CHAPTER 5

Branching in Colonial Hydroids

Igor A. Kosevich

Abstract
( : nidarians are primitive multi-cellular animals whose body is constructed of wo

epithelial layers and whose gastric cavity has only one opening. Most cnidarians are

colonial. Colonial hydroids with their branched body can be regarded as a model for
the whole phylum and are the most- studied cnidarian group with respect to developmental
biology. Their colonies are constructed by repetition of limited number of developmental mod-
ules. The new modules are formed in the course of activity of terminal elements—growing tips
of stolons and shoots. The growing tips of cnidarians, in contrast to those of plants, lack cell
proliferation and drive morphogenesis instead by laying down and shaping the outer skeleton
and formation of new colony elements. Cell multiplication takes place proximally to the grow-
ing tips. Branching in colonial hydroids happens due to the emergence of the new growing tip
within the existing structures or by subdivision of the growing tip into several rudiments.
Marcomorphogenetic events associated with different variants of branching are described, and
the problems of pattern control are discussed in brief. Less is known about genetic basis of
branching control.

Introduction

Chnidarians are generally considered to be the basic primitive group of multi-cellular organ-
isms. The main feature of their general body plan is a two-layer body in a form of a blind sack
with only one mouth opening; the body is composed of two tissue layers, ectoderm and endo-
derm, separated by extracellular matrix—the mesoglea. One of the most distinctive features is
the presence of the nematocytes—epithelial cells containing sting capsules (cnidae or nemato-
cysts) that are used for defence, capture of prey and temporary attachment. Cnidarians remain
at the epithelial level of organisation—they have no real tissues or organs. The ectoderm and
endoderm are composed of several cell types, namely epithelia-muscular cells with contractile
processes at the base, several types of gland cells, nerve cells, nematocytes, and multipotent
interstitial cells (i-cells). The whole diversity of cells types is maintained by the presence of
three independent and self-supporting cell lineages—ectodermal epithelia-muscular cells, en-
dodermal epithelia-muscular cells and i-cells that give rise to the nerve cells, different gland
cells, nematocytes and germ cells.! It is believed that these cell lineages are determined during
early stages of embry §enesiss'7 and show no ability for reciprocal trans-differendation under
normal conditions. ™!

The phg'lum Cnidaria is composed of four classes: Anthozoa, Hydrozoa, Scyphozoa and
Cubozoa.!>!? With respect to the question of branching morphogenesis, T will discuss the
representatives of the class Hydrozoa, which have received most attention from developmental
biologists. This group of cnidarians is characterised by metagenetic life-cycle: the larva under-
goes metamorphosis into the polyp stage (mostly sessile and attached) and this stage sheds the
motile planktonic medusae.' Polyps multiply asexually through different variants of budding,
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92 Branching Morphogenesis

while medusae generally reproduce sexually. The ability of polyps to produce buds was the
basis for the development of colonial (or modular) organisation within the polypoid stage of
cnidarians and hydroids in particular.'®

Organisation of Hydroid Colony

The main parts of hydroid colony are the creeping hydrorhiza and the hydranths, or shoots,
that protrude into surrounding water (Fig. 1). The hydrorhiza is composed of a net of the
tube-like stolons. Hydranths are either located directly on the stolons (sessile hydranths) or
have a pedicel. The shoots have a different structural organisation: they may have a stem and
lateral branches of successive orders, and may bear numerous hydranths. Modular organisation
of the organism implies that the its body is constructed by the repetition of the limited number
of definite elements (modules). In the case of colonial hydroids, these modules are: stolon
internodes, shoot internodes, hydranths, and growing tips of stolons and shoots. Commonly,
the stolon internode is a section of the stolon tube between two adjacent bases of the sessile
polyps or shoots (Fig. 2A). The organisation of the shoots is more complex in most cases. The
simplest variant is repetition of almost identical shoot internodes (Fig. 2A,B). The branches
and the shoot stem in that case are organised similarly. In more highly-integrated shoots, the
internodes within the stem and branches may differ and are frequently complicated by forma-
tion of secondary (complex) internodes (Fig. 2C,D).

