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III. Zusammenfassung 

Die Gewebetrennung ist ein wesentlicher Bestandteil während der 

Embryonalentwicklung. Der zugrundeliegende Mechanismus ist hoch konserviert und 

wird meistens durch apikale Konstriktion von Zellen kontrolliert. Dies erfordert eine 

Reorganisation des Aktin-Zytoskeletts und die asymmetrische Ansammlung kortikaler 

Aktomyosin-Komplexe. Diese Actomyosin-Komplexe sind für die Veränderungen der 

Zellform, Morphogenese, Grenzbildung und Gewebetrennung essentiell.  

Bei intakten Hydren lässt sich Morphogenese besonders gut während des asexuellen 

Knospungsprozesses untersuchen. Dabei sind mehrere Rezeptor-Systeme beteiligt, 

wobei ein FGFR Signalweg die Knospenablösung von Hydra steuert, indem sich 

intakte Epithelien ohne Wunde voneinander trennen. Dieser morphogenetische 

Prozess wird dabei durch bifunktionale Epithelmuskelzellen reguliert, welche zum 

einen die Bewegung sowie morphogenetische Prozesse sicherstellen. Das Wissen 

über intrazelluläre Signalwege, welche diese Prozesse in Hydra regulieren, ist begrenzt 

und deren Aufklärung ist das Hauptthema meiner Arbeit. 

Im Rahmen der hier vorliegenden Arbeit konnte ein Kandidatensignalweg durch Rho, 

ROCK und Myosin II identifiziert werden, welcher die Konstriktion an der Knospenbasis 

und letztendlich die Knospenablösung steuert. Die Genexpressionsanalyse bestätigt, 

dass Kandidatengene eines FGFR gekoppelten Signalwegs in überlappenden 

Regionen exprimiert werden, die morphogenetischen Veränderungen unterliegen. 

Darüber hinaus verhindert eine pharmakologische Inhibition aller Komponenten des 

Signalwegs jeweils die Knospenablösung und führt zu stabilen, nicht ablösenden Y-

förmigen Phänotypen. Mit der Knospenablösung geht eine starke Akkumulation von F-

Aktin in den sich verengenden Zellen an der Knospenbasis einher, die dynamisch ihre 

Zellform ändern. Parallel wird die regulatorische leichte Kette von Myosin (MLC) an der 

späten Knospenbasis phosphoryliert (pMLC20). Das MLC-Signal konnte durch 

Genexpressionsdaten und Antikörperfärbung in allen morphogenetisch aktiven 

Regionen nachgewiesen werden. Der pMLC20-Antikörper zeigte das phosphorylierte 

Protein in den basalen kontraktilen Fortsätzen von ektodermalen Epithelmuskelzellen, 

welche die Körperbewegung sowie die späte, für die Ablösung essentielle Konstriktion 

an der Knospenbasis steuern. Hier wurde pMLC20 in den apikalen und basolateralen 

Zellkompartimenten einer kleinen Zellpopulation nachgewiesen. Die pharmakologische 

Hemmung zeigte, dass die MLC-Phosphorylierung bei Bewegungsvorgängen und 

Morphogenese getrennt voneinander über mindestens zwei unabhängige Wege erfolgt. 

Während der Kontraktion der basalen Zellfortsätze (Bewegung) wird MLC primär durch 

Myosin Light Chain Kinase (MLCK) phosphoryliert. Im Gegensatz dazu wird die apikale 

und kortikale MLC-Phosphorylierung bei der Morphogenese in den sich verengenden 

Zellen an der Knospenbasis über einen Rho - ROCK - Myosin II Weg stimuliert. Die 

vorliegenden Daten ergeben ein neues, komplexes Bild der Funktion von 

Epithelmuskelzellen mit Rho-abhängiger Phosphorylierung von MLC bei der 

Knospenmorphogenese und Sicherung der normalen basalen Kontraktilität von 

ektodermalen Epithelmuskelzellen während der Körperbewegung über MLCK. 
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IV. Summary 

Tissue separation is an essential process during embryonic development. The 

underlying mechanism is highly conserved and mostly controlled by apical constriction 

of cells. It requires a rearrangement of the actin cytoskeleton and the asymmetric 

establishment of cortical actomyosin complexes. These actomyosin complexes are 

essential for cell shape changes, morphogenesis, boundary formation and tissue 

separation.  

In adult Hydra, morphogenesis is well observable during the asexual budding process. 

Various receptor systems are involved and FGFR signaling controls bud detachment in 

which intact epithelia separate from each other without a wound. This morphogenetic 

process is regulated by bifunctional epitheliomuscle cells which have to ensure 

movement and morphogenetic processes. The knowledge of intracellular signaling 

pathways targeting these processes in Hydra was limited and its elucidation is the main 

subject of my thesis. 

A candidate signaling pathway through Rho, ROCK and myosin II was identified which 

controls bud base constriction and therewith also bud detachment. Gene expression 

analysis confirmed that candidate genes of an FGFR-coupled pathway are expressed 

in overlapping regions undergoing morphogenesis. In addition, pharmacological 

inhibition of any component of the pathway prevented bud detachment and led to 

stable non-detaching, Y-shaped phenotypes. Accompanying bud detachment, a strong 

accumulation of F-actin in the constricting cells at the bud base was detected which 

undergo dynamic cell shape changes. In parallel the myosin regulatory light chain 

(MLC) was phosphorylated (pMLC20) at the late bud base. The MLC signal was 

detected by gene expression data and antibody staining in all morphogenetic active 

regions. The pMLC20 antibody revealed the phosphorylated protein in the basal 

contractile processes of ectodermal epitheliomuscle cells which control body 

movement as well as the essential constriction of the bud base. Here, pMLC20 was 

detected in the apical and basolateral compartments of a small cell population. 

Pharmacological inhibition revealed that MLC phosphorylation occurs in distinct 

subcellular compartments during movement and morphogenesis and is controlled by at 

least two independent pathways. During contraction of the basal cell protrusions 

(movement) MLC is mainly phosphorylated by myosin light chain kinase (MLCK). In 

contrast, apical and cortical MLC phosphorylation is stimulated via a Rho-ROCK 

pathway during morphogenesis in constricting cells of the bud base. The present data 

provide a new, complex picture of the function of epitheliomuscle cells with Rho-

dependent phosphorylation of MLC in bud morphogenesis and a housekeeping 

function fulfilled by MLCK in the normal basal contractility of ectodermal 

epitheliomuscle cells during body movement. 
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1 General Introduction 

During embryonic development, morphogenetic processes ultimately shape the 

organism to allow the formation of complex structures (Lecuit and Le Goff, 2007). In 

these processes, cells show different behaviours, like migration or constriction which is 

coordinated by highly conserved mechanisms shared in all organisms (Pulido 

Companys et al., 2020; Lecuit and Le Goff, 2007). The cellular behaviour depends on 

the actin cytoskeleton, its contractility as well as junctional remodelling (Rauzi et al., 

2010). Morphogenetic changes are driven by periodic actomyosin contractility, e.g. 

during apical as well as basal constriction (Lv and Großhans, 2016; Christodoulou and 

Skourides, 2015; He et al., 2010; Martin et al., 2009; Roh-Johnson et al., 2012). 

Decisive for this coordinated contractility is the cortical establishment of actomyosin 

complexes as cellular contractile elements (Sutherland and Lesko, 2020). The 

arrangement of these contractile elements and the intensity of contractility determine 

the cellular behavior and shape (Heer and Martin, 2017). Both of these parameters are 

regulated and modulated by different pathways and proteins (Fagotto, 2014). 

Fibroblast growth factor receptor (FGFR) signaling is an important part during 

embryonic development and involved in cell migration, cell differentiation, patterning 

and morphogenesis (Babina and Turner et al., 2017). The freshwater polyp Hydra uses 

FGFR signaling at least during the detachment phase of the asexual reproduction 

process, called budding (Sudhop et al., 2004; Hasse et al., 2014). The separation 

within an intact epithelial tissue is a very rare process and therefore well suited to 

investigate and understand the formation of contractile elements within those cells and 

the underlying molecular mechanism regulating contractility of the peculiar 

epitheliomuscle cells of Hydra. 
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1.1 Hydra as a useful model organism 

The freshwater polyp Hydra belongs to the phylum cnidarian. Its simple body plan is 

radial symmetric and the body is divided in three regions. These are, the head region 

with the hypostome and mouth opening which are surrounded by tentacles, the body 

column with the gastric region and the foot with the basal disc (Fig. 1.1 A) (Bode, 

2009). The tissue of Hydra is diploblastic and consists of only two epithelial layers: the 

ectoderm which forms the outer body wall and the endoderm which lines the inner 

gastric region (Fig. 1.1 A, B). The epithelial layers are separated by a cell free matrix, 

called mesogloea which functions as an extracellular matrix (Sarras, 2012). Both cell 

layers are attached to the mesogloea (Shimizu et al., 2008) and small pores allow a 

communication between the cells sending finger-like protrusions into these pores 

(Sarras, 2012). Epithelial cells in Hydra are very peculiar, because they are bifunctional 

epitheliomuscle cells. The basal region takes over a muscle function, while the apical 

region functions as an epithelium (Leclére and Röttinger, 2017; Seybold et al., 2016). 

Contractility of the polyp is ensured by a local enrichment of actin bundles in the basal 

cellular possesses running along the mesogloea (called myonemes). Ectodermal 

myonemes run longitudinally to the body axis which ensures body contraction, while 

endodermal myonemes are aligned circularly which allows body elongation (Fig. 1.1 B) 

(Aufschnaiter et al., 2017). 

 

Figure 1.1: Schematic representation of the body plan and diploblastic tissue of Hydra. 
(A) The body is divided into three main regions, head, body column and foot. The head contains 
the hypostome and mouth opening which is surrounded by a ring of tentacles. The body column 
includes the budding region which shows an early bud (left) and a late detaching bud (right). 
The basal end consists of the peduncle which ends in the foot with the basal disc. The tissue 
consists of two epithelial layers, the outer ectoderm and the inner endoderm. Arrows indicate 
the direction of tissue movement in the polyp caused by constant proliferation of all cell types 
(Bode, 2009). (B) Representation of the diploblastic tissue and cell types in Hydra. Ectodermal 
epithelial cell (green), endodermal epithelial cell (red) form two stem cell lines in Hydra. The 
third stem cell line delivers interstitial cells (dark red) which include nematocytes and 
nematoblasts (orange), sensory and neuronal cells (violet), gland cells (blue) and germ cells 
(not shown) (Technau and Steele, 2011). 
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The double layered tissue is formed by three stem cell lines: ectodermal epithelial cells, 

endodermal epithelial cells and interstitial stem cells. Interstitial stem cells (I-cells) are 

multipotent stem cells and are located in the interstitium (extracellular space) between 

ectodermal cells (Fig. 1.1 B) (Technau and Steele, 2011; Hobmayer et al., 2012). A 

distinction is made between big I-cells which keep their stem cell character and are not 

migrating under normal circumstances and small I-cells which migrate actively to their 

final destinations in e.g. tentacles (Boehm and Bosch, 2012). Underways and within 

these structures, the I-cell subtypes differentiate into nematocytes, gland cells and 

sensory or ganglionic neuronal cells. 

Ectodermal and endodermal cells of the midgastric region are subject to permanent cell 

proliferation and renew every four days (Martinez and Bridge, 2012). This leads to a 

continuous tissue movement in the polyp towards its terminally differentiates structures, 

the head and the foot (Fig. 1.1 A). Ectodermal cells are shifted permanently and likely 

passively, to the termini - like hypostome, tentacles and foot. At their final destination, 

epitheliomuscle cells terminally differentiate into, e.g. cnidarian specific battery cells of 

the tentacles (Hobmayer et al., 2012) or basal disc cells. Most of the proliferating cells 

(nearly 80 %) are exported in the mid body to form a bud in the budding region (Bode, 

1996). This represents the typical asexual reproduction process in Hydra.  

