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Abstract Darwin’s main contribution to modern biology was to make clear that all

history of life on earth is dominated by a simple principle, which is usually summarised as

’descent with modification’. However, interpretations about how this modification is

produced have been controversial. In light of the data provided by recent studies on

molecular biology, developmental biology, genomics, and other biological disciplines we

discuss, in this paper, how Darwin’s theory may apply to two main ’types’ of evolution:

that occurring in the prebiotic world and that regarding the acquisition of major key-

innovations differentiating higher-taxa, which makes up part of the so-called macroevo-

lution. We argue that these studies show that evolution is a fascinating, complex and

multifaceted process, with different mechanisms drivin it on different occasions and in

different places.

Keywords Darwin � Evolution � Key-innovations � Macroevolution �
Prebiotic world

Evolution is change. Darwin’s main contribution to modern biology was to make clear that

the history of life on earth is dominated by this simple principle. However, interpretations

about how this change is produced have been controversial. In these days, when Darwin’s

evolutionary theory and principles are confronted by supporters of a new form of crea-

tionism, intelligent design, it may seem a dangerous exercise to ask if the theories proposed

by Darwin and their followers (e.g. Darwin 1859; Dobzhansky 1937; Mayr 1963) explain

all types of evolutionary events.
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It is, however absolutely necessary to do this if one would like to have a broader,

contextual understanding of how life has been changing since the first macromole-

cules arose, to its current enormous diversification, in light of the recent data provided by

works on molecular biology, developmental biology, genomics, and other biological

disciplines.

In this essay, we will discuss how Darwin’s theory may apply to two main ‘types’ of

evolution: that occurring in the Prebiotic World, and that concerning the acquisition of

major key-innovations differentiating higher-taxa, which makes up part of the so-called

Macroevolution. We exclude in our discussion aspects related to another main ‘type’ of

evolution, which is related to the diversification of extant species and is included in the so-

called Microevolution, because it is, in general, the ground where Darwinism and Neo-

Darwinism is less controversial.

Of course, we do not want to argue that these three main ‘types’ of evolution are really

completely different, there is surely a significant overlap between them, and certainly

different authors can refer to different main ‘types’ of evolution other than those mentioned

here. Our aim is simply to briefly discuss how Darwin’s theory explains certain evolu-

tionary events, and it is for this reason, and to somewhat simplify a discussion of such a

complex subject, that we undertook this division as a basis for the discussion below.

Prebiotic world

What mechanisms could explain the change from the early molecules to the early living

forms? What forces have driven the changes in the prebiotic world?

Apart from the controversial Panspermia theory (Melosh 1988), which proposes an

external planetary evolution of early life forms, recent studies have supported some theo-

retical models (e.g. Szathmary 2004, Robinson 2005; Koonin and Martin 2005) in order to try

to explain how the first biomolecules arose and evolved. For example, it is currently accepted,

on the basis of our knowledge (Gilbert 1986; Jeffares et al. 1998; Penny 2005) of the dual

character of RNA (as catalytic and codifying molecules) and of interesting results from

studies of ‘in vitro evolution’ (Bartel and Szostak 1993; Wright and Joyce 1997; Lawrence

and Bartel 2005), that our DNA based biological world was predated by a RNA world.

It is also somewhat accepted that the processes of natural selection have played some

role in the molecular substitution events that occurred in the course of this prebiotic

evolution (De Duve 2005), with a gradual variation from more simple to more complex

mechanisms. In a world under construction all remains to be ‘invented’, and new mole-

cules performing new functions arose as a consequence of simple physicochemical prin-

ciples. New molecules would replaces the older ones if they fit in the new requirements for

complexity of these prebiotic entities.

An early step in this prebiotic world is the abiotic synthesis of nucleotides by mineral

catalysis, today accepted as feasible (Miller 1998; Orgel 2004; Muller 2006). However, a

problem that arose since the first studies on the origin of life is the so called ‘chicken

and egg’ paradox; that is, which came first, heredity or metabolism (Haldane 1967;

Oparin 1967; Fry 2006)? Is it necessary to have first a molecule able to catalyze some

reactions? Or do we need to have first the presence of the codifying character in the

original biomolecules before the development of metabolic capacities?

