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1 Introduction
1.1 Regeneration and cellular plasticity

It has long intrigued researchers why some animals possess remarkable powers of self-
regeneration and others do not. A newt can regenerate a complete limb and an entire
plant might grow even from a single cell or a group of cells. In most organisms, cellular
commitment and the differentiated state are very stably controlled and cell type identity
seems to be irreversibly fixed. For renewal of differentiated tissue to occur, animals and
plants rely on multipotent and/or unipotent stem cells. In the absence of stem cells, and
under special circumstances (e.g., regeneration), new tissue can also be formed from
differentiated cells by transdifferentiation, a process by which cells are able to
dedifferentiate and subsequently redifferentiate. The term transdifferentation was coined
to distinguish the switching of a terminally differentiated cell type into another during
insect development (Selman and Kafatos, 1974). For a cellular behaviour to be
interpreted as transdifferentiation two conditions must be fulfilled: first, the differentiation
states must be clearly defined and distinguishable; and second, a direct ancestor-
descendant relationship and common developmental history between the cells must be
clearly demonstrated (Eguchi and Kodama, 1993).

The plasticity of the differentiated cell state essentially contributes to the profound
difference between animals with high and low regeneration capacity (Bosch, 2007a).
One animal in which cellular plasticity plays a major role during normal development is
the Cnidarian Hydra which has a long history in developmental biology. Already in 1744
Trembley described the remarkable capability of Hydra to regenerate missing structures
(Trembley, 1744). Since then, Hydra has been used as a model system to address
multifaceted questions concerning development, stem cells, regeneration and cellular

plasticity.

1.2 The Cnidarian Hydra in the tree of life

1.2.1 Phylogeny of Hydra

The Cnidaria are a basal animal group, which is discussed as the sistergroup to the
Bilateria (Collins, 2002; Martindale et al., 2002; Philippe et al., 2005; Putnam et al.,
2007, see Fig. 1.1 A). Members of this taxon are characterised by a phylotypic cell type,
the stinging cell or cnidocyte, one of the most complex cell types in the animal kingdom
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(Tardent, 1995). The level of organisation of Cnidaria is diploblastic, a feature which
they share with the Ctenophores. Their body is build from two germ layers - endoderm
and ectoderm. The mesoderm, a third germ layer typical for bilaterian animals, is not
developed at this level of organisation.

The cnidarian bauplan is described as radial symmetric and it is thought to have
evolved around 600 million years ago (Xiao and Knoll, 1999; Chen et al., 2002). Its
emergence coincides with (i) the occurrence of true epithelia, characterised by tight
junctions and (ii) the emergence of the first nervous systems in the animal kingdom
(Nielsen et al., 1996). Within the phylum two forms of body organisation developed —
the polyp, characterised by a cylindrical body, and the mostly freefloating medusa. In
many cnidarian life cycles both forms alternate. The Cnidaria are currently subdivided
into the Anthozoa, the Cubozoa, the Scyphozoa and the Hydrozoa; with Hydra
belonging to the latter (Fig. 1.1 B).

Cnidaria Bilateria Anthozoa

Ctenophora
\ —— Cubozoa
Porifera N
—— Scyphozoa
Hydrozoa

Fig. 1.1: Phylogenetic position of the Cnidaria. (A) Suggested relationships at the base of the animal
kingdom (Phillipe, 2005). (B) Within the Cnidaria Anthozoa are regarded as basal (after
Collins et al., 2006).

The Anthozoa are regarded as basal within the Cnidaria (Medina et al., 2001; Collins et
al., 2006). In contrast to the other cnidarian groups, they have a circular mitochondrial
genome like bilaterians do and lack the otherwise phylotypic medusa stage in their life
cycles (Bridge et al., 1992; Bridge et al., 1995). The Hydrozoans are seen as the most
derived group based on their outstanding cnidocyte type complexity, body plan diversity
and molecular evidence (Steele, 2002; Collins et al., 2006, see Fig. 1.1 B). Cross-
species analyses need an understanding of the phylogenetic relationships of the
species to be analysed. Using two nuclear and two mitochondrial markers as well as
morphological criteria, Hemmrich et al. recently resolved the relationship of several

species of the genus Hydra, which are frequently held in the laboratory (Hemmrich et
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al., 2007). This analysis identified the symbiotic Hydra viridis as the most basal species
(Fig. 1.2).

H. circumcincta
H. vulgaris (AEP)

H. magnipapillata

©
&
7]
2
k]
S
>
s

H. robusta
H. oligactis
H. vulgaris

H. carea

Fig. 1.2: Phylogeny of Hydra. Relationship of different Hydra species as indicated by a phylogenetic
analysis using two nuclear (18S, 28S rRNA) and two mitochondrial (16S rRNA, COI) genes. Also
depicted are the holotrichous isorhizas, one of four cnidocyte types, of the different groups (taken from
Hemmrich et al., 2007).

1.2.2 Morphology and histology of Hydra

The body of Hydra is simple, consisting of a hollow tube with a basal disk for adhesion
to substrate and an apical structure comprising a hypostome with a mouth opening
which is surrounded by a ring of tentacles (Fig. 1.3 A). There are two epithelial cell
layers in Hydra: the endoderm, aka gastrodermis, and the ectoderm, aka epidermis.
They are derived from separate lineages of epithelio-muscle cells (Fig. 1.3 B). Cells of
the epidermis comprise (l) the epithelial cells of the gastric region, capable of mitotic
division, as well as (ll) battery cells of the tentacles, which contain cnidocytes, and (lll)
basal disk cells. The latter have a secretory character and serve the attachment of the
animal. Both epithelial layers are separated by an acellular layer, the mesoglea
(Fig. 1.3 B). Transgenic cell labelling experiments have shown that a complete
ectoderm can be formed by a very small founder population of epithelial cells from the
gastric region (Wittlieb, pers. com.).

Predominantly within the ectoderm resides a population of interstitial cells (i-cells). A

self-maintaining multipotent subpopulation of these cells gives rise to a variety of
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specialized somatic cells (nerve cells, nematocytes) and germ cells in a position
dependent manner (Bode, 1996; Bosch, 2007b).

These stem cells give also rise to gland cells. Interstitial cells in Hydra are abundant
throughout the gastric region. In the head and foot region they are present in very low
numbers (see below and Fig. 1.3 C, David and Plotnick, 1980). In Hydra the different
cell types are lineage restricted. Neither interconversion between cells from the
interstitial lineage and the epithelial cell lineages, nor between the ectodermal and

endodermal epithelial cells have been observed (Sugiyama and Fujisawa, 1978).

i cells

Fig. 1.3: Morphology and histology of Hydra. (A) Schematic representation of a Hydra polyp. (B)
Cellular composition of Hydra tissue within the gastric region. end epi: endodermal epithelial cell, gland:
zymogen gland cell, ect epi: ectodermal epithelial cell, i-cells: interstitial cells, end: endoderm, ect:
ectoderm, m: mesoglea (A and B modified from Bosch, 2007). (C) I-cells are abundant along the body
column, but show only very low concentrations in head and foot as indicated by an i-cell specific antibody,

mAB C41. Arrows mark boundaries of interstial cell distribution (modified from Khalturin et al., 2007).

The nervous system of Hydra is simple and has a netlike structure with high densities of
neurons in the head and the foot (Bode et al., 1973). It consists of individual nerve cells
with sensory or ganglionic character residing between epithelial cells of both layers.
Subsets of nerve cells have been shown to express specific neurotransmitters or
antigens, recognized by specific antibodies. This indicates a molecular diversity
depending on the position of the cell (Koizumi and Bode, 1986; Technau and Holstein,
1996).

Within the gastrodermis four types of secretory cells can be found. The head comprises

two secretory cell types whose vesicles show intense reactivity to histochemical tests
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for mucus (Rose and Burnett, 1968). These mucous gland cells (MGCs), were, based
on the morphology of their secretory vesicles, classified as granular MGCs (gMGC) and
spumous MGCs (sMGC) (Fig. 1.4 A, Semal-van Gansen, 1954).

Zymogen gland cells (ZMG) are the dominant secretory cell type in the gastric region
and are presumed to secrete proteolytic enzymes into the gastric cavity for extracellular
digestion (Haynes and Burnett, 1963, Fig. 1.4 B). There is a second secretory cell type
(mucG, Fig. 1.4 B) within the gastric region in very low abundancies, which is often
neglected in the literature (Gauthier, 1963). The secretory vesicles of this cell type have
a spumous occurance comparable to the one in the head and the staining properties
indicate that they secrete mucus (Gauthier, 1963). The identification of the expression
pattern of a growing number of genes demonstrates a unique genetic signature for each

of the different secretory cells types (Hwang et al., 2007).

Fig. 1.4: Secretory cells within the Hydra gastrodermis. (A) The hypostome comprises spumous
(sMGC) and granular mucous gland cells (gMGC). (B) In the gastric region zymogen gland cells (ZMG)
are the dominant secretory cell type, whereas a second type is present in low abundancies (mucG).
(modified from Siebert et al., 2007).

Labelling experiments and measurement of nuclear DNA content showed that the ZMG
population contains transiently proliferating cells (Schmidt and David, 1986; Bode et al.,
1987). Whereas the origin of ZMGs previously could be demonstrated unambiguously to
lie in the interstitial cell population (Schmidt and David, 1986; Bode et al., 1987), the
origin of the MGCs in the head, an almost interstitial cell free region, remained elusive.
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Rose and Burnett (1968, 1970) addressed this question and performed regeneration
experiments with Hydra viridis focusing on the origin of secretory cells within the newly
formed hypostome. The presented data indicated zymogen gland cells as one source
for both mucous gland cell types after hypostomal regeneration (Rose and Burnett,
1968b). On the other hand, in the course of mid-gastric regeneration, gastrodermal
basophilic cells, which are supposed interstitial cell derivatives residing within the
endoderm, were proposed as the primary source for these cells (Rose and Burnett,
1970). Dlbel (1989) indicated that hypostomal MGCs may be derivatives of head-
specific interstitial stem cells but did not provide quantitative experimental data
supporting this notion. As he did not distinguish the different types of mucous cells in
the head and as he proposed an undefined mucous cell of the gastric region to be an
additional source of the secretory cells of the hypostome, the relationship of the
secretory cells in Hydra remains confusing. Furthermore it is unclear to what extent the
proposed mechanisms, if present, contribute to the pool of secretory cells in the Hydra

hypostome.

1.2.3 Biology of Hydra

Hydra lives, unlike most hydrozoans, in freshwater ponds or lakes. The animals feed on
small crustaceans or larvae which are captured by using the tentacles and cnidocytes.
Reproduction in Hydra takes place either vegetatively by budding (Clarkson and
Wolpert, 1967), facilitating laboratory culture maintenance and propagation, or sexually
by the formation of eggs and sperm. In the latter case male polyps develop testis,
female polyps develop externally a single egg, which will get fertilized and develop while
attached to the mother polyp (Martin et al., 1997). Some Hydra species are
hermaphroditic and develop testis and eggs simultanously. The Hydra development is

direct, its life cycle lacks a medusal stage (Martin et al., 1997).

1.3 Hydra tissue dynamics

One of the remarkable features of Hydra is its capacity to regenerate missing structures
and the ability to reaggregate and rebuild vital polyps even after dissociation into single
cells (Gierer et al., 1972). In steady state polyps a complete animal will also regenerate
from any 2 % of the tissue mass of the gastric region located between head and foot
(Shimizu et al., 1993). Interestingly, the replacement of missing structures does not
involve mitotic divisions and DNA synthesis (Park et al., 1970; Hicklin and Wolpert,

1973; Cummings and Bode, 1984). Therefore the mode of regeneration was described
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to be morphallactic (Hicklin and Wolpert, 1973) i.e. new structures are build from
existing cells which change phenotype and function in a position dependend process
(see Morgan, 1901).

Beside these artificial translocations of cells in regeneration experiments, e.g. original
gastric cells become head cells in the course of head regeneration, translocation of cells
occurs constantly and naturally. Continuous proliferative activity of ectodermal and
endodermal cells leads to (i) translocation of cells towards the apical and basal regions
and (ii) to the incorporation of body column tissue into forming buds (see Fig. 1.5,
Campbell, 1967a; Campbell, 1967b; Selman and Kafatos, 1974). The compensation of
this continuous tissue growth happens mostly via budding and secondly via cell loss at
both ends of the body and at the tips of the tentacles (Campbell, 1967b).

Fig. 1.5: Differentiation boundaries within Hydra tissue. (left) Epithelial cells change, when
translocated towards the tentacle (blue) or towards the basal disk (red). Blue arrow: transition gastric -
tentacle. Red arrow: transition gastric — basal disk. (right) Coloured ectoderm marks the area of
predominant interstitial cell distribution. Yelow arrows: upper and lower boundary of interstitial cell

maximum. Fine arrows mark tissue flux (schematic drawing taken and modified from Bode, 1996).

Despite this dynamic situation and continuous displacement of cells, in each polyp the
overall axial distribution of the cell systems remains constant. The continual tissue flux
necessitates the permanent activity of patterning processes, sensing of positional
information and according changes in differentiation state. An epithelial cell forced in
this process towards the basal disk gets a glandular character and will start to produce

mucus which serves attachment to the substrate (see Fig. 1.5 left, red arrow, Davis,
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1973). Ectodermal cells which become translocated towards the tentacles will take up
cnidocytes and turn into battery cells at the tentacle basis (Fig. 1.5, blue arrow). At
these two boundaries the cells differentiate finally and become arrested in the G2 phase
(4n) of the cell cycle (Fig. 1.5 left, Dubel et al., 1987). The state of the dividing epithelial
cells of the gastric region was therefore described to be metastable (Bode et al., 1986).
Strikingly, ectodermal tissue in the apical gastric region will be displaced into the
tentacles and will not get translocated towards the hypostome, the latter being
maintained from a pool of head specific proliferating cells (Dubel et al., 1987).

It could be shown that the cells of the gastrodermis behave different and that both
layers move as independent, coherent tissue sheets with different speeds (Campbell,
1967c). Labelling experiments showed, that unlike in the ectoderm, epithelial cells of the
gastrodermis contribute not only to the tentacles, but also to the hypostome. Along with
the change of position goes a decrease in vacuole sizes. The cells stay mitotically
active except for the region around the mouth opening (Dubel, 1989).

Beside this epithelial movement in a sheet, Campbell classified two further modes of
cellular motility, namely (i) active and (ii) passive movements. Cnidoblasts have been
shown to actively migrate within the epithelial layers towards the tentacles whereas
nerve, interstitial or gland cells are passively translocated embedded into the epithelial
matrix (Campbell, 1967c). Recently, with focus on cnidoblasts and interstitial cells this
movement could be visualized in vivo using transgenic animals whose interstitial cells
and their derivatives were partly marked with EGFP (Khalturin et al., 2007).

Previous observations have revealed two strategies that underlie the maintenance of
tissue organisation: differentiation from multipotent stem cells (Bosch and David, 1987)
and phenotype conversion (Bode, 1992). The latter appears to be particularly evident in
the plasticity of the differentiated state of the nerve net as immunocytochemical studies
have revealed that neurons displaced from region to region appear to undergo changes
in phenotype (Bode, 1992; Technau and Holstein, 1996). Within the tentacles and in the
hypostome exists a population of neurons which is defined by an antiserum against the
neuropeptide FMRFamide, termed FLI® neurons (Koizumi and Bode, 1986). Even
though the tissue is moving constantly and the neurons get translocated to the distal
ends of the tentacles and the hypostome, where they get eventually sloughed off, the
pattern and the basal border of the FLI" cells stays the same indicating a continuous
addition of new neurons at the base of the tentacles. Bode et al. reasoned that these
cells originated (i) from translocated neurons, which acquired the new phenotype, and

(ii) in newly differentiating neurons, as they could demonstrate lower densities of these
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neurons in regenerating heads after removal of interstitial cells (Koizumi and Bode,
1986).

As the translocation of neurons and subsequent conversion of the phenotype can not
sufficiently explain nerve net maintenance within the hypostome, two hypotheses have
been proposed concerning the origin of neurons in an environment with low numbers of
interstitial cells: (i) local commitment of pluripotent stem cells which thereby creates the
apical (and basal) boundary of the interstitial cell distribution (see Fig. 1.3 C, Fig. 1.5
right, yellow arrows, Yaross and Bode, 1978) and (ii) migration of committed precursors
which eventually differentiate within the hypostome (Teragawa and Bode, 1990;

Teragawa and Bode, 1991; Technau and Holstein, 1996).

Fig. 1.6: I-cell localisation and transcriptional boundaries of genes from the i-cell lineage. (A)
Position-dependent localisation of interstitial cells defined by mAB C41 (picture courtesy of K. Khalturin).
Interstitial cells are located predominantly in the body column. (B,C) In situ hybridisation with zymogen
gland cell specific genes HyDkk1/2/4 C and A (see below) and (D) HySCP (HySCP in situ hybridisation
by K. Khalturin).

Fundamental for the understanding of cell type stability and positional value is the
identification of the factors involved in the formation of boundaries, which define
morphogenetic fields along the Hydra body column. Strikingly, the head boundary of the
interstitial cell distribution seems to correspond to boundaries in the transcription pattern
of genes like the zymogen gland cell genes HyDkk1/2/4 A and C (Fig.1.6 A - C). This
boundary is not based on the absence of the respective cell type in more apical regions,
as gland cell gene HySCP continues to be transcribed in head tissue (Fig 1.6 D). As
transcriptional clues responsible for this pattern must be hardwired into the regulatory
units, the analysis of the promoter regions of these genes might reveal factors involved

in boundary maintenance and cell type changes (transdifferentiation).
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1.4 Hydra - An old model in new shape

In the last years more and more sequence data could be acquired at tremendous speed
from organisms at the base of animal evolution shedding new light on the ancestral
gene repertoire (Miller et al., 2005; Miller et al.,, 2007; Putnam et al., 2007).
Comparative data from different taxa revealed that Cnidarians share many genes with
the bilateria. Furthermore these data indicate that many ancestral genes were present
and have been retained in Cnidaria but got lost in the protostomian lineage (Miller et al.,
2005; Technau et al., 2005). Recently, a National Human Genome Research Institute -
funded Hydra magnipapillata genome project at the J. Craig Venter Institute resulted in
a first assembled draft genome data set with 6 X coverage
(http://hydrazome.metazome.net). Accompanied by a still growing set of at present
174.000 expressed sequence tags (ESTs) and the development of critical molecular
techniques like stable transgenesis (Wittlieb et al., 2006), this marks a new era in Hydra
research. Especially transgenesis offers new insights into patterning and differentiation
processes as well as the establishment of direct lineage relationships using transgenes
driven by gene specific promoter constructs. The structural organisation of Hydra makes
it possible to trace individual labelled cells in vivo and to analyse the reconstitution of
the cell type repertoire and homeostasis in the context of regeneration (Wittlieb et al.,
2006; Khalturin et al., 2007). First phylogenetic comparisons to characterise
interspecifically conserved transcription factor binding motifs within putative regulatory
regions have been successfully conducted (Siebert et al., 2005) and will offer, together
with functional testing of promoters, new insights into Hydra gene regulatory networks.
Furthermore RNA interference techniques have been successfully applied in Hydra
(Lohmann et al., 1999; Galliot et al., 2007; Miljkovic-Licina et al., 2007). Taken together,
recent developments meant an extensive advance towards a complete molecularisation

of the model organism Hydra.

1.5 Concepts and players in Hydra patterning

How does the framework for stable patterning and homeostasis in a constantly
renewing animal look like? Early at the beginning of the last century as an
undergraduate student Ethel Brown detected organiser capacities of the Hydra
hypostome (Brown, 1909). Fragments from the apical tip were able to induce a second
axis when transplanted into the gastric region of Hydra. The factors involved in this

process were unknown for a long time. Recently it could be demonstrated that members
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of the canonical Wnt pathway, including HyWnt3a, B-catenin, Dishevelled and Tcf/Lef,
are involved in setting up the organiser (Hobmayer et al., 2000; Broun et al., 2005; Lee
et al., 2006; Guder et al., 2006b). Generally, the vertebrate Wnt/B-catenin pathway is
activated via binding of Wnt to its receptor Frizzled/LRP which leads, transduced via
cytoplasmatic Dishevelled, to the inactivation of GSK-3f activity. The inactivation, which
is essentially a destruction of a protein complex consisting of GSK-33 with the co-
regulatory proteins Axin and APC, leads to the stabilisation, accumulation and nuclear
translocation of -catenin. Here B-catenin, after it has formed complexes with Tcf/Lef
DNA-binding factors, activates Wnt target genes (see Lee et al., 2006). A homologue of
the Wnt-receptor frizzled is present in Hydra (Minobe et al., 2000).

Within the Cnidaria the presence of 11 of the 12 Wnt subfamilies could be shown in the
Anthozoan Nematostella and most of them are also present in Hydra (Kusserow et al.,
2005; Guder et al., 2006b). In Nematostella these genes are expressed along the oral-
aboral axis in partially overlapping domains suggesting a role in axial patterning
(Kusserow et al., 2005; Lee et al., 2006).

