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Abstract

Beginning with a hypothetical RNA world, it is apparent that many evolutionary transitions led to the complexity
of extant species. The duplication of genetic material is rooted in the RNA world. One of two major routes of
gene amplification, retroposition, originated from mechanisms that facilitated the transition to DNA as hereditary
material. Even in modern genomes the process of retroposition leads to genetic novelties including the duplica-
tion of protein and RNA coding genes, as well as regulatory elements and their juxtapositon. We examine whether
and to what extent known evolutionary principles can be applied to an RNA-based world. We conclude that the
major basic Neo-Darwinian principles that include amplification, variation and selection already governed evo-
lution in the RNA and RNP worlds. In this hypothetical RNA world there were few restrictions on the exchange
of genetic material and principles that acted as borders at later stages, such as Weismann’s Barrier, the Central
Dogma of Molecular Biology, or the Darwinian Threshold were absent or rudimentary. RNA was more than a
gene: it had a dual role harboring, genotypic and phenotypic capabilities, often in the same molecule. Nuons, any
discrete nucleic acid sequences, were selected on an individual basis as well as in groups. The performance and
success of an individual nuon was markedly dependent on the type of other nuons in a given cell. In the RNA
world the transition may already have begun towards the linkage of nuons to yield a composite linear RNA
genome, an arrangement necessitating the origin of RNA processing. A concatenated genome may have curbed
unlimited exchange of genetic material; concomitantly, selfish nuons were more difficult to purge. A linked
genome may also have constituted the beginning of the phenotype/genotype separation. This division of tasks
was expanded when templated protein biosynthesis led to the RNP world, and more so when DNA took over as
genetic material. The aforementioned barriers and thresholds increased and the significance and extent of hori-
zontal gene transfer fluctuated over major evolutionary transitions. At the dawn of the most recent transforma-
tion, a fast evolutionary transition that we will be witnessing in our life times, a form of Lamarckism is raising
its head.

Introduction mation, but they were also involved in structural and

enzymatic tasks as well. Earlier forms of life based

A very reasonable, albeit unproven scenario, main-
tains that early cellular life went through a stage in
which RNA macromolecules constituted the major
biopolymers (Woese, 1967; Crick, 1968; Orgel,
1968). Their functions in such primordial cells were
not only the storage and replication of genetic infor-

on inorganic materials or other polymers related or
unrelated to extant polynucleic acids (Orgel, 1998)
are likely to have preceded RNA-based forms
(Cairns-Smith and Davis, 1977; Cairns-Smith, 1982;
Wichtershauser, 1992). At this point, it is still diffi-
cult to explain the origin of nucleotides (Ferris, 1994;
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Orgel, 1998) and there is a vast void concerning ini-
tial steps towards the polymerization of nucleotides
into oligo- and polynucleotides (Kiedrowski, 1986; Li
and Nicolaou, 1994; James and Ellington, 1995; Sza-
thmary, 1997) and their self-organization into living
entities (Jantsch, 1979; Kauffman, 1993). For more
detailed discussions of these issues, the reader is
referred to excellent reviews and books (multiple au-
thors, 1987; Gesteland et al., 1999; Orgel, 1998; Fry,
2000; Wills and Bada, 2000; Joyce, 2002).

Yet, in this seemingly despairing situation, one
should remember that only two decades ago, an
answer to the question whether protein biopolymers
preceded nucleic acid biopolymers or vice versa
seemed equally elusive. The discovery of catalytic
RNA resolved this dilemma virtually overnight
(Kruger et al., 1982; Guerrier-Takada et al., 1983;
Gilbert, 1986; Westheimer, 1986; Gesteland et al.,
1999). Despite some lingering uncertainties we can
consider the RNA world as a reasonable theoretical
outpost from which we can make rather effortless as-
sociations to extant cells as they still contain RNAs
that function in various compartments and diverse
biochemical tasks. By hypothesizing the nature of this
RNA world, we may also eventually be able to ven-
ture back to examining earlier, even simpler stages of
life. Thus, we can begin to integrate a hypothetical
RNA world into an attempt to understand biological
and evolutionary principles spanning 3—4 billion
years of macromolecular, cellular and organismal
transitions. Importantly, the RNA world is not yet be-
hind us; particularly in eukaryotic cells, RNA still
plays a pervasive role in numerous biochemical and
regulatory pathways (Brosius, 1999d; Herbert and
Rich, 1999; Filipowicz, 2000; Eddy, 2001; Erdmann
et al., 2001a, 2001b; Lagos-Quintana et al., 2001;
Lau et al., 2001; Lee and Ambros, 2001; Mattick,
2001; Hiittenhofer and Brosius, 2002; Storz, 2002).

In this chapter, we will first discuss the impact of
RNA in extant cells with an emphasis on its continu-
ous conversion to DNA. This section will remain
brief as much of it has been dealt with in earlier ar-
ticles (Brosius, 1991, 1999a, 1999b, 1999c, 1999d;
Brosius and Gould, 1992; Brosius and Tiedge,
1995b). The rest of the chapter will consider what ef-
fect envisioning an RNA world built on Neo-Darwin-
ian principles has on accepted evolutionary views —
always with the caveat of our limited understanding
of such a distant era.

