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The 200th anniversary of Darwin’s birthday was celebrated in 2009, making the concept of Darwinism even more popular than at the time it was originally proposed, to the extent that it has acquired quasi-religious status. His theory revolves around a Tree of Life in which all living organisms are considered to have descended from a single ancestor, and each node represents a common ancestor. It comprises hierarchy and dichotomy, which are typical characteristics of the post-biblical 19th century vision. Indeed, according to post-modern philosophy (also called the French theory) the majority of theories, including scientific ones, are based only on meta-narratives expressing the influence of a culture at a given time. Buddhism or Hinduism may have generated a very different story of evolution.

Our way of thinking about life, and the way we describe evolution, have changed radically in the 21st century due to the genomic revolution. Comparative genome analyses have demonstrated that gene repertoires are characterized by plasticity, and there is strong evidence that nearly all genes have been exchanged at some point. Genomic data show that the genetic information of living organisms is inherited not only vertically but also laterally. Lateral gene transfers were at first observed only in bacteria, which contain genes originating from eukaryotes, Archaea and viruses. Such transfers were subsequently identified in all living organisms; giant viruses have chimeric genomes and the human genome is a mosaic of genes with eukaryotic, bacterial, and viral origins. We cannot identify a single common ancestor for the gene repertoire of any organism. Furthermore, a very high proportion of genes have been newly created through gene fusion or degradation, and others show no homology to sequences found in other species. It is now clear that every living organism has a variety of ancestors, while exchanges between species are intense, and the creation of new genes is frequent and permanent in all living organisms. Our current genomic knowledge contradicts the tree of life theory, as established by Darwin. Recent analyses have produced bushes rather than resolved trees, with the structure of some parts remaining elusive. It becomes more and more obvious that phylogenetic relationships are better described by forests and networks and that species evolution looks more like a rhizome. The chimerism and mosaic structure of all living organisms through both non-vertical inheritance and de novo creation can only be assimilated and described by a post-Darwinist concept.

In this Research Topic we wish to highlight the influence of microbiology and genomics on our understanding of the complexity of gene repertoires, and also demonstrate how current knowledge does not support Darwin’s theory. Microbiology has offered a great advance in the way we perceive life. Evidence obtained from studies on bacterial and viral evolution, lateral inheritance, phylogenetic trees and biodiversity continues to challenge what constituted, until recently, an unimpeded dogma in biology.
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This collection of 14 articles in Frontiers in Cellular and Infectious Microbiology aims to re-assess Darwinian and neo-darwinian concepts of biological evolution in the light of the discoveries in comparative genomics of microbes in the twenty-first century. At the time of the publication of the Origins of species in 1859 (Darwin, 1859), Darwin's vision of evolution revolutionized the scientific worldview and even the human perception of the world beyond science. However, a century later, with the consolidation of the Modern Synthesis (neo-darwinism), evolutionary biology has adopted a rather rigid, somewhat dogmatic framework.

Evolutionary biologists have accepted as indisputable truths that the mutations were entirely random. They believe that:

(i) it was only selection that brought determinism and directionality into the process of evolution

(ii) all evolutionarily consequential heritable changes were extremely small in scale (the principle of gradualism that was staunchly defended by Darwin himself)

(iii) natural selection was the only important factor that shaped the evolving phenotypes and genotypes, driving in particular the emergence of biological complexity

(iv) the history of all life forms, at least in principle, could be adequately described by a single Tree of Life (following the famous sole illustration in the Origin) (Dobzhansky, 1937; Huxley, 1942).

At the end of the twentieth and beginning of the twenty-first centuries, genomics, especially comparative genomics of microbes, shattered each of these key tenets of (neo)Darwinism. We are now fully aware that many of the most important genomic changes are by no account miniscule; that the mutational process is far from being completely random; that evolution of complexity via routes distinct from natural selection is possible; and that pervasive horizontal gene transfer makes the original concept of the Tree of Life largely obsolete. Perhaps even more remarkably, the study of genome evolution, in particular in microbes, has brought to fore completely novel aspects of the evolutionary process of which Darwin and the architects of the Modern Synthesis were utterly unaware. Conceivably, the foremost of these phenomena is the unending arms race between cellular life forms and genomic parasites such as viruses and mobile elements that shapes the genomes of both the hosts and the parasites (Raoult, 2010a; Koonin, 2011).

In the nineteenth century, Darwin's concept of evolution was most brutally assaulted by Nietzsche who had a very low opinion of Darwin's work whose rational side, he found, was totally incompatible with life (Nietzsche, 1995). Essentially, Nietzsche believed that Darwin's theories were too simple to be true! Nietzsche's philosophical successors, especially the French postmodern philosophers, extended this radical attack on the dominant concepts of evolution. Among these, Deleuze and Guattari's reflections in “Le rhizome” (Deleuze and Guattari, 1976) are inspired by Jacob's work on bacteriophages. Deleuze and Guattari presciently declare that heredity is a mixture of horizontal and vertical descent, and that the origin of all living things was more like a rhizome than a tree. Thus, Deleuze and Guattari seem to have anticipated the key importance of networks in science and life years before the advent emergence of the Internet (Raoult, 2010b). These epistemological insights prepare the ground for acceptance of the revolutionary impact of the twenty-first century discoveries in genomics and epigenomics.

Although the major importance of microbial genomics for understanding evolution is beyond doubt, researchers differ in their opinions as to how radical are the changes brought about by the new discoveries. Some hold that the new discoveries only add details to the neo-Darwinian view of evolution whereas others maintain that the basic tenets of (neo)Darwinism have been falsified in the Popperian sense (Popper, 1959); yet others strive to find a middle ground by positing that, although the bulk of today's evolutionary biology consists of data and concepts that simply did not exist even 30 years ago, at the core there remains the key Darwinian principle of descent with modification.

The present Frontiers collection encompasses all these views. In a series of five articles on different aspects of evolution (microbial and beyond) (Georgiades et al., 2011; Colson and Raoult, 2012; Georgiades and Raoult, 2012; Ramulu et al., 2012) including a sweeping overview of modern evolutionary biology (Merhej and Raoult, 2012), Raoult and colleagues promote radical upstaging of the Darwinian paradigm. This proposed overhaul focuses primarily on the Rhizome of Life, the network representation of evolution that under this view is to supplant the Tree of Life. Two articles, by Forterre (Forterre, 2012) and by Gupta and colleagues (Bhandari et al., 2012), present the contrasting, conservative view, that the Darwinian principles remain both necessary and sufficient to understand evolution. Forterre, however, also emphasizes the fundamental importance of cell-virus conflicts that could not have been known by Darwin and his early followers (Forterre, 2012). The review article by Koonin and Wolf (Koonin and Wolf, 2012) strives to balance the radical and the conservative approaches to Darwinian legacy by emphasizing integration more than a paradigm shift sensu Kuhn (Kuhn, 1962). Koonin and Wolf outline the fundamental impact of new discoveries while acknowledging Darwinian descent with modification as the surviving core of evolutionary biology. Segerman discusses the major differences in the evolutionary modalities of the stable core and the dynamic compendium of accessory genes in bacteria (Segerman, 2012). Two articles, by Danchin and Rosso (Danchin and Rosso, 2012) and by Aravind et al. (2012) address the effect that gene transfer between eukaryotes and prokaryotes as well as (once again) conflicts between selfish genetic elements and their hosts affect the evolution of eukaryotes. Bertelli and Greub discuss a more specific model system, the phagocytic amoebas and show that these organisms are veritable melting pots of horizontal gene exchange (Bertelli and Greub, 2012).

The Darwinian revolution in the nineteenth century went far beyond the scientific domain and had the broadest philosophical and cultural implications (Raoult, 2010a). It seems appropriate therefore that two articles in the present collection venture outside evolutionary biology and into economic theory and philosophy. Salvucci emphasizes the importance of moving away from simplistic models of market economy, such as those of Smith and Malthus that inspired Darwin to more integrative approaches suitable for analysis of the diverse interactions between different life forms that are central to evolution (Salvucci, 2012). Finally, Baquero and Moya address the problem of intelligibility of complex microbial systems by turning to the ideas of Wittgenstein and advocate the development of complex models that will be commensurate with the complexity of life (Baquero and Moya, 2012).

The philosophical aspect of today's evolutionary biology is especially fascinating. Clearly, we are moving away from the rigid positivist views that dominated rational thinking in Darwin's day and inevitably influenced his thought to a much richer, dynamic philosophical framework of incessant change heavily affected by chance that reverberates with the post-modern thought of the twentieth century but also harks back to the great pre-Socratic philosophers of Greece, Democritus, Parmenides, Heraclites, and Empedocles (Darwin, 1859; Dobzhansky, 1937; Huxley, 1942).

It is our hope that in this collection of articles, the interested reader finds a rich rhizome of ideas that not only summarize the key developments of evolutionary biology in the first decade of the twenty-first century but also might presage some of the directions it will take in the decades to come.
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When Charles Darwin formulated the central principles of evolutionary biology in the Origin of Species in 1859 and the architects of the Modern Synthesis integrated these principles with population genetics almost a century later, the principal if not the sole objects of evolutionary biology were multicellular eukaryotes, primarily animals and plants. Before the advent of efficient gene sequencing, all attempts to extend evolutionary studies to bacteria have been futile. Sequencing of the rRNA genes in thousands of microbes allowed the construction of the three- domain “ribosomal Tree of Life” that was widely thought to have resolved the evolutionary relationships between the cellular life forms. However, subsequent massive sequencing of numerous, complete microbial genomes revealed novel evolutionary phenomena, the most fundamental of these being: (1) pervasive horizontal gene transfer (HGT), in large part mediated by viruses and plasmids, that shapes the genomes of archaea and bacteria and call for a radical revision (if not abandonment) of the Tree of Life concept, (2) Lamarckian-type inheritance that appears to be critical for antivirus defense and other forms of adaptation in prokaryotes, and (3) evolution of evolvability, i.e., dedicated mechanisms for evolution such as vehicles for HGT and stress-induced mutagenesis systems. In the non-cellular part of the microbial world, phylogenomics and metagenomics of viruses and related selfish genetic elements revealed enormous genetic and molecular diversity and extremely high abundance of viruses that come across as the dominant biological entities on earth. Furthermore, the perennial arms race between viruses and their hosts is one of the defining factors of evolution. Thus, microbial phylogenomics adds new dimensions to the fundamental picture of evolution even as the principle of descent with modification discovered by Darwin and the laws of population genetics remain at the core of evolutionary biology.
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Introduction

Charles Darwin's On the Origin of Species that appeared in London in 1859 (Darwin, 1859) was the first plausible, detailed account of biological evolution, after the simultaneous and independent brief outlines by Darwin and Alfred Russell Wallace that were published the previous year (Darwin, 1858; Wallace, 1858). Darwin did not discover evolution and did not even offer the first coherent description of evolution: exactly 50 years before the appearance of the Origin, the French botanist and zoologist Jean-Baptiste Lamarck published his magnum opus Philosophie Zoologique (Lamarck, 1809) in which he outlined his vision of the history of life in considerable detail. However, the cornerstone of Lamarck's worldview was the purported intrinsic drive of evolving organisms toward “perfection,” a patently non-scientific, irrational idea. Moreover, Lamarck's view of the role of evolution in the history of life was severely limited: he did not postulate deep common ancestry of life forms but rather believed in multiple acts of creation, perhaps a separate act for each species. Prescient ideas on evolutionary changes of organisms actually have been developed centuries before Lamarck and Darwin, most notably by the great Roman thinker Titus Lucretius Carus (2011).

However, the fact remains that it was Darwin's first evolutionary synthesis that had launched the field of evolutionary biology in a sense close to the modern one and had remained central to biological thinking over the last 150 years inasmuch as “nothing in biology makes sense except in the light of evolution” (Dobzhansky, 1973). Darwin's concept lacked the essential foundation in genetics for the obvious reason that mechanisms of heredity were unknown in his day. Hence Darwin's deep concern over the so-called Jenkin nightmare, the objection to Darwin's concept according to which beneficial changes would be “diluted” after several generations in the progeny of organisms in which they occurred. The genetic basis of evolution was established after the rediscovery of Mendel's laws, with the development of population genetics in the first third of the twentieth century, primarily, through the pioneering work of Fisher, Wright, and Haldane (Fisher, 1930; Haldane, 1932). The new, advanced understanding of evolution, informed by theoretical and experimental work in genetics, was consolidated in the Modern Synthesis of evolutionary biology, usually, associated with the names of Dobzhansky, Julius Huxley, Mayr, and Simpson (Dobzhansky, 1937; Simpson, 1944). Apparently, the Modern Synthesis reached its mature form during the 1959 centennial celebration for the Origin in Chicago (Tax and Callender, 1960; Browne, 2008).

Now, 50 years after the consolidation of the Modern Synthesis, evolutionary biology undoubtedly faces a new major challenge and, at the same time, the prospect of a new conceptual breakthrough (Rose and Oakley, 2007). If the Modern Synthesis can be succinctly described as Darwinism in the Light of Genetics (often referred to as neodarwinism), then, the new stage is Evolutionary Biology in the Light of Genomics and Microbiology. The combination of genomics and microbiology is indeed critical in the advent of this new age of evolutionary biology (Koonin and Wolf, 2008; Koonin, 2009a; Woese and Goldenfeld, 2009). Lamarck and Darwin (let alone Lucretius) were plainly unaware of the existence of genomes and microbes. The architects of the Modern Synthesis certainly knew about genomes and microbes “in principle” but, in the former case, did not know enough to incorporate information on genomes beyond the (important but limited) level of formal genetics, and in the latter case, did not realize the importance of microbes for understanding evolution at all.

In this article, we attempt to outline the key changes to the basic tenets of evolutionary biology brought about primarily by comparative and functional microbial genomics and argue that, in many respects, the genomic stage could be a more radical departure from the Modern Synthesis than the latter was from classic Darwinian concepts.

From the Tree of Life to the Web of Gene Trees

The famous sole illustration of the Origin of Species shows a Tree of Life (or more precisely, a series of trees presumably depicting the evolution of different divisions of organisms). Obviously, Darwin was not the first to use a tree to depict history. Before him, trees had been employed for many centuries to capture human genealogy, e.g., that of the Old Testament patriarchs as well as later monarchs. Darwin, however, was the first to make the crucial conceptual step by boldly proposing that the entire history of life could (at least in principle) be accurately represented by a tree growing from a single root. Darwin's tree was a sheer scheme, without any attempt to assign real life forms to the branches but in just a few years Ernst Haeckel populated the tree by a huge variety of organisms, almost exclusively animals (Haeckel, 1997). Haeckel inferred the relationships between organisms reflected in the topology of his tree primarily on the data of comparative anatomy that was already advanced in his day. Over the next century, there was considerable progress in this field leading to improved resolution of the tree but qualitatively the situation has not changed. Phylogeny largely served as a tool for systematics, and the architects of the Modern Synthesis were much more interested in mechanisms of microevolution and speciation than in the course of macroevolution that is supposedly reflected in the Tree of Life. Although by mid-twentieth century microbiologists had realized full well that microbes possess genomes and can mutate, and accordingly, should evolve, in principle, similarly to animals and plants, all attempts to infer microbial evolution from morphological and physiological characters had been unqualified failures (Stanier and Van Niel, 1962).

The fortunes of phylogeny and microbial evolution changed abruptly in the late 1970s when Carl Woese and colleagues realized that the nucleotide sequence of a universally conserved molecule, 16S rRNA, could be used to infer a universal phylogenetic tree (rather incredibly, from today's vantage point, Woese's original seminal work employed oligonucleotide maps of 16S RNA rather than sequences; however, the actual sequences became readily available shortly, and the main conclusions of the early studies stood) (Woese, 1987). Comparison of 16S RNA sequences had swiftly led to the discovery of a distinct domain of life, the Archaea, and its distinct phylogenetic affinity with the eukaryotes (Woese and Fox, 1977; Woese et al., 1990; Woese, 2004). Over the following few years, major phyla of Bacteria, Archaea and unicellular eukaryotes have been established (Woese, 1987), and the famous tripartite tree (Figure 1) emerged as the paradigm of the history of cellular life on earth which it more or less remains to this day (Woese et al., 1990; Pace, 1997, 2006, 2009). This was a veritable triumph of molecular phylogenetics and a dramatic departure from Haeckel's Tree of Life. In Haeckel's tree, Protista (unicellular eukaryotes) and Monera (bacteria) occupied unspecified positions near the root. For all purposes, these measly, tiny creatures were not considered important in the big picture of evolution. The tripartite tree of Woese and colleagues was a complete change of perspective. Now, two of the three domains of life were represented by prokaryotes (former Monera), and within the eukaryote domain, the majority of the phyla were represented by unicellular organisms (former Protista). The life forms formerly considered “important,” i.e., the complex multicellular organisms (animals and plants), represent only two among the numerous branches of eukaryotes. There is no denying the fact that the true biodiversity on this planet is the diversity of unicellular microbes.
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Figure 1. The three-domain tree of life: a generalized schematic, A, Archaea, B, bacteria, E, Eukaryota.



In the 1980s, when the paradigmatic status of the three-domain Tree of Life was established, there was little concern over the fact that technically this tree represented the history of only one gene, even if a universally present and highly conserved one. The 16S RNA was unanimously considered a suitable reference gene to represent the evolution of the respective organisms. Other universal genes, such as 18S RNA ribosomal proteins or RNA polymerase subunits, were thought to be important only to the extent their inclusion could improve the resolution of phylogenetic trees.

Even long before the advent of the genomic era, microbiologists realized that bacteria had the capacity to exchange genetic information via horizontal gene transfer (HGT), in some cases, producing outcomes of major importance, such as antibiotic resistance (Syvanen and Kado, 2002). Multiple molecular mechanisms of HGT have been described including plasmid exchange, transduction (HGT mediated by bacteriophages), and transformation (Bushman, 2001) [indeed, the phenomenon of transformation was employed by Avery and colleagues to demonstrate the genetic function of DNA in 1944 (Avery et al., 1944a)]. However, despite these discoveries, HGT was generally viewed as a minor phenomenon that was important only under special circumstances and, in any case, did not in any manner jeopardize the Tree of Life that could be reconstructed by phylogenetic analysis of rRNA and other conserved genes.

This comfortable belief was abruptly shattered when the early findings of comparative genomics of bacteria and archaea in the late 1990s have indicated that, at least in some prokaryotic genomes, a substantial fraction of genes were acquired via demonstrable HGT, sometimes across log evolutionary distances. The pathogenicity islands and similar symbiosis islands that comprise over 30% of the genome in many pathogenic and symbiotic bacteria and obviously travel between bacteria via HGT are the prime case in point (Hacker and Kaper, 2000; Perna et al., 2001). Perhaps, more strikingly, comparative analysis of the genomes of hyperthermophilic bacteria and archaea has suggested that in shared habitats even HGT between the two domains of prokaryotes, Archaea and bacteria, can be extensive, with up to 20% of the genes of bacterial hyperthermophiles showing archaeal affinity (Aravind et al., 1998; Nelson et al., 1999; Koonin et al., 2001). Subsequent phylogenomic studies (that is analysis of phylogenies of multiple genes from numerous genomes) have led to a shocking realization: in prokaryotes at least, there seem not to exist two genes with the exact same evolutionary history (Koonin et al., 2001; Gogarten and Townsend, 2005; Gribaldo and Brochier, 2009; Zhaxybayeva, 2009; Boto, 2010; Andam and Gogarten, 2011; Zhaxybayeva and Doolittle, 2011). Apparently, this is so because all genes have experienced HGT at some stage (s) of their evolution. Although some genes, in particular those that encode components of the translation system, show substantial congruency (but not actual identity) between each other and with the standard rRNA tree, the number of such congruent trees is small. In a memorable phrase of Bill Martin and Tal Dagan, the ribosomal tree of a life is at best “a tree of one percent” (of all genes in microbial genomes) (Dagan and Martin, 2006).

Thus, “evolution of prokaryotes and the Tree of Life are two different things” (Bapteste et al., 2009; Martin, 2011). Then, the question arises: is there any substantial tree component in evolution at all and accordingly does it make any sense to speak of HGT? Indeed, horizontal transfer can be defined as such only against some standard of vertical evolution (Bapteste et al., 2005; Doolittle and Bapteste, 2007; Bapteste and Boucher, 2009). As Martin and Dagan wryly notice, if a model (in this case, the Tree of Life model) adequately describes 1% of the data, it might be advisable to abandon it and search for a better one (Dagan and Martin, 2006). Such an alternative indeed has been proposed in the form of a dynamic network of microbial evolution in which the nodes are bacterial and archaeal genomes, and the edges are the fluxes of genetic information between the genomes (Kunin et al., 2005; Dagan and Martin, 2009; Dagan, 2011; Kloesges et al., 2011). In the extreme, such a network has no vertical, tree-like component whereas the weights of the edges differ depending on the intensity of the gene exchange (Figure 2). Moreover, it has been persuasively argued that “tree thinking in biology” might be a sheer myth, however deeply entrenched in the textbooks and the minds of biologists (Bapteste et al., 2005; Doolittle and Bapteste, 2007; Bapteste and Boucher, 2009). Indeed, there is potential for tree-like patterns to emerge from relationships that have nothing to do with common descent as exemplified by Doolittle and Bapteste by the distribution of human names across the departments of France (Doolittle and Bapteste, 2007).
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Figure 2. A network representation of the evolutionary process. The network still includes some tree components such that the three domains of cellular life remains distinct but there is also an extensive horizontal component of genetic information flow that in particular dominates the earliest stages of evolution (Koonin and Wolf, 2008).



One could argue, however, that the tree pattern is not at all illusory but, on the contrary, is intrinsic and central to the entire process of biological evolution. The relevance and generality of this pattern plainly follows from the fundamental character of the replication process that underlies the evolution of life (Koonin and Wolf, 2009b). Successive generations of replicating genomes (and accordingly, dividing cells) follows an inherently binary branching pattern that, over generation naturally yields a tree. The tree pattern is predicated on a low rate of intragenic recombination which is indeed the case for all evolutionary distances large enough to prevent homologous recombination. Accordingly, evolutionary history of individual genes can be adequately represented by trees (the practical problems of accurate phylogeny reconstruction notwithstanding).

A natural, key question to ask then is: are the topologies of the trees for individual genes substantially congruent? In other words, is it possible to identify a statistically significant central trend in the vast “forest” of gene trees? Statistical analysis of thousands of phylogenetic trees for diverse genes of prokaryotes (in fact, all genes with sufficient degree of conservation to obtain a reliable tree topology) has shown that a highly significant central trend is indeed detectable in the phylogenetic forest (Puigbo et al., 2009, 2012; Koonin et al., 2011). Moreover, the consensus topology of the supertree of the (nearly) universal genes (the notorious 1%) turned out to be the best approximation of that central trend. Thus, although any phylogenetic tree of a central, conserved component of the cellular information-processing machinery (such as rRNA or the set of universal ribosomal proteins) represents only a minority of the phylogenetic signal across the phylogenetic forest (see details below) and so by no account can be considered an all-encompassing “Tree of Life,” neither is such a phylogeny an arbitrary and irrelevant “tree of 1%.” On the contrary, these trees represent a central evolutionary trend and reflect a “statistical tree of life” (O'Malley and Koonin, 2011).

The Dynamic Gene Universe

For decades microbiologists knew that bacteria sometimes exchange genes (Low and Porter, 1978; Arber, 1979; Campbell, 1981; Syvanen, 1985, 1994). Moreover, the phenomena of transformation, acquisition of new traits via import of DNA from the environment and integration of the imported molecules into the bacterial genome, and transduction, transfer of genetic markers by bacteriophages, have been studied in considerable detail. In fact, transformation was the basis of the seminal 1944 experiments of Avery and colleagues which demonstrated that the genetic material of bacteria consisted of DNA (Avery et al., 1944b). In addition, microbiologists realized that such HGT could exert well-defined, major biological effects such as conferring pathogenicity (as in Avery's experiments) or antibiotic resistance on the recipients of horizontally transferred genes. However, all this knowledge notwithstanding, in the pregenomic era, HGT was considered a highly specialized genetic pathway rather than the mainstream of microbial evolution.

Comparative genomics brought the shocking realization that bacterial and archaeal genomes were literally shaped by HGT. This was clearly demonstrated by early analyses of the genomes of bacterial hyperthermophiles that were shown contain about 20% of genes of obvious archaeal origin (Aravind et al., 1998; Nelson et al., 1999; Koonin et al., 2001); conversely, genomes of mesophilic Archaea, such as Methanosarcina, encompass roughly the same proportion of genes clearly derived from bacteria (Deppenmeier et al., 2002; Galagan et al., 2002). These are striking examples of extensive gene exchange between the most distant prokaryotes that is stimulated by cohabitation. Not unexpectedly, the extent of gene exchange is far greater between more closely related organisms, even if often more difficult to detect (Abby et al., 2012). Nevertheless, phylogenomic analysis of a variety of bacteria and archaea clearly reveals their mosaic origins: different genes affiliate with homologs from different organisms (Koonin et al., 2001; Sicheritz-Ponten and Andersson, 2001; Koonin, 2003; Esser et al., 2007; Koonin and Wolf, 2008; Kloesges et al., 2011). These findings have been encapsulated in the concept of the Rhizome of Life under which the history of any given genome can be represented as a rhizome, with diverse sources and evolutionary histories for different genes (Raoult, 2010; Merhej et al., 2011). Recent, detailed studies indicate that at least in tight microbial communities, such as for instance the human gut microbiota, gene exchange is constant and rampant (Smillie et al., 2011).

In the face of the increasingly apparent genomic promiscuity, one cannot help asking whether “horizontal gene transfer” is a viable concept at all: indeed, for any extended span of evolution, HGT will be identifiable if and only if there is some objectively definable “vertical” standard to compare against. Otherwise, all genetic exchanges would be equal, and the only adequate depiction of evolution would be an undirected network graph. Thus, the validity of the tree representation of evolution and the very existence of HGT are inextricably linked. The results of exhaustive comparison of the individual gene trees in the “phylogenetic forest” discussed in the preceding section reveal the existence of substantial coherence of phylogenetic tree topologies, especially among highly conserved, (nearly) ubiquitous genes that encode components of the translation system (Puigbo et al., 2009). There are many exceptions to this generalization including extensive HGT of genes coding for aminoacyl-tRNA synthetases (Wolf et al., 1999; Woese et al., 2000) and even multiple cases of HGT of genes encoding ribosomal proteins (Brochier et al., 2000; Makarova et al., 2001; Yutin et al., 2012). Nevertheless, these genes appear to comprise a single, co-evolving ensemble, in at least general agreement with the so-called complexity hypothesis (Jain et al., 1999; Wellner et al., 2007; Abby et al., 2012). Under the complexity hypothesis, HGT of genes encoding subunits of macromolecular complexes is largely suppressed because of the deleterious effect caused by disruption of interactions refined by a long time of co-evolution. Indeed, a recent analysis has shown that it is the involvement in complex formation that shows a strong negative correlation with the rate of HGT, rather than any specific biological function (Cohen et al., 2011). Thus, genes encoding many translation system components probably coevolve and accordingly are rarely horizontally transferred because they are preferentially involved in large complexes (above all, the ribosome itself) rather than owing to their special biological importance or any other peculiarities of their biological function. Other genes show a much weaker but also significant phylogenetic coherence with the nearly universal genes for translation system components, perhaps also reflecting the involvement in complex formation.

The same series of phylogenomic studies that demonstrated the validity of the statistical tree of life quantified the contributions of tree-like (vertical) and web-like (horizontal) gene transmission to the relationships between bacterial and archaeal genomes (Puigbo et al., 2010, 2012). The results came out remarkably different for the ~100 nearly universal trees and the rest of the trees in the phylogenetic forest. The evolution of the nearly universal trees is dominated by the tree-like trend which contributes approximately 2/3 of the evolutionary information whereas in the rest of the forest, the ratio is the opposite, with about 2/3 of the signal coming from horizontal gene exchange (Figure 3).
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Figure 3. Tree-like (vertical) and web-like (horizontal) contributions in the evolution of nearly universal genes and the entire phylogenetic forest. The two heat maps schematically depict comparison of bacterial and archaeal genomes as described previously (Puigbo et al., 2010).



The extensive HGT that permeates the prokaryote world is the source of gene gain by bacterial and archaeal genomes. Perhaps, the best characterized case of massive gene gain is the emergence of pathogenic bacterial strains that often evolve by acquiring the so-called pathogenicity islands that sometimes comprise over 30% of the pathogen's genome as first revealed by the comparison of the genomes of laboratory and wild strains of E. coli (Perna et al., 2001; Zhang et al., 2007; Eppinger et al., 2011). The opposite trend, gene loss, is at least as prominent as gene gain via HGT (Snel et al., 2002; Mirkin et al., 2003). A prime example is evolution of intracellular parasites and symbionts, for example, Buchnera, a close relative of E. coli that lost about 90% of the ancestral genes (Perez-Brocal et al., 2006); several other intracellular bacterial parasites and symbionts show even more drastic genome reduction (Klasson and Andersson, 2004; Perez-Brocal et al., 2006; McCutcheon and Moran, 2012).

The balance between gene gain and gene loss translates into a distinct shape of the distribution of gene occurrence in prokaryote pangenomes at all levels, from closely related bacteria (e.g., those of Enterobacteria) to the entirety of sequenced bacterial and archaeal genomes (Koonin and Wolf, 2008; O'Malley and Koonin, 2011). This universal distribution has an asymmetric U-shape and can be approximated by three exponential functions (Figure 4). The first of these corresponds to a small, highly conserved core (the nearly universal genes discussed above); the second exponent describes the much larger “shell” of genes with limited conservation; and the third one delineates the vast “cloud” of rare, poorly conserved genes. Thus, the gene universe is dominated by rare, sparsely distributed genes most of which are not covered by the limited available sampling of genomes and still remain to be discovered although in each particular genome the moderately conserved “shell” genes comprise the majority (Figure 5). The dynamic, fluid character of the prokaryote genomes yields a distinct, fractal-like structure of the gene universe (O'Malley and Koonin, 2011).
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Figure 4. The universal distribution of gene commonality in the microbial genomic universe: a generalized schematic. The three broken lines represent three exponential functions that fit the core (on the right), the shell (in the middle) and the cloud (on the left) of prokaryotic genes (O'Malley and Koonin, 2011).
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Figure 5. The core, shell, and cloud of microbial genes. A generalized schematic showing the approximate contributions of the core, shell, and cloud to the pangenomes of prokaryotes and individual genomes.



Are There Species in Prokaryotes?

The title of Darwin's seminal book “The Origin of Species” is deeply steeped in traditions of eighteenth and nineteenth century biology that tended to view animal and plant species as key units of biological organization. Darwin himself actually saw species more as an arbitrary category in the continuum of varying life forms than a fundamental unit of life. In the twentieth century the species concept received its biological interpretation, primarily in the work of Ernst Mayr who famously defined a species as a system of panmictic populations that are genetically isolated from other such systems (Mayr, 1944). This concept indeed captures a key feature of the biology of organisms with regular, obligatory sexual reproduction such as, above all, animals and to a lesser extent plants.

Most of the prokaryotes do not engage in regular sex but instead exchange genes via HGT with diverse other microbes that they happen to cohabitate with. In general, in the prokaryote world, there are indeed no discrete, genetically isolated systems of panmictic populations but rather complex webs of gene exchange (Dagan et al., 2008; Koonin and Wolf, 2008). Thus, the very notion of species as a distinct biological category does not apply even though traditionally bacteria and archaea are still denoted by Linnaean species names (e.g., Escherichia coli or Haloferax volcanii) (Konstantinidis et al., 2006; Cohan and Perry, 2007; Doolittle and Zhaxybayeva, 2009; Fraser et al., 2009). However, the modes of evolution substantially differ across the diversity of prokaryotes, spanning the entire continuum from fully sexual to fully clonal populations (Smith et al., 1993; Doolittle and Zhaxybayeva, 2009). Some bacteria, especially parasites such as for example Neisseria gonorrhoeae, have been shown to form largely isolated communities that engage in regular conjugation, the bacterial equivalent of sex, resulting in extensive homologous recombination. For these distinct organisms but not for the majority of bacteria and archaea, Mayr's biological definition of species might be a relevant concept.

The irrelevance of the (traditional) species concept for most prokaryotes by no means implies non-existence of structure in the genome space. Indeed, bacteria and archaea that share common origin in phylogenetic trees of marker genes, such as rRNA, typically also possess similar gene content. The “genome-trees” constructed on the basis of the (dis)similarity of gene content are generally congruent with phylogenetic trees of highly conserved marker genes although interesting deviations that reflect similarities in life style and/or extensive gene exchange have been detected as well (Snel et al., 1999, 2005; Wolf et al., 2002).

Thus, although the bacterial and archaeal “species” are not species in the regular sense, they are “galaxies” in the gene universe that form distinct, hierarchical clusters. Interestingly, it has been shown that, among the processes that lead to the divergence of gene content between evolving lineages of prokaryotes, gene loss appears to occur stochastically and generally follows the divergence of marker genes whereas gene gain (primarily, via HGT) is more episodic (Snel et al., 2002; Novichkov et al., 2004).

Does Evolution Advance Complexity?

The idea of a general evolutionary trend toward increasing complexity is extremely popular among both lay public and scientists and certainly was shared by Darwin who wrote, for example, in famous quote: “as natural selection works solely by and for the good of each being, all corporeal and mental endowments will tend to progress toward perfection” (Darwin, 1859). This view does not imply any mysterious strive for perfection as imagined by some pre-Darwinian biologists including Lamarck (1809) or teleology of any kind. Nevertheless, Darwin's position does suggest a trend of evolution from simple to complex forms which is indeed a highly intuitive notion that has some obvious support in well known facts of the history of life on earth. For example, the most organizationally complex organisms with the largest genomes, animals, and plants, appear only at relatively late stages of evolution. Even more generally, at the earliest stages in the evolution of life, origin of complex structures, such as the cell itself, “from so simple a beginning” (Darwin, 1859) appears inevitable. Thus, notwithstanding the numerous cases of reductive evolution, in particular among parasites and symbionts, the belief in a general complexification trend in the evolution of life appears to be common.

However, is complexification the prevailing modality of evolution? Phylogenomic reconstruction, at least for bacteria and Archaea, suggests otherwise. It is not surprising that differential gene loss dominates the evolution of commensal bacteria, such as Lactobacilli, from a complex free-living ancestor (Makarova et al., 2006). However, a qualitatively similar pattern was detected in evolutionary reconstructions for all bacteria and archaea (Snel et al., 2002; Mirkin et al., 2003; Makarova et al., 2007). Strikingly, more recent reconstructions that were performed using larger genome sets and more sophisticated computational methods confidently indicate that the genome of the last common ancestor of all extant archaea apparently was at least as large and complex as that of typical modern organisms in this domain of cellular life (Csuros and Miklos, 2009). Fully compatible reconstruction results have been reported for the expanded set of cyanobacterial genomes (Larsson et al., 2011). Thus, counter-intuitively, at least in prokaryotes, genome shrinkage that is sometimes called streamlining (Lynch, 2006) and is attributed to increasing selective pressure in successful, large populations (Lynch, 2006; Koonin, 2009b), appears to be is no less and probably more common than genome growth and complexification.

The Wrightean-Darwinian-Lamarckian Continuum of Evolutionary Processes

The Modern Synthesis of evolutionary biology emphasizes the randomness of mutations that provide the starting material for selection which engenders survival of the fittest under the given conditions and hence constitutes the adaptive, deterministic component of evolution. The insistence on such strict separation between the stochastic and deterministic aspects of evolution departs from Darwin's view that included the Lamarckian inheritance, with adaptive mutations directly caused by environmental cues, as an important, even if ancillary mechanism of evolution (Darwin, 1872).

Recently, several genetic phenomena with a distinct Lamarckian flavor have been discovered (Koonin and Wolf, 2009a; O'Malley and Koonin, 2011). Probably, the most striking case is the system of adaptive antivirus immunity, known as CRISPR-Cas (Clustered Regularly Interspaced Palindromic Repeats and CRISPR-associated proteins), that is present in most archaea and many bacteria (Koonin and Makarova, 2009; van der Oost et al., 2009; Marraffini and Sontheimer, 2010; Makarova et al., 2011). The CRISPR-Cas system integrates fragments of virus or plasmid DNA into a distinct, repetitive locus in the archaeal or bacterial genome. The transcript of this unique spacer functions as a guide RNA that is incorporated into a specific complex of Cas proteins possessing DNAse activity and directs this complex to the cognate alien DNA (or RNA) molecules that are cleaved and accordingly inactivated. The CRISPR-Cas system is amazingly efficient, with only about 10−5 failure rate (Deveau et al., 2008). This mechanism qualifies CRISPR-Cas as an adaptive immunity system, i.e., immunity system that adapts to a specific infectious agent, a novelty in prokaryotes (Koonin and Makarova, 2009; Bikard and Marraffini, 2012). Furthermore, the Lamarckian principle of inheritance and evolution is apparent in the mechanism of CRISPR-Cas function. Indeed, this system directly responds to an environmental cue (in this case, foreign DNA) by introducing a genetic change into the genome that is immediately adaptive with respect to that particular cue.

The discovery of the CRISPR-Cas immune system that functions on the Lamarckian principle drew attention to other phenomena that also seem to contain a Lamarckian component (Koonin and Wolf, 2009a; O'Malley and Koonin, 2011). Some of the common, central evolutionary processes such as HGT and stress-induced mutagenesis show a “quasi-Lamarckian” character. Indeed, even if HGT cannot be viewed as being directly caused by a specific environmental factor, it certainly is the case that the repertoire of the acquired genes depends on the environment. Genes common in a given environment will be acquired often and are likely to possess adaptive value. Stress-induced mutagenesis is triggered directly by environmental stress factors, e.g., desiccation or radiation, and produces variation that is required to develop resistant phenotype (Rosenberg and Hastings, 2003; Ponder et al., 2005; Galhardo et al., 2007; Galhardo and Rosenberg, 2009). The mutations are not specific to the biologically relevant loci but the activity of the molecular machineries of stress-induced mutagenesis [the best characterized of which is the SOS repair-mutagenesis system in bacteria (Sutton et al., 2000)] generates clusters of mutations, thus locally amplifying variability and so increasing the chance of adaptation once a single mutation appears in a relevant gene (Galhardo et al., 2007).

More generally, recent empirical and theoretical studies of diverse processes of stochastic and deterministic change in genomes make it clear that evolution is not limited to the basic Darwinian scheme of random variation that is subject to selection. Evolution can be more adequately depicted as a continuum of processes from completely random ones, under the Wrightean modality defined by random variation and random fixation of changes via genetic drift; to the Darwinian modality with random changes fixed by the deterministic process of selection; to the Lamarckian mode in which both variation and fixation are deterministic (Figure 6) (Koonin and Wolf, 2009a; O'Malley and Koonin, 2011).
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Figure 6. The continuum of evolutionary processes, from stochasticity to determinism.



Evolution of Evolvability: Dedicated Mechanisms for Evolution

All organisms possess a certain degree of evolvability, i.e., the ability to evolve. At the most basic level, evolvability stems from the theoretical impossibility of error-free replication. Genomic variation in evolving organisms is created by a combination of intrinsic replication errors, recombination and mutations induced external agents (mutagens). An intriguing, fundamental question in evolutionary biology is whether or not evolvability itself can evolve under selection, or put another way, whether there are dedicated mechanisms of evolution (Kirschner and Gerhart, 1998; Poole et al., 2003; Pigliucci, 2008; Brookfield, 2009). The prevailing wisdom among biologists seems to be that evolvability is not selectable but is simply maintained at a sufficient level by inevitable errors at all levels of biological information processing. Under this view, selection is always directed at minimization of the error rate but the ability to attain perfection is limited by genetic drift resulting in sufficient evolvability (Lynch, 2011). Evolutionary biologists are usually suspicious of the evolution of evolvability, generally under the old adage, “evolution has no forecast.”

Nevertheless, evidence in support of “evolvability of evolvability” is mounting. The very existence of complex molecular systems for stress-induced mutagenesis (error-prone repair) the activity of which is exquisitely regulated in response to stress implies that mechanisms enhancing variation when variation is needed for survival have evolved (Galhardo et al., 2007). Another remarkable mechanism that appears to have specifically evolved to generate variation involves the Diversity Generating Retroelements (DGR) (Medhekar and Miller, 2007). Strikingly, the DGR are found both in bacteriophages where they generate diversity in cell attachment surface proteins via reverse transcription-mediated mutagenesis, resulting in host tropism switching (Doulatov et al., 2004; Guo et al., 2008), and in bacteria themselves where they produce receptor variation leading to bacteriophage resistance (Bikard and Marraffini, 2012). The analogy between the activity of DGR and hypermutagenesis in animal immune systems is obvious except that the variation generated by the DGR is inherited.