Interestingly, genes of the Wnt system expressed in the Hydra hypostome demonstrate
features predicted by theoretical models of axial patterning in which organizer regions,
generated by mechanisms that involve local self-enhancement coupled to antagonistic
reactions, play pivotal roles (Gierer and Meinhardt, 1972; Meinhardt, 2007). Shortly
these reaction-diffusion systems (see also Turing, 1952) are based on a non linear
autocatalysis of an activator substance. This activator promotes also a rapidly diffusing
antagonist which acts on a longer range and also slows down the activator production
(Gierer and Meinhardt, 1972). In nature, the signals involved and the propagation of
these signals might comprise various factors and transducers (Meinhardt, 2007). These
systems allow the formation of an organizer and explain inhibition of further organizers
in the periphery of an existing one.

In the model the Hydra foot acts as a second organising structure (Meinhardt, 2007). To
explain the formation of a stable axis which requires maintenance of a single organizer
on a larger scale, a further variable was introduced — the source density, which is
defined as the competence to perform the autocatalytic production of the activator
(Gierer and Meinhardt, 1972). This competence is positively influenced by the activator
in the head and shows in Hydra a graded distribution along the body column with high
values in the apical region which are decreasing down to the foot. The model allows to
explain polar regeneration of any piece of the body column and the regeneration of

different structures from originally neighbouring tissue (Meinhardt, 2007).
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A graded signal within the Hydra body column which might mediate a positional value
has been discussed and proposed for long, as it could explain many of the observable
patterning processes (Tardent, 1954; Wolpert et al., 1972; Wolpert et al., 1974;
MacWilliams, 1983). Associated with the concept of positional value is the morphogen
concept (Gurdon and Bourillot, 2001). Morphogens are secreted factors which take part
in patterning process mediating signals in a concentration dependend manner.
Generally the formation of gradients is a fundamental problem in biology (Ashe and
Briscoe, 2006; Grieneisen et al., 2007; Meinhardt, 2007) and the elucidation of the
factors involved in Hydra axis formation could contribute to a further understanding of
these mechanisms.

In addition to various Wnt pathway genes, many other pathways and conserved
molecules playing a role in the development of higher animals were identified in Hydra
like the TGFR/BMP pathway (Hobmayer et al., 2001), Notch signalling (Kasbauer et al.,
2007; Khalturin et al., 2007) or receptor tyrosine signalling (Steele et al., 1996; for
summary see Bosch, 2007a). Interestingly also ,mesodermal® genes can be found

despite a diploblastic level of organisation (Technau und Bode, 1999).

1.6 Dickkopf related proteins in Hydra

In vertebrates, proteins of the Dickkopf (Dkk) family are known to interfere with Wnt
signalling in a mostly antagonistic manner (Krupnik et al., 1999; Niehrs, 2006). Dkk
proteins contain a signal peptide and are characterised by two cystein-rich domains
separated by a linker region (Glinka et al., 1998, see Fig. 1.7 A). Each of these domains
contains ten cysteins, which are arranged in a characteristic pattern, and additional
conserved residues. Whereas the N-terminal domain is unique to Dickkopf proteins, the
C-terminal domain shows conserved cysteins and predicted disulfide—bonding pattern
typical for a colipase fold (Aravind and Koonin, 1998; Niehrs, 2006). Colipases are small
protein co-factors needed e.g. by pancreatic lipase for efficient dietary lipid hydrolysis
(van Tilbeurgh et al., 1999). The colipase fold is also present in a variety of proteins like
toxins or protease inhibitors and is generally involved in specific protein-protein
interactions (Aravind and Koonin, 1998; Boisbouvier et al., 1998; Hubbard et al., 1999;
Kaser et al., 2003). It was shown that the second domain is sufficient for antagonistic
interference with Wnt signalling (Brott and Sokol, 2002; Mao and Niehrs, 2003) which
happens via modulation of the Wnt co-receptors of the LRP5/6 class. If the latter is

present in Cnidaria remains to be clarified. Four Dkks have been characterised in
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vertebrates. Whereas Dkk1, Dkk 2 and Dkk 4 modulate Wnt signalling, Dkk3 seems to
serve different function. Dkk proteins could not be found in the protostome lineage of
the bilaterians (Niehrs, 2006).

HyDkk3, one bona fide Dickkopf, has been indentified in Hydra (Fig. 1.7 A, Fedders et
al., 2004). It shows a diagnostic 12 aa linker region of Dkk3 proteins between the two
cystein rich domains. It is expressed in differentiating cnidoblasts (Fedders et al., 2004).
Additionally two further short proteins with similarity to the second cystein rich domain of
Dkk proteins were identified (Fig. 1.7 A, B, Augustin et al., 2006; Guder et al., 2006a).
They were termed HyDkk1/2/4 as they grouped with vertebrate Dkk1, Dkk2 and Dkk4 in
a phylogenetic analysis (Guder et al., 2006a).
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*: sk 1 ek, sk, r ok kkkdkok o s kok

HomDkk3
Cys=-2

HyDkk1/2/4-A YVKEGALCGFRDKFACGCEPGLECVKVRGTLTGMVRRCVDNSGSGSLY 93
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Fig. 1.7: Dickkopf proteins in Hydra. (A) Like human Dkks (HomDkk1-4), HyDkk3 is composed of two
cystein rich domains, whereas HyDkk1/2/4s only share the second cystein rich domain. Blue: signal
peptide. (B) Amino-acid sequence alignment of HyDkk1/2/4 A and C. *, same aa, :, conserved
substitutions, ., semi-conserved substitutions. The signal peptide is underlined and the cystein rich
domain is shaded (A, B taken from Augustin et al., 2006).

Both proteins, HyDkk1/2/4 A and HyDkk1/2/4 C, have a predicted N-terminal signal
sequence, consist out of 93/95 aa and show a sequence identity of around 64% on
nucleotide level. Whereas HyDkk1/2/4 A is expressed in zymogen gland cells down to
the penduncle, HyDkk1/2/4 C transcription is activated in the same cells in a graded
manner (Fig. 1.8 A, B, Augustin et al., 2006; Guder et al., 2006a). The transcription
patterns of both genes show a strikingly sharp boundary below the tentacle formation
zone (see above). Overexpression experiments of HyDkk1/2/4 A in Xenopus embryos
resulted in comparable phenotypes as after injection of Xenopus Dkk1, which lead to
the proposal of an ancient Wnt-Dickkopf antagonism (Guder et al., 2006a). Expression
data of both genes in the course of tissue manipulations also allowed to suggest
modulation of Wnt signalling by these proteins (Augustin et al., 2006). In the Anthozoan
Nematostella two of three identified Dkk genes group within the Dkk3 subfamily (Lee et
al., 2006). The third, NvDkk1/2/4, has both cystein rich domains and is complementary
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expressed to the NvWnt domain during embryogenesis and in the early polyp (Lee et

al., 2006). Interference of this protein with Wnt signalling remains to be clarified.

Fig. 1.8: Dickkopf related proteins HyDkk1/2/4 A and HyDkk1/2/4 C are expressed in zymogen
gland cells (ZMG) of the gastric region. (A) HyDkk1/2/4 A is expressed homogenously in zymogen
gland cells down to the peduncle, whereas HyDkk1/2/4 C (B) is activated in the same cells in a graded

manner (B taken from Augustin et al., 2006).

1.7 Aims of the study

The formation and maintenance of transcriptional boundaries in dynamic tissues is not
well understood. As HyDkk1//2/4 C shows a striking position dependent expression
pattern, unraveling the regulatory inputs on its promoter could help to understand (i) the
biochemical nature of the boundary below the head and (ii) how a graded expression is
achieved.

To get insights into this regulation, phylogenetic footprinting approaches using
orthologous sequences from related Hydra species followed by functional experiments
using Hydra transgenesis will be applied in this study. As transgenic techniques allow
unique possibilities of in vivo tracking, they will be used to elucidate gland cell

dynamics.
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2 Results

21 ,Homologue hunting” reveals HyDkk1/2/4 C sequence

conservation in different Hydra species

Phylogenetic comparison of putative regulatory regions of genes has been proven to be
valuable tool in the identification of regulatory elements. Critical for these kinds of
comparison is the homology of the genes and regions to be compared. HyDkk1/2/4 C
had been initially characterised in Hydra magnipapillata (see ch. 1.6). Therefore | began
with the isolation of the HyDkk1/2/4 C coding sequence from three other Hydra species,
namely Hydra vulgaris (AEP), Hydra oligactis and Hydra viridis, and subsequently
analysed sequence conservation and expression patterns. In the case of H. vulgaris
(AEP) PCR based “‘homologue hunting” was successfully applied for HyDkk1/2/4 C and
also for HyDkk1/2/4 A using H. magnipapillata sequence information for primer design.
Full length sequence information for H. oligactis could be obtained by screening of an
existing full length cDNA library (see ch. 7.11) using H. magnipapillata sequence
information for preparing the radioactively labelled probes. Within this screen eight as
positive indicated clones were sequenced. Four of which represented HyDkk1/2/4 C
and two sequences could be clearly identified as the H. oligactis variant of
HyDkk1/2/4 A (app. 9.2). HyDkk1/2/4 C from H. viridis was identified in an independent
screen (C. Lange, pers. com.). The analysis of HyDkk1/2/4 C sequences revealed high

conservation across species borders (see Fig. 2.1 A, app. 9.1).
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Fig. 2.1: HyDkk1/2/4 C conservation in different Hydra species. (A) Clustal W multiple alignment of
HyDkk1/2/4 C from different species. Red boxes: conserved cysteins. (B) Phylogenetic tree resulting from
neighbour joining analysis for the HyDkk1/2/4 C gene. Branch lengths are scaled to the indicator bar that
displays substitutions per site. mag = H. magnipapillata; AEP = H. vulgaris (AEP); oli = H. oligactis, vir =

H. viridis.
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The sequence conservation on the nucleotide level varied from 956 % (H.
magnipapillata | H. vulgaris (AEP)) to 90,0 % between H. magnipapillata and H. oligactis
and was with 67,8 % the lowest in the comparison of H. magnipapillata and H. viridis. In
accordance with the molecular phylogeny of the genus Hydra (Hemmrich et al., 2007),
H. viridis has the most distant sequence as can be also seen in the phylogenetic
representation based on a full length amino acid alignment (Fig. 2.1 B). The highest
sequence similarity was observed between H. magnipapillata and H. vulgaris (AEP).

When analysing the expression pattern by means of in situ hybridisation, the graded
activation in zymogen gland cells (Fig. 2.2 A - D) and the sharp boundary of expression

below the head (Fig. 2.2 E) could be observed in all species demonstrating a conserved

transcriptional regulation.

Fig. 2.2: HyDkk1/2/4 C in situ hybridisation shows conserved expression pattern in different Hydra
species. (A) H. magnipapillata, (B) H. vulgaris (AEP), (C) H. oligactis and (D) H. viridis (picture courtesy
of C. Lange), (E) Conserved boundary of expression below the tentacle formation zone (H.

magnipapillata).

2.2 HyDkk1/2/4 A and C are clustered within the genomes of

different Hydra species

To get first insights into the putative regulatory region of HyDkk1/2/4 C | analysed the
available genomic information of H. magnipapillata using the trace archive (NCBI) and
the available H. magnipapillata genome browser (http://hydrazome.metazome.net).
Screening the assembled genome data with the full length sequence information of
HyDkk1/2/4 C identified a single contig, Contig 39193, which comprised around 300 kb
(Fig. 2.3 A). Interestingly, when analysing the periphery of the HyDkk1/2/4 C locus,
HyDkk1/2/4 A could be identified ranging from — 4,993 bp (ATG) to — 3,909 bp (Stop
codon) relative to the translation initiation site of HyDkk1/2/4 C suggesting a gene

duplication event (Fig. 2.3 A, B). To exclude genomic missassembly, the physical
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linkage of both genes was checked using mate pair information of the trace archive. The
two traces of template 1061024507168 align to HyDkk1/2/4 C and HyKK1/2/4 A,

respectively, and therefore support the cluster.
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Fig. 2.3: Clustered localisation of HyDkk1/2/4 A and HyDkk1/2/4 C on genomic contig 39193. (A)
Screenshot from the genome browser output after BLAST of full length HyDkk1/2/4 C. Both genes are
localised on the minus strand. (B) HyDkk1/2/4 A lies upstream of HyDkk1/2/4 C. Given distances are

relative to translation start and end.

Genomic analysis revealed that both HyDkk1/2/4 A and C are single copy genes and
both consist out of three exons (Fig. 2.3, 2.4, app. 9.3, 9.4). The clustered localisation of
the two genes was used to obtain 5’-flanking region of HyDkk1/2/4 C from H. vulgaris
(AEP). Sequence specific primers directed (l) against exon 3 of HyDkk1/2/4 A pointing
towards HyDkk1/2/4 C and (ll) against exon 1 of HyDkk1/2/4 C pointing towards
HyDkk1/2/4 A resulted in a approximately 4 kb long PCR fragment (see FIG. 2.4 A)
demonstrating a conserved genomic distance in H. vulgaris (AEP) compared to the
situation in H. magnipapillata. The intergenic region was partially sequenced yielding
1,470 bp of putative regulatory region upstream ATG of HyDkk1/2/4 C. To broaden the
basis for a phylogenetic comparison of this region | used a PCR strategy, involving

digestion of genomic DNA, adapter ligation and nested PCR (Splinkerette PCR, see ch.
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7.4.2), to get sequence information of the orthologous regions from H. oligatis and H.
viridis. By this approach | was able to amplify 1,090 bp HyDkk1/2/4 C 5-flanking region
from Hydra oligactis and 852 bp from Hydra viridis, respectively. In both cases
sequence information was obtained also for intron one. The size of this intron varies
between 130 bp (H. oligactis) and 393 bp (H. viridis) (Fig. 2.4 B). Clustering of the two
genes could be shown also for Hydra oligactis using primers against exon 3 of
HyDkk1/2/4 A and a primer against the 5'-flanking region of HyDkk1/2/4 C (primer
position -1.041 to -984 bp). The resulting single PCR fragment (Fig. 2.4 A) indicated a

closer genomic distance between the two genes of around 2.9 kb in this species.
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Fig. 2.4: Available data on genomic organization of HyDkk1/2/4 genes in different Hydra species.
(A) PCR on genomic DNA revealed clustering of the HyDkk1/2/4 genes in Hydra vulgaris (AEP) and
Hydra oligactis. PCR reactions using primer combinations directed against HyDkk1/2/4 A and C
sequence pointing towards each other resulted in specific fragments indicating a genomic distance of
around 4 kb in H. vulgaris (AEP) and 2.9 kb in H. oligactis (see also text). M: Marker, Lane AEP (1):
control without DNA template, Lane AEP (2): PCR on genomic DNA (AEP) template. Lane Oli (1): PCR
on genomic DNA (oli) template, arrow marks PCR product. Lane Oli (2): control without DNA template.
(B) Available genomic sequence information for HyDkk1/2/4 C of H. magnipapillata (mag), Hydra vulgaris
(AEP), H. oligactis (oli) and Hydra viridis (vir). Blue boxes indicate exons, grey boxes indicate unknown
genomic organization. Figures indicate numbers of nucleotides, yellow: known 5’ sequence information.

(C) Genomic organisation of HyDkk1/2/4 A in H. magnipapillata. Figures indicate numbers of nucleotides.

Due to a lack of sequence information for HyDkk1/2/4 A in H. viridis, the genomic
situation in this species remains to be elucidated. The available genomic sequence
information on HyDkk1/2/4 C from the different species is summarised in Fig. 2.4 B
(app. 9.2, 9.3). For comparative studies also 5’-flanking sequence information of

HyDkk1/2/4 A was obtained from the H. magnipapillata genome data. Here, sequence
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information was given for the first 754 bp upstream ATG whereas in more 5’ direction a
stretch of 318 unassigned nucleotides (N’s) followed. Comparison with rough data from
the trace archive (NCBI) including the matepair information allowed to elongate the 5'-
flanking region in silico to approx 1.4 kb (Fig. 2.4 C). All obtained 5’-flanking regions

were used in a phylogenetic comparison.

2.3 Interspecific comparison of HyDkk1/2/4 C 5 flanking region

indicates functional promoter elements

A first conservation analysis of the HyDkk1/2/4 C 5’-flanking regions from the different
species using the mVista online resource (http://genome.lbl.gov/vista/index.shtml)
revealed high sequence conservation within the first 850 bp between the closely related
species Hydra magnipapillata and Hydra vulgaris (AEP) with a decreasing conservation
in regions upstream -1 kb relative to ATG, where conservation did not exceed values of
50 % (Fig. 2.5 A).
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Fig. 2.5: mVista conservation profiles for the HyDkk1/2/4 5’-flanking regions from different Hydra
species. (A) Profile of the comparison of 1,470 bp upstream HyDkk1/2/4 C from H. mag versus H. AEP.
(B) Profiles of the comparisons of 852 bp upstream HyDkk1/2/4 C from H. mag versus sequences from H.
AEP, H. oli and H. vir. (C) Comparison of 1.090 bp 5'-flanking region of HyDkk1/2/4 C with the
corresponding region of HyDkk1/2/4 A (sequences from H. mag). mVista settings: Calc. window: 40 bp,
Cons width: 40 bp, Cons. Identity: 50%, grey: coding sequence. AVID program was used for alignment.
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Sequence comparison of H. magnipapillata with H. oligactis showed a decline in
conservation at around -400 bp (Fig. 2.5 B). Only low conservation values were
detectable in the comparison with the most distantly related Hydra viridis. However the
common origin of the sequences was still visible (Fig. 2.5 B).

Even though clustering of HyDkk1/2/4 A and HyDkk1/2/4 C genes implied a common
origin and a gene duplication event, the 5’-flanking regions showed no strong homology
or conserved regions (Fig. 2.5 C). Considering that the genes are transcribed within the
same cell type, this was unexpected.

As sequence inversions or shuffled features are frequent characteristics of noncoding
sequences, | used the GATA alignment tool to get deeper insight into the sequence
relatedness. The GATA tool uses the NCBI-BLAST program to identify all small
subalignments between two input sequences that score above a chosen cut off and
visualises them. The alignments (Fig. 2.6) are graphed as two shaded boxes which are
connected by a line indicating the orientation of the alignment. Black stands for the
same orientation whereas red indicates a +/- orientation of the aligned sequence. Solid
colours of boxes indicate high scores, light colours indicate low scores of the particular
alignment.

The comparison (Fig. 2.6 A) of 1,470 bp 5'-flanking region from H. magnipapillata and
H. vulgaris (AEP) showed a colinear arrangement of the sequences within the first
900bp with a few stretches of nucleotides present in the H. vulgaris (AEP) sequence,
presented as white areas, which are absent in H. magnipapillata. Furthermore, eight
subalingments were displayed, where conserved sequences of H. magnipapillata were
detected upstream 0.9 kb in AEP in an inverted orientation.

When sequence information of H. oligactis was included into the analysis and compared
to H. magnipapillata and H. vulgaris (AEP), the program identified sequence
conservation adjacent to the translation start and highlighted a conserved stretch
around -400 bp which was present in all three species (Fig. 2.6 A, B, red arrow, Fig. 2.7
red box).
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Fig. 2.6: Comparative sequence analysis of HyDkk1/2/4 C flanking region using the GATA
alignment tool. (A) Comparison of 1,470 bp 5’flanking region from H. mag and AEP. (B) Comparisons
between H. mag and H. oli as well as H. AEP and H. oli highlighted a region around -400 bp (red arrow)
which is shown to be conserved in all three species. Default alignment parameters were applied. (C)
Comparisons of H. AEP and H. oli to H. vir reveal a conserved element starting 42 bp in front of the
transcritption start site and is therefore taken as part of the putative HyDkk1/2/4 C core promoter (pCP,

blue bar). Default alignment parameters were applied.

In more 5’-direction, no sequence conservation across more than two species was
detected (Fig. 2.6 B). The identified alignments were therefore taken only as weak hints
for functional relevance. When having a look directly at the nucleotide alignment of all

three species, the overall divergence of the H. oligactis sequence upstream the
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indicated conserved region (-415 to -383 bp, red bar) became evident (Fig. 2.7). Taken

together, these results pointed to important elements within the first 440 bp upstream of
ATG.

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

mag
AEP
oli

-1000

GTTCACACGTCC] TﬂGAﬁc TTG.
TGTTATATATTT, TﬁAG NACIWTTGT.
Ae]

TAAGTCGTACTCHC Gﬁs GATCGT

AAAAEG GTCACAAGTATG
AGCCATTAACTIWAATTGTAAATTTATG!

