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ABSTRACT

A review is presented within the framework of the theory of evolution, after it has
been extrapolated from the population level to the cellular and molecular levels. Prom
Darwin's seminal and persuasive insight - the theory of common descent - we assume,
with him, that "probably all the organic beings which have ever lived on this earth have
descended from some one primordial form, into which life was first breathed" [1], We are
now aware that this primordial cell may have been a protocyanobacterium, but it has
often been called 'a last universal ancestor', a 'breakthrough organism', or a 'progenote',
a term introduced by Woese [2] which has gained wide acceptance. Strictly speaking, in
the 'intermediate period', ranging from the first living cell to the progenote, life may have
evolved in the absence of significant diversity, effectively as a single phylum, incorporating
organisms whose genetic systems were already based on DNA. Earlier still, prior to the
encapsulation of nucleic acids in microspheres, evolution may already have been at work on
RNA molecules (the 'RNA world'). This takes our discussion into the period of chemical
evolution, a concept first put forward by Oparin [3], whose principal merit is to have
formulated the underlying problem in clear scientific terms. This review does not attempt
to be comprehensive. It is mainly devoted to the discussion of certain concepts that may
have played a relevant role in the pathway that led to the origin and evolution of the
progenote. We do not dwell on the main events of the intermediate period. The topics
that we have chosen to include are: the origin of chirality of protein amino acids, the
origin of translation, and the origin of the genome. We conclude with some comments
on one further aspect of the evolutionary process - the development of biodiversity - by
considering the origin of the first eukaryotic cell, an event which, according to the fossil
record, may have preceded the evolutionary radiation in the early Cambrian by over a
billion years.
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1. The origin of homochirality

1.1. THE ORIGIN OF THE MACROMOLECULES OF LIFE

The present review covers a series of problems arising in the context of the origin of the
first cell. These research topics are inextricably linked with a more basic question,
namely the different scenarios for the origin of the first macromolecules of life:
a) The current process of translation may have originally been based on an organizing
template, which assembled the macromolecules of life. Such mineral substrates may
have preceded the current genetic processes that code for amino acids [4]. This conjecture
is plausible since in the particular case of clay surfaces the substrate itself may have
catalytic properties [5], Our proposal of Sec. 1.3 is based on this scenario.
b) A scenario requiring a metallic mineral surface consisting of one iron and two sulfur
molecules (pyrite FeS2) is due to Wachtershauser [6]. He suggested that life may have
begun as a purely metabolic process based on pyrite as a substrate.
c) Primitive life may have consisted purely of metabolic machinery without replication.
This alternative is a protein-before-nucleic acid scenario of Dyson [7].
d) The first proteins may have replicated directly; nucleic acids came later. Fox and co-
workers have supported this view by synthesizing "proteinoids" (i.e., protein-like
polymers) by means of heating amino acids. This aspect has been appropriately covered
in previous sessions of this conference.
e) RNA came before DNA. About 4 billion years ago RNA may have preceded the
present DNA-protein stage. This aspect of the origin of life- referred to as the "RNA
world"- has been covered in recent reviews [8]. We have discussed [9] possible relics,
the viroids [10] that the RNA world may have left in contemporary biota. This may lead
to a paradox, in view of the known paleontological data. However, such paradox has
been clarified recently [11, 12].
f) Replication and translation may have coevolved [13].

In all of these processes the first macromolecules of life exhibit a common
feature, namely molecular chirality. This property is shared by DNA and proteins, as
well as some of the components of the plasma membrane (the lecithins, [14]).
Chirality, in the restricted case of protein amino acids, is the first topic we shall
discuss. Another possibility, however, should be kept in mind, namely that the
effective complexity of the universe receives only a small contribution from the
fundamental laws. The rest may come from numerous regularities resulting from frozen
accidents, chance events of which the particular outcomes have long-term consequences
all related by their common ancestry [15]. In this view, the evolution of complexity in
biosystems may be the accumulation of frozen accidents.

