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Summary

1 Summary
Insects are segmented organisms but the number of segments contributing to the head is
disputed. The most anterior head region is patterned differently from the rest of the body and,
therefore, is considered to be non-segmental. During embryogenesis, the non-segmental region can be subdivided into an outer neurogenic region and an inner triangular part which is
mostly free of neurogenic precursor cells. Due to the similarities with a structure known from
embryonic development of the vinegar fly Drosophila melanogaster (MEIGEN, 1830), this median region will be referred to as the clypeolabral region (CLR). It gives rise to the larval
clypeolabrum and comprises the anlagen of the anterior gut and the stomatogastric nervous
system. The red flour beetle Tribolium castaneum (HERBST, 1797) has been established as an
important model organism for insect head development due to its insect-typical head and its
amenability to functional studies.
The formation of the CLR in Tribolium involves a previously unnoticed connection between
mesodermal cells and the extraembryonic amnion as well as the formation of a fold in the
anterior head. The anterior fold separates the ectoderm of both head sides during early embryogenesis and apparently accounts for the generation of the lateral head lobes found in insect
embryos. It is probably also responsible for the relocation of anterior cells to a more posterior
sub-terminal position. Moreover, it may be involved in the formation of the stomodaeum.
Seven genes were found to show a rather exclusive expression pattern in the CLR during
embryogenesis. Surrounding head regions are marked by a distinct set of genes, as well. RNA
interference-mediated knockdown of several genes expressed in the anterior head and the subsequent analysis of developing larvae and embryonic gene expression patterns led to the establishment of a model for a gene regulatory network of the CLR. While the late expression
aspects of the analyzed genes show a high degree of evolutionary conservation throughout
arthropods, the genetic interactions during CLR development appear to be only partly conserved between Drosophila and Tribolium.
Three genes, Tc-six3, Tc-crocodile (Tc-croc) and Tc-cap’n’collar (Tc-cnc) were identified
as most important upstream regulators of CLR development. Tc-six3 is necessary for all anterior ectodermal derivatives, Tc-croc for development of the foregut and Tc-cnc for
clypeolabrum formation. I established transgenic animals for ubiquitous expression of Tc-croc
and Tc-six3 by using the φC31-based site specific integration system to further test the function of these genes during embryonic head development.
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2 Introduction
2.1 Composition of the insect head
The arthropods are the largest phylum in the animal kingdom, with the insects alone comprising over one million described species (Grimaldi and Engel, 2005). One of the reasons for
their evolutionary success is the subdivision of their body into single segments which allows
specialization of parts of the body for distinct tasks (Tautz, 2004; Chipman, 2010).
In extant arthropods, segments in different body regions are closely grouped or even fused,
thus forming functional units called tagmata. In the order of hexapods, to which the insects
belong, the body is subdivided into three tagmata, head, thorax, and abdomen, each of which
consists of a defined number of segments. It is widely accepted that the insect thorax consists
of three and the abdomen ancestrally of eleven segments, while the number of the latter might
be secondarily reduced (Snodgrass, 1935). However, the exact number of segments contributing to the insect head has been excessively disputed (Rempel, 1975; Jürgens et al., 1986;
Diederich et al., 1991; Schmidt-Ott and Technau, 1992; Schmidt-Ott et al., 1994; Rogers and
Kaufman, 1997; Haas et al., 2001; Budd, 2002; Scholtz and Edgecombe, 2006; Posnien et al.,
2010).
The segmental origin of the clypeolabrum has been one of the main controversies among
entomologists. The clypeolabrum consists of two cuticle structures, clypeus and labrum. The
latter is often referred to as the insect upper lip (Rogers and Kaufman, 1997). It covers the
mouthparts as well as the mouth opening, is involved in the feeding process and additionally
protects the oral region. The clypeus forms the connection between the labrum and the head
and bears the attachment sites for the dorsal mouth muscles (Snodgrass, 1935; Bitsch and
Bitsch, 2010).
The labrum has been seen by different researchers either as the appendage of a particular anterior segment (e.g. Cohen and Jürgens, 1991; Finkelstein and Perrimon, 1991; Schmidt-Ott
and Technau, 1992; Schmidt-Ott et al., 1994), as appendage of the intercalary segment (e.g.
Haas et al., 2001) or as an appendage or a cuticular outgrowth of the non-segmental anterior
part of the head (reviewed in Rempel, 1975; Rogers and Kaufman, 1997; Scholtz and
Edgecombe, 2006; Posnien et al., 2010). This non-segmental anterior head region has historically been called acron.
The acron concept originates from the assumption that arthropods and annelids are sister
taxa with a common ancestor. Annelids indeed possess an unsegmented anterior region
termed prostomium (see e.g. Goodrich, 1897; Scholtz and Edgecombe, 2006). Therefore, a
12
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homologous region was assumed for arthropods and termed acron. The acron was thought to
give rise to the main brain structures and, according to some authors, also to the eyes and the
antennae (Rempel, 1975). However, more recent works including molecular data (Eernisse et
al., 1992; Aguinaldo et al., 1997) have shown that, in fact, arthropods and annelids are more
distantly related, belonging to the Ecdysozoa and Lophotrochozoa, respectively (reviewed in
Telford et al., 2008). As a result, the concept of an acron was obsolete, which reopened the
discussion on the number of head segments and the segmental origin of the labrum. Studies
by Posnien et al. (2009b) indicated that the labrum is the fused appendage pair of an anterior
region that is not delimited by parasegment boundaries.
In this work, I will adapt the view from Posnien et al. (2010), according to whom the insect
head can be subdivided into five segments and an anterior non-segmental, yet sectioned region (Fig. 1; see also Scholtz and Edgecombe, 2006). The posterior head (gnathocephalon)
functions primarily in the feeding process and consists of the three segments carrying the
mouthparts. From posterior to anterior, these are the labial, maxillary, and mandibular segments (Snodgrass, 1935). These segments are mostly patterned like the segments of the trunk
(Pankratz and Jäckle, 1990; Rogers and Kaufman, 1997; Choe et al., 2006; Choe and Brown,
2007), whereas the mandibular segment is additionally influenced by anterior factors (Vincent
et al., 1997).
The anterior procephalon is mainly involved in sensory perception and processing as it contains the brain, the eyes and the antennae. Embryonically, it consists of the intercalary and the
antennal segments as well as the ocular region and also gives rise to the clypeolabrum and the
mouth opening (Snodgrass, 1935; Posnien et al., 2010). The antennal and intercalary segments are still clearly serially homologous to the segments of the trunk, as inferred, for instance, by the expression of segment polarity genes. The ocular region is by some authors
seen as a segment, as well (see e.g. Schmidt-Ott et al., 1994; Rogers and Kaufman, 1996;
Rogers and Kaufman, 1997). As clear morphological boundaries to the anterior nonsegmental region are lacking, I will use the phrase ocular region (see also Scholtz and
Edgecombe, 2006; Posnien et al., 2010).
The extent of the non-segmental region of the head is unclear. The dotted line in Fig. 1B indicates a suggested boundary based on the deletion pattern after Tc-six3 RNAi (see below;
Posnien et al., 2011b) as well as the exclusive expression of genes in the anterior head like Tcsix3, Tc-orthodenticle-1 (Tc-otd-1) or Tc-tailless (Tc-tll) (Li et al., 1996; Schröder et al.,
2000; Steinmetz et al., 2010; see also Posnien et al., 2010).
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Fig. 1: Composition

of

insect
Modified

the
head.
after

Posnien et al.
(2010)
reprinted

and
with

permission from
Elsevier.

(A)

Anterior

to

posterior organization of the non-segmental region and the segments constituting the insect head. Anterior is left.
The procephalon consists of the labrum (Lr) and stomodaeum anlagen (St), the ocular/pre-ocular region (Oc), the
antennal (An) and the intercalary segment (Ic). The gnathocephalon consists of the mandibular (Md), maxillary
(Mx) and labial segments (Lb). Pair rule patterning is not involved in the formation of boundaries in the
procephalon. Hox genes are only expressed in the intercalary and more posterior segments. The gnathocephalon
is mostly patterned like the trunk segments, whereas the mandibular segment gets also input from the anterior
system (indicated by shading). It is debated whether the ocular region is serially homologous to the trunk segments (indicated by shading). (B) Schematic of an embryo at a stage in which the appendages are elongating.
The same color code as in (A) is used. Anterior is up. The dotted line indicates a suggested boundary between
the non-segmental region and surrounding head regions/segments. This region can be subdivided into an outer
neurogenic part (belonging to Oc in the scheme) and an inner region which is mostly free of neuronal precursors
(Lr and St). The ocular region and the antennal segment are split by the non-segmental region.

The non-segmental region can be functionally subdivided into an outer neurogenic part and
an inner area which is mostly free of cells giving rise to neurogenic tissue. Accordingly, neurogenic markers like Tc-ventral nerve cord defective (Tc-vnd) Tc-asense (Tc-ase) or Tceyeless are expressed along the midline and split in the anterior head (Wheeler et al., 2005;
Posnien et al., 2010; Posnien et al., 2011b). Also other genes expressed along the midline like
Tc-spitz (Tc-spi) show a Y-shaped expression pattern which frames the non-neurogenic part
of the non-segmental region of the head (Grossmann, 2011; Kittelmann, 2008). Due to its
similarities to the clypeolabral region of the vinegar fly Drosophila melanogaster (Rogers and
Kaufman, 1997; see below), this non-neurogenic area in Tribolium will also be referred to as
the clypeolabral region (CLR). The CLR does apparently not only split the ventral midline.
Also, the antennal segment and the ocular region are pushed laterally by this median structure
(Fig. 1B). The most prominent, i.e. clearly visible and easy to analyze, cuticle structures the
CLR gives rise to, are the clypeolabrum and the foregut.
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2.2 Genetic control of segmentation in insects
Much of our knowledge about arthropod development comes from studies in Drosophila.
Drosophila is a great model organism which can be easily manipulated in various ways and is
especially useful for the understanding of molecular and cellular interactions. It was, for example, the first arthropod in which the metamerization of a uniform embryo into a fully segmented one was studied molecularly. In Drosophila, this process is controlled by a cascade of
genes which gradually subdivides the embryo into smaller compartments (Nüsslein-Volhard
and Wieschaus, 1980). The gene products of maternal effect genes like bicoid (bcd) and
hunchback are deposited in the egg during oogenesis and establish the primary body axes. In a
concentration-dependent manner, they activate the expression of gap genes. These specify
larger regions in the embryo. The more downstream pair rule genes subdivide the embryo into
a series of segments. The pair rule genes activate expression of the segment polarity genes
which define the parasegment boundaries. The unique identity of each segment is determined
by the expression of Homeotic selector genes (Hox genes) of the Antennapedia Complex and
the Bithorax Complex (reviewed in Akam, 1987; Ingham, 1988; Irish et al., 1989; St Johnston
and Nüsslein-Volhard, 1992).
While several aspects of the cascade function by the same principle in other arthropods
(Tautz and Sommer, 1995; Rogers and Kaufman, 1997; Davis and Patel, 2003; Damen, 2007),
analysis of different species has also revealed that development of Drosophila is evolutionarily derived and cannot serve as an example for all insects (Tautz et al., 1994; Tautz and
Sommer, 1995; Peel et al., 2005). Instead, the red flour beetle Tribolium castaneum shows a
very different developmental mode that is believed to be more typical for insects (Klingler,
2004; Bucher and Wimmer, 2005; Schröder et al., 2008).
One important aspect is that Tribolium undergoes short germ embryogenesis, which means
that the blastodermal fate map contains only the anlagen of head and thorax (germ rudiment)
as well as a large extraembryonic portion (Handel et al., 2000; van der Zee et al., 2005; van
der Zee et al., 2006). The abdominal segments are added successively to the posterior of the
germ rudiment in a growth zone (Schoppmeier and Schröder, 2005; Choe et al., 2006;
Sarrazin et al., 2012). In contrast to that, Drosophila forms all segments of the body at the
same time in a process termed long germ embryogenesis. Short germ development is thought
to be the ancestral mode of arthropod segmentation (Davidson, 1991; Tautz et al., 1994; Davis
and Patel, 2002; Peel, 2008; Schröder et al., 2008).
Moreover, the larval head morphology of Drosophila is highly derived. In a process called
head involution, the head segments become internalized into the trunk during late embryogen15
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esis (Turner and Mahowald, 1979; Finkelstein and Perrimon, 1991). Genetic manipulation
leading to defects in single segments often blocks head involution as well, thereby creating
secondary defects that are not easy to interpret. Also, the head appendages are highly derived.
The Tribolium larva, on the other hand, possesses an insect-typical head with all head appendages clearly visible on the outside (Bucher and Wimmer, 2005; Posnien et al., 2010).
Finally, Tribolium is easy to rear and genetic as well as molecular methods are well established (Bucher et al., 2002; Lorenzen et al., 2003; Pavlopoulos et al., 2004; Richards et al.,
2008; Trauner et al., 2009; Kim et al., 2009; Schinko et al., 2010; Sarrazin et al., 2012). This
makes Tribolium a very good model organism for insect development and especially for the
analysis of head formation.

2.3 Formation of the anterior head
The segmentation cascade described for Drosophila has been shown to function in the segments of the trunk and the gnathocephalon. The situation is different in the procephalon,
where the pair rule genes are not expressed. Also, no Hox-cluster genes are expressed anterior
of the intercalary segment which is marked by expression of labial (Cohen and Jürgens, 1991;
Diederich et al., 1991; Finkelstein and Perrimon, 1991; Brown et al., 1994; Nagy and Carroll,
1994; Rogers and Kaufman, 1997; Posnien et al., 2010; Choe et al., 2006; Choe and Brown,
2007; Farzana and Brown, 2008). Moreover, the most anterior parasegment boundary lies in
the ocular region (Rogers and Kaufman, 1996; Rogers and Kaufman, 1997; but see SchmidtOtt and Technau, 1992 and Schmidt-Ott et al., 1994 for a different view) and the segment
polarity genes show unique interactions in each procephalic parasegment boundary
(Gallitano-Mendel and Finkelstein, 1997).
As already mentioned, Drosophila is characterized by a derived developmental mode. This
also applies for aspects of head formation. For example, the head gap genes account for the
patterning of the segmented part of the anterior head in Drosophila (Cohen and Jürgens, 1991;
Finkelstein and Perrimon, 1991; Rogers and Kaufman, 1997), but only Tc-knirps appears to
be important in Tribolium (Cerny et al., 2008). Other genes do not show much functional conservation (Schinko et al., 2008). Also, the bcd gene encoding an important anterior determinant in Drosophila (St Johnston and Nüsslein-Volhard, 1992) has evolved only in the lineage
of higher flies (Stauber et al., 1999), whereas different genes account for its function in other
insects (Schröder, 2003; Lynch et al., 2006; van der Zee et al., 2006; Schoppmeier et al.,
2009; Fu et al., in press).
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These dissimilarities are at least partly due to the different germ anlagen (see above). The
short germ rudiment of Tribolium does not extend to the anterior pole of the egg, complicating the determination of anterior head structures by a factor localized at the egg terminus like
Bcd (Rosenberg et al., 2009). Instead, the posterior determinant Tc-caudal (Tc-cad) is repressed in the anterior germ rudiment (i.e. the central egg) by Tc-Mex-3 (Schoppmeier et al.,
2009). Also, repression of ubiquitous anterior (i.e. extraembryonic) determinants at the posterior pole by a localized factor has been proposed (Schröder, 2003). In order to understand how
different modes of head development evolved in the various insect orders, head formation has
to be studied detailed in different model organisms, one of which is Tribolium.

2.4 Genes involved in anterior head development
Patterning of the clypeolabral region in Drosophila (reviewed in Rogers and Kaufman,
1997) involves the maternal anterior, terminal and dorso-ventral systems. All three systems
interact to activate the expression of the so-called terminal gap genes, huckebein (hkb) and
tailless (tll) which regulate the expression of the gut patterning genes, serpent (srp) and fork
head (fkh; Weigel et al., 1990; Brönner and Jäckle, 1991; Reuter and Leptin, 1994; Brönner et
al., 1994; Brönner and Jäckle, 1996). srp is required for the formation of the endodermal anterior midgut (Reuter, 1994a), while fkh is necessary for proper development of the ectodermal
foregut (Jürgens and Weigel, 1988; Weigel et al., 1989a; Weigel et al., 1989b). In combination with the maternal systems, hkb and tll also regulate expression of cap’n’collar (cnc;
Mohler, 1993) and crocodile (croc; Häcker et al., 1995). These two genes are required for the
formation of the clypeolabrum. In addition, optix/six3 is necessary for proper labrum development (Coiffier et al., 2008). However, its position within the Drosophila network is uncertain. An overview of the patterning system in Drosophila is given in Fig. 2.
Fig. 2: Simplified scheme of the CLR patterning network in Drosophila. Modified after Rogers and
Kaufman (1997) and reprinted with permission from
Elsevier. The maternal systems (represented by bcd
and tor) activate expression of the terminal gap genes,
hkb and tll. Maternal systems and terminal gap genes
act in concert to regulate expression of srp, fkh, croc
and cnc. Also, spalt (sal) is involved in their regulation. The anterior midgut is dependent on srp, while
the foregut is specified by fkh. The clypeolabrum is
patterned by cnc and croc as well as six3.
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Previous works indicated that the early determination of anterior head structures is not conserved between Drosophila and Tribolium because of the different extent of the germ anlagen
(see above). Some of the orthologs of the factors acting further downstream in the CLR patterning network were identified in Tribolium, as well. Their early expression pattern is often
not conserved because of the different embryonic fate maps. However, later expression aspects usually show a high degree of conservation (Schröder et al., 2000; Economou and Telford, 2009; Posnien et al., 2009b; Steinmetz et al., 2010). Functional data is only available for
Tc-six3 (Posnien et al., 2009b; Posnien et al., 2011b) and preliminary works were done for Tccrocodile (Tc-croc) and Tc-cap’n’collar (Tc-cnc) (Kittelmann, 2008). A screen performed to
identify further genes involved in Tribolium CLR patterning identified two more candidates,
Tc-chx and Tc-tailup (Tc-tup) and led to the establishment of a hypothetical gene interaction
scheme (Kittelmann, 2008). Due to its expression pattern and RNAi phenotype, Tc-scarecrow
(Tc-scro) was expected to be involved in CLR development, as well (Posnien et al., 2011b).
2.4.1

Tc-six3

Optix/six3 has been recognized as the Drosophila ortholog to the vertebrate homeobox
genes Six3 and Optx2 (Toy et al., 1998). Due to its expression pattern in the anterior head of
Drosophila which is very similar to the vertebrate expression, a role in eye development had
been suggested and was later confirmed (Seimiya and Gehring, 2000). It also plays a role in
labrum development (Coiffier et al., 2008). Analysis of the expression pattern in other arthropods and two annelid species suggested that the most anterior head region is marked by Six3
orthologs in apparently all bilaterian animals (Steinmetz et al., 2010). The Tribolium ortholog,
Tc-six3, is necessary for proper development of the anterior median head region including the
labrum (Posnien et al., 2009b) and anterior brain structures (Posnien et al., 2011b). Loss of its
function leads to the deletion of a triangular region in the anterior Tribolium embryo that supposedly correlates to the CLR.
2.4.2

Tc-crocodile

The fork head transcription factor crocodile (croc; Häcker et al., 1992) functions in the formation of ectodermal and mesodermal derivatives of the Drosophila clypeolabrum (Häcker,
1995; Häcker et al., 1995). croc is also required for the formation of the stomatogastric nervous system (SNS; Schmidt-Ott et al., 1994). The expression pattern of the Tribolium ortholog,
Tc-croc, is very similar to the later Drosophila pattern (Economou and Telford, 2009). It is
also conserved in the more basal insect, Oncopeltus fasciatus (DALLAS, 1852) (Birkan et al.,
2011). Conserved expression is reported for the myriapod, Glomeris marginata (VILLERS,
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1789), as well (Janssen et al., 2011). During later developmental stages, expression in a similar pattern is also observed in the crustacean Parhyale hawaiensis (DANA, 1853) (Schmid,
2011). Functional studies in Oncopeltus suggest a role in labrum patterning throughout insects
(Birkan et al., 2011).
2.4.3

Tc-cap’n’collar

The leucine zipper transcription factor cap’n’collar (cnc) was named due to its expression in
an anterior “cap” and a stripe in the anlagen of the mandibular and intercalary segments in
Drosophila (Mohler et al., 1991). Loss of cnc function results in the lack of ectodermal labral
structures as well as a transformation of mandible structures into maxillary identity (Mohler et
al., 1995). Similar to croc, the expression pattern of cnc orthologs is conserved among insects
and myriapods (Rogers et al., 2002; Economou and Telford, 2009; Birkan et al., 2011;
Janssen et al., 2011). Knockdown of Of-cnc in Oncopeltus leads to a deletion of the labrum,
but no effect on the mandibles is reported (Birkan et al., 2011).
2.4.4

Tc-scarecrow

In Drosophila, the homeobox gene scarecrow (scro) is expressed in the anlagen of the pharynx, in parts of the brain and in cells of the ventral nerve cord (Zaffran et al., 2000). The
Tribolium ortholog, Tc-scro, is expressed surrounding the anlagen of the foregut and in the
brain, as well. Expression is also detected at the base of the labrum, which is in accordance
with its loss of function-phenotype: in Tc-scro-knockdown embryos, the labrum anlagen fail
to fuse and L1 larvae exhibit a split labrum (Posnien et al., 2011b).
2.4.5

Tc-fork head

Expression of fork head (fkh) in Drosophila is detected in the ectodermal anlagen of the gut,
i.e. in the anterior stomodaeum and the posterior proctodaeum (Weigel et al., 1989b). Loss of
fkh function leads to a homeotic transformation of gut tissue to post-oral head structures
(Jürgens and Weigel, 1988). The orthologous Tc-fkh is expressed in a comparable pattern
(Schröder et al., 2000).
2.4.6

Tc-chx

The vertebrate gene Chx10 is expressed during retina development (Levine et al., 1994; Liu
et al., 1994). The Drosophila genome contains two orthologs, Dchx1 and Dchx2 (also Visual
system homeobox 1 and 2, respectively) which play a role in eye development, as well (Erclik
et al., 2008). Moreover, Dchx1 has been established as a marker for the pars intercerebralis of
the neuroendocrine system (de Velasco et al., 2007). Also for the Tribolium ortholog, Tc-chx,
19

Introduction

expression in an anterior brain region probably corresponding to the pars intercerebralis as
well as in the ocular region is reported. Additionally, expression is found in the labrum
(Posnien et al., 2011b). Knockdown of Tc-chx leads to defects in anterior brain regions
(Koniszewski, 2011).
2.4.7

Tc-tailup

The LIM-homeodomain transcription factor tailup (tup; also islet) plays a role in germ band
retraction in Drosophila (Nüsslein-Volhard et al., 1984). Later studies showed that defects in
amnioserosa development lead to the retraction defects (Frank and Rushlow, 1996). It is expressed in amnioserosa, mesoderm, pharynx and later also in the central nervous system (Thor
and Thomas, 1997) where it plays a role in motor neuron pathway selection (Thor et al.,
1999). In other dipterans, it is important for the development of the extraembryonic amnion
(Rafiqi et al., 2010). The Tribolium ortholog, Tc-tup, is expressed in the extraembryonic
membranes, the labrum anlagen, an ocular domain and in a bilateral segmental fashion
(Kittelmann, 2008).

2.5 Analyzing gene function in Tribolium
2.5.1

Loss of function via RNA-interference

Gene function in Tribolium development is usually analyzed by reducing the gene expression via RNA-interference (RNAi; Meister and Tuschl, 2004; Mello and Conte, 2004; Hammond, 2005; Ketting, 2011). RNAi is a powerful tool in Tribolium, as it is easy to apply and
causes systemic (i.e. not locally restricted) and strong effects (Brown et al., 1999; Bucher et
al., 2002; Tomoyasu and Denell, 2004; Posnien et al., 2009a). Double-stranded RNA
(dsRNA) of the gene to analyze is usually injected into female pupae which will pass the
dsRNA on to their offspring by an unknown mechanism (Bucher et al., 2002). In cases in
which the knockdown interferes with metamorphosis, oogenesis or the metabolism of the injected female, dsRNA is injected either into adult females or directly into eggs. RNAimediated defects in development are then studied in cuticles of L1 larvae as well as in developing embryos.
2.5.2

Gain of function via ectopic expression of genes

A second way to analyze gene function is via ectopic expression which is established in
Tribolium, as well. The ectopic activation of genes via the GAL4/UAS system (Fischer et al.,
1988; Ornitz et al., 1991; Brand and Perrimon, 1993) has been shown to be functional in
Tribolium (Schinko et al., 2010). This system makes use of the expression of the transcription
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factor GAL4 from yeast under control of endogenous regulatory sequences. GAL4 then activates expression of the desired transgene by binding to the upstream activating sequence
(UAS). However, only few regulatory sequences that could be used for locally or temporally
restricted expression of GAL4 are identified in Tribolium. Therefore, ectopic expression is at
the moment facilitated via heat shock-induced ubiquitous overexpression (Schinko et al.,
2010; Schinko et al., in preparation).
Transgenic Tribolium lines are usually generated by transposon-mediated mutagenesis, using either piggyBac (Lorenzen et al., 2003) or Minos transposable elements (Pavlopoulos et
al., 2004). This results in nearly random insertion of transgenic sequences into the genome
due to the short recognition sites for insertion (reviewed in Handler, 2001). Hence, the introduced gene can disrupt native genes and positional effects can lead to different expression
patterns of identical transgenes. While being useful features for genetic screens (e.g. Trauner
et al., 2009), studies using ectopic expression would benefit from site-specific integration
(Wimmer, 2005).
The φC31-based site-specific integration system makes use of an integrase protein encoded
by bacteriophage φC31 of Streptomyces (Kuhstoss and Rao, 1991). The integrase catalyzes
recombination between the attachment sites in the genome of the phage (attP) and the bacteria
(attB). The sites resulting from the recombination, called attL and attR, are no substrate for
the integrase, making recombination unidirectional (Omer and Cohen, 1986; Omer et al.,
1988; Boccard et al., 1989; reviewed in Groth and Calos, 2004 and Smith et al., 2010). The
φC31 system is well established in different insects (Groth et al., 2004; Nimmo et al., 2006;
Schetelig et al., 2009; Labbé et al., 2010), and is highly efficient (Groth et al., 2004).
Tribolium as a model organism would benefit from the use of this site specific integration
system.
Previous works to establish the φC31 system in Tribolium resulted in the generation of a
line carrying a 228 bp attP site. Integration of the attP site into the genome was mediated by
transposon-based mutagenesis carried out in an enhancer trap screen (Schinko and Bucher,
unpublished). This line can be used for site-specific integration of the desired construct for
ectopic gene expression. Therefore, the construct must include an attB site and has to be injected into the attP-carrying line together with the φC31 integrase. Fig. 3 gives an overview
of the anticipated integration.
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Fig. 3: Simplified schematic overview of the recombination reaction that was sought to be used for the generation of heat shock lines. Based on Schetelig et al. (2009) and Groth and Calos (2004). The attP line carries a
piggyBac construct containing the attP site. piggyBac inverted repeats are indicated (pBacL, pBacR). The attP
site consists of two arms, P and P’. The sequence of the core region is given, recombination sites are marked red.
The heat shock vector contains the gene to be ectopically expressed under control of the regulatory region of
hsp68 as well as a piggyBac recognition site (pBacR) directly upstream of the heat shock construct and the attB
site downstream of the heat shock construct. Similar to the attP site, the attB site consists of two arms, B and B’,
separated by the recombination sequence. Upon injection of the heat shock vector together with the φC31
integrase, the attP and attB sites recombine and the complete vector (ca. 8 kbp) is integrated into the genome of
the line (indicated by the vector backbone). The resulting attR and attL sites consist of P and B’ and B and P’,
respectively. It is possible to excise the vector backbone together with the attR site in case it interferes with ectopic expression due to its size or positional effects. Therefore, a piggyBac transposase would have to be supplied to the line. It would then excise the respective sequence due to the original pBacL site and the newly introduced pBacR site and leave the remaining parts of the construct in the stabilized heat shock line (see also
Schetelig et al., 2009).

2.6 Aims
The aim of this work was to shed light on the formation of the CLR. I sought to use in vivo
imaging as well as three dimensional reconstructions of staged fixed embryos to understand
the morphogenesis of the anterior head. In order to test to which extent cell death and proliferation contribute to head formation, terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) and phosphorylated Histone H3 (PH3) immunostaining were to be performed, respectively.
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I intended to identify genes involved in patterning of the CLR by studying their expression
patterns and loss of function-phenotypes. Interactions between the single players were to be
identified by analyzing the expression patterns of suggested downstream targets after loss of
function of suggested upstream targets. Thereby, a model for a gene regulatory network was
sought to be established.
To further test the hypothesized interactions between genes, I aimed to generate Tribolium
lines for heat shock induced ectopic expression of assumed upstream genes. In order to do so,
I intended to establish site-specific integration via the φC31 based integration system in
Tribolium.
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3 Materials and Methods
3.1 Animals
Animals were reared under standard conditions (Brown et al., 2009).
The wild type strain San Bernadino (SB) was used for RNAi experiments and staining.
The strain 171 was used for in vivo imaging. It expresses nuclear localized green fluorescent
protein (GFP) in all cells (Sarrazin et al., 2012).
The vermillionwhite (vw) strain was used for crossings in the transgenesis experiments. A mutation of the Tc-vermillion gene leads to white eye color in this strain (Eddleman and Bell,
1963; Lorenzen et al., 2002).
The acceptor strain used for transgenesis was meant to be the attP line but might have been
contaminated with the SB strain. The attP line has the genetic background of the vw strain. Via
piggyBac mutagenesis, a construct containing an attP site was introduced into this strain. The
construct also contained a marker rescuing black eye color and a GAL4Δ construct to identify
enhancer traps. Insertion apparently occurred into a region without positional effects, as black
eye color was rescued but no expression of GFP after crossing to a UAS-GFP line was detectable in offspring (Bucher, personal communication).

3.2 Cloning of genes
Genes were cloned from complementary DNA (cDNA) of 0-48 h old embryos using specific primers. cDNA was prepared using the SMART™ cDNA Library Construction Kit
(Clontech, Mountain View, CA, USA). Template messenger RNA (mRNA) was extracted
from embryos using TRIzol® Reagent (Life Technologies, Carlsbad, CA, USA). Primers
were designed on the basis of Tribolium sequences obtained from searching for orthologs of
Drosophila proteins at BeetleBase (http://www.Beetlebase.org; Wang et al., 2007; Richards et
al., 2008; Kim et al., 2009) using Basic Local Alignment Search Tool (BLAST; Altschul et
al., 1990). Primers were synthesized by Eurofins MWG Operon (Ebersberg, Germany). A list
of used primers is attached (p. 108). Gene fragments were amplified from cDNA by polymerase chain reaction (PCR) using Taq DNA Polymerase (Fermentas/Thermo Fisher Scientific,
Waltham, MA, USA) or Advantage® 2 Polymerase (Clontech, Mountain View, CA, USA).
Fragments were cloned into the pCR®II vector using the TA Cloning® Kit (Life Technologies, Carlsbad, CA, USA). The clone for Tc-cnc was provided by N. Schaeper (Developmental Biology, University Göttingen); the clones for Tc-chx, Tc-scro and Tc-six3 were provided
by N. Posnien (Developmental Biology, University Göttingen); the clone for Tc-tll was pro24
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vided by R. Schröder (Institut für Biowissenschaften, Abt. Genetik, Universität Rostock); the
clone for Tc-hh was provided by E. Ntini (Developmental Biology, University Göttingen).
For Tc-cnc and Tc-croc, rapid amplification of cDNA ends (RACE; Frohman et al., 1988)
was performed using the SMARTTM RACE cDNA Amplification Kit (Clontech, Mountain
View, CA, USA). 5’-RACE was performed for Tc-cnc and 3’-RACE was performed for both,
Tc-cnc and Tc-croc. The RACE-Ready cDNA pools used in the different experimental replicates had been prepared by N. Koniszewski, E. Ntini and M. Pechmann, respectively. Primer
sequences are attached (p. 108).

3.3 RNAi
RNAi was performed according to established protocols (Posnien et al., 2009a). For dsRNA
synthesis, the Ambion® MEGAscript® T7 kit (Life Technologies, Carlsbad, CA, USA) was
used. The PCR product used as a template in the reaction was cleaned via gel electrophoresis
and subsequent extraction from the gel using the NucleoSpin® Extract II kit (MachereyNagel, Düren, Germany). Two non-overlapping fragments were injected for Tc-cnc, Tc-croc,
Tc-hh, Tc-scro, Tc-six3, Tc-tll and Tc-tup to exclude off-target effects. Primer sequences for
template synthesis are attached (p. 108). Pupal RNAi was performed in all cases. Additionally, adult RNAi was performed for Tc-cnc. Concentrations, GenBank entry and size of injected
dsRNA fragments are given in Table 1.
Table 1: Injected dsRNA. Given are name of the gene as referenced in this work, concentration of injected
dsRNA, GenBank entry and size of the injected fragments as indicated by first and last base pair (bp) of the
respective sequence. More than one concentration indicates experimental replicates. Two fragment sizes indicate
injection of non-overlapping fragments. For Tc-homeobrain (Tc-hbn), no GenBank entry was available. Fragment size is with respect to the cloned sequence. For Tc-tup, the annotation at NCBI is incorrect. Fragment sizes
are with respect to the cloned sequence. For Tc-cncB and Tc-cncC, the fragment sizes are with respect to the
cloned sequence.
gene
Tc-chx
Tc-cnc
Tc-cncB
Tc-cncC
Tc-croc
Tc-hbn
Tc-hh
Tc-scro
Tc-six3
Tc-tll
Tc-tup

dsRNA concentration (µg/µl)
3.86
0.75-4.00
2.00
2.00
1.00-4.20
6.5
0.90-3.65
2.00-4.33
1.15-3.50
2.00-3.70
1.70-5.56

GenBank entry
FN295953.1
NM_001170642.1
n/a
n/a
XM_001812646.1
n/a
NM_001114365.1
XM_968702.2
NM_001113467.1
AF219117.1
NM_001164807.1

fragment size (ranging
from bp X to bp Y)
356-1142
1279-1599; 1646-1975
1-582
1-217
8-435; 512-1010
1-735
9-552; 578-1163
103-474; 551-852
1-642; 653-1377
53-702; 754-1521
1-374; 516-920
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Developing L1 larvae after RNAi were embedded in 50 % Hoyer’s medium 50 % lactic acid
and were allowed to clear for 12 h at 65 °C. Head bristle patterns of cuticles were analyzed as
described (Schinko et al., 2008) using a Zeiss Axioplan 2 microscope. Images were generated
from stacks taken at a Zeiss LSM 510 using a 488 nm laser, a 505 nm longpass filter and
Zeiss LSM image browser software (Carl Zeiss AG, Oberkochen, Germany).