TTTAEGGG TGAAAGTCCGACTTAGTLY;

H

GRTTGAWATAATIITA . .AC TATAﬁA TfAGAAAACCTAATAARA
T TRGTAACACEOTCONCGCEATIE GCCTTCTTCTTGTTCC
CUiGAG

cad®ar
GCGAETG. . CGAGTTMGC NG CiiCIGEGTATATATAGAGAT

-900

TG, GTH; A TTRATNACTTTTEACCACT. ..
o Y GAGTIS Moo crrriaceace ATT
MrrrreTdrTTTTTTAGY . .TGTATATAAATGGE CTMGAAC TGAGGTTTC/WAGT

-700

|
GTAGAT N NATTTH 'CACCWC TceTRCcAINSccRTCTRCAAN N C G TIRTARNCAFN N AT . . . ... ... .........
AT GATG“TTTﬁ caTcr @ TGGTE. RN CAn R C TR TARC “'TﬁT TTATAAATAATTTATTTTA
cc CAGCCMAAC‘C‘GGTT“& AARSTN Rnidincid cci¥¥eac VA CIC TGGAGAAGATGTAGGAGA

. .. .. NATAANGG TIACAATAS lelehvele ClelolNe T/ler-V-Ne C leloledy T T clelChvCINGEVAA CLYY:
o rTTTAA AT A e P 2 . O e e A e
ACTAACTTTCTHCLYG CEGGGCGA AT Thiy CETGGTC‘ GGTEACGACOATGTIATTG TChgyTA'Y ]
-600
[len T/oe! TTC . AAATCCCIAGHTTHeCAINTNGCCE . . ucAA G\ cecanfN . ... ............... cecfieciicTe
cd¥iccomorcerercoccalonrTicec tticel . . oo A T COAA T TAAATGETEATECECE GCHCTG
CALSNTATHNEAGTA . CTAATT. T T ‘cc‘ﬂr reo¥lcicacTe. . . ... ACACAACTCT
\. .cel\eTTCT. .. .... ..
Y. . GEI\CTTCTTGEEGCACC
‘TTTAEAACGAGAGGAAAAT
ThvNAAINT NG AW NTAIAECidelole ccTakc ATTT| CTGT[SATAT
B ccMraiit e irece s rciic AGATTT, CTGTIMWATAT
CT‘A_AETTAAECT GATHGT €] ATTT| CTGTEJeATAT

TGRETINT. CTACTINATARGCIYNNNT
T

CAAAR
Bl crreTiTANCA T}
o TEA A TiiCCRNN ﬂAT TW..

... .ATENNN\cAlET|
= 0 e
|

T CTTAGCW AARINNGHY

CTTCAATAAIATT
CTTCAATAARTTG

Fig. 2.7:

and

Multiple alignment of 1,090 bp of HyDkk1/2/4 C 5’ flanking region from H. mag, H.

AEP

H. oli indicates high sequence identities within the first 440 bp upstream ATG. Red box:

conserved region indicated by the GATA software, pTSS: putative transcription start site, ATG translation

start.
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To get insights into the length of the 5’ untranslated region of HyDkk1/2/4 C | used the
EST data to deduce the transcription start site (TSS). The ESTs with the longest 5’
information (ESTs: CN559611, CN559480, gene model: Hma1.134829) indicated a
transcription start at — 103 bp upstream ATG (see Fig. 2.7).

As the phylogenetic analysis showed H. viridis as the most distantly related species |
wondered if inclusion of this species into the analysis would result in a more detailed
picture of putative functional elements within 500 bp proximal to ATG and compared in
a second GATA comparison the H. viridis sequence to the other three species. When
comparing H. viridis to H. magnipapillata only two TA-rich alignments were indicated
under the chosen standard conditions which were not detected in the comparisons with
H. wvulgaris (AEP) and H. oligactis (data not shown), which marked them as weak
positive elements. Interestingly a sequence of 26 bp was shown to be conserved within
H. vulgaris (AEP), H.oligactis and H. viridis (Fig. 2.6 C). As this conserved sequence
started 42 bp in front of the putative transcription start | interpreted this region as part of
the HyDkk1/2/4 C core promoter (putative Core Promoter: pCP, see Fig. 2.6 C). The
particular sequence within H. magnipapillata showed two further nucleotide exchanges
suggesting a core promoter consensus start of ATTTXXTAXTTAXXCTXCAATAXXTT
(see Fig. 2.8 A). A bona fide TATA signal could not be detected in this region. The core
promoter might include the transcription start site and 19 additional nucleotides further
downstream (Fig. 2.8 A, blue bar).

The multiple nucleotide alignment of all four species demonstrated that only few
conserved islets are still detectable, which might represent evolutionary conserved
functional sequences and thereby putative proximal promoter elements (Fig. 2.8 A).

To account for possible elements which were not detectable in the multiple alignment
due to shuffling or to misalignment caused by diverging sequences | performed a further
analysis using the Footprinter 3.0 resource (http://genome.cs.mcgill.ca/cgi-
bin/FootPrinter3.0/FootPrinterinput2.pl), which uses the phylogenetic relationship
among homologous sequences to identify the best conserved motifs. When using a
motif size of eight nucleotides and a maximum number of allowed mutations of one, it
reported ten motives from which elements 1 - 7 showed a collinear arrangement
(represented as colored boxes in the multiple sequence alignment, Fig. 2.8 A, B).
Interestingly the analysis suggested elements 6 and 7 are localised in more &’ direction
in the three other species compared to H. viridis (Fig. 2.8 A, B). In particular element 5

(red Box) displays a remarkable conservation (Fig 2.8 A, B).
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The previously addressed conserved element within the other three species (see Fig.
2.7) was not supported by the H. viridis sequence information as could be seen in Fig.
2.8 A (grey bar).
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Fig. 2.8: Analysis of 500 bp of HyDkk1/2/4 C 5’ flanking region from H. mag, H. AEP, H. oli and H.
vir indicactes core promoter (pCP) and putative cis-regulatory elements. (A) Multiple alignment of
sequence information from -500 to 42 bp of the HyDkk1/2/4 C gene from the four species. grey bar:
previously addressed element (Fig. 2.7), pCP (blue bar): putative core promoter, pTSS: putative
Transcription start site, ATG translation start, various coloured boxes indicate conserved elements 1 — 7
from the Footprinter 3.0 analysis shown in B. (B) Phylogenetic footprinting analysis using Footprinter 3.0

indicates conserved octamers of sequence.
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Taken together, the phylogenetic comparison of the HyDkk1/2/4 C 5-flanking region
including four different Hydra species shed light on conserved elements and pointed to
the importance of the proximal region of the 5’-flanking region up to -500 bp. Especially
the inclusion of sequence information from Hydra viridis allowed further refinement of
the conservation profile. Nevertheless, as could be seen in figures 2.5 A and 2.6 A,
sequence conservation between the closely related species H. magnipapillata and H.
vulgaris (AEP) decreases around - 1 kb. The most conservative interpretation of these
results pointed to important regulatory elements within 1 kb upstream ATG of the
HyDkk1/2/4 C gene. To functionally characterize this putative regulatory sequence in
vivo, | generated transgenic polyps which express EGFP under the control of 1,027 bp

HyDkk1/2/4 C 5" -flanking sequence from Hydra magnipapillata.
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2.4 Functional analysis of the HyDkk1/2/4 C promoter using

transgenic Hydra

Stable transgenesis via microinjection in eggs of Hydra vulgaris (AEP) had been
successfully established using a circular transfection construct in which an EGFP
reporter was driven by 5-flanking region of the actin gene (Wittlieb et al., 2006).
Depending on the cell lineage in which the integration took place, EGFP expression
could be observed within the ectodermal, the endodermal or the interstial cell lineage of
the hatchling. In the case of multiple integrations within different cells of the developing
embryo, which frequently happened (Wittlieb et al., 2006), more than one cell lineage
was affected. Depending on the time point of integration, the ratio between transgenic to
non transgenic cells of the hatchling varied. As gland cells in Hydra are derivatives of
the interstitial cell line (Schmidt and David, 1986; Bode et al., 1987), the integration of
the HyDkk1/2/4 transfection construct had to take place within a cell of the interstitial
cell lineage capable of differentiation into a zymogen gland cell. In the case of a reporter
which is driven by a functional gland cell specific regulatory region these transfected
interstitial cells should not be identifiable. Only in case of differentiation towards a
zymogen gland cell, which may include precursor states, within the correct spatial

domain the cell should start to produce the reporter protein (see Fig. 2.9 A).

@ Transgenic interstitial stem cell

o — cnidocytes
. = precursors — nerve cells

— gametes

L—» O gland cell precursor

|—> (:O Gland cell expressing eGFP under
control of HyDKK1/2/4 C promoter

B HyDKK1/2/4 C - SP Linker EGFP Actin 3' (696 bp)
| {11 —_—
~1027 1
Actin 5' . Linker EGFP Actin 3' (696 bp)
‘~1386 ‘+1

Fig. 2.9: Generation of transgenic polyps expressing EGFP under control of the HyDkk1/2/4 C
promoter. (A) Interstitial cell differentiation in Hydra: Integration of the transgene in the interstitial cell
lineage should result in gland cell specific reporter activation. (B) Expression constructs for generation of
transgenic Hydra. Top: Construct containing 1,027 bp HyDkk1/2/4 C 5’ flanking region and 66 bp coding
sequence comprising the HyDkk1/2/4 C signalpeptide and three additional residues. Below: Control
construct with EGFP driven by 1,386 bp Actin 5'-flanking region. Modified from Siebert et al., 2007.
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As mentioned before, the HyDkk1/2/4 genes contain predicted signal peptides. To
address whether the signal peptide influences the reporter protein localisation it got
incorporated into the transfection construct. The transformation construct was therefore
made by placing the 1,027 bp HyDkk1/2/4 C 5'-flanking region and 66 bp coding
sequence in front of the reporter gene EGFP (Fig. 2.9 B top, see ch. 7.14.1). The coding
sequence comprised information for the predicted HyDkk1/2/4 C signal peptide and
three subsequent residues, to allow proper cleavage. Animals expressing EGFP in the
interstitial cell linage under the control of the actin promoter (Fig. 2.9 B bottom) were

used as controls (Khalturin et al., 2007).

2.5 The 5’-flanking region of HyDkk1/2/4 C directs reporter gene
expression in zymogen gland cells in a pattern that recapitulates

the endogenous expression pattern

None of the embryos showed an EGFP signal before hatching, which usually occured
two weeks after injection. Out of 66 injected embryos, 21 (32%) hatched from which two
lines contained EGFP positive gland cells and no EGFP expression in any other cell
type. Whereas one of these lines developed an epithelial phenotype and stopped
feeding, the founder population of the second line could further expanded into a mass
culture by clonal propagation via budding. Since founder polyps had only very few
positive gland cells (Fig. 2.10 A), the integration event most likely took place late in the

precursor population.

Fig. 2.10: Transgenic gland cells in Hydra. (A) Stereo microscopy identifies rows of transgenic
zymogen gland cells (ZMG). (B) Confocal analysis of a polyp containing EGFP expressing cells reveals
that transgenic gland cells occur in pairs indicating mitotic activity. Green: EGFP expressing cells. Blue,
HOECHST stained nuclei. Modified from Siebert et al., 2007.
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Stereo- and confocal microscopy (Fig. A and B) showed pairs of gland cells lined up in
rows along the body column. This is consistent with the view (Schmidt and David, 1986;
Bode et al., 1987) that differentiated gland cells undergo cell divisions. Therefore these
animals provide first in vivo evidence for characteristics previously described for gland
cells. In order to get a larger fraction of gland cells carrying the transgene | started
mass-culturing and selected for animals with high numbers of positive gland cells. Fig.
2.11 shows an example of such a polyp and demonstrates that the 1,027 bp 5°-flanking
region of the HyDkk1/2/4 C gene is able to direct the expression of EGFP in gland cells
in a pattern that recapitulates precisely the endogenous expression pattern of the
HyDkk1/2/4 C gene (Fig. 2.11 see insert for comparison). These results identify the
1.027 bp as sufficient for HyDkk1/2/4 C expression in vivo.

Fig. 2.11: Polyps carrying the HyDkk1/2/4 C driven transgene show authentic reporter localisation.
Polyp in which many but not all ZMGs are expressing EGFP. Note that the EGFP distribution
recapitulates the HyDkk1/2/4 C expression shown in inser. Modified from Siebert et al., 2007.

Since cells in Hydra are continuously proliferating and continuously displaced towards
the apical respectively basal end of the body axis and since EGFP appears to be a
relatively stable reporter gene (see below), passive translocation of the reporter protein
towards the terminal regions was expected. Surprisingly, transgenic animals showed a
relatively sharp border of zymogen gland cells with EGFP+ vesicles (Fig. 2.11)

indicating spatially controlled loss of the EGFP-reporter protein.
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2.6 The HyDkk1/2/4 C signal peptide directs the reporter protein into

secretory vesicles

Confocal mircroscopy was used to analyse the reporter localisation within the
transgenic cells. The incorporated signal peptide apparently drives the reporter protein
into secretory vesicles within the zymogen gland cells (Fig. 2.12 A). In control
transgenic Hydra expressing EGFP in ZMGs driven by the Hydra actin promoter without
signal peptide, the reporter protein is localised in the cytoplasm (Fig. 2.12 B).

Fig. 2.12: EGFP localisation in transgenic zymogen gland cells. (A) Confocal analysis of transgenic
ZMG in the gastric region showing EGFP protein localized in secretory vesicles (yellow arrow). Green,
EGFP protein; blue, HOECHST stained nucleus; red, actin filaments, scale bar 10um. (B) Control
transgenic polyp with EGFP expression under control of actin promoter. Note that EGFP is localized
within the cytoplasm and secretory vesicles are EGFP negative (white arrow). Green, EGFP protein; blue,

HOECHST stained nucleus; red, actin filaments, scale bar 10um. Modified from Siebert et al., 2007.

2.7 Transgenic zymogen gland cells change their phenotype when

they change their position along the body axis

Transgenic polyps with ZMGs marked by the expression of EGFP were used to follow
the fate of individual gland cells and to determine whether individual ZMGs would
change their phenotype upon changes of their position along the body axis. Confocal
microscopy was used to examine labelled ZMGs located in the subtentacle region (Fig.
213 A) at the boundary of HyDkk1/2/4 C expression. In contrast to transgenic ZMGs
within the gastric region which showed large secretory granules packed with EGFP (Fig.
2.12 A), transgenic ZMGs in the subtentacle region were found which have only few
granules filled with EGFP (Fig. 2.13 B - D) indicating transcriptional inactivation of the

transgene and gradual release of EGFP+ vesicles.
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Fig. 2.13: Monitoring individual EGFP expressing gland cells at the boundary of HyDkk1/2/4 C
expression. (A) Scheme of region of interest. (B) Confocal microscopy. Green, EGFP protein; blue,
HOECHST stained nucleus; red, actin filaments. (C) Magnification of area shown in B. (D) Magnification
of gland cell indicating that only part of the secretory vesicles are filled with EGFP protein. Figure taken
from Siebert et al. 2007.

| next considered the behaviour of labelled ZMG gland cells during head regeneration.
As shown in Fig. 2.14 A, transgenic polyps were cut within the maximum of EGFP
positive cells shortly below the boundary of expression (Fig 2.14 A) and were allowed to
regenerate a head. Sharply contrasting the transgenic animal shown in Fig. 2.11,
regeneration resulted in animals (n=100) which all contained numerous EGFP+ ZMGs
in the head region (Fig. 2.14 B, C) indicating that these cells took part in a morphallactic
regeneration process. In the absence of feeding, such EGFP+ gland cells can be
detected in the regenerating head for more than 4 weeks post-regeneration (data not
shown). Thus, changing the position along the body axis does not cause a ZMG to
immediately release the EGFP reporter from the vesicles.

Confocal microscopy indicated (Fig. 2.14 D, E) that not all gland cells present in the
regenerating head tissue were EGFP+ and that unlabelled gland cells were
interspersed between the labelled gland cells. This may be due to the fact that the
transgenic animals used were mosaics comprising EGFP+ gland cells as well as EGFP-
gland cells. Alternatively, it may indicate the presence of gland cells which lack a
common developmental history with transgenic ZMGs (see below). Interestingly about
one week post regeneration (Fig. 2.14 C) the most apical tip of the regenerated head in
all animals (n=40) appeared to be at least partially free of EGFP+ cells (see below). As
the described head regeneration means essentially a translocation of the gland cell to
an ectopic position | next tried to manipulate the environment of the transgenic cells via

changing the positional value within the body column using alsterpaullone.
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Fig. 2.14: During head regeneration, EGFP labelled zymogen gland cells get integrated in the

newly formed hypostomal region. (A) Polyp immediately after cutting. Insert shows cutting level in the
upper gastric region. (B) Transgenic polyp undergoing head regeneration for 66 hrs. Yellow arrowhead
points to the tip of the newly formed head containing EGFP positive cells. (C) Insert shows polyp
undergoing regeneration for 7 days indicating that the tip of the hypostome is partially free of transgenic
ZMGs (n=40). (D) Confocal analysis of polyp 7 days after onset of head regeneration demonstrates
presence of EGFP positive cells within the newly formed hypostome. t, tentacle; h, hypostome; g, gastric
region. (E) Magnification of area shown in Fig 3 C shows rows of cells where non labelled cells are
interspersed (empty arrow head) between EGFP positive cells. Green, EGFP protein; blue, HOECHST

stained nucleus; red, actin filaments. Figure taken from Siebert et al. 2007.

2.8 Zymogen gland cells change their gene expression after
elevation of positional value via interference with the canonical

Wnt pathway

By inhibiting GSK 3, alsterpaullone leads to the stabilisation of beta-catenin which in
turn translocates into the nucleus and activates effector genes of the Wnt-pathway. As a
consequence head specific genes are activated all over the body column, ectopic
tentacles and eventually ectopic heads form. | monitored the conversion using the head
specific gene ks1. At d9 after the start of treatment animals could be observed, which
had developed numerous ectopic tentacles and which showed ks1 expression all over
and thereby indicating a conversion to head tissue. In the course of the experiment
HyDkk1/2/4 C transcription was progressively ceased (data not shown, see Augustin et

al., 2006) and animals free of HyDkk1/2/4 C transcript could be observed on day 9 as
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shown in Fig. 2.15 B. Interestingly in transgenic animals (n=30) the silencing of the
reporter transcription did not result in the disappearance of the EGFP signals in ZMGs
(Fig. 2.15 C, animal on d9 after start of treatment) indicating not only the persistence but

also a switch of the transcriptional signature of these cells.

Fig. 2.15. Canoncial Wnt activation via alsterpaullone treatment leads to transcriptional
inactivation of HyDkk1/2/4 C expression. Animals shown 9 days after beginning of the treatment. (A)
Headspecific ks1 expression is activated all over the body column in the course of the treatment. (B)
Changing of the cellular environment leads to successive inactivation of HyDkk1/2/4 C transcription and
results in HyDkk1/2/4 C transcript free animals. (C) Animals carrying transgenic zymogen cells keep the
EGFP signal even after ceasing HyDkk1/2/4 C driven EGFP transcription in the course of the treatment.
Inserts show untreated control animals.

29 Zymogen gland cells change their gene expression when they

change position in the course of regeneration

To get deeper insights into the observed transcriptional inactivation of
HyDkk1/2/4/EGFP expression and to determine whether the gradual disappearance of
EGFP+ secretory granules indicated in Fig. 2.13 (B to D) is a result of an inactivation of
the EGFP reporter gene, | performed in situ hybridisation with both a HyDkk1/2/4 C and
an EGFP specific probe with head regenerating polyps. Both probes gave identical
results. As shown in Fig. 2.16 (A-C) for the EGFP probe, regeneration is accompanied
by gradual disappearance of EGFP transcripts in cells of the regenerating tip whereas
EGFP protein was persisting in gland cell vesicles within head regenerating tissue (Fig.
2.16 D). EGFP transcripts were detectable up to 48 h after cutting (Fig. 2.16 B). Since
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the regenerating animals shown in Fig. 2.14 (B, C) and Fig. 2.16 D were not fed during
the experimental period, | next tested whether feeding would influence the stability of
the EGFP filled vesicles. Fig. 2.16 (E and F) shows that feeding of the regenerated
animals results in successive release of the secretory granules and re-establishment of
the HyDkk1/2/4 C specific spatial distribution pattern.

A B C

Fig. 2.16: Disappearance of EGFP and HyDkk1/2/4 C transcripts in the course of head regeneration
(A-C) in contrast to the persistence of EGFP protein in the absence of feeding (D). (A) In situ
hybridisation using a EGFP probe in control polyps. (B) In situ hybridisation using an EGFP probe in a
polyp undergoing head regeneration for 2 days (n=30). Arrowhead indicates localization of transcript in
cells of the regenerating tip. (C) 4 days after head regeneration no EGFP transcript can be detected
anymore in cells within the head region (n=30). (D) In a polyp 9 days following decapitation EGFP protein
is present in gland cell vesicles in the tip of the regenerated head. (E) Feeding of polyp in D results in
rapid release of EGFP from vesicles. Polyp on day 10 after decapitation. (F) Feeding of polyp in E results
in release of remaining EGFP positive vesicles and re-establishment of EGFP distribution pattern seen in
steady state polyps (see Fig 1 H). Polyp on day 11 after decapitation. Figure taken from Siebert et al.
2007.