Many bacteria and some archaea possess the natural transformation ability (that was used in the Avery experiment) that requires specialized, complex pumps (recently denoted transformosomes) that internalize DNA from the environment (Claverys et al., 2009; Johnsborg and Havarstein, 2009; Kruger and Stingl, 2011). The transformation machinery potentially could be viewed as a device that evolved under selective pressure to enhance HGT (Johnsborg and Havarstein, 2009). However, one could argue that the enhancement of HGT is only a side effect of the evolution of the transformation system, its actual raison d'etre being the utilization of DNA as a rich source of replication substrates (or simply food). This argument hardly can hold with regard to the type 4 secretion systems (T4SS) that specialize in secretion of DNA from bacterial cells (Hamilton et al., 2005; Hamilton and Dillard, 2006). The recently discovered Gene Transfer Agents (GTAs) are even more striking devices for DNA donation (Paul, 2008; McDaniel et al., 2010; Lang et al., 2012). The GTAs are a distinct type of defective bacteriophages that package in the capsid not the phage genome (which remains integrated in the host chromosome) but rather apparently random pieces of the host chromosome. The GTAs have been discovered in diverse bacteria and archaea and have been shown to infect and transfer their genetic content to a broad range of cohabitating prokaryotes (McDaniel et al., 2010). It does not seem conceivable that GTAs are anything but dedicated HGT vehicles. An additional notable aspect of T4SS and GTAs is that these devices mediate donation rather than consumption of DNA, i.e., apparently can directly benefit other microbes (recipients) rather than the donor. This seemingly altruistic behavior can be explained in terms of group selection whereby the object of selection is an ensemble of organisms that jointly benefit from adaptive mutations rather than a single organism. Group selection is a controversial subject in evolutionary biology (Maynard Smith, 1998; Borrello, 2005; Leigh et al., 2010) but the existence of dedicated devices for DNA donation appears to be a strong argument in its favor.

The discovery of T4SS and GTAs may be the most clear-cut pieces of evidence supporting evolution of evolvability just as the CRISPR-Cas system is the showcase for Lamarckian evolution. However, the case for the evolution of mechanisms for evolution seems to be much more general (O'Malley and Koonin, 2011). Population genetic theory holds that under a broad range of conditions a clonal population is generally doomed to collapse through the action of Muller's ratchet, the irreversible accumulation of deleterious mutations leading to gradual decline in fitness (Leigh et al., 2010; Bachtrog and Gordo, 2004). The effect of Muller's ratchet that has been directly demonstrated in controlled evolutionary experiments on RNA viruses (Chao, 1990; Duarte et al., 1992) and on bacteria (Andersson and Hughes, 1996). The principal way to escape Muller's ratchet is to enhance recombination via sex (in the form of meiotic crossing over in eukaryotes and in the form of conjugation in prokaryotes) or HGT. Just as sex is generally viewed as a mechanism that evolved to counteract the ratchet, HGT may be best understood as a more general variation-generating process that is supported by various evolved mechanisms. At the risk of being provocative, sex indeed can be legitimately regarded as a specialized form of HGT. Clearly, evolution maintains HGT within the optimal range rather than at the maximum possible level because the latter would eliminate genome stability and wreak havoc into selected high-fitness ensembles of genes (O'Malley and Koonin, 2011). Mechanisms that counter HGT also have evolved: these are the same that provide resistance against virus infection including CRISPR-Cas and restriction-modification (Marraffini and Sontheimer, 2008; Gardner and Olson, 2012).

At a different level, an apparent mechanism of evolution involves unusual, stable phenotype modifications that are widespread in bacteria and lead to coexistence of two distinct phenotypes in a clonal population, the so-called bistability regimes (Dubnau and Losick, 2006; Veening et al., 2008a; Piggot, 2010). For instance, under limited nutrient supply, Bacillus subtilis will form two subpopulations of which only the smaller one has the capacity to sporulate and thus yields the only survivors when the conditions become incompatible with cell growth and division (Veening et al., 2008a,b; Lopez et al., 2009). The coexistence is epigenetically inherited across many bacterial generations, hence this phenomenon has become known as bistability. In theoretical and experimental models bistability is rationalized as “bet hedging”: for organisms that live in often and unpredictably changing environments, it is beneficial to maintain a small subpopulation of likely survivors even when their fitness is comparatively low under normal conditions (Veening et al., 2008a; de Jong et al., 2011; Libby and Rainey, 2011; Rainey et al., 2011). The cost of maintaining this subpopulation is more than compensated by the benefit of survival under adverse conditions. Thus, the evolution of the regulatory circuitry that supports bistability appears to be not just a case of evolution of an evolutionary mechanism but more specifically evolution of a kin selection mechanism or evolution of altruism in bacteria. The evolution of kin selection demonstrated by bet hedging is paralleled by the mechanism of altruistic suicide that virus-infected bacteria and archaea commit using the toxin-antitoxin or abortive infection defense systems (Makarova et al., 2009; Van Melderen and Saavedra De Bast, 2009; Hayes and Van Melderen, 2011). In this case, by killing themselves early, before the virus has a chance to replicate, the microbes save their kin from infection. The reality of kin selection, just as that of group selection, is often hotly debated by evolutionary biologists (Nowak et al., 2010; Bourke, 2011; Ferriere and Michod, 2011; Strassmann et al., 2011) but the bistability/bet-hedging phenomena and altruistic suicide in bacteria and archaea seem to plainly demonstrate not only the existence but the evolvability of this form of selection.

In parallel with experimental studies, several theoretical models have been developed that characterize evolvability as a selectable trait in fluctuating environments (Earl and Deem, 2004; Jones et al., 2007; Draghi and Wagner, 2008). Thus, on the whole, and general theoretical doubts notwithstanding, evolution of evolvability appears to be an intrinsic and fundamental, if still poorly understood, aspect of the evolutionary process.

The Vast, Ancient World of Viruses

Viruses are no part of the modern synthesis or more generally the traditional narrative of evolutionary biology. Until very recently, viruses have been viewed primarily as pathogens of animals, plants, and bacteria. Several lines of recent discovery have radically changed this view and promoted viruses to a central position on the stage of evolution. This change in the evolutionary status of viruses and related selfish genetic elements has been discussed in detail elsewhere (Claverie, 2006; Koonin et al., 2006, 2011; Raoult and Forterre, 2008). Here we quickly recapitulate several key points, with a focus on the importance of viruses for evolutionary biology in general. Metagenomic and ecological genomics studies have shown that, astonishingly, viruses are the most common biological entities on earth (Edwards and Rohwer, 2005; Suttle, 2005, 2007). Viruses and/or virus-like mobile elements are present in all cellular life forms. Strikingly, in mammals sequences derived from mobile elements and endogenous viruses account for at least 50% of the genome whereas in plants this fraction can reach 90% (Feschotte et al., 2002; Kazazian et al., 2004; Devos et al., 2005; Hedges and Batzer, 2005). Even the genomes of some unicellular eukaryotes, such as Trichomonas vaginalis, consist mostly of inactivated transposons (Carlton et al., 2007; Pritham et al., 2007). Recruitment of mobile element sequences for transcription regulation and other cellular functions such as microRNA formation is a common phenomenon the full extent of which is not yet fully appreciated (Jordan et al., 2003; Piriyapongsa et al., 2007; Lisch and Bennetzen, 2011). Although genomes of prokaryotes are not so overwhelmed by mobile elements, due to the intense purifying selection, nearly all of them encompass multiple prophages and mobile elements. Notably, deletion of all prophages leads to a substantial drop of fitness in E. coli (Wang et al., 2010).

In at least some common environments such as ocean water and soil, the number of virus particles exceeds the number of cells by factors of 10–100 (Edwards and Rohwer, 2005; Suttle, 2007; Srinivasiah et al., 2008; Breitbart, 2012). Similarly, the genetic diversity of viruses, measured as the number of distinct genes, substantially exceeds the genetic diversity of cellular life forms. Furthermore, viruses, in particular bacteriophages, are major biogeochemical agents. Periodical killing of microbes, in particular cyanobacteria, has been identified as a major contributor to sediment formation and major contributors to the nutrient cycles in the biosphere (Suttle, 2007; Rohwer and Thurber, 2009). The same process obviously is a key determinant of the population dynamics of the hosts that shapes the selection-drift balance throughout the course of evolution (Weinbauer and Rassoulzadegan, 2004).

The very fact that viruses greatly outnumber bacteria in the environment implies that antivirus defense systems are central to the evolution of bacteria and archaea. This is indeed the case as made evident by the remarkable proliferation of diverse antivirus systems including CRISPR-Cas discussed above as well as multiple restriction-modification, abortive infection, toxin-antitoxin and other, still poorly characterized defense systems that in different combinations and with different abundances are present in most prokaryotes (Juhas et al., 2009; Labrie et al., 2010; Makarova et al., 2011; Martinez-Borra et al., 2012). Taken together, these findings and theoretical considerations strongly support the view that the virus-host arms race is one of the principal processes in all evolution (Forterre and Prangishvili, 2009; Stern and Sorek, 2011).

With regard to the classification of life forms, the only defensible position appears to be that viruses (and related mobile elements) and cells are the two principal categories of biological organization (Figure 7) (Raoult and Forterre, 2008; Koonin, 2010; O'Malley and Koonin, 2011); this view is independent of the semantic issue of viruses being “alive” or not (Koonin et al., 2009; Moreira and Lopez-Garcia, 2009; Raoult, 2009). These two categories of biological entities can be characterized as informational (genetic) parasites, i.e., viruses and other selfish elements, and genetically self-sustained organisms, i.e., cellular life forms. Mathematical modeling indicates that genetic parasites inevitably emerge in any replicator system (Szathmary and Maynard Smith, 1997; Takeuchi and Hogeweg, 2012). This conclusion is certainly intuitively plausible: one expects that cheaters will appear in any system with limited resources—in particular, in any system of replicators, such parasites will attempt to utilize the replication machinery without making it (Koonin and Martin, 2005). Also, the notion that virus-like selfish elements are an intrinsic part of life since its inception [which can be reasonably considered to coincide with the origin of replication (O'Malley and Koonin, 2011)] is compatible with the ubiquity of these elements in nature. In mathematical modeling, the outcome of the virus-host interaction depends on the specific parameters of the adapted model. In homogeneous models, virus-like parasites tend to cause collapse of the entire systems but in models with compartmentalization, which are most relevant for the actual evolution of life, stable host-parasite coexistence is possible (Takeuchi and Hogeweg, 2009). Moreover, the destructive effect of genetic parasites on the host is mitigated when a dedicated genetic information storage medium evolves, which could be one of the driving forces behind the evolution of DNA in the primordial RNA world (Takeuchi et al., 2011).
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Figure 7. The viral and cellular “empires” of life forms and domains within them. The cellular empire domains: A, Archaea; B, Bacteria; E, Eukaryota. The Virus empire domains: +R, positive-strand RNA viruses; −R, negative-strand RNA viruses; dsR, double-stranded RNA viruses; dsD, double-stranded DNA viruses; ssD, single-stranded DNA viruses; RT, retro-transcribing elements/viruses; VR, viroids.



Further support for the classification of viruses as one of the two “empires” of life is the diversity of the replication-expression cycles that is found among viruses and related elements. Indeed, while cellular life forms all use a uniform replication-expression strategy based on double-stranded (ds)DNA replication, transcription of genes into mRNA or non-coding RNA, and translation of mRNA into protein, viral genome can be represented by all known forms of nucleic acids, and alternative replication processes such as RNA replication and reverse transcription are widely used (Figure 7) (Koonin et al., 2006). Finally, although viral genomes are generally small compared to the genomes of cellular life forms (viruses being the ultimate genetic parasites), the range of genomic complexity is remarkable, from only about 300 nucleotides and no genes in the simplest virus-like parasites, the viroids, to over a megabase and more than 1000 genes (genomes that are more complex than those of many bacterial parasites and symbionts) in the giant mimiviruses (Raoult et al., 2004; Colson et al., 2012). Overall, the conclusion is inescapable that the entire history of life is a story of perennial interplay between genetic parasites and their hosts that is a major driver of evolution for both biological empires.

Evolution of Microbes and Viruses: A New Evolutionary Paradigm?

Prokaryotes (bacteria and archaea) and viruses entered the realm of evolution with the advent of genomics. Has the comparative study of these relatively simple (compared to eukaryotes) organisms radically changed the core tenets of evolutionary biology that were first envisaged by Darwin and were augmented with the genetic foundation in the Modern Synthesis? In terms of Kuhn's concept of the development of science (Kuhn, 1962), did the study of microbial evolution engender a paradigm shift?

It is not easy to answer this question definitively, possibly because the paradigm shift model does not adequately describe the evolution of biology (regardless of whether or not it fits the evolution of physics). Probably, a more appropriate epistemological framework is that of integration, i.e., a relatively smooth incorporation of the classic concepts into the new, more general and versatile theoretical constructs. This model of the evolution of science was recognized by Kuhn himself in his later work (Kuhn, 2002) and was recently examined by O'Malley in the context of biology (O'Malley, 2012; O'Malley and Soyer, 2012). The phylogenomic study of microbes and viruses uncovered new biological realms which Darwin and even the authors of the Modern Synthesis could not possibly fathom. The modes of evolution of these relatively simple organisms that, as we now realize, have dominated the biosphere since its beginning about 4 billion years ago to this day (and into any conceivable future) are different from the evolutionary regimes of animals and plants, the traditional objects of (evolutionary) biology. The study of microbial evolution has shattered the classic idea of a single, all-encompassing tree of life by demonstrating that the evolutionary histories of individual genes are generally different. Remarkably, however, these developments have not rendered trees irrelevant as a key metaphor of evolution (O'Malley and Koonin, 2011). Rather, they have shown that the bona fide unit of tree-like evolution is an individual gene not a genome, and a “tree of life” can only be conceived as a statistical trend in the “forest” of gene trees (Koonin and Wolf, 2009b). Tree-like evolution is a fundamental implication of the binary replication of the genetic material, so it served Darwin well to use a tree as the single illustration of his book. Without, obviously, knowing anything of DNA replication, Darwin grasped the central principle of the evolution of life, descent with modification, and the tree pattern followed naturally.

Microbiology yielded the first clear-cut case of Lamarckian evolution, the CRISPR-Cas system, and subsequent re-examination of other evolutionary phenomena (in both prokaryotes and eukaryotes) has strongly suggested that the (quasi)Lamarckian modality is common and important in all evolving organisms, completing the range of evolutionary phenomena from purely stochastic (drift, Wrightean evolution) to deterministic (Lamarckian evolution). Again, these findings not so much overturned but rather expanded the vision of Darwin who seriously considered Lamarckian mechanisms as being ancillary to natural selection (only the Modern synthesis banished Lamarck).

Crucially, the study of microbial evolution presented apparently undeniable cases of evolution of evolvability such as the GTAs and the DGRs. Moreover, the discovery of bet-hedging strategies and altruistic suicide in bacteria shows that kin selection (a subject of considerable controversy in evolutionary biology) is evolvable as well. Again, as in the case of Lamarckian mechanisms, these discoveries force one to re-examine many more phenomena and realize that evolution is not limited to fixation of random variation and survival of the fittest but rather is an active process with multiple feedback loops, and that dedicated mechanisms of evolution exist and themselves evolve. This is a major generalization that substantially adds to the overall structure of evolutionary biology but one has to realize that the principle of descent with modification remains at the core of all these complex evolutionary phenomena.

We now realize that evolution of life is to a large extent shaped by the interaction (arms race but also cooperation) between genetic parasites (viruses and other selfish elements) and their cellular hosts. Viruses and related elements, with their distinctive life strategy, informational parasitism, actually dominate the biosphere both physically and genetically, and represent one of the two principal forms of life that as intrinsic to the history of the biosphere as cells are. This new dimension of evolution simply could not be perceived by Darwin or even the creators of the Modern Synthesis due to the lack of relevant data.

Thus, we are inclined to view the change in evolutionary biology brought about by phylogenomics of microbes and viruses as a case of integration rather than an abrupt departure from the paradigm of the Modern Synthesis (Figure 8). Darwin realized the importance of descent with modification and the tree pattern of evolution it implies whereas Fisher, Wright, and Haldane derived the laws of population genetics that still constitute the core of our understanding of evolution. However, recent advances, in particular those of microbial phylogenomics, added multiple, new and interconnected layers of complexity (Figure 8) such that the conceptual core is but a small part of the current big picture of evolutionary biology.
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Figure 8. The conceptual structure of evolutionary biology: the Darwinian core and the new levels of complexity.
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Darwin's theory about the evolution of species has been the object of considerable dispute. In this review, we have described seven key principles in Darwin's book The Origin of Species and tried to present how genomics challenge each of these concepts and improve our knowledge about evolution. Darwin believed that species evolution consists on a positive directional selection ensuring the “survival of the fittest.” The most developed state of the species is characterized by increasing complexity. Darwin proposed the theory of “descent with modification” according to which all species evolve from a single common ancestor through a gradual process of small modification of their vertical inheritance. Finally, the process of evolution can be depicted in the form of a tree. However, microbial genomics showed that evolution is better described as the “biological changes over time.” The mode of change is not unidirectional and does not necessarily favors advantageous mutations to increase fitness it is rather subject to random selection as a result of catastrophic stochastic processes. Complexity is not necessarily the completion of development: several complex organisms have gone extinct and many microbes including bacteria with intracellular lifestyle have streamlined highly effective genomes. Genomes evolve through large events of gene deletions, duplications, insertions, and genomes rearrangements rather than a gradual adaptative process. Genomes are dynamic and chimeric entities with gene repertoires that result from vertical and horizontal acquisitions as well as de novo gene creation. The chimeric character of microbial genomes excludes the possibility of finding a single common ancestor for all the genes recorded currently. Genomes are collections of genes with different evolutionary histories that cannot be represented by a single tree of life (TOL). A forest, a network or a rhizome of life may be more accurate to represent evolutionary relationships among species.

Keywords: catastrophes, Darwin, gene creation, giant viruses, micorbial genomics, rhizome of life, sequence exchange




Introduction

The theory of evolution became a subject of deep reflection toward the end of the twentieth century. The development of the theory of evolution has benefited from the contributions of several authors, including Lamarck and Darwin (Koonin and Wolf, 2009). Their findings have been subjected to intense criticism. Indeed, their claim that all living species were transformed over time to give rise to new species was much to the dismay of the creationists (the equivalent of the “fixistes” in France) who believed that each species was created once and for all and that no species had disappeared since the creation. This latter perception of the worlds is a synthesis between the Socratic Greek philosophy, the harmonious cosmos and the essentialism of Plato (427–327 BCE) and Aristotle (384–322 BCE) on one hand and the Christians' view of the world's creation as described in the bible on the other hand. In contrast, the monistic view of Heraclitus (535–475 BCE), the constant motion of Democritus (460–370 BCE) and the dynamic theory of atomic motion described by Lucretius (94?–55 BCE) considered life to be an interplay of physical-chemical forces immanent to matter and in which living things live in perpetual motion. In this context, Lucretius' Epicurean poem, De rerum natura, postulated the extinction of species that are not well suited to surviving and reproducing successfully (Lucretius, 1995).

Darwin developed a highly disputed theory that was largely influenced by the works of Buffon on transformism (de Buffon, 1753), the concept of the differential fertility of Malthus (Malthus, 1798; Barlow, 1958) and the gradualism of Leibniz (Leibniz, 1996). Darwin proposed a straightforward mechanism of evolution that involves an interplay between heritable variation and natural selection, collectively described as the survival of the fittest. Under Darwin's concept, the material for evolution is provided by heritable random variation; natural selection is the main driving force of evolution, which introduces order and produces increasingly complex adaptive features of organisms. Darwin thought of natural selection in terms of the fixation of beneficial changes, i.e., evolutionarily relevant mutations. These beneficial changes have infinitesimally small effects on fitness, and, as a result, evolution occurs via numerous, successive and slight modifications according to the theory of strict gradualism. Finally, Darwin suggested that all life forms evolved from a single common ancestor (Darwin, 1859). Indeed, based on his observations on the evolution of animals, Darwin attempted to issue a general theory about the evolution of life. He proposed that the relationships among all species resemble a tree, the Tree of Life (TOL), in which all living organisms are considered to have descended from a single ancestor (Darwin, 1859).

Darwin's theory was later the object of considerable dispute, particularly because Darwin was unaware of Mendel's work and of the importance of genetics for understanding evolution (Charlesworth and Charlesworth, 2009). Fisher, Haldane, Dobzhansky, Wright and Mayr, among many others, integrated genetics, paleontology, systematics, and cytology within a newly expanded structure of biological thought that is often referred to as “the modern Synthesis” (Huxley, 1942; Koonin, 2009d). The modern synthesis provided useful foundations for biological thought, including the idea that changes in genotype, the genetic material, precede changes in the phenotype, which determines the appearance of an individual. The modern synthesis framework provided many fundamental insights into evolutionary biology, especially with regards to the main topic of Darwin's famous book, The Origin of Species (Darwin, 1859). Darwin thought that species were the result of the human predilection to perceive discontinuity among continuously varying individuals. Mayr's extensive knowledge about variation in morphology, overlain with an understanding of the biogeographic distributions of bird species, led him to develop the biological species concept. Mayr explained the geographic mechanisms of speciation and insisted that the geographic separation of populations that prohibits a homogenizing gene flow between them leads to the divergence of such populations and to reproductive isolation. Based on these concepts, Mayr defined allopatric speciation as, the process of the evolution of geographically isolated populations into distinct species, and sympatric speciation as, the evolution of new species inhabiting the same geographic region (Mayr, 1944, 1963).

In this paper we outline the changes brought about by comparative genomics and phylogenetic studies as determined by Koonin to the concepts of evolution proposed by Darwin (Koonin, 2009a) (Table 1). We have identified seven key principles in The Origin of Species (Darwin, 1859): (1) the concept of evolution according to a positive directional selection that favors advantageous mutations to increase fitness, (2) the struggle for existence, (3) the complexity associated with development, (4) gradualism and progressive evolution, (5) strict vertical inheritance, (6) a single common ancestor, and (7) the TOL. We discuss these points to identify the hypotheses that survive critical analysis and respect current knowledge. We attempt to highlight the influence of microbial genomics on our understanding of the evolution of genetic repertoires.

Table 1. Darwin's propositions in the face of evolutionary genomics.
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Natural Selection

The question of our origins has always fascinated humans. From the earliest times, the existence of life has typically been attributed to supernatural intervention. Naturalistic models of origins based on logic and philosophy can be traced to approximately the fifth century BC in Greece at the time of the pre-Socratic philosophers and scientists (Anaximander, Heraclitus, Empedocles, Parmenides, Zeno, Democritus…). Anaximander argued that life originated in the sea and deduced living beings gradually developed, from moisture and warmth. He further proposed that the first human, in the form known today, originated from animals of another sort (Barnes, 1983). Empedocles claimed that living creatures might have originated by chance (Barnes, 1983). In contrast, the process of development was denied by the philosophers Plato and Aristotle. These philosophers denied any continuous change of ideas or forms, i.e., the forms, or archetypal ideas, remain eternally what they are. Thus, evolution was considered by Plato and Aristotle to be a general trend in which everything in nature has a certain order or purpose. The physical world is wholly dominated by purpose (Aristotle, 2008). Aristotle developed a “scala of naturae,” a great chain of being, in which he arranged all beings on a ladder beginning with inanimate matter and climbing to plants, invertebrates, and vertebrates. Among the vertebrates, Aristotle placed the fish at the lowest rung of the ladder and humans on the highest rung. This scale of nature is a graded scale of perfection that represented a continual progression from simple and undeveloped organisms to the complex and more perfect organisms (Singer, 1931; Mayr, 1982).

Darwin was not the first to describe the origin of species as one from another as a formal doctrine. In addition to the Greeks mentioned above, Lamarck denied the immutability of species and forms and claimed to have demonstrated by observation the gradual development of the animal kingdom (Lamarck, 1809). What is new in Charles Darwin's work is not his theory of descent but its confirmation by the theory of natural selection and the survival of the fittest in the struggle for existence. The major contribution of Darwin to the idea of selection can be summarized with the words “chance and necessity.” According to Darwin, changes in the genome occur by chance and are maintained if necessary (natural selection). The resulting genomic repertoire corresponds to a rational end in a purely mechanical process without any cooperation of teleological principles and without any innate tendency of the organisms to proceed to a higher stage. This theory postulates that the later organisms deviated from the earlier ones and that these deviations, in so far as they are improvements, perpetuate themselves, and become generic marks of differentiation. Interestingly, the words “chance and necessity” were used for the first time by Democritus, who ascribed the causes of things either to necessity or to chance and the absence of purpose (Barnes, 1983). Democritus showed that apparently orderly effects can be produced without goal-oriented forces or purpose. Nietzsche prone the realm of chance “Those iron hands of necessity which shake the dice-box of chance, lay their game for an infinite length of time …” (Nietzsche, 2006). Similarly, Jacques Monod [winner of the Nobel Prize in Physiology or Medicine (1965)], in his famous book “Chance and Necessity” (Monod, 1972), described the structural teleonomy of living organisms with apparent intended goals and refuted the idea of purpose in nature.

Charles Lyell, a famed geologist and paleontologist, befriended Charles Darwin and strongly influenced his thought. Lyell's interpretation of geologic change prompted Darwin to think of evolution as a slow process in which small changes gradually accumulate over immense spans of time. Lyell had shown how gigantic valleys had been formed by gradual erosion; similarly, Darwin believed that natural selection occurred through the preservation and accumulation of a great number of infinitesimally small inherited modifications (Lyell, 1830). This theory intentionally ignored the catastrophic (chaotic) events (such as earthquakes) that the creationists used to explain evolution and the presence of fossils by defining fossils as living beings that coexisted with current living beings but that had disappeared under the impact of a disaster. These events drastically reduced population size and resulted in genetic drift. Indeed, more than 99% of a population might be killed by disasters, allowing only a few genetic features to be selected. This random selection occurs frequently in microbiology especially in the digestive microbiota. The invasion of a new bacterial or a viral species can cause diarrhea, which can lead to the extermination of up to 1013 bacteria, archaea and bacteriophages; the use of a specific antibiotic treatment, such as metromidazole, can eradicate 90% of the population in a few days. Interestingly, these ecosystems are repopulated at considerable speed and contain new species particularly in the presence of antibiotics that prevent the revival of the original flora. Thus, we can observe the effect of disasters on microbial populations, and there is no reason the same types of disasters, less common but just as critical for evolution, have not affected all living things.

When considering the important role of catastrophic events in the selection of living beings, evolution more closely resembles a random process than a mechanism driving positive selection. Recent work particularly that of Abi Rached et al., has shown that humans are a mosaic of three currently known hominids: Cro Magnon, Denisovan and Neanderthal. It is likely that following a series of catastrophic accidents, some mixed populations survived in different parts of the world (Abi-Rached et al., 2011). Horses evolved between 54 million years ago to about 10,000 years ago, spreading throughout North America. Then, suddenly, without apparent reason, between 10,000 and 8000 years ago, Equus disappeared from North America. Various theories have been advanced including destruction by drought, disease, or extinction as a result of hunting by growing human populations. At any rate, the horse was gone, and the horse was not seen again on its native continent until the Spanish explorers brought horses by ship in the sixteenth century. In total, the elements that create a visible disaster bottleneck are likely key to the selection of species (Remington, 1889).

The Struggle for Existence

Darwin believed that each organism must fight for its existence to survive, as derived from Malthus' theory on the population (Malthus, 1798). Darwin noted that each generation tends to increase, a process that should produce an overabundance of beings in nature. However, space and food are limited. The permanent destruction of some living beings is therefore necessary because not every individual can survive; this results in fierce competition among individuals of the same species and among individuals of different species. Thus, the struggle for existence arises from the inherent limitations of an ecological environment and the increasing number of species. Natural selection is the result of a struggle for existence, what Darwin called “the survival of the fittest” (Darwin, 1859). Natural selection eliminates some lineages and supports the species best adapted to their environments. Favorable variations in terms of survival and reproduction tend to be preserved, and unfavorable ones are destroyed. In contrast to the well-accepted statement of Lucretius about the necessity of reproduction for a species to endure (Lucretius, 1995), the notion of a struggle for existence remains a debatable issue. Indeed, some mutations may alter the fitness without decreasing the ability to multiply and perpetuate.

According to Darwin, organisms always evolve toward the most well-adapted state; thus, nearly all components of the genome should have a beneficial function. However, in microbial organisms, the gene content raises questions about the principle of the survival of the fittest. Bacterial species have a number of genes in common that compose the core genome, and partially shared and strain-specific genes; the total of these genes constitutes the pan-genome (Tettelin et al., 2005; Schoen et al., 2008). Some bacteria that live in an ecosystem with highly variable conditions and with many other bacteria (sympatric bacteria), such as Escherichia coli or Pseudomonas aeruginosa, have very broad pan-genomes. Other bacteria that live in ecosystems with very restricted physicochemical conditions and limited partners (living in allopatry) have much smaller pan-genomes (Moliner et al., 2010). Interestingly, sympatric species retain some unused genes that are expressed at low rates. This pool of genes is not required for survival in the current ecosystem but may become necessary after future changes in the ecosystem. Indeed, bacteria contain laterally transferred sequences of DNA that are generally nearly neutral to the recipient and exert no effect on its fitness (Gogarten and Townsend, 2005). Much of the bacterial genomes consists of selfish elements with no appreciable phenotypic effect and that function only to ensure their own self-preservation within the genome (Orgel et al., 1980; Ogata et al., 2000).

Evolution as described by Darwin is a process of unidirectional positive selection that favors advantageous variations and results in increased fitness. In microbiology, mutations in DNA gyrase and in RNA polymerase that confer resistance to antibiotics such as quinolones or rifampicin may allow a bacterium to persist in its environment and, thus, seems to illustrate the Darwinian adaptive evolution. However, in most cases, these changes are not accompanied by an increase in fitness, and the mutants are rapidly eliminated when the antibiotics are removed. Hence, the change is purely opportunistic and does not play a role in the long term. Indeed, as for antibiotic selection, the antibiotic resistance of a microorganism may be associated with a short term advantage and with loss of fitness at long term when the ecosystem changes (with no more antiobiotics). Microbial genomics shows that evolution is subject to random changes rather than governed by natural selection with the goal of increasing fitness. Indeed, stochastic and catastrophic elements can substantially reduce a population and leave only a few survivors. The proportion of those survivors can be so low that it is difficult to imagine that their survival is due to anything other than chance. For example, during a plane crash, the chances of a passenger surviving are not improved by any particular inherent genetic advantage. Population bottlenecks are an indiscriminate sampling process, and genetic drift is independent of positive selection (Figure 1). In the same way that the sampling of colored balls from an urn is not influenced by the color difference among the balls, the effect of the gene is irrelevant to evolution. In summary, even beneficial adaptations may be permanently eliminated by bottlenecks. The immediate effect of a population bottleneck is decreased genetic diversity. In the long-term, repeated population bottlenecks and the accumulation of deleterious alleles through random genetic drift in small populations can negatively affect their fitness (Ohta, 1973).
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Figure 1. Natural selection versus stochastic processes.



Improvement and Complexity

Darwin proposed a mechanism for the transformation of random variation into adapted, elaborate and complex devices that perform highly specific functions and increase the fitness of their carriers. Accordingly, the complex organisms, especially the multicellular eukaryotes (exhibiting large families of paralogous genes, the complicated regulation of gene expression, alternative splicing, and other genomic attributes) were considered more advanced and more successful than the simpler microbial organisms. However, genomics shows that the history of life is not a uniform trend for increasing complexity (Lynch, 2006). While, most eukaryotic taxa seem to have followed the route of junk recruitment, leading to complex organisms (Koonin, 2011c), different lineages, particularly in bacteria with an obligatory intracellular lifestyle, followed the route of genomic streamlining (Andersson and Kurland, 1998). Moreover, it has been assumed that organized multicellular life appeared with the “Cambrian explosion” some 600 million years ago. Interestingly, a group of 2.1-billion-year-old fossilized organisms (up to 12 cm) was recently found in Gabon (El Albani et al., 2010). This new discovery indicates that some large living things disappeared despite their size and complexity (Figure 2). Ultimately, genome size of present species has been revealed to be especially diverse across the different domains of life, ranging 1000-fold in viruses, bacteria and Archaea and 1,000,000-fold in eukarya as for the protists (Figure 2). This large diversity shows that evolution does not follow a unidirectional route towards increasing complexity.
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Figure 2. Fossils, genome size, and complexity. Stratified evolution as deduced from fossils discoveries is characterized by the apparition and extinction of many organisms. Nowadays some complex organisms have disappeared while others are still present. These complex organisms with large genomes including giant viruses and large eukarya coexist with simple organisms like bacteria and viroids that are able to live and multiply despite their tiny genomes. The lack of correlation of genome size with organismal complexity confirms the C-value paradox.



One surprising outcome of analyzing the genome size is the lack of apparent correlation between the genome sizes and genetic and/or morphological complexity. This is the “C-value paradox,” the C-value being a measure of genome size, typically expressed in base pairs of DNA per haploid genome (Thomas, 1971; Gregory, 2005). The C-value paradox implies that organisms with similar complexity may have very different genome sizes and conversely organisms with similar C-values may not be equally complex. Thus, the organism with the largest genome [and the largest number of open reading frames (ORFs)] is not necessarily the most complex. For example, the flagellated protist Trichomonas vaginalis has a genome of 160 Mb with ~60,000 protein-coding genes and many repetitive regions (up to 65% of the genome) (Carlton et al., 2007). Humans and mice have a genome size of around 3 billion base pairs whereas the unicellular protozoan Amoeba dubia has a genome size of around 700 billion base pairs, about 200 times as big (Figure 2). Indeed, genome size and number of genes cannot be used as a predictor of genetic or morphological complexity. While, the trend towards genome streamlining led to miniaturized genomes with a high-density of protein-coding DNA, most of DNA of large genomes is non-coding. The increase in gene number in multicellular species is accompanied by an expansion in the size and number of intragenic spacers and a proliferation of mobile genetic elements. The persistence of all of these sequences in the complex genomes may be due to an inefficient purifying selection in relation to the population size (Lynch, 2007). Genome complexity seems to be an indirect consequence of reduced effective population sizes accompanied by an increase in organism size. Therefore, the evolution of genome complexity may be a non-adaptive process that occurs in response to a reduction in the population size (Lynch and Conery, 2003).

Genomics is in total disagreement with the idea that species progress toward greater complexity and increasing fitness. Indeed, the notion of success and advances can be revisited in light of microbial genomic data. The compactness of microbial genomes and their widespread abundance in the biosphere highlight the power and competitiveness of simple and streamlined genomes (Koonin, 2011c). The most common bacteria on earth Pelagibacter ubique has a small genome (1.31 Mb). Likewise, the delta agent virus has a single genome of approximately 1700 bp and is capable of multiplying (Hughes et al., 2011) and viroids with genetic sequences of 150–500 bases of RNA represent the simplest known elements of life and are also able to spread, multiply, and cause diseases. Moreover, the most specialized bacterial species, those with an obligate intracellular lifestyle, are the most effective at a given time and in a given ecosystem, yet, they have lost their ability to adapt outside the host cell. This loss of adaptability is likely the cost of conserving a gene pool, especially in terms of translation, that slows multiplication. Therefore, by specializing in response to particular conditions, these microorganisms lose their ability to adapt to ecosystem changes. Bacteria in an optimized system are no longer able to adapt to other systems. This principle has been described by Pasteur for immunization. Indeed, the adaptation of Pasteurella multocida (the agent of fowl cholera) to a new ecosystem (axenic medium) resulted in the loss of their ability to multiply in their former ecosystem (chickens) (Pasteur, 1880).

The modern study of biology has shown that random processes result in perpetual change and ongoing evolution. As Heraclitus stated, nothing in the world, even for a moment, remain identical to itself: everything passes, everything changes, and everything dies every moment (Barnes, 1983). The term “evolution” implies progress; however, the observed changes do not necessarily correspond to an optimization. Recently, along with many other critics, Cathy Cox has proposed replacing the word evolution with the term “biological changes over time,” which is a much more precise definition of the reality (http://www.georgiaencyclopedia.org/nge/Article.jsp?id=h-2622). This redefinition has resulted in major conflicts. Many biologists believe that these alternative terms exclude the idea of positive change and progress. In contrast, according to Gould, this progress is an illusion and is only a subjective interpretation of the statistics (Gould, 1984).

In practice, there is no goal of “progress” or “evolution” behind these biological changes. Some organisms are moving toward greater simplicity, whereas others become more complex without a general direction of evolution. Finally, the increasing morphological complexity does not go hand in hand with the gene repertoire complexity or with the increasing ability of adaption.

Gradualism

Darwin thought of evolution as a gradual accumulation of small changes. This proposal is a major component and one of the most controversial of Darwin's theories. He repeated several times the Latin phrase “natura non-falcit saltum” (nature does not make laps). The punctuationists believe that all are species have their own history, appearing and then disappearing, whereas gradualists consider species with much less interest, as a concept of convenience. Like Lamarck, Darwin believed that species changed gradually by undergoing changes and modifications over time without sharp changes. Because the evolutionarily relevant mutations are supposed to have infinitesimally small fitness effects, the Darwinian model of evolution inevitably leads to the concept of gradual progressive improvement (Darwin, 1859). This vision comes from his early training as a geologist who intentionally ignored disasters and catastrophic events in evolution. We know that this view is false in both geology and biology. Rather than small, gradual changes, massive events occur that affect living beings. Thus, because a gene must be present or absent to produce an inherited effect, Mendel assumed that the appearance of a new function would occur at once rather than gradually, as Darwin imagined. Later the zoologist Ernst Mayr showed that new species generally appears in geographic isolation and undergo a true “revolution” that rapidly transforms their gene pool. Studies on the frequency and geographical distribution of chronological horse fossils show that species evolution is not linear but consist of periods of stasis (gradual changes) interspersed with “crises,” which lead to sudden extinctions and the appearance of new species. Indeed, different species could coexist with their original species while that ancestor remained unchanged, and there have even been reversals in evolutionary characteristics. These are all different evolutionary phenomena that explain the diversity of fossils and constitute a direct rebuttal to the principle of gradualism.

Moreover, Darwin's principle has been challenged by the Birth, Death, and Innovation Model of gene family evolution (Karev et al., 2002). In this model, duplication and lateral gene transfer give “birth” to new paralogous genes, “death” refers to gene elimination, and innovation corresponds to the acquisition of a new gene family via duplication and rapid evolution or via de novo creation. These events induce large and profound variations in genome size and gene repertoire (Figure 3). Thus, bacterial lineages that are specialized, including those with an obligatory intracellular lifestyle, show a repeated pattern of reduction in genome size through gene loss (Andersson and Kurland, 1998; Merhej et al., 2009). Bacterial genomes expand through lateral gene transfer and duplication. As a result, a considerable proportion (up to 14% of the ORFs) of most bacterial genomes consists of horizontally acquired genes (Nakamura et al., 2004). Lateral transfer allows for the acquisition of xenobiotic functions (Treangen and Rocha, 2011). Lederberg's work in microbiology showed that these alterations can be transmitted in a heritable manner (Lederberg, 1949). Plasmids of several hundred kilobases can be transferred, as can bacteriophages, in bacteria. This phenomenon also occurs in eukaryotes. The virus HHV6 can integrate into the genome of humans and be transferred to their children (Arbuckle et al., 2010; Raoult, 2011). Additionally, the entire genome of the intracellular bacterium, Wolbachia was found to be integrated into the genome of its host (Dunning Hotopp et al., 2007; McNulty et al., 2010). Some of these inserted sequences are transcribed within eukaryotic cells, indicating that they may be functionally relevant to the evolution of the microbe's host. Finally, bacterial genomes exhibit a significant number of paralogous genes due to duplication (Fitch, 1970), ranging from 7% in Rickettsia conorii to 41% in Streptomyces coelicolor A3 (Gevers et al., 2004). Gene duplication represents an important path to the evolution of new biological functions via neo-functionalization (Ohno, 1970; Innan and Kondrashov, 2010). Clearly, loss, the lateral acquisition of genes, and the emergence of a new gene as a result of duplication or de novo creation are far from being “infinitesimal” changes, and if such large events occur, they are too abrupt so that the gradualist paradigm is not valid.
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Figure 3. Dynamic entity of the bacterial genomes.



Vertical Inheritance

Darwin believed inheritance to be strictly vertical. In contrast Lamarck believed that the adaptation of a species to an ecosystem results in the acquisition of transferable characters. Like the “infective heredity” described by Lederberg, Lamarck insisted on the “inheritance of acquired characteristics”(Koonin and Wolf, 2009). Indeed, an organic modification acquired by an individual is genetically transmitted to offspring. In contrast, Darwin thought that traits were acquired by chance and not influenced by the environment. Natural selection retains the favorable changes a posteriori. This view has been challenged in a number of cases. First, the theory of “use it or lose it” holds that when genes are not used in a given ecosystem, they disappear (Moran, 2002). In this case, the phenotype precedes the genotype. Second, genomics have revealed the lateral acquisition of immunity in relation to the environment rather than by chance or vertically. Indeed, clustered regularly interspaced short palindromic repeats (CRISPRs) are found in the genomes of bacteria and archaea (Grissa et al., 2007; Horvath and Barrangou, 2010). These short sequences are stored in-between repeated elements; they function as acquired immunity genes against viruses (Weinberger et al., 2012). They can be transmitted to offspring allowing them to fight against the infection of viruses that have infected their ancestor in the past. Third, the high level of the transmission of sequences between organisms is particularly remarkable for the transmission of antibiotic resistance sequences between microorganisms. During the administration of a certain antibiotic, the sequence encoding for antibiotic resistance genes amplify by recombination or by duplication or by activating the expression and spread among different microorganisms. Moreover, some antibiotics may induce generalized transduction and help to propagate resistance genes (Rolain et al., 2011). The fourth challenge to vertical inheritance is the chimerical aspect of genomes, which will be developed in the next chapter. Finally, the vertical descent theory ignores the phenomenon of increase copy number and spread of repetitive DNA elements, like the selfish genes in a dynamic that usually has little or no benefit to the fitness of the organism.

