad is present along the dorsal borders, ovenhgppiith the dorsal ectoderm and the amnion
(arrows).

TGF-p extracellular modulators
Several molecules are involved in the modulatioBbP in the extracellular space.

Gremlin, Cerberus and DAN are examples of molecuteslved in antagonizing BMP
signalling by direct binding to BMPs. This avoid$/B contact with cellular receptors in
Xenopus laevigHsu et al. 1998; Piccolo et al. 1999). To date,D#N related molecules
were found inDrosophila genome, so it is generally believed that theseeoubés are
vertebrate innovations. Two DAN related molecules faund in theTribolium genome,Tc-
DAN and Tc-gremlin (Tc-grem)Tc-gremis expressed in the ventral midline (Fig 2.4A,B)
during germ band elongation and in a fork-like domia the head. pRNAI experiments
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againstTc-greml were inconclusive to determine if this gene hasearbryonic role. In
contrast to other RNAI phenotypes analysed sotfar,penetrance ofc-gremRNAI was
decreased extremely fast. So only the first eggwag used during these experiments. In
addition, the observed phenotypes were variablenahdaonsistent with a role in early Dpp
modulation (Fig 2.4C-H). Indeed, the affected erobrydisplay cell aggregates during
blastoderm stages, which start to disintegrate rbef@astrulation (Fig 2.4C-F, arrows). In
contrast to the WTTc-twi expression pattern, which displays segmental nadidul, Tc-grem
RNAI embryos lack this segmental modulation. Theffects were incompatible with any role
of Tc-gremin modulatingTc-dpp activity, but rather suggest an involvement inemeyal
cellular phenomenon like cell division. Whetherstimhenotype is specific requires further

investigation.

wt twi arem- twi

Figure 2.4: Tc-gremlin expression and RNAIi phenotype

(A,B) Tc-gremlin (Tc-gremgxpression. (A) A complete extended germ band shi@magrem
expression in the ventral midline and in specigions of the head, which are evident in early
germ band embryos like the one in B. (C) WT embiy@milli-pattes (Tc-mlpshadow) and
nuclear DAPI staining. Observe that the nuclei specad all over the egg surface. The
difference in nuclear density is caused by laclpiiferation of the anterior serosal cells,
which become polyploid. (D-FYc-grem RNAi embryos display cell clumps (arrows) in
several embryonic territories when compared to \(@). WT germ-bandlc-twi marks the
mesoderm. Note the segmental modulatioTotwi. (H) After Tc-gremRNAI, the embryos
start to disintegrate with disapereanceToftwi segmental modulation. Note that the-twi
anterior expression domain (arrow) disappears.
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Other BMP modulators like secreted frizzled-relgpedteins (SFRPs e.g Sizzled) are
known to be restricted to vertebrate genomes (wadein De Robertis, 2008). Kenopus
laevis, Sizzled is an inhibitor of the BMP modulator Tld Mns, 2006). Sizzled is not
present inTribolium or Drosophila genomes suggesting that this molecule could have
emerged during vertebrate evolution or that Sizehght have been lost in the lineage giving
rise to holometabolous insects. Noggin, anotheraegtlular inhibitor of BMP in vertebrates
(reviewed in De Robertis, 2008), is also abseninfritie Tribolium genome. Since these
molecules are found in Cnidaria (Matus et al. 20@6=l in Lophotrochozoans (De Robertis
2008), these molecules were probably lost in irgssect

Other common BMP/Dpp modulators are cysteine-ricR)(related molecules. Two
CR containing molecules are Sog, the Chordin ootpodnd Crossveinless-2 (Cv-2), which
interact with BMPs in all animals investigated ao. Tc-soghas been shown to act as a BMP
inhibitor in Tribolium (van der Zee et al. 2008)rosophilaand vertebrates (reviewed in De
Robertis, 2008). Cv-2 is present in Drosophilidigpolium and vertebrate genomes. While
Cv-2 is involved in regulating the BMP gradient{enopusembryos, inDrosophilaCv-2 is
not required for Dpp embryonic regulation, sincedllacking Cv-2 have a normal Dpp
gradient and hatch (Umulis et al. 2006). Severangpts to clonel c-cv-2from embryonic
cDNAs have failed, so it is possible that asOmosophila, Tc-cv-2is involved in Dpp
embryonic modulation. The last protein family aaning CR domains is Cv/Tsg. In contrast
to Sog and Cv-2 molecules, which have several CRaiws, Cv/Tsg has only two CR
domains. Interestingly, th&ribolium genome contains only one copy of a Cv/Tsg related
molecule, while theDrosophila genome contains three copies of these genes. Aledkta
functional analysis of this unique Cv/Tsg relatealexule inTribolium s provided in Chapter
3.

The last BMP/Dpp extracellular modulator investgghivas the metalloprotease TIid.
TId related molecules are also present in all alsnmvestigated so far. Also as observed for
Cv/Tsg, theTribolium genome contains only one TId related molecule)enthie Drosophila
genome contains two Tld related metalloproteasesletailed functional analysis of this

unique TId related molecule Fribolium s provided in Chapter 3.

Activin or BMP: TGF- g signalling in Tribolium embryos
In vertebrates Activin and BMP2/4 participates éarly embryonic patterning

mechanisms. Activin is particulary important for snderm induction inXenopusand

zebrafish (Steinbeisser et al. 1993; Dyson and &ud®97), while BMP2/4 is necessary for

proper dorsoventral axis formation in all animatwestigated so far (Ferguson 1996). In
48



Chapter 2 Evolution of TGFmodulators in insects

Drosophila, Activin, its Type | receptor Baboon and Smox2 (d®&), an intracellular
mediator that migrates to the nucleus upon sigrllFig 2.1), are not required for embryonic
patterning, but only for pupation and adult viagiliBrummel et al. 1999). In contrast, D%
required for dorsoventral patterning Brosophila and Tribolium (Ferguson and Anderson
1992, van der Zee et al. 2006). | asked if Actigimd its downstream effectors would be
involved inTribolium embryonic patterning. pRNAI againBt-Activinand its Type | receptor
Tc-baboondid not cause any embryonic defect (data not sholeading to the conclusion
that Activin signalling is not required faFribolium embryonic development. On the other
hand, injection of dsSRNA against the Dpp downstredfectors,Tc-Medeaand Tc-Mad,led

to knock-down phenotypes identical fc-dpp (Fig 2.5, a detailed description of this
phenotype is provided in the next chapter and in dfer Zee et al. 2006). Sinde-Medeaa
common downstream effector of the Activin and BMpyDpathway, leads to the same
knock-down phenotype abc-Mad, which is only activated by the BMP/Dpp pathway (see
scheme on Fig 2.1), BMP/Dpp can be considered tigua pathway involved ifribolium
embryonic TGH3 signalling.

A

Mad-

Figure 2.5: RNAI phenotypes offc-Mad and Tc-Medea

(A,B) WT expression offc-iro in extending germ band embryos. In early stagesT®iro is
expressed in the dorsal borders (arrows) and inyesegment (stripes along the AP axis). Arrow
highlights the dorsal domains. (Qjc-Med RNAi and (D) Tc-Mad RNAi embryos. Only the
segmental stripe pattern ©E-iro is detected (arrows), no expression is observetbisal domains.
This is an indication of a ventralized knock-dowhepotype. Additionally, a big head is observed, a
characteristic of c-dppRNAI (see next chapter and Van der Zee et al.6200
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One additional Mad exists in tAgibolium genomeTc-SMADX At least two pieces of
evidence indicate thaic-SMADxis a pseudogene: 1) BMADxis an intronless transcript
located on chromosome 6, whife-madis located on chromosome 7 and has three intsans,
it is possible thalfc-SMADxhas arisen as a retrotransposition event fiia@ymad;2) Tc-
SMADXxis a fast evolving protein, displaying long braeshn phylogenetic trees; and lacking
residues important for the interaction with oth&ADs (Van der Zee et al. 2008).

A last BMP/Dpp intracellular modulator present Drosophila and absent in
vertebrate genomes isrinker (brk) (Jazwinska et al. 1999aprk is involved in Dpp
modulation during wing formation and embryonic depenent. Since &rk ortholog is
present in thdribolium genome, | investigated its function in this beelle early embryonic
expression was detected; and parental or larval iIR&iked to reveal any function ofc-brk
in embryos or wing formation, respectively (data simown). Since this gene is also present in
other insects, likeNasonia vitripennisthe evolution of the function of this gene shobkl
addressed in these other systems as well.

Taken together, TGB-components are generally conserved amongolium and
Drosophila. The existence of at least one ligand and threeutatmts (ORANGE in the table)
previously considered to be restricted to vertesrandicates thafribolium retained a more
ancestral composition of TGF€omponents. Also interesting is the differencaumbers of
modulators (YELLOW in the table) such a®ssveinless/twisted-gastrulati@mdtolloid. A
detailed functional analysis of these two modukatsiprovided in the next chapter.
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Chapter 3 - Evolution of BMP/Dpp extracelllular modulators in insects - the study case

of twisted-gastrulation/crossveinless and tolloidike molecules

Introduction:

As mentioned in Chapter 1, Bone morphogenetic pretdBMPs) are involved in
dorsoventral patterning in flies and vertebratesDtosophila two BMP family members
decapentaplegi¢dpp andscrew(scw) are required for patterning the dorsal regiorthaf
embryo (Arora et al. 1994). Whikcwis transiently and ubiquitously expressdgp mRNA

is confined to the dorsal 40% of teosophilaembryo (St Johnston and Nusslein-Volhard
1992). Comparably, two BMP factoBMP2band BMP7, are involved in dorsoventral axis
formation in zebrafish anXenopus(Holley et al. 1995; Ferguson 1996; Kishimoto kt a
1997; De Robertis and Kuroda 2004).

These similarities extend further to the formatarDpp morphogenetic gradients in
flies and vertebrates (Holley et al. 1995; Fergud®96). In Drosophila, high and low
amounts of Dpp activity are essential for amniosar@and non-neurogenic ectoderm
specification, respectively (Ashe et al. 2000). i&ny, BMP activity is observed as a
ventral-to-dorsal gradient in vertebrates (reviewedale and Wardle 1999). This graded
distribution of BMP4/Dpp activity is mediated byethaction of at least three conserved
extracellular modulators,short-gastrulation (sogChordin), tolloid (tld) and twisted-
gastrulation (tsg (Fig 3.1, Oelgeschlager et al. 2000; Ross et &128cott et al. 2001b).

In Drosophila, sochas a dual role in the modulation of Dpp activiyst, Sog binds
to Dpp, inhibiting its diffusion to the neurogenéctoderm (anti-BMP function). This is
achieved by the establishment of a Sog proteinigmnadnverse to Dpp (Srinivasan et al.
2002). Second, Sog has a long range pro-BMP fumcsimce it is required to transport Dpp
to the amnioserosa region, where Dpp activity iimal (Ashe and Levine 1999; Decotto
and Ferguson 2001). In vertebrates, first analystscated that Chordin/Sog would act
exclusively as an antagonist of BMP (Miller-Bertoglet al. 1997). However, epistatic
analysis ofchordino/dino and swirl/lbmp2b double-mutants indicated a pro-BMP role of
Chordin (Wagner and Mullins 2002). Further supgorta conserved dual role of Sog was
recently obtained in the beefleibolium, an insect with ancestral type of embryogenesis (va
der Zee et al. 2006).
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The second conserved BMP extracellular mediatod, T a metalloprotease
responsible for Sogleavage from the Sog-Dpp inhibitory complex. Ttisavage releases
the Dpp ligand, both ibrosophilaand in vertebrate embryos (Blader et al. 1997;0des et
al. 1997). In flies, nultld alleles show a partially ventralized phenotypeilsinto weakdpp
mutants (Shimell et al. 1991; Ross et al. 2001)tHemmore, hypomorphic alleles tél can
be suppressed by addition of extra copiesjg indicating thattld acts to enhancdpp
activity (Ferguson and Anderson 1992). In zebrafisb metalloproteasewlloid (bmplg
and tolloid-like (tll1) act in early Chordin cleavage, enabling BMP sitymgl(pro-BMP).
Additionally, the tolloid/mini fin mutant is dorsalized, indicating lack of BMP siling
(Connors et al. 1999; Muraoka et al. 2006). Takgethertld acts as a pro-BMP molecule in
all systems studied so far, although biochemicti¢inces in cleavage betweBmnosophila
and vertebrates have been recently pointed outty@aml. 2006).

The third conserved BMP extracellular modulatortsg. In Drosophilg Tsg is
involved, together with Sog, in the transport ofpDjowards the dorsal region (Ross et al.
2001; Wang and Ferguson 2005, Shimmi et al. 206%dp,3.1A). Sincetsg and sog are
required for BMP signalling in the dorsal most myiboth loss-of-function phenotypes are
very similar in Drosophila (Zusman and Wieschaus 1985, Mason et al. 1994, Boss
2001). In vertebrates, Tsg has been showed toiinfiloss et al. 2001, Chang et al. 2001,
Blitz et al. 2003; Jenner and Wills 2007) and tonpote BMP signalling (Oelgeschlager et al.
2000, Oelgeschlager et al. 2003, Little and Mul@®94, Zakin and De Robertis 2004; Xie
and Fisher 2005).

Since Tsg can biochemically interact with BMP, Sowl Tld, a dual role of these
interactions has been used to explain these differ®ss-of-function phenotypes
(Oelgeschlager et al. 2000; Larrain et al. 2001sRet al. 2001, Figure 3.1). First, Tsg can
synergistically inhibit BMP/Dpp action by forming tipartite complex between itself,
SOG/chordin and a BMP ligand (Fig 3.1B). Secondy $sems to enhance the Tld/BMP-1-
mediated cleavage rate of SOG/chordin, enabling BMRalling (Oelgeschlager et al. 2000;
Ross et al. 2001, Fig 3.1B). Thus, Tsg can stireubatinhibit BMP signalling depending on

the activity of Tld metalloproteases.
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Figure 3.1: Mechanism of BMP/Dpp regulation inDrosophila embryos (A) and the known
biochemical interactions among BMP/Tsg/TId/Sog (B).

(A) Sog binds to Dpp transporting it to the donsgjion of the egg. Tsg enhances Sog binding to
Dpp. In the dorsal region, TId cleaves Sog, engblpp signal in this region. (B) Tsg and its
proposed roles in BMP/Dpp modulation. (1) Tsg emlarthe inhibitory complex formation, but
also (2) enhances the proteolytic cleavage of Sagrlid, enabling signal. (3) Tsg avoids any
residual inhibitory activities from cleaved Soggnaents. Adapted from Yamamoto, 2004 #502

In the recently sequencetribolium castaneumgenome, | observed that a unique
homolog oftld and a unique homolog tdg/cvexist in the beetle genome. To understand the
evolution of these extracellular modulators in otsel investigatedsg/cvandtld function

during Tribolium embryonic development.
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Results:

Only one Twisted gastrulation/Crossveinless and onEolloid-like molecule exist in the
beetle genome

Two families of Twisted-gastrulation (Tsg) relatewlecules exist in insect genomes
(Vilmos et al. 2005). The first is the Crossveisl¢€v) protein family and the second is the
Tsg protein family (Vilmos et al. 2005, Figure 8)2 While Cv proteins exist in all insect
genomes sequenced to date, Tsg proteins are tedttac Drosophillids (Figure 3.2A, Vilmos
et al. 2005). Two Tsg proteins exist in tDeosophila melanogastegenome. The firsDm-
tsgl,was described as a dorsoventral mutant (Zusmamaeschaus 1985, Dm-tsg in Figure
3.2A). The secondCG11582 (Dm-tsg3)corresponds to the dorsoventrally affected mutant
shrew(Vilmos et al. 2001, Bonds et al. 200Dn-tsg-3is not displayed in the phylogenetic
tree, since it lacks the whole N-terminal regionickhcontains one of the cysteine-rich
domains used for the phylogenetic reconstructiogufleé 3.2A, Vilmos et al. 2001). Only one
member of the Cv protein family exists in tH2. melanogastergenome, Dm-tsg2
(crossveinlessrossveinlesgcv) was recently shown to be required for BMP/Dpmalling
during wing formation, but is dispensable for enadmyg development (Shimmi et al. 2005a;
Vilmos et al. 2005).