 

1.2 Reproduction in Hydra 

Hydra propagates asexually as well as, rarely, sexually. During sexual reproduction the 

polyps generate a single egg (Fig. 1.2 A, A´) (female) or several testes (Fig. 1.2 B, B´) 

(male) (Martin et al., 1997), mostly in different polyps separated from each other or in 

hermaphrodites. The sexual reproduction is a stress reaction to starvation or adverse 

conditions. In the laboratory, this possibility of reproduction is necessary to generate 

transgenic polyps (Wittlieb et al., 2006; Klimovich et al., 2019).  
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Figure 1.2: Sexual reproduction in Hydra. (A, A´) Female polyps develop a single egg. (B, B´) 
Male polyps develop multiple testes (Modified after Wang et al., 2012). 

Under well suited conditions, Hydra usually propagates by budding. The bud 

evaginates from the body column and develops to a complete polyp which detaches 

after 4 days as an autonomous polyp (Otto and Campbell, 1977). The budding process 

is divided into three developmental phases and ten morphologically distinguishable 

stages (Fig. 1.3, Otto and Campbell, 1977). Morphogenetic changes and pattern 

formation occur during the budding process, in which various molecular signaling 

systems are involved (Böttger and Hassel, 2012). During the initiation phase (bud 

stage 1-3), the ectoderm starts to thicken by recruiting tissue (stage 1) which is 

controlled by canonical and non-canonical Wnt signaling (Philipp et al., 2009). In stage 

2, the endoderm starts to push out and in stage 3 a clearly recognizable bud tip is 

visible (Fig. 1.3, green box). The ectodermal actin cytoskeleton is loosened, so that the 

endoderm can evaginate (Philipp et al., 2009; Aufschnaiter et al., 2017). The 

elongation phase is primarily characterized by the evagination of the newly formed bud 

which is mainly performed by tissue recruitment from the parental animal (Fabila et al., 

2002). Tissue recruitment stops at bud stage 6 when the tentacles start to evaginate 

(bud stage 6-7, Fig. 1.3, orange box). Tentacle evagination occurs under control of Wnt 

signaling (Hobmayer et al., 2000; Philipp et al., 2009). The detachment phase starts 

with a tissue constriction at the bud base (stage 8, Fig. 1.3, red box). This constriction 

progresses continuously and finally the foot starts to differentiate (stage 9). In stage 10, 

foot differentiation is completed and the bud is connected by a tiny tissue bridge. 

Ultimately, a sphincter contraction leads to detachment (Takahashi et al., 1997).  



General Introduction 
 

 

5 

 

Figure 1.3: Budding process in Hydra. Initiation phase (green) includes bud stage 1-3. During 
this phase the ectoderm starts thickening, followed by the endoderm and a well recognizable 
bud tip is visible. Elongation phase ([orange] includes bud stage 4-7). This phase is mainly 
characterized by elongation of the bud and the start of tentacle development. Detachment 
phase ([red] includes bud stage 8-10). During this phase a strong constriction at the bud base is 
established and foot differentiation takes place. It ends up in tissue separation (Modified after 
Otto and Campbell 1977).  

The tissue dynamics and its recruitment into the evaginating bud are interesting and 

not yet fully understood. It is assumed that the tissue is recruited via concentric rings 

into the new formed bud (Otto and Campbell, 1977; Fabila et al., 2002; Berking, 2003). 

Already in the early bud stages, two populations of cells were described which form the 

later head structure and the bud base. These areas are marked in grey (for head 

structures) and black (for the bud base) (Fig. 1.4, stage 1). In stage 5-6, the area 

marked black reaches the bud base which coincides with the static phase at the bud 

when no more tissue is recruited (Fig. 1.4, stage 5-6) (Otto and Campbell, 1977; Fabila 
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et al., 2002; Berking, 2003). During this phase the detachment process is initiated and 

the constriction starts at the bud base (Fig. 1.4 stage 7-8). Based on this, the fate of the 

cells is already determined in early stages. This partially coincides with the expression 

pattern of genes which are essential for bud development and detachment.  

 

Figure 1.4: Schematic representation of tissue recruitment by concentric rings during 
budding process in Hydra. Grey areas indicate the region of the later differentiated head 
structure. Black areas show the tissue what later forms the base. (Fabila et al. 2002) 

The detachment process is of particular interest, where a complete separation occurs 

within an intact double layered epithelium without apoptosis or a wound. Hydra 

contains a complex genetic toolkit which is comparable to vertebrates (Galliot, 2012; 

Steele, 2002). Especially during the detachment process multiple signaling pathways 

(FGFR, Notch, Ephrin and Wnt) are involved (Sudhop et al., 2004; Philipp et al., 2009; 

Münder et al., 2010; Prexl et al., 2011; Tischer et al., 2013; Böttger and Hassel, 2012). 

A sharp boundary at the bud base is generated by an interplay between FGFR and 

Notch signaling (Münder et al., 2010), while FGFR signaling taking a leading role for 

bud detachment (Sudhop et al., 2004; Hasse et al., 2014) 

 

1.3 FGFR signaling is essential for bud detachment in Hydra 

FGFR belong to the family of receptor tyrosine kinases and are highly conserved within 

the animal kingdom (Dai et al., 2019; Rebscher et al., 2009). They are essential during 

embryonic development and are involved in e.g. cell migration, cell differentiation, 

proliferation, pattern formation and morphogenesis (Thisse and Thisse, 2005). FGFRs 

are membrane bound receptors with three characteristic domains (Ornitz and Otoh, 

2001). The extracellular domain consists in general of three Ig-loops that allow FGF 

ligand binding and an acidic box between Ig-loop I and II. The transmembrane domain 

anchors the receptor into the membrane and the typical intracellular tyrosine kinase 

domain (Fig. 1.5 A.). Ligand binding between Ig-loop II and III leads to dimerization of 

two receptors which results in transphosphorylation of the intracellular kinase domains 
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(Fig. 1.5 B). Phosphorylation generates binding sites for pTyr-specific downstream 

signaling elements and allows the activation of several intracellular signaling pathways 

(Xie et al., 2020). The specificity of intracellular signaling pathways that are activated in 

a certain cell type is ensured by different FGF receptors and a multitude of different 

FGF ligands (Ornitz and Itoh, 2015). In vertebrates, for example, four different FGFRs 

and 22 FGF ligands are described (Ornitz and Itoh, 2015). The diversity of the receptor 

is increased by alternative splicing which results in at least 48 FGFR isoforms 

(Duchesne et al., 2006).  

 

Figure 1.5: Schematic structure of FGFR and FGF mediated signaling. (A). FGFR consists 
of three domains: 1: extracellular domain consisting of Ig-loops and acidic box. 2: 
transmembrane domain. 3: intracellular tyrosine kinase domain. (B) Binding of FGF ligand 
between Ig-loop II and III leads to a dimerization and starts signal transduction (Dickson et al., 
2000). 

In Hydra, two FGFRs are known (Sudhop et al., 2004; Rebscher et al., 2009; Rudolf et 

al., 2013). The FGFRa (also called Kringelchen) is known to initiate and control the bud 

detachment process (Sudhop et al., 2004; Hasse et al., 2014), while the function of 

FGFRb still has to be investigated. Furthermore, four potential FGF ligands were 

identified in Hydra. Phylogenetic analysis showed that one of them is a member of the 

FGF8 group, while the others branch close to but not within known FGF groups (Lange 

et al., 2014). In addition to the ligands, a number of cDNAs encoding potential adapter / 
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docking proteins for FGFR signaling have been isolated from Hydra and show partial 

coexpression with FGFR (Suryawanshi et al., 2020).  

The FGFRa (kringelchen) is expressed very weak throughout the entire body column 

which is shown by RT-PCR and is strongly up-regulated during the budding process 

(Sudhop et al., 2004). In early bud stages, it is expressed in the tip of the bud. From 

stage 4 onwards, a strong gene expression is observed at the bud base as a broad 

expression ring. This expression domain is sharpened in stage 6-7 when the 

detachment phase is initiated (Fig. 6 A). The expression persists on the parental side 

for a short time even after detachment (Sudhop et al., 2004; Münder et al., 2010). 

Pharmacological inhibition with the FGFR-specific inhibitor, SU5402, leads to non-

detaching phenotypes (Y-shaped animals) and therewith a stable secondary axis (Fig. 

1.6 E) (Sudhop et al., 2004). SU5402 interacts with the ATP binding site and prevents 

phosphorylation of the kinase domain and thus signaling (Mohammadi et al., 1997).  

Further studies allowed direct insight into FGFRa function in Hydra. To achieve this, 

two FGFR transgenic lines are established which indicate a direct function during bud 

detachment and tissue separation. First, a truncated FGFR transgenic line in which the 

intracellular kinase domain is missing leads to animals that are not able to finalize bud 

detachment. This results in animals with multiple buds (Fig. 1.6 C). The animals are still 

able to develop a constriction at the bud base so that final detachment is prevented. 

The interpretation of the data is somewhat difficult, since the endogenous FGFR is still 

present. Therefore, the authors suggest a dominantly negative regulation of the FGFR 

signaling pathway in FGFR truncated transgenic animals missing the intracellular 

domain. Later on, the non-detaching buds shifted towards the basal disc following the 

normal tissue movement (Fig. 1.6 C) (Hasse et al., 2014). This is comparable to 

SU5402-treated animals when treatment took place after bud stage 3-4 (Sudhop et al., 

2004). In contrast, overexpression of the full-length receptor leads to autotomy (tissue 

separation) within the tissue (Fig. 1.6 D) (Hasse et al., 2014). Based on these data, it is 

proposed that an FGFR dependent signaling pathway in Hydra plays a crucial role in 

tissue separation and proper bud detachment. 
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Figure 1.6: Summary of FGFR signaling and function in Hydra. (A) Expression of FGFRa 
(kringelchen) after in situ hybridization in an animal with a bud in stage 9-10. (B) Localization of 
dpERK by immunohistochemistry. A cluster of strongly dpERK-positive nuclei occurs at the bud 
base of a stage 9-10 bud. (B´) This phosphorylation is prevented by U0126 treatment. (C) 
Truncated FGFRa transgenic lines fail to finally detach buds. This leads to animals with multiple 
buds. (D) Ectopic overexpression of a full length FGFRa transgenic line leads to autotomy 
within the body column (arrow). (E) Model for FGFR dependent downstream pathways targeting 
tissue separation (According to, Sudhop et al., 2004; Hasse et al., 2014). 

Furthermore, they elucidate an involvement of the extracellular signal-regulated kinase 

(ERK) during bud detachment in Hydra. A cluster of strong dpERK positive nuclei are 

detected from bud stage 8 onwards and coincides with the beginning of the constriction 

at the bud base (Fig. 1.6 B). This de novo phosphorylation of ERK is prevented by a 

specific inhibition of MEK with U0126 (Fig. 1.6 B´) (Favata et al., 1998; Duncia et al., 

1998) but also by FGFR inhibition via SU5402. They propose an FGFR dependent 

activation of the Ras-MEK-ERK signaling pathway in Hydra. Compared to FGFR 

inhibition, ERK inhibition does not prevent detachment, it rather leads to a clearly 

delayed detachment (Fig. 1.6 E) (Hasse et al., 2014). Additionally, it is described that 

the actin cytoskeleton changes its organization level in regions of FGFR expression. 

