The Evolutionary Theory along the Phylogenetic Tree of Eukaryotes after the
Acquirement of Mitochondria

ABSTRACT
According to the phylogeny of organisms reconstructed by the analyses on

nucleotide base changes, the eukaryotes acquired the mitochondria first show the

divergence of unicellular ones, then the divergence of fungi and sea algae occurs, .
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and finally the animals and land plants appear from the unicellular eukaryotes
other than fungi and sea algae.  For the problem how the higher animals and land
plants have evolved the multicellularity and cell differentiation, it is first pointed out
that the conjugation of wunicellular monoploids to exchange homologous
chromosomes is a key strategy for the descendant monoploids to accumulate many
kinds of new genes necessary for cell differentiation.  Such monoploids can evolve
thecell differentiation with less material and energy than the diploid state, and
furtherevolve to produce eggs and sperms, whose fertilization yields the diploid
generation thatalso begins the cell differentiation under the material and energy
given from the monoploid generation. After the alternation of diploid generation
with monoploid generation, the diploid generation gradually becomes predominant
by the longer duration time of differentiated cells in diploid state and the monoploid
genetration finallyappears only as egg or sperm. The animals and land plants
cooperative action of differentiated cells in diploid state andfurther exhibit the
explosive divergence of morphologial characters which occasionaly occurs by
different, combinational sets of new genes for cell differentiation through the
successive _hybridization of various silent variants with the latent variants yielded
on'the way to establish a new style diploid homologously.In contrast, the fungi and
sea algae have directly attempted the muilticellularity and cell differentiation in the
diploid state but cannot accumulate the material and energy sufficient for further

evolution of forming egg and seed, respectively.

Keywords:biological activity, cell differentiation, conjugation, explosive divergence,
gene duplication, hybridization.
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1. INTRODUCTION

The analyses of nucleotide base changes in ribosomal RNAs (rRNAs) reveal the
phylogenetic relation of the present-day organisms in the DNA-RNA-protein world
[1-5]. According to these results, the divergence of three kingdoms, archaebacteria,
eubacteria and eukaryote, first occurred, but the divergence of present-day
eukaryoteshas occurredmore recently after the ancestral eukaryote of them has
acquired the mitochondria as the endosymbionts of Ox-respiratory Proteobacteria a.
The genome sequencing finds that the archaebacteria mostly carry the genome of
around 2x108base pairs (bps) compactly encoding around 1.7x103genes, the
eubacteria carry slightly larger genome of 4~5x106bps encoding3~4x103 genes, but
the genome size is expanded to 1.7x107bps encoding6.3x103genes in Sacchaomyces
cerevisia, 1.2x108 bps encoding2.4x104 genes in Arabidopsis‘thaliana, 1.4x108 bps
encodingl.3x104 genes in Drosophila melanogaster. and. 3x10°ps encoding
3x104genes in Homo sapiens [6]. Among the genes increased in the above
multicellular diploid eukaryotes, the outstanding feature is the expanded repertoire
of genes of proteins associated with the intercellular and intracellular signal
transmission represented by receptors-and kinases. In accordance, many kinds
of proteins including transcriptionaliregulators each carry serine-threonine repeats.
The activity and specificity of such a protein are considered to be controlled by the
phosphorylation [7] and/or glycosylation [8] of these special amino acid residues.
With these characteristic _proteins-in mind, the cell differentiation is theoretically
formulated in terms-of the .transition of cells from self-reproducing mode to
differentiation mode,. the long-range interaction between distinctive types of cells
and the short-range interaction between the same type of cells [9-11].These studies
indicate that:more than ten kinds of protein genes are needed even for the
differentiation into two types of cells.

In the present paper, the evolutionary process fromthe unicellular monoploid
eukaryote to the multicellular diploid eukaryote will be theoretically investigated
along the divergence pattern of eukaryotes after the acquirement of mitochondria,

succeedingly to the previous paper [12] of unicellular organisms. The present

study mainly focuses on the following three problems. (1) The first problem|is how

the eukaryote has accumulatedmany kinds of proteins necessary for the cell
differentiation, in spite of the situation that the biological activity of an organism is

transiently loweredby every step of gene duplication on the way to generate a new

gene from the counterpart [12].(11) From the aspect of development], the material and
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energy are needed for the advancement ofcell differentiation until the differentiated
cells begin to acquire the material and energy from the outside by their cooperative
action [13]. Such material and energy required for the development is increased
in the diploid state than in the monoploid state.Thus, it is the second problem how
the multicellular diploid eukaryote hasacquired such ability for the development of