Duplication of genes and regulatory elements by
retroposition

One of the major transitions in life occurred when the
RNA world gradually evolved into the RNP world
(Maynard Smith and Szathmary, 1995; Szathmary
and Smith, 1995). At that stage an extremely versa-
tile biopolymer, protein, joined RNA in structural and
catalytic tasks. Simple, untemplated peptides were
probably already present in the RNA world. What set
the RNP world apart was the advent of translation; the
templated synthesis of polypeptides at proto-ribo-
somes, that became increasingly sophisticated over
time (Woese, 1980, 2001; Maizels and Weiner, 1987;
Szathmary, 1999b; Brosius, 2001). The advent of ver-
satile protein biopolymers was an important prereq-
uisite for the next major transition, when DNA grad-
ually replaced RNA as genetic material (Brosius,
1999d). The RNA to DNA transition probably
occurred via a process of retroposition with the aid of
an early form of the enzyme reverse transcriptase and
other enzymes presumably as well. Hence, retroposi-
tion led to the establishment and growth of a DNA
genome at the onset of the DNA world. When such
retroposition events occurred in the ‘germ line’ some
became fixed in the genomes of populations. The pro-
cess of retroposition apparently did not vanish when
all genomic RNA was converted into DNA but con-
tinues in many lineages even to this day (Jurka, 1998;
Brosius, 1999a, 1999d). Despite the fact that retropo-
sition is ancient it is still frequent today. We observe
that at least 42% of the human genome is still dis-
cernable as having been contributed by retronuons
(Lander et al., 2001; Venter et al., 2001). Even this is
likely an underestimate, as retropositions that
occurred more than 150-200 million years ago, are
no longer identifiable due to the continuous onslaught
of mutations. In fact, one might assume that all found-
ing DNA sequences were generated by retroposition.
Once the DNA genome became the template of enzy-
matic replication, additional duplication events based
mainly on DNA replication errors expanded the
genome. Such mechanisms, also occurring in modern
cells, included simple stuttering at expanding
homopolymers as well as oligonucleotide repeats
involving a few base-pairs at a time or segmental
duplications involving megabases.

While only a little more than a decade ago it was
not trivial to convey the message that retroposition
has the potential to generate functional genes (Bro-
sius, 1991) and not just junk in the form of ret-



ropseudogenes, it is now apparent that many intron-
less genes were duplicated by retroposition via
processed mRNA intermediates. One of the difficul-
ties was the fact that retroposition had an apparent
disadvantage compared to segmental duplication or
whole genome duplication; mechanisms that were
once thought to be solely responsible for generating
novel genes (Bridges, 1936b; Lewis, 1951; Stephens,
1951; Nei, 1969; Ohno, 1970; and other chapters in
this volume). Usually the mRNA-derived gene copy
transposes without its associated promoters and other
regulatory elements and hence, is most likely to be
inactive. On the other hand, a retrogene that chances
to integrate near resident promoter elements might
lead to a selective advantage by immediately exhib-
iting a different temporal and or spatial expression
pattern in comparison to the source gene. In contrast,
a segmentally duplicated gene is likely to be
expressed in the same way as the source gene. There
is now a steadily growing list of genes generated by
retroposition that often exhibit differential expression
patterns in comparison to their source genes and were
recruited or exapted (Gould and Vrba, 1982) into vari-
ant or novel functions (see for example
http://exppc01.uni-muenster.de/expath/alltables.htm|
#table3|). In fact, the majority of genes that lack
introns may have been generated by retroposition
(Brosius, 1999a). According to J.J. Emerson and
M. Long, ~15-25% of all genes in the human
genome lack introns in their coding regions (personal
communication).

Retroposition also generates novel genes encoding
non-messenger RNAs. A decade ago, the idea that
cells might rely on novel RNA molecules rather than
proteins for potential functional innovations was
peculiar to scientists. However, a novel, neuron-spe-
cific, small non-messenger RNA (BC1 RNA, age
~60-110 MY) has been observed in rodents and
another analogous neuron-specific RNA (BC200
RNA, age ~35-55 MY) has been discovered in
anthropoid primates (Sutcliffe et al., 1982; DeChiara
and Brosius, 1987; Watson and Sutcliffe, 1987; Mar-
tignetti and Brosius, 1993a, 1993b; Brosius and
Tiedge, 1995a, 2001; Tiedge et al., 1991, 1993).
When we are finished analyzing eukaryotic genomes,
we believe we will not only have discovered a pleth-
ora of ancient RNA genes but also a number of RNA
genes that arose well past the stages of the RNA/RNP
worlds (Hiittenhofer et al., 2001; Hiittenhofer and
Brosius, 2002); as recently as a few million years ago
(Wang et al., 2002).

The continued use of RNAs in diverse cellular
tasks and the recruitment of novel RNAs into biolog-
ical systems is further testimony to the fact that the
RNP world- at least in Eukarya — is not yet history.
Despite their antiquity, RNA molecules are still supe-
rior to proteins in certain aspects. For example, RNAs
are able to interact with other nucleic acids at higher
levels of specificity and RNA molecules are capable
of bringing together protein molecules from different
cellular compartments (e.g., via RNA binding sites)
that otherwise would never interact with each other.

Demonstrably, retroposition has the potential to
generate novel genes that may encounter different
regulatory elements at the respective loci of integra-
tion. The process also facilitates the opposite sce-
nario: retronuons can insert at more or less random
positions in the genome and potentially modulate the
expression of targeted genes. Retronuons of the
SINE, LINE and LTR subfamilies frequently contrib-
ute promoter elements, enhancers, silencers, polyade-
nylation signals, and splice sites that act on the tar-
geted genes. LINE retronuons have been implicated
in the inactivation of X-chromosomes (Lyon, 1998,
2000; Bailey et al., 2000). For further details the
reader is referred to a number of reviews on the sub-
ject (Brosius and Gould, 1992; Shapiro, 1992; Mc-
Donald, 1993, 1995; Britten, 1996, 1997; Kidwell and
Lisch, 1997; Brosius, 1999a, 1999b, 1999¢, 2003b;
Makalowski, 2000; Sverdlov, 2000; Mattick, 2001) or
to our www page (http://exppc01.uni-muenster.de/ex-

ath/alltables. htm#tablel] and |http://exppcO1.uni
muenster.de/ expath/alltables.htm#table2).

In summary, retropositional duplication of protein
encoding genes can lead to their admixture with resi-
dent regulatory regions at the locus of retronuon
integration and conversely, novel regulatory regions
can combine with resident genes through retronuon
dispersal. Hence, retroposition is a process that con-
stantly and pervasively modulates genomes.

What can the RNA world reveal about the
validity of evolutionary principles?