Only one TsfCv-like protein exists in the recently sequendeibolium castaneum
genome (Richards and Genome consortium 2008). Bagkiic analysis indicates that this
Tribolium TsgCv-like protein is most similar to the Crossveisléamily (Figure 3.2A). The
position of theTribolium Cv/Tsg-like protein in the Crossveinless familycroborated by
specific aminoacid signatures in both protein fésil as depicted for the first cysteine rich
region (CR) (Figure 3.3 and Vilmos et al. 2005).o#trer indication for the split between
these two families was obtained from the intronrexoganizationCv-like genes, including
Tc-cvand Dm-cv, contain four introns, in contrast to the introslasit present irbm-tsgl
and inDm-tsg3(CG11582/shrewpene (Vilmos et al. 2001 and Figure 3.2A). Thigadn-
exon organization is shared among Cv-like protefmmen other insects likeAnopheles
gambiae(Diptera) andApis mellifera(Hymenoptera), which contain only one Cv protein in
their genomes containing four introns (Figure 3.2l8Jerestingly, twoNasoniavitripennis
(Hymenoptera)cv genes,Nv-cvA and Nv-cvC, seem to have arisen via an independently
duplication event. These two genes contain intssteanscripts (Figure 3.2A, their functrion

is dicussed later in this chapter). Altogether, infer that the unique Cv/Tsg-like proteim
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the Tribolium genome belongs to tleossveinlesgiene family, thel'c-crossveinless (Tc-cv)

gene

Tid Dpso
w cvCNv e LTid Dm
88 cvA NvB N | Tok Dvir
cvB Nv ... [~ Tok Dm
£ w wAn m—m = mm | CV nL-Tok Dpso
cv Tc O Tld/Tok Tc
cv Dpso . TId/Tok Ag
100 cv Dm DI+I—I—- o T-IrcIidAIOK Am
tsg Dm
—
Tl —tsg Dpso TSG s
sl tsg Dvir . Lo
Neuro Mm

Figure 3.2: Only oneTc-crossveinless and oneTc-tolloid are found in ancestral insects
Minimum Evolution (ME) tree using Crossveinless Y@nd Twisted-gastrulation (Tsg) proteins
from insects. Only one Crossveinless/Twisted-géatinn-like (Cv/Tsg-like) protein is present in
Apis mellifera (Am), Anopheles gambia€Ag) and Tribolium castaneum(Tc). In contrast,
Drosophila melanogastefDm) andNasonia vitripennigNv) contain three Cv/Tsg-like proteins,
which have arisen independently. Only t®o melanogasteCv/Tsg-like proteins are shown in
the phylogenetic tree (CG11852/Shrew is not showthe phylogenetic tree, since it lacks the N-
terminal cysteine repeat domain). The rectanglelicate intron-exon organisation, which is
identical among the proteins of each grotgg,andcv. The unique exceptions are the intronless
transcripts oNv-cvCandNv-cvA which are also intronless. B) ME tree using Tidllproteins of
proteostomes and deuterostomes. Two Tolloid relai@lécules, Tolloid and Tolkin are present in
Drosophillids genomes, but only one in other anploas. Organism abbreviation: Dpso -
Drosophila pseudobscuyaDvir - Drosophila virilis, At - Achaearanea tepidariorumXI -
Xenopus laevigzg - Gallus gallus,Dr - Danio rerio,Mm - Mus musculusGene Bank Access of
the sequences used in the analysescy&)Nv- Contig8963 in the genomeyA-Nv- Contig 286,
cvB-Nv- Contig24340¢cv Am- XP_392649.1¢v Tc- Tc-03620cv Dpso - GA11617-PA cvDm

- CG12410-PAtsg Dm- CG1502tsg Dpso- GA13438,tsg Dvir - Dvir\GJ18736 . B)Tld Dvir -
FBgn0026890TId pso- Dpse\GA19917TId Dm -CG6868 Tok Dvir -GLEANR_8989 cafl
Tok Dm - CG6863 Tok Dpso -Dpse\GA19912 TId/Tok Tc - Tc-11197, Tld/Tok Ag
ENSANGG00000018762,Tld/Tok Am - ref[XP_393866.2|,Tld AtBAD01492, Tid XI-
emb|CAA70854.1|Tld Gg - emb|CAC08820.1[Tld Dr - ref[NP_571085.1) Neuropilin Mm -
NP 03276.
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Figure 3.3: Crossveinless and Twisted-gastrulatioprotein families can be separated in two
distinct groups

(A) Two Cysteine-Rich (CR) domains are found in €&weinless/Twisted-gastrulation proteins in
insects (CR1 and CR2). These two families can Ipara¢ed by specific aminoacids signatures
(asterisks). Three residues (orange asterisk) deatical between Tc-Cv and the Twisted-
gastrulation protein family. All other 14 residu@s black) are identical between Tc-Cv and other
Crossveinless proteins. (B) These two protein fiesi(Cv and Tsg) have specific characteristic
domains (weblogo.berkeley.edu/), that differ amtiregm.
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A similar strategy was applied to search for Talloglated molecules in thé.
castaneungenome. Tolloid-like (Tld) molecules generally caintone metalloprotease, two
EGF-like and five CUB domains, resembling the BMRalecule in vertebrates (Shimell et
al. 1991). Besides thid allele described in the screening for zygotic rmate (reviewed in
Rushlow and Roth 1996), anothdi-like molecule,tolkin (tok or tolloid-related, is present
in theD. melanogastegenomeDm-tok isinvolved in Sog processing during wing formation
in Drosophila, a BMP/Dpp related function (Finelli et al. 199%erpe et al. 2005)
Interestingly,Dm-tokis located 700bp upstream Bim-tld in Drosophillidsgenomes, but only
one Tolloid/tolkin molecule is found in syntenicromosomal regions dknopheles gambiae
Apis melliferaandTribolium castaneun{data not shown, available at Ensembl browse@ur
phylogenetic analysis supports tAat-tld belongs to the Tolloid metaloprotease family, and
that a duplication eventc-tld/Tc-tokmay have occurred in higher Diptera (Figure 3.2B).
Taken together, our analyses indicate that the eunolb crossveinlessand tolloid/tolkin

molecules has changed during insect evolution.

Understanding how gastrulation, DV axis and Dpp acvity are established in the

Tribolium WT enables a proper analysis o c-cv and Tc-tld knock-down phenotypes

As described in Chapter Tribolium eggs contain a huge part of their eggs constituted
by extra-embryonic membranes. Two extra-embryoremitranes the serosa and the amnion
are observed during@ribolium development. Serosal cells are recognized durastdrerm
differentiation by nuclear staining (DAPI), sinchese cells stop dividing and become
polyploid (Fig 3.4A",B"). On the other hand, amigatells still divide and no clear difference
in nuclear density is observed after DAPI stainjrgthough scanning electron microscopy
(SEM) have identified cells between the serosathacembryonic as amniotic cells (Handel
et al. 2000). Investigation of two molecular magg&c-iroquois(Tc-iro) andTc-pannier (Tc-
pnr) show that these amniotic cells are present indibvsal posterior region of the egg
(Am/Ect in Figure 3.4E,F,G), and in an obliquestrbetween the embryo and the anteriorly
located serosa (Ant. Am in Figure 3.4E,F,G). It hasn recently shown that Tc-Dpp activity
(pMad) is required for the pattern of the dorsalnam via a Tc-Sog transport mechanism
(Van der Zee et al. 2006). Althougle-dppis expressed as an oblique stripe overlapping with
the anterior amnion (Figure 1.10H), Tc-Dpp activisyobserved as a broad domain during

blastoderm differentiation (Figure 3.4A). This bdcdomain overlaps with the dorsal amniotic
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domain ofTc-pnrandTc-iro (Figure 3.4A,E,F,G - Am/Ect) and with the dorsatasal cells
expressing c-dorsocrosgFigure 3.6E).

During gastrulation, the extensive movements ofpitospective extra-embryonic cells
(serosa and amnion) change the topology ofTthieolium embryo. This is evident by the
analyses of cross sections of blastoderm (Figu€l3.and gastrulating embryos (Figure
3.4J,K). Cross sections during blastoderm stagesvsDpp activity by the analysis of
antibody stainings against the phosphorylated fofmothers against dpfpMad), a read-out
of Dpp signalling (Raftery et al. 1995; Sutherlagtdal. 2003). pMad is observed in a broad
dorsal domain that overlaps with the amnion anddbesal ectoderm (Figure 3.41" - green
staining in the dorsal nuclei), while the nuclearrgal gradient and the mesodermal cells (me)
expressingrc-twistare present in the ventralmost regions (Figuré|3.4Cross sections of
embryos undergoing gastrulation show the extens#lemovements which occur during this
process (Figure 3.4J,K). The amniotic cells locaiedhe dorsalposterior region, which
expressrc-iro andTc-pnr(Figure 3.46,G,H — Am/Ect) fold underneath the spreading dorsa
serosa and, advancing with the latter, close thei@tio cavity at the ventral region (Figure
3.4D - Tc-pnrduring gastrulation and two cross sections in fdg&i4J and K). Briefly, two
major spatial changes have occurred during theridasbn process. The mesoderm during
gastrulation is internalized by ventral furrow fation (Handel et al. 2005 and Figure
3.4J,K), being located dorsally after this proc@d%e serosa, the amnion and the ectoderm
are, after gastrulation, located ventrally in thgg €Figure 3.4K",K™). Importantlycells
expressinglc-iro and containing Dpp activity (pMad), which duringsloderm stages can be
observed dorsally (Figure 3.4A,F - Am/Ect, and Fg3.41"- pr. am.), are present after
gastrulation ventrally (Figure 3.4K",K™"). Duringrther development the serosa completely
surrounds the embryo and the amnion (see schemhatizings on Figure 3.4L and Figure
3.4K",K”’- ser). The knowledge of the gastrulatmovements in WT eggs will be important
to understand the consequences of the loss of ppeniddulatord c-cvandTc-tld in the next

section.
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Figure 3.4: Dpp activity and gastrulation movementsn WT embryos

(A-C) Dpp activity in WT embryos (brown}Y.c-gooseberrys used as a segmental marker (blue). (A-C)
Lateral view (A) Before the visible differentiatioof the embryo proper and the serosa, pMad (Dpp
activity) is detected as a broad dorsal domainn3versal cross sections of embryos at a similgestae
provided in I and I'. (B) Shortly before gastrubatia strong dorsalposterior domain, which overlgits

the amnion and the dorsal ectoderm (Am/Ect) is enid(C) During gastrulation, the pMad domain
covers the embryo through the ventral region. (BG)H,c-pnr stainings in WT embryos.c-pnr during
gastrulation is detected in the dorsal ectodermimtite amnion. (D) DAPI staining of the same eyabr
as shown in D. Transversal cross sections alorigreift AP regions of embryos at the same stageeas t
one in D’are provided in J and K. (E) Blastoderndengoing differentiation and (G) Differentiated
blastoderm Tc-pnris expressed in the anterior amnion (Ant. am.)iarttie dorsal ectoderm and dorsal
amnion (Am/ect). (F) Differentiated blastoderrfic-iro is expressed in similar domains Bspnr. (H)
Tc-iro is expressed in the amnion and in the posteriardecin that covers the embryo through the
ventral side (ventro-lateral view). (I) Transversabdss section of a syncitial blastoderm embrymsth

for Tc-twi (in situ-green), phosphotyrosine (red) and DAPI (blue) Tlfansvesal cross section of a
syncitial blastoderm embryo stained for anti-Dorgaitibody - red) and pMad (antibody - green). J,K
Transversal cross sections at the anterior (J)atride posterior (K,K",K") region of an embryoaat
similar stage to the one in D". In J and K the gwlTc-twi staining marks the mesoderm. (K,K™") The
same cross section is shown in K" and K. In Kiyd»API (blue) andTc-iro (green) are shown. In K™~
the same two stainings as K” plus an anti-phospbsitye antibody (membrane staining- red) is shown.
Ant. am. - anterior amnion, Am/ect - amnion/ectodeser — serosa, me — mesoderm, ect — ectoderm, pr.
am - prospective amnion. An - antenna, Mn - maedjbMx — maxilla, (L) Schematic drawings from
blastoderm and gastrulating embryos, the arrow tésnthe movements of the amniotic cells. These
drawings are a courtesy of Maurjin van der Zee.

Tc-cv and Tc-tld expression suggest a role in early embryo patterngn

| analysed the expression patternTaf-cv and Tc-tld during Tribolium embryonic
development. Maternal transcripts can be deteggelTBPCR (data not shown), but the first
sign of distinct expression is observed duringtoldasrm differentiation. At this stages-tld is
expressed in the whole germ rudiment (Figure 3.5&jng absent from the anteriorly located
serosa (Figure 3.5A,A"). In differentiated blastadestages;T'c-tld transcripts are absent in
the ventral most region, where the prospective ohaso is located (Figure 3.5B, arrow)c-
sog and Tc-twist transcripts are expressed in this ventral regiotha stage (Handel et al.
2005, van der Zee et al., 2006 and see Figure ®a6@ double-staining c-twiTc-tld). In
contrast toDrosophilawhere Dm-Dorsal directly repressBs-tld expression (Kirov et al.
1994), the Tc-Dorsal gradient has largely vanisiuetthis stage (Chen et al. 2000), suggesting
that Tc-Dorsatloes not directly repred-tld transcription.

After gastrulation, during serosal closure stagetld is detected in the ectoderm, but
is still absent from the mesoderm (Figure 3.5D®fpw). Tc-tld expression domain extends
over the neurogenic ectoderm at that stage, siyitarthe recently reported expression of
Ag-tld in the mosquitoA. gambiae(Goltsev et al. 2007). In contradd, melanogaster tld
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expression is confined to the non-neurogenic ectodend the amnioserosa (Kirov et al.
1994).

During germ band elongation, a broad domain inpitterior most region, the growth
zone, is observed, besides a staining betweenretie: lobes (Figure 3.5E). In elongating germ
bands a ventral midline staining about 3 cell wadam be observed (Figure 3.4F", higher
magnified). Cells expressingc-tld between the two head lobes might represent the
presumptive stomodeum (Figure 3.5F, arrow). Takegether, this complex expression
pattern of Tc-tld suggests that this gene could be involved in edripolium embryo
patterning.

Early Tc-cvexpression can be detected as an oblique stripesbrtthe germ rudiment
and the serosa, besides a staining in the postatifffigure 3.5G). This expression pattern of
Tc-cvis similar toTc-dppat a similar embryonic stage (Chen et al. 2000, demnZee et al.
2006, Figure 1.10H). During gastrulation and inyegerm band stageBc-cvis expressed in
the ectoderm likeTc-tld, being absent from the mesoderm (compare Figure 3.5B,H and
3.5D,1). Extending germ band embryos also expiessvin the growth zone (Fig 3.5J7,
higher magnified), and in a ring-shape domain betwthe head lobes (Fig 3.5J). This ring of
expression surrounds the large dot-like expressamain ofTc-tld at a similar stage (Figure
3.5J, Tc-tld in 3.5F). In completely extended germ bandis;cv transcripts can also be
detected in the dorsal ectoderm and in the legs (uat shown). Taken together, asTartld,
Tc-cv expression pattern suggests a complex role dufinigolium embryogenesis. We
addressed ifTc-tld and Tc-cv would be involved in BMP/Dpp modulation by perfongi
knock-down via pRNAI against these factors.
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Figure 35: Tc-tolloid (Tc-tld) and Tc-crossveinless (Tc-cv) expression duringTribolium embryogenesis

A-F) Tc-tld expression. (A) Lateral view of a blastoderm embundergoing differentiation. The serosa wider
spaced nuclei are evident in the anterior regidferitig from the compact nuclei in the posterioriethcontain the
amnion plus embryo propefc-tld is expressed in almost the whole embryo, but mahé anterior serosa. (B) An
embryo older than the one in A with the ventralisagfaced up. Note thakc-tld is not expressed in the ventral
region neither in serosa nuclei. (C) Double stajrfor Tc-twist(purple) andrc-tld (orange). (D) An embryo during
serosa closure stagec-tld is expressed at the surface of the embryo buinnibe middle of the head (arrow). (E) A
germ band containing 10 engrailed stripes alsmesthior Tc-tld. Tc-tldis detected in the middle of the head lobes,
possibly the stomodeum and broadly in the growtiez¢F) In an almost completely extended germ banegntral
midline expression can be observed (F"). (G-JIk-cv expression (G) Early blastoderm stage embiymgyv is
expressed in a stripe in the region between semosagerm rudiment and in a posterior region. Thisteon
resemblesTc-dpp (van der Zee et al. 20Q6(H) Shortly after gastrulationlc-cvis expressed in the ectoderm,
similarly to Tc-tld, being absent from the mesoderm (arr@ivAs observed foif c-tld, Tc-cvis expressed in almost
the whole surface of the embryo with an exceptiothe middle of the head, where the mesodermal toofd c-

twi is found. (J) Double staining fdrc-cv (blue) and the segmental polarity garegsb(orange). (J°) Closer view
of Tc-cvexpression in the growth zoriEc-cvis absent from the amnion (am) (details on grovathezformation and
provided in Figure 3.11).
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Tc-tld and Tc-cv loss-of-function affect Dpp activity leading to chages in early fate map

of Tribolium blastoderm

Similarly to double stranded RNA (dsRNA) injectioh Tc-dppin pupae,Tc-cvand
Tc-tld pupal injection led to sterility (van der Zee et2006). After adult injection (aRNAI),
eggs were recovered. Larval hatching and cuticiten&ion were not observed, suggesting
early and strong phenotypes in the absence of tnasscripts. To understand to what extent
the Tc-Dpp activity is dependent ohc-tld and Tc-cy we investigated pMad. During
blastoderm differentiation, pMad overlaps with ttersal serosa and the dorsal amnion
(described in Figure 3.4 and Figure 3.6A, see stb@matic drawing in Figure 3.6J).
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Figure 3.6: Early changes in blastodermal patternig after Tc-cv and Tc-tld RNAI

(A-1) Lateral views, with the exception of the embrypF" (dorsal view). (A,D) pMad antibody staininBjp
readout). In WT (A) pMad is detected in the dorgabsa and in the amnion, while pMad is absent ditetv/tsg
knock-down (D) (B,C)Tc-iro expression in differentiated blastoderm stagedVTh (B) Tc-iro is expressed in an
oblique stripe (Ant. am.) and in a dorsal-postedomain (asterisk, Am/ect). (C) Aftdic-cv/tsgRNAI the anterior
Tc-iro domain becomes symmetric along the DV axis and ¢hgatldomain is absent. (B'C") DAPI stainings. After
Tc-cviTe-tsgRNAI (C7) the germ rudiment (smaller nuclei) is emgad towards a dorsal-anterior position, acquiring
a symmetric distribution along the DV axis. In WT YBin oblique distribution of nuclei is observed,RETc-doc
expression. (E) In WTTc-docis expressed in the dorsal serosa, where Dpp acisvidetected (red in J). Aftdic-

tld RNAIi (F) a small number of cells expregs-tld in the dorsal region (see text for details anddf a dorsal
view). (G,H,l) Tc-miptexpression. (G) In WTc-miptis expressed in the head region. Affercv RNAiI (1), the
Tc-mipthead domain, becomes completely symmetric aloagDif axis. AfterTc-tld RNAi (H), Tc-miptis also
expanded, but does not become completely symmaloicg the DV axis (the arrow shows the residual DV
polarity). (J,K,L) Shematic drawings highlight théferent fates along the DV axis. Note that the difere
between the two knock-down phenotypes are the doesakal cells present aftdic-tid RNAI. This residual
polarity leads to different gastrulation movemesmtsen compared tdc-cvRNAiI embryos (see next figure).
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In WT embryosTc-docmarks the dorsal serosa, overlapping with pMad 86A,E).
Tc-iro is expressed in one oblique anterior stripe (gBI6B, anterior amnion) and in a
broad dorsal posterior domain (Figure 3.6B, Am/seie also schematic drawing in 3.6J).
After Tc-cv RNAI, pMad, in the dorsal regiof,c-doc,in the dorsal serosa, and the dorsal
domain ofTc-iro aredeleted (Figure 3.6D for pMad, Figure 3.6C Tar-iro andTc-docdata
not shown). Only the anterior stripe (Ant. am)Taf-iro remains aftefTc-cv RNAI, which
acquires a straight orientation in relation to b axis (Figure 3.6C, see respective DAPI
stainings Figure 3.6B°,C"). Altogether, these rssuhdicate that Dpp activity during
blastodermal stages is completely absent afiecv RNAI, since the same changes in
molecular markers is observed afterdppRNAI (van der Zee et al. 2006).

