
ISSN 1062�3590, Biology Bulletin, 2010, Vol. 37, No. 2, pp. 123–129. © Pleiades Publishing, Inc., 2010.
Original Russian Text © I.V. Dovgal, 2010, published in Izvestiya Akademii Nauk, Seriya Biologicheskaya, 2010, No. 2, pp. 159–166.

123

For members from various groups of eukaryotes,
some hypotheses on the probable ways of transition to
multicellularity were suggested. Thus, there are some
alternative ideas considered by Ivanov in 1968 with
regard to the origin of multicellular animals (Meta�
zoa). The existing hypotheses can be divided to three
groups: (1) complete or incomplete division in the
common extracellular matrix creating colonies;
(2) cellularization of the multinucleus (poly�energy)
cell and (3) aggregation of cells, caused by chemical
stimulus.

Among the latter suggestions, it is widely that
ancestors of Metazoa were colonial flagellates (Gaidos
et al., 2007) and sponges, having choanocytes which
are close in structure to choanoflagellates, the sup�
posed ancestors of multicellular animals (Dondua,
2005a; Frolov, 2006). This hypothesis was also sup�
ported by the philogenetic trees built on the basis of
DNA sequencing where choanoflagellates were placed
in the same cluster as Metazoa.

According to an alternative version (Maldonado,
2004), choanoflagellates are secondary simplified
sponges and fungi were the ancestors of multicellular
animals (Müller, 2003).

At the same time, Seravin and Goodkov (2005)
supposed that the presence of amoeboid properties in
the cell among Metazoa at early stages of morphogen�
esis testifies that some ameboflagellates were the
ancestors of Metazoa and multicellular organisms
formed only by this way (due to cell aggregation but
not due to differentiation of the cell colonies).

The aim of this article is to discuss how the mecha�
nisms of ontogenesis regulation could change during
the transition from the unicellular to multicellular
organization level.

On our opinion, the search for continuity between
ontogenesis regulation mechanisms of protozoa and
early ontogenesis mechanisms of multicellular ani�
mals is more promising (Dovgal, 2002a,b; Dovgal,
2007, 2008, and 2009).

Sewertzoff affirmed in 1939 that there is no ontoge�
nesis in unicellular organisms and they are present
only in Volvox in the most primitive form. Particularly,
in the opinion of Sewertzoff (1934), the parent cell of
protozoa as a result of division provides the daughter
cells but not the embryo, which further develops.
According to Sewertzoff’s suggested scheme of evolu�
tion of Metazoa ontogenesis (Fig. 1), the ontogenesis
begins only in colonial protists (for instance the for�
mation of Volvox colonies with individuals morpho�
logically and functionally differentiated). The origin
of morphogenetic mechanisms of multicellular organ�
isms is still not clear.

Most embryologists after Sewertzoff denied the
presence of individual development on the cell level of
organization. For instance, Dondua (2005b) claimed
that only the first multicellular animals could have
mechanisms that provide differential gene activity and
various morphogenetic processes. However, the article
does not make it clear how morphogenetic mecha�
nisms were created in the first multicellular animals.
Ivanov (1968) most likely supposed that Sewertzoff’s
idea is speculative. In our opinion it would be normal
to find the mechanisms of eukaryotes on the cellular
organizational level.

The phrase “cell ontogenesis” was first used by
Bauer (1935). Tokin, a disciple of Bauer (1934), drew
attention to every individual (tomit) created as a result
of hypotrich division, which receives a different set of
cirri (cilliary bundles) and, respectively, must resfore
the missing bundles. Tokin interpreted this process as
ontogenesis and consecutive steps of creating of new
cilliary apparatus were considered as recapitulations.

The works of Bauer and Tokin did not receive
enough attention, and these ideas were returned to
only in the 1950s–1970s. The processes that occur
particularly in infusoria in various forms of asexual
reproduction were considered as part of ontogenesis
(Dogiel, 1951; Foissner, 1996).
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Fig. 1. Hypothetical phase of ontogenesis evolution in bilateral Metazoa, according to A.N. Sewertzoff (Ivanov, 1968). A—repro�
duction of free�living unicellular animals, the daughter cells become separate after each division; B—ontogenesis of the unicel�
lular colony (Volvox type), parent cell undergoes multiple division, but daughter cells create a colony; C—ontogenesis of simple
Metazoa (Hydra type); D—evolution of ontogenesis of primary bilateral animal with developed mesoderm by archallaxis; E—onto�
genesis of the high bilateral animal with prolonged embryonic development due to additional extensions. The gametes marked with
black color and mesoderm shaded in gray. a–d, Subsequent stages of ontogenesis, bl—blastula, coe—coelom, con—protozoa colo�
ny, g—gastraea, m—morula.