1.2. POSSIBLE ROLE OF BROKEN SYMMETRY IN BIOLOGY

One possible way to approach the outstanding questions of the origin of the main
macromolecules of life may be with the help of symmetries: A symmetry in the laws of
nature is a statement that implies that under certain changes in the point of view from
which we observe nature a given law does not change [16], It is not common in biology
to view phenomena from this point of view. Broken symmetries, in particular, underlie
cooperative phenomena, which may be the key to chirality, instead of the accumulation
of frozen accidents. In general the role of broken symmetries is well understood in the



properties of inert macroscopic matter [17] including, for example, the cases of
superconductivity and ferromagnetism.

Molecules, on the other hand, behave rather differently from macroscopic matter
as there are no sharp transitions between symmetric and asymmetric states in molecules
[18]. In condensed matter the situation is different since there is the possibility of
cooperative effects. It seems evident, as we propose to review in the present work, that
a further stage in our discussion should be to consider systems which contain a property
that goes beyond physics, namely information, separating the macromolecules of life
from more orthodox forms of condensed matter.

1.3. SOURCES OF HOMOCHIRALITY

The origin of chirality in biology is not well understood, in spite of many efforts
spanning over 30 years of research. It still remains as an open question whether the
optical purity of protein amino acids, in particular, is a result of at least one of the
following possibilities:
Parity (P) violation [of the first kind], or 'de facto' symmetry breaking.

The ground state does not show the same symmetry as the Hamiltonian; the two
possible ground states are not completely stable, but instead they have a finite energy at
which they may interconvert in a finite time by the tunnel effect [19].
P violation [of the second kind}, or 'de lege' symmetry breaking.

This implies that P breaking occurs in the Hamiltonian as, for instance, in the
case of the electroweak interaction [20], This type of P violation may be the source of
biochirality in the so-called Yamagata processes.
P violation of a third kind

This phenomenon is suggested to us [21] by recent experiments correlating chiral
symmetry breaking with pattern formation. This form of P breaking consists of
spontaneous symmetry breaking that may separate an initial racemic mixture into right-
and left-handed space domains. In this case spontaneous P breaking may occur by means
of phase separation, due to stability provided by the amino acid substrate. This
possibility may have arisen in a primordial substratum, which originally may have
played a role in life analogous to the present-day genetic apparatus (cf., points (a) and
(b) in Sec. 1.1.) We focus attention on the breaking of the discrete P symmetry, since
the electroweak interaction may be considered as a truly universal chiral influence in the
sense of Barron [22], i.e., P odd and T even.

1.4. PHYSICAL MECHANISMS FOR BIOLOGICAL CHIRALITY

We restrict our work to the breakdown of the P symmetry as additional CP violating
terms, have been discussed recently [23, 24], but would not alter our main conclusions.
It has been suggested by Salam that protein amino acid chirality may occur by means
of a phase transition induced by P violation of the second kind [25-27]. One of the
principal difficulties of this approach is the question of the amplification mechanism
that would boost a primordial small physical effect. Some mechanisms that have already
been suggested within the context of chemical evolution are:
(a) Amplification of the Vester-Ulbricht processes, in which there is interaction of
polarized particles with biomolecules [28],
(b) Amplification of the Yamagata processes, such as the ones discussed in this work,
in which the breakdown of the discrete P symmetry is considered as a possible source of
biochirality [29], and



(c) Amplification known as the Kondepoudi-Neison catastrophic mechanism [30] in
which the small electroweak energy difference between the enantiomers may be
amplified in a nonequilibrium chemical system.

