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Figure 1.  The freshwater polyp Hydra. Shown is a polyp of Hydra 
with two buds in different developmental stages. Age 
of the bud on the right: about 5 hours; that on the left: 
about 3 days.
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Abstract:  When all the cells of a tube are identical, they are unlikely to control how many of them are present in the circumference. 
However, when the circumference is subdivided into at least two regions of different cells, the tube diameter can be controlled 
via the width of these regions. We present a model and computer simulations for the formation of a tube which starts as 
a cone-like protrusion from a flat sheet of cells. Cells can exist in two alternative states. Cells of one state need signalling from 
those of the other state in order to maintain their state. Hence the cells of the two states arrange in stripes. A pattern-forming 
system, which defines where in this field of cells a tube will start to form, causes the stripes to become small at that very site. 
When four stripes originate at that point, and when the angle between the two borders of the stripes (as measured from the 
centre of the field) is less than 90°, the tissue is forced to protrude in the form of a cone. This model may help to understand 
the morphogenesis proper of buds of Cnidaria and of tubes, such as that of insect legs and the neural tube of vertebrates.

1. Introduction
Animals contain a large number of tubes, including the 
gut, the blood vessels, the oviduct and the neural tube. 
In certain animals, like polyps of Cnidaria, the whole 
body has the shape of a tube (Figure 1). In most cases, 
tubes form by invagination or evagination of epithelia, 
which by themselves may form the wall of a tube. There 
exists a large body of information concerning tube 
formation in various animals but comparatively little is 
known about how the diameter of a tube is controlled. 
Gierer [1,2] proposed that physical forces govern 
the formation of tubes and in particular control their 
diameter. Specifically, tissue evagination is described 
by shell theory, as used in architecture, to account for 
the interplay between surface curvatures . 

Recently an alternative has been discussed [3,4]. 
The basic idea is that the epithelium which finally forms 
a tube is not uniform. Rather, it consists of at least two 
types of epithelial cells which interact with each other in 
such a way that the tissue is forced to form a tube with 
stripes of these different cell types along the long axis of 
the tube. The diameter of the tissue tube is controlled by 
the number of stripes and their width.

In this article, we discuss conditions for keeping the 
diameter of a tube constant and in particular, conditions 
for forming a tube out of a planar sheet of epithelial cells. 
Finally, we apply these concepts to polyp formation in 
Cnidaria.
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2. Experimental Procedures
The presented simulations are based on the excellent 
program which Meinhardt [5] developed for calculating 
patterns in seashells. 

3. Results 
A tube of epithelial cells may still contain proliferating cells 
when it has reached its final diameter. One example is 
the body column of polyps of Cnidaria. In the freshwater 

polyp Hydra, epithelial cells continue to proliferate 
everywhere along the body axis [6], but the diameter of 
the body does not increase. The tissue is used to produce 
polyp buds, indicating a diameter control. It is obvious that 
when all epithelial cells in the circumference of a tube are 
identical they can hardly control how many are present 
in the circumference. Thus it is argued that the cells are 
not identical. If the circumference contains at least two 
different populations of cells which form stripes along the 
long axis of the tube, the diameter of the tube can be 
controlled via the stripe width (Figure 2A). This concept 
will be explained in the following sections. 

Figure 2.  Generation of a pattern of different cell types by lateral activation of locally exclusive states. (A) Cross-section through a tube which 
consists of A-cells and B-cells. A-cells produce a diffusible substance sa, B-cells produce a substance sb. A-cells need sb for survival, 
B-cells need sa for survival. Owing to that the range by diffusion of sa and sb determines the diameter of the tube. (B) Each cell in a row of 
cells is able to produce the activators ga and gb and the diffusible substances sa and sb according to Eq. 1a to 4a. At the outset the cell 
in the centre contains more sb than the others. Due to that the shown concentration pattern forms. A high concentration of ga causes a 
cell to acquire the state A, a high concentration of gb causes a cell to acquire the state B (for further detail see Figure 4).(C) By applying 
equations 1a to 4a, a concentration pattern of activators ga and gb to a field of cells is shown. The patterns of ga and gb are shown in 
separate panels. At the outset all cells are equipped identically with the various substances except for one in the middle of the field. In 
this cell the concentration of gb was increased. Following simulation the shown pattern forms. It is assumed that a high concentration 
of ga causes cells to change to the state A, and likewise for gb. Parameters: diffusion constants: Dg=0.02, Ds=0.2, removal rates: 
rg=0.1, rs=0.1, basic production: pg=0.0001, constants: kg=0.1, ks=0.1, lg=0.1, ls=0.1, mg=10. (D) Formation of stripes by an external 
influence. At the outset all cells of a field are in the same state. Along the midline in every fourth cell gb is increased slightly. As shown, 
this causes the formation of stripes of A- and B-cells. (E) When the field of cells forms a tube, a contact along the long axis may cause 
a subdivision of the tube into stripes of A- and B-cells. The notochord may cause the subdivision of the neural field and neural tube in 
this way.  
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3.1 Tube formation 

3.1.1  The formation of stripes of different identity in a 
field of cells

Our assumption is that certain epithelial cells can exist in 
two states, called A and B. Cells of state A influence their 
neighbours to also enter the state A and those of state 
B do likewise. For survival, A cells need B cells in their 
neighbourhood and vice versa. Therefore, a population of 
A and B cells can only reach a certain size. A simulation of 
such interaction in a row of cells, called “lateral activation 
of locally exclusive states” [7,8] in a row of cells results in 
subdivision into populations of A and B cells (Figure 2B).
The epithelial cells switch to state A where the activator ga 
is present in high concentration, and to state B where the 
activator gb is present in high concentration. A simulation 
in a field of cells results in concentric rings of A and B cells 
if one cell state is favoured to form in the centre of this 
field (Figure 2C). These simulations are done by applying 
the equations 1a to 4a.

dga / dt = kg * sb / (lg + mg * gb
2) + pg – ra * ga + Dg * Δga

 (Eq. 1a)

dgb / dt = kg * sa / (lg + mg * ga
2) + pg – rg * gb + Dg * Δgb

(Eq. 2a)
dsa / dt = ks * ga – rs * sa + Ds * Δsa 

(Eq. 3a)
dsb / dt = ks * gb – rs * sb + Ds * Δsb   

(Eq. 4a)

The substances sa and sb are produced under the 
regime of ga and gb, respectively (see Eq. 3a and 4a). 
They provide far-reaching aid (lateral activation) for the 
production of gb and ga, respectively (see Eq. 1a and 2a).
In the presence of high concentrations of gb, ga is no 
longer produced, and vice versa. Thus a cell is either in 
state A or in state B (mutual local exclusion). The various 
compounds are produced at a low basic rate (pi). They 
are removed with a compound-specific rate (ri) and they 
can diffuse in all directions (Δi) with a compound-specific 
rate (Di). In the following sections, the populations of 
cells in state A and B will be called compartments.