Therefore, a Rho-dependent pathway targeting the cytoskeleton is proposed (Fig. 1.6 

E). Rho signaling is well known to influence actin reorganization and leads to increased 

contractile forces for morphogenetic changes (Wheeler and Ridley, 2004; Menke and 

Giehl, 2012). The regulation of the actin cytoskeleton and Rho signaling during bud 

detachment is not investigated, but would be well suited to be involved in this 

morphogenetic process.  
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1.4 Cellular contractility ensured by actomyosin enables 

morphogenesis 

During embryonic development, cellular contractility is a fundamental mechanism to 

regulate morphogenetic processes (Sutherland and Lesko, 2020). Essential is the 

establishment of actomyosin complexes at the cellular cortex which plays a major role 

for cell shape changes (Martin and Goldstein, 2014; Salbreux et al., 2012; Martin et al., 

2009). Cortical actomyosin consists of actin filaments, non-muscle myosin II and 

different proteins which regulate the organization of the network stability and 

contractility (Martin, 2016). The subcellular localization and concentration therefore 

plays a crucial role for the tissue behavior during morphogenesis. For example, apical 

constriction is a highly conserved mechanism during developmental processes (Pearl 

et al., 2017). There, a periodic contraction of apically located actomyosin leads to 

tissue invagination, like during gastrulation (Fig. 1.7). During this process, the 

actomyosin is exclusively established in the apical compartment of the epithelium. The 

resulting locally limited contractile forces in this small population of cells lead to tissue 

invagination (Fig. 1.7 B) (Pearl et al., 2017). The level of network formation and 

contractility depends on different actin binding proteins which are involved to regulate 

network formation (Martin, 2016). Therefore, myosin motors exert the contractility in the 

network but also promotes network formation (Newell-Litwa et al., 2015). The following 

chapter describes the individual components of the contractile network in more detail.   

 

Figure 1.7: Schematic representation of apical constriction by actomyosin in an epithelial 
layer. Compartment-specific establishment of actomyosin complexes leads to morphogenetic 
changes in a tissue (Modified after Pearl et al., 2017).  

 

1.5 Actomyosin: machinery for cellular contractility 

Actin is a highly conserved structural protein which is found in all eukaryotic cells and 

gave the cell the ability to stabilize their shape, to change their shape and to form 

cellular protrusions for migration (Gunning et al., 2015; Dominguez and Holmes, 2011; 

Flechter and Mullins, 2010). A distinction is made between globular actin monomers 

(G-actin) and polymerized filamentous actin (F-actin) which forms the cellular actin 

cytoskeleton network (Pollard, 2016) (Fig 1.8). The actin cytoskeleton, a collection of F-
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actin with regulatory proteins is the primary force generator in a cell and generates 

pushing forces (protrusion) by a continuous polymerisation or pulling forces 

(contraction) in conjunction with myosin II as a molecular motor (Svitkina et al., 2018). 

In order to modulate its properties, F-actin is organized in different architectures that 

generate versatile organization levels (Alberts et al., 2010). F-actin filaments are polar 

polymers consisting of G-actin with a barbed end (+ end) and pointed end (- end) which 

differ in their dynamics (Blanchion et al., 2014). Filament elongation mainly occurs at 

the fast-growing barbed end of the filament but also at the slow-growing pointed end 

and is controlled by nucleation factors (Pollard, 2016). For proper nucleation, cells use 

a set of actin nucleating proteins including the actin related protein 2/3 (Arp 2/3) 

complex, formin and tandem-monomer-binding nucleators (Fig. 1.8) (Firat-Karalar and 

Welch, 2010). Therefore, formins produce long, unbranched actin filament (Yang et al., 

2007) while the Arp 2/3 complex generates branching daughter filaments from the side 

of the mother filament and is therefore also involved in network formation (Svitkina et 

al., 2018; Machesky et al., 1994; Welch et al., 1997). 

  

 

Figure 1.8: Schematic representation of F-actin nucleation and network formation. F-actin 
arises from actin monomers (G-actin) which is promoted by nucleation proteins. Network 
assembly is promoted by the motor protein myosin and, on the other hand, by special 
crosslinking and bundling proteins. A different composition of these actin related proteins 
decides over network architecture (Modified after Alberts et al., 2010). 
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Further network organization is modulated by actin binding proteins (Pollard, 2016). 

Cross-linking and bundling proteins such as filamin or α-actinin regulate either network 

or bundle formation depending on their concentration (Fig. 1.8) (Courson and Rock, 

2010; Kasza et al., 2010; Meyer and Aebi, 1990; Schmoller et al., 2008; Wachsstock et 

al., 1993; Wachsstock et al., 1994). Furthermore, the nucleation kinetics influences the 

stability of crosslinked F-actin networks (Falzone et al., 2012). An increased rate of 

actin nucleation disturbes bundle and network formation and therefore represents an 

important factor for filament stability and network dynamics (Falzone et al., 2012).  

To establish a contractile network that generates pulling forces, e.g. during 

morphogenetic changes, actin based myosin motor proteins are required (Svitkina et 

al., 2018). Myosins form a superfamily with at least 25 different classes (Conti and 

Adelstein, 2008). A distinction is made between conventional myosin (class II) which 

performs regular cellular contractility in muscle or non-muscle cells while all other 

identified myosins are called unconventional myosins. Besides the ordinary muscle 

contraction, especially nm-myosin II in involved in a large number of cellular processes 

and functions, such as transport of intracellular molecules, contractile network 

formation and complex pattern formation during developmental processes by 

contractile forces (Jena, 2020). Nm-myosin II is an actin binding motor protein that 

generates contractile forces with cross-linking properties. An nm-myosin II molecule is 

composed of two heavy chains, two essential light chains (ELC) and two regulatory 

light chains (RLC) (Fig. 1.9) (Vincente-Manzanares et al., 2009; Beach et al., 2014). 

The globular head domain of the heavy chains contains a binding site for actin and an 

ATPase domain to hydrolyse ATP. This hydrolysis is fundamental to generate 

contractile forces in which myosin molecules slide against actin filaments (Sekine and 

Yamaguchi, 1963). The head domain is followed by the neck region for light chain 

binding (which modulate activity and stability). The last domain is the tail which 

promotes dimerization of the heavy chains (Vincente-Manzanares et al., 2009).  

The unphosphorylated / inactive state of myosin II is characterized by an intermolecular 

head-to-head interaction that inhibits the ATPase activity, accompanied by folding in a 

compact molecule which prevents actin binding and therefore filament assembly (Fig. 

1.9) (Wendt et al., 2001; Vincente-Manzanares et al., 2009). By means of RLC 

phosphorylation, nm-myosin II changes into the active state which enables actin 

binding and leads to actomyosin bundles. Phosphorylation of RLC is essential for nm-

myosin II activation, contractility as well as for filament assembly and is regulated by 

several signaling pathways (Kassianidou et al., 2017). 
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Figure 1.9: Schematic representation of nm-myosin II states and filament assembly. In the 
10S conformation the myosin II molecule forms a hairpin structure that is not able to hydrolyze 
ATP or to bind actin. RLC phosphorylation leads to activation and changes the conformation 
into the 6S which is able to bind actin. This activation leads to actin and myosin interaction and 
results in actomyosin filaments (Vincente-Manzanares et al., 2009). 

 

1.6 Phosphorylation of RLC regulates actomyosin networks 

The N-terminal region of RLC (amino acids 1-20) includes a total number of five 

different phosphorylation sites which are required for proper myosin II activation and its 

regulation (Fig. 1.10 A). Phosphorylation at Ser1, Ser2 and Thr10 represents the 

inhibitory sites of RLC, leads to low contractility and allows network reorganization (Fig. 

1.10 B). Phosphorylation at Thr19 and Ser20 (activation sites) is crucial for activation 

and formation of contractile actomyosin bundles (Nishikawa et al., 1984; Vincente-

Manzanares et al., 2009; Komatsu and Ikebe, 2007). The monophosphorylation of RLC 

at Ser20 increases myosin II activity and actomyosin network stability, while 

diphosphorylation at Thr19 and Ser20 is synergistic for both (Fig. 1.10 C) (Ikebe and 

Hartshorne, 1985; Ikebe et al., 1987; Watanabe et al., 2007). The phosphorylation level 

thereby is responsible for the association / dissociation level during stress fiber 

assembly (Fig. 1.10 D). At a low phosphorylation level, the dissociation rate is higher 

than the association of new fibers. Mid-level phosphorylation results in an intermediate 

dissociation / association ratio, while high level phosphorylation significantly increases 

the association level, resulting in a strong contraction with stable actomyosin stress 

fibers (Watanabe et al., 2007; Newell-Litwa et al., 2015; Kassianidou et al., 2017).  
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Figure 1.10: Phosphorylation level of the RLC is important for network formation. (A) The 
N-terminal region of RLC includes several phosphorylation sites. The phosphorylation therefore 
is performed by several pathways which are decisive for network assembly (B). Phosphorylation 
at Ser1, Ser2 and Thr9 leads to network reorganization and low contractility (B). 
Phosphorylation at Thr18 and Ser19 is essential for contractile networks (C). The level of 
phosphorylation and between mono- and double phosphorylation decides over the dissociation / 
association ratio (D) (According to Vincente-Manzanares et al., 2009; Komatsu and Ikebe, 
2007; Watanabe et al., 2007).  

A variety of signaling pathways affect RLC phosphorylation which leads to a different 

intensity of network formation and contractility (Vincente-Manzanares et al., 2009; 

Newell-Litwa et al., 2015). Two mainly considered ways for RLC phosphorylation are 

those by MLCK and Rho signaling (Lavayer and Lecuit, 2012; Betapudi, 2013). MLCK 

phosphorylates RLC in a calcium dependent manner at Thr19 and Ser20, while 

myosin-light-chain-phosphatase (MLCP) dephosphorylates RLC to decrease 

actomyosin network formation which leads to an intermediate level of network 

formation. This way of activation forms a balanced phosphorylation level with the 

MLCP (Watanabe et al., 2007).  

However, Rho signaling modulates RLC phosphorylation in a positive way, either by 

inhibiting the MLCP to increase RLC phosphorylation or by phosphorylating RLC 

directly (Kimura et al., 1996; Hartshorne et al., 1998; Zhang et al., 2015). Therefore, 

the small GTPase RhoA activates the rho-associated-kinase (ROCK) which then fulfills 

dual functions. ROCK is able to phosphorylate RLC directly at the activation site 

(Thr19/Ser20) and additionally prevents RLC dephosphorylation by blocking the MLCP 

(Fig. 1.11) (Sellers, 1991; Bresnick, 1999). Furthermore, Rho signaling is essential for 

the cellular localization of phosphorylated RLC and leads to an apical enrichment of 
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actomyosin for apical constriction (Borges et al., 2011). Thus, Rho mediated influence 

on RLC phosphorylation results in a high level of network formation. This formation is 

typical for stress fibers during morphogenetic processes (Watanabe et al., 2007; Martin 

and Goldstein, 2014; Newell-Litwa et al., 2015).  

 

Figure 1.11: Model for several signaling pathways that converge on RLC 
phosphorylation. MLCK is a calcium/calmodulin dependent kinase that is able to 
phosphorylate RLC at Ser19 as well as Thr18. Different Rho GTPases phosphorylates RLC, 
while RhoA signaling is involved during morphogenetic changes. ROCK therefore takes over 
two functions: it directly phosphorylates RLC and, furthermore, it blocks RLC dephosphorylation 
by inhibiting MLCP. A toolkit of inhibitors is available to interfere within the pathways and 
influence filament assembly (Modified after Newell-Litwa et al., 2015). 