Bose Einstein condensation may be relevant to the problem of the origin of life
[31, 32]. The recent suggestion of Salam, in which he raises Bose-Einstein
condensation to the level of an amplification mechanism, still suffers from a difficulty.
Large activation energy barriers need to be overcome in order to allow molecular
changes that may lead to the breaking of chemical bonds. In all of these considerations
the ground states of the two optical pure phases are taken to differ in energy (the L-
amino acid having the lower ground-state energy) according to the quantum chemistry
calculations [33]. However, we should recall that the origin of life may be
extraterrestrial and the corresponding critical temperature Tc. in the Salam proposal may
be, in principle, too small for the phase transition to have been supported by the
environment of the early Earth. Hence, the extraterrestrial option should not be ruled out
[25].

1.5. CHIRAL SYMMETRY VIOLATION AND PATTERN FORMATION

Preliminary experiments (reporting negative results [34, 35]) have attempted to find the
value of the Salam critical temperature Tc . The independent investigation [36] testing
whether the electroweak interaction may have influenced the origin of chirality, should
be kept in mind. These experiments motivate the search of further insights into the
sources of homochirality. We are suggesting that one possible insight may be found in
the connection between chiral symmetry breaking and pattern formation. This
phenomenon has recently been the subject of significant progress: It has been observed
that two-dimensional liquids composed of achiral units can spontaneously separate into
right- and left-handed regions. This induces a breakdown of P symmetry [37].

New examples have been provided, in which structure and symmetry at the
molecular level have implications at the macroscopic level. This phenomenon has been
observed at molecular length scales in some experiments [38]. The molecular lattice of a
racemic organic monolayer has been imaged and was observed to separate into different
chiral regions. We assume that the connection between chiral symmetry breaking and
pattern formation may occur in bulk three-dimensional systems such as amino acids.
This suggestion would extend the implication of recent experiments in which chiral
symmetry breaking has been observed in monolayers of amphiphilic molecules at an
air/water interface (Langmuir monolayers) [39].

To test our conjecture a new generation of experiments should be undertaken with
the use of, for instance, the scanning electron microscope; the aim of such experiments
would be the search of pattern formation due to the phase transition in a racemic
mixture of amino acids in an appropriate substrate. While retaining the advantages of
the Salam amplification mechanism, we may assign an alternative role of the phase
transition of the third kind. This line of thinking may avoid the difficulty of
overcoming large potential barriers implied by the breaking of chemical bonds to
implement the phase transition. We would encourage others to throw some further
light on the nature of the possible chemical nature of the substrate that would support
the putative amino acid phase separation, due to the postulated P-violating effect of the
third kind. In the design of new experiments the help of the scanning electron
microscope in the search of characteristic pattern formation is suggested.



2. The evolution of the genetic code

2.1. FURTHER ASPECTS OF SYMMETRY IN BIOLOGY

It is conceivable that the structure of the chromosome as another form of condensed
matter may be subject to a symmetry principle, if the analogy of biological structures
with other forms of condensed matter is pursued [21, 25, 32, 40-42]; we shall pursue
this point in Sec. 4.

Another example may be internal symmetries, a name that is normally reserved
by physicists in order to differentiate these kind of symmetries from external space-time
symmetries, such as Lorentz invariance. Internal symmetries may be implemented by
the irreducible representations of Lie groups, as in the case of the isotopic spin
invariance.

2.2. ON THE MULTIPLE FUNCTIONS OF RNA

One of the most remote periods that concern the origin of the first cell is the one
corresponding to the evolution of translation. Nucleic acids, in particular RNA
molecules, are capable of serving as the messenger RNA, a first step in the
implementation of the transfer of the information from the codons to their correponding
ami no acids, according to the standard genetic code. More significantly, RNA may also
be responsible for the catalysis of other forms of nucleic acids [43, 44]. RNA itself can
also be shown to have other relevant functions. Indeed, further catalytic properties of
RNA have been shown in the following experiments:

(i) An RNA-catalyzed hydrolysis of amino acid-RNA bonds has been
demonstrated [45]. Thus a ribozyme-medaited amino-acid charging of an RNA molecule
is possible. This is an essential step that occurs in the ribosomes of contemporary cells.