After Tc-tld RNAI the dorsal domain ofc-iro and pMad activity are also absent (data
not shown). In contrast, a patch B€-doc expression in the dorsal serosa is still detected
(Figure 3.6F, dorsal view in 3.6F"). This indicatbeat in the absence dic-tld, BMP/Dpp
signalling still occurs in a small region of thersla serosa (see schematic drawing Figure
3.6K). The analysis of the expression pattern efgap gendc-mipt(Savard et al. 2006a) in
WT, in Tc-tld RNAI, andTc-cvRNAI embryos give further support to the aforenemed fate
map shifts. In WT,Tc-mlptis expressed in a broad triangular domain oventgpith the
head (van der Zee et al. 2005; Savard et al. 2(E@are 3.6G). AfteiTc-cvRNAI, the Tc-
mlpt domain is strongly expanded dorso-anteriorly, legdio a completely symmetric
expression along the DV axis (Figure 3.61). Affer-tld RNAI, the Tc-mlpt domain is not
completely symmetrical along the DV axis, but stdtains some residual polarity (Figure
3.6H, see arrow). Taken together, our results inipdy Tc-cvandTc-tld are involved in early
Dpp activity inTribolium, and in the specification of the eafllyibolium fate map.

Gastrulation is severely affected afteilc-cv and Tc-tld knock-downs

To understand how the knock-downsTaftld and Tc-cvaffect Tribolium gastrulation,
we studied the expression of amniotic and serosakens during this process. Tribolium
WT embryos, the prospective amnion differs from tembryo proper during early
gastrulation (Handel et al. 2000). The prospecuweniotic and dorso-ectodermal cells
expressTc-iro during differentiated blastoderm stages and egalstrulation (Figure 3.6B,
3.4F). During WT gastrulation these dorsal cellgregsingl'c-iro close the amniotic cavity at
the ventral face of the germband (Figure 3.4H, legu7D Am/ect).
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During WT gastrulation, pMad is also observed ia #@mniotic layer that covers the
embryo at the ventral side (Figure 3.4B,C, FiguiPAB. After Tc-cv RNAI, the lack of the
dorsal amnionTc-iro, Figure 3.6C) and the dorsal serofa-{o¢ data not shown) leads to a
completely symmetric gastrulation (see schematawirg in Figure 3.71). The anterior
amniotic stripe ofTc-iro is still observed (Figure 3.7F — Ant. Am), but thiesence of dorsal
amnion and dorsal serosa leads to embryos thaugsstin an inverted position. The growth
zone is then found in an opposite anteroposten@ntation inTc-cv knock-downs when
compared to WT embryos (Figure 3.7F, F* schemadw/ithg in 3.71).

Different gastrulation movements occurTin-tld RNAi embryos. These embryos still
retain some polarity, since they exprdgsdocin a small patch of the dorsal serosa during
blastodermal stages (Figure 3.6F). This-doc domain is found after gastrulation at the
ventral region, overlapping with pMad (Figure 3.Y.BrheseTc-tld RNAiI embryos display a
big head in the ventral side after gastrulatiodjdating that the serosal closure did not take
place (see schematic drawing Figure 3.7H). Thisxiglained by the lack of the posterior
amnion (Figure 3.7E, data not shown), and the aesehthe majority of the dorsal serosa
(Figure 3.6F). Altogether, the two knock-down phigpes are similar but not identical, since
a residual Dpp activity imTc-tld knock-down exist. This leads to a residual pojaditiring
gastrulation.
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Figure 3.7 Gastrulation movements inTc-cv and Tc-tld RNAi embryos

(A-C) Double-staining with the segmental marRergsband the phosphorylated form of mad (pMad), the
read-out of the Dpp gradient. (A) In WT, the dorsarosa and the amnion cover the embryo during
gastrulation. These amniotc cells contain Dpp #gtigince they are positive for pMad (see alscuFég3.4).
The antennal (An), mandibular (Mn) and maxillar (Msegments cells express-gsh (B) In Tc-tld RNAI
embryos, an ectopic domain of Dpp activity in theadh is observed (arrow). These cells in the hesal al
expressTc-doc (B -arrow).Note that the posterior amniotic celle absent afteFc-tld RNAI. In contrast to
the WT (D), Tc-tld RNAi embryos display a big head in the ventral oag{see E") (C) Infc-cv RNAI
embryos Dpp activity is absent and embryos gad&utaan inverted position when compared to the \{DF.

F) Tc-iro stainings. (D) In WTTc-iro is detected in the anterior amnion (Ant. Am.) ar@the head and in the
posterior amnion and ectoderm (Am/ect) as well. AEgr Tc-tld RNAI the ectopic serosal cells in the head
region which expres$c-doc(B") and pMad (B), do not allow a proper serosakate. In additionTc-iro is
expressed anteriorly in the amnion but not in tost@rior region (E). (F) Aftefc-cv RNAI the anterior
amniotic Tc-iro stripe (Ant. Am), observed during blastoderm ssaffégure 3.6C) is still present (Ant. Am)
and the embryos gastrulate in an inverted positiban compared to the WT (see DAPI staining in §if)ce
the posterior amnion is absent (Am/ect). Schendrtavings of WT (G),Tc-tld RNAI (H) and Tc-cv RNAI
embryos (I).
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Tc-tld and Tc-cv knock-down germ-band embryos are ventralized

Tc-dppis required to establish the dorsal regionsiobolium germ band embryos,
sinceTc-dppknock-down embryos lack the dorsal (non-neurogezstoderm (van der Zee et
al. 2006). In WT germ band embryos, pMad is detkatedorsalmost regions along the DV
axis (Figure 3.8D, blue arrowsl)c-iro expression is found in every segment and, singikarl
pMad, in the dorsalmost regions (Figure 3.8G, asjowinvestigated possible changes in the
expression domains of these genes after knock-adwit-tld and Tc-cv. After Tc-cvor Tc-
tld RNAI, thin “tube-like” embryos, resemblingic-dpp RNAI are observed (Figure 3.8B’-
C").The dorsal domains ofc-iro expression are absent after these knock-downstheut
segmental pattern is still evidentcttld Figure 3.8H Tc-cv data not shown). The dorsal
domains of pMad are completely deleted aftercv or Tc-tld RNAI, but a patch of pMad
expression in the head remains affertld RNAi (Figure 3.8E, arrow). This head domain in
Tc-tld RNAI might be composed of serosal cells, sificedocis expressed in an overlapping
domain (Figure 3.8J, arrow). Thi§c-doc domain is not observed in WT, since there the
serosal cells migrate normally (Figure 3.8l, arrpwaenly dorsal domains offc-doc are
detected. Further evidence for a difference betwE&ertv and Tc-tld RNAi embryos is
provided by the analysis of expression of the gapedc-mipt(Savard et al. 2006). In WT
Tc-miptis expressed in the head and in the maxilla, besal broad abdominal domain
(Figure 3.8A). AfterTc-tld RNAI the head domain and maxilla appears fusegufei 3.8B),
while afterTc-cvRNAI the head domain expands completely alondtfeaxis (Figure 3.8C,
asterisk). In addition, a bigger headTino-cv RNAi embryos is observed when compared to
Tc-tld RNAI (Figure A",B",C” for DAPI stainings).

Since dorsal ectodermal markers are absent in laibk-down embryos, is possible
that the ventral (neurogenic) region would be exiean In WT,Tc-achaete-scute (Tc-asis)
expressed in the CNS and in the peripheral neu(Biguire 3.9A). AfterTc-cv or Tc-tld
RNAI, neuronal cells are observed along the wholé dxis (Figure 3.9B,Tc-tld data not
shown). Taken togetherJc-cv and Tc-tld knock-down embryos are ventralized, and
differences between the two phenotypes can be iassdavith remaining dorsal serosal cells
in Tc-tld knock-downs that generate residual polarity (sctendrawings Figures 3.6K, 3.7H
and 3.8J).
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Figure 3.8: Dorsoventral patterning and Dpp activily in Tc-cv and Tc-tld RNAi embryos

(A-C) Tc-mipt stainings. (A) In WT,Tc-miptis expressed in the mandibular segment and in a
broad abdominal domain located posteriorly. (B)eAffc-tld RNAI, the mandibular segmental,
and head staining ofc-miptare less defined, although a big head is observéde respective
DAPI staining (B"). (C) A big head with a an expadddomain ofTc-miptis observed. This
domain occupies the whole DV axis (asterisk andrsepective DAPI). (D-F)rc-gsband Dpp
activity (pMad). (D) In WT, pMad is detected in thdersalmost cells of the embryo (blue arrow)
andTc-gsbis expressed in stripes (every segment). (E) Aftetld RNAI, pMad is not detected in
the dorsalmost cells, but a few cells in the hd#idrstain Dpp activity (pMad-blue arrow). These
cells also expres§c-doc (see J - blue arrow). (FJc-cv RNAI embryos undergo normal
segmentation process but do not display pMad indttrsalmost cells. (G,H)c-iro expression
pattern. (G) WTTc-iro is expressed in every generated segment and ialdtsains, that overlap
with the pMad (black arrows). (H) Aftefc-tld RNAi the segmentation component ©€-iro
expression is detected, but the dorsal domain ¢f &giivity is absent. A similar phenomenon is
observed forTc-cv (data not shown). (l,JYc-doc expression pattern. (I) In WTTlc-doc is
expressed in dorsal domains (blue arrows). (J)rAftetld RNAi a domain ofTc-docexpression is
detected in the head, but no dorsal domains aextel This domain in the head overlaps with
pMad (shown in E). The dorsal domainTaf-docis deleted afteTc-tld RNAI. Mx - maxilla, Lb —
labium, An — antenna, T1l, T2 — first and secondrabic segment, respectively, Al — first
abdominal segment.

doc
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Injection of two different dsSRNA enables the estalishment of an epistatic hierarchy

amongdpp, cv(tsg), sog and tld

The results above indicate thit-cv (tsg)would be required for most, if not all, Dpp
activity in Tribolium embryo. To evaluate iEv(tsg)functions are completely dependent on
Tc-sogto promote Dpp signalling or would also act indegentof Tc-sog we injectedl c-cv
and Tc-sog dsRNA together inTribolium adult females. To investigate if the obtained
embryos were ventralized (a loss Té-cvor Tc-dpp or dorsalised (a loss dfc-sog)we
performed double stainings with the segmental miafkegooseberry (Tc-gskgnd the pan-
neuronal markefc-ash.The depletion of both dSRNA3¢-cvandTc-sog led to embryonic
phenotypes identical tdc-cv loss-of-function, a big head embryo with an exp@msof
neuronal cells (Figure 3.9B,D).

These results indicate that Tc-Cv acts downstrefirc-Sog in other words, Dpp is
unable to signal in the absence of Tc-@ven when the inhibitor Tc-Sog is not present
Double injections off c-dppand Tc-sogdsRNA led, as expected, tora-dpploss-of-function
phenotype (Figure 3.9C, van der Zee et al. 2006)hése double-injection experiments-
sogknock-down in the collected embryos was confirrogdhe absence dfc-sogtranscripts
after in situ hybridization (data not shown).

Since Tc-tld would be presumably only required to clealie-sog releasing the
inhibitory complex, we performed double injectioofsTc-sogand Tc-tld RNAI, expecting a
Tc-sogRNAI phenotype. Embryos recovered fralmn-sog/Tc-tlddouble injection displayed
the same phenotype dg-sogsingle injection (Figure 3.9E, F). These embryas “@double
dorsal” displaying additional ectopic dorsal tisaleng the ventral midline, similarly fbc-
sog RNAI (van der Zee et al. 2006, Figure 3.9E,F). Séheesults indicate that the double
knock-downTc-sog/Tc-tldresembled c-sogRNAI and that allTc-tld functions inTribolium
embryos are mediated via-sog Thus, Tc-Tld acts upstream of Tc-Sog, being oatyired
to cleave this latter molecule. From these epistatialyses a hierarchy of interactions among

Tc-Dpp and its modulators is proposed (Figure 3)10B
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dpp-/sog- ash/gsb sog-/cv- ashlg'sp

sog- -  jrosog-/tid- iro

Figure 3.9: dsRNA double-injections againstc-dpp and its modulators suggest that Tc-Cv
acts downstream of Tc-Sog

(A-D) Double-stainings fofTc-ash(blue) andTc-gsb(brown) (A) In WT, Tc-ash(blue) is
expressed in all neurons afd-gsb(brown) in the ventral part of the segments. TB)cvRNAI
embryos are ventralized, being composed by a hogriat of neuronal cells (blue) and a big
head (arrow). (C) Double-injected embryos TardppandTc-sogare identical tar c-dppsingle
RNAIi embryos (see also van der Zee et al. 2006).0@uble-injected embryos foFc-cvand
Tc-sog.These embryos are ventralized, being identicd@ktaovknock-down (shown in B). (E-F)
Tc-iro stainings. (E) AftelTc-sogRNAI, the embryo becomes “double-dorsal” (Van dee £t
al. 2006), since an ectopic domain Bd-iro is observed ventrally along the whole AP axis
(arrow), besides the dorsal domain. A WT embry@ inomparable stage is shown in Figure
3.8G. (F) Double-injected embryos féc-tld and Tc-sogare identical tolc-sogsingle RNAI
embryos, with patches of mesodermal cells betwleerettopic ventral domain (arrow in F, non
stained cells).
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Dpp transport and activation mechanism in Tribolium
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Figure 3.10: A model for Dpp transport and activaton in Tribolium early embryo

(A) In WT embryosTc-cv (star) andTc-dpp (circle) are expressed in a stripe between therngmb
proper and the serosa (Figure 3.4G, Figure 1.10H \éan der Zee et al., 2006)c-sog(square) is
expressed ventrally and is required to transpoiDpp towards the dorsal regions (Van der Zee et al.
2006).Tc-tld (scissors) is broadly expressed in dorso-lategibns of WTTriboliumembryos (Figure
3.4A,B). After Tc-dppor Tc-cv RNAI, Dpp activity is completely absent in earlgnleryos (Figure
3.6D and Van der Zee et al. 2006), implying thatChcis required for early Tc-Dpp signalling. After
Tc-tld RNAI, Dpp activity is still detected in the dorsaist region of the embryo.(B) Based on
double-injection experiments (Figure 3.9), the &pis relationships among the three Dpp modulators
(Tc-cy, Te-tld andTce-sog in Tribolium are inferred SinceTc-cvand Tc-dppknock-down phenotypes
are identical, we conclude that Tc-Cv has a pro-BMiP function in earlyf'ribolium embryos.

72



Chapter 3 twisted-gastrulation and tolloid evolution in insects

Cells from the inner-layer (IL) of the growth zone migrate over the outer-layer (OL)

after Tc-cv or Tc-dpp RNAI

Another important feature of short-germ insecthepresence of the growth zone, the
posterior region where the abdominal segments esrtey@ secondary process. Not only new
segments should be specified, but they should exiserge with normal DV polarity. In WT
lateral views of the growth zone four distinct cptipulations can be observed (see also
schematic drawing on Figure 3.11F). The amnion banidentified as a thin cell layer
characterized by the expressionTafiro (Figure 3.11A, F - am). The amniotic cavity (Figure
3.11F- amc) is observed between the amnion anduter layer (Figure 3.11F - OL). The OL
is continuous with the anteriorly located ectod€Figure 3.11F - ect). These ectodermal cells
express segment polarity genes likegooseberryTc-gsh), Tc-engrailed(Tc-en) andTc-iro
(Handel et al., 2005 and data not shown). On tap@fOL, the inner layer (IL) (Figure 3.11F
- IL) is continuous with the anteriorly located raderm (Figure 3.11C,F — me). Note that this
IL does not express the mesodermal géodwist which is only present the anterior located
mesoderm and in the posterior tip (Figure 3.11&DB,IL, post). So the fate of these cells is
not clear (an analysis of the fate of these ILscalprovided on Chapter 4). Last, a rounded
cell mass in contact with the IL corresponds to gheative germ cells (Figure 3.11B, F-gc).
These cells also express the germ cell markevasa(Figure 4.9, described in Chapter 4).

Tc-dppand its modulatorsfc-sog Tc-cvandTc-tld are also expressed in the growth
zone.Tc-dppis expressed in the OL and in the amnion, wiidesogis mainly expressed in
IL of the growth zone and in the ectoderm of theeaar segmented region (Van der Zee et
al., 2006 and Figure 3.11)c-cvis expressed in the IL and OL of the growth zdrigyre
3.4J) andrc-tld is broadly expressed in this region (data not stjow
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Figure 3.11: WT growth zone morphology and moleculamarker expression during germ band
elongation

(A,B,C,E) Lateral views of growth zones after itudiybridizations (green), nuclear staining (DAPI
-blue) and cell membrane stainings (anti-phosplosipe-red). (A)Tc-iro (green) is expressed in the
amnion (am). (B) Lateral view, a rounded mass disceonstitutes the germ cells (forTa-vasa
staining, a germ cell marker, see Figure 4.9). T€}wistis expressed in the mesoderm and in the
posterior tip. (D) Optical cross section from arsegted germ band (8 segments), like the one in C,
in situ hybridization againgtc-twist(green, overlay in yellow). (Ellc-sogis expressed mainly in the
inner layer of the GZ, and in the ectoderm antdrigF) Schematic drawing of the growth zone cell
fates. Am - amnion (black), me - mesoderm (grekn},inner layer (pale green), OL - outer layer
(red, cuboidal cells), post - posterior tip (blugg,- germ cells (purple), ect - ectoderm (red).

Since Dpp and its modulators are expressed inrégi®n, we investigated fc-dpp
Tc-cv or Tc-tld knock-down would lead to evident morphological edg$ in this region.
Importantly, in WT growth zone the IL cells are &ed on top of the OL, asymmetrically
along the DV axis (Figure 3.11F). After knock-.dowh Tc-dpp or Tc-cv, the amnion is
completely deleted in the whole embryo, includihg GZ, being substituted by cells of the
ectoderm (Figure 3.12D and 3.71 for gastrulatidn)these knock-down embryos a further
loss of DV polarity is observed, the IL cells migrdaterally over the OL, losing partially
their DV asymmetry (Figure 3.12D). In conclusionrmraotic specification seems to be

required to establish the growth zone DV polanityintaining a compact IL on top of the OL.
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In Tc-dpp RNAI embryos, mesodermal cells expressihgtwist are observed all
around the ectodermal cells anteriorly during gband elongation (Van der Zee et al., 2006).
It is possible that as new segments are generaigdthe GZ, the IL cells leave the posterior
region and differentiate into mesodermal cells @ee Chapter 4 for further evidence that the
mesoderm is generated from IL cells). So, afteidppor Tc-cvRNAI the DV polarity of the
GZ is not maintained. SincEc-dppor Tc-cv RNAiI embryos are identical also in relation to
GZ pattern, I infer that c-cvfunction is as important asc-dppduring Tribolium embryonic

developmenta completely different situation when compared he turrentDrosophila

paradigm (see the discussion of this chapter).