3.4 Histology
3.4.1

Fixation

Embryos of an age of 0-72 h were used for FM 1-43® staining; embryos of an age of 0-24 h
were used for all other experiments. Embryos were fixed using standard protocols (Schinko et
al., 2009) with slight modifications: 2 ml fix buffer (1.3 x PBS and 67 mM EGTA, pH = 8.0)
and 300 µl formaldehyde (37 %) were used.
3.4.2

Whole mount in situ hybridization

In situ hybridizations were performed as described (Schinko et al., 2009). Embryos were
stained with Nitro blue tetrazolium (NBT) and 5-Bromo-4-chloro-3-indolyl phosphate
(BCIP). In case of double in situ hybridizations, Fast Red (Roche Applied Science, Penzberg,
Germany) or Vector® Red (Vector Laboratories, Burlingame, CA, USA) were used for staining of Tc-wingless (Tc-wg), and Iodonitrotetrazolium chloride (INT) was used for other genes.
The yolk was removed from the embryos and they were embedded in 80-100 % glycerol.
Analysis and imaging were performed using a Zeiss Axioplan 2 microscope with a DIC filter
and Image-Pro® Plus software (Media Cybernetics, Bethesda, MD, USA).
3.4.3

Hoechst staining

Embryos were stained with 1 µg/µl Hoechst 33342 in 1X PBST for 1 h. The yolk was removed from the embryos and they were embedded in 80-100 % glycerol. Analysis and imaging were performed using a Zeiss Axioplan 2 microscope with a mercury-vapor lamp, a FITC
filter and Image-Pro® Plus software (Media Cybernetics, Bethesda, MD, USA; when Hoechst
staining was used to stage blastoderm stages after in situ hybridization) or a Zeiss LSM 510
using a 364 nm laser, a 385 nm longpass filter and Zeiss LSM image browser software (Carl
Zeiss AG, Oberkochen, Germany; when Hoechst staining was performed in combination with
FM® 1-43 and PH3 staining).
3.4.4

FM® 1-43 staining

Embryos were stained with 1 µg/ml N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)
styryl)pyridinium dibromide (FM® 1-43; Invitrogen/Life Technologies, Carlsbad, CA, USA).
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The yolk was removed from the embryos and they were embedded in 70 % glycerol, 0.5 x
PBST, 50 mM Tris-HCl (pH = 9.5), 10 mg/ml propyl gallate and 0.5 mg/ml pphylodenediamine. Analysis and imaging were performed using a Zeiss LSM 510 using a
488 nm laser, a 505-550 nm bandpass filter and Zeiss LSM image browser software (Carl
Zeiss AG, Oberkochen, Germany).
3.4.5

PH3 staining

Mitotic cells were stained using 0.5 µg/ml anti-phospho Histone H3 (Ser10) polyclonal antibody (Millipore, Temecula, CA, USA) as primary antibody and DyLightTM488-conjugated
AffiniPure Donkey Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Laboratories Inc, West
Grove, PA, USA) as secondary antibody (see Hendzel et al., 1997). The yolk was removed
from the embryos and they were embedded in 80-100 % glycerol. Analysis and imaging were
performed using a Zeiss LSM 510 using a 488 nm laser, a 505-550 nm bandpass filter and
Zeiss LSM image browser software (Carl Zeiss AG, Oberkochen, Germany). Proliferating
cells were counted using Fiji (http://fiji.sc; Walter et al., 2010). Significance of differences
between proliferating cells of untreated and Tc-croc RNAi-treated embryos was tested with a
t-test.
3.4.6

TUNEL

Embryos were rehydrated, refixed and treated with proteinase K as described for whole
mount in situ hybridizations (Schinko et al., 2009). TUNEL (Gavrieli et al., 1992) was performed as described for Cupiennius salei (KEYSERLING, 1877) (Prpic and Damen, 2005). The
yolk was removed from the embryos and they were embedded in 80-100 % glycerol. Analysis
and imaging were performed using a Zeiss Axioplan 2 microscope with a DIC filter and Image-Pro® Plus software (Media Cybernetics, Bethesda, MD, USA). Significance of differences between dying cells of untreated, Tc-croc RNAi-treated and Tc-six3 RNAi-treated embryos was tested with a t-test.

3.5 Transgenesis
3.5.1

Constructs

All restriction enzymes used were provided by Fermentas/Thermo Fisher Scientific (Waltham, MA, USA). Vector maps are attached (p. 115) and were designed with ApE – A plasmid Editor v2.0.43 (M. Wayne Davis; http://biologylabs.utah.edu/jorgensen/wayned/ape/).
Primer sequences for construct design and sequencing are attached (p. 108).
Plasmid pSLaf[3'pBac_Tc-hsp_Tc-hs5'3'UTR_attB_Pub_DsRed]af (#1) was generated as
follows: The regulatory sequence of hsp68 was amplified via PCR from vector pSLfa[Tc27
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hsp5’3’UTR]fa (J.B. Schinko) using primers SK87 and SK88 (see p. 108). The PCR product
and the acceptor vector pSLaf_3_pBac-attB_PUb-DsRed_af (Schetelig et al., 2009) were cut
with Bsp120I and subsequently ligated.
Plasmid

pSLaf[3'pBac_Tc-hsp_Tc-hs'5'UTR_Tc-croc_Tc-hs3'UTR_attB_Pub_DsRed]af

(#3) was generated as follows: The Tc-croc open reading frame (ORF) was amplified via PCR
from cDNA of 0-48 h old embryos using primers SK78 and SK79 (see p. 108) and a 700 bp
PCR product was sub-cloned into pCR®II (Invitrogen/Life Technologies, Carlsbad, CA,
USA). The ORF was then amplified via PCR from pCRII[Tc-croc] with primers SK78 and
SK99 (see p. 108). Plasmid #1 and the PCR product were cut with Bsp1470I and MluI and
ligated.
Plasmid pSLaf[3'pBac_Hsp-p_Tc-hs5'3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]af (#6) and
pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-croc_Tc-hs3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]af
(#9) were generated as follows: The 6XP3-eCFP sequence was obtained from pSLfa[6xP3Tc’hsp-ECFP-SV40] (Hein, 2007) by restriction with PauI. Pub-DsRed was removed from
plasmids #1 and #3 by restriction with BglII and BspTI. Vector and insert were treated with
T4 DNA Polymerase (Fermentas/Thermo Fisher Scientific, Waltham, MA, USA) to obtain
blunt end DNA strands and were subsequently ligated.
Plasmid

pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-six3-Tc-hs3'UTR_attB_SV40_eCFP_Hsp-

p_6xP3]af (#10) was generated as follows: The Tc-six3 ORF was amplified via PCR from
pCRII[Tc-six3_full] (Posnien, 2009) with primers SK109 and SK110 (see p. 108). The PCR
product and plasmid #6 were cut with XbaI and XhoI and subsequently ligated.
Plasmid pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-cncB_Tc-hs3'UTR_attB_SV40_eCFP_Hspp_6xP3]af (#11) was generated as follows: The Tc-cncB ORF was amplified via PCR from
cDNA of 0-48 h old embryos using primers SK113 and SK114 (see p. 108). The PCR product
and plasmid #6 were cut with MluI and XbaI and subsequently ligated. To circumvent point
mutations that would lead to amino acid exchanges in the resulting Tc-Cnc protein, the 3’-end
of the Tc-cnc ORF from clone B8 was excised by cutting with AdeI and replaced by the respectively cut fragment from clone hs2.
3.5.2

Injection

Injections were performed as described (Berghammer et al., 2009). The injected strain was
probably the SB strain, which was mistaken for the attP line. Plasmids #9, #10 and #11, respectively, were injected together with φC31-integrase mRNA in the concentrations given in
Table 2. Capped φC31-integrase mRNA was synthesized using the Ambion® mMESSAGE
mMACHINE ® T7 Kit (Life Technologies, Carlsbad, CA, USA) as described (Schetelig et
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al., 2009). DNA constructs and mRNA were mixed in desired ratio and filtered through a
Millex-HV 0.45 µm Filter Unit (Millipore, Billerica, MA, USA). Injection was performed
using a FemtoJet® (Eppendorf AG, Hamburg, Germany) and Bo-glass capillaries with filament (100 mm length; 1.0 mm outside diameter; 0.21 mm wall thickness; Hilgenberg GmbH,
Malsfeld, Germany).
Table 2: Concentrations of injected phiC31 mRNA and plasmid for each experiment. Numbers of surviving
offspring and names of established transgenic lines (where applicable) are indicated. Tc-croc_1 and Tc-croc_2,
and accordingly, Tc-six3_1, Tc-six3_2 and Tc-six3_3 refer to separate experiments with different mRNA concentrations.
Gene
Tc-cncB
Tc-croc_1
Tc-croc_2
Tc-six3_1
Tc-six3_2
Tc-six3_3

3.5.3

Concentration
mRNA (ng/µl)
500
750
600
500
400
500

Concentration
plasmid (ng/µl)
300
300
400
300
400
300

Surviving offspring
31 (6.7 %)
234 (35.7 %)
228 (43.3 %)
118 (31.9 %)
254 (40.6 %)
93 (17.8 %)

Established transgenic lines
119_1
124_1
six3-1, six3-2

Generation of transgenic lines

Injected animals were crossed to not injected animals of the strain used for injection (in case
of Tc-six3_1) or to animals of the vw strain (in case of Tc-croc_1, Tc-croc_2 and Tc-six3_2).
In case of Tc-cncB and Tc-six3_3, all surviving injected animals were kept together in one
culture.
Offspring were screened for blue fluorescent eyes and crossed to animals of the vw strain.
Only animals with white eye background were used for generation of the Tc-croc ectopic expression lines 119_1 and 124_1.
3.5.4

Heat shock conditions

For proof of principle, eggs of strain 119_1 and 124_1 were collected for 24 h at 32 °C.
Eggs were heat shocked in Drosophila vials (68 ml; 36 mm diameter; 82 mm height; Greiner
Bio-One GmbH, Frickenhausen, Germany) in a water bath at 42 °C for 10 min. Eggs were
fixed for in situ hybridization after developing for 4 h at 32 °C or were allowed to develop
into L1 larvae and embedded and analyzed as described for RNAi.
For testing the optimal developmental time before heat shock, eggs were collected for 1 h at
32 °C and allowed to develop for 9, 10, 11, 12, 13, 14, 15, 16 or 17 h at 32 °C. Eggs were heat
shocked as described above. Eggs were then allowed to develop into L1 larvae and were embedded and analyzed as described for RNAi.
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For the heat shock experiment with subsequent staining of Tc-wg expression, eggs were collected for 2 h at 32 °C and allowed to develop for 16 h at 32 °C. Eggs were heat shocked as
described above. In case of double heat shock, eggs were heat shocked again after developing
for 3 h at 32 °C. Eggs were allowed to develop for another 4 h at 32 °C before fixation.

3.6 Digital Scanned Laser light sheet fluorescence Microscopy (DSLM)
In vivo imaging was performed using DSLM (Keller et al., 2008; Keller et al., 2010). Eggs
of strain 171 were collected for 1 h and allowed to develop for another 8 h. The chorion was
removed by washing two times for 30 sec in 50 % hypochlorous acid. The egg was embedded
in 1.5 % Agarose Type VII (Sigma-Aldrich, St. Louis, MO, USA) in 1X PBS. Imaging was
performed in 1X PBS at 30 °C.
The experimental setup for DSLM has been described elsewhere (Keller et al., 2008; Keller
et al., 2010). Samples were imaged from four angles (0°/90°/180°/270°), with a z-spacing of
3.70 µm (experiments 1 and 2) and 2.96 µm (experiments 4 and 5). The objective used for
detection was a Zeiss Plan Apochromat 20 x/1.0; i.e. the lateral voxel size was 0.37 µm (aspect ratio 10:1 for experiments 1 and 2, and 8:1 for experiments 4 and 5). In Experiment 1 we
used structured illumination (SI30, see Keller et al., 2010), and a normal light sheet in the
other three experiments. Time resolution of experiment 4 was 5 min during time points 0-4,
3 min during time points 5-25 and 5 min until the end of the experiment. Resolution of experiment 5 was 5 min. The z-range per angle lies between 450 and 460 µm, i.e. 155 planes per
angle, thus 620 planes per time point. Every plane has 4 megapixels, i.e. 8 MB of data; thus,
we produced roughly 5 GB data per time point.
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4 Results
4.1 Morphogenesis of the CLR
4.1.1

In vivo imaging to visualize morphogenetic movements

Embryos undergo various morphogenetic movements during early development, and
Tribolium is no exception. While many processes of early embryonic development have already been studied (Handel et al., 2000; Posnien et al., 2010), morphogenetic movements are
easier to understand if they are directly looked at. In this case, a Tribolium line was used that
expresses green fluorescent protein (GFP) with a nuclear localization signal under control of a
constantly active basal promoter (Sarrazin et al., 2012). Tests showed that a fluorescent signal
could not be detected until 6-8 h after egg lay (AEL; data not shown). DSLM was used to
obtain good resolution in all three dimensions. The same technique had already been used to
visualize early zebrafish development (Keller et al., 2008). Imaging was performed in collaboration with Dr. P.J. Keller in the Light Microscopy Group of Dr. E.H.K. Stelzer at the Cell
Biology and Biophysics Unit, European Molecular Biology Laboratory, Heidelberg. Only
experiment 5 gave satisfying results and allowed me to follow embryogenesis. The resulting
video file is attached (p. 110). Fig. 4 shows selected frames of the video.
I started imaging of the embryo 8-9 h AEL (Fig. 4A). At this time, the embryo is already
clearly separated into the anterior-dorsal serosa (extraembryonic membrane, em in Fig. 4A)
and the posterior-ventral germ rudiment (gr in Fig. 4A). The serosal nuclei can be distinguished from the embryonic ones primarily by their size and spacing, as they are supposedly
polyploid (Handel et al., 2000). The nuclei of the germ rudiment appear to be distributed in a
salt and pepper pattern. This is due to the fact that the GFP is indeed nuclear localized but
disperses over the cell when the nucleus breaks down during mitosis (arrowheads in Fig. 4A).
Hence, cells are not marked during mitosis.
The embryo condenses during further development and starts to sink into the yolk (Handel
et al., 2000). This process starts approximately after 1 h (9-10 h AEL) at the posterior end of
the embryo and leads to the formation of the amniotic fold. The amniotic fold progresses to
the anterior and forms the amniotic cavity, while the embryo sinks further into the yolk (arrow
in Fig. 4D). At the same time, serosal nuclei are condensing at the left side of the imaged embryo (arrowhead in Fig. 4D). They are forming a cluster of cells that is visible throughout
development. However, no such structure is reported in the literature and is also not visible in
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the video published by Sarrazin et al. (2012). I therefore conclude that it is merely a developmental abnormality of the given embryo.

Fig. 4: Exemplary frames from the DSLM video. The egg is shown in a ventral left view; anterior is up. (A) At
the beginning of imaging, the embryo was 8-9 h of age. The separation between extraembryonic membranes
(em) and germ rudiment (gr) is already clearly visible. Nuclei in the extraembryonic membranes are larger than
in the germ rudiment. Cells in the germ rudiment undergo a division cycle, leading to a reduction of the fluorescence signal due to nuclear breakdown (arrowheads). (B-C) The germ rudiment condenses at the ventral posterior side of the egg. (D) The embryo starts to sink into the yolk. The amniotic fold (arrow) is visible at the posterior of the germ rudiment at 9.3-10.3 h AEL. Cells appear to aggregate at the left side of the embryo (arrowhead).
(E) At 9.5-10.5 h AEL, the ectodermal bulges closing over the invaginating mesoderm (arrowhead) and the head
lobes (hl) are clearly distinguishable. The amniotic fold progresses towards the anterior (arrow). (F-I) As the
embryo sinks further into the yolk, the amniotic fold starts to form also at the sides and the anterior of the embryo. During further development, the amnion grows to cover the elongating germ band (compare arrows). The
area which is not yet covered by the serosa is termed the serosa window. (J) The serosa window is completely
closed ca. 12.3-13.3 h AEL. (K-N) Starting at 11.6-12.6 h AEL, the embryo rotates in the egg for approximately
90° to the left. The rotation is completed 15-16 h AEL.
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The head lobes become clearly distinguishable 9.5-10.5 h AEL (hl in Fig. 4E). Also, one of
the ectodermal elevations which will fuse medially over the invaginating mesoderm is visible
(arrowhead in Fig. 4E). The embryo now starts to elongate while the amniotic fold forms additionally at the sides and the anterior end of the germ band (arrows in Fig. 4F). The primary
mechanism behind germ band elongation appears to be convergent extension (see also
Sarrazin et al., 2012). The germ band gets narrower while it elongates and the head moves to
a more anterior position. The amnion grows to cover the germ band completely. This leads to
the formation of the serosa window, where the embryo proper is still uncovered by the
extraembryonic membranes (arrows in Fig. 4F-I). The serosa window is completely closed
11.3-12.3 h AEL (Fig. 4J). The germ band now rotates in the egg for approximately 90° (Fig.
4K-N). Such a rotation has not been reported so far and it is unclear, whether just the imaged
embryo behaved this way. The rotation takes ca. 3.5 h. The head eventually reaches its final
position, at the anterior pole of the egg.
Three drawbacks eventually led me to decide that the use of DSLM in combination with the
given Tribolium line was not suited to study the formation of the CLR. First, the nuclear localization of the GFP made it impossible to follow the fate of individual cells through mitosis.
Hence, a fate map for single cells throughout development cannot be established. Second, the
constitutive expression of the GFP in all embryonic tissues leads to a strong signal in the
extraembryonic membranes overlying the embryo proper which impeded the tracing of embryonic cells. Third, the anterior head takes a ventral position only until ca. 12-13 h AEL (Fig.
4J) and a terminal position afterwards. Hence, for visualization of the anterior head throughout development, the egg has to be imaged in a tilted position, for which DSLM is unsuitable.
4.1.2

FM® 1-43 staining – snapshots of development

By investigating fixed embryos of many different developmental stages, I sought to get an
insight into head morphogenesis. I stained embryos with the membrane marker FM® 1-43.
This dye also stains the yolk cells, and thus the yolk had to be removed from the germ bands.
To make sure that the embryos maintained their natural shape, they were embedded floating
freely in the mounting medium. Besides the fact that the serosa is often peeled off the germ
band during preparation, I did not detect any obvious preparation artifacts in the embryos
shown in Fig. 5, Fig. 6 and Fig. 7.
In germ rudiments, the extraembryonic membranes (amnion and serosa) surround the embryo proper and are connected to its entire rim. Both, ectodermal (lateral) and mesodermal
(median) embryonic anlagen are in contact with the extraembryonic membranes in the anterior embryo (not shown; Handel et al., 2000). The connection persists at least for some time
33

Results

while the mesoderm invaginates. In early serosa window stages (Fig. 5A, A1), the ectoderm
forms two elevations (ect in Fig. 5A1) and the invaginating mesoderm between them (arrowhead in Fig. 5A1) are clearly visible. The embryo has already started to sink into the yolk and
the amniotic fold is beginning to expand over the germ rudiment (af in Fig. 5A1). A bridge
between amnion and mesoderm is visible (arrow in Fig. 5A1) and splits the lateral ectodermal
layer in the anterior head.

Fig. 5: FM® 1-43 staining reveals an involvement of the extraembryonic membranes in embryonic head morphogenesis. (A, B) 3D projections of confocal stacks of FM® 1-43 stained late germ rudiment and early elongating embryo. (A1, B1, B2) Single top-to-bottom planes of the respective stack; red: FM® 1-43; blue: Hoechst
33342. Anterior is up. (A, A1) The serosa window is still widely open in this germ rudiment stage embryo (dot-
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ted line). The amniotic fold (af) is already present around the whole germ rudiment. The mesoderm is
invaginating (arrowhead) between the bulged ectoderm (ect). The anterior invaginating mesoderm remains connected to the amniotic fold growing over the germ rudiment (arrow). (B-B2) Early elongating germ band stages
still possess a small serosa window (dotted line). The amniotic cavity (ac) is clearly visible as the space between
amnion (a) and embryo proper in optical sections. The ectodermal bulges fused over the mesoderm in the posterior head, while they remain separate in the anterior (white arrowhead). At the anterior tip of the germ band, a
fold separating the head lobes is established (arrow in B1). Apparently, it is formed by amniotic cells. It is still
connected to the mesoderm (arrow in B2). An apparently mesenchymal cell mass at the anterior tip of the embryo remains uncovered by the amnion (empty arrowhead).

As inferred from in vivo imaging, the position of the mesodermal-amniotic connection appears to be relatively static while the germ band starts to elongate (see attached video file on
p. 110 and Sarrazin et al., 2012). An anterior movement of the ectodermal plates relative to
the connection leads to the formation of a fold of the amnion between the ectodermal plates of
both head sides (arrow in Fig. 5B1). This structure will be referred to as “anterior fold”. The
ectoderm of the head lobes is separated by the anterior fold (Fig. 5B1, B2). The ectodermal
bulges (ect in Fig. 5B1) fuse in the posterior head to cover the mesoderm completely, while
they stay separated in the anterior by the anterior fold (white arrowhead in Fig. 5B1). Cells
are visible within the anterior fold, which do not appear to be organized in an epithelium, but
rather mesenchymal (empty arrowhead in Fig. 5B1 and B2). Thus, they probably belong to
the mesoderm or are endodermal precursor cells.
The anterior fold separating the anterior ectoderm can still be recognized during further development (arrows in Fig. 6A1, A2). It still encloses the mesenchymal cell mass mentioned
above (empty arrowhead in Fig. 6A3) and separates the ectoderm (ect in Fig. 6A2) of both
head lobes. The amniotic cavity is clearly visible posterior to the anterior fold where the ectoderm apparently has not yet fused completely (arrowhead in Fig. 6A2).
The anterior fold is not detectable anymore when the labrum anlagen start to become clearly
visible (Fig. 6B-B2). It has either merged with the embryo proper or both have become very
closely attached. The ectodermal tissue of both head lobes appears to be continuous (Fig.
6B2). A sub-terminal connection between the germ band and the amnion persists (arrow in
Fig. 6B1), which might be the remnants of the anterior fold. It appears to separate the paired
labrum anlagen (lr in Fig. 6B1). The posterior end of this connection matches the position of
the later forming stomodaeum.
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Fig. 6: The anterior fold separates the ectoderm of the head lobes. (A, B) 3D projections of confocal stacks of
FM® 1-43 stained late germ rudiment and early elongating embryo. (A1-A3, B1, B2) Single top-to-bottom
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planes of the respective stack; red: FM® 1-43; blue: Hoechst 33342. Anterior is up. (A1-A3) The anterior fold
becomes narrower during following developmental stages and encloses the previously uncovered mesenchymal
cell mass (empty arrowhead in A3). It still separates the ectoderm of both head lobes. The fold is connected to
the ectoderm at the sides (arrows in A1). Posterior of the fold, a cavity is present in top planes (arrowhead in
A2). Apparently, here the ectodermal bulges are still separated and the connection between anterior fold and
mesoderm persists (arrow in A3). (B-B2) When the labrum (lr) starts to develop, the anterior fold is not visible
anymore. The ectoderm of both head lobes has probably fused as it appears to be contiguous across the midline
(B2). A connection between germ band and amnion (a) at a sub-terminal position might be the remnant of the
anterior fold (arrow). It appears to separate the labrum anlagen.

The connection between germ band and amnion is partly still visible when the stomodaeum
(st in Fig. 7) begins to invaginate (arrows in Fig. 7A1 and A2). It is located directly in front of
the stomodaeal invagination site. As already mentioned, the stomodaeum invagination appears to match the posterior end of the sub-terminal connection between amnion and embryo
proper. It remains to be confirmed by staining with appropriate markers (see below) whether
the anterior fold forms the stomodaeum.
The connection cannot be recognized anymore during further development when major
morphogenetic movements take place (Fig. 7B, B1): all head appendages are elongating and
the stomodaeum invagination is progressing towards the interior and becomes enclosed by
mesenchymal cells (mes in Fig. 7B1).
The apparent folding of the extraembryonic membranes and its role in the separation of the
head lobes and the formation of the overall shape of the head were unexpected. I will come
back to this finding when I discuss the development of gene expression patterns in the head.
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Fig. 7: The stomodaeum appears to form at the position of the anterior fold. (A, B) 3D projections of confocal
stacks of FM® 1-43 stained late germ rudiment and early elongating embryo. (A1-A3, B1) Single top-to-bottom
planes of the respective stack; red: FM® 1-43; blue: Hoechst 33342. Anterior is up. (A-A3) During the beginning invagination of the stomodaeum (st), the amnion (a) is still visible around the germ band. The apparent
remnants of the anterior fold (arrows) still separate the labrum anlagen (lr). The stomodaeum appears to form at
the position where the mesenchymal cell mass was enclosed by the anterior fold (compare its position to the
empty arrowhead fold in Fig. 6). It is also visible in bottom planes (empty arrowhead in A3). (B, B1) When the
anlagen of labrum, stomodaeum, antennae (an) and mandibles (md) are clearly visible, remnants of the amnion
are still detectable at the anterior end of the embryo (arrow). The putative mesoderm (mes) surrounds the
invaginating stomodaeum (empty arrowhead).
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4.1.3

Contribution of cell death and proliferation to anterior head development

Proliferation and cell death are also important players when it comes to development of
morphology. I analyzed to which extent they contribute to the morphogenesis of the anterior
embryonic head. Embryos were subdivided into three developmental classes: (1) germ rudiments (Fig. 8A); (2) elongating germ bands (Fig. 8B-D, G, H); (3) retracting germ bands (Fig.
8E, F). Dying and proliferating cells were counted for each class. Cell death was visualized
with the TUNEL method (Fig. 8A-F, I; see Gavrieli et al., 1992) and proliferating cells were
immunolabeled with antibodies against phosphorylated Histone H3 (Fig. 8G, H, J, K; see
Hendzel et al., 1997).
Fig. 8: Cell death
and proliferation in
the anterior head.
(A-F) Successively
older embryos after
TUNEL.

(G,

H)

Inverted maximum
projections of the
green

channel

of

confocal stacks of
embryos

stained

with anti-PH3 antibody. Dotted lines
indicate the boundary between anterior
and posterior head.
Only cells anterior
to

this

boundary

were counted. Anterior is up. (I) Mean
numbers of dying
cells per stage. (J)
Mean numbers of
proliferating

cells

per stage. (K) Number of proliferating
cells per embryo.
(A) No cell death is
detected

in

germ

rudiments. (B-D) Few dying cells are visible during germ band extension. Cells in the serosa (arrowheads) as
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well as in the embryo proper (arrows) undergo cell death. (E, F) More dying cells are found in retracting germ
bands (arrows). All of them are cells of the embryo proper. (G, H) Two embryos of an age corresponding approximately to (C) show huge differences in the numbers of proliferating cells. 10 cells undergo mitosis in (G);
56 undergo mitosis in (H). I did not differentiate between cells of embryonic and extraembryonic tissue or between different germ layers. (I) Cell death levels rise during development. (J) Levels of proliferation appear to
increase with age, but only two and three embryos were analyzed for germ rudiments and retracting germ bands,
respectively. (K) Embryos were organized by age and proliferating cells were counted. Embryos that appear to
be of similar age can vary largely in the number of proliferating cells. The embryos shown in (G) and (H) are
indicated.

No dying cells were found in embryos of the germ rudiment stage (n = 34; Fig. 8A and I).
During elongation, few dying cells can be found (1.2 dying cells per embryo; n = 67; Fig. 8BD and I). Most of them are cells of the serosa, as inferred from their size and position (arrowheads in Fig. 8C and D). Retracting germ bands show highest levels of cell death with a mean
value of 4.5 dying cells per embryo (n = 25; Fig. 8E, F and I). I find, however, embryos without dying cells as well as embryos with 19. Dying cells appear to be not localized to a specific
region (e.g. Fig. 8E), which makes an important role in the shaping of specific head parts rather unlikely. Numbers of dying cells can also be found in the appendix (p. 112).
Proliferation appears to increase with age (Fig. 8J). However, due to time limitation, examination of proliferation in the anterior head was not done to a satisfying extent: only two germ
rudiments and three retracting germ bands were analyzed. Numbers of proliferating cells per
embryo range from 10 to 94 in elongating germ bands (n = 24; mean = 38.4) and no clear
trend is observable (Fig. 8K). Numbers can also be found in the appendix (p. 111).

4.2 A set of genes is expressed in the CLR and is required for its proper
development
4.2.1

Expression of genes in the anterior head

Previous works indicated that the anterior head can be subdivided into a median region
which is mostly free of neurogenic cells (the CLR) and a lateral neurogenic region. Gene expression patterns in the head can be subdivided into three categories: (1) expression predominantly in the CLR; (2) expression excluding the CLR; (3) ubiquitous or broad expression
(Kittelmann, 2008; Posnien, 2009; Posnien et al., 2010; Koniszewski, 2011; Posnien et al.,
2011b). I wanted to test the hypothesis that the expression patterns recapitulate sharp boundaries between a median labral-stomodaeal and an outer neurogenic compartment.
First, I systematically searched for new genes expressed exclusively in the CLR
(Kittelmann, 2008). Therefore, I screened the literature and the Drosophila databases BDGP
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(Tomancak et al., 2002) and FlyExpress (Kumar et al., 2011; Konikoff et al., 2012) for genes
that were expressed in clypeolabrum and foregut or in a similar pattern to cnc, respectively.
Homologous genes were cloned from Tribolium cDNA and their expression pattern was determined by in situ hybridization (Schinko et al., 2009). Promising candidates were afterwards
knocked down by parental RNAi (Posnien et al., 2009a) and defects were analyzed in developing L1 larvae as well as in embryos. I also did double in situ hybridizations with genes expressed in the CLR and in a surrounding fashion.
Most expression patterns of the candidate genes had not been described when I started my
PhD thesis. In the meantime, however, all but Tc-tup have already been published. Hence, I
am just briefly describing their expression patterns with focus on aspects required for subsequent discussion
Seven transcription factors are expressed specifically in the developing CLR
Most of the genes expressed specifically in the CLR (in the following: “CLR markers”) do
not show highly dynamic changes of expression patterns. Rather, the pattern appears to
change together with the already described morphogenetic movements in the head. This is
especially true for the early expressed CLR markers. The major expression domain is shifted
from a terminal to a sub-terminal location (Tc-croc, Tc-scro, median domain of Tc-six3, labral
domains of Tc-chx) or the genes are expressed along the anterior fold and change with its appearance: they start to be expressed as two domains which fuse in the posterior and spread
around the time when the anterior fold apparently merges with the ectoderm (Tc-cnc, Tcscro). In most cases, expression in other head regions arises later than in the CLR.
Tc-six3 expression has been described in detail by Posnien et al., (2009b; 2011b). Expression starts in blastoderm stages (not shown), which makes Tc-six3 the earliest CLR marker.
Early germ rudiment stages (Fig. 9A1) show expression in a single domain, which is weaker
in the anterior mesoderm (arrowhead in Fig. 9A1) and resolves into three separate domains
during germ band elongation (Fig. 9A2-A5). The outer domains (arrow in Fig. 9A3-A7) mark
neurogenic precursors (Posnien et al., 2011b) while the central domain marks clypeus, labrum
and the roof of the stomodaeum. The central domain is expressed along the anterior fold during germ band extension.
Expression of Tc-croc has been described by Economou and Telford (2009). It starts only
slightly later than Tc-six3. It is expressed in an anterior domain comprising the anterior mesoderm anlage in early germ rudiment stages (Fig. 9B1). Expression persists as a single domain
until later elongating germ band stages (Fig. 9B2-B3). Subsequently, expression decreases in
the probably mesodermal center of the domain, while strong expression persists in the proba41
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bly ectodermal lateral parts (Fig. 9B4-B5). The domain retracts from the anterior rim of the
embryo, eventually leading to a half ring of expression around the posterior rim of the stomodaeum (Fig. 9B5-B7; compare to expression of Tc-fkh in the stomodaeum anlage, Fig. 9E2-E6).
During germ band elongation, additional domains arise in the ocular region (arrow in Fig.
9B5-B7) and weak expression domains in a segmental pattern as well as a domain in the
growth zone become visible (not shown). Weak expression can also be found in the labrum
anlagen (arrowhead in Fig. 9B6).

Fig. 9: Genes with a dominant expression in the CLR. Embryos in a row are of approximately the same age.
Each column shows staining the same gene in successively older embryos; gene names are indicated. Red staining, where present, marks Tc-wingless (Tc-wg) expression. Anterior is up in all images. (A1-A7) Early germ
rudiments show Tc-six3 expression in a single domain at the anterior rim which is weaker in the center (arrowhead in A1). Expression shifts towards the posterior in serosa window stages (arrowhead in A2). During germ
band elongation, expression splits into three separate domains, the two outer ones marking neurogenic tissue
(arrow in A3-A7), the inner one marking the labrum and the stomodaeum roof (arrowhead in A3 and A4). The
central domain is clearly marking the anterior fold (arrowhead in A3). Additional domains arise in the ocular
region during later germ band elongation (arrowheads in A5-A7). The Tc-six3 expressing neurogenic tissue fuses
dorsally from the labrum during later embryogenesis (arrow in A7). (B1-B7) Expression of Tc-croc starts as a
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single domain in germ rudiments, comprising the anterior mesoderm anlage (B1). Expression condenses in serosa
window stages (B2) and is still detectable as a single domain comprising mesodermal cells during early germ
band elongation (B3). Expression ceases in the center during further development (B4). The remaining expression
surrounds the stomodaeum anlage posterior and is considerably stronger in two lateral spots (arrowhead in B4).
A secondary domain arises in the ocular region (arrow in B5 and B6). Weaker expression is detectable in the
labrum anlagen during later developmental stages (arrowhead in B6) leading to a ring of expression around the
stomodaeum (B7). Further expression domains connected to the central domain arise in the neurogenic region
(arrows in B7). (C1-C7) Expression of Tc-cnc starts in the ectoderm of the mandible segment anlage in older germ
rudiments (arrowhead in C1). The expression domains are separated by the mesoderm between them. The lateral
plates fuse in the serosa window stage (arrowhead in C2) and the mandible expression becomes a single domain.
Two separate domains arise at the anterior of the embryo, which are expressed along the anterior fold in subsequent stages (arrow in C2-C4) and eventually fuse at the posterior (arrow in C4). Slightly later, Tc-cnc is broadly
expressed and marks the labrum anlagen (C5-C7). Weak expression stripes surround the stomodaeum in later
stages (arrowheads in C6 and C7). (D1-D6) Expression of Tc-scro starts as two separate spots at the anterior (arrowheads in D1). Like Tc-cnc, expression of Tc-scro marks the anterior fold in the anterior head, but at a slightly
more posterior position (D2, D3) and has no contact to the anterior rim of the head in older embryos (D4). Expression spreads out during germ band extension (D3, D4) and secondary domains arise in the ocular region (arrowhead in D4-D6) and in the neurogenic region (arrow in D4-D6). Expression ceases in the center of the median
domain while the stomodaeum invaginates (D5). Expression is thus restricted to the region around the stomodaeum and the proximal parts of the labrum anlagen, where it continues in older embryos (D6). (E1-E6) Tc-tup is
expressed in the extraembryonic membranes in early germ bands (E1, E2). Expression concentrates in the anterior
fold (arrowhead in E3 and E4) and additional expression starts in the pre-ocular region (arrow in E3-E5). The
anterior rim of the developing labrum shows strong expression in older embryos (black arrowhead in E5), and
weaker expression is detected in the stomodaeum (empty arrowhead in E5). These domains persist during later
stages (E6). (F1-F5) Expression of Tc-fkh is first visible in yolk cells (arrowhead in F1). It starts being expressed
in the stomodaeum anlage during early germ band elongation (arrow in F1 and F2). Secondary domains arise in
the ocular region (arrow in F3 and F4) and in the nervous system (arrowhead in F3 and F4) during later germ band
extension. Expression is strongest in the stomodaeum (F4, F5). (G1-G5) Expression of Tc-chx is first detected as a
single anterior domain during early germ band elongation (arrow in G1). The domain splits into two separate
domains (G2) with weaker expression medially (arrowhead in G3 and G4) and stronger expression laterally (arrow in G3 and G4). The stronger region marks the neurogenic tissue that fuses dorsally of the labrum during later
development (arrow in G5), whereas the weaker domain persists at the base of the labrum (arrowhead in G5). An
additional domain in the ocular region is detected in older embryos (empty arrowhead in G5).