(ii) RNA may catalyze the formation of peptide bonds [46], thus bringing about
the possibility of coevolution of nucleic acids and proteins, as conjectured earlier by
Eigen and Schuster.

(iii) It has been shown [47] that a protein associated with a Neurospora ribozyme
can replace an RNA domain in the Tetrahymena ribozyme. This step illustrates how
the nucleic acids of the RNA world may start evolving a primitive process of translation
as the ribozymes may gradually be replaced by proteins.

2.3. THE DEVIATIONS OF THE STANDARD GENETIC CODE

The standard code is known to occur almost universally, but there are variations that
were forced upon living organisms such as some eukaryotic organelles, and more
importantly, in some protozoans and some prokaryotes [48]: Indeed, evolutionary
changes in termination codon assignments are suggested by the discovery that UAA
codes for glutamine in the Tetrahymena thermophila gene for the H3 histone [49]. This
result is at variance with the standard genetic code in which UAA is interpreted as a
termination codon; further, the gene for some surface proteins of the ciliate Paramecium
primaurelia [50] has the standard genetic termination codons UAA and UAG coding
instead for amino acids.

Besides the above two examples of ciliates of the order Hymenostomata, species
of hypotrichous ciliates are known to deviate from the standard genetic code, namely,



Stylonychia lemnae [51] and the various species of the ciliate Euplotes: E.
octocarinatus [52], E. crassus [53], and E. raikovi [54], In another eukaryote, the
yeast Candida cylindracae there is a further deviation of the standard code; normally, in
the standard code the codon CUG stands for leucine, but the species C. cylindracae uses
the codon CUG for the amino acid serine [55],

Finally, even amongst the prokaryotes the standard genetic code is not always
preserved. In the eubacterium Escherichia colt there is a deviation of the standard code:
while UGA is used in the standard code as a termination codon, in E. coli UGA is
used instead to code for selenocysteine [56]. The Gram-positive bacterium Mycoplasma
has also been shown to deviate from the standard genetic code. In the case of the species
M. capricolum the standard-code UGA termination codon is used instead to code for the
amino acid tryptophan [57].

The search for clues to the evolution of the genetic codes may be approached by
comparison of the usage of anticodons in various organisms and organelles: The GC
content of DNA varies as a result of directional mutation pressure [58]. In fact, it is
well known that we are now confronted with a variety of genetic codes, each of which
may apply to one or many organisms [59]. Some evolutionary arguments may be used
in order to find some relationships in this wide variety of codes [58],

We only wish to emphasize here that there is an ambiguity in the evolution of
the genetic codes, which may be illustrated as follows:

(a) According to one viewpoint [59], divergent genetic codes, as found in ciliated
protozoa and Mycoplasma, preceded the standard code.

(b) An alternative point of view is that the deviant codes of some protozoans
may have formed by the capture of stop codons [60], and may be of recent origin.

Indeed, it may be possible to approach the intricate question of the evolution of
the genetic codes by appealing to the concepts of symmetry. In this context the valuable
work of searching for symmetries of the genetic code may be taken as a posssible way
of facing the difficulty mentioned above of understanding the antiquity of the genetic
codes ( [61]; cf., also comments of Maddox [62], and Stewart [63]).

In the divergence from the standard genetic code which is known to occur in
mitochondria of yeast [64], Drosophila [65] and human [66], one would question on the
basis of the Serial Endosymbiosis Hypothesis [67] that the mitochondria genetic code
deviations may prove to be of different symmetry than the standard genetic code.

One possible rationalization of this viewpoint is that the symbiosis may have
occurred very early in evolution, the possible scenario being that of a moneran predator
invading a larger cell, such as the archaebacterium Thermoplasma, thus presumably
preceding the appearance of the eukaryotic cells themselves [68], most of which have
adopted the standard genetic code. However, there remains die fact that some bacteria and
protists do have the standard genetic code; hence, it is not evident how to establish a
time chronology in the evolution of the genetic codes of the contemporary living cells.

2.4, THE EARLIEST GENETIC CODE.