Schematically, a hydroid colony may be imagined as a system of branching tubes with
hydranths at one end and growing tips at the others. The nongrowing terminus of the shoot
either is occupied by the hydranth or has no specific structure. The nongrowing end of the
stolon is a blind end of the tube without any specific structure either. The hydranths are organised
more or less as a solitary polyp Hydra with one exception—they lack the foot structure and are
connected to the tube of the colonial body tissue—the coenosarc. The coenosarc is a two-layer
tube with practically unvarying organisation along its length. From the outside the coenosarc is
covered with the outer rigid skeleton—the chitinious perisarc. The perisarc is used for tight
attachment to the substrate along the stolons, gives some protection against predators, and
provides mechanical support for soft tissue for development of the elevated structures of the
shoots (Marfenin, Kosevich, in prc:ss).16

The presence of the hard skeleton (perisarc) and branching points along the colony limit
the mode of elongation of the colony. Growth of the colony can be achieved only by the
extension of tubes at their termini. The terminal part of the stolon tube is occupied by a
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Figure 1. Scheme of the hydroid colony organisation. A) Stolonal colony with sessile hydranths. B) Stolonal
colony with hydranth with pedicels. C) Colony with sympodial shoots. s—stolons, h—hydranths, p—
hydranth pedicels.
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Figure 2. Main elements of hydroid colonies. A) Colony with sympodial shoots. B) Colony with monopo-
dial shoots with terminal hydranth. C,D) Parts of highly-integrated shoots with complex shoot internodes.
b—shoot branch, h—hydranths, s—stem of the shoot, shi—shoot internode, sht—shoot growing tip, sti—
stolon internode, stt—stolon growing tip.

growing stolon tip. The termini of the shoots are occupied either by shoot growing tips (Th-
ecate hydroids) or by terminal hydranths (Athecate hydroids). The growing tip in colonial
hydroids is 2 morphogenetic element whose job is to shape new colonial elements by laying
down new portions of perisarc and to move ahead by repetitive growth pulsations—the series
of elongation-contractions of the growing tip—with a periodicity of several minutes.'’2® Mor-
phologically, the growing tip differs from the rest of the coenosarc: its tissue has permanent
contact with the perisarc tube and the cells of the growing tip have a characteristic organisation.
The soft tissue extends within the part of the stolon or shoot between the growing tip and the

Figure 3. Scheme of the terminal part of the colony stolon showing the relative organisation of the outer
skeleton and soft tissue. Only one tissue layer is marked. gt—growing tip, p—petisarc (outer skeleton), sh—
shoot base, st—stolon, t—tissue tube. The region of the tissue extension is shadowed.
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Figure 4. Place of the tissue and skeleton extension in shoots with terminal hydranths. A} Photo of the
terminal hydranth with part of the shoot. B) Magnified view of the hydranth base marked by the rectangle
in A—white fluorescence corresponds to the newly laid perisarc (staining with Calcofluor White). h—
hydranth, np—newlylaid perisarc (skeleton), p—old perisarc, sh—part of the shoot, t—soft tissue (coenosarc).

last branching point (Fig. 3).2"% In those shoots where the termini are occupied by the hy-
dranth, the soft tissue and new perisarc are added just under the hydranth’s base (Fig. 4).

The material for elongation of the coenosarc tube comes from more proximal regions of the
colony.*>%® The growing tip completely lacks cell divisions and has relatively permanent cell
composition. Proliferation has been observed in cells just behind the growing tip and prolifera-
tion is distributed more or less evenly, at least along the nearest 3-5 internodes.”” Direct obser-
vation of the ectoderm revealed that single cells and entire tissue sheets move towards the
growing tip. The speed of such migrations decreases with distance from the growing tip com-
ing to nought within the third or forth internode. But within the most distal uncompleted
internode just behind the tip, the speed of ectoderm cells’ migration can even be higher than
the movement of the tip itself.>3

Branching in Colonial Hydroids

Each node within a stolon or a shoot is a branching point. This node can be formed either
as a result of the appearance of a new growing tip upon the already formed structure, or in a
form of the subdivision of the growing tips into two or more parts during the course of their
growth. The first case is characteristic for stolon branching in most species, for the growth and
branching in sympodial shoots and for other types of shoots with irregular mode of branching
(Fig. 5A,B). Subdivision of the tip into several parts {(rudiments) is an attribute of a2 monopo-
dial type of the shoot growth with a regular mode of branching (Fig. 5C).
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Figure 5. Zones of branching within different types of colonies. A) Colony with sympodial shoots and
irregular branching. B) Colony with monopodial shoots, terminal hydranth and irregular branching. C)
Terminal part of the monopodial shoot with terminal growing tip and regular branching. h—hydranths,
hr—hydranth rudiment, t—growing tips. Zones of branching are shadowed.