In contrast to many other protists, the cell body of
infusoria has external structures located asymmetri�
cally that are visible in a light microscope. First of all
this regards the cell mouth, i.e., the cytostome. The
ciliates are characterized by transverse fission which
results in one of the daughter cells obtaining the
cytostome (and the appropriate cilliary apparatus)
from the parent cell and the other cell must construct
it (Fig. 2). As was found, the construction of the new
mouth apparatus (stomatogenesis) occurs in various
groups of infusoria in different ways. The order of pro�
cesses that occur during stomatogenesis of infusoria is
interpreted as ontogenesis. Accordingly, different
types of stomatogenesis characterize various classes of
infusoria. Additionally, the steps of stomatogenesis are
considering as recapitulations.

Before the wide application of molecular tech�
niques, stomatogenesis was almost the sole source of
information for phylogenetic reconstructions within
the Ciliophora phylum. However, using the molecu�

lar–genetic methods did not change its importance for
phylogenetic and systematic understanding of infuso�
ria, because the schemes of phylogenetic relations of
taxa of infusoria on the class and order level, which are
obtained taking into account the type of stomatogene�
sis and according to the data of DNA sequencing, cor�
responding well to each other (Foissner, 1996).

Jankowski (1972) considered any changes (recon�
structions) of the ciliary apparatus of infusoria (and
not only the mouth) after asexual reproduction as
ontogenetical.

Eigner reconstructed the phylogeny of some groups
of hypotrichs using analysis of ontogenesis of these cil�
iates on a new methodological level independently
from Tokin’s studies (Eigner, 1997).

In this case we (Dovgal, 2002a, b) considered the
processes of stomatogenesis and reconstruction of the
tentaculate apparatus of predatory sessile infusoria–
suctoria during their budding and metamorphosis of
settlement stages, i.e., telotrochs (Fig. 2).
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It should be mentioned that attempts to use the
ontogenetic criteria for other groups of protists were
less successful in spite of the fact that the well�known
American protistologist Corliss supposed that there
are some examples of recapitulations of ancestral fea�
tures in many taxa of protozoa (Corliss, 1968). This is
particularly related to the complicated, organized
external structures, pellicula or different skeletal
forms. According to Corliss these examples can be
found in microsporidia (the spore wall structure), gre�
garines (gametocyte membrane), and coccidia and
dinoflagellates (structure of the external skeleton).

In contrast to other protistologists, we assume that
stomatogenesis of infusoria and early stages of meta�
morphosis of the settlement steps of sessile infusoria
(and similar processes in other protists) cannot be
explained by a biogenetic law and can be a demonstra�
tion of Baers’ embryological resemblance law (Dov�
gal, 2000; Dovgal, 2002a). For ontogenesis of unicel�
lular eukaryotes, a changed interpretation of this law
was suggested (Dovgal, 2002a; Dovgal, 2008). The
interpretation of the embryological resemblance law
from the monograph of Schmalhausen (1969) was
accepted as the base.

With regard to mechanisms of regulation of mor�
phogenetic processes in protozoa, it is likely they are
analogues or homologues found in multicellular ani�
mals. This indirectly testifies that the methods such as
microsurgery, related to the transplantation of certain
structures of the infusoria cortex, which are applicable
for infusoria ontogenesis, are also useful for study of
ontogenesis multicellular organisms (Beisson, 1994).
Salts of lithium cause teratogenic effects in infusoria
and in multicellular organisms (Beisson, 1994). This is

also confirmed by tyrosine kinase receptors in cho�
anoflagellates (King, Carroll, 2001; King et al., 2003).

The specificity of individual development of uni�
cellular organisms appears in the regulatory role of
cortical structures of the cell (Dovgal, 2002a). The
cortex of multicellular organisms probably plays simi�
lar role only at early stages of ontogenesis for instance
during ooplasmic segregation.