a fertilized egg. (1) Thel third problem is how the explosive divergence of

and land plants.
2. THE DIVERGENCE OF EUKARYOTES AFTER THE ACQUIREMENT OF
MITOCHONDRIA

The divergence pattern of eukaryotes after the acquirement of mitochondria is
more clearly shown by the analysis on the base-pair changes’in the stem regions of
5S rRNA [4] than that shown by the analysis on large and small ribosomal subunit
RNA genes used in the previous review [12].  This result is shown in Fig. 1. One
of the most remarkable points is that the eukaryotes” having acquired the
mitochondria have shown at least four stages of divergence. The first stage (a) is
the divergence of unicellular monoploids, although some of Ascomycota 1 forms a
thread-like connection of multicellular.cytoplasm. The fungi and sea algae then
diverged at the second stage (b) contain, the lineages to evolve the alternation of
unicellular monoploid generation:with. multicellular diploid generation. For
example, many species of Hymenocetes in Basidiomycota repeat the life cycle of
hypha (+ and - types), conjugation of hyphas to form fruit body (mushroom) and the
production of hyphas“in the basidium of the fruit body, although such evolution
probably becomes possible. after thegreen plants have landed. Many species of
Laminariales in-Phaeophyta repeat the life cycle of female and male types of
zoospores, formation of female and male types of gametophytes to produce egg and
sperm, respectively, fertilization of released egg to form a sporophyte in diploid state
which.produces both female and male types of zoospores.  However, such evolved
fungi and sea algae are not directly related with the higher animals (Metazoa) and
higher plants (Tracheophyta) phylogenetically. As seen in Fig. 1, Protista 2 and 3
appear between thesecond branch (b) and the third branch (c) leading to the
Tracheophyta.ln Protista 3, the Euglena is assigned to the Sarcomastigophora by
zoologists while it is assigned to the Euglenophyta by botanists, and the Cyanophora
is assigned to the Glaucophyta by botanists and the Teytrahymena is to the
Ciliophora by zoologists.  This strongly suggests that the animals and green plants
are most closely related phylogenetically among the eukaryote and their ancestors
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were unicellular around 12x108 years ago.  However, the cell wall becomes rigid in
the cell where photosynthesis takes place. This causes the division of animals and
plants when they advance to multicellularity, just like the divergence of fungi and
sea algae.In fact, the unicellular mobile Dinophyta and immature multicellular
Metazoa (Porifera) first appear between the branch (c) and the branch (d) leading to
Metazoa (animals).

The divergence pattern of different phyla inanimalsis resolved more clearly by the
analsis on the base-pair changes in the stem regions of rRNAs in the mitochondria
[15]. This result shown in Fig. 2 clearly reproduces the derivation of Triploblastica
from Diploblastica, the divergence of Protostomia and Deuterostomia, and the
divergence of many phyla in both Protostomia and Deuterostomia.  Although the
fossil records (ii) and (iii) indicated in Fig. 2 are biased to those of Arthropoda and
shelly Mollusca, Echinodermata and Chordata had also begun the respective
divergence at this time. Moreover, this result of reconstructed phylogenetic
relationshows the characteristic feature that the divergence of morphological
characters has been accelerated and explosive, in both Protostomia and
Deuterostomia.  On this point, the theoretical consideration will be carried out in
sections 5 and 6.

The divergence pattern of Charephyta and many phyla in land plants is shown
in Fig. 3, which is obtained from the analysis on the nucleotide base changes at the
third codon positions of rbc genes in chloroplast genome [20].As seen in this figure,
the evolution from the unicellular monoploids to the multicellular diploids occurred
more recently in the green plants than in the animals.  Thus, the green plants are
more suitable for inquiring into this evolution than the animals. In fact, the
intermediate organisms.on the way to this evolution can be found in green plants
rather than inianimals, as will be shown in the next two sections.

3. ACCUMULATION OF MANY KINDS OF NEW GENES GENERATED FROM GENE

DUPLICATION THROUGH THE CONJUGATION OF MONOPLOIDS
The,Conjugatae such as Roya and Spirogyra, which is treated as an independent
plylum or incorporated into Charophyta by taxonomists, repeats the life cycle of
unicellular monoploids, conjugation of two monoploids to form a zygote and return
to two unicellular monoploids by meiosis.  This eukaryote provides a hint for the
problem how many kinds of genes necessary for multicellularity and cell
differentiation have been accumulated.

As shown in the preceding review [12], the fraction f(yax)of monoploid variants
yakhaving experienced k kinds of gene duplication satisfies the following relation



with the fraction f(yo) of dominant monoploids y.in the population taking the
common material and energy source M.