Emergence of a New Growing Tip

The branching in stolons and shoots starts with the appearance of a new growing tip. In
stolons and sympodial shoots, the new tip emerges from the coenosarc tissue which is similar in
composition and is characterised by flattened ectodermal and loosely organised endodermal
cells. The first visible changes are associated with formation of a plate of columnar ectodermal
cells at the point of branching. It is very likely that this reorganisation of the ectoderm is linked
with the simultaneous reorganisation of underlying endoderm cells, including their vacuolisation.
Later, the plate starts to pulsate and forms out-folds (Fig. 6). During the course of the initial
steps of growth, the new tip reaches its final dimensions and form and gradually gains the
highest speed of its growth.
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Figure 6. Scheme of the new growing tip emergence upon the stolon. ect—ectoderm layer, end—endoderm
layer of coenosarc, p—perisarc (skeleton), pl—plate of ectodermal cells, t—new growing tip. Arrows
indicate direction of growth pulsations of the tip.

Emergence of a new tip requires that the existing perisarc tube must ‘open’. Unfortunately
the biochemical mechanism of this process is not known. No chitinase activity capable of digest-
ing the chitinious matrix of the perisarc has been detected during new tip emergence (personal
observations). From the outside view, it seems that in stolons and at least some of the species
with monopodial shoots, the existing perisarc at the point of the new tip emergence ‘melts’ over
the surface of the new tip. This process may be similar to the growth and budding of fungal cell
walls: new portions of the polymers are added to the existing ones that constitute the matrix of
the cell wall and this causes extension the surface of the cell wall which itself is not elastic.”*** If
this is the case in such cnidaria, there would be no need for rupture of the old perisarc.

In the sympodial shoots of Laomedea flexuosa Hincks (Campanulariidae, Thecathora), the
perisarc ‘opening’ is achieved in a different manner, but the basic biochemical machinery may
be the same. At the very first moment of the tip emergence, when the ectodermal plate is just
forming, the circular set of ectodermal cells start to release amorphous chitin, the precursor of
the perisarc matrix. The release has been visualised by staining with Calcofluor White (Fluores-
cent Brightener 28)(Sigma)(Fig. 7), which stains various carbohydrate fibrils, including amor-
phous chitin.* Later, the entire apical surface of the growing tip releases the amorphous chitin
and after the new tip has emerged one can see that the plate of the old perisarc is pushed out
like the lid of a tin (Fig. 8) and the growing tip itself is covered by new perisarc.

The model proposed for the mechanism of the tip growth due to pulsations'**’ implies
that the growing tip has a mechanical support from the hard (already hardened and practically

18,45
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Figure 7. Staining for the amorphous chitin with Calcofluor White during the initial moments of the new
tip emergence upon the shoot internode in Laomedea flexuosa. White fluorescence corresponds to the places
of the amorphous chitin release. A) Initial moment of the tip appearance—formation of the ectodermal
plate (see Fig. 6B). B) About an hour later—new tip is formed but had not yet opened the old perisarc. C)
The new growing tip get out of the old perisarc. t—new growing tip.

not stretchable) perisarc that surrounds its circumference. In the course of growth, new soft
perisarc is released by the tip tissue at its spherical apex. As soon as it is left behind by the
advancing apex, the perisarc quickly hardens. So the growing tip forms the perisarc tube by
itself and simultaneously uses it as a mechanical support for forward movement by growth
pulsations.

Initially, the new tip on the sympodial shoot internode is supported by the old perisarc on
only one side, the outer surface of the internode. That is why, after the onset of the pulsation
and before the ‘opening’ of the maternal perisarc, the new tip has to form additional perisarc
wall from the inside of the existing perisarc tube (Fig. 9A). This way, it obtains sufficient
mechanical support along its circumference.