The processes of intercellular recognition in pro�
tists is raising some interest with regard to the evolu�
tionary formation of the regulatory mechanism of
morphogenesis during transition to multicellularity.
First of all, these processes are related to reproduction
in these organisms. However, there are some cases in
which a few individuals from one species aggregate
together to a single cell in protists, which reproduce
only asexually (Fig. 3) or only connect to each other.
Some infusorians spend the winter by grouping on the
bottom of the water reservoir and creating large spher�
elike crowds, accumulating hundreds of thousands of
species.

The problem of protozoa recognition has already
been successfully studied by specialists in various
groups of protozoa (Afon’kin, 1991). Similar pro�
cesses have been under discussion as the models for
studying morphogenesis mechanisms of multicellular
organisms. One classical model of organisms is soil�
living amoeba Dictyostelium discoideum Raper, in
which the trophic phase of the life cycle is represented
by single amoeba cells, reproducing by cell division.
Some amoeboid individuals (in the center of the
aggregation) upon exhaustion of food resources (bac�
teria) begin to synthesize and excrete into the environ�
ment a special substance (attractant) first called “acra�
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Fig. 2. Scheme of the ontogeny of mobile (I) (Jankowski, 1972, with changes) and sessile (II) (by example of suctorians) infusoria
ontogenesis. (1) trophont; (2) tomont; (3) protomit; (4) tomit; (5–6) the swarmer metamorphosis; c—ciliature; i—infracilia�
ture; at—anlage of the tentacle; t—tentacle; p—oral ciliatura; ap—anlage of the oral ciliatura (Dovgal, 2002a).
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sin,” which stimulates other species to aggregate into
groups around the aggregation center. Thus, pseudo�
plasmodium forms with further cell differentiation,
which occur subsequently, provide for the rise of vari�
ous parts of the carposome (or sorocarp) (Fig. 4).
Some cells of the sorocarp differentiate to spores
(Goldbeter, Segel, 1977; Novozhilov, Goodkov, 2000).
It was determined later that the attractant is cAMP
(cyclic adenosine monophosphate) and the process of
its synthesis is autocatalytic. At the same time, the
character of some amoeba movement looks like a con�
centric wave and there is the same analogue of cAMP
functions with morphogenesis of multicellular animals
as the carriers of information about the embryo. This
resemblance, as well as the simplicity of verification,
increased interest in mathematical modeling of the
aggregation mechanism in D. discoideum as the non�
equivalent process (Prigozin, Stengers, 2003; Litcanu,
Velazquez, 2006).

Besides mechanisms based on excreting of aggre�
gation or coupling pheromones into the environment
by the cells, the mechanisms of intercellular recogni�
tion based on interaction between molecular mem�
brane complexes provoke considerable interest
(Afon’kin, 1991). This scheme particularly was devel�
oped for a single member of volvoxes, chlamidomonas
(Musgrave, 1994), that allowed experimental testing of
probable transition interactions between cells inside of
colonies because the colonial volvoxes are the classical
model objects for considering multicellularity. It

should be mentioned that the hypothesis on the origin
of multicellular organisms from colonial ancestors is
probably the most experimentally verified due to stud�
ies of asexual reproduction of various species of vol�
voxes.

The first who paid attention to the resemblance
between the formation of daughter colonies in volvox
(Fig. 5) and the processes of blastulation and gastrula�
tion in animals was Kuschakewitsch, a Kievian
embryologist (Kuschakewitsch, 1923). Schmalhausen
played a special role in publishing this research. Kus�
chakewitsch emigrated from the country in 1920 and
his manuscript was finished and recommended by
Schmalhausen for publication in the journal “Notes of
the Physico�Mathematical Department” published by
the Ukrainian Academy of Sciences. As a result,
beginning from Kuschakewitsch’s research and con�
tinuing until the present, the asexual reproduction of
various species from the genus Volvox is a popular
model of evolutionary development of morphogenetic
processes during transition to multicellular organisms
(Kirk, 2001, 2005; Kirk, Nishii, 2001; Desnitskiy,
2006; Michod, 2007; Herron, Michod, 2008). The
members of few genera of volvoxes are usually placed
in an evolutionary line beginning from members of the
Chlamydomonas genus to spherical colonies of volvo�
cines, which characterized with cell differentiation to
“somatic” without the ability to reproduce and sub�
merged in the colony gonidia, i.e., the cells producing
new daughter colonies.