Aydamydm-1RM.Yam_1)
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Here, gydm,ydm-1 iS the probability that the mth step of gene duplication occurs.  For
investigating the effect of conjugation on the partition of duplicated genes, the
self-reproducing rate R(M;yam-1) of monoploid yam-1is simply assumed to decrease by
a reduction factor r in every step ofgene duplication, that is, R(M, yam1)= R(M,
Yof{1-(m-1)r}and the increase rate W(M;yam) defined by R(M;ym) -Dfym). is. also
decreased by the factor mr in comparison with the increase rate W (M; yo)= R(M; yo) -
D(yo) ofthe dominant monoploid,under the assumption that the death rate D(ym) is
hardly influenced by gene duplication.  Then, Eq.(1) is rewritten into the following

way.
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Here, Qiis the probability of having experienced k Kinds of gene duplication, i. e.,
Qk = [Th=19yamyam-1 (3)

As seen from Eq. (2), the fraction f(yax) of variants ya having k kinds of gene
duplication becomes smaller than the fraction f(yo) of dominant monoploids, as the
number k becomes larger. However, the exchange of homologous chromosomes
through conjugationyields the monoploid variant receiving the more kinds of
duplicated genes with the higher probability than that expected from Eq. (2). This
probability depends on the.number of chromosomes carryingthese duplicated genes,
and the following two extreme cases will be considered.

In the case-when the monoploid variant carrying ki kinds of duplicated genes
separately.on'ki kinds of chromosomes conjugates with another monoploid variant
carrying kokinds of duplicated genes separately on otherk: kinds of chromosomes,
the zygote.produces the daughter monoploid receiving (ki+kz) kinds of duplicated
genes with the following probability Pxi+k2)ki+k2) by the random partition of
homologous chromosomes in each pair.

_ (1 (a-rn@a-2r)..{(1-(ky=)r} (@A-r)@-2r)...{1-(kz-1)1}
) — (§)k1+k2 . . 1y : 2= Qk1+k2f2(yo) 4)
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In another extreme case when the variant monoploid carrying ki kinds of duplicated
genes in one kind of chromosome conjugates with other variant monoploid carrying
k2 kinds of duplicated genes in another kind of chromosome, the zygote produces
the monoploid receiving (kitkz) kinds of duplicated genes withthe probability



Poiki+k2).  In this probability P2;xi+ke), the coefficient (1/2)k+k2 in Eq. (4) is replaced
by (1/2)2.

For the numerical comparison of Pi+kz)ki+k2With the fraction f(ya)in Eq. (2),
f(yo) is simply assumed to be nearly equal to one and the probabilitiesPx.x, whose
suffix k satisfies the relation k/2 = ki=k> or (k+1)/2 =ki=k>+1, are selected.Then, the
value of Pi/Qk becomes larger than the value of f(yax)/Qk,especially in the region of
large k values,as shown already [30]. Moreover, it is clear that
P2;k1+k2)>P(k1+k2);(k1+k2)-

At the stage when the unicellular monoploid eukaryote began the partition of
homologous chromosomes through conjugation, such a monoploid eukaryote:would
have carried only several kinds of chromosomes, and the probability of
accumulating many kinds of new genes generated from” the counterparts of
duplicated genes would have been intermediate between the. above two extreme
cases. At any rate, the present result indicates that the.partition of homologous
chromosomes into daughter cells through conjugation is the’competent strategy for
accumulating many kinds of new genes generated from gene duplication avoiding
much lowering of biological activity. Moreover, the specificities of receptor,
transcriptional regulator and kinase; which. have appeared in the ancestral
eukaryote for its living style [12], areteasily changed by slight changes of amino acid
residues in the conterparts of duplicated genes. Thus, such counterparts would
have been gotten together as a set of new genes for cell differentiation through
conjugation between the branch points (b) and (c) denoted in Fig. 1.

4. EVOLUTION OF CELL,DIFFERENTIATION FROM MONOPLOIDS TO DIPLOIDS

This evolutionary process can be also traced from the present-day green plants
as listed below:=. Succeedingly to (@) the Conjugatae mentioned in the preceding
section, (B8) the Chara of Charophta develops the multicellularity and cell
differentiation in the monoploid state. This adult form produces both eggs and
sperms, whose fertilization yields the oospore. By the meiosis, the oospore
produces the spores, each of which grows into the adult form.  (y) In the Bryophyta,
the monoploid generation differentiates into female and types of gametophytes, and
the fertilized egg on the female gametophyte grows to the sporangium which
produces both female and male types of spores. (6) The Pterophyta develops the
cell differentiation in the diploid generation called the sporophyte to acquire the
material and energy by itself and the monoploid generation called the prothallium is
specialized to produce only eggs and sperms.  In some species of Pterophyta, the

prothallium also differentiates into female and male types. (¢) The seed



plants(Coniferophyta and Anthophyta), in which the monoploid generation (egg and
sperm) is produced in the reproductive organ incorporated into the diploid body,
take the material and energy from the outside by the cooperative action of
differentiated cells in the diploid state and develop the albumen inthe seed for its
germination.