More importantly, a similar test may be done with the genetic code in the Phylum/
Division Bryophyta, Class Hepaticae, namely, the chloroplast of the liverwort
Marchantia polymorpha [69]; (cf., also the discussion in ref. [58]). According to the
Serial Endosymbiosis Hypothesis the origins of some chloroplasts may have been
through a complex series of events involving both primary and secondary symbioses,
but at least the red algal chloroplast probably derived from a cyanobacterium from by
primary symbiosis; there are several reasons for maintaining this hypothesis [70]:



Except for their chloroplasts, red algae cells have nothing in common with
cyanobacteria organization or biochemistry; besides, chloroplasts of red algae contain a
single thylakoid being virtually identical to the cyanobacteria.

According to the paleontological evidence cyanobacteria may be the oldest
organisms on earth: The earliest date assigned to cellular fossils of the Archean is about
3,47 Gybp [71, 72], The question of the antiquity of life on earth has been studied from
the point of view of early geochemical evidence.

On the other hand, the question of the age and nature of some of the oldest
terrestrial rocks has been considered from the point of view of geochronology (i.e., the
application and interpretation of isotopic dating methods in geology). Older records of
life are not ruled out, particularly in the rocks that have been studied from the Isua
peninsula, some 3.8 Gybp [73, 74].

We have argued that complete certainty of which organism, or organelle, is a
candidate for the most ancient living cell is, at present, a difficult question to answer,
although a reasonable guess, based on considerable micropaleontological data, may be
that such a candidate is the cyanobacteria.

3. Which were the driving forces in the evolution of the the first cell?

Having discussed the possible relics of chemical evolution we will dwell upon the
forces behind the evolution of the living cell: natural selection, symbiosis, and possibly
horizontal gene ransfer.

Evolution as a phenomenon of populations is firmly established. The
fundamental evolutionary event is a change in the frequency of genes and chromosome
configurations in a population, although it is important to underline that the target of
selection is the phenotype of a given organism [75],

We can extrapolate Darwin's well-established concept from the level of
populations in two opposite directions:

3.1. ORGANISMS AS A GENERAL CLASS OF ANALOGOUS SYSTEMS

It has been suggested that in this case we may encompass biological evolution (neo-
Darwinism) into a whole class of of diverse phenomena which may be referred to as
"complex adaptive systems" [76], including as well the use of computer software and
hardware designed to evolve strategies to make predictions on past observations.

Following his line of thought, the earth's biota may be included into this larger
class of systems, since like other complex-adaptive-system candidates, it may be
characterized by the acquisition of information about its environment with which it
interacts after processing the information gained; itthe system later acts in the real world
according to a well-established model. The ultimate aim of this approach is to lead,
eventually, to further insights gained from phenomena analogous to the living world
that may occur in other complex adaptive systems, such as human thought and social
evolution.

3.2. EXTRAPOLATION OF EVOLUTION TO CELLS AND MOLECULES

In the concluding paragraph to the introduction of "The Origin of Species", Darwin
foresaw that "Natural Selection has been the main but not exclusive means of
modification" [77]. For this reason it is particularly fruitful to extrapolate his ideas, not
only into more general theoretical approaches, as suggested by the complex-adaptive-
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systems approach, but also we should entertain extrapolations of Darwin's theories
down to the cellular and molecular levels. Additional factors (in the evolutionary
process) have been exposed when a larger repertoire of experimental data is brought into
the discussion of cellular and molecular biology. In this manner, at least two other
causes of evolution have become evident:

(i) The Serial Endosymbiosis Hypothesis goes a long way towards establishing
the evolution of the eukaryotic cell. Indeed, it is by now almost universally accepted
that the mitochondrion and the chloroplast arose as prokaryotic endosymbionts of a
simpler eukaryotic cell [67]. Generally, prokaryotes lack nuclear membrane,
mitochondrion, chloroplast, and its DNA is normally a single ring-shaped chromosome
which is not richly grouped with proteins, although in some cases such as in
cyanobacteria there are some histone-like proteins in association with DNA in a
nucleoid, and there is at least one example of membrane-bounded nucleoid in the
eubacterium Gemmata obscuriglobus [78].