In order to get stripes of cells of different states, 
additional internal or external signals are necessary. An 
external influence may be provided by contact with a 
rod as observed in neural tube formation, where contact 
with the notochord defines the midline of the neural field 
(Figure 2D, E). 

An internal influence may be provided by the polar 
organisation of a tissue. Our assumption is that a certain 
tissue property, called “positional value” or “sources” in 
Cnidaria research, changes gradually from the basal to 
the apical position of a field of cells. The positional value d 

affects the system of lateral activation of locally exclusive 
states (denoted by d in equations 3b and 4b) [3,4]. 

dsa / dt = ks * ga * d – rs * sa + Ds * Δsa                 (Eq. 3b)

dsb / dt = ks * gb * d – rs * sb + Ds * Δsb                              (Eq. 4b)

A simulation of the equations 1a, 2a, 3b and 4b in 
a field of cells which display a flat gradient of positional 
values along the y-axis results in stripes of A and B cells 
parallel to that axis (Figure 3B). 

The width of the stripes depends on several 
parameters, such as the diffusion ranges of the activators 
ga and gb and of the substances sa and sb in the tissue 
(Figure 3D, E). Diffusion constants reflect properties of 
the diffusing molecule, which may not change within 
an animal. However, they also reflect the properties of 
the tissue, including the number and types of cell-cell 
contacts. These properties are assumed to be under 
the control of the local positional value d and thus can 
change along the long axis. 

In the field of cells proliferation may take place in 
all stripes at random positions. This causes the field to 
increase in length and width. When there is no width 
control, additional stripes form (Figure 4). When a stripe 
grows in width, cells in the centre of an A stripe are 
increasingly less supplied with sb, the substance which 
causes the lateral activation. In the absence of sb the 
production of ga

 
ceases

 
(see Eq. 1a), while the self-

enhanced production of gb is favoured. As a result, a 
B-stripe forms in the centre of an existing A-stripe, and 
vice versa (Figure 4). 

Width control is obtained when a cell of an A stripe, 
sensing a certain low threshold concentration of sb, 
moves (usually a very short distance) to a place where 
the concentration of sb is sufficiently high (and vice 
versa for a cell of a B stripe). This very cell moves by 
squeezing between neighbours, continuing as long 
as it finds a position closer to the border of the stripe 
than it was before. Consequently, the stripe width is 
maintained, while the stripe, and therefore the whole 
field of cell, grows in length. Through this mechanism, 
the formation of a new stripe is prevented.

3.1.2 Formation of a tube from a sheet of cells
A well-known example of this type of tube formation is 
that of the neural tube: a field of cells (the neural plate 
or its analogue) may have the ability to subdivide into 
A and B cells. The notochord (or its analogue) may 
cause a slight local reduction or increase in one of the 
substances involved in lateral activation. This initiates 
the patterning of the whole field of cells (Figure 2D). 
Without this contact the patterning and therefore the 
specific development may not start at all, as observed in 
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Figure 3.  The polar organisation of a field of cells is able to cause a subdivision into stripes of different cell types. (A) Simulation as shown in 
Figure 2C. (B) Formation of stripes of cells in state A and state B, respectively. Shown is the pattern of the activators ga and gb, by 
applying Eq. 1a, 2a, 3b and 4b. A gradient of positional values, pv in the figure, d in the simulation, forces the formation of stripes 
running from apical to basal. The positional value changes along the y-axis by 5% per cell (d=1.05). Other parameters as in Eq. 1a, 2a, 
3a and 4a. At the outset the pattern of activators was as shown in Figure 3A. The shown pattern forms when d was changed from d=1 
to d=1.05. (C) Tube with a quadrant organisation. This is obtained when the field of cells shown in Figure 3B closes to form a tube. (D) 
The field of cells is enlarged. Diffusion constants as in (B). Only the concentration pattern of ga is shown. (E) Parameters as in D but 
diffusion constants reduced by one half: Dg=0.01 Ds=0.1. 

Figure 4.  Simulation of growth. (A) The concentration of ga (red), gb (black) sa (green) and sb (blue) above each cell is shown. The row of cells 
grows by adding cells in the very centre. A row of 5 cells is too small to allow the formation of a concentration pattern. (B) From left to 
right: cells in state B, state A, state B. (C) The field of cells grows but the number of subdivisions in populations of cells in state A and 
B remains unchanged. (D, E) When the population of A-cells in the centre of the field becomes too big, the cells in the centre of this 
population are no longer reached by a sufficient amount of sb produced by cells of the two adjacent populations in state B (right and 
left). This reduces the production of ga in the centre of the central population of A-cells. (F, G) A high level of sa allows the production of gb 
to become self-enhanced. As a result, cells in the centre of the A-cell population change their state and develop into B-cells. Simulation 
with Eq. 1a to 4a, parameters as in Figure 2C except kc=1, lg=0.3.
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neural tube formation. By infolding, a process whereby 
A cells at the left side come into contact with A cells at 
the right side, the field of cells transforms into a tube 
(Figure 2E). In neural tube formation this process is 
well understood. When this tube displays the noted 
width control, it elongates upon cell proliferation but it 
does not increase further in diameter when a certain 
threshold diameter is reached. Thus, an almost circular 
field of cells (the neural plate) transforms into a long 
tube with almost constant diameter. Tube formation by 
dehiscence out of a solid rod of cells may be controlled 
the same way. It is necessary that A and B cells, rather 
than A and B precursors, tend to form an epithelium. 

When the field of cells (shown in Figure 3B) 
transforms into a tube, the tube displays four stripes of 
different cells, two of each type. The positional value 
increases along the long axis of this tube (Figure 3C). 
When there is width control as described above, cell 
proliferation causes this tube to elongate, while the 
diameter of the tube remains constant when a certain 
threshold diameter is reached. 

In the following sections, we discuss the formation 
of a tube from a field of cells in the form of a cone-like 
protrusion. In addition to the conditions proposed above 
only one is necessary to produce a tube: the width of a 
stripe is small where the positional value is high. 

Tube formation is initiated by a local increase of 
the positional value (or of the concentration of a certain 
substance) in a field of cells. Such a local increase may 
be caused by a mechanism of autocatalysis and lateral 
inhibition [9]. It results in a cone-like gradient of an 
activator and/or of positional values. The original model 
has been modified to also generate low positional values 
[10]. Assumed is the existence of one activator (a) and 
two inhibitors (b, c). The activator stimulates its own 
production (autocatalysis) (Eq. 5) and that of the inhibitors 
(Eq. 6 and 7). One of the inhibitors, b, antagonizes 
activator production (lateral inhibition). The inhibitor has 
a longer diffusion range than the activator. The activator 
causes an increase of the positional value d, while the 
other inhibitor, c, antagonizes this increase (Eq. 8). At the 
site of activator generation, the positional value either 
increases or decreases depending on the conditions 
in the surroundings (Eq. 8) [10]. As noted above for 
equations 1a to 4a, the parameter pi indicates a basic 
production of the substance i, ri indicates the respective 
removal rate, Di the respective diffusion constant, and Δi 
the diffusion of a substance in all directions. 

da / dt = ka * a2 / b + pa * d – ra * a + Da * Δa       (Eq. 5)
db / dt = kb * a2 + pb – rb * b + Db * Δb        (Eq. 6)
dc / dt = kc * a2 + pc – rc * c + Dc * Δc        (Eq. 7)
dd / dt = ke * a2 / c - ld * a2 / b + pd – rd * d         (Eq. 8)

Initially all cells in a field of cells are assumed to be 
identical with respect to the substances they contain, 
except for that one in the centre of the field. In this cell 
the concentration of the activator a is slightly higher. 
This causes the positional value d, via autocatalysis and 
lateral inhibition, to form a cone-like gradient in the field 
of cells (Figure 5A). 