In spite of the fact that there are molecular data
that volvocines are a young group about 70 million
years old, these are a very comfortable model. How�
ever, even within this family, the transition from single
forms to colonial with cell differentiation sometimes
occurred independently (Kirk, 2005).

On the base of original data on the reproduction of
volvoxes, Kirk (Kirk, 2001) supposed that three regu�
latory loci consequently appeared in the genome of
volvoxes, which provided for the transition from uni�
cellular organization to a function dividing between
two particularized types of vegetative cells (somatic
and gonidia). Kirk (Kirk, 2005) suggested a twelve�
step model of transition to volvox colonies: the first
step is noncomplete cytogenesis; steps 2 and 7 are
inversion of the daughter colonies' cells; step 3 is the
turn of basal bodies of the flagella, which is necessary
for their contraction in one direction, providing the
colony the ability to have forward movement; step 4 is
polarity of colony creation (physiologically front and
back ends); step 5 is creation of the extracellular
matrix. The control of cell division in the colony
appears on steps 6 and 8, which are related to an
increase in the extracellular matrix volume. The par�
tial and then the total differentiation of functions
between somatic cells and future gonidia occur on
steps 9 and 10. The transition to asymmetric division
occurs on step 11. In the final step, 12, the differenti�

Fig. 3. Heliozoa aggregation. 320�fold enlargement.
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ation of the cell division program begins (bifurcation,
according to Kirk).

On our opinion, this sequence of steps includes the
stages when the regulation of the morphogenetic pro�
cess occurs at the cell level (at steps 1–3) and also steps
that require the mechanisms of intercellular interac�
tion (steps 4–12).

There is the analogue with the Metazoa ontogene�
sis when at the first steps the regulatory mechanisms
turn on in oospheres and then the intercellular mech�
anisms occur with the beginning of division.

Similar mechanisms appeared in unicellular
eukaryotes, which provided the hypothetical ancestors
of Metazoa with preliminary adaptation to multicellu�
larity. Thus, the protozoa with a known sexual process
were characterized with differentiation (including

morphological) to vegetative and reproductive cells
(gametes). In addition, there are communication sys�
tems between cells, creation of cell aggregates, recog�
nition of complementary gametes according to their
species, for instance pheromones involved in recogni�
tion of a victim, the pheromones of aggregation of
noncolonial organisms, etc. (Afon’kin, 1991). Similar
signal molecules or transmembrane proteins are also
being produced by colonial protists (Gaidos et al.,
2007).

This has also been shown by tyrosine kinase recep�
tors in single choanoflagellates (King, Carrol, 2001;
King et al., 2003), which in spite of this fact, as was
already mentioned, led to the idea (Maldonado, 2004)
that choanoflagellates are secondary simplified

Spores

Carposome

Migration

Aggregation

Growth

Fig. 4. Life�cycle of Dictyostelium discoideum [Prigozhin, Stengers, 2003].
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Fig. 5. Ontogenesis of Volvox colony (stage of “pseudogastrula”). A—protrusion of colony’s surface; B, D (side view) and C (view
from the mouth side)—wrench of sides; E (side view)—overcrossing of wrenched sides [Kuschakewitsch, 1923].
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sponges and fungi were the ancestors of multicellular
animals (Müller, 2003).

However, we supposed that the idea of the return of
multicellular organisms to the unicellular level of
organization leads to a break in the principle of evolu�
tion irreversibility. For instance, the extreme level of
specialization to parasitism in myxosporea (phylum
Myxozoa) did not lead to the total loss of multicellu�
larity of organisms, because their spores and vegetative
stages are multicellular (Pugachev, Podlipaev, 2007).

Therefore, more attractive is the version of second�
ary transition of some colonial choanoflagellates to
single life, and single choanoflagellates kept tyrosine
kinases which are necessary for morphogenesis of col�
onies of sessile choanoflagellates where, probably, pri�
mary cell differentiation occurred (Mikhailov et al.,
2009). However, in the contrast to volvocines, cho�
anoflagellates have no blastula�like stage. According
to this, it was supposed that choano�ancestors of
Metazoa, besides the sessile trophic colonial stage,
had a settlement nonfeeding plankton stage of syn�
zoospores, which is lost in modern choanoflagellates
(Mikhailov et al., 2009).