The above series of example clearly shows that the multicellularity and cell
differentiation first occur in the monoploid state by the acculmulation of sufficient
kinds of new genes through conjugation.  This means that the energy acquired by
the cooperative action of differentiated cells in monoploid state becomes larger than
the energy consumed for the development ofits cell differentiation.. “Then; such
monoploid generation endows the egg with the material and energy necessary for
the cell differentiation in the diploid state.  After the alternation of such monoploid
generation with the diploid generation, the cell differentiation.in the diploid state
gradually becomes predominant by the longer duration. time against injurious
nucleotide base changes, and the monoploid generation appears only as egg or
sperm. This resolves the problems (I) and (Il) indicated in the first section, that is,
the cell differentiation in the monoploid.<generation requires less material and
energy than that in the diploid state and the material and energy acquired by the
cooperative action of differentiated«cells in the monoploid state have helped the
differentiation of cells in the diploid state.© These examples also indicate that the
meiosis has first evolved and then the mitosis has evolved in the multicellular
diploid eukaryotes.

Although the cell-differentiation only in monoploid state is hardly found in the
animals at the present time probably due to the severer struggle for existence, the
Cnidaria alternates the monoploid generation differentiated into female and male
types with.the asexual diploid generation. Probably, the ancestral animal also
began to form multicellularity and cell differentiation in the monoploid state to prey
the increasing unicellular eukaryotes.
5."THETHEORY OF THE EXPLOSIVEDIVERGENCE IN ANIMALS AND LAND

PLANTS BY GENE DUPLICATION

The animals and land plants that have established the cell differentiation in
the diploid generation exhibit the explosive divergence of morphological and
physiological characters due to the difference in cell differentiation. This is the
problem (I11) indicated in the first section and its explanation will be theoretically
formulated in the following way.

As shown already [31], it is the same form as the case of monoploid organisms that



the fraction f(yk,Yo) of new style diploid eukaryotescarrying k kinds of new genes
heterogeneously first appears in the relation with the fraction f(yo.,yo) of the original
style of dominant diploids (Yyo,Yo)- However, a remarkable difference in the
evolutionary pattern between the diploid and monoploid eukaryotes comes from the
process to fix the new genes arising from the counterparts of duplicated genes.
Although a set of new genes suitable for expressing a new characteris immediately
fixed in the monoploid eukaryote to form a new population apart from the original
population, the breeding of new style of diploid eukaryotes each carrying‘a, set of
new genes heterogeneously still produces various latent variants. . In ‘such a
diploid eukaryote, the number of homologous chromosomes may_be ‘increased to
more than ten, and it is reasonable to consider the case when most of the new genes
generated from duplicated genes are distributed separately on different kinds of
chromosomes, as will be discussed in the last part of this section.

In this case, we first consider the ratios of variant children produced by the
breeding of new stylediploid parents each carrying k- kinds of new genes
heterogeneously. When the homo, hetero, and vacant states concerning a new

gene on the J th pair of homologous chromosomes are denoted by
1 1 0 0
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respectively, the ratios of different types’ of children born from suchparentsare
expressed by those of the terms on the right hand side of the following expansion.
[Tf=1(a} +2a;b; + bf) =

[T5-1(a} +2a;b)) + BF_ b [1Eeyen (@Z + 2a6b6) + X ey=1bf biTTie) sy=1 (af + 2a;by) + - +
[Tj=1b7(6)

The first term on-the right hand side of Eq. (6) corresponds to the children receiving
a set of all.-new genes, and the number of such children amounts to 3k when the
total number. of children on the left hand side is set to be 4k.  The second term
corresponds to the children lacking one kind of new gene, and the number of such
childreniskC13k1.  In the same way, the number of children lacking v kinds of new
genes amounts to «Cy3kvand the last term corresponds to the children completely
lacking new genes.  These children lacking some of new genes return to the
population of the original style diploid eukaryotes as the latent variants not
expressing a new cell differentiation, but serve to produce the second stage of
divergenceby the hybridization with the silent variants carrying other kinds of new
genes.