Like a rock in the surf, the RNA world can be viewed
as a vantage point in a sea of uncertainty. From there,
we can almost reach on dry feet (and better under-
stand) the shores of modern cells. We may also have
a chance to venture out into the stormy and uncharted
waters of the pre-RNA world life.
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In addition to imagining molecular events at the
beginning of cellular life, the RNA world may, in the
not so distant future, be reconstructed in an experi-
mental setting offering the chance to physically
reverse engineer primitive cells based on RNA as
enzymes, genetic material and structural components.
There are efforts under way to generate selected func-
tional RNA nuons in the test tube via selection/am-
plification schemes (Famulok and Jenne, 1999;
Wilson and Szostak, 1999) that may eventually con-
tribute to man-made life forms capable of reenacting
life in a primitive cell reminiscent of the RNA world
(Bartel and Unrau, 1999; Szostak et al., 2001). It is
obvious that such a reconstruction would not accu-
rately retrace the path of evolution, nevertheless, the
resulting RNA-based cells could serve as models for
life in the RNA world. One can expect this feat to
have been achieved within a few decades.

By extrapolating from such hypothetical but rea-
sonable scenarios, aspects of which may be testable
in the future, we may be able to address important
questions in evolutionary biology at their roots. Also
it should be remembered that modern cells have still
not completely left the RNA world. It is apparent that
extant cells harbor many more RNA species than
anticipated (Hiittenhofer er al., 2001). These RNAs
still function in a wide spectrum of cellular regula-
tion (Eddy, 1999, 2001; Hiittenhofer and Brosius,
2002; Storz, 2002). Even RNAs that arose quite re-
cently (i.e., after the mammalian radiation) have been
exapted into novel functions (DeChiara and Brosius,
1987; Brosius and Gould, 1992; Martignetti and Bro-
sius, 1993a, 1993b; Brosius, 1999c; Cavaillé et al.,
2000). The vigorous and diverse ‘RNA’ life in con-
temporary cells is an important link to primordial
RNA/RNP worlds (Jeffares et al., 1998; Poole et al.,
1998; Brosius, 1999d; Herbert and Rich, 1999; Mat-
tick, 2001).

If evolutionary theories are correct, they should
apply to all stages of evolution, including primal
ones. As we will see, the core predications including
the evolutionary importance of unit duplications
(genes, nuons) and the Darwinian principles can
remain valid in the RNA or RNP worlds, while the
roles that other processes, fundamental to evolution,
might have fluctuated quantitatively or require modi-
fication at different stages of cellular or organismal
organization and complexity.

Scenes from an imaginary RNA world

In the following we will demonstrate that, in the RNA
world gene (nuon) duplication must have played a
decisive role in evolution, selection acted upon indi-
vidual RNA nuons as well as on groups of nuons, and
primordial sex (exchange of RNA nuons) was promis-
cuous. Due to the latter the evolution of distinct spe-
cies in the RNA world was virtually impossible. As
RNA nuons determined genotype and phenotype of a
cell, we can conceive of a world with Neo-Lamarck-
ian elements defined as the inheritance of acquired
characteristics barring directed modification of
genetic material. Importantly, the significance of am-
plification of genetic material, its random variation
(including recombination) and selection, remains a
pillar of evolutionary theory even in the RNA/RNP
worlds. Several other principles did not apply. For
example, Weismann’s Barrier and the Central Dogma
of Molecular Biology were virtually absent or rudi-
mentary.

Modest beginnings of an RNA-based world

As stated above, it is not yet clear, how ribonucleotide
phosphates, the building blocks of RNA, were gener-
ated from inorganic matter and what drove their
polymerization. In the beginning, a self-replicating
biopolymer could have arisen by chance. However, if
more than one replicator was necessary their contain-
ment was vital (Szostak et al., 2001). Thus, unless
these replicators were present at high concentrations
in a given environment, co-optation of a semi-perme-
able (lipid) membrane should have occurred at an
early stage (Maynard Smith and Szathmary, 1995;
Szostak et al., 2001). Cycles of replication and cellu-
lar growth (Figure 1A) with spontaneous ‘cell’ divi-
sion could have constituted an early form of RNA-
based life (Figure 1B). If a larger undivided ‘cell’
(Figure 1A) had a selective advantage over a ‘cell’
with less nuons, we can perhaps equate such a sce-
nario with the first ‘genome’ (‘nuonome’) duplication
in the RNA world. Some of the replication-incompe-
tent nuon variants (mutants, shown by thinner lines
in Figure 1C -) were possibly the first ‘genomic para-
sites’. Through gradual alteration of sequence/struc-
ture and subsequent exaptation of the variant biopoly-
mers into novel functions, some of these may have
conveyed a selective advantage to the cell
(Figure 1C +) by facilitating recruitment of or by en-
zymatically aiding the synthesis of precursor mole-



Figure 1. An RNA world can be imagined that already encompassed ‘gene’ duplication, generating new nuons by amplification/mutation.
Two RNA biopolymers capable of replication enclosed by a primordial membrane multiplied and the primordial cell grew in size (A). The
normal route was eventual division by physical forces resulting in two daughter cells containing similar sets of RNA nuons (B). Alterna-
tively, some of the RNA nuons lost their ability to replicate (thin lines) but were propagated by the replicators (bold lines). Carrying a
functionless nuon as ballast must have translated into a high cost and thus, cells containing ‘parasitic’ nuons were negatively selected (C, -).
Like all nuons however, the superfluous nuon may have mutated and on rare occasions, altered forms may have accidentally added a function
for the benefit of the cell. Such a cell was positively selected (C, + ). Continued recruitment of duplicated and altered nuons established more
complex cells with different functional nuons and a replicator (D). Duplication (E) and unequal distribution of nuons to daughter cells (F)
resulted in one that possessed an extra copy of a given nuon type (asterisk) and another (on the right ) with none. This led to a reduced or
loss of viability of the latter (crossed out). The daughter cell with duplicate nuons might have had a further advantage over daughter cells
resulting from an equal distribution of nuons if the duplicated and subsequently altered (asterisk) nuon was exapted into a variant or novel
function (G).