Also expression of Tc-cnc has been analyzed by Economou and Telford (2009). Expression
is first seen in the mandibular segment (arrowhead in Fig. 9C1 and C2). Expression in the labrum starts as two separate domains (arrow in Fig. 9C2) which expand towards the posterior
along the anterior fold (arrow in Fig. 9C3) and eventually fuse at the posterior tip of the fold
(arrow in Fig. 9C4). Expression spreads in the anterior median ectoderm during the time when
the anterior fold merges with the ectoderm (Fig. 9C5; see Fig. 6). The region Tc-cnc is ex43
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pressed in will give rise to the labrum. Expression in the labrum anlagen persists throughout
embryonic development. A half ring around the posterior rim of the stomodaeum arises in
fully elongated germ bands (arrowheads in Fig. 9C6 and C7) and is expressed in the same region as Tc-croc (see Economou and Telford, 2009).
Similar to Tc-cnc, Tc-scro starts being expressed as two separate domains (arrowheads in
Fig. 9D1; Posnien et al., 2011b) which extend along the anterior fold and fuse during germ
band elongation (Fig. 9D2 and D3). The expression domain retracts from the anterior rim of
the embryonic head while spreading in the ectoderm during later elongating germ band stages,
leaving the distal part of the labrum anlagen free of expression (Fig. 9D4). At the same time,
additional domains arise in the ocular region (arrowhead in Fig. 9D4-D6) and lateral of the
central domain (arrow in Fig. 9D4-D6). Expression in the center of the major domain fades
away in fully elongated germ bands, eventually leading to a ring shaped expression around the
stomodaeum (Fig. 9D5).
Expression of Tc-tup starts in the extraembryonic membranes (Fig. 9E1 and E2) and becomes stronger in the anterior fold (arrowhead in Fig. 9E2 and E3). It resolves into one domain
at the anterior rim of the labrum anlagen (black arrowhead in Fig. 9E5) and one in the stomodaeum (empty arrowhead in Fig. 9E5). Expression domains in the ocular region (arrow in Fig.
9E3-E5) arise during germ band elongation.
Tc-fkh expression has already been characterized by Schröder et al. (2000). Tc-fkh is expressed in yolk nuclei from early germ rudiment stages (not shown) until early elongating
germ band stages (arrowhead in Fig. 9F1). It becomes expressed in the stomodaeum (arrow in
Fig. 9F1) and the proctodaeum (not shown) during germ band elongation. Here, expression
persists throughout development. Additional expression domains arise along the ventral midline of the embryo (arrowhead in Fig. 9F3 and F4) and in the ocular region (arrow in Fig. 9F3
and F4).
In contrast to Posnien et al. (2011b), I find Tc-chx starting to be expressed in a single domain at the central anterior rim of the embryonic head (arrow in Fig. 9G1). The exact assignment of the expressing cells to one of the germ layers is not possible. At this time, the anterior
fold already starts to fuse with the ectoderm. Hence, cells in this location could be ectodermal.
The domain subsequently splits into two separate domains with an inner part of weaker expression eventually marking the labrum (filled arrowhead in Fig. 9G3-G5) and an outer part of
stronger expression eventually marking the anlagen of the pars intercerebralis (arrow in Fig.
9G3-G5; see de Velasco et al., 2007 and Posnien et al., 2011b). An additional domain arises in
the ocular region of fully elongated germ bands (empty arrowhead in Fig. 9G5).
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A schematic overview of the CLR marker genes is given in Fig. 10. It was generated by
analysis of single as well as double in situ hybridizations (see below).
Fig. 10: Schematic overview of the CLR markers
and Tc-spi (see below).
Expression in germ rudiments

(upper

left),

during germ band extension (upper right), in
completely

elongated

(lower left), and in retracting

germ

bands

(lower right) is shown.
For each gene, expression in only one half of
the embryo is given,
except for germ rudiments, where only Tccroc and Tc-six3 are
expressed.

Only

few

markers show additional
expression outside of the
CLR during germ band
extension.
domains

Secondary
mostly

arise

during later germ band
extension, but the most prominent expression domain persists in the CLR also in completely elongated germ
bands. The expression patterns become more complex during germ band retraction. Tc-spi frames the CLR
markers but overlaps with Tc-croc and probably also with Tc-scro. Outlines for the schematic embryos and for
the expression patterns of Tc-six3 and Tc-scro were provided by N. Posnien (see Posnien, 2009; Posnien et al.,
2011b).

Another set of transcription factors frames the CLR
The CLR has been defined as the non-neurogenic part of the non-segmental anterior head.
Clear boundaries between the neurogenic and the non-neurogenic region could indicate that
both are in fact distinct developmental units. The genes described above mark the CLR specifically throughout embryonic development. In contrast to that, many genes expressed in the
anterior head appear to exclude the CLR (in the following: “outside markers”). Double in situ
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hybridizations for CLR markers and outside markers were used to test whether boundaries
between the CLR and the neurogenic part of the anterior head could be defined.
Expression of the outside markers has already been described. I chose genes as markers
which are expressed early in the anterior head in a pattern excluding the CLR. Taken together,
all outside markers frame the CLR perfectly. The chosen outside markers are Tc-otd-1 (Li et
al., 1996; Schröder, 2003; Schinko et al., 2008), Tc-tll (Schröder et al., 2000; Posnien et al.,
2011b), Tc-empty spiracles (Tc-ems; Schinko et al., 2008), Tc-labial (Tc-lab; Nie et al., 2001;
Economou and Telford, 2009; Posnien and Bucher, 2010) and Tc-spi (Kittelmann, 2008;
Grossmann, 2011). As a marker for neurogenic tissue, the neuroblast marker Tc-ase (Posnien
et al., 2011b) was used.
The first CLR markers whose early expression patterns appear to be highly precise are Tccroc and Tc-cnc. Expression of both genes together marks the complete CLR: Tc-croc marks
the whole CLR during early development and the stomodaeum region during later stages,
while Tc-cnc marks the anterior CLR with the labrum anlagen. They were therefore chosen as
good CLR markers for counterstaining. The results of the double in situ hybridizations are
shown in Fig. 11.
Tc-cnc is expressed mainly in the anterior CLR and only later in the posterior. Hence, coexpression was only tested for outside markers expressed in the anterior. Tc-cnc is not coexpressed with Tc-tll, Tc-spi or Tc-ase (Fig. 11A-D). Additionally to marking the lateral
neuroectoderm, Tc-ase in also marks neuroblasts in the stomodaeum that will later probably
contribute to the stomatogastric nervous system (arrow in Fig. 11G and I’; see Hartenstein et
al., 1996; Posnien et al., 2011b). These neuroblasts are surrounded by Tc-cnc, but also this
expression does probably not overlap.
In contrast to Tc-cnc, Tc-croc shows overlapping expression with Tc-otd1 (Fig. 11E-F’), Tcems (Fig. 11G), Tc-tll (Fig. 11H, H’), Tc-spi (Fig. 11J, J’) and Tc-ase (Fig. 11K, L) in the lateral part of its expression domain. The region I detect overlapping expression in appears to be
the same for all genes (compare to arrowhead in Fig. 11M). It is the region with stronger Tccroc expression lateral of the stomodaeum (compare to arrowhead in Fig. 9B5). In the posterior, expression of Tc-croc borders directly to that of Tc-lab (arrowhead in Fig. 11I; see
Economou and Telford, 2009) and Tc-spi (arrow in Fig. 11J’).
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Fig. 11: Double in situ hybridizations
of CLR markers and outside markers.
Anterior is up in all images. (A-D) Tccnc expression is stained in orange;
outside marker expression is stained in
blue. (E-L) Tc-croc expression is
stained in orange or brown; outside
marker expression is stained in blue.
(M) Double in situ hybridization of two
outside markers. Gene names are indicated for each staining except for the
magnifications. (A) Tc-tll is expressed
in the neurogenic parts of the nonsegmental region and in the ocular
region (Schröder et al., 2000). Tc-tll
and Tc-cnc are expressed directly adjacent (arrowhead in A), but expression
does not overlap. (B) Tc-spi is expressed along the midline during germ
band elongation and forms a Y-shaped
expression

pattern

in

the

head

(Kittelmann, 2008; Grossmann, 2011).
Expression of Tc-cnc is directly adjacent to that of Tc-spi (arrowhead in E).
(C, D) The neuroblast marker Tc-ase is
expressed lateral of Tc-cnc. During
later germ band elongation, Tc-ase expression can be detected in a small subset of neuroblasts delaminating from
the stomodaeum and presumably forming the stomatogastric nervous system (arrow in D; Posnien et al., 2011b).
Also these later forming neuroblasts develop in the Tc-cnc-free region. (E-F’) Tc-otd1 shows expression in the
head lobes as well as along the midline (Li et al., 1996). The most lateral cells expressing Tc-croc also show
expression of Tc-otd-1 (arrowheads in E, F’). (G) Tc-ems is expressed in the antennal segment and in a segmental fashion. Secondary domains arise lateral from the stomodaeum anlage in elongating germ bands (Schinko et
al., 2008). Tc-ems and Tc-croc are not co-expressed in early developmental stages (not shown). However, the
secondary Tc-ems domains arise within the lateral tips of Tc-croc expression (arrowhead). (H, H’) Tc-tll and Tccroc show overlapping expression in the lateral region of the Tc-croc domain, as well (arrowheads in H’). (I)
The intercalary marker Tc-lab (Nie et al., 2001) is expressed directly adjacent to the posterior tip of Tc-croc
expression (arrowhead; see also Economou and Telford, 2009). (J, J’) Tc-spi and Tc-croc expression overlap in
the lateral part of the Tc-croc domain (arrowhead in F’). The overlapping region appears to be the same as for
Tc-tll and Tc-ems (compare to arrowheads in B’ and C). Expression in the posterior does not overlap (arrow in
F’). (K, L) At least two cells show co-expression of Tc-ase and Tc-croc (arrowheads in K), whereas the presum-
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able stomatogastric neuroblasts lie in the Tc-croc free region (arrow in K). (M) Tc-spi and Tc-ems are coexpressed in the same region, in which they overlap with Tc-croc expression (arrowhead).

In the posterior, Tc-croc and Tc-lab are expressed in adjacent cells. In the anterior, there is a
clear boundary between expression of Tc-cnc and all lateral markers. Thus, the clypeolabrum
and the stomodaeum anlagen are clearly separable from the surrounding neurogenic tissue and
the posterior intercalary segment. However, Tc-croc marks in addition cells in the neurogenic
head region, where its expression overlaps with the respective marker genes. Hence, it does
not function as a marker for the lateral CLR boundary.
Fig. 12 shows a schematic of the outside markers.
Fig. 12: Schematic overview

of

the

outside

markers. Expression in
germ rudiments (upper
left), during germ band
extension (upper right),
in completely elongated
(lower left), and in retracting

germ

bands

(lower right) is shown.
For each gene, expression in only one half of
the embryo is given for
completely elongated and
retracting germ bands.
The

outside

markers

show either no expression in the CLR and
rather frame it or have
transient and small expression domains apparently marking a subset of
CLR cells. Outline for
the schematic embryos
and for the expression
patterns of Tc-wg, Tcotd-1, Tc-tll and Tc-ems provided by N. Posnien (see Posnien, 2009; Posnien et al., 2011b).
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Expression of further genes tested as markers
Some of the genes I tested as CLR markers or outside markers due to their expression pattern in Drosophila turned out to be either expressed very differently than expected or in a pattern that was not specific enough to serve as good markers. Expression of Tc-hbn will be described for subsequent discussion; please refer to Kittelmann (2008) for details of the other
genes.
Tc-hbn is not expressed in early blastoderm stages (not shown), but expression starts during
blastoderm in an anterior cap (arrowhead in Fig. 13A). Early germ rudiment stages show expression in the anterior head, whereas the median region is free of expression (Fig. 13C). The
expression becomes restricted to the outer anterior head lobes during germ band extension
(Fig. 13D) and eventually the ocular region, where it is expressed as half circles (Fig. 13F).
Fig. 13: Expression of Tc-hbn. Anterior is left in A and B; anterior is up in C-F. (A, B) Blastodermal stages start expressing Tchbn in an anterior cap (arrowhead). (C) Expression becomes
restricted to the outer parts of the anterior head anlagen (arrowhead). The median region shows no expression (arrow). (D) Expression is found in the outer head lobes during early germ band
extension (arrowhead). (E) Expression stripes extend towards the
posterior in older elongating germ bands (arrowhead). (F) Eventually, the expression pattern becomes a half circle in the ocular
region (arrowhead).

The terminal gap gene hkb is known as a marker for the endodermal anterior midgut
primordium in Drosophila and has an important function in development of the anterior gut
(Weigel et al., 1990; Brönner and Jäckle, 1991; Reuter and Leptin, 1994; Brönner et al., 1994;
Brönner and Jäckle, 1996). In situ hybridization for Tc-hkb showed that the expression pattern
is not conserved in Tribolium. Expression does not start before germ band elongation and is
then found in a segmental fashion (Fig. 14).
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Fig. 14: Expression of Tc-hkb is shown in successively older embryos; anterior is left. (A) Expression starts as
two spots in the maxillary segment (mx) during germ band elongation. (B) Bilateral expression is detected slightly later in the mandibular (md) and antennal segment (an). (C) More posterior segments start expressing Tc-hkb:
labial segment (lb); first thoracic segment (t1). Expression becomes stronger in every second segment, starting
with the antennal segment. (D, E) Segmental expression progresses towards the posterior (t1, t2: second and
third thoracic segments; a1: first abdominal segment). Secondary expression domains are detected in the maxillary segment and more posterior segments (arrowheads). (F, G) Secondary domains in the antennal segment
(arrowheads) are detected before secondary domains arise in the mandibular segment (arrow). (H) All expression
domains are visible in completely elongated germ bands. (I) Expression of Tc-hkb decreases during germ band
retraction.
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4.2.2

Loss of function of the markers – drawing conclusions about their role in development and gene regulation

Tc-six3 is necessary for establishment of the anterior CLR
It has already been shown that Tc-six3 RNAi leads to the loss of a triangular region in the
anterior head of the Tribolium embryo. This triangular region contains the anlagen of the labrum as well as of parts of the brain. The remaining parts of the embryonic head often fuse
along the midline, which leads to a characteristic change of gene expression patterns: domains
outside of the deleted region come closer together due to the loss of tissue between them. L1
larvae are characterized by absence of the clypeolabrum, the central body of the brain and the
foregut (Posnien et al., 2009b; Posnien et al., 2011b). I evaluated gene expression patterns of
markers which had not been studied previously after Tc-six3 loss of function.
Tc-croc is expressed almost like in untreated animals and only most anterior aspects are deleted. The deleted expression domains lie probably in ectodermal tissue, while the more posterior mesodermal expression aspects appear largely unchanged (Fig. 15A1-B4). Expression of
Tc-cnc (Fig. 15C1-D4) and Tc-fkh (Fig. 15E1-F4) is lost, as both genes are expressed within the
deleted area. Aspects that lie outside of the deleted region are expressed normally, but often
appear misplaced due to the strongly altered shape of the head.
Expression of Tc-tll is not affected after Tc-six3 RNAi (not shown; see Posnien et al.,
2011b). Expression of the outside markers, Tc-ems (Fig. 16C1-D4) and Tc-spi (Fig. 16E1-F4),
is mostly like in untreated animals as well, whereas the same alterations as for CLR markers
can be found: expression domains which are usually separated come together at the midline
after Tc-six3 knockdown.
TUNEL was performed in Tc-six3 RNAi embryos to test whether the tissue loss was generated by enhanced cell death. Like untreated embryos, germ rudiments show no cell death (Fig.
17G, J). However, cell death levels are increased compared to untreated embryos during germ
band elongation (p=0.0006 after t-test; Fig. 17H, J) as well as during germ band retraction
(p=0.0329 after t-test; Fig. 17I, J). Especially neurogenic and ocular regions are affected in
embryos with high numbers of dying cells (arrows in Fig. 17I). However, I also found embryos with an obviously strong RNAi phenotype which showed no cell death in the anterior head
(not shown). Numbers of dying cells can also be found in the appendix (p. 112).

51

Results

Fig. 15: Tc-six3 RNAi leads to defects in anterior CLR marker expression. For each gene expression, untreated
(left column) and Tc-six3 RNAi embryos (right column) are displayed. Each column shows successively older
embryos. Anterior is up in all images. Image (E3) was provided by J. Ulrich. (A1-B4) Serosa window stage embryos show loss of Tc-croc expression in the anterior tips of the expression domain (arrowheads in A1 and B1).
This region is characterized by overlapping expression of Tc-six3 and Tc-croc (compare to Fig. 9A1 and B1). The
loss of tissue in the anterior head due to Tc-six3 RNAi becomes apparent during germ band extension. The Tccroc expression domain has an irregular shape but is still present (compare A2 and B2). Tc-croc expression appears almost normal in fully elongated germ bands (compare A3 and B3) but the expression domains in the labrum anlagen (arrowhead in A3) are lost, as they lie within the deleted area (compare dotted lines in A3 and A4).
Expression in both head sides comes together at the midline due to the tissue loss. In retracting germ bands, the
expression around the stomodaeum appears collapsed to a dense domain (arrowhead in B4). Expression in the
neurogenic region appears normal (compare arrows in A4 and B4). (C1-D4) Expression of Tc-cnc in the labrum is
absent (compare arrowheads in C1, C2, D1 and D2 and dotted lines in C3 and D3), while it is normal in the mandibular segment. The expression domain around the stomodaeum is present, but appears collapsed (compare
arrowheads in C4 and D4). (E1-F4) The stomodaeum expression domain of Tc-fkh does not develop after Tc-six3
RNAi (compare arrowheads in E1-F2). Expression along the ventral midline is present (compare arrowheads in
E3 and F3), while the domains directly lateral of the stomodaeum (arrow in E3) are absent.
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Fig. 16: Expression of outside markers after Tc-six3 RNAi. For each gene expression, untreated (left column)
and Tc-six3 RNAi embryos (right column) are displayed. Each column shows successively older embryos. Anterior is up in all images. Image (A4) was provided by J. Schwirz. (A1-B4) As already shown by Posnien et al.
(2011b), the ocular expression domain of Tc-wg is expanded towards the midline of the embryo (arrowheads in
A1 and B1). The antennal Tc-wg stripes are usually positioned in a 45° angle with respect to more posterior
stripes (arrow in A2). Due to the deleted region (compare dotted lines in A2 and B2), the head lobes move towards each other and the antennal Tc-wg stripes end up parallel to the posterior stripes (arrowhead in B2). The
stomodaeum domain of Tc-wg is often not deleted, but reduced (arrowheads in A3, A4, B3 and B4). (C1-D4) The
segmental expression of Tc-ems is not altered after Tc-six3 RNAi. In contrast to that, the secondary domains
arising lateral of the stomodaeum during germ band extension come together along the midline and are often
fused and expanded (compare arrowheads in C2-C4 and D2-D4). (E1-F4) Expression of Tc-spi appears normal in
serosa window stage embryos (E1, F1). Tc-spi expression is weaker in the antennal region of untreated embryos
during germ band elongation (arrow in E2). The weaker expression domain is apparently absent after Tc-six3
knockdown (compare arrows in E2 and F2) and the broad domain is fused to the midline expression (compare
arrowheads in E2-E4 and F2-F4). Expression in the ocular region appears normal but is shifted (compare arrows in
E3, E4, F3 and F4).
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Fig. 17: Cell death increases after
knockdown of Tc-six3. (A-F) Successively older embryos after TUNEL
without RNAi treatment (first row) and
after Tc-six3 RNAi (second row). Each
column shows embryos of comparable
age. Anterior is up. (G) Mean numbers
of dying cells per stage in untreated
(white) and Tc-six3 RNAi embryos
(grey). Error bars indicate standard
error of the mean. Asterisks indicate
significance after t-test (one asterisk:
p ≤ 0.05; three asterisks: p ≤ 0.001).
(A, D, G) Untreated as well as Tc-six3
RNAi embryos of germ rudiment stage
show usually no cell death in the anterior head. (B, E, G) Few dying cells
(1.2 per embryos; n = 67) are found in
untreated embryos during germ band
extension. Most of them can be assigned to extraembryonic tissues (arrowheads in B). Cell death is significantly higher in Tc-six3 RNAi embryos
(p=0.0006; 4.9 cells per embryo;
n = 67). Dying cells can again be found
in the serosa (arrowheads in E), but additionally, cells in the embryo proper undergo cell death (arrows). (C, F,
G) Untreated retracting germ bands show higher levels of cell death than elongating ones (4.5 cells per embryo;
n = 24). Cell death levels are again significantly higher after knockdown of Tc-six3 (p=0.0329; 12.0 cells per
embryo; n = 24). Apparently, all dying cells belong to the embryo proper (arrows). In Tc-six3 RNAi embryos,
more cells undergo cell death in the neurogenic and ocular regions than in the rest of the head.

Knockdown of Tc-croc leads to misplacement of the clypeolabrum and absence of the
foregut
The most prominent phenotype after Tc-croc RNAi is a misplacement of the labrum from a
position between the antennae to the dorsal side of the head (50 %, n=80; compare arrowheads in Fig. 18B with A). The labrum remains intact in many cases and can be identified by
a typical set of four bristles, but it can also be reduced in size (arrowhead in Fig. 18C) or malformed. Analysis of the head bristle pattern (see Schinko et al., 2008; Posnien et al., 2011b)
reveals that the anterior vertex seta is misplaced together with the labrum (arrow in Fig. 18B
and A). The labrum is only slightly misplaced in more weakly affected larvae (21.25 %) and
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in those cases appears to be bent upwards (arrowhead in Fig. 18E). Occasionally, antennae are
bent upwards (15 %; arrow in Fig. 18E). The foregut is absent in most cuticles (97.5 %; for
instance in the cuticles shown in Fig. 18B, C and E). It can still be shortened and misshapen in
mildly affected cuticles in which a normal labrum is present (compare arrowhead in Fig. 18F
with D). No developmental defects were detected in other body regions than the clypeolabrum
and the foregut.
Fig. 18: L1 larval
cuticles after Tccroc RNAi. Anterior is left. (A, D)
Untreated cuticles;
lateral and ventral
view.

(B,

C)

Knockdown of Tccroc leads to a misplacement

of

the

labrum to the dorsal
side of the head
(compare

arrow-

head in A, B, C).
Also

the

bristle

marking the clypeus is misplaced (compare arrow in A, B). The misplaced clypeus and labrum are in many cases
shaped like in untreated animals (B). Sometimes they are reduced in size or misshapen (C). (E) Dorsal movement of the labrum is less pronounced in more weakly affected animals and thus it appears to be bent upwards
(arrowhead). Sometimes also one of the antennae is curved (arrow). (F) Most weakly affected larvae develop a
normal labrum at the correct position but the foregut is shortened and misshapen (compare arrowheads in D and
F). In B, C and E no foregut developed.

Embryonic defects after Tc-croc RNAi are restricted to the stomodaeal region
The genesis of the cuticle defects was investigated by analyzing the development of Tc-croc
RNAi embryos. Despite the fact that Tc-croc is expressed from early germ rudiment stages
on, developmental defects appear only when stomodaeum formation starts in elongating germ
bands (ca. 10 Tc-wg stripes in the trunk). The stomodaeum fails to invaginate after Tc-croc
knockdown and this is accompanied by loss or reduction of stomodaeal expression of several
transcription factors: Tc-wg (Fig. 19A, B), Tc-six3 (Fig. 19C, D), Tc-scro (Fig. 19E, F), Tcfkh (Fig. 19G, H) and Tc-cnc (Fig. 19I, J). The earliest stages with clearly aberrant expression
are shown, respectively. Other expression domains of these genes are not or only slightly affected (e.g. compare arrows in Fig. 19E and F). Expression of the intercalary marker Tc-lab is
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found ectopically at a more anterior position after Tc-croc RNAi (Fig. 19K, L), indicating a
switch from stomodaeal to intercalary identity of the respective cells. Tc-tll is usually expressed in neurogenic regions lateral from the labrum and stomodaeum. Knockdown of Tccroc leads to an expansion into the stomodaeum region. The labral buds form normally in Tccroc RNAi embryos apart from being twisted inwards (see bent arrows in Fig. 19B).
Fig.

19:

Tc-croc

RNAi leads to reduced expression of
genes in the stomodaeum region. First
and

third

untreated
second

column:
embryos;

and

column:

fourth
Tc-croc

RNAi embryos; anterior is up. The earliest
stage

developmental
expression

changes were detectable in is given for
each staining. Both,
one

untreated

and

one Tc-croc RNAi
embryo of the same
stage are shown for each gene; gene names are indicated in the lower left corner of each pair. (A, B) Expression
of Tc-wg is lost or severely reduced in the stomodaeum region (compare arrowheads). The labrum domains,
facing outwards in untreated embryos are twisted inwards after Tc-croc RNAi (arrows in B). (C, D) The central
expression domain of Tc-six3 is reduced in size after Tc-croc RNAi (compare arrowheads). The lateral neurogenic domains are not affected. (E, F) The central expression domain of Tc-scro is severely reduced (compare
arrowheads), whereas the lateral domains are unaffected (compare arrows). (G, H) The stomodaeum domain of
Tc-fkh is reduced (compare arrowheads), while other expression domains are unaffected. Stronger staining in the
RNAi embryo is due to overstaining (compare arrows). (I, J) The posterior expression stripes of Tc-cnc along the
stomodaeum rim are lost after Tc-croc RNAi (compare arrowheads). The labrum anlagen are attached in a wrong
angle. (K, L) The intercalary marker Tc-lab shows ectopic expression at a more anterior position after Tc-croc
RNAi (arrowhead in L). These domains sometimes fuse with each other or, in older embryos, with the original
expression domain (not shown). (M, N) Expression of Tc-tll is expanded towards the stomodaeum region after
Tc-croc RNAi (compare arrowheads).
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Aberrant morphogenesis leads to dorsal misplacement of the labrum after Tc-croc RNAi
The labrum is misplaced dorsally in Tc-croc RNAi cuticles although the labrum anlagen did
not appear to be strongly affected. I wondered whether the primary defect around the stomodaeum would interfere with proper head morphogenesis, which would secondarily lead to the
labrum phenotype. Indeed, aberrant morphogenesis was found in embryos stained with the
membrane dye FM® 1-43. The earliest visible defect is the lack of stomodaeum formation
(Fig. 20A, B, A’, B’). In these embryos, the bases of the antennae are closer together (arrowheads in Fig. 20A, B) and the head lobes show unusual folds of tissues pointing towards the
missing stomodaeum (arrows in Fig. 20 C, D). These bulges originate from lateral neurogenic
head regions marked by Tc-tll (Fig. 19M, N) and the neuroectodermal expression of Tc-six3
Fig. 20G, H). Hence, lateral tissues expand towards the missing stomodaeal tissue.
Fig.

20:

Ectopic

tissue growth instead
of stomodaeum invagination leads to
misplacement of the
labrum.
third

First

and

column:

un-

treated
second

embryos;
and

column:

fourth
Tc-croc

RNAi embryos; anterior is up. (A, B and
C-F) Projections of
confocal stacks taken
from

FM

1-43®

stained embryos. (A’,
B’) Magnifications of
the boxed region in
the respective projection. (A’’, B’’) Single planes from the respective stacks. (G-L) In situ hybridizations. Both, one untreated and
one Tc-croc RNAi embryo of the same stage are shown for each gene. Gene names are indicated in the lower left
corner of each pair. All images show ventral views except for (K) which shows a dorsal view. (A, B, A’, B’) The
stomodaeum invaginates in untreated embryos around the time when the labrum anlagen start budding. It fails to
invaginate after Tc-croc RNAi. The antenna bases come closer to each other (compare arrowheads). (A’’, B’’)
The rim of the invaginating stomodaeum forms the basis of the budding labrum anlagen in untreated embryos
(compare arrows). The labrum grows out in a wrong angle due to the lack of the stomodaeum anlagen after Tccroc RNAi. (C, D) Ectopic tissue growth takes place in Tc-croc RNAi embryos where the rim of the stomodae-
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um should be. The ectopic tissue originates from the neurogenic region lateral of the stomodaeum. (E, F) The
neurogenic tissue fuses dorsally of the labrum (lr) in untreated embryos. Instead, the ectopic tissue bulges in Tccroc RNAi embryos come together ventrally of the labrum which leads to the formation of ectopic tissue between the mouthparts and the labrum (compare arrowheads). The distance between labrum and antennae (an) is
unusually large. (G, H) Tc-six3 expression in neurogenic regions expands after Tc-croc RNAi together with the
ectopic tissue bulges towards the stomodaeal region (compare arrowheads and arrows). (I, J) The weak Tc-chx
labrum expression domain is lost after Tc-croc RNAi (compare asterisks). The stronger neurogenic expression
domain appears to be twisted inwards and expanded together with the ectopic tissue (compare arrowheads). (K,
L) The Tc-chx expressing tissue fuses dorsally of the labrum in untreated embryos. In contrast, it comes together
ventrally of the labrum after Tc-croc RNAi (compare arrowheads).

The most anterior median parts of head lobes have been identified as anlagen of the pars
lateralis and pars intercerebralis marked by Tc-six3 and Tc-chx in untreated embryos (Posnien
et al., 2011b). While being separated at early stages, they eventually fuse dorsal of the labrum
forming the dorsal head (arrowhead in Fig. 3E; see bend and zipper model in Posnien et al.,
2010; Posnien et al., 2011a). In contrast, they appear to fuse ventral of the labrum after Tccroc RNAi, thereby producing ectopic tissue between the labrum and the mouthparts (see
arrowhead in Fig. 20F). This would explain why a largely normal labrum is misplaced dorsally in the cuticles. In order to test this idea, we stained Tc-croc RNAi embryos for Tc-six3 and
Tc-chx expression. Indeed, we find that the respective domains project towards the midline
ventral of the labrum instead of dorsal (Fig. 20G-L) leading to an unusual large distance between the bases of the antennae and the labrum (compare Fig. 20E, F).
TUNEL was performed to test whether the defects in stomodaeum development were due to
enhanced cell death in Tc-croc RNAi embryos. I did not find elevated levels of apoptotic cells
in germ rudiment stages when comparing untreated and Tc-croc RNAi embryos (Fig. 21A, D
and G). Cell death levels rise during germ band elongation in untreated embryos, but most
dying cells can be identified as belonging to extraembryonic tissues (arrowheads in Fig. 21B).
Corresponding dying cells are also found after Tc-croc RNAi, but in addition cell death is
significantly increased in embryonic tissue (p=0.0017 after t-test; Fig. 21E and G). Most of
the dying cells are located in the median portion of the head in cells underlying the ectodermal tissue while cell death in the ectoderm is scarce. Significantly elevated levels of cell death
after Tc-croc knockdown are also found in retracting germ bands (p=0.0011 after t-test; Fig.
21C, F and G). Here, dying cells can be found all over the anterior head, but mostly in the
ectopic bulges. Numbers of dying cells are attached (p. 112).
Proliferating cells were visualized by PH3 staining to analyze whether the ectopic bulges
were due to aberrant proliferation. No significant changes in proliferation levels of elongating
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embryos could be detected after Tc-croc RNAi (not shown; n=24; t-test; please find the numbers on p. 111). In summary, the ectopic bulges appear to arise by aberrant tissue movement
rather than enhanced proliferation. Aberrant morphogenesis and loss of the median region
comprising the stomodaeum anlagen are accompanied by elevated cell death.
Fig. 21: Cell death and proliferation after Tc-croc RNAi. (A-C)
Untreated embryos of representative stages in which dying cells
were stained via TUNEL; (D-F)
Tc-croc RNAi embryos of the same
stages; anterior is up. The dotted
line marks the posterior boundary
of the analyzed region. (G) Average numbers of dying cells per
stage. (A, D) No cell death was
found in untreated germ rudiments.
Cell death is not significantly higher after Tc-croc RNAi. (B, E) Cell
death in untreated elongating germ
bands is slightly higher than in
germ rudiments (mean: 1.2 cells
per embryo), whereas dying cells
belong mostly to extraembryonic
tissues as indicated by their size
and position (black arrowheads).
Cell death in the embryo proper
(white arrowheads) is enhanced
after Tc-croc RNAi leading to a
significant enhancement in overall
cell death (mean: 3.4 cells per
embryo; p=0.0017; t-test). (C, F) Numbers of dying cells (arrowheads) are higher in untreated retracting germ
bands than in earlier stages (mean: 4.5 cells per embryo). Tc-croc RNAi leads to a significant increase in cell
death (arrowheads; mean: 26.3 cells per embryo; p=0.001; t-test).

Knockdown of Tc-cnc deletes the labrum anlagen
Tc-cnc RNAi leads to transformation of the mandibles to maxillae and to a loss of the labrum (Fig. 22A, B). Defects are also detected in the foregut which is sometimes deleted but in
most cases shortened. While these phenotypes have at least partly also been reported for Drosophila (Mohler et al., 1995), furthermore, a strong reduction in the number of laid eggs after
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the first egg collections is found. Starting around the third day of collection, egg numbers
drop and collected eggs are smaller than usual and dissolve during the dechorionisation process. Moreover, females die after ca. two weeks. Dissection of RNAi treated females revealed
a strong reduction of ovary tissue (not shown) typical for starved animals (Schmitt-Engel,
personal communication). Probably, Tc-cnc is involved in metabolic processes, the dysfunction of which leads to the reduction of the reproductive organs (Bucher and Schmidt-Engel,
personal communication). To overcome these problems and to obtain enough eggs for analysis of embryos, parental RNAi was performed in imagines instead of pupae.
Fig.