Figure 3.12: The inner layer cells of the growth zwe migrates over the outer layer inTc-cv RNAI
embryos

(A)WT and (C) Tc-cv RNAI embryos stained for the segmental markergsband DAPI. (C)Tc-cv
RNAI embryos can be recognized by the huge headhwbmpared to the WT (A). Optical section of the
growth zone of a WT (B) antic-cv RNAi embryo (D). The inner layer (IL) cells migeabver the outer
layer (OL) afterTc-cvRNAI, in contrast to the asymmetric position of th in WT. gc - germ cells, am -
amnion.

75



Chapter 3 twisted-gastrulation and tolloid evolution in insects

Cv/Tsg-related proteins also have a major role imtNasonia vitripennis Dpp modulation

To understand if the major role of Cv/Tsg-relajgdteins for Dpp modulation in
Tribolium is a specific feature of this beetle or if it isn@re general aspect in insect
evolution, the function of Cv/Tsg orthologs in thespNasonia vitripennisvas analysed.
This wasp has recently been reemerged as a conveanabdel toDrosophila(Beukeboom
and Desplan 2003Nasoniashares the long-germ type of development vidtimsophilg
although this type of development has probablyeari;idependently in both insects (see
chapter 1).Nasonia vitripennisembryogenesis takes approximately the same time as
Drosophilamelanogasteembryogenesis to be completed. Importantly, pRd&& be applied
in Nasoniaand mutant screenings have been performed baséldeoanalysis of cuticular
phenotypes (Pultz et al. 1999; Pultz et al. 20081ch and Desplan 2006). Additionally, the
Nasonia vitripennigenome has been recently proposed to be sequ@Nezren et al. 2004).

As in Drosophilg three related sequences to Crossveinless arenpragsNasonia
vitripennisgenome lv-cvA, Nv-cvB, Nv-cvGee also Figure 3.2). Interestingly, two of these
sequences contain intronless transcritscvAandNv-cvC.The thirdNasonia vitripennisv
gene,Nv-cvB,has the same gene structurelascy, containing four introngFigure 3.2). The
duplication events that gave rise kw-cvA and Nv-cvC are probably specific tblasonia
since the genome of the bApis melliferaonly contains onev+elated molecule that groups
with Nv-cvB (four introns) Nc-cvA and Nv-cvB were cloned using embryonic cDNA
preparations, whil&Nv-cvCwas not amplified from the same preparations. lddék-cvC
might be a pseudo-gene since it contains sevaaidshift mutations (see also the extreme
long-branch in Figure 3.2).

pPRNAI againstNv-cvBled to 90% of non-hatched larvae in the first ¢y Most
obtained cuticles from this first egg lay displayad empty milky appereance, without any
organized structure (data not shown). A small pgegge of non-hatched larvae showed a
cuticular organization (Figure 3.13). A small piefecuticle in the posterior region of the egg
shell is observed. In the two following egg lay® thumber of non-hatched larvae slowly
decreased, from around 70% in the second to 50teirthird, concomitant with an increase
of the small piece of cuticle phenotype. This ssgg¢hat the strongeblv-cvBknock-down
phenotypes do not develop proper cuticule and pssgvely weaker phenotypes develop it.

In contrast toDrosophila melanogastercuticle preparations, where dorsoventral
mutants can be identified by changes in the DV asgtric pattern of denticle belts (e.g
Arora and Nusslein-Volhard 1992y asonia vitripennisNT cuticles do not display such DV
asymmetric denticle belt distribution (Figure 3.18p, it is not possible to infer from the

76



Chapter 3 twisted-gastrulation and tolloid evolution in insects

cuticle analysis if this small cuticle is a DV plogype or not. On the other hand, mutants
containing these small piece of cuticle were suggeso be DV mutants in thEasonia
vitripennis screening, mainly based on the similarity to sophila melanogasteDV
cuticle phenotype@-igure 3.13, Pultz et al. 2000). To further invgsste if the knock-down of

Nv-cvBleads to a DV phenotype, DV molecular markers vigrestigated.

Figure 3.13:Nasonia cvB RNAI knock-down lead to a small piece of cuticledcated at the
posterior part of the egg shell.

In Nasonia and in all insects investigated so far, the peotipe ventral neurogenic
ectodermal cells expredév-vnd,which flanks the prospective mesodermal cells sthifor
Nv-twi (Figure 3.14). AfterNv-cvB RNAI, a dorsal expansion of the ventral neurogenic
ectoderm and of the mesoderm, particularly in theédie of the embryo, is observed (Figure
3.14). Note that th&lv-vnddomain expands towards the whole dorsal side efthbryo in
the absence oNv-cvB. This expansion indicates a loss of Dpp activityycsi Nv-Dpp is
required for patterning the dorsal region alsoNasonia (Jeremy Lynch, unpublished
observations). Since théNv-dpp knock-down phenotype is much stronger (Lynch,
unpublished) than thidv-cvBknock-down, it is possible that another Cv-relatenlecule like
Nv-cvAwould also be involved in embryonic Dpp modulatiétreliminary Nv-cvA RNAI

experiments (data not show), showed a similar D¥npltype for this gene. It is possible that
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the combined action of these two genes is requioe®pp signalling inNasonia vitripennis
Double-injections Nv-cvA and Nv-cvB)nay answer if Dpp activity can be completely
abolished after the removal of all Cv activity iarkly embryos. In conclusion, the loss of Dpp
activity afterNv-cvBRNAI implies that in WT embryos\lv-cvBpromotes Dpp activity. This

observation is similar to the role of the unique (Ce-Cv) proteinin Tribolium, and suggests

an ancestral role of Cv protein in promoting BMB\aty in insects.

Figure 3.14: Knock-down for Nv-cvB leads to an expansion of the mesoderm and neurogen
ectoderm indicating that Cv promotes Dpp activity n Nasonia

Double-fluorescent in situ hybridization folv-vnd (green) and\v-twi (red). In WT, the ventral
neurogenic ectodermal cells expressigvnd flank the mesodermal cells expressiNg-twi.
After Nv-cvB RNAI, the ventral neurogenic ectodermal cells agedly expanded towards the
dorsal regions, particularly in the middle. In timddle region of the embryo, the mesodev-
twi) is also exnande
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Discussion:

Duplications in Cv/Tsg and Tld-related molecules: gossible road to fast development

Several molecules containing cysteine rich (CR)ea¢p have been shown to be
involved in Dpp extracellular modulation in metaasa(reviewed in Garcia Abreu et al.
2002). Among them, threev/tsg-likegenes are present in genomes of higher Dipteraselh
genes are the “classicalsg (Dm-tsg) isolated from mutant screenings (Zusman and
Wieschaus 1985), CG11582s@3) and crossveinless (Dm-tsg@r cv). In contrast,Apis
mellifera, Tribolium castaneunandAnopheles gambiagenomes contain only ome/tsg-like
molecule. This uniquev/tsg-likemolecule inTribolium castaneums more similar to the
Drosophila melanogaster ayene, which irDrosophila melanogastetoes not possess a role
in early embryonic pattern, but rather promotes Dplulation in the wing (Shimmi et al.
2005a; Vilmos et al. 2005). Besides the phylogenatialysis (Figure 3.2A), further support
for a group offc-cvandDm-cvwere also obtained by: 1) the existence of speaifino-acid
residues shared by Tc-Cv and Dm-Cv that differdto-Tsg (Figure 3.3); 2) a common
intron-exon structure fofFc-cvandDm-cv,in contrast to the two intronless transcriptm-
tsgandDm-tsg3(Figure 3.2A).

| suggest that retro-transposition events genettiesk twdsg-like molecules present
in higher flies, since these two intronless molesuare not present in the genome of the
primitive mosquito Dipter@Anopheles gambiadn the context of fast embryonic development
of higher Diptera, these small transcripts couldehaubstituted the ancesti@l molecule
which is here shown to be involved in Dpp extradal modulation inTribolium castaneum
embryos Other molecules involved in embryonic DV axis faton in Drosophila
melanogasterbut not involved inTribolium castaneunDV axis arebrinker andscrew Both
genes possess intronless transcriptional unitBrimsophila melanogastemeinforcing the
trend of shorter transcripts acting in the fasted@wment of the long-germ Diptera embryo.

The trend of shorter transcripts may not be unitpuéigher Dipterans, since in the
long-germNasoniavitripennis (Hymenoptera), which has a comparable developmémal
to Drosophila melanogastePultz et al. 2005), two intronlessv genes have been
independently generated. One of these intronlesesgdlv-cvA might act during early
Nasonia vitripennieembryogenesis since its cDNA was isolated fromeanbryonic cDNA

preparation.
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A similar duplication followed by a sub-functionadition event took place for
Tolkin/tolloid metaloproteases in higher Diptefam-tolloid (tld) and Dm-tolkin (tok or
tolloid-related)are found in tandem in the same chromosomal ragi@rosophila but only
onetld/tok gene is found in other holometabolous insectsufei@.2B and data not shown).
Recently Serpe et al. 2005 showed at-tokandDm-tld have different catalytic properties
in pupal wings and during embryogenenesis, respdgtiDm-tokand Dm-tld are expressed
in a similar pattern in embryos, biDtn-tokoverexpression is unable to rescue the loE3nef
tld in embryos (Nguyen et al., 1994pmtld is also not able to rescue the pupal wing
phenotype caused tm-tokloss-of-function (Serpe et al. 2005). Serpe e@05 proposed
that the different kinetics in Dm-Sog processingween Dm-Tok (slower) and Dm-Tld
(faster) would account for the failures in the peocal rescue situation. It is possible that
ancestral insects contained a unique Tolkin/Tolleidlecule acting in the embryo and in
wing pattern, and that duplications followed by $ubctionalization occurred in higher
Diptera.

Taken together, our results support a model wherartodulation of Dpp activitiy has
changed during insect evolution. The duplicatioereés described above may have changed
the shape of the Dpp gradient in higher Dipteraagmeement with this hypothesis, recent
studies in the primitive DipterAnopheles gambiagdemonstrated that the expression pattern
of Ag-tld and Ag-sog(Goltsev et al. 2007) resembles the ones deschbeel forTc-tld and
Tc-sog(van der Zee et al. 2006). Moreover, Dpp actigiylad) is broader i\. gambiaeand
T. castaneurthan inD. melanogaster.

Intriguingly, mosquitos and beetles have two sepdraxtra-embryonic membranes,
the amnion and the serosa (Goltsev et al. 2007, deanZee et al. 2005 and references
therein). In contrast, higher flies, includii® melanogasterhave undergone an extreme
reduction of extra-embryonic membranes (SchmidtZD@0). A correlation between extra-

embryonic reduction and changes in Dpp modulatambe hypothesized.

Tc-cv and Tc-tld are essential for the establishment of Dpp actiwt and pattern the

dorsal regions ofTribolium embryos

The patterning of the dorsal regionTnibolium eggs, comprising dorsal seroSa{
dog and dorsal ectoderm/amniodctpnr/Tc-irg, requires at least two pro-BMP/Dpp
molecules Tc-cv and Tc-tldthis thesis) and Tc-sogmediated transport (van der Zee et al.

2006). Tc-cvis strictly required for Dpp activity idribolium early embryos, since in its
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absence all c-dpptarget genes known so farTmibolium are not expressed. Further evidence
comes from the observation that both knock-dowmphgoes {c-dppandTc-cvRNAI) are
morphologically identical (Figures 3.6, 3.7, Vamr dee et al. 2006).

In contrast,Tc-tld is not required for all Dpp activity in the eadynbryo. AfterTc-tld
knock-down, thelc-docdorsal serosa expression domain is largely redumgidsome cells
still express this gene, indicating tHat-dppactivity still exists there (Figure 3.6Hh WT it
has been proposed that Tc-Sog transports Tc-Dpprtsadorsal regions, so Tc-Sog would
inhibit Dpp signalling in ventral regions (van d&ge et al. 2006). The release of Tc-Dpp from
its inhibitor Tc-Sog is provided in dorsal regioby the metalloprotease Tc-Tld (Figure
3.10A). Apparently afterTc-tld RNAI Tc-Sog cannot completely inhibit Tc-Dpp ineth
dorsalmost regions, since the dorsal region isadisfrom the ventral domain dfc-sog
transcription (Van der Zee et al., 2006, Figuréd3)1 In WT, the degradation of Tc-Sog via
Tc-Tld would be required for Dpp signalling in tkersalmost regions of the egg (Figure
3.10A).

Tc-cv major role in Tribolium implies that Dpp modulation has changed during inset

evolution

Although the function of Cv/Tsg related molecules/é been extensively studied in
Drosophila and vertebrates, contradictory results using wiffe model systems have been
reported (Ross et al. 2001; Scott et al. 2001aaxek Fisher 2005; Jenner and Wills 2007). In
order to reconcile these results, it has been meghohat Cv/Tsg would have a dual role in
modulating BMP/Dpp signalling (Figure 3.1B). FirsEv/Tsg would act enhancing Sog
binding to Dpp, an inhibitory function for Dpp sigfing. Second, Cv/Tsg would enhance Tlid
cleavage of Sog, enabling Dpp to signal (Larrairalet2001; Ross et al. 2001; Scott et al.
2001b, Figure 3.1B). If the biochemical interaciaammong Cv/Tsg, Sog, Dpp and TId are
conserved, at least two hypothetical scenariodbegoroposed to explain the major role of Tc-
Cv/Tc-Tsg inTriboliumwhen compared tBrosophilaand vertebrates.

First, assuming a dual role of Tc-Cv, our resutidicate that the main role of this
molecule in WT is a pro-BMP function, sin@e-cvknock-down phenotypes are identical to
Tc-dpp knock-down. Importantly, Tc-Cv infribolium is not only necessary to enhance
Sog/Chordin degradation via Tld, since embryos tokinock-down forTc-cv and Tc-sog
display the same phenotype Bs-cvRNAI, an absence of Tc-Dpp signalling. These results
suggest thaflc-cv performs Tc-sog independent roles on BMP/Dpp modulatid@imilar
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observations of Tsgoles independent of Sog were recently obtainedrasophila and
vertebrates (Wang and Ferguson 2005, Little andiMuR004, Xie and Fisher 2005). In this
hypothetical scenario Tc-Cv would interact withetiBMP/Dpp modulators, besides Tc-Sog.
Several proteins containing structural domains médieg Sog/Chordin are present in
Drosophila, Triboliumand vertebrate genomes (Garcia Abreu et al. 2082)east one of
them, Crossveinless-2 (Cv-2) is involved in BMP/Dppdulation in vertebrate embryonic
development (Rentzsch et al. 2006, Ikeya et al6R0m Drosophila and Tribolium Cv-2
seems not to be required for early embryogenesiau(ld et al. 2006, described in chapter 2).

From the aforementioned results, a model where T@€s downstream of Tc-Sog
and is essential to Tc-Dpp signalling is supportedjure 3.10B). A second hypothetical
scenario is that Tc-Dpp would not be able to sigmaén Tc-Cv related molecules are not
present. Favoring this hypothesis it was recentlggssted thaDrosophila Tsg could
facilitate binding of BMPs to cell surface (Wangdakerguson 2005). Sincé&c-cv is
expressed in a similar domainBs-dppin Tribolium (Figure 3.4G), it is possible that most of
early Tc-Dpp protein is immediately bound to Tc-4@\the extracellular space. In the absence
of Tc-Cv, Tc-Dpp could be rapidly degraded by aepor mediated mechanismTmnibolium,
as recently proposed f@rosophila(Mizutani et al. 2005). If Tc-Dpp would not be akib
signal in the absence of Tc-Cv Tmibolium, why would BMP/Dpp4 be able to signal in the
absence of Cv/Tsg iDrosophilaand Xenopus? A possible explanation would be that
multiple copies of Cv/Tsg related molecules preseribrosophila melanogastefDm-tsg3
and Dm-cy and Xenopus, Tsgl and Tsg2 (Oelgeschlager @084) could account for the
residual Dpp activity in Cv/Tsg single mutants lie$e two model systems. Only the analysis
of double-mutants for Cv/Tsg related molecule®riosophilaand zebrafish would be able to
confirm or refute this hypothesis.

If the scenario involving duplications and sub-flimgalizations in vertebrates and
Drosophila is true, the situation observed ifribolium could be the ancestral case of
BMP/Dpp modulation. Alternatively, th€ribolium situation could be a derived state, where
Cv/Tsg could have acquired independently a moraqumoced role for Dpp signalling in the
lineage leading tdribolium. The RNAI experiments against oce gene Nv-cvB)in the
HymenopteraNasoniaargue against a specifiaibolium requirement. We have observed a
major role forcrossveinlesselated molecules in DV patterning probably in Dppdulation
also in this insect (Figure 3.12 and 3.13).

Taken together, this study suggests that duplicatalowed by sub-functionalization

involving Dpp modulators occurred in the higher fena lineage which gave rise to
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Drosophila | propose that different organisms use the mlel@gxisting BMP/Dpp modulators
in distinct morphogenetic processes. It is posditidd the number of Dpp modulators acting
in Tribolium DV axis formation is reduced when compareditsophila and vertebrates,
since Tc-cv and Tc-dpp knock-downs are identicalribolium might have retained a more
ancestral type of DV axis formation, with a lessnptex system involved in BMP/Dpp
modulation (see also Van der Zee et al. 2006).heurfunctional analysis in other insects or
primitive arthropods will shed new light into thgsiestion.
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Chapter 4 - Self-regulatory circuits in dorsoventrd axis formation of the

short-germ beetleTribolium castaneum

Introduction

In Chapter 1 a detailed description of the eveatpiired for DV axis formation in insedts
provided with a particular emphasis on the evohdiy aspects. The reader is particularly
encouraged to follow the fragmentation experimg@eatsormed by Klaus Sander described in
Chapter 1 and the description of how DV polarityachieved inDrosophila In Drosophila
the nuclear concentration gradient of the rel/NFtkdhscription factor Dorsal is established
early in development (Stathopoulos and Levine 2R02his nuclear gradient forms under
control of maternally expressed genes in the e@yycytial) blastoderm embryo; highest
Dorsal concentrations are observed in ventral maclé progressively lower concentrations in
nuclei of lateral and dorsal regions (reviewed iouglsian and Roth 2005 and detailed in
Chapter I). Dorsal initiates the differentiation tbok mesoderm (ventral) and the neurogenic
ectoderm (lateral) through the differential actiwatand repression of zygotic target genes.
Comprehensive genomic approaches, including wheleige microarrays, tiling arrays and
ChlIP-on-chip experiments led to the identificatafmralmost all Dorsal targets genes (ca. 50)
(Stathopoulos et al. 2002; Biemar et al. 2006; lingier et al. 2007), making the system to
one of the best understood complex gene regulaieinyorks for early embryonic patterning
(Stathopoulos and Levine 2005).