 

1.7 Cortical actomyosin is an essential component of 

morphogenesis 

Stress fibers are composed of F-actin, cross linkers like α-actinin and nm-myosin II 

motor proteins (Kassianidou et al., 2017). These stress fibers are relevant to generate 

contractile forces and transferring them to the extra cellular matrix due to direct 

attachment to focal adhesion complexes (Chang and Kumar, 2013; Kassianidou and 

Kumar, 2015; Kassianidou et al., 2017; Soiné et al., 2015; Lee and Kumar, 2016). The 

subcellular localization and concentration of actomyosin complexes are crucial for the 

cellular function within a tissue allowing boundary formation or tissue separation 

(Fagotto, 2014).  

 

 



General Introduction 
 

 

16 

On single cell level, contractility is responsible to regulate, e.g. cell shape, motility, 

division and differentiation (Prager-Khoutorsky et al., 2011; Downing et al., 2013; 

Burnette et al., 2014). At multicellular level, contractile forces promote cell migration, 

tissue morphogenesis during development and wound healing (Tamada et al., 2007; 

Tambe et al., 2011; Heisenberg and Bellaiche, 2013; Schwayer et al., 2016). During 

tissue morphogenesis an asymmetric establishment of actomyosin complexes within 

the cells led to a unilateral increased contractility which results in boundary formation 

between cells (Fig 1.12. A). In addition to the increased contractility, cell-cell 

connections by e.g. cadherins are reinforced. Cadherins are the major adhesion 

molecules at intracellular junctions to connect cells together. They also function as 

mechanotransducers that detect tensional changes and trigger a reinforcement of 

intercellular connections (Leckband and Rooij, 2014). In a larger cell complex this 

cellular behavior leads to a sharp boundary (Fig. 1.12 B). This establishment of 

unilateral contractility and reinforced adhesion provides the basis for tissue separation. 

A distinction is made between different organization levels (Fig. 1.12 C). A normal 

cellular connection, as in dynamic tissues, is characterized by a dynamic cellular cortex 

and permanent active actin polymerization (Fig. 1.12 C/1). In case of morphogenesis, 

actomyosin complexes are established at the cellular cortex and the cadherin based 

cell adhesion is reinforced (Fig. 1.12 C/2). This constellation leads to high stiffness 

within the tissue which is necessary for morphogenetic changes in a tissue. In case of 

tissue separation, the cadherin adhesion is decreased and the actomyosin complexes 

contracts (Fig. 1.12 C/3). The separation between neighboring cells occurs by a rigid 

cellular cortex.  
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Figure 1.12: Schematic view on boundary formation by actomyosin and cell-cell 
adhesion. (A) Increased unilateral contractility at the boundary. Cell-cell adhesion by cadherin 
is shown in green. Decreased cell-cell adhesion is shown by the green dotted line. (B) 
Assembly of contractile fibers along the boundary (1-2). This accumulation of actomyosin leads 
to strong cortical contractility and alterations in cadherin localization (2). At last, contractile 
forces lead to disruption of the cell adhesion (3). (C) Detail of the establishment of contractile 
forces at the cellular cortex. (1) Dynamic cellular cortex. (2) Establishment of cortical 
actomyosin and reinforced cell adhesion (3) Contraction leads to separation in the cortex 
(Modified after Fagotto et al., 2013; Fagotto, 2014).  
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1.8 Pharmacological inhibition: A useful tool to modulate 

contractile filaments and disturb developmental processes 

Inhibitors are used in research to block specific proteins in the cellular metabolism and 

are employed for different biological processes (Buker et al., 2012). As already 

mentioned, different signaling pathways phosphorylate RLC to activate filament 

assembly and contractile forces (Fig. 10 A, Fig. 11) (Vincente-Manzanares et al., 

2009). To interfere with RLC phosphorylation several inhibitors are available to 

modulate RLC phosphorylation by different pathways. The most important inhibitors 

block consecutive steps in the signaling pathway and thereby influence developmental 

processes. ML-7 for example, represent a specific inhibitor for MLCK, prevents tissue 

invagination during gastrulation in the sea anemone Nematostella (Pukhlyakova et al., 

2018).  

Rhosin specifically inhibits RhoA activity as well as RhoA dependent cellular functions 

without affecting Cdc42 or Rac1 signaling (Shang et al., 2012). For the Rho associated 

kinase several inhibitors are available (Kroening et al., 2010). Rockout for example, 

which inhibits ROCK, prevents the FGFR dependent apical constriction during 

development of the posterior lateral line primordium (Harding and Nechiporuk, 2012). 

Blebbistatin is a specific inhibitor for myosin II which binds at the globular head domain 

and blocks ATP hydrolysis as well as actin binding (Kovacs et al., 2004). Treatment of 

embryos with blebbistatin leads to a fusion of the notochord boundary and results in 

non-separating cells and a stable fused tissue (Fagotto et al., 2013).  

The presented toolkit of inhibitors is well suited to investigate whether one of these 

signaling pathways is involved in morphogenesis during developmental processes. 
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1.9 Goals of the project 

Bud detachment in Hydra is a well described process in which several signaling 

systems act in overlapping regions at the late bud base (Böttger and Hassel, 2012). In 

this process FGFR signaling plays a major role and initiates at least bud base 

constriction and tissue separation (Sudhop et al., 2004, Hasse et al., 2014). In addition, 

Hasse et al., 2014 demonstrated that FGFR signaling influences the organization level 

of the actin cytoskeleton at the constriction site. Neither rearrangement of the actin 

cytoskeleton nor the role of intracellular pathways targeting the actin cytoskeleton at 

the late bud base in Hydra has been investigated so far. Therefore, the main 

approaches in this project were to elucidate:  

1. Whether the actin cytoskeleton is involved during the bud detachment process. 

For this purpose, phalloidin-TRITC staining was carried out in order to describe 

the behavior of the actin cytoskeleton during bud detachment. In comparison, 

the actin cytoskeleton is to be examined in other morphogenetic regions. 

2. Which signaling pathways control bud detachment as well as a comparative 

analysis of identified pathways in other morphogenetic regions. Morphogenetic 

processes in vertebrate and fly are mostly under control of a Rho-ROCK 

dependent pathway. In order to answer the question whether Hydra uses this 

pathway for bud detachment, the following steps were carried out: 

a. Expression analysis of mRNA via whole mount in situ hybridization to 

localize the spatial distribution of candidate genes within a pathway as 

well as of cofactors for actomyosin bundle formation. 

b. Identification of suitable inhibitors for the signaling pathway with 

subsequent analysis of the effect on morphogenetic processes in Hydra. 

c. Specific examination on the protein level by using antibodies that detect 

highly conserved epitopes of certain proteins within a candidate 

pathway. 

3. How the bifunctional epitheliomuscle cells in Hydra manage to generate a 

constriction at the late bud base. To ensure the constriction and detachment of 

the bud by epitheliomuscle cells, the following questions were addressed: 

a. Do epitheliomuscle cells use the basal myonemes or the cellular cortex 

to perform the constriction? To clarify this question, detailed analyses of 

cLSM stacks were carried out. 

b. Are different signaling pathways involved to control either basal 

contractility by the myonemes or morphogenesis in epithelia muscle 

cells? 
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2.1 Introduction to Chapter 1 

In Chapter 1 (Holz et al., 2017), the main approach was to elucidate whether the actin 

cytoskeleton as well as a Rho-ROCK-dependent signaling pathway are involved during 

the detachment process in Hydra. Therefore Phalloidin-TRITC staining was performed 

to examine the actin cytoskeleton during bud detachment. Furthermore gene 

expression analysis was performed to describe the local expression of the candidate 

genes of the pathway. To check whether Rho-ROCK signaling is directly involved in the 

detachment process, inhibitor tests were carried out. In addition, an antibody against 

the phosphorylated, active form of RLC was used (pMLC20) to verify a direct 

involvement of actomyosin. 

The obtained data show that the actin cytoskeleton accumulates strongly at the bud 

base during bud detachment. The gene expression data revealed that components of 

the Rho-ROCK dependent pathway are expressed in overlapping regions at the bud 

base. Last but not least, the inhibitor experiments indicate that the Rho-ROCK pathway 

is directly involved during the detachment process. Therefore inhibitor exposure leads 

to non-detaching phenotypes and prevents actin accumulation. The antibody data 

revealed, that pMLC20 is strongly localized at the late constricting bud base. 

My part in this publication was the preparation of the phalloidin staining during bud 

detachment, the implementation of the expression analyzes including all necessary 

preliminary work, the immunohistological examinations with the pMLC20 antibody and 

the preliminary tests with the corresponding inhibitors. 

David Apel was supervised by me in the laboratory work as part of his master thesis. 

He carried out the statistical analysis of the resulting phenotypes after inhibitor 

exposure (as well as the phalloidin staining) and the phylogenetic analysis of the Rho 

proteins identified in Hydra. In addition, Simon Hopfenmüller was supervised by me as 

part of his bachelor thesis, and carried out the characterization of α-actinin. 
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3.1 Introduction to Chapter 2 

In Chapter II (Holz et al., 2020) the main approach was to elucidate how the 

detachment process of the buds takes place mechanistically and which subcellular 

compartments of the epitheliomuscle cells were used during bud base morphogenesis. 

To obtain a full picture of MRLC localization in Hydra, gene expression analysis and 

immunohistological analysis with an antibody against the unphosphorylated RLC 

protein (MYL9) were carried out. Furthermore it was addressed whether basal 

contractility as well as morphogenetic processes was regulated by independent 

signaling pathways. To answer these questions, detailed analysis of cLSM stacks were 

performed to analyze subcellular localization of pMLC20 in constricting bud base cells. 

To gain insights into potential signaling processes during body contractility and 

morphogenesis, inhibitor experiments were carried out, followed by immunohistological 

and western blot analysis. 

The data revealed that Hv_MRLC12B-like is expressed in the whole body column of 

the polyp and is upregulated in morphogenetic active regions, which coincides with the 

localization of MYL9. Interestingly, MYL9 can be detected both ectodermal and 

endodermal while pMLC20 is restricted to an ectodermal localization. The detailed 

analysis of pMLC20 at the late bud base revealed that the entire cellular cortex of the 

epitheliomuscle cells is used during bud morphogenesis. The inhibitor experiments 

have shown that the basal contractility and morphogenetic processes are regulated 

independently. The contractility is controlled by MLCK signaling while morphogenesis 

is Rho-ROCK dependent. 

My part in this publication was the implementation and evaluation of all experiments 

mentioned as well as the compilation of the data of the publication 

The quantitative evaluation of the Western blot analysis was carried out by Dr. David 

Apel. The Supplementary video material was created by Prof. Dr. Monika Hassel and 

edited by Dr. David Apel. 
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4.1 Introduction to Chapter 3 

Chapter 3 summarizes unpublished data of myosin and actomyosin, partly from pilot 

projects in which I investigated and answered the questions: (i) how many myosins are 

available in the genome of Hydra, (ii) whether nm-MyHC and st-MyHC are detectable 

by double in situ hybridization and (iii) whether actomyosin and especially pMLC20 play 

a role in other epitheliomuscle cell functions such as regeneration and the maturation 

of testicles. To address these issues, database analysis as well as phylogenetic 

analysis were performed to identify different myosins in Hydra and to characterize them 

phylogenetically. To clarify the spatial separated expression of both class II myosins in 

Hydra double in situ hybridization was performed. To receive a full picture of pMLC20 

function and localization during morphogenetic processes in Hydra, immunohistological 

analysis was performed using regenerating polyps and polyps carrying multiple testes. 

The data revealed a total number of 10 different myosins in Hydra which group 

phylogenetically into the existing myosin classes. The double in situ hybridization 

confirmed that st-MyHC is expressed in the ectoderm and nm-MyHC in the endoderm. 

The pMLC20 investigations on the other morphological processes showed that 

actomyosin is also involved in wound closure during regeneration as well as testes 

formation. 