22:

Defects

after Tc-cnc RNAi.
(A, B) L1 larval
cuticles.
In situ

(C-R)
hybridiza-

tions. Two embryos
of different age are
shown

for

each

staining except for
Tc-croc and Tc-chx.
Images (C and E)
were provided by J.
Schwirz. Anterior is
left in (A, B) and up
in (C-R). (A, B) The
labrum

(marked

yellow in A) is deleted after Tc-cnc
RNAi. The mandibles (arrow in A) are
transformed
maxillae

into
(arrow-

heads). The labium
(lb) develops like in
untreated

animals.

(C-F) Tc-wg expression reveals a lack of
labrum

anlagen,

while the rest of the
anterior head develops normally. The labrum expression domains are lost together with the labrum anlagen (compare arrowheads).
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Expression in the stomodaeum roof is like in untreated embryos (compare arrows). No defects in the mandibular
segment (md) are detectable in younger embryos (C, D). In older embryos (E, F), the appendages of the mandible segment have clearly transformed into those of the maxillary segment (mx). (G-J) The anterior part of the
central Tc-six3 expression domain is reduced in young embryos (compare arrowheads in G, H) while other expression domains appear normal. In older embryos, the labrum expression domain is lost along with the labrum
anlagen (compare arrowheads in I, J). Expression in the stomodaeum roof is like in untreated animals (not visible
in I; arrow in J). (K, L) Anterior aspects of Tc-croc expression are reduced in Tc-cnc RNAi embryos (compare
arrowheads). The missing domains would resolve into the labrum expression domains during further development (not shown; compare to Fig. 9B6). (M, N) The labrum expression domains of Tc-chx are lost (compare
arrowheads), while the neurogenic expression is normal. (O-R) Expression of Tc-tll appears to be shifted to a
more median position (compare bars).

Analysis of the expression patterns of various genes revealed that the labrum anlagen and
the respective expression domains are deleted. This is the case for Tc-wg (arrowheads in Fig.
22C-F), Tc-six3 (arrowheads in Fig. 22G-J), Tc-croc (arrowheads in Fig. 22K, L) and Tc-chx
(arrowheads in Fig. 22M, N). Other expression domains of these genes are not affected. Expression of Tc-fkh and Tc-lab is not altered (not shown). The expression domains of Tc-tll
appear to be shifted to a more median position which might be a secondary effect due to loss
of labrum tissue (compare bars in Fig. 22O-R).
Tc-scro RNAi leads to a split labrum
The effects of Tc-scro knockdown on larval cuticles have been described by Posnien et al.
(2011b). Larvae are characterized by a split of the labrum due to the fact that the labrum anlagen do not fuse during embryonic development. The labrum anlagen can additionally be
smaller than in untreated animals. I furthermore found that the foregut is absent or malformed.
Especially posterior structures appear to be reduced (arrowheads in Fig. 23A, B). Tc-scro
RNAi does not lead to complete depletion of mRNA. While younger RNAi embryos show no
Tc-scro expression (not shown), weak expression is detectable in older embryos (Fig. 23C,
D). I analyzed the expression of several markers in Tc-scro RNAi embryos. Expression
changes are always rather subtle and localized.
The labrum expression domains of Tc-wg often take a more posterior position in older Tcscro RNAi embryos (arrowheads in Fig. 23E, F). This might be a secondary effect caused by
the size reduction of the labrum anlagen. Other expression domains appear normal. In younger embryos, expression of Tc-croc shows a slight reduction of the posterior expression stripe
that will later surround the stomodaeum (arrowheads in Fig. 23G, H). This expression domain
is also reduced in older embryos (black arrowheads in Fig. 23I, J). Additionally, expression in
the labrum anlagen is lost (arrows in Fig. 23I, J). Expression of Tc-cnc is expanded in elongat61
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ing germ bands (arrowheads in Fig. 23K, L). During germ band retraction, the expression
domain around the stomodaeum is deleted (arrows in Fig. 23M, N), while other aspects appear normal. The expression patterns of Tc-six3 and Tc-fkh appear like in untreated embryos
(not shown) and no obvious change of Tc-spi or Tc-tll expression was detected (not shown).
Fig. 23: Minor defects in marker expression patterns are
detected after Tc-scro
RNAi. (A, B) L1
larval cuticles; anterior

is

left.

(C-N)

In situ hybridizations
in untreated (first and
third column) and Tcscro RNAi embryos
(second and fourth
column); anterior is
up. (A, B) The anterior gut forms an open
hook-like structure at
its posterior end in
untreated larvae. The
foregut

ends

blind

after Tc-scro RNAi
(compare

arrow-

heads). (C, D) Despite RNAi knockdown, Tc-scro expression is still detectable in older embryos. The expression pattern appears patchy, which is
probably due to a high mRNA concentration in the nucleus and a lower one in the cytoplasm. (E, F) The labrum
expression domain of Tc-wg is established at a more posterior position than in untreated embryos (compare arrowheads). Other expression domains appear normal. Also the stomodaeum domain looks unaffected (compare
arrows). (G-J) Tc-scro RNAi embryos show a reduction of the most posterior aspects of Tc-croc expression
(compare black arrowheads). The effect is first visible during later germ band elongation. The expression domains in the labrum anlagen are deleted (compare arrows). Expression in the neurogenic region appears expanded and fuses to the central expression domain (compare white arrowheads) which could, however, be due to
stronger staining in the RNAi embryo. (K-N) Expression of Tc-cnc is expanded after Tc-scro RNAi in early
elongating germ bands (compare arrowheads). Expression becomes normal during germ band elongation (not
shown). However, the posterior expression stripes around the stomodaeum fail to be established (compare arrows).
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Knockdown of Tc-tup affects labrum development and dorsal closure
Knockdown of Tc-tup leads to a wide range of cuticle phenotypes (Fig. 24). Most larvae are
characterized by a loss of the clypeolabrum. The rest of the body appears unaffected in weakest phenotypes (Fig. 24A, A’). Additional defects in abdominal development are observed in
stronger phenotypes. The abdomen appears narrower, and defects on its dorsal side (Fig. 24B)
often lead to an upwards bending of the posterior abdomen (not shown). Wrinkles on the dorsal cuticle of thorax and abdomen indicate that dorsal closure does not occur correctly. The
abdomen or parts of it can also be involuted into the body (Fig. 24C). The complete body is
disarranged in stronger phenotypes, where still the abdomen is stronger affected than the rest
of the body (Fig. 24D). Individuals with strongest defects show a typical inside-out phenotype
in which external cuticle structures are developed towards the interior. This phenotype is indicative for defects in dorso-ventral patterning or dorsal closure (Bucher, personal communication). Head structures or legs (arrowheads in Fig. 24E) can sometimes be identified. Interestingly, gut structures can even be present if the cuticle is hardly recognizable (Fig. 24E).

Fig. 24: L1 larval cuticles after Tc-tup RNAi. (A-E) Tc-tup RNAi cuticles; (A’, B’ and C’) magnifications of the
boxed area in the respective image; (F) untreated cuticle; anterior is left. (A, A’) Weakly affected larvae are
lacking the clypeolabrum (compare to yellow marked region in F). Sometimes, bent antennae are detected (arrowhead). Other than that, the body develops like in untreated animals. (B, B’) Besides a lack of the
clypeolabrum (compare to F), stronger phenotypes are characterized by defects in the abdomen. It is often bent
upwards (not shown) due to an apparent fracture in its dorsal region (arrowhead). (C, C’) The posterior abdomen
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can also be internalized into the more anterior body. During preparation of the displayed cuticle, the abdomen
was pushed out of the body again (arrowhead). The clypeolabrum is again missing (compare to F). (D) The
whole body is affected in cuticles with even stronger phenotypes. Sometimes, thorax and head still develop, but
are malformed. (E) The whole cuticle is inside-out in the strongest detectable phenotypes. Legs (arrowheads) and
bristles (arrow) develop towards the interior of the individual. Anterior (ag) and posterior gut structures (pg) can
be well identified.

Contribution of further genes to CLR development
As also revealed by Koniszewski (2011), Tc-chx RNAi has no detectable effect on cuticle
development.
Tc-hbn was tested as a potential upstream regulator of anterior patterning, given its early
expression in the anterior embryo. Its knockdown leads to a loss of the complete anterior and
dorsal portions of the head up to the antennal segment. Posterior parts of the head (maxillae,
mandibles and labium) develop normally (Fig. 25A, B). Analysis of embryos revealed that the
anterior head is deleted (Fig. 25E, G) which also leads to the loss of expression of Tc-six3 (not
shown). This makes it difficult to draw conclusions about direct regulation of downstream
targets.

Fig. 25: Tc-hbn is required for the development of the whole procephalon. (A-C) L1 larval cuticles; anterior is
left. (D-G) In situ hybridization of Tc-ems; anterior is up. The dotted line in D and F indicates the boundary
between deleted and well established structures. (A) Defects in the cuticle are restricted to the head (arrowhead).
(B) The mandibles (md), maxillae (mx) and labium (lb) develop like in untreated animals, while more anterior
head structures are missing (compare to C). (D, E) The antennal Tc-ems stripe is not established in Tc-hbn RNAi
germ rudiments. The anterior head anlagen are missing entirely. (F, G) The anlagen of the mandibular (md),
maxillary (mx), labial (lb), first thoracic (T1) and more posterior segments (not shown) are well established after
Tc-hbn knockdown. More anterior structures are deleted.
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Contribution of Tc-tll to CLR development was tested because it is expressed directly lateral
of the CLR and because its expression expands after Tc-croc and Tc-cnc RNAi. The most
prominent phenotype after Tc-tll RNAi is a shortening of the abdomen. Only 26.5 % of analyzed cuticles (n = 68) exhibit an abdomen with eight segments. 55.9 % have only four or less
abdominal segments (not shown). Defects in the head are limited to the head bristle pattern. I
can, however, not confirm the defects in posterior lateral head regions described by (Posnien
et al., 2011b), but rather find them in the anterior lateral head (Fig. 26P, Q).
Fig. 26: Knockdown
of Tc-tll results in an
altered shape of the
embryonic head. First
and

third

untreated
second

column:
embryos;

and

fourth

column: Tc-hh RNAi
embryos. Anterior is
up in all images. All
RNAi embryos show
rather

round

head

lobes compared to
the untreated ones.
(A, B) Expression of
Tc-tll is reinitiated in
RNAi embryos during germ band extension. The expression
pattern differs from
the untreated situation. Essentially, two
areas

are

expression

free

of

(arrow-

heads) and overall
expression

appears

weaker. (C-G) The
ocular expression domain of Tc-wg is reduced in its outer region in serosa window stage embryos. Also later
developmental stages show defects in this area (compare arrowheads). It cannot be determined exactly which
aspects of the expression domain are lost. Apparently, the most posterior expression spot (arrow in F) is deleted.
(H, I) The lateral expression domains of Tc-six3 are strongly reduced after Tc-tll RNAi (compare arrowheads). In
contrast to that, expression in the central domain is normal (compare arrows). (J, K) Expression of Tc-croc is,
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especially at its most anterior tip (compare arrowheads), slightly expanded after Tc-tll RNAi. (L, M) Also expression of Tc-cnc is expanded. The lateral expression boundary appears bulged outwards (compare arrowheads). (N, O) The anterior expression arms of Tc-spi appear to be shifted to an outer position, thereby widening
the space between them. (P, Q) Schematics of L1 larval heads depicting the head bristle pattern. The schematics
were provided by N. Posnien. (P) is reprinted from Posnien et al. (2011b). Defects are located in the posterior
lateral head after Posnien et al. (2011b; P), whereas I detect defects in the more anterior lateral head (Q).

Young RNAi embryos lack Tc-tll expression completely (not shown), but expression is reinitiated in older ones. However, the expression pattern differs from that in untreated embryos
(Fig. 26A, B). Embryos are characterized by a typical alteration of lateral head morphology.
The head lobes are smaller and appear rounder than in untreated animals. This is accompanied
by a reduction of ocular Tc-wg expression (Fig. 26C-G). The central domain of Tc-six3 is expressed like in untreated embryos, but the lateral neurogenic domains are reduced (Fig. 26H,
I). Expression of Tc-croc (Fig. 26J, K) and Tc-cnc (Fig. 26L, M) appears slightly expanded,
which might, however, be due to the altered head shape. The same is true for Tc-spi where the
expression arms in the head appear to be shifted to a more outer position, thereby widening
the space between them (Fig. 26N, O). Expression of Tc-fkh is unaffected (not shown).
Posnien et al. (2009b) have shown that the labrum still develops when segment polarity
gene function is knocked down by RNAi. Knockdown of Tc-hh leads to cuticle balls which do
not show any signs of segmentation. However, a labrum is still formed (not shown). I tested
some of the CLR marker genes in Tc-hh RNAi embryos and found that expression of Tc-croc
(Fig. 27A-C) and Tc-cnc (Fig. 27E, F) is almost like in untreated embryos. In accordance with
the lack of a foregut in RNAi cuticles and expression of Tc-hh in the developing gut of untreated embryos, expression of the stomodaeum marker Tc-fkh is severely reduced. No expression is found in the stomodaeum region (compare arrowheads in Fig. 27G, H), while expression along the ventral midline appears to be increased (compare arrows in Fig. 27G, H).
Expression of the midline marker Tc-spi appears almost normal (Fig. 27J, K).
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Fig. 27: Tc-hh RNAi
leads to defects in
stomodaeum but not
labrum development.
First and third column: untreated embryos;

second

and

fourth column: Tc-hh
RNAi embryos. Anterior is up in all
images. (A-D) The
Tc-croc

expression

pattern is still well
recognized after Tchh RNAi. The expression appears to
be slightly expanded during later germ band elongation, especially in the anterior part of the domain (compare
arrowheads in A, B). The anterior domains become absent during germ band retraction (compare arrowheads in
C, D) and the whole expression appears to be reduced. (E, F) Tc-cnc expression in the labrum anlagen appears
like in untreated embryos, but the expression domain around the stomodaeum is lost after Tc-hh RNAi (compare
arrowheads). (G, H) The stomodaeum expression domain of Tc-fkh is absent after Tc-hh knockdown (compare
arrowheads), whereas other domains appear to be expressed in the correct region albeit stronger than usual
(compare arrows). (J, K) The Tc-spi expression-free area found in untreated embryos appears to be absent after
Tc-hh RNAi (compare arrowheads). Other than that, expression appears normal.

4.2.3

Gain of function of CLR genes to refine the interaction scheme

In order to further investigate the gene regulation network in the anterior head, I wanted to
test the effect of ectopic expression of key genes on possible downstream targets. Ectopic
expression via the Gal4-UAS system has been shown to be functional in Tribolium (Schinko
et al., 2010). However, the current lack of enhancer lines makes ectopic expression in restricted body regions impossible. I therefore used a heat shock system to drive ectopic expression
ubiquitously (Schinko et al., 2010; Schinko et al., in preparation).
The ectopically expressed genes should be high in the hierarchy of the genetic interactions
in the CLR. Good candidates for upstream regulators should show an early expression and
have a strong but distinct RNAi phenotype. On this basis, the CLR markers Tc-six3, Tc-croc
and Tc-cnc were chosen as promising candidates. As Tc-six3 was also studied by a colleague,
I concentrated on Tc-croc and Tc-cnc.
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Open reading frames of Tc-croc and Tc-cnc
The cloned gene fragments used in prior experiments as templates for synthesis of RNA
probes and dsRNA were not whole open reading frames (ORFs) and were thus not sufficient
for ectopic expression of a functional protein. The ORFs of Tc-croc and Tc-cnc were therefore
confirmed via RACE-PCR.
The Tc-croc transcript contains a single exon which is identical to the GenBank entry
XM_001812646.1 at the National Center for Biotechnology Information (NCBI).
The situation is more complicated for Tc-cnc. Three differentially expressed splice variants,
cncA, cncB, and cncC are known in Drosophila. They show variation in their 5’-end: cncA
contains three exons (A1-A3); cncB contains seven exons (B1-B5 plus A2 and A3); cncC
contains eleven exons (C1-C5 plus B2-B5 plus A2 and A3). While cncB is expressed specifically in the anlagen of labrum and mandible segment, cncA and cncC show ubiquitous expression (McGinnis et al., 1998). For Tribolium, an annotation containing ten exons had been
made by the group of Prof. M. Klingler, Erlangen (Fig. 28A; see http://www.Beetlebase.org).
The prediction at NCBI (NM_001170642.1) has twelve exons (Fig. 28A; Richards et al.,
2008). The nine 3’-exons are the same in both versions. They will be referred to as exons 1
through 9. The primer for 5’-RACE, SK0907152, was designed into exon 1. The NCBI prediction but not the BeetleBase annotation could be recovered. Also, a further variant with a
unique exon of 217 bp was identified (Fig. 28A). Hypothetical protein sequences from both
variants were aligned separately with the splice variants from Drosophila using CLUSTAL
2.0.12 (Larkin et al., 2007; Goujon et al., 2010). While the long splice variant clustered with
cncC, the short one clustered with cncB (not shown). Hence, the shorter Tribolium splice variant will be referred to as Tc-cncB and the longer one as Tc-cncC. No splice variant corresponding to cncA could be identified using RACE primer SK109designed into exon 8.
In order to test whether both splice variants were differentially expressed, probes directed
against the unique exons were synthesized. Tc-cncB is expressed in the same pattern as the
original Tc-cnc fragment (compare Fig. 28B, C). In contrast, in situ hybridization with the
longer probe (576 bp) for the unique exons of Tc-cncC results only in background staining
(Fig. 28D).
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Fig. 28: Tc-cnc splice variants are differentially expressed in Tribolium. (A) Overview of the gene models for
Tc-cnc. Exons are to scale, introns are not. The whole annotation spans more than 30 kbp. The NCBI prediction
contains the nine exons common to all splice variants (white boxes) as well as three unique exons at the 5’-end
(green boxes). The transcription start lies in the first unique exon, the stop codon in the ninth exon. RACE primer binding sites and the section the common RNA probe binds to are indicated. The BeetleBase annotation
contains the nine common exons and a 10 bp 5’-exon starting with the ATG. The annotation only spans the coding sequence and ends with the stop codon. Tc-cncB has a unique 217 bp exon (red box) upstream of exon 1.
RACE PCR with both primers confirmed Tc-cncB. Tc-cncC spans the same exons as the NCBI prediction, but
the first unique exon has a length of 371 bp (compare green boxes). Tc-cncC was only detected after RACE with
primer SK0907152. Hence, only the 5’-end of exon 1 is confirmed (white box). The region downstream of the
RACE primer is assumed to be the same as for Tc-cncB (grey boxes). (B-D) In situ hybridizations for the different splice variants. Anterior is up. In situ hybridization for Tc-cncB (C) shows the same staining as the original
fragment (B), whereas Tc-cncC gives just background (D).

I performed RNAi for both splice variants to analyze, whether knockdown of one of them
would lead to the same developmental defects as the original fragment. However, none of the
dsRNA fragments produced a phenotype of similar strength (not shown). Knockdown of TccncB leads to minor defects in labrum and mandible patterning. The labrum appears smaller
than in untreated larvae and is sometimes split in its distal portion. The antennae sometimes
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appear to have a small outgrowth. The most common definite defect is a duplication of the
clypeus bristle. Tc-cncC leads to even weaker defects in head appendage patterning. The
clypeus bristle is not affected. However, the number of eggs laid by RNAi-treated females
declines drastically after the first two egg collections. This phenotype was also observed in
RNAi with the original Tc-cnc fragment and indicates a role in oogenesis or metabolic processes in the adult beetle.
Due to the specific expression pattern and the slightly more specific RNAi phenotype, I decided to clone the ORF of Tc-cncB for ectopic expression.
Establishment of strains for ectopic expression
The φC31 integrase based site specific integration system was used for transgenesis. The
primary advantages of site specific integration over random integration are (1) avoidance of
gene disruption by the integrated construct (2) reduction of positioning effects and (3) insertion of a single copy at a known location. The strain used for integration was reported to carry
a transgenic construct containing an attP landing site (Bucher and Schinko, personal communication) and a black eye marker (rescuing the vw mutation; Lorenzen et al., 2002). The exact
position of the construct had not been determined.
The constructs for ectopic expression contained an attB site and a blue eye marker (ECFP
under control of 6XP3; Horn and Wimmer, 2000; for the design of the constructs and vector
maps, please refer to p. 27 and p. 115, respectively). Upon injection together with φC31
integrase, the attB site recombines with the attP site and the construct is thereby integrated
into the genome (Fig. 3). Different concentrations of φC31 integrase mRNA and heat shock
construct were injected into eggs of the attP line (see Table 2). One injection experiment was
carried out for Tc-cnc, two for Tc-croc and three for Tc-six3. Table 3 gives an overview over
the numbers of injected eggs, developing L1 larvae and developing adults in the single injection experiments.
Developing beetles were crossed to individuals of the vw strain and offspring were screened
for marker expression, i.e. blue fluorescent eyes. For Tc-croc, I was able to find 7 blue-eyed
offspring in the G0 crossings no. 119 of Tc-croc_1 (total number of screened beetles: 204) and
22 in crossing no. 124 of Tc-croc_2 (total number of screened beetles: 198).
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Table 3: Establishment of transgenic lines for ectopic expression. Tc-croc_1 and Tc-croc_2, and accordingly, Tcsix3_1, Tc-six3_2 and Tc-six3_3 refer to separate experiments with different mRNA concentrations. Numbers of
injected eggs, of developing larvae and of developing adults are given. For Tc-cncB and Tc-six3_3, developing
adults were not quantified. Percentage is with respect to the previous column. Established transgenic lines are
indicated.

Injection
Tc-cncB
Tc-croc_1
Tc-croc_2
Tc-six3_1
Tc-six3_2
Tc-six3_3

Number of injected eggs
460
655
526
370
626
523

Number of eggs
developing to larvae
31 (6.7 %)
234 (35.7 %)
228 (43.3 %)
118 (31.9 %)
254 (40.6 %)
93 (17.8 %)

Number of larvae
developing to adults
n/a
138 (59 %)
189 (82.9 %)
95 (80.5 %)
200 (78.7 %)
n/a

Established
transgenic lines
119_1
124_1
six3-1, six3-2

One transgenic F1 male from each crossing was used for establishment of transgenic lines
119_1 and 124_1 by crossing them to vw females. Offspring of the F2 generation of each strain
were screened for marker expression. 50 % of the offspring were expected to have white eyes
without fluorescence and another 50 % to have blue fluorescent black eyes because the attB
construct (blue) and the original attP construct (black) should be linked after integration (Fig.
29A, B).
Surprisingly, beetles with four different eye marker expressions were found: (1) 30.3 % and
23.6 % white eyes, (2) 31.6 % and 29 % blue fluorescent eyes in a white background, (3)
18.7 % and 23.7 % black eyes, and (4) 19.4 % and 23.8 % blue fluorescent eyes with a black
background (Fig. 29E). The black and the blue eye marker (i.e. the original pBac-attP construct and the newly introduced heat shock construct) must, hence, have been inherited separately from each other. This means, the insertion of the heat shock construct did not occur, as
expected, into the attP site (see Fig. 3), but into a different genomic location. Most likely, the
attP line was contaminated with a different black-eyed line (possibly SB) and injection was
carried out into eggs of beetles without attP site (Fig. 29C, D).
I established different lines with each eye marker. PCR analysis on genomic DNA of the
eight different strains revealed that the blue eyed lines in fact carry the heat shock construct.
However, inverse PCR (performed by J. Ulrich) confirmed that the heat shock constructs integrated into a genomic region other than the attP site. In the following experiments, I worked
with the lines established from animals with blue fluorescent eyes in a white eye background.
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Fig. 29: Establishment of transgenic lines for ectopic expression of CLR markers. (A, B) Expected crossing
scheme. (C, D) Hypothetical crossing scheme which would explain the findings. Color coding indicates marker
expression (blue: blue fluorescent eyes due to ECFP expression; black: black eyes due to vermillion expression;
grey: white eyes due to vermillionwhite mutation). (A) The G0 individuals should have a vw background and should
therefore be homozygous for the mutated version of the vermillion gene (vw). The heat shock construct (hs)
should have heterozygously integrated into the attP site, which is linked to the wild type vermillion gene (v)
rescuing black eye color. The G0 individuals are crossed to animals of the vw strain. Offspring should be homozygous for vw and carry either the original attP construct or the attP construct with the heat shock construct integration. (B) Blue-eyed F1 males were then crossed to vw females. Offspring should be homozygous for vw and
either heterozygously carry the heat shock construct linked to v or be homozygous for the respective wild type
situation. (C) Probably, the heat shock construct integrated in the absence of attP. The resulting line appears to
be homozygous for v, but might as well be heterozygous for vw (not shown). Crossing to the vw strain results in
offspring which are heterozygous for vw as well as for hs and offspring which are heterozygous for vw as well as
homozygous for the wild type situation. (D) Blue-eyed F1 males were crossed to vw females, resulting in four
genetically different offspring each of which shows a unique eye marker combination. (E) Relative numbers of
the different marker combination for offspring of the established lines.
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In case of Tc-six3_3, the G0 generation was crossed to other G0 animals. Two beetles with
blue fluorescent eyes were found. I established two transgenic lines for ectopic expression of
Tc-six3 by crossing the animals to vw beetles. In both lines, all blue-eyed beetles have a black
eye background. However, this does not necessarily indicate integration into the attP site but
is expected when the injected line is the SB strain (Fig. 30).
No transgenic offspring were obtained after injection of the Tc-cncB heat shock construct
or the first two injection rounds for Tc-six3.
Fig. 30: Crossing scheme for Tc-six3.
The crossing scheme is based on the
assumption that injection was carried
out with the SB strain instead of the
attP line. Color coding indicates
marker expression (blue: blue fluorescent eyes due to ECFP expression;
black: black eyes due to vermillion expression; grey: white eyes due to vermillionwhite mutation). (A) Injected
animals were crossed to other injected animals of the G0 generation which most likely did not carry a transgenic
integration. The resulting F1 animals had the same genetic background as their parents. (B) Transgenic (i.e. blueeyed) beetles were crossed to animals of the vw strain. 50 % of the offspring carried the transgene and all offspring were heterozygous for the black eye marker.

Ectopic expression of Tc-croc – proof of principle
Egg collections of 24 h from lines 119_1 and 124_1 were heat shocked, fixed and in situ
hybridized with RNA probes for Tc-croc to test for ectopic expression. Staining revealed that
Tc-croc was in fact expressed in the whole embryo. Expression looks, however, spotted and
stronger along the midline (Fig. 31A-D). The batch of embryos also contained non-transgenic
ones, due to the fact that the line was not homozygous. In these embryos, staining of endogenous Tc-croc expression was very weak (not shown), indicating that ectopic expression is
very high in transgenic embryos. Longer staining would have probably covered the apparent
patchy expression pattern. Expression appeared somewhat stronger in 119_1 than in 124_1.
I then analyzed whether ectopic expression had an influence on cuticle development. I collected eggs for 1 h and let each collection develop for 9-17 h before heat shock (see p. 29).
Eggs were then allowed to develop into cuticles. I find high numbers of hatched larvae, indicating normal development (mean values: 60.9 % in 119_1; 86.6 % in 124_1). Many of the
remaining eggs do not develop any cuticle structures (“empty egg phenotype”; mean values:
67.3 % for 119_1; 73.5 % for 124_1). L1 larvae which developed but did not hatch from heat
shocked eggs show defects in the position and development of mouthparts (primarily 119_1;
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23.2 % affected) and in the head bristle pattern (primarily 124_1; 46.1 % affected). However,
the defects are rather diverse and also larvae allowed to develop without a heat shock displayed similar defects in 18.3 % (119_1) and 30.8 % (124_1).
I therefore analyzed, whether ectopic expression at a certain point during development led
to clearer results. Timing of the heat shock (collection of 1 h; heat shock after 9-17 h) did not
lead to a higher percentage of cuticles with defects in 119_1. In 124_1, a heat shock after 1617 h or 17-18 h AEL leads to 58.1 % or 75 % of defective cuticles, respectively. These preliminary results are, however, based on low egg numbers. Experimental setup required egg
collections of one hour each for a period of nine hours, but egg numbers dropped after the
first two egg collections and only few larvae developed from the ones collected later (i.e. heat
shocked during earlier development; Fig. 31E, F). Numbers can also be found in the appendix
(p. 114).

Fig. 31: Expression of Tc-croc and cuticle analysis after heat shock. (A-D) Expression of Tc-croc after heat
shock in lines 119_1 (A, B) and 124_1 (C, D) is shown in two different developmental stages, respectively. Expression is ubiquitous, but looks patchy and stronger along the midline. Anterior is up. (E, F) Absolute numbers
of wild type-like (wt; white bars) and affected cuticles (black bars) as well as empty eggs (dark grey bars) and
hatched larvae (light grey bars) are given for each time point AEL eggs were heat shocked at. The first two egg
collections were the oldest at the time of heat shock (16-17 h and 17-18 h). Egg numbers dropped notably in later
collections.
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In a last experiment, I analyzed whether a heat shock after 16-18 h leads to defects in the
expression of the segment polarity gene Tc-wg. Preliminary analysis in both lines did not reveal strong alterations, but in some embryos Tc-wg staining in the stomodaeum appeared reduced (not shown).
I conclude that integration into the Tribolium genome using the φC31 system and subsequent ectopic expression of integrated genes works in principle. However, due to the fact that
the injected line did not carry an attP site, integration occurred at a different position than
expected. Preliminary results indicate that ectopic expression of Tc-croc does not lead to obvious defects.
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5 Discussion
5.1 Morphogenetic movements during early anterior head development
5.1.1

The Amnion is involved in the formation of head structures

I showed that in Tribolium, the formation of the distinct shape of the anterior embryonic
head depends on a previously unrecognized morphogenetic movement involving the germ
band and the extraembryonic tissues. There are two extraembryonic membranes in insects,
amnion and serosa. In higher flies including Drosophila, these two membranes are fused to
one continuous dorsal structure, the amnioserosa, which does not cover the embryo (CamposOrtega and Hartenstein, 1997). The formation of the amnioserosa in Drosophila depends on
the expression of the Hox3 ortholog zerknüllt (zen; Rushlow et al., 1987a; Rushlow et al.,
1987b; Pultz et al., 1988). In other insects, zen orthologs are necessary for the development of
the serosa, but not the amnion (van der Zee et al., 2005; Panfilio et al., 2006; Rafiqi et al.,
2008). The serosa is probably not important for proper embryogenesis of the insect head. After RNAi knockdown of one of the two Tribolium zen orthologs, Tc-zen1, the serosa does not
form but the head still develops normally albeit delayed (van der Zee et al., 2005).
The amnion, on the other hand, plays a role in insect head formation. Amnion development
has been studied in the dipteran Megaselia and depends on the activity of the u-shaped (ush)group of genes (Rafiqi et al., 2010). In Drosophila, these genes maintain the amnioserosa in
later developmental stages when zen is not expressed anymore (Frank and Rushlow, 1996).
Knockdown of u-shaped genes via RNAi in Megaselia leads to loss of the amnion and results
in defects in dorsal closure as well as head formation (Rafiqi et al., 2010). One gene belonging to the ush-group is tup, the Tribolium ortholog of which I showed to be expressed in the
extraembryonic membranes and to be necessary for labrum development. This strengthens the
idea that formation of the clypeolabral region (CLR) is closely connected to amnion development which may depend on the ush-group of genes. Analysis of the other members of this
group will be necessary to further test this hypothesis.
5.1.2

The anterior fold separates the ectoderm of the head lobes

The formation of the anterior fold during the transition of the germ rudiment to the serosa
window stage appears to play an important role in the formation of the head lobes. Using
FM® 1-43 staining, I showed that the anterior fold separates the ectoderm in the anterior head
and leads to a relocation of anterior terminal cells to a more posterior sub-terminal position.
Apparently, this leads to the outwards-directed shift of head lobe tissue. This movement has
76

Discussion

been noticed before in Tribolium (Posnien et al., 2010) and is evident by the expression of
genes along the anterior-posterior axis. Genes expressed along the midline (e.g. Tc-mae, Tcvnd, Tc-spi, Tc-gremlin, Tc-Sox21b) are, in fact, often expressed as two parallel stripes along
the ventral midline in early embryos (see Fig. 32A, B and e.g. Bucher and Klingler, 2005;
Wheeler et al., 2005; Kittelmann, 2008; Grossmann, 2011). In the trunk and the posterior
head, these stripes fuse medially during later development due to the fusion of the ectoderm
covering the invaginating mesoderm (Fig. 32C, D). The fusion of the ectoderm is impeded in
the anterior head by the anterior fold as shown by FM® 1-43 staining, eventually leading to a
Y-shaped expression pattern (see Fig. 32E, F; Bucher and Klingler, 2005; Wheeler et al.,
2005; Grossmann, 2011; Kittelmann, 2008). Also genes expressed in a segmental fashion, e.g.
Tc-wg, follow the Y-shape. This leads to a displacement of the antennal expression stripe relative to more posterior stripes (Nagy and Carroll, 1994; see also expression of Tc-ems in Fig.
32A-F). Interestingly, the loss of Tc-six3 function results in absence of the CLR and a fusion
of the head lobes along the midline. In this derived state, the antennal Tc-wg stripes are again
parallel to more posterior stripes (Posnien et al., 2011b; this work). It would be interesting to
test, whether formation of the anterior fold is affected by Tc-six3 RNAi or whether only ectodermal tissue is deleted.
Based on my findings as well as on previous results, I propose the following model for the
morphogenesis of the anterior head (Fig. 32G-K; see Handel et al., 2000 for previously described morphogenetic movements): Prior to gastrulation, the anlagen of the amnion surround
the complete anlagen of the embryo proper (Fig. 32G). During the sinking of the germ rudiment into the yolk and the formation of the amniotic fold, the amnion stays in contact with the
mesoderm in the anterior (Fig. 32H, H’). The growth of the extraembryonic membranes over
the germ band occurs simultaneously with germ band extension and fusion of the ectoderm
over the invaginating mesoderm. In the anterior head, germ band extension appears to be directed outwards leading to the formation of the head lobes and the anterior fold between them
(Fig. 32I, I’). The mechanical reason might be the static amnion-mesoderm connection which
blocks the fusion of the ectoderm. The anterior fold separates the ectoderm of both head sides
during early and mid germ band extension and encloses a mesenchymal cell population which
is apparently uncovered by the amnion (Fig. 32J, J’). Subsequently, the anterior fold itself is
laterally enclosed by the ectoderm and the mesenchymal cells become located where the stomodaeum develops later on (Fig. 32K, K’). Possibly, this cell mass or the anterior fold themselves form the stomodaeum. The anterior fold appears to vanish in later embryogenesis while
the previously separated ectoderm of both head sides fuses.
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Fig. 32: A model for the formation of the anterior fold and early morphogenetic movements in the anterior head.
(A-F) Expression of Tc-spi and Tc-ems recapitulates morphogenetic movements in the anterior head. In young
embryos (A, B) Tc-spi is expressed in two parallel stripes along the midline. The stripes start to fuse posterior of
the CLR during early germ band extension (arrowheads in C, D). The fusion progresses towards posterior. In the
anterior head, the stripes branch (D-F) and become Y-shaped. The segmental expression of Tc-ems follows the
Y-shape, as well. (G-K) Schematic explaining the model of anterior fold morphogenesis. (G) Prior to gastrulation, the anlagen of the embryo proper are surrounded by the anlagen of the amnion (blue). The mesoderm
(green) is specified along the midline of the germ rudiment. It is connected to the amnion at the anterior (black
line). The ectoderm (red) is situated lateral and posterior of the mesoderm. The posterior growth zone is not
taken into account in the schematic. (H) The embryo starts to sink into the yolk and the amnion begins to grow
over the embryo (indicated by arrows). The mesoderm stays connected to the amnion at its anterior tip (black
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line; see also the three-dimensional scheme in H’ where the amnion is white and only the connection between
amnion and mesoderm is marked blue). (I) The amnion closes further over the germ band. In the anterior, the
amnion grows partly over the mesoderm but stays connected to it (see also I’). The embryo starts to elongate
through convergent extension (indicated by arrows). The ectoderm starts to fuse at the midline while the mesoderm invaginates. Fusion starts posterior of the CLR and progresses posteriorly. (J) The amnion is almost completely closed over the embryo. The germ band elongates further (indicated by arrows). The connection between
mesoderm and amnion (black line) restrains the elongation of the ectoderm at the anterior tip, where the anterior
fold is formed. This leads also to the formation of the head lobes. The anterior fold begins to enclose the
mesenchymal cell mass at the anterior tip (see also J’). (K) The amnion is closed completely over the embryo
except for the anterior where the anterior fold encloses the mesenchymal cell mass. The head lobes start to come
together anterior of the anterior fold. (K’) depicts a transverse cut along the dotted line. Each of the head lobes is
covered by separate amniotic membranes. The ectodermal sheets of both head lobes are separated by the mesoderm between them.