cules. If the depicted scenario or a similar one un-
folded, early symbiosis and group selection emerged.
In the same vein, an ‘altruistic’ replicator had a selec-
tive advantage over a ‘selfish’ replicator as it facili-
tated provision of ‘raw material’ for its own success:
the altered nuon, itself replication incompetent, might
have provided a different auxiliary metabolic function
and thus would have been among the first exaptations
(Gould and Vrba, 1982; Brosius and Gould, 1992).
Various RNA nuons could have been generated in

a similar fashion (Figure 1D) leading to more com-
plicated cells with enhanced metabolic and reproduc-
tive capabilities. Thus, the principle of nuon (gene)
duplication (Bridges 1936a; Lewis 1951; Muller et al.
1936; Nei 1969; Ohno 1970; Stephens 1951; Sturte-
vant 1925), as well as other principles of Neo-Dar-
winian evolution, namely random variation and selec-
tion, would have played major roles in an evolving
RNA world.
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Evolution by nuon duplication and exchange

As described above on a minimal scale, replication of
RNA molecules would have led to their amplification
and, after growth of cell content and incorporation of
external or internally synthesized lipids into the mem-
brane, there could have been spontaneous or triggered
division (Figure 1E,F). For simplification only a
duplication of each nuon type (n=2) rather than
multiplication (n > 2) is shown; of course, multiple
copies of each nuon (n > 2) were most likely gener-
ated. In the absence of sophisticated mechanisms that
would have enabled equal distribution of each nuon
type to the daughter cells, multiple copies would be
vital. According to the formula P = (1— 1/2")N
where P is the probability, N, the number of different
nuons per cell and n, the number of copies of each
component, a genome of 10, 100, or 1000 different
nuons would require a copy number of 10, 14, or 17,
respectively, to have a 99% chance that each nuon
type be found in both daughter cells. It is not clear
how a daughter cell with a low copy number of a
given nuon could later re-adjust its copy number.
Therefore, above a certain genome size, linkage of
different types of RNA nuons into heteromeric con-
catemers (‘chromosomes’) might have been advanta-
geous.

The unequal distribution of individual nuons
would have resulted in an early form of nuon (gene)
duplication. While the absence or underrepresentation
of one nuon type conceivably could have resulted in
a selective disadvantage or non-viability of the af-
fected daughter cell (Figure 1F, right), the presence of
an extra nuon copy or overrepresentation of one nuon
type (Figure 1F, left), especially at a high error rate
of RNA replication, might have altered, modulated
and/or changed the function of such nuons. Such a
variant nuon may have provided a selective advantage
(Figure 1G).

The exchange of genetic material (primordial sex)
was probably rampant among RNA-based cells. Just
as cells could have spontaneously divided to yield
two daughter cells, two cells with different sets of
RNA nuons (genetic material) may have fused. As a
result, nuons would have been shuffled and
re-distributed to daughter cells yielding sets of nuons
(‘nuonomes’) that were different from those of the
initial cells. Depending on the distribution, this may
have been advantageous (e.g., in a different environ-
ment) or disadvantageous (if important nuons were

Figure 2. Sex in an imaginary RNA world. Two cells with both
different (blue and red) and identical (black) sets of nuon types
(top) fused and after diffusion and amplification (not shown) of
some of the nuons (center), divided again (bottom). Some nuon
combinations in a cell had a selective advantage ( +) over others
(-). Replicators are in bold. The bottom left cell may have pos-
sessed a better replicator but the replicator was better only in as-
sociation with different accessory nuons (‘genetic’ background).

underperforming in the different ‘nuonomic’ environ-
ment) to one or both cells (Figure 2).

Phenotype was genotype
The following example is included to demonstrate

that in the RNA world phenotype and genotype were
inseparable in a given nuon. The scenario is highly



speculative as it implies that homo- or hetero-multi-
meric RNA biopolymers associated to form func-
tional units for such things as motility (flagelloids),
for (chemo)sensation or signal transduction. Never-
theless, it illustrates a point that is also valid for less
complicated and not so speculative functions of RNA
biopolymers.

Even though there is no evidence whether motility
evolved in RNA-based cells, movements surely
would have been advantageous to a part of a popula-
tion that could then move away from nutrient
depleted areas or otherwise unfavorable conditions.
The evolution of sensory systems and signaling path-
ways involving RNA biopolymers and other small
molecules would have provided a significant selective
advantage in the search for favorable and avoidance
of unfavorable conditions (Figure 3). Despite its spec-
ulative nature, the example illustrates how in the
RNA world genotype and phenotype were a single
entity. A fortuitous mutation in one of the RNA com-
ponents of the sensory cluster may have improved its
performance. From there it is not hard to imagine that
this RNA nuon spread in cells and populations
(through primordial sex) over time. Such a mecha-
nism is also conceivable for less hypothetical RNA
nuons if a newly arisen mutation was under positive
selection.

Chaining nuons — an early evolutionary compromise

For reasons discussed above, linkage of several nuons
into an RNA genome might have been advantageous.
In addition to the joined genomic form (the ‘germ
line’) there would still have been free RNA nuons
(somatic nuons) in the ‘cells’. Occasional replication
of these individual nuons could still have taken place
(Figure 4A,B). After replication, chiefly of the joined
genetic form, the cell divided (Figure 4B,C) and a
portion of the joined forms was processed into indi-
vidual functional nuons (Figure 4C). A major problem
of this scenario is posed by the necessity of maintain-
ing some of the genetic chains intact while producing
enough of the functional free nuons. However, RNA
processing is still an essential mechanism during
RNA biogenesis in all extant cells (Herbert and Rich,
1999). Despite the absence of any direct proof, it is
attractive to contemplate that many forms of RNA
processing had their roots in the RNA world (Brosius,
19994d).