If any of new types of cell differentiation is assumed to be also expressed by k kinds



of new genes for simplicity, the second stage of divergence occurs when the
3kvlatent variantslacking v kinds of new genes produced at the first stage hybrize
with the silentvariant carrying other v kinds of new genes.  The fraction f(yv,yo) of
such silent variants must be larger than the fraction f(y,y,) of the first style of new
diploids (yx,Yo) which have carried out the first stage breeding. Thus, the
hybridization of 3kvlatent varients with the silent variants v produces secondarily
new style children carrying new sets of genes as the combination of (k-v) and v with
the higher probability than the appearance of first new style diploids (y«,Yo)-% This
probability becomes higher as the number v is smaller, although the number of
choice kCvis maximum for v = k/2 or v = (k-1)/2.

Moreover, the ratio of the children carrying a full set of new genes
homologously is only(1/4)k and the ratio of children carrying‘a full'set of new genes
heterogeneously amounts to (3/4)k2/3)k = (1/2)kin the breeding between the
parents each carrying new genes heterogeously, as seen in the first term on the right
hand side of Eq. (6). This characteristic feature also holds in the new style of
diploids carrying a full set of new genes heterogeneously which appear at later
stages by the hybridization of latent variants with silent variants.  Thesenew
styles of eukaryotes carrying a full set.new genes heterogeneously further produce
the latent variants, which can hybridize with silent variants, on the way to establish
the homologous set of new genes..Such successive divergence due to the partial
replacement of new genes continues until the fraction f(yv,yo) of silent variants
(Yv,Yo) is decreased in the original population.

Although all these diploid.eukaryotes receiving different sets of new genes do not
necessarily survive, the survived ones are recorded as the divergence of different
styles of diploid. eukaryotes. When some of the survived new style diploid
eukaryotes raises its biological activity to allow the existence of variants carrying
furthernew genes-generated from gene duplication, however, the divergence again
occurs from this new style eukaryote. Thus, the explosive divergence mentioned
above occurs with a punctuated mode.

Even in the case when the new genes generated from gene duplication are located
on less number of chromosomes, the above formulation formally holds with less
numbers of k and v. However, the increased difference between homologous
chromosomes makes it difficult to produce the children by the incompatibility of
homologous chromosomes. On the other hand, the new genes generated from gene
duplication tend to be scattered on different chromosomes, for example, by
transposons.  Thus, the explosive divergece of morphological and physiological



characters tend to occur in the multicellular diploid eukaryote carrying alarge
number of chromosomes.

The punctuated mode of evolution isfirst pointed out from thepaleontology of
animals [32]. The paleontology and the phylogenetic relation of organisms
reconstructed from the neutral nucleotide base changes are complementary to each
other in investigating the divergence pattern of multicellular diploid eukaryotes.
The former detects the fossils including the extinct organisms fragmentally while
the latter traces back to the origin of present-day organisms continneously.

6. EXPLANATION OF DIVERGENCE PATTERN IN ANIMALS AND LAND PLANTS
As seen in Figs. 2 and 3, the divergence pattern of different phyla‘in ‘animals and
land plants shows the tendency thata new hylumhas appeared at the relatively early
stage of the preceding phylum. This supports the theory described. in section 5,
indicating that the new phylum has appeared through the hybridization of silent
variants with latent variantsyielded during the processforthe preceding phylum to
become homogeneous,although the set of genes for the first-cell differentiation into
two types of cells seems to have been definite.