My part in this chapter was the database analysis to identify different myosins in Hydra, 

the structural domain analysis as well as the phylogenetic analysis. In addition, the 

further analysis of the pMLC20 localization in other morphogenetic regions was carried 

out by me.   

The double in situ hybridization was carried out by Belinda Rotta, supervised by me 

during her bachelor thesis.  
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4.2 Identification of different myosins in Hydra 

Myosins belong to a superfamily of actin based molecular motor proteins and generate 

contractile forces for diverse processes inside the cell (Syamaladevi et al., 2012). The 

superfamily comprises at least 24 classes which are divided based on the head domain 

sequence similarity and domain organization (Richards and Cavalier-Smith, 2005; 

Goodson and Spudich, 1993). In order to clarify how many myosin subtypes are 

present in the genome of Hydra, database analysis were carried out in NCBI database. 

This analysis revealed that at least 10 different myosin subtypes exist in Hydra based 

on the NCBI database (Table 1). The identified myosin subtypes include class specific 

domains, which are evaluated by using the domain prediction tool of NCBI (Table 1).   

Table 1: Different myosins exist in Hydra 

 
 

In order to elucidate whether the identified subtypes in Hydra group phylogenetically 

into the correct class, a myosin superfamily tree analysis was performed. The required 

set of sequence data was taken from (Hodge and Cope, 2000: www.mrc-

lmb.cam.ac.uk/myosin/), and the newly identified Hydra sequences were added. The 

alignment data compare the core motor domain of each myosin. In Fig. 2.1, an 

unrooted phylogenetic tree was created by using distance matrix analysis performed 

with ClustalW (Hodge and Cope, 2000).  
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Figure 2.1: Phylogenetic tree of myosin motor-domains in Hydra and Bilateria. The 
phylogenetic tree comprises a large number of different myosins including the ten predicted 
Hydra myosins. Class II myosins (red/blue dots), other Hydra myosins containing a myosin 
specific motor domain (red dots). The blue lines highlight Hydra class II myosins for which 
whole mount expression patterns are known (Holz et al. 2017). Abbrevations: Species: Ac: 
Acanthamoeba castellanii, Acl: Acetabularia cliftonii, Ai: Aequipecten irradians, At: Arabidopsis 
thaliana, Bm: Brugia malayi, Bt: Bos taurus, Cc: Chara corallina, Ce: Caenorhabditis elegans, 
Cr: Chlamydomonas reinhardtii, Dd: Dictyostelium discoidium, Dm: Drosophila melanogaster, 
En: Emiricella nidulans, Eh: Entamoeba histolytica, Gg: Gallus gallus, Ha: Helianthus annus, 
Hs: Homo sapiens, Hv: Hydra vulgaris (red dots), Lp: Limulus polyphemus, Ma: Mesocricetus 
auratus, Mm: Mus musculus, Oc: Oryctolagus cuniculus, Ov: Onchocerca volvulus, Pf: 
Plasmodium falciparum, Pg: Pyricularia grisea, Rc: Rana catesbeiana, Rn: Rattus norvegicus, 
Sc: Saccharomyces cerevisiae, Sm: Schistosoma mansoni, Ss: Sus scrofa domestica, Tg: 
Toxoplasma gondii, Tt: Tetrahymena thermophila, XlX: enopus laevis, Zm: Zea mays; myosin 
subtypes: Adren: Bovine Adrenal (myosin I), Bb: Brush Border Myosin, ICaA: Cardiac alpha 
(myosin II), CaB: Cardiac beta (myosin II), csm: Chitin synthase-myosin FSk: Fast Skeletal 
(myosin II) = striated, FSkE: Embryonic Fast Skeletal (myosin II), HMWMI: High Molecular 
Weight Myosin I, neur: Neuronal (myosin II), nm: Non-muscle (myosin II), PDZ: Human myosin 
with a PDZ domain, Peri: Perinatal (myosin II), sm: Smooth muscle (myosin II)  
(Sequence data and parameters according to Hodge and Cope, 2000) 
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The phylogenetic analysis revealed, that all myosin subtypes identified in Hydra group 

to specific known classes within the superfamily tree (Fig. 2.1). The red dots clarify the 

Hydra myosins. The red/blue dots mark the class II myosins in Hydra which are of 

particular importance for the question addressed in the present work, since class II 

myosins represent the conventional myosins for cellular and muscle contractility.  

The gene expression data showed that st-MyHC (Hv_myosin-striated) and nm-MyHC 

(Hv_myosin-10-like) are expressed separately in both the ecto- and endoderm (Holz et 

al., 2017). To illustrate this different expression pattern, a double in situ hybridization 

was performed.  

 

 

Figure 2.2: st-MyHC and nm-MyHC double ISH of the head. st-MyHC was digoxigenin 
labelled and detected in blue, nm_MyHC was fluorescein labelled and detected in red. (A) st-
MyHC was detected in the ectoderm, while nm-MyHC was detected in the endoderm (10x 
magnification) (A´) 20x magnification (A´´ and A´´´) 40x magnification in different optical layers 
with focus on the mesogloea. (Image taken from the Bachelor thesis project of Belinda Rotta, 
2017, supervised by me) 

 

The Hydra head was chosen to illustrate and compare the two expression patterns 

because it showed a consistent expression pattern of both myosins. The double in situ 

hybridization confirmed that both myosin subtypes are expressed separately in head 

tissue of normal adult polyps as well as in body tissue (not shown) in ectoderm (st-

MyHC, blue) and endoderm (nm-MyHC, red) (Fig. 2.2 A and A´). The separation 

becomes visible bydistinctly by focussing the mesogloea (Fig. 2.2 A´´ and A´´´). The 

violet colour (usually indicating coexpression) is based on the overlap of the epithelial 

layers.   

 

 



Chapter 3 ,,Additional data“ 
 

 
57 

4.3 Distribution of pMLC20 during other morphogenetic 

processes 

The phosphorylation of RLC is crucial for generation of contractile forces and formation 

of contractile networks which in turn is essential for several cellular processes like e.g. 

morphogenesis (Sutherland and Lesko, 2020). It has been reported that pMLC20 is 

involved during bud detachment as well as tentacle evagination (Holz et al., 2017; Holz 

et al., 2020). Besides budding and bud detachment there are still other morphogenetic 

processes taking place in Hydra like testis formation during sexual reproduction or 

regeneration after an injury.  

4.3.1 Involvement of actomyosin complexes during testis formation in 

Hydra  

The cnidarian Hydra usually propagates asexual by budding which represents the 

primary reproduction form. Caused by starvation or temperature drop the polyps 

undergo sexual phases where egg and sperm are differentiated (Kuznetsov et al., 

2001). The germ cells are derived from multipotent interstitial stem cells while the testis 

structure is built exclusively by ectodermal epitheliomuscle cells (Fig. 2.3) (Bosch and 

David, 1986; Tardent, 1974). 

 

 

Figure 2.3: The anatomy of the testis in 
Hydra. Shown is a histological cross-section 
of a mature testis stained with methylene 
blue/basic fuchsin/borax. Cellular structures 
and the mesogloea are visible in pink and 
maturing sperm in blue. Abbreviations: mg: 
mesogloea, ec: ectoderm, en: endoderm, ch: 
chamber, c-ec: columnar like elongated 
ectodermal cells. The dotted line indicates 
such a chamber for sperm maturing formed by 
strongly elongated ectodermal cells. 

(Modified after: Kuznetsov et al., 2001) 
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To elucidate whether pMLC20 is involved during testis formation, pMLC20/phalloidin 

staining was performed on polyps carrying multiple testes. The data revealed that 

developing testes are strongly positive for the pMLC20 protein. The stage 3 as well as 

the stage 4 testes indicated a strong pMLC20 signal (Fig. 2.5 A).  

Interestingly, the stage 3 (Fig. 2.5 A, left testis) testis did not show such structures 

(chambers) and no developmental sperm stages (Fig. 2.4). The apical region contained 

big cells positive for pMLC20 (Fig. 2.4 A). In the mid region as well as in the maximum 

projection disordered, irregularly fibers were detectable (Fig. 2.4 B and C). The lumen 

of the testis is filled with immature spermatogonia or spermatocytes (Fig. 2.4 B).  

 

Figure 2.4: Detailed view of a stage 3 testis (Fig. 2.5 A, left testis). The orientation was 
changed. (A – C) Merged channels of F-actin and pMLC20. (A) Optical section in the apical 
region. (B) Optical section in the mid region. Maturing sperm are recognizable (sg, sc). (C) 
Maximum projection. Abbreviations: sg: spermatogonia, sc: spermatocytes.  Scale bar: 100 µm  

 

Detailed analysis of the double labelling (pMLC20/phalloidin) revealed several 

structures within the stage 4 testis (Fig. 2.5 B – J). In the apical region the actin 

labelling revealed that the testis if formed by big regular shaped ectodermal cells (Fig. 

2.5 B). The mid region showed the typical chambers that support spermatogenesis and 

subdivide the testis lumen into different compartments. A stronger signal is observed at 

the apical opening (Fig. 2.5 E). Furthermore the different stages of maturing sperms 

were recognizable (Fig. 2.5 E). The maximum projection showed that F-actin is mainly 

located in the cellular cortex of ectodermal cells while the typical strong basal F-actin 

bundles are absent (Fig. 2.5 H).  

In the apical region pMLC20 is strongly located in disordered, isolated cells (Fig. 2.5 

C). In the mid region, comparable to actin, the chambers were detected (Fig. 2.5 F). 

These structures are highlighted by a dotted line (Fig. 2.5 G). The maximum projection 

revealed that pMLC20 is present in irregular disordered fibers within the testis (Fig. 2.5 

I) with a stronger localization at the apical opening (Fig. 2.5 G and J).  
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Figure 2.5: Distribution of pMLC20 during testes development in Hydra. (A) Polyp carrying 
2 testes. Stage 3 testis on the left and stage 4 testis on the right. (B – J) Detailed view of the 
stage 4 testis. (B – D) Optical section of the apical region of the respective channel as well as a 
merged image. (E – G) Optical section within the mid region of the respective channel as well 
as a merged image. Arrows indicate the apical opening. The dotted line marks exemplary the 
stabilizing structures. (H – J) Maximum projection of the respective channel as well as a merged 
image. Arrows indicate the apical opening (Testes stages according to: Rentzsch et al. 2005) 
Scale bar: 100 µm. Abbreviations: sc: spermatocytes, st: spermatids 

 

Since the lateral view indicated a strong localization of F-actin as well as pMLC20 (Fig. 

2.5 E-G) the question arose whether actomyosin complexes surround the apical 

opening. This issue is addressed in Fig. 2.6 which showed a polyp carrying two 

matured testis in stage 4 (Fig. 2.6 A´). The right one (Fig. 2.6 A´) is slightly tilted which 

allowed a top view of the apical opening. Indeed the apical opening is clearly 

surrounded by actomyosin (Fig. 2.6 A – C).  

 

Figure 2.6: Detailed view of a tilted stage 4 testis which allows an on top view of the 
apical opening. (A´) Overview, arrow indicates the tilted testis. (A) Phalloidin (B) pMLC20 (C) 
merged; each in the maximum projection. The arrow indicates the apical opening. Scale bar: 
100 µm 
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Although testes development is a rare stress induced process in the ancestral 

cnidarian Hydra, the process is well organized. The outer structure derived by bulged 

ectodermal epitheliomuscle cells which revealed an atypical distribution of actomyosin 

complexes in the cells but also in the typical cellular structures for the chambers. 

Unexpected, but quite clearly, the apical opening is strongly surrounded by actomyosin.  