Recent studies (Mossel and Steel 2005) show that there is seemingly a high sta-

tistical probability that random biochemical networks supporting self-sustaining
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autocatalysis would arise. They thus point out the possibility of the presence of both

catalytic and hereditary properties in the first biomolecules, an idea that was in fact

advanced by Troland (1914) before the Haldane-Oparin controversy (see Fry 2006).

Once we accept the existence of a biomolecule of this type, a new question arises: if

the efficiency in catalyzing the replication of all RNA molecules is similar, would not

the molecule disappear at some time by degradation? It is necessary that this molecule

performs its proper replication better than other RNA molecules. In this sense, it has

been proposed that the presence of two domains in the first RNA replicase could make

their proper replication easier, suggesting that the first ribozyme may have been an

intramolecular replicase (Ma and Yu 2005).

When RNA is established as a pivotal molecule, able to code for new molecules

performing new functions and to catalyze its proper replication, variants of RNA per-

forming auto replication in a more consistent and faster way can be selected.

At some moment, at a certain degree of complexity, it is necessary to preserve acquired

complex functions, and thus evolutionary constraints facilitating such a task may arise.

From this moment, the codifying function of RNA should be highly efficient, copying the

proper sequence with high fidelity. But new mutations should also arise in the sequence

region with catalytic activity allowing their elongation and increasing their complexity.

According to certain authors, it is the so-called Darwin-Eigen cycle that has allowed, and

driven, prebiotic evolution (Poole et al. 1999). However, it is important to note that there

are other possible models to explain prebiotic evolution in a RNA world, and that there are

discrepancies among such models.

There are also different models to explain the transition from that RNA world to a RNP

(Ribonucleoproteic) world, and, then, to a DNA world (Koga et al. 1998; Poole et al. 1998;

Forterre 2005; Koonin and Martin 2005). Two recent papers (Forterre 2005; Forterre 2006)

have advanced an interesting model, which proposes that at a certain moment the transition to

a DNA world was mediated by the ‘invention’ of DNA in RNA viruses. In the model, RNA

viruses arose as parasitic entities after the origin of the ribosome. The transformation of RNA

into DNA might eventually have allowed the viruses to escape the restrictions imposed by the

host, yielding the DNA molecules selectively favored by natural selection. In a subsequent

step, the DNA molecules and the respective machinery for replication and transcription

(evolving in the new DNA viruses) could be transferred to RNA cells, where eventually they

would substitute the RNA itself. So, in this model natural selection is again proposed as an

important evolutionary mechanism during the prebiotic phase of the history of life on Earth.

It is, however, interesting that in this prebiotic phase natural selection was seemingly

exerted over molecules, contrasting with the original Darwinian proposal of selection

acting over individuals and/or populations. So, for example, one RNA molecule eventually

performing a new function or replicating more efficiently than another RNA molecule may

have substituted for the latter in a relatively short time. Therefore, in a certain way

prebiotic evolution may have been relatively faster than the somewhat slow, gradualist

evolution by natural selection exerted over individuals and/or populations that is often

defended by Darwinists.

Macroevolution

With independence of the nature of the LUCA (Last Universal Common Ancestor), once

the complexity of the new life world arose (with a DNA coding to RNA and this latter

coding to proteins, with a compartmentalized metabolism, etc.), evolutionary constrictions
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have seemingly grown (Woese 1998; Galtier et al. 1999; Penny and Poole 1999; Forterre

2005; Koonin and Martin 2005; Ciccarelli et al. 2006). As this moment, specific mutations

alone seem to not be enough to explain the numerous key innovations leading to the

enormous differences seen for example between major higher clades. Therefore, different

authors have proposed different mechanisms acting at different evolutionary events to try

to explain how such differences have arisen (e.g. lateral gene transfer, gene or genome

duplications, chromosomal rearrangements, co-option of gene products for new functions,

changes in regulatory networks, paedomorphism, hybridization, etc.). Here we briefly

discuss some of them.