In the animals,the cell differentiation into ectoderm and endoderm first occurred in
Cnidaria by the first set of new genes. When other new genes have been
accumulated in the variants of ancestralCnidaria, another set of new genes
appeared heterogeneusly to YVield ancestral Platyhelminthes, causing the
differentiation into mesoderm and endoderm. During the process that the
Platyhelminthes hasbecome homogeneous of this second set of new genes, other
sets of new genes must.-have appeared, causing the divergence of ancestral
Brachiopoda and the, common ancestor of other Protostomia and Deuterostomiaby
the partial replacement of member genes in the second set of genes. In the
appearance of.Deuterostomia, the third and fourth sets of new genes must have
been added“.to form the mouth instead of blastopore by the further cell
differentiation in both ectoderm and endoderm.  Although somewhat difference in
thederivation of mesoderm between Deuterstomia and Protostomia has been only
indicated from developmental biology [33], at least four classes of genes are recently
suggested to be involved in the formaton of mesendoderm [34]. This difference
between the Protostomia and the Deuterostomiahas brought the decisive difference
in acceptance of new sets of genes for the further cell differentiationas well as in the
formation of mouth.In the Deuterostomia, the divergence of Echinodermata and
Chordata has further occurred. The Echinodermata has accepted the set of
genes to secrete the calcium carbide from the mesoderm to cover the body but the
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Chordata has accepted the set of genes to derive the chorda dorsalis from the
mesoderm. The chordadorsalis thus generatedsupports the body from the
insideand brings about the high biological activity enough to accept the other sets of
new genes for the further cell differentiation. Thus, the successive divergence of
Hemichordata, Cephalochordata, Petromyzontiformes, Condrichthyes
andOsteichthyes has occurred,through the partial replacement of member genes in
each set. Meanwhile, the set of genes for metamerism has been generated in the
common ancestor of Annelida and Arthropodaand this style of body plan also raises
the biological activity, leading to the successive divergence of Chlicerata; Chilopoda,
Branchiopoda,Malacostraca and Insecta in Arthropoda, although the set of genes for
metamerism has not been inherited toMollusca.  In this divergence of subphyla in
Arthropoda, the partial replacement of member genes in each set. may have also
acceraleted the explosive divergence.  The body of Arthropoda.is supported by the
layer of cutile that is formed by the secretion from ‘epitheluim cells but most of
Mollusca except for Cephalopoda are each covered by a shell mainly consisting of
calcuim carbide secreted from mantle membrane. ;Such shells are also used in
Brachiopoda, probably to protect themselves from foreign enemy.  Although the
ancestor of Cephalopoda was also covered by:the shell of calcium carbide, it has
taken the evolutionary route afterwards to move more freely by abondoning the
shell.The carriers of O2 molecule in-animal's bodies are not systematically
consistent with the above divergence pattern of cell differentiation.  For example,
they are hemoglobin in Vertebrata and chlorocuorin or eryththrocuorin in Annelida,
all of which have been derived probably from the gene of hemoprotein participated
in the electron transfer system of the mitochondria. On the other hand. the
carrier of O2 moleculeis hemocyanin in Arthropoda and most Mollusca, although its
origin is unclear. This fact also indicates the diversity of body plans in
animals.Among such diverged animals, Insecta and some of Osteichthyes have
especially-evolved for landing, as will be described in the next section.

The cutile layer is also used in land plants to protecttheir bodiesfrom dry. The
diversity of such land plants has been increased after the third type of cells
appeared to form vascular bundle.  As seen in Fig. 3, this has appeared on the way
for Bryopsida to diverge from Marchantiidae.Although the variant accepting theset
of genes for forming vascular bundlemay have first lowered its biological activity, the
cells forming the vascular bundle can elongate both stem and root. = The elongated
root makes it possible to absorb much more water in the ground and extended
branches make it possible for many leaves to accept light energy. Thus, the
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variantgradually raises its biological activity as thePterophyta to allow the further
generation of various new genes. Some of Felicopsida become a tree by the
lignification of the stem with a high ability of regeneration and other grass-like ones
can pursue the vegetative reproduction from the subterranean stem as well as the
reproduction by forming spores. The such high ability of regeneration and
vegetative reproduction arises from the faster proliferation rate of undifferentiated
cells than the transition rate of these cells to the differentiation mode [11], while the
cell differentiation in higher animals advances forming the so-called stem cells and
the ability of regenerationbecomes lower [10]. These living styles of tree;:.grass
and vegetative reproduction are also inherited to the seed plants that have appeared
in the next stage of evolution.  The set of genes for forming flowers and seeds has
appeared from the ancestral Pterophyta before the divergence of Fillicopsida and
Ophioglosscopsida.  The seed plants have evolved the pistil and stamen, which are
separated as unisexual flowers in Coniferophyta but are:bunddled as a bisexual
flower in Anthophyta, and supply the fertilized egg with the material and energy
sufficient for its growth to the seed.  Although most of land plants are monoecism
and the divergence due to the hybridization is not outstanding in comparison with
the animals, the evolution of flowers enhances the hybridization through the pollens
cattered by wind and/or insects. The comparison of the set of genes responsible
for performing the process from the.repreductive organ of pistil and stamen to form
the seed among Gnetopsida, Podocarpaceae, Pinacea, Dicotyledonopsida and
Monocotyledonopsidamay support the partial replacement of member genes by the
hybridization of silent'and latent variants mentioned in section 5.

7. FURTHER EVOLUTION.OF ANIMALS; LANDING BY METAMORPHOSIS

As is well known-from paleontology [35, 36], many lineages of animals began to land
following the land plants, probably after the adaptation to fresh water like the green
plants...  In“particular, the Insecta and some of Osteichthyes have succeeded in
landing by metamorphosis,leaving the intermediates such as dragonfly and frog,
respectively,although the metamorphosis is also seen in Echinodermata, Arthropoda
and some of Annelida and Mollusca. The metamorphosis is the phenomenon
within one generation that the cells differentiated with the expression of first sets of
genes are replaced by the cells differentiated with the expression of second sets of
genes through the programmed death or apoptosis of the former cells [37].While the
metamophosis is triggered by prothoracicotropic hormone and prothoracic gland
hormonein most Insecta[38], the metamorphosis from tadpole to frog is triggered by
thyroid hormone [39]. The thyroid hormone also plays an important role in
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maintaining various organs in the completely landedVertebrata [40] where the trace
of metamorphosis can be seen during the fetus.