The compatibility between neo-Darwinism and symbiosis has been discussed in
the past [79]. The key issue is that mutation is not generally adaptive to its causative
agent. Hence, adaption arises by natural selection acting on originally non adaptive
genetic variation. Symbiosis affords a mechanism by means of which organisms that
have evolved separately may come to be subject to natural selection in a single
descendant. In this sense symbiosis is a factor not considered by Darwin that must be
added to other natural means of transmitting genetic material between organisms, such
as sex, and horizontal gene transfer.

(ii) The flow of genes from parents to offsprings is referred to as vertical gene
transfer. There is ample evidence that genes may be transmitted between organisms that
are not in the same taxon. Such horizontal gene transfer (HGT) may even occur between
kingdoms (and even between domains). This may occur in the case of the crown-gall
disease; Agrobacterium tumefaciens, a prokaryote (Kingdom Monera), does transfer
genes to dicots, and even monocots (Kingdom Plantae). Indeed, the phenomenon occurs
so widely (cf., the tables in our recent review [9]), that HGT may be an important factor
in evolution, although its impact may still be difficult to evaluate [80, 81].

4. The origin and evolution of the genome

4.1. THE ORIGIN OF CHROMOSOMES

The most remarkable period subsequent to the establishment of the genetic code, or
more precisely to the establishment of the translation mechanism, concerns the period
in which the chromosomes originated at the very beginning of the evolution of cells.

It is widely believed that the intron-exon structure of genes was part of the first
cell. Brenner has remarked that this view implies that the genes of the most advanced
higher organisms may reflect the primitive genome structure more clearly than the
genes of prokaryotes, as during their evolution bacteria and archaebacteria generally have
eliminated their introns [82]. This idea is presuasive enough for looking at the
contemporary eukaryotic cell as a potential source of information on the structure and
function of the first cell. This viewpoint allows the possibility of facing even some of
the most difficult questions concerning the primordial cell.

Perhaps amongst such difficult questions the origin and evolution of
chromosomes [83] stands out. One general guiding line in this important aspect of the
origin of the progenote is to explain the past in terms of processes that we may
currently be present in cells. It seems likely that changes in a protocell that led to the
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eukaryotic cell were in some way related to the control of gene expression [84].
Unfortunately, there is yet no general understanding of this aspect of the eukaryotic cell.
One way of approaching this intricate problem is to extract from the known phenomena
of genetics some general aspects of the relations between the main relevant parameters
and to use such knowledge to sketch possible aspects of the earliest chromosomes. A
very tentative start in this programme has already been published [21, 32, 85].

The folding problem of the macromolecules of life seems an appropriate starting
point in our search for insights of the earliest aspects of the cell. Some insights have
been gained in understanding the underlying mechanism that controls the folding of any
polypeptide chain into unique three-dimensional protein structures.
4.2. ON DNA FOLDING

We may consider the analogous problem with the DNA that makes up the bulk of
chromosomes, namely the folding of the 100-A nucleosome filament [86], This is of
fundamental importance to the question of gene expression, and in turn the question of
gene expression may be related, as we stated above, to the transition into
eukaryogenesis.

There is a hierarchy of levels of folding beyond the 100-A nucleosome filament:
The next level of complexity is provided by 300-A filament, which is arranged into a
solenoidal configuration with about six nucleosomes per turn [87], During interphase in
the cell cycle it is this solenoidal arrangement that constitutes the most abundant form
of chromatin. However, at later stages in the cell cycle this structure serves as the basis
for further folding, ending up at the highest degree of folding observed at the metaphase
chromosome. In view of the basic role played by all the stages of the hierarchy, it is of
considerable interest to find a formalism by means of which we may anticipate the
regular manner of DNA folding. This problem is of considerable difficulty.