An interesting aspect is that the appearance of
chiefly genetic (versus somatogenetic) RNA already

Figure 3. In an imaginary RNA world phenotype equaled geno-
type. In a highly speculative scenario, an RNA nuon (arrowhead)
generated by duplication and modification (perhaps in association
with duplicates as a homopolymer) acquired a function in cell mo-
tility (B). This was advantageous. Likewise, other nuons (arrow-
head, B) arose by amplification/modification and generated a com-
plex of molecules that was able to sense cues from the environment
(photons, pH, temperature, nutrients) (C). A hypothetical chain of
signal transducing molecules (asterisks) may have linked the two
systems (C).

began to establish a barrier. It was not impenetrable,
as a randomly altered ‘somatic’ nuon could occasion-
ally be added to the linked ‘germ line’ RNA chain, or
an altered nuon could replace the corresponding nuon
in the ‘genome’ by some sort of recombination
(Figure 4D,E). While establishing a barrier in one
sense, recombination of nuons with the genome gen-
erated a ‘safer’ environment for the survival of self-
ish nuons: interconnected with proto-chromosomes
they would have been more refractory to purging.
This situation is reminiscent of modern genomes, in
which disadvantageous nuons can hitch a ride by link-



age to positive traits (Brosius and Tiedge, 1995b;
Brosius, 1999a).

Discussion and Conclusions

Despite, or perhaps because of, our gaps in knowl-
edge about early life forms, it was not difficult to
construct a hypothetical RNA world that is solidly
anchored within the framework of Neo-Darwinian
principles. Akin to established in vitro amplification/
selection experiments (Szathmary, 1990; Ellington
and Szostak, 1990; Robertson and Joyce, 1990; Tuerk
and Gold, 1990; Wilson and Szostak, 1999; Szostak
et al., 2001) evolutionary change is always mediated
by amplification of nuons and the selection of ram-
dom alterations. A minor difference between this
type of in vitro evolution and natural selection is that,
in vitro, usually only the best performers are selected
for subsequent rounds of amplification while the lat-
ter usually removes only individuals of lower fitness
from the population. This ensures maintenance of a
large genetic diversity in populations (Mayr, 2001).
In natural settings, there are additional principles at
work such as the conflict between integration of and
insulation from foreign genetic material (see below).

Group selection, group sex and chains of nuons

As outlined above and previously noted by Szathméry
(1999a), in the RNA/RNP worlds the selection of
RNA nuons enclosed by a membrane can only be
interpreted as group selection. In an RNA world with
limited numbers of nuons, a selfish parasitic RNA
nuon could pose a serious disadvantage to the cell.
This situation could only have a positive outcome if
the cell lost the selfish nuon or by fortuitous alteration

Figure 4. Linkage of nuons and the origin of RNA processing in
an imaginary RNA world. In addition to different individual nuons
(black) a more advanced RNA-based cell could also have featured
the same nuons in a linked form (blue) giving rise to one or sev-
eral proto-chromosomes that might have included a terminal repli-
cator as a tag shown in red (Maizels and Weiner, 1987). The joined
nuons (A) were interspersed by short linkers (green). RNA chro-
mosomes may have facilitated replication (B) and equal nuon dis-
tribution to daughter cells (C, D). The ‘intervening’ linker se-
quences may have been necessary for efficient processing (arrows)
of individual nuons from the joined proto-chromosome (C, D, E).
A free variant nuon (magenta) may have recombined with the
linked homologue by the appropriate cuts (magenta arrows) in the
proto-chromosome (D) followed by replacement and re-liga-
tion (E).



and adaptation/exaptation of the formerly selfish nuon
into a functional role. Already at the level of the RNA
world, the types and variants of other nuons in the
cell, its ‘genetic background’, could have played a
decisive role in selecting for or against a given nuon.
Clearly, a nuon’s performance greatly depended on its
‘co-players’ and a given environment.

The reshuffling of nuons creating ever — changing
genetic backgrounds was favored by the unlimited
exchange of genetic material. Free sex was gradually
curbed by linkage of different nuons. This would have
facilitated equal distribution of genetic material dur-
ing cell division and begun to establish more special-
ized genomes; gradually separating genotyope and
phenotype. This eventually led to the complex DNA-
based genomes found in extant organisms. Hence,
evolutionary novelties would have been selected
more directly in the RNA world and more indirectly
in increasingly complex systems at the molecular
(chromosomes, DNA), subcelluar (nuclear compart-
mentalization) and organismal (compartmentalization
into the germ line versus somatic cells) levels.

Evolutionary transitions

It is dangerous to categorize life into lower or higher,
primitive or advanced forms (Dawkins, 1992; Gould,
1996). All too often, progress is viewed from an
anthropocentric pedestal. One forgets that even

reduction in complexity, such as reduction in genome
size, or reduction of gene numbers can be evolution-
ary progress, dependening on the ‘demands’ of chang-
ing environments. Nevertheless, when considering
extinct and extant forms of life, common sense dic-
tates that there must have been an increase of com-
plexity over time. Such an increase is apparent when
comparing the limited number of different nuons in a
fledging RNA world to the thousands or tens of thou-
sands of genes in extant organisms (see also Adami
et al., 2000). Over time, one observes the evolution
and increasing use of novel biopolymers. Further-
more, mergers of cells occurred, in which one partner
became an organelle (Margulis, 1970) or, on more
subtle terms, in which individual cells associated to
form multicellular and differentiated organisms. Tran-
sitions to levels of increasing complexity have been
characterized by, to name a few, the origin of trans-
lation, chromosomes, eukaryotes, sex, multicellular
organisms and social groups (Maynard Smith and
Szathmdry, 1995). Numerous other transitions such as
the rise of epigenetic phenomina, (e.g., imprinting of
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Figure 5. Stages of evolutionary transitions versus variance of
evolutionary dogmas. The left panel shows selected major transi-
tions in evolution resulting in different stages over time (a time
scale was not attempted). The nature of such stages and transitions
prior to the RNA world are not yet perceived (question mark). Ma-
jor principles (amplification, variation, and selection of units) re-
mained constant over the various transitions, others shifted in pres-
ence or scope. Broken lines indicate enhanced uncertainty. The
stippled horizontal line indicated by the arrow on the right denotes
present time, beyond which we can only speculate.

genes that arose in placental mammals) are not con-
sidered here.