Since feeding appears to trigger the release of secretory vesicles, this may also explain
the fact that ZMGs in normal polyps in an axial position where EGFP is transcriptionally
inactivated contain both EGFP positive and EGFP negative vesicles (Fig. 2.13 D).
Following one more feeding event, the remaining EGFP signal in the cell shown in Fig.
2.13 D will disappear and the cell will become EGFP negative. Taken together, EGFP

labelling allowed not only to track translocation of transgenic gland cells during
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regeneration and chemical manipulation of the tissue, but also to conclude that ZMGs
originating from the gastric region are ending up in head tissue. These observations
also indicated that the transition of a ZMG from gastric to head tissue involves turning
off their zymogen gland cell specific gene expression (Fig. 2.16, A —C) and resetting the

gene expression programme.

2.10 Histological studies verify that gland cells in different position
have different morphologies and that intermediate gland cell

morphologies can be found in regenerating tissue

Monitoring individual EGFP labeled ZMGs during regeneration has shown (Fig. 2.14 A,
B and 2.16 D) that these cells are incorporated in head tissue. Despite the drastic
change in spatial location, morphological features such as the size and shape of EGFP
positive vesicles appeared to remain constant - as long as polyps were not fed (Fig.

2.14 D, E). So | tried to follow the transition also by using histological means.

zymogen gland cell; (B) Histology of head region. sMGC, spumous mucous gland cell; gMGC, granular

mucous gland cell. (C) Histology of regenerating head. sMGC, spumous mucous gland cell; gMGC,
granular mucous gland cell. ZMG/gMGC, a cell originating from the former gastric region displaying
morphological features typical for both ZMG and gMGC. Figure taken from Siebert et al. 2007.

Fig. 2.17 shows that in histological sections ZMGs in gastric region (Fig. 2.17 A) could
be distinguished from the two types of MGCs in the head (Fig. 2.17 B) due to the
differences in cell shape and size of the secretory vesicles.

While gMGCs contained numerous small granules in high density (Fig 2.17 B), sMGCs

are larger in size and contained less conspicuous vesicles. As shown in Fig. 2.17 C, in
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animals undergoing head regeneration in the absence of feeding, ZMGs can be clearly
identified in the regenerating tip. This suggests that these ZMGs are in the process of
transdifferentiation into head specific MGCs. Fig. 2.17 C also shows, that in addition to
ZMGc the regenerated hypostome contains gMGCs and sMGCs indicating that these
cells which are normally absent in the gastric region, represent newly differentiated
MGCs (see below).

Ultrastructural analysis (Fig. 2.18) confirmed this view and showed in regenerating head
tissue the presence of gland cells with vesicles of both the ZMG and the gMGC type
(Fig. 2.18 E and F).

Fig. 2.18: Ultrastructure of gland cells in normal and head regenerating polyps. (A, B) Zymogen

gland cell (ZMG) of the gastric region. (B) Magnification of area in A shows large vesicles which occur
homogenous (white arrow). (C) Spumous mucous gland cell (sMGC) and a granular mucous gland cell
(gMGC) in a non regenerated hypostome. (D) Magnification of area in C shows gMGC characterised by
small vesicles which occur spotty (yellow arrow). (E) Cell in transition in a regenerated hypostome (1
week). ZMG/gMGC: cell with features of both kind of cells, gMGC: granular mucous gland cell. (F)
Magnification of area in E. Cell contains both homogenous, large vesicles characteristic for ZMGs (white
arrow) as well as small, spotty vesicles characteristic for gMGCs (yellow arrow). Figure taken from
Siebert et al. 2007.

In figures 2.18 A and B, ZMGs of the gastric region are shown which are characterised
by large secretory granules of homogeneous occurence. In contrast, hypostomal
gMGCs (Fig. 2.18 C and D) have much smaller granules which contain conspicuous

electron dense spots.
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An ultrastructural analysis of tissue which undergoes head regeneration (Fig. 2.18 E
and F) identifies gland cells with both types of granules. The presence of such gland
cells in regenerating tissue is consistent with the view that gastric ZMG can convert to a
mucous granular cell type. Taken together with the observations shown above (Fig.
2.16 to 2.17) these results provide compelling evidence that gMGCs in the regenerated
hypostome originate from ZMGs in the gastric region by a transdifferentiation process.
Cells which contained ZMG vesicles and vesicles of the sMGC type could not be

observed in regenenerated hypostomes.

2.11 Identification of interstitial cells which give rise to granular

mucous gland cells

Previous observations (Rose and Burnett, 1970; Dubel, 1989) indicated that hypostomal
mucous cells may originate from interstitial cells. Interstitial cells, however, were
reported (David and Plotnick, 1980) to be present predominantly in the gastric region
and only present in very low numbers in head and foot regions. Fig. 2.19 shows a pair

of spindle shaped large interstitial cells from a mazerate of Hydra hypostomes.

Fig. 2.19: Interstitial stem cell pair from mazerated hypostomes: n: nucleus

To assess the contribution of stem cell-based mechanisms in hypostomal mucous cell
differentiation, | used in situ hybridisation and a molecular probe, HyTSR1, known (C.
Guder, pers. com., Miljkovic-Licina et al., 2004) to be expressed exclusively in gMGCs
of the hypostome. To identify both the gastric ZMGs and the hypostomal gMGCs
populations | performed double in situ hybridisation using HyTSR7-specific and
HyDkk1/2/4 C specific probes. As shown in Fig. 2.20 (A), in tissue undergoing head
regeneration for 36 h both gland cell populations can clearly be distinguished. HyTSR1

expressing cells are restricted to the regenerating tip while HyDkk1/2/4 C expressing
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ZMGs can be found along the body column and also in the regenerating tip between the
HyTSR1 cells.

Strikingly, when examining the morphology of HyTSR1 expressing cells in Hydra
regenerates in more detail at higher magnification (Fig. 2.20 B) it could be shown that
they vary both in cell shape and intracellular localization of the HyTSR1 transcripts.
Some HyTSR1 expressing cells did not contain any vesicles and had an overall
morphology of large interstitial cells (Fig. 2.20 C, Fig. 2.19). Other HyTSR1 expressing
cells (Fig. 2.20 D and E) had morphological features typical for hypostomal granular
mucous gland cells with small vesicles located at one end of the cell and an in situ
signal in the cytoplasmic region around the nucleus. To examine these cells in greater
detail an ultrastructural analysis of Hydra tissue undergoing head regeneration for 48
and 96 h was performed. As shown in Fig. 2.20 F, within the gastrodermal epithelium
near the mesoglea interstitial cell-like cells with large nuclei could be observed.
Interestingly, within the cytoplasm of these cells a well developed endoplasmatic
reticulum (ER) could be identified (Fig. 2.20 F). This is in contrast to interstitial cells in
the gastric region which do not contain an elaborated ER. In 96 h regenerates non-
epithelial cells of spindle-like shape (Fig. 2.20 G) were present, which in addition to a
well developed endoplasmatic reticulum had secretory granules with the described
(compare Fig. 2.18 D) spotty character of mucous granular cells. The observations
suggested that the HyTSR1 expressing cells shown in Fig. 2.20 (C to E) represent
lineage-restricted interstitial cells which in the head differentiate into mature gMGCs.
This showed that stem cell-based differentiation of gMGCs is an integral part of the
gland cell differentiation pathway in the course of regeneration. The absence of EGFP+
gland cells in the most apical tip of the polyps examined one week after onset of
regeneration (Fig. 2.14 C) supported that notion.

Most interestingly, when performing in situ hybridisation with 96 hrs regenerates using
HyTSR1 probe not only mature gMGCs expressing HyTSR1 could be identified (Fig.
2.20 H) but also HyTSR1 expressing gland cells which clearly showed morphological
features typical for ZMGs of the gastric region. Fig. 2.20 | shows, that some of them not
only expressed the gMGC-specific gene HyTSR1 but even contained a mixture of small
and large vesicles. This suggested that these “chimeric” cells were caught in

transdifferentiation from a gastric ZMG towards a head-specific gMGC.
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Fig. 2.20: Molecular evidence for two sources of hypostomal gMGCs: new differentiation from a
subpopulation of undifferentiated interstitial cells and transdifferentiation from zymogen cells. (A)
Expression profile of HyDkk1/2/4 C and HyTSR1 in the regenerating tip 36 h after decapitation. Insert
shows the HyTSR1 expression pattern in budding polyp. (B) Larger view of area in regenerating tip
shows ZMGs and new evolving gMGCs from spindle shaped cells. (C-E) Different morphologies of
HyTSR1 expressing cells in 36 h regenerate: (C) early developmental stage showing large nucleus and
distinct transcript localisation at the two poles of the cell, (D) advanced stage showing first secretory
vesicles at one pole of the cell, (E) later stage with a transcript-free secretory part of cell filled with
vesicles (yellow arrows). (F) Ultrastructural analysis reveals undifferentiated cells with large nuclei and
distinct endoplasmatic reticulum within the endoderm (48 h regeneration, m: mesoglea) without secretory
vesicles and (G) with secretory vesicles (yellow arrow) showing electron dense spots characteristic for
gMGCs (96 h regeneration). (H, 1) Expression of HyTSR1 in a regenerated tip 96h after decapitation in a
mature gMGC (H) and in a gland cell showing ZMG morphology (l) indicating a transdifferentiation event.
Arrow: small gMGC-like vesicles, Arrowhead: large vesicles typical for ZMGs. Figure taken from Siebert
et al. 2007.
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3 Discussion
3.1 Functional analysis of the the HyDkk1/2/4 C promoter

Phylogenetic comparisons of the orthologous 5’-flanking regions from four different
Hydra species lead to insights into the conservation of regulatory regions of the
HyDkk1/2/4 C gene and the identification of conserved elements with potential
functional relevance. Comparison of Hydra magnipapillata and Hydra vulgaris (AEP)
sequences suggested that all relevant elements needed for temporal and spatial
expression reside within the first 1,000 bp upstream ATG (Fig. 2.5 A). By using 1,027 bp
of &’-flanking region of the HyDkk1/2/4 C gene to control EGFP expression | generated
transgenic polyps which indeed faithfully recapitulated HyDkk1/2/4 C expression which
characterises this region as sufficient for authentic expression (Fig. 2.11).

Cis-elements conserved in multiple and distantly related species have a higher
probability to be functional than non-functional (Bergman et al., 2002). Hence,
comparisons including the species Hydra oligactis and Hydra viridis, the latter being the
most basal Hydra species with respect to the genus' phylogeny (Fig. 1.2), promised to
enhance our understanding of the essential elements in HyDkk1/2/4 C regulation. As
sequence conservation between H. magnipapillata and H. oligactis declines at about
-430 bp (Fig. 2.7), | reasoned that this region might be sufficient for driving the reporter
in the expected manner. Especially the inclusion of the most distantly related species
Hydra viridis in the study resulted in a higher resolution of potential regulatory element
identification and suggests that this species might aid functional annotation of cis-
regulatory sequences in further analyses of this kind (Fig. 2.8).

Sequence similarity and genomic localisation of HyDkk1/2/4 genes pointed to a gene
duplication event (Fig. 2.3). Furthermore HyDkk1/2/4 C is expressed in a subpopulation
of HyDkk1/2/4 A positive cells (Augustin et al., 2006). However no obvious sequence
similarity was detected when comparing 5’-flanking regions from HyDkk1/2/4 A and C in
H. magnipapillata (Fig. 2.5 C). This suggests that the cell type specific transcriptional
activation is still retained but 5'-sequence divergence after the gene duplication altered
transcription patterns (see below). As duplication events remove selective pressures
and give room for diversification of cis—regulatory regions and coding sequence, they
are seen as an important mechanism in the generation of diversity (Krakauer and

Nowak, 1999). Gene duplications have tremendously contributed to the genomic
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complexity in Cnidarians (Chourrout et al., 2006; Thomsen and Bosch, 2006; Bielen et
al., 2007).

Two strategies will be crucial in the further characterisation of the HyDkk1/2/4 C
promoter: (i) generation of transgenic animals carrying truncated versions of the
functional promoter to assess the in vivo relevance of potential regulatory elements
revealed by my analysis, and (ii) in vitro testing of the in silico predicted elements in
DNAse | footprinting and electrophoretic mobility shift assays.

For the further functional dissection of cis-acting elements, the development of a reliable
integration reporter is critical. This is especially needed in projects comparable to the
one described here, where the transgene expression is only activated in an interstitial
cell derivate. Ideally, an integration reporter would indicate transfection of the precursor,
the interstitial cell, and the reporter of interest would be activated in the course of a
differentiation event. To test if a truncated version of the promoter still supports normal
HyDkk1/2/4 C transcription, first injections of Hydra embryos with a modified
transformation vector (originally designed by K. Khalturin, unpublished) carrying a
cassette of 474 bp HyDkk1/2/4 C promoter driving EGFP and Actin::dsRed as an
integration reporter have been performed. This work is still in progress.

DNAse | protection assays are a usefull tool in the determination of DNA-Protein
interaction and have been successfully applied in Hydra (Endl et al., 1999). Labelled
DNA to be analysed is incubated with either nuclear extract or recombinant protein and
is partially protected by bound proteins in a subsequent digestion with DNAse I. This
leaves a “footprint” when the DNA fragments are separated via gel electrophoresis. As
the HyDkk1/2/4 C transcription is repressed in the head, which could be demonstrated
in various experiments (see Fig. 2.15, 2.16 B, C), a comparison of nuclear protein from
head and gastric could reveal differences in the binding pattern on the HyDkk1/2/4 C
flanking region, thus revealing sequence elements involved in the mediation of the
transcriptional boundary. To obtain larger fractions of tissue for the isolation of nuclear
protein, alsterpaullone treated animals, in which canonical Wnt signalling is activated,
could be used instead of head tissue. As it was shown, HyDkk1/2/4 C is transcriptionally
silenced in the course of the conversion from gastric tissue towards head tissue (see
Fig. 2.15).

In contrast to a previous study, dealing with an ectodermal gene (Endl et al., 1999),
here, the gene of interest is expressed in a subpopulation of zymogen cells. Hence in a
nuclear extraction from gastric region most of the nuclear protein will come from non

secretory cells. Here, a new methodical approach using fluorescence-activated cell
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sorting (FACS) might solve this problem and is currently under development with
encouraging first result (G. Hemmrich, pers. com.). Using transgenic Hydra expressing
a reporter in a certain cell type, like here in zymogen cells, an enrichment of these cells
after dissociation of the polyps should be feasable. Direct extraction of nuclear protein
after cell sorting would provide an enriched cell type specific transcription factor set
which could be used in DNAse | footprinting or electrophoretic mobility shift assays
(EMSA) (Galliot et al., 1995; Siebert et al., 2005). EMSAs are used to verify binding of
transcription factors to a DNA sequence element via analysis of migration of the DNA
during gel electrophoresis. A fragment of DNA migrates slower when bound by a
protein.

However, as HyDkk1/2/4 C seems not to be an effector gene of an evolutionary
conserved signal transduction cascade, there are no obvious suspects which possibly
take part in regulation and which could facilitate in silico prediction approaches. Growing
collections of transcription factor binding sites, like Transfac (Matys et al., 2006), are
therefore of limited help as generally a variety of hits are reported even on selected
regions after phylogenetic footprinting. Further problems result from the AT- richness of
the Hydra genome as many AT rich binding profiles from higher animals generally tend
to be over represented in prediction studies. As in performed analyses no informative
elements were detected, an in silico prediction of potential binding factors is not
presented in this study.

With the progress of proteomics and mass spectrometry new approaches of protein
indentification have been established (Nordhoff et al., 1999; Woo et al., 2002; Yaneva
and Tempst, 2003; Nordhoff and Lehrach, 2007). Combinations of two-dimensional
electrophoresis and mass spectrometry could be shown to be a powerfull tool for the
identification of DNA-binding proteins observed in EMSA (Woo et al., 2002). The Hydra
peptide collection currently available (19.845 peptides, www.compagen.org), should
allow peptide mass fingerprinting, even though it does not comprise full length
sequences. Taken together, mass spectrometry promises to be the method of choice for
the indentificaton of DNA binding proteins in Hydra. DNA sequence elements shown to
be bound by proteins from nuclear extract could be used for affinity purification and
enrichment of these factors prior to two-dimensional gel electrophoresis and mass

spectrometric analysis.
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3.2 HyDkk1/2/4 and Hydra patterning

Previously, our working group and others (Augustin et al., 2006, Guder et al., 2006)
have speculated that the HyDkk1/2/4 genes are components of a conserved Wnt
signalling cascade. The present study demonstrates that the inclusion of the N-terminal
HyDkk1/2/4 C signal peptide in the EGFP expression vector led to the translocation of
the EGFP reporter protein towards secretory vesicles of zymogen gland cells (Fig. 2.12
A). Furtheron, | could show that all secretory vesicles of gland cells within the
HyDkk1/2/4 C expression domain seem to be EGFP positive (2.12 A). These vesicles or
part of the secreting cells are released in the course of feeding as EGFP signals are
partially reduced from feeding event to feeding event (Fig. 2.16). This indicates, in the
most parsimonous interpretation, a regulated secretion of EGFP into the gastric cavity.
On the assumption that EGFP reporter protein localisation reflects the localisation of
native HyDkk1/2/4 C protein, this indicates involvement of HyDkk1/2/4 C in Hydra axial
patterning as rather unlikely.

Only the N-terminal signal peptide was integrated in the HyDkk1/2/4 C reporter
construct (Fig. 2.9 B) which obviously achieved the EGFP translocation into the rough
endoplasmatic reticulum. Subsequently EGFP was translocated towards the prominent
vesicle type of these cells. This can be interpreted as a default secretion mechanism as
no further signal sequences are present in the construct. If a different behaviour of the
native HyDkk1/2/4 C protein would be postulated, this would mean further processing
signals immanent in the HyDkk1/2/4 C sequence and also the presence of a second typ
of secretory vesicles which behaves differently compared to the ones described above.
As almost all cells show at least some constitutive secretion, it remains to be shown, if
native HyDkk1/2/4 C gets released constitutively into the extracellular space. Only this
would allow a concentration depend effect or cellular signalling per se.

Therefore to further assess HyDkk1/2/4 C function, two approaches are essential: (i) the
localisation of HyDkk1/2/4 C protein in vivo and (ii) functional studies including gain/loss
of function experiments. | tried to address both questions in the course of my PhD
studies. In detail, for the generation of HyDkk1/2/4 A and C specific antibodies both full
length proteins (without signal peptide) were overexpressed in E. coli. For each protein
three mice were immunized (data not shown, see also Olbrich, 2005). However, none of
the antisera did show any reactivity neither when used on western blots nor in

immunohistochemistry.
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Furthermore, | tried to re-establish RNAI in the lab. Successful RNAi approaches have
been performed in Hydra using electroporation strategies for delivery of dsRNA or by
feeding bacteria expressing dsRNA of interest (Lohmann et al., 1999; Galliot et al.,
2007; Miljkovic-Licina et al., 2007). Both approaches and additional dsRNA incubation
experiments were performed without significant depletion effects, indicating a gene
dependent efficiency of the methods (data not shown). One variable which was not
stressed to an end and leaves room for optimisation, was the number of dsRNA
deliveries in an experiment, as for some genes several application are needed for
efficient silencing (B. Galliot, pers. com., Miljkovic-Licina et al., 2007).

Overexpression experiments using transgenic Hydra represent another possibility to
assess protein function. A phenotype for a functional Wnt antagonist could be for
instance a diminished potential for head regeneration. Based on this reasoning, |
generated transgenic Hydra overexpressing a HyDkk1/2/4 C — EGFP fusion protein
driven bei the Hydra actin promoter (data not shown). So far, in different lines of
transgenic animals expression could be observed only in the ectodermal as well as in
the endodermal cell lineage. The fusion protein showed a cytoplasmatic localisation.
Despite of incorporation of the signal peptide no hints for secretion could be observed in
these cell lineages, which would be crucial for Dickkopf function. These animals show
normal patterning. The effect of this construct when expressed within the interstitial cell

lineage remains to be elucidated.

3.3 Gland cell differentiation in Hydra

Whereas in the past much attention was brought to epithelial cells and nerve cells in the
course of Hydra patterning, less focus had been set on secretory cells. Previous studies
on the nervous system in Hydra using antibodies and transplantation experiments
indicated that many neurons change phenotype as they are displaced from one region
to another (Koizumi and Bode, 1986; Koizumi et al., 1988; reviewed in Bode, 1992). The
epithelial cells undergo changes when displaced into tentacle or foot regions as they
differentiate into battery cells and adhesive cells of the basal disk, respectively (Fig. 1.5
left, Bode et al.,, 1986; Wittlieb et al., 2006). Thus, changing the local environment
causes changes in the regulatory input received by the cells. This leads to an alteration
in their differentiation state.