 

4.3.2 Involvement of actomyosin complexes during wound closure in 

Hydra  

Hydra exhibits a remarkable ability to regenerate and lost structures are regenerated 

completely. When Hydra polyps are bisected at 50 % body length, the head and foot 

regenerate within a few days (Holstein et al., 2003). This regeneration of lost or 

damaged body parts is necessary for survival of the organism (Reddy et al., 2019). The 

mechanism for regeneration and wound healing in Hydra is called morphallaxis, 

because lost body parts are reorganized in concert with already existing tissue into the 

new structures without cell proliferation (Holstein et al., 2003).  

To address whether contractile forces induced by RLC phosphorylation are involved in 

wound closure during regeneration in Hydra, regeneration experiments were carried 

out. The polyps were cut at 50 % body lengths and cohorts fixed every hour from 1 to 6 

hours of regeneration.  

Preliminary data revealed that pMLC20 accumulates in the area of wound closure (Fig. 

2.7 B and C). No matter whether the head or the foot region was evaluated, wound 

closure was completed after 5 hrs (Fig. 2.7 B). At the head region as well as the foot 

region, pMLC20 spots are in both cases directly located at the closing wound (Fig. 2.7 

B and C).  
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Figure 2.7: pMLC20 in regenerating Hydra tissue. (A) Scheme of regeneration experiment. 
Polyps were cut at 50% body length. (B) Head region after 5 hrs of regeneration and (C) Foot 
region after 4 hrs of regeneration. The wound site is indicated by arrows. Scale bar: 250 µm 

 

As expected, pMLC20 and therefore contractile actomyosin seems to be involved in 

wound closure during regeneration in Hydra.  
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5 General discussion 

The freshwater polyp Hydra exhibits a simple body plan consisting of a diploblastic 

tissue. The epithelial cells of the ecto- and endodermal monolayers combine an apical 

epithelial function plus a muscle function, with their basal myonemes ensuring 

contractility of the polyp (Leclere and Röttinger, 2016).  

Various morphogenetic processes, such as tentacle development, bud formation and 

bud detachment are managed by the ectodermal epitheliomuscle cells. The present 

work revealed two pathways targeting the formation of actomyosin complexes which 

are activated (a) by a Rho-ROCK dependent pathway for morphogenetic processes 

and (b) by MLCK signaling for contractility of the body. Regulation of MRLC 

phosphorylation also seems to be decisive for tissue integrity in the diploblastic tissue 

(Holz et al., 2017, Holz et al., 2020). Both pathways act in different subcellular 

compartments. The implication of these pathways for Hydra biology and the specific 

roles of epitheliomuscle cells in morphogenesis will be discussed. 

 

5.1 A highly conserved molecular toolkit for contractility-based 

morphogenesis in Hydra 

A first indication that Hydra possesses the whole molecular toolkit for a Rho dependent 

regulation of contractility (Fig. 3.1 B) was given by the expression of its elements in 

overlapping regions during bud morphogenesis (Holz et al., 2017; Holz et al., 2020). It 

is revealed that Hydra uses this signaling pathway for tissue separation, since inhibition 

of each element of the pathway resulted in failure of bud detachment (Holz et al., 2017) 

(Fig. 3.1 C). 

An interesting aspect is the dramatic difference of inhibitor effects depending on the 

developmental stage of the treated bud. While early inhibition (stage 3-4) leads to the 

phenotype shown in Fig. 3.1 C, late inhibition (stage 4-6) leads to animals that form a 

constriction at the bud base, but final detachment is prevented (Holz et al., 2017, Fig. 7 

G-I; Fig. 8 D-F). The same effect is observed by FGFR inhibition with SU5402 (Sudhop 

et al., 2004), and is comparable to the one observed in Hydra lines transgenic for a 

truncated FGFR (Hasse et al., 2014). The reason for this effect is unknown, but 

suggests that the fate of the cells is already determined at an early stage of bud 

development. From this point of view the dynamic recruitment of parental tissue into 

the bud by concentric rings is interesting (Otto and Campbell, 1977; Berking, 2003). 

The schematic representation of these concentric rings, in fact, coincides partially with 

the expression of FGFRa (kringelchen). The expression of FGFRa already starts in 
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stage 4 of the bud as a broad, proximal ring. This is about 3 days before the bud 

detaches and therefore, suggests that early FGFRa signaling instructs these cells for 

later detachment. The time point of FGFRa expression at the bud base overlaps with 

the required beginning of the Rho, ROCK and myosin II inhibitor exposure to achieve a 

high number of non-detaching phenotypes. In this case, disturbation of FGFR 

dependent signaling via Rho, ROCK and myosin II in an early developmental stage 

prevents detachment indicating an essential role of this pathway for the early 

determination of cells for later formation of the constriction and detachment (Fig. 3.1 

C). Since the late inhibitor exposure has much weaker effects, we propose a reduced 

level of signaling that allows constriction of the bud base but is not strong or persistent 

enough for final detachment (Sudhop et al., 2004, Hasse et al., 2014; Holz et al., 

2017).  

5.1.1 Actin binding proteins as decisive factors for contractile network 

properties 

Besides the activation of contractility, the composition of the network is important for its 

properties (Pellegrin and Mellor, 2007). The decisive factor here is the fine-tuning by 

actin-binding proteins, which characterize the dynamics and organization of the 

contractile network. Typical for a network with low dynamics but high contractility 

(Pellegrin and Mellor, 2007) is an involvement of α-actinin in actomyosin network 

formation. The strong expression of Hydra α-actinin at the late, constricting bud base 

(Holz et al., 2017) therefore, suggests a constellation in which a relatively stiff actin 

network generates high tension forces.  

Taken together, all components of a Rho dependent signaling pathway, as well as 

additional components for activation and network architecture, are expressed in 

overlapping regions that undergo morphogenetic changes. The fact that inhibition of all 

components within a Rho dependent pathway leads to non-detaching, Y-shaped 

phenotypes identified a Rho-ROCK pathway essential for bud detachment.  
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Figure 3.1: Graphical summary for FGFR-Rho-ROCK dependent bud detachment in Hydra 
(A) Normal bud detachment is accompanied by an accumulation of F-actin at the bud base and 
is characterized by a constriction from stage 8 onwards. (B) Candidate pathway downstream of 
FGFR for F-actin reorganization and thus for proper bud detachment. A Rho dependent 
pathway is essential to initiate contractile forces for bud base constriction. The signaling 
pathway is manipulated by various inhibitors (red bars). (C) Inhibition of each component within 
the pathway prevents bud detachment in a similar way and leads to a non-detaching phenotype 
(Y-shaped animals). During this failing detachment, F-actin accumulation at the bud base is 
prevented. 
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5.1.2 A single RLC for the potential regulation of two differently 

expressed myosins 

In Hydra, only two class II myosins (nm_MyHC, st_MyHC) are known (Steinmetz et al., 

2012; Holz et al., 2017). The activity and activation of non-muscle myosin II is typically 

controlled by RLCs (Vincente-Manzanares et al., 2009, Park et al., 2011), while the 

activation of striated myosin II is a calcium dependent process (Gordon et al., 2000). In 

the genome of Hydra, only one regulatory light chain is predicted/annotated (RLC12B, 

Wenger and Galliot, 2013), and the question arises whether in the prebilaterian Hydra 

MRLC acts similar to bilaterian RLCs. Although we did not further investigate this issue, 

presence of the canonical inhibitory phosphorylation sites, Ser2, Ser3, and Thr10, 

suggests that Hydra MRLC is regulated like bilaterian RLCs to turn off network 

formation and reorganization (Komatsu and Ikebe, 2007). As well, presence of the 

essential canonical activatory phosphorylation sites, Thr19 and Ser20 (Newell-Litwa et 

al., 2015), suggests that RLC activation in Hydra occurs by a similar mechanism as in 

bilateria. I have obtained a complex picture of MRLC distribution in Hydra either by 

gene expression data as well as by two antibodies. The localization of the mRNA by in 

situ hybridization directly correlates with that of the antibody against MRLC (MYL9), 

while an antibody against the phosphorylated MRLC (pMLC20) is exclusively restricted 

to the ectoderm (Holz et al., 2020). This is somewhat controversy, since the nm-myosin 

which is normally regulated by RLCs is expressed in the endoderm. This might be 

managed due to differential phosphorylation at Thr19 but has to be investigated in 

further studies, since MYL9 is also present in the endoderm as well as the mRNA. 

RLCs are myosin associated proteins that binds to a highly conserved IQ-motif 

(IQxxxRGxxxR) within the neck region of the myosin heavy chain (MHC) (Bähler and 

Rhoads, 2002). Both class II myosins in Hydra contain an IQ-motif inside the neck 

region of MyHC for RLC interaction (Supplement Fig. S 2). Which myosin in Hydra is 

regulated by the RLC requires further investigation. Another unsolved issue is, whether 

the definition of non-muscle and striated-type myosins is useful and applicable in this 

case. Based on the absence of specialized muscle cells in Hydra, the polyps likely use 

both myosin II isoforms as non-muscle myosin subtypes, independent from each other 

in the endoderm or ectoderm. 
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5.2 pMLC20 is located in different cellular compartments 

during several morphogenetic processes 

The epithelial tissue in Hydra is subject to permanent proliferation and therefore shifts 

to the apical and basal termini (Hobmayer et al., 2012). There cells differentiate and 

have to change their shape in e.g. cnidarian specific battery cells. In the polyp are 

different, complex patterns that have to be formed. Most of them occur during the 

asexual budding process like the evagination and maintenance of tentacles or the 

constriction at the late bud base where a strongly RLC phosphorylation (pMLC20) 

accompanies bud detachment (Holz et al., 2020). Additional data provides, that all 

regions that undergo morphogenetic changes revealed pMLC20 in different subcellular 

compartments with potential different properties. 

5.2.1 pMLC20 is involved in early tentacle evagination and stabilization 

The pMLC20 analysis revealed that actomyosin is involved in early evaginating 

tentacle buds which depend on non-canonical and canonical WNT signaling (Philipp et 

al., 2009). During early tentacle evagination the ectoderm is thickened in which central 

cells showed a cortical localization of pMLC20 (Fig. 3.2 A, A´). This early evagination 

occurs similarly in the anthozoan Nematostella vectensis, where tentacle evagination 

starts by even a thickening of ectodermal epithelial cells. Based on the circular 

reorganization of the actin cytoskeleton at evaginating tentacles (Philipp et al., 2009, 

Holz et al., 2020) as well as during bud evagination (Aufschnaiter et al., 2017) it would 

be likely, that at least the early evagination process in both is comparable, although 

pMLC20 data are missing for bud evagination. Later on pMLC20 accumulated in 

unusually short and thick fibres at the base of ectodermal cells as well as in the centre 

of a few cells of the lateral tentacle tip (Fig. 3.2 B). The central position of the cells with 

pMLC20 corresponds to a region which is supposed to mechanically stabilize the 

evaginating tentacles. To this end, a persistent control of contractility is required (Katoh 

et al., 2011). In contrast to usual apical constriction in bilaterian invagination 

morphogenesis, e.g. in neurulation (Butler et al., 2019), the evaginating ectodermal 

Hydra tentacle bud cells seem to undergo a basal constriction (Fig. 3.2 B, C). While 

apical constriction generates tensional forces to initiate invagination of the epithelium, 

increased basal ectodermal forces in the tentacle buds might be appropriate to push 

out the ectodermal cells for tissue evagination. The basal constriction of ectodermal 

cells might force the tissue bilayer to evaginate (Fig. 3.2 B, C). My data suggest that 

pMLC20 promotes early evagination by basal constriction accompanied by a stabilizing 

function in early already evaginated tentacle. Such a basal stabilizing is similar to one 

described in Nematostella gastrulation, where invaginating cells constrict apically while 
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surrounding cells constrict basally to support this morphogenetic process (Pukhlyakova 

et al., 2018). Whether basal constriction in Hydra is necessary for evagination or takes 

over a stabilizing function requires further investigations. 