TheDipneustei may be the survival of collateralfamily at the initial stage of evolution
from the Osteichthyes on the way to Amphibia. Curiously, such collateral
familyand intermediates upon the evolution for landing carry much expanded
genomes. For example, the lungfish genome is 4.3x1010 base pair long, which is
about 14 times larger than the human genome and 30 percent larger than the
genome of axolotl [41], while the genome sizes of major fishes range from 4.4x108 to
2.9x10° bps, showing the maximum by salmon [42]. The genome;sizes:of 14
anuran species fall in the range 0f1.1~6.8x10° bps,and the abundance and‘density
of simple repeat sequences positively correlate with the .genome size [43].
Presumably, the biological activities of such collateral families and intermediates
have been too much lowered by expanded genomes.to“advance the further
evolution.

On the other hand, the Amphibia, which was.the ancestor common to Reptilia
and Mammalia, would have evolved fore- and hind-legs as well as lung by steadily
generating new genes from gene duplication, in parallel to the abandonment of the
genes for swimming in water, within the'genome size of around 10° bps. The
biological activity of such ancestral Amphibiawould have been further increased by
the respiration of 0, molecules in the-air, whose concentration has become higher
than that in the water after the green plants have landed, and has allowed the gene
duplication for the further evolution. Thus, the divergence of Reptilia and
Mammaliaoccurred soon after the appearance of Amphibia. The Reptilis simply
evolved the egg shell to protect the egg from dry and became first prosperous on the
land, yielding.the dinosaurs. Some of the dinosaurs has further evolved to the
Aves which 'now constitute the groupof minimum genome size among the Amniota.
During.the prosperity of dinosaurs, the Mammaliawere not outstanding in their size
and-number but they have evolved mammary gland and placenta probably by the
mechanism described in section 5. In practice, the Prototheria andMetatheria may
be the survival of collateral families on the way of evolution to the Eutheria. Such
Mammalia were tolerant of the severer climate on the Earth due to the collision of a
small planet which compelled the dinosaurs to extinction, and the Eutheria have
especially shown the explosive divergence, together with the Aves,after the climate
has been recovered. They have become homeotherms by evolving the mechanism
that a part of acquired energy is used to keep the temperature of a body constant
regardless of the temperature change in the outside.
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Among the genome sizes 1.6 ~ 9.8x108bpsof Insecta[44, 45], the relatively large
genomes are seen in the speciesthat show complete metamophosis, e. g., 6.6x108
bps in dragonfly and 9.8x108 bps in Coleoptera. The smaller genome size of
Insecta than the genome size of Vertebrata may reflect the O, carrier ability of
hemocyanine which is inferior to that of hemoglogin.

8. DISCUSSIONAND CONCLUSIONS

The evolution of multicellular diploid eukaryotes is the active challenge to a new
environment as well as the passive adaptation to a given environment.This has
occurred by generating the sets of new genes from different origins of. gene
duplication under the raised biological activity due to the cooperative action of
differented cells.As the cell differentiaton is advanced to the diploid generation,
various combinationof new genes arises from the breeding style of diploid eukaryote
that the latent variants carrying partial sets of new genes.are‘generated on the way
to establish a new style of multicellular diploids homologously and these latent
variants successively hybridize with other silent variants to yield different sets of
cell differentiations.  Such divergence originates from the genome structure of
eukaryote that consists of plural number.of linear chromosomes and causes the
exon shuffling due to the base change in introns, although the rate of base changes
by the miss in proofreading is almost the same as that in the prokaryote.
Moreover, the number of new genes:froam gene duplication increases as the the
number of original genes is.increased: However, the DNA genome size seems to
approach a limit in land Vertebrata when we consider the base change rate of 10-°
per site per year and-the prolonged life spans of some land Vertebrata. Thus,it
also becomes an important strategy for retaining the high biological activity to
abandon the genes and spacers which have become unuseful.