5.1.3

Gene expression changes follow the morphogenetic movements

It has been enigmatic for some time why some genes start being expressed at the anterior tip
of the Tribolium germ band during early embryogenesis but end up at a more posterior position during later stages. This is, for instance, the case for Tc-six3 (Posnien et al., 2009b;
Steinmetz et al., 2010; Posnien et al., 2011b), Tc-croc (Economou and Telford, 2009), Tc-scro
(Posnien et al., 2011b) or Tc-hh (Farzana and Brown, 2008). The movement of the expressing
cells to a more posterior position would provide an elegant mechanism explaining the expression shift. As already mentioned above, also the development of Y-shaped expression patterns
of ventrally expressed genes can now be explained by tissue movements.
Other genes are expressed along the anterior fold, e.g. Tc-cnc. Its expression spreads over
the anterior ectoderm around the time when the anterior fold becomes indistinguishable from
the ectoderm. According to my model, this is the point when the ectodermal sheets of both
head lobes merge. Again, the drastic change of an expression pattern can be explained with
the help of these morphogenetic movements. It will be helpful to analyze the expression of
Tc-cnc in the context of morphogenesis to test this. Staining with NBT/BCIP in FM® 1-43stained embryos results in quenching of the fluorescence signal (see Posnien et al., 2009b),
making it possible to determine the point of Tc-cnc spreading. This technique will also help to
determine whether the posterior end of the anterior fold coincides with the stomodaeal expression domain of Tc-fkh and, hence, with the site of stomodaeum invagination.
Two significant findings based on the analysis of morphogenetic movements can be summarized as follows: (1) the formation of the Tribolium head involves a previously not described
structure, the anterior fold; (2) expression changes of many genes can be explained by the
morphogenetic movements caused by the anterior fold.
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5.1.4

In vivo imaging approaches to further study head morphogenesis

To further test the hypothesis that early head morphogenesis involves the amnion and the
anterior fold, in vivo imaging experiments should be carried out. In a recent publication by
Sarrazin et al. (2012), the same Tribolium line as in my experiments was used. Early development is well traceable but as soon as the amnion closes over the germ band, embryonic
cells become difficult to follow. The same was observed in my DSLM experiments. In order
to circumvent these difficulties, in vivo imaging of only germ rudiment tissue is desirable.
One approach is the establishment of a Tribolium in vivo imaging line that expresses GFP
under control of a germ rudiment enhancer. A gene which is expressed only in germ rudiment
tissue throughout development is, however, yet to be discovered. Alternatively, GFP expression in only parts of the germ rudiment is possible. This could be facilitated by the regulatory
sequences of Tc-tll marking the anterior head lobes and Tc-cnc or Tc-six3 marking the CLR.
Similarly, a fluorescent protein other than GFP could be expressed under control of the regulatory sequence of an early CLR marker gene. In combination with ubiquitous GFP expression, this approach would allow to trace CLR precursor cells while overall development could
still be followed. Koniszewski (2011) tried to identify the regulatory sequence of Tc-six3 but
was unsuccessful. In this work, I identified a non-coding 5’-exon of the Tc-cncB splice variant. Possibly, this 5’ untranslated region or the introns 3’ of it provide cis regulatory elements
for the specific expression of Tc-cncB in the CLR. Also the region upstream of the Tc-croc
coding region could provide useful regulatory elements.
Moreover, the regulatory sequence of a gene expressed specifically in the amnion could be
used to control the expression of an inverted repeat of part of the GFP coding sequence. This
would lead to the production of double stranded RNA and subsequent RNAi-mediated degradation of the GFP mRNA in the amnion. The respective line would then have to be crossed to
the line previously used for in vivo imaging. The resulting offspring would express GFP in all
cells but degrade the GFP mRNA specifically in the amnion via RNAi. It has been shown in
mice that ubiquitous expression of GFP can be reduced by expression of small interfering
RNA directed against GFP (Hasuwa et al., 2002). The u-shaped group of genes might hold
some promising candidates for genes expressed specifically throughout the amnion. Hence,
their regulatory sequences could be used in this context.
A further and very elegant approach would be the use of photoconvertible proteins (reviewed in Lukyanov et al., 2005; Müller-Taubenberger and Anderson, 2007; Shaner et al.,
2007). A Tribolium line expressing mEos2 (McKinney et al., 2009) under control of an αtubulin promoter has recently been established (Dippel, unpublished results). All cells of indi80
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viduals from this line express green fluorescent mEos2 which switches to a red fluorescent
form upon activation with ultraviolet light. Activation of the red fluorescence in only a subset
of cells (e.g. the anterior median tip of the germ rudiment) would allow the tracing of these
cells while overall embryogenesis can still be followed.
As already mentioned, another drawback of the GFP line established by Sarrazin et al.
(2012) was the nuclear localization of the GFP which disperses throughout the cell upon mitosis and therefore hampers the tracing of single cells throughout development. In their reconstruction of zebrafish development, Keller et al. (2008) used a fusion protein of human Histone 2B and GFP (Kanada et al., 1998) staying localized to chromatin through mitosis. A
Tribolium line expressing a similar fusion protein with the Tribolium ortholog of Histone 2B
is currently being established (Kitzmann and Bucher, unpublished results). Besides allowing
the tracing of cells throughout development, resolution of single nuclei might be higher.
Moreover, this line will allow assessing mitotic activity in vivo. As the immunostaining of
phosphorylated Histone H3 in this work did not result in a clear picture, this provides an alternative opportunity to test to what extent proliferation is an important player in morphogenesis of the head as well as overall development.

5.2 The boundaries of the CLR as inferred from gene expression and
morphological markers
Tc-croc marks the posterior boundary of the CLR, as it is expressed directly adjacent to the
intercalary segment (Economou and Telford, 2009). Without its expression, the intercalary
segment marker Tc-lab is detected ectopically at a more anterior position, indicating a repression by Tc-croc. It could not be clarified, whether this repressive function is mutual but data
from Schaeper et al. (2010) indicate that Tc-lab is not needed for the establishment of the posterior CLR boundary. RNAi for Tc-collier (Tc-col), a gene usually repressed by Tc-lab leads
to a loss of segmental markers in the intercalary segment. Tc-lab is still expressed normally,
indicating the further presence of the respective cells. In this background, the stomodaeal expression stripes of Tc-cnc which are overlapping with Tc-croc expression (Economou and
Telford, 2009) are shifted towards the posterior and are now in contact with the mandibular
Tc-cnc expression domain. This indicates a shift of the posterior CLR boundary on expense of
the intercalary segment, despite normal Tc-lab expression. Hence, another factor, possibly Tccol or one of its targets must act in concert with Tc-croc to establish the posterior CLR
boundary. In Drosophila, expression of croc is not affected in col mutants and vice versa
(Crozatier et al., 1999). It will be interesting to test the interaction of both genes in Tribolium.
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In contrast to the definite boundary at the posterior, expression of Tc-croc in the anterior
CLR overlaps with virtually all tested outside markers. As these genes are expressed in neurogenic tissue, it is likely that Tc-croc, besides its function in stomodaeum development, is
also involved in the patterning of distinct parts of the nervous system. In Drosophila, croc is
necessary for the development of the stomatogastric nervous system (SNS; Schmidt-Ott et al.,
1994). I did not test the presence of the SNS in Tribolium after Tc-croc knockdown. However,
the SNS forms from invaginations of the stomodaeum roof (Hartenstein et al., 1994), and due
to the fact that the stomodaeum is absent, loss of the SNS appears likely. In this regard, Tccroc would at least be indirectly necessary for the development of the SNS. The overlapping
expression of Tc-croc and neurogenic markers is, however, not found in the stomodaeum
roof, but lateral of the stomodaeum. It will be interesting to analyze, which brain parts develop from this region. Therefore, RNAi could be carried out in a Tribolium brain imaging line
which was established by Koniszewski (2011; see also Posnien et al., 2011b).
The anterior CLR boundary appears to be set at least partly by Tc-cnc, as it restricts the expression of Tc-tll from the labrum region. However, after Tc-cnc RNAi, a median portion of
the CLR is still free of Tc-tll expression. This indicates a partial redundancy of Tc-tll repression by a second factor. An incomplete expansion of Tc-tll expression was also detected after
Tc-croc RNAi. Thus, both Tc-cnc and Tc-croc and maybe also additional factors could be
necessary for the repression of Tc-tll expression in the whole CLR. This can be tested by
RNAi for both genes simultanously.
Tc-tll on the other hand, is apparently not involved in establishing the CLR boundary, as
loss of its function does not affect expression of Tc-cnc or Tc-croc. The discrepancies of head
bristle defects after Tc-tll RNAi found in this work and by Posnien et al. (2011b) might be due
to the fact that after loss of head lobe tissue, much compensation by the epidermis might take
place during dorsal closure where the smaller head lobes have to fuse (see bend and zipper
model in Posnien et al., 2010). A similar effect has been observed after knockdown of Tcabrupt (Tc-ab). Tc-ab RNAi leads to smaller head lobes and random defects in the head bristle pattern. In an attempt to discriminate between weak and strong defects, RNAi was performed with lower dsRNA concentrations. However, this did not lead to a more distinct phenotype but just less affected bristles which still occurred randomly. Moreover, dorsal closure
was delayed (Bucher, personal communication).
It remains to be tested which gene expressed in the neurogenic region of the non-segmental
head establishes the CLR boundary in concert with the CLR factors.
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5.3 Establishing a model for a gene regulatory network of the anterior
head
One of the purposes of this work was to identify the genetic interactions that play a role during the formation of the CLR and its various structures. The genes were therefore analyzed
under three aspects: (1) when does expression of the gene start, (2) which defects are observed after loss of function, and (3) loss of which gene function leads to loss of expression
aspects of other genes. An overview of the affected areas in the head after RNAi can be found
in Fig. 33A. Based on my results as well as on previous data, a model for a CLR gene regulatory network can be established revealing some major differences to Drosophila (Fig. 33B;
compare to Fig. 2).

Fig. 33: Deletion areas of the CLR markers and genetic interactions of Tc-six3. (A) The different CLR markers
are necessary for the development of different parts of the procephalon. Loss of Tc-six3 function leads to deletion of a triangular region comprising the labrum and stomodaeum anlagen as well as part of the neurogenic
tissue in the pre-ocular region. Tc-croc is needed for the establishment of the stomodaeal invagination. Knockdown of Tc-cnc or Tc-tup abolishes development of labral structures. An: antennal segment; Ic: intercalary segment; Lr: labral region; Oc: ocular region; St: stomodaeal region. (B) Arrows indicate activation; bars indicate
repression; dotted arrows indicate activation of only certain aspects of the target. Tc-six3 is the earliest expressed
CLR marker and necessary for formation of the ectodermal aspects of the CLR. After loss of its function, the
ectodermal CLR is deleted; hence, a direct regulation of Tc-cnc and the ectodermal Tc-croc expression is likely.
As the posterior aspects of Tc-croc are still expressed normally after Tc-six3 RNAi, it needs at least one additional factor to be activated, indicated by Tc-X. Tc-croc represses Tc-lab and Tc-tll expression in the CLR and is
itself repressed by Tc-tll. Tc-croc is needed for expression of Tc-six3, Tc-wg and Tc-cnc in the stomodaeum. It
also activates Tc-fkh and Tc-scro expression. In turn, Tc-scro activates the most posterior expression aspect of
Tc-croc. Tc-cnc is necessary for the labral expression domains of Tc-six3, Tc-wg, Tc-chx and Tc-croc and represses expression of Tc-tll. The mutual activation of Tc-cnc and Tc-croc is only in the labrum and stomodaeum
region, respectively.
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5.3.1

Tc-six3 is an early upstream activator of CLR development

The earliest gene expressed in the CLR is Tc-six3, which also correlates to its drastic RNAi
effect deleting most of the CLR (Posnien et al., 2009b; Posnien et al., 2011b; this work). In
this work, I showed that it is also required for the expression of Tc-cnc and anterior aspects of
Tc-croc. The tissue loss is first morphologically detectable during germ band extension, but
already in germ rudiments anterior ectodermal expression of Tc-croc is reduced. The fact that
mesodermal/endodermal expression of Tc-croc is more or less normal leads me to suggest,
that Tc-six3 is only necessary for the formation of the ectodermal aspects of Tc-croc expression. In contrast to that, expression of Tc-cnc is lost entirely after Tc-six3 RNAi.
Possible reasons for and timing of the tissue loss
It is unclear, whether the loss of tissue after Tc-six3 RNAi is mediated by a deletion of cells
or whether the tissue is not established at all. Loss of Six3 function leads to defects in eye and
forebrain development after higher apoptosis levels in the ricefish Oryzias latipes (Carl et al.,
2002). On the other hand, It is reported for Xenopus and zebrafish that Six3 promotes proliferation by antagonizing the inhibitive function of Geminin on DNA replication (Del Bene et
al., 2004) and by transcriptional activation of cell cycle regulators (Gestri et al., 2005). Both
scenarios are therefore possible in Tribolium.
I tried to solve this issue by testing in different embryonic stages whether the tissue loss was
due to cell death. I did not find an enhancement of cell death in germ rudiments. The numbers
of dying cells during germ band extension are higher compared to untreated animals, but still
appear to be too low to account for the tissue loss, as the numbers are much higher in retracting germ bands where no further tissue loss is detectable. This might be indicative for further
defects in eye and brain development after Tc-six3 loss of function as it is the case for
Oryzias. It remains to be tested whether apoptosis levels are higher during blastodermal stages
and therefore account for the drastic tissue loss in the anterior head.
It is possible that not cell death but reduced proliferation leads to the loss of tissue after Tcsix3 RNAi. To further investigate this, in vivo imaging with the described Histone-GFP line
should be carried out before and after Tc-six3 RNAi. Also, further phospho-Histone
immunostaining might give a clearer insight into the generation of the Tc-six3 RNAi phenotype.
Alternatively, Tc-six3 could be necessary for proper formation of the anterior fold and subsequent development of the CLR. After loss of its function, the fold might fail to be established and in turn the head lobes never become separated from each other. FM® 1-43 staining
of Tc-six3 RNAi embryos would help to solve this issue.
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Regulation of Tc-six3 expression
Tc-six3 is very high in the hierarchy of anterior head patterning but is not provided maternally (Posnien et al., 2009b). Therefore, other genes must activate its expression during
blastodermal stages. Only one candidate for activation of Tc-six3, Tc-hbn was analyzed in this
work and loss of the entire procephalic head was found. An important role in early head patterning appeared unlikely for Tc-hbn because of the location of the head anlagen in the
Tribolium egg. In short germ insects, the germ rudiment forms in the posterior ventral region
of the egg, while the anterior dorsal part contains the anlagen of the extraembryonic membranes (Sokoloff, 1972; Tautz et al., 1994; Handel et al., 2000; van der Zee et al., 2006).
Hence, the the head does not develop at the anterior tip of the egg during early stages and a
gene expressed here is unlikely to be involved directly in head development. The Tribolium
expression pattern of Tc-hbn in an anterior cap during the blastoderm stage does not speak for
a direct interaction with Tc-six3 during blastodermal stages. Nevertheless, Tc-hbn is necessary
for the establishment of the procephalon.
In Drosophila, the loss of function-phenotype of the orthologous hbn is reminiscent of the
one in Tribolium but less drastic. Only the labrum and anterior brain parts are deleted (Kaspar,
2008). hbn and optix/six3 appear to be expressed in the same region in Drosophila (compare
Walldorf et al., 2000 and Seo et al., 1999), offering the possibility of direct activation or interaction. Also in Tribolium, both genes are likely to be co-expressed in young elongating germ
bands and Tc-hbn could influence expression of Tc-six3. Otherwise, it could be involved in
the establishment of axial polarity, which in turn might be necessary for proper Tc-six3 expression. It remains to be tested by double in situ hybridization, whether the two genes are
truly co-expressed and could, hence, interact in head development.
Other genes that might be involved in the control of Tc-six3 expression are genes of the anterior patterning system. In Drosophila, the anterior system depends on activity of the anterior
localized determinant, Bcd, which functions as a transcriptional activator for anterior target
genes and represses translation of the posterior factor, Cad (Frohnhöfer and Nüsslein-Volhard,
1986; Berleth et al., 1988; Struhl et al., 1989; Dubnau and Struhl, 1996; Rivera-Pomar et al.,
1996). The bcd gene has, however, evolved rather recently only in higher dipterans by a duplication of the Hox3 ortholog zen and is not present in other insects (Sommer and Tautz,
1991; Schröder and Sander, 1993; Stauber et al., 1999; Brown et al., 2001). In Tribolium, the
translational repression of Tc-cad mRNA is carried out by Tc-Mex-3 (Schoppmeier et al.,
2009). The genes Tc-otd-1 and Tc-hunchback (Tc-hb) have been suggested to substitute for
the lacking bcd in terms of transcriptional activation due to the head defects found after loss
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of their function (Schröder, 2003). However, more recent studies have shown that these defects are, in fact, resulting from incorrect dorso-ventral patterning and a homeotic transformation, respectively (Kotkamp et al., 2010; Marques-Souza et al., 2008). The role of Tc-otd-1
in head formation indicates that proper dorso-ventral patterning is crucial for development of
the Tribolium head. This is due to the fact that the head in Tribolium forms in the ventral
blastoderm. Also Bone morphogenic protein (BMP) signaling is involved in determination of
the dorso-ventral axis and head formation in Tribolium. Knockdown of Tc-short gastrulation
(Tc-sog) which is the ortholog of the vertebrate BMP antagonist, Chordin, results in an enlargement of the dorsal serosa on cost of ventral head tissue. On the other hand, RNAi against
the BMP ortholog, Tc-decapentaplegic (Tc-dpp), leads to a loss of serosal tissue and to an
expansion of the head lobes (van der Zee et al., 2006). Due to the fact that the dorso-ventral
system is involved in head formation, activation of the early CLR patterning factor Tc-six3 is
likely to involve the dorso-ventral system, as well. Based on its early expression in the anterior head anlagen and the head defects after RNAi, Tc-otd-1 is a good candidate for activation
of Tc-six3 expression.
Moreover, canonical Wnt signaling has proven to function in Tribolium head patterning.
Similar to vertebrates, canonical Wnt signaling is repressed in the anterior. The anterior localized factor, Tc-Axin, is involved in the β-catenin destruction complex and its knockdown results in translocation of β-catenin to the nucleus. Here, it activates expression of targets genes
involved in the development of posterior structures leading to the loss of head structures (Fu
et al., in press). Hence, canonical Wnt signaling might be involved at least indirectly in Tcsix3 activation by the repression of posterior factors.
Possible downstream targets of Tc-six3
Tc-six3 is necessary for proper activation of several genes in the anterior CLR (Fig. 34).
More posterior expression aspects are, however, not dependent on Tc-six3. Tc-cnc expression
around the stomodaeum anlagen and the stomodaeal expression domain of Tc-wg are established regardless of a loss of Tc-six3 activity. The expression domains of both genes are, however, malformed due to the lack of anterior ectodermal tissue in Tc-six3 RNAi embryos. Also,
the stomodaeum does not invaginate as indicated by the lack of a foregut in developing L1
larvae. Hence, a second factor besides Tc-six3 is necessary for a normal establishment of
stomodaeal gene expression. Most likely, Tc-croc is this factor, as its stomodaeal expression
domain is not affected by Tc-six3.
It is difficult to determine whether the loss of expression of various genes after Tc-six3
knockdown indicates direct activation or whether it is merely a secondary loss due to the
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missing tissue (see Fig. 33). Ectopic expression of Tc-six3 in the established heat shock lines
might help to answer this question. Furthermore, Tc-six3 can be knocked down by embryonic
RNAi at different stages. Expression of Tc-croc starts in early germ rudiments, expression of
Tc-cnc slightly later. These developmental stages correspond approximately to 9.5 and 10 h
AEL at 32 °C, respectively. Therefore, injection of Tc-six3 dsRNA at 8-9 h AEL should not
interfere with its possible early function in cell death inhibition or proliferation activation but
knock down its transcriptional activity at the given time. This procedure has proven helpful to
discriminate between early and late function of Tc-otd-1 (Schinko et al., 2008) and in the case
of leg development, where staged knockdown of Tc-wg, Tc-dpp and the Epidermal growth
factor receptor pathway reduced defects in early development of other structures and made the
analysis of specific limb patterning defects possible (Grossmann et al., 2009; Grossmann,
2011).
The assumed interactions between Tc-six3 and other genes in the anterior head are depicted
in Fig. 34.
Fig. 34: Tc-six3 is the earliest CLR patterning factor. Arrows indicate activation; the bar indicates repression; the
crossed bar indicates no effect; question marks indicate
uncertainty; dotted arrows indicate possible activation that
has not been tested. The interaction scheme is based on
findings published by Posnien et al. (2011b) as well as
own observations. The assumed activation of Tc-six3 by
Tc-otd-1 and/or Tc-sog is based on findings by Schröder
(2003), Kotkamp et al. (2010) and van der Zee et al.
(2006) indicating early anterior determining functions of
these genes. Due to the fact that the complete anterior
head including Tc-six3 expression is lost after Tc-hbn
RNAi, a direct activation of Tc-six3 by Tc-hbn is an open question and the expression might be lost secondarily.
Early regulation of Tc-croc and Tc-cnc by Tc-six3 is likely to be direct because of co-expression. The lack of the
later expression of Tc-chx and Tc-fkh after Tc-six3 RNAi could be a secondary effect due to the loss of the CLR
tissue. Tc-otd-1 and ocular Tc-wg expression expand after Tc-six3 RNAi. Hence they are repressed by Tc-six3
(Posnien et al., 2011b). However, the expansion of the late median Tc-ems domains could be a secondary effect.
No interaction of Tc-six3 and Tc-scro, Tc-tll or the stomodaeal expression domain of Tc-croc was found.

5.3.2

Tc-croc and Tc-cnc pattern the posterior and the anterior part of the CLR, respectively

While loss of Tc-cnc function deletes the labrum anlagen, i.e. the anterior CLR, Tc-croc is
needed for the formation of the stomodaeum and proper patterning of the posterior CLR.
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Hence, they further subdivide the ectodermal region that is set up by the action of Tc-six3 and
possibly other early anterior determinants. In turn, Tc-cnc and Tc-croc probably activate the
expression of further patterning factors. The genetic interactions are summarized in Fig. 33B.
Tc-cnc is necessary for labrum development and proper mandible patterning
In Tribolium, knockdown of Tc-cnc leads to a loss of the labrum anlagen. The orthologs of
Tc-cnc in other insects functions in labrum development, as well. Studies are available for
Drosophila (Mohler et al., 1995) and the milkweed bug Oncopeltus fasciatus (Birkan et al.,
2011). The expression pattern is also conserved in the millipede Glomeris marginata indicating functional conservation, but functional data is not available (Janssen et al., 2011). The
exact mechanism of cnc in labrum development is not known in any species. Its early expression suggests that it acts as an important upstream factor. It will be interesting to test whether
loss of Tc-cnc function results in enhanced cell death in the CLR. Due to its expression along
the anterior fold, Tc-cnc might also be involved in its development and, therefore, embryonic
morphology should be studied by FM® 1-43 staining of Tc-cnc RNAi embryos.
While cnc is a determining factor for labrum development throughout insects, only in Drosophila and Tribolium its loss of function has a homeotic effect in the mandibular segment
(Harding et al., 1995; Mohler et al., 1995; this work). It has been proposed that Cnc antagonizes the activating function of Deformed (Dfd) on downstream targets in the mandibular
segment. In the absence of Cnc, Dfd promotes the development of maxillary as opposed to
mandibular structures, while ectopic expression of cnc in the maxillary segment leads to reduced maxillary structures (McGinnis et al., 1998; Veraksa et al., 2000). In Oncopeltus, no
function in mandible patterning has been detected (Birkan et al., 2011). This could be due to a
secondary loss of the repressive function of cnc in the Hemiptera or to a newly evolved gain
of this function in the Holometabola. Studies in further insects and arthropods might clarify
this issue. It would also be interesting to test whether ectopic expression of Tc-cnc leads to
defects in maxillary development of Tribolium, as well.
Activation of Tc-cnc expression is probably not evolutionarily conserved
In Drosophila, the clypeolabral expression domain of cnc is established by the anterior and
terminal maternal systems. Namely, bcd and torso are necessary for the establishment of the
primary domain which is subsequently shaped by the gene products of tll, spalt (sal) and giant
(gt). Expression in the mesoderm anlage is prevented by Snail (Sna). Also hkb and otd are
involved in establishing the expression pattern, but the effects of these genes have been considered to be secondary (Mohler, 1993).
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As already pointed out, the anterior patterning system in Tribolium and also more basal insects is different from the Drosophila situation because bcd is lacking. Hence, other genes
must be involved in Tc-cnc activation. The torso gene is conserved in Tribolium and like in
Drosophila necessary for the establishment of terminal structures. However, as described
above, the Tribolium head does not develop at the eggs terminus and head development is not
affected by Tc-torso knockdown (Schoppmeier and Schröder, 2005). Hence, also Tc-torso is
unlikely to be involved in regulation of Tc-cnc. Nevertheless, expression control of Tc-cnc in
the labral region is probably mediated by early anterior factors, given the relatively early start
of expression. Obviously, Tc-six3 is necessary for its activation and ectopic expression of Tcsix3 might reveal whether it is sufficient, as well.
As already mentioned, a loss of labrum development is also found after Tc-tup RNAi. Tctup could act upstream of Tc-cnc by being necessary for the formation of the anterior fold
which is in turn needed for proper patterning of the anterior head and expression of Tc-cnc.
Also other genes of the ush-group might be necessary for Tc-cnc activation. It remains to be
tested whether Tc-cnc expression is affected by loss of Tc-tup function.
Repression of Tc-cnc expression by Tc-Tll, as it is found in Drosophila, cannot be confirmed for Tribolium. While expression of Tc-cnc appears to expand slightly in later stages
after Tc-tll RNAi, this is probably a secondary effect due to the altered head morphology. In
contrast to that, Tc-tll expression expands towards the midline after Tc-cnc knockdown. Tc-tll
is important for the establishment of the neurogenic non-segmental region of the head (see
also Posnien et al., 2011b) and its median expression boundary is set up by Tc-cnc but apparently not vice versa.
In Drosophila, gt is required for is the retraction of the cap of cnc expression from the anterior tip of the embryo during cellularization (Mohler, 1993). This is unnecessary in Tribolium,
where the anterior Tc-cnc domain is established long after cellularization in the later germ
rudiment (Economou and Telford, 2009; this work). Likewise, Of-cnc is never expressed in a
cap at the anterior egg pole in Oncopeltus (Birkan et al., 2011) arguing in favor of a derived
patterning mode in Drosophila. Moreover, the expression pattern of Tc-gt in the whole anterior head (Bucher and Klingler, 2004) makes a repression of Tc-cnc rather unlikely, and the
phenotype after knockdown of Tc-gt does not show any alteration of labrum tissue. Defects in
the head are detected more posteriorly in the maxillary and labial segments, which are
homeotically transformed to trunk identity (Bucher and Klingler, 2004). However, the homeotic function of gt has not been confirmed in other insects, where gt always acts as a gap gene
(Petschek et al., 1987; Petschek and Mahowald, 1990; Eldon and Pirrotta, 1991; Brent et al.,
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2007; Liu and Patel, 2010). Therefore also other functions of gt like a repression of cnc might
have been lost during Tribolium evolution.
Also, repression of Tc-cnc expression in mesodermal cells by Tc-Sna or another mesodermal factor appears not necessary. As already mentioned, Tc-cnc is never expressed like Drosophila cnc in an anterior cap in the blastoderm which withdraws from the mesoderm
primordium (Mohler et al., 1991; Mohler, 1993; Economou and Telford, 2009).
No data on the expression of Tc-sal in the Tribolium head is available. Hence, a conservation of the repressive effect on Tc-cnc cannot be excluded.
The later Tc-cnc expression aspects around the stomodaeum are dependent on Tc-croc, possibly via Tc-scro as a mediator. After RNAi for these genes, the Tc-cnc expression around the
stomodaeum is lost. Vice versa, Tc-cnc is necessary for the establishment of the labral expression stripes of Tc-croc. It is, however, uncertain whether this apparently mutual activation is
not only a secondary effect due to the loss of the labrum anlagen after Tc-cnc RNAi and, respectively, the stomodaeum identity after Tc-croc RNAi. An early mutual interaction was not
detected.
The expansion of early Tc-cnc expression after Tc-scro RNAi indicates that the posterior
boundary of Tc-cnc could be set up by Tc-scro. During early embryogenesis, Tc-scro expression is apparently posterior to Tc-cnc, suggesting a negative regulation. However, both genes
are clearly co-expressed during later stages and apparently no repression occurs. This could
indicate that a second factor cooperates with Tc-scro to suppress Tc-cnc expression during
early stages. Probably, knockdown of Tc-scro was not complete, as indicated by the fact that
weak Tc-scro expression could be detected in older RNAi germ bands.
Tc-croc expression is activated by unknown factors
Expression of croc in Drosophila starts as an anterior cap which is established by the interaction of Bcd, Dorsal (Dl) and the terminal system. Also the later withdrawal of the expression domain from the anterior pole is dependent on the terminal system. The target genes of
the maternal systems turned out to have no effect on croc expression, placing croc at the same
level as the zygotic gap genes (Häcker et al., 1992; Häcker, 1995; Häcker et al., 1995).
As already pointed out, bcd is not conserved among insects and the terminal system is not
involved in Tribolium head patterning. Nevertheless, anterior factors (e.g. Tc-Otd-1 or TcHbn) are most likely involved in the onset of Tc-croc expression. In contrast to Tc-cnc, only
the anterior ectodermal aspects of Tc-croc expression are affected by a Tc-six3 knockdown.
The posterior expression is established normally without Tc-six3 function. The dorso-ventral
system is almost certainly involved in Tc-croc regulation, as a large portion of the Tc-croc
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expression domain lies in anterior ventral tissue. The actual factors activating Tc-croc expression are yet to be identified.
The withdrawal of Tc-croc from the anterior pole of the germ band is probably not due to
changes in expression regulation but to a morphogenetic movement of the tissue Tc-croc is
expressed in.
Downstream targets of Tc-croc are expressed in the stomodaeal region
The posterior Tc-cnc expression stripes around the stomodaeum are lost after Tc-croc RNAi.
However, this is likely to be a secondary effect (see above). Also, the reduction of Tc-six3
expression in the stomodaeum after Tc-croc RNAi might be a secondary effect, as early Tcsix3 expression was not found to be affected. In contrast to that, the loss of the expression
domains of other genes in the stomodaeum region (e.g. Tc-fkh, Tc-wg) after Tc-croc RNAi is
likely to result from direct interaction. This makes Tc-croc an important upstream factor for
stomodaeum formation and gut development in Tribolium.
Tc-croc function is also necessary for proper establishment of the Tc-scro expression domain. However, Tc-croc does not account for the complete domain. Tc-scro expression in the
labrum base appears to be narmal despite Tc-croc RNAi. This is also indicated by the fact that
the fusion of the labrum anlagen still takes place after Tc-croc RNAi while it is abolished after Tc-scro RNAi. During later stages, Tc-scro even appears to be necessary for Tc-croc expression posterior of the stomodaeum but not in other areas. The Tc-scro RNAi phenotype
includes a loss of the most posterior hook-like structure of the foregut. Instead, the foregut
ends blind. I therefore suggest that Tc-scro is necessary for the establishment of the most posterior ectodermal expression aspect of Tc-croc, which in turn is necessary for the proper formation of the posterior end of the foregut.
Tc-croc patterns the stomodaeal region and might replace Tc-hkb in gut formation
The developmental function of Croc in Drosophila is the formation of labral derivatives and
the posterior pharynx wall (Häcker, 1995; Häcker et al., 1995) as well as the SNS (SchmidtOtt et al., 1994; see above). In Tribolium, the labrum defects detected after Tc-croc knockdown are of secondary nature and result from the replacement of the mouth opening by ectopic tissue and the subsequent dorsal misplacement of the labrum. The complete loss of a stomodaeum invagination and the reprogramming of the tissue fate have not been described in
other organisms than Tribolium. The defect found in Oncopeltus after Of-croc RNAi is a disruption of labrum patterning (Birkan et al., 2011). The nature of these defects is not further
stated and might be secondary. No information is available about stomodaeum or foregut de91
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velopment after Of-croc RNAi in Oncopeltus. It will be interesting to test whether croc has a
function in foregut patterning in other arthropods, as well.
The molecular genetics of gut formation in arthropods have been studied only in Drosophila
(see Murakami et al., 1999, for review). The insect gut consists of three major parts, anterior
foregut, midgut and posterior hindgut. The anlagen of the gut develop at both embryonic
poles and elongate during embryogenesis to eventually fuse. Foregut and hindgut develop
from ectodermal invaginations, stomodaeum and proctodaeum, respectively. The midgut is of
endodermal origin, the anlagen of which invaginate at the same time as the mesoderm (Reuter
and Leptin, 1994; Campos-Ortega and Hartenstein, 1997).
In Drosophila, the anterior gut primordia are specified by the action of the anterior and terminal maternal systems. They activate expression of the terminal gap genes, tll and hkb. Hkb
controls the formation of the anterior endoderm (i.e. anterior midgut) in concert with Twist
(Twi) and Sna. While the gene products of twi and sna alone specify the mesodermal part of
the ventral furrow, hkb is expressed at its anterior tip and is necessary for specification of the
endoderm. One downstream target of hkb is serpent (srp). The loss of function of either hkb
or srp leads to a homeotic transformation of endodermal to ecto- and mesodermal tissue
(Brönner et al., 1994; Reuter, 1994b; Reuter and Leptin, 1994; Brönner and Jäckle, 1996).
hkb and tll also activate the expression of another Drosophila gut determinant, fkh (Weigel
et al., 1990), which specifies the ectodermal foregut. Loss of its function leads to a homeotic
transformation of the stomodaeal tissue into post-oral head structures (Jürgens and Weigel,
1988). Later studies showed that also midgut and hindgut are affected after loss of fkh function (Weigel et al., 1989a; Weigel et al., 1989b).
The Drosophila pattern of gut formation is apparently not conserved in Tribolium. Tc-tll
RNAi does not interfere with Tc-fkh expression or gut formation (Posnien et al., 2011b; this
work). The expression pattern of Tc-hkb makes a functional role in foregut development unlikely, but functional tests remain to be performed. In contrast, Tc-croc is necessary for proper
expression of Tc-fkh and loss of its function leads to an abolishment of foregut formation. In
the absence of Tc-croc, the stomodaeal tissue is replaced by ectodermal tissue originating
from surrounding head regions. This phenotype is reminiscent of a homeotic transformation
as reported for loss of function of fkh in Drosophila. In Tribolium, however, early expression
of genes in the stomodaeal region appears not affected and only later, ectopic tissue is found.
This tissue is then marked by the expression of genes expressed in surrounding head regions.
It is, therefore, uncertain whether this is a true homeotic transformation.
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Also, the expression pattern of Tc-croc in Tribolium is reminiscent of hkb expression in
Drosophila. In Tribolium, Tc-croc instead of Tc-hkb is detected at the anterior tip of the
invaginating mesoderm in germ rudiments (see Economou and Telford, 2009). Also during
early elongating stages, the Tc-croc expression pattern has the same shape as mesenchymal
cells in the anterior head (compare expression of Tc-croc in Fig. 9B3 to expression of Tc-twi
in Fig. 4B and C in Handel et al., 2004) and might therefore specify the endodermal anlagen.
It remains to be tested whether this is a derived state or whether more basal arthropods also
use croc instead of hkb to specify the anterior gut. Interesting data comes from the basal dipteran Clogmia albipunctata (WILLISTON, 1893). In Clogmia, expression of Calb-hkb starts
rather late in development and is like in Tribolium probably not involved in early gut specification (García-Solache et al., 2010). Hence, it is likely that in the lineage leading to Drosophila, hkb gained a function as an important anterior patterning factor and replaced croc in gut
formation. croc only retained part of its function in gut development in Drosophila, as the
posterior pharynx wall and the SNS are still dependent on croc expression (Häcker et al.,
1995; Schmidt-Ott et al., 1994).
Further support for the theory that Tc-croc functionally replaces Tc-hkb comes from yet another similarity between Tc-croc in Tribolium and hkb in Drosophila: Tc-croc is not sufficient
to activate Tc-fkh expression. In the Tc-six3 loss of function background, Tc-croc is still expressed, but Tc-fkh expression fails to be established. Like in Drosophila, at least one more
factor is therefore needed to activate Tc-fkh. Tc-six3 could be this factor, which remains to be
tested by staged embryonic RNAi or ectopic expression of Tc-six3.
To further investigate the role of Tc-croc in gut formation, the functions of its hypothesized
downstream targets remain to be analyzed. It appears likely that the defects in gut development after Tc-croc knockdown are actually due to the loss of Tc-fkh expression. This remains
to be tested by Tc-fkh RNAi. Also, no data is currently available on the expression, function
or regulation of Tc-srp. If Tc-croc in Tribolium has, in fact, the role of hkb in Drosophila, it
should not only specify ectodermal but also endodermal anlagen by activation of Tc-srp. Interestingly, Tc-croc loss of function leads to higher cell death in mesenchymal cells during
later embryogenesis. Possibly, the respective cells are not properly specified as endoderm
without Tc-croc function and die subsequently. It will be interesting to determine the role of
Tc-srp in gut development and to elucidate whether its expression is activated by Tc-croc, as
well. The regulation of the gut patterning factors as suggested here is depicted in Fig. 35.
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Fig. 35: Differences and similarities in
gut

patterning

of

Drosophila

and

Tribolium. In Drosophila, the anterior
and terminal systems activate expression
of the terminal gap genes, tll and hkb.
hkb activates expression of srp which is
needed for mesodermal anterior midgut
formation. Together with tll, hkb also
activates expression of fkh which in turn
leads to stomodaeum and foregut development. In Tribolium, Tc-tll and Tc-hkb
have probably no function in gut formation. Instead, both Tc-six3 and Tc-croc are needed for the development of
the stomodaeum and the expression of Tc-fkh. The role of Tc-fkh in foregut formation is likely to be conserved.