Although this is still the subject of much controversy, it seems that lateral gene transfer

(Brown 2003; Philippe and Douady 2003; Ge et al. 2005; Kurland 2005) may play an

important role in the evolution of microbes (Bacteria, Archaea), allowing evolutionary

innovations at this level (Gogarten et al. 2002; Pal et al. 2005). Genes transferred between

different organisms may therefore allow the host to acquire new functions present in the

donor without losing its own original functions. Such a mechanism is not Darwinian in the

sense that the new configuration of the host it is not the result of a gradual transformation

and is not directly inherited from the ancestors of that host (Darwin 1859). But, of course,

Darwinian natural selection may then act on the host with the new configuration and select

for it against organisms not exhibiting this configuration. There is a significant amount of

data suggesting that several genes have been transferred between bacteria (Kroll et al.

1998; Ginolhac et al. 2005), between Archaea and Bacteria (Wolf et al. 1999; Nesbo et al.

2001), between bacteria and eukaryotes (Aravind and Koonin 1999; Garcı́a-Vallvé et al

2000) and even between eukaryotes (Raz and Van Luenen 1997). Interestingly, Lan and

Reeves (2000) have stressed the strong pressure (because of a single origin of replication)

to lose genes that are not of immediate utility for a specific bacterial strain in a particular

environment. However, it should be noted that the genes lost will vary between strains,

depending on the local environment. These authors therefore consider that as long as there

is a mechanism of occasional transfer of genes, allowing colonization of new environments

from new combinations, then there is no long-term ‘loss’ of the genes. It is just that each

strain is specializing for its environment, but still retains its adaptability. As such, lateral

gene transfer among related strains is just a part of the normal mechanisms. In summary, it

can be said that, despite the controversies about their extent and importance, lateral transfer

events effectively seem to play a significant role in general macroevolution, as they do in

microbial evolution. In this regard, some authors go as far as to suggest that a new

revolution in Biology is arising (see e.g. Goldenfeld and Woese 2007; Doolittle and

Bapteste 2007).

Another example of macroevolutionary changes that are not necessarily Darwinian, but

for different reasons, are those related with paedomorphism. A well-known vertebrate

group in which such changes seem to have played an important role is, for instance, the

Dipnoi, or lungfishes. Bemis (Bemis 1984) reviewed some seemingly paedomorphic

morphological transformations that occurred from the most basal lungfish forms to extant

dipnoans. Examples of these are the loss of heterocercal tail, the fusion of medial fins, the

reduction of fin rays, the loss of cosmine, the changes in scale shape, the reductions in

ossification and the increase of cell size. According to that author, all these features are

very likely related to a paedomorphic event, which may well be due to selection for one of

these features, or may even be related to any another reason (genetic, physiological, etc.).

Therefore, the evolutionary transformations leading to many of the features listed above

was not necessary ‘Darwinian’ in the sense that these transformations were probably not

related to the direct adaptive value of, or to a direct selection towards, those features (see
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e.g. Gould 2002). In other words, if for example feature A resulting from paedomorphism

turns out to be adaptive, selection will favor that feature, and therefore paedomorphism

will be selected, with the paedomorphic features B, C, D, for example, being present in the

selected organism but not because they were directly selected. As recently stressed by

Diogo (Diogo in press), paedomorphism has seemingly not only played an important role

in lungfish evolution, but also in several other groups, and seems in fact to be a rather

common macroevolutionary event. If this is so, several features now seen in many different

taxa may effectively not be related to a direct Darwinian selection towards those features.