Microbial genomes are not simply bags of faithfully inherited genes from an ancestor; rather, they are varied in their organization (Huynen and Bork, 1998). Bacterial genomes often exhibit high levels of plasticity and high levels of gene gain and loss during the evolution of species and strains. The genomes of closely related bacteria with different lifestyles showed remarkable variability with respect to gene content and gene order (Perna et al., 2001; Edwards et al., 2002). The microbial genomic architecture, or the arrangement of genes in a genome, exhibits great evolutionary instability (Koonin, 2009b). With the exception of the organization of small groups of functionally linked genes in operons, there is relatively little conservation of gene order, even among closely related organisms (Koonin, 2011a) (Figure 4). Various elementary mechanisms underlie the substantially dynamic character of genome evolution. Indeed, genome rearrangements such as inversions and translocations profoundly destroy the conservation of gene order. Moreover, recombination frequently occurs and generates sequence diversity by incorporating short DNA fragments (Feil et al., 2000; Hanage et al., 2005).
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Figure 4. Gene position plots of pairs of 4 selected genome pairs of bacteria show large variation between related species. This dynamic view of the genome rejects the evolution by infinitesimal variation of vertical inheritance. Each dot represents a pair of orthologous genes identified using the bidirectional best hit approach.



Comparative genomics shows large diversity in the gene repertoires among and within species. The genomes of obligate intracellular bacteria contain a subset of the genes present in their ancestors' larger genomes as the result of reductive evolution and gene loss (Merhej et al., 2009). The degree of genome flexibility correlates with the genomic content of repeated and mobile sequences such as insertion sequence elements, plasmids and phages (Mira et al., 2002). The differential gene repertoires among closely related species is most likely due to gene transfer (Perna et al., 2001; Zhang et al., 2007) and recombination of repeated sequences (Tamas et al., 2002) rather than strict vertical inheritance and random variation as Darwin suggested. A substantial fraction of the differences in gene content is due to gene duplication (Zhang et al., 2007) and to the presence of ORFans, ORFs with no detectable sequence similarity to any other sequence in the databases (Fischer and Eisenberg, 1999); they correspond consequently to hypothetical or putative proteins. It has been proposed that the majority of ORFans are derived from bacteriophages (Daubin and Ochman, 2004). The variation in gene content often yields large pan-genomes (Tettelin et al., 2005; Schoen et al., 2008). Thus, the pan-genome of the genus Streptococcus likely exceeds by at least three times the average genome size of a typical Streptococcus species (Lefebure and Stanhope, 2007). The relationship between the pan-genome of a taxon and the gene content of a specific genome in the same taxon is far from being simple (Figure 4).

Lateral transfer has been viewed as a marginal phenomenon except for the transfer of pathogenicity islands (Perna et al., 2001; Juhas et al., 2009) and antibiotic resistance (Brisson-Noel et al., 1988; Shoemaker et al., 2001; Barlow, 2009). However, the analysis of multiple complete genome sequences became feasible, lateral transfer was revealed to play a major role in the evolution of microbial organisms (Lawrence and Retchless, 2009) especially by contributing to the metabolic innovation (Ochman et al., 2000). Oxygenic photosynthesis seems to have spread by lateral transfer (Mulkidjanian et al., 2006) via bacteriophages (Lindell et al., 2005). Thus, lateral transfer plays a major role in the biochemical diversity of microbial organisms and allows them to make up the vast majority of living cells on the planet and to be the principal agents in the biosphere. In contrast to the complexity hypothesis, genomics has shown that no gene is completely refractory to lateral transfer (Jain et al., 1999; Wellner et al., 2007). It was previously thought that informational genes were less prone to lateral transfer, but genomic analysis showed that genes essential for transcription and translation had also experienced multiple lateral transfers (Brochier et al., 2000; Merhej et al., 2011). Lateral transfer affects the functions of genes to different extents, and all genes are susceptible to lateral transfer because the mechanism of transfer is random (Hao and Golding, 2008; Merhej et al., 2011). Moreover, lateral inheritance does not cleanly move a gene that is defined by start and end codons but rather involves DNA sequences that can be non-coding or include a single gene or a block of genes. It would thus be more accurate to talk of lateral sequence transfer (LST) than lateral gene transfer. Finally, the length of the lateral transfer can vary from a few bases (recombination) to multiple kilobases (Chan et al., 2009; Merhej et al., 2011). The analysis of the genomic sequence of Wolbachia demonstrates that LST occurs independently of the length of the sequence. Indeed, a small proportion and nearly the entire genome of Wolbachia in some cases, was found to be integrated into the genome of its host (Dunning Hotopp et al., 2007; McNulty et al., 2010).

Comparative genomics have shown that bacterial genomes are extremely heterogeneous and dynamic entities. The striking diversity in gene content and the flexibility of the genomic architecture challenge the theory of strict vertical acquisition and, to a greater extent the concept of species.

Common Ancestor

Darwin theorized that all extant life forms originated from a unique ancestor, which is now commonly referred to as the LUCA (last universal common ancestor). Koonin's seminal book vindicated Darwin's conjecture on the common origin of life and discussed the reconstruction of the gene repertoire of the LUCA (Koonin, 2011b). Indeed, comparative genomics revealed the universal conservation of hundreds of genes that are involved in gene expression and are thereby evidence in support of a common ancestral heritage (Koonin, 2003; Mirkin et al., 2003). The universally conserved features include the genetic code, i.e., the 64 codons that encode 20 amino acids and the stop signals; the three core subunits of the RNA polymerase; and the translation machinery composed of approximately 30 tRNAs, several translation factors, 18 amino-acyl-tRNA synthetases, and tRNA modification enzymes. Thus, by comparing the genes that present-day organisms have in common, evolutionary genomics indicate that the LUCA was a cellular organism with complete translation machinery, a core transcription system, and several metabolic pathways that included the genes required for purine and pyrimidine nucleotide biosynthesis.

The reconstruction of this ancestral cell is not plausible, because although the ancestor is primitive, its gene repertoire lacks key components that are essential for life (Mirkin et al., 2003). In particular, it is missing the genes necessary for DNA replication. Moreover, the idea of a common origin for all living beings faces substantial difficulties, including the lack of homology in the core DNA replication system components and the distinct enzymes required for lipid membrane biosynthesis in archaea and bacteria (Leipe et al., 1999; Pereto et al., 2004). As for the replication system, it has been hypothesized that the LUCA contained an RNA genome. The replacement of the RNA genome with a DNA genome and the appearance of the corresponding molecule systems would have occurred independently in the three domains of life—archaea, bacteria, and eukarya—after their divergence. Thus, the replication system was thought to have evolved in three distinct DNA viruses (prior to the existence of the DNA cell) and then transferred to the three life domains (Forterre, 1999, 2006). Another scenario is that a LUCA with a DNA genome underwent a subsequent replacement of its DNA-replication systems by non-homologous counterparts in the bacterial, archaeal, and eukaryotic lineages (Forterre, 2002). Finally, it has been suggested that a non-cellular LUCAS (last universal common ancestral state) existed as a pool of virus-like genetic elements in which the cellular key components originated. Archaea and bacteria might have independently emerged from the LUCAS, likely with numerous life forms now extinct (Koonin, 2009c). An alternative scenario postulates that the LUCA was a complex, protoeukaryotic lineage with an RNA genome present in a metabolically and morphologically heterogeneous community that gave rise to bacteria and archaea through differential gene loss (Glansdorff et al., 2008).

Multiple scenarios have been proposed to explain the origin of living beings. Regardless of which scenario is the most accurate, it has become obvious that the large diversity among species cannot be logically explained only by mutations that occurred on a unique ancestral genome (“descent with modification”). Likewise, the idea of a single mating pair at the origin of all human beings present on earth today cannot be accepted (Raoult, 2011). Several geneticists agree that “Eve” was not the only woman to conceive children who are ancestors of the current human population. Human evolution appears to be much more chimerical. Add to this, the theory of endosymbiosis showed that mitochondria were of bacterial origin from a species closely related to the Rickettsiales. Darwins reluctantly allowed for the principle of endosymbiosis but limited it to a single event suggesting that the exception does not undermine the principle of a common ancestor. However, we recently demonstrated that mitochondria were not the result of a single event but rather resulted from multiple events of gene transfer from different sources, leading to variation among organisms (Georgiades and Raoult, 2011). Mitochondria seem to have different bacterial origins, which are mainly, but not exclusively, from the group of Rickettsiales. Similarly, human beings are chimeras that contain retroviral DNA and many genes of bacterial and archaeal origin (Raoult, 2011). Genes from Trypanosoma cruzi are likely to integrate into the genome of infected patients and to be passed on to children according to infective heredity. Finally, giant viruses were shown to be chimeras composed of the genes of viral, bacterial, archaeal, and eukaryotic origins (Boyer et al., 2009). The notion of common ancestry completely undermines the existence of chimeras. Chimerism seems to give a clearer view of genome evolution than does common ancestry.

The hypothesis of a LUCA as a living organism with a ribosome has never been demonstrated. Livings have been classified into three domains commonly known as the Bacteria, the Archae, and Eukaryotes on the basis of ribosomal RNA sequences (Woese et al., 1990; Pace, 2006); viruses were excluded from this classification because they do not seem to possess a core of genes related pathogenicity and they lack ribosomes (Moreira and Lopez-Garcia, 2009). The idea of defining the livings based on the analysis of ribosomal genes implies that all genes are derived from a ribosome-containing organism. However, metagenomic studies that test all of the sequences in an environment show that only 15% of the sequences identified in these conditions can be linked to a cell with a ribosome. These sequences have different origins, some are viral, and others are of unknown origin. These last sequences may be either from viruses that have not yet been identified or genes that were created de novo (ORFans). In the other hand, the core genome of nucleocytoplasmic large DNA viruses was shown to be as ancient as the other domains of life (Boyer et al., 2010; Colson et al., 2012). Thus, asserting that life began with the existence of a ribosome and is defined by this (Moreira and Lopez-Garcia, 2009) is a form of neo-creationism. Indeed, Woese and Crick (Woese, 1967, 1970; Crick et al., 1976; Andersson and Kurland, 1990) proposed that translation started long before the ribosome creation. The initial synthesis of polypeptides did not require the elaborate machinery of ribosomes, activating factors, and enzymes, but was rather accomplished using only RNA messenger and a few primitive tRNAs. This confirms that there was life before the ribosome-containing “LUCA.” Therefore, current cells with ribosomes have incorporated sequences from viruses, newly created genes and sequences predating the ribosome apparition. All these data are contradicting the LUCA theory of a single ancestor of all currently living organisms.

Given what we know about microbiology, a scenario based on the theory of punctuated equilibrium is more likely than the Darwinian phyletic gradualism. According to Gould, long periods of relative evolutionary stability, called “stasis,” are interrupted by evolutionary changes that occur relatively rapidly (Eldredge and Gould, 1972; Gould, 2002). Some chaotic changes, such as, geological catastrophes, can be destructive steps that create a bottleneck with few survivors. It is likely that during the evolution of life there was a catastrophic event that created a bottleneck, and the surviving cells had a ribosome and, potentially, a repertoire of ancestral genes other than those encoding the ribosome, particularly the genes encoding for RNA polymerase. The selection process resulting from the bottleneck is completely random and is not influenced by the genes that may confer a greater likelihood of survival in the ecosystem. Survival of a disaster may not confer further evolutionary advantages and can in no way be regarded as natural selection of the fittest. Rather, this process is a non-directional selection without an adaptive goal; is merely chance. Migration from the area of a bottleneck gives rise to increased diversity and the creation of new species. Heterogeneous populations result from the accumulation of mutations and LST. From time to time, a stochastic event may create a new stage and induce the proliferation of a species in an ecosystem. Thus, the capacity of specialized bacteria to multiply is linked to a limited number of events; one event that seems to be particularly important is the limitation of translation capabilities. Indeed, in at least seven bacterial phyla, the evolutionary history of specialized bacteria seems to begin with the disappearance or the malfunction of the ribosomal operon, which forced the bacterium to specialize while limiting its production only to useful proteins. This change allows the specialized bacteria to expand more rapidly than others in their specific niche (Merhej et al., 2009). However, the gene repertoires of living beings did not completely disappear but some have been used and are present in a certain number of organisms that exist today. Thus, genes have an evolutionary history that is different from that of the whole organism, as postulated by Dawkins (2006).

Our hypothesis is that ancestral organisms were sorted by successive disasters, and some of them were able to improve their ability to live in the ecosystems in which they now live. These species represent chimeras made by combining ancestral genes with laterally acquired sequences, a mixture of genes that have been recycled from organisms that are now extinct, and genes that were newly created (Figure 5). The idea of a unique common ancestor denies chimerism and traces the creative origin of life today to an event. Many scientists adhere to this theory and end up denying the very existence of life outside of cells with a ribosome such as, viruses that may be excluded from “life.” In contrast, we believe that life cannot be considered anything other than the expression of the language contained in genetic sequences.
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Figure 5. Proportion of the ORFans and potential lateral transfer in bacterial genomes.



Tree of Life

The depiction of relationships in the form of a bifurcating tree was not invented by Darwin; it had been used for many centuries to represent descendant genealogies such as those of royal families. Likewise, the term “tree of life” (TOL) was not invented by Darwin. It is a biblical metaphor that refers to the tree of knowledge that bears the fruit that gives eternal life (Bible, Genesis 2:9 and 3:22). Darwin adopted the living tree analogy to illustrate the mechanism of evolution by showing continuity between populations and species and demonstrating that certain lineages of species compete and supplanted other lineages (Penny, 2011). Thus, Darwin represented the evolution of life as a hierarchical pattern of relationships that reflects the “natural order” (Doolittle, 1999). Darwin's TOL assumes that all life forms originated from a single node corresponding to a last common ancestor through a branching evolutionary process (Doolittle and Bapteste, 2007). From this perspective, it is interesting to see the representation of trees of life in the form of family trees. Some genealogical trees begin with an ancestor and show his descendants. It should be noted that this tree does not represent reality because we know that current human beings do not descend from a single ancestor but result from many couples, forming an inverted genealogic tree (Figure 6). These genealogical representations ignore chimerism and LST and instead show existence of our human lineage as descending from a single ancestor. People commonly understand evolution in terms of multiple species descending from a common ancestor; the reality may more closely resemble the opposite, with multiple ancestors contributing genes to individual species.
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Figure 6. Genealogical trees. (A) Darwin's illustration of the origin of species in the form of a tree with lineage splitting. The trunk growing from the root split into two branches, marking the creation of two new species. The branching continued right on up to the top of the tree representing species alive nowadays. (B) Darwin's tree is compatible with this tree showing descendants of Louis XIV. (C) In contrast, the ascendant genealogy of John F. Kennedy is showing his multiple ancestors. This representation is consistent with our current knowledge.



The accuracy of the common origin and the relevance of the tree-like representation as a model of evolution have been frequently questioned (Bapteste et al., 2009; Dagan and Martin, 2009; Puigbo et al., 2010). The TOL concept presumes that all organisms are descended from a predecessor. This is true for a number of genetic sequences but not for some ORFans, including the functional ORFans. Indeed, some genes and proteins have been entirely invented in the last million years. For example, genes that are specific to the species of Drosophila, have been demonstrated to be essential, or at least useful, for the current life of Drosophila (Chen et al., 2010). These genes originated in an ancestor of Drosophila for which they were useful, but they were never created elsewhere. The TOL is a perception of conservative nature that lost the ability to create anymore new function since the ancestor was alive. This is contrary to our current knowledge. The analysis of bacterial genomes shows that between 10 and 15% of the genes of each species has no equivalent in other species and are likely due to “gene creativity (Figure 5).” Some of these genes may have been created by the reconstruction of old genes or by the genetic drift of unused genes, resulting in useful features that persevered, while other genes disappeared. This demonstrates the constant creative trial that enables the creation of new life forms.

Other evidence that deeply undermines the TOL is LST. Indeed, single gene phylogenies often yielded conflicting topologies that are distinct from the rRNA phylogenetic tree (Maddison, 1997). The causes of these discrepancies can be analytical such as limitations of the models of amino acid sequence evolution, taxon sampling, and selection bias (Rokas et al., 2003). Nevertheless, it has been stated that beyond the analytical limitations, the evolution of genes is rather reticulate due to lateral DNA transfer, and the history of life cannot be properly represented by bifurcating trees (Doolittle, 1999). Indeed, microbial genomes contain multiple selfish elements, such as bacteriophages, gene transfer agents (Paul, 2008), plasmids, and transposable elements, that are known as the mobilome. They are involved in the lateral transfer of their associated genes via different mechanisms, including conjugation, transduction, and transformation (Frost et al., 2005; Thomas and Nielsen, 2005; Asadulghani et al., 2009). Comparative genomic and phylogenetic analyses have provided evidence of extensive LST (Ochman et al., 2000; Gogarten et al., 2002; Boucher et al., 2003; Gogarten and Townsend, 2005). Thus, hyperthermophilic bacteria were found to exhibit much higher sequence similarity to the archaea that share the same habitat than to mesophilic bacteria, likely as the result of archaea-to-bacteria LST (Aravind et al., 1998; Nelson et al., 1999). Likewise, our analysis of 16 bacterial genomes found a significant proportion of genes without homologs in closely related species but with homologs in distantly related taxa (Figure 5). These genes were likely acquired through lateral transfer. Evidence of LST according to a sympatric model of evolution is present in obligate intracellular bacteria that share the same host (Moliner et al., 2010; Coscolla et al., 2011; Georgiades et al., 2011; Merhej et al., 2011). The high prevalence of LST raised the notion of a connected microbial “gene pool” with no barrier (Beiko et al., 2005; Koonin, 2011d) while questioning the concept of bacterial species (Bapteste et al., 2009). Moreover, the dynamic nature of evolution, in which the genetic information of living organisms is inherited not only vertically but also laterally, challenges the representation of the evolution of life in the form of a Darwinian bifurcating tree (Bapteste et al., 2004, 2005; O'Malley and Boucher, 2005; Jeffroy et al., 2006; Susko et al., 2006; Marttinen et al., 2012) (Figure 7).
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Figure 7. The ascendant genealogy or the rhizome of bacteria. Bacterial genomes (at the bottom in blank) have a mosaic structure as a result of lateral inheritance from the different organisms in the different taxonomic group (at the top of the figure). Each line indicates the taxonomic origin of the putative closest phylogenetic organism as deduced from the BLastP analysis of all the genes in the genomes.



The fluidity of microbial genomes has instigated many efforts to find a better representation of the dynamic relationships that shape microbial evolution. It has been proposed that congruent topologies of trees for several highly conserved genes might better represent the history of the majority of the genes (Wolf et al., 2002; Dagan and Martin, 2006). Using a comprehensive comparison of individual gene tree topologies, the “forest of life” (FOL), a collection of phylogenetic trees for all genes, was proposed as an alternative to a single tree (Puigbo et al., 2009; Koonin et al., 2011). In this approach, the topologies of the 102 nearly universal trees (NUTs) were highly consistent and seemed to represent a central evolutionary trend in the FOL. The consensus topology of the NUTs has been proposed as an accurate representation of the evolution of organisms. For other scientists, the dynamic picture of the prokaryotic world is best represented as a complex network of genetic elements that exchange genes. Considering the high level of horizontal inheritance, microbial evolution more closely resembles a rhizome than a bifurcating tree (Raoult, 2010; Merhej et al., 2011; Ramulu et al., 2012) and the tree-like representation should be completely abandoned in favor of a web-like representation of evolution (Sneath, 1975; Gogarten et al., 2002; Doolittle and Bapteste, 2007; Puigbo et al., 2010; Popa et al., 2011). Unlike the hierarchical tree-like model, the novel representations that consider the broad-spectrum of gene origins, including vertical descent, lateral inheritance, and de novo creation, are promising representations of microbial genome evolution.

Conclusions

None of the seven points laid out in the introduction to this manuscript can be permanently retained, as established by Darwin's theory, which was at the time a fight against the creationists. This theory cannot be upheld in its entirety. Recent advances from genomics refute the ideas of gradualism, exclusive vertical inheritance, evolution selecting the fittest, a common ancestor and the TOL. Indeed, there may not be any two genes that have the same evolutionary tree. Moreover, it is less the genes that are traded than the sequences themselves. Genes may have portions of sequences with different evolutionary origins because of recombination. An accurate representation of the genealogy of genes in a repertoire should take into account the different origins of closely and distantly related organisms as well as organisms that have gone extinct. A single tree is largely inadequate. We prefer to represent evolution as a family tree or in the form of a rhizome, which corresponds to a more authentic description of our present knowledge than the TOL (Figure 8).
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Figure 8. The rhizome of mitochondria (adapted from Georgiades and Raoult (2011). The origin of each gene is represented along with the time scale of the species divergence. Dark blue and red arrows are for sister taxa with high bootstrap values, and light blue and pink arrows for sister taxa with low bootstrap values. Green arrows are for sister taxa from the Alphaproteobacteria subgroup. Colors on the time scale coincide with the emergence of the corresponding colored species.



Finally Darwin has contributed to the debate on the myth from the Bible and Aristotle and tried to return the history of life to the domain of science. At the same time, he created a cultural and religious context, a sort of scientific battle against obscuring belief. Indeed, he is considered in Britain and the United States of America as an icon of science against the obscurantist religious or the creationists (Raoult, 2008, 2010). The expression of Darwinian's idolatry peaked in the year 2009 which corresponded to the bicentenary of his birth and the 150th year of his theory, when virtually all scientific journals posted photos and texts on Darwin. Currently, even in the USA, the opinion is divided on evolution at about equal between evolutionists and creationists. This position has become ideological so that many of the major writers of the twentieth century in the field of evolution felt compelled to take a stand on the issue. Mayr, Gould, and Dawkins stated theories that are antagonist to that of Darwin. Moreover, Karl Popper claimed that the theory of evolution was not a scientific theory (Popper, 2002). From our point of view, the theory of evolution is a scientific theory however it is an outdated theory. Darwin's theory should not become a religion but remain a scientific theory from another era that can be refined based on the actual insights from microbial genomics.
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The endosymbiotic origin of eukaryotes brought together two disparate genomes in the cell. Additionally, eukaryotic natural history has included other endosymbiotic events, phagotrophic consumption of organisms, and intimate interactions with viruses and endoparasites. These phenomena facilitated large-scale lateral gene transfer and biological conflicts. We synthesize information from nearly two decades of genomics to illustrate how the interplay between lateral gene transfer and biological conflicts has impacted the emergence of new adaptations in eukaryotes. Using apicomplexans as example, we illustrate how lateral transfer from animals has contributed to unique parasite-host interfaces comprised of adhesion- and O-linked glycosylation-related domains. Adaptations, emerging due to intense selection for diversity in the molecular participants in organismal and genomic conflicts, being dispersed by lateral transfer, were subsequently exapted for eukaryote-specific innovations. We illustrate this using examples relating to eukaryotic chromatin, RNAi and RNA-processing systems, signaling pathways, apoptosis and immunity. We highlight the major contributions from catalytic domains of bacterial toxin systems to the origin of signaling enzymes (e.g., ADP-ribosylation and small molecule messenger synthesis), mutagenic enzymes for immune receptor diversification and RNA-processing. Similarly, we discuss contributions of bacterial antibiotic/siderophore synthesis systems and intra-genomic and intra-cellular selfish elements (e.g., restriction-modification, mobile elements and lysogenic phages) in the emergence of chromatin remodeling/modifying enzymes and RNA-based regulation. We develop the concept that biological conflict systems served as evolutionary “nurseries” for innovations in the protein world, which were delivered to eukaryotes via lateral gene flow to spur key evolutionary innovations all the way from nucleogenesis to lineage-specific adaptations.
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Introduction

Ever since the emergence of the endosymbiotic hypothesis as the primary model for the origin of eukaryotes there has been considerable interest in two major issues which it brought forth, namely large-scale lateral gene flow and genetic conflicts. While the exact details of the nature of this endosymbiotic event are still debated, by its very nature the endosymbiotic hypothesis implies gene flow between the alphaproteobacterial mitochondrial progenitor and the nucleo-cytoplasmic progenitor of archaeal ancestry (Martin and Muller, 1998; Esser et al., 2004; Rivera and Lake, 2004; Aravind et al., 2006; Gabaldon and Huynen, 2007; Pisani et al., 2007; Sapp, 2007). This phenomenon is not just relevant to the origin of eukaryotes, but also several other symbiogenic events that shaped the subsequent evolution of eukaryotes, such as the origin of the primary photosynthetic eukaryotes, including the plants, and the numerous secondary or tertiary photosynthetic eukaryotes (Delwiche, 1999; Palmer, 2003; Bhattacharya et al., 2004; Keeling, 2004; Huang and Gogarten, 2007; Oborník et al., 2009). In the former event, not just the well-known gene flow from cyanobacteria, but also complementary contributions from a chlamydia-like endosymbiont have been postulated (Huang and Gogarten, 2007). Additionally, there are other inter-organismal interactions that have occurred throughout eukaryotic evolution, which have resulted in comparable gene flow, albeit in a more episodic fashion (Anantharaman et al., 2007). Eukaryotes are characterized by a wide-range of close organismal associations. Indeed, cytoplasmic symbiotic bacteria, comparable to the progenitors of the mitochondria and chloroplasts, and infection by several types of large DNA viruses are a common feature of many eukaryotes, including representatives of the metazoan and amoebozoan lineages (Batut et al., 2004; Collingro et al., 2005; Ogata et al., 2006; Iyer et al., 2006b; Nikoh et al., 2008; Bertelli et al., 2010; Raoult and Boyer, 2010; Schmitz-Esser et al., 2010; Georgiades et al., 2011). There are also examples of some rather dramatic inter-eukaryotic associations, like endoparasitism as exhibited by apicomplexans, karyoklepty, or “theft” of chlorophyte nuclei (along with the chloroplasts) observed among ciliates, or karyoparasitism, involving injection of parasitic nuclei into host cells, which is observed in certain rhodophytes (Fields and Rhodes, 1991; Goff and Coleman, 1995; Johnson et al., 2007). Further, it has been noted that the phagotrophic nutrition of many eukaryotes can also result in a more general form of genetic chimerism, facilitated by the constant engulfment of genetic material of particular types of bacteria and eukaryotes (Doolittle, 1998). Yet other eukaryotes, such as the rotifers, appear to even actively engage in uptake and incorporation of genetic material from their environments—in addition to the proposed role in compensating for the lack of sexual reproduction, this phenomenon also serves as a conduit for notable “alien” gene flow (Gladyshev et al., 2008). Thus, it has become increasingly clear in the past two decades that gene flow between distant lineages and the consequent genomic chimerism might have a notable role in the evolution of eukaryotes.

Inter-organismal and intra-organismal genetic conflicts are a quotidian feature across all organizational levels of life (Smith and Price, 1973; Maynard Smith and Szathmáry, 1995; Hurst et al., 1996; Burt and Trivers, 2006; Werren, 2011). In their simplest form they include various trophic interactions between organisms, such as predation. Such conflicts might also arise between different cells of the same species cooperatively aggregating to form a multicellular assembly or developing as a multicellular organism due the emergence of “cheaters,” whose genetic interests do not align with the remaining cooperating cells (Dao et al., 2000). At the level of a single cell, as the interests of different genomes residing within it are not necessarily aligned with each other, there is potential for yet another level of genetic conflicts (Burt and Trivers, 2006). Such conflicts have a long evolutionary history in the prokaryotic superkingdoms in the form of the interactions between plasmids and the cellular genome. However, the endosymbiotic origin of eukaryotes made it one of their quintessential features because it brought together multiple distinct genomes (i.e., the nuclear and mitochondrial) in a single cell (Maynard Smith and Szathmáry, 1995; Werren, 2011). Such inter-genomic conflicts within the cell further expanded in course of eukaryotic evolution due to additional associations introducing interactions with genomes from plastids, nucleomorphs, and endosymbiotic/parasitic and intra-cellular bacterial predators of mitochondria (Sassera et al., 2006; Werren, 2011). In several cases symbiotic bacteria are involved in multi-level cooperation-conflict relationships: For instance, the bacterial symbiont Photorhabdus enables predatory nematodes to feed on insects by killing them with toxins (Bowen et al., 1998), whereas the endosymbiotic bacterium Hamiltonella defensa protects aphids against parasitoid wasps by deploying toxins against them (Degnan et al., 2009). Conflicts between the cellular genomes and viruses that exploit them for their own reproduction add yet another dimension to conflicts occurring within cells (Iyer et al., 2006b; Raoult and Boyer, 2010). Finally, there might be genetic conflicts within a single genome itself, arising from a wide variety of selfish elements trying to maximize their own fitness at the expense of the remaining genes (Burt and Trivers, 2006; Werren, 2011). These selfish elements are often characterized by a degree of intra- and/or inter-genomic mobility and assume a bewildering array of forms, including numerous distinct types of transposable elements, restriction-modification, and toxin-antitoxin systems (Kobayashi, 2001; Anantharaman and Aravind, 2003; Burt and Trivers, 2006; Ishikawa et al., 2010; Leplae et al., 2011). The former elements catalyze or facilitate their own proliferation, while the latter elements enforce cellular genomes to retain them by killing cells in which they are disrupted. Despite being primarily selfish elements, they might on occasions confer a fitness advantage to genomes, as this indirectly augments their own fitness (Burt and Trivers, 2006; Werren, 2011).

These conflicts are often directly mediated by particular molecules, either proteins or small molecules which act as “chemical armaments”; although in multicellular forms it might be reflected as morphological features that serve as weaponry (Smith and Price, 1973; Anantharaman and Aravind, 2003; Degnan et al., 2009; Ishikawa et al., 2010; Leplae et al., 2011; Werren, 2011; Zhang et al., 2011; Iyer et al., 2011b). Not surprisingly, each of the many levels of organismal conflict have sparked off intense “arms races” between the interacting organisms (Dawkins and Krebs, 1979), whose signatures are often seen in the form of extensive diversification of the proteins directly participating in, or synthesizing molecules deployed in conflict (Cascales et al., 2007; Zhang et al., 2011). Concomitantly, there is also a similar rapid diversification of proteins directly involved in defending or serving as antidotes against the chemical armaments deployed in the conflict (Anantharaman and Aravind, 2003; Leplae et al., 2011; Zhang et al., 2011; Iyer et al., 2011b). Importantly, both the offensive and defensive molecular adaptations involved in these conflicts can be transmitted between genomes by way of lateral transfer and is an important factor both in the spread of antibiotic production and resistance among prokaryotes (Walsh, 2003; Aminov and Mackie, 2007; Skippington and Ragan, 2011).

The ever-expanding genomic data from both eukaryotes and prokaryotes, along with genome-scale analysis, has considerably elucidated the major trends in the genomic chimerism arising from the bacterial and archaeal progenitors of the eukaryotes (Martin and Muller, 1998; Esser et al., 2004; Rivera and Lake, 2004; Aravind et al., 2006; Gabaldon and Huynen, 2007; Pisani et al., 2007). These analyses have particularly helped differentiate the cellular systems which have a primarily archaeal provenance (e.g., core DNA replication, core RNA metabolism, and translation) as against those with a primarily bacterial provenance (various aspects of energy, anabolic, and catabolic metabolism). However, uncovering the origins of specific systems, which appear to be eukaryotic synapomorphies (or shared derived characters), have required a somewhat distinct computational approach relying on in-depth analysis of protein sequences and structures (Aravind et al., 2006, 2011; Burroughs et al., 2011). Such analyses revealed glimpses of a collusion between gene flow through lateral transfer and the selective forces acting on molecular players in organismal and intra-genomic conflict in shaping the evolution of key components of systems such as eukaryotic chromatin, RNA-based gene regulation, and certain signaling pathways. However, this aspect of eukaryotic evolution is considerably under-appreciated. Hence, in this article we present a synthetic overview of: (1) how large-scale lateral gene flow between interacting organisms has facilitated the emergence of new adaptations deployed in inter-organismal conflict. (2) How adaptations developed due to the intense selection for diversity in the molecular participants in organismal and genomic conflicts were dispersed by lateral transfer and subsequently exapted for various eukaryote-specific adaptations. Due to limitations of space, we do not provide a comprehensive survey of all known instances of the above processes. Instead, we attempt to highlight the importance of these processes in the emergence of key adaptations, not just in early eukaryotes, but also during their subsequent evolution, with diverse illustrations emerging from recent investigations. We must emphasize that in this article we mainly use published examples that have been reported in several individual studies on various biological systems or protein families. However, this is the first time they are being brought together to create a coherent picture. A detailed presentation of the methodological apparatus for sequence, structure and phylogenetic analysis of the presented examples is precluded due to limitations of space. However, we refer readers to the individual studies from which we draw our examples for details regarding the computational analysis of the proteins considered here. We use these to develop a conceptual framework for understanding the importance of the diversifying forces acting during biological conflicts in facilitating adaptations that played a role in the so-called “major transitions” of eukaryotic evolutions (Maynard Smith and Szathmáry, 1995).

Materials and Methods

Sequence profile searches to establish the relationships between protein domains were performed using the PSI-BLAST (Altschul et al., 1997) and JACKHMMER (Eddy, 2009) programs that run against the non-redundant (NR) protein database of National Center for Biotechnology Information (NCBI). For most searches which were used to report the relationships presented in this work a cut-off e-value of 0.01 was used to assess significance. This was further confirmed with other aids such as secondary structure prediction and superposition on known structures, if available. Protein sequences were clustered using the BLASTCLUST program (ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html) to identify related sequences in gene neighborhoods. Multiple sequence alignments of all domains were built by the Kalign (Lassmann et al., 2009) and PCMA programs (Pei et al., 2003), followed by manual adjustments on the basis of profile-profile and structural alignments. Secondary structures were predicted using the JPred program (Cuff et al., 1998). A comprehensive database of profiles was then constructed using these multiple alignments and was used extensively in the annotation and analysis of protein domain architectures and gene neighborhoods. For other known domains, the Pfam database (Finn et al., 2010) was used as a guide, though the profiles were augmented in several cases by addition of newly detected divergent members that were not detected by the original Pfam models. Clustering with BLASTCLUST, followed by multiple sequence alignment, and further sequence profile searches were used to identify other domains that were not present in the Pfam database. Signal peptides and transmembrane segments were detected using the TMHMM and Phobius programs (Kall et al., 2007). The HHpred program was used for profile-profile comparisons to either unify poorly characterized families of proteins or find homologous structures in the PDB database (Soding et al., 2005). Structure similarity searches were performed using the DaliLite program (Holm et al., 2008). Preliminary phylogenetic analysis was conducted using a rapid but approximate-maximum-likelihood method implemented in the FastTree 2.1 program under default parameters (Price et al., 2010). In-house bench-marking suggested that these results are generally comparable to complete ML implemented in the Phylip (Proml) and Molphy packages (Felsenstein, 1989; Adachi and Hasegawa, 1992). Predicted lateral transfers to eukaryotes were further evaluated for false positives by ensuring they were embedded in contigs or complete chromosome sequences with other genes typical of eukaryotes, comparing exon-intron structure of the genes, studying their phyletic distribution within eukaryotes and comparing the protein distances of the predicted eukaryotic proteins (as measured by bit scores) with bacterial homologs. Structural visualization and manipulations were performed using the PyMol (http://www.pymol.org) program. Automatic aspects of large-scale analysis of sequences, structures and genome context were performed by using the in-house TASS package, which comprises a collection of Perl scripts.

Results and Discussion

Parasite-Host Conflicts: Emergence of Apicomplexan Surface Proteins for Host Interaction Due to Lateral Transfer

Apicomplexa are a remarkable clade of alveolate eukaryotes entirely comprised of highly specialized metazoan parasites (Levine, 1988; Vivier and Desportes, 1990). With other alveolates, such as ciliates, colpodellids, perkinsids and dinoflagellates, they share organelles known as extrusomes, which allow delivery of a payload of proteins into target cells, such as their prey or hosts (Leander and Keeling, 2003). While basal apicomplexans, the archigregarines, are partial endoparasites that insert only the forepart of their cell into the host cells to suck nutrients, the derived apicomplexans are obligate endoparasites that reside entirely within the cells they invade (Leander et al., 2006). Basal apicomplexans typically have a single-host, but many of the derived apicomplexans like the malarial parasite Plasmodium and Theileria have evolved lifecycles with two distinct hosts (Levine, 1988; Vivier and Desportes, 1990). Genome analysis of multiple apicomplexans ranging from the relatively basal Cryptosporidium to the highly derived Plasmodium have shown that they have evolved a remarkable set of secreted or membrane-anchored (surface) proteins that interact with host molecules as a part of the invasion process or other cytoadherance events during their lifecycle (Kaslow et al., 1988; Kappe et al., 1998, 1999; Anantharaman et al., 2007; Arredondo et al., 2012). While surface proteins in each apicomplexan lineage show a wide-range of lineage-specific domains (e.g., the Rifins and Dbl domain proteins in P. falciparum), they also contain a striking array of domains that are also found in surface proteins of animals (Patthy, 1999; Anantharaman et al., 2007) (Figure 1). Case by case phylogenetic analysis revealed that at least 18 types of non-catalytic domains from apicomplexans are otherwise found only in the animal lineage, or alternatively are most closely related to versions found in the animal lineage (Anantharaman et al., 2007) (Figure 1). Functional studies in metazoans suggest that majority of these domains, such as the thrombospondin-1 (TSP1), sushi/CCP, MAM, fibronectin-type 2, scavenger receptor, kringle, and vWA domains are involved in adhesive interactions between proteins or proteins and carbohydrates on the cell-surface (Bork, 1993; Patthy, 1999). More recently structural analysis has revealed that the SRS and s48/45 domains, respectively, from coccidian and aconoidasidan apicomplexans, were probably derived through rapid sequence divergence from the ephrin-like domain found in metazoan signaling molecules (Arredondo et al., 2012). Genome analysis suggests that while some of these “animal-like” domains were acquired early in apicomplexan evolution, yet others were acquired only later by specific lineages (Figure 1) (Anantharaman et al., 2007). This suggests that the acquisition of a structurally diverse, but functionally comparable group of domains from their animal hosts has been a persistent feature of apicomplexan evolution. Although functional studies on apicomplexan surface proteins with animal domains are still in relatively early stages, two major themes are beginning to emerge: (1) Some of these proteins appear to have a parasite-specific function in relation to their sexual development, such as in gamete fusion (Pradel et al., 2004; Arredondo et al., 2012). (2) Most others have been adapted for a diverse set of interactions pertaining to invasion of host cells or localization to particular tissues and are often secreted via specialized extrusomes of apicomplexans known as rhoptries (Bradley and Sibley, 2007; Santos and Soldati-Favre, 2011). Particularly striking is the recruitment of the TSP1-domain-containing adhesins early in apicomplexan evolution as part of the conserved invasion apparatus that depends on a cytoskeletal gliding motor unique to apicomplexans (Soldati-Favre, 2008).
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Figure 1. Animal domains and animal-type O-glycosylation systems in apicomplexa. (A) Domain architectures of apicomplexan proteins containing adhesion domains of animal origin. Proteins are labeled by their gene names/common names and species abbreviation separated by an underscore, and are grouped based on their conservation in apicomplexans. If a domain architecture is present in more than one distinct apicomplexan lineage, the additional lineages are shown in brackets. Domains of animal origin are marked with an asterisk above the domain. If a domain is present in multiple copies in a protein, only one (the first) instance of it is labeled with an asterisk. Domains not present in all orthologs of a protein are enclosed in square brackets. Standard abbreviations are used for domains. Species abbreviations are as follows: Cpar: Cryptosporidium parvum, Pl: Plasmodium, Pfal: Plasmodium falciparum, Th: Theileria, Tgon: Toxoplasma gondii. (B) Protein O-linked glycosylation pathways of animal provenance in apicomplexans. Gene names of enzymes involved in these pathways are shown to the right of the enzyme, along with examples of orthologous proteins from animals. The reconstructed oligosaccharide chain is represented using abbreviations for various sugars and functional groups. Speculative parts are marked with a “?”. GalNAc: N-acetylgalactosamine, GlcNAc: N-acetylglucosamine, X? indicates an uncharacterized sugar added by the LPS glycosyltransferase. Enzymes of animal origin are marked with an asterisk. Species abbreviations are as in (A).