Subdivision of an Existing Tip

The same is true for morphogenesis by subdivision of the growing tip into several parts
(rudiments). For example, the growing tip of the monopodial shoot in Dynamena pumila L.
(Sertulariidae, Thecaphora) has a morphogenetic cycle that includes the formation of a pair of
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Figure 8. New growing tip emergence upon the shoot internode in Laomedea flexuosa. A-D) Sequence of
events during new tip emergence (video microscopy - dissecting microscope). E) Scanning electron micro-
graph of the newly emerged tip (corresponds to D). Scale bar—100 mkm. p—perisarc, pc—perisarc
covering, st—soft tissue, t—new growing tip, tp—ectoderm plate at the beginning of the tip organisation.

oppositely- located hydranths with a growing tip between them. In the course of this cycle, the
tip starts as a practically spherical bulb that later becomes oval in the plane of the shoot due to
greater growth in the dimension of this plane. The apical surface of this growing tip then
divides into three parts; lateral ones, which will form the hydranths, and the central one will
produce the growing tip for the next cycle of shoot growth.'®4647 Subdivision of the entire
growing tip is accompanied by formation of additional perisarc walls between the rudiments.
These walls are formed not only along newly-grown lengths of the rudiment, but also by
in-growth of the perisarc as the apical tissue divides (Fig. 9B). Such additional walls support
the development of the rudiments without decreash}é the speed of growth, and perhaps play
certain role in determining the fate of the rudiment.
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Figure 9. Formation of the additional perisarc walls from inside of the existing perisarc tube during new
tip(s) emergence. A) Scheme of the additional perisarc plate formation in sympodial shoots. A grey line
shows the tissue. Perisarc is shown in black. B) Formation of the perisarc walls by ingrowth during the
subdivision of the growing tip into 3 parts. Only perisarc is shown. Dashed line shows the primary level
of the tip subdivision. h—hydranth, int—shoot internode, nt—new tip, pw—additional perisare wall,
t—growing tip.

Interaction of a New Tip with Adjacent Structures

In the majority of colonial hydroid species studied to date, the emergence of new growing
tips is spatially connected to existing growing tips or to the bases of the hydranths (hydranth
pedicels). The tip of 2 new shoot appears on the stolon just at the proximal part of the stolon
tip.*®%" The new tip of the sympodial shoot (e.g., in Laomedea flexuosa, Gonothyraea loveni,
Obelia longissima) emerges at the border of the smooth part and the hydranth pedicel.*85%-52
The lateral branches of the shoots in highly-organised species of the Sertulariidae family begin
as a part of a morphogenetic cycle of the shoot growing tip in which the tip subdivides into
several rudiments (Marfenin, Kosevich, in press). That means that the condition of the sur-
rounding tissue is not homogenous along the circumference of the tip base. From the proximal
side (along the axis of the maternal internode) the tissue is more stretchable in comparison with
the tissue layer distal to the new tip base. Morphogenesis could be regulated simply by the
extensibility of this tissue layer. New tips mechanically interact with one another, competing
for the tissue and, because of the synchronous pulsations that take place just after subdivision,
these daughter tips pull the same small portion of tissue connecting them. This may cause new
tips to bend towards the existing one (Fig. 10A).'® Later on, the distance between the daughter
tips increases and they practically cease interacting mechanically.
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Figure 10. Schematic explanation of the bending of the growing tip due to interaction with adjacent tip.
A) Initial bending towards the adjacent tip due to synchronous pulsations. B) Outward bending of the tip
in the case of asynchronous pulsations. et—existing growing tip, nt—new growing tip. Arrows inside the
rudiment indicate the direction and magnitude of tissue movement during growth pulsations; arrows outside
shows the direction of simultaneous growth pulsations. Dashed lines indicate primary axes of the tip growth.

In certain situations there could be additional mechanical interaction between adjacent
tips. For example, during the morphogenetic cycle of D. pumila, hydranth rudiments are forced
to bend towards the central rudiment initially. After several growth pulsations, however, the
parameters of pulsations change and instead of being synchronous they gradually switch so
that the central rudiment pulsates in antiphase with the lateral rudiments. This means that as
the central rudiment retracts and the tissue on its sides shifts disto-proximally, the lateral tips
move forward pulling the tissue behind them. The tissue between the rudiments is therefore
practically pushed in the direction of the hydranth’s tip by the central retracting rudiment. As
a result the tissue on this side moves forwards more than on the opposite side and causes the tip
itself to bend (Fig. 10B).”> This might explain why the orifices of the hydrothecae in complex
shoots with ‘sunken’ hydrothecae are always directed outwards, away from the axis of the shoot.