Recently, the identification of Dkk related proteins (Augustin et al., 2006; Guder et al.,
2006a) and other proteins, like e.g. the protease inhibitor Kazal (Chera et al., 2006,
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Augustin, pers. com.), suggested gland cells as a source of signalling molecules and
other proteins with non digestive function.

The Hydra gastric cavity comprises two functionally but not spatially separated
compartments (i) the region of the hypostome down towards the tentacle region and (ii)
the gastric region (see Figs. 1.3, 1.4). Both areas are characterised by distinct groups of
secretory cells with clearly distinguishable morphological features and physiologically
distinct functions (Fig. 1.4). Secretory cells of the hypostome produce mucus to facilitate
the passage of food whereas cells of the gastric region produce proteolytic enzymes for
digestion purposes (Haynes and Burnett, 1963; Rose and Burnett, 1968). In this study,
animals expressing EGFP driven by the gland cell-specific HyDkk1/2/4 C promoter were
used to monitor gland cell differentiation in Hydra in real-time and in the context of the
native environment (Fig. 2.10, 2.13, 2.14).

It could be shown that zymogen cells have remarkable phenotypic plasticity in response
to positional signals and that both stem cell-based mechanisms as well as
transdifferentiation events appear to play a role in maintaining secretory cell complexity
within the Hydra hypostome (Fig. 2.20). Although further study is required to determine
the specific molecular and cellular cues that permit this cellular plasticity, the data allow
to present a simple conceptual model that characterises several steps in gland cell
differentiation (Fig. 3.1). Gland cell progenitors in Hydra are interstitial stem cells with
extensive, probably unlimited, self-renewal capacity and which are predominantly
located in the gastric region (Schmidt and David, 1986; Bode et al., 1987; Bosch and
David, 1987). Upon commitment, these cells give rise to transiently amplifying gland
cells (Schmidt and David, 1986; Bode et al., 1987). How the fate decision towards
actual gland cell differentiation is made is still unclear. Using the marker gene EGFP,
morphological criteria and molecular data, it could be shown that differentiated ZMGs
can transdifferentiate into gMGCs (Fig. 2.14, 2.18, 2.20). Upon entering the head tissue,
the ZMGs stop the expression of HyDkk1/2/4 C and start to express molecular marker
HyTSR1. In steady state polyps this will happen with a time offset as there is a region
where none of both genes is expressed (compare Fig. 2.2 E, Fig. 2.20 A (insert)). In
addition, using HyTSR1, evidence is provided that gMGC can also originate from
interstitial cell-like precursors (Fig. 2.20, B -E).

Due to the lack of appropriate molecular markers this model does not give insight in the
origin of sMGC, the second type of MGCs in the head. In the histological studies no

hints for transdifferentiation of zymogen into spumous cells (sMGC) were found.
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Fig. 3.1: Conceptual model for the origin of granular mucous gland cells in the Hydra hypostome.
Multipotent stem cells capable of unlimited self renewal give rise to gland cell precursors which eventually
differentiate to zymogen gland cells (ZMG) in the gastric region or to granular mucous gland cells (gMGC)
in the head. Zymogen gland cells are capable of direct transdifferentiation into gMGC. This is
accompanied by transcriptional inactivation of EGFP/HyDkk1/2/4 C and activation of HyTSR1 expression
(blue). Green: EGFP protein. Taken from Siebert et al. 2007.

Taken together, the data presented here indicate, that in steady state polyps zymogen
gland cell are an important source for granular mucous cells and therefore contribute to
cell-type homeostasis in the hypostome of Hydra. Differentiation from low abundant
interstitial cells present in the hypostome, might serve maintenance purposes, which
once differentiated to MGC further proliferate. If long range immigration of precursors
determined to become MGCs into the hypostome play a role in steady state polyps

remains to be clarified.

3.4 The nature of HyDkk1/2/4 C transcriptional regulation

Even though we are still on the way towards understanding of the regulatory inputs on
the HyDkk1/2/4 C promoter, it is worthwhile to think about the theoretical signals that
have to be integrated to achieve the transcriptional pattern observed (Fig. 2.11).
HyDkk1/2/4 transcription shows a sharp boundary below the head. A similar boundary is
also visible in various other genes expressed in zymogen gland cells (e.g. Hma.4041,
Hma.9449, Hma.3371, Hma.4697, Hma.1694, see online web resource:
http://hydra.lab.nig.ac.jp/hydra/ and Hwang et al., 2007) indicating that the zymogen cell

state of the gastric compartment has a well defined upper boundary.



Chapter 3: Discussion 57

Assuming that a morphogen gradient is involved in formation of this boundary, this
could imply a factor emanating from the head region that inhibits the activation of a
ZMG specific transcription factor set within the head (Fig. 3.2). Only below a permissive
threshold the zymogen fate would be established. This factor might be seen as coupled
to or as a part of an activator — inhibitor system in the sense of Gierer and Meinhardt
(Gierer and Meinhardt, 1972).

A B o

Fig. 3.2: Model for transcriptional activation of HyDkk1/2/4 C. (A) In contrast to HyDkk1/2/4 A (insert),
HyDkk1/2/4 C is activated in zymogen gland cells in a graded manner (polyp taken from Augustin et al.,
2006). (B) An inhibitory factor emanating from the head creates an upper boundary for the establishment
of the ZMG cell fate (black arrow marks permissive boundary). A long ranging signal originating from the
foot mediates transcriptional inactivation of HyDkk1/2/4 C. (C) ZMG cells crossing the boundary in apical
direction inactivate HyDkk1/2/4 C transcription, loose zymogen character and transdifferentiate. Within
the gastric region HyDkk1/2/4 C is generally activated in zymogen gland cells. In basal parts transcription
is inactivated via binding of a repressing signal resulting in the characteristic transcription pattern. blue
box: transcription activating complex, grey box: repressive factor(s) emanating from the basal part of
Hydra, arrows indicate tissue flux.

Various models have been proposed for the generation of sharp boundaries based on
morphogen gradients. Assuming that the morphogen is a secreted peptide which
undergoes binding to cell surface receptors, degradation and chemical modifications,
one strategy to steepen the gradient, which would allow sharp differences in gene
expression, can be the integration of positive feedback loops at different levels of the
signalling cascade. This can be achieved, for instance, by allowing the morphogen to

inhibit degradation of components of its own signalling cascade (for review see Lander,
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2007). If the morphogen is allowed to upregulate the production of its own receptor, this
is also positive feedback and has spatial effects. Signalling is in this case maximal in
cells with higher number of receptors and, on the assumption that receptor binding
leads to degradation of the morphogen, this would suppress signalling in the periphery
and sharpen the boundary of the signal (Lander, 2007).

Interestingly, activation of Wnt signalling via alsterpaullone leads to the activation of the
head specific gene machinery which might involve promoting the theoretical repressing
factor(s). As a consequence, this leads to downregulation of HyDKK1/2/4 genes (see
Fig. 2.15, Augustin et al., 2006; Guder et al., 2006a). When cells cross the inhibitory
threshhold in apical direction, a hypostomal secretory cell fate might be triggered and
the cells change state and transdifferentiate (Fig. 3.2 C). Promoter studies as described
above might elucidate signalling cascades involved in this regulation (see ch. 3.1).

It has been shown that HyDkk1/2/4 C is activated in a subpopulation of HyDkk1/2/4 A
positive cells in a graded manner (Augustin et al., 2006). Coding sequence similarity,
genomic clustering and expression in the same cell type imply that HyDkk1/2/4 genes
are a result of a gene duplication event (Fig. 2.3, Augustin et al., 2006). As the
expression pattern of many zymogen genes resemble the homogenous distribution of
HyDkk1/2/4 A, this pattern might be interpreted as basal (see online web resource:
http://hydra.lab.nig.ac.jp/hydra/ and Hwang et al., 2007). Both HyDkk1/2/4 genes are
co-expressed in the apical part of the gastric region. However in the course of cis-
regulatory diversification HyDkk1/2/4 C might have come under control of a regulatory
module which leads to repression of its transcription in the basal parts of Hydra (Fig.
3.2).

This is supported by transplantation experiments followed by in situ hybridisations
suggesting inhibitory effects emanating from an ectopically attached foot on the
expression of HyDkk1/2/4 C (Augustin et al. 2006). Simplified, in the terms of modelling,
a long ranging signal from the foot is likely to inhibit activation in a concentration
dependent manner. As the HyDkk1/2/4 C expression pattern is actually a read out of a
graded signal, the characterisation of the 5’-flanking region, shown to be sufficient for
the expression, offers a new level of analysis which may elucidate factors or signalling

cascades mediating a gradient.
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3.5 Stability of the cell differentiation state

Transdifferentiation events have been reported for both vertebrates and invertebrates.
Vertebrate embryogenesis is a highly dynamic process in which cells differentiate within
changing frameworks of transcriptional boundaries and signalling gradients from a
totipotent egg towards highly specialised somatic cells, germ cells and pools of
multipotent stem cells. Generally the differentiated cell type is regarded to be stable. In
some cases conversions occur and cell types change their phenotyp. A well known
example is the regeneration of the lens of various species of urodeles (Tsonis and Del
Rio-Tsonis, 2004; Yoshii et al., 2007). In mammals, examples of transdifferentiation are
seen in the development of esophageal smooth muscle (Patapoutian et al., 1995), the
liver (Taub, 2004), and in the Schwann cells of the peripheral nervous system
(Harrisingh et al., 2004). Recently, mouse auditory epithelial support cells were shown
to transdifferentiate into sensory hair cells (White et al., 2006). Well-documented is also
the transdifferentiation of pancreatic exocrine cells towards hepatocytes in response to
experimental treatments (Tosh and Slack, 2002).

In invertebrates, experimentally induced transdifferentation has been documented in
several cases (Schmid and Alder, 1984; Bode et al., 1986; Kawamura and Fujiwara,
1994; Kawamura and Fujiwara, 1995; Reber-Muller et al., 2006). In the Cnidarian
Podocoryne, terminally differentiated mononucleated striated muscle cells were found to
dedifferentiate in response to mechanical disruption of the muscle and exposure to
signals from the extracellular matrix (Schmid and Reber-Muller, 1995). The cells then
transdifferentiate into smooth muscle cells and resume cell division; finally, these
smooth muscle cells can differentiate into nerve cells (Schmid and Reber-Muller, 1995).
Although our current knowledge on the molecular mechanisms involved in regulating
transdifferentiation is very limited, a number of studies point to an important role of ECM
remodelling (Streuli, 1999; Leontovich et al., 2000; Echeverri et al., 2001; Straube and
Tanaka, 2006). In Drosophila, studies on transdetermination, a transformation process
between different imaginal discs, have shown that fate switches take place in response
to the inductive signal of the c-Jun N-terminal kinase (JNK) signalling pathway, which
down-regulates Polycomb group (PcG) proteins (Klebes et al., 2005; Lee et al., 2005;
McClure and Schubiger, 2007). Thus, understanding the molecular mechanisms
enabling cells to transdifferentiate may also require unravelling the changes that occur

on chromatin.
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Slack and Tosh proposed a simple model for the occurrence of transdifferentiation
(Slack and Tosh, 2001; Tosh and Slack, 2002). During embryogenesis two tissues get
specified via expression of a single transcription factor, which is activated within a
morphogen gradient. Assumed that this factor distinguishes the two tissues postnatally,
a change in the microenvironment or a somatic mutation could alter its expression and
this would induce change of the cell type (Slack and Tosh, 2001; Tosh and Slack,
2002). In many cases changes in the cellular phenotyp occurs during regeneration or
experimentally manipulations, meaning under conditions where the cellular
environments and also the factors influencing the cell are artificially changed.

In Hydra, however, constant mitotic activity in the epithelia and resulting tissue
dynamics lead to permanent and life long changes in the microenvironment of the cells
(see Fig. 1.5). Transdifferentiation processes are therefore triggered continuously. In
higher animals “final” differentiation of cells might be in many cases connected to a loss
of sensitivity for several external factors. This could be reached by histone modifications
or DNA methylation. However, in some cases the cells might keep responsiveness to
external stimuli, but the respective factors, which would cause changes, are simply
missing. Therefore many cells might be more plastic than directly accessible,
maintaining a metastable state (Bode et al., 1986). Understanding of cellular behaviour
at boundaries in Hydra might help to elucidate the factors involved in maintaining cell

identity or in mediating cell fate switches in higher animals.
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4 Summary

To characterise critical regulatory events that control cell behaviour and cell plasticity in
a basal organism, | have generated a transgenic Hydra line which expresses EGFP
specifically in zymogen gland cells. These cells are derivatives of the interstitial stem
cell lineage and have previously been found to express two Dickkopf related genes,
HyDkk1/2/4 A and HyDkk1/2/4 C (Augustin et al., 2006). To get insights into the
transcriptional regulation of HyDkk1/2/4 C, | isolated the orthologous 5’ flanking regions
from four different Hydra species. Interspecific sequence comparisons revealed
conserved potential functional elements and suggested that the first 1000 bp upstream
of the translation initiation site might be sufficient for authentic transcription. When
functionally tested, transgenic Hydra recapitulated faithfully the previously described
graded activation of HyDkk1/2/4 C expression along the body column as well as a sharp
boundary of expression below the head, indicating that the promoter contains all
elements essential for spatial and temporal HyDkk1/2/4 C expression control.

Using these transgenic animals | investigated gland cell differentiation. Tracing
individually labelled zymogen gland cells allowed me (i) to show that changes in position
along the single body axis are accompanied by changes in gene expression and cell
morphology; and (ii) to define a distinct ancestor-descendant relationship between
zymgogen gland cells in the gastric region and granular mucous cells in the head using
additionally histological and molecular data. In addition it could be demonstrated that
during head regeneration (iii) a part of the mucous gland cell population in the head is
directly derived from interstitial cells.

The observations support the view that in Hydra both stem cell-based mechanisms and
transdifferentiation are required for maintaining the different types of cells found along
the body axis. The study describes the first transgenic Hydra line expressing a reporter

gene under the control of a cell-type specific promoter.
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5 Zusammenfassung

Zur Charakterisierung von wesentlichen regulatorischen Einflissen, die Zellverhalten
und zellulare Plastizitat in einem basalen Organismus kontrollieren, erzeugte ich
transgene Hydren, die EGFP spezifisch in zymogenen Drusenzellen exprimieren. Diese
sind Derivate der interstitiellen Stammzelllinie und es konnte zuvor gezeigt werden,
dass diese Zellen zwei Dickkopf ahnliche Proteine exprimieren, HyDkk1/2/4 A and
HyDkk1/2/4 C (Augustin et al., 2006). Um Einsichten in die transkriptionelle Regulation
von HyDkk1/2/4 C zu erlangen, isolierte ich orthologe 5’ flankierende Regionen aus vier
verschiedenen Hydraarten. Interspezifische Sequenzvergleiche flihrten zur Identifikation
von potentiell funktionalen Elementen und deuteten an, dass 1000 bp 5 des
Translationsstarts fur eine korrekte Expression ausreichend sind. Der funktionale Test
ergab, dass transgene Hydren das von HyDkk1/2/4 C bekannte gradierte
Expressionsmuster einschliel3lich der deutlichen transkriptionellen Grenze unterhalb der
Kopfregion zeigen. Der verwendete Promoter enthalt somit alle essentiellen Elemente
zur raumlichen und zeitlichen Kontrolle der HyDkk1/2/4 C Expression.

Transgene Tiere wurden anschliessend zur Analyse von Drusenzelldifferenzierung
verwendet. Die Dokumentation von markierten Zellen entlang der Kdpersaule ergab,
dass Positionsanderungen mit Veranderungen der Genexpression und Zellmorphologie
einhergehen. Weiterhin konnte mithilfe der EGFP markierter Zellen sowie anhand von
histologischen und molekularbiologischen Daten gezeigt werden, dass gastrale
zymogene Drusenzellen Vorlaufer von granularen mukdsen sekretorischen Zellen des
Kopfes sind und weiterhin, dass sich wahrend der Kopfregeneration ein Teil der
mukosen sekretorischen Zellen des Kopfes direkt aus interstitiellen Zellen ableitet.
Diese Beobachtungen unterstitzen die Sicht, dass in Hydra stammzellbasierte
Differenzierung und Transdifferenzierung bei der Entstehung und Beibehaltung der
Zellentypen entlang der Korpersaule eine Rolle spielen. Diese Studie beschreibt die
erste transgene Hydralinie, in der die Expression eines Reporters unter der Kontrolle

eines zelltypspezifischen Promoters steht.
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6 Materials

6.1 Organisms

Hydra strains:

Feeding organism:

Bacterial strains:

6.2 Media

Artemia medium
Hydra-Medium (HM)

LB-amp medium

LB -agar + ampicillin

SOB-Medium

SOC-Medium

Hydra magnipapillata, Hydra oligactis, Hydra vulgaris (AEP),
Hydra viridis

Artemia salina

Escherichia coli (strain DH5q)

Escherichia coli (strain XL1-blue)

31,8 g sea salt per 1 | Millipore water
1 mM CaCl,, 1 mM NaCl, 0,1 mM MgSQy, 0,1 mM
KCI, 1 mM Tris-HCI (pH 7,8)

10 g Tryptone; 5 g Yeast extract; 5 g NaCl millipore
water up to 1 I; 50 mg/ml ampicillin after autoclaving
and cooling down

10 g Tryptone; 5 g Yeast extract; 5 g NaCl; 15 g agar-
agar, millipore water up to 1 I; 50 mg/ml ampicillin after
autoclaving and cooling down

20 g Bacto-Trypton, 5 g Yeast extract, 0,58 g NacCl,
0,19 g KCl in 1 | Millipore

10 ml SOB-Medium, 100 pyl 2 M Glucose (sterile
filtered), 100 pl sterile-filtered 2M Mg®*solution (20.33
g MgCl».6 H,0; 24.65 g MgS04.7H,0/100 ml Millipore

water)

6.3 Buffers and solutions

6.3.1 General purpose solutions

Ampicillin stock solution

APS
Denhardt’s (50 x)

50 mg/ml, stored at —20°C in 1ml aliquots

10 % (w/v) in Millipore water

1 % Polyvinylpyrrolidon, 1 % Ficoll, 1 % BSA Fraction
V, sterile-filtered, stored at —20°C.
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EDTA

Glycogen solution

Heparin

Hoechst stock solution
Hybridization solution (HS)

(macroarray)

IPTG stock solution

Lead citrate solution

Lysis buffer (gDNA Isolation)

Maceration solution
NTMT

Phalloidin stock solution
SDS stock solution
Sephadex G-50

SSC (20 x)

SSPE (20 x)

TAE (50 x)

TBE sequencing buffer (10X)
TE

Tris-HCI stock solutions

Washing sol.1 (macroarray)

Washing sol. 2 (macorarray)

0.5 M in Millipore water

35 mg/ml in Millipore water

10 mg/ml in Millipore H20, stored at —20°C

1 mg/ml in Millipore

100 ml Denhardt’'s (50x), 250 ml 20x SSPE, 20 ml
10% SDS-Solution, water up to 1 I, stored at -20°C
100 pg/ml(HS) salmon sperm (denatured at 95° for &’
before use)

200 mg/ml in Millipore water, stored at -20°C in 200pl
aliquots

1.33 g Pb(NOs), 1,76 g Na3z(CeHs07) 2H,O in
Millipore, mix for 30 minutes, add 8 ml 1 M NaOH and
fill up to 50 ml with Millipore water

10 mM Tris-HCL pH 8,5, 150 mM EDTA ph 8,0, 0,2%
SDS, 100 pg/ml Proteinase K

acetic acid, glycerol, water (1:1:13)

100 mM NaCl, 100 mM Tris pH 9,5, 50 mM MgClz,
0.1% Tween 20

0,1 mg/ml in Millipore

10 % (w/v) in Millipore water

5 g Sephadex G-50 in 100 ml 1xTE, autoclaved

3 M NacCl, 0,3 M Na citrate, pH 7,0

175,3 g NaCl, 27,6 NaH,PO4*H,0, 7,4 g EDTA, water
up to 1 1, adjust pH

242 g Tris base, 57.1 ml glacial acetic acid,100 ml
0.5 M EDTA, pH 8.0, water up to 1Ir

162 g Tris base, 27,5 g boric acid, 50 ml 0,5 EDTA
water up to 11

10mM Tris-HCI pH 7.5, 1mM EDTA pH 8.0

1 M Tris-HCI, pH 7.2; 7,5; 8.0; 9.5.

2 x SSC, 0,1 % SDS

0,2 x SSC, 0,1 % SDS
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6.3.2 Solutions for in situ hybridisation

Blocking solution

Glycine working solution

Hybridisation solution

Hybridisation (washing steps)

MAB
MAB-B
MAB-T

Mowiol

NTMT

4% Paraformaldehyde (PFA)/HM

4% Paraformaldehyde (PFA)/PBS

PBS (1x)

80 % MAB-B, 20 % heat-inactivated
sheepserum (inactivation at 56°C for 30’)

4 mg/ml in Millipore H20

50 % formamide, 5 x SSC, 0,1 % Tween 20,
0,1% CHAPS, 1 x Denhardt's, 100 pg/ml
heparin, 100 pg/ml yeast tRNA

50 % formamide, 5 x SSC, 0,1 % Tween 20,
0,1% CHAPS, 1 x Denhardt's, 100 pg/ml
heparin

100 mM maleic acid, 150 mM NaCl, pH 7,5
MAB /1 % BSA fraction V, stored at -20° C
MAB/0.1% Tween 20

5 g Mowiol 4-88 in 20 ml 100mM Tris pH 8,0 ml,
stir for 16 h at room temperature, then add 10
ml Glycerol, stir for 16 h at room temperature.
Clarification of the solution by centrifugation
(5000 rpm, 20 min). Stored at -20°C in aliquots
(500 ul). Prewarm to room temperature before
use.