Genome analysis has also revealed that apicomplexans possess an animal O-like glycosylation system with two separate arms performing the fucosylation and N-acetylgalactosaminylation of hydroxyl groups of serines or threonine on target proteins (Anantharaman et al., 2007) (Figure 1). The first of these has at its core two enzymes, the protein O-fucosyltransferase and a Drosophila fringe-like glycosyltransferase that elongates the initial fucose chain with N-acetylglucosamine (Varki et al., 1999; Luo et al., 2006). Also associated with this pathway is the fucose-GDP transporter that allows parasites to take up fucose (Luhn et al., 2001). Interestingly, this pathway modifies TSP1 and EGF domains, both of which appear to have been acquired by apicomplexans through lateral transfer from animals (Figure 1). The second pathway displays three distinct orthologous groups of proteins, which constitute the enzyme complex that transfers UDP-linked N-acetylgalactosamine to mucin-like target proteins typified by homopolymeric stretches of serines and threonines (Varki et al., 1999). Phyletic and phylogenetic analysis revealed that enzymes of both these arms of the O-linked glycosylation system and the fucose transporter are specifically related to their animal counterparts to the exclusion of homologs from any other lineage (Anantharaman et al., 2007). Furthermore, their phyletic patterns suggest that the glycosylation pathways were acquired in the common ancestor of endoparasitic apicomplexans, though they were either partially lost in haemosporidians or completely lost in piroplasms. Interestingly, in the more basal apicomplexans, like Cryptosporidium and the coccidians, there is a lineage-specific expansion of surface proteins with mucin-like S/T stretches, which are likely to be primary targets of the second arm of the glycosylation system (Stwora-Wojczyk et al., 2004; Anantharaman et al., 2007). Given the gut parasitism of these apicomplexans, it is possible that these glycosylated mucin-like proteins helped homotypic interactions with the gut mucosa, which is also enriched in surface mucins (McGuckin et al., 2011). However, emergence of vertebrate blood parasitism in haemosporidians and piroplasms probably rendered these useless, and perhaps even maladaptive due to the immune response directed against them, thereby favoring their loss.

Thus, apicomplexan genomics suggests that not just adhesion domains of surface proteins, but also entire modification pathways for them were acquired on account of lateral gene flow from their hosts. It appears likely that gene transfer from the host facilitated by the initial parasitic contact allowed the development of elaborate host interaction proteins that might have been central to the emergence of the intimate endoparasitism observed in apicomplexans.

Common Molecular Adaptations Observed in Inter-Organismal, Inter-Genomic and Intra-Genomic Conflicts

In contrast to the above-discussed example, where a unique set of adaptations emerged due to lateral transfer in course of an evolving host-parasite conflict, several other molecular adaptations appear to be common across a wide-range of biological conflicts. These commonalities appear to be a consequence of two disparate forces: (1) Convergent evolution due to strong selection for particular types of molecular interactions in conflicts; (2) Rapid dispersion over wide phylogenetic distances of certain highly effective adaptations by lateral transfer. We briefly outline some of these adaptations below.

Deployment of proteinaceous toxins

Proteinaceous toxins are the mainstay across all major levels of biological conflict. Such toxins are seen in competition between multicellular eukaryotes (e.g., castor bean ricin, Aspergillus sarcin and various snake venom proteins) and between them and their pathogens (e.g., anti-microbial peptide toxins and defensive RNases such as RNase A and RNase L)(Rochat and Martin-Eauclaire, 2000; Rosenberg, 2008; Wiesner and Vilcinskas, 2010). Conversely, such toxins are also used by pathogenic and symbiotic bacteria directed against their hosts (e.g., the cholera toxin and the shiga toxin) (Aepfelbacher et al., 2000; Alouf and Popoff, 2006). Similarly, the importance of protein toxins is becoming apparent in inter-bacterial conflicts (Schwarz et al., 2010; Russell et al., 2011; Iyer et al., 2011b; Zhang et al., 2011). In this regard, an exciting recent discovery has been made of a highly prevalent system of secreted multi-domain toxins, primarily involved in intra-specific conflict between related strains of prokaryotes (Aoki et al., 2011; Iyer et al., 2011b; Zhang et al., 2011). These proteins are typified by the tendency to vary their C-terminal toxin domains through a process of recombination that replaces an existing toxin domain by a distinct one encoded by standalone cassettes, while retaining the rest of the protein's architecture (i.e., N-terminal regions related to trafficking and presentation) intact (Zhang et al., 2011). Hence, these toxins are termed polymorphic toxins. They include contact-dependent versions, which have long N-terminal stalks comprised of RHS/YD or filamentous haemagglutinin repeats that present the C-terminal toxin domain at the tip, shorter diffusible versions, and versions injected or delivered via type VI and ESX/type VII secretory systems (Aoki et al., 2011; Iyer et al., 2011b; Zhang et al., 2011). Importantly, they share these delivery/presentation mechanisms with those toxins using conflicts with hosts (Schwarz et al., 2010). However, they are distinguished from them by the presence a specific immunity protein encoded by a gene downstream of the toxin gene (Aoki et al., 2011; Zhang et al., 2011). Given their role in intra-specific conflict, they are an important determinant of kin-recognition and thereby have an effect on the included fitness in prokaryotes. Inter-genomic conflicts between cellular genomes and selfish replicons residing in the same cell (e.g., classical bacteriocins and plasmid addiction toxins) and intra-genomic conflicts between selfish elements and the host genome (restriction-modification (R-M) systems and genomic toxin-antitoxin (TA) systems) also use protein toxins with related domains (Cascales et al., 2007; Zhang et al., 2011). The protein toxins of TA systems enable them to act as selfish elements that favor their own retention or “addiction” by killing cells where they are lost or disrupted. However, they might also enhance the fitness of their prokaryotic host. Indeed, expression of chromosomally embedded TA systems has been observed in diverse pathogens such as Mycobacterium tuberculosis and Brucella abortus when they are replicating within human cells. Here, the action of the toxin actually helps the bacteria to persist effectively in the hosts (Korch et al., 2009; Heaton et al., 2012).

There are some frequently recurrent themes in these toxins deployed across different levels of biological conflict: Most prominent are enzymatic toxins that disrupt the flow of biological information—nucleases targeting genomic DNA, tRNAs and rRNAs, nucleic acid base glycosylases, nucleic acid-modifying enzymes such as deaminases, peptidases that cleave key protein targets, and protein-modifying enzymes such as ADP-ribosyltransferases and AMP/UMPylating enzymes that alter the properties of proteins, such as components of the signaling and translation apparatus (Anantharaman and Aravind, 2003; Cascales et al., 2007; Leplae et al., 2011; Zhang et al., 2011). For example, toxins with the restriction endonuclease (REase) or HNH/ENDOVII folds are seen in intra-specific, inter-specific, inter-genomic (i.e., plasmid-encoded colicins) and intra-genomic conflicts (Stoddard, 2005; Cascales et al., 2007; Zhao et al., 2007; Zhang et al., 2011). Alternatively they disrupt cellular integrity by forming pores in cellular membranes (Gilbert, 2002). The enzymatic domains deployed in these conflicts are characterized by rapid sequence and structure divergence due to selection arising from immunity proteins and resistance against them.

Use of small molecule toxins

Deployment of small molecule toxins or antibiotics, synthesized via dedicated secondary metabolism pathways, is another common strategy, primarily observed in inter-organismal conflicts (Walsh, 2003). They are particularly common in bacteria, and in certain eukaryotic clades, such as fungi and plants. Several distinct types of such molecules are synthesized, with aminoglycosidic, fatty-acid-based (polyketide) and peptide-based skeletons being prevalent (Walsh, 2003). These basic skeletons, which are often synthesized by large multi-domain or multi-protein complexes catalyzing one or more rounds of endoergic condensations of acyl moieties or amino acids, are typically subject to a wide variety of modifications enzymes such as 2-oxoglutarate-dependent hydroxylases, methylases and oxidoreductases (Walsh, 2003; Iyer et al., 2009, 2010). Related to antibiotics are siderophores that are secreted for chelation of essential environmental metals (Barry and Challis, 2009). While not being toxic, they are the center of inter-organismal conflict because several bacteria have evolved receptors for uptake of “non-self” siderophores that allow them to benefit from siderophores produced by other organisms in the environment (Lee et al., 2012). Organisms combat such siderophore-stealing by diversifying their siderophores through modifications similar to those of antibiotics (Samel et al., 2008). Similar pressures also apply to small molecule signals that are used, especially by bacteria, to communicate with each other, as they can also be potentially exploited by non-kin organisms (Brady et al., 2004). Thus, the related secondary metabolism pathways for antibiotic, signaling molecule and siderophore biosynthesis are under pressure for rapid diversification due to pressures from resistance and stealing. In most bacteria, components of these secondary metabolism pathways are encoded by multi-gene operons, which, as indicated by the large number of dioxygenases and oxidoreductases encoded by them, appear to have radiated concomitant with the first oxygenation event in Earth's history (Iyer et al., 2010). Subsequently, they appear to have undergone diversification through recruitment of multiple non-ribosomal peptide ligases and acyl condensation enzymes, sequence divergence of individual enzymatic components, and recombination between distinct biosynthetic operons to synthesize new products (Walsh, 2003; Samel et al., 2008; Iyer et al., 2009, 2010).

Enzymes that facilitate mobility and replication of selfish elements

The fitness of intra-genomic and intra-cellular selfish elements depends on a variety of enzymes that allow their efficient propagation. One group of these enzymes is directly involved in the replication and transcription of the selfish DNA and provides autonomy from the host replication and transcription systems (Galun, 2003; Burt and Trivers, 2006). These enzymes include DNA polymerases, RNA polymerases, primases and reverse transcriptases, which in certain cases are distantly related to the cellular counterparts and in other cases, represent distinct, non-homologous enzymes with analogous activities. These enzymes often face selective pressures for diversification due to exploitation by defective or satellite element which lack their own replication or due to host defensive mechanisms (Galun, 2003; Burt and Trivers, 2006). Another widely used group of enzymes that do not directly catalyze nucleic acid synthesis are transposases/integrases, which often display nuclease domains related to the nuclease domain of toxins (see above) (Lilley and White, 2000; Galun, 2003; Stoddard, 2005; Burt and Trivers, 2006; Zhao et al., 2007; Mak et al., 2010; Zhang et al., 2011). One frequently encountered catalytic domain across a wide-range of transposons is a transposase/integrase domain of the RNAseH fold which is related to the nuclease domain found in the archaeal NurA and the argonaute nucleases (Aravind et al., 2000; Nowotny, 2009). This suggests that several of these mobile elements share an ultimate common ancestry in the form of an ancient RNAseH integrase. Additionally, these enzymes from selfish elements are characterized by a mélange of structurally distinct DNA-binding domains (DBDs), which diversify considerably due to pressures for specific recognition of sequences in the selfish elements (Babu et al., 2006).

Immunity systems

Antagonistic actions in biological conflicts are countered by a variety of dedicated immunity mechanisms, which act over and beyond the immunity gained via sequence divergence of targeted proteins. The polymorphic toxins, plasmid-borne bacteriocins, TA, and R-M systems are all characterized by the presence of an antidote or immunity protein that neutralizes the toxin produced by them (Kobayashi, 2001; Leplae et al., 2011; Russell et al., 2011; Zhang et al., 2011). Thus, they channelize their antagonistic effects primarily against non-self replicons lacking the protective immunity proteins. Conflicts between cellular and viral genomes have selected for the emergence of multiple dedicated immunity mechanisms. Both prokaryotes and eukaryotes have evolved their own dedicated RNA-based mechanisms, respectively, the CAS/CRISPR and the RNAi systems, which utilize the complementarity of processed RNA to target invasive replicons (Allis et al., 2006; Grewal, 2010; Makarova et al., 2011). Bacteria additionally have evolved less-understood DNA-based mechanisms such as the Abi and the Pgl systems to counter bacteriophages (Sumby and Smith, 2002; Chopin et al., 2005). In eukaryotes, lineage-specific expansions and concomitant sequence diversification of particular receptor molecules, commonly those with leucine-rich repeats (LRRs) are exploited to provide receptors for recognition of viral and bacterial pathogens (“antigen receptors”) (Pancer and Cooper, 2006). In some cases, LRR and other domains might be combined with the SCF-type ubiquitin E3-ligases to allow degradation of proteins encoded by invasive replicons or cells (Thomas, 2006). In the vertebrate lineage, on two independent occasions, elaborate mechanisms involving mutagenesis and recombination have evolved to enable diversification of pathogen receptors, which respectively, utilize the immunoglobulin domain and LRRs (Pancer and Cooper, 2006).

Commonalities in the Multipronged Approach of Intra-Cellular Bacteria and Viruses in Manipulating Eukaryotic Hosts

Endosymbiotic/parasitic bacteria utilize a multipronged approach by often simultaneously deploying several toxins or effectors, each with its own mode of action to manipulate the behavior of the eukaryotic hosts in which they reside. Yet genomics of these bacteria suggests that there is a relatively small set of strategies that are exploited by intra-cellular bacteria from across the bacterial tree, including representatives of alphaproteobacteria, gammaproteobacteria, chlamydiae, and bacteroidetes (Collingro et al., 2005; Ogata et al., 2006; Penz et al., 2010; Schmitz-Esser et al., 2010; Georgiades et al., 2011). The most commonly used approach is the deployment of proteins that alter action of the ubiquitin system, including E3-ligases with RING, U-Box and F-Box domains, deubiquitinating and desumoylating peptidases, especially of the OTU and SMT4/Ulp1-like families and ubiquitin-like (Ubl) proteins (Loureiro and Ploegh, 2006; Lomma et al., 2010; Penz et al., 2010; Schmitz-Esser et al., 2010). Such effectors are seen in several bacteria such as the chlamydiae, like Chlamydia, Protochlamydia and Waddlia, proteobacteria like Odysella, Wolbachia and Legionella, and the bacteroidetes Amoebophilus (Figure 2). Protein modification by the action of toxins/effectors with ADP-ribosyltransferase, DOC-type AMP/UMPylase, protein methylases and protein kinase domains is another widely used strategy common to several bacteria such as Yersinia, Xanthomonas, Legionella, Amoebophilus, and Waddlia (Yarbrough et al., 2009; Aravind et al., 2011; Feng et al., 2012). These modifying enzymes target proteins from various host systems such as chromatin and signaling proteins. Recent studies have indicated that deployment of diverse nucleic-acid-targeting effectors is also a common feature of numerous endoparasites/endo-symbionts. For example, effectors/toxins with nucleic deaminase domains are seen in Orientia, Wolbachia, and Amoebophilus (Zhang et al., 2011; Iyer et al., 2011b). Likewise, several of these bacteria also share effectors with different nuclease domains that might target both DNA and RNA. Interestingly, studies on eukaryotic viruses suggest that several of viruses also deploy a similar class of molecules. For example, numerous ubiquitin system components, including ubiquitin, SUMO and Apg8-like proteins, E3-ligases and deubiquitinating/desumoylating peptidases are encoded by nucleo-cytoplasmic large DNA viruses, baculoviruses and herpesviruses (Iyer et al., 2006b). Several Ubl proteins are also observed in polyproteins of eukaryotic RNA viruses (Burroughs et al., 2012). Similarly, protein kinases, ADP-ribosyltransferases and some other protein-modifying enzymes are also observed in several NCDLVs and baculoviruses such as the Agrotis segetum granulovirus (Iyer et al., 2006b; De Souza and Aravind, 2012).
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Figure 2. Domain architectures of effectors deployed by endosymbiotic/parasitic bacteria illustrating certain common functional strategies. Proteins are labeled by their gene names, species abbreviations and genbank index (GI) numbers separated by underscores. Non-standard domain names and expansion of species abbreviations are given in the key below the figure. Additionally, Amoebophilus prodomain 1 (APD1) and Amoebophilus prodomain 2 (APD2) are Amoebophilus-specific N-terminal domains that are present immediately downstream of a signal peptide and a lipobox. These domains are likely to help in the specific localization and/or clustering of effectors from this organism.



Among the endosymbiotic bacteria, Amoebophilus and Protochlamydia, which infect amoebozoan eukaryotes, are particularly striking in that a notable fraction of their proteomes is comprised of diverse effectors with different kinds of catalytic domains (Collingro et al., 2005; Schmitz-Esser et al., 2010). These include numerous ubiquitin system proteins, kinases and α/β hydrolases, which might function as lipases, RNases and REase-fold DNAses (Figure 2). Also notable are the Amoebophilus effectors with a GTPase domain related to the animal GIMAP GTPases and the AIG1-like GTPases of plants, which play a role in providing scaffolds on intra-cellular membranes (Schwefel et al., 2010). It is conceivable that bacterial effectors with these GTPase domains play a comparable role in remodeling the host membranes surrounding intra-cellular bacteria. Interestingly, such GIMAP GTPases are also encoded by certain animal RNA viruses (e.g., Duck hepatitis A virus) and herpesviruses (e.g., Anguillid herpesvirus 1). Together, the above observations suggest that there are relatively few ancient routes to achieve successful colonization of eukaryotic cells. These appear to have emerged, in part convergently, and in part via lateral transfer of certain effective catalytic toxin/effector domains between unrelated or distant intra-cellular residents of eukaryotes. Interestingly, the genomes of such endosymbiotic bacteria [e.g., Wolbachia (Nikoh et al., 2008)] and or DNA viruses [e.g., a Herpesvirus inserted into the genome of the amphioxus (De Souza et al., 2010)] can be integrated into host genomes. Thus, they serve as an effective conduit for transfer of symbiont/parasite adaptations to their hosts.

Evolution of Major Eukaryotic Systems: Contribution from Proteins Deployed in Inter-Organismal, Inter-Genomic and Intra-Genomic Conflicts

In this section of the article we discuss with examples as to how several of the above-discussed players deployed in biological conflicts have played a major role in the emergence and elaboration of various eukaryotic adaptations. In doing so we take examples both from early events close to eukaryogenesis and also systems that evolved in particular eukaryotic lineages, such as metazoans.

Emergence of key players in eukaryotic chromatin protein complexes

Eukaryotes are distinguished from the two prokaryotic superkingdoms by their dynamic chromatin organized by histones with low complexity tails, which provides a veritable “ecosystem” for several protein-modifying and ATP-dependent remodelers (Allis et al., 2006; Kouzarides, 2007; Aravind et al., 2011; Iyer et al., 2011a). The mysterious origins of several of the unique components of eukaryotic chromatin have begun to considerably clear up with recent genomic data. SWI2/SNF2 ATPases, which had at least six representatives by the time of the last eukaryotic common ancestor (LECA), had already diversified to perform several distinct chromatin remodeling activities, such as sliding/ejection of nucleosomes, exchange of canonical nucleosomes with those containing alternative histones, or altering nucleosomal spacing (Iyer et al., 2008b; Hauk and Bowman, 2011; Hota and Bartholomew, 2011). Phylogenetic, domain architecture, and gene neighborhood analysis revealed that SWI2/SNF2 ATPases are superfamily II DNA helicases, which had their most extensive diversification as part of R-M systems and related systems that are likely to function as a defensive mechanism against bacteriophages (related to the phage growth limitation or Pgl system) (Iyer et al., 2008b) (Figure 3). In phylogenetic trees, the eukaryotic versions are nested within the radiation of SWI2/SNF2 ATPases from prokaryotic selfish elements and were transferred on at least three independent occasions to eukaryotes (Figure 3A). The first of these transfers occurred prior to the LECA, and by the time of the LECA had proliferated to spawn at least six distinct lineages (Iyer et al., 2008b). The remaining two transfers occurred much later in eukaryotic evolution, and gave rise to the Strawberry Notch and HARP-like SWI2/SNF2 ATPases (Figure 3) (Iyer et al., 2008b). Bacterial R-M systems contributed a second ATP-dependent chromatin remodeling enzyme to eukaryotes, the MORC ATPase, which contains a composite module comprised of gyrase, histidine kinase, and MutL (GHKL) and S5 domains (Iyer et al., 2008a). Analysis of R-M bacterial systems showed that they display a vast radiation of several different types of GHKL-S5 module ATPases, of which the MORCs form one distinct clade (Figure 3B). Given that basal excavate lineages, such as parabasalids and diplomonads lack MORCs, they appear to have been acquired by eukaryotes post-LECA, prior to the radiation of the large eukaryotic clade uniting animals, fungi, amoebozoans, and plants (Iyer et al., 2008a) (Figure 4). Both the MORCs and the SWI2/SNF2 ATPases use ATP hydrolysis to catalyze DNA-unwinding or large-scale looping of DNA in aiding the restriction activity of the REases. This activity has been reused in a biochemically comparable, but functionally distinct, context to remodel protein-DNA contacts or facilitate higher-order looping in eukaryotic chromatin. In a similar vein, R-M systems might also account for the origin of the eukaryotic phosphoesterase enzyme TDP1, which hydrolyzes 3'-phosphotyrosyl bonds between DNA and the active tyrosine of topoisomerase Ib to release DNA from topoisomerase adducts (Gajewski et al., 2012). Sequence relationships of TDP1 suggest that it is likely to have been derived from HKD phosphoesterase domains found fused to SWI2/SNF2 ATPases in bacterial R-M systems (Iyer et al., 2006a).
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Figure 3. Evolutionary relationships of various families of enzymes illustrating the origin of eukaryotic versions within radiations of systems involved in inter- and intra-genomic conflicts. Reconstructed phylogenetic trees are shown for (A) The bacterial radiation of the SWI2/SNF2 ATPases. (B) MORC-like ATPases and (C) The Double-psi beta barrel containing RNA polymerases. Certain clades with multiple families such as the eukaryotic SWI2/SNF2 ATPases, the Topoisomerase ATPase subunits, the cellular DDRP and eukaryotic RdRPs are collapsed into triangles for clarity. Illustrative domain architectures or gene neighborhoods are shown next to the leaf. Genes in gene neighborhoods are shown in block arrows with the arrow head pointing from the 5′ to the 3′ gene. Proteins and gene neighborhoods are labeled by the gene name and species name separated by underscores. The trees represent only the overall topology because they were obtained by a combination of conventional phylogenetic tree construction and structure-based determination of higher-order relationships.




[image: image]

Figure 4. A tree of the eukaryotic relationships illustrating the points of recruitment in eukaryotes in different functional systems of various domains from different biological conflict systems. With a eukaryotic tree as reference, the source and reconstructed point of transfer of various domains recruited from different conflict systems and symbiogenic events are shown. The transfers are shown as dashed arrows with the arrow head pointing to the ancestor in which the transfer is proposed to have taken place. The dashed lines are labeled either with a single gene or a set of genes enclosed in a box. The conflict systems are shown in the key at the bottom left.



Similar studies have shown that the DNA methylases of eukaryotes, which play an important role as encoders of epigenetic information that goes over and beyond the basic genetic information, also largely owe their origin to R-M systems and related methylation systems that protect prokaryotic genomes against restriction attacks by selfish R-M systems (Bestor, 1990; Iyer et al., 2011a). Both DNA cytosine (C5) and adenine (N6) methylases of eukaryotes appear to have been derived from bacterial R-M system and dcm methylases on more than 10 independent occasions (Iyer et al., 2011a). As none of the conserved eukaryotic lineages of DNA methylases can be detected in the parabasalids and diplomonads, it appears that the classical epigenetic DNA modification of cytosine was absent in the LECA. The primary conserved cytosine DNA methylase of eukaryotes, DNMT1, appears to have emerged only just before the time the heterolobosean-kinetoplastid clade branched off from the remaining eukaryotes, and phylogenetic analysis strongly supports its origin from a bacterial R-M system methylase-related to M.NgoFVII (Iyer et al., 2011a). Most other DNA methylases of eukaryotes can be attributed to comparable later acquisitions, primarily from other types of R-M systems. Recent discoveries have indicated that the reversal of cytosine DNA methylation in several eukaryotic lineages occurs via the action of Tet-JBP family of 2-oxoglutarate and iron-dependent dioxygenases (2OGFeDOs), which remove the methyl group through oxidative conversion to hydroxymethylcytosine and further oxidized cytosine derivatives that are then cleared by base excision repair (He et al., 2011; Iyer et al., 2011a). Interestingly, related enzymes, JBP1/2, catalyze the hydroxylation of thymine in the synthesis of base J, an epigenetic modification observed in kinetoplastids (Vainio et al., 2009). Prior studies on the evolution of 2OGFeDOs revealed that the eukaryotic Tet-JBP enzymes were derived from precursors encoded by caudate bacteriophages (Iyer et al., 2011a). Bacteriophages have been known to display a rich variety of DNA modifications, including hydroxymethylated pyrimidines, which enable them to evade restriction by different R-M systems in the host genome (Gommers-Ampt and Borst, 1995). Thus, the bacteriophage Tet-JBP enzymes appear to have first emerged as part of their counter-restriction strategy, and subsequently recruited to generating and erasing epigenetic marks on DNA upon being transferred to eukaryotes. Multiple studies have also revealed that not just enzymatic domains, but also specific DBDs found in eukaryotic chromatin proteins might have been acquired from bacterial R-M systems and replication apparatus of caudate bacteriophages. The SAD/SRA domain, which is a key player in eukaryotic chromatin as an epigenetic “reader” of hemimethylated cytosine marks, has been derived from the DNA-binding domain of REases from R-M systems that discriminate between hemimethylated and fully methylated sites (Iyer et al., 2011a). Likewise, the recently described HARE-HTH domain, which might have an important role in discriminating the DNA modification generated by the cytosine methylases, and the Tet/JBP enzymes has also evolved from bacterial R-M systems, where it is combined with several distinct REase domains (Aravind and Iyer, 2012). On the other hand, another DNA-binding domain, the HIRAN domain, which among other proteins is associated with the eukaryotic chromatin remodeling RAD5-type SWI2/SNF2 ATPases appears to have emerged from the replication apparatus of caudate bacteriophages (Iyer et al., 2006a).

In stark contrast to chromatin remodeling and epigenetic DNA modifications, enzymes catalyzing epigenetic modifications of proteins in eukaryotic chromatin appear to have extensively drawn from very different types of prokaryotic systems involved in inter-organismal conflict. Two key epigenetic modifications are acetylation of lysines and methylation of both lysines and arginines in histones and other proteins in eukaryotic chromatin (Allis et al., 2006; Kouzarides, 2007). Sequence comparisons show that the eukaryotic arginine methylases (PRMT) have been derived from within a bacterial radiation of peptide methylases (Aravind et al., 2011). The closest bacterial sister groups of the eukaryotic PRMTs are encoded in antibiotic-like secondary metabolite biosynthesis operons that also contain genes for peptide dioxygenases, non-ribosomal peptide synthetases and other peptide-oxidizing enzymes such as LSD1-related amine oxidases (Aravind et al., 2011). Bacterial PRMT domains are also incorporated as domains of gigantic antibiotic biosynthesis enzymes, such as anabaenopeptilide synthetase that synthesizes a peptide toxin of the cyanobacterium Anabaena (Rouhiainen et al., 2000; Aravind et al., 2011). Interestingly, the LSD1-like amine oxidases observed in these and other peptide antibiotic/toxin biosynthesis operons are also the precursors of eukaryotic histone demethylases that catalyze oxidative removal of methyl groups from mono- and di-methylated histone H3K4 (Allis et al., 2006; Kouzarides, 2007). All the remaining histone demethylases in eukaryotes belong to one large superfamily of 2-oxoglutarate-dependent dioxygenases known as the Jumonji-related dioxygenases (Iyer et al., 2010). These, along with LSD1, are absent in the earliest-branching eukaryotes such as parabasalids and diplomonads, and first appear as multiple paralogous copies just prior to the divergence of the heterolobosean-kinetoplastid clade from the other eukaryotes (Iyer et al., 2010). However, each of these multiple eukaryotic paralogous lineages have their own bacterial counterparts suggesting that they had already diverged in bacteria before being acquired. In bacteria, like LSD1, they appear in one or more copies in peptide antibiotic/toxin and siderophore biosynthesis operons (Iyer et al., 2010), where they are likely to catalyze multiple oxidative modifications of peptides as previously observed in the biosynthesis of penicillin and its derivatives (Liras and Demain, 2009). Thus, it is plausible that eukaryotes acquired multiple paralogous jumonji-related dioxygenases via the transfer of a single secondary metabolism gene-cluster with multiple versions of these enzymes. In eukaryotes, other than histone demethylation, they also radiated to give rise to enzymes catalyzing the last step in the generation of the eukaryote-specific tRNAPhe modification, hydroxywybutosine, and protein asparagine hydroxylation (Iyer et al., 2010). In contrast to these, the histone H3K79 methylase Dot1 appears to have emerged from a methylase effector delivered by intra-cellular symbionts and is seen in diverse bacterial endo-symbionts/pathogens of amoeboid protozoans and metazoans, like Parachlamydia and Legionella (Aravind et al., 2011).

Thus, components from R-M and virus-restriction systems, viral replication apparatus, peptide antibiotic/siderophore biosynthesis systems and effectors of intra-cellular bacteria, which are exemplars of intra-genomic, inter-genomic and inter-organismal conflict systems, have been harnessed as progenitors of distinguishing components of eukaryotic chromatin.

Conflict systems and eukaryotic RNA metabolism

Eukaryotes are characterized by the unique RNAi system, which is typified by small RNAs (usually 23–35 nt in length) that perform a number of roles ranging from post-transcription gene regulation to regulation of chromatin structure (Allis et al., 2006; Grewal, 2010). Of these small RNAs, the siRNA-type RNAs are particularly important in gene-silencing, and might be amplified by a distinctive enzyme of this system, the RNA-dependent RNA-polymerase (RdRP), which can be traced back to the LECA (Salgado et al., 2006; Ruprich-Robert and Thuriaux, 2010; Iyer and Aravind, 2011). Sequence-structure analysis of the RdRP revealed that its two catalytic double-ψ−β-barrel (DPBB) domains are related to the catalytic domain found in the two largest subunits of the cellular RNA polymerases from all life forms (Salgado et al., 2006; Ruprich-Robert and Thuriaux, 2010; Iyer and Aravind, 2011). The search for RdRP cognates outside eukaryotes showed that they are prevalent in certain bacteriophages of firmicutes and also a variety of recently identified novel selfish elements in bacterial genomes (Figure 3C) (Iyer and Aravind, 2011). In these potential selfish elements they are often encoded alongside genes for different DNase domains such as those belonging to the REase and URI endonuclease fold, which might aid in the mobility of the elements (Figure 3C). The RdRPs might also be combined with RNAse H domain in the cyanobacterial versions suggesting that might function in the context of RNA-DNA hybrids (Iyer and Aravind, 2011). Furthermore, structural analysis of the RNA-polymerases with DPBB catalytic domains showed that the RdRP-like enzymes belonged to a radiation of single-subunit RNA polymerases encoded by variety of selfish elements, from within which the cellular multi-subunit versions emerged via fission of the two catalytic domain-containing segments of the single-subunit enzyme (Figure 3C). It appears plausible that these RdRP-like enzymes of intra-genomic selfish elements and bacteriophages primarily arose as enzymes that aided their mobility by potentially acting as primases enabling their replication (Iyer and Aravind, 2011). Upon acquisition by the eukaryotic lineage, prior to the LECA, the enzyme appears to have been recruited as a part of the RNAi systems for amplification of small RNAs. Interestingly, the RdRP is not the only nucleic acid polymerase that has been recruited to RNA metabolism from a prokaryotic selfish element. Recent studies on the domain architectures and sequence relationships of the most conserved splicing factor of eukaryotes Prp8, which is part of the spliceosomal catalytic center, has revealed that it has been derived from the polyprotein of a retroelement replete with the reverse transcriptase, “thumb” and RNaseH domains (Dlakic and Mushegian, 2011). However, in Prp8 the active site of the reverse transcriptase domain is disrupted, suggesting that it merely functions in a nucleic acid-binding capacity rather than as an active enzyme (Dlakic and Mushegian, 2011). It is conceivable that this retroelement was associated with the ancestral group-II introns that invaded the genome in the pre-LUCA period to give rise to the spliceosomal introns of eukaryotes.

On several occasions, components of yet another prokaryotic inter-organismal conflict system, namely the recently characterized polymorphic toxin systems, appear to have contributed to eukaryotic RNA-processing and modification systems (Zhang et al., 2011). In eukaryotes, small nucleolar RNAs (snoRNAs) are required for modification and maturation of rRNA in the nucleolus. In several eukaryotes certain snoRNA, like U16 and U86, are directly released from the introns encoding them by the endonucleolytic action of the EndoU RNase (Laneve et al., 2003). Sequence and structure analysis revealed that the EndoU RNase of eukaryotes is nested within a vast radiation of RNase domains that function as toxins in bacterial polymorphic toxin and related secreted toxin systems (Zhang et al., 2011). Thus, acquisition of the EndoU domain appears to have enabled eukaryotes to bypass splicing to directly release snoRNAs from introns. RNA-editing via deamination of cytosine and adenine has considerably expanded in eukaryotes and is observed not just in tRNAs but also in mRNAs and as part of a counter-viral strategy (Iyer et al., 2011b). The origins of certain divergent metal-dependent nucleic acid deaminase domains, such as those of the AID-APOBEC clade and the DYW clade, which catalyzes massive RNA-editing in plant chloroplasts and mitochondria, were rather unclear until recently (Zehrmann et al., 2011). Analysis of the polymorphic toxins revealed that one of the widely used toxin domains was the nucleic acid deaminase that had greatly diversified in such and related secreted toxins (Iyer et al., 2011b). Importantly, the origin of the both the DYW and AID-APOBEC-like deaminases could be placed within specific prokaryotic toxin groups (see below for details).

Prokaryotic conflict systems and protein-modifying enzyme and second messenger in eukaryotic signaling systems

Recent studies on the diversity of catalytic toxin domains deployed in bacterial polymorphic and related secreted toxins systems are also throwing light on the emergence of what were previously considered uniquely eukaryotic signaling systems (Figure 4). One such is the polyADP-ribosylation system, which modifies aspartate, glutamate and lysine side chains in both cytoplasmic and nuclear proteins including histones, with profound effects on DNA repair, chromatin organization, telomere dynamics, centrosomal and mitotic spindle organization, and endosomal trafficking (Ame et al., 2004). The enzymes catalyzing this modification, polyADP-ribosyl polymerases (PARPs), can be traced back to the LECA, but their emergence in eukaryotes remained a mystery (Citarelli et al., 2010). The closest relatives of the PARPs are found among toxin domains of a toxin used in inter-bacterial conflicts delivered via a distinctive phage-derived, injecting secretory system known as the Photorhabdus virulence cassette (Hurst et al., 2004; Zhang et al., 2012). Related PARP domains are also found as effectors of intra-cellular symbionts/parasites of amoebae and metazoa such as Legionella drancourtii. Recently, a novel family of ADP-ribosyltransferases (ARTs), distinct from the PARPs, was identified, and typified by the Neurl4 protein of humans (De Souza and Aravind, 2012). These ARTs might have an important role in the organization of the eukaryotic centrosome among other processes. They also seem to have been derived from effectors delivered by endoparasitic bacteria, such as Waddlia (Hurst et al., 2004). The use of mono-ADP-ribosyltransferases by diverse bacteria as toxins in intra- and inter-specific conflicts (i.e., polymorphic toxins) and those directed at host proteins is well-known (Koch-Nolte et al., 2008; Laing et al., 2011; De Souza and Aravind, 2012). Indeed, other than the PARPs and Neurl4-like ARTs, the eukaryotes also possess several mono-ARTs which are nested within the radiation of bacterial toxin ARTs. Thus, on more than three occasions eukaryotes appear to have recruited the toxin ART/PARP domains as protein-modifying enzymes, with the event giving rise to the PARPs probably happening before the LECA (Figure 4). While in bacteria these enzymes appear to largely function as toxins, in eukaryotes they appear to have been utilized to post-translationally modify proteins and provide an additional level of coding information (Koch-Nolte et al., 2008; Laing et al., 2011). Beyond the events spawning pathways that are widespread in eukaryotes, polymorphic and related toxin systems also appear to have contributed to the origin of signaling systems unique to certain lineages, such as metazoans. In addition to ARTs, other bacterial toxin domains utilizing NAD as a substrate have also been recruited to metazoan signaling. The ADP-ribosyl cyclase domain was previously observed only in animals (in the CD38 and CD157 proteins) and generates two messenger molecules, namely cyclic ADP ribose (cADPr) and nicotinic acid adenine dinucleotide phosphate (NAADP), respectively, from NAD and NADP (Guse and Lee, 2008). The former two nucleotides function as messenger molecules that induce calcium signaling pathways via the ryanodine receptors (Guse and Lee, 2008). The discovery of the ADP-ribosyl cyclase as a toxin domain in bacterial polymorphic toxins provides a potential explanation for the sudden origin of this signaling enzyme in animals (Zhang et al., 2012). Additionally, fungi too appear to have independently acquired this domain from bacteria, suggesting that it might have been recruited on more than one occasion in eukaryotic evolution (Zhang et al., 2012).

The Teneurin/Odd Oz proteins found in metazoans and choanoflagellates function as developmental regulators with a potential role in cell-surface adhesion in diverse processes such as cell migration, neuronal path finding and fasciculation, gonad development, and basement membrane integrity (Minet et al., 1999; Silva et al., 2011). These proteins appear to have been derived from a complete bacterial polymorphic toxin, with both the N-terminal RHS/YD repeats, which form a stalk and the C-terminal toxin domain that is a derived version of the HNH/EndoVII fold (Zhang et al., 2012). While the C-terminal toxin domain has lost its active site residues in the animal lineages, it is cleaved and secreted as a potential neuromodulator (Qian et al., 2004). On the other hand the N-terminal RHS repeats appear to play a role in adhesion between different Teneurin/Odd molecules, which is a key aspect of their cell-cell signaling function (Silva et al., 2011). Other than the toxin domains, certain other domains in eukaryotic signaling pathways have also been acquired from bacterial polymorphic toxin systems. The hedgehog signaling pathway is a eukaryotic signaling pathway initiated by the hedgehog proteins, which undergo autoproteolytic cleavage to release signaling messengers (Ingham et al., 2011). The HINT domain, which catalyzes this autoproteolytic cleavage in the eukaryotic hedgehog proteins, is likely to have been derived from the HINT domains commonly found in bacterial polymorphic toxins, where they apparently facilitate the autoproteolytic release of the C-terminal toxin domain into target cells (Zhang et al., 2011). In metazoans, hedgehog activates a down-stream signaling cascade in target cells to activate the transcription factor Gli (Ingham et al., 2011). The Suppressor of Fused (SuFu) protein tethers the Gli in the cytoplasm in the absence of the hedgehog signal to prevent constitutive activation. This SuFu protein of the animal hedgehog pathway also has its origin in bacterial polymorphic toxin systems, where members of the SuFu superfamily function as immunity proteins that neutralize a structurally diverse range of toxin domains (Zhang et al., 2011).

The eukaryotic ubiquitin system: origin and elaboration

One of the most remarkable features of eukaryotes is the ubiquitin system, which comprises of several parallel enzymatic cascades which ligate Ubiquitin or an Ubl protein to target proteins, typically on a lysine residue (Hochstrasser, 2009). These cascades are typified by an E1 enzyme, which activates the Ub/Ubl terminal COOH group by adenylation and trans-thiolation to transfer it to and E2 enzyme. The E2 enzyme may then either directly or via an E3 enzyme transfer the Ub/Ubl to the target protein. In eukaryotes, such modifications often target proteins for degradation via the proteasomal system, where the Ub/Ubl is first cleaved off and released by a JAB domain metallopeptidase (Kerscher et al., 2006). In addition to proteasomal degradation, Ub/Ubl modifications also alter the interactions, localization and biochemistry of the target proteins and are modulated by a series of peptidases (DUBs) that debiquitinate them (Burrows and Johnston, 2012). Until recently it was thought that the Ub-system was a purely eukaryotic innovation. However, multiple studies have shown that the antecedents of the Ub-system first emerged in prokaryotes as part of a dramatic radiation of Ubls and E1-like enzyme in operons for the biosynthesis of cofactors (e.g. thiamin and molybdopterin), cysteine, and peptide secondary metabolites such as siderophores, antibiotics/toxins and small molecule signals (Burroughs et al., 2011, 2012). A subset of these operons is highly mobile (i.e., widespread dispersal across distant lineages) and evolved features characteristic of the eukaryotic Ub-systems, namely the presence of E2 and sometimes E3 enzymes and the deubiquitinating JAB peptidase (Burroughs et al., 2011). The fact that these operons are mobile, and usually tend to couple the ubiquitinating enzymes with deubiquitinating JAB peptidases, presents parallels to the R-M systems (Iyer et al., 2006c). Like them these systems combine opposing actions in the modifying and de-modifying enzymes, and have no links to the metabolic enzymes that are typical of the operons with E1-like enzymes and Ubls that synthesize small molecule. Hence, we posit that these are potential selfish elements that act like the R-Ms, but at the protein level, by possibly destabilizing proteins through transfer of the Ubl and restoring the original protein by removal of the Ubl by the JAB peptidase. Since these Ub-like systems are closest to the eukaryotic versions, it is very likely that they were derived from them. On account of their mobility they are seen in several bacteria and certain archaea (e.g., the Caldiarchaeum) (Iyer et al., 2006c; Burroughs et al., 2011; Nunoura et al., 2011); hence, it is possible that eukaryotes might have acquired the precursor of their Ub-system either from their archaeal precursor or from endosymbiotic bacteria (Figure 4).