In Figure 5, Maynard Smith’s and Szathmary’s
concept of major transitions has been modified
slightly (Maynard Smith and Szathmary, 1995). Only
a selection from numerous transitional stages is in-
cluded. Starting from a likely cellular progenitor in
the RNA world (see above), the first major transition
considered was the advent of templated protein bio-
synthesis, transferring the catalytic and structural
tasks of RNA macromolecules, to a totally different
class of macromolecules. The next major transition
considered was the transfer of genetic information
from RNA to DNA. A prerequisite of which was a
major transition itself, namely the concatenation of
RNA nuons into ‘RNA chromosomes’, perhaps allow-
ing improved replication and/or more equal distribu-
tion of RNA nuons to daughter cells. The transition
from RNA to DNA as genetic material was a gradual
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process that obviously continues in many modern ge-
nomes in the form of retroposition (Brosius, 1999a).
The next evolutionary stage was reached when cells
associated and gradually formed multicellular and
eventually increasingly differentiated organisms some
of which subsequently sequestered germ line cells
from somatic cells.

The evolution of a nervous system heralded the
beginning of another major transition. It provided a
notable selective advantage as information about the
environment could be processed rapidly and trans-
formed the organism into a better ‘survival machine’
for its genes (Dawkins, 1976). There are precedents
of non-genetic transfer of information in social in-
sects, such as the locations of food sources in bees,
or transmission of ‘culture’ in mammals, as exempli-
fied by songs of whales or tool utilisation of chim-
panzees (Bonner, 1980). In one lineage, however, a
highly developed central nervous system (CNS) was
exapted into an instrument that permitted the direct,
non-genetic transfer of information at an unprece-
dented magnitude (Gould and Vrba, 1982). This trans-
fer could not only flow horizontally, but also from one
generation to the next with equal efficiency. The ve-
hicle of transfer is spoken, written or digitized infor-
mation, memes in a broad sense (Dawkins, 1976;
Blackmore, 1999).

At this point, it should be stressed that at least the
upper levels of biological complexity depicted in Fig-
ure 5 are biased, to all intents and purposes, towards
the evolutionary fate of our own species. In a correct
and all-encompassing representation this scheme
would include all lineages of extant and extinct life
(Gould, 1996, 2002). A large proportion of species
(presumably all Prokaryotes) have apparently not
made major transitions beyond the one leading to the
use of DNA as genetic material. The scheme would
even encompass organisms, such as viruses, endo-
symbionts, or parasites, which made the transition to
a new ‘stage’ via simplification of complexity. It is
noteworthy that the evolutionary stages depicted in
Figure 5 seem to imply, although there was no at-
tempt to introduce a time scale, that the more recent
transitions occurred in shorter successions, as if evo-
Iutionary complexity accelerated when higher levels
of complexity were reached.

We are possibly at the threshold of a novel stage
representing analogues of multicellular organisms,
namely super-organisms whose units are not cells but
individual organisms, even social entities. Again, this
is not the first time in evolution that such a transition

occurred, there are already notable examples in
insects (Giraud et al., 2002).

The ‘softer’ evolutionary principles are neither
present nor constant over the entire transitional
spectrum

The aforementioned evolution of a linear ‘genome’
also illustrates how, unlike the constant Neo-Darwin-
ian tenets, other evolutionary principles were subject
to modification during major evolutionary transitions.
Weismann’s Barrier could be considered a continua-
tion of the demarcation of the initial ‘germ line’.
While, in a strict sense, Weismanns’s barrier applies
only to organisms with a germ line that is separate
from somatic cells (Pollard, 1984), one may postulate
that barriers existed to varying degrees at several evo-
lutionary stages. Initially, in the RNA world, there
was no barrier whatsoever, apart from a presumed
membrane. Primordial sex which experimented with
new combinations of different nuons, was virtually
unlimited (Figure 3). When nuons merged into proto-
chromosomes (Figure 4), a distinct novel cellular
RNA nuon, generated either by amplification and sub-
sequent mutation of a free endogenous nuon or by
exchange with another cell harbouring different
nuons, would encounter a barrier. Such a barrier was
evident simply by the reduced ease at which the novel
nuon could be integrated into the ‘germ line’. This
contrasts with the simple uptake in an unlinked
genome of separate nuons, a frequent event that
would have been sufficient to ensure propagation into
daughter cells. Conceivably, integration into the pro-
to-chromosome was a means to overcome the barrier
(as depicted in Figure 4D,E). As different levels of
complexity were reached, the barrier became tempo-
rarily less penetrable when, for example, DNA
became the genetic material. Nevertheless, penetra-
tion of the barrier may have varied over evolutionary
transitions, for example, by cells evolving various
recombinatorial mechanisms. With the establishment
of additional barriers against the indiscriminate
exchange of genetic material, but not necessarily con-
commitant with these events as additional parameters
might also have varied, unlimited sex (horizontal
gene transfer) was curbed.

One of the consequences of this primordial puri-
tanism was the gradual separation of phenotype and
genotype. It might have constituted one of the first
evolutionary barriers. The Darwinian Threshold
(Woese, 2002) triggered by templated translation



leading to more complex and interconnected cell
designs is yet another important barrier; according to
Woese (2002) the one that ‘truly represents the origin
of species’. I myself tend to consider the origin of
species as a more prolongated process that might have
included several critical transition points requiring
several barriers, such as (i) the aforementioned link-
age of individually replicated RNA nuons into a con-
catenated RNA genome, (ii) the Darwinian Threshold
(Woese, 2002) and, in particular, (iii) the action of re-
verse transcriptase, the enzyme responsible for con-
verting RNA into DNA genomes (Brosius, 2003a).