On our opinion, the regulatory mechanisms of
ontogenesis on the cell level in protozoa and also
mechanisms of intercellular interaction between these
organisms can serve not only as a model of mecha�
nisms of creation of morphogenesis of multicellular
organisms (like volvoxes) but also as mechanisms sim�
ilar to those occurring in a fertilized ovum before
mitosis.

Thus, according to the existing hypothesis on the
appearance of the mentioned mechanisms at the cell
level of structural organization, on our opinion, the
evolutionary steps of formation of morphogenetic
mechanisms for unicellular eukaryotes (according to
Dovgal, 2008) and for Metazoa (according to Don�
dua, 2005b) can be combined in the following:

1. Complication of cell structure and differentia�
tion of the locomotor and alimentary organelle. Com�
plication of ontogenesis in parasitic and sessile forms
due to the appearance of settlement (larval) stages.
The sexual process provided by specialized gametes
(gamete stage) or microconjugants is morphologically
similar to the settlement stages.

2. Appearance of complicated cytostome and, thus,
separation of physiologically front and back ends of
the cell (axial organization). The appearance of cell
mechanisms providing the differential activity of genes
and morphological processes (such as stomatogenesis
in infusoria).

3. The mechanism of appearance of intercellular
recognition.

4. Transition to colonial structure.
5. Colony size enlargement that led to functional

and morphological differentiation of species in a col�
ony. The change of functions in intercellular recogni�

tion mechanisms, which provide for the ontogenesis of
colonies.

6. Cell differentiation of multicellular organisms
and appearance of the mechanisms providing differ�
ential gene activity and various morphogenetic pro�
cesses.

7. Complication of ontogenesis due to the appear�
ance of settlement larval stages. Energetic capabilities
of mature forms supplied the sexual process related to
the formation of male and female gametes.

8. Formation of phagocytoblast and appearance of
special gene systems, providing creation of axial orga�
nization in multicellular animals.

During the transition to multicellular organism
structure, the cell regulatory mechanisms probably
were partially lost and some of them providing the first
steps of morphogenesis at the ovum stage were kept
(Dovgal, 2002a; 2008).

It should be mentioned that the fifth and sixth steps
of the evolutionary events described above are the
range where the model objects for experimental proofs
of the suggested hypothesis could be found and used
later.

REFERENCES

Afon’kin, S.Yu., Cell–Cell Self�Recognition in Protozoa,
in Itogi nauki i tekhniki. Ser. Zoologiya bespozvonochnykh. 9
(Advances in Science and Technology. Ser. Zoology of
Invertebrates. 9), Moscow: VINITI, 1991, pp. 1–160 [in
Russian].
Bauer, E.S., Teoreticheskaya biologiya (Theoretical Biol�
ogy), Moscow: VIEM, 1935 [in Russian].
Beisson, J., Cytoskeleton and Molecular Basis of Pattering
in Ciliates, in Proc. of the IX Intern. Congress of Protozool.,
Berlin, July 25–30, 1993, Hausmann, K. and Hulsmann, N.,
Eds., 1994, pp. 15–24.
Corliss, J.O., The Value of Ontogenetic Data in Recon�
structing Protozoan Phylogenies, Trans. Amer. Micr. Soc.,
1968, vol. 87, no. 1, pp. 1–20.
Desnitskiy, A.G., Evolutionary Reorganizations of Ontoge�
nesis in Related Species of Coenobial Volvocine Algal,
Ontogenez, 2006, vol. 37, no. 4, pp. 261–272.
Dogiel, V.A., Obshchaya protistologiya (General Protistol�
ogy), Moscow: Sov. Nauka, 1951 [in Russian].
Dondua, A.K., Fundamentals of Comparative Embryology,
in Biologiya razvitiya (Developmental Biology), St. Peters�
burg: S.�Peterb. Gos. Univ., 2005a, vol. 1 [in Russian].
Dondua, A.K., Cellular and Molecular Aspects of Ontogeny,
in Biologiya razvitiya (Developmental Biology), St. Peters�
burg: S.�Peterb. Gos. Univ., 2005b, vol. 2.
Dovgal’, I.V., Morphological and Ontogenetic Changes in
Protozoa upon Transition to Sedentary Life, Zh. Obshch.
Biol., 2000, vol. 61, no. 3, pp. 290–304.
Dovgal, I.V., The Germ Similarity in Ontogeny of Ciliates
(Ciliophora), Vest. Zool., 2002a, vol. 36, no. 2, pp. 3–9.
Dovgal, I.V., Evolution, Phylogeny and Classification of
Suctorea (Ciliophora), Protistology, 2002b, vol. 2, no. 4,
pp. 194–270.