Now we combine equations 1a, 2a, 3b and 4b and 
5 to 8 with the aim to study stripe formation in that 
tissue which generates a gradient of positional values. 
Equations 1a, 2a, 3b and 4b are altered in order to 
allow the positional value to affect the efficiency of 
the production and diffusion range of ga, gb, sa and sb

 (Eq. 1b, 2b, 3c and 4c). The influence of d on the diffusion 
range reduces the width of a stripe with increasing 
positional value, particularly close to the tip of the future 
cone-like protrusion. The influence of d on the efficiency 
of the production of ga, gb, sa and sb causes the stripes 
to orient along the gradient of positional values, i.e. they 
become oriented to the tip of the future protrusion.   
dga / dt = kg

# * sb / (lg + mg * gb
2) + pg – rg * ga + Dg

# * Δga
   

(Eq. 1b)
dgb / dt = kg

# * sa / (lg + mg * ga
2) + pg – rg * gb + Dg

# * Δgb 
(Eq. 2b)

dsa / dt = ks
# * ga – rs * sa + Ds * Δsa

(Eq. 3c)
dsb / dt = ks

# * gb – rs * sb + Ds * Δsb 
(Eq. 4c)

with kg
# = kg * (1 + ng * d), ks

# = ks * (1 + ns * d),
Dg

# = Dg / (1 + q * d)
In the simulation shown, concentric rings form initially 

(Figure 5A), but eventually four populations develop which 
meet with sharp edges at the site with the maximum 
positional value (Figure 5B). The states A and B alternate 
in the circumference. This does not appear to be due 
merely to the fact that in the simulation the cells are 
assumed to be quadratic. For geometrical reasons, four 
cells or four populations of cells favor forming in alternating 
identity, even if the epithelial cells are not quadratic. A 
population of four is the smallest population which is able 
to form a circular arrangement; therefore, in instances 
when the stripes are smallest (where the positional value 
is maximal), an arrangement of four cells is the most likely 
one. An arrangement of 6 or 8 cells in the circumference 
may be disfavoured because such an arrangement is likely 
to include cells of state A or B in its centre. A group of two 
cells may recruit two adjacent ones to form a circle-like 
organizing region in which the state of the cells alternates 
around the circumference. In any case, the number of 
groups of founder cells in the circumference of the tip of 
the future protrusion must be even.

Inevitably the groups of founder cells will elongate 
into stripes by recruiting cells in their surroundings. 
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With distance from the tip, the stripes increase in width 
because the positional value decreases. When there is 
a mechanism which prevents the increase in width of a 
stripe above a certain threshold value (see above), four 
stripes usually form along the new apical-basal axis. 
When the angle between the two borders of such a new 
stripe (as measured from the centre of the field) is less 
than 90°, the centre protrudes in the form of a cone. 
The key idea is that due to the forced rearrangement of 
the cells, the morphogenesis of a cone-like protrusion out 
of a flat sheet of cells is induced. The elongation of this 
cone results in a tube of almost fixed diameter. 

In summary, the conditions for tube formation are: 
(1) A mechanism which subdivides a field of cells into 
populations which are in different states (possible 
mechanism: “lateral activation of locally exclusive 
states”). (2) A mechanism which prevents the further 
increase in width of a stripe above a certain threshold. 
This condition also prevents the formation of a new stripe 
in the centre of an existing one (possible mechanism: 
movement of those cells which are not reached by a 
signalling substance generated by cells of the opposite 
compartment). (3) A mechanism which in a field of cells 
generates a gradient of positional values or of a certain 
substance (possible mechanism: “autocatalysis and 

lateral inhibition”). (4) An interaction of the positional 
value with the mechanism of “lateral activation of locally 
exclusive states” in such a way that the cell populations 
form stripes parallel to the slope of the gradient of 
positional values. (5) An interaction which causes the 
width of a stripe to become small where the positional 
value is high. 

3.2  Application of the model to polyp formation 
in Cnidaria 

Polyps of Cnidaria are tube-shaped. They have only 
one body opening, called the mouth, which is usually 
surrounded by a ring of tentacles. In solitary polyps, 
there is a basal disc at the other end of the body column 
with which the animals can adhere to a substrate. The 
best known example is the freshwater polyp Hydra 
(Figure 1). The body wall consists of two cell layers, 
the ectoderm and the endoderm, both of which largely 
consist of epithelial cells. 

3.2.1 Scyphozoa (Aurelia)
Polyps of Scyphozoa usually display four septa in their 
endoderm (Figure 6, 7). Septa are folds of the endoderm 
which run from the oral to the aboral body end. This 
led to the proposition that the endoderm is subdivided 

Figure 5.  Conditions for the formation of a cone-like protrusion. (A) Early and late (B) stages of a simulation of the concentration pattern of ga 
and gb, where the positional value d forms a cone-like gradient. The tip of this cone will become the tip of the protrusion. The positional 
value d is generated by applying Eq. 5 to 8. The positional value influences the efficiency of the production of ga and gb (parameter ng 
in Eq. 1b and 2b), the efficiency of the production of sa and sb (parameters ns in Eq. 3c and 4c), and the range by diffusion of these 
substances (parameter q in Eq. 1b, 2b, 3c, 4c). Owing to the interactions, two times two populations of A- and B-cells form which 
develop into four short stripes originating in the tip of the future cone-like protrusion. Parameters as in Figure 3, except in Eq. 1b, 2b, 
3c and 4c: kg=0.07, lg=0.13, ng=1, ns=0.05 and q=0.03. Parameters in Eq. 5 to 8: diffusion constants: Da=0.02, Db=Dc=0.2, removal 
rates: ra=0.015, rb=0.015, rc=0.01, rd=0.001, basic production: pa=0, pb=0.007, pc=0.0015, pd=0, constants: ka=0.015, kb=0.008, 
kc=0.001, kd=0.001, ld=0.00035. (C) Cross section through the cone showing the quadrant arrangement of A and B cells. (D) Side view 
of the protruding cone showing a smaller range of diffusion near the tip of the cone according to the high positional value.
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into two times two compartments, forming longitudinal 
stripes (Endo A and Endo B) [3]. Epithelial cells of the 
same compartment stay together, but form a septum 
where cells of different compartments meet . Polyps of 
Scyphozoa can reproduce asexually by producing polyp 
buds. Initially such a bud is small but already contains 
four septa. When it grows, the number of septa does not 
increase. Instead, when a certain body size is passed, 
the produced tissue is used for asexual reproduction. 