Gene duplication has also been postulated (Muller 1936; Ohno 1970; Zhang 2003) as a

way to acquire new functions in macroevolution; this view has been reinforced by the

knowledge derived from the sequencing and comparison of genomes from a wide range of

living organisms. Such a gene duplication allows one of the copies to maintain its original

function, while the other copy may thus accumulate mutations and eventually gain a new

function (neofunctionalization). The neofunctionalization of genes allowing new functions

in molecular evolution is, in a certain way, mechanistically somewhat similar to the

morphological functional uncouplings leading to the performance of new functions by

certain structural systems, which seem to play a crucial role in morphological macro-

evolution (e.g. Diogo and Vandewalle 2003; Diogo 2004).

Obviously, molecular neofunctionalization is not the only destination of the new copy

of a gene (Lynch and Conery 2000; Lynch and Katju 2004). This can be subfunctionalized,

making a part of the original function, or be completely eroded remaining in the genome as

a pseudogene. Subfunctionalization of genes can be the first step in the construction of

genetic networks and gene families (Hancock 2005), and combination of different modules

can allow the rise of a new function (see below). Neofunctionalization and subfunction-

alization are ‘Darwinian’ in the sense that they are based in gradual modifications of gene

copies over which natural selection can act, but they do not seem to explain the rapid

functional changes associated with the rapid environmental changes undertaken by certain

microbes, for example. Such rapid environmental changes are thus perhaps a good example

in which lateral gene transfer (see above) may play an important role (see e.g. Gogarten

et al. 2002).

Partial or complete genome duplication (Ohno 1970; Garcı́a-Fernández and Holland

1994; Holland et al. 1994; Panopoulou and Poustka 2005) has been proposed as a relevant

mechanism in the acquisition of major evolutionary novelties, allowing the somewhat

simultaneous neofunctionalization and/or subfunctionalization of several genes. For

example, it has been proposed that genome duplication likely played a central role in plant

and fungi evolution (Bowers et al. 2003; Kellis et al. 2004; Coghlan et al. 2005). Also, the

idea has been advanced that the two genome duplications that occurred in the lineage

leading to vertebrates, and one additional duplication that occurred within teleostean fishes,

may be linked to a burst of phenotypic complexity (Dehal and Boore 2005; Meyer and Van

de Peer 2005; Christoffels et al. 2004). However, certain authors argued that the hypoth-

eses favoring such a link are weakened when both the extant taxa and the fossil taxa, and

not only the former, are taken into consideration (Donoghue and Purnell 2005).

Others genomic rearrangements, such as chromosomal inversions, deletions or trans-

locations, have been proposed as possible candidates to explain the acquisition of novel-

ties. But many authors consider that the occurrence of such rearrangements is probably not

so much related to macroevolution of higher taxa, but more likely with mechanism in-

volved in speciation (see e.g. Coghlan et al. 2005).

Both co-option of genes in new functions and change in regulatory networks during the

developmental process emerge now as the seemingly more reliable candidates to explain
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the acquisition of evolutionary novelty and the emergence of body plans during evolution.

Changes in the regulatory regions of the genome can drive changes in regulation of gene

expression of particular genes, affecting other genes downstream in the regulatory network

with lethal results if the change stops a fundamental step of the developmental process.

But, in certain cases, these can result in developmental changes compatible with the adult

life form. In such cases the developmental changes can therefore lead to a significant

phenotypic change in the adult organism, over which selection can thus act. In such cases,

evolutionary novelties could eventually be relatively fast.

A recent seminal review (Davidson and Erwin 2006) has focused on the modifications

in developmental regulatory networks, its authors arguing that these modifications can

affect evolution at different taxonomic levels depending of the type of network affected.

These authors suggest that modifications in the so named ‘‘kernels’’ (networks regulating

more universal steps of development and thus more impervious to change) can affect the

macroevolution of higher taxa, while changes in other networks can affect the evolution of

other, lower taxa, depending on the dispensability of the network.