BIOLOGY BULLETIN  Vol. 37  No. 2  2010

THE EVOLUTIONARY REORGANIZATION OF ONTOGENY 129

Dovgal’, I.V., Evolution of Ontogeny: from Protozoa to
Metazoa, in Mater. Konf. “Sovremennye problemy biolog�
icheskoi evolyutsii”, M., 17�20 sentyabrya 2007 g. (Proc.
Conf. “Modern Problems of Biological Evolution,” Mos�
cow, Septemter 17–20, 2007), Moscow: Izd. GDM, 2007,
pp. 34–35.

Dovgal’, I.V., Evolution of Ontogeny and Emergence of
Metazoa, in Tr. Konf. “Sovremennye problemy biologicheskoi
evolyutsii”. M., 17�20 sentyabrya 2007 g. ((Proc. Conf.
“Modern Problems of Biological Evolution,” Moscow,
Septemter 17–20, 2007), Moscow: Izd. GDM, 2007,
pp. 31–39.

Dovgal’, I.V., Ontogeny of Unicellular Eukaryotes and
Emergence of Metazoa, in Progr. i Tez. Dokl. Konf. “Nauch�
noe nasledie Shmal’gauzena i ego razvitie”, M., 23�24 apre�
lya 2009 g. (Abstr. Conf. (Scientific Legacy of Schmal�
hausen, Moscow, April 23–24, 2009) 2009, pp. 16–17.

Eigner, P., Evolution of Morphogenetic Processes in the
Orthoamphisiellidae N. Fam., Oxytrichidae, and Parakahliel�
lidae N. Fam., and Their Depiction using a Computer
Method (Ciliophora, Hypotrichida), J. Euc. Microbiol.,
1997, vol. 44, no. 6, pp. 553–573.

Foissner, W., Ontogenesis in Ciliated Protozoa with
Emphasis on Stomatogenesis, in Ciliates: Cells as Organ�
isms, Hausmann, K., and Bradbury, P.C., Eds., Stuttgart:
Gustav Fisher, 1996, pp. 95–177.

Frolov, Yu.P., Some Aspects of the Origin of Metazoa,
Vestn. Samar. Univ., Estestvennonauchnaya Ser. 2006.,
vol. 47, no. 7, pp. 241–248.

Gaidos, E., Dubuc, T., Dunford, M., et al. The Precam�
brian Emergence of Animal Life: A Geobiological Perpec�
tive, Geobiology, 2007, vol. 5, no. 4, pp. 351–373.

Goldbeter, A. and Segel, L.A., Unified Mechanism for
Relay and Oscillation of Cyclic AMP in Dictyostelium dis�
coideum, Proc. Nat. Acad. Sci. USA, 1977, vol. 74,
pp. 1543–1547.

Herron, M.D. and Michod, R.E., Evolution of Complexity
in the Volvocinae Algae: Transitions in Individuality
through Darwin’s Eye, Evolution, 2008, vol. 62, no. 2,
pp. 436–451.

Ivanov, A.V., Proiskhozhdenie mnogokletochnykh zhivot�
nykh. Filogeneticheskie ocherki (The Origin of Metazoa:
Phylogenetic Essays), Leningrad: Nauka, 1968 [in Rus�
sian].

King, N. and Carroll, S.B., A Receptor Tyrosine Kinase
from Choanoflagellates: Molecular Insights Into Early Ani�
mal Evolution, Proc. Nat. Acad. Sci. USA, 2001, vol. 98,
no. 26, pp. 15032–15037.

King, N., Hittinger, C.T., and Carroll, S.B., Evolution of
Key Signalling and Adhesion Protein Families Predates
Animal Origins, Science, 2003, vol. 301, pp. 361–363.

Kirk, D.L. and Nishii, I., Volvox carteri As a Model for
Studying the Genetic and Cytological Control of Morpho�
genesis, Develop. Growth Differ., 2001, vol. 43, pp. 621–631.