The mechanical interaction between adjacent tips explains why the axis at the base of a
shoot is always bent towards the stolon tip. This is never seen in the primary shoots that de-
velop from the settled planula larvae of frustules (small stolon-like pieces of the coenosarc
separated from the colony for asexual reproduction). In primary shoots, the new growing tip is
the only one and emerges in the centre of the structure, so the tissue state is symmetrical at the
point of the tip emergence.

Branching Control

The question of the branching morphogenesis in colonial hydroids is inseparable from the
problem of pattern formation: what controls the distance between the adjacent structures (hy-
dranths, shoots, branches)—the length of the internode, and how the fate of the new tip is
determined?
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Necessary Conditions

An important condition for new tip initiation is that there must be sufficient ‘excess’
production of new cells over and above that required by the colony for replacement of spent
cells and maintenance of growth of existing tips. If the quantity of new cells exceeds these
needs, then there will be sufficient for the initiation of a new tip. The presence of such
condition is obvious but can be illustrated by the ratio between the number of growing tips
and the length of the coenosarc (where the cell divisions take place) in the colony under
different nutrition levels. For Gonothyraea loveni, Obelia longissima and Dynamena pumila,
even under most favourable conditions, the value of this ratio never exceeds 0.3. With de-
crease of nutrition the ratio diminishes.*>*>> Under starvation the branching and growth
of the tips within the colony stops,?® although the cell proliferation can still take place, as in
Hydra,’"® to replace spent cells.

Control of Branch Spacing
We will discuss the determination of branching points within the stolon and shoots
separately.

Branching of a Stolon

Emergence of the lateral stolon tips is the least regular branching process, at least for the
majority of colonial hydroids. It strongly depends on the nutrition of the colony. In most
athecate species, there is no exact spatial preference for the appearance of a new stolon tip.
Generally, the new stolon tips appear in peripheral parts of the colony near the base of the
sessile hydranths or shoots. When nutrition increases, however, or when there is a lack of free
substrate, new stolon tips can emerge in the old part of the colony t00.7*% There appears to be
only one rule: a lateral stolon branch will never be formed very close to the apex of existing tip.
The smallest distance differs between species but approximately is about 200-300 microme-
ters. This could be explained by the inhibitory effect from the existing tip according to the
predominant model of local activation and lateral inhibition.®'¢

When the general arrangement of a colony is more regular, the stolon branching is too. This
regularity is demonstrated by the appearance of points within the stolon at which branching is
more probable. The simplest rule is that lateral stolons emerge close to the base of the shoots;
but other positions remain possible (e.g Laomedea flexuosa, Gonothyraea loveni, Obelia geniculata
(Campanulariidae)—species with smooth tube-form perisarc of the stolons). It is difficult to
explain such predominance. One possibility is that it is somehow is connected with the peri-
staltic waves of the coenosarc contractions that provide the gastro-vascular flow within the
colony.>®%874 At the base of the shoots the oppositely directed peristaltic waves could meet to
produce a “standing wave” and therefore cause prolonged pressing of the coenosarc over the
perisarc from inside. This may initiate the emergence of a new tip. The possible role of me-
chanical pressure upon the initiation of the new tip is supported experimentally.%*5 Another
possibility is that tip initiation is driven by an accumulation of ‘free’ cell material which arises
from migration of cells into the stolon from the shoot.