We have thus restricted our attention to DNA folding in the later stages of
chromatin compaction. The biochemical basis for the difference between
heterochromatin (the more compact structure of chromatin) and euchromatin (its less
compact form), remains unknown. In both cases the 100-A nucleosome filament
contains approximately the same DNA / histone ratio [88]. Heterochromatin appears
most frequently at the centromeres and telomeres of the chromosomes [89] and is
characterized by highly repeated sequences whose genetic function has not been
determined yet. Some models attempt to account for impeding fork movement at a
terminus, where such repeated sequences may be observed [90].

We discuss these questions in the context of mean-field theory [91]. In the
simplest approximation the equations are analytically identical for the different stages of
the hierarchy in the folding process, but their parameters are assumed to differ at the
different chromatin packaging regimes. This work suggests that the relationship
between chromatin packaging and fork propagation may reflect processes that have been
preserved by evolution and may represent some aspects of the molecular genetics of the
progenote. Some of the data available may support this viewpoint [85].

5. The origin of bacteria, archaebacteria, and eukaryotes

5.1. FROM THE MACROMOLECULES OF LIFE TO PHYLOGENY

Molecular changes during evolution may be used in order to reconstruct phylogeny.
This possibility was raised originally by Zukerkandl and Pauling [92], and is now
known as the 'molecular-clock' hypothesis. The molecular changes of sequences of



nucleic acids that take part in the universal functions of the cell have proved to be
particualrly fruitful. These studies are based mainly on some of the ribosome molecules;
they have a key to phylogeny to the entire span of living cells, both multicellular
organisms, as well as allowing a natural cassification of single-cell organisms.

This approach may be particularly useful in cases where morphology may be
insufficient. A clear example is the difficult phylogenetic position of onychophorans
(velvet worms). These animals share features of annelids (segmented worms) and
arthropods (jointed-foot invertebrates); they resemble mollusks and, like mammals, have
palcentas. On morphological grounds it has been assumed that these animals belong to
a separate phylum, but recent evidence from 12S ribosomal RNA sequences suggests
rather that onychophorans belong to the phylum Arthropoda [93],

The fact that the eukaryotic cell is a multiple-genome organism has been
brought up in discussions of the molecular-clock hypothesis (in which one gene is
taken to represent a whole organism as in the case of the above ribosomal RNA
analysis). However, the concept of organismal phylogeny is meaningful as long as a
clear majority of the essential genes in a genome share a common heritage [94].
Nevertheless, some care may be needed [95], in view of the proposal for introducing the
domains Archaea, Bacteria and Eucarya [96], beyond the well-established five-Kingdom
classification [97].

It is possible that taxa above the kingdom level may obscure the fundamental
division of the biota into organisms with a single ancestry and those with multiple
genomes evolving by symbiosis. Besides, the question remains of whether certain sets
of molecular sequences should take precedence over other sets. This point may be
underlined by the fact that plant cells have normally three genomes, while certain algae
have four genomes, as follows from an analysis of small-subunit (18S) ribosomal RNA
sequences from Cryptomonas 0, a cryptomonad flagellate; in this case the fourth
genome is in an organelle (the nucleomorph) bounded by a double membrane, possibly
the remains of a symbiotic eukaryote [98]. Such cases are referred to as 'secondary
symbioses'.

5.2. EUKARYOGENESIS

Having discussed the origin of chromosomes, one of the questions we must proceed to
face is eukaryogenesis. This is perhaps the most significant event in the diversification
of life and, according to the fossil evidence, it may have occurred not later than in the
Proterozoic eon about 1.8-2 Gybp. Eukaryotes have their DNA linked in chromatin; the
main organelles are normally in its cytoplasm. However, protozoans may provide
examples of mitochondrion-less eukaryotes, there is even a whole phylum of
amitochondrial protozoa, the microsporidia [99]. Besides, in two out of three Eukarya
kingdoms of multicellular organisms (i.e., Animalia and Fungi) chioroplasts are absent.
The origin of these two types of organdies in the eukaryotes is to be found, according
to the Serial Endosymbiosis Hypothesis, in separately evolved organisms.