Kirk, D.L., A Twelve�Step Program for Evolving Multicel�
lularity and a Division of Labor, BioEssays, 2005, vol. 27,
pp. 299–310.

Kirk, D.L., Germ–Soma Differentiation in Volvox, Dev.
Biol., 2001, vol. 238, pp. 213–223.
Kuschakewitsch, S.E., Zur Kenntnis der Entwicklungsge�
schichte von Volvox, Zap. Fiz.�Mat. Viddilu, 1923, vol. 1,
pp. 31–36.
Litcanu, G. and Velazquez, J.J.L., Singular Perturbation
Analysis of CAMP Signalling in Dictyostelium discoideum
Aggregates, J. Math. Biol., 2006, vol. 52, pp. 682–718.
Maldonado, M., Choanoflagellates, Choanocytes, and
Animal Multicellularity, Inverteb. Biol, 2004, vol. 123,
no. 1, pp. 1–22.
Michod, R.E., Evolution in Individuality During the Tran�
sition from Unicellular to Multicellular Life, Proc. Nat.
Acad. Sci. USA, 2007, vol. 104, no. Suppl. 1, pp. 8613–
8618.
Mikhailov, K.V., Konstantinova, A.V., Nikitin, M.A., et al.,
The Origin of Metazoa: A Transition from Temporal to Spa�
tial Cell Differentiation, BioEssays, 2009, vol. 31, no. 7,
pp. 758–768.
Müller, W.E.G., The Origin of Metazoan Complexity:
Porifera As Integrated Animals, Integr. Comp. Biol., 2003,
vol. 43, pp. 3–10.
Musgrave, A., Intracellular Signalling in Chlamydomonas, in
Proc. of the IX Intern. Congress of Protozool., Berlin, July 25–31,
1993 Hausmann, K. and Hulsmann, N., Eds., 1994,
pp. 53–54.
Novozhilov, Yu.K. and Goodkov, A.V., Class Eumycetozoea
Zopf, 1884. Eumycetozoans (Slime Molds and Myxo�
mycetes), in: Protisty: Rukovodstvo po zoologii. Ch. 1 (Pro�
tists: Handbook on Zoology, Pt. 1), Alimov, A.F., Ed.,
St. Petersburg: Nauka, 2000, pp. 417–444.
Prigozhin, I. and Stengers, I., Poryadok iz khaosa. Novyi
dialog cheloveka s prirodoi (Order from Chaos: A New Dia�
log of the Man with Nature), Moscow: UPSS, 2003 [in
Russian].
Pugachev, O.N. and Podlipaev, S.A., Phylum Mycozoa
Grasse, 1970. In. Protisty: Rukovodstvo po zoologii. Ch. 2
(Protists: A Guide on Zoology, Pt. 2), Alimov, A.F., Ed., St.
Petersburg: Nauka, 2007, pp. 1045–1082.
Seravin, L.N. and Goodkov, A.V., Amoeboid Properties of
Cells during Early Morphogenesis and the Nature of a Pos�
sible Protozoan Ancestor of Metazoa, Zh. Obshch. Biol.,
2005, vol. 66, no. 3, pp. 212–223.
Sewertzoff, A.N., Morfologicheskie zakonomernosti evoly�
utsionnogo protsessa, (Morphological Consistent Patterns
of Evolution Processes) Sots. Rekonstruktsiya I Nauka,
1934, vol. 3, pp. 21–37.
Sewertzoff, A.N., Morfologicheskie zakonomernosti evoly�
utsii (Morphological Regularities of Evolution), Moscow:
Akad. Nauk SSSR, 1939 [in Russian].
Shmal’gauzen, I.I., Problemy darvinizma (Problems of
Darwinism), Leningrad: Nauka, 1969 [in Russian].
Tokin, B.P., The Problem of Cell Ontogeny. Communica�
tion 1: The Regeneration from the Point of View of Cell
Ontogeny, Biol. Zh., 1934, vol. 3, no. 2, pp. 279–293.
Jankowski, A.W., Recapitulation of Phylogenesis in Ciliate
Ontogeny, in Problemy evolyutsii (Problems of Evolution),
Novosibirsk: Nauka, 1972, vol. 2, pp. 95–123.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