The only DUB that is consistently observed in prokaryotic Ub-like systems is the JAB peptidase domain (Iyer et al., 2006c; Burroughs et al., 2011). Eukaryotes, however, possess several other DUBs, most of which belong to the papain-like peptidase fold and a few to the Zincin-like metallopeptidase fold (Iyer et al., 2004). Interestingly, papain-like peptidases (e.g., Otu-like peptidase domain) and Zincin-like metallopeptidases are frequently found among the toxin domains of effectors delivered by a range of intra-cellular bacteria (Loureiro and Ploegh, 2006). These were previously thought to be lateral transfers from hosts to their endo-symbionts/parasites, which are used to interfere with the host Ub-system (Lomma et al., 2010; Schmitz-Esser et al., 2010). However, recent studies on polymorphic toxin systems suggest that such peptidase domains are far more widely distributed in bacterial toxins and often among toxins of free-living bacteria deployed in inter-bacterial conflicts (Zhang et al., 2012). Hence, it seems more likely that they first emerged in bacteria as part of the polymorphic and related secreted toxin systems and were acquired by eukaryotes and recruited as DUBs in course of the development of the mitochondrial endosymbiosis (Figure 4). Not surprisingly, these DUB-like peptidase domains are common among intra-cellular bacteria such as Wolbachia, Rickettsia and Odyssella, which are closely related to the mitochondrial precursors (Figure 2). Indeed, these DUBs probably originally emerged as part of the strategy utilized by these bacterial endo-symbionts/pathogens that countered the immunity mechanism based on ubiquitination of target proteins. Interestingly, several of these papain-like DUB domains are also related to polyprotein-processing peptidases of eukaryotic RNA viruses and retroviruses (Iyer et al., 2004). It is conceivable that the emergence of the Ub-system in eukaryotes also provided a means for RNA viruses to escape constraints placed by the eukaryotic mRNA cap on internal translation initiation, by simply enabling translation of polyproteins that are then processed by the DUB peptidases. In course of viral evolution many of the DUB domains were probably incorporated into their own polyproteins to allow autoproteolytic processing.

Executers of apoptosis: multiple independent recruitments of domains from prokaryotic conflict systems

One of the simplest counter-pathogen strategies is regulated cell death or apoptosis, in which a cell might sacrifice its own fitness and prevent the pathogen from replicating within it. This typically works in situations where the inclusive fitness accrued from saving kin from infection might contribute to fixation of altruistic behaviors such as apoptosis (Aravind et al., 2009). Such mechanisms are likely to be further enhanced with the emergence of colonial or multicellular organization. Some of the simplest programmed cell death systems seen in bacteria are constituted by intra-genomic selfish elements. For example, in Escherichia coli a defective prophage produces a toxin known as Lit with a zincin-like metallopeptidase domain to cleave the elongation factor Tu and kill the cell when infected by the phage T4, thereby preventing the further spread of T4 to remaining cells in the colony (Snyder, 1995). Likewise, under conditions of starvation, when resources are limiting, chromosomally encoded toxin-antitoxin systems, such as the entericidin locus, mediate cell death in bacteria like E. coli and allow certain cells to survive and grow at the expense of kin that have undergone cell death (Bishop et al., 1998). Thus, the principle of the use of toxins as mediators of programmed cell death appears to be an ancient one (Jensen and Gerdes, 1995; Bishop et al., 1998). Although eukaryotes lack conventional toxin-antitoxin systems, the executioners of apoptosis resemble the prokaryotic toxins from these and other conflict systems in that they cleave or modify specific target proteins or permeabilize membranes in the cell committed to apoptosis. These effectors have been best studied in the animal lineage and include membrane-permeability regulators (the BCL2 superfamily), DNA-cleaving enzymes (e.g., the DNA fragmentation factor/CIDE), DNA-modifying enzymes (e.g., pierisin) and peptidases (e.g., the caspases) (Chou et al., 1999; Lugovskoy et al., 1999; Kanazawa et al., 2001; Riedl and Salvesen, 2007). Investigation into the provenance of these proteins has revealed multiple ancient connections to bacterial toxin systems. The core helical domain of the BCL2 superfamily (the first 6 helices) is specifically related to the translocation (T) domain of several host-directed toxins from distantly related bacteria such as the diphtheria, botulinum, tetanus and Vibrio toxins (Chou et al., 1999). The T-domain undergoes a pH induced conformational change to assume a BCL2-like structure, inserts into the endosomal membrane and transfers the catalytic domain of the toxin into host cytoplasm. Given its sudden emergence in metazoans, it is likely that it was derived from a bacterial toxin and recruited as regulator of the permeability of the mitochondrial membrane. In metazoans these domains diversified into anti-apoptotic versions, which prevent the release of cytochrome C from mitochondria and pro-apoptotic versions which foster its release (Chou et al., 1999; Riedl and Salvesen, 2007). From animals, the BCL2 superfamily was secondarily acquired by large DNA viruses that infect them, such as herpesviruses, poxviruses, iridoviruses and asfarviruses, and used as an anti-apoptotic effector to prevent hosts from using cell death as a defense against them (Iyer et al., 2006b). The T-domain of bacterial toxins appears to have been independently transferred to the fungus Metarhizium, where it appears to be utilized in multiple toxins directed against the insect host.

Among catalytic effectors of apoptosis, in metazoans the DFF/CIDE endonuclease catalyzes the genome fragmentation of DNA that is typical of apoptosis (Lugovskoy et al., 1999; Riedl and Salvesen, 2007). Structural studies had revealed that this domain contains an endonuclease domain of the HNH/EndoVII fold, but its origins remained unclear (Lugovskoy et al., 1999). Recent analysis of the bacterial polymorphic toxins revealed that a subset of them contains a toxin nuclease domain, which shares unique sequence signatures with the DFF/CIDE endonuclease domain to the exclusion of other representatives of HNH/EndoVII fold (Zhang et al., 2012). Here again, the relative abundance of the HNH/EndoVII fold among polymorphic and related toxin domains compared to its lone presence in DFF/CIDE, which is restricted to metazoans, points to an origin for the latter from a representative in the bacterial toxin systems. Pierisin-type ARTs are unusual enzymes that mediate apoptosis (thus far only known from lepidopterans) by ADP-ribosylating the N2 atom of guanine in DNA (Kanazawa et al., 2001). The lepidopteran pierisin-like ARTs are specifically related to the ART toxin domains found in certain bacterial polymorphic toxins and insecticidal toxins of insect pathogens, such as Bacillus sphaericus (Orth et al., 2011). This suggests that they were probably laterally transferred into lepidopterans from a bacterial symbiont or parasite, followed by their reuse as an apoptotic effector. In all the above examples the natural action of the bacterial toxins in disrupting or killing animal cells appears to have been harnessed as a mechanism to execute apoptosis.

Caspase-like peptidases are the central executers of apoptosis throughout eukaryotes and have been demonstrated to play a central role in cell death in animals, fungi, plants, and certain other eukaryotes (Aravind and Koonin, 2002; Riedl and Salvesen, 2007). Prior evolutionary analysis of the caspase-like superfamily revealed that they first diversified in bacteria into several clades such as the metacaspases, paracaspases and numerous other bacteria-specific lineages (Aravind and Koonin, 2002). Metacaspases were transferred to eukaryotes prior the LECA and are found in most eukaryotes (Figure 4). Subsequently, in the animal lineage and in dictyostelid slime molds metacaspases were displaced by a second acquisition from bacteria, the paracaspases, which then radiated in animal to give rise to the classical caspases (Aravind and Koonin, 2002). This phyletic pattern suggests that paracaspases are effectively functionally comparable to metacaspases, as they have displaced them on more than one occasion. Interestingly, several bacteria, particularly endosymbiotic/parasitic alphaproteobacteria (e.g., Agrobacterium, Labrenzia, Bradyrhizobium) encode metacaspases and paracaspases with N-terminal signal peptides that are likely to be secreted into their hosts (Aravind and Koonin, 2002). Hence, these peptidases were possibly first used in regulating endoparasite/symbiont-host conflicts to modulate the immune response and cell death in favor of the intra-cellular bacterium. Consistent with this, recent studies in humans have shown that the paracaspase modulates the T-cell-dependent immune response by cleaving A20, a deubiquitinating enzyme involved in the process, and is required for prevention of cell death in diffuse large B cell lymphoma (Coornaert et al., 2008; Ferch et al., 2009). This suggests that caspase-like peptidases might have been acquired on multiple occasions in eukaryotic evolution from endosymbiotic bacteria, which were probably utilizing them to regulate the survival of their host cells. On a similar note, the GIMAP/AIG1-like GTPases, which are deployed by certain endo-symbionts/parasites (Figure 2), could have given rise to the eukaryote representatives of this clade which are known to modulate both apoptosis and the immune response.

Thus, protein domains that originally diversified in prokaryotic conflict systems both as toxin and also as potential modulators of host defensive responses have had a notable effect on the evolution of apoptosis.

Origin of antigen receptor diversification mechanisms and mutagenic immunity mechanisms

Despite the enormous disparities in the immune systems of different eukaryotes, there are a few common strategies that are observed across most of them. These include the use of a relatively small number of families of protein domains as antigen receptors. Diversification of antigen receptors in most eukaryotes is a passive process of sequence divergence, probably under positive selection, within families of lineage-specifically expanded proteins (e.g., LRR proteins). However, in both jawed and jawless vertebrates two distinct and directed mechanisms for their diversification have been observed, namely recombination and active mutagenesis, which result in different populations of lymphocytes expressing different types of antigen receptors (Pancer and Cooper, 2006; Schatz and Swanson, 2011). In both jawed and jawless vertebrates the process of directed mutagenesis by DNA cytosine deaminases of the AID-APOBEC superfamily is utilized (Rogozin et al., 2007). Such mutagenesis is used either as a trigger for antigen gene-conversion, or for hypermutation or for antibody class-switching. Additionally, certain representatives of the AID-APOBEC family of cytosine deaminases are also major line of defense against retroviruses by mutagenizing their genomes by cytosine deamination (Chiu and Greene, 2006). Although AID-APOBEC-like deaminases were, until recently, thought to be restricted to vertebrates, sensitive sequence analysis showed that more divergent members exist in nematodes, cnidarians and several distantly related algal groups. Identification of these sequences helped establish that the fast-evolving AID-APOBEC deaminases have their ultimate origin in the toxin domains of polymorphic and related secreted bacterial toxins (Iyer et al., 2011b). Indeed, effectors with toxin domains most closely related to the AID-APOBEC deaminases are observed in the Wolbachia endosymbiont of the moth Cadre cautella and the plant pathogen Pseudomonas brassicacearum (Iyer et al., 2011b). Thus, these mutagenic deaminase domains, which were originally part of toxins deployed by bacteria, appear to have provided the basis for the unique mechanism for antigen receptor diversification in vertebrates. However, their role in anti-retroviral response suggests that they were probably initially recruited merely as mutagenic enzymes that targeted viruses (i.e., similar to the original toxin role but merely directed at viruses). Interestingly, several filamentous fungi show a lineage-specific expansion of related nucleic acid deaminases that also appear to have been derived from toxin domains of bacterial provenance (Iyer et al., 2011b). It is conceivable that these play a similar role as the counter-retroviral deaminases in potentially mutating cytoplasmic parasitic elements or preventing anastomosis by unrelated hyphae.

In jawed vertebrates, antibody and T-cell receptor diversity is generated by the action (V-D-J and V-J recombination) of a dedicated recombination apparatus comprised of two proteins Rag1 and Rag2, of which Rag1 is the catalytic subunit of the recombinase (Schatz and Swanson, 2011). The origin of the Rag1 recombinase in animals had remained mysterious until it was shown that their recombinase domain is related to the transposase domain of a distinct class of eukaryotic transposons known as the Transib elements (Kapitonov and Jurka, 2005; Panchin and Moroz, 2008). This transposase domain contains a distinctive version of the RNAseH fold and cleaves sites associated with the termini of these transposons, which show sequence relationships to V-D-J and V-J recombination sites. Thus, the Rag1 recombinase appears to have evolved from a “domesticated” selfish element whose recombinase domain and terminal recognition sites were reused as a mechanism to generate diversity. Indeed, domestication of selfish elements for generation of diversity in host-pathogen interfaces is a general phenomenon, which is not restricted to the animal immune system: In certain caudate bacteriophages, the mutagenic reverse transcriptase of an integrated retroelement has been shown to play a role in creating sequence diversity in a tail-fiber-associated protein (Medhekar and Miller, 2007). This allows the bacteriophages to recognize a changing landscape of cell-surface proteins on their hosts.

Was the origin of the eukaryotic nucleus-related to inter-organismal and intra-genomic conflicts?

As the endosymbiotic model for eukaryogenesis involves juxtaposition of two distinct genomes in the same cell, it implies an increased scope for genetic conflicts between the genomes and the intra-genomic selfish elements contained by them. Indeed, different scenarios exploiting such conflicts have been proposed. One of these argues that the mobile self-splicing group-II introns from the alphaproteobacterial mitochondrial progenitor invaded and proliferated in the progenitor of the nuclear genome (Koonin, 2006). As a consequence there was selection for the nuclear membrane as a physical barrier to protect unspliced intron-containing transcripts from the translation apparatus. This hypothesis posits that the pre-LECA eukaryotes were enormously enriched in introns (Koonin, 2006) as a consequence of reduced selection due to decreased effective population sizes (Lynch, 2007). However, direct evidence for highly intron-rich pre-LECA genomes is lacking based on available genomes and with the current data it is not possible to distinguish between: (1) the early proliferation of introns in eukaryotes being a consequence of the emergence of a protective barrier of the nucleus and (2) the nucleus being a consequence of the selective pressure imposed by intron proliferation. Moreover, there is little evidence for extensive proliferation of group-II introns in any prokaryotic lineage. In an alternative hypothesis, greater alignment of the genetic interests of the genomes of the pro-mitochondrion and the nucleus is likely to have happened with the transfer of genes, including those encoding ribosomal proteins, from the former genome to the latter (Jekely, 2008). This is likely to have resulted in chimeric ribosomes in the cytoplasm with potentially deleterious effects for both genomes. This hypothesis presents the nucleus as a physical barrier to prevent such chimerism and might also effectively explain the origin of the nucleolus, another defining feature of eukaryotes. It should be noted that nucleus-like structures have convergently evolved in certain representatives of the clade of bacteria uniting the planctomycetes, chlamydiae and verrucomicrobia (McInerney et al., 2011). In these cases there is no evidence for deleterious effects arising from intra-genomic selfish elements like group-II introns or ribosomal chimerism. Indeed alternative selective pressures could have facilitated nucleogenesis.

One key feature of bacterial endo-symbionts/parasites is their deployment of toxin/effector systems that contain nuclease and nucleic acid deaminase domains, both from polymorphic and host-directed toxin systems (Iyer et al., 2011b; Zhang et al., 2011, 2012). These are observed in a variety of extant endo-symbionts/parasites such as Wolbachia, Rickettsia, Orientia, Odyssella, Legionella, Amoebophilus, and Protochlamydia (Figure 2). Indeed, such genome-targeting toxins are likely to play a role in the chromosomal disruptions produced by Wolbachia in the process of regulating sex-specific survival and killing of incompatible hosts (Duron, 2008). Interestingly, a key nuclear pore component, Nup96/98, has an autoproteolytic ZU5 domain (Mans et al., 2004). ZU5 domains appear to have originated in bacterial cell-surface proteins, such as polymorphic toxins, and play a role in the autoproteolytic processing of toxins on the cell-surface [ZU5 domains were also secondarily acquired again from bacterial sources to give rise to the animal apoptosis regulator PIDD (Riedl and Salvesen, 2007; Zhang et al., 2012)]. It is possible that this key nuclear pore component was derived from a toxin system of the ancestral endosymbiont. Thus, it is likely that nucleic-acid-targeting toxins were deployed by the mitochondrial progenitor, which could have threatened the integrity of the DNA of the nuclear genome precursor. Hence, the nucleus was probably selected for, as a physical barrier to minimize this threat. In this scenario, once the initial endosymbiotic association between the mitochondrial precursor and the archaeon was underway, the selective pressure from the DNA-targeting toxins of the mitochondrial precursor favored the emergence of the nucleus very early in the development of the association. The early presence of the nucleus then favored the development of several characteristics of eukaryotes, including those that have been noted in the other hypotheses: (1) it would have allowed transfer of alphaproteobacterial ribosomal genes to the nuclear genome, as chimerism could be avoided due to presence of an additional compartment (Jekely, 2008), eventually leading the origin of the nucleolus. (2) It allowed retroelements associated with group-II introns to proliferate in nucleus (Koonin, 2006). This not only gave rise to introns but also the telomerase (Aravind et al., 2006). (3) The telomerase in turn facilitated the origin of multiple linear chromosomes, whose expression could now be coordinated as they were contained within the nuclear compartment. (4) Linear chromosomes, together with the nucleus, probably selected against the prokaryotic pumping mechanisms for chromosome segregation based on HerA-FtsK-like ATPases, and instead favored a cytoskeleton-based mechanism, which allowed for fixation of the microtubular apparatus. (5) The stabilization of multiple linear chromosomes contained with a nucleus also probably allowed for increased genome sizes in eukaryotes, as it removed the constraints coming from containing the entire genome on a large circular chromosome segregated by the ATPase pumps.

In conclusion a number of mechanistically distinct scenarios support a role for organismal and genomic conflict systems in eukaryotic nucleogenesis. Further investigations of alternative scenario presented here might provide a new handle to understand key events in eukaryogenesis.

General Conclusions

In the above discussion, we provide a series of examples from across the eukaryotic phyletic spread for how the interplay between lateral gene flow inter-organismal, inter-genomic, and intra-genomic conflicts has shaped the evolution of numerous functional systems (Figure 4). These examples are by no means meant to be exhaustive—rather, they were chosen in order to provide a glimpse of the sheer variety of biological systems that are affected by the evolutionary contributions from such systems. One key theme that emerges from the above discussion is that domain families gained through lateral transfer in course of intimate inter-organismal associations, such as symbiosis and parasitism, can notably determine the very nature of these interactions. This is strikingly illustrated by the case of apicomplexan adhesion molecules implicated in host interaction: here manifold domains were acquired by the parasites via lateral transfer from their hosts, spawning unique “animal-like” interfaces for interacting with the host (Figure 1). The other recurrent theme, which transcends various biological systems, is how proteins/protein domains originally emerging in the context of various biological conflicts were recycled as regulatory molecules (Figure 4). Of these host-directed toxins, and the toxins, immunity proteins, structural modules and secretory components from bacterial polymorphic toxin systems have a distinct life beyond their locus of provenance in eukaryotic regulatory and defense systems (Iyer et al., 2011b; Zhang et al., 2011, 2012). We outline numerous occasions where these components were incorporated into regulatory systems of eukaryotes, and sometimes might have played a major role in the very origin of these systems. This process appears to be constantly on-going, all the way from the origin of eukaryotes to the terminal tips of the eukaryotic tree (Figure 4). The reason why proteins derived from biological conflict systems appear to be recruited for other functions might be attributed to the consequences of natural selection. Not surprisingly, toxin-immunity systems used in inter-organismal conflict have a large effect on the fitness of both the organisms producing toxins and those defending against them, thereby escalating an arms race situation. Many of the conflict systems deployed by bacteria might even function at the interface of symbiotic and parasitic interactions of bacteria and eukaryotes, thereby developing adaptations to effectively target components of eukaryotic systems. Toxins and immunity proteins of intra-genomic selfish elements are also under multiple levels of selection that foster their diversification. At one level they are under selection to evade host resistance to function effectively as addictive agents. At another level many of them might also be under selection to function as effective stress response mechanisms that allow their host genomes to survive adverse conditions. Consequently, there are strong selective pressures for constant diversification of toxins and the corresponding immunity proteins in various conflict systems. Hence, these biological conflicts could have functioned as evolutionary “nurseries” for innovations in both prokaryotic and eukaryotic proteins. Hence, lateral gene flow from symbionts, parasites and other modes of DNA uptake (Gladyshev et al., 2008; Nikoh et al., 2008) has enabled eukaryotes to have access to and import a “readymade” set of molecular innovations from such biological conflict systems. When recruited in non-conflict biological contexts, they can in turn spur the emergence of new interactions in eukaryotic systems. Thus, number of key eukaryotic innovations can be traced back to the above-described players in biological conflict systems, such as secondary metabolism operons, R-M, polymorphic and host-directed toxins systems, anti-phage systems, phage counter-restriction strategies, and mobile elements. These systems appear to have particularly expanded in bacteria on account of the presence of operons, extensive lateral transfer with several modes of DNA uptake and recombination, perhaps combined with high effective population sizes (Lynch, 2007). Thus, organismal and genomic conflicts as the basis for major molecular innovations, which in turn might facilitate major evolutionary transitions, can be considered a general evolutionary principle.
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Based on Darwin's concept of the tree of life, vertical inheritance was thought to be dominant, and mutations, deletions, and duplication were streaming the genomes of living organisms. In the current genomic era, increasing data indicated that both vertical and lateral gene inheritance interact in space and time to trigger genome evolution, particularly among microorganisms sharing a given ecological niche. As a paradigm to their diversity and their survival in a variety of cell types, intracellular microorganisms, and notably intracellular bacteria, were considered as less prone to lateral genetic exchanges. Such specialized microorganisms generally have a smaller gene repertoire because they do rely on their host's factors for some basic regulatory and metabolic functions. Here we review events of lateral gene transfer (LGT) that illustrate the genetic exchanges among intra-amoebal microorganisms or between the microorganism and its amoebal host. We tentatively investigate the functions of laterally transferred genes in the light of the interaction with their host as they should confer a selective advantage and success to the amoeba-resisting microorganisms (ARMs).
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Introduction

For many years following the publication of “The origin of species” by Charles Darwin (Darwin, 1859), the evolutionary history of the living organisms was represented by structures of trees that represent their common descent. However, this representation ignores the significance and the importance of LGT that allowed ancestral prokaryotes, and further on unicellular eukaryotes, to rapidly increase their genetic variability at a much faster rate than allowed by vertical inheritance, duplications and mutations (Keeling and Palmer, 2008; Lopez and Bapteste, 2009). It was progressively accepted that LGT have contributed to shape bacterial, archaeal, and eukaryotic genomes rending difficult to represent the vertical evolutionary history of these organisms (Andersson, 2005; Lopez and Bapteste, 2009; Olendzenski and Gogarten, 2009; Raoult, 2010b; Danchin and Rosso, 2012). From 1975, several new illustrations of evolution such as a “network-like representation,” a “reticulated tree,” or a “ring of life” have been proposed to account for the importance of horizontal transfers (Paz and Espinosa, 2010). More recently, to incorporate the theories of multiplicity and de-novo creation of genes, the “rhizome of life” was proposed as a representation of the evolution of species and the chimerism of bacterial genomes (Raoult, 2010b; Merhej et al., 2011).

In the light of the genome sequencing era, a growing number of whole genome analyses assessed the importance of lateral transfer in the constitution of gene repertoire (Doolittle, 1999; Doolittle and Bapteste, 2007) that reflects the organism lifestyle. Symbiotic and parasitic microorganisms, considered as extreme specialists, were shown to undergo genome reduction and have small gene repertoires due to their dependence on multiple host cell factors (McCutcheon and Moran, 2012). On the contrary, amoeba-resisting microorganisms (ARMs), which include both viruses and bacteria, often exhibit larger genomes than their mammalian-infecting relatives (Moliner et al., 2010). Amoebae, as a reservoir of numerous microorganisms sharing a sympatric lifestyle, i.e., microorganisms living in a community within amoebae, were proposed to bring these latter in close contact and facilitate genetic exchanges (Greub and Raoult, 2004; Moliner et al., 2010; Raoult, 2010a; Thomas and Greub, 2010). Indeed, microorganisms in large communities and sharing an ecological niche are more prone to genetic exchanges than isolated populations (Merhej et al., 2009; Raoult, 2010a). In this review, we summarize the recent findings on LGT in amoeba-infecting microorganisms highlighting the complex composite nature of their gene repertoire. Moreover, the function of exchanged genes is discussed in the context of symbiosis or host-pathogen interaction.

Amoebae and their Microbial Hosts

Amoebae as an Evolutionary Niche

The term free-living amoebae comprises more than 15,000 species (Adl et al., 2007) forming a heterogeneous group of phylogenetically distantly related protists that are widespread in water and soil ecosystems and display similar ecological characters. These unicellular eukaryotes were recently classified into two main suprakingdom-level groups; (i) the Excavata notably comprising the Andalucia, Jakoba (Jakobids), Naegleria, Sawyeria, Vahlkampfia (Heterolobosea) as well as the parasites Trypanosoma, Leishmania (Euglenozoa) and (ii) the Amoebozoa comprising among others Acanthamoeba, Hartmannella, Vannella, Dictyostelium and the medically important parasite Entamoeba (Hampl et al., 2009; Pawlowski and Burki, 2009).

Most amoebae live under the form of a trophozoite that replicates by binary fission, but in unfavorable conditions they can differentiate into a dormant form, the cyst. This latter is resistant to harsh conditions such as high temperature, desiccation, pH, and saline stress as well as disinfection processes (Thomas et al., 2004). Phagocytic amoebae graze on various microorganisms free-living or established in biofilms, including algae, bacteria, yeasts, and viruses (Rodriguez-Zaragoza, 1994). Microorganisms are phagocytosed and normally follow the endocytic pathway to be degraded in acidic phagolysosomes by a number of hydrolases (Greub and Raoult, 2004). However, several giant viruses and bacteria have evolved strategies to escape degradation, hence their naming as ARMs. They live symbiotically within their host or replicate in vacuoles before lysing the amoeba.

Taking profit from these characteristics, Rowbotham (1983) used cultures of amoebal cells to grow Legionella species. Since then, amoebal co-culture has become a method of choice to retrieve new microorganisms able to resist and grow in these professional phagocytes. This method uses amoebae as a cell background to inoculate environmental or medical samples, in order to retrieve ARMs (Lienard and Greub, 2011). However, the almost uniform use of Acanthamoeba castellanii (Thomas et al., 2006; Corsaro et al., 2009) and A. polyphaga (Greub et al., 2004b; Pagnier et al., 2008) largely biases and underestimates the diversity of known ARMs. Diversifying the species of amoeba used in co-culture experiments is required to improve our understanding of the pool of amoebal symbionts and parasites.

Concisely, amoebae can act as a replicative niche and a reservoir of ARMs that are established in water and soil environments (Greub and Raoult, 2004). As shown in Figure 1, amoebae may hide several ARMs in their cytoplasm or more commonly in phagocytic vacuoles. The cyst may function as an armor to protect internalized microorganism from difficult external conditions as well as disinfection procedures. Moreover, the development of strategies to resist microbicidal effectors by ARMs may help selecting virulence traits enabling to survive in the macrophages, the first line of human defense, as it is the case for Mycobacteria, Legionella, Parachlamydia (Greub, 2009; Lamoth and Greub, 2009; Salah et al., 2009), and Mimivirus (Ghigo et al., 2008). More importantly, amoebae were lately suggested as a place that favor genetic exchanges by bringing in close vicinity ARMs (Moliner et al., 2010; Thomas and Greub, 2010; Merhej et al., 2011). The recent sequencing of some amoebal genomes such as Entamoeba histolytica, E. dispar, Dictyostelium discoideum, and A. castellanii provide the opportunity to highlight the first hints on the genetic exchanges between the amoebae and their intracellular microbes.
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Figure 1. Amoebae may hide several ARMs. (A) Electron microscopy of an inclusion containing a mixed population of microorganisms (white arrow) recovered from a water-humidifier co-cultured in an amoeba of the species Acanthamoeba castellanii. Mi: Mitochondrion, N: Nucleus. Magnification 10,000×. (B) Photonic microscopy of Legionella spp. and Lausannevirus in A. castellanii. Several amoebae contain simultaneously both the giant virus (black arrow) and the rod-shaped bacteria Legionella (grey arrow). Gimenez staining, Magnification 1000×.



Amoeba-Resisting Viruses

The search for amoeba-resisting viruses (ARVs), i.e., viruses able to replicate alone or in combination with others within amoeba, started with the discovery and the sequencing of Mimivirus in the early 2000s (La Scola et al., 2003; Raoult et al., 2004), which raised an extraordinary interest. Within less than a decade, the known complexity of ARVs was boosted by (i) the discovery of the small virophage Sputnik (La Scola et al., 2008), (ii) the description of Marseillevirus and Lausannevirus, two large viruses encoding histone-like proteins (Boyer et al., 2009; Thomas et al., 2011), as well as (iii) the publication of Megavirus chilensis (Fischer et al., 2010; Arslan et al., 2011), the largest identified virus harboring a 1.26 Mb genome (Table 1). According to new systematic searches, ARVs seem to be fairly common in the environment (La Scola et al., 2010).

Table 1. Amoeba-resisting viruses with a publicly available genome sequence.
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Most ARVs possess pseudo-icosahedral capsids hiding intricate large dsDNA genomes that pushed forward the recognized limits of viral genome size. Therefore, they were called (i) “giant viruses” (La Scola et al., 2003; Raoult et al., 2004), a concept previously used for large algal DNA viruses (Van Etten and Meints, 1999), or (ii) “giruses” (Legendre et al., 2012). Another interesting girus is Cafeteria roenbergensis virus (CroV) that infects a marine phagocytic flagellate belonging to the Chromalveolata (Fischer et al., 2010). CroV was not demonstrated to replicate in amoebae, but it is worth discussing as it shares many similarities with other ARVs. At the opposite, Sputnik is a 18 kb virophage able to replicate in A. castellanii only when Mimivirus, or its close relative Mamavirus, co-infects the amoeba (La Scola et al., 2008). Sequences homologous to Sputnik were detected in the environmental dataset of the Global Ocean Survey, suggesting that it may represents a new virus family, but its classification is currently unclear.

Mimivirus, Megavirus, CroV, Marseillevirus, and Lausannevirus belong to the monophyletic class of nucleo-cytoplasmic large DNA virus (NCLDV) (Iyer et al., 2006). They were classified into two main families of NCLDV, the Mimiviridae and the Marseilleviridae (Table 1). NCLDVs only share a core genome of 30–47 genes (Iyer et al., 2006; Yutin et al., 2009). Thus, core genes only represent a minor fraction of the gene repertoire, whereas ORFans, i.e., genes that do not have homologs in other organisms, and dispensable genes, i.e., genes present in two or more NCLDVs, are the major constituent of these viral genomes.

The reconstruction of deep phylogenetic relationship from viral sequences is controversial because of the rapid evolutionary rate of viruses and the presence of numerous horizontal transfers (Moreira and Brochier-Armanet, 2008), in particular from host genomes. Nevertheless, several evidences suggest that these giruses have evolved from a common ancestor. The two families of distant giruses, Marseilleviridae and Mimiviridae, harbor an unusual genomic repertoire that includes genes for protein translation, a hallmark of cellular organisms (Raoult et al., 2004; Boyer et al., 2009; Arslan et al., 2011). Moreover, the presence of tRNA synthetases in some viruses and their absence in others supports the idea that all Mimiviridae evolved by reductive evolution from a common ancestor, potentially a cellular ancestor: four tRNA synthetases homologs have been found in Mimivirus and Megavirus, an additional one in both CroV and Megavirus, and two additional ones are present in Megavirus only (Ghigo et al., 2008). A further example of lineage-specific deletion is given by the DNA photolyase: CroV possesses two intact copies, Mimivirus harbors fragmented ortholog remnant of one of them, and finally Megavirus encodes one intact ortholog and one ortholog split in two parts by a transposase (Ghigo et al., 2008).

The amazing diversity in genome size and gene repertoire among these phylogenetically related viruses questions the respective importance of both LGTs and vertical inheritance in evolution. The large differences observed in genome size (0.018–1.3 Mb) would imply either an extensive genome growth via LGTs or a divergent reductive evolution in the different phyla. An increased propensity to acquire genes of foreign origin surely accounts for such differences in genome size (Monier et al., 2007) and some authors even consider viruses as “bags of genes” (Hendrix et al., 2000; Moreira and Lopez-Garcia, 2005). However, it is questionable whereas LGTs are sufficient to explain such a large variation. Moreover, core genes seem to have originated from different kingdom, including eukaryotes, bacteria, and bacteriophages (Koonin and Yutin, 2010). These observations are in agreement with the scenario of a bacteriophagic origin of NCLDV (Koonin and Yutin, 2010). At this stage, a mix of genes from very different eukaryotic and bacterial organisms were acquired concurrently to the loss of phage genes except those essential for genome replication and virion formation (Koonin and Yutin, 2010). The following section attempts to provide an overview of the extent of genetic exchanges documented in ARVs.

Amoeba-Resisting Bacteria

A large variety of amoeba-resisting bacteria (ARBs) have been isolated using amoebal co-culture or directly retrieved from their host by amoebal enrichment (Greub et al., 2004b; Horn and Wagner, 2004; Lienard and Greub, 2011). In addition, many microorganisms have been shown to survive in vitro in amoebae such as different Burkholderia, Coxiella burnetii, a strain of E. coli, Francisella tularensis, Helicobacter pylori, Listeria monocytogenes, Porphyromonas gingivalis, and Vibrio cholerae (Greub and Raoult, 2004; Wagner et al., 2006). As shown in Figure 2, these encompass various clades scattered through the prokaryotic phylogeny, including members of the Actinobacteria, Bacteroidetes, Chlamydiales, Firmicutes, and different subdivisions of Proteobacteria (α, β, γ, ε). Although ARBs are found in most major taxonomic phyla, only few major groups of bacteria have been studied more extensively, including Mycobacteria, Chlamydia-related bacteria, Rickettsia and Legionellae and will be the focus of this review (Table 2).
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Figure 2. Phylogenetic positioning of amoeba-resisting bacteria. The ribosomal RNA small subunit (16S) of Bacteria and two Archaea was aligned with Muscle and a neighbor-joining tree was subsequently built with Mega 5 (complete deletion, gamma distributed). The tree was rooted between Archaea and Bacteria. Bacterial phyla that comprise amoeba-resisting bacteria are indicated in green. Bacteria isolated from amoeba or growing within amoeba are highlighted in orange whereas those shown to resist amoebal phagocytosis in vitro are shown in blue. Finally other intracellular and fastidious bacteria are shown in purple.



Table 2. Selected amoeba-resisting bacteria with a publicly available genome sequence.
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Actinobacteria: The genus Mycobacteria comprises many bacteria such as M. tuberculosis and M. leprae that are major threat to human health and 19 different species have been sequenced to date. Most Mycobacteria, including members of the nontuberculous and the tuberculous complex groups, have been shown to survive and grow in various amoebae such as Acanthamoeba sp., Dictyostelium discoideum, and Tetrahymena pyriformis (Thomas and McDonnell, 2007; Mba Medie et al., 2011). It was suggested that adaptations for the intra-amoebal survival and multiplication may have facilitated the virulence toward mammalian cells (Molmeret et al., 2005).

Chlamydiales: The Chlamydiales order includes important human and animal pathogens such as Chlamydia trachomatis. A large number of amoebal symbionts called “Chlamydia-related bacteria” have been retrieved and shown to infect various organisms, including free-living amoebae, arthropods, insects as well as vertebrates (Corsaro and Greub, 2006; Horn, 2008). Four of them have been fully sequenced (Table 2), two additional strains have been published as draft genomes and new representative of the Parachlamydiaceae and Criblamydiaceae families are currently being sequenced (Horn et al., 2004; Greub et al., 2009; Bertelli et al., 2010; Collingro et al., 2011).

Alpha-proteobacteria: Highly pathogenic representatives of Rickettsia are typically transmitted through arthropods (Merhej and Raoult, 2011) but some Rickettsia-like endosymbionts were observed in Acanthamoeba (Fritsche et al., 1999). Rickettsia bellii, a species that diverged early in evolution, was shown to survive for three weeks in A. polyphaga (Ogata et al., 2006). Odyssella thessalonicensis is a strict intracellular bacteria isolated from an air conditioning system in Greece (Doolittle and Bapteste, 2007). An unfinished genome sequence has been released, but unfortunately, little information is known on the genetic characteristics of this bacterium.

Gamma-proteobacteria: Legionellae are distributed worldwide and commonly found in water environments where they are major components of the biofilms (Rogers et al., 1994). Since the first culture of L. pneumophila, the causative agent of the Legionnaire's disease, within amoeba (Rowbotham, 1980), more than fifty strains of Legionella have been discovered. Although they are sometimes considered as all growing in amoebae, only a few have been shown to grow within amoebae (Rowbotham, 1980; Neumeister et al., 1997; La Scola et al., 2004) and the genomes of three species have been sequenced.

Geographic distribution and biology

ARBs are distributed worldwide and have been principally isolated from samples of aquatic environments where they are predominantly found in biofilms. The numerous and diverse bacteria entertain close relationships in biofilms where conjugation and transformation occur frequently enabling genetic exchanges (Molin and Tolker-Nielsen, 2003). The current explosion of new genome sequences significantly contributed to understand the mechanisms underlying genome evolution of the ARBs (Darby et al., 2007; Horn, 2008; Moran et al., 2008; Moya et al., 2008) and should enable us to conduct more extensive studies on genetic exchanges between ARMs, their biology and their interactions with the host cell. Indeed, ARBs show major differences in the mechanisms of host cell interaction. As an example, they have developed numerous ways to escape phagocytosis in amoebae: some escape the phagocytic pathway and replicate within the host cell cytoplasm (Birtles et al., 2000; Horn et al., 2001) whereas others block the maturation of phagolysosomes at various stages and replicate in host-derived vacuoles (Greub and Raoult, 2002; Isberg et al., 2009).

Genomic features

All the aforementioned ARBs share some similarities in their genomic characteristics. It has been shown that free-living bacteria tend to have larger genomes than the intracellular specialists that undergo genome reduction (Merhej et al., 2009). Although they are considered as specialized bacteria, ARBs harbor larger genomes compared to related organisms infecting human or other vertebrates (Moliner et al., 2010). For example, Chlamydia-related bacteria have genomes ranging from 2.1 to 3 Mb, i.e., twice two three times larger than classical Chlamydiae.

The genomes of Rickettsia and Chlamydia-related bacteria appear to be extensively shuffled by rearrangements, insertions and deletions and thus exhibit a very limited colinearity compared to related genomes (Ogata et al., 2006; Bertelli et al., 2010; Collingro et al., 2011). However, the signal may be dispersed by (i) the large difference in size that mimics numerous large insertions and (ii) the fact that these bacteria are more distantly related to one another than the closest relatives among them. To corroborate this hypothesis, the four strain of L. pneumophila fully sequenced to date are highly conserved with a single inversion of 250 kb taking place in strain Lens compared to the three other strains (Gomez-Valero et al., 2009).

As expected for strictly intracellular bacteria, they overall lack several global pathways or key enzymes for the synthesis of nucleotides, amino-acids, and cofactors (Chien et al., 2004; Horn et al., 2004; Bertelli et al., 2010; Schmitz-Esser et al., 2010; Collingro et al., 2011). In Chlamydiales, the pattern of missing pathways varies in each organism suggesting that these organisms have evolved by reductive evolution from an ancestor with enhanced if not complete biosynthetic capabilities. Interestingly, although L. pneumophila is known to be auxotrophic for several amino acids such as cysteine, methionine, phenylalanine, and tyrosine, genes necessary for their biosynthesis were found (Chien et al., 2004). On the contrary, key features for the host pathogen interaction are highly conserved, as for example the complete type III secretion system of Chlamydia or the type IV Dot/Icm system in Legionella used to translocate effectors into the host cell (Bertelli et al., 2010; Moliner et al., 2010).

In summary, ARBs exhibit interesting genome characteristics compared to related microorganisms that do not infect amoebae: larger genomes, more genetic rearrangements, and more extensive metabolic capabilities. Globally, most ARBs harbor a largely diverse gene repertoire that indicates the occurrence of numerous lateral gene transfers (LGTs) detailed below.

Genetic Exchanges

Mechanisms of Gene Transfer

Several mechanisms allow genetic exchanges among organisms from the various domains of life (Paz and Espinosa, 2010). Briefly, virus-mediated transfers occur via transduction from phages (prokaryotes) or transposon (prokaryotes and eukaryotes). Prokaryotes use transformation, i.e., DNA uptake from the environment, or conjugation, i.e., DNA exchange through pilus-like systems, to transfer gene fragments or plasmids. Prokaryote to eukaryote transfers may arise as the result of the ingestion of cells, a process called phagotrophism, or symbiogenesis, i.e., the establishment of a permanent association.