Co-option of a particular gene involved in a particular network operating during the

developmental process to other genetic interactions can eventually constitute a comple-

mentary mechanism to generate evolutionary novelties. Examples of this mechanism can

be found in the Bicoid based anterior patterning exclusive of Drosophila and other dipt-

erans (Stauber et al. 1999; Dearden and Akam 1999; Lynch and Desplan 2003), which

arose after the duplication of an ancestral regulatory gene by co-option of the duplicate

gene to new regulatory functions, and in the functional changings of the Distal-less,

Engrailed and Orthodenticle genes occurring during the derived developmental process of

echinoderms with respect to other Bilateria (Loewe and Wray 1997).

The mix of genomes or hybridization may also be related to the acquisition of mac-

roevolutionary novelties. A hybrid origin of the eukaryotic cell (Gupta and Golding 1993;

Ribeiro and Golding 1998; Rivera and Lake 2004) has for example been proposed, with

this cell arising as consequence of hybridization between a Bacteria and an Archaea. This

hypothesis is the subject of controversy (Poole et al. 1999; Lester et al. 2005; Kurland et al.

2006), but if it could be demonstrated this could effectively provide one of the best

examples of how the mixing of two genomes may result in a radically new organism.

Hybridization has also been proposed as a possible mechanism operating in the evolu-

tionary radiations observed in several phases in the history of life (Lewontin and Birch

1966; Seehausen 2004; Kearney 2005), namely during the evolution of land plants (Riddle

and Birchler 2003), but also in animal evolution (Mallet 2005). The mixing of genomes

obtained by hybridization can therefore be a source of macroevolutionary innovations in

times of for example rapid environmental changes, allowing a fast adaptation of the

resultant hybrid to the changing conditions. In such a mechanism the evolutionary changes

would not be slow and gradual, but relatively fast.

In fact, it is interesting to notice that many authors today tend to defend the position that

most major macroevolutionary events, even those that are ‘Darwinian’ in the sense that

they are driven by natural selection, are probably much easier and faster than was predicted

by the Darwinian and Neo-Darwinian theories. An illustrative example of this is the new

theory of ‘facilitated variation’, which, as stated by its authors, was precisely proposed

with the aim of ‘‘resolving Darwin’s (macroevolutionary) dilemma’’ (Kirschner and

Gerhart 2005). According to these authors, this theory can effectively explain why many

macroevolutionary changes may occur faster than previously thought. The theory basically

argues that macroevolution is constrained, but that paradoxically it is precisely this that

allows significant, relatively fast macroevolutionary changes. Examples given by the
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authors are the Hox genes, which seem to be highly constrained in evolution, but at the

same time have allowed the rise of an impressive number of different anatomies, from

miniature fishes to enormous dinosaurs. Other examples concern the way development is

constrained, in the sense that many structural systems are interconnected, in a somewhat

‘self-organization’, e.g. if limb primordia develop in a certain place, limb muscles will

develop too, limb nerves also, and so on, until a functional limb is developed. But such

‘self-organization’, constrained on the one hand, allows, on the other, that in certain

specific cases it is possible to develop limbs with muscles, nerves, and other associated

structures in a new place due to a simple changing of the place of origin of the first limb

primordia (Kirschner and Gerhart 2005).

Concluding remarks

As the works referred to above illustrate, recent developmental, comparative, phylogenetic

and genetic studies, among others, are therefore showing that, like the fascinating eye of a

Drosophila, evolution is a remarkably complex and multifaceted process, with different

mechanisms drivin it on different occasions and in different places. These recent studies

are also challenging the traditional Darwinian theories. With some exceptions, which, it is

important to stress, should not be overlooked, it can be said that works mainly focused on

the acquisition of new macroevolutionary innovations tend to be those in which these

theories are more challenged; works on microevolution, and namely on speciation, tend to

be those challenging them less. It is precisely hoped that this paper may help to stimulate

future works that may, in turn, allow the opening of new doors for the understanding of the

complex, but highly fascinating, multifaceted evolutionary process that has lead, and

continues to lead, to the amazing biological diversity of this planet.
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