Budding in Scyphozoa is rather diverse. We will 
only refer to budding in Aurelia (Semaeostomae) 
in the following discussion. The morphogenesis of 
a bud is proposed to start with the generation of a 
pattern-forming system of autocatalysis and lateral 
inhibition acting in the body wall of the parent polyp. 
This pattern-forming system causes a group of cells to 
increase its positional value in the form of a cone-like 
gradient [10]. In the centre of this group the positional 
value is maximal. The centre develops into the apical 
end (hypostome) of the future polyp, and the periphery 
into basal structures. 

According to the proposed model, a high 
positional value reduces the width of the endodermal 
compartments. As a result, the formation of four new 
compartments is favoured in the very tip (Figure 5). In rare 
cases, by chance a different number of compartments 
forms, but this number was found to be always even and 
is therefore consistent with the proposed model [3]. With 
distance from the tip, and thus with decreasing positional 
value, the width of the endodermal compartments 
increases. Because the angle between the two borders 

of such a new compartment (as measured from the tip 
of the bud) is less than 90°,

 
the bud rudiment protrudes 

in the form of a cone. The driving force for the protrusion 
results from a rearrangement of the former parent cells.

3.2.2 Anthozoa (Actiniaria)
Polyps of Anthozoa have more septa than 
those of Scyphozoa, and always in an even 
number. It appears that the gastric pouches, 
including the septa, are formed by three different 
types of compartments (Endo A, B, C) [4].
Two of them alternate regularly while the third one is 
rare. It induces the formation of a certain Anthozoa-
specific structure called siphonoglyph (Figure 7). 

Sexual reproduction in Anthozoa is much 
better studied than asexual reproduction. In sexual 
reproduction, a new polyp forms from an initially 
sphere-like embryo. This embryo elongates and forms 
septa successively in its endoderm. Initially the cavity 
is subdivided by two septa, then four, and so on. 
Septum formation starts at the site of the future mouth 
of the polyp and always proceeds in pairs. According 
to the model proposed, in the sphere a pattern-forming 
system of autocatalysis and lateral inhibition defines an 
axis (mouth to basal end) by generating a gradient of 
positional values. The positional value affects a system 
of “lateral activation of locally exclusive states”, as 
described above. Due to this interaction, at a certain 
threshold size of the embryo, the endoderm can no longer 
maintain its initial uniform state. Thus it subdivides into a 
stripe of cells in state Endo A and a stripe in state Endo 

Figure 6.  Compartments in polyps of Aurelia. (A) Illustration of 
a polyp of Aurelia with a young bud on top of a stolon 
(Sto), after [43]. (B) Longitudinal section indicating the 
proposed compartments in the ectoderm by different 
colours: oral disc ectoderm and muscle processes, 
body column ectoderm, basal disc ectoderm. (C) Cross-
section at two positions, as indicated. The different 
colours in the endoderm indicate the two compartments: 
Endo A and Endo B; s: septum, g: gastric pouch.

Figure 7.  Cross-sections through polyps of Cnidaria. The different 
colours indicate: orange: body column ectoderm, grey: 
mesogloea (extra-cellular matrix); light green: Endo A; 
dark green: Endo B; blue: Endo C, exclusively present 
in Anthozoa. Endo C induces a siphonoglyph to form. 
Shown is a cross-section of an Actiniaria (Anthozoa) 
polyp in the so-called Halcampoides stage. Cross-
sections of Scyphozoa and Anthozoa after [3] and [4], 
respectively. 
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B (see Figure 3). This subdivision starts at the site of the 
maximal positional value, because there the smallest 
compartments can form. This is substantiated by 
observation (for review see [11]). Further growth causes 
further subdivision of the endoderm, and consistent with 
the model, takes place by pairs of septa. In the various 
subgroups of Anthozoa the sequence of these events is 
rather diverse [4]. The most important cause appears to 
be that in certain Anthozoa, two of the compartments stop 
growing when a certain width is reached, while the other 
one does not display such a size control mechanism. 
It increases in diameter and finally produces a new 
compartment of one of the other types at its centre 
(see Figure 4) [4]. This means that a pair of septa forms 
simultaneously, as observed without exception [11]. 
As a result, Actiniaria can reach a diameter of several 
decimeters, while polyps of Scyphozoa and Hydrozoa 
reach a diameter of only some millimeters. The reason 
that two compartments form initially and not four, as 
in Scyphozoa, may be the result of the difference in 
geometry. In the sexual reproduction in Anthozoa, the 
subdivision starts in the tip of a spindle-shaped embryo. 
In the asexual reproduction in Scyphozoa, it starts on 
the inner surface of a tube. 

3.2.3 Hydrozoa (Hydra)
Polyps of Hydrozoa display no septa and no gastric 
pouches, but there are a few rather weak arguments for 
the existence of endodermal compartments. (1) Polyps 
of several Scyphozoa species do not have septa in the 
basal part of their body column, but four endodermal 
compartments appear to exist there, as indicated by 
the four muscle strands which start at the oral disc and 
run through the septa to almost reach the basal disc 
(Figure 6). Thus, septum formation is not a necessary 
consequence of compartment formation. Septum 
formation may be controlled by several conditions. Only 
one of them is a compartment border. (2) Cnidaria are 
proposed to have developed a quadrant organization 
early in their evolution [12-18]. Hydrozoa are proposed 
to derive from such an ancestor. It is difficult to see a 
reason for Hydrozoa to abolish an effective mechanism 
for diameter control. (3) Medusae, the sexual generation 
of Hydrozoa, usually display a quadrant organisation. 
In the hypostome of many polyps of Hydrozoa four 
endodermal protrusions are found (Hydra is not typical 
in this respect). (4) We do not see a simple alternative to 
the control of tube diameter via the control of the width 
of longitudinal stripes from which a tube is made. 

We suggest polyps and medusae of Hydrozoa have 
four endodermal compartments in their central tube-
like body. The existence of a different multiple of two 
compartments cannot be excluded.

In contrast to Scyphozoa and Anthozoa, the body 
wall of Hydrozoa is made by epithelio-muscular cells. 
Such cells bear at their base two long muscle processes 
opposite each other. The muscle processes of the 
ectodermal epithelial cells are parallel to the apical-
basal body axis. Those in the endoderm are oriented 
perpendicular to them. In macerates of Hydra tissue, 
the muscle processes display a length between one 
and three cell diameters [19]. Based on these data, it 
appears possible that in Hydra the cell bodies of the 
endodermal epithelial cells form a sharp compartment 
border while the muscle processes certainly do not. A 
diffuse border along the apical-basal axis with respect to 
the muscle processes may be an obstacle for production 
of a septum. 