Such events were notably involved in the formation of the animal lineage through the primary symbiosis forming the primary eukaryotic cell. Some authors hypothesized that Archaebacteria and an Actinobacteria interacted in the primary symbiotic event leading to the creation of mitochondria, a hypothesis that was soon rejected (Cavalier-Smith, 2002). Others suggested that an archaebacteria was invaded by a second prokaryote related to α-proteobacteria that had a bacteriovory ability similar to Bdellovibrio (Davidov et al., 2006; Cox et al., 2008). Georgiades et al. (2011) proposed that mitochondria are more related to Rickettsiales and the bacterium Pelibacter ubique. Recently, it was also noticed that mitochondria may be sister to Rhizobiales, Rhodobacterales, or Rickettsiales suggesting an eventual chimeric origin of mitochondria (Atteia et al., 2009; Abhishek et al., 2011; Georgiades and Raoult, 2011). Similarly, the symbiosis of a cyanobacterium with this primary eukaryotic cell was at the basis of the establishment of the chloroplast 1.2 billion years ago (Dyall et al., 2004). However, some lateral transfer events or chimeric events may have occurred with an ancestral Chlamydiales, as suggested by the high proportion of plant-like genes in chlamydiae (Brinkman et al., 2002).

Lateral transfers occur with varying frequency, magnitude and resulting fitness, which modulates the establishment of the transferred domain in the population. LGTs are frequent in prokaryotes and transferred genes can become integrated rapidly in the population thanks to short generation times (Paz and Espinosa, 2010). On the contrary, although increasingly reported, gene transfers involving eukaryotic species are still currently underrepresented in the litterature (Keeling and Palmer, 2008; Andersson, 2009). This is in part due to the large number of available prokaryotic genome sequence facilitating such analyses, compared to the currently restricted number of published sequence of unicellular eukaryotes.

Mobile Genetic Elements

Mobile genetic elements (MGEs) are essential actors and markers of non vertical genome evolution (Frost et al., 2005). Indeed, they often encode mechanisms to spread in new host and form sites for the preferential acquisition of exogenic sequences. Insertions sequences (IS) and transposases, mobile endonucleases of the HNH family and DNA methylases that may form restriction/modification systems, as well as inteins are typical examples of MGEs commonly found in bacteria and archaea. As such, they were found in several, if not all, ARBs and we only provide a few examples below. Interestingly, they were also identified in several ARVs and we report them here in more details.

The genome sequence of M. tuberculosis harbor many IS (n = 54) that are preferentially integrated in intergenic regions, close to tRNAs (Cole et al., 1998), whereas M. smegmatis and M. marinum present fewer IS (Stinear et al., 2008). Similarly, Chlamydia-related bacteria all encode numerous entire or remnants of transposases, whereas their relatives Chlamydia have little if no trace of invasion by such mobile elements (Bertelli et al., 2010). Among ARBs, A. asiaticus is an interesting case as it exhibits a massive proliferation of MGEs (up to 24% of the genome), including abundant IS, but its genome seems relatively stable (Schmitz-Esser et al., 2010). An interesting example of composite transposon is found in A. asiaticus where the cluster of gene for lasso peptide synthesis is flanked by two IS, suggesting its ability to be mobilized for genetic transfer (Schmitz-Esser et al., 2010). The genomes of Legionellae exhibited a large plasticity indicated by the presence of numerous mobile elements and three plasmids in L. pneumophila (Chien et al., 2004; Gomez-Valero et al., 2009; Cazalet et al., 2010).

HNH and restriction-like endonucleases have been found in Marseillevirus (n = 10), Lausannevirus (n = 8), Megavirus (n = 6) and Mimivirus (n = 3) (Raoult et al., 2004; Boyer et al., 2009; Arslan et al., 2011; Thomas et al., 2011). In addition, a phage-type endonuclease discovered in Megavirus and two HNH flanking a prophage gene in Mimivirus might have been laterally acquired from prophage genomes.

Inteins are typical selfish elements that mediate protein splicing to trigger their excision from the protein precursor (Perler et al., 1994). They often contain a homing endonuclease (HE) that cuts double-stranded genomic DNA to integrate itself in the corresponding gene of non-infected organisms (Gogarten et al., 2002). Giruses are invaded by inteins of different types and at different locations (Table 3).

Table 3. Inteins and their homing endonucleases in ARVs.
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The eukaryotic-like DNA polymerase B of Mimivirus encodes an intein and its likely functional HE that is most closely related to extremophile archaea (Ogata et al., 2005a). Marseillevirus and Lausannevirus present two highly similar inteins and their HE in orthologous genes, suggesting that these MGEs were acquired by their ancestor and are now evolving differently toward degradation (Thomas et al., 2011). Megavirus and CroV also possess respectively two and four inteins that were until now not studied in detail. As it is often the case, all viral inteins are integrated in highly conserved genes related to replication, transcription, or DNA metabolism. These conserved genes constitutes preferential target as they are essential to the virus. These observations are in agreement with the hypothesis that viruses might play a central role in the transmission of inteins across species (Pietrokovski, 1998) and suggest that these mobile elements had or still have the ability to excise, spread an insert into new hosts. However, since the various ARVs present inteins in orthologous genes, further studies are required to investigate if these MGEs have spread in giruses sharing a sympatric lifestyle or if they were acquired by common ancestors.

The role and the exact origin of these MGEs in amoeba-infecting viruses are in most cases unclear. MGEs are often colocalized with genes of putative bacterial origin (Filee and Chandler, 2010). Like in bacteria, MGEs could thus be involved in promoting or facilitating lateral transfers, which may in turn provide some selective advantage to the ARVs by facilitating the acquisition of new advantageous genes.

Extent of Genetic Exchanges in ARVs

The role of genetic exchanges has been a matter of intense debate since the publication of the Mimivirus (Raoult et al., 2004; Moreira and Lopez-Garcia, 2005; Ogata et al., 2005b). The first analyses suggested massive LGT from various origins, including members of the four domains of life. It was suggested that the genomes of giant viruses infecting protists are largely affected by LGTs and non-orthologous gene displacements (Filee et al., 2007; Fischer et al., 2010; Koonin and Yutin, 2010). Some authors even regarded these viruses as “bags of genes” thus suggesting that the amount of genes transferred from amoebae to viruses overweight the flux of genes in the opposite direction (Moreira and Lopez-Garcia, 2005; Moreira and Brochier-Armanet, 2008). It was shown that genes with an anomalous nucleotide composition may lead to the overestimation of LGTs (Monier et al., 2007), and family specific genes do not present an accelerated evolutionary rate and were not laterally exchanged (Ogata and Claverie, 2007). Several studies thus used BLAST-based searches and phylogenetic methods to investigate the occurrence of lateral transfers from host to virus, virus to host as well as between viruses and other microorganisms (Table 4). Unfortunately, the use of different cutoffs renders some results difficult to compare.

Table 4. Events of lateral gene transfer with amoeba-resisting viruses.
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Lateral gene transfers with eukaryotes

The increasing availability of genome sequences from viral host enabled to investigate the occurrence of LGTs between NCLDVs and eukaryotes, and more specifically their host, using BLAST-based searches (Filee et al., 2008). Mimivirus had the lowest proportion of genes (3%, n = 30) from potential eukaryotic origin. A preliminary analysis of Megavirus, the only other sequenced representative of the Mimiviridae, showed that only 17% of the 258 genes of Megavirus with no obvious homolog in Mimivirus match against the nr database (Arslan et al., 2011). However, the authors report no special affinity with potential donors and do not report any information on the taxonomic classification these donors. By contrast, Marseillevirus showed the highest propensity (n = 24, 5.6%) to acquire genes from its host (Boyer et al., 2010; Filee and Chandler, 2010). These results challenge the theory of the viruses as “bags of genes” that would have gained genomic content by acquiring genes from diverse sources since the divergence of the last common NCLDV ancestor. In this case, we would expect larger genomes to have acquired more genes by LGTs, which is not observed here. On another hand, some virus families may have gained over time a higher tendency to acquire genes, which would bias the estimation of LGT propensity.

Potential gene transfers were not extensively studied for Lausannevirus, but its ubiquitin encoding gene was shown to present a best hit against A. castellanii, suggesting a transfer between the virus and its host (Thomas et al., 2011). By comparing Mimivirus and Entamoeba histolytica, 5 genes (5%) were potentially acquired from its amoebal host, providing that the Entamoeba genome is representative of the natural host, A. castellanii, whose genome was not available at that time (Andersson, 2009). Finally, Colson et al. (Colson et al., 2011) reported that A. castellanii encodes a homolog to the major capsid of CroV. They hypothesized that A. castellanii might represent an ancient host for CroV itself or for its ancestor which then specialized to infect flagellate protists such as Cafeteria roenbergensis.

In Mimivirus, phylogenetic analyses confirmed the limited number of LGTs with eukaryotes (n = 60, 6%) and with its host (n is unkown, ~10% of 126 ORFs with eukaryotic homologs) (Moreira and Brochier-Armanet, 2008). However, these numbers do not take into account genes shared only by the virus and its amoebal host, rending impossible the phylogenetic reconstruction of an evolutionary history. In addition, Moreira et al. reported a few phylogenies supporting a transfer with the amoebae Naegleria and Sawyeria. Interestingly, large virus-like organisms that might be related to Mimiviridae were described in the cytoplasm of such amoebae (Schuster and Dunnebacke, 1974).

The histone-like proteins of Marseillevirus and Lausannevirus represent another intriguing case of potential lateral transfer. Heliothis zea virus, Bracovirus, and the ostreid herpesvirus were already shown to encode histone-like proteins probably acquired from their hosts (Cheng et al., 2002; Gad and Kim, 2008; De Souza et al., 2010). However, both Marseilleviridae harbor orthologs of as many as three histone-like proteins, two of them encoding for histone doublets, the third one being the fusion of a histone fold with an unknown domain (Thomas et al., 2011). A phylogenetic reconstruction clustered the various histone domains with different eukaryotic and archaeal histones, thus raising questions on their origin and their potential acquisition in a single or multiple events of lateral transfer. The function of these histone-like proteins has not been clearly shown yet. These histones were detected in the viral particle where they may help packaging DNA (Boyer et al., 2009), but they may as well have a role in modifying the chromatin structure of the host genome, a hypothesis that remains to be tested.

Lateral gene transfers with prokaryotes

Only few genes show some evidence of lateral transfer with archaea. A phylogenetic study suggested the archaeal origin of the DNA-directed RNA polymerase of Mimivirus (Moreira and Brochier-Armanet, 2008). In addition, two genes of Marseillevirus exhibited best BLAST hits against archaeal genes but this potential relationship were not further validated by phylogenetic analyses (Boyer et al., 2009). Thus, giruses and archaea do not seem to undergo significant lateral exchanges, probably, to some extent, because they share a less sympatric lifestyle. However, these results might be biased by the current paucity of archaeal genomes in sequence databases.

ARVs show more extensive potential LGTs with bacteria. BLAST-based methods identified respectively 96 genes (10%) in Mimivirus, 57 genes (13%) in Marseillevirus, and 7 additional genes in Lausannevirus that may have been exchanged with bacteria (Filee et al., 2008; Boyer et al., 2009; Thomas et al., 2011). Moreover, phylogenetic reconstructions confirmed 29 cases of gene transfer in Mimivirus and 49 in Marseillevirus (Moreira and Brochier-Armanet, 2008; Boyer et al., 2009). The analysis of LGTs in all NCLDVs showed that bigger genomes have a higher propensity to acquire genes from bacteria (La Scola et al., 2010). Interestingly, viruses infecting host that do not graze on bacteria exhibit less genes of potential bacterial origin (La Scola et al., 2010), suggesting that host grazing on microorganisms provide a favorable niche for genetic exchanges.

A few cases of lateral transfers between amoeba-resisting viruses and bacteria were documented. Moreira et al. (Moreira and Brochier-Armanet, 2008) reported the clustering of two Mimivirus genes to Legionella pneumophila and Campylobacter spp., two bacterial species able to infect amoebae. Moreover, the dUTPase of Lausannevirus exhibited highest similarity to Candidatus Amoebophilus asiaticus, a symbiont of Acanthamoeba (Thomas et al., 2011). However, phylogenetic reconstruction did not confirm the clustering of both microorganisms. This may be due to the short length of the protein leaving only few phylogenetically informational sites. Finally, no phylogeny showed a cluster of Marseillevirus and ARBs such as Legionella or Parachlamydia (Boyer et al., 2009).

Viral genome extremities are hotspots for gene exchange

Genes potentially acquired by LGT from bacteria were shown to cluster at the extremities of Mimivirus linear genome, whereas they are more scattered throughout the genomes of other NLCDV (Filee et al., 2007, 2008). On the contrary, NCLDV core genes and genes of eukaryotic origin are centered on the genome sequence. Interestingly, Megavirus and Mimivirus are largely collinear in the central genomic region and exhibit a single inversion and a translocation (Arslan et al., 2011). In Mimiviridae, this is not correlated to a decrease in sequence conservation or to an enrichment in transposases in these regions. Similarly, Marseillevirus, and Lausannevirus show only a few inversions between 150 and 350 kb (Thomas et al., 2011). In contrast, the genomic extremities show an almost total loss of colinearity. A similar feature was observed in poxviruses (Esteban and Hutchinson, 2011), and, as suggested by Arslan et al. (Arslan et al., 2011) this might reflect some similarities in the system of genome replication, and an eventual coupling of replication and recombination that would favor the rearrangements, insertion, or deletion of genes at the extremities of the viral chromosomes.

Extent of Genetic Exchanges in ARBs

Intracellular bacteria are thought to evolve by genome reduction rather than by acquisition of new genes (Moran, 2002). Individual genome publications as well as more detailed phylogenetic studies explored the events of LGT between bacteria, between bacteria and eukaryotes as well as with other microorganisms. Again, the various methods and cutoffs used make it difficult to directly compare the extent of genetic exchanges in each bacterial phyla. However, they provide an essential knowledge to appreciate the importance of such transfer events and the large diversity in the potential couples of donor-acceptor as shown by some well studied examples in Table 5.

Table 5. Examples of lateral gene transfer with amoeba-resisting bacteria.
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Lateral gene transfers with eukaryotes

In A. asiaticus, five genes exhibiting typical eukaryotic domains were identified as laterally transferred with eukaryotes (Schmitz-Esser et al., 2010). Two corresponding phylogenies clustered Amoeobophilus with the amoeba D. discoideum. However, the precise identity of the donor remains unknown due to the limited availability of eukaryotic homologs and especially Acanthamoeba, the natural host of this bacterium.

Little evidence was found for recent LGTs in classical Chlamydia (Dalevi et al., 2002) and in Pr. amoebophila (Horn et al., 2004). Following the analysis of the first Chlamydiales genomes (Stephens et al., 1998; Horn et al., 2004), several studies identified plant genes of chlamydial origin and reported the importance of chlamydial genes in the establishment of plant plastid functions (Brinkman et al., 2002; Huang and Gogarten, 2007; Moustafa et al., 2008; Suzuki and Miyagishima, 2010). A recent study including newly sequenced Chlamydia-related bacteria demonstrated that 53 genes were transferred from Chlamydiales to plants (n = 31), to a subgroup of plants (n = 7) or in an unknown direction (n = 9) (Collingro et al., 2011). These genes encode a variety of functions listed by decreasing importance: carbohydrate metabolism, energy production, lipid metabolism, and translation. The central metabolic functions encoded by these genes support an essential contribution of Chlamydiales to plant genomes.

L. pneumophila and L. longbeachae harbor respectively 30 and 70 proteins with highest similarity to eukaryotic proteins (Cazalet et al., 2004; Kozak et al., 2010). Thomas et al. (Thomas and Greub, 2010) reported that out of 30 eukaryotic-like proteins of L. pneumophila, 8 were phylogenetically related to proteins encoded in ongoing amoebal genomes and expressed sequence tags. Interestingly, L. pneumophila likely acquired from a protist LegS2, a homolog to the sphingosine-1-phosphate lyase (SPL) that is highly conserved in eukaryotes (Degtyar et al., 2009). This proteins harbor an extra C-terminal domain, absent from its eukaryotic homologs, that is used to trigger its translocation into the host cells using the type IV Icm/Dot secretion system and to target it to the mitochondria. This demonstrates the ability of Legionella to alter proteins of eukaryotic origin to better use its host. In addition, Degtyar et al. (2009) denoted that the pattern of presence/absence of effector-encoding genes does not correlate with the Legionella phylogenetic tree of the genus, suggesting that these genes were acquired through a massive lateral transfer and lost during evolution.

In a recent study on the occurrence LGTs between L. drancourtii and P. acanthamoebae, we showed that three proteins of L. drancourtii clustered with eukaryotes in phylogenies: a keto acid dehydrogenase, a hypothetical protein and the 7-dehydrocholesterol reductase (Gimenez et al., 2011). This latter was previously shown to be present in C. burnettii, two Chlamydia-related bacteria (P. amoebophila and P. acanthamoebae) and Mimivirus but absent from other Legionellae (Moliner et al., 2009; Thomas and Greub, 2010). Moliner et al. suggested that the 7-dehydrocholesterol reductase had been acquired by a chlamydial ancestor from viridiplantae and further transferred to other intracellular bacteria. Thank to the availability of sequences from the amoeba Naegleria gruberi that clustered with ARBs, Thomas and Greub (Thomas and Greub, 2010) proposed that this gene had been directly exchanged between an amoeba and intracellular bacteria.

Another example of multiple lateral exchanges is the ADP/ATP translocase that is present only in some intracellular bacteria, green plants, and algae plastids (Winkler, 1976; Greub and Raoult, 2003). The first study considered that these genes were transferred from plants to Rickettsiae and Chlamydiae (Wolf et al., 1999). Subsequently, Amiri et al. (2003) suggested that these genes were of rickettsial origin. However, detailed phylogenetic analyses suggested an early gene duplication in Chlamydiae, an exchange between Chlamydiae and Rickettsiae, and a transfer from Chlamydiae to plants (Greub and Raoult, 2003; Linka et al., 2003; Schmitz-Esser et al., 2004). Based on 16S rRNA divergence and fossile estimates, this transfer from Chlamydiae to plants was dated to 1 billion years ago (Greub and Raoult, 2003). Interestingly, in A. asiaticus the single ADP/ATP translocase is flanked by two nearly identical IS, suggesting it has been acquired by transposon mediated transfer.

Lateral gene transfers with prokaryotes

The analysis of A. asiaticus genome revealed that 54 genes showed bidirectional best BLAST hits with organisms outside the phylum Bacteroidetes (Schmitz-Esser et al., 2010). Among them, 37 had a stable and well supported position in phylogenetic trees indicating they have been acquired laterally. Those represent ancient transfer events whose direction cannot be unambiguously determined. A large marjority of those genes are shared with other amoeba-associated bacteria, and in particular with Rickettsiae.

Only few examples of LGTs were reported in the Chlamydiales. Based on the presence of conserved indels, three genes were proposed to be exchanged with Archaea (glmU) and Actinobacteria (murA and glyA), respectively (Griffiths and Gupta, 2002, 2006). Moreover, sets of proteins unique to different chlamydial family or members were investigated by BLAST leading to the discovery of 33 cases of putative gene loss and transfer (Griffiths et al., 2006). In an extensive study of the cross-talk between P. acanthamoebae and L. drancourtii, 7 genes were likely involved in a direct LGT event (Gimenez et al., 2011). Moreover, 18 tree topologies suggested a transfer from P. acanthamoebae to an ancestor of the Legionellae. In addition, 4 topologies clustered various members of the Chlamydiales and the Legionellales indicating probable ancient exchanges between ancestors of these two otherwise distantly related clades.

Coscolla et al. (Coscolla et al., 2011) extensively studied the importance of LGT with other bacteria in the constitution of the L. pneumophila pangenome. A significant proportion (18%, n = 704) of the 3846 genes forming the pangenome were likely transferred with the following bacterial phyla in decreasing order of importance: β-proteobacteria (n ≈ 200), α-proteobacteria (n > 100), Actinobacteria (n ≈ 100), Acidobacteria and Bacteroidetes, followed by Cyanobacteria, Firmicutes, and Chlamydiales.

BLAST-based searches of Rickettsia bellii proteome highlighted respectively 72 and 22 proteins with a best hit among Legionellae and Parachlamydiaceae (Ogata et al., 2006). Similar searches with the proteomes of related α-proteobacteria suggested that R. bellii and R. felis were significantly enriched in sequences homologous to Legionellae and Parachlamydiaceae (8.8 and 8.2%, respectively) than other bacteria that do not belong to the Rickettsiales order (Pelagibacter ubique: 2.5%, Mesorzizobium loti: 0.9%, Brucella melitensis, Caulobacter crescentus). Further BLAST and phylogenetic analyses highlighted respectively 6 and 3 genes likely transferred laterally with Legionellaceae and Parachlamydiaceae, respectively. Among these is the Sec7 domain-containing protein that is homologous to RalF protein of L. pneumophila. This protein is secreted into the host cytosol where it helps recruiting ADP-ribosylation factors to the replicative vacuole (Nagai et al., 2002). Sec7 protein was suggested to be transferred from eukaryotes to bacteria and then in a secondary event between Legionella and Rickettsia (Cox et al., 2004).

A type four secretion system (T4SS) similar to an F-like conjugation system is encoded by tra genes in the genomes of Rickettisa (Ogata et al., 2005c, 2006). This system may translocate effectors into the host or mediate DNA transfer among bacteria (Christie, 2001; Ding et al., 2003). Its conservation among Rickettsiales and phylogenetic reconstructions suggests an ancestral acquisition of the rickettsial T4SS from organisms that do not belong to α-proteobacteria (Gillespie et al., 2010). A highly similar system was identified in several Chlamydiales; on a genomic island of P. amoebophila (Greub et al., 2004a), as a partial operon in P. acanthamoebae (Greub et al., 2009) as well as on the plasmid of S. negevensis (Collingro et al., 2011). First proposed to be of proteobacterial origin (Greub et al., 2004a), new genomic information suggested that the T4SS was acquired by an ancestor of the Chlamydia-related bacteria and subsequently lost in the Waddliaceae family (Collingro et al., 2011). This type IV secretion system likely contributes to the genome evolution of these intracellular pathogens by allowing the formation of conjugative pilus and the transfer of DNA from the donor to the recipient cell.

Exchanged Protein Functions and Origin of Transfer

ARBs and ARVs both share the extremely sympatric lifestyle of ARMs. Amoebae represent a specific niche with particular requirements and strong selection pressure to enable the survival and growth of microorganisms. In this constrained environment, the acquisition and the establishment in the population of particular genes that provide advantages to the resisting organism in the host-pathogen interaction are thus naturally favored. The analysis of both ARBs and ARVs suggested a link between the function of laterally transferred genes and the potential origin of transfer. The functions may be categorized into (i) core functions for replication, transcription, and translation, (ii) metabolic pathways, (iii) mobile elements and systems for DNA conjugation or effector translocation, and (iv) eukaryotic domain of unclear function that may help in interacting with host cell factors.

As microorganisms extremely dependant on the host machinery, giruses have preferentially acquired by horizontal transfer genes belonging to the first and second category compared to bacteria. However, a few examples discussed above underlined their ability to acquire MGEs and to encode several proteins containing eukaryotic domains such as those with ankyrin repeats or leucine-rich repeats (LRRs), which fall within the third and fourth categories. Interestingly, it was denoted both in Marseillevirus and Mimivirus that genes involved in translation were more likely acquired from amoebae (Table 6) (Moreira and Brochier-Armanet, 2008; Boyer et al., 2009). For genes belonging to other aforementioned categories, the established origin of transfer differs in the two viruses (Table 6). In Marseillevirus, those involved in signal transduction were acquired from other eukaryotes whereas defense and repair functions, notably encoded by nucleases, were of bacterial or bacteriophage origin (Boyer et al., 2009). Finally, core metabolic functions, protein and lipid modification or degradation were from mixed bacterial and eukaryotic origin. In Mimivirus, genes for tRNA modification, protein folding and molecular chaperones, lipid metabolism, as well as amino acid metabolism were more likely exchanged with eukaryotes. On the contrary, genes involved in nucleotide or polysaccharide metabolism were of bacterial origin.

Table 6. Function and origin of LGTs in amoeba-resisting viruses.
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Globally, this suggests the role of LGTs to exchange genes conferring selective advantages to the viruses in diverting their host to their own advantage. The assessment of the potential transfer origin relies too much on the availability of certain types of viral, bacterial, and host genome sequences in public databases. The current incomplete picture of donor-acceptor classification hampers the drawing of further relationships.

All ARBs encodes numerous MGEs as well as conserved system for the translocation of effectors or DNA (Lawley et al., 2003; Juhas et al., 2008). Moreover, a large number of eukaryotic-like proteins and proteins harboring eukaryotic domains were discovered in the genomes of many intracellular bacteria like C. burnetii (Seshadri et al., 2003), Legionellae (Gomez-Valero et al., 2009; Kozak et al., 2010), Rickettsia (Ogata et al., 2005c, 2006), A. asiaticus, M. avium, and F. tularensis (Schmitz-Esser et al., 2010) suggesting their importance in interacting with the host cell. In L. pneumophila, R. bellii, and R. felis, they represent respectively 3.5, 6.8, and 4.9% of the gene content. These proteins present eukaryotic domains for host-cell interaction such as Ankyrin, TPR/Sel1, LRR, Serine/Threonine protein kinases as well as other protein–protein interaction domains such as F-box and U-box that may interfere with the host ubiquitin system. F-box proteins were discovered as components of the SCF complex that mediates the ubiquitination of proteins targeted for proteolysis and U-box proteins were identified as ubiquitin-protein ligases (Kipreos and Pagano, 2000; Hatakeyama and Nakayama, 2003).

Little is known on the origin and the evolution of the above-mentioned eukaryotic domains in eukaryotes and their parasites. Convergent evolution might explain some homologies, but several studies pointed the exogenic origin of these genes that have been likely acquired laterally from eukaryotes during evolution. Pioneering studies suggested important functions for some of these domains to modulate the host cell mechanisms and enable the efficient replication of amoeba-resisiting microorganisms. An example is the Serine/Threonine protein kinase of M. tuberculosis PknG that was shown to prevent phagosome-lysosome fusion and thus to promote the survival of the bacterium (Walburger et al., 2004). In L. pneumophila, Al-Quadan and Kwaik (2011) studied the role of an effector that contains an F-box and two Ankyrin repeats in macrophages and in D. discoideum amoeba. This effector is translocated through the Dot/Icm system and functions as a linker to dock polyubiquitinated proteins on the vacuole containing the Legionella.

Conclusions

Intracellular microorganisms have long been considered as specialists with limited genomic repertoires and few genes of exogenic origin. On the contrary, ARVs exhibit the largest genomes in the viral world (Raoult et al., 2004; Arslan et al., 2011). Given the importance of these viruses in the debate about the origin of life and the evolution of viruses, the number of known and sequenced ARVs will undoubtedly enlarge rapidly. Moreover, several ARBs of distant families harbor larger genomes than their closest relative infecting mammalian cells (Moliner et al., 2010). As genomic data on ARMs accumulate, a large panel of evidence substantiates the great activity of these microorganisms in transferring genes laterally. The current sequencing of new unicellular eukaryotes will highlight the genetic exchanges occurring in this setting. Broader and more standardized studies are now required to assess if amoebae represent a niche more favorable to lateral gene exchanges compared to other ecological systems and microbial communities such as biofilms or rhizosphere.

It is now clear that the genomes of amoeba-infecting microorganisms are of composite nature as they harbor genes related to all different kingdom of life. Giant viruses and ARBs had the possibility to exchange genes with eukaryotic organisms as well as with other intracellular microorganisms. The flux of genes in multiple directions enables eukaryote–virus–bacteria interactions. This explicitly indicates the role of amoebae as an evolutionary crib for the emergence of new microorganisms. However, data are still lacking to infer the exact prevalence of host to microorganism or microorganism to host transfers. Similarly, until now only few studies evidenced probable direct LGTs between intra-amoebal microorganisms and the prevalence of ARMs to ARMs transfer is presumably underestimated.

It is only recently that amoebal co-culture has developed more broadly as a tool to isolate new ARMs. The difficulties to grow and isolate ARMs, as well as the propensity to use Acanthamoeba strains only for co-culture, largely bias our knowledge on the diversity of ARMs and the extent of genetic exchanges occurring within amoebae. The analysis of the genomes of new amoebae other than Acanthamoeba and their resisting microorganisms will enable to address if LGTs occurs at a similar rate in Acanthamoeba as in other amoebae. The proximity of ARMs in amoebae certainly helps maintaining a close relationship between their genomes through LGT. In a direct experiment, Saisongkorh et al. (2010) recently suggested that Bartonella and Rhizobium radiobacter can conjugate and exchange a plasmid when co-cultured in A. polyphaga. Similar experiments involving the co-culture of two or more microorganisms within the same amoeba over a varying number of generation followed by the isolation of the microorganisms and their resequencing will surely help evidencing such events of lateral transfer.

Genes laterally transferred belong to two categories; (i) those of known function, mostly involved in core processes that clearly improve the abilities of the microorganism to replicate and spread into new hosts and (ii) those of mostly unknown function such as proteins bearing particular interaction domains that may be used in the corruption of the cell machinery by the intracellular microorganism. Further investigations of laterally acquired genes and mechanistic studies on their function should enhance our knowledge on the mechanisms implicated in host–microbe interactions and the evolutionary history of pathogenesis. In this setting, the chimerism of ARMs may be more related to their lifestyle than to their phylogenetic and evolutionary history. The genome sequencing of new amoebae, and especially A. castellanii, will also likely reveal to be strongly influenced by LGTs, thus further challenging our current Darwinian perception of eukaryotic evolution.
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In contrast to the tree of life (TOF) theory, species are mosaics of gene sequences with different origins. Observations of the extensive lateral sequence transfers in all organisms have demonstrated that the genomes of all life forms are collections of genes with different evolutionary histories that cannot be represented by a single TOF. Moreover, genes themselves commonly have several origins due to recombination. The human genome is not free from recombination events, so it is a mosaic like other organisms' genomes. Recent studies have demonstrated evidence for the integration of parasitic DNA into the human genome. Lateral transfer events have been accepted as major contributors of genome evolution in free-living bacteria. Furthermore, the accumulation of genomic sequence data provides evidence for extended genetic exchanges in intracellular bacteria and suggests that such events constitute an agent that promotes and maintains all bacterial species. Archaea and viruses also form chimeras containing primarily bacterial but also eukaryotic sequences. In addition to lateral transfers, orphan genes are indicative of the fact that gene creation is a permanent and unsettled phenomenon. Currently, a rhizome may more adequately represent the multiplicity and de novo creation of a genome. We wanted to confirm that the term “rhizome” in evolutionary biology applies to the entire cellular life history. This view of evolution should resemble a clump of roots representing the multiple origins of the repertoires of the genes of each species.
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Speciation

The definition of a species established by Mayr (Mayr, 1957), known as the “Biological Species Concept,” postulates that species are groups of interbreeding natural populations that are reproductively isolated from other such groups. Therefore, sympatric speciation can occur only between closely related species, in which gene exchange is possible, whereas reproductive isolation is a process that can only occur if geographical separation partially or completely impedes gene flow. This definition establishes allopatric speciation as the norm (Mayr, 1957). Ecological changes or natural disasters lead to organismal isolation and bottlenecks, and therefore, to speciation. To this end, the main characteristic of speciation in eukaryotes is geographic isolation or allopatry, which restricts the capacity to exchange genes (Via, 2009); this feature is also observed in specialized bacteria (Doolittle and Papke, 2006).

However, a species is not a stable entity because species are continuously created and transformed. Due to their previous sympatric lifestyle, in which genetic exchanges were not limited, genomes are mosaics of sequences with different origins (Georgiades et al., 2011a,b). Indeed, the observations of extensive lateral sequence transfers in all organisms demonstrated that the genomes of all life forms are collections of genes with different evolutionary histories that cannot be represented by a single tree of life (TOL) (Koonin, 2009).

Many alternatives have been proposed to represent all the gene exchange events in organisms, such as networks (Kunin et al., 2005; Dagan et al., 2008; Halary et al., 2010; Beauregard-Racine et al., 2011; Kloesges et al., 2011; Popa et al., 2011), forests (Lopez and Bapteste, 2009) and bushes (Gould, 1987).

We sought to confirm that the term “rhizome” in evolutionary biology is the most suitable descriptor and to demonstrate that the entire history of cellular life is a rhizome (Raoult, 2010a; Merhej et al., 2011; Koonin, 2012).

Lateral Inheritance

Lateral gene transfers (LGT) have been considered to be marginal phenomena, important under specific circumstances, which could be discarded in the study of organismal evolution (Koonin and Wolf, 2008). However, recent extensive comparisons of multiple whole genome sequences have revealed a vast and surprising variability in gene content, even among closely related-species (Mira et al., 2001; Berg and Kurland, 2002; Konstantinidis and Tiedje, 2004; Koonin and Wolf, 2008; Georgiades et al., 2011a,b). Comparative genomics revealed that most genes are susceptible to LGT (Sorek et al., 2007), although the tendency to undergo LGT is highly variable among genes (Nakamura et al., 2004; Cohen et al., 2008, 2011; Hao and Golding, 2008). LGT affects different classes of genes to different extents, but no single gene is completely immune to LGT (Koonin and Wolf, 2008). LGT may be mediated by the inheritance of a plasmid, the integration of a lysogenic phage into a chromosome, or by the insertion of a linear fragment into a chromosome (Kaper and Hacker, 1999). Complete genome sequences highlight the confounding effects of lateral transfers in reconstructing the history of organismal evolution (Koonin et al., 1997, 2000; Doolittle, 1999; Nelson et al., 1999; Boucher et al., 2001; Gogarten et al., 2002; Zhaxybayeva and Gogarten, 2002). A practical necessity for detecting LGT is a species tree that depicts the phylogeny of the compared organisms in their entirety. Indeed, the most common practice used to detect LGT involves identifying the reliable discrepancies between the topologies of a gene tree and a species tree (Merhej et al., 2011). The species tree concept was validated by comparing the phylogenetic trees of sets of several hundred single-copy clusters of orthologous groups (COGs) from well-characterized, widespread bacterial groups, such as alphaproteobacteria, gamma-proteobacteria or Bacillus-Clostridium (Koonin and Wolf, 2008). However, LGT is a misleading definition because lateral inheritance may refer to sequences and not to entire or single genes (Chan et al., 2009, 2011; Merhej et al., 2011).

Lateral Sequence Transfers in Eukaryotes and the Human Rhizome

Two elements participate in eukaryotic genetic change. The first is sexuality. In 1889, August Weismann proposed that sex evolved because of the advantage in creating variation among siblings (Weismann, 1889). Therefore, natural selection favors the parents who can produce a variety of offspring. A similar hypothesis was proposed by Darwin in his “Origin of Species” (Darwin, 1859), which states that all sexually reproducing organisms are derived from a common, single-celled eukaryotic ancestor. Many protists reproduce sexually, as do multicellular plants, animals, and fungi. A few species, such as Bdelloidea and some parthenocarpic plants have secondarily lost this feature (Letunic and Bork, 2006). Some species, such as arthropods, can reproduce sexually and asexually or undergo parthenogenesis, which is the development of embryos in the absence of male fertilization. Wolbachia are known to induce female parthenogenesis in infected arthropods (Renvoisé et al., 2011).

The second mechanism of genetic exchange in eukaryotes is lateral sequence transfer by infection or recombination. Sequence transfers from bacteria to eukaryotes have occurred due to the ancestral symbiotic events that led to the establishment of plant and animal lineages (Thomas and Greub, 2010). Amoebae have also played a significant role as a melting pot for genetic exchange (Ogata, 2006; Moliner et al., 2010; Raoult and Boyer, 2010). A dramatic lateral sequence transfer has been reported: nearly the entire Wolbachia genome was observed to be integrated into the host genome. Comparative genomic studies support the existence of progressive sequence transfers from Wolbachia to arthropods, insects, and nematodes (Dunning Hotopp et al., 2007; Nikoh et al., 2008; McNulty et al., 2010). In particular, Drosophila ananassae harbors the entire genome of a Wolbachia species (Callaway, 2007).

The human genome does not escape such mixtures and also is a mosaic. Evidence from a recent study supports the integration of parasitic DNA into the human genome. The authors revealed that Trypanosoma cruzi sequences were integrated into the genomes of patients from five families from different Brazilian ecosystems. An investigation of the role of saliva in the transmission of human herpesvirus 6 (HHV6) revealed that all nine submandibular glands and one of four parotid glands harbored the HHV6 genome and expressed the corresponding proteins (Fox et al., 1990). The consequences of parasite DNA acquisition, the vertical inheritance of integrated DNA and its subsequent drift may contribute to the ongoing genetic diversity and speciation in the human population (Hecht et al., 2010), which is indicative of a chimera (Raoult, 2011).

Genome mixing has also occurred between archaic hominins and modern humans. Indeed, evidence for a notable presence of a Neanderthal-derived X chromosome segment among all contemporary human populations outside Africa has been presented (Yotova et al., 2011). Another archaic hominin was recently discovered in the Denisovan cave in Siberia. This group is derived from a hominin migration out of Africa distinct from the Neanderthal ancestors and modern humans, as suggested by the highly divergent morphological features. Evidence suggests that this archaic human lived close in time and space with Neanderthals and modern humans and that its genome contributed 4–6% of its genetic material to the genomes of the present-day Malaysians (Krause et al., 2010; Reich et al., 2010), whereas Neanderthals contributed approximately 1–4% of their genetic material to modern Europeans (Abi-Rached et al., 2011). Furthermore, a recent analysis of the highly polymorphic human leukocyte antigen (HLA) class I revealed how modern humans acquired the HLA-B*73 allele in West Asia through mixing with Denisovans (Abi-Rached et al., 2011). All these surprising data suggest that the genetic constitution of modern humans may be the outcome of a mosaic of lineages from different times and geographic origins (Yotova et al., 2011), as defined by our vision of the rhizome (Raoult, 2011) (Figure 1).
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Figure 1. The human rhizome. The current human genome harbors genes acquired vertically, predominantly from Cro-Magnon ancestors but also from Denisovans and Neanderthals. In addition to the Cro-Magnon genes, Europeans possess a few Denisovan genes, Africans possess a small and approximately similar amount of Denisovan and Neanderthal genes, and Malaysians possess few Neanderthal genes.



The Mitochondrial Rhizome

Mitochondrial evolution has recently been demonstrated to constitute a rhizome (Georgiades and Raoult, 2011). The results of this study suggest that the origins of mitochondrial genes are not limited to Rickettsiales and that their creation did not occur in a single event but through multiple successive events. Contrary to what has been believed until now, recent evidence strongly suggests that mitochondria do not have a single common ancestor (Emelyanov, 2001) but likely numerous ancestors, including proto-Rickettsiales, proto-Rhizobiales, proto-alphaproteobacteria and current alphaproteobacterial species. The mosaisism of the mitochondrial genome is also discussed by Esser et al. (2007), however, in our study, the use of four different types of mitochondria from four different organisms (protozoa, yeast, louse, human) revealed that the mitochondria of different organisms comprise different elements, while the analysis of the louse multi-chromosomal mitochondrion (Shao et al., 2009) showed that the mitochondria creation model is not fixed: mitochondria do not have a stable or unique form, and thus their evolution cannot be the same. We conclude from these results that the TOL is not sufficient to explain the chimeric structure of mitochondrial genomes and that their evolution should be represented as a rhizome as well.

Lateral Sequence Transfers in Bacteria and Their Rhizome

Lateral inheritance has been accepted as a major contributor of genome evolution in free-living bacteria since the Lederberg experiments on pneumococcus (Lederberg et al., 1951). Acquired genes play a major role in bacterial diversification by supplying previously unavailable traits, which permit the rapid exploitation of new environments (Ochman et al., 2005). Selfish and mobile genetic elements, such as virophages, plasmids and transposons, are the primary vehicles for lateral transfers among prokaryotes (Pace et al., 2008). The insertion sequences (IS) that were initially identified in the Escherichia coli galactose operon are also examples (Shapiro, 1969).

Conversely, the absence of evidence for lateral transfers has long been considered to be a fundamental characteristic of the genomic evolution in obligate intracellular bacteria. The isolated lifestyles of obligate intracellular bacteria were thought to reduce gene acquisition opportunities. Genetic exchanges have been judged to be negligible in these species because their intracellular environment is relatively constant and does not select for the genetic diversity promoted by more challenging environments (Moreno, 1998; Blanc et al., 2007a). These early views have progressively changed with the accumulation of genomic data, which have provided evidence for extended genetic exchanges in intracellular bacteria (Bordenstein and Reznikoff, 2005). Therefore, lateral sequence transfer is now viewed as an agent that promotes and maintains all bacterial species. Bacteria can acquire genes by several means, including conjugal gene transfer, phage-mediated insertion and native DNA from outside sources (Ochman et al., 2005). The process of gene loss has substantially contributed to the differences in the gene contents between the modern Rickettsia species. Additionally, the Typhus Group (TG) genomes were predominantly shaped by the reductive evolution from the ancestral Rickettsia genome.