Not only the events downstream of Dorsal, but #f&oupstream processes leading to
the formation of the gradient are well understodte formation of the Dorsal gradient
depends on spatial cues which emerge in the fddlicapithelium during oogenesis and
subsequently are transmitted to the fluid-fillediyeelline space that surrounds the embryo
(reviewed in Moussian and Roth 2005 and Chaptemlyentral regions of the perivitelline
space a proteolytic cascade is initiated, geneydtie ligand of the transmembrane receptor
Toll. Upon Toll activation, the inhibitory protei@actus is degraded allowing the nuclear
accumulation of Dorsal. This leads to the fornmatod a nuclear Dorsal gradient with peak
levels at the ventral side (reviewed in Moussiad &oth 2005 and Chapter 1). Taken
together, the comprehensive knowledge about thedbon and action of the Dorsal gradient

provides an excellent basis for evolutionary congoas.
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Results

The Toll pathway is required for DV axis establishnent in Tribolium

The analysis of the Toll pathway was initially apghed via BLAST searches on the
recently sequencefribolium genome (Richards et al. 2008) for orthologs ofegeknown to
act inDrosophilaDV axis formation. The beetle genome contains W rfeeeptor homologues
closely related tdrosophila Tolt. However, only one of these homologues, the preshjo
describedTc-Toll (Maxton-Kuchenmeister et al. 1999, data not showmpxpressed in the
early embryo. | will refer to this homologue @s-Tolf". The adaptor protein Myd88, the
kinase Pelle acting downstream of the receptor thredcytoplasmic inhibitor Cactus are
represented each by a single homologue in the genéimally, two NF«B homologues
closely related tdrosophila dorsalexist in Tribolium. However, only one of these, the
previously described@c-dorsalis maternally expressed and present in the earlyrygo (Chen
et al., 2000, for a phylogenetic analysis of thgsees see Figure 4.1 and Zou et al. 2007).

To study the function of these genes, | used paramid embryonic RNAI techniques.
While the injection of double stranded RNA (dsRNAjo female pupae and female adults
(PRNAI) targets ovarian and embryonic mRNAsS, in@ctof dsRNA into early embryos
(eRNAI) targets only embryonic mRNAs either of mratd or zygotic origin. Comparing the
outcome of both types of injections is of particulaportance if the gene in question is
expressed maternally and stored as maternal protein

PRNAI for Tc-Toll', Tc-pelle, Tc-myd8®r Tc-dorsalled to adult beetles producing
normally shaped eggs which supported embryonic Ildpueent. However, with high
penetrance (90-95% fofc-Tol' pRNAI), embryonic development was abnormal. The
embryos showed severe defects in DV patterningphenotypic differences were observed
among pRNAI experiments for the four genes (datashown). This suggests that, like in
Drosophila, they act in the same pathway and are requiredtherestablishment of the
embryonic DV axis. Since the knock-down phenotypésll four genes are identical, the

following figures on this chapter show only theuks of Tc-Toll RNAi experiments.
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Figure 4.1: Phylogenetic trees for Dorsal, Toll, Cetus, and Pelle homologues

TBLASTN was used in order to obtain sequences aimd Tc-Toll, Tc-dorsal, Tc-pland Tc-cactin
several insect genomes. After alignments using CIALSV, the data was manually curated, and the
sequences loaded into MEGA Version 3.1 softwarenfuet al. 2004). Neighbour-joining analysis
was performed using 1000 replicates for bootstrape species abbreviations are as follows: (Aae)
Aedes aegypt{Ag) Anopheles gambia@Am) Apis mellifera(Bg) Biomphalaria glabrata(Bt) Bos
taurus (Ce) Caenorhabditis elegan&r) Carcinoscorpius rotundicaudéDy) Drosophila yakubgDm)
Drosophila melanogastefDpso) Drosophila pseudobscuréds) Homo sapiengMm) Mus musculus
(Rn) Rattus norvegicuéTc)- Tribolium castaneun(A) NF-kB homologues. The most similar molecule
to Dm-Dorsal in theTribolium castaneungenome is the previously published Tc-Dorsal mdiecu
(Chen et al. 2000). (B) Toll homologues. A speadifigpansion of the Toll receptors related to Dm-Toll
(involved in DV axis formation) seems to have ocedrin Tribolium (green box) Three of these
receptors are found in tandem on chromosome Xritolium and one on *lchromosome. This latter
gene was the previously describedTasToll (Maxton-Kuchenmeister et al. 1999) and is renaifed
Toll* (Glean_00176) in this study. (CxB homologues. Only onic-cactrelated molecule is found in
the Tribolium genome. At least three paralogs can be found irggmome of the Hymenoptefgpis
mellifera. (D) Pelle homologues. Only one Pelle homologue detected in th&@ribolium genome. All

T. castaneungene numbers refer to GLEAN models as reportedighards and Genome consortium
2008. Gene Bank or EMBL-Bank accession numbers: @ajsal Dm— CG-6667, Dorsal Dpso—
GA19765-PA; Dorsal Ag- gbJAAW67214.1|, Dorsal Amb|A@AP23055.1|, NF-kappa Cr -
gb|AAZ40333.1|,Dif Dm —CG-6794 ,Relish Dm - CGRIP@\, Relish Ag -|gb|AAQ57599.1(B) Toll

7 Dm— CG-8595, Toll-6 Dm— CG-7250Tpllo Dm—CG-6890 , Toll Dm— CG-5490 , Toll 5 Dm-CG
7121. (C) cact Dm -CG5848-PB, cact Dy-gb|AAQ65041.1, cact dp8A19176-PA ,cact Aae-
EAT48251.1, cactA Am -XP_001121009.1, cactB AmOBPL21575.1, cactC Am -XP_394485.2, cact
Cr- gbJAAZ40334.1], cact Bg - gb|ABL74452.1|, cac-RP_343066.2 (D) pll Dpso- GA19272-PA,
pll Dm- CG5974-PA, pll Ag- XP_311931.3, pll Am- %R4002.2, pll Ce-NP_502587.2, pll Bt-
0i:95006987, IRAK1 Mm- gb|AAO63014.1], pll Hs -ARK88.1
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Knock-down ofTc-Toll" leads to embryos which lack all signs of DV pdjaduring
early development. This phenotype can be readiy se differentiated blastoderm embryos
by staining the cell nuclei (DAPI). In contrast@oosophilaembryos, which show a uniform
distribution of blastoderm nucletribolium wild-type (WT) embryos display a pronounced
DV asymmetry in nuclear density: the blastodermuisdivided into an anterior-dorsal region
with widely spaced cells giving rise to the extréeyonic serosa and a posterior-ventral germ
rudiment with densely packed cells giving risetie embryo proper (Figure 4.2A). This DV
asymmetry disappears aft@c-Toll pRNAi. The border between presumptive serosa and
germ rudiment becomes straight and the embryolidigided into a large anterior serosa and
a small posterior germ rudiment (Figure 4.2B). Adaagly, Tc-zerknulltl(Tc-zen}, a gene
expressed exclusively in the presumptive serosaemadred to establish the serosal fate (van
der Zee et al. 2005), shifts from a dorsally tiltegpression domain in WT to a broad
symmetric domain (Figure 4.2C,D). This phenotypa ba explained by an expansion of
dorsal regions at the expense of ventral regionthefblastoderm and thus provides a first
indication thatTc-Toll RNAi leads to a dorsalisation of the embryo. Sincdy the DV
asymmetry of the border between serosa and geriment, but not the border itself is lost,
the distinction between extraembryonic and embxydissue is not the result of DV, but
rather of AP patterning. Ilbrosophila on the contrary, the extraembryonic tissue (the
amnioserosa) represents the dorsal-most struatarexpands uniformly along the DV axis in
dorsalized embryos.

Further support for a dorsalisation of the fatgraponTc-Tol" RNAi comes from the
expression of genes specific for ventral (mesodeam] ventrolateral (neuroectodermal)
regions of WT embryosTc-twistand Tc-sogare expressed in nested domains Witatwi
marking the future mesoderm anfc-sog a wider domain including a part of the
neuroectoderm (van der Zee et al. 2006, Figure,&RBAfter Tc-Toll RNAI the expression
of Tc-sogwas completely abolished and thatTaf-twi was restricted to a small symmetric
domain at the posterior pole (Figure 4.2F,H). Thiggests a loss of ventral and ventrolateral
fates. A corresponding expansion of dorsal fatesbeainferred from the expression of genes
restricted to the dorsal regions in WA.g., Tc-dog a marker for the dorsal serosa arddiro
(both markers are described in Chapter 3), a mdidkeghe dorsal fates of the germ rudiment
(amnion and dorsal ectoderm) (Figure 4.21,K). Bottixdoc and Tc-iro expression expand
uniformly around the circumference of the embrytemafc-Toll' pRNAi (Figure 4.2J,L),
indicating an expansion of dorsal at the expenseeotral fates within the serosa and the

germ rudiment, respectively. In WTg¢-iro is not only expressed within a dorsal domain, but
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also in a narrow stripe marking the anterior boxfehe germ rudiment (this region gives rise
to the anterior amnion described in Chapter 3)s Biiipe ofTc-iro expression is maintained,
but becomes straight aft&c-Toll' RNAI, in accordance with the changes observed #aPD
stainings, Tc-zen and Tc-doc expression. The uniform levels dfc-iro within the germ
rudiment of Tc-Tolf' RNAi embryos could correspond to an expansion ef dbrsal-most
embryonic fate, the dorsal amnion, or of dorsoldtéates (dorsal ectoderm). To distinguish
between these two cell fates, | monitored Dpp digwp via the distribution of
phosphorylated MAD (pMad). Our group has previousiypwn that in WT dorsal amnion
formation requires high levels of Dpp signallinggfn pMad), which depends on Tc-Sog
mediated ventral-to-dorsal transport of Dpp (Figdr@M, van der Zee et al. 2006). In
contrast,Tc-Tol RNAi embryos lack peak levels of pMad and insteasdehlow levels of
pMad at all positions of the circumference (FigdrgN and Figure 4.3A,B). | assume that the
loss of Tc-sogexpression iTc-Toll RNAi embryos (Fig 4.2G,H) prevents Dpp transpod an
formation of Dpp peak levels at the dorsal sideletailed explanation on how Dpp transport
and modulation mechanism occurs is provided in @rgand in Van der Zee et al., 2006.
Another phenotypic consequence of the dorsalisatiothe fate map observed after
Tc-Toll RNAI is the deletion of the head anlagen (FiguB.4n WT Tc-otdand Tcmsh2are
expressed in the prospective head lobes and ipridspective antennal segment, respectively.
After Tc-Toll RNAIi both domains are deleted (Figure 4.3E,F). fremrsupport for the loss of
the anterior region of the germ rudiment is prodithy the analysis of the head gap gé&ne
mlpt, which in WT is expressed in an anterior triang@hape domain (Figure 4.3 C). After
Tc-Tolf RNAI, this domain is reduced to a symmetric stapeng the DV axis (Figure 4.3D).
This stripe overlaps with the anterior amnion (Feg4.2L). The lack of the head domain has
been previously observed aft@ic-sog RNAI (Van der Zee et al. 2006). Sinde-sog
expression was absent affes-Tolf' RNAi (Figure 4.2G), it is assumed that the heaetiteh

in these RNAIi embryos is caused by the lack@kog.
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sog/twi
[T =amnion [T = neurogenic ectoderm
[—J=dorsal ectoderm A= mesoderm/direction of invagination
—*— =dorsal serosa —e— = anterior serosa
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Figure 4.2: Tc-Toll' RNAi embryos lack DV asymmetry and are dorsalised

Lateral views of embryos at late differentiatedsbdaerm/primitive pit stage (Handel et al., 2000).
Anterior is to the left, dorsal is up. Scale babodm. (A,C,E,G,,K,M) WT. (B,D,F,H,J,L,N)Tc-
Toll* RNAI. (A,B) DAPI staining. Regions of low nucledensity correspond to the serosa, regions
of high nuclear density correspond to the germmaudiit. (C-L) In situ hybridisations. (C,Oc-zenl
expression marking the presumptive serosa. (Eg)}wi expressionmarking the presumptive
mesoderm. (G,HYc-sogexpressiommarking the mesoderm and ventral parts of the pnpsiue
neuroectoderm. (I,JJc-docexpression marking the dorsal serosa. (Kt)iro expression marking
the anterior amnion (stripe at the anterior borofethe germ rudiment), the dorsal amnion (high
expression levels) and the dorsal ectoderm (lowesgion levels). (M,N) Anti-pMad antibody
staining marking regions of high and intermediateels of Dpp signalling. (M) Dorsal region of the
germ rudiment of a WT embryo. (N) An arbitrary m@giof the germ rudiment of Bc-Toll RNAI
embryo. (O,P) Schematic drawings of the fate mayf(O) andTc-Tol? RNAi (P) embryos at the
posterior pit stage. A-D and J courtesy from Mawvin der Zee.

A

wt otd/msh2 Toll- otd/msh2

Figure 4.% Deletion of ventral and anterior regions of the gen anlage after Tc-Toll' RNAI.
Lateral views of embryos. Anterior is to the leftdorsal is up. (A-D) Differentiated
blastoderm/primitive pit stage. (A,B) pMad stairsngf WT (A) andTc-Tol RNAi embryos (B).
pMad (brown) is detected in the dorsal region ef éimbryo (the future amnion) and in the primitive
pit. An oblique stripe of Dpp activity in the regidetween the serosa and the germ rudiment also
exists in the WT (not shown in the picture, but tleenain is similar td'c-iro, Figure 4.2) (B) After
Tc-Toll' RNAi nuclear pMad is only detected in a stripewssen the germ rudiment and the serosa
giving rise to the anterior amnion and in the pastepit. (C,D) Differentiated blastoderm/primitive
pit stage. (C,D) Double in situ hibridisation fbc-mlptandTc-twist The ventral expression &t-twi

is absent and anterior expressionrofmiptis reduced to a stripe, which is symmetric alorey B
axis afterTc-Toll' RNAI. This stripe overlaps with the anterior ammi@ee Fig 4.2L and schematic
drawings Fig 4.20,P).(E,FTc-msh2in situ hybridisation (blue) and Tc-Otd antibodtaising
(brown). (E,F) Gastrulating embryos. (E) In WT, ©td marks the prospective head lobes @nd
msh2the prospective antennal segment (F&aTolf! RNAi embryos both expression domains are
deleted. The head deletion phenotype is identicéhat of Tc-sogRNAI embryos (van der Zee et al.
2006).
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In summary, as irosophila the Toll pathway is responsible for all aspedtearly
DV polarity in Tribolium. The loss of pathway activity results in a dosstion of the
blastoderm embryo. However, in contrast to doredlBrosophila embryos, which display
extraembryonic (amnioserosal) cells around theuniference (Konrad et al. 1988; Wharton
et al. 1993), dorsalisedribolium embryos possess separate regions of extraembrgonic
ectodermal anlagen along the AP axis. The antéworthirds of the embryo consist of an
enlarged dorsalised serosa followed by a narroywestf anterior amnion and a broad domain
of dorsal ectoderm (schematic drawings Figure £220Thus, cell fates organized along the
DV axis inDrosophilaare organized along the AP axisTiribolium.

In Drosophila, Toll signalling initiates the nuclear uptake ofBal at the ventral side
of the embryo. The total amount of Dorsal protedesinot change along the DV axis. At the
dorsal side Dorsal protein remains in the cytoplasgnie in ventral regions it is transferred to
the nuclei. If this mechanism would also applyltdolium, Dorsal protein should remain in
the cytoplasm at all positions of the embryonicwinference upofic-Tolf! RNAi. Indeed, in
Tc-Tol! RNAI blastoderm embryos no nuclear uptake of theDorsal is observed, and the
Tc-Dorsal distribution at all positions along oétmbryonic circumference equals that of the
dorsal side of WT embryos (Figure 4.4). This sutgdisat the nuclear Tc-Dorsal gradient

forms, as irDrosophila,by redistribution of Tc-Dorsal protein.

dorsal Toll - cactus

Figure 4.4: The nuclear Dorsal gradient inTc-Toll' and Tc-cact RNAi embryos

Cross sections of embryos stained with anti-Tc-Bloestibodies. Only partial sections of the
circumference are shown. In WT afd-cactRNAi embryos dorsal and ventral regions can be
distinguished. InTc-Tol1 RNAi embryos all positions of the along circumieze have identical
Tc-Dorsal distribution

ventral
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Feedback loops regulate the Tc-Dorsal gradient

The DrosophilaDorsal nuclear gradient remains largely statihwégard to its DV extent. In
contrast, the shape of the nuclear Tc-Dorsal gnadge highly dynamic. Nuclear import is
initiated around the entire DV circumference andubsequently restricted to the ventral side
where a nuclear gradient forms. This gradient Hgpghrinks and disappears before
gastrulation (Chen at al., 2000; Figure 1.10, Fegdr7B,E). A first hint to explain this
dynamic behaviour came from the observation TaT ol was not stored as maternal mRNA
in the deposited egg lik€oll in Drosophila but rather appeared to be a target of the Tc-
Dorsal gradient, being up-regulated in ventral @agi with high Tc-Dorsal concentrations
(Maxton-Kuchenmeister et al. 1999, Figure 4.5B).

To test whethefc-Tolf" might be stored as maternal protein instead of makenRNA, we
performed an embryonic RNAi knock-down experimeithwc-Tolf'. After dsRNA injection
into preblastoderm embryos a complete loss of DMty was observed, and the resulting
phenotypes were indistinguishable from those preduzy parental RNAi (Figure 4.6). This
strongly supports the notion that-Toll expression is entirely zygotic and highlights the
importance of feedback regulation by Tc-Dorsal.