100 mM NaCl, 100 mM Tris pH 9,5, 50 mM
MgCI2, 0,1 % Tween20

5 ml frozen aliquots of 4% PFA in HM. To
dissolve the powder 100 ul/10 ml of 10 M NaOH
was added and the solution was heated to
55°C. After complete dissolving, the pH is
adjusted to 7.2-7.4

5 ml frozen aliquots of 4% PFA in PBS. To
dissolve the powder 100 pl/10 ml of 10 M NaOH
was added and the solution was heated to 55°C
After complete dissolving the pH is adjusted to
7.2-7.4

0,95 M NaCl, 0,08 M NayHPO4, 0,021 M
NaH;POy4, pH 7,4
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PBT
Proteinase K stock (100 x)

Triethanolamine

Urethane stock solution

6.3.3 Kits

Agar 100 resin
DIG RNA Labelling Kit (SP6/T7)

Expand longue Template PCR System

First strand cDNA synthesis kit
NucleoSpin Extract Il

NucleoSpin Plasmid/Plasmid Quick Pure

pGEMP®-T Easy Vector System
Qiafilter plasmid Midi Kit

SequiTherm EXCEL™ Il DNA Sequencing Kit

6.3.4 Enzymes

DNAsel
Klenow-Fragment
Notl

SequiTherm EXCEL |l DNA Polymerase

Shrimp alkaline Phosphatase
Taq DNA-Polymerase

T4 DNA-Ligase

Proteinase K

Platinum High Fidelity polymerase
Platinum Tag DNA Polymerase
RNase A

Xbal

6.4 Chemicals

Acidic acid

Acetic Anhydride
Agar-Agar
Agarose
Ammonium-acetat
Ampicillin

APS

Azur |l

Biotin-RNA labeling Mix, 10x conc.

Boric acid
Bromphenol blue
Bovine serum albumin Fraction V

PBS + 0,1 % Tween20

1 mg/ml Proteinase K in Millipore H20, stored in
50 pl aliquots at -70°C

0,1 M Triethanolamine, pH 0,1

20 % (w/v) urethane in Millipore water

Agar Scientific, Ltd., Essex

Roche
Roche

Amersham Biosciences/GE Healthcare
Machery-Nagel

Machery-Nagel

Promega
Qiagen
Epicentre

Amersham
Fermentas
Fermentas
Epicentre

Fermentas
Fermentas

Promega
Sigma
Invitrogen
Invitrogen
Sigma
Fermentas

Roth
Sigma
Roth
Roth
Roth
Merck
Roth
Merck
Roche
Roth
Fluka
Merck
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CHAPS

Chloroform

dATP (100 mM)

DABCO

Dextran-Sulfat

dNTPs (100mM)

EDTA

Ethanol

Ethidium bromide (50 mg/ml)
Euparal

Fast Red Tablets
Formaldehyde
Formamide
Gelatine
Glutaraldehyde
Glycerol

HEPES
HOECHST
Hydrochloric acid
IPTG (0,1M)
Isopropanol
Isoamyl alcohol
LB Broth Base
Lead acetate
Levamisol
Magnesium chloride
Magnesium sulfate
Maleic acid
Methanol
Methylene Blue
Mowiol 4-88
NBT/BCIP
Nonidet P40 (NP 40)

Osmium tetroxid

Paraformaldehyde

Phalloidin

Phenol

Pioloform

Potassium chloride

Propylenoxide

RapidGel™-XL-40% Concentrate
Rhodamine B Isothiocyanate-Dextran
RNaseOut

Salmon sperm DNA 10 mg/ml (sonicated)
Sheep serum

Sea salt (Ocean Zac plus)
SEPHADEX G50 medium

Sodium acetate

Sodium azide

Sodium cacodylate

Sodium chloride

Sodium citrate

(37%)

Sigma
Roth
Fermentas
Sigma
Roth
Fermentas
Sigma
Roth

Roth

Roth
Roche
Merck
Roth
Sigma
Fluka

Roth
Sigma
Calbiochem
Roth
Sigma
Roth
Merck

Life Technology
Merck
Roth
Merck
Merck
Sigma
Roth
Merck
Calbiochem
Roche
Sigma
Roth
Merck
Fluka

Roth
Plano
Roth

Fluka

USB
Sigma
Invitrogen
Stratagene
Sigma
Zoo Zajac, Duisburg
Pharmacia
Roth
Merck
Fluka

Roth

Roth
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Sodium-di-h%drogenphosphate Roth
Rotiphorese™ Gel 30 Roth
TEMED (N,N,N’",N"-Tetraethylmethyldiamin) Merck
Triethanolamine Sigma
Tris-base Roth

Tris HCI Roth
TRIzol® Reagent Invitrogen
tRNA yeast (10mg/ml) Sigma
Tryptic Soy Broth Sigma
Trypton Roth
Tween20 Merck
Uranylacetate Merck
Urea Roth
Urethan Sigma
X-Gal Sigma
Yeast extract Roth

6.5 Vectors

pGEMC®-T Promega
hotG Originally designed by J. Lohmann

6.6 Radioactive substances

a-[**P]-dCTP Amersham

6.7 Antibodies

Anti-Dig-AP Roche
Anti Bio-AP Roche

6.8 Primer (MWG Biotech)

Name 5’- Sequence - 3 Tm Comment
AEP Pr R (IRD 700) CAGGGGTTTACC AGCATG 56,0 AEP promoter
GFP R(75) (IRD 700) GTGCCCATTA ACATCACCAT C 57,9  hoT G construct
SP 6 (IRD 700) ATTTAGGTGACACTATAGAATAC 53,5

SP 7 (IRD 800) TAATACGACTCACTATAGGG 53,2

M13 F (IRD 700) CCCAGTCACGACGTTGTAAAACG 62,4

M13 R (IRD 800) AGCGGATAACAATTTCACACAGG 58,6

St SIpOut Pr2 GAATCGTAACCGTTCGTACGAG 60,3  Splinkerette vir

StSploutPri3 GAATCGTAACCGTTCGTACG 57,3  Splinkerette oli
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SplinnPri2
St_SplinnPri_3

AEP gen D2 Fw
AEP gen D1 rev
DIp2 oli ex3 fw
DIp1 oli prom rw
Dlp oli spl out1
DO_DLPoli_in_1
Dlp virin

DLP vir out
GFP_F(29)
GFP_(R(711)
RDLP1F
PDLP1R

DLP1 pr Xbal

DLP1 pr Not1

Dip1 AEP f
RA_dip3_F(2)
RA_dIp3_R(2)
HyDkk1/2/4 C F

HyDkk1/2/4 C R
HyTSR1(22) FW
HyTSR1(949) R

CGTACGAGAATCGCTGTCCTC
TACGAGAATCGCTGTCCTC

CGTTGACCATTCAGGAAGTGG
CGCTGCAAACAATGCACAAAGC
GTTGACAATTCAGGCAGTGG
CCAGAGCTTTGCTTAACTCG
CAACACCCGCCATTACAATC
CAATGCACATAGCAACAATGAAC
CAAATCCGAAATTCAAACAGCATCC
ATGCCGCATAGTCCACCTTC
GAGTTGTCCCAATTCTTGTTG
GTATAGTTCATCCATGCCATG
CGTACACGTTCACACGTCCT
CCTCCATGGCAATCTTTGTTTGA
ACTCTAGACGTACACGTTCACACGTCC
TATAG
CAGCGGCCGCCCAGAATATTCCTTCGC
TGCAAAC
TCCAAAATGAAATCAACGGTTATTT
CGG ATG CAGAATGCGAAAATGGTTGC
GGTCAACGCATTTTCTGATCATCCCG
CCACTTCCGGAGTTGTCAAC

CAGTGGGCAACCTGAATACC
CTGTTTGCCTCAATGCTGAC
TACCACCAAATGCAGGTTTGG

61,8
56,7

59,8
60,3
57,3
57,3
57,3
57,1
59,7
59,4
55,9
55,9
59,4
58,9
68,2

74,3

54,8
64,8
64,8
59,4

59,4
57,3
57,9

Splinkerette vir

Splinkerette oli

Intergenic aep
Intergenic aep
Intergenic ol

Intergenic ol
Splinkerette oli
Splinkerette oli
Splinkerette vir
Splinkerette vir

in situ GFP

in situ GFP

HyDkk1/2/4 C promoter
HyDkk1/2/4 C promoter

Transfection construct

Transfection construct

FL AEP HyDkk1/2/4 C
FL AEP HyDkk1/2/4 A
FL AEP HyDkk1/2/4 A
in situ HyDkk1/2/4 C/
FL AEP Hydkk1/2/4 C
in situ HyDkk1/2/4 C
in situ HYTSR

in situ HyTSR

Primer used for: FL: Full length amplification, in situ: in situ probe generation, Splinkerette: used in
splinkerette PCR, promoter: amplification of promoter from genomic DNA, intergenic: amplification of
intergenic region on genomic DNA.

6.9 Devices and machines

6.9.1 PCR machines (Thermocycler)

Cyclone gradient peglLab

Primus 96 plus MWG-Biotech
Primus 25 MWG-Biotech
Robocycler Gradient 96 Stratagene

Tetrad2 MJ Research/Biorad
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6.9.2 Power supplies

EPS 3500
LNG 350-06

6.9.3 Gel electrophoresis chambers

EasyCast minigel system B1A
EasyCast minigel system B2
Multiphor 2

EPS 3500

LNG 350-06

PerfectBlue™ Twin L

6.9.4 Incubators/shakers

HIS25

Thermo-Incubator

KS10 (Shaker)

Mini 10

Thermomixer compact
Thermomixer Certomat H
Ultratemp 2000

6.9.5 UV-transilluminators

Imaging-system
ImaGo compact imaging system
UV-Stratalinker 1800

6.9.6 Electroporation devices

Gene Pulser |l
Pulse Controller Il

6.9.7 Centrifuges

Centrifuge 5415 D

Centrifuge 5417 R (Kuhlzentrifuge)
Minifuge RF

Labofuge 1

Multifuge 3 S-R

6.9.8 Microscopy
AxioCam

Amersham Pharmacia Biotech
Heinzinger

Owl Separation Systems

Owl Separation Systems
Amersham Pharmacia Biotech
Amersham Biosciences
Heinzinger

Peqglab

Grant Boekel
Heraeus Instruments
Edmund Buhler
Thermo Hybaid
Eppendorf

B. Braun Biotech
Sternkopf

Biorad
B+L Systems
Stratagene

Biorad
Biorad

Eppendorf
Eppendorf
Heraeus Instruments
Heraeus Instruments
Heraeus Instruments

Zeiss
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Axioskop 2 Zeiss
SZX16 Olympus
DP71 (digital camera) Olympus
CLSM TCS SP/UV Leica
DC300F Leica
EM 208 S (electron microscope) Philips
Axiovert 100 Zeiss

6.9.9 Other devices

Eraser (erasing phosphoimager screens) Raytest

CellTram Air pump Eppendorf

CellTram vario pump Eppendorf

Dialysis membrane Millipore

LICOR DNA Analyser Gene Read IR 4300 MWG Biotech

Milli-Q Academic System Millipore

LaminAir HB2448 (model Firefly) Heraeus Instruments
Phosphoimager FLA-5000 Fuiji

Pipette Puller 700 C Kopf Instruments, Tujunga, CA
Ultratome Ultracut S Leica

Vortex Genie 2 Scientific Industries
VARIOKLAYV Sterilizer Typ 400 EV H+P Labortechnik GmbH
Wallac WinSpectral Perkin Elmer

Milli-Q Academic System Millipore

pH-Meter pH 211 Hanna Instruments
Nanodrop ND 1000 Nanodrop Technologies

6.9.10 Other materials

12-well microtiter plates griner bio one
Chromatography paper 3MM Whatman
Diamantmesser C. Schmied Labortechnik
Elektroporationsklvetten Peqlab

Flacheinbettung G3690 (rubber) Plano

Gene Ruler DNA ladder mix Fermentas

Grid Box Plano

Grid G2500 Plano

Microcon YM 50 columns Microcon

X-Ray film (BioMax MS) KODAK

6.10 URLs und Software

Blast database queries - http://www.ncbi.nlm.nih.gov/blast/

NCBI Trace archive http://www.ncbi.nlm.nih.gov/Traces/trace.cgi?
Hydra ESTs http://www.compagen.org

Hydra genome brower http://hydrazome.metazome.net

Vista http://genome.lbl.gov/vista/index.shtml
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Footprinter

GATA

SignalP 3.0

Mega 4

BioEdit 7.0.5.3

SignalP

Cell*A Imaging software

eSeq v.3 Sequencing software

Walllac 1414 WinSpectral v1.30
Cerenkov protocol

J2SE 14.2

http://genome.cs.mcgill.ca/cgi-
bin/FootPrinter3.0/FootPrinterinput2.pl
http://gata.sourceforge.net/
http://www.cbs.dtu.dk/services/SignalP/
http://www.megasoftware.net/index.html
http://www.mbio.ncsu.edu/BioEdit/bioedit.html
http://www.cbs.dtu.dk/services/SignalP/
Olympus

LI-COR Inc., Michigan Technology University

PerkinElmer

Sun microsystems
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7 Methods

7.1 Culturing Hydra

Animals of the strains Hydra magnipapillata (strain 105), Hydra vulgaris (AEP), Hydra
viridis and Hydra oligactis were cultured in Hydra medium (HM) at 18°C with 12 hour
light cycle according to the standard method (Lenhoff and Brown, 1970). Hydra mass
cultures were held in 20 X 20 cm X 6 cm plastic dishes. Polyps were fed 3 - 4 days a
week with newly hatched and freshwater rinsed nauplii of brine shrimp Artemia salina.

24 h starved animals were used for all experiments.

7.2 Incubation experiments

Treatment with alsterpaullone was performed as described (Broun et al., 2005).
Alsterpaullone was dissolved in DMSO and diluted with Hydra medium (HM) to 5uM.
Animals were kept in 5uM alsterpaullone for 48h and then transferred to HM. Animals

were fixed at different timepoints after beginning of treatment for further analysis.

7.3 Nuclear acid extractions

7.31 Isolation of total RNA

Total RNA of Hydra was isolated with TRIzol® Reagent (Invitrogen) according to the

manufacturer’s protocol.

7.3.2 Isolation of genomic DNA

250 Hydra polyps were placed into an Eppendorf tube and the excessive Hydra medium
was removed. 0.5 ml of lysis buffer was added and the animals were homogenized
using a pestle and incubation for 2 h at 55°C. To inactivate proteinase K and to extract
proteins, 500 ul phenol was added. The sample was shaken for several seconds and
centrifuged for 15’ at 12,000 g at RT. The supernatant was removed and equal volume
of phenol/chloroform/isoamyl alcohol (25:24:1) was added. The sample was again
shaken and centrifuged for 15’ and supernatant was removed. Equal volume of
chloroform/isoamyl alcohol (24:1) was added and protein was extracted for a second

time. Afterwards the upper phase was removed. NaCl was added to the final
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concentration of 0.5 M and DNA was precipitated with a double volume of ice-cold 99%
ethanol (EtOH). Precipitated DNA was transferred to a fresh tube. After washing in 70%
EtOH and airdrying, the DNA was dissolved in 100 ul Millipore water.

7.3.3 Isolation of Plasmid-DNA

Bacterial clones carrying plasmids with inserts of correct size were taken for plasmid
isolation. 4 ml of the overnight culture of each clone was taken per preparation.
Plasmids were isolated using ,NucleoSpin Plasmid QuickPure® (Macherey-Nagel). For
Hydra transfection experiments the “Qiafilter Plasmid Midi Kit” (Qiagen) was used for
plasmid isolation. A 3 ml starter culture was used to inoculate 100 ml LB medium, which
was grown at 37°C overnight. Both extractions were performed according to the

manufacturer’s protocols.

7.3.4 Quantification of nuclear acids

Concentration and purity of isolated DNA was determined by measuring the optical

density at 260/280/230 nm using a NanoDrop ND 1000 spectrophotometer.

7.3.5 cDNA synthesis

First strand cDNA was synthesised using the “First strand cDNA synthesis Kit”
(Amersham Biosciences/GE Healthcare) according to the manufacturer’'s protocol.

Not | (dt)1g Primer were used for reverse transcription.

7.4 Polymerase chain reaction (PCR)

741 Standard-PCR
For a standard PCR the following components were assembled:

Component Volume [ul] ' Final concentration
Millipore 12,8 -
10x PCR-Buffer 2,0 1x
dNTPs [1mM] 2,0 100uM
Forward-Primer [10uM] 1,0 500 nM
Reverse-Primer [10uM] 1,0 500 nM
Template cDNA 1,0 -
Tag-Polymerase [5u/ul} 0,2 0,05 u/pl

Total 20,0



Chapter 7: Methods 75

Standard PCRs (Taq polymerase) were performed under following conditions using an

annealing temperature Ta - T, (MWG Biotech) minus one degree Celsius.

Standard-PCR-program: 2 min 94°C, up to 40 X (30 s 94° C, 30 s Ta (T-1°C),
1 min/1 kb 72°C), 5 min 72 °C

For the amplification of larger genomic fragments the Expand Long Template PCR
System (Roche) was used according to the manufacturer’s instructions. Platinum Taq
DNA polymerase (Invitrogen) was used for Hot start PCR to increase specificity and

yield.

7.4.2 Splinkerette-PCR

The splinkerette-PCR is an adapter ligation-mediated PCR method frequently used for
obtaining genomic sequence upstream or downstream of a known sequence. The 5'-
flanking region of HyDkk1/2/4 C was amplified using genomic templates of Hydra
oligactis and Hydra viridis which were prepared by Stefan Thomsen in a previous study
(Thomsen et al., 2004). Briefly genomic DNA template had been digested with 18
different restriction enzymes (producing GATC-, CTAG- or CG- overhangs or blunt
ends) and the DNA fragments had been subsequently ligated to "splinkerettes", a
special type of vectorette (Devon et al., 1995). A top-strand (5- CGAATCGTAA
CCGTTCGTAC GAGAATTCGT ACGAGAATCG CTGTCCTCTC CAACGAGCCA AGG-
3') and different bottom strands according to the overhangs produced by the restriction
enzymes (5'- GATCCCTTGG CTCGTTTTTT TTTGCAAAAA-3' for GATC-, 5'-
CTAGCCTTGG CTCGTTTTTT TTTGCAAAAA-3' for CTAG-, 5-CGCCTTGGCT
CGTTTTTTTT TGCAAAAA-3' for CG-, 5'-CCTTGGCTCG TTTTTTTTTG CAAAAA-3' for

blunt ends) had been designed and annealed. The 18 different DNA preparations were

used in nested PCR approaches combining sequences specific primers pointing
towards the unknown %' region and splinkerette primers against the attached
splinkerette pointing towards the already known part of the sequence. In each approach
two PCRs were performed. The PCR product of an outer primer combination was
diluted (1:30) and used in a second PCR with an inner primer combination. PCR was
performed using Platinum Taq DNA Polymerase (Invitrogen). As the splinkerette is

highly represented in the DNA template, a Touch-Down-PCR approach was used in the
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first PCR to increase the specificity of amplification. Ta was lowered by 1°C every next

cycle in the first amplifications (Fig. 7.1).

1. PCR
Touch-Down-PCR:
3 x 7 cycles
1 x 20 cycles
2. PCR
Standard-PCR-program:
up to 40 x

2 min 94°C

30s94° C

First: 30 s Ta (T-1°C) + 6°)
Last: 30 s Tao(T-1°C)
1min/1kb 72° C

30s94° C
30s Ta(Ty-1°C)
3min72°C

5min72°C

2 min 94°C,

30 s 94° C,
30 s Ta (T-1°C)
1 min/1 kb 72°C)

5min 72 °C

Fig. 7.1: Programs used for Splinkerette PCRs

Specificity of the product was checked using each primer alone in a control PCR.

Specific PCR-fragments were ligated into vector pPGEM-T subsequently sequenced.