Although the present study of multicellular diploid eukaryotes mainly focuses on
the divergence of phyla and classes due to the difference in cell differentiations, the
formulation described in section 5 is also applicable to the divergence of orders,
families, 'genera or even species. Then, the category of new characters is lowered
to the cell differentiation in the peripheral parts of a body, the ratio of differentiated
cells, and the slight difference in the properties expressed by each type of
differentiated cells.Even in the divergence of species, multiple kinds of genes in
variants are slightly different from those in the original species individually, and the
combinational set of such genes produced by the hybridization between the variants
can yield new species different from the original species with respect to habitat,
breeding season, body smell etc.The fairly well investigatedexample is the
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divergence of human and chimpanzee, which is estimated to have occurred
7x106years ago [46]. It is now becoming clarified that many species of Hominidae
first appeared upon this divergence [47~50]. After the successive partial
replacement of new genes by the hybridization between the silent and latent
variants probably due to the formulation described in section 5, Homo sapience has
finally accepted the best combinational set of member genes forerect bipedalism,
development of ligamentum vocale and brain, etc. for prosperity.

The Darwinian evolution, which is originally proposed from the observation of land

genes to be elaborated by nucleotide base changes and the selection_of organisms
carrying changed bases. It depends on the living region what bases are selected,
and the organisms living in an isolated region are selected to the
region-specificspecies.  On the contrary, the appearance of'new body plan by the
drastic change in cell differentiation tends to occur. in. a. larger population of
muilticellular diploid eukaryotes with the higher_ biologicalvactivity.  This is now
becoming evidenced from the fossil record showing,that the appearance of Aves
from dinosaurs occurred in the wide area ranging from Europe to China [52-54].

The severe glacial age during 7.2 ~ 6.4x108 years ago is suggested to be rsponsible
for the Cambrian explosion of animalsfrom the paleontology and geology [55, 56].
Certainly, the biological activity“of.an organism becomes higher under the lower
temprature. Thus, this possibility cannot be excluded completely but it is also
true that the concentration of ©2 molecules has entered into the stage 4 from
8.5x108 years ago to-the present [57] probably by the prosperity of unicellular
eukaryotes carrying -chloroplasts and sea algae. Therefore, it is more plausible
that the multicellular animals have appeared to prey them by activating their
mitochondria:under the high O concentration. In fact, the divergence of
Protostomia and Deuterostomia occurred before the glacial period, as seen in Fig. 2.
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Figure legends

Fig. 1. Divergence of eukaryotes after the acquirement of mitochondria. The

divergence times in the abscissa are measured from the divergence time of green

plant and animal, which is estimated to have been 1,2x109years ago [14]. At least

fourbranch points a, b, ¢ and d are recognized as the major divergence of
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eukaryotes; (a) the first divergence of unicellular eukaryotes, (b) the divergence of
fungi and sea algae, (c) the appearance of ancestral green plants and (d) the
appearance of ancestral animals, although the divergence of unicellular eukaryotes
is still recognized between the branch points (b) and (c).It is also notable that the
unicellular eukaryotesassigned to the same taxonomical category are divided into
two or three lineages, as listed below. Ascomycota 1 (Hemiascomycetes),
Ascomycota 2 (Archiascomycetes), Rhodophyta 1 (Florideophycidae), Rhodophyta 2
(Protoflorideophycidae), Chlorophyta 1 (Chlamydomonas), Chlorophyta 2 (Chlorella,
Ulva, Spirogyra), Protistal (Trypanozoma), Protista 2 (Acanthamoeba),Protista3
(Euglena, Cyanophora, Tetrahymena).

Fig. 2. The phylogeny of main phyla in animals on the basis.0f the analysis on
base-pair changes in mitochondrial rRNA. For reference,  the dates of
representative fossil records of animals in the range from 5x108 to 12x108 years ago
are denoted by dotted vertical lines: (i) Stirling Range formation of south western
Australia of 12.15x108years ago containing discoidal impression and trace-like
fossils intidal sand stones [16], (ii) Ediacara and Avalon faunas contaning small
shelly fossils of 5.7x108 years ago [17, 18] and (iii) Cambrian Burgess Shale of
5.4x108years ago recording various types of Arthropoda, some Annelida and an
ancestral form of Chordata called Pikaia [19].

Fig. 3. Phylogenetic tree of Charophytaand main phyla and classes in land plants.
The following fossil records-of land plants are used for the dating: (1)the early
macrofossils of free-sporing vascular plants from the Upper Silrian sediments of
Australia [21, 22], (2)-the early macrofossils of Filicopsidafrom the Upper Devonian
throughto Lower Carboniferous [23], (3) the earliest seed plants from Upper
Devonian sediment of Europe [24, 25] and of north America [26], (4) the earliest
fossil assigned.to Lycopsida from the Upper Devonian [27, 28], (5) the early fossil
record of Podocarpaceae from the Triassic [29], (6) the early fossil record of Pinaceae
from the “Lower Cretaceous [29] and (7) the fossils of uniapertuate pollen and

triaperturate pollen from the Lower Cretaceous [29].
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