C1 C2 Cs

wit cact

cact

cact Dorsal Dorsal

Figure 4.5 Dorsal, the receptor Toll and the inhibior Cactus are expressed in overlapping
domains in blastoderm stages ofribolium.

Ventral views ofTribolium embryos at uniform blastoderm stage. Anteriorh left.(A,B) In situ
hybridization forTc-cact(A) andTc-Toll* (B). The earliest detectabile-cactexpression is narrower
than the early broad domain ®&-Toll". This broad domain ofc-Toll" overlaps with Tc-Dorsal
(Chen et al. 2000). (C) In situ hybridisatiorcfcact C1; blue) and antibody staining (Tc-Dorsal, C2;
red).C3 Overlay shows the co-localization of Tc-€arandlc-cacttranscripts.
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Figure 4.6: Embryonic RNAi for Tc-Toll*

Embryos at germ band stage. Anterior points tolefte WT (A) andTc-Toll' eRNAi embryos (B)
stained for the mesodermal marRextwi. The respective DAPI nuclear stainings are showrBA
(A) In WT Tc-twi is detected in the segmented mesoderm and intarfgpsdomain in the growth
zone.(B) After Tc-Toll' eRNAI, Tc-twi is only detected in the growth zone. THis-Toll" knock-
down phenotype obtained with embryonic injectioridentical to the one obtained with parental
RNAI (see Fig 5D).(A'B’) The head is missing affer-Toll' RNAi (B), a characteristic of this
knock-down phenotype (see also Figure 4.3).

Positive feedback regulation is frequently couftglanced by inhibitory processes to
provide the basis for spatial patterning. In pattac, | expected an inhibitory mechanism to
account for early shrinkage and disappearanceeohtitlear Tc-Dorsal gradient. Therefore, |
analysed the regulation of the Dorsal-inhibitor ©ac As in the case ofc-Toll', Tc-cact
transcripts are absent in pre-blastoderm embryahcatingthat in contrast tdrosophila
cact Tc-cactis not expressed from a store of maternal mRNAweier, the syncytial
blastoderm stagelc-cactis expressed ventrally, overlapping with the Tadab gradient
(Figure 4.7A). Double in situ hybridisations sholat Tc-cact expression at this stage is
narrower thanrc-sogand Tc-twi expression (Figure 4.71,J). Carefully staged singl situ
hybridisations suggest that the-cact expression domain is also narrower thEsmTolf*
expression at this stage (Figure 4.5A,B). LikesogandTc-twi, Tc-cactexpression depends
on Tc-Tolf signalling since it is largely abolished affee-Tolf RNAi; only a spot ofTc-cact
expression is detected at the posterior pole (EigurC). When the Dorsal gradient begins to
disappear in the ventral region Bifibolium embryos,Tc-cactexpression also shrinks (Figure
4.7D,E for double staining see Figure 4.5C). Irfiedéntiated blastoderm stages the Tc-Dorsal
gradient vanishes from the ventral region (Cheal.€2000), howeveilT c-cactis up-regulated
and acquires alc-twklike expression profile (Figure 4.7F). This indes thatTc-cact
expression is maintained independently from Tc-Bload this stage. Similar tdc-twi, Tc-

cact expression is seen within the mesoderm in eantgndeand embryos (Figure 4.7K). To
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test whether this mesodermal expression dependscewi we performedTc-twi pRNAI
experiments. In embryos lackinige-twi function, Tc-cactexpression starts to vanish at the
differentiated blastoderm stage (data not showan)iarstrongly reduced when compared to
WT at the beginning of gastrulation (Figure 4.7G,H)gether these data suggest thatact

is a target gene of both Tc-Dorsal and of the Ddesget gend c-twi.

Figure 4.7: Tc-cact is activated by Tc-Dorsal andTc-twi

Ventral surface views of embryos with the antepole pointing to the left. Scale bar: 100.
(A,B,1,3) Uniform blastoderm stage. (C,D) Differiened blastoderm stage. (E,F) Posterior pit
stage. (G,H,K) Gastrulation. (A,C,D,F-H) In situbdnigdisation forTc-cactof WT (A,D,F,G),
Tc-Toll' RNAI (C) andTc-twi RNAi embryos (H). (B,E) Anti-Tc-Dorsal antibodyaging of
embryos corresponding in age to the embryos shawand D. (I-K) Fluorescent double in
situ hybridisations of WT embryos. The first twdwuons show single channels, the third the
overlap. (I)Tc-cactandTc-sogdouble in situ hybridisations. (J,R)c-cactand Tc-twi double

in situ hybridisations. sw: serosal window. vf: trahfurrow. (E) From Chen et al. 2000.
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In Drosophila loss ofcactusfunction results in the increased uptake of Dopsatein
in lateral and dorsal positions of the embryonrcuwinference. This causes the expansion of
ventral at the expense of dorsal fates (Roth el @91). | asked iffc-cactknock-down in
Tribolium would generate a similar phenotype. Parental amtbrgonic Tc-cact RNAI
produced identical phenotypes indicating thatcactis probably not provided as maternal
protein and thaT c-cactfunction largely depends on zygotic expressiore RINAi embryos
showed an expansion of the nuclear Tc-Dorsal gnadiad increased uptake of Tc-Dorsal
into nuclei of the dorsal side (Figure 4.4). Howeuedid not observe embryos in which all
nuclei around the circumference took up the sargk hmounts of nuclear Tc-Dorsal. Thus,
like in Drosophila a graded, albeit flatter distribution of a nucl&orsal was maintained.
Accordingly, Tc-twi, a ventral target gene of the Tc-Dorsal, showe@éx@anded expression
domain, but was not uniformly expressed along tieaRis (Figure 4.8A,B).

SinceTc-cactexpression is maintained B-twi during differentiated blastoderm and
early gastrulation, | wondered whethEe-twi controls the nuclear uptake of Tc-Dorsal via
activation ofTc-cact To approach this question | analysed the Tc-Dagrsaein distribution
in Tc-twi RNAI embryos. In contrast to WT embryos, whereDarsal is lost from the ventral
nuclei prior to gastrulation (Figure 4.8C,E), TctBal accumulates in ventral nuclei of

gastrulating embryos inc-twi RNAi embryos (Figure 4.8D,F).
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Figure 4.8: Tc-cact act as an inhibitor of Tc-Dorsalnuclear uptake

(A-D) Ventral surface views of embryos with the exidr pole pointing to the left. (E,F)
Magnified cross sections from ventral regions & #mbryos shown in (C) and (D). (A,B)
Uniform blastoderm stage. Scale baru®0(C-F) Gastrulation. (C,D) Scale bar: 100 (E,F)
Scale bar: 20m (A,C,E) WT. (B) Tc-cactRNAI. (D,F) Tc-twi RNAI. (A,B) Tc-twi in situ
hybridisations. (C-F) Anti-Tc-Dorsal antibody stags. (C,D) The serosal window (sw) has
not closed. Thus, the ventral side of embryo prapesisible. In WT (C,E) the ventralmost
cells (mesoderm) start to be internalized by véritraow formation (vf). InTc-twi RNAI
embryos (D,F) the ventral furrow does not form.clmmtrast to WT, the ventralmost cells
accumulate high levels of Tc-Dorsal in their nuclei

In conclusion Cactus, as Drosophila,is crucial in controlling the formation of the
nuclear Dorsal gradient ifiribolium. However,Tc-cactregulation is strikingly different from
that of Drosophila cact First, at early stagebc-cactitself is a target of Tc-Dorsal and is
strongly activated at the ventral side like the odesmal target gendc-twi. Second, at later
stageslc-cactis a target offc-twi. Activation of Tc-cactby Tc-twi is required to terminate
the nuclear uptake of Tc-Dorsal in late blastodeand gastrulating embryos. Thus, a
combination of Dorsal and Twi-dependent activatid c-cactappears to be responsible for
the rapid shrinking and disappearance of the Dapsalient in the beetle. This implies that in
Tribolium the role oftwi is not restricted to mesoderm formation, but appedso to be
involved in terminating Dorsal function and initrad the transition from maternal to zygotic

control of DV patterning.
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The later development of Tc-Toll RNAI embryos provides insights into growth zone

function

While Drosophilaembryos specify all segments prior to gastrulaflong-germ type)
Tribolium embryos form the abdominal segments during latdsrgonic development from a
posterior growth zone (short-germ type). An impottguestion related to short-germ type
development is whether formation and function &f ¢fiowth zone require DV polarity in the
early embryo (discussed in Chapter 1). With tHp b&éTc-Tol! RNAi embryos this question
can be addressed.

To approach this question | first analysed segntiemtén Tc-Tol" RNAi embryos. As
markers for segment formation | uséd-gooseberryTc-gsh, Tc-engrailed(Tc-en andTc-
iro (Figure 4.9A and data not showi)c-gsband Tc-iro are expressed in non-overlapping
stripes in each segment. Moreovee;gsbis restricted to ventral regions of the mature rgno
anterior) segments. AfteFc-Toll" both genes showed, like in WT, a periodic expressio
(Figure 4.9B), suggesting that dorsalized embryosnf segment anlagen with normal
segment polarity. In more anterior segméintsgsbwas gradually lost presumably because its
expression becomes restricted to ventral regioh&hare absent ific-Toll' RNAi embryos.
Strikingly, the number of stripes indicates thafulh set of abdominal segments is present
(Figure 4.9B and data not shown) suggesting thdirgms lacking DV polarity possess an

active growth zone.
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wt o twi Toll- 8

Figure 4.9: Segment formation and the growth zonefdc-Toll* RNAi embryos.

(A,C.E,G,I) WT. (B,D,F,H,J)Tc-Toll RNAI. (A,B) Germ band stage embryos. Anteriordste left. Double in situ
hybridisations with the segmental marké@rs-iroquois (Tc-iro,green and Tc-gooseberry (Tc-gslied) and DAPI
staining (blue). Scale bar: (A) 106 (E) 2@um. In WT (A) Tc-iro is expressedéh the amnion covering the growth
zone and in every segmenic-gsbis expressed complementary 1@-iro in every segment. During segment
differentiation (i.e. in more anterior segmenf&);gsbbecomes restricted to the ventral ectoderm (arrbwijc-Toll*
RNAI embryos (B) noTc-iro expression is seen in the region of the growtheziodicating a loss of the amnion.
(C,D) Tc-twi in situ hybridisation (E,F). Phalloidin and DARBAm®Iing to visualize F-actin (cell outlines) and BN
(nuclei), respectively. Cross sections through gdramd stage embryos (7 segments) at approximai@ds 7
embryonic length. (G-J) Lateral views of growth esnAnti-Phosphotyrosine antibody staining markihg cell
outlines (red) andTc-vasafluorescent in situ hybridisation marking the geoalls (green in G,H) ofc-twi
fluorescent in situ hybridisation marking cellstive posterior tip and the mesoderm in the anteggion (green in
1,J). am: amnion, amc: amniotic cavity, ect: ectagdegc: germ cells, me: mesoderm, mc: mesenchymiid of
growth zone. (E) Courtesy from Cornelia von Levetzo
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If the growth zone remains active Tie-Tol RNAi embryos it might also be able to
produce different DV cell types including mesodermells. However,Tc-twi expression
marking the mesodermal cells of each segment in WAE absent from all segments,
including those derived from the growth zone affes-Toll RNAi. Tc-twi was only
maintained, like in WT, at the posterior tip of tp@wth zone, indicating that this domain is
specified independently of the Tc-Toll signallindgrigure 4.9C,D). The absence of
mesodermal cells was also confirmed by phalloidstgining of cross sections. The
segmented region of WT embryos is composed of tbeddayers (Figure 4.9E). (1) A thin
outer epithelial cell sheet represents the amraom).((2) A layer of high columnar epithelial
cells which is continuous with the amnion at itsdsrs represents the embryonic ectoderm
(ect). (3) Mesenchymal cells facing the yolk thgpressTc-twi represent the mesodeKme).
Within the growth zone, the same cell layers existt Tc-twi is only found at the very
posterior tip (Figure 4.9E,l, Handel et al. 200B)s the majority of mesenchymal cells (mc)
within the growth zone lacKc-twi expression. On top of these mesenchymal cells, (the)
germ cells (gc), which expre$s-vasayreside as a globular mass (Figure 4.9G).

The segmented region ®t-Toll RNAiI embryos is composed of a hollow tube of high
columnar cells, identical in shape to the ectodémels of WT embryos (Figure 4.9F, for
explanation of how this morphology arises duringstgdation see Figure 4.10). Thin
epithelial cells representing the amnion and mesode cells are absent (Figure 4.9F)
suggesting that the segmented region consists @nlctodermal cells. This morphology
extends into the growth zone region. However, atpbsterior tip of the growth zone a small
population of mesenchymal cells is found, whichassociated with the posteridic-twi
expressing cells and the germ cells (Figure 4.90,8¢ more anterior mesenchymal cells
(mc) lackingTc-twi expression in WT are absent afferToll RNAi (Figure 4.9H,J).

99



Chapter 4 Self-requlatory circuita iTribolium DV axis

o 25
e si

twi-mipt/dp-ERK  Toll- twi-mlipt/dp-ERK

> 2

WT Toll RNAi phenotype

THORAX

amc
[T =amnion [CTJ= neurogenic ectoderm
[1=dorsal ectoderm amc = amniotic cavity

= anterior serosa
—— =dorsal serosa

Figure 4.10: Gastrulation is DV symmetric afterTc-Toll* RNA..

(A-D) Gastrulating embryos. (A,B) Gastrulating eyds at the serosal window stagkc-mipt and Tc-twi are
detected by in situ hybridisation (blue), activakAPK by antibodies against dp-ERK (brown). (A) \texh surface
view of WT embryo.Tc-mlptis expressed in the mandibular segment (astesis#f)in a posterior domaif.c-twi
marks the mesoderm (blue) which invaginates byraefitirrow formation. Activated MAPK marks the veslt
ectoderm (brown - arrow). (A’) DAPI staining of tsame embryo shows the closing serosal windowT¢BJoll
RNAI embryos gastrulate largely symmetric along D% axis. Random asymmetries are likely to be du¢he
imbalance of forces produced by morphogenetic mevasn VentralTc-twi expression and MAPK (dp-ERK)
activation are absent.c-miptis reduced to a faint anterior ring and a postatimmain. (B) DAPI staining of the
same embryo shows a symmetric posterior invagina{i©,D) Cross sections with phalloidin and DARIising to
visualize F-actin (cell outlines) and DNA (nuclei@spectively. The positions of the cross sectamesindicated in
A" and B’, respectively. (C) In WT embryos the naeyon invaginates through ventral furrow formatiBarallel to
ventral furrow formation the posterior amnioticd@xpands over the ventral side of the embryo.vEmral furrow
is visible (arrow); the amnion (am) and the se@}aovers the embryo at the ventral side. (D) AT Toll' RNAI
ventral furrow formation is abolished. The embrymsists of two epithelial cell monolayers which &agentical
morphology. These layers are formed by a poststiblike invagination, which is largely symmetradong the DV
axis (see B,B"and the schematic drawings E,F).)(§dRematic drawings of the gastrulation in WT B} Tc-Toll
RNAi embryos (F). Compared to WT embryds;Toll' RNAi embryos have a completely symmetric gastiotat
The head and gnathal segments are absent and brgoeappears to be inverted after gastrulation.G@)rtesy of
Cornelia von Levetzow.
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Together, these observations allow several cormigsabout the growth zone of WT
embryos. 1) Segment formation within the growthe@an ectodermal process which does
not require the presence of somatic mesoderm oedoectodermal DV polarity. 2) The
absence of most of the mesenchymal cells in thetgraone suggests that these cells have
mesodermal identity despite their lack Té-twi expression. They are likely to be derived
from cells which had expresséa-twi in the early embryo and invaginated during ventral
furrow formation. Since earl¥c-twi expression and ventral furrow formation are albeids
after Tc-Tol RNAI (Figure 4.2 and Figure 4.10), these cells missing within the growth
zone. 3) The remainingc-twi expressing cells of the posterior tip of the glowbne do not

contribute to the mesoderm of the segmented region.

Disruption of Dorsal/Toll pathway leads to a periodc pattern of DV cell fates along the
AP axis

Tc-Tol RNAi embryos form hollow tubes of high columnadlgesuggesting that
these cells have ectodermal fates. | used molecoiarkers to analyse the further
differentiation of these cells. The ectoderm of \&ffbryos can be subdivided into dorsal,
dorsolateral, neurogenic and mesectodermal regidrescells of the dorsal ectoderm express
Tc-pnrandTc-dpp(Figure 4.11A,C). They show high levels of Dpprsitling as visualized
by pMad staining (Figure 4.11E,E") and high lev&isMAPK activity as visualized by dp-
ERK staining (Figure 4.11C). The cells of the dtateral ectoderm are characterized by
lower levels of Dpp signalling (reduced pMad stag))iand the presence of single neurons of
the peripheral nervous system (PNS) expresbamgna(Figure 4.11E,E", arrow). The cells of
the neuroectoderm give rise to the neuroblasth@fcentral nervous system (CNS) which
expresslc-sna(Figure 4.11E,E") andc-ash(Wheeler et al. 2003, data not shown). Within
the neuroectoderm further markers can be usedstmgiiish dorsal and ventral regions. e.g.,
neuroectodermalc-msh2expression is restricted to dorsal neuroblasgufiei4.11G; arrow).
Finally, the mesectodermal cells at the ventrallimedexpressIc-otd (Figure 4.11G). We
used these markers to investigate the differentiatf Tc-Tolf* RNAi embryos.

Since these embryos lack DV polarity | predictedttthey would be completely
dorsalised displaying uniform expressionTaf-pnr and Tc-dpplnstead, they show rings of
Tc-pnrandTc-dppexpression (Figure 4.11B,D). pMad expression chamgriodically along
the AP axis indicating periodic changes of Dpp allyng (Figure 4.11F,F"). The regions of

low pMad staining harbour narrow domains of celpressing the neuronal markérs-sna
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and Tc-ash(Figure 4.11F,F" arrows and data not shown).€Bb Wwhether these cells belong
to the PNS or CNS we usékt-msh2 After Tc-Toll' RNAI, Tc-msh2also shows periodic
expression presumably in the same cells expre§sirgpaandTc-ash(Figure 4.11H). Thus,
these cells are likely to correspond to dorsal @G8rons of WT embryos indicating that at
least the dorsal part of the neuroectoderm is ksielol inTc-Toll RNAi embryos. Among the
markers investigated onljc-otd was absent showing that the ventral most ectodecsih
fates are lacking (Figure 4.11H).