In Hydra vulgaris the number of endodermal 
epithelial cells was determined to be about 11 000 [20]. 
30 to 50 endodermal cells may form the circumference. 
The width of one compartment may thus comprise 7 
to 13 cells. Based on this rough estimate it is possible 
that each epithelial cell in an Endo A compartment has 
direct contact via one of its muscle processes to a cell 
of an Endo B compartment and vice versa (Figure 8). 
Thus other than in Scyphozoa and Anthozoa the lateral 
activation may be transmitted via direct contact from cell 
to cell via muscle processes.

Endodermal epithelial cells proliferate all along the 
body axis [6], but the polyp’s diameter does not increase 
when a certain size is reached. During mitosis, the 
muscle processes retract and the cells round up [19]. 
Then the processes form anew in the correct orientation. 
We suggest that according to the model: (1) A daughter 
cell is forced to keep its cell body in the compartment 
to which it belongs. A homotypic adhesion is stronger 
than a heterotypic one. (2) A daughter cell is forced to 
find contact via one of its new muscle processes to a 
muscular process of a cell of the opposite compartment. 
This restricts the width of a compartment and causes 
the muscular process to align perpendicular to the body 
axis. Following mitosis, a cell may squeeze between its 
neighbours or move a short distance up or down the 
body axis to find the appropriate contact. This causes 
an elongation of the body column. 

If this proposition is correct, then in Hydrozoa polyps 
of the various taxonomic groups there should be a tight 
correlation between the diameter of an endodermal 
epithelial cell, including its muscle processes, and the 
diameter of the polyp’s body column. 

There certainly exist further influences on width 
control, as indicated by the following observations. 
Initially polyps of Hydra formed by sexual and asexual 
reproduction are small. Upon feeding they grow to a 
final diameter more than twice the original one, and 
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upon starvation both the length and the diameter shrink. 
The number of compartments in the circumference 
does not change. Whether the size of an epithelial cell, 
including its muscular process, remains constant is 
unknown. In contrast, in thecate Hydrozoa the polyp 
(hydranth) forms in its final size and upon starvation 
they do not get smaller but rather disintegrate.

Budding in Hydra visibly starts with the formation of a 
cone-like protrusion at the parent animal (Figure 1, 8A).
Just before evagination, a group of about 800 epithelial 
cells is visibly recruited for the bud to be produced. 
In particular, the endodermal cells of this placode are 
more columnar in shape than in non-budding tissue 
[21]. Then a peak of endoderm protrudes into a 
thickened ectoderm. Based on the same observations, 
Otto [22] suggests the endoderm actively distorts the 
ectoderm. Subsequently the tip, made from ectoderm 
and endoderm, elongates to form a cone which, at its 
base, finally reaches the diameter of the body column of 
the bud (Figure 1). This diameter is maintained during 
further outgrowth. A bud grows by cell multiplication 
and to a large extent by cells recruited from the parent 

animal [23,24]. Thus, in the course of budding, most 
epithelial cells have to change the orientation of their 
muscle processes. In the ectoderm the evagination 
proceeds initially without reorientation of the muscular 
fibres [21,22]. Because of this, Otto concluded that 
a differential contraction of the ectoderm is not 
responsible for the onset of budding. In the endoderm 
the reorientation of the fibres is difficult to recognize 
and is therefore not studied in detail [21,22]. 

According to the model proposed, budding 
starts with the generation of a cone-like gradient of 
positional values [10]. This causes the formation of new 
compartments in the endoderm of the bud rudiment. 
In the tip of the bud rudiment, the width of the new 
compartments is extremely narrow. This results from a 
shortening of the muscular processes of the endodermal 
epithelio-muscular cells (Figure 8C, D). (Alternatively, a 
contact via a large part of the muscular processes is 
necessary for communication). With increasing distance 
from the tip, the length of the processes increases to the 
length observed in the body column. It is thus inevitable 
that the endodermal epithelial cells orient their muscle 

Figure 8.  Morphogenesis of a bud of Hydra. (A, B) Scheme of a Hydra with a young bud and a cross-section of the body column displaying the 
proposed two different compartments in the endoderm, Endo A (light green) and Endo B (dark green). (C) Two endodermal epithelio-
muscular cells seen from the mesogloea. Their muscular processes are shown as red triangles. In particular, the red triangles display 
the range via contact and / or via diffusion of those signals generated by a certain cell which cause the lateral activation. (D) Scheme 
of a bud. Shown are endodermal epithelio-muscular cells only. Where the positional value is high, the tip of the bud forms. The high 
positional value causes the endodermal epithelio-muscular cells to reduce the length of their muscular processes to almost zero. In the 
absence of muscular processes, the system of lateral activation of locally exclusive states favours the arrangement of four cells with 
alternating compartment identity (upper cell population, tip of the bud). The positional value decreases with increasing distance from 
the tip, and the muscular processes grow in length (second and third row). The system of lateral activation of locally exclusive states 
causes the compartments to elongate parallel to the slope of the gradient of positional values (see Figure 3). The increased length of 
the muscular processes causes the compartments to increase in width. Shown are cells of the Endo B compartment flanked by one cell 
of the adjacent Endo A compartments. In each row the muscular processes of two cells (indicated by a dot) are shown, and these have 
contact with the tips of their processes. When the processes have a length of one cell diameter, the compartment has a width of 6 cell 
diameters (second row). When the angle between the two borders of a compartment, as measured from the tip of the bud, is less than 
90 degrees, the bud rudiment protrudes out of the parent tissue in the form of a cone.
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processes perpendicular to the new apical-basal axis. 
There is a mechanism which prevents the formation of 
new compartments in the centre of an existing one, as 
discussed previously. The bud rudiment protrudes in 
the form of a cone because the angle between the two 
borders of such a new compartment (as measured from 
the tip of the bud) is less than 90°. The shape of the 
cone-like protrusion (see Figure 1) indicates an angle 
of about 45° of each of the four compartments in the 
circumference. 

The spreading of the compartments in the former 
parent animal’s tissue causes the progress of the 
morphogenesis of the bud rudiment. We would like to 
emphasize that this spreading of the compartments 
in the parent tissue is the reason that a bud largely 
forms from parent tissue. It should be mentioned that in 
Scyphozoa a bud also is largely made by tissue of the 
parent animal ([25] for Cassiopea andromeda).

Hydra can regenerate its body from aggregates 
of single cells obtained by cell maceration of adult 
animals [26]. Such an aggregate develops into a hollow 
sphere which outer surface is made out of the original 
ectodermal cells while the inner surface is made out of 
the original endodermal cells. A large sphere produces 
several new animals at random positions whereby the 
tissue of the sphere is used up upon growth of these 
new animals. It appears that the process by which the 
new animals form is similar to budding: Initially the 
endodermal cells may form stripes of the two different 
compartments in random orientation. Then a pattern-
forming system defines where the positional value will 
rise locally. At that site small endodermal compartments 
are forced to form, founding four new compartments in 
form of stripes. The small compartments dominate the 
existing pattern of comparatively large compartments at 
that site (see Figure 5). The final result of this process is 
similar to budding: the future apical end of a new animal 
protrudes out of the originally sphere-like aggregate. 