 

 

Figure 3.2: Involvement of actomyosin during tentacle evagination. (A) Early evaginating 
tentacle, (A´) orthogonal optical sections. (B) Later tentacle after evagination. The dotted line 
indicates an ectodermal cell. The asterisk indicates lateral located basal fibers. (C) Schematic 
model for tentacle evagination. In early evagination, the ectoderm thickens and central cells 
have a high level of pMLC in the cellular cortex. In later tentacles, pMLC in the basal 
compartment in the tip of the tentacle as well as in lateral regions (asterisk) stabilizes tissue 
evagination. 

 

5.2.2 pMCL20 is involved in testes formation and wound closure during 

regeneration 

Besides pattern formation during development, there are stress - induced 

morphogenetic processes, such as testes formation and regeneration. During testes 

formation pMLC20 as well as phalloidin staining revealed a complex disordered 

meshwork of thin fibres and a strong localization in the strongly elongated columnar 

like cells that might stabilize the structure of the testes. In general, the detailed analysis 

of the testes revealed some unexpected details. The epitheliomuscle cells from which 

the testes are formed offered that the typical basal myonemes are missing. Since the 

testes do not have to contract, this is not a functional disadvantage, but it does open up 

a completely new picture of the ectodermal epitheliomuscle cells. Also the strong 

localization surrounding the apical opening is unusual, since nothing comparable is 

observed in the polyp for e.g. at the mouth opening. For this issue I propose that 

actomyosin complexes in testes take over a primarily stabilizing function within the cells 

as well as in the columnar like cells which form the chambers. This supporting 

structures converge around the apical opening what results in these unexpected, 

strong accumulation. 
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Furthermore, pMLC20, i.e. actomyosin, is involved in wound closure during 

regeneration. However, it seems to be obvious that Hydra uses this contractile 

mechanism for wound closure during regeneration, since contractile forces are required 

to close the ,,epithelial gap”.  

To sum up, phosphorylation of RLC and thus contractile forces occur in all 

morphogenetic processes in Hydra. However, it remains still unclear whether these 

structures are used exclusively to generate contractility or also takes over stabilizing 

functions for rigidity. These functional differences might be a result of different signaling 

pathways that influence actomyosin activation as well as network formation. This 

hypothesis is supported by at least differential gene expression patterns in varying 

morphogenetic active regions. In particular during bud detachment, a strong, consistent 

phosphorylation could be described, which accompanies the entire detachment 

process and essential for contractile forces. 

 

5.3 Parental ectodermal tissue takes over the leading role 

during bud base morphogenesis 

The bud base is initially a dynamic region where tissue is recruited and moves into the 

newly formed bud. In stage 6 bud tissue becomes static and tissue flow stops 

concomitant with detachment morphogenesis (Otto and Campbell, 1977; Berking, 

2003). Histological sections revealed that cells within the bud base constriction change 

their morphological properties while adjacent cells in the parental tissue are normal 

whereas cells on the bud side are small and constricted (Holz et al., 2017; Fig. 3.3 A). 

This observation was confirmed by phalloidin staining. Recently published data by 

detailed pMLC20 analysis add to this finding and clearly show that the actomyosin 

complexes are located to the parental rather than bud tissue (Holz et al., 2020). Based 

on the collected data, I propose that the parental tissue is the active part during bud 

base constriction (Fig. 3.3 B) and bud tissue is pulled off passively by tensile forces 

and increasing stiffness due to a unilateral actin accumulation (Holz et al., 2020). 
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5.3.1 Persistent pMLC20 accompanies bud base morphogenesis 

The process of bud detachment is highly dynamic and passes different stages 

becomes visible due to pMLC20. Based on that, the detachment phase is subdivided 

in: a) unilateral establishment of a contractile actomyosin ring of cells; b) constriction 

(Fig. 3.3 C, C´); c) closure of the epithelial gap between parent and bud (Fig. 3.3 D, 

D´); d) detachment (Fig. 3.3 E, E´). At this point, it seems to be likely, that this local 

accumulation of contractile elements represents the ,,sphincter‟‟ for final detachment 

(Takahashi et al., 1997; Fig. 3.3 E) 

In general, the process of bud detachment is more related to an epithelia gap closure 

than a side-by-side tissue separation, e.g. in a mesodermal boundary formation and 

separation (Fagotto et al., 2013). Such a unilateral formation of actomyosin around the 

bud is typical for wound closure (Schwayer et al., 2016; Rothenberg and Fernandez-

Gonzales, 2019). During wound closure a cortical ring of actomyosin is established 

around the epithelial gap and is closed by contractile forces (Brugués et al., 2014). The 

mechanism of wound closure is not only restricted to the repair of epithelial gaps, it can 

also take place during developmental processes (Yang and Levine, 2018). During 

typical side-by-side tissue separation adjacent cells establish unilateral contractile 

forces to form a boundary to separate from each other (Fagotto et al., 2013). Such an 

adjacent establishment of actomyosin within the separation boundary cannot be 

observed in Hydra (Holz et al., 2020).  

To sum up, the bud base is subdivided into two functional regions during the 

detachment phase. The parental ectodermal tissue which ensures bud base 

constriction as well as detachment by active contractile forces and adjacent cells of the 

bud which differentiate into the foot. Such an asymmetry in adjacent cells presupposes 

that the cell fate has already been determined. 

. 
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Figure 3.3: Ectodermal contractile forces are generated during detachment on the 
parent’s side rather than in bud tissue. (A) Histological section of the bud base in stage 9 
(Holz et al., 2017). (B - E) Schematic summary of contractile events during bud base 
morphogenesis. Derived from the prevalence of pMLC20 in parental ectodermal tissue is the 
hypothesis that parental tissue is the active part, while the bud tissue is inactive. (C – E) 
Scheme of the actomyosin dynamics and direction of contractile forces. Green arrows indicate 
direction of active contractile forces, while the red arrows show passive tensile forces. (The 
orange dotted line indicates the separation site). 

 



General discussion 
 

 
71 

5.4 The boundary at the late bud base is subdivided in two 

areas where at least two receptor systems manage bud 

detachment 

The late bud base includes a small area around the boundary between parent and bud. 

This boundary contains a small population of parental as well as bud cells. This parent-

bud boundary is also revealed by several genes encoding signaling elements and 

being expressed at the bud base (Fig. 3.4 A). Since I assume that active 

morphogenesis is carried out exclusively by the ectoderm, the focus here is also on 

ectodermal expressed genes of different receptor systems. A detailed view on 

subcellular co-factors for signaling, expressed at the late bud base are of great interest 

but are not considered here, since detailed functions have not been yet described 

(Suryawanshi et al., 2020). Genes expressed in the subdivided areas at the bud base 

are summarized in Fig. 3.4 B (Sudhop et al., 2004; Münder et al., 2010; Prexl et al., 

2011; Philipp et al., 2009; Tischer et al., 2013; Holz et al., 2017). 

5.4.1 Signaling at the bud base might cause functional asymmetry 

between adjacent cells to ensure detachment  

The fact that the parental tissue established unilateral contractile forces indicates a 

clear functional asymmetry in the cells at the bud base that might be regulated by 

several signaling pathways. 

FGFR signaling is decisive for proper bud detachment (Sudhop et al., 2004; Hasse et 

al., 2014) and acts upstream of Notch signaling (Münder et al., 2010). However, Notch 

signaling is just essential to sharpen the FGFR expression which leads to a critical 

boundary formation at the bud base (Münder et al., 2010). Notch signaling is well 

known to define developmental boundaries and decides the cell fate by either lateral 

inhibition or bidirectional signaling (Vazcuez-Ulloa et al., 2018; Henrique and 

Schweisgut, 2019). In case of boundary formation, Notch is expressed as a stripe, at 

which adjacent cells undergo cell fate decision (Liao and Oates, 2017) (Fig. 3.4 C). 

Notch signaling in Hydra establish even this parent-bud boundary (Münder et al., 2010) 

and might support cell fate decisions required to instruct cells for the functional 

asymmetry. Presence of Ephrin-B1 mRNA (ligand) (Tischer et al., 2013), encoding 

another component supporting cell fate decision in triploblasts (Wilkinson, 2014), at this 

boundary. The function of ephrins as well as of non-canonical Wnt signaling during bud 

detachment, is yet unknown. The presence of FGFR, Notch as well as Ephrin provides 

a complex regulation of cell fate specification during developmental processes 

(Perrimon et al., 2012; Haupaix et al., 2013; Wilkinson, 2014). 
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FGFR signaling is crucial for bud detachment (Sudhop et al., 2004; Hasse et al., 2014) 

and therefore an interesting candidate for instructing the cells on the parent side for 

morphogenesis by using potentially different signals. 

 

Figure 3.4: Summary of genes expressed at the bud base and a model for the differential 
control of detachment. (A) Schematic representation of a stage 8 bud with ectoderm (grey) 
and endoderm (white). Blue labelled cells represent parental expression, red labelled cells 
expression in the bud. (B) Summary of receptor systems at the bud base. Colour code indicates 
the area of expression (blue: parent, red: bud). (C) Schematic hypothesis which indicates that 
the constellation of expression leads to a cell fate decision for proper detachment process. (A – 
C) The orange dotted line marked the boundary / separation side at the bud base. 

 

5.5 Differential FGFR signaling at the late bud base might unite 

several cellular downstream reactions 

The differential expression of cell fate determination pathways might be related to the 

presence of two FGFRs in Hydra, both of which are expressed at the bud base 

(Suryawanshi et al., 2020). FGFRa is expressed dynamically during the whole budding 

process and in late stages at the bud base (Sudhop et al., 2004) (Fig 3.5 A), while 

FGFRb is expressed exclusively at the later bud base. FGFRa has been shown to be 

essential for bud detachment, while the function of FGFRb has not yet been 

investigated.  

Actomyosin as well as dpERK (Fig. 3.5 B) is detected within the FGFR expression 

domain (Fig. 3.5 A) whereby all of these components are located on the parental side. 

Actomyosin represents the contractile part to enable morphogenesis via a FGFR 

induced Rho dependent pathway (Holz et al. 2017; Holz et al., 2020). A detailed 

function of dpERK is not yet known, but inhibition with U0126 leads to a delayed bud 

detachment which confirms an involvement during the detachment process (Hasse et 

al., 2014).  
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Figure 3.5: Summary of potential targets induced by FGFR signaling during bud 
detachment in Hydra (A) Digital magnification of FGFRa expression in a bud stage 9 after in 
situ hybridisation. (B) Compilation of cellular responses at the late bud base. Thereby, pMLC20, 
the accumulation of actin as well as dpERK are located in an overlapping region at the parental 
side during bud detachment. Abbreviations: bb: bud base, p: parent, b: bud 

 

5.5.1 FGFR dependent pathways might promote junctional remodelling 

required for morphogenesis 

Rho signaling as well as MAPK/ERK signaling took part during bud detachment. The 

role of Rho during this process seems clear, but Rho is involved in many aspects of 

cellular behaviour (Riento and Ridley, 2003). Another main feature of Rho is the 

regulation of focal adhesion complexes (Ren et al., 2000). Focal adhesion complexes 

connect actin fibres to the membrane to stabilize and increase stiffening between cells 

in tissues. Such a reinforced actomyosin network requires an increased cellular focal 

adhesion complex to transfer tensional forces to e.g. adjacent cells or the ECM (Chang 

and Kumar, 2013; Kassianidou and Kumar, 2015; Kassianidou et al., 2017; Soiné et 

al., 2015; Lee and Kumar, 2016). Rho signaling is described to be involved in the 

recruitment of focal adhesion components to reinforce cellular stiffness (Zhang et al., 

2015, Katoh, 2017). Therefore, Rho would be a potential candidate to modulate focal 

adhesion in Hydra, which needs to be investigated.  