Thus, at least the red algal chloroplast origins may be traced back to
cyanobacteria (this may be illustrated with the analysis of 16S ribosomal RNA of the
unicellular marine red alga Porphyridium, [100]). On the other hand, mitochondria may
be linked with purple bacteria resemblig Paracoccus denitrificans. This prokaryote is
suggested to be a plausible ancestor, because when all various biochemical parameters
are taken into account, P. denitrificans resembles a mitochondrion much more closely
than other aerobic bacteria [101].
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In fact, symbiosis implies that the ancestral prokaryote may have been taken up
by a chloroplast-free amoeboid protoeukaryote; eventually the symbiont may have lost
autonomy, possibly by horizontal gene transfer between the protomitochondrion and the
host's nucleus. These events, which are different from natural selection, were factors that
would have led to the evolution of a single-cell organism that had already integrated the
metabolism of the partners in symbiosis.

Further support for symbiosis is that both eukaryotic organelles we have just
mentioned, have their own separate mechanisms of translation: we have seen in Sec. 2
that separate genetic codes are known for each organelle.

On the other hand, the origin of the nucleus does not seem to be explained by
symbiosis. The main reason for sustaining the thesis of 'direct filiation' (i.e.,
differentiation) has been summarised briefly [67]. This sets some limitation on the
extent to which symbiosis may have shaped the first eukaryotic cell, leaving the
question of the nature of the earliest eukaryote as an open problem. Primitive eukaryotic
organisms have been studied in detail from which we may approach the problem of the
origin of the eukaryotes. One such taxon is the family Cyanidiophyceae (these
organisms are rhodophytes, commonly known as red algae) [102],

6. Conclusion

We have strived to demonstrate that the problems that arise from the theory of common
descent - that all life descend from a common ancestor - go far beyond the confines of
biology. Indeed, various approaches used in other branches of the natural sciences, such
as physics, chemistry and the earth sciences, are providing new insights into origin-of-
life problems. We have been concentrating on two such examples:

(a) symmetry used as a tool to understand evolution and molecular relics, and
(b) physical condensation, as first hypothesised by Delbriick.

These two concepts have played an important role in the study of condensed matter. The
first example (a) was considered in the context of various symmetries of the crystal
lattice; the second example (b) has been related, amongst other topics, to the question of
the underlying phenomena in the quantum liquids (helium II).

With these new ideas some modest progress has been possible in one of the most
complex problems that remain unsolved in evolutionary biology, namely to understand
fully the segment in the pathway that leads from chemical evolution through the origin
and structure of the first cell, and, even further, through the intermediate period which
ended with the origin the progenote.

On the other hand, much progress has been possible within the traditional
disciplines that have been brought to bear on origin-of-life research: the combined work
of geochemistry, geochronology, and micropaleontology suggest that the earliest cell is
very ancient, in a scale defined by geological time. Perhaps the common ancestor was
not very different from the stromatolite-forming cyanobacteria.

We have emphasized particularly macroscopic quantum mechanics, as illustrated
by the Salam theory of low-temperature phase transitions. Amplification processes may
have raised to measurable levels the small electroweak-interaction effect on the ground
states of the amino acid enantiomorphs. Macroscopic quantum mechanics arose in this
review, once again, in the question related to the folding of the 100-A filament, in our
effort to search out for clues of the processes that may have been at work in early
organisms, and which may have been preserved by evolution. We also discussed some
of the main issues underlying the origin of higher taxa, in which we highlighted the
role of symbiosis in eukaryogenesis.

1 1



We have illustrated throughout this work how some aspects of our current
thinking in both biology and physics begin to give some insights into the fascinating
first question in biology, namely how did the first living cell arise?
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