In highly-integrated species (e.g., certain species of Campanulariidae, Sertulariidae,
Plumulariidae families) the branching points are ‘preformed’ during the growth of existing
stolon. Each stolon internode (segment between adjacent shoots) ends with formation of the
wide plate at the base of the next shoot. In the simplest case, this consists simply of a widening
of the stolon but in many species it becomes plate-like and the inner space is subdivided into
regular pockets by perisarc partitions (Fig. 11). These pockets are the potential points of initia-
tion of new stolon branches. Within one shoot base not all pockets will be used, which ones
perhaps being determined by chance. In these species, stolon branching is restricted strictly to
bases of the shoots.
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Figure 11. Schematic sketch of the variants of stolon shape at shoot base in different species of colonial
hydroids. Left column—view from above, left column—cross section through shoot base. Only the perisarc
is shown. A) Laomedea flexuosa (Campanulariidae). Thicker line indicate the region of predominant stolon
branching. B) Obelia longissima (Campanulariidae). C) Dynamena pumila (Sertulariidae). D) Sertularia
mirabilis (Sertulariidae). pl—stolon plate at the shoot base, pp—perisarc partitions, s—stolon, sb—shoot
base, stbr—stolon branch, sw—stolon widening.

Appearance of the New Hydranths or Shoots on the Stolon

New hydranths or shoots appear in a regular way during stolon growth. The emergence of
the new tip on the upper side of the stolon takes place close to the stolon tip. Sometimes it
appears that the stolon tip buds off the new hydranth tip on its upper side (Fig. 12A). In some
simple colonies of athecate species, however, the stolon tip raises itself up from the substrate
and transforms into the hydranth bud and, as it does so, a new stolon tip emerges from the
point of bending up to continue the growth of the stolon (Fig. 12B-E). In these species, a
stolon clearly has its own morphogenetic cycle that starts with tip emergence and ends with
formation of a hydranth/shoot tip. In most of the colonial species, this sequence is secondarily
modified and the stolon tip has the appearance of a permanent element.

The distance between two adjacent hydranth/shoots is strictly controlled in most of colo-
nial hydroids. It can vary under different nutrition conditions and can also be altered artifi-
cially by surgical operations.*®”” In the predominant hypothesis about how spacing works—a
reaction-diffusion model which includes local activation and lateral inhibition in different
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Figure 12. Appearance of the new hydranth/shoot tip on the stolon. A) Scheme of the emergence of the new
tip upon upper side of the existing stolon growing tip. B) Transformation of the stolon growing tip into the
hydranth rudiment (video microscopy - dissecting microscope). h—hydranth, hr—hydranth rudiment,
nst—new (next) stolon tip, nt—new tip, p—perisarc, st—stolon tip, t—former stolon tip.
modifications®$1637684__the distance is controlled by some inhibitory effect from the exist-
ing hydranth/shoot that diminishes with distance from that shoot. When the concentration of
inhibitor has fallen below some threshold level, a new hydranth/shoot tip can be initiated on
the stolon. The main problem with this model is that no molecules responsible for it have been
identified.

One proposal is that the changes in the value of ROX potential could play a decisive role.8>*?
At first glance the results of experimental perturbations and measuring of potential in colonial
hydroid Hydractinia support this hypothesis, but it is difficult to separate the effect and the
result. As most chemicals affect numerous targets the question remains: does the ROX state
alter the colony proportions, or it is just the result of the altered colony composition?

There are models other than the reaction-diffusion one. One feature that could play a role
in determining the distances between adjacent hydranths/shoots might be the cell den51 1m-
mediately behind the stolon tip. As has been shown by several different approaches % the
speed of cell movement towards the stolon tip is higher than the speed of the tip growth itself.
This can only mean that the density of cells must rise behind the tip, and it has been suggested
that this increase provides both the signal and the raw materials for new tip initiation. The
problem with this model is that the distance between the hydranth/shoots remains approxi-
mately constant regardless of the nutrition of the colony and, even under starvation conditions
when the stolon itself ceases its growth, this distance is not affected.



104 Branching Morphogenesis

Branching of the Shoots

Branching of shoots includes at least three processes: regular appearance of growing tips
that continue elongation of sympodial shoot; subdivision of the tips into separate rudiments
(with different fates in shoots with monopodial growth); and emergence of the lateral branches
over the shoot stem. In many cases, elongation of the shoot is complicated by the general
complexity of shoot morphogenesis (Marfenin, Kosevich, in press), and it becomes difficult to
separate these processes. But the main rules seem to be the same, so we will examine several
examples.