ERK, where the function in Hydra still remains unclear, is involved in several cellular 

processes. Thus, it can also influence MRLC phosphorylation and in this case it would 

directly promote the formation of actomyosin for morphogenesis (Betapudi et al, 2013). 

Furthermore, ERK is known to modulate epithelial cell-cell as well as integrin based 

cell-matrix adhesion (Fincham et al., 2000). MEK/ERK signaling is directly involved in 

junctional disruption (Aggarwal et al., 2011) and preventable by treatment with the MEK 
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inhibitor U0126 (Ray et al., 2007). Bud detachment in polyps treated with U0126 

(Hasse et al., 2014) is delayed and the possibility that MEK/ERK signaling is required 

to disrupt the junctional adhesions an attractive hypothesis. Further studies on ERK 

function are required to achieve a full understanding of the detachment process. The 

knowledge of cell-cell as well as cell-matrix adhesion is generally limited in Hydra. 

Taken together, FGFR dependent pathways might promote Focal adhesion complexes 

as well as junctional regulation at the bud base. FGFR signaling provides a complex 

tool kit in Hydra that could convey on several intracellular pathways and therefore 

different functions. As well, it is still unknown where the FGFR proteins are located, 

which impedes a detailed statement about local functions. Furthermore, several 

differentially expressed FGF ligands exist, but their function as well as their binding 

properties are not yet characterized (Lange et al., 2014; Reichart, 2020). And last but 

not least, intracellular docking and adaptor proteins are differentially expressed at the 

bud base indicating specificity of FGFR-dependent signaling pathways and 

representing a versatile toolkit (Suryawanshi et al., 2020). To extend the 

comprehension of the detachment process further studies on FGFR signaling as well 

as on the downstream targets are required. 

 

5.6 Hypothesis of morphogenetic regulation in bifunctional 

epitheliomuscle cells 

The present work provided a new, complex picture how epitheliomuscle cells fulfil their 

dual function as contractile epithelial cells to ensure body contractility as well as 

manage versatile morphogenetic outcomes. In this context actomyosin complexes are 

proposed to generate the contractility while the localization in the different cellular 

compartments is decisive for functionality. Moreover body contractility as well as 

morphogenetic processes are regulated by at least two independent pathways (Holz et 

al., 2020). This provided the basic machinery, which enables body contractility such as 

complex morphogenesis in Hydra. However, many questions remained to be 

unanswered. Recently published data provide that Fat-like cadherins are involved in 

tissue organization, cell adhesion, and the actin cytoskeleton in Hydra (Brooun et al., 

2020). These data confirm that the cell-cell adhesion as well as the actin cytoskeleton, 

actomyosin complexes and tissue integrity are very closely related in the bifunctional 

epitheliomuscle cells in Hydra. This assumption is based on the fact that interference 

with MLCK signaling (by ML-7) abolished basal F-actin bundles as well as cortical actin 

while the same is observed by direct interference to actin nucleation by Cytochalasin B 

(Holz et al., 2020). To obtain full insights into the orchestration of tissue separation by 
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epitheliomuscle cells further studies, particular on adhesion complexes and cellular 

junctions are required. 

 

5.6.1 Subcellular compartments of the epitheliomuscle cells ensure 

versatile morphogenetic outcomes 

The epitheliomuscle cells in Hydra perform diverse morphogenetic tasks which 

presumably are regulated by local contractility in different subcellular compartments. 

Therefore the cell is subdivided into three cellular compartments: a) apical; b) baso-

lateral and c) basal (Fig. 3.6 A). Cellular contractility is ensured by myonemes in the 

basal cellular compartment (Aufschnaiter et al., 2017) (Fig. 3.6 B), which is controlled 

via MLCK. During morphogenetic processes contractile elements are established in the 

baso-lateral as well as apical region (Fig. 3.6 C) for e.g. during bud base constriction 

(Holz et al., 2020). To transfer even this contractility to the surrounding tissue the 

junctional properties within these morphogenetic regions have to be reorganized.  

Cell-cell adhesion as well as tissue integrity is composed by several adhesion 

complexes in the different cellular compartments in Hydra (Seybold et al., 2016) (Fig. 

3.6 A, B). Stable cell interactions are required to ensure the structural integrity of 

tissues, and dynamic changes in cell adhesion take place during morphogenesis of 

developing tissues (Gumbiner, 1996). I propose that these adhesion complexes have 

to be reinforced in adjacent cells during bud base constriction to increase stiffness (Fig. 

3.6 C). Cells at the separation site loosen their lateral cell-cell-contacts (Fig.3.6 C) by 

e.g. reducing cadherin - based adhesion and strengthen their anchor in the 

extracellular matrix by e.g. integrin (Burute and Thery, 2012). The model in Fig. 3.6 B 

and C summarizes a mechanism by contractile forces as well as cell-cell and cell-

matrix adhesion to allow the management at the constricting bud base and last but not 

least bud detachment. 



General discussion 
 

 
76 

 

Figure 3.6: Scheme of a mechanism allowing tissue separation using the differential 
adhesion of ectodermal epitheliomuscle cells. (A) Epitheliomuscle cell with its lateral and 
basal adhesion sites and contractile elements. (B) Organization of epitheliomuscle cells in the 
body column ensuring tissue integrity by apical and lateral contact sites and anchoring in the 
mesogloea by cell-matrix adhesion. (C)  Model of the constricting bud base. An increase of cell-
matrix adhesion (blue rods) and ectodermal cell adhesion (green dots) between cells flanking 
the separating cells supports the separation (black dotted line) of parental and bud epithelia in 
response to traction (pMLC20) and stiffening (actin) of the tissue. 
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6 Final conclusion and outlook 

The cnidarian Hydra exhibits a simple body plan. Its diploblastic tissue is formed by 

epitheliomuscle cells which are known to contribute to several homeostatic functions as 

well as developmental processes (Buzgariu et al., 2015). The present work provides a 

new, complex picture how ectodermal epitheliomuscle cells manage morphogenetic 

processes by actomyosin interactions and their differential occurrence in the 

subcellular compartments. Furthermore, the data revealed that contractility during body 

movement and bud base morphogenesis are regulated by independent pathways. Last 

but not least, the present data strongly suggest multifunctionality of actomyosin in 

epitheliomuscle cells during morphogenetic processes. Besides the role of actomyosin 

for contractility in morphogenesis e.g. during bud base constriction, a stabilizing 

function in testis is very likely and might be regulated by different signaling systems 

which still have to be identified. The data raise new questions for further investigations 

that address the dynamics and composition of actomyosin networks. To decipher this 

complex regulation several actin binding proteins as well as a variety of signaling 

systems have to be analyzed to gain insight into network properties and describe the 

difference between a contractile and a stabilizing network. Another interesting aspect is 

how endodermal epitheliomuscle cells manage their circular contractility, since 

pMLC20 is clearly restricted to ectodermal cells. Whether an alternative, activating 

phosphorylation site (Ser18 or Thr19?) of the RLC protein is involved, should be 

investigated by immunohistological analysis with appropriate antibody. These 

investigations will add to our knowledge about the properties of the ecto- and 

endodermal actomyosin network in Hydra.  

The full orchestration of morphogenetic changes managed by epitheliomuscle cells still 

remains to be elucidated.  Additional studies are required and should address cell-cell 

adhesion as well as cell-matrix adhesion during morphogenetic processes in Hydra. 

Adhesion molecules have not yet been intensively investigated, but recently published 

data revealed that Fat-like cadherins are involved in tissue organization, cell adhesion 

and actin dynamics in Hydra and therewith take over central roles in the diploblastic 

tissue (Brooun et al., 2020). In future studies, it would be interesting to investigate cell 

adhesion including the composition of focal adhesion complexes that connect 

actomyosin with the adhesion molecules to transfer the contractile forces to the 

adjacent tissue. Initial database analysis revealed that Hydra contains a complex toolkit 

of focal adhesion components (own unpublished data). Besides the cell-cell adhesion, 

the cell-matrix adhesion has to be investigated to depict the full orchestration. 
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8.2 General Supplementary Information 
 

 

Figure S 1: Control staining of the pMLC20 antibody to verify signal specificity. (A) Polyp 
was incubated with anti pMLC20 (1:400, abcam) and anti-rabbit FITC (1:750, Sigma-Aldrich). 
Normal localization of pMLC20-FITC in Hydra showing a clear signal at the bud base (arrows) 
and in the body column. (B – D) Control polyps were incubated with secondary antibody (anti 
rabbit FITC, 1:750) and DAPI (1:5000). (B) DAPI, 333 ms exposure (C) FITC, 333 ms exposure 
(D) FITC, 1 second exposure. 
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Figure S 2: Comparison of the IQ-motif within the neck region of nm myosin II in homo 
sapiens and both class II myosins in Hydra for MRLC binding. Accession numbers MYH10 
(homo sapiens): AAI44669.1, MYH9 (homo sapiens): CAG30412.1, nm-MyHC (Hydra vulgaris): 
XP_012560866, st_MyHC (Hydra vulgaris): XP_002157926.3. The color code indicates the 
physicochemical properties of the amino acids illustrated by ClustalW. The asterisks indicate 
the proposed IQ-motif for RLC interaction.             
(IQ-Motif: Bähler and Rhoads, 2002) 
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8.3 Abbreviations  

ATP:   adenosine triphosphate 

cLSM:  confocal laser scanning microscope 

cDNA:  complementary DNA 

DAG:   diacylglycerine 

DAPI:   4′,6-Diamidin-2-phenylindol 

Dig:   digoxigenin 

DMSO:  dimethyl sulfoxide 

DNA:  deoxyribonucleic acid 

ERK:   extracellular signal-regulated kinase 

dpERK: double phosphorylated ERK 

ELC:   essential light chain  

ECM:   extracellular matrix 

EM:   epitheliomuscle cell 

FGFR:  fibroblast growth factor receptor 

FGF:  fibroblast growth factor 

F-actin:  filamentous actin 

FITC:   fluorescein isothiocyanate 

G-actin:  globular actin  

ISH:   in situ hybridization 

I-cells:  interstitial cells 

IP3:   inositoltriphosphat 

Rho:   Ras homologue 

LiCl:   lithium chloride 

MAPK:  mitogen-activated protein kinase 

MHC:   myosin heavy chain 

MLCK:  myosin light chain kinase 

MLCP:  myosin light chain phosphatase 
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MLC:   myosin light chain 

MRLC:  myosin regulatory light chain 

MYL9:  myosin light chain 9 

MCMC:  Markov-Chain-Monte-Carlo method 

MMPA-3:  matrix metalloprotease A-3 

mRNA:  messenger RNA 

nm-myosin II: non-muscle myosin II 

nm_MyHC:  non-muscle_Myosin heavy chain 

pMLC20:  phospho myosin light chain serine 20 

PI(4,5):  phosphatidylinositol-4,5-bisphosphat 

PBS:   phosphat buffered saline 

PBT:   phosphat buffered saline containing detergents  

PCR:   polymerase chain reaction 

PLCy:   phospholipase C gamma 

PFA:   paraformaldehyde 

p-Tyr:   phospho tyrosine 

RLC:   regulatory light chain 

RNA:   ribonucleic acid 

ROCK:  Rho associated kinase 

ROI:   region of interest 

RTK:   receptor tyrosine kinase  

st_MyHC:  striated_Myosin heavy chain 

TRITC:  tetramethylrhodamine 

WMISH:  whole mount in situ hybridization 

ZO-1:   Zonula-1 
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