However, the R. bellii genome includes numerous genes related to amoebal symbionts, perhaps due to ancient gene exchanges between an R. bellii ancestor and other amoebal hosts (Ogata, 2006). In a recent study, we provided evidence for lateral transfers between Rickettsiales species and other bacteria or other organisms. R. canadensis acquired genes from gamma-proteobacteria, Bacteroidetes, R. akari, and R. felis acquired genes from gamma- and delta-proteobacteria, and SFG species acquired genes from Bacteroidetes and Cyanobacteria, whereas the R. belli genome contained genes of a eukaryotic origin (Georgiades et al., 2011a). Finally, the plasmids in R. felis may have been acquired via conjugation (Ogata et al., 2005). The R. felis genome is actually a collection of genes and parts of genes with diverse evolutionary histories. The apparent horizontal transfer of different sized DNA segments corresponding to genes in various functional categories has been detected, indicating that any segment of DNA may be horizontally transferred (Merhej et al., 2011). Other Rickettsiales, such as Orientia spp., also acquired genes by LGT from Cyanobacteria, protists, and viruses (Georgiades et al., 2011a). Wolbachia spp. also have highly recombinogenic genomes, as their sympatric lifestyle enables recombination among the intracellular bacterial community (Klasson et al., 2009). Although lateral transfers were thought to be rare phenomenon in obligate intracellular bacteria (Audic et al., 2007), the “mobilome,” composed of mobile genetic elements, promotes horizontal genetic fluidity in Rickettsia species and has likely shaped the evolution of these genomes (Merhej and Raoult, 2011). Bacteria of the Legionella genus can also grow in amoebae, although a clear demonstration of intra-amoebal growth remains lacking for most of them (Thomas and Greub, 2010). Degtyar et al. demonstrated that the distribution of effector-encoding genes is highly variable in Legionella species: most genes of eukaryotic origin are present in different Legionella species, whereas others are specific to L. pneumophila (Degtyar et al., 2009). In another recent study, 557 laterally transferred genes were observed in L. pneumophila. Most of the transferred genes are part of the metabolism functional category. An exchange of genetic material with a common amoeba host most likely explains the multiple phylogenetic origins of a significant fraction of the Legionella genes (Coscolla et al., 2011). Other bacteria have also acquired genes through lateral transfers. Lawrence and Ochman (Lawrence and Ochman, 1997) proposed that at least 15% of the E. coli genome is atypical and may have arisen by recent lateral inheritance, while the diversity within the species E. coli and the overlap in gene content suggests a continuum rather than sharp species borders in the group of Enterobacteriaceae (Lukjancenko et al., 2010). Nelson et al. (Nelson et al., 1999) concluded that almost 25% of the Thermotoga maritime genes are most closely related to archaeal genes and have a history of gene transfer between these lineages (Gogarten et al., 2002). Firmicutes, Bacteroidetes, and gamma-proteobacteria species were observed to possess genes of Rickettsiales origin (Georgiades et al., 2011a). Approximately half of the species-specific genes in Streptococcus species have been proposed to be acquired by lateral transfer from diverse backgrounds. Specifically, multiple lateral sequence transfer events occurred during polyclonal infections among the nasopharyngeal Streptococcus pneumoniae strains recovered from a child suffering from chronic upper respiratory and middle-ear infections (Hiller et al., 2010). Finally, recent evidence has revealed the presence of horizontally transferred fragments of the human long interspersed nuclear element L1 in the genome of the strictly human pathogen Neisseria gonorrhoeae (Andersson and Seifert, 2011). Generally, it has been demonstrated that at least 81 ± 15% of the genes in each studied genome were involved in LGT at some point of their history even thought they can be vertically inherited after acquisition (Dagan et al., 2008). Taken together, these data suggest that the rhizome hypothesis is well suited for describing bacteria (Merhej et al., 2011) (Figure 2).
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Figure 2. The rhizome of bacteria—the Rickettsiales paradigm. Rickettsiales harbor genes from various bacterial species, protists, and viruses.



Lateral Sequence Transfers in Archaea and Their Rhizome

Many Archaea inhabit extreme environments similar to those in which life originated. Although Archaea members may be seen as evolutionary relics of the earliest life forms, none of the organisms living today are primitive. All extant life forms are modern organisms that are well adapted to their ecological niches. Numerous authors have observed many horizontally transferred genes in Archaea, confirming that lateral sequence transfer is a wide-ranging phenomenon (Koonin and Galperin, 1997; Aravind et al., 1998). Koonin and Galperin (1997) observed large fractions of genes of bacterial or eukaryotic origins in Archaea genomes, suggesting a chimeric origin for Archaea. The percentages of horizontally transferred sequences in bacteria and Archaea are similar, ranging from 5% in Methanococcus jannaschii to 14% in Aeropyrum pernix (Garcia-Vallvé et al., 2000). Massive gene exchanges between the extremely thermophilic Archaea and the hyperthermophilic Aquifex have been suggested. Previous studies revealed that the Aquifex genome is a chimera that shares a large component with the Archaea genome in addition to the core gene set shared with the rest of the bacteria. Bacterial hyperthermophily has likely evolved secondarily within moderately thermophilic bacteria by the continuous acquisition of thermotolerance genes from pre-adapted hyperthermophiles, namely the Archaea (Aravind et al., 1998). Finally, M. jannaschii protein sequences revealed that the number of proteins that are more similar to bacterial homologs significantly exceeds the number of those that are closer to eukaryotic homologs. The prevalence of the genes of bacterial origin in archaeal genomes suggests a genetic basis for the prokaryotic phenotype (Koonin and Galperin, 1997).

Lateral Sequence Transfers in Viruses and Their Rhizome

Viral genomes are not without lateral sequence transfers. A recently discovered virophage, Sputnik, was considered to be a vehicle that mediated lateral transfers between giant viruses (La Scola et al., 2008). The Acanthamoeba polyphaga mimivirus has unique features, including the presence of dsDNA, which was previously undocumented in viruses. Phylogenetic analyses identified a large number of bacterial homologs, suggesting an acquisition by lateral inheritance. Most of these genes were related to the orthologs in bacterial species, such as L. pneumophila, that are known to grow within amoebae. Mimiviruses likely acquired these genes from degraded or live bacteria sharing the same environment, particularly within amoebae (Moliner et al., 2010). In mammalian Herpesvirus, 141 putative transferred genes were identified, of which 91 were from gamma-herpesvirus, 42 from beta-herpesvirus, and 8 from alpha-herpesvirus, suggesting that gene acquisition in gamma-herpesvirus was more active than in the others (Figure 3). Although the functions of most of the putative transferred genes remain uncharacterized, many genes have been predicted to encode glycoproteins or membrane proteins (Fu et al., 2008). Furthermore, genomic analyses revealed that approximately 13% of the Herpesvirus proteins have clear sequence similarity to the human genome. The human homologs present in a large proportion of herpesvirus genomes, such as DNA polymerase and uracil-DNA glycosylase, are likely to have been acquired from a distant host by an ancestral Herpesvirus. Generally, gamma-herpesvirus genomes are particularly rich in genes that have a human counterpart (Holzerlandt et al., 2002).
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Figure 3. The viral rhizome. The mammalian herpesvirus harbors genes from the α, β, and γ herpesvirus. Gene exchange often occurs by virophages.



Not only does the gene repertoire exhibit a substantial plasticity, but nearly all genes of all organisms, including Prokaryotes, Eukaryotes, Archaea and Viruses, have been exchanged or recombined at some point in time (Raoult, 2010b). Therefore, all life forms are mosaics that are part of the rhizome of life.

Intragenic Recombination

Other than lateral sequence transfer and recombination between various organisms, the origin of some genes cannot be simply explained because of the occurrence of intragenic recombination (Raoult, 2010a). Different varying sites recombine within the same gene locus, and intragenic recombination can generate new allelic variation at a locus. New gene products with potentially new properties will then arise (Watt, 1972). Chimeric gene sequences that could result from recombination between divergent alleles have been detected in several species (Kelly et al., 2009). A recent R. felis study revealed random transfers of DNA sequences in the R. felis genomes that occurred independently of gene function or sequence length. The apparent horizontal transfer of DNA segments with different sizes has been detected, thus indicating that any segment of DNA may be laterally transferred (Merhej et al., 2011).

Staphylococcus aureus expresses several proteases, including the thermolysin-like metalloprotease aureolysin. Sequence analyses revealed that the aur gene is present in two distinct types of related sequences and that it is very polymorphic. The gene trees constructed from aur and concatenated multilocus sequence typing (MLST) genes revealed several putative assortative recombination events, such as exchanges of the entire aur gene between divergent S. aureus lineages. Evidence for intragenic recombination events, such as exchanges of internal aur segments across aur genes, was also observed (Sabat et al., 2008). Moreover, results from Nicotiana illustrated that intragenic recombination may be a relatively common occurrence and can provide evidence for distinct parental contributions within diploid species of likely reticulate origin (Kelly et al., 2009). Bluetongue virus (BTV) is the pathogen that causes Bluetongue disease, which threatens sheep, deer, cattle, and goats. Mosaic viral genes have been observed to share a similar recombination event. Recombination can occur in BTVs and likely plays a role in the evolution and genetic diversity of the virus (He et al., 2010). However, the recombination rate of BTV is much lower than that of positive-sense RNA viruses, such as the foot and mouth disease virus, in which 10–20% of the viral genomes undergo recombination during a single replication cycle (Alejska et al., 2001). Intragenic recombination between two different existing alleles in a population can create new alleles. The role of this process in maintaining variation in a natural population has been investigated through the assumptions that one gene consists of two sites, each of which can mutate to an infinite number of unique alleles (Kimura and Crow, 1964; Strobeck and Morgan, 1978; Morgan and Strobeck, 1979). This process, like lateral sequence transfer, represents a challenge for the reconstruction of the evolutionary relationships between species because they cannot be represented adequately with classic trees (Kelly et al., 2009).

Orphan or Newly Created Genes

Orphan genes constitute a class of lineage-specific genes that are not homologous to the sequences of other species (Fischer and Eisenberg, 1999). They typically encode small proteins and have high non-synonymous substitution rates, but their functions remain unknown (Domazet-Loso and Tautz, 2003; Daubin and Ochman, 2004). Recently, a classification of ORFans has been proposed, dividing ORFans into singletons (unique predicted genes with no significant homolog), multipletons (orphan with one or more paralogs in its residing genome but none in other genomes), and lineage ORFans (orphan with homologs among a given taxonomic rank and none outside) (Boyer et al., 2010). Comparative analyses have revealed that new genes appear frequently in genomes and that useful genes can be retained, whereas purposeless genes are often removed from the genome. The current methods for identifying the newly acquired genes can be divided into three categories: compositional analysis, detection of phylogenetic anomalies, and comparison of genome content (Ochman et al., 2000; Nakamura et al., 2004; Gogarten and Townsend, 2005; Kuo and Ochman, 2009). Compositional analysis is the only method that does not rely on comparing sequences from multiple genomes. In short, this approach compares the sequence features, such as nucleotide composition and codon usage, of the genes within a genome. A direct genome alignment is the most frequently used approach for identifying new genes, in which the presence and absence of genes among the organisms is examined. This method entails comparing multiple related genomes and can provide the most direct evidence of genes that are gained or lost from a lineage (Kuo and Ochman, 2009). Each newly sequenced genome contains a significant number of ORFans (Toll-Riera et al., 2009). For example, in the 60 fully sequenced microbial genomes, 14% of the genes are species-specific orphans (Siew and Fischer, 2003), whereas 18% of the Drosophila genes are restricted to the Drosophila group (Zhang et al., 2007; Zhou et al., 2008). However, the origin of the orphan genes remains elusive (Merkeev and Mironov, 2008). One scenario proposes that they were derived from gene duplication events, in which one copy accumulated enough sequence changes so that the ancestral similarity is no longer detectable (Domazet-Loso and Tautz, 2003). Such ORFans were recently proposed to represent genes of viral or plasmid origin (Rocha et al., 2006), and some may correspond to genuine new genes formed de novo through diverse mechanisms of gene evolution (Boyer et al., 2010). This proposed mechanism has significantly impacted the process by which novel genes in mammals form, specifically in primates, in which 5.5% of orphan genes could have originated de novo from non-coding genomic regions (Toll-Riera et al., 2009). The formation of novel genes has also been described in Drosophila (Begun et al., 2006; Levine et al., 2006; Zhou et al., 2008) and Saccharomyces cerevisiae (Cai et al., 2008). To characterize the genetic basis of evolution and development in insects, the genomes of insect-specific proteomes were analyzed. The characterization of the proteomes-based on genome sequences provides a rapid method to approximate and update the putative proteomes as genome sequences become available. Using this approach, 50 insect-specific proteins were isolated, and many have been supported by experimental studies. The proteins-related to stress and immune responses constitute an extensive fraction of the proteins characterized in the insect-specific proteome. The presence of numerous insect-specific olfaction and cuticle development proteins underscores the significance of communication and adaptation to the environment during insect evolution (Zhang et al., 2007).

In a recent study by our laboratory, a small number of gene sequences in Rickettsia species were identified that did not match any database and may have resulted from de novo creation (Georgiades et al., 2011a). Indeed, 17 Rickettsia gene sequences do not possess homologs in the non-redundant (NR) database. The Ka/Ks ratio revealed that 15 of these sequences were either non-functional or had gained functionality later on. The probability of pseudogenization or a viral origin of these genes should not be excluded, however, because these genes were not found in the regions with traces of active or ancient integrated extra-chromosomal elements, we strongly believe that they are novel genes (Georgiades et al., 2011a).

A study reconstructing the gene content of ancestral archaeal and proteobacterial genomes demonstrated that Archaea exhibit an abnormally high number of genesis events, particularly Aeropyrum pernix. The estimates for gene genesis also reveal at least 240 genes that originated at the branch leading to the Archaea. For Proteobacteria, this number was at least 320. Such genes can be considered typical of a taxon because they are unique and widespread within it (Snel et al., 2002).

Finally, the formation of new genes has been suggested to be essential to the viability of an organism. In the case of Drosophila, 59 de novo genes were observed to be as vitally essential as the old genes. The lethal phenotypes caused by the knockout of new genes suggested that the genes created de novo may integrate a vital pathway by interacting with existing genes, and this co-evolution may cause the new gene to become indispensable (Chen et al., 2010). Recently, an attempt to estimate the fraction of acquired genes that become dispensable and the features of those that are retained was made by examining the distribution of genes along an evolutionary lineage. Based on the numbers of the recent arrivals present in the E. coli K12 genome compared with the number of ancestral genes maintained by all members of this species, only 10–15% of the acquired genes were retained (Ochman and Davalos, 2006). Moreover, by establishing the origins of the genes acquired during the diversification of E. coli and Shigella, new genes that have distant homologs in other bacteria were acquired much more frequently but not retained as often as the acquired genes with no identifiable homologs (van Passel et al., 2008). These results suggest that genuinely novel genes, i.e., those that never conferred a function in a cellular genome, are more likely to persist in bacterial genomes (Kuo and Ochman, 2009).

In summary, gene creation is a continuous and unsettled phenomenon that is supported by the discovery of new genes that are permanently generated and are identified more frequently (Boyer et al., 2010; Raoult, 2010a). Genes created de novo illustrate the fact that nature is creative and not parsimonious. A rhizome is the most suitable representation for orphans; newly created genes should be represented as emerging roots on the rhizome.

The Tree Versus the Rhizome of Life

The TOL, initially elaborated by Darwin 150 years ago (Darwin, 1859), remains a biological fact for many supporters. For those who question it, the TOL is nothing more than a scientific hypothesis not yet proven to be true. Darwin's theory reflects the religious and social beliefs of its time: the existence of one common ancestor at the origin of each branch is a direct resurgence of the Adam and Eve creation theory (Raoult, 2010b). The origin of life is a biblical definition (Penny, 2011) that reflects the “hierarchical natural order” originating from a single ancestor (Doolittle, 1999). Indeed, this hypothesis could be falsified and is based on the mixed message that classifications should be constructed as hierarchies because evolution is a branching process, and a hierarchical classification is a proof of a branching evolution (Doolittle and Bapteste, 2007). Nevertheless, the traditional biological explanations have mostly relied on the construction of a genealogical tree that describes lineages diverging from a last common ancestor. Such a hierarchy provides a dichotomous topology that structures biodiversity in the most informative way (Schliep et al., 2011). However, the robustness and universal scope of such tree-based evolutionary explanations has been recently questioned more frequently (Doolittle, 1999, 2009a,b; Bapteste et al., 2009; Dagan and Martin, 2009; Ragan and Beiko, 2009). For example, the ubiquity of lateral sequence transfers suggests that the TOL does not adequately represent prokaryote evolution (Bapteste and Boucher, 2008; Koonin and Wolf, 2008). Bacterial classification implies that bacteria have a phylogeny and that the taxonomic system that functions adequately for the metazoans is also meaningful for the microbial world. Further, such a hierarchy and classification do not consider the numerous lateral sequence transfer events observed in all organisms. Up to 30% of the intra-species genome-to-genome variation in gene content results from lateral inheritance and gene loss. In some species, the pan-genome appears unlimited (Doolittle and Bapteste, 2007).

Human beings are complex ecosystems comprising more bacteria and viruses than eukaryotic cells in their mucosa, particularly in the gut. The human genome is a mosaic of genes with eukaryotic, bacterial, and viral origins. Bacteria harbor genes that originated from eukaryotic, viral, and archaeal organisms. Giant viruses also have chimeric genomes of different origins (Raoult, 2010a). Finally, genome analyses have revealed high proportions of newly generated ORFan genes (Fraser et al., 2000). An increasing number of scientists now argue that Darwin's TOL is best seen as an approximation to describe some parts of the living world but is less adequate elsewhere (e.g., viruses and prokaryotes). However, it is currently more complicated to place the root on the TOL (Ragan et al., 2009). A genealogic tree is a more adequate representation (Figure 4).
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Figure 4. Genealogic tree. A genealogic tree sample that harbors organisms with many ancestors closely or distantly related.



The theories of multiplicity and de novo creation need to be integrated in a post-Darwinian concept of the living species. When all these features are considered, the evolution of species seems more like a rhizome (Raoult, 2010a). A rhizome is a descriptive and epistemological model that does not organize the elements by a hierarchical coordination line, including a base and a root constituting the starting point of branches according to the well-known model of the Porphyrian tree (Eco, 1984). Instead, it is a model in which each element can affect or influence all the others (Deleuze and Guittari, 1972). A rhizome has a predominantly semiotic perspective. It is not easy to perceive things from the middle or from the top to the bottom. In contrast to trees, a rhizome connects any point with any other, and all of the features do not necessarily correspond to features of the same nature (Deleuze and Guittari, 1972). Consequently, this view of evolution considers the occurrence of multiplicities as emerging species grow from the rhizome with gene repertoires of various origins that allow for the multiplication and perpetuation of the species. Even the human genome is, and should be, viewed as a mosaic with eukaryotic, bacterial, archaeal, and viral genes that comprise an ecosystem that drives a network of gene exchange (Figure 5).
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Figure 5. The human genome as a mosaic and an ecosystem. Everything is a rhizome, in which lateral transfers occur between and among bacteria, viruses, archaea, and eukaryotes mediated by plasmids, virophages, and archaeophages. The modern human genome comprises vertically inherited elements from ancestors and from laterally inherited elements from other eukaryotes, bacteria, and viruses. The arrows identify the lateral sequence transfers, and the colorful arrows indicate the transfer events toward humans.



Conclusion

Darwin's TOL presents a single common ancestor on the root and different species on the major branches that separate and continuously diverge. However, the history of life cannot be attributed to a single ancestral species that yielded descendants that have adapted to their environment and developed into various species completely distinct and different from each other in such a short time. Furthermore, new species are continuously created and are not necessarily derived from other species (Raoult, 2010b). Furthermore, recent and massive gene transfer events have been identified in all living organisms. A rhizome could more adequately represent the multiplicities of genomes and their de novo creations. Emerging species grow from the rhizome with gene repertoires of various origins that allow for the multiplication of species under permissive environmental conditions (Raoult, 2010a). This view of evolution should resemble a clump of roots representing the multiple origins of the genetic repertoire of each species (Halary et al., 2010).
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Many of the definitions in microbiology are currently false. We have reviewed the great denominations of microbiology and attempted to free microorganisms from the theories of the twentieth century. The presence of compartmentation and a nucleoid in Planctomycetes clearly calls into question the accuracy of the definitions of eukaryotes and prokaryotes. Archaea are viewed as prokaryotes resembling bacteria. However, the name archaea, suggesting an archaic origin of lifestyle, is inconsistent with the lifestyle of this family. Viruses are defined as small, filterable infectious agents, but giant viruses challenge the size criteria used for the definition of a virus. Pathogenicity does not require the acquisition of virulence factors (except for toxins), and in many cases, gene loss is significantly inked to the emergence of virulence. Species classification based on 16S rRNA is useless for taxonomic purposes of human pathogens, as a 2% divergence would classify all Rickettsiae within the same species and would not identify bacteria specialized for mammal infection. The use of metagenomics helps us to understand evolution and physiology by elucidating the structure, function, and interactions of the major microbial communities, but it neglects the minority populations. Finally, Darwin’s descent with modification theory, as represented by the tree of life, no longer matches our current genomic knowledge because genomics has revealed the occurrence of de novo-created genes and the mosaic structure of genomes, the Rhizome of life is therefore more appropriate.
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Introduction

Post-modern philosophy, also called the French theory (Wicks, 2003), states that the majority of theories, including scientific theories, are only based on meta-narratives expressing the influence of a culture at a given time. These scientific theories can be questioned when a change in techniques creates instability in the theory, as postulated by Karl Popper (Popper, 1959; Raoult, 2010a). In addition (and in the direction of post-modern theory), these theories can also be called into question due to an intellectual change of paradigm (Kuhn, 1962). The study of Rickettsiae has been challenging for the past few years because of the great difficulty in their handling. Moreover, the ancestors of Rickettsiae contributed to the birth of modern eukaryotes by transferring genes to the mitochondrion and the nucleus (Koonin, 2010; Renvoisé et al., 2011). During the explosion of microbial genetics, the study of Rickettsia did not benefit from the model of Escherichia coli, and rickettsiologists had to develop alternative approaches that did not include the common meta-narratives (Renvoisé et al., 2011). Among these approaches were those based on observations of the characteristics of intracellular bacteria, whose genomes and behaviors resemble those of viruses. Thus, Rickettsia has been classified as intermediate bacteria between the viruses and bacteria. Currently, the genomic revolution and “multiomics” have made it possible to analyze Rickettsia with many new tools (Bechah et al., 2010), and Rickettsia was among the species that were sequenced most quickly (Andersson et al., 1998; Ogata et al., 2001). This sequencing and generally all the work achieved by Rickettsiologists brought an important revision to the way of thinking with respect to E. coli and forced microbiologists to visualize the general theories concerning bacterial species in a different way, so several theories concerning bacteria had, or need, to be revised (Georgiades and Raoult, 2011a). In this work, our goal was to revise the overarching classifications and denominations used in microbiology. In particular, as postulated by post-modern philosophy (Lyotard, 1979; Williams, 1998), we know that the denomination of an object constrains it in its definition and that when the definition is inappropriate, one cannot conceive of the object in a reasonable way.

Definition of Eukaryotes and Prokaryotes

The word “microbe,” literally meaning “small life,” was introduced by the French surgeon Charles Sédillot in 1878 to define infinitely small living organisms (Vallery-Radot, 1885). One of the most important advances in our understanding of the living world was the realization by the French scientist Edouard Chatton that there are two major groups of organisms that he named the prokaryotic (bacteria) and the eukaryotic (organisms with nucleated cells) type (Chatton, 1925; Stanier and van Niel, 1962; Sapp, 2005). This classification was adopted by Stanier and van Niel (1962) and the prokaryote–eukaryote dichotomy was universally accepted as the natural order of things until the 1970s and the emergence of rRNA phylogenetics (Sapp, 2005). At that time, Woese achieved a comprehensive understanding of bacterial phylogeny using laborious molecular sequencing methods (Woese et al., 1975). Those data revealed two separate lineages among prokaryotes: the Archaea (Archaebacteria) and the Bacteria (Eubacteria). The prokaryote/eukaryote system was replaced by the “three domain system” and the classification of Eukarya, Archaea, and Bacteria (Woese, 1994). However, bacteria had always been defined largely in negative terms: they lacked a nucleus, compartmentation, and sexual reproduction (Sapp, 2005). This negative description is somewhat invalid because it does not define what a prokaryote is but rather what it is not (Pace, 2006). Furthermore, recent observations of Planctomycetes prove that the definitions of eukaryotes and prokaryotes are erroneous. Planctomycetes is a distinctive phylum of the domain Bacteria, in which the cells possess a different structural plan than other prokaryotes; the cells of all cultured and some uncultured species are divided into compartments by one or more membranes (Figure 1). In addition, in one particular species, Gemmata obscuriglobus, the nucleoid is enveloped in two membranes to form a nuclear body that is analogous to the structure of a eukaryotic nucleus. The existence of these organisms clearly calls into question the accuracy of the actual definitions of eukaryotes and prokaryotes (Fuerst, 1995, 2005, 2010). The nucleus of these cells likely resulted from autogenous membrane development in a prokaryote lineage (Taylor, 1976; Lake and Rivera, 1994; Glansdorff et al., 2008), most likely in Planctomycetes and the closely related Chlamydia (Ward et al., 2000; Horn et al., 2004; Figure 2). This theory has been strengthened by the discovery of nuclear envelope fold topology in Planctomycetes, which is analogous to the eukaryotic cell structure (Fuerst, 2005, 2010). Moreover, the eukaryotes all harbor mitochondria, or mitochondria-related genes, inherited from Rickettsiales (Golding and Gupta, 1995; Lang et al., 1999). Therefore, eukaryotes are younger than Rickettsia, their other ancestors are unknown, and there is no evidence that these ancestors had a nucleus. As it turns out, the three domain system, as previously defined, does not exist (Lake, 1988).
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Figure 1. Compartmentation in prokaryotes and eukaryotes. Compartmentation of Gemmata obscuriglobus(A) and a eukaryotic cell (B) is comparable.
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Figure 2. Time scale of eukaryogenesis and nucleogenesis. Eukaryotes are not the only species with compartmentation. First eukaryotes emerged from an endosymbiotic event. The first nucleus appeared approximately 3 billion years ago in Planctomycetes and Chlamydia. These numbers are approximations (Bromham and Penny, 2003; Cavalier-Smith, 2004; Trevors and Abel, 2004).



Archaea

When they were identified in the late 1970s based upon ribosomal sequences, Archaea were viewed as a group of archaic bacteria (Woese and Fox, 1977). Indeed, because of their capacity of methanogenesis, archaea were supposed to live in ancient organisms and received the name of “archaea.” This name is misleading as it speculates that these organisms resemble ancient cells and live in specific and “archaic like” environment. They have long been considered as extremophile bacteria that can be found in the most extreme environments (temperature, salinity, and pH). This explains the fact that archaea have not been extensively studied in clinical microbiology and their place among living organisms long went unrecognized.

Because of their archaic label, Archaea have been used as models of the early evolution of cellular life forms (Romano and Conway, 1996; Embley and Martin, 2006; Poole and Penny, 2007; Cox et al., 2008). The information processing machineries of archaea are considered ancestral forms of the more complex replication, transcription, and translation machineries of the eukaryotic cell (Gribaldo et al., 2010). Other evolutionary hypotheses about the path of life reject the archaic status of archaea. They suggested that the three domains of life evolved from a pre-cellular community containing different types of genes using a process that led to the fixation of specific subsets of genes in the ancestors of these domains (Woese, 1998). Considering evidence from molecular sequences, envelope structure, and motility mechanisms, other hypothesis suggested that the archaea evolved from Gram-positive bacteria as an adaptation to hyperthermophilic or hyperacidity (Cavalier-Smith, 2002) or in response to antibiotic selection pressure (archaea are resistant to a wide variety of antibiotics that are primarily produced by Gram-positive bacteria; Gupta, 1998a,b, 2000).

Recent results obtained using molecular approaches and metagenomic studies have changed our perspective of the nature and the diversity of archaea. Indeed, archaea were considered predominant over bacteria in all extreme environments. This is true for high-temperature environments, as only archaea can thrive at temperatures from 95 to 113°C (Huber et al., 2000). However, in all other situations, species of Bacteria and Eukarya have been found together with those of archaea (Aravalli et al., 1998; DeLong, 1998; Rothschild and Mancinelli, 2001). Novel archaea have been isolated from a variety of temperate and cold environments (Cavicchioli, 2006), agricultural and forest soils, plankton, fresh water lake sediments, and the deep waters of oceans (Schleper et al., 2005). Archaea seem to constitute a major part of global ecosystems. They were estimated to account for approximately 34% of the total marine biomass of Antarctica (DeLong, 1998) and for nearly 20% of the total marine picoplankton biomass worldwide (Karner et al., 2001). The ubiquitous abundance of archaea and their influence on biogeochemical cycles remain largely unexplored. A recent tentative to infer the ancestral conditions of life suggests that he last common ancestor of archaea has been hyperthermophilic and mesophilic species have showed adaptations to cooler environments (Groussin and Gouy, 2011).

Methanogenic bacteria play a paramount role in digestion processes. Indeed, metagenomic analysis of the gut flora in three healthy individuals established that Methanobrevibacter smithii comprised up to 11.5% of the gut microorganisms (Eckburg et al., 2005). On the contrary, while many studies using 16S rDNA sequencing confirmed the presence of M. smithii in the human gut, the prevalence was low and Methanosphaera stadtmanae was not detected in most cases (Miller and Wolin, 1982; Belay et al., 1988; Dridi et al., in revision). This contrast is due to limitations in the experimental protocols that are largely designed for the study of bacteria. Recently, in our laboratory we developed an optimized protocol for the extraction and specific PCR-based detection of M. smithii and M. stadtmanae in DNA stool samples, using specific primers (Dridi et al., 2009). Using this protocol it was demonstrated that all individuals carried methanogenic archaea with a high prevalence of M. smithii (95.5%). The application of this specific approach allowed the isolation of Methanomassiliicoccus luminyensis and its description as a new species (Dridi et al., in revision), and the same protocol can be used to identify other archaeal species (Dridi et al., 2009, 2011). It is obvious that previous methods did not allow the identification of Archaea because they were not designed for Archaea identification.

Molecular experiments and genomic approaches have suggested that the different criteria used to define archaea are not completely valid. The definition currently used for Archaea merely cloaks our lack of knowledge of this domain of life. Undoubtedly, Archaea are not a form of “archaic” bacteria, they rather represent a distinct evolutionary domain.

Bacterial Virulence Factors

It is not surprising that many people believe that bacteria that are dangerous to us are better armed than non-pathogenic bacteria. Toxins were identified in 1884 and defined as virulence factors; since, early genetic studies on bacterial virulence demonstrated that removing a certain number of genes from pathogenic bacteria decreases their capacity to infect hosts. Therefore, the conclusions of most studies on bacterial virulence, driven by anthropocentric intuition and perspective, suggested, and some still suggest that non-pathogenic bacteria lack supplementary virulence factors (Lawrence, 1999; Ochman et al., 2005).

An outstanding example of this way of thinking is the Shigella paradigm. Shigella spp. are human pathogens associated with bacillary dysentery, or shigellosis. Shigella dysenteriae causes deadly epidemics in many of the world’s poorest countries. Shigella spp. and E. coli have always been considered closely related, and they have even been placed in the same species (Pupo et al., 2000). However, most E. coli strains are commensals of the human intestine (Maurelli et al., 1998), and Shigella spp. differ from E. coli in their lack of certain phenotypic traits, such as extracellular mobility and the ability to ferment lactose and many sugars (Karaolis et al., 1994; Pupo et al., 2000). Similar to S. dysenteriae, pathogenic enteroinvasive E. coli lack lysine decarboxylase (LDC) activity. In a study by Maurelli et al. (1998), the induction of LDC expression attenuated the virulence of a transformed strain of S. flexneri. It seems plausible that Shigella evolved from the E. coli complex through the acquisition of a plasmid containing critical genes. Plasmids of Shigella spp. have been directly associated with virulence and were even named “virulence plasmids” after their discovery (Hale et al., 1983). Furthermore, actin-based motility initiated by the icsA gene has also been reported to be a virulence factor (Goldberg et al., 1994). However, virulence increased after massive gene deletions (Maurelli et al., 1998). In conclusion, S. dysenteriae was not found to have more virulence genes than related bacteria (Georgiades and Raoult, 2011a).

Many recent comparative genomics studies have demonstrated that the specialization of bacteria for the colonization of eukaryotic hosts is associated with massive gene loss (Nierman et al., 2004; Merhej et al., 2009a) and the loss of identified “virulence factors” (Audic et al., 2007). Genomic analysis has revealed that Borellia recurrentis, the agent of deadly louse-borne relapsing fever, encodes fewer putative virulence factors than Borellia duttonii (Lescot et al., 2008). Gene loss has also accompanied the evolution of pathogenic Bordetella species (Cummings et al., 2004) and gene deletions in Mycobacterium tuberculosis have resulted in a hypervirulent phenotype (Bokum et al., 2008). Finally, in a study by Audic et al. (2007), the number of putative virulence factors was found to be higher in water-dwelling bacteria than in any other categories of bacteria, including specialized pathogens (Audic et al., 2007).

One of the best examples of genome reduction can be found in the epidemic-causing Rickettsia prowazekii, which is the most dangerous rickettsial species. Genome comparisons of R. prowazekii with the less virulent R. conorii have revealed that R. prowazekii is a subset of R. conorii, with only 834 open reading frames (ORFs) compared to the 1,374 ORFs of R. conorii (Ogata et al., 2001). Although intracellular motility has been considered a virulence factor of Shigella (Goldberg and Theriot, 1995) and Listeria monocytogenes (Tilney and Portnoy, 1989; Mounier et al., 1990), R. prowazekii is completely immobile in the cytoplasm (Teysseire et al., 1992). Actin-based motility in R. conorii and R. rickettsii requires two proteins functioning together, Sca2 and RickA, suggesting that these two proteins could be virulence factors of R. rickettsii. R. typhi possesses only the Sca2 protein and is also mobile in the cytoplasm but less than R. conorii (Teysseire et al., 1992; Figure 3). However, none of these proteins are found in R. prowazekii, which lacks actin-based motility (Kleba et al., 2010). Consequently, motility is not a virulence factor per se but can be part of a virulence repertoire in some pathogens (Georgiades and Raoult, 2011a). Other studies have also demonstrated genome reduction to a lower extent in the extremely successful and fit R. africae, the agent of African tick-bite fever. In contrast with their possession of virulence factors, R. prowazekii and R. africae have the most and the least decayed genomes, respectively, among pathogenic Rickettsiae (Fournier et al., 2009). A comparison of R. africae with R. rickettsii suggested the loss of essential genes in R. rickettsii as a possible factor involved in the development of virulence (Fournier et al., 2009). In general, pathogenic Rickettsia species lack what was defined as “pathogenicity islands” and that are present in other bacterial pathogens (Hacker and Kaper, 2000). It has been suggested that plasmids contain genes encoding proteins responsible for host recognition, invasion, and pathogenicity. The presence of plasmids in Rickettsia species, however, did not show any correlation with virulence (Paddock et al., 2004; Ogata et al., 2005; Blanc et al., 2007a). The examples of Rickettsiae and Shigella spp. show that the terms “pathogenicity islands” and “virulence plasmids” are misleading. The genomic analysis of rickettsial species has revealed that the shift to pathogenicity does not require the acquisition of new genes, but in more cases, and not only in Rickettsia, gene loss seems to be implicated in the emergence of virulence (Moran, 1996; Andersson and Kurland, 1998; Andersson and Andersson, 1999; Blanc et al., 2007a; Darby et al., 2007; Merhej et al., 2009a). In a recent study in our laboratory, we demonstrated that the only features found at higher levels in extremely dangerous bacterial pathogenic species than in closely related less pathogenic species were toxins and toxin–antitoxin modules (TA; Georgiades and Raoult, 2011b).
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Figure 3. Motility is not necessarily a virulence factor. (A) Rickettsia conorii is mobile in the cytoplasm and in the nucleus and moves quickly. Actin-based motility is associated with the Sca2 and RickA proteins (represented in red and blue circles respectively). Yellow stars are to demonstrate that the bacterium moves fast in the cytoplasm; dotted lines are to show that the bacterium can be found anywhere in the cytoplasm and even in the nucleus. (B) Rickettsia typhi is also mobile in the cytoplasm, but it moves less quickly than R. conorii. Its mobility is associated with the Sca2 protein. (C) R. prowazekii is completely immobile in the cytoplasm. The Sca2 and RickA proteins are absent.



In conclusion, except for toxins and TA modules, which have a direct effect and are indeed virulence factors, other products named “virulence factors” are, in reality, associated with fitness in a genomic context and in a specific environment, including in tested experimental models. Comparative genomics have shown than pathogenic bacteria have smaller genomes than non-specialized bacteria. Therefore, it is not possible to say that supplementary virulence factors establish pathogenicity, but rather, the overall gene repertoire is more associated with virulence than specific genes. In a recent study, the deletion of four different gene clusters in fungi attenuated their virulence in plants, while deletion of the “divergence cluster 8–12” (region encoding effector genes with mow sequence conservation) caused a hypervirulent fungal phenotype (Schirawski et al., 2010). Under these conditions, a virulent gene repertoire is composed of both present and absent genes. The term “virulence factor” seems to be invalid, and we propose that it should be abandoned.

Phylogeny and Taxonomy

Biological dogma states that phylogeny reflects taxonomy. Indeed, the 16S rRNA sequence has been widely used for the description of many newly classified bacterial species (Rosello-Mora and Amann, 2001; Drancourt et al., 2004; Roux et al., 2004). A 16S rRNA divergence of 1–2% is considered to correspond to approximately 50 million years of divergence (Ochman et al., 1999; Ogata et al., 2001), and a cut-off of 98.7% similarity in 16S rRNA reflects a new species (Stackebrandt and Ebers, 2006). However, an accurate delineation of bacterial species cannot be guaranteed by the use of ribosomal DNA sequence identity, which often leads to misleading species definitions (Fox et al., 1992; Rosello-Mora and Amann, 2001). Bartonella henselae has two copies of 16S rRNA in some cases, which likely emerged through recombination (Sanogo et al., 2003), and these copies present a divergence higher than 1.3% (Viezens and Arvand, 2008). For several bacterial species, the presence of multiple copies of the 16S rRNA gene has been documented (Acinas et al., 2004). Although generally, these multiple copies in an organism are either identical or nearly identical, in some cases, they are divergent enough to overestimate the number of bacterial species. This overestimation can be seen in the case of Delisea pulchra strains, in which 16S rRNA gene copies were used to illustrate the effects of 16S rRNA heterogeneity in the marine bacterial community (Dahllöf et al., 2000; Adékambi et al., 2008). The use of 16S rRNA for such analysis is limited due to its inherent heterogeneity (Dahllöf et al., 2000). Moreover, using the molecular clock scale based on 16S rRNA as a species definition criterion, specialized bacteria within mammalian hosts are not defined as species (Georgiades and Raoult, 2011a). Species definition cannot be based on the percent divergence of 16S rRNA because bacteria having a divergence less than 1.3% correspond to bacterial complexes rather than species (Doolittle and Papke, 2006).

There are 9,000 validated bacterial species and 1.5 million eukaryotic species, even though the biomass of bacteria is comparable to that of eukaryotes; this suggests that use of the 16S rDNA sequence as a taxonomic tool is not adapted to the definition of species. Furthermore, genomic contents are not represented by phylogeny. In a study based on the genomic content comparison of bacteria with different lifestyles, discrepancies between taxonomy and gene content were observed (Audic et al., 2007; Merhej et al., 2009b). The phylogenomic analysis yielded a tree similar to the one produced using the 16S rDNA gene sequence. However, γ-proteobacteria appeared to be divided into three groups, confirming that these species were more similar to each other in terms of gene content than to their close phylogenetic relatives (Audic et al., 2007). Similarly, rickettsial species and relatives, such as Wolbachia and Ehrlichia species, comprise an α-proteobacterial clade characterized by small genomes; this clade is distantly related to other α-proteobacterial species with larger genomes (Moran, 2002). Phylogenetic analysis of Rickettsia species based on 16S rRNA sequences has been frequently performed; however, significant inferences about intragenus phylogeny are not possible because the sequences are almost identical (Roux and Raoult, 1997). In fact, the official molecular criteria used for the classification of a bacterial species, DNA/DNA hybridization >70%, GC content <5%, and a 16S rRNA divergence <1, 3%, cannot be applied to Rickettsia species. A 16S rRNA divergence <2% alone would classify all Rickettsiae within the same species (Fournier and Raoult, 2009). Furthermore, based on this criterion, bacteria specialized to mammalian hosts are not defined as a species (Georgiades and Raoult, 2011a). Homo sapiens emerged approximately 250,000–400,000 years ago, while the first human-specialized pathogenic bacterial species, M. tuberculosis, emerged much later, only 20,000 years ago (Wirth et al., 2008). For organisms such as archaea, bacteria, and some unicellular eukaryotes, the species and gene trees do not show much identity with each other on an evolutionary scale (Bapteste et al., 2009). This result is due to the fact that individual gene histories can be different from the history of a species. Over the past 15 years, lateral inheritance (as opposed to vertical inheritance) has been proven to be a major evolutionary force in microorganisms (Bapteste and Boucher, 2008). Examples of extensive chimerism and LGT across prokaryotes are common, and it is absolutely plausible that every gene in prokaryotes has been affected by LGT at some point in evolutionary history (Bapteste et al., 2009). With this in mind, whole gene content and present and absent genes should be taken into consideration when searching for a reliable species classification (Figure 4).
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Figure 4. Phylogenomic tree based on whole gene content (present/absent genes) in pathogenic and non-pathogenic E. coli species and S. dysenteriae. Two clusters are formed: one for pathogenic species (in red), and one for non-pathogenic species (in blue). Pathogenic strains are divided into five groups: EPEC, enteropathogenic; EHEC, enterohemorrhagic; UPEC, uropathogenic; ETEC, enterotoxigenic; EAEC, enteroaggregative.