The Dpp inhibitor Tc-sog is not re-expressed in latgc-Tolf RNAi embryos
However, a possible explanation for the periodiange in Dpp signalling is provided by the
observation that the Dpp inhibitdrc- bambi(described in Chapter 2) is expressed in a
periodic manner afteffc-Tolt RNAi (Figure 4.111, J). Taken togethefc-Toll RNAI,
embryos display a remarkable degree of ectodermvalpBtterning. All major regions are
established with the exception of the mesectodétovever, the sequential alteration of cell
fates does not take place along the DV, but rastheng the AP axis of the embryo. This
observation suggests that ectodermal patternirgnigsuutonomous process taking place in
absence of Toll signalling. Toll signalling is rexpd to provide the orthogonal orientation of

the ectodermal patterning mechanism with regatdcAP axis.
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3 5 bambi
Figure 4.11: Tc-Toll* RNAi embryos show residual DV patterning along theAP axis
Fully segmented germ band stage embryos. Antesito the left. (A,B)Tc-pnrin situ hybridisation in WT
(A) and Tc-Tolf RNAI (B). (C,D) Te-dppin situ hibridisation (blue) and activated MAPKtitiody staining
(dp-ERK, brown) in WT (C) andc-Toll RNAi embryos (D), (E,F)lc-snain situ hybridisation (blue) and
pMad antibody staining (Dpp signalling-brown) in WH) andTc-Toll' RNAI (F). (E’,F’) Magnified views of
the embryos shown in (E,F). The arrows highlightiroeal cells. (G,H) In situ hybridisation fdic-msh2
(blue) and Tc-Otd antibody staining (brown) in G) andTc-Toll RNAi embryos (H). The arrow highlight
the dorsal most neurons (1,J). In situ hybridigatfor Tc-bambiin WT (1) Tc-Tol' RNAi (J) The arrows
indicate the dorsal ectoderm.
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Discussion:

Feedback control involving Toll signalling componets and Tc-twi

Tc-Toll* transcription appears to start evenly along the &Xi6 at the syncytial blastoderm
stage, but is rapidly enhanced at the ventral sidere higher levels of nuclear Tc-Dorsal
accumulate (Chen et al. 2000). This positive feekili@etween Toll expression and nuclear
import of Dorsal could explain an initiation of Dakis formation at ectopic positions of the
embryonic blastoderm, a situation which has beeseied upon experimental manipulations
in beetles and various hemimetabolous insects ab@76). During normal development
however, ectopic axis formation has to be preveted this can be achieved by coupling
positive feedback control to inhibitory processémking self-enhancement to limiting
mechanisms provides a general condition for patfermation as has been shown by
mathematical modelling (Meinhardt and Gierer 2000)he Tc-Dorsal dependent
transcriptional activation offc-cact might provide the mechanism counter-balancing the

positive feedback betwedrc-Tolland Tc-Dorsal (Figure 4.12).

sog  tw

o \/

dpp [>Dorsal
T

bambi msh?2 oll cactus

Figure 4.12: Two self-regulatory circuits are involed in Tribolium DV axis formation
Blue arrows represent activation, red lines infobitand green arrows self-activation.

Within the limits of detectionT c-cactexpression appears to be restricted to the ventral
side of the embryo. However, the knock-dowT ofcactleads to nuclear import of Tc-Dorsal

also at the dorsal side. To explain this long-rareggiirement off c-cactone might speculate
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that my detection of c-cacttranscripts is not sensitive enough or that Tct@aatein is able

to diffuse within the cytoplasm from ventral towardorsal. Irrespective of the mechanism, a
long range action of Tc-Cact would meet an impdrianediction for pattern formation by
reaction-diffusion systems, namely that the inlbibshould spread faster and thus act less
local than the activator (Meinhardt and Gierer 2afi§cussed in Chapter 5).

Besides its potential role for pattern formatido-cact activation seems also to be
involved in the temporal control of the Dorsal gead. During late blastoderm stages-cact
activation byTc-dorsalis replaced through activation Biyc-twi. The Tc-twi knock-down
phenotype shows that this shift is relevant to enévDorsal from accumulating in ventral
nuclei during gastrulation. Thus, it seems thakrnolium a Dorsal target gene is involved in
terminating Dorsal function (Figure 4.12).

Collectively, these observations indicate that magwolutionary changes have
occurred regarding Tc-Dorsal gradient formation tnetwork of downstream target genes.
Nevertheless, traces of the feedback mechanisnovered inTribolium have been preserved
in the Drosophila lineage. Recently, zygotic enhancers nh-cactusand Dm-Toll were
identified by ChIP-on-chip experiments and bioimiatics approaches (Sandmann et al.
2007). These enhancers contBim-Dorsal and Dm-twist binding sites and are active in the
prospective mesoderm @frosophila.However, the analysis of mutant phenotypes preslude
an important function of these enhancers in DV guaihg or cell type specification
(Anderson et al. 1985; Roth et al. 1991). A weabiiizing function may explain why they
were retained in evolution.

On an even larger evolutionary scale it is intengsto note that negative feedback
control is a hallmark of NkB mediated signalling. Like iiribolium, the transcription of the
Cactus homolog B is activated by NFRB in vertebrates both in the mesoderm and during
innate immune response (Caamano and Hunter 2002ngZlet al. 2006). The ensuing
negative feedback loop can cause oscillatory diggabutputs or termination of signalling
(Hoffmann et al. 2002; Nelson et al. 2004b; Coetral. 2005). Even an involvementtofist
in negative feedback regulation of MB-has been demonstrated in vertebrate mesoders cell
(Sosic et al. 2003). It has been proposed thatttheNF-xB interactions represent an
evolutionary conserved regulatory module. The DdsaxB andtwi dependent activation of
Tc-cactmight be a relic of mesodermal and innate immuwmetions the pathway had in the
common ancestor of vertebrates and arthropods (8fusind Roth 2005). According to this
scenario, the ancestral feedback mechanisms wegirsted to the needs of spatial patterning

after the pathway was adopted for DV axis formation
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Feedback control at the level of Dpp signalling

Classical fragmentation experiments have suggdstedoutes for pattern regulation along
the DV axis: an early route which takes place keffastrulation and a later one which can be
initiated after mesoderm internalisation (Sandef&)9Our group have previously provided
evidence for late autonomous patterning withingbtaderm which depends on the Dpp/Sog
system and additional inhibitory processes (vanZie et al. 2006)Tc-Toll' knock-down
embryos add additional support for this assumptidney show pattern duplications of
ectodermal DV cell fates along the AP axis. Thimaekable phenotype is not just restricted
to the abdominal segments derived form the growtiezbut it occurs also within the anterior
(thoracic) segments (Figure 4.11). Thus, it iskelli to reflect a specific mechanism which
only operates in the growth zone.

The modulation Dpp activity underlying the periodell fate changes is likely to be
due to periodic transcription dfc-dppand inhibition of Tc-Dpp diffusion or signallindgoag
the AP axis(Figure 4.11F"). Sinc&c-sogis not re-expressed ific-Tol' RNAi embryos, we
analysed the expression of other Dpp inhibitdksbambishowedperiodic expression in the
same domains abc-dppand thusmight provide the inhibitory function (Figure 4.31The
fact thatTc-dppis transcribed in regions of high pMad activityggests positive feedback
control which is counterbalanced bg-bambi Thus, the interactions might be similar to that
described foifc-TollandTc-cact(Figure 4.12).

The unusual orientation of the ectodermal patterrpnocess might depend on the
early AP asymmetry of Dpp signalling ifc-Tol RNAi embryos. AfterTc-Toll RNAi Tc-
dpp is expressed along the symmetric border betwemsaeand germ rudiment and in the
posterior pit region (data not shown). These regialso have high levels of pMad (Figure
4.3). Thus, the ectodermal patterning process iigated with AP asymmetric boundary
conditions aftefTc-Toll RNAi. In WT embryos this process is oriented aldhg DV axis
through the Toll dependent activation Bé-sogat the ventral side, which leads to a Dpp

signalling gradient with peak levels along the dbreidline (van der Zee et al., 2006).

The DV polarity of the growth zone

Our experiments clearly demonstrate that Tc-Dassaksential for establishing all aspects of
normal DV polarity inTribolium, including DV polarity of the growth zone from whi¢he
abdominal segments emerge. Thus, although DV patgerin the growth zone starts after

gastrulation, when the Tc-Dorsal gradient has Veeusit is not independent of Tc-Dorsal.
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| suggest that there are two ways by which early @Narity is transmitted to the growth
zone. First, distinct inner and outer cell layews farmed during gastrulation. The observation
that the majority of the mesenchymal layer celts @vsent irfc-Toll RNAI embryos (Figure
4.9G,H, mc) strongly suggests that the mesenchymlid in the growth zone are derived
from cells internalized by ventral furrow formationthe early embryo. These cells cannot be
re-supplied by a growth zone specific process tfinternalisation. Thus, gastrulation-like
mechanisms do not continue in the growth zoné&rdfolium, as has been suggested for the
tail-bud of vertebrate embryos (Kane and Warga 208dcond, DV patterning in the growth
zone does not only depend on the generation ofseparate cell layers. The ectoderm needs
also to be patterned a process which mainly depend3pp signalling. To a certain degree
this process takes place inTa-Tolf" knock-down embryo. However, the orientation of the
resulting pattern is incorrect. We assume thatndukVT development DV polarity is first
established within the anterior (gnathal and thisjagegments. Subsequently, this pattern is
used as a template for the DV pattern of the abdahsegments emerging from the growth
zone. This would require a process of forward-iniduc from differentiated to non-
differentiated tissues. Since there is no DV pofdri Tc-Toll RNAi early embryos, forward-

induction cannot operate.

The evolution of Toll signalling

The loss of Toll signalling inlribolium leads to phenotypes which are similar to those
produced by the loss of the Dpp inhibiswg In both situations the ectoderm lacks normal
polarity, the amnion and the CNS are largely delétee CNS is completely absent affer
sog RNAI and reduced to narrow periodic stripes aftefToll RNAi) and the embryos form
long tube-like structures (for another common featgsee Figure 4.3). This situation is
strikingly different inDrosophila There, loss of Toll signalling leads to complgtaébrsalized
embryos, while loss o$og causes only minor deletions in the CNS and sudttedermal
patterning defects (Francois et al. 1994). Thesierdnces are due to the fact that Toll
signalling inDrosophila provides functions which the Dpp/Sog system fuliiisTribolium.

For example, irDrosophilaDorsal repressedpp and activatedrinker, an inhibitor of Dpp
target genes, within the presumptive neuroectodamnth thereby specifies the CNS through
mechanisms which act independent from and parallsbg (Jazwinska et al. 1999b). These
mechanisms do not exist ifribolium. Apparently, the Dorsal gradient has a less direlet

with regard to cell-type specification ifribolium than inDrosophila,and DV patterning in

107



Chapter 4 Self-requlatory circuita iTribolium DV axis

Tribolium relies to higher degree on the Dpp/Sog systenteSime Dpp/Sog (BMP/Chordin)
system is involved in DV axis formation in all liggian animals investigated so far, this is
likely to represent the ancestral mode of DV axisriation (De Robertis and Kuroda 2004;
Akiyama-Oda and Oda 2006, Lowe et al. 2006). | ssgghat the trend observed by
comparingDrosophila and Tribolium applies to other insect orders and that the fonati
shift between Dpp and Toll signalling with regacd@V axis formation will be even more
prominent in basal hemimetabolous insects. Thus,stiidy of more basal insects groups
might reveal the evolutionary path of how Toll safjing was co-opted for DV axis formation
(Roth 2003; Roth 2004).
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Chapter 5 — General Discussion

The three previous chapters provided details abimaitevolution of BMP/Dpp modulators
(Chapter 2 and 3) and the presence of self-regylaiccuits at the zygotic level in the beetle
Tribolium (Chapter 4). In this chapter | would like to dissule implications of these results

in a broader perspective.

Self-activation coupled to a long-range inhibition:a common strategy for patterning in
biology ?

The model of reaction-diffusion coupling proposedrenthan 50 years ago by Alan
Turing and further developed by Meinhardt and Gieg®ne of the best known mathematical
models for biological pattern formation. Brieflyhi¢ model states that pattern formation can
only occur if an auto-catalytic activator producedong range inhibitor, which in turn,
antagonizes the self-activation. This activatoribitbr pair is the key component of the
model (Fig 5.1). In Meinhardt’s model, a stablegl@ange pattern of morphogen activity can

emerge from the interactions between these two ocoegs.

A
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Figure 5.1: Stable pattern by an activator/inhibita pair according to Meinhardt.

(A) The system consists of an activator and anbitini synthesized by the same source.
The activator turns on itself and its own inhibit8) A stable pattern is achieved if the

inhibitor diffuses faster than the activator, sotle periphery the inhibitor completely

inactivates the activator, but in the source thiévator is still active and produces the

inhibitor. Adapted fronPlouhinec and De Robertis 2007.
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This model generates a stable pattern in sevemalivitty physicochemical systems

(Castets et al. 1990; Ouyang and Swinney 1991)ddfvmie has also accumulated for self-
activation coupled to long range inhibition in selesystems such as vertebrate axis
formation (Chen and Schier 2002), breaking of-dgfit symmetry in vertebrate embryos
(reviewed in Meinhardt 2006), in hair follicle patting of developing murine skin (Sick et al.
2006) and in DV patterning of the frog embryo (Plmec and De Robertis 2007). All these
processes contain at least one pair of a selfatotivcoupled to a long range inhibitor, and
perturbations on these molecules lead to changedigeed by the aforementioned model.
Importantly, Meinhardt’s model of self-activatioasames a steady state for the morphogen
gradient, in other words, the dynamic interactiohshe components stably maintain pattern
over time.

Three key features are required for thabolium Dorsal gradient to fit into a
Meinhardt model definition: (1) An inhibitor syntsieed is under activator control; (2) The
inhibitor diffuses faster than the activator; (3s#able pattern in time and space is generated.
Another characteristic which is often observed imidgical systems is that the activator is a
morphogen, a molecule that gives qualitativelyed#ht instructions to cells depending on its
concentration. What ultimately determines patténeyefore, is where morphogen gradients
cross threshold values at which genes are turnext off (reviewed in Lander, 2007).

The knock-down offc-dorsalor Tc-Tolf' completely abolishes the expression of the
putative inhibitor Tc-Cactus, so the auto-activaticomponent of the system namely Tc-
Dorsal-Tc-Toll is present and the inhibitor is dyegized under the activation control (Figure
4.7). Tc-cactusactivation via Tc-Dorsal is probably a direct ibpsince knock-down of c-
twist and other ventrally expressed genes (8agst and snail) do not abolishTc-cactus
expression in early blastoderm stages (von Leve@adata not shown). Tc-Cactus acts as an
inhibitor of Tc-Dorsal, since aftefc-cactusRNAI, ectopic nuclear Tc-Dorsal is observed in
nuclei located in the dorsal region (Fig 4.4). Tandude, the first condition for a self-
activation coupled to long range inhibition in aiNeardt model can be satisfied.

Whether the inhibitor (Tc-Cactus) diffuses fasteart the activator (Tc-Dorsal) is an
open question. The fact that nuclear Tc-Dorsaloisnél in dorsal regions aftdrc-cactus
RNAI is an indication that in WT, Tc-Cactus mightfase towards dorsal embryonic regions

keeping Tc-Dorsal in the cytoplasm, so Tc-Cactughtndiffuse faster than Tc-Dorsal.
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The unique condition which cannot be matched Twipolium Dorsal in a self-

activation coupled to long-range diffusion mechanis the formation of a stable pattern in
space and time. This gradient is highly dynamic aacishes before gastrulation (Fig 1.10,
Chen et al. 2000). Moreover, the expression domaiiri3orsal target gene$w(, cact, sojy
are highly dynamic when the nuclear Dorsal gradiemiresent (Figure 5.2), suggesting that
the system do not achieve a steady-state.

Indeed, it seems logical that patterning informatshould be stably maintained over
time in many developmental processes, since doeanstrresponses of cells (e.g. gene
expression) are relatively slow compared with ihees required for diffusing molecules to
move from one cell to another. In contrast, thelearcDorsal gradient iribolium persists
for only a few hours, when compared to other mogemetic gradients like Dpp and
Wingless (Wg) in fly imaginal discs, where pattexnitakes several days. Irrespective of its
life-time Tc-Dorsal can be considered a morphogeoesit generates at least two thresholds
of gene expression as judged by two-color fluonesaa situ hybridization.Tc-sog is
expressed in a ventral broad domain, wAiketwi and Tc-cactare expressed in narrower

domains (Fig 5.2).
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Figure 5.2: Dorsal is a morphogen, but the expressi domains of its target genes are highly
dynamic

(A-D) Double fluorescenin situ hybridizations. The two first rows show single chels and the
third the overlay. (A-D) Comparable embryonic seagkow thasogexpression is broader thamist
and cactus.(E) Fluorescent double in situ hybridizatiom (ETc-twi and B - Tc-cac) plus anti-
Dorsal antibody (red-E2). During blastoderm diffdiation the nuclear Dorsal gradientf&nd its
target genes become narrower (compswg D2 to Bz, cactusEz to Bi) (F) Ventral part of a
transversal cross section showing Dorsal antibtainiag (red) andogexpression (green) at a stage

comparable to the one in B1,B2.

112



Chapter 5 General Discussion

An alternative to the model of self-activation ctagpto a long range inhibitor are
chemical wave mechanisms in which the pattern mé&tion is transient and constantly
changes its shape (Meinhardt 2004). Some of thase wmechanistic models could be used to
explain the fact that the patterning informationns maintained over time. A speculative
scenario can be imagined to explain the dynamidsvamishment of th&@ribolium gradient
described here. The appearance of an external faesides the activator-inhibitor pair during
development might lead to the disruption of thedggat. For instance, the generation of cell
membranes could restrict the free diffusion of timhibitor Tc-Cactus during early
embryogenesis, leading the Dorsal gradient to bdeatn. Another possibility would be the
involvement of an auto-catalytic molecule, like-twist which would disrupt the balance
between the positive feedback (Tc-Toll/Tc-Dorsaljl & c-Cactus (negative feedback). Taken
together, the Dorsal gradient may not be solelylampd by models that assume a steady-
state approach, but rather on models which ussigmainor non-steady state models.