5.4 Ectopic expression of CLR patterning factors
For further analysis of the function of the CLR factors, I established Tribolium lines for
their ectopic expression. Two lines were established for Tc-croc and Tc-six3, respectively.
The φC31 system I used for site specific integration of the transgenic construct into the genome worked in principle, as several transgenic lines were generated. However, transformation efficiency was very low (ca. 0.2 %) and the eye markers of the attP construct and the
insert were not linked. I assume that the injected attP line was contaminated with beetles of
the SB strain and hence, that no attP site was present in the genome. Nevertheless, the construct integrated which might be due to putative pseudo attP sites in the Tribolium genome. It
has been demonstrated in Drosophila, that recombination between the attB site and endogenous pseudo attP sites can occur (Groth et al., 2004). Inverse PCR of the transgenic Tribolium
lines revealed that, in fact, integration occurred in a different region than the attP site (Ulrich,
personal communication). Further analysis of this region might lead to the finding of pseudo
attP sequences in Tribolium, as well. Moreover, the model organism Tribolium would benefit
from another attempt to use of the φC31 system for site specific integration. This could be
carried out in the context of creating a strain for ectopic expression of Tc-cncB with a newly
established stock of the attP line.
Initial tests for ectopic Tc-croc expression showed ubiquitous expression throughout embryogenesis, but no developmental defects were observed. This could indicate that Tc-croc is
merely a permissive factor. It might only function in the local environment of the CLR and
co-factors might be necessary for its proper effect on downstream targets. On the other hand,
it might be that Tribolium has a high regulatory potential rescuing early defects resulting from
ectopic Tc-croc expression. It could also be that defects were not detectable using Tc-wg as a
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marker. Due to its role in stomodaeum development, gut formation after ectopic Tc-croc expression should be analyzed. As described above, Tc-croc might act in the specification of
endoderm instead of mesoderm. Hence, the complete mesodermal tissue might be transformed
into endodermal tissue after ectopic Tc-croc expression. To test this, the muscle pattern of
larvae developing from heat-shocked eggs or the expression of mesodermal markers in embryos should be analyzed.
The high numbers of hatched i.e. not affected larvae after the heat shock experiments are
probably due to the fact that the strains are not homozygous. Thus, 25 % of laid eggs have a
wild type-like genetic background and develop normally. There were also a relatively high
number of empty eggs indicating severe developmental defects. Further staged heat shock
experiments might give better results.

5.5 Implications for the arthropod head problem
The “endless dispute” about the arthropod head problem as formulated by Rempel (1975)
has become less controversially disputed in recent years. It is now, for instance, widely accepted that there is indeed an intercalary segment in hexapods which corresponds to the second antennal segment in crustaceans and the pedipalp segment in the chelicerata (see e.g.
Scholtz and Edgecombe, 2006). It remains unclear whether the ocular region is a true segment, while most authors refuse this idea and define the ocular region as part of the anterior
non-segmental head (e.g. Budd, 2002; Angelini and Kaufman, 2005; Scholtz and Edgecombe,
2005; Scholtz and Edgecombe, 2006; Posnien et al., 2010; but see Rogers and Kaufman, 1997
for an opposing view). There is little doubt that the labrum evolved from fused appendages
which are supposedly homologous to the onychophoran antennae (Eriksson et al., 2003;
Kimm and Prpic, 2006; Posnien et al., 2009b; Eriksson et al., 2010; but see Bitsch and Bitsch,
2010 for an opposing view). The fact that development of the labrum functions independently
from hedgehog signaling or canonical Wnt signaling and, hence, segmentation (Farzana and
Brown, 2008; Bolognesi et al., 2009; Posnien et al., 2009b) further supports the hypothesis
that these appendages belong to a non-segmental region.
Within this work, I provide evidence that the anterior non-segmental region can ontogenetically be further subdivided into an outer neurogenic region giving rise to the procephalon and
an inner non-neurogenic region, the CLR, forming the clypeolabrum and anterior gut structures as well as probably the SNS. Two of the earliest markers for the CLR and the procephalic region are Tc-six3 and Tc-otd-1, respectively. The expression patterns of these genes
appear to be conserved in all bilaterians (Steinmetz et al., 2010; Posnien et al., 2010). The fact
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that also other genes expressed in the anterior head show highly conserved expression patterns
throughout arthropods or even bilaterians (Arendt et al., 2001; Hirth et al., 2003; Angelini and
Kaufman, 2005; Reichert, 2005; Arendt et al., 2008; Eriksson et al., 2010; Birkan et al., 2011;
Janssen et al., 2011; Posnien et al., 2011a) might indicate that also the CLR is an evolutionary
conserved structure.
The relocation of the mouth opening from an anterior to a more posterior and ventral position is suggested to have taken place during arthropod evolution (see e.g. Budd, 2002; Kimm
and Prpic, 2006). My suggested model for the morphogenesis of the anterior head provides
evidence for the ontogenetic movement of anterior tissue to a posterior position. This tissue
appears to comprise the stomodaeum anlagen. The model also offers an explanation for the
problem that the position of the stomodaeum appears to vary within the arthropods (see e.g.
Figure 2 in Budd, 2002 or Fig. 2 in Eriksson et al., 2010). The posterior boundary of the CLR
is defined by the extent of the anterior fold which could vary in different species. Further investigation of early developmental processes and analysis of the conservation state of CLR
marker expression in other arthropods will give insights into the evolution of the anterior
head.

5.6 Concluding remarks
I showed that the CLR and the resulting split of the antennal segment and the ocular region
develop primarily by morphogenetic movements and that proliferation apparently plays no
major role. Instead, a newly identified structure formed by interaction of the germ band and
the amnion, the anterior fold, is largely involved in anterior head formation. In order to further
analyze the formation of the CLR and its derivatives, several experiments should be carried
out. Investigation of the u-shaped group of genes in Tribolium is necessary to strengthen the
hypothesis of an involvement of the amnion in early head formation. In addition, it will be
helpful to analyze early head formation more detailed in vivo. The GFP expressing Tribolium
line as well as other strains currently being established are valuable prerequisites.
Different genes are expressed during CLR development and their expression pattern changes with the morphogenetic movements. I provided further evidence that Tc-six3 is important
for the establishment of the complete ectodermal CLR. Tc-cnc and Tc-croc act downstream of
Tc-six3 and are necessary for the development of clypeolabrum and anterior gut structures,
respectively. Additionally, Tc-croc appears to have taken over the function of hkb as gutdetermining factor. In order to better understand the emergence of the defects after loss of
function of the different genes, analysis of RNAi phenotypes in vivo will be helpful. Investi96
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gation of FM® 1-43-stained embryos after Tc-six3 and Tc-cnc knockdown might also provide
interesting findings. Finally, the effect of loss of Tc-croc function on brain development needs
to be analyzed.
Also, a better understanding of gut development in Tribolium is desirable. Currently, functional analysis of Tc-fkh and Tc-hkb is performed. Also other factors known to be involved in
Drosophila gut patterning should be examined in Tribolium. The conservation state of expression and function of Tc-srp will give further insight into the evolution of endoderm formation.
Moreover, the genes involved in Tribolium and Drosophila gut development should be investigated in other arthropods.
In an attempt to further elucidate the genetic interactions in the anterior head, I developed
lines for ectopic expression of Tc-croc and Tc-six3. These lines will help to understand the
regulatory interactions of these CLR patterning factors. A line for ectopic expression of TccncB using the φC31 site specific integration system will give further insights into the gene
regulatory network of the CLR and establish this system in Tribolium. A more exact characterization of the established lines is desirable. In the future, the effects of ectopic expression
on downstream targets as well as on development can be analyzed.
Closer investigation of early morphogenetic processes, the formation of the Tribolium gut
and the conservation of the CLR patterning network in other arthropods will teach us more
about the nature and composition of the anterior head. The use of new techniques like in vivo
imaging and site specific integration will further strengthen Tribolium as an important arthropod model organism.
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7 Appendix
7.1 Abbreviations
AEL
bp
cDNA
CLR
DSLM
dsRNA
ECFP
GFP
kbp
mRNA
NCBI
ORF
PCR
PH3
RACE
RNAi
SB
SNS
TUNEL
vw

after egg lay
base pair
complementary DNA
clypeolabral region
Digital Scanned Laser light sheet fluorescence Microscopy
double stranded RNA
enhanced cyan fluorescent protein
green fluorescent protein
kilo base pair
messenger RNA
National Center for Biotechnology Information
open reading frame
polymerase chain reaction
phosphorylated Histone H3
rapid amplification of cDNA ends
RNA interference
San Bernardino; a Tribolium wild type strain
stomatogastric nervous system
terminal deoxynucleotidyl transferase dUTP nick end labeling
vermillionwhite; a white-eyed Tribolium strain

7.2 Gene abbreviations
ase
cad
croc
dpp
fkh
hh
lab
scro
spi
tll
tup
vnd
zen

asense
caudal
crocodile
decapentaplegic
fork head
hedgehog
labial
scarecrow
spitz
tailless
tailup
ventral nerve cord defective
zerknüllt

bcd
cnc
dl
ems
hbn
hkb
otd
sna
srp
tor
twi
wg
Tc-

bicoid
cap’n’collar
dorsal
empty spiracles
homeobrain
huckebein
orthodenticle
snail
serpent
torso
twist
wingless
prefix, if the gene is a
Tribolium ortholog
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7.3 Primers used in this work
Table 4: Primers for cloning of gene fragments. Name of the primer, sequence and cloned gene are indicated.
Name
SK_Tc_croc_fwd
SK_Tc_croc_rv
SK_croc_fw2
SK_croc_rv2
SK_Tc_hbn_fwd
SK_Tc_hbn_rv
SK_hbn_fw2
SK_hbn_rv2
SK85
SK86
SK107
SK108
SK_tup_fwd
SK_tup_rv
SK_tup_fw2
SK_tup_rv2

Sequence
CGATTTTCACCGAACATCAGAATGC
ACAGTCCTGTTGGTAGTAAGCCGCC
ATTCCTACATCGCGCTCATCG
GGGCTGTACCAGGGGCTGTA
GAAGAAATGCGTCCGAGGGCC
GGCACTAAAATTTCTTGTGTCCGTAACC
AGTTAACAGCTCGTCCACCTCTGC
CGACTTCGCGTGCAGTTTCTG
GCCCTTCCTGCAATAACGAAAC
GGCACGTAGGGGTAGGTCGC
GCGTCGAACGGGAGCATAAC
CCTGCAATAACGAAACCAACAC
AACGAGCGATAGCGAAAAAGCCC
TGACGTCAGACGGCGGCGC
CCAGATCCACGACCAATACATCC
TGACGAGCTGCTGGAAGGCC

Gene
Tc-croc (forward, bp 8 - 32)
Tc-croc (reverse, bp 987-1011)
Tc-croc (Nested forward, bp 191-211)
Tc-croc (Nested reverse, bp 843-862)
Tc-hbn (forward, bp 16-36)
Tc-hbn (reverse, bp 722-749)
Tc-hbn (Nested forward, bp 63-68)
Tc-hbn (Nested reverse, bp 763-783)
Tc-hkb (forward)
Tc-hkb (reverse)
Tc-hkb (Nested reverse)
Tc-hkb (Nested forward)
Tc-tup (forward, bp 38-60)
Tc-tup (reverse, bp 1144-1162)
Tc-tup (Nested forward, bp 93-115)
Tc-tup (Nested reverse, bp 1044-1063)

Table 5: Primers for RACE. Name of the primer, sequence and purpose are indicated.
Name
croc-3RACE
SK0906221
SK0906222
SK0907151
SK0907152
SK0907153
SK0907154
SK73
SK74
SK75
SK76
SK109
SK112

Sequence
CGGCTTACTACCAACAGGACTG
GCGGCGGCTTACTACCAACAGGACTG
CTGTCAATTGGCGGGGTTTAGGCACTC
CAATCCGCTCCAGTCAAAGACTCTGATAATTCC
CTGATAATTCCTCGGCCTTTACTACATACTCCC
GAATCCAGAACACAAGGAGCCACCACCTCAAG
CAGTCTTCAGACGTCTGCAGATGGGTCGATATTGG
GGTGTCCGGTTTTCGTATCCATCTC
CGGTGTCTATGGTGTAGTTGAAGCC
CTGTTGGGCTGGGTCCTGATTG
CTTGGAACAGAAATCACCGAAGCAC
TGGTTGTGCTGGATGTGGTCGAGGGAGTTTC
GGTCGAGGGAGTTTCTCACCAAGTGGCTG

Purpose
3'-RACE of Tc-croc
3'-RACE of Tc-croc (Nested)
3'-RACE of Tc-croc
5'-RACE of Tc-cnc
5'-RACE of Tc-cnc (Nested)
3'-RACE of Tc-cnc (Nested)
3'-RACE of Tc-cnc
Cloning of unique sequence of Tc-cncC (forward)
Cloning of unique sequence of Tc-cncC (reverse)
Cloning of unique sequence of Tc-cncB (forward)
Cloning of unique sequence of Tc-cncB (reverse)
5'RACE of Tc-cncA
5'RACE of Tc-cncA (Nested)

Table 6: Primers for tests for off target effects after RNAi. Name of the primer, sequence and gene are indicated.
Name
SK20090902 1
SK20090902 2
SK20090902 3
SK20090902 4
SK20090902 5
SK20090902 6
SK91
SK92
SK93
SK94
SK95
SK96
SK97
SK98

Sequence
TAATACGACTCACTATAGGGCGCCAACAGCTCGACTCC
TAATACGACTCACTATAGGCGAACATGTTGTAGGAGTCTGGG
TAATACGACTCACTATAGGGTGTTGTGCTTGTTCACGACCG
TAATACGACTCACTATAGGGGCAAGAACTCTGTCAGGACGTG
TAATACGACTCACTATAGGCCATGCCCGACTCCAAGC
TAATACGACTCACTATAGGGCGGGAAATTGCAAATCGG
TAATACGACTCACTATAGGCCGGCTGGGAGCTGTTGTAGG
TAATACGACTCACTATAGGGATGGAGTTCGGGAGACACAGCC
TAATACGACTCACTATAGGGACCGAGCAGTGTATGTGGGC
TAATACGACTCACTATAGGAATACGGCGGTTGTTTCTCGG
TAATACGACTCACTATAGGCACTTGCGTCGGCGTCAGTC
TAATACGACTCACTATAGGTCAAGAACCGGAGGCAGCG
TAATACGACTCACTATAGGGGATGCTTCGGACCCATTGG
TAATACGACTCACTATAGGGCTGGCTAGACCTATTCGTCCTG

Gene
Tc-croc (5'-fragment, reverse)
Tc-croc (3'-fragment, reverse)
Tc-tup (5'-fragment, reverse)
Tc-tup (3'-fragment, reverse)
Tc-scro (5'-fragment, reverse)
Tc-scro (5'-fragment, reverse)
Tc-cnc (5'-fragment, reverse)
Tc-cnc (3'-fragment, forward)
Tc-hh (5'-fragment, reverse)
Tc-hh (3'-fragment, forward)
Tc-six3 (5'-fragment, reverse)
Tc-six3 (3'-fragment, forward)
Tc-tll (5'-fragment, reverse)
Tc-tll (3'-fragment, forward)
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Table 7: Primers for design of constructs for ectopic expression. Name of the primer, sequence and purpose are
indicated.
Name

Sequence

SK78

GCTGTACATCAGTATTTCTGTCCCACACAGTCCTG

SK79

ATACCGGTAAACATGCATACGATTTTCACCGAACA

SK87

ATAGGGCCCATATATGGATCCCAACCTTCAAT

SK88

ATAGGGCCCCCACTAGTGAGCAGCCAGTTGTT

SK100
SK103
SK104
SK105
SK106

GATACGCGTTCTGTAAACATGCATACGATTTTCACC
GAACATCAG
AGTAGGCATTCTGATGTTCGGTG
GGCGATTAAGTTGGGTAACG
GGGTGTTCTGCTGGTAGTGG
GCGTACTCCACCTCACAGATC
CCACTACCAGCAGAACACCC

SK110

ACATCTAGAATGGCGCTCGGACTCGGCTC

SK111

ATACTCGAGTCACGTCAGTCTCGGCGGCGA

SK113

GCATCTAGAATGATACAGACGTCGCAATTCC

SK114

TCTACGCGTTCAATCTTTGTGACCTTGAGGTG

SK115
SK116
SK119
SK120
SK121
SK122
SK123
SK124
SK125
SK126

CTGTTGGGCTGGGTCCTGATTG
TTTGTCTGGTTTCAGCTCCGCAGTC
AATTAGCTCCACTATCTCCCAGTTCC
TCCTAGCACCAATAACGTCAGTCAC
GCACAACCAGTTTCCACTATTCTCC
AGGCCACGACTAATGCGGTAAG
CCCTGCACAATTACAGCCACC
CTATCAGATGGCGAGTGGTGCGACG
AGCTCAACAAGAACGAGGCCGTGC
ATTCCGCTTCGGCAATCACTCC

SK127

GTCGGCAAATAGCACCAATATC

SK128

CACTGTCACCTGGTTGGACG

SK129

CCGCATTAGTCGTGGCCTTG

SK99

Purpose
Cloning of Tc-croc-ORF with 3’-Bsp1407I-overhang
(reverse)
Cloning of Tc-croc-ORF with 5’-BshTI-overhang (forward)
PCR-amplification of Tc-hsp-5'-3'-UTR with Bsp120Ioverhang (forward)
PCR-amplification of Tc-hsp-5'-3'-UTR with Bsp120Ioverhang (reverse)
Cloning of Tc-croc into pSLaf[3pBac-Tc'hsp5'3'UTRattB-PUb-DsRed]af with MluI-overhang (forward)
Sequencing Tc-hsp5'UTR in #1245+croc
Sequencing 6xP3-eCFP in hs-overexpression vectors
Sequencing 6xP3-eCFP in hs-overexpression vectors
Sequencing 6xP3-eCFP in hs-overexpression vectors
Sequencing 6xP3-eCFP in hs-overexpression vectors
Cloning of Tc-six3-ORF in hs-attB-vector with XbaIoverhang (forward)
Cloning of Tc-six3-ORF in hs-attB-vector with XhoIoverhang (reverse)
Cloning of Tc-cncB-ORF in hs-attB-vector with XbaIoverhang (forward)
Cloning of Tc-cncB-ORF in hs-attB-vector with MluIoverhang (reverse)
Tc-cncB (forward)
Tc-cncB (Nested forward)
Tc-cncB (reverse)
Tc-cncB (Nested reverse)
Sequencing primer for ORFs in hs-attB-vector
Sequencing primer for cncB-ORF in hs-attB-Vector
Sequencing primer for cncB-ORF in hs-attB-vector
Sequencing primer for ORFs in hs-attB-vector
Sequencing primer for six3-ORF in hs-attB-vector
Sequencing primer for six3-ORF in hs-attB-vector
Test for attP-attB recombination (forward in Gal4deltaMutator)
Test for attP-attB recombination (reverse in Gal4deltaMutator)
Test for attP-attB recombination (reverse in hs-croc- attBVektor)
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7.4 Video file of DSLM in vivo imaging
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7.5 Proliferating cells in untreated embryos and after Tc-croc RNAi
Table 8: Numbers of proliferating cells per embryo. Cells were counted in the anterior head (see Fig. 8).
untreated
ID of the embryo image
germ rudiment
elongating

retracting

2011_12_06-1_2000-08
2011_12_06-1_1000-01-ab_slide_9
2011_12_01-1_1000-03
2011_12_06-1_2000-04
2011_12_06-1_5000-02
2011_12_06-1_1000-04-ab_slide_11
2011_08_19-20
2011_12_06-1_2000-02
2011_08_19-14
2011_12_06-1_2000-01
2011_12_01-1_1000-04
2011_12_06-1_2000-06
2011_12_06-1_2000-05
2011_12_01-1_1000-02
2011_12_06-1_1000-02-ab_slide_11
2011_12_06-1_1000-05-ab_slide_9
2011_12_06-1_1000-03-ab_slide_10
2011_08_19-08
2011_12_06-1_2000-07
2011_12_06-1_5000-02
2011_12_06-1_2000-03
2011_12_01-1_1000-01
2011_08_19-12
2011_08_19-07
2011_08_19-31
2011_08_19-18
2011_08_19-16
2011_08_19-22
2011_08_19-01

proliferating
cells
11
42
10
50
16
55
56
46
17
29
38
33
26
53
19
20
29
46
43
16
27
42
29
72
94
55
64
82
106

Tc-croc RNAi
ID of the embryo image
MAX_C1-2011_12_20-04
MAX_C1-2011_12_20-10
MAX_C1-2011_12_20-23
MAX_C1-2011_12_20-06
MAX_C1-2011_12_20-02
MAX_C1-2011_12_20-15
MAX_C1-2011_12_20-07
MAX_C1-2011_12_20-08
MAX_C1-2011_12_20-13
MAX_C1-2011_12_20-25
MAX_C1-2011_12_20-18
MAX_C1-2011_12_20-17
MAX_C1-2011_12_20-19
MAX_C1-2011_12_19-01
MAX_C1-2011_12_20-16
MAX_C1-2011_12_20-11
MAX_C1-2011_12_20-22
MAX_C1-2011_12_20-12
MAX_C1-2011_12_20-24
MAX_C1-2011_12_20-14
MAX_C1-2011_12_20-01
MAX_C1-2011_12_20-21
MAX_C1-2011_12_20-26
MAX_C1-2011_12_20-05
MAX_C1-2011_12_20-20
MAX_C1-2011_12_21-01
MAX_C1-2011_12_20-03
MAX_C1-2011_12_20-09
MAX_C1-2011_12_20-27

proliferating
cells
86
87
16
12
30
38
16
81
43
49
50
25
30
32
47
38
64
46
20
56
54
61
54
44
72
57
84
75
46

Table 9: Test for significance of differences between cell proliferation in untreated embryos and after RNAi.
germ rudiment

elongating

retracting

mean
n
standard deviation
standard error of the mean
mean
n
standard deviation
standard error of the mean
mean
n
standard deviation
standard error of the mean

untreated
26,5
2
21,920
15,5
38,375
24
19,934
4,069
84
3
21,071
12,166

Tc-croc RNAi
86,5
2
0,707
0,5
43,125
24
18,116
3,698
68,333
3
19,858
11,465

t-test
0,061

0,392

0,402
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7.6 Cell death in untreated embryos, after Tc-croc RNAi and after Tc-six3
RNAi
Table 10: Dying cells in the anterior head of germ rudiments.
untreated
ID
02.08.2011_1
02.08.2011_2
02.08.2011_3
02.08.2011_4
02.08.2011_5
02.08.2011_6
02.08.2011_7
02.08.2011_8
02.08.2011_9
02.08.2011_10
02.08.2011_11
02.08.2011_12
09.11.2011_5
09.11.2011_16
09.11.2011_21
09.11.2011_28
09.11.2011_30
09.11.2011_34
09.11.2011_35
09.11.2011_36
09.11.2011_37
09.11.2011_39
09.11.2011_45
09.11.2011_46
09.11.2011_51
09.11.2011_53
09.11.2011_58
09.11.2011_60
09.11.2011_65
09.11.2011_69
09.11.2011_70
09.11.2011_75
mean
n
standard deviation
standard error of the mean
t-test

dying cells
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
34
0
0

Tc-croc-RNAi
ID
02.08.2011_2
02.08.2011_11
02.08.2011_12
02.08.2011_14
02.08.2011_15
02.08.2011_17
02.08.2011_19
02.08.2011_24
02.08.2011_25
02.08.2011_26
02.08.2011_27
02.08.2011_30
02.08.2011_35
02.08.2011_37
09.11.2011_45
09.11.2011_48
09.11.2011_84
09.11.2011_85
09.11.2011_90
09.11.2011_93
09.11.2011_96
09.11.2011_109
09.11.2011_121
09.11.2011_142
09.11.2011_145
09.11.2011_156

dying cells
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
23
0
0

Tc-six3-RNAi
ID
02.08.2011_3
02.08.2011_7
02.08.2011_9
02.08.2011_15
02.08.2011_19
02.08.2011_22
02.08.2011_25
02.08.2011_26
02.08.2011_27
02.08.2011_33
02.08.2011_36
02.08.2011_37
02.08.2011_38
02.08.2011_41
02.08.2011_42
02.08.2011_43
09.11.2011_15
09.11.2011_23
09.11.2011_37
09.11.2011_38
09.11.2011_41
09.11.2011_48
09.11.2011_50
09.11.2011_53
09.11.2011_54
09.11.2011_57

0,8571
28
4,3437
0,8209
0,3011

dying cells
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0

0,0714
28
0,3780
0,0714
0,3218

Table 11:Dying cells in the anterior head of extending germ bands.
untreated
ID
02.08.2011_14
02.08.2011_15
02.08.2011_16
02.08.2011_17
02.08.2011_18
02.08.2011_19
02.08.2011_20
02.08.2011_21
02.08.2011_22
02.08.2011_23
02.08.2011_24
02.08.2011_25
02.08.2011_26

dying cells
0
0
0
0
0
0
0
0
0
0
0
0
1

Tc-croc-RNAi
ID
02.08.2011_1
02.08.2011_3
02.08.2011_4
02.08.2011_5
02.08.2011_6
02.08.2011_7
09.11.2011_2
09.11.2011_3
09.11.2011_5
09.11.2011_6
09.11.2011_8
09.11.2011_10
09.11.2011_12

dying cells
0
0
0
0
0
0
6
1
4
1
0
2
22

Tc-six3-RNAi
ID
02.08.2011_1
02.08.2011_2
02.08.2011_4
02.08.2011_5
02.08.2011_6
02.08.2011_8
02.08.2011_10
02.08.2011_12
02.08.2011_13
02.08.2011_14
02.08.2011_16
02.08.2011_17
02.08.2011_18

dying cells
0
0
5
0
0
1
2
2
0
0
0
0
0
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02.08.2011_27
02.08.2011_28
02.08.2011_29
02.08.2011_30
02.08.2011_31
02.08.2011_32
02.08.2011_33
02.08.2011_34
02.08.2011_35
02.08.2011_36
02.08.2011_37
02.08.2011_38
02.08.2011_39
02.08.2011_40
02.08.2011_41
09.11.2011_3
09.11.2011_4
09.11.2011_6
09.11.2011_10
09.11.2011_14
09.11.2011_15
09.11.2011_19
09.11.2011_25
09.11.2011_27
09.11.2011_31
09.11.2011_38
09.11.2011_40
09.11.2011_41
09.11.2011_42
09.11.2011_43
09.11.2011_44
09.11.2011_49
09.11.2011_50
09.11.2011_55
09.11.2011_56
09.11.2011_57
09.11.2011_63
09.11.2011_68
09.11.2011_71
09.11.2011_77
09.11.2011_79
09.11.2011_81
09.11.2011_85
09.11.2011_1
09.11.2011_12
09.11.2011_20
09.11.2011_24
09.11.2011_32
09.11.2011_48
09.11.2011_53
09.11.2011_54
09.11.2011_59
09.11.2011_74
09.11.2011_83
mean
n
standard deviation
standard error of
the mean
t-test

1
0
0
0
1
0
0
0
0
0
0
0
5
0
7
0
2
4
1
0
0
0
0
2
3
1
5
0
0
0
0
0
1
0
0
1
1
1
0
0
0
0
2
3
1
0
6
0
3
6
5
2
11
2
1,1642
67
2,1291
0,2601

09.11.2011_14
09.11.2011_15
09.11.2011_22
09.11.2011_23
09.11.2011_25
09.11.2011_27
09.11.2011_35
09.11.2011_38
09.11.2011_40
09.11.2011_41
09.11.2011_46
09.11.2011_49
09.11.2011_51
09.11.2011_60
09.11.2011_64
09.11.2011_74
09.11.2011_79
09.11.2011_83
09.11.2011_88
09.11.2011_91
09.11.2011_92
09.11.2011_7
09.11.2011_13
09.11.2011_33
09.11.2011_47
09.11.2011_59
09.11.2011_62
09.11.2011_70
09.11.2011_76
09.11.2011_80
09.11.2011_97
09.11.2011_99
09.11.2011_94
09.11.2011_95
09.11.2011_102
09.11.2011_103
09.11.2011_104
09.11.2011_110
09.11.2011_111
09.11.2011_112
09.11.2011_113
09.11.2011_115
09.11.2011_117
09.11.2011_125
09.11.2011_126
09.11.2011_128
09.11.2011_133
09.11.2011_137
09.11.2011_143
09.11.2011_147
09.11.2011_151
09.11.2011_152
09.11.2011_154
09.11.2011_158

16
22
1
1
4
0
1
0
7
0
0
0
6
2
10
0
6
0
0
0
10
4
2
9
0
3
6
5
15
6
1
2
3
12
0
0
1
0
0
3
0
3
20
1
1
0
3
0
0
0
1
6
0
0
3,4179
67
2,1291
0,2601
0,0017

02.08.2011_21
02.08.2011_23
02.08.2011_24
09.11.2011_1
09.11.2011_3
09.11.2011_4
09.11.2011_5
09.11.2011_7
09.11.2011_8
09.11.2011_9
09.11.2011_11
09.11.2011_12
09.11.2011_13
09.11.2011_16
09.11.2011_17
09.11.2011_19
09.11.2011_21
09.11.2011_22
09.11.2011_26
09.11.2011_27
09.11.2011_28
09.11.2011_29
09.11.2011_30
09.11.2011_31
09.11.2011_33
09.11.2011_34
09.11.2011_36
09.11.2011_43
09.11.2011_44
09.11.2011_45
09.11.2011_46
09.11.2011_47
09.11.2011_52
09.11.2011_55
09.11.2011_58
09.11.2011_59
09.11.2011_60
09.11.2011_66
09.11.2011_69
09.11.2011_72
09.11.2011_73
09.11.2011_74
09.11.2011_75
09.11.2011_81
09.11.2011_86
09.11.2011_88
09.11.2011_89
09.11.2011_91
09.11.2011_92
09.11.2011_94
09.11.2011_97
09.11.2011_103
09.11.2011_107
09.11.2011_108