Evolution is conflict — conflict is evolution

Perhaps a further evolutionary force, in addition to
amplification, variation, and selection, is conflict — an
erratic, yet everpresent dynamism. Over evolutionary
time, there must have been a continuous oscillation
between the optimal value of accuracy in replication
of genetic information and the availability of suffi-
cient variation for Darwinian natural selection. Simi-
larly, we observe the expansion and contraction of
‘superfluous’ genetic information in intergenic
sequences and introns as a constant fluctuation. To a
significant extent, retroposition, itself a product of an
ancient but still ongoing conflict of reverse tran-
scriptase encoding retronuons with their host
genomes, is responsible for major genome expan-
sions. Sex poses yet another riddle: An organism
devotes a large proportion of its energy to protecting
and promoting every single nucleotide in its genome
just to squander 50% of them in a single sweep in the
act of propagation. In this context, Ghiselin’s sugges-
tion that a species should be considered an invididual
deserves additional scrutiny (Ghiselin 1974; Ghiselin
1989; Ghiselin 1997). The need to co-opt genetic ma-
terial from other cells, organisms and even species is
in apparent conflict with the simultaneous establish-
ment of barriers against invasion by foreign nucleic
acids. Similar conflicts involving insulation against
and integration of evolutionary units not only apply
to nuons, genes and genomes but also extend to or-
ganellar symbionts, cells, individuals and societies.
Often, one gets the impression of a delicate tug of war
on a ridge — if one team is too strong and wins, it pulls
both into the abyss, what we would call extinction or
an evolutionary dead-end street. Perhaps, co-opera-
tional strategies evolved, in part, to alleviate evolu-
tionary conflicts.

11
Lamarckism raises its head

At the dawn of a major transition in our own lineage
we witness major shifts in the evolutionary impact of
Weismann’s barrier, sex, and the Darwinian Thresh-
old (Woese, 2002) without abandoning the basic Neo-
Darwinian principles. In the RNA/RNP worlds (Fig-
ure 5) there was little separation between molecules
acting as functional units and those acting as genetic
material. Nevertheless, variations in RNA nuons and
their immediate selection cannot be considered Lama-
rckism in the strict sense as the mutations were ran-
dom and not geared towards a specific nuon in ‘need’
of modification. Only at the stage of memes are we
able to observe Neo-Lamarckism: a learned behavior
can be transmitted from individual to individual not
only in a vertical but also in a horizontal transfer
(Jablonka and Lamb, 1995; Jablonka et al., 1998). Of
course, this knowledge or meme could not direct the
alteration of genetically based behavior — up to now.

There is no doubt that somatically rearranged
genes could make their way to the germ line by viral
transfer (Steele et al., 1998). Such events, however,
are few and far between and they are certainly, like
retroposition, random events with no directionality.
Almost timidly however, the same authors allude to
future possibilities: ‘we may very well discover and
harness and oversee our genetic destiny’ (Steele et al.,
1998). It cannot be denied that a novel form of Lama-
rckian evolution is on the rise and it might remain in
effect for some time. The same species that obviously
uses memes in a most efficient manner is not only
able to conceptualize the genetic mechanisms of evo-
lution, but has acquired the possibility to free itself
from the dictatorship of the genes by engineering the
germ line of virtually all living species including its
own. It can, for example, strive to correct genetic dis-
ease, introduce desired traits, design genes from
scratch, and introduce additional chromosomes (Sil-
ver, 1997). Weismann’s Barrier and the Darwinian
Threshold will recede, sex may disappear or experi-
ence transformation akin to the one from primordial
sex to meiotic sex and Lamarckian mechanisms will
persist and expand. Traits that have been acquired and
back translated into the genetic code during a lifetime
will be passed genetically to the next generation. The
Central Dogma of Molecular Biology that sought to
extend Weismann’s Barrier to the molecular level will
receive yet another, perhaps its most serious, blow. Is
this the first time in 3.5 billion years that something
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akin to Lamarckian evolution arose or has it been
tried before and proven to be inferior (e.g., too costly)
compared to Darwinian selection (Hayes, 1999)?

Peaceful coexistence of Darwinism and
Lamarckism?

The Darwinian principles of amplification, variation
and selection appear to have permeated all major tran-
sitions in all forms of life like a monolith (Figure 5).
Despite the rise of Lamarckism they will remain the
cornerstones of evolution in the distant future, if our
particular lineage has one.
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Glossary

RNA world, a very early stage of cellular life, in
which RNA biopolymers encoded genetic informa-
tion and had catalytic and structural functions in the
cell. Consequently there was no separation of pheno-
type and genotype.

RNP world, RNA/protein world, a subsequent stage
of cellular life, in which genetically encoded polypep-
tides joined RNA as catalytically and structurally
functional biopolymers.

DNA world, a further stage of cellular life, in which
RNA as genetic material has gradually been ex-
changed and superseded by DNA, presumably by en-
zymatic conversion of RNA into DNA.

Retroposition, the conversion of RNA into DNA by
reverse transcriptase. The resulting complementary
DNA (cDNA) is more or less randomly integrated
into the genome. Apparently, this proceeds rather in-
tensely and unabated in many lineages to this day.

Exaptation, a nuon, gene, organ, or other fearures
that now enhance fitness but were not built by natural
selection for their current role (Gould and Vrba,
1982). Bird’s feathers are exaptations as initially they
served for temperature regulation and some were, at
later stages, co-opted for flight. Another example is
sex. Its major evolutionary advantage has been
exchange of genetic material. It has also been exapted
in many species for bonding between individuals,
thus providing additional advantage to both the off-
spring and in some instances entire social groups.
Charles Darwin already described the process of ex-
aptation in his ‘Origin of Species’, page 398 (Darwin,
1872):

‘Again, an organ may become rudimentary for its
proper purpose, and be used for a distinct one: in cer-
tain fishes the swim-bladder seems to be rudimentary
for its proper function of giving buoyancy, but has
become converted into a nascent breathing organ or
lung. Many similar instances could be given.’

Gene, originally a unit of heredity. The term under-
went numerous modifications as knowledge in Mo-
lecular Biology accumulated. For example, its regu-
latory regions are sometimes included, sometimes it

refers only to the DNA that is transcribed into RNA.
Today, the gene concept is fuzzy.