Hydra is able to regenerate its head. Following 
sectioning, an initially ringshaped body fragment 
closes its wounds at the apical and at the basal end. 
In the tissue of the apical end, the pattern forming 
system becomes active and causes an increase of the 
positional value then finally a head to form. Similar to 
budding, in the centre of this tissue four compartments 
are expected to form in short distance to each other. 
When a transversal body segment is also cut, parallel to 
the length axis of the original animal, the obtained two 
body fragments can be expected to be initially made out 
of only two endodermal compartments. Such fragments 
also regenerate missing structures. However, the final 
diameter of a Hydra regenerating from a complete 
cross-section and from a half cross-section is found to 

be identical [27]. According to the proposition made, this 
occurs because the positional value in the regeneration 
tissue increases. This causes small compartments to 
form. Thus, similar to budding, the tissue in the very tip 
is re-specified with respect to its compartment identity. 
We expect four compartments to form within the range 
of the initiated pattern forming system. 

In rare cases Hydra sectioned longitudinally 
through the mouth opening do not regulate the number 
of tentacles from the initial half amount to the usual 
normal number. (A detailed study is missing.) We 
propose the following explanation: The two body 
halves consist of two compartments. At the apical end 
the positional value is maximal and thus the pattern 
forming system is not initiated to regenerate missing 
apical structures. As a result, the two compartments 
persist for a long time. 

4. Discussion
We have presented a simple model for tube formation. 
This model is based on a mechanism of “lateral activation 
of locally exclusive states” combined with a mechanism 
of “autocatalysis and lateral inhibition”. There are 
several ways in which a “lateral activation of locally 
exclusive states” can be accomplished [8]. In fact, a 
different set of equations as used here have been used 
elsewhere to describe compartment formation in the 
endoderm of polyps of Scyphozoa and Anthozoa [3,4]. 
This may indicate that it is much too early to discuss 
details or specific molecules in such a mechanism. 
In addition, models for pattern formation are certainly 
much too simple. For example, most, but not all [28], 
ignore receptors. However, at this point in the discussion 
it appears that the simplest assumptions are best to 
describe the basic features of tube formation. Moreover, 
it appears to be best that the simplest assumptions can 
be very easily handled by simulation experiments. 

The wall of a tube is proposed to be made from at 
least two populations of cells which form stripes along 
the long axis of the tube. These stripes have features of 
developmental compartments [3,4], as they are known 
from vertebrates and arthropods. However, in vertebrates 
and arthropods a cell does not usually alter its compartment 
address. Transdifferentiation is rare. In contrast, in 
Cnidaria the compartmental state of a cell is usually not 
fixed. It can change, and in particular must change in the 
course of asexual reproduction, which does not exist in 
vertebrates and arthropods. We suggest that the stability 
of a compartmental address is high in organisms which 
do not display asexual reproduction, but is low and under 
dynamic control where asexual reproduction is typical. 
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Budding in Hydra (Figure 1) may serve as an 
example of tube formation. The initial step is to define 
a circular field of cells in the body wall of the parent 
animal. The pattern-forming systems which define this 
field should simultaneously cause a polar organization 
of the field, in such a way that cells in the centre 
develop the apical end of the future animal while the 
periphery cells develop the basal structures. It is argued 
that a gradient of positional values causes this polarity  
[9,10,28-31]. Usually at this stage the various published 
models for bud formation end. 

In this paper, we propose that the positioning 
and the morphogenesis of a bud is caused by five 
conditions: (1) An endodermal epithelial cell can exist 
in one of two states (Endo A or Endo B), whereby 
cells of identical state stick together, forming a 
compartment. Cells of different states need each 
other for survival. They exchange signals for mutual 
aid (“lateral activation of locally exclusive states” 
[9,7]). (2) There is a mechanism which prevents a 
compartment from increasing in width above a certain 
threshold. (3) In the tissue there exists a gradient 
of positional values and (4) this gradient orients the 
endodermal compartments [3,4]. (5) A high positional 
value reduces the width of a compartment. Therefore, 
the compartments become smaller towards the future 
apical end of the bud. 

These five conditions force the formation of new 
compartments in those which already exist when a 
gradient of positional values is initiated to form there.  
The new compartments are small in the centre and large 
in the periphery. It appears that four compartments (two 
by two compartments) are favoured to form. In this 
case, if the angle between the left and right borders of a 
growing compartment is less than 90 degrees, the bud 
rudiment protrudes in the form of a cone from the parent 
animal and grows at the expense of parent tissue. This 
phenomenon is indeed observed in Hydra.

In Hydra a direct contact between an Endo A and 
an Endo B cell through muscular processes may be 
necessary for their “lateral activation”. Scyphozoa and 
Anthozoa do not have these cells. In these polyps the 
respective signals spread over several cell diameters. 
Hydrozoa are thought to have derived from Scyphozoa-
like ancestors [12-18,32] and therefore the original 
mode of interaction may be that observed in Scyphozoa. 

With respect to Hydra, Wnt signalling was suggested 
to be an element of the “head organiser” [33]. The 
arguments are that HyWnt and other members of the 
Wnt pathway (Hyb-cat and HyTcf) are expressed in 
the hypostomal tip early in head regeneration and also 
early in budding. However, HyWnt and in particular 
Hyb-cat (HyTcf was not tested) are also expressed 

in foot regenerating tissue, but more weakly and only 
transiently (Hobmayer, personal communication, [10]). 
Furthermore, the time of onset of the expression of 
HyWnt in head regeneration is highly variable. In some 
cases expression starts very late, e.g. just before 
the tentacles visibly appear (Hoffmann and Berking, 
submitted for publication). Hyb-cat is expressed 
early, so it may have a leading function. However, at 
present there are no candidates for gene products to 
be involved in control of the formation of endodermal 
compartments. 