7.4.3 Insert check PCR

Standard PCR conditions were used in insert check PCRs which serve the identification

of bacterial colonies carrying a plasmid of interest. A pipette tip was used to inoculate a

10ul standard PCR reaction with few cells of the colony. Inserts size were determined

via performing PCR using vector specific primers (SP6/T7, M13F/M13R) followed by a

gel electrophoretic analysis of the PCR product. The insert size gives a hint on the

insert identity.

7.5 Agarose gel-electrophoresis

DNA was separated in 1-2% agarose gels containing ethidium bromide in 1x TAE buffer

using horizontal gel electrophoresis devices. Depending on the expected fragment

sizes, different DNA-size standards were used in parallel.
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7.6 Purification and extraction of PCR products

To purify or extract PCR products from agarose gels, the “NucleoSpin Extract 2 Kit”
from Macherey Nagel was used. For dialysis of DNA or to change buffers, “YM-50"

columns from Millipore were used.

7.7 Competent cells

For preparation of competent cells, a single colony of E. coli was grown overnight in
3 ml SOB medium containing 12 pg/ml tetracyclin at 37°C. This culture was used to
inoculate 50 ml of SOB, which was incubated for several more hours until the
logarithmic growth phase was reached (ODs00=0.5-0.6). Bacteria were then harvested
by centrifugation for 10’ at 3000 the pellet was resuspended in 50 ml of ice-cold sterile
ddH20, centrifuged again, washed in 25 ml ddH20, then in 2 ml 10% glycerol. After the
final centrifugation step cells were resuspended in 200 pl 10% glycerol and frozen at
-80° C in 40 pl aliquots.

7.8 Cloning technique

Purified PCR products were ligated into the pGEM-T vector system (Promega) as
described by the manufacturer (10 pl reactions). Ligation mixtures were dialyzed
against water using nitrocellulose filter membranes (0,025 pm) from Millipore to
increase the transformation efficiency. Electro competent cells of E. coli strains XL-1
blue or DH-10B were transformed (BIORAD electroporation device, 1 mm cuvette). The
cells were thawed on ice. 5 - 10 ul of the dialysed ligation reaction was mixed with the
bacteria and electric pulse was applied (25 uF, 200 Q, 1.8 kV). Electroporated cells
were mixed with prewarmed 960 pl of SOC medium (37°C) and allowed to recover for
1 h at 37°. 100 pl of the liquid bacterial culture was plated onto LB-agar plates (50 pug/mi
ampicillin) and incubated overnight. An insert check PCR allowed identification of

colonies carrying the plasmid of interest.

7.9 Bacterial stock cultures

500 pl of bacterial culture were mixed with 500 pl sterile 50 % glycerol and stored at
-80°C.



Chapter 7: Methods 78

7.10 DNA sequencing

Sequencing of DNA was performed on a LI-COR 4300 plate sequencer. Sequencing
reactions for the LI-COR system were carried out using the SequiTherm EXCEL Il DNA
sequencing kit LC (Epicentre) according to the manufacturer's protocol. The 6 %
polyacrylamide gel contained 14 ml H20, 3.75 ml 40 % Rapid Gel XL solution, 2.5 ml
10 x TBE long run buffer, 10.5 g urea, 38 ul TEMED and 175 yl ammonium persulfate
(APS). 5-IRD700 or IRD800 labeled sequencing primers were used for standard
sequencing runs. Basecalling and quality assessment was conducted using e- Seq

software package provided with the sequencer.

7.11 Screening of a Hydra oligactis full length cDNA library for
HyDkk1/2/4 genes

For the identification of HyDKK1/2/4 genes within Hydra oligactis, | screened an existing
full length cDNA library (Spudy, 2006). Five filters were available comprising around
40,000 spotted clones. For the synthesis of the radioactively labelled probe, a full length
DNA fragment of HyDkk1/2/4 C from Hydra magnipapillata was used. The gene AK17
from Ciona intestinalis served on the filters as a guide spot and a labelling reaction for
AK17 was prepared in parallel. The templates were denatured and cooled down to room
temperatured. During the cooling process, random hexamers were added. The probes

were prepared as follows:

Component Volume [ul]
Denatured cDNA probe (100ng) 74
Random hexamer primer (10mM) 10
10x Klenow fragment buffer (10x) 10

D A-G-T-Mix (1mM)

Klenow fragment (10 U/ul)

[aP32]-dCTP (250uCi/pl)

Total 100

The assembly of the labelling reactions was followed by a 2,5 h incubation at 37°C.
Unincorporated *’P-dCTP was removed by size-exclusion chromatography using
Sephadex G50 columns. Incorporation rates were determined using a scintillation
counter (Cerenkov protocol) measuring counts per minute (cpm) of 1 ul of the labelling

reaction before and after the usage of the columns. The filters were prehybridised in
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100 ml hybridisation solution (HS) for 3 h. The hybridisation solution was exchanged
and hybridisation occurred overnight at 55 °C at a final probe concentration of 3x10°
cpm/ml. The removal of HS was followed by two washing steps with 2 x SSC/0,1 %
SDS (20’) and one washing step with 0,2 x SSC/0,1 % SDS (20’). Afterwards filters
were sealed and exposed to X-ray films. After development of the films 42 signals could
be identified. Eight positive clones were picked from the library and the inserts were

subsequently sequenced.

7.12 Regeneration experiments

In all regeneration experiments, animals were bisected within the maximum of
EGFP/HyDkk1/2/4 C expressing cells shortly below the boundary of expression.
Regenerating animals were not fed unless otherwise stated and fixed to different time

points for further analysis.

7.13 Expression analysis via in situ hybridisation

7131 Preparation of Biotin/Dig-labelled RNA probes

Gel-purified PCR products were used for probe preparation. Biotin/Dig-labeled probes
were prepared using “Biotin RNA labelling kit” or “Dig RNA labeling kit (SP6/T7)”

(Roche) according to the manufacturer’s protocol.

7.13.2 Protocol in situ hybridisation

In situ hybridisations were adapted from previous works (Grens et al., 1996; Philipp et
al., 2005).

All the steps were carried out at room temperature under agitation if not mentioned
otherwise. Starved animals were relaxed for maximum of 2’ in freshly prepared 2%
urethane/Hydra medium solution and fixed overnight in 4% paraformaldehyde/Hydra
medium, pH 7.4. Fixed polyps were then washed twice with 100% methanol and could
be stored at -20°C. In some cases for better penetration of the probe, antibody and
substrate animals were cut longitudinally after fixation. Prior to hybridisation the animals
were rehydrated stepwise (100% EtOH, 75% EtOH, 50%EtOH/50% PBT, 25%
EtOH/75% PBT, PBT (5° each step)) and washed 3x10’ in PBT. Afterwards the polyps
were treated for 20’ at RT with 10 pug/ml proteinase K. The digestion was stopped via

rinsing with 4 mg/ml glycine/PBT solution and an additional 10’ wash. Then, after 3x5’
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washes in PBT the animals were treated 2x5 with 0.1M triethanolamine pH 7.8,
followed by two washes: once with 2.5 ul/ml acetic anhydride/triethanolamine and once
with 5 pl/ml acetic anhydride/triethanolamine for 5 min each, to cover all charged
residues left after proteinase K digestion. After that, the polyps were washed 3x5’ in
PBT and post-fixed in 4% paraformaldehyde/PBT for 1 hr. The fixative was removed by
5x5’ washes with PBT, then the polyps were washed once in 2xSSC for 10’ and heat-
treated for 15’ at 70°C in prewarmed 2XSSC to inactivate endogenous alkaline
phosphatases. Then the polyps were washed once for 10’ with 50% hybridization
solution/50% 2xSSC, once with pure hybridisation solution (HS; 50% formamide,
5xSSC, 1mg/ml CHAPS, 1x Denhardt’'s, 100 ug/ml heparin, 100 pg/ml tRNA, 0.1%
Tween 20), and prehybridized in HS at hybridization temperature for 2 h. Digoxigenin-
labeled riboprobe was then added to the samples and hybridization was carried out for
18-60 hours at 57°C. After hybridisation the samples were subjected to a series of 10’
washes at hybridisation temperature with 100% HS, 75%HS/25% 2xSSC, 50%HS/50%
2xSSC, 25%HS/75% 2xSSC, then the animals were washed 2x30’ with 0,1%l
CHAPS/2xSSC at hybridisation temperature. Afterwards the animals were washed two
times with MAB at RT and blocked first for 1 hour in MAB/1%BSA, then for 2 hours in a
solution containing 80% MAB/1%BSA and 20% of heat-inactivated sheep serum at 4°C.
Antidigoxigenin antibody (alkaline phosphatase coupled) were added to the blocking
solution in final dilution of 1:2000 and polyps were incubated with the antibody overnight
at 4°C. Unbound antibody was removed by 8x40" washes with MAB-T (or MAB), then
the animals were washed twice for 5 in NTMT/Levamisole (1mM), and 10ul/ml of
NBT/BCIP mixture in NTMT was applied. Staining reaction took place at RT in the dark
and was stopped by brief washes in PBS, followed by dehydration in methanol or
ethanol dilution series. Afterwards the polyps were embedded in Euparal.

Double in situ hybridisations were performed using DIG- and Biotin-labelled RNA
probes simultaneously. After the standard protocol and incubation with AntiBiotin AP
antibody, FAST RED was used as the first substrate. The staining reaction was stopped
by a 10’ wash in 100mM glycine-HCL, pH 2.2/0.1% Tween. Four short washes with
MAB were followed by 2X10° MAB and subsequent preblocking in MAB/1% BSA for 1h.
Afterwards 2 h incubation in blocking solution (80% MAB/1%BSA and 20% of heat-
inactivated sheep serum) at 4°C took place with subsequent antiDIG AP antibody
incubation over night at 4°C. Unbound antibody was again removed by 8x40’ washes
with MAB-T (or MAB), then the animals were washed twice for 5’ in NTMT, a 10ul/ml of

NBT/BCIP mixture in NTMT and the animals were processed as described above.
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7.14 Generation of transgenic Hydra

7.141 Preparation of a HyDkk1/2/4C::EGFP promoter construct

The transfection construct used was hoT G, originally designed by Jan U. Lohmann. In
HoT G the plasmid pUC19 was used as a backbone. In the original construct 1,386 bp
of the H. vulgaris actin 5'- flanking region, the transcription start site, the native initiator
codon, and the first 10 amino acids of H.vulgaris actin were put in front of a GFP
reporter gene which was followed by 3’ genomic region of the H. vulgaris actin gene
including the termination polyadenylation signal (Wittlieb et al., 2006). Subsequently,
GFP was replaced by EGFP by site-directed mutagenesis and two additional restriction
sites were introduced (Fig. 7.2, Bottger et al., 2002). hoT G was further modified by
K. Khalturin who inserted an additional Not | restriction site at an existing Pstl cutting

site between promoter and reporter (Fig. 7.2).

Xbal

Hindlll |_> Notl EcoRI
| HyDkk1/2/4 C promoter (1027 bp) EGFP J_
-

Signalpeptide + 3 AA

[}
11 HindIII \\Pstl EcoRI Y

‘ actin promoter ' ‘
actin 3" region

Fig. 7.2: Transfection constructs used for generation of the transgenic lines which were used in

this study. (A) Control animals expressed EGFP within their interstial cell lineage driven by the Hydra
actin promoter (Khalturin et al., 2007).The construct used for this line was hoT G (taken from Wittlieb et
al., 2006). (B) The actin promoter of hoT G was exchanged by 1.027 bp HyDkk1/2/4 C 5’flanking region
and coding sequence for signal peptide and three additional aa using Xbal and Notl cutting sites.

To test the putative promoter region of HyDkk1/2/4 C a fragment of 1,093 bp,
comprising 1027 bp HyDkk1/2/4 C 5’flanking region and 66 bp coding for the predicted
HyDkk1/2/4 C signal peptide and three subsequent residues, was amplified from H.
magnipapillata gDNA using Platinum High Fidelity polymerase and primers R DLP1 F/P
DLP1 R. By reamplification, two cutting sites were attached to the fragment using
primers DIp_pr Xbal and DIp_pr Not |. The fragment was cloned into the modification of

hoT G EGFP expression vector using Xbal and a newly inserted Not | cutting site.
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Microcon YM-50 columns were used for buffer exchange between the successive
digestions of fragment and vector. The resulting transfection constructs were
sequenced and positive clones were grown for plasmid preparations. The plasmid DNA

was purified using Qiagen MidiPrep Kit.

7.14.2  Transfection of Hydra

For transfection, Hydra embryos were removed from H. vulgaris (AEP) females and
microinjected with the expression construct at the two- to eight-cell stage. Microinjection
was performed using an inverted microscope and two micromanipulators. Embryos
were held by a micropipette by using a CellTram Air pump. The construct was injected
by using a CellTram vario pump. Glass needles for microinjection were produced by
using Vertical Pipette Puller 700 C. The construct was injected into the embryos in a
final plasmid concentration of 1 ug/ul. The injection solution contained 2% RITC to
visualise the injection success. If possible, several blastomeres were injected. During
the injection procedure, embryos were kept in HM at RT. Microinjected embryos were

transferred to 12-well microtiter plates and incubated at 18°C in HM.

7.15 Imaging

In vivo observations were made and documented using Olympus SZX16 and Olympus
DP71 digital camera. To slow down movements of adult polyps, animals were put in
between two layers of transparent foil.

Laser-scanning confocal data were acquired using Leica CLSM TCS SP/UV and Leica
DC300F digital camera. Light microscopic analyses were performed using Zeiss

Axioskop 2 and Zeiss AxioCam digital camera.

7.16 Histological methods

7.16.1 Maceration of Hydra tissue

Maceration preparations were performed as described previously (David, 1972).
Hypostomes of 20 polyps were removed using a scalpel and were transferred into a
1.5 ml Eppendorf tube, excessive hydramedium was removed and 20 pl of maceration
solution were added. The tube was incubated at 32°C for 15’ with occasional gentle

shaking. In the course of this incubation tissues disintegrated to single cells. The cells
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were then fixed with equal volume of 8% formaldehyde. The resultant cell suspension
was distributed over a square space on a glass slide pre-treated with 1% gelatine
solution. To reduce surface tension of the cell suspension a small drop of 1% Tween-20
detergent was placed on a glass slide prior to the cell suspension. The preparations
were dried overnight at room temperature and analysed using phase contrast

microscopy.

7.16.2  Fixation of Hydra for confocal microscopy

Polyps were relaxed in 2% urethane prior to fixation in 4% paraformaldehyde. Animals
were washed six times for 15’ and overnight in PBT. Following washing samples where
stained with phalloidin (1:1000) and then rinsed three times for 10’ in PBT. Prior to
embedding in Mowiol/DABCO animals where incubated in HOECHST (1:500).

7.16.3  Fixation of Hydra for transmission electron microscopy

Polyps were relaxed in 2% urethane prior to fixation in 3.5% glutaraldehyde in 0.05 M
cacodylate buffer, pH 7.4, for 18 h at 4°C. After washing with 0.075 M cacodylate buffer
for 30°, animals were postfixed with 1% OsO4 in 0.075 M cacodylate buffer for 2 h at
4°C. After additional washing for 30’ the tissue were dehydrated in 30%, 50%, 60%,
70%, 80%, 90%, 100%, 100% EtOH (each step 15’). After incubation of 2 x 10’ in
1,2-propylenoxide, it was proceeded with infiltration of Agar 100 resin. Components of
the embedding resin were mixed according to the manufacturer’s protocol for the “hard”
version. Infiltration occurred in several steps each of which took 30’ with the following
mixtures of propylenoxide and Agar 100 resin: 1:2, 1:1 and 2:1. This was followed by
incubation in the pure Agar resin overnight at RT and under agitation. Finally samples
were placed into rubber forms (Flacheinbettung/Plano) in a new portion of the resin and

were let polymerise at 60° C.

7.16.4  Sectioning and staining: semi-thin sections

Blocks with embedded tissues were trimmed with a razor blade. Semi-thin sections
were cut at the Ultracut S ultratome (~0,5 um thickness). Semi-thin sections were
captured on a glass slide and were stained according to Richardson et al. (1960) with a
solution containing 0.5% Methylene Blue, 0.5% borax, and 0.5% Azur Il in ddH20O at
60°C for 1-2’ (Richardson et al., 1960).
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7.16.5 Sectioning and contrasting: ultra-thin sections

Ultra-thin sections were prepared using also the Ultracut S ultratome. Sections (60-70
nm thickness) were captured on round grids which were pretreated with 1.2% pioloform
dissolved in chloroform. Ultra-thin sections were contrasted with 2.5% uranylacetate for
5’, rinsed with ddH»0, then treated with lead citrate solution (prepared freshly from lead
acetate and sodium citrate) for 3’ (Reynolds, 1963) and analysed using a transmission

electron microscope EM 208 S.

7.17 Computational methods

7171 Multiple alignments

Sequence alignments were generated using ClustalWW (Thompson et al., 1994) included
into the BioEdit v.7.053 sequence analysis software package. To infer phylogenetic

relationships neighbour-joining (NJ) was used. Tree was drawn using MEGA4.

717.2 mVISTA

Conservation profiles were inferred by using the mVista server. The AVID alignment

algorithm was used (Bray et al., 2003).

717.3 GATA

Standard GATA (Nix and Eisen, 2005) alignment settings were used, with a window
size of 24 and a lower cut off score of 70 (raw)/219.0 (bit). BLASTN parameters were:
Nt: Match, 5, Mismatch, -4, Gap: Creation: -10, Extension -4.

717.4 Footprinter 3.0
Footprinter analysis (Blanchette and Tompa, 2003) was performed using a motif size of

eight. Allowed maximum of mutations and maximum mutations per branch were chosen

as one. The used phylogenetic tree was (vir,(oli, (AEP, mag))).
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9 Appendices

9.1 HyDkk1/2/4 C cds

>mag
ATGAAATCAACGGTTATTTTGTTCATTATTGCTTTGTGCATTGTTTGCAGCGAAGGAATATTCTGGAAATTTTGCTC
ATCAAACAAAGATTGCCATGGAGGCTGTTGTGTTAAATTCGGGTTTTTTGGAAAATGCAAATCTTACGTAAAAGAAG
GTGGACTCTGCGGTCTTAGCCAAGCACTTGCGTGTGGTTGCGAACCAGGACTTGACTGCGAGAAAGTAAGAGGAACT
ATTACAGGATTGATTAGGAAATGTGTTGACAACTCCGGAAGTGGTTCTTTGTATTAA

>o0li
ATGAAATCCACATTTATTCTGTTCATTGTTGCTATGTGCATTGTTTGCAGCGAAGGAATATTCTGGAAACTTTGCTC
ATCAAACAAAGATTGTAATGGCGGGTGTTGTGTTAAGTTTGGGTTTATTGGAAAATGCAAATCTTATGTAAAAGAAG
GTGGACTCTGTGGGCTTAGCCAAACACTCGCATGTGGTTGTGAACCAGGGCTCGACTGCGAAAAAGTAAGAGGAACT
ATTACAGGATTGATTAGAAAGTGTGTTGACAACTCTGGAAGTGGATCTTTGTATTAA

>AEP
ATGAAATCAACGGTTATTTTGTTCATTGTTGCTTTGTGCATTGTTTGCAGCGAAGGAATATTCTGGAAAATGTGCAA
ATCAAACAAAGATTGCGATGGAGGCTGTTGTGTTAAATTAGGGTTTTTAGGAAAATGCAAATCTTACGTAAAAGAAG
GTGGACTCTGCGGCCTTAGCCAAACATTTGCGTGTGGTTGCGAACCAGGACTCGACTGCGAGAAAGTAAGAGGAACT
ATTACAGGATTGATTAGAAAATGTGTTGACAACTCCGGAAGTGGTTCTTTGTATTAA

>Vir
ATGAAATCGATTTTCGTTTTGTTAGTTGTCGCTGTATGCGTTGTTTCTTTGGAAGCAAGTTGGCTTTGTCGATCTAA
CAATGATTGCAAAAATGGATGCTGTTTGAATTTCGGATTTGTTAAGAAGTGTCTGCCATACGTTAAAGAAGGTGGAC
TATGCGGCATCCGTGAAAAAATTTCATGTGGCTGTGAACCAGGTCTCGAATGTGAAAAAGTAAGGGGAACCATCACA
GGCTTGATTAAAAAATGCGTTAACAATGATAAAGGAAGTGGATCATTGTATTAA

9.2 HyDkk1/2/4 A cds

>mag
ATGATGAGATTTTTAGCAGTCCTTTTAGTTGTAGCTGCATTCGTTGCATTTAGTGAAGCCGAGTCTTGCAAAAAGGA
TGCAGACTGCAAAAATGGTTGTTGTGTGAATTTCTTACTTACTAAGCAATGTAATAGCTATGTTAAAGAAGGTGCAC
TCTGCGGTTTTCGTGACAAATTTGCATGCGGTTGTGAACCAGGACTCGAATGCGTAAAAGTACGAGGAACTTTAACT
GGGATGGTTAGAAGATGCGTTGACAATTCAGGAAGTGGATCTTTGTATTAA