Emergence of the Next Tip in Sympodial Shoots

In all cases, a new tip appears after the maternal shoot internode has been formed. The
completion of the internode is defined by formation of the hydranth. In some groups (e.g., the
Campanulariidae, Campanulinidae families), the hydranths have an annulated pedicel, the
distal portion of the internode below the hydrotheca. In others, the hydranth lacks such a
pedicel and the internode perisarc gradually turns into the hydrotheca. In all cases, the new
growing tip emerges close to the base of the hydranth (Fig. 13): in species with a hydranth
pedicel this occurs at the border of the smooth part of the internode and the pedicel.

h

nt

Figure 13. Places of the next shoot growing tip emergence in different hydroids with sympodial shoots. A)
gg.Obelia, Campanularia, Gonothyraea, Laomedea, Calicella, etc. Dots indicate the place of the next tip
appearance. B) g. Halecium. C) g.Sertularia (Scanning electron micrograph. Arrow indicates the level of the
hydranth diaphragm. Scale bar—100 pm). bt—Dbranch tip, h—hydranth, hd—hydranth diaphragm, hp —
hydranth pedicel, nt—next tip, sit—shoot internode tip.
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At least two hypothetical explanations can be proyosed to account for this pattern. One is
based on the hypothesis of positional information.”>*? Briefly, it proposes that during the
course of internode formation, the positional value of the tip tissue gradually increases from a
basal value and causes the transition from development of one part of the internode to develop-
ment of the other. Once the positional value reaches its highest possible value, the growing tip
initiates the hydranth formation.“® The next tip of the shoot has an innate tendency to be form
within the tissue with highest positional value, but it is opposed in this by an inhibitory signal
emerging from the hydranth. These two opposing tendencies result in the next tip being initi-
ated at the border between the hydranth pedicel and the rest of coenosarc tissue.

The other hypothesis is mechanical rather than biochemical. It is based on the observation
that the tissue and cells actively migrate towards the growing tip, and the coenosarc tube shows
peristaltic-like waves of contraction and expansion. As the shoot internode develops, the tip
moves forward to shape new parts of the perisarc and directs and uses cell material for forma-
tion of the new coenosarc. When the hydranth bud at the distal terminus of the internode
reaches its final dimensions it ceases to consume cell material and therefore results in an accu-
mulation of cell material still being delivered. If the conditions are favourable, the dense accu-
mulation of cells forms a new tip. The initial stimulus that determines the general location of
tip emergence therefore comes from the asymmetry in mechanical forces within the tissue layer
during interaction between the coenosarc and perisarc. Periodically the coenosarc is pressed
over the perisarc from inside, and the border between the hydranth pedicel and the rest of the
perisarc is the most curved region of the internode. This curvature will cause local mechanical
stress, and fixes the precise place of tip emergence (Fig. 13A).** Experimental alteration of the
position of maximal curvature of the perisarc results in emergence of a new tip at the new
position of maximal curvature, providing strong support for this hypothesis.”

Subdivision of a Shoot Tip

The best hypothesis for growth, morphogenesis and subdivision of the tip into several rudi-
ments in monopodial shoots with terminally located tips, was proposed by L.Beloussov.”>%
The central idea of this hypothesis is that the transition from one form to the other in thecate
hydroids is based of the shifts of the region of the maximal active stretching of the rudiment
(tip) surface in basicoapical direction within one growth pulsation. These shifts cause symmet-
ric or asymmetric narrowing or widening of the tip. In the case of successive widening the tip
would subdivide into several parts according to mechanical properties of such structures. The
forms of the rudiments predicted from this theory fit well with the main types of branching
actually seen in thecate hydroids (Fig. 14). The relative activities of the ectoderm and endo-
derm in the tip are considered to be the main mechanism of such shifts,”” and the ‘physical’
properties of the tissue layers—quasi-elasticitg and mechanical cell-cell interaction—are used
as the main varying parameters of the model.”®

An additional condition of the model is that the successive changes in the shape of the
developing tip have to be fixed by the perisarc and changes in tip form are possible only during
growth pulsation.”® If the border between the already-hardened and still-soft perisarc (which is
released on the apical surface of the growing tip) shifts closer to the tip apex, the tip becomes
nartower. If the border shifts away from the tip instead, the tip expands in width. Spherical tips
become intrinsically unstable as the tips enlarge,'® leading to the splitting of the tip into several
rudiments. Alternatively it is possible that asymmetry in the local rate of hardening of the
perisarc would provoke subdivision of the tip.