Definition of a Virus

The discovery of giant viruses with large genomes has raised many questions about virus definitions and evolution. According to Lwoff, viruses have typically been defined as “filterable infectious agents” smaller than 200 nm that are unable to undergo binary fission and have one type of nucleic acid with few protein-encoding genes (Lwoff, 1957). Giant viruses, such as mimivirus (Raoult et al., 2004, 2007) and mamavirus (La Scola et al., 2008), challenge the size criteria used for the definition of a virus. These viruses, with an icosahedral capsid diameter of nearly 400 nm, have particle sizes comparable to that of bacteria such as Mycoplasma (La Scola et al., 2003; Raoult et al., 2004). Mimivirus possesses a large double-stranded DNA genome (1,181 kb). The mimivirus genome has 1,262 putative ORFs, of which 911 are predicted to be protein-coding genes, and 298 could be associated with functional attributes (Raoult et al., 2004). Mamavirus has a slightly larger genome than mimivirus (1,200 kb), and 99% of its predicted genes are orthologous to mimivirus ORFs (Colson and Raoult, 2010). The concept of the small particle (and genome) that once defined viruses is no longer valid.

The discovery of large viruses prompted a re-evaluation of the commonly used viral isolation methods and consideration of the role played by amebae as a source of giant viruses. Because amebae ingest any particle that is larger than 100 nm, these phagocytes represent a potential source of giant viruses with chimeric repertoires (Raoult and Boyer, 2010). Indeed, another virus, Marseillevirus, has recently been isolated from amebae. It has a diameter of 250 nm and a genome size of 368,454 bp (Boyer et al., 2009). Mimivirus, Mamavirus, and Marseillevirus belong to the Mimiviridae, a family in the group of nucleo-cytoplasmic large DNA viruses (NCLDVs; Iyer et al., 2006; Boyer et al., 2009). Genomic analysis of the giant viruses showed that only 4.6 and 11.2% of the ORFs of mimivirus and marseillevirus, respectively, had homologs in the NCLDV core gene set. Hence, the majority of the genome is lineage-specific. In addition to the core genome, the gene repertoire of these ameba-associated viruses contains duplicated genes, ORFans and genes likely acquired through LGT. Indeed, a substantial proportion of the genome exhibits sequence similarities to gene homologs found in bacteria, archaea, eukaryotes, and viruses (Raoult et al., 2004). Using phylogenetic analyses, a bacterial or bacteriophage origin has been inferred for 49 genes and a eukaryotic origin for 85 genes of the marseillevirus genome (Boyer et al., 2009). Likewise, 60 genes from the mimivirus genome had reliable homologs in cellular species and seemed to be acquired from eukaryotes, especially from amebae (Moreira and Brochier-Armanet, 2008). These chimeric gene contents may have resulted from acquisitions through LGT involving the eukaryotic host (ameba) and sympatric bacteria and viruses. Amebae may serve as a genetic mixing bowl from which giant viruses may have gathered a complex set of genes, leading to large chimeric genomes (Raoult and Boyer, 2010).

The genomes of giant viruses help to elucidate their origin and early evolution. The position of viruses within the tree of life (TOL) has been a subject of disagreement. Indeed, the classification of organisms into a universal TOL based on ribosomal RNA sequences (Pace, 2006) evidently excludes viruses, which lack ribosomes. As acellular organisms, viruses were intentionally not represented with other living ribosome-encoding organisms in the TOL (Moreira and Lopez-Garcia, 2009). Like other viruses, the mimivirus genome contains genes for replication. Surprisingly, the genome of mimivirus also contains genes that code for components of translation machinery never before found in viruses, including four amino-acyl transfer RNA synthetases, peptide release factor 1, the translation elongation factor EF-TU, and translation initiation factor 1 (Raoult et al., 2004). The presence of these genomic features has triggered a reappraisal of the definition of living beings (Raoult and Forterre, 2008) and the evolutionary implication of viruses. The phylogenetic analysis of mimivirus proteins that have closely related eukaryotic homologs support the appearance of mimivirus as representing a fourth domain of life together with bacteria, archaea, and eukaryotes (Raoult et al., 2004). Indeed, there are some genes that allow tracing history, including DNA processing genes, even thought a whole, complete organism cannot be represented by a classic TOL. An additional genomic study revealed the early emergence of NCLDVs whose core genome is as ancient as the three currently accepted domains of life (Boyer et al., 2010a). These findings confirm previous hypotheses stating that viruses may be at the origin of many eukaryotic genes (Villarreal and De Filippis, 2000; Forterre, 2006) and might have contributed to nucleus formation (Bell, 2001; Takemura, 2001). Thus, the study of giant virus genomes sheds light on the origin of eukaryotes and emphasizes the possible role played by capsid-containing organisms in the evolution of ribosome-encoding organisms.

Metagenomics and Microbial Diversity

The study of many species is difficult or even impossible, mainly due to our inability to culture them in the laboratory (Zengler et al., 2005). Metagenomics, or the culture-independent genomic analysis of an assemblage of organisms, allows us to study microorganisms by deciphering their genetic information from DNA that is extracted directly from communities of environmental microorganisms. Metagenomics has revealed that the vast majority of microbial diversity has been missed using cultivation-based methods (Handelsman, 2004; Riesenfeld et al., 2004; Eckburg et al., 2005). Indeed, approximately 10 and 60% of the sequences from environmental microbial and viral metagenomes, respectively, are novel sequences; they have no significant similarity to any sequence in the GenBank non-redundant database (Tyson et al., 2004; Venter et al., 2004; Edwards and Rohwer, 2005). Thus, our knowledge has been gleaned from the relatively small number of presently culturable representatives while ignoring the “uncultured majority” (Hugenholtz et al., 1998).

Metagenomics has offered unprecedented insights into microbial diversity and sparked a revolution in the field of microbiology. Historically, microbiology has focused on single species in pure laboratory cultures; thus, the understanding of microbial communities has lagged behind the understanding of their individual members. In addition, limited information about physiology and functional roles can be gained from microbes in culture. Metagenomics is a new tool to study microbes in the complex communities in which they live and to begin to understand how these communities work. Indeed, metagenomics relies on high-throughput sequencing, which permits the isolation of large portions of genomes, providing access to protein-coding genes and biochemical pathways. Metagenomics focuses on profiling the functions encoded by a microbial community in a selected environment rather than the types of organisms producing them. Analysis of the genomic content of communities of organisms sheds light on the metabolic variability of an environment and on specific physiological functions (Eckburg et al., 2005; Dinsdale et al., 2008). Metagenomic studies of the pathogen-associated microbiome have allowed for an understanding of the role of microbial communities and their clinical implications (Gill et al., 2006; Ley et al., 2006; Turnbaugh et al., 2006; Willner et al., 2009). Information from metagenomic libraries has the ability to enrich our knowledge and has applications in many aspects of industry, therapeutics, and environmental sustainability.

Metagenomic approaches have revealed insights into environmental features with important evolutionary implications. Metagenomic functional analyses of ecosystems have revealed the correlation between geochemical conditions, metabolic capacity, and genetic diversity in microbial communities (Edwards et al., 2006; Frias-Lopez et al., 2008; Simon et al., 2009). Indeed, sequencing projects provide a means for sampling the genetic diversity of natural microbial populations by estimating the rate of recombination and have the potential to reveal much about the evolution of these populations (Johnson and Slatkin, 2009). Moreover, this gene-centric approach to environmental sequencing suggests that the functional profile predicted from environmental sequences of a community is similar to that of other communities whose environments of origin pose similar demands. These findings have provided insight into the processes of adaptation and the evolution of life on earth.

Notably, metagenomics represents a powerful tool that can be used to access the abundant biodiversity of environmental samples, but its accuracy depends on many limitations. Technical and economic constraints limit the depth of analysis necessary for obtaining a representative picture of microbial and viral communities, their metabolic profiles and their adaptation dynamics (Morgan et al., 2010). Indeed, large-scale sequencing of metagenomic DNA permits the isolation of the most predominant species in the environment, while sequences from low-abundance species may go undetected. In this way, only the most frequently represented functional genes and metabolic pathways that are relevant in a given ecosystem can be identified and assessed. However, the low-abundance species and their encoded functions could also play a critical role in the ecology and physiology of the studied environment (Piganeau and Moreau, 2007).

In conclusion, metagenomics has shown that the uncultured microbial world far outnumbers the cultured world and has emphasized the extent of our ignorance about the microbial world. Metagenomics has helped elucidate the structure, function, and interactions of microbial communities; these advances were not possible in the culture-dependent era. Metagenomics constitutes a comprehensive approach for understanding evolution and physiology.

Orphan Genes

Orphan genes constitute a class of lineage-specific genes that do not show homology to sequences in other species (Fischer and Eisenberg, 1999). They typically encode small proteins and show high non-synonymous substitution rates, but their functions are unknown (Domazet-Loso and Tautz, 2003; Daubin and Ochman, 2004). Recently, a classification of ORFans has been proposed, dividing ORFans into singletons, multipletons, and lineage ORFans (Boyer et al., 2010b). Each newly sequenced genome contains significant numbers of such genes (Toll-Riera et al., 2009). For example, of 60 fully sequenced microbial genomes, 14% of genes are species-specific orphans (Siew and Fischer, 2003), while 18% of genes in Drosophila are restricted to the Drosophila group (Zhang et al., 2007; Zhou et al., 2008). However, the origin of orphan genes remains a mystery (Merkeev and Mironov, 2008). One proposed scenario is that they derived from gene duplication events in which one copy accumulated so many sequence changes that the ancestral similarity is no longer detectable (Domazet-Loso and Tautz, 2003). It was recently proposed that such ORFans could also represent genes of viral or plasmid origin (Rocha et al., 2006), and some seem to correspond to truly new genes formed de novo through diverse mechanisms of gene evolution (Boyer et al., 2010b). This mechanism has been proposed to have made a significant contribution to the formation of novel genes in mammals, specifically in primates, in which 5.5% of orphan genes could have originated de novo from non-coding genomic regions (Toll-Riera et al., 2009). The formation of novel genes has also been described in Drosophila (Begun et al., 2006; Levine et al., 2006; Zhou et al., 2008) and Saccharomyces cerevisiae (Cai et al., 2008).

In a recent study in our laboratory, we identified a small number of gene sequences in Rickettsia species that had no match in any database and that seem to have resulted from de novo creation (Georgiades et al., 2011). Indeed, 17 rickettsial gene sequences seem to have no homologs in the NR database. The Ka/Ks ratio revealed that 15 of these sequences were either non-functional or had adopted functionality. Of course, the probability of pseudogenization or even of a possible viral origin of these genes should not be excluded, but because these genes were not found in regions with traces of active or ancient integrated extra-chromosomal elements, we strongly believe that they are novel genes (Georgiades et al., 2011).

Finally, it has been reported that new genes might be essential to an organism’s viability. In the case of Drosophila, 59 de novo genes were found to be as essential as the old genes in terms of viability. The observation of lethal phenotypes caused by the knockout of new genes suggested that de novo-created genes may integrate a vital pathway by interacting with existing genes, and this co-evolution may lead to the new gene becoming indispensable (Chen et al., 2010).

In summary, gene creation is a continuous and unsettled phenomenon, and this idea is supported by the discovery of new genes, which are permanently generated and whose identification is becoming increasingly frequent (Raoult, 2010a; Boyer et al., 2010b). De novo-created genes are evidence of life’s permanent creativity.

The Tree of Life

The TOL was used by Darwin approximately 150 years ago, as a concept to explain the evolutionary relationships between different species (Doolittle, 1999; Lawton, 2009). It has been accepted as a biological fact since (Doolittle and Bapteste, 2007). According to Darwin’s theory, namely the “descent with modification theory” (Penny, 2011), the common descent of species is demonstrated by similarities between species, while modifications driven by natural selection create differences in species that result in speciation (Doolittle and Bapteste, 2007). The TOL is therefore composed of a common ancestor, the root of the tree, species separated quickly and in a stable way, key branches, and branches containing the most recently arisen species (Raoult, 2010b,c). However, evidence acquired using comparative genomic analyses contradicts the existence of a single common ancestor for the gene repertoire of any organism. Evidence obtained through genomic analyses suggests that nearly all genes have been exchanged or recombined at some point and that there are no two genes with a similar history on the phylogenetic tree (Raoult, 2010c).

Since the late 1990s, LGT and gene loss in bacterial genomes have been recognized as much more frequent than previously proposed (Ochman et al., 2000; Lawrence, 2005; Dagan and Martin, 2007). Up to 30% of the genome-to-genome variation within a species is the result of LGT and gene loss, and homologous recombination is now thought to be the first cause of sequence divergence in many bacteria (Doolittle and Bapteste, 2007). Thus, LGT had been considered a rare phenomenon in intracellular bacteria (Audic et al., 2007) until the discovery of the mobilome in Rickettsiae, suggesting that such events were possible (Merhej and Raoult, 2010). Consequently, several further studies identified candidates for LGT in Rickettsia species (Wolf et al., 1999; Ogata et al., 2006; Blanc et al., 2007a,b; Georgiades et al., 2011). Moreover, genetic elements invade and proliferate in rickettsial genomes and eventually integrate genes into their host’s chromosomes (Merhej and Raoult, 2010). Analysis of the R. felis genome has provided evidence for gene transfers between the chromosome and the R. felis plasmid, while the plasmids themselves seem to have been acquired through conjugation (Ogata et al., 2005). The first evidence for LGT in R. bellii also indicated the role of amebae in gene exchanges; amebae constitute a melting pot in which species can exchange genetic material (Ogata et al., 2006; Moliner et al., 2010). Indeed, the genome of R. bellii contains many genes highly similar to those of intracellular bacteria of amebae, such as Legionella pneumophila and Protochlamydia amoebophila (Ogata et al., 2006). L. pneumophila has developed the ability to infect different species of amebae (Rowbotham, 1980; Fields et al., 2002). A recent study on L. pneumophila provided evidence for non-vertical inheritance: 34–57% of the genome has been involved in recombination events. In this study, LGT events between Legionella and all bacterial groups known to be present in amebae were detected (Coscolla et al., 2011). In parallel, other studies have identified eukaryotic-like genes in Legionella that are most likely of amebal origin (Lurie-Weinberger et al., 2010; Moliner et al., 2010; Schmitz-Esser et al., 2010). The most plausible scenario for the multiple phylogenetic origins of an important fraction of Legionella genes is the exchange of genetic material in the common ameba host.

These lateral transfer events do not always involve whole genes or certain gene functions. The R. felis paradigm is the first rickettsial genomic analysis in which random transfers of DNA sequences were found to occur independently of gene functions or sequence lengths (Merhej et al., 2011). The functional vision of genes and sequences often influences scientists’ analytical strategies and interpretations. Some bacterial genomes contain up to 40% of genes with no apparent function aside from duplication (selfish genes; Raoult, 2010b). Likewise, random sequences could have hybridized between species because of their sympatric lifestyle (Mayr, 1957).

In light of these post-genomic data, a post-Darwinist concept should be introduced, one that assimilates the chimerism and mosaic structure (Figure 5) of all living organisms through both non-vertical inheritance and de novo creation (Raoult, 2010c). The TOL is a biblical phrase (Penny, 2011) that matches well the desire to have classification reflecting the “natural order” that is inclusively hierarchical and goes back to a single ancestor (Doolittle, 1999). Our current genomic knowledge no longer matches with Darwin’s representation of the TOL. Species evolution looks much more like a rhizome (Deleuze and Guattari, 1976; Raoult, 2010c), reflecting all of the various origins of genomic sequences in each species (Raoult, 2010c). Every living organism has a variety of ancestors; exchanges between species are intense, and the creation of new genes is frequent and constant in all organisms. For example, the human genome is a chimera and viruses and bacterial species are also our ancestors. Retroviruses left relics in our genomes, in the same way that both HHV-6A and B viruses can integrate into human chromosomes and may be vertically transmitted in the germ line (Arbuckle et al., 2010). Trypanosoma cruzi sequences were also integrated and identified into the genomes of patients (Hecht et al., 2010). Therefore, the definition of a common ancestor should be revised and instead of referring to a single ancestor, refer to viral ancestors, bacterial ancestors, eukaryotic ancestors, and archaeal ancestors.
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Figure 5. Each one of the four domains of life, (A) Eukaryotes (in yellow), (B) Archaea (in blue), (C) Viruses (in pink), and (D) Bacteria (in green), is represented as mosaics containing genes from all four domains. Purple squares represent ORFan genes.



Conclusion

We think that the radical approach developed by the post-modern French philosophers is useful at this time, as technology has allowed for important discoveries. From this perspective, rickettsiologists, virologists, and bacteriologists, all of whom have different points of view, can make a real contribution to their fields and to the study of the evolution of living organisms. Without the adoption of a non-traditional vision, a large proportion of living organisms, which are now within reach, will remain invisible because we will be trapped by the theories of the twentieth century. Objects are constrained by their definitions. For example, giant viruses were missed by scientists and were not identified earlier because of the misleading definitions of viruses that wanted them to be filterable and smaller than 200 nm (Lwoff, 1957) If the definitions are false, like we demonstrated for the great denominations of microbiology, objects cannot be conceived in a reasonable way and the conclusions derived from the observations of the microorganisms will be biased by misleading believes and theories.
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Strains within a bacterial species typically have a set of conserved core genes and a variable set of accessory genes. The accessory genes often appear to move laterally between strains, thereby forming new trait combinations. Sometimes, genetic material also moves laterally between species, thereby resulting in diffuse borders between them. The growing number of genome sequences offers new possibilities to study these processes. Ten species for which abundant genomic data exists were here selected for analysis of the species border integrity. The average core genome similarities and relative core genome sizes (RCGSs) were determined for strain pairs within the species and for strain pairs crossing the species border. The variability within the species as well as the border integrity varies for different bacterial species. Some have very distinct borders while others are more or less indefinable. From the growing amount of genomic data, it becomes even clearer that the concept of bacterial species is, in many cases, far from absolute.
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Introduction

In higher eukaryotes, a species is often defined as a group of organisms that are so reproductively isolated that interbreeding with other species cannot occur or does not result in a fertile offspring. This is believed to maintain the genetic integrity of the species over time. A genetic pool that is much larger than that present in each individual is maintained within the species and sexual reproduction accounts for the formation of new allele combinations. Thus, the genetic material is inherited vertically from the combined genetic pool of the parents and the apparent universality of this inheritance mode led Darwin to propose that all organisms could be organized into a “tree of life.”

In prokaryotes, the situation is somewhat different. Their genetic material is asexually inherited from the ancestral cell. Accumulation of mutations during this clonal expansion can give rise to sub-populations with selective advantages. If prokaryotes were to rely on only this mechanism for adaptation, new trait combinations would require “reinventing the wheel” over and over. Thus, it is not surprising that lateral gene transfer (LGT) mechanisms exist in prokaryotes (Ochman et al., 2000). LGT allows advantageous genes to sweep through populations (Shapiro et al., 2012). As a consequence of the lateral movements of genetic material, the organisms becomes chimerical and a strict tree model cannot adequately represent their phylogenetic relationships (Bapteste et al., 2009). To reflect this, the phrase “rhizome of life” is sometimes used as an alternative to “tree of life” (Raoult, 2010). It is clear that different models to represent this complex evolutionary history are necessary, depending on what scientific questions we are addressing, i.e., we need to use “pattern pluralism” in our way of thinking (Doolittle and Bapteste, 2007). However, the relative extent to which the tree model should, or must, be discarded in favor of alternative models is still debated and varies depending on the species in question. A further consequence of LGT is that the actual concept of the bacterial species becomes partially undermined (Doolittle and Papke, 2006). A broader viewpoint for describing bacterial population structures constitutes the presence of sympatric species complexes with high plasticity and lateral gene exchange from which specialized allopatric species, such as pathogens, can escape (Georgiades and Raoult, 2010). Reductive evolution accompanying the pathogenic lifestyle will, in many cases, confine the species (Merhej et al., 2009).

Recently, a clearer understanding of bacterial genome evolution has emerged. This is mainly because of the intense technological development of high-throughput sequencing (Metzker, 2010). Sequencing is now done in enormous amounts of randomly primed parallel sequencing reactions from the same sample. The technologies are often collected under the name Next Generation Sequencing (NGS). NGS has unquestionably had an enormous impact on the growth rate of the bacterial genome database (Figure 1A). As parallel sequencing machines are moving from the core facilities into regular laboratories, it is likely that the number of sequences will continue to increase exponentially. In the early days of bacterial genome sequencing, most projects typically aimed to produce a complete genome sequence as the final product. Making a complete genome sequence still requires a lot of resources. In contrast, draft sequences have become easy and affordable to produce and are often sufficient for answering many biological questions. Consequently, the draft genome database is growing more rapidly than the complete one. At the time of the analysis presented in this paper, there were over 2000 completed genomes and almost 3000 draft genomes in the form of contigs/scaffolds. There are also a large number of draft genome assemblies not yet submitted to the database.
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Figure 1. The genome database. The figure is based on the NCBI GenomeReport dated 21 Feb, 2012 and only includes genomes projects where completed sequences or draft assemblies were available for download. (A) The growth of the databases for draft and complete bacterial genomes. (B) The number of species with 1, 2, 3, 4, and 5 (or more) strains sequenced Aug 2008 and Feb. 2012, respectively. (C) The species with most genome sequences. Black represents completed genomes and grey draft genomes.



How are the current sequencing efforts being directed? Figure 1B shows the number of species in the genome database in August 2008 and February 2012. The number of species has grown from approximately 700 to almost 1000 (a 1.4-fold increase) and the number of sequences from 1255 to ~4900 (a 3.9-fold increase). This illustrates that sequencing activities aimed at producing more sequences from strains belonging to already represented species are far more intense than sequencing projects directed towards new species. The ten most sequenced species account for 22% of the genome database. The bacterial species for which the highest number of genome sequences are available (at the time of this writing) are shown in Figure 1C. The large number of available genomic sequences has given us the opportunity to compare genomic variation within species as well as between them. However, sequencing efforts are undoubtedly biased towards strains of medical or economical importance and this may very well bias the conclusions we make.

The genomic sequencing efforts have made us realize that, similar to eukaryotes, bacterial species maintain a “genetic pool” much larger than the one present in each strain. Each strain has a conserved set of core genes and additionally, a number of accessory genes. The dynamics of the accessory genes can give rise to strains with “customized genomic repertoires” (Mathee et al., 2008). Thus, different strains may have different sets of accessory genes and the superset of all different genes present in a species is often referred to as the pan-genome (Tettelin et al., 2005). It is likely that the accessory genes constitute a reservoir for functionality that can be transferred laterally to create new trait combinations. However, a large fraction of the accessory genes have often no functional annotation; our knowledge about many of these genes is poor. The accessory genome has become an important field of study (Sim et al., 2008; Bennett et al., 2010; Kung et al., 2010).

In this study, a limited dataset of species representing different life strategies and having a high number of both draft and complete genome sequences was selected for a more detailed analysis (Table 1). The genomic information was here used to study the genetic integrity of these bacterial species in terms of core genome sequence variability and variations in the relative size of the core genome/accessory genome.

Table 1. Species included in the analysis.
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Comparative Analysis

The degree of sequence similarity within the core genome is considered to be one of the best phylogenomic measures for comparing microbial genomes (Rokas et al., 2003). By averaging comparisons of a large number of genes, the risk for disturbances in the result caused by laterally moved genetic material is minimized. In this study, pairwise average core genome similarity (ACGS) values and relative core genome size (RCGS) values were calculated using the Gegenees fragmented alignment method (Ågren et al., 2012). In brief, the genomes were fragmented into overlapping 200-basepair pieces and for each fragment a BLASTN score was calculated. The core genome was defined as the regions constituted by fragments with scores of at least 25% of the score value of a perfect match. The average similarity was normalized towards the value obtained when the genome was compared to itself. The RCGS value represents the core genome size relative to the whole genome size (core genome + accessory genome).

If genetic material were only inherited vertically, the differences in size of the accessory genetic material between two strains would depend on gene loss events and duplication events followed by acquisition of new functionality (neo-functionalization or sub-functionalization). It would then be expected that RCGS would gradually decrease as ACGS decrease. However, if lateral movement of accessory genetic material occur, a much greater variation in RCGS values would be expected because lateral movements would be more or less uncoupled with the vertical inheritance.

In this study, the relationship between ACGS and RCGS values and the integrity of the species border in terms of these values were examined by analysis of a large number of pairwise comparisons within a selected set of bacterial genera. Ten species, with good representation in the sequence database (Table 1), were selected. The ACGS and RCGS values were then calculated, pairwise, for every possible genome combination in the genus. Thus, there were both intra- and inter-species comparisons. The data were used to create a diagram with the highest ACGS (shortest vertical inheritance distance) first, and then the pairwise comparisons plotted in descending order. In the same diagram, the corresponding RCGS values were plotted and the part of the diagram that represented intra-species comparisons was indicated. Hereafter, this diagram type is referred to as a “species integrity diagram.” The software Gegenees (Ågren et al., 2012) can, from version 1.1.5, generate this type of diagram and also gives interactive annotations of individual data points.

Species Integrity of Ten Selected Species

In the intra-species pairwise comparison of Staphylococcus aureus strains, ACGS values varied between 90% and 100% (Figure 2A). The RCGS values fluctuated between 90–99% (i.e., up to 10% accessory genetic material) with modest correlation with the ACGS values. This indicates that the accessory genetic material is mobile between strains within the species border. Lateral transfer of genetic material in S. aureus has been described previously in relation to mobile genetic elements (Deurenberg and Stobberingh, 2008; Lindsay, 2010). The closest strain in the inter-species comparison had distinctly lower ACGS and RCGS values. Thus, on the basis of the genomic data available today, there seems to be a distinct border between the species S. aureus and its closest neighbors.
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Figure 2. Species integrity diagrams for 10 selected species. Pairwise genome comparisons defining average core genome similarity (ACGS) are shown in red and relative core genome size (RCGS) in blue. ACGS measures phylogenomic distance while RCGS measures the size of the core genome relative to the total genome size (core + accessory genome). Intra-species comparisons are plotted first (indicated with the black line) and inter-species comparisons thereafter. Data are sorted by ASCG. (A–J) Intra-species comparisons of strains from the selected species [Staphylococcus aureus, Streptococcus pneumoniae, Escherichia coli, Salmonella enterica, Mycobacterium tuberculosis, Neisseria meningitidis, Helicobacter pylori, Clostridium botulinum, Bacillus anthracis (a part of the Bacillus cereus group), and Burkholderia pseudomallei] and inter-species comparison with strains from other species in the same genus.



In Streptococcus pneumoniae, the intra-species comparison results were very similar to those found in S. aureus (Figure 2B). Lateral transfer within S. pneumoniae has been described previously (Coffey et al., 1991). Inter-species comparisons show that the distance between S. pneumoniae and its closest related strains outside the species border (belonging to S. mitis) is quite small and there is a continuous decline in similarity with not fully distinct plateaus. This indicates that S. pneumoniae is exchanging genes with other Streptococcus spp. The population structure and dynamics of S. pneumoniae in terms of the pan genome has been studied previously (Donati et al., 2010).

In the genus Escherichia, almost all sequences came from E. coli. The high amount of accessory genetic material and the large RCGS fluctuations between strain pairs with similar ACGS values (Figure 2C) suggest that there is an extraodinary mobility of accessory genetic material in E. coli. The border with other Escherichia. spp is not distinct although the sequencing database is underrepresented for non E. coli species. Like Escherichia, the related Salmonella genome database is dominated by a single species, S. enterica. S. enterica strains typically have an ACGS value of ~55% compared to E. coli strains. The diagram shows that S. enterica strains have a lower variability in accessory genome size compared to E. coli (Figure 2D).

In contrast to the examples above, Mycobacterium tuberculosis is very distinct (Figure 2E). Low variability was seen for both for RCGS and ACGS values as was a clear difference to related, non-M. tuberculosis strains (except for M. bovis as discussed below). This indicates lateral gene movements are less frequent in this species. However, another type of problem in species designation becomes apparent here. M. bovis is, on a genomic level, an indistinguishable part of M. tuberculosis. Detailed genome analysis of a M. bovis strain has also shown that there is a very high genomic similarity to M. tuberculosis (Garnier et al., 2003).

Neisseria meningitidis is distinct but closely related to strains outside the species (Figure 2F). The closest strains belonged to the species N. gonorrhoeae. Many N. meningitidis strains showed only 10% lower RCGS values when compared to N. gonorrhoeae strains than when compared to the other strains within the species. This suggests crossover of genetic material can occur over the species border; nevertheless the ACGS values show clear distinct plateaus. The accessory genome has been observed to evolve differently from the core genome in Neisseria (Bennett et al., 2010).

In Helicobacter pylori, the ACGS values were, in most intra-species comparisons, relatively low (Figure 2G). This suggests that Helicobacter has a comparatively high mutation rate. This has also been discussed previously (Wang et al., 1999). The RCGS values fluctuate, as described in many species above, indicating the lateral movement of genes.

Clostridium botulinum is a classical example of how long distance lateral gene movements can affect the integrity of what we call a bacterial species. The Botulinum Neuroxin (BoNT) gene, bont, has during several occasions jumped between quite distantly related Clostridium strains and this can be seen in the species integrity diagram (Figure 2H). C. botulinum can actually be seen as four distinct species that all are able to produce BoNT (Hill et al., 2007; Skarin and Segerman, 2011; Skarin et al., 2011). Some strains without a functional bont gene can, from a genomic point of view, be considered to be the same species as C. botulinum but they go under other names (e.g., C. sporogenes, C. novyi). Furthermore, the bont gene can also be found in some C. baratii strains and some C. butyricum strains.

Bacillus anthracis is an example of a species that represents a monophyletic clade within a larger group of related strains (Figure 2I). B. anthracis strains all have two virulence plasmids. Apart from the plasmids, they are extremely similar to other related strains (Kolsto et al., 2009). There is a very diffuse boarder between the species in a large group of Bacillus strains containing B. anthracis, B. cereus, B. thuringiensis, B. mycoides, B. weihenstephanensis, and B. pseudomycoides. This group is commonly called the B. cereus group (Rasko et al., 2005). Many B. cereus strains are much more closely related to B. thuringiensis strains than to other B. cereus strains.

Finally Burkholderia pseudomallei was analyzed (Figure 2J). The most striking observation is its relation to B. mallei. B. mallei is a lineage of B. pseudomallei, that has undergone massive reductive evolution (Losada et al., 2010). Hence, the pronounced drop in the RCGS values without a corresponding drop in ACGS values.

Conclusions

When comparing different bacterial species from a genomic perspective, large differences can be found in what we call a species. A large part of the sequencing efforts today are focused on important human pathogens. The niches these species colonize are quite different from those for most environmental species. During their speciation, pathogens have generally shifted from a sympatric to an allopatric lifestyle and this is usually accompanied by reductive evolution and reduced pan genome size. Most of these pathogenic species are more or less distinct, based on core genome conservation, although lateral gene movement channels probably are quite common. In environmental species, however, we see a much larger variability and more poorly defined borders between the species. However, more data are needed on environmental species.

One extreme species is B. anthracis. It resides as a spore, without growth. When it does grow, it does so mainly without contact with other bacterial species before returning to the dormant spore state. Thus, it has little opportunity for contact with other bacterial species and hence low genetic variability. On the other extreme is E coli. This species has an extraordinarily large and variable set of accessory genes. It also lives in an environment where it is surrounded by a community of different, competing bacteria. Recently, we saw an example of an E. coli strain that took up new genetic material by lateral transfer and thereby transformed in to a new, highly virulent variant (Mellmann et al., 2011; Rasko et al., 2011; Rohde et al., 2011).

Other species are located in between these extremes. They may be very close to neighboring species, but are typically still more or less distinguishable based on core sequence similarity. They have specialized in separate, environmental niches. As more strains are sequenced, we will probably find more intermediate forms of these species, showing that the bacterial species concept does not have an absolute definition. However, some draft genomes are of poor quality or are incorrectly annotated and must be treated with caution in any analysis of them.

How should we then relate to bacterial species? For most purposes, species of importance for humans are definable based on the core genome similarity. This is basically what we measure with the classical 16S analysis. However, we must be aware that the species borders are often (perhaps almost always) not absolute, and there will be intermediate strains occurring every now and then. Finally, it is definitely going to be equally important to classify strains according to their accessory gene content. This type of analysis will become much more efficient with the new upcoming sequencing technologies. We are standing at the beginning of a period with an enormous genome database growth and the possibility to greatly increase our understanding of what defines a bacterial species as such.
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Philippe Colson1,2 and Didier Raoult1,2*

1Unité de Recherche sur les Maladies Infectieuses et Tropicales Emergentes, Centre National de la Recherche Scientifique Unité Mixte de Recherche (UMR) 7278, Institut de Recherche pour le Développement (IRD) 3R198, INSERM U1095, IHU Méditerranée Infection, Facultés de Médecine et de Pharmacie, Aix-Marseille University, Marseille, France

2Pôle des Maladies Infectieuses et Tropicales Clinique et Biologique, Fédération de Bactériologie-Hygiène-Virologie, Centre Hospitalo-Universitaire Timone, Marseille, France

Edited by:
Eugene V. Koonin, National Center for Biotechnology Information, USA

Reviewed by:
Jon Audia, University of South Alabama School of Medicine, USA
 Hua Xie, Meharry Medical College, USA

*Correspondence: Didier Raoult, Unité des Rickettsies, Unité de Recherche sur les Maladies Infectieuses et Tropicales Emergentes, Faculté de Médecine, Aix-Marseille Université, 27 boulevard Jean Moulin, 13385 Marseille CEDEX 05, France. e-mail: didier.raoult@gmail.com

Acanthamoeba polyphaga Mimivirus has been subcultured 150 times on germ-free amoebae. This allopatric niche is very different from that found in the natural environment, where the virus is in competition with many other organisms. In this experiment, substantial gene variability and loss occurred concurrently with the emergence of phenotypically different viruses. We sought to quantify the respective roles of Lamarckian and Darwinian evolution during this experiment. We postulated that the Mimivirus genes that were down-regulated at the beginning of the allopatric laboratory culture and inactivated after 150 passages experienced Lamarckian evolution because phenotypic modifications preceded genotypic modifications, whereas we considered that genes that were highly transcribed in the new niche but were later inactivated obeyed Darwinian rules. We used the total transcript abundances and sequences described for the genes of Mimivirus at the beginning of its laboratory life and after 150 passages in allopatric culture on Acanthamoeba spp. We found a statistically significant positive correlation between the level of gene expression at the beginning of the culture and gene inactivation during the 150 passages. In particular, the mean transcript abundance at baseline was significantly lower for inactivated genes than for unchanged genes (165 ± 589 vs. 470 ± 1,625; p < 1e–3), and the mean transcript levels during the replication cycle of Mimivirus M1 were up to 8.5-fold lower for inactivated genes than for unchanged genes. In addition, proteins tended to be less frequently identified from purified virions in their early life in allopatric laboratory culture if they were encoded by variable genes than if they were encoded by conserved genes (9 vs. 15%; p = 0.062). Finally, Lamarckian evolution represented the evolutionary process encountered by 63% of the inactivated genes. Such observations may be explained by the lower level of DNA repair of useless genes.
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Introduction

Two primary mechanisms of evolution, Lamarckian and Darwinian, have been generally recognized (Koonin, 2009; Koonin and Wolf, 2009). Among the elements that differentiate the theory of evolution of Lamarck (1809) from that of Darwin (1859) is the central Lamarckian concept that phenotypic changes result from adaptation to the environment and can be transmitted vertically. According to this view, phenotypic changes precede genotypic changes (Figure 1). In contrast, in the current vision of evolutionary biology and in accordance with the post-Darwinian modern synthesis, genetic modifications produce phenotypic changes and precede selection of the fittest in a given environment (Koonin, 2009). In this scenario, genotypic changes precede phenotypic changes.
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Figure 1. A schematic diagram of the major steps and causes and effects in Darwinian and Lamarckian evolution. In Darwinian evolution (left), genotypic change precedes phenotypic change, whereas these changes occur in the opposite order in Lamarckian evolution (right).



Our strain of Acanthamoeba polyphaga Mimivirus was recently subcultured 150 times on germ-free amoebae. This allopatric niche is very different from that found in the natural environment of Mimivirus, where the virus is in competition with many other organisms (Raoult and Boyer, 2010; Boyer et al., 2011; Figure 2). An interesting feature of this process of experimental evolution was the occurrence of Mimivirus gene variability and loss concurrently with the emergence of phenotypically different viruses (Boyer et al., 2011). The observed phenotypic changes included a lack of surface fibers and morphologically different viral factories compared with the first generation of wild-type Mimivirus at the beginning of the allopatric laboratory culture. In addition, another team had analyzed the transcriptome of this first generation of Mimivirus over its entire replication cycle (Legendre et al., 2010). These studies provided an opportunity to assess the respective roles of Lamarckian and Darwinian evolution in Mimivirus (Figures 1–3). Thus, we analyzed the nucleotide and amino acid variability of Mimivirus genes during the maintenance of the allopatric laboratory culture on amoebae by comparing their sequences in Mimivirus M4, recovered after 150 passages, with those in M1, recovered at the beginning of the in vitro culture (Figures 2 and 3). To quantify the apparent Lamarckian and Darwinian evolutionary processes in this experiment, we postulated that the inactivated genes of Mimivirus that had been down-regulated at an early phase in the new niche of the virus experienced Lamarckian evolution, as phenotypic modifications preceded genotypic modifications (Figure 1). Indeed, the regulation of gene transcription has been increasingly described in association with phenotypic changes that occur in life forms when they are introduced to a new biological and ecological niche (Revel et al., 2002; La et al., 2008; Smith and Kruglyak, 2008). An example of the dramatic alteration of gene expression was recently reported in a plant bacterium following host switching (Oshima et al., 2011). In contrast, inactivated Mimivirus genes that were normally transcribed during the early phase of life in the new niche were considered to obey Darwinian rules (Figure 1).
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Figure 2. A schematic diagram of the collection, isolation, and experiments conducted for Mimivirus and Mamavirus.
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Figure 3. A schematic diagram of the evolution of the gene content of Mimivirus during allopatric laboratory culture on amoebae. The diagram shows the transcript abundance for Mimivirus M1 genes and the proportions of inactivated genes after 150 passages.



Materials and Methods

Mimivirus M1 and M4 Genes Studied

The sets of genes for Mimivirus at the beginning of its laboratory life (Mimivirus M1) and after 150 passages in allopatric culture in Acanthamoeba polyphaga (Mimivirus M4) corresponded to those reported previously (Raoult et al., 2004; Boyer et al., 2011; Figure 2). BLASTn searches were performed with the Mimivirus M1 set of open reading frames (ORFs) against the Mimivirus M4 genome.

Groups of Genes Defined Based on Their Variability During Allopatric Laboratory Culture

The genes present in Mimivirus M1 were classified into two major groups: group A is composed of genes that remained unchanged (i.e., showed 100% nucleotide identity) in the genome of Mimivirus M4, whereas group B includes Mimivirus genes showing variability at the nucleotide level during the allopatric laboratory culture (nucleotide identity <100%). The variable genes with a frameshift associated with a >30% size reduction of their product were considered to be inactivated. Group C is composed of Mimivirus M1 genes lost during the transition to the Mimivirus M4 genome, as indicated by the absence of significant BLASTn hits; these genes are located within two large fragments of the genome of Mimivirus M1 that have been deleted in Mimivirus M4. These two large deletions described by Boyer et al. have been considered to be “catastrophic” events that are neither Lamarckian nor Darwinian evolutionary processes, and they were, therefore, not included in our analysis (Boyer et al., 2011).

Transcription and Expression Profiles of Mimivirus M1 Genes

The transcription profile of the first generation of Mimivirus corresponded to the transcript abundances determined by Legendre et al. at T = 0, 1.5, 3, 6, 9, and 12 h of the viral replication cycle (Legendre et al., 2010). These results were those for Mimivirus M1' and were considered to correspond to an early stage of the laboratory culture after Mimivirus moved from a sympatric niche to an allopatric niche (Figure 2). For each gene, the total number of normalized reads counts encompassing the different time points of the replication cycle was used (Legendre et al., 2010). The mean [±standard deviation (SD)] of gene total transcript abundance was 372 ± 1,342. The median value for all of the genes was 69. Gene expression was considered to be high at the beginning of the laboratory