0
19
31
1
22
1
0
0
0
2
0
19
1
3
5
0
14
0
1
5
1
1
1
0
0
0
1
4
0
3
1
0
1
5
22
14
1
25
13
1
6
0
24
9
11
36
0
1
0
0
0
4
7
0
4,8657
67
2,1291
0,2601
0,0006
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Table 12: Dying cells in the anterior head of retracting germ bands.
untreated
ID
02.08.2011_42
02.08.2011_43
09.11.2011_7
09.11.2011_8
09.11.2011_9
09.11.2011_11
09.11.2011_13
09.11.2011_17
09.11.2011_18
09.11.2011_22
09.11.2011_23
09.11.2011_26
09.11.2011_29
09.11.2011_33
09.11.2011_47
09.11.2011_61
09.11.2011_62
09.11.2011_64
09.11.2011_66
09.11.2011_67
09.11.2011_72
09.11.2011_73
09.11.2011_78
09.11.2011_82
mean
n
standard deviation
standard error of the mean
t-test

Tc-croc-RNAi
ID
09.11.2011_1
09.11.2011_4
09.11.2011_9
09.11.2011_11
09.11.2011_16
09.11.2011_17
09.11.2011_18
09.11.2011_19
09.11.2011_20
09.11.2011_21
09.11.2011_24
09.11.2011_26
09.11.2011_28
09.11.2011_29
09.11.2011_30
09.11.2011_31
09.11.2011_32
09.11.2011_34
09.11.2011_36
09.11.2011_37
09.11.2011_39
09.11.2011_42
09.11.2011_43
09.11.2011_44

dying cells
0
0
1
19
5
1
10
2
2
0
16
0
8
1
3
14
3
1
5
3
7
1
3
3
4,5
24
5,3079
1,0835

dying cells
29
19
2
0
37
46
4
10
12
11
1
31
5
7
23
33
16
24
35
28
149
54
37
17
26,25
24
30,0756
6,1392
0,0011

Tc-six3-RNAi
ID
09.11.2011_2
09.11.2011_6
09.11.2011_10
09.11.2011_14
09.11.2011_18
09.11.2011_20
09.11.2011_24
09.11.2011_25
09.11.2011_32
09.11.2011_35
09.11.2011_39
09.11.2011_40
09.11.2011_42
09.11.2011_49
09.11.2011_51
09.11.2011_56
09.11.2011_61
09.11.2011_62
09.11.2011_64
09.11.2011_65
09.11.2011_67
09.11.2011_68
09.11.2011_70
09.11.2011_71

dying cells
19
9
8
0
6
2
0
0
19
0
0
0
17
11
60
14
14
0
31
51
7
0
1
20
12,0417
24
15,9360
3,2529
0,0329

7.7 Staged heat shock
Table 13: Numbers of wild type-like larvae, affected larvae, empty eggs and hatched larvae of strain 119_1 after
different developmental times before heat shock. Hatched larvae were not quantified when no heat shock was
applied.
no heat shock 9-10 h 10-11 h 11-12 h 12-13 h 13-14 h 14-15 h 15-16 h 16-17 h 17-18 h
wild type-like larvae 129

1

5

2

3

3

7

2

22

13

affected larvae

30

0

0

3

1

2

0

1

13

5

empty eggs

229

5

8

13

8

10

13

6

61

44

hatched larvae

n/a

3

9

3

3

9

6

17

57

83

Table 14: Numbers of wild type-like larvae, affected larvae, empty eggs and hatched larvae of strain 124_1 after
different developmental times before heat shock. Hatched larvae were not quantified when no heat shock was
applied.
no heat shock 9-10 h 10-11 h 11-12 h 12-13 h 13-14 h 14-15 h 15-16 h 16-17 h 17-18 h
wild type-like larvae 59

3

10

5

6

4

8

5

12

3

affected larvae

28

3

5

2

7

6

4

6

18

9

empty eggs

219

29

25

29

34

22

47

33

76

61

hatched larvae

n/a

53

74

55

60

70

90

86

210

165
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7.8 Vector maps
3´pBac 298..1561

1_pSLaf[3'pBac_Tc-hsp_Tc-hs5'3'UTR_attB_Pub_DsRed]af

Tc-hsp 5'UTR 1579..2276

8674 bp

Tc-hsp 3' UTR 2408..2702
attB 2724..2787

PUb-DsRed 2783..5768

>pSLaf[3'pBac_Tc-hsp_Tc-hs5'3'UTR_attB_Pub_DsRed]af
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTT
TATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA
TTACGAATTGGCGCGCCTAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGAGGTAATTATAACCCAAC
CATTGTGGGAACCGTGCGATCAAACAAACGCGAGATACCGGAAGTACTGAAAAACAGTCGCTCCAGGCCAGTGGG
AACATCGATGTTTTGTTTTGACGGACCCCTTACTCTCGTCTCATATAAACCGAAGCCAGCTAAGATGGTATACTT
ATTATCATCTTGTGATGAGGATGCTTCTATCAACGAAAGTACCGGTAAACCGCAAATGGTTATGTATTATAATCA
AACTAAAGGCGGAGTGGACACGCTAGACCAAATGTGTTCTGTGATGACCTGCAGTAGGAAGACGAATAGGTGGCC
TATGGCATTATTGTACGGAATGATAAACATTGCCTGCATAAATTCTTTTATTATATACAGCCATAATGTCAGTAG
CAAGGGAGAAAAGGTTCAAAGTCGCAAAAAATTTATGAGAAACCTTTACATGAGCCTGACGTCATCGTTTATGCG
TAAGCGTTTAGAAGCTCCTACTTTGAAGAGATATTTGCGCGATAATATCTCTAATATTTTGCCAAATGAAGTGCC
TGGTACATCAGATGACAGTACTGAAGAGCCAGTAATGAAAAAACGTACTTACTGTACTTACTGCCCCTCTAAAAT
AAGGCGAAAGGCAAATGCATCGTGCAAAAAATGCAAAAAAGTTATTTGTCGAGAGCATAATATTGATATGTGCCA
AAGTTGTTTCTGACTGACTAATAAGTATAATTTGTTTCTATTATGTATAAGTTAAGCTAATTACTTATTTTATAA
TACAACATGACTGTTTTTAAAGTACAAAATAAGTTTATTTTTGTAAAAGAGAGAATGTTTAAAAGTTTTGTTACT
TTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTAT
TATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACC
GATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTA
AATAATAGTTTCTAATTTTTTTATTATTCAGCCTGCTGTCGTGAATACCGTATATCTCAACGCTGTCTGTGAGAT
TGTCGTATTCTAGCCTTTTTAGTTTTTCGCTCATCGACTTGATATTGTCCGACACATTTTCGTCGATTTGCGTTT
TGATCAAAGACTTGAGCAGAGACACGTTAATCAACTGTTCAAATTGATCCATATTAACGATGGGCCCATATATGG
ATCCCAACCTTCAATAAAAAATTGTTCTTTATTTATTATTAATCACTATTATTTAGGCATCTTCTGCAAAAGTAA
TTGATTATAAACGATAAAAGTAAAAAAAAGGATTAATCTAAAACATTTTACTTAAAGACCTATTAATAAGTTTAA
AAAGAAAAAAAATAGGAAAATTGTTTTATTAAAATTGCTATGACAATCCAACTTTGGCATATGTATATGAAATCA
AAACAATTCACTACTCATTCATAATATTGCCGAACTTTACCAAATTAAAAATAAACATGAAATAGTCAACAACTC
ATTCGTTATGTAACGTTTTTTTTTTAAATGCATTAATATATAATGATTGTTTTTATTTTGGAAGTTGAAATAAAT
TAGGGCACAACCAGTTTCCACTATTCTCCTTTATCTTTACGGAAATAGCATGAATAATACCGAAAAGGCCGTTTT
AAAAATAAAAATTCGAGAAAATTCAAACGCAAATCAATGGAAACTTCGAGATCATTCGGTGAAGTTCGAGACGAA
TTCCCCGTTTCATATATAAGCGCGGTCTCGCGGCGCGTTGTCAGTGAATTTGAATCAAGCGAAGCGAAAGCAACA
AAGCTAAGCAAGCGACTCAAAGCAAATTTTCAAAGCGACTTTAACAAAGTTGAGTGAATTATTTACTAGTGAATT
CAAAGTAAATCGAAAAGTGCATCTAGAGGTACCGGTTGTTAACGTTAGCCGGCTACGTATACTCCGGAATATTAA
TAGGCCTAGGATATGGCGGCCGCCTGCAGCTGGCGCCATCGATACGCGTACGTCGCGACCGCGGACATGTACAGA
GCTCGAGATGATCGGTTTTTGTTCCTACTTAGTTAATTGTGATAGTTTATTTTTGTAAATAATAGTACGTAAAGT
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TACTTTAGTTATAATAAAGTAGATAGTGACTGCATTAAGTTTAAAGACTGATTTTTGTAGATTATTTAAAAATTT
TTAATAAATTATTTAATTTAAAGATAAAAAGTTGTTTCATTTTAAAATAATAAAAAACTTACCGCATTAGTCGTG
GCCTTGGCAGTATTAAGCGCAAACGGGCTCTCCTTCGTATGCCCATCAGGAATATAGAAAAAAACAACTGGCTGC
TCACTAGTGGGGGCCCTATATATGGATCCTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCA
CCTCACAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCCGATCTTGTCGCCGGAACGCAGCGACA
GAGATTCCAATGTGTCCGTATCTTTCAGGCTTTTGCCCTTCAGTTCCAGACGAAGCGACTGGCGATTCGCGTGTG
GGGTCTGCTTCAGGGTCTTGTGAATTAGGGCGCGCAGATCGCCGATGGGCGTGGCGCCGGAGGGCACCTTCACCT
TGCCGTACGGCTTGCTGTTCTTCGCGTTCAAAATCTCCAGCTCCATTTTGCTTTCGGTGCGCTTGCAATCAGTAC
TGTCCAAAATCGAAAATCGCCGAACCGTAGTGTGACCGTGCGGGGCTCTGCGAAAATAAACTTTTTTAGGTATAT
GGCCACACACGGGGAAAGCACAGTGGATTATATGTTTTAATATTATAATATGCAGGTTTTCATTACTTATCCAGA
TGTAAGCCCACTTAAAGCGATTTAACAATTATTTGCCGAAAGAGTAAAAACAAATTTCACTTAAAAATGGATTAA
GAAAAGCTTGTGTAAGATTATGCGCAGCGTTGCCAGATAGCTCCATTTAAAACACTTCAAAAACAATAAGTTTTG
AAAATATATACATAAATAGCAGTCGTTGCCGCAACGCTCAACACATCACACTTTTAAAACACCCTTTACCTACAC
AGAATTACTTTTTAAATTTCCAGTCAAGCTGCGAGTTTCAAAATTATAGCCGGTAGAGAAGACAGTGCTATTTCA
AAAGCAAACTAAATAAACACCAATCCTAACAAGCCTTGGACTTTTGTAAGTTTAGATCAAAGGTGGCATTGCATT
CAATGTCATGGTAAGAAGTAGGTCGTCTAGGTAGAAATCCTCATTCAGCCGGTCAAGTCAGTACGAGAAAGGTCT
CAATTTGAAATTGTCTTAAAAATATTTTATTGTTTTGTACTGTGGTGAGTTTAAACGAAAAACACAAAAAAAAAG
TGATACACAGAAATCATAAAAAATTTTAATACAAGGTATTCGTACGTATCAAAAACATTTCGGCACAATTTTTTT
TCTCTGTACTAAAGTGTTACGAACACTACGGTATTTTTTAGTGATTTTCAACGGACACCGAAGGTATATAAACAG
CGTTCGCGAACGGTCGCCTTCAAAACCAATTGACATTTGCAGCAGCAAGTACAAGCAGAAAGTAAAGCGCAATCA
GCGAAAAATTTATACTTAATTGTTGGTGATTAAAGTACAATTAAAAGAACATTCTCGAAAGTCACAAGAAACGTA
AGTTTTTAACTCGCTGTTACCAATTAGTAATAAGAGCAACAAGACGTTGAGTAATTTCAAGAAAAACTGCATTTC
AAGGTCTTTGTTCGGCCATTTTTTTTTTATTCAACGCTCTACGTAATTACAAAATAAGAAATTGGCAGCCACGCA
TCTTGTTTTCCCAATCAATTGGCATCAAAACGCAAACAAATCTATAAATAAAACTTGCGTGTTGATTTTCGCCAA
GATTTATTGGCAAATTGTGAAATTCGCAGTGACGCATTTGAAAATTCGAGAAATCACGAACGCACTCGAGCATTT
GTGTGCATGTTATTAGTTAGTTAGTTCTTTGCTTAATTGAAGTATTTTACCAACGAAATCCACTTATTTTTAGCT
GAAATAGAGTAGGTTGCTTGAAACGAAAGCCACGTCTGGAAAATTTCTTATTGCTTAGTAGTTGTGACGTCACCA
TATACACACAAAATAATGTGTATGCATGCGTTTCAGCTGTGTATATATACATGCACACACTCGCATTATGAAAAC
GATGACGAGCAACGGAACAGGTTTCTCAACTACCTTTGTTCCTGTTTCTTCGCTTTCCTTTGTTCCAATATTCGT
AGAGGGTTAATAGGGGTTTCTCAACAAAGTTGGCGTCGATAAATAAGTTTCCCATTTTTATTCCCCAGCCAGGAA
GTTAGTTTCAATAGTTTTGTAATTTCAACGAAACTCATTTGATTTCGTACTAATTTTCCACATCTCTATTTTGAC
CCGCAGAATAATCCAAAATGCAGATCGGGGATCCACCGGTCGCCACCATGGTGCGCTCCTCCAAGAACGTCATCA
AGGAGTTCATGCGCTTCAAGGTGCGCATGGAGGGCACCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCG
AGGGCCGCCCCTACGAGGGCCACAACACCGTGAAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGG
ACATCCTGTCCCCCCAGTTCCAGTACGGCTCCAAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGA
AGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCC
AGGACTCCTCCCTGCAGGACGGCTGCTTCATCTACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGACGGCC
CCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGG
GCGAGATCCACAAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCA
AGAAGCCCGTGCAGCTGCCCGGCTACTACTACGTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACA
CCATCGTGGAGCAGTACGAGCGCACCGAGGGCCGCCACCACCTGTTCCTGTAGCGGCCGCGACTCTAGATCATAA
TCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATA
AAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAA
ATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGCTT
GGCGCGCCTAGGCCGGCCAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACC
CAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCT
TCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATT
TCACACCGCATACGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTA
CGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCA
CGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACC
TCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTT
TGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCT
ATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA
ACGCGAATTTTAACAAAATATTAACGTTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCAT
AGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTT
ACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGAC
GAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCA
CTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGA
GACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCC
TTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTG
AAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCC
CCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCG
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GGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGC
ATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACT
TACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCC
TTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGG
CAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGG
AGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAG
CCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCT
ACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGC
ATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGA
TCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAG
ACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAA
AACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCA
GCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCAC
CGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGT
TGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCT
TGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGA
GAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACG
CCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGG
GGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACA
TGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCC
GCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGA

3´pBac 298..1561

Tc-hsp-hs5'UTR 1579..2276
3_pSLaf[3'pBac_Tc-hsp_Tc-hs'5'UTR_Tc-croc_Tc-hs3'UTR_attB_Pub_DsRed]a

9694 bp

Tc-croc 2384..3412

Tc-hs3'UTR 3428..3722
attB 3744..3807
PUb-DsRed 3803..6788

>pSLaf[3'pBac_Tc-hsp_Tc-hs'5'UTR_Tc-croc_Tc-hs3'UTR_attB_Pub_DsRed]af
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTT
TATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA
TTACGAATTGGCGCGCCTAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGAGGTAATTATAACCCAAC
CATTGTGGGAACCGTGCGATCAAACAAACGCGAGATACCGGAAGTACTGAAAAACAGTCGCTCCAGGCCAGTGGG
AACATCGATGTTTTGTTTTGACGGACCCCTTACTCTCGTCTCATATAAACCGAAGCCAGCTAAGATGGTATACTT
ATTATCATCTTGTGATGAGGATGCTTCTATCAACGAAAGTACCGGTAAACCGCAAATGGTTATGTATTATAATCA
AACTAAAGGCGGAGTGGACACGCTAGACCAAATGTGTTCTGTGATGACCTGCAGTAGGAAGACGAATAGGTGGCC
TATGGCATTATTGTACGGAATGATAAACATTGCCTGCATAAATTCTTTTATTATATACAGCCATAATGTCAGTAG
CAAGGGAGAAAAGGTTCAAAGTCGCAAAAAATTTATGAGAAACCTTTACATGAGCCTGACGTCATCGTTTATGCG
TAAGCGTTTAGAAGCTCCTACTTTGAAGAGATATTTGCGCGATAATATCTCTAATATTTTGCCAAATGAAGTGCC
TGGTACATCAGATGACAGTACTGAAGAGCCAGTAATGAAAAAACGTACTTACTGTACTTACTGCCCCTCTAAAAT
AAGGCGAAAGGCAAATGCATCGTGCAAAAAATGCAAAAAAGTTATTTGTCGAGAGCATAATATTGATATGTGCCA
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AAGTTGTTTCTGACTGACTAATAAGTATAATTTGTTTCTATTATGTATAAGTTAAGCTAATTACTTATTTTATAA
TACAACATGACTGTTTTTAAAGTACAAAATAAGTTTATTTTTGTAAAAGAGAGAATGTTTAAAAGTTTTGTTACT
TTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTAT
TATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACC
GATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTA
AATAATAGTTTCTAATTTTTTTATTATTCAGCCTGCTGTCGTGAATACCGTATATCTCAACGCTGTCTGTGAGAT
TGTCGTATTCTAGCCTTTTTAGTTTTTCGCTCATCGACTTGATATTGTCCGACACATTTTCGTCGATTTGCGTTT
TGATCAAAGACTTGAGCAGAGACACGTTAATCAACTGTTCAAATTGATCCATATTAACGATGGGCCCATATATGG
ATCCCAACCTTCAATAAAAAATTGTTCTTTATTTATTATTAATCACTATTATTTAGGCATCTTCTGCAAAAGTAA
TTGATTATAAACGATAAAAGTAAAAAAAAGGATTAATCTAAAACATTTTACTTAAAGACCTATTAATAAGTTTAA
AAAGAAAAAAAATAGGAAAATTGTTTTATTAAAATTGCTATGACAATCCAACTTTGGCATATGTATATGAAATCA
AAACAATTCACTACTCATTCATAATATTGCCGAACTTTACCAAATTAAAAATAAACATGAAATAGTCAACAACTC
ATTCGTTATGTAACGTTTTTTTTTTAAATGCATTAATATATAATGATTGTTTTTATTTTGGAAGTTGAAATAAAT
TAGGGCACAACCAGTTTCCACTATTCTCCTTTATCTTTACGGAAATAGCATGAATAATACCGAAAAGGCCGTTTT
AAAAATAAAAATTCGAGAAAATTCAAACGCAAATCAATGGAAACTTCGAGATCATTCGGTGAAGTTCGAGACGAA
TTCCCCGTTTCATATATAAGCGCGGTCTCGCGGCGCGTTGTCAGTGAATTTGAATCAAGCGAAGCGAAAGCAACA
AAGCTAAGCAAGCGACTCAAAGCAAATTTTCAAAGCGACTTTAACAAAGTTGAGTGAATTATTTACTAGTGAATT
CAAAGTAAATCGAAAAGTGTATCTAGAGGTACCGGTTGTTAACGTTAGCCGGCTACGTATACTCCGGAATATTAA
TAGGCCTAGGATGGCGGCCGCCTGCAGCTGGCGCCATCGATACGCGTTCTGTAAACATGCATACGATTTTCACCG
AACATCAGAATGCCTACTACCGGCCCGGGGGCGGCTATAGCACCGCCGCCGCCGCGGTGACCGCCACCGCGAACC
CCTACGCCTACGAGCAGTACTCCCGTTATGGCTACGCCGCATGGCACCACCAACAACACCAATTATCCACCGCCA
AGGACATGGTCAAACCGCCGTATTCCTACATCGCGCTCATCGCCATGGCCATCCAGAACGCCCCCGACAAGAAAA
TCACCCTCAACGGCATCTACCAGTTCATAATGGAGCGCTTTCCCTACTACCGTGAGAACAAACAAGGCTGGCAGA
ACTCAATCCGTCACAACCTCAGCCTGAACGAATGTTTCGTCAAAGTCCCACGGGACGACAAAAAGCCGGGAAAAG
GGAGCTACTGGACCCTTGACCCAGACTCCTACAACATGTTCGACAACGGCTCGTACCTGCGCCGCCGGCGGCGCT
TCAAGAAGAAGGACGCCCTCCGCGAGAAGGAGGAAGCCATCAAGCGCCAACAGCTCGACTCCAACGTCACCGCCA
AGCGCGACGAAAAACCGCTGGAGGAGGCGAAAAAGCTCGAGTGCAAGCCCAAGCGCGAGCCCGCGGAGCTCACCC
AGTGCAAGTACAACGACGTCAAGTCGGTCATCGTGCACCAGGAGCACGTCATCAGCGAGGCCATGGCGATGGACT
CGGCGGCGGCCTTCACCGTCGACTCGCTGATGACGACGCGGGAGCAGCACGCATACGGCAACTCCGGGCGCCTGC
ACACCTCCGGAGGGATGTACTACTGCCCCAGTGCCACTCCGCAGCAGTACATCGGGGACGAGGCCGCGCCGAGGT
ACAGCCCCTGGTACAGCCCGGAAACGTCCCCGGAGTCCGGCTACAGGGATATGATTTTCGACAGCAGTGCGGCGC
CCAGCTGTCAATTGGCGGGGTTTAGGCACTCCGGGGTCTCGCCAAGTCCGCCTAATTATAGAACGGCGGCGGCTT
ACTACCAACAGGACTGTGTGGGACAGAAATACTGATGTACAGAGCTCGAGATGATCGGTTTTTGTTCCTACTTAG
TTAATTGTGATAGTTTATTTTTGTAAATAATAGTACGTAAAGTTACTTTAGTTATAATAAAGTAGATAGTGACTG
CATTAAGTTTAAAGACTGATTTTTGTAGATTATTTAAAAATTTTTAATAAATTATTTAATTTAAAGATAAAAAGT
TGTTTCATTTTAAAATAATAAAAAACTTACCGCATTAGTCGTGGCCTTGGCAGTATTAAGCGCAAACGGGCTCTC
CTTCGTATGCCCATCAGGAATATAGAAAAAAACAACTGGCTGCTCACTAGTGGGGGCCCTATATATGGATCCTGC
GGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACAGATCTCGAGCTCAAGCTTCGAATTC
TGCAGTCGACGGTACCCGATCTTGTCGCCGGAACGCAGCGACAGAGATTCCAATGTGTCCGTATCTTTCAGGCTT
TTGCCCTTCAGTTCCAGACGAAGCGACTGGCGATTCGCGTGTGGGGTCTGCTTCAGGGTCTTGTGAATTAGGGCG
CGCAGATCGCCGATGGGCGTGGCGCCGGAGGGCACCTTCACCTTGCCGTACGGCTTGCTGTTCTTCGCGTTCAAA
ATCTCCAGCTCCATTTTGCTTTCGGTGCGCTTGCAATCAGTACTGTCCAAAATCGAAAATCGCCGAACCGTAGTG
TGACCGTGCGGGGCTCTGCGAAAATAAACTTTTTTAGGTATATGGCCACACACGGGGAAAGCACAGTGGATTATA
TGTTTTAATATTATAATATGCAGGTTTTCATTACTTATCCAGATGTAAGCCCACTTAAAGCGATTTAACAATTAT
TTGCCGAAAGAGTAAAAACAAATTTCACTTAAAAATGGATTAAGAAAAGCTTGTGTAAGATTATGCGCAGCGTTG
CCAGATAGCTCCATTTAAAACACTTCAAAAACAATAAGTTTTGAAAATATATACATAAATAGCAGTCGTTGCCGC
AACGCTCAACACATCACACTTTTAAAACACCCTTTACCTACACAGAATTACTTTTTAAATTTCCAGTCAAGCTGC
GAGTTTCAAAATTATAGCCGGTAGAGAAGACAGTGCTATTTCAAAAGCAAACTAAATAAACACCAATCCTAACAA
GCCTTGGACTTTTGTAAGTTTAGATCAAAGGTGGCATTGCATTCAATGTCATGGTAAGAAGTAGGTCGTCTAGGT
AGAAATCCTCATTCAGCCGGTCAAGTCAGTACGAGAAAGGTCTCAATTTGAAATTGTCTTAAAAATATTTTATTG
TTTTGTACTGTGGTGAGTTTAAACGAAAAACACAAAAAAAAAGTGATACACAGAAATCATAAAAAATTTTAATAC
AAGGTATTCGTACGTATCAAAAACATTTCGGCACAATTTTTTTTCTCTGTACTAAAGTGTTACGAACACTACGGT
ATTTTTTAGTGATTTTCAACGGACACCGAAGGTATATAAACAGCGTTCGCGAACGGTCGCCTTCAAAACCAATTG
ACATTTGCAGCAGCAAGTACAAGCAGAAAGTAAAGCGCAATCAGCGAAAAATTTATACTTAATTGTTGGTGATTA
AAGTACAATTAAAAGAACATTCTCGAAAGTCACAAGAAACGTAAGTTTTTAACTCGCTGTTACCAATTAGTAATA
AGAGCAACAAGACGTTGAGTAATTTCAAGAAAAACTGCATTTCAAGGTCTTTGTTCGGCCATTTTTTTTTTATTC
AACGCTCTACGTAATTACAAAATAAGAAATTGGCAGCCACGCATCTTGTTTTCCCAATCAATTGGCATCAAAACG
CAAACAAATCTATAAATAAAACTTGCGTGTTGATTTTCGCCAAGATTTATTGGCAAATTGTGAAATTCGCAGTGA
CGCATTTGAAAATTCGAGAAATCACGAACGCACTCGAGCATTTGTGTGCATGTTATTAGTTAGTTAGTTCTTTGC
TTAATTGAAGTATTTTACCAACGAAATCCACTTATTTTTAGCTGAAATAGAGTAGGTTGCTTGAAACGAAAGCCA
CGTCTGGAAAATTTCTTATTGCTTAGTAGTTGTGACGTCACCATATACACACAAAATAATGTGTATGCATGCGTT
TCAGCTGTGTATATATACATGCACACACTCGCATTATGAAAACGATGACGAGCAACGGAACAGGTTTCTCAACTA
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CCTTTGTTCCTGTTTCTTCGCTTTCCTTTGTTCCAATATTCGTAGAGGGTTAATAGGGGTTTCTCAACAAAGTTG
GCGTCGATAAATAAGTTTCCCATTTTTATTCCCCAGCCAGGAAGTTAGTTTCAATAGTTTTGTAATTTCAACGAA
ACTCATTTGATTTCGTACTAATTTTCCACATCTCTATTTTGACCCGCAGAATAATCCAAAATGCAGATCGGGGAT
CCACCGGTCGCCACCATGGTGCGCTCCTCCAAGAACGTCATCAAGGAGTTCATGCGCTTCAAGGTGCGCATGGAG
GGCACCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCCACAACACCGTG
AAGCTGAAGGTGACCAAGGGCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCCAGTACGGCTCC
AAGGTGTACGTGAAGCACCCCGCCGACATCCCCGACTACAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAG
CGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCTGCTTCATC
TACAAGGTGAAGTTCATCGGCGTGAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAG
GCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTGCTGAAGGGCGAGATCCACAAGGCCCTGAAGCTGAAGGAC
GGCGGCCACTACCTGGTGGAGTTCAAGTCCATCTACATGGCCAAGAAGCCCGTGCAGCTGCCCGGCTACTACTAC
GTGGACTCCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAGCAGTACGAGCGCACCGAGGGC
CGCCACCACCTGTTCCTGTAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTT
GCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTT
ATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCAT
TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGCTTGGCGCGCCTAGGCCGGCCAGCTTGGCACTGGC
CGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTT
CGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATG
GCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTAC
GCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCC
CTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAAT
CGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGT
TCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGA
CTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATT
TCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACA
ATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCC
GCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGC
ATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAG
GTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATT
TGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATAT
TGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCT
GTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATC
GAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTT
AAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTAT
TCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA
TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAG
CTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCC
ATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAA
CTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGC
TCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCA
GCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAA
CGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATAT
ATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATG
ACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGA
GATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCG
GATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTA
GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTA
CCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCG
CAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATAC
CTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGG
GTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGC
CACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCG
GCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTG
GATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTG
AGCGAGGAAGCGGAAGA
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3´pBac 298..1561

6_pSLaf[3'pBac_Hsp-p_Tc-hs5'3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]af

6972 bp

Tc-hsp 5' UTR 1579..2276

Tc-hsp-3'-UTR 2406..2700
attB 2722..2784
3xP3 4027..3976
3xP3 3975..3930

SV40 3029..2807
ECFP 3759..3040

Hsp-p 3926..3776

>pSLaf[3'pBac_Hsp-p_Tc-hs5'3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]af
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTT
TATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA
TTACGAATTGGCGCGCCTAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGAGGTAATTATAACCCAAC
CATTGTGGGAACCGTGCGATCAAACAAACGCGAGATACCGGAAGTACTGAAAAACAGTCGCTCCAGGCCAGTGGG
AACATCGATGTTTTGTTTTGACGGACCCCTTACTCTCGTCTCATATAAACCGAAGCCAGCTAAGATGGTATACTT
ATTATCATCTTGTGATGAGGATGCTTCTATCAACGAAAGTACCGGTAAACCGCAAATGGTTATGTATTATAATCA
AACTAAAGGCGGAGTGGACACGCTAGACCAAATGTGTTCTGTGATGACCTGCAGTAGGAAGACGAATAGGTGGCC
TATGGCATTATTGTACGGAATGATAAACATTGCCTGCATAAATTCTTTTATTATATACAGCCATAATGTCAGTAG
CAAGGGAGAAAAGGTTCAAAGTCGCAAAAAATTTATGAGAAACCTTTACATGAGCCTGACGTCATCGTTTATGCG
TAAGCGTTTAGAAGCTCCTACTTTGAAGAGATATTTGCGCGATAATATCTCTAATATTTTGCCAAATGAAGTGCC
TGGTACATCAGATGACAGTACTGAAGAGCCAGTAATGAAAAAACGTACTTACTGTACTTACTGCCCCTCTAAAAT
AAGGCGAAAGGCAAATGCATCGTGCAAAAAATGCAAAAAAGTTATTTGTCGAGAGCATAATATTGATATGTGCCA
AAGTTGTTTCTGACTGACTAATAAGTATAATTTGTTTCTATTATGTATAAGTTAAGCTAATTACTTATTTTATAA
TACAACATGACTGTTTTTAAAGTACAAAATAAGTTTATTTTTGTAAAAGAGAGAATGTTTAAAAGTTTTGTTACT
TTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTAT
TATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACC
GATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTA
AATAATAGTTTCTAATTTTTTTATTATTCAGCCTGCTGTCGTGAATACCGTATATCTCAACGCTGTCTGTGAGAT
TGTCGTATTCTAGCCTTTTTAGTTTTTCGCTCATCGACTTGATATTGTCCGACACATTTTCGTCGATTTGCGTTT
TGATCAAAGACTTGAGCAGAGACACGTTAATCAACTGTTCAAATTGATCCATATTAACGATGGGCCCATATATGG
ATCCCAACCTTCAATAAAAAATTGTTCTTTATTTATTATTAATCACTATTATTTAGGCATCTTCTGCAAAAGTAA
TTGATTATAAACGATAAAAGTAAAAAAAAGGATTAATCTAAAACATTTTACTTAAAGACCTATTAATAAGTTTAA
AAAGAAAAAAAATAGGAAAATTGTTTTATTAAAATTGCTATGACAATCCAACTTTGGCATATGTATATGAAATCA
AAACAATTCACTACTCATTCATAATATTGCCGAACTTTACCAAATTAAAAATAAACATGAAATAGTCAACAACTC
ATTCGTTATGTAACGTTTTTTTTTTAAATGCATTAATATATAATGATTGTTTTTATTTTGGAAGTTGAAATAAAT
TAGGGCACAACCAGTTTCCACTATTCTCCTTTATCTTTACGGAAATAGCATGAATAATACCGAAAAGGCCGTTTT
AAAAATAAAAATTCGAGAAAATTCAAACGCAAATCAATGGAAACTTCGAGATCATTCGGTGAAGTTCGAGACGAA
TTCCCCGTTTCATATATAAGCGCGGTCTCGCGGCGCGTTGTCAGTGAATTTGAATCAAGCGAAGCGAAAGCAACA
AAGCTAAGCAAGCGACTCAAAGCAAATTTTCAAAGCGACTTTAACAAAGTTGAGTGAATTATTTACTAGTGAATT
CAAAGTAAATCGAAAAGTGTATCTAGAGGTACCGGTTGTTAACGTTAGCCGGCTACGTATACTCCGGAATATTAA
TAGGCCTAGGATGGCGGCCGCCTGCAGCTGGCGCCATCGATACGCGTACGTCGCGACCGCGGACATGTACAGAGC
TCGAGATGATCGGTTTGTGTTCCTACTTAGTTAATTGTGATAGTTTATTTTTGTAAATAATAGTACGTAAAGTTA
CTTTAGTTATAATAAAGTAGATAGTGACTGCATTAAGTTTAAAGACTGATTTTTGTAGATTATTTAAAAATTTTT
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AATAAATTATTTAATTTAAAGATAAAAAGTTGTTTCATTTTAAAATAATAAAAAACTTACCGCATTAGTCGTGGC
CTTGGCAGTATTAAGCGCAAACGGGCTCTCCTTCGTATGCCCATCAGGAATATAGAAAAAAACAACTGGCTGCTC
ACTAGTGGGGGCCCTATATATGGATCCTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACC
TCACAGATCGCGCCAAGCTTTAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATG
CTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAA
CAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAA
ATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCGCTTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCCC
GGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCGCTTCTCGTTGGGGTCTTTGCTCAGGGCGGACTGGGT
GCTCAGGTAGTGGTTGTCGGGCAGCAGCACGGGGCCGTCGCCGATGGGGGTGTTCTGCTGGTAGTGGTCGGCGAG
CTGCACGCTGCCGTCCTCGATGTTGTGGCGGATCTTGAAGTTGGCCTTGATGCCGTTCTTCTGCTTGTCGGCGGT
GATATAGACGTTGTGGCTGATGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTTGCCGTCCTCCTTGAAGTCGAT
GCCCTTCAGCTCGATGCGGTTCACCAGGGTGTCGCCCTCGAACTTCACCTCGGCGCGGGTCTTGTAGTTGCCGTC
GTCCTTGAAGAAGATGGTGCGCTCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGTGCTGCTTCAT
GTGGTCGGGGTAGCGGCTGAAGCACTGCACGCCCCAGGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAG
CTTGCCGGTGGTGCAGATGAACTTCAGGGTCAGCTTGCCGTAGGTGGCATCGCCCTCGCCCTCGCCGGACACGCT
GAACTTGTGGCCGTTTACGTCGCCGTCCAGCTCGACCAGGATGGGCACCACCCCGGTGAACAGCTCCTCGCCCTT
GCTCACCATGGTGGCGACCGGTACCACTTTGAATTCACTAGTAAATAATTCACTCAACTTTGTTAAAGTCGCTTT
GAAAATTTGCTTTGAGTCGCTTGCTTAGCTTTGTTGCTTTCGCTTCGCTTGATTCAAATTCACTGACAACGCGCC
GCGAGACCGCGCTTATATATGAAACGGATTAATTGAATTAGCTCTAATTGAATTAGTCTCTAATTGAATTAGATC
TTAATTGAATTAGCTCTAATTGAATTAGTCTCTAATTGAATTAGATCGTCGACGTCCCATGGCCATTCGAATTCC
GGCCGGCCTAGGCGCGTAAGCTTGGCGCGCCTAGGCCGGCCAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTG
ACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCG
AAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTC
TCCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATT
AAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGC
TTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTT
CCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCC
CTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAAC
AACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAA
TGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTTATGGTGCACTCTCAG
TACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGC
TTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACC
GTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAAT
GGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACA
TTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAG
TATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAAC
GCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGG
TAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGC
GGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGA
GTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCAT
GAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAA
CATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGA
CACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCG
GCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTG
GTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA
GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGA
GATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAA
ACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGA
GTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGT
AATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCT
TTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCA
CCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGG
CGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGG
GGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGA
AAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCAC
GAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCG
ATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGC
CTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTT
TGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGA
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3´pBac 298..1561