Recently, the formation of the seven pair-rulepstsi of even-skippedeve in fly
embryos was proposed to follow a different mechanisan the self-activation coupled to
long-range inhibition. This process of stripe fotima was explained solely on the basis of
simple repressor gradients (Clyde et al. 2003)hik well-studied system, it is unlikely that a
process of self-activation/long-range inhibitiokda place, since differences in the affinity of
binding sites for local gap repressorsewe enhancers are able to explain the actual stripe
patterning (Clyde et al. 2003, Jaeger et al. 2004).

In addition, in the past few years non-steady stadeels were developed for several
morphogens. Modelling of Bicoid and Dpp gradienssng non-steady state approaches, for
instance, were able to reproduce their actual graslin WT embryos (Mizutani et al. 2005;
Bergmann et al. 2007). Interestingly, these nonestestate models were able to explain why
overexpression of Bicoid leads to a lower shiftegpression of its downstream genes than
expected (Bergmann et al. 2007); and effects ofesoombinatorial mutations in the Dpp
gradient, which were unclear by previous steadiestaodelling (Mizutani et al. 2005). The
guestion if morphogens act in steady or non-sta#atg conditions is being actively discussed
(Lander 2007; Bergmann et al. 2008).
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Genome content coupled to functional studies higlghts macroevolutionary trends

Evo-devo is divided in two major branchs: macrofationary studies and micro-
evolutionary studies. Microevolutionary studies |dgarticularly with the problem of
variation within species and populations. In thetgaw years, several traits were studied in
order to investigate which regions of the genomesiavolved in phenotypic differences
(Sucena et al. 2003; Marcellini and Simpson 20@®ng et al. 2008). On the other hand,
macroevolutionary studies deal with evolutionaryttgras developed over millions and
hundreds of millions of years, such as the diffeemnbetween beetles and flies investigated in
the current thesis (Carroll 1997). Although macvolationary studies cannot detect the
actual causes of evolutiangthe nucleotide sequences that have changed fremaimmon
ancestor to the extant organisms, | argue here gegbrming functional studies (RNAI,
trangenesis) in species where the genome sequencavailable can help to detect
macroevolutionary trends.

The present thesis can be considered as a cleanpdx of this approach. Since the
Tribolium castaneungenome was available, | was able to analyse thetitmof almost all
genes involved in the Dorsal/Toll and T@Hpathways, the two most important pathways
involved in fly DV axis formation. Importantly, thenowledge of the genome strengths this
approach since: (1) The genome sequence speedsugehe identification and helps the
interpretation of the results, since possible pay®l which can mask results due to
redundancy, are evident. (2) Genes present in lgasaps, which were lost in derived ones
can be found in the genome and functionally ingaséid (Chapter 2). (3) Functional analysis
of several members of a single pathway facilitglesnotypic analysis via RNAi (Chapter 2
and 4). The functional studies using members offthleand TGFB pathways uncovered that
several functions performed by the Dorsal/Toll pati in Drosophila melanogasteare
performed inTribolium by the BMP/Dpp pathway (Chapters 2 to 4). A simdaproach is
being performed in the Hymenoptefdasonia vitripennis(Jeremy Lynch, unpublished
results), which suggests an even more pronounckd afothe BMP/Dpp pathway when
compared to Dorsal/Toll pathway in this wasp.

On the other hand, comparative studies via catgligene approach using RNAi have
two main disadvantages. First, the bias of thisr@ggh for conservation limits the finding
new components acting in a given process or pathseagne cannot find new genes based on

this approach. In contrast, unbias approaches asacRNAI against genes with interesting
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expression patterns (obtained by in situ screenirays EST collection) led, for instance, to

the discovery of one poly-cistronic mMRNAs involviedTribolium segmentation (Savard et al.
2006a). Second, limitations on the identificatidnfunctional orthologs using this approach
exist. For instance, proteases involved in the ggsing of Spéatzle, the ventralizing signal
present in the perivitelline space@fosophila melanogasteare a huge family of proteins in
multicellular genomes. Around 190 proteins contagniserine-protease like domains are
present in thérosophila melanogastegenome (Shah et al. 2008), which make challenging
the identification of the serine-proteases actimgarly DV polarity inTribolium, if any of
them indeed acts.

Taken together, macroevolutionary studies basedherbiased choice of candidate
gene approach will be exhausted in the next fewsyaad macro-evolutionary studies must
follow unbiased approaches. A very powerful techeighat can be applied to any non-
genetic model with an available genome is the CétiRchip (Sandmann et al. 2007). Using
this approach it should be possible to dissectGhae Regulatory Network responsible for
DV axis formation inTribolium, and compare it with the vast amount of infornraticom

Drosophila.

Changes in the DV GRN involves not only cis-regulaty evolution, but also gene

duplications, gene losses and arising of new protedomains

It has been widely propagated that cis-regulataylution is the main force driving
evolution of new traits (Carroll 2005b; Carroll ZX). The question whether cis-regulatory
changes, gene losses, duplications, or the emexgdnuew protein domains are responsible
for the changes reported for the evolution of D\sdrrmation is of great interest. Although
we don’t have a complete understading of thesegdsaat the moment, | describe here
examples of changes involving all the aforementiomecesses.

Among all the possible mechanisms described abasaggulatory changes are the
most difficult to investigate in large evolutionagljstances such as the common ancestor of
Tribolium-Drosophila or even within the common ancestor of Dipteree lknopheles-
Drosophila. This is explained by the general lack of conseoratin insect non-coding
regions. The task of finding cis-regulatory modul@&SRMs or enhancers) is further
complicated by compensatory changes in differentdibg sites. It has been shown that
enhancers undergo compensatory changes, which omgletlie stabilizing selection (Ludwig

et al. 2000). The recent finding that often mom@ntione CRM is involved in the regulation of
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a given gene at a specific time.d. Sandmann et al. 2007; Zeitlinger et al. 2007 .jhter

complicates the discovery of CRMs.

Recently Papatsenko and Levine 2007 proposed wtatkasses of enhancers might
exist in metazoan genomes. In one enhancer cladsitiding site arrangement would not be
important since the concentration of a given trapsonal factor is not limited. Examples of
this type of enhancer would be the DV type | enkeasitikeDm-twistor Dm-snail present in
ventral regions ofDrosophila embryos where Dm-Dorsal and Dm-Twist amounts are
maximal. Other AP enhancers likm-even-skippedtripe 2 enhancer would also belong to
this category, since quantitative analysis of Bicand Hunchback expression patterns, which
directly bind to these enhancers, revealed thaetlaetivators are not severely limiting. The
posterior border of the stripe 2 is located in giae of theDrosophilaembryo that contains
11% and 50% of the peak levels of Bicoid and Huacklgradients, respectively. In contrast,
a second class of enhancers is present in gene® ahkmited amount of activators and
repressors are present. The type Il genes sueeiasvnd, brkandrho contain enhancers
belonging to this second class. The arrangementttandlistance among Dorsal and Twist
binding sites in these enhancers are conserved@aDrosophilid species (Papatsenko and
Levine 2007). The authors propose that the limigmdount of Dorsal and Twist in the
neurogenic ectodermal region (2% and 1% in thealidmsrder, respectively) has constrained
the binding site arrangement in these enhanceiagldrosophillid evolution. On the other
hand, this constraint probably does not extendideitBiptera, since infribolium vndis
expressed only after the Dorsal gradient has ajreahished (Wheeler et al. 2005 and
unpublished observations). The last clas®wodsophilaDV enhancers, the type lll, do not
have a constrained arrangement of binding sitess iBhexplained by the presence of four
binding sites for the single important transcripti@ctor Dorsal, so synergist action among
two factors seems not to exist. The distance antbage binding sites is variable during
Drosophillid evolution.

Although these caveats for the identification ofhotogous CRMs in other insects
exist, two recent studies identified sequences&mopheles gambiagenome {nd and sog
loci) which are able to drive an expression patternDrosophila similar to the their
expression pattern in mosquito (Zinzen et al. 2086Jtsev et al. 2007). In both studies
Anophelesggambiaeenhancers were found based on searches in thdismgme locus for
binding sites usin@®rosophila melanogastePosition Weight Matrices (PWMs). Particularly
interesting is the expression pattern Ag-sog, which is similar to the expression of the

Tribolium castaneum sog@rtholog, in the ventralmost region of the egg.Dnosophila
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melanogastersogis repressed from the mesoderm (ventralmost rgdigrbm-snail being

expressed as two broad lateral domains overlappiitly the prospective neuroectoderm
(Francois et al. 1994).

It was suggested that tifgg-sogenhancer would contain low affinity Dorsal binding
sites, which would be responsible for the ventsadression in this mosquito (Goltsev et al.
2007). On the other hand, this cannot be the sebghjanation of why this gene is expressed
in this ventral domain, sincAg-snail is expressed in a ventral domain asDirosophila
melanogasterSo,Ag-shailseems not to represg-sog although both proteins are expressed
at the same time in the same cells. Two possdslithay explain whgnail does not repress
sog in Anopheles gambiadrirst, it is possible thafg-snail protein itself cannot act as a
repressor ofAg-sog In agreement with this hypothesis, duplicationssoail related genes
occurred during higher Diptera evolution, sinceeéhrsnail-related genesscargot (esc),
worniu (wor) and snail (sna)are present in thBrosophilamelanogastegenome, but only
one snarelated-gene is present Anopheles gambiaer Tribolium castaneumit has been
proposed thabm-escandDm-wor are less efficient thabm-snain target gene repression, in
agreement with the aforementioned hypothesis (Hathgnet al. 2004). Second, it is possible
that thesog enhancer does not contain Sna binding siteSniopheles gambiaeavhile these
binding sitesare present in itBrosophila melanogastegnhancer.

Interestingly, also inTribolium castaneum Tc-sndoes not repres3c-sog (von
Levetzow personal communication). Indéledsnailis only detected at late blastoderm stages
when the Dorsal gradient has largely vanished (B28@3 and data not shown). Since the
nuclear Dorsal gradient was not investigated\imopheles gambiaét is not clear ifAg-sog
responds to high amounts of Ag-Dorsal,Aastwi and Ag-sna which are expressed only in
the ventralmost region. Iiribolium castaneumTc-sogresponds to the lowest levels of
nuclear Dorsal (Figure 5.2F) and its expressiortepatstarts in a broad ventral domain
followed by dynamic changes correlated to the yanent of the nuclear gradient (Figure
5.2). During gastrulationfc-sogexpression domain overlaps witle-twi. So, theTribolium
castaneunic-sogenhancer might contain high affinity Dorsal binglisites on its enhancer,
as theDrosophila melanogastertholog.

From an evolutionary point of view, the idea tlsaig responds to low amounts of
Dorsal inTribolium castaneunfsinceTc-sogis present in every nuclei which contain Dorsal,
see Figure 5.2) anBrosophila,and to high amounts iAnopheles gambiaight indicate a
specific mosquito feature. Only the investigatidrthee nuclear Dorsal gradient Anopheles

gambiae its dynamics and relation to its target genesamanfirm if Anopheles gambiae sog
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actually responds to high amounts of Dorsal. Istemgly, several genes involved in

Anopheles gambia®V patterning have expression domains which areenmsmilar to
expression domains found ifribolium castaneumthan in Drosophila melanogasterfor
instance, the gen&g-tld is expressed, like iitribolium castaneumn the whole ectodermal
region (showed in Chapter 3), while theosophila melanogastasrtholog is detected only in
the non-neurogenic (dorsal) ectoderm. In additibpp activity in Anopheles gambiaes
broader than the sharp dorsal stripe observe®riwsophila Tribolium castaneunmDpp
activity (pMad) resembles thenopheles gambiagituation, a broad region overlapping with
the extraembryonic and non-neurogenic ectodermédgan (Chapter 3 and 4). If the
Anopheleggambiaesituation is more related to tAeibolium castaneunavailable data than
with Drosophila melanogastet speculate that Dorsal do not act as a repreassdnopheles
gambiaeas it does irDrosophila melanogasteSo, it is possible that many changes in the
GRN responsible for DV axis formation in insectvdaccurred in the lineage giving rise to
higher Diptera. These changes are correlated viiéh reduction in the extra-embryonic
membranes in these latter insects (discussed ail detChapter 3). Other changes like the
major role of Dpp pathway versus Toll pathway wediseussed in Chapter 4.

A major difference betwednrosophila melanogasteandTribolium castaneunis the
time required for embryogenesis, which is thredaiar times faster in the fly than in the
beetle. Since in flies the first nuclear cyclesl@)-can be extremely fast (8 minutes), there is
not enough time for the transcription of genes ammg large introns. Recently, De Renzis et
al. 2007 have shown that among 59 genes activaiedgdthe maternal-zygotic transition
(MZT), 41 are annotated as intronless transcripitss is a significant enrichment given that
only 20% of Drosophila melanogastergenes are intronless. Several proteins involved in
Tribolium castaneumearly patterning contain transcripts with severdtans, while their
Drosophilamelanogasteorthologs are intronless (esga cv/tsglike genes andcrewa Dpp-
like ligand). This difference in transcript lengtbuld be the result of positive selection for
shorter transcripts in the MZT of fly embryos, wheompared to the sloweFribolium
castaneunmembryogenesis. At least some of these genes hgdeated copies which were
maintained duringDrosophila evolution, probably due to sub-functionalizatioh the
paralogs.

Gene loss might also have contributed for the wiant of the GRN involved in DV
axis formation. In Chapter 2, using as an exanmpetGF superfamily, | describe several
genes of the pathway that are present in the UoiHetabolous (the putative ancestor of all
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holometabolous insects), which were lostOrosophila melanogastee.g bambi, gremlin,

bmp9/10, admp

Altogether, a general trend for a direct role ofr2b in cell patterning seems to have

occurred during insect evolution. Many genes that apparently not directly regulated by
Dorsal inTribolium castaneugdo so inDrosophila melanogastefzene duplication and loss
of molecules involved in DV axis coupled to cisugory changes have remarkably changed

the GRN network involved in insect DV axis formatio

DV pattern of the growth zone: forward induction mechanism and its evolutionary
implications

| have demonstrated that growth zone DV pattermdegends on cues established
during early embryogenesis (Chapter 4). | showatldforward induction mechanism, where
the anterior mesodermal region provides a signath# unpatterned posterior region is
involved inTribolium castaneundV axis (Figure 5.3). GZ DV polarity is not estaied in
embryos lacking early signals. On the other hanthrgos that lack DV polarity still form the
WT number of segments retaining normal polaritye Téct that the establishment of the early
DV polarity is connected to the GZ DV polarity sagts that transitions between long and
short-germ type of embryogenesis might have hampeegeatedly during insect evolution.
Different environments might be involved as selexfiorces shaping these transitions. Clear
examples of these variations are the variable tygeembryogenesis in beetles (short,
intermediate and long) and the independent emeeg@unvergent evolution) of long-germ

development in Hymenoptera and Diptera.
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Figure 5.3: GZ forward induction mechanism is depedent on the early polarity
provided by maternal components.IL - inner layer, OL - outer layer, gc - germ celises —
mesoderm, ect - ectoderm, am — amnion. Mesoderatial localized anteriorly signals to the

undifferentiated IL cells in a forward induction al@nism.

Pleiotropy, immune function and DV patterning: a shgle event in insect evolution?

It has been suggested that some genes in GRNs @@ pnone to changes than others.
Examples of these genes ateven-baby/ovoontrolling trichome pattern and selector genes
like Ultrabithorax (Ubx)in leg formation (Sucena et al. 2003; Hersh e@07). These genes
normally act in several processes, so they areotpdgic. Pleiotropic genes are under
purifying (negative) selection in their coding seqaes, but changes in regulatory sequences
might be tolerated. Changes in CRM of these gerebelieved to be the major mechanism
for evolutionary innovation (Carroll 2005b). On thther hand, situations where changes in
coding sequences are correlated to major evolutyanansitions have also been reported, like
Ubx aminoacid changes during Arthropod evolution (Rangen et al. 2002).

On the other hand, the previously proposed co-omient of the Toll pathway (Roth,
2003; Roth,2004) from an ancestral role in immuwsponse towards the DV axis patterning,
involved the co-option of a whole pathway. Thisamiton event might have been facilitated
by the self-regulative properties of the pathwée lit was observed ifiribolium castaneum
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So, the connection of the transcriptional activaid I-<B and the nuclear transport of Dorsal

would be a putative first event for the involvemaitthe Toll pathway in DV pattern.
Another important step might have been the conoedbetween the Toll pathway and the
TGF{$ pathway via Sog regulation by Dorsal/MB:- The acquisition of Dorsal/NkB
binding sites by theogenhancer was probably an important step in ewslutit is possible
that in all insects that use the Toll pathway f&f patterning,sogexpression will be wider in
cell rows than mesodermal expressed genesvike

Recent work from spider suggests that DV pattermrigasal arthropods can be solely
explained by Dpp signalling pathway and its majotagonist Sog (Akiyama-Oda and Oda
2006; Oda and Akiyama-Oda 2008 ). Spider eggs dadisplay clear AP/DV axis during
oogenesis (Foelix 1996). In contrast, in insectdear AP axis is observed inside mother’s
belly, and DV axis polarity is correlated, at leastDrosophila melanogasterwith the
symmetry break up caused by nuclear movementeastages of oogenesis (Roth 2003). This
leads inDrosophilamelanogasteto the ventralizing signal from the perivitellinpage which
will lead to the embryonic DV axis. It is possilileat the symmetry break up events during
oogenesis are largely absent from basal Arthrodidds spiders, since DV assymmetry
appears much later in embryogenesis of these aman(Akiyama-Oda and Oda 2006;
Yamazaki et al. 2005). So, the appeareance of rpatte using extra-embryonic secreted
signalling, and the usage of Toll pathway for DW\teming might have been important
innovations for insect evolution. Only the study lmdsal insects and Arthropods, using
functional genome-wide studies, will enable a carhpnsive understanding of the

macroevolutionary trends involved in the evolutajrthe DV axis patterning mechanisms.
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Conclusions

1) The number and function of Dpp modulators actmgarly embryonic

pattern has changed during insect evolution.

2) Self-regulatory circuits are involved Tmibolium DV axis at the zygotic

level.
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