Another well-known tube is the neural tube of 
Chordates. The way the neural tube forms is very 
different in different animals. In certain animals it forms 
by folding of an epithelium, in others out of a solid mass 
of cells, but the final outcome is very similar: a tube 
with almost constant diameter along its whole length. 
In the tadpole of the Tunicate Ciona “a characteristic 
of the deuterencephalon at almost all levels is that its 
lumen is lined by four ciliated ependymo-glial cells, and 
four rows of these nonneuronal cells run in single files 
along the length of the caudal CNS.” [34] (italics by B. 
and H.). The neural tube of Chordates displays several 
longitudinal stripes of certain gene expressions. Various 
key developmental pathways like BMP signalling, 
WNTs and Sonic Hedgehog have been found to be 
involved in control of neural induction, neural tube 
patterning and cell proliferation in the neural tube. 
However, there are only hints of how the tube proper 
forms and how its diameter is controlled (for review 
see [35]). In mice, overexpression and removal of the 
canonical WNT signal transducer β-catenin in the CNS 
result in hyperproliferation and defects in proliferation 
[36]. Misexpression of noggin in the dorsal spinal cord 
reduces cell proliferation [37]. These molecules appear 
to be involved in the control of tube diameter. We 
suggest looking for an interaction which involves “lateral 
activation of locally exclusive states”. This is because 
such a mechanism is able to cause the formation of 
a tube, even from a chaotic origin, when either there 
is a mechanism which generates a polarity, (e.g. from 
anterior to posterior) as proposed for polyps of Cnidaria 
[4], or when there is an inducing influence, as proposed 
for the contact between the notochord and the cells 
of the future neural tube. As in neural tube formation, 
the tube-shaped body of Hydra forms by the folding 
of an epithelium (asexual reproduction), or by self-
organization out of a solid mass of embryonic cells 
(sexual reproduction), or from a solid mass of adult cells 
(experimentally obtained by dissociation of adult Hydra 
and aggregation of the obtained single cells [26]). 

Insect appendages start their morphogenesis as 
a cone-like protrusion. The ectoderm of this cone is 
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longitudinally subdivided into three compartments. In leg 
formation during Drosophila embryogenesis initially two 
compartments form. The posterior one is characterized 
by engrailed expression, the anterior one by wingless 
expression. The compartmental states mutually depend 
on each other and mutually exclude each other locally. A 
cell usually does not change its compartment identity. The 
compartments thus appear to be governed by a system 
of “lateral activation of locally exclusive states”. Then the 
anterior compartment is subdivided into a ventral field of 
cells in which wingless remains active, and in a dorsal 
field which is characterized by decapentaplegic activity. 
At the intersection of the three compartments a cascade 
of gene expression is initiated. These genes cause the 
formation of the appendage and its patterning. The 
morphogenesis of the appendage in the form of a cone 
is argued to result from cell proliferation combined with a 
width control in the compartments, as described above. 
Cell proliferation elongates a compartment, but does not 
increase the width above a certain threshold value. This 
value gradually increases with distance from the centre, 
which is the future most distal end of the appendage, 
thereby causing the compartments to form triangles. 
Because the angle between the left and the right border 
of such a triangle is forced to be much less than 120°, 
the appendage protrudes in the form of a cone out of the 
parent animal at the end of metamorphosis. 

The morphogenesis of vertebrate appendages 
appears to be similarly organized. An appendage forms 
at the intersection between four compartments. The 
ectoderm is subdivided into a dorsal and a ventral part, 
while the mesoderm is subdivided into an anterior and 
a posterior part. Similar to insects, interaction between 
these parts, called “cooperation of compartments” [8], 
causes an appendage to form and its patterning. The 
vertebrate appendage morphogenesis is also argued to 
be similar. However, width control in the two ectodermal 
compartments may deliver most of the driving force for 
the protrusion to form. 

We would like to emphasize that our model is unable 
to describe all types of diameter control in tubes. In 
particular, tubes with a rigid outer surface appear to 
control their diameter in a different way. An example 
of such a tube is the stem of thecate Hydrozoa. The 
stem is a tube of ectoderm and endoderm covered by 

a rigid chitinous outer matrix. This matrix displays a 
species-specific highly-reproducible pattern of ring-
shaped indentations, widening and annuli. This pattern 
appears to result from a control of the hardening of the 
outer skeleton [38]. The skeleton elongates only at the 
stem tip. There, ectodermal epithelial cells expel the 
new extra-cellular material. Initially this material is soft 
but just behind the tip it hardens. The tissue in the tip 
presses against the rigid wall whilst moving forward 
[39-42]. When the hardening occurs some distance 
away from the very tip, the tissue squeezes out of the 
hardened part and thus causes the diameter of the 
newly-formed tube to enlarge. When hardening occurs 
close to the very tip, at a site where the apical cup of 
the tissue is still curved, the diameter of the new tube 
becomes smaller than before. A rhythmic change of the 
site of hardening in the course of growth causes the 
formation of annuli. An asymmetric hardening causes a 
bending of the new tube. The observed pattern of the 
stem is a time recording of the hardening regime at the 
growing tip. The actual position of hardening is argued 
to be controlled by the positional value reached in the 
growing tip [31]. 

The patterning of thecate Hydrozoa is much richer 
than that of its sister group the athecate Hydrozoa, i.e. 
Hydrozoa which do not have a cup (theca) surrounding 
the polyp and in which the stem is usually not covered by 
an outer skeleton. The gain of new pattern elements by 
thecate Hydrozoa appears to be largely based on their 
ability to control the hardening of this skeleton. Based 
on these observations, it has been suggested that not 
only in thecate Hydrozoa but also in other animals with 
a rigid outer surface (e.g. in Arthropods) the shaping 
of tubes such as the appendages and the body proper 
may result from a controlled differential hardening [38]. 
It is argued that the richness of body shapes in the 
Arthropods results at least partly from the ability of these 
animals to locally control both the pressure in the tissue 
and the hardening of the outer surface. 

Acknowledgments 
We would like to thank H. Meinhardt for helpful 
discussions.

721



authors copy

S. Berking, K. Herrmann

References

[1] Gierer A., Physical aspects of tissue evagination 
and biological form, Q. Rev. Biophys., 1977, 10, 
529-593

[2] Gierer A., Generation of biological pattern and 
form: some physical, mathe matical and logical 
aspects, Progr. Biol. Molec. Biol., 1981, 37, 1-47

[3] Berking S., Herrmann K., Compartments in 
Scyphozoa, Int. J. Dev. Biol., 2007, 51, 221-228

[4] Berking S., Generation of bilateral symmetry in 
Anthozoa: A model, J. Theor. Biol., 2007, 246, 477-490

[5] Meinhardt H., The Algorithmic Beauty of Sea Shells, 
Springer, Berlin, Heidel berg, New York, 1995

[6] David C.N., Campbell R.D., Cell cycle kinetics and 
development of Hydra attenuata. I. Epithelial cells, 
J. Cell Sci., 1972, 11, 557-568

[7] Meinhardt H., Gierer A., Generation and 
regeneration of sequences during morphogenesis, 
J. Theor. Biol., 1980, 85, 429-450

[8] Meinhardt H., Models of Biological Pattern 
Formation, Academic Press, Aber deen, 1982

[9] Gierer A., Meinhardt H., A theory of biological 
pattern formation, Kybernetik, 1972, 12, 30-39

[10] Berking S., A model for budding in Hydra: pattern 
formation in concentric rings, J. Theor. Biol., 2003, 
222, 37-52 

[11] Pax F., Die Actinien, Erg. Fortschr. Zool., 1914, 4, 
339-642, (in German)

[12] Korschelt E., Heider R., Lehrbuch der vergleichenden 
Entwick lungsgeschichte der wir bellosen Tiere, 
Spec. Theil. Cnidarier., Gustav Fischer, Jena, Heft 
1, Cap. 2, 1890, 19-85, (in German)