9_pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-croc_Tc-hs3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]a
Tc-hsp-hs5'UTR 1579..2276
7991 bp

Tc-croc 2384..3412

3xP3 5048..4997
3xP3 4996..4951
Hsp-p 4947..4797
ECFP 4780..4061

Tc-hs3'UTR 3428..3722
attB 3744..3804
SV40 4050..3828

>pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-croc_Tc-hs3'UTR_attB_SV40_eCFP_Hspp_6xP3]af
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTT
TATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA
TTACGAATTGGCGCGCCTAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGAGGTAATTATAACCCAAC
CATTGTGGGAACCGTGCGATCAAACAAACGCGAGATACCGGAAGTACTGAAAAACAGTCGCTCCAGGCCAGTGGG
AACATCGATGTTTTGTTTTGACGGACCCCTTACTCTCGTCTCATATAAACCGAAGCCAGCTAAGATGGTATACTT
ATTATCATCTTGTGATGAGGATGCTTCTATCAACGAAAGTACCGGTAAACCGCAAATGGTTATGTATTATAATCA
AACTAAAGGCGGAGTGGACACGCTAGACCAAATGTGTTCTGTGATGACCTGCAGTAGGAAGACGAATAGGTGGCC
TATGGCATTATTGTACGGAATGATAAACATTGCCTGCATAAATTCTTTTATTATATACAGCCATAATGTCAGTAG
CAAGGGAGAAAAGGTTCAAAGTCGCAAAAAATTTATGAGAAACCTTTACATGAGCCTGACGTCATCGTTTATGCG
TAAGCGTTTAGAAGCTCCTACTTTGAAGAGATATTTGCGCGATAATATCTCTAATATTTTGCCAAATGAAGTGCC
TGGTACATCAGATGACAGTACTGAAGAGCCAGTAATGAAAAAACGTACTTACTGTACTTACTGCCCCTCTAAAAT
AAGGCGAAAGGCAAATGCATCGTGCAAAAAATGCAAAAAAGTTATTTGTCGAGAGCATAATATTGATATGTGCCA
AAGTTGTTTCTGACTGACTAATAAGTATAATTTGTTTCTATTATGTATAAGTTAAGCTAATTACTTATTTTATAA
TACAACATGACTGTTTTTAAAGTACAAAATAAGTTTATTTTTGTAAAAGAGAGAATGTTTAAAAGTTTTGTTACT
TTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTAT
TATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACC
GATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTA
AATAATAGTTTCTAATTTTTTTATTATTCAGCCTGCTGTCGTGAATACCGTATATCTCAACGCTGTCTGTGAGAT
TGTCGTATTCTAGCCTTTTTAGTTTTTCGCTCATCGACTTGATATTGTCCGACACATTTTCGTCGATTTGCGTTT
TGATCAAAGACTTGAGCAGAGACACGTTAATCAACTGTTCAAATTGATCCATATTAACGATGGGCCCATATATGG
ATCCCAACCTTCAATAAAAAATTGTTCTTTATTTATTATTAATCACTATTATTTAGGCATCTTCTGCAAAAGTAA
TTGATTATAAACGATAAAAGTAAAAAAAAGGATTAATCTAAAACATTTTACTTAAAGACCTATTAATAAGTTTAA
AAAGAAAAAAAATAGGAAAATTGTTTTATTAAAATTGCTATGACAATCCAACTTTGGCATATGTATATGAAATCA
AAACAATTCACTACTCATTCATAATATTGCCGAACTTTACCAAATTAAAAATAAACATGAAATAGTCAACAACTC
ATTCGTTATGTAACGTTTTTTTTTTAAATGCATTAATATATAATGATTGTTTTTATTTTGGAAGTTGAAATAAAT
TAGGGCACAACCAGTTTCCACTATTCTCCTTTATCTTTACGGAAATAGCATGAATAATACCGAAAAGGCCGTTTT
AAAAATAAAAATTCGAGAAAATTCAAACGCAAATCAATGGAAACTTCGAGATCATTCGGTGAAGTTCGAGACGAA
TTCCCCGTTTCATATATAAGCGCGGTCTCGCGGCGCGTTGTCAGTGAATTTGAATCAAGCGAAGCGAAAGCAACA
AAGCTAAGCAAGCGACTCAAAGCAAATTTTCAAAGCGACTTTAACAAAGTTGAGTGAATTATTTACTAGTGAATT
CAAAGTAAATCGAAAAGTGCATCTAGAGGTACCGGTTGTTAACGTTAGCCGGCTACGTATACTCCGGAATATTAA
TAGGCCTAGGATATGGCGGCCGCCTGCAGCTGGCGCCATCGATACGCGTTCTGTAAACATGCATACGATTTTCAC
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CGAACATCAGAATGCCTACTACCGGCCCGGGGGCGGCTATAGCACCGCCGCCGCCGCGGTGACCGCCACCGCGAA
CCCCTACGCCTACGAGCAGTACTCCCGTTATGGCTACGCCGCATGGCACCACCAACAACACCAATTATCCACCGC
CAAGGACATGGTCAAACCGCCGTATTCCTACATCGCGCTCATCGCCATGGCCATCCAGAACGCCCCCGACAAGAA
AATCACCCTCAACGGCATCTACCAGTTCATAATGGAGCGCTTTCCCTACTACCGTGAGAACAAACAAGGCTGGCA
GAACTCAATCCGTCACAACCTCAGCCTGAACGAATGTTTCGTCAAAGTCCCACGGGACGACAAAAAGCCGGGAAA
AGGGAGCTACTGGACCCTTGACCCAGACTCCTACAACATGTTCGACAACGGCTCGTACCTGCGCCGCCGGCGGCG
CTTCAAGAAGAAGGACGCCCTCCGCGAGAAGGAGGAAGCCATCAAGCGCCAACAGCTCGACTCCAACGTCACCGC
CAAGCGCGACGAAAAACCGCTGGAGGAGGCGAAAAAGCTCGAGTGCAAGCCCAAGCGCGAGCCCGCGGAGCTCAC
CCAGTGCAAGTACAACGACGTCAAGTCGGTCATCGTGCACCAGGAGCACGTCATCAGCGAGGCCATGGCGATGGA
CTCGGCGGCGGCCTTCACCGTCGACTCGCTGATGACGACGCGGGAGCAGCACGCATACGGCAACTCCGGGCGCCT
GCACACCTCCGGAGGGATGTACTACTGCCCCAGTGCCACTCCGCAGCAGTACATCGGGGACGAGGCCGCGCCGAG
GTACAGCCCCTGGTACAGCCCGGAAACGTCCCCGGAGTCCGGCTACAGGGATATGATTTTCGACAGCAGTGCGGC
GCCCAGCTGTCAATTGGCGGGGTTTAGGCACTCCGGGGTCTCGCCAAGTCCGCCTAATTATAGAACGGCGGCGGC
TTACTACCAACAGGACTGTGTGGGACAGAAATACTGATGTACAGAGCTCGAGATGATCGGTTTTTGTTCCTACTT
AGTTAATTGTGATAGTTTATTTTTGTAAATAATAGTACGTAAAGTTACTTTAGTTATAATAAAGTAGATAGTGAC
TGCATTAAGTTTAAAGACTGATTTTTGTAGATTATTTAAAAATTTTTAATAAATTATTTAATTTAAAGATAAAAA
GTTGTTTCATTTTAAAATAATAAAAAACTTACCGCATTAGTCGTGGCCTTGGCAGTATTAAGCGCAAACGGGCTC
TCCTTCGTATGCCCATCAGGAATATAGAAAAAAACAACTGGCTGCTCACTAGTGGGGGCCCTATATATGGATCCT
GCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACAGACGCGCCAAGCTTTAAGATACA
TTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTG
CTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTC
AGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGT
CGCGGCCGCTTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCAGCAGGACCA
TGTGATCGCGCTTCTCGTTGGGGTCTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGGGCAGCAGCA
CGGGGCCGTCGCCGATGGGGGTGTTCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCCTCGATGTTGTGGC
GGATCTTGAAGTTGGCCTTGATGCCGTTCTTCTGCTTGTCGGCGGTGATATAGACGTTGTGGCTGATGTAGTTGT
ACTCCAGCTTGTGCCCCAGGATGTTGCCGTCCTCCTTGAAGTCGATGCCCTTCAGCTCGATGCGGTTCACCAGGG
TGTCGCCCTCGAACTTCACCTCGGCGCGGGTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTGCGCTCCTGGA
CGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGAAGCACTGCA
CGCCCCAGGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGTGCAGATGAACTTCAGGG
TCAGCTTGCCGTAGGTGGCATCGCCCTCGCCCTCGCCGGACACGCTGAACTTGTGGCCGTTTACGTCGCCGTCCA
GCTCGACCAGGATGGGCACCACCCCGGTGAACAGCTCCTCGCCCTTGCTCACCATGGTGGCGACCGGTACCACTT
TGAATTCACTAGTAAATAATTCACTCAACTTTGTTAAAGTCGCTTTGAAAATTTGCTTTGAGTCGCTTGCTTAGC
TTTGTTGCTTTCGCTTCGCTTGATTCAAATTCACTGACAACGCGCCGCGAGACCGCGCTTATATATGAAACGGAT
TAATTGAATTAGCTCTAATTGAATTAGTCTCTAATTGAATTAGATCTTAATTGAATTAGCTCTAATTGAATTAGT
CTCTAATTGAATTAGATCGTCGACGTCCCATGGCCATTCGAATTCGGCCGGCCTAGGCGCGAAGCTTGGCGCGCC
TAGGCCGGCCAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAA
TCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACA
GTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCG
CATACGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGC
GTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCC
GGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCC
AAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTG
GAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTT
GATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAAT
TTTAACAAAATATTAACGTTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGC
CAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAA
GCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGC
CTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGG
GGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAA
CCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCC
TTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAG
TTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAA
CGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAG
CAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACG
GATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTG
ACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGT
TGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACG
TTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGAT
AAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAG
CGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACG
GGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAA
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CTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTG
AAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTA
GAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCG
CTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCG
CAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACA
TACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCA
AGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGA
ACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG
GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTAT
CTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGC
CTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTT
CCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGA
ACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGA

3´pBac 298..1561

10_pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-six3-Tc-hs3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]a
Tc-hsp 5' UTR 1579..2272
8227 bp

3xP3 5282..5231

Tc-six3 2278..3654

3xP3 5230..5185
Hsp-p 5181..5031
Tc-hsp-3'-UTR 3661..3955
ECFP 5014..4295
attB 3977..4039
SV40 4284..4062

>pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-six3-Tc-hs3'UTR_attB_SV40_eCFP_Hspp_6xP3]af
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTT
TATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA
TTACGAATTGGCGCGCCTAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGAGGTAATTATAACCCAAC
CATTGTGGGAACCGTGCGATCAAACAAACGCGAGATACCGGAAGTACTGAAAAACAGTCGCTCCAGGCCAGTGGG
AACATCGATGTTTTGTTTTGACGGACCCCTTACTCTCGTCTCATATAAACCGAAGCCAGCTAAGATGGTATACTT
ATTATCATCTTGTGATGAGGATGCTTCTATCAACGAAAGTACCGGTAAACCGCAAATGGTTATGTATTATAATCA
AACTAAAGGCGGAGTGGACACGCTAGACCAAATGTGTTCTGTGATGACCTGCAGTAGGAAGACGAATAGGTGGCC
TATGGCATTATTGTACGGAATGATAAACATTGCCTGCATAAATTCTTTTATTATATACAGCCATAATGTCAGTAG
CAAGGGAGAAAAGGTTCAAAGTCGCAAAAAATTTATGAGAAACCTTTACATGAGCCTGACGTCATCGTTTATGCG
TAAGCGTTTAGAAGCTCCTACTTTGAAGAGATATTTGCGCGATAATATCTCTAATATTTTGCCAAATGAAGTGCC
TGGTACATCAGATGACAGTACTGAAGAGCCAGTAATGAAAAAACGTACTTACTGTACTTACTGCCCCTCTAAAAT
AAGGCGAAAGGCAAATGCATCGTGCAAAAAATGCAAAAAAGTTATTTGTCGAGAGCATAATATTGATATGTGCCA
AAGTTGTTTCTGACTGACTAATAAGTATAATTTGTTTCTATTATGTATAAGTTAAGCTAATTACTTATTTTATAA
TACAACATGACTGTTTTTAAAGTACAAAATAAGTTTATTTTTGTAAAAGAGAGAATGTTTAAAAGTTTTGTTACT
TTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTAT
TATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACC
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GATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTA
AATAATAGTTTCTAATTTTTTTATTATTCAGCCTGCTGTCGTGAATACCGTATATCTCAACGCTGTCTGTGAGAT
TGTCGTATTCTAGCCTTTTTAGTTTTTCGCTCATCGACTTGATATTGTCCGACACATTTTCGTCGATTTGCGTTT
TGATCAAAGACTTGAGCAGAGACACGTTAATCAACTGTTCAAATTGATCCATATTAACGATGGGCCCATATATGG
ATCCCAACCTTCAATAAAAAATTGTTCTTTATTTATTATTAATCACTATTATTTAGGCATCTTCTGCAAAAGTAA
TTGATTATAAACGATAAAAGTAAAAAAAAGGATTAATCTAAAACATTTTACTTAAAGACCTATTAATAAGTTTAA
AAAGAAAAAAAATAGGAAAATTGTTTTATTAAAATTGCTATGACAATCCAACTTTGGCATATGTATATGAAATCA
AAACAATTCACTACTCATTCATAATATTGCCGAACTTTACCAAATTAAAAATAAACATGAAATAGTCAACAACTC
ATTCGTTATGTAACGTTTTTTTTTTAAATGCATTAATATATAATGATTGTTTTTATTTTGGAAGTTGAAATAAAT
TAGGGCACAACCAGTTTCCACTATTCTCCTTTATCTTTACGGAAATAGCATGAATAATACCGAAAAGGCCGTTTT
AAAAATAAAAATTCGAGAAAATTCAAACGCAAATCAATGGAAACTTCGAGATCATTCGGTGAAGTTCGAGACGAA
TTCCCCGTTTCATATATAAGCGCGGTCTCGCGGCGCGTTGTCAGTGAATTTGAATCAAGCGAAGCGAAAGCAACA
AAGCTAAGCAAGCGACTCAAAGCAAATTTTCAAAGCGACTTTAACAAAGTTGAGTGAATTATTTACTAGTGAATT
CAAAGTAAATCGAAAAGTGTATCTAGAATGGCGCTCGGACTCGGCTCCGGACTGAGCTCCGGCCCCGGCTCCGGC
AACCACTCGGAGACGTCCTCGTCGCCCGGCATCAGCGTGCCCATCCCCGTGGCGCCGGCGCCGCTCGTCCCCAAC
CCCATGTTCGCGCTGCCCACCCTCAACTTCACCGTGGCCCAGGTGGCCGCCGTCTGCGAGACCCTGGAGGAGAGC
GGCGACATCGAGCGGCTGGCGCGCTTCCTCTGGTCGCTGCCGGTGGCCCACCCCAACATCGGCGAGCTCAACAAG
AACGAGGCCGTGCTGCGGGCGCGCGCCATCGTCTGCTTCCACAGCGGCAACTTCCGCGAGCTGTACTCCATCCTG
GAGTCGAACAAGTTCAGCAAGAGCTCGCACCACAAGCTGCAGGAGATCTGGCAGCTGGCGCACTACCAGGAGGCG
GAGAAGCTCCGGGGACGGGCGCTGGGGCCGGTCGACAAGTATCGAGTGCGGAAAAAGTTCCCGTGGCCGAGGACG
ATCTGGGACGGTGAACAGAAAACGCACTGTTTTAAGGAAAGGACTAGGAGTTTGTTGCGGGAGTGGTATCTGCAG
GACCCGTATCCGAACCCGACGAAGAAGAGGGAATTGGCGCAAGCGACGGGACTGACGCCGACGCAAGTGGGGAAC
TGGTTCAAGAACCGGAGGCAGCGGGATCGAGCGGCCGCCGCTAAGAATAGGATGCAACAGCAGCAGCTCGCCGCC
CAGCTGGCCCACCACGGTGGCGGCGGCCGGCAGCCGCCCCTCAGCCCCACGCCGTCCGACAGCGACTCGGACATC
TCCCTCGGAGCGCACTCTCCCCCCATCTCGTCCCCAGGTCCCATGCGTTTTTCCAACTCCCCCACACCCATCACC
AGTTTTCGTTTCGGGCCCCATTCTCCCGGCCCCATGCCCCCGCAATTCCGCTTCGGCAATCACTCCCCGCCCGGC
TTCCGTCAAGACCGCAAATCGAGGAACTCGTCCCCAATCAACGTCGACACCACATCGAATTACAATAATTCAGCT
GTCAATTTGAGATTAACATCGAACGAGTCGCCCATCGACGTCGATTCCACGCAGGAGAAGAGCCACAGCCCCATC
AGGGTGGACAGCTCGCCGCCGCCGATGAATCTGAGGATACACAGTGACAATACGAAGATCGAGACGCCGCTGGCG
CTGCGGCTGACGTCGAGCCACCAGCTGACGACGCCGCTGCGGATCCAGGTGGCGTCGCCGCACCGGATGGCGGCG
CCGCCGTCGCCGCCCCACACCAGCCTGCACCTGGGGACGCCCCATGGAGGTATAGTTAGAATAGCACCGCCGAGT
CCCTCCAATCCCCCCGTGCTTCATCGGCCTTTCTCGCCGCCGAGACTGACGTGACTCGAGATGATCGGTTTGTGT
TCCTACTTAGTTAATTGTGATAGTTTATTTTTGTAAATAATAGTACGTAAAGTTACTTTAGTTATAATAAAGTAG
ATAGTGACTGCATTAAGTTTAAAGACTGATTTTTGTAGATTATTTAAAAATTTTTAATAAATTATTTAATTTAAA
GATAAAAAGTTGTTTCATTTTAAAATAATAAAAAACTTACCGCATTAGTCGTGGCCTTGGCAGTATTAAGCGCAA
ACGGGCTCTCCTTCGTATGCCCATCAGGAATATAGAAAAAAACAACTGGCTGCTCACTAGTGGGGGCCCTATATA
TGGATCCTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACAGATCGCGCCAAGCTT
TAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTG
ATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGT
TTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATG
ATCTAGAGTCGCGGCCGCTTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCA
GCAGGACCATGTGATCGCGCTTCTCGTTGGGGTCTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGG
GCAGCAGCACGGGGCCGTCGCCGATGGGGGTGTTCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCCTCGA
TGTTGTGGCGGATCTTGAAGTTGGCCTTGATGCCGTTCTTCTGCTTGTCGGCGGTGATATAGACGTTGTGGCTGA
TGTAGTTGTACTCCAGCTTGTGCCCCAGGATGTTGCCGTCCTCCTTGAAGTCGATGCCCTTCAGCTCGATGCGGT
TCACCAGGGTGTCGCCCTCGAACTTCACCTCGGCGCGGGTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTGC
GCTCCTGGACGTAGCCTTCGGGCATGGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGA
AGCACTGCACGCCCCAGGTCAGGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGTGCAGATGA
ACTTCAGGGTCAGCTTGCCGTAGGTGGCATCGCCCTCGCCCTCGCCGGACACGCTGAACTTGTGGCCGTTTACGT
CGCCGTCCAGCTCGACCAGGATGGGCACCACCCCGGTGAACAGCTCCTCGCCCTTGCTCACCATGGTGGCGACCG
GTACCACTTTGAATTCACTAGTAAATAATTCACTCAACTTTGTTAAAGTCGCTTTGAAAATTTGCTTTGAGTCGC
TTGCTTAGCTTTGTTGCTTTCGCTTCGCTTGATTCAAATTCACTGACAACGCGCCGCGAGACCGCGCTTATATAT
GAAACGGATTAATTGAATTAGCTCTAATTGAATTAGTCTCTAATTGAATTAGATCTTAATTGAATTAGCTCTAAT
TGAATTAGTCTCTAATTGAATTAGATCGTCGACGTCCCATGGCCATTCGAATTCCGGCCGGCCTAGGCGCGTAAG
CTTGGCGCGCCTAGGCCGGCCAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTT
ACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGC
CCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGT
ATTTCACACCGCATACGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGG
TTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCG
CCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGC
ACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCC
CTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGG
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GCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAAT
TTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCG
CATAGTTAAGCCAGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCG
CTTACAGACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGA
GACGAAAGGGCCTCGTGATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTG
GCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCA
TGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCG
CCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATG
CTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTC
GCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACG
CCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAA
AGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCA
ACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTC
GCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAA
TGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGA
TGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTG
GAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTA
TCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTA
AGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAA
GGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGT
CAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAA
AAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCT
TCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAG
CACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCG
GGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCA
GCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAG
GGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAA
ACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAG
GGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTC
ACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTC
GCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGA

3´pBac 298..1561

11_pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-cncB_Tc-hs3'UTR_attB_SV40_eCFP_Hsp-p_6xP3]a
Tc-hsp 5' UTR 1579..2272

8581 bp

3xP3 5636..5585
cncB 2278..3975

3xP3 5584..5539
Hsp-p 5535..5385
ECFP 5368..4649

Tc-hsp-3'-UTR 4015..4309

SV40 4638..4416
attB 4331..4393
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>pSLaf[3'pBac_Hsp-p_Tc-hs5'UTR_Tc-cncB_Tc-hs3'UTR_attB_SV40_eCFP_Hspp_6xP3]af
GCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGA
CTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTT
TATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGA
TTACGAATTGGCGCGCCTAGGCCGGCCGAATTCGAATGGCCATGGGACGTCGACCTGAGGTAATTATAACCCAAC
CATTGTGGGAACCGTGCGATCAAACAAACGCGAGATACCGGAAGTACTGAAAAACAGTCGCTCCAGGCCAGTGGG
AACATCGATGTTTTGTTTTGACGGACCCCTTACTCTCGTCTCATATAAACCGAAGCCAGCTAAGATGGTATACTT
ATTATCATCTTGTGATGAGGATGCTTCTATCAACGAAAGTACCGGTAAACCGCAAATGGTTATGTATTATAATCA
AACTAAAGGCGGAGTGGACACGCTAGACCAAATGTGTTCTGTGATGACCTGCAGTAGGAAGACGAATAGGTGGCC
TATGGCATTATTGTACGGAATGATAAACATTGCCTGCATAAATTCTTTTATTATATACAGCCATAATGTCAGTAG
CAAGGGAGAAAAGGTTCAAAGTCGCAAAAAATTTATGAGAAACCTTTACATGAGCCTGACGTCATCGTTTATGCG
TAAGCGTTTAGAAGCTCCTACTTTGAAGAGATATTTGCGCGATAATATCTCTAATATTTTGCCAAATGAAGTGCC
TGGTACATCAGATGACAGTACTGAAGAGCCAGTAATGAAAAAACGTACTTACTGTACTTACTGCCCCTCTAAAAT
AAGGCGAAAGGCAAATGCATCGTGCAAAAAATGCAAAAAAGTTATTTGTCGAGAGCATAATATTGATATGTGCCA
AAGTTGTTTCTGACTGACTAATAAGTATAATTTGTTTCTATTATGTATAAGTTAAGCTAATTACTTATTTTATAA
TACAACATGACTGTTTTTAAAGTACAAAATAAGTTTATTTTTGTAAAAGAGAGAATGTTTAAAAGTTTTGTTACT
TTATAGAAGAAATTTTGAGTTTTTGTTTTTTTTTAATAAATAAATAAACATAAATAAATTGTTTGTTGAATTTAT
TATTAGTATGTAAGTGTAAATATAATAAAACTTAATATCTATTCAAATTAATAAATAAACCTCGATATACAGACC
GATAAAACACATGCGTCAATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTA
AATAATAGTTTCTAATTTTTTTATTATTCAGCCTGCTGTCGTGAATACCGTATATCTCAACGCTGTCTGTGAGAT
TGTCGTATTCTAGCCTTTTTAGTTTTTCGCTCATCGACTTGATATTGTCCGACACATTTTCGTCGATTTGCGTTT
TGATCAAAGACTTGAGCAGAGACACGTTAATCAACTGTTCAAATTGATCCATATTAACGATGGGCCCATATATGG
ATCCCAACCTTCAATAAAAAATTGTTCTTTATTTATTATTAATCACTATTATTTAGGCATCTTCTGCAAAAGTAA
TTGATTATAAACGATAAAAGTAAAAAAAAGGATTAATCTAAAACATTTTACTTAAAGACCTATTAATAAGTTTAA
AAAGAAAAAAAATAGGAAAATTGTTTTATTAAAATTGCTATGACAATCCAACTTTGGCATATGTATATGAAATCA
AAACAATTCACTACTCATTCATAATATTGCCGAACTTTACCAAATTAAAAATAAACATGAAATAGTCAACAACTC
ATTCGTTATGTAACGTTTTTTTTTTAAATGCATTAATATATAATGATTGTTTTTATTTTGGAAGTTGAAATAAAT
TAGGGCACAACCAGTTTCCACTATTCTCCTTTATCTTTACGGAAATAGCATGAATAATACCGAAAAGGCCGTTTT
AAAAATAAAAATTCGAGAAAATTCAAACGCAAATCAATGGAAACTTCGAGATCATTCGGTGAAGTTCGAGACGAA
TTCCCCGTTTCATATATAAGCGCGGTCTCGCGGCGCGTTGTCAGTGAATTTGAATCAAGCGAAGCGAAAGCAACA
AAGCTAAGCAAGCGACTCAAAGCAAATTTTCAAAGCGACTTTAACAAAGTTGAGTGAATTATTTACTAGTGAATT
CAAAGTAAATCGAAAAGTGTATCTAGAATGATACAGACGTCGCAATTCCACCATCCCCATCACAGGGCTTTCCAG
GGCCGTATGCCTTTCGTGCGCACCGTGAGCATGGAGCAGCGATGGCAGGACTTGGCGAACTTGCTGAGTCTTCCT
AGTCCGGGCGACACCAGCGGCATGCCGCACCCCTTCAGCCACCACCACCCCCTGCACAATTACAGCCACCCCCAT
GCCCACGGCATGGCGTACAGTCCGGAGGCAACCAGGGGGGTGCTTTTACACAACGCGACCTTAACACCCCCCATG
GGAGACATAAACGCTACAGTGCCATACAATAATATCGGTGGCACGAACTTGGGCAATGCCGTTGCCACTTCAATG
AACCTTACGAACAGCAGCGAACCAATGGGCGAACCGAATTCGGCACCCCATTACAAGCTCGAGCCGTCGCACGAT
ATGATGTATTACCAGAATAGTACAACTGAGCTTAATCAGACTGATGGGTTTTTGTCCTCGTTTTTGAACGATGAG
GACCTGCAGCTTATGGACATGGCAATGAATGAAGGCATGTACACAATGCGTATGTTAGATAGCAACAACGCTGTG
AGCAATTTAAGCATGAACGGGGCCACGGGCACCACCACATCCCTGTCCCGGACGGATGTAGAGAGGATGGACACC
TCCAGCGACAGCGCTGTGAGCTCCATGGGTTCTGAGAGAGTACCATCGCTGTCAGATGGCGAGTGGTGCGACGGC
GGTTCCGATTCCGGACACACAGCAGGGGATCACTACGTCACAGACTATCATCAAACAAAATACAGACCGTACGAT
TACAGCTATACGAGTCGGCAACATGCGAGCGCCCTGGCAGCCGCCTCAGATGCCACCCGAATGCCGCCCGTTGCC
CAAAAGAAACACCAAATGTTCGGAAAACGATATCTTCAAGAGCAGGGCGCAACGAGCGCTGTGTCCCACCAGCCC
CCCGTCAAATACGAGTACCGCGACCCCACGGCAGCCCCCTACAACAGCTCCCAGCCGGAGGGGGCCGTGGGTCCC
AAACCCTCCGAAATGAAGTACTCGTGTTCGATGGAGTTCGGGAGACACAGCCACTTGGTGAGAAACTCCCTCGAC
CACATCCAGCACAACCATACGTACCACCTGCCCACTGAAAGTACGGGGGCAATGCAACGTCCAGTTTCGCGCGAC
AAAACCAAGTCGAAGAAGGGTGACGAGGAGCATTTGACGAGAGATGAGAAGCGAGCTCGTGCCTTGAACGTTCCG
ATCACCGTCGATGATATTATTAACTTGCCGATGGACGAATTCAACGAACGCTTGTCCAAGTACGACCTGAGCGAG
CCGCAGTTGAGCTTGATTCGCGATATTCGCCGTCGGGGCAAGAACAAAGTGGCGGCTCAGAACTGCAGGAAGCGC
AAGCTGGACCAGATTTTGAGTCTGGCTGACGAAGTCAAAGATATGCGAGATAGGAAAATGCGGCTCATGAACGAG
CATGAGTATGTCACCGGCGAGTGTCAGCGCATGAAAGACAAGTACCAGCAGCTATACAGACACGTTTTTCAAAAT
TTGCGGGATCCGGATGGGAATCAATACTCGCCGTACCAATACAGTCTTCAGACGTCTGCAGATGGGTCGATATTG
GTCGTCCCTCGGTCCAACTCGACAATGACGAATCCAGAACACAAGGAGCCACCACCTCAAGGTCACAAAGATTGA
ACGCGTACGTCGCGACCGCGGACATGTACAGAGCTCGAGATGATCGGTTTGTGTTCCTACTTAGTTAATTGTGAT
AGTTTATTTTTGTAAATAATAGTACGTAAAGTTACTTTAGTTATAATAAAGTAGATAGTGACTGCATTAAGTTTA
AAGACTGATTTTTGTAGATTATTTAAAAATTTTTAATAAATTATTTAATTTAAAGATAAAAAGTTGTTTCATTTT
AAAATAATAAAAAACTTACCGCATTAGTCGTGGCCTTGGCAGTATTAAGCGCAAACGGGCTCTCCTTCGTATGCC
CATCAGGAATATAGAAAAAAACAACTGGCTGCTCACTAGTGGGGGCCCTATATATGGATCCTGCGGGTGCCAGGG
CGTGCCCTTGGGCTCCCCGGGCGCGTACTCCACCTCACAGATCGCGCCAAGCTTTAAGATACATTGATGAGTTTG
GACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAA
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CCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGT
GGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCTAGAGTCGCGGCCGCTTT
ACTTGTACAGCTCGTCCATGCCGAGAGTGATCCCGGCGGCGGTCACGAACTCCAGCAGGACCATGTGATCGCGCT
TCTCGTTGGGGTCTTTGCTCAGGGCGGACTGGGTGCTCAGGTAGTGGTTGTCGGGCAGCAGCACGGGGCCGTCGC
CGATGGGGGTGTTCTGCTGGTAGTGGTCGGCGAGCTGCACGCTGCCGTCCTCGATGTTGTGGCGGATCTTGAAGT
TGGCCTTGATGCCGTTCTTCTGCTTGTCGGCGGTGATATAGACGTTGTGGCTGATGTAGTTGTACTCCAGCTTGT
GCCCCAGGATGTTGCCGTCCTCCTTGAAGTCGATGCCCTTCAGCTCGATGCGGTTCACCAGGGTGTCGCCCTCGA
ACTTCACCTCGGCGCGGGTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATGGTGCGCTCCTGGACGTAGCCTTCGG
GCATGGCGGACTTGAAGAAGTCGTGCTGCTTCATGTGGTCGGGGTAGCGGCTGAAGCACTGCACGCCCCAGGTCA
GGGTGGTCACGAGGGTGGGCCAGGGCACGGGCAGCTTGCCGGTGGTGCAGATGAACTTCAGGGTCAGCTTGCCGT
AGGTGGCATCGCCCTCGCCCTCGCCGGACACGCTGAACTTGTGGCCGTTTACGTCGCCGTCCAGCTCGACCAGGA
TGGGCACCACCCCGGTGAACAGCTCCTCGCCCTTGCTCACCATGGTGGCGACCGGTACCACTTTGAATTCACTAG
TAAATAATTCACTCAACTTTGTTAAAGTCGCTTTGAAAATTTGCTTTGAGTCGCTTGCTTAGCTTTGTTGCTTTC
GCTTCGCTTGATTCAAATTCACTGACAACGCGCCGCGAGACCGCGCTTATATATGAAACGGATTAATTGAATTAG
CTCTAATTGAATTAGTCTCTAATTGAATTAGATCTTAATTGAATTAGCTCTAATTGAATTAGTCTCTAATTGAAT
TAGATCGTCGACGTCCCATGGCCATTCGAATTCCGGCCGGCCTAGGCGCGTAAGCTTGGCGCGCCTAGGCCGGCC
AGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCA
GCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGC
CTGAATGGCGAATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATACGTCAA
AGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTA
CACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCC
GTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTG
ATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGT
TCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAG
GGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAA
TATTAACGTTTACAATTTTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGCCCCGAC
ACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCG
TCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGACGAAAGGGCCTCGTGATAC
GCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCACTTTTCGGGGAAATGTGC
GCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAA
TGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGG
CATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCAC
GAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAA
TGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTC
GCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGA
CAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCG
GAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGG
AGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAAC
TATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAG
GACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTC
GCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGG
CAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACC
AAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTT
TTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCA
AAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGG
TGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAA
ATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTC
TGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGT
TACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACA
CCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATC
CGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTC
CTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAA
ACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTAT
CCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGC
GCAGCGAGTCAGTGAGCGAGGAAGCGGAAGA
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