Emergence of the Lateral Branches

There are two main variants of branching in colonial hydroids: (1) the process of branching
is not regular and the branches appear on an already-formed stem; (2) the branching is regular
and the next branch tip is formed by subdivision of the stem tip in the course of shoot
internode development. In the latter case, the cyclic morphogenesis of the shoot becomes
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Figure 14. Schematic illustration of the different fates of the tip growth and development in the case of the
basicoapical shifts of the regions of the maximal active stretching of the tip sutface (shown by second
contour) during growth pulsations. A,B) Symmetric tips (rudiments). C,D) Asymmetric tips (rudiments).
h1—first hydranth, h2—second hydranth, t—growing tip. (Modified after Belousov, 1975.)

more complicated by inclusion of branch tip formation into the growth cycle: the secondary
morphogenetic cycle now includes formation of several internodes and one branch (Marfenin,
Kosevich, in press) (Fig. 15).

If the branch is started later, the main rules will perhaps be the same as those for the appear-
ance of a new growing tip in sympodial shoots. The branching point is close to the base of the
hydranth and the relative state of the soft tissue and the outer skeleton provide necessary con-
ditions for initiation of the new tp (Fig. 16A). There are still many unanswered questions. For
example, in most species with a compact shoot stem and no regular branching, the bases of
branches ate localised on one side of the stem rather than being symmetrical with respect to the
axis of the shoot (Fig. 16B). Nothing is known about why.

Control of Developmental Fate

When a tip subdivides into rudiments that give rise to different structures, such as hy-
dranth, lateral branch, stem etc., some system must act to regulate the developmental fate of
each. The models that seem most reasonable are based on the variations of the hypothesis of
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Figure 15. Microphotograph of the terminal part of Abietinaria abietina (Sertulariidae) shoot illustrating
complex shoot internodes that include obligatory lateral branch formation. b—branch, be—branch grow-
ing tip, h—hydranth, st—shoot stem, stt+h—shoot tip in the course of subdivision into the shoot stem tip
and hydranth rudiment. Arrows indicate the boarders of the internodes (marked by light furrows).

local activation and lateral inhibition 46802099100 Thege models describe the determination of
the rudiment fate on the bases of distance control, and are founded on the interaction of three
mutually dependent ‘players’; one activator and two inhibitors. This models fit most of the
observed data and experimental results on branching processes in cnidaria and in plants and
they set out an agenda for experimental identification of their molecular components. The
models do have various problems, however, in the case of certain highly-integrated species of
colonial hydroids and will require improvements or introduction of additional parameters.

The Genetic Basis of Branching in Cnidarians

The genetic and molecular basis for branching in cnidarians remains unclear, mainly be-
cause cnidarian genomes have not yet been studied in detail. In Hydra, the Wnt signalling
pathway has been shown to control formation of head structures.'®'% The budding that
results in the organisation of a second axis and head structures in Hydra can be compared with
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Figure 16. Places of the lateral branches formation upon shoot with irregular branching. A) Part of the shoot
of Diphasia fallax with the base of the lateral branch. Shadowed area shows relative position of the soft tissue
within the skeleton. B) Cross-section through the shoot stem at the level of the branches bases displaying
their asymmetric position. bb—branch base, h—hydranth, hw—relative position of the inner walls of the
upper hydrothecae, st—shoot stem.

branchin§ in colonial forms. Some conserved genes are expressed at early stages of bud forma-
tion. M0 In Hydractinia the gene budhead, a fork head homologue, seems to be involved in
the earliest stages of the polyp head determination during larva metamorphosis.'!! Some ge-
netic information is now being obtained for the fate control between stolon and shoots (or
hydranths); in Hydractinia, the gene Cn-ems, an empty-spiracle homologue, is expressed in the
head region of gastrozooids (feeding polyps) and not in blastostyles (reproductive polyps);
Cnox-2 expression differs between polyp types and between polyps and stolons, implyin% 0s-
sible specificity in expression during development of different elements within the colony. 112
Nevertheless, the really important genetic questions remains open: what is the primary signal
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that starts the whole sequence of events leading to the initiation of the new tip (new axis)
formation? What determines the fate of a new axis? The expression patterns of all of the genes
studied to date are simply consequences, and not causes, of these unknown regulatory events.
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