Nuon, any discrete segment of nucleic acid, RNA or
DNA (Brosius and Gould, 1992, 1993). A nuon can
be defined by sequence similarity (repetitive ele-
ments) or function (exon, intron, promoter, enhancer,
splice site), by its biogenesis (see retronuon), evolu-
tionary fate or effect (e.g. naptonuon to indicate cur-
rent non-aptation or xaptonuon for an exapted nuon).
An advantage of nuon is that it not only denotes a
purely genotypic nucleic acid but, also a biopolymer
that unites both phenotype and genotype. This is not
possible when using the term gene and hence very
important for discussing the RNA and RNP worlds.
For further information see: [http://exppc01.uni-muen-|

ster.de/expath/retronuons.htm|

I

Retronuon, any nuon generated by reverse transcrip-
tion of any RNA, viral RNA, messenger RNA or un-
translated RNA yielding short interspersed repetitive
elements (SINEs), long interspersed repetitive ele-
ments (LINEs) etc.

snmRNA, small ("50-500 nucleotides in length) non-
messenger RNA. Some snmRNA species can be
highly efficient templates for reverse transcriptase and
are the founders for SINEs.

Gene Duplication, Susumu Ohno described in his
book (Ohno, 1970) the importance of gene duplica-
tion for the evolution of genes, genomes and organ-
isms. Although, by some, only the gene is considered
the unit of selection (Williams, 1966; Dawkins,
1982), the concept might be expanded to signify
‘unit’ duplication if applied to nuons, cells, organs,
organisms, social groups and states. As Ernst Mayr
pointed out in 1960 (Mayr, 1960), Darwin already re-
cognized the principle of duplication on page 147
(Darwin, 1872):

‘Again, two distinct organs, or the same organ under
two very different forms, may simultaneously per-
form in the same individual the same function, and
this is an extremely important means of transition...’.

Amplification of units constitutes, together with ran-
dom variation and selection, the basis of Neo-Darwin-
ian evolution.


http://exppc01.uni-muenster.de/expath/retronuons.htm
http://exppc01.uni-muenster.de/expath/retronuons.htm
http://exppc01.uni-muenster.de/expath/retronuons.htm

Darwinism, species have evolved from simpler an-
cestral types by the process of natural selection act-
ing on the variability found within a population.

Neo-Darwinism, Darwinism merged with the Men-
delian laws of genetics; makes use of the modern
knowledge of chromosomes and genes to explain the
source of the genetic variation upon which selection
works. Darwin’s (and Ohno’s) concepts of unit du-
plication might be included to yield the evolutionary
chain of amplification, variation (including recombi-
nation) and selection.

Lamarck, less well known for his theory of specia-
tion through gradual change that had been published
five decades before Darwin’s, than for ‘his’ error that
evolution took place through inheritance of modifica-
tions caused by the environment, and the effects of
use and disuse of organs. In the strict sense such ef-
fects act directly and non-randomly on the gene(s)
responsible for the respective phenotypes. For facts
and fiction concerning Lamarck’s ideas and contribu-
tions, see Ghiselin (1994).

Neo-Lamarckism, as understood today is more
broadly defined as ‘the evolutionary mechanism of
the inheritance of acquired characteristics’ (Bowler,
1992). Examples of Neo-Lamarckism emerge, wher-
ever Weismann’s Barrier recedes if one allows for its
definition as the inheritance of acquired characteris-
tics but barring directed modification of genetic ma-
terial (see also Jablonka and Lamb, 1995).

Darwinian Threshold, a hitherto unrecognized phase
transition in the evolutionary process (Woese, 2002).
It corresponds to the emergence of a new level of or-
der in terms of cell organization. Cellular machiner-
ies became more and more complex and intercon-
nected. As a consequence, the interchangeability of
genetic material became gradually less feasible and
thus curbed the acquisition of novelties via horizontal
gene transfer. Consequently short lived entities were
replaced by more permanent ones - species. Hence,
‘the Darwinian Threshold truly represents the origin
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of speciation as we know it” (Woese, 2002). Woese’s
concept might be misunderstood as an assault on the
foundations of Darwinism. In contrast, it is solidly
anchored on the three Neo-Darwinian pillars of am-
plification, modification and selection (see above).
With his recent proposal, Woese has lifted the origin
of species, always guided by Neo-Darwinian princi-
ples, out of the muddy layer of communal evolution,
across the Darwinian Threshold onto a level where
separatism allowed for the establishment of relatively
stable ‘species’. In molecular terms, Woese sees this
transition occurring when templated translation pro-
duced ever more sophisticated protein molecules in-
cluding the ones that are involved in the translational
machinery itself.

Weismann’s Barrier, recognized that the germ
plasm remains unaffected by any changes affecting
somatic cells during the life time of an organism
Weismann’s germ plasm theory (Weismann, 1892,
1893, 1902) based on Mendel’s laws (Mendel, 1866,
1870) debunked Lamarckism. At the same time Weis-
mann cemented the Neo-Darwinian doctrine. Yet,
Weismann’s Barrier applies only to a segment of all
known forms of life, namely those that feature a germ
line and do not permit genetic ‘contributions’ from
somatic cells. Weismann’s Barrier does not apply to
unicellular organisms or multicellular organism that
do not maintain a germ line or do so only temporarily
by alternating between sexual and clonal reproduc-
tion, such as many plants (Pollard, 1984; Walbot,
1996). An acquired mutation in a somatic cell that is
beneficial for the respective plant may be passed on
to future generations by somatic reproduction and
subsequent switching to sexual reproduction.

Central Dogma of Molecular Biology, states that
DNA makes RNA makes protein, in that order (Crick,
1958). This was amended twice; when S. Spiegelman
showed that RNA could be replicated from RNA tem-
plates (Haruna and Spiegelman, 1965) and H. Temin
and D. Baltimore discovered reverse transcriptase
(Baltimore, 1970; Temin, 1970). If its often consid-
ered a molecular application of Weismann’s Barrier.