>o0li
ATGAGATCATTAGCAGTCCTTCTAATTGTAGCTGTATTTGCTGCTTTCAGCGAAGCCCAGTTTTGCAAAAGTGATCG
AGATTGCAAAGATGGTTGCTGCGTAAACTTTTTGGTTACTAAGAGATGTAATAGTTATGTTAAAGAAGGTGGACTAT
GCGGTATCCGTAACAAACTTTCGTGCGGTTGTGAACCAGGACTCGACTGCGTAAAAGTACGAGGAACTTTAACCGGG
GTTATCAGCAAATGCGTTGACAATTCAGGCAGTGGATCTTTGTATTAA

>AEP
ATGAAATTTTTAGCAGTCCTTTTAATTGTAGCTGCATTCGTTGCATTTAGTGAAGCCAAGTCTTGCAAAACGGATGC
AGAATGCGAAAATGGTTGCTGTGTAAATTTCTTACTTACTAAGCAATGCAATAGCTATGTTAAAGAAGGTGCACTAT
GTGGTTTTCGTGACAGATTTACATGCGGTTGTGAACCAGGACTCGAATGTGTAAAAGTACGAGGAACTTTAACCGGG
ATGATCAGAAAATGCGTTGACCATTCAGGAAGTGGATCTTTGTATTAA
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9.3 HyDkk1/2/4 C - genomic sequence

>mag (cds)
TGGTTAGCCGGTGGTAGAATAAGTGGTAGTCGGTGGAGGTTCCAACGCCTCCACCGGCTACCACATGGTAAATACAG
TAGTGTTAAAGCTGTTCTCATAAGATTAGATTACGATGAGTAGTATTATTCTGTGAAAATTTTGAACCCTGCATATT
ATTAAGAAAAAAAGCTGTGCTAAAGCCCTCTTACATGAACGGCACTTTAACCATACCTTATAGACTGCTATGATTTA
AGTGCACATACTTCTAATATTCTGAGCAAACCTTTTTTTCATCTATGTTTTTCCGTTTAAGAACAGTTACAATAATA
AGATACATGAATAAATATTTACATAGACAGGAGAAAAATAAGACAATGTTAGTCTTACCGCTAAGTGCTTACCGCAT
TAATTAAAAGCTGCTCAATTCAAAATCAACCGCTCTTTTTGATAACATTACCTCTTCACGTACACGTTCACACGTCC
TATAGAAAACTTTGAACTAGAGTTTGATATAATATAACTTAATATAAAATTAAAATTTAGAAAACCTAATAAAAARAA
AAGAAAAATAGTCACAAGTATGGAAAAAATATAAAAAAGCTATAAAACACAAAAAAAAAAAAAAANAAAANATAGAGG
AAAAGATGGGTTAGAAAAAAAAAAAAAAGTATACAACCCCCTGAAACGAGGGTGCTTTAAAAAGTTATAACTTTTGA
CCACTAAACTAGTTAGATGAAATTTAAACACCAAAAACATGCTGGTACAACCCCTGTAGAAAAACGTTTATTCAAAA
TATTTTAAATAATTTATTTTAATAATTGTACAATAAAAAGCCGTGGCGCAGTGGAAGCGCGTTTGCCTCAGAAACAA
AGGATCCGTGATTCAAATCCCAGTTTTGCAACATCGGTTAGAAAGGAGGCGAAAACTGCGGTGCTCTGTGATAAGAC
CGAAAGGACTTCTTAAATAAAATTAAAAAAAATATTGTTTTATTTATTTATATATCATATTTGTTTAAAAGACATAT
ATATGCTGCCATAGTGCATATCATATAAATTGTTAACATTTTAGCAGTAGTTGGTGTTTGTTACATCTGTGCATATC
AGGCTCAGAACTGAATGTTTATAATACCACTACTAATATGCAAAATTCAAATGCAATATTTATTGCATTTTGGCATC
TAGGACTTAAAATTTTCTAAAACAGTTTTTATTTTGATATAAAACAGTTTGGTTATAAACATAAACATCTGTTGTCA
AAATATTTAGAAACCTTTTTGATTAAATTTATTTTTATAAAATAAATAAAATTGAATCAACTGATCAAATTTGCAAA
TACAAATTGCAATAATATTTGATAGTTAAGCTTCAATAATTTGACTGTAACTATGTGTGCTCAGTGGGCAACCTGAA
TACCATTATAAAGATATAAAAACGGGGTTTTAATTAAGCACTGCAGAGTCAAACCATTTTACTTGATTCAAATTTTT
GTCCAAAATGAAATCAACGGTTATTTTGTTCATTATTGCTTTGTGCATTGTTTGCAGCGAAGGAATATTCTGGGTAA
GAACTTGATTTATTTGTATTTGTATGATTGATTTTAGAAAAGTTTAGCTGATAACTAACTGGTAACTAAGTTGTCTT
TCCAATTAATAGTTAAAATAGTGAGTTTAAAATATTTTTTATATTTTAAACTTTTTCTTTTTTATTTAGAAATTTTG
CTCATCAAACAAAGATTGCCATGGAGGCTGTTGTGTTAAATTCGGGTTTTTTGGAAAATGCAAATCTTACGTAAAAG
AAGGTGGACTCTGCGGTCTTAGCGTAAGTTATTCCAACTGTTTTCTTTTTTTAATTTAAAATGATTTCAAATTAACT
TGTTAATTCTTTAATTTTAATTATTTTATATATTTATATATCAATTTTTTAAATAGAGGTATATATATATATATATA
TATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATAT
ATATANNNNNNNNNNTATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATA
TATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATAT
ATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATA
TATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATAT
ATATACATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATATA
TATATATATTTATTTATTTATATATCTAGCAAGCACTTGCATGTGGTTGCGAACCAGGACTTGACTGCGAGAAAGTA
AGAGGAACTATTACAGGATTGATTAGGAAATGTGTTGACAACTCCGGAAGTGGTTCTTTGTATTAATTAAATGTACC
TTTTTCAAAAAATATATACATAATTATTTTATTCAAAATTGTTTGTATATTATTGTATTGTACTTTTTACTTTGCAT
TTATTTTGATGTGTAAATATGGTAGATTATTTGCCTCCAAAAGATTCATTTTGAGATTTTATGGTATAGAGTAAAAT
TAGATCAAATGAGAGAGAGAGAGGATAGAATAAAATAGAGGATAGACTAAGATAATTTTATCAATGTTTATTCTAAT
GCTCCTAGTTGTTCATTGAATAAATATTATATAAAAATTTAAAACAAAGTAAATAATTTTGACTGTAAATGATCAAA

>AEP (cds)
AATAGATCAGCTATATAATTTAAAAACTGAAAAACAAGTTAATTATTCGTATTTCGTAATTATTCGAAAGAAAAAAA
AAAAAAAAAAAAAGGTTAAAATTTTTTGACAATAATCATTATCAAAAATCACATTTTCTCGCTTTTTATTTTATTTT
TTGTGCGTATTTATATATATAAAATTATTATATATTCACTTTTACTTTTACCTAATCTAGTCATGATATTTTACTTT
ATCTTTTATATATTTTACTTAAAATATATATAAAGTTTTATATATTAACTCTTACTTTTACGCAATCTATTTATGAT
ATTATGTATTAAACGATATTTTACTTTATTTATTATATATCTTTTGTAAACATTCATTTAATTTTTCTTTTATGTTA
TATATTTTTAAAGCAACTTTGTAAAAAGTATAAATTGTAACACGGTGCTTGGCGATAAGGCAAATTATGCCTTCTTC
TTGTTCCAGCCATTAACTTAATTGTAAATTTATGGAAACTGTCAAATTTGTTAAACGGCAAAATAAAAATAAAATAT
AAAAAAAAAAAAAAAGTTAGGTTAGAAAAAAAAAGAGTATACAACCCCCTGAAATGAGGGTTCTGTAAGCTTTAAAA
AGCCATAACTTTTGACCACGAAACTATTATTAGATGAAATTTAAACATCAAAAACATGCTGGTAAACCCCTGTAGAA
AAACTTTTATTCAAAATATTTTATAAATAATTTATTTTAAAAATTTTATAAATAATTTATTTTAAAAATTGCACAAC
AAAAAGCCGTGGCGCAGTGGAAGCGCACTTGCCTCAGAAACGAAGGATCCGTGGTCCTCTGGGCAAGTTTTGCGACA
TCGGTTAGGAAGGAGGCGTAAACTTCCAATTAAATGCTCATCCGCGGTGCTCTGTGATAAAACCGTAAGGACTTCTT
GGGGCACCTAAATAAAATTAAAAAAAAAAAAATATTGTTTTATTTGTTTGTACATCATATTTGCTTAAAAGCCATAT
ATATGCTGCCATAGTGCATGTCATATAAATTGTTAACATTTTAGAAGTAATTAGTGCTTGTTACACCTGTATATATA
AGTCTCAGAACTGAATGTTCATAATACCACTTCTAATATGCAAAATTTAAATGCAATAATTATTCCGTTTTGGCATC
TAGAACTTAAAATTTGCTAAAACAATTCTATTTTTGATGTAAAACAGCTTGGTTATAAACATAAACATCTGTTGTAA
TAATATTTAGAAATCTTTTTGATTAAATTTATTTTTATAAAATAAATAAAATTGAATCAACTGATCAAATTTGCAAA
TACAAATTGCAACAATATTTGATAATTACGCTTCAATAAATTGACTGTAACTATGTGTGCTCAGTGGGCAACCTGTA
CGCCATTATAAAGATATAAAAACGGGGTTTTAATTAAGCACTGCAGGGTCAAACGATTTTACTTGATTCGAATTTTT
GTCCAAAATGAAATCAACGGTTATTTTGTTCATTGTTGCTTTGTGCATT




Chapter 9: Appendices 94

>0li (eds)
AGTAGTCTGAGGTAGCGAATGTTCGAGTTAAGCAAAGCTCTGGGTATATATAGAGATTTTAAGGGGAATTGAAAGTC
CGACTTAGTAAAAATCCAAATTCTATAGGTTCCAAGTTGACGAGACTCTACTGTATTGTATATGCTTGGGAAATTTT
GTAATTTTTTTAGATAGTTATTTTTAAAGTGATAGTTGTATATAAATGAGAACTAGAAGAACGGTGAGGTTTCCTAG
TCCTCAGCCAAAAACACAGGTTAAAAGAGTACAAAATTACTGCAAAAACCAAAGACTGGTTAGAAACACTCTGGAGA
AGATGTAGGAGAACTAACTTTCTTCAAGGATTCAGGGCGTTTTAAATTTTACATGGTCATGGTCACGACCATGTTAT
TGACAATCTTTACACGGTCACGGTCAATTATTGAGTACTAATTAAATAATTAAACATGAGATTTAAACACCATGCTG
CAAGTGACTGACACAACTCTAGTAATAAAAGATTTAATCGAGATTTAAAACGAGAGGAAAATTAAACTCAGATTTAC
CAATAATGATAATTCAAAAAATGCACATCAAGTAGAATATATCTAATTAAACTTAAAAACAAGATTGTTTAAAATGT
TGTCATGTCATAATATTTCAGCATTTCAAAATGTTTGCTACACCTGTGCATATAAGACTTAGTATAGTTTAAGATTC
CAAATTATAAAACTAAAATGTAAAAAGTATAACGTTTTTCTATGAATCAAAATTTATAAAAATAGTATTATTTTTGT
TCTTAGCAAAATTGTTTCGTACTTAAACGGAAACATCTGTTGTAAATATTTTTGGAAACGTTTTTGACAAAATTAGT
GTTTATAAAATAAATTTAATTGAATCAACTGATCAAATTTGATAATTACGCTTCAATAAATTGGATGAAACTATGTG
TGTTCAGTGGTCAACCTGTATGCCATTATGATGTTATAAAAACAGGGTTTTAATCAAGCACTAGAGGGTCAAATAAT
TTTATTTGGTTCAGATTTTTCACAAAATGAAATCCACATTTATTCTGTTCATTGTTGCTATGTGCATTGTTTGCAGC
GAAGGAATATTCTGGGTAAAAACACTTTCTTTAGACTTTCTTTAAACTTTCTTAAGACTTTCTTTTTTTAGACTTAA
AAAACATTTTTAGTTAAACGATTATTTATTAGACATTTTGAAGTTATAGAAAAATTTAAATTTTTTAGAAACTTTGC
TCATCAAACAAAGATTGTAATGGCGGGTGTTGTGTTAAGTTTGGGTTTATTGGAAAATGCAAATCTTATGTAAAAGA
AGGTGGACTCTGTGGGCTTAGC

>vir (cds)
CGGTATACAGTCGGTTAATGGTTGGCAAGAAATGCCAACAGTTAGCCAACTGTAGCCAATACTGGCCCGTCAGTTGG
ACCAACTAAAGCGTGTTTACTGGGTAAACACTAAAAAATGCGTTGCAAAGTTTTATATGATAGATTATTTTTTATAT
GATTTTGTATATTTTAAATAATTACTTAAGTTATGTAAATTTTTGAATTCTTCGAAGTGCTACTTAGCTTTAAAAAA
GGTTGCACAACAGTTAAAAAATATATTGCTCTTGAAATTTTTATCTCGAAAGTTTTATGTAAATAAGTGGACAGCTG
ATTTTAAAAGTACTTTCAAGAGGCACCATTTACTTTATTTTATTTATTTATTTTTTTTGCGGACCGCTAGTTAGTAT
TTATTTTTTGAAATACGCAGATTTATCTTTTAATTTAATGATCCCCCACTCCAACAGAACTATTACTAATTAAAACT
CAAAAAATTCCCTGAAAAAGCACTAAAAGCAGATAACTTTTAAAAGCATTCTTGTATAAAGGTCAAAAGTATACTTT
AGAATTATGTTTTGATACAATTCCTAATCTTAGACTTTTTTTGTACTTTTTACTAAACCTTATATTATCAAGAGCTT
TTCCCTTTTTAAGAACAAAATGGTACTAAAAATGTGTTTAAAAGTTTTAATCATCTGTGTTGAATCATCTGGGTGTA
TGTGCAAACGAATTTTATAGCAATATTTATTAATTACTCTGCAATATATTATTGTCAAGTATGCACAGTGGGCTGTC
TGCACGTTAAAAAAAAATATATAAAAGCTGCCTCCCAATACACCAATCATGAAAGTTTACACTTGATTCGAAATTTT
CAATCATGAAATCGATTTTCGTTTTGTTAGTTGTCGCTGTATGCGTTGTTTCTTTGGAAGCAAGTTGGGTAAGCATT
TTATTTATTTGTAACATTTTTTTGTTATAAAACCACATAAACCAGAGTTATGAAAGGTTTCCAGAAAAACAGTTCCC
ATTAAAAATATCGTCGGTTTAAAAGTAAAACTAAGTATCAATTATGAAATTCGGAGAAAACATGTTTTTACACGTAA
TTAACTTTTGAAAATGAAATTTGCTTTTGAATGATCAAGGCATCATAAGCACTTGCTAGTTTTTCATATTATGGAAT
GTCAAAAAAAAAAATCACTTAGTGACGTTTAACTCAATTCTCATTAAAACTGTACTTAGTGACTTTTACCTCTAAAC
CAACCATATATACTCTAATTTAAAGTATTACACCTTTGATATTATTCCTATATCTACGTAATGATTCTTGTTTTAGQ
TTTGTCGATCTAACAATGATTGCAAAAATGGATGCTGTTTGAATTTCGGATTTG
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9.4 HyDkk1/2/4 A - genomic sequence

>mag (cds)

TAATCCTCACACTGCTCGCATTGATCAATGATACCGCAAAATTTTGTGCAAGCTGATCTTCGCAATCCCTCAGCTCG
ACTTACCCAATTGTTCTGGGGAAGTGGCATTAAAACTAAACCGTGGCGTGTTCAATTATATCTGTTCACAAAATTTA
ATACAGTTGCTACAAGACCCGCCATTAAGCCATTTCTCAACATAATGCAGCTTCTTGCCCGTGTAAAATTCTGGAAT
GGTATGCAGGTCCCTTTCCCTTTCCCCTAAAAAAACGGATGAGTGGAAACTCGCCTTAACACGTATTTTATGAGGTT
TTAAAAATGCCTAGATTGTGACGAACACGTGTTTATATGGATTTAAATTCCGAAAGTAAAACTAGACGTGGTGGCTG
GGTTAAGAAGTTACTGGTGCCTTGGAGAGATTATAATTATATAGTTGATAAAACTTTTGTCACTCCGTACATATTTT
GGAACGAGATTATATATTTGCATTACGTTATTATTACGAGAGATATATTATGTGTAAATTGTCACCAAGGTTATAAA
GGGCAGTAAAAATAACTTGACTATTTATTAAAGAAAAATACGGGATAAATTACATTTTTTTTATAAACAATTTTTTC
TATTAAAAATAATTTTTTCATAAATTATATTCCAAAAGTAGCCATTTTAACGACGTTACGGAATCAGGGAATCAGTG
ACAGGGGTGCTTATATTACAATTACAAAATTACTAATCCATAATTAACACAAGTCTAAATTTCAAAAAGAATTGCGA
TAGTTACCAAGTATAATAATGGTTACCAATAGCAAGTTCTTGAAAATTTAGAACTGAAACCAATTTTAATCTATTTT
CAGTAAAATAAACAGATACCAAAAGCATTGCATCACAAACCAATGCCTCGATTGTGCAATTAATAAAATCCAAAAAA
ACACCTGCATTTATTCATCTGGATAAATACTCAAATACATCTTGCATCAACATTTGTTTATTGTTCTTCATTTAAAT
ATTAGACATGCGCAATCAACACTTAAAAAGAAGTATAAAAAGTAGCTTTTATACAAACGTTCTTTACATACATCTTT
TCTGATTTATCAATGATGAGATTTTTAGCAGTCCTTTTAGTTGTAGCTGCATTCGTTGCATTTAGTGAAGCCGAGGT
ATTTATAAACTTTTAAATAGGATATAAAATATCTAGATAACTAAATCAATTTATAGACAGTTATACATCAATAAGTA
TTTTTGACGTATACAAATATGACGCATATATAACTTAATACAACAATTGTTATTATTCTATTTTTTTTATAGTCTTG
CAAAAAGGATGCAGACTGCAAAAATGGTTGTTGTGTGAATTTCTTACTTACTAAGCAATGTAATAGCTATGTTAAAG
AAGGTGCACTCTGCGGTTTTCGTGTAAGTTTTTTAAAATTTAATAATTTTTGTTCTTTTACTTGTTTCTTTCAATTT
AATTCTTAAAATCCTTAAGTTTTTCAGTTCTTTAAAAAATTTTTTTTTTTCATTTATTAATAAACTTAATTATTAAC
AATAGAAGACGCATAAAAAATATTCTAAAAAGTAAAATGAAATTTCCTTTCTTTATTATAATGGAAGAAAATGTTTT
TCCAATTACAACCTTAAATATTTTGTGTTTTAAATATTTTATCTATTAATTTTTTTTATTCAAGTAGGTTTCTCCTT
TTCTATTTTTAATTTTTTATGTTTAAGTTAGAAACAGCAGTTAATAAGTTTTTTCTAATATTTATTCTAATATTTAA
TTAAATCTAATAATAATTTTTCTAATATTAATAGGTTATTCTCATATTTCTATATGAATTTTTAGGAGCTTTAGAAA
CTAAAAGTTCTAAATTAAAATAAATTTTCATTTCGTTAAACAGCTTCAATTGGTTTCTTAAGTAGAAAAAAAAAARA
AAAAACTCCTTATACCTCTATAAACTATTGTAAATATTTATACCTCTATAAACTATTGTAAATTATAGTAAATATTT
TAACAAGTATTAAAAAGAACATGTTATTTGCTTTTATTATTATTATTATATATACTTTTTAGGACAAATTTGCATGC
GGTTGTGAACCAGGACTCGAATGCGTAAAAGTACGAGGAACTTTAACTGGGATGGTTAGAAGATGCGTTGACAATTC
AGGAAGTGGATCTTTGTATTAAATTAAATACAGAAAAAAAAAGATAAATTTAAAAAAGAAACAAATATATAATTCGA
GTTAAATTATTAAAAAGTTTACATATTTTGCGTTCAAACCCTCAAGTTTAACGCTCTGCACGCAGCGTATACTATAA
AATCGCCTAAGTTCGGTTACTTTGAACATTCACAATAAAACAGGCAAAAATAAACGGTTTTTCAGTTTTTTTCCCTA
GTAATACAGGCGTTTATCTGACAGTTCCCTTATATATTCCATTATATCGTTAATTTATATTGTAAAGATAAGACTTA
AAAATTTCTTATCTTAACAATGTAAATTAATAAAATAAAATTTATTTGAAATGAAACCAGGTAGTTTGACAGAACTT
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