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1. Introduction

The green flagellate Volvox is a simple multi-
cellular organism having only two kinds of cells,
somatic and reproductive. The cells are arranged on
the periphery of a spheroid. Asexual individuals of
Volvox carteri are composed of 2000—4000 somatic
cells and about 16 large reproductive cells (gonidia),
located in the posterior region of the spheroid. Mature
asexual spheroids show a very regular spatial arrange-
ment of the gonidia.

The development of all types of spheroids —
asexual, male and female — is through successive
divisions of the asexual reproductive cells, the gonidia
[1-3]. In the developing asexual embryo differentia-
tion into somatic and reproductive cells is usually
seen at the division from 32--64 cells. At this division
16 cells of the embryo undergo unequal cleavage,
forming a small somatic and a large gonidial initial.
While cell division ceases in the gonidial initials, the
remaining cells (somatic initials) continue their
synchronous divisions. At the termination of cell
divisions, the many somatic cells form a hollow sphere
with the gonidia conspicuously placed on the outer
surface. After cleavage is complete, the embryo enters
the process of inversion, turning itself inside-out. The
gonidia remain in the same relative positions where
they were formed during early embryogenesis. The
young spheroid now enters a period of expansion.
Formation of a gelatinous matrix of the colony begins
and the cells become separated from one another,
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Finally, the mature daughter colonies are released
from the parent colony.

Its simple life cycle makes Volvox a promising
material for the study of the mechanism controlling
the orderly integration of cells during embryogenesis.
In this paper I would like to propose a model to
explain the following problems:

(1) What is the counting mechanism which tells a cell
that the embryoisin the 2-, 4-, 8-, 16- or 32-celled
stage?

(2) Why doonly 16 cells out of the 32-celled embryo
differentiate to gonidial initials?

(3) What is the mechanism controlling the relative
positions of the gonidial initials within the
developing embrya?

The model is mainly based on recent findings suggest-
ing that specific recognition proteins and their sequen-
tial expression play a crucial role in developmental
processes [4—13]).

2, Materials and methods

Volvox carteri . nagariensis, strain HK 10, used in
this investigation was a gift from Professor L. Jaenicke,
Cologne. The organism was grown in Volvox medium

{14] according to published procedures [15].
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3. Results and discussion

3.1. The model

Many aspects of the embryogenesis in Volvox can
be explained by making the following three assump-
tions:

(i) The reproductive cell (gonidium) synthesizes
membrane proteins which are able to mediate
celi—cell contacts.

(ii) The expression of contact forming proteins is
controlled in a hierarchical manner: a new set of
contact forming protein species is produced only
when the former set of contact forming protein
species is quantitatively engaged in contact for-
mation.

(iii) The presence (or absence) of a defined contact
forming protein species signals gonidial differen-
tiation.

The example given in table 1 and fig.! demonstrates
how these processes differentiate the cells of the
developing embryo with respect to their surface
proteins. The uncleaved gonidium produces a first
set of contact forming proteins (A-type contact,
formed by membrane proteins A and a). As soon

as septum formation is initiated, these contact pro-
teins of the cell membrane become trapped within
the contact region simply by random diffusion and
contact (complex-) formation (fig.1). By these
processes the membrane area not involved in contact
formation becomes cleared from all free contact
proteins (A, 2). The absence of uncomplexed contact
proteins is assumed to trigger the expression of a
new set of contact proteins (denoted as type B),
forming the contacts of the second division. Since it
is reasonable to assume that the A-type contact area
is not divided by the cleavage planes of the second
division and since all divisions in Volvox continue to
be parallel to the radial axes of the embryo, the cells
of the 4-celled embryo will be arranged as shown in
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Table 1
Differentiation in the developing embryo with respect to
surface contact proteins

Stage Types of contact Number
sites present in the of cells
different cells

2-celled A 2
embryo

4-celled A,B 2

embryo B 2

8celled A,B,C 2

embryo B,C 2

C 4

16-celled A,B,C,D 2

embryo B,C,D 2

c,b 4

D 8

32-celled A,B,C,DE 2

embryo B,C,D,E 2

C,D,E 4

D,E 8

E 16

fig.1. Redrawing of the four cells in a more sym-
metrical configuration results in an arrangement
typical of that seen by light microscopic observation:
two cells touch while the other two fit into angles at
base (fig.1). The four cells of the embryo are no
longer identical with respect to their surface proteins:
two cells contain both the contacts of type A and B,
while the other two cells contain only contacts of
type B.