[13] Heider K., Phylogenie der Wirbellosen, In: 
Hinneberg P., (Ed.), Die Kultur der Gegenwart, 
Berlin, Leipzig, B.G. Teubner, Teil III, Abt. 4, Bd. 4, 
1914, 453-529, (in German)

[14] Marcus E., On the evolution of animal phyla, Q. 
Rev. Biol., 1958, 33, 24-58

[15] Hand C., On the evolution of the Actiniaria, In: 
Rees W.J., (Ed.), The Cnidaria and their Evolution, 
Academic Press, Aberdeen, 1966, 135-146

[16] Rees W.J., The evolution of the Hydrozoa, In: 
Rees W.J., (Ed.), The Cnidaria and their Evolution, 
Academic Press, Aberdeen, 1966, 199-221

[17] Thiel H., The evolution of Scyphozoa. A review, In: 
Rees W.J., (Ed.), The Cni daria and their Evolution, 
Academic Press, Aberdeen, 1966, 77-117

[18] Bouillon J., Embranchement des Cnidaires 
(Cnidaria), In: Grassé P.-P., Dou menc D., (Eds.), 
Traité de Zoologie. Anatomie, Systématique, 
Biologie, Tome iii, Cnidaires. Fascicule 2, Masson, 
Paris, 1993, 1-28, (in French)

[19] David C.N., A quantitative method for maceration 
of Hydra tissue, Wilhelm Roux Arch., 1972, 171, 
259-268

[20] Bode H.R., Berking S., David C.N., Gierer A., 
Schaller H., Trenkner E., Quanti tative analysis of 
cell types during growth and morphogenesis in 
Hydra, Roux’s Arch. Dev. Biol., 1973, 171, 269-285

[21] Graf L., Gierer A., Size, shape, and orientation 
of cells in budding Hydra and regulation of 
regeneration in cell aggregates, Roux’s Arch. Dev. 
Biol., 1980, 188, 141-151

[22] Otto J.J., Orientation and behavior of epithelial cell 
muscle processes during Hydra budding, J. Exp. 
Zool., 1977, 202, 307-322

[23] Sanyal S., Bud determination in Hydra, Indian J. 
Exp. Biol., 1966, 4, 88-92

[24] Otto J.J., Campbell R.D., Budding in Hydra 
attenuata: bud stages and fate map, J. Exp. Zool., 
1977, 200, 417-428

[25] Hofmann D.K., Gottlieb M., Bud formation in 
Cassiopea andromeda: Epithelial dynamics and 
fate map, Hydrobiologia, 1991, 216/217, 53-59

[26] Gierer A., Berking S., Bode H., David C.N., Flick K., 
Hans mann G., et al., Regeneration of Hydra from 
reaggregated cells, Nature, New Biol., 1972, 239, 
98-101

[27] Bode P.M., Bode H.R., Formation of pattern in 
regenerating tissue pieces of Hydra attenuata. 
II. Degree of proportion regulation is less in the 
hypostome and ten tacle zone than in the tentacles 
and basal disc, Dev. Biol. 1984, 103, 304-312

[28] Müller W.A., Competition for factors and cellular 
resources as a principle of pattern formation in 
Hydra II. Assistance of foot formation by heads 
and buds and a new model of pattern control, Dev. 
Biol., 1995, 167, 175-189

[29] Wolpert L., Positional information and the spatial 
pattern of cellular differentia tion, J. Theor. Biol., 
1969, 25, 1-47

[30] Meinhardt H., A model of biological pattern 
formation of hypostome, tentacles and foot in 
Hydra: how to form structures close to each other, 
how to form them at a distance, Dev. Biol., 1993, 
157, 321-333 

[31] Berking S., Principles of branch formation and 
branch patterning in Hydrozoa, Int. J. Dev. Biol., 
2006, 50, 123-134 

[32] Kühn A., Entwicklungsgeschichte und 
Verwandschaftsbeziehungen der Hydrozoen. 1. 
Teil: Die Hydroiden., Erg. Fortschr. Zool., 1914, 4, 
1-284, (in German)

722



authors copy

A model for tube formation and branching in Cnidaria

[33] Hobmayer B., Rentzsch F., Kuhn K., Happel C.M., 
Cramer von Laue C., Snyder P., et al., WNT signalling 
molecules act in axis formation in the diploblastic 
metazoan Hydra, Nature, 2000, 407, 186-189

[34] Katz J.M., Comparative anatomy of the tunicate 
tadpole, Ciona intestinalis, Biol. Bull., 1983, 164,1-27 

[35] Liu A., Niswander L.A., Bone morphogenetic 
protein signalling and vertebrate nervous system 
development, Nat. Rev. Neurosci., 2005, 6, 945-954

[36] Zechner D., Fujita Y., Huelsken J., Muller T., 
Walther I., Taketo M.M., et al., ß-Catenin signals 
regulate cell growth and the balance between 
progenitor cell expansion and differentiation in the 
nervous system, Dev. Biol., 2003, 258, 406-418

[37] Chesnutt C., Burrus L. W., Brown A.M., Niswander 
L., Coordinate regulation of neural tube patterning 
and proliferation by TGF-ß and WNT activity, Dev. 
Biol., 2004, 274, 334-347

[38] Kosevich [Kossevitch] I.A., Herrmann K., Berking 
S., Shaping of colony ele ments in Laomedea 
flexuosa Hinks (Hydrozoa, Thecaphora) include a 
temporal and spatial control of skeleton hardening, 
Biol. Bull., 2001, 201, 417-423

[39] Beloussov L.V., Growth and morphogenesis of 
some marine Hydrozoa ac cording to histological 
data and time-lapse studies, In: Tokioka T., 
Nishimura S., (Eds.), Recent trends in research 
in coelenterate biology. The Proceedings of the 
second international symposium on Cnidaria, Publ. 
Seto Mar. Biol. Lab., 1973, 20, 315-366

[40] Hale L.J., Contractility and hydroplasmic 
movements in the hydroid Clytia johnstoni, Quart. 
J. Microscop. Sci., 1960, 101, 339-350

[41] Hale L.J., Cell movements, cell division and growth 
in the hydroid Clytia johnstoni, J. Embryol. Exp. 
Morph., 1964. 12, 517-538

[42] Wyttenbach C.R., Cell movements associated with 
terminal growth in colonial hydroids, Am. Zool., 
1974, 14, 699-717

[43] Kästner A., Lehrbuch der speziellen Zoologie, 
Gustav Fischer, Stuttgart, 1984, (in German)

723


	1. Introduction 
	2. Experimental Procedures 
	3. Results  
	3.1 Tube formation  
	3.1.1  The formation of stripes of different identity in a field of cells 
	3.1.2 Formation of a tube from a sheet of cells 

	3.2  Application of the model to polyp formation in Cnidaria  
	3.2.1 Scyphozoa (Aurelia) 
	3.2.2 Anthozoa (Actiniaria) 


	4. Discussion 
	Acknowledgments  
	References