Light microscopic observation reveals that the
8-celled embryo is shaped like a cup: The 4 cells at
the posterior end of the embryo remain in close con-
tact and while the 4 anterior cells may move anteriorly
to form the typical hollow sphere, a pore, the phialo-
pore, remains evident between the anterior cells. The
model immediately explains this characteristic con-
figuration: the contact sites established during septum
formation in the third divison (C-type contacts) are
shown in the schematic drawing of fig,1. Folding up
this two-dimensional representation of the 8-celled
embryo to a hollow sphere necessarily creates a pore

Fig.1. Differentiation in the developing embryo with respect to cell surface contact proteins. For details see text, Microphotos
on the left show the 2-celled embryo, the 4-celled and the 8-celled embryo, respectively.
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2-CELLED EMBRYO

4-CELLED EMBRYO

8-CELLED EMBRYO

Fig.1.
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16-CELLED EMBRYO

Fig.2. Positioning of cells having only one type of contact (D-type) within the 16-celled embryo. These are labeled with a black
dot. For details see text. The photographs show Volvox spheroids containing eight gonidia.

at the anterior end because no contacts have been
established between the 4 anterior cells. According to
the model, the 8-celled embryo contains three differ-
ent types of cells, namely 2 cells having A-, B- and
C-contacts, another 2 cells having B- and C-contacts
and finally 4 cells having only C-type contacts.

The arrangement of the cells and their contacts
resulting from the fourth division is predicted by the
model as shown in fig.2. Under certain environmental
conditions, it is already at the division of the 16-celled
embryo that the first morphological differentiation
is apparent. At this division, 8 cells of the embryo
undergo unequal cleavage, forming a small somatic
initial and a large gonidial initial. It follows from the
model that a maximum of 8 cells of the 16-celled
embryo share the same set of contact sites, and thus
a maximum of 8 cells are in the same state of bio-
chemical differentiation. If this state (cells haying
only contacts of type D, see table 1) signals gonidial
differentiation, the relative positions of the gonidia
within the spheroid can easily be predicted. The cells
having only D-type contacts are marked with filled
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circles in the two-dimensional representation of the
16-celled embryo in fig.2. By transforming this two-
dimensional pattern into a hollow sphere it follows
that the 8 gonidial initials will be arranged in two
parallel rectangles, turned by 45 degrees against each
other. In addition, one rectangle will be located near
the equator and while the other rectangle will be
located in the anterior half of the sphere (becoming
the posterior half after inversion), the posterior half
of the sphere will contain only somatic cells. This is
exactly the pattern found in those Volvox spheroids
containing only 8 gonidia.

3.2. A more general version of the model
Development of Volvox carteri spheroids con-
taining only 8 gonidia occurs under less than optimal
growth conditions. Under more favourable conditions
Volvox spheroids usually contain 10—16 gonidia.
Under optimal growth conditions, nearly all Volvox
spheroids contain 16 gonidia. In this case, it is at the
division of the 32-celled embryo that the first mor-
phological differentiation is apparent. At this division
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16 cells undergo unequal cleavage, forming 16 gonidial
initials. Obviously, the mechanism controlling gonidial
differentiation allows for some flexibility, inducing
gonidial differentiation either at the stage of the
16-celled embryo or at the stage of the 32-celled
embryo.

In order to take this flexibility into consideration,
a simplification is introduced into the model: If the
contact proteins of a given type are engaged in more
than only one stage of division, the observed flexibility
can be explained by the model. In the example given
in table 2 the assumption is made that the contact
proteins of type A are synthesized in variable amounts
depending on growth conditions and, in particular,
synthesized in amounts greater than being consumed
by the first contact formation. In the first example of
table 2 contact protein of type A is only consumed
after the third division. If all cells having only B-type
contacts (or equivalently all cells lacking contacts of
type A) are assumed to differentiate to gonidia, a
spheroid develops having 8 gonidia arranged as shown
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Table 2
Differentiation in the developing embryo, if a contact protein
is engaged in more than only one stage of division

Stage Types of contact sites present Number
in the different cells of cells
2-celled A 2
embryo

4-celled AA 2
embryo A 2
8-celled AALA 2
embryo AA 2
A 4
16-celled AAJAB AAAA 2
embryo A,AB AAA 2
AB o A A 4
B A 8
32-celled - A,A A A B 2
embryo A,AAB 2
AA,B 4
A,B 8
B 16

Fig.3. Estimation of the positioning of single-contact cells (only type B, see text for details), resulting from the cleavage of the
16-celled stage to the 32-celled embryo. The positions of these daughter cells are labeled with a black dot. These cells determine
the positions of the 16 gonidia produced during the cleavage of the 32-celled embryo.
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in fig.2. Under optimum conditions (synthesis of even

higher amounts of contact proteins of type A) differ-
entiation into gonidial initials is delayed until the
32-celled embryo is formed (the alternative example
of table 2). The relative positions of the 16 cells
having only B-type contacts (no A-type contacts) can
be estimated from the schematic drawing of fig.3. By
transforming again this two-dimensional pattern into
a hollow sphere it follows that the 16 gonidia should
be arranged in two parallel rectangles and a zig-zag
like band being enclosed by the rectangles as shown
schematically in fig.3. The anterior third of the
sphere should contain no gonidia. This is exactly the
pattern found in Volvox spheroids containing 16
gonidia (fig.3).

In the accompanying paper [16] we present some
expetimental results supporting this model: We show
that certain chemical modifications of the membrane
surface during embryogenesis strongly disturb the
control of gonidial differentiation without affecting
the viability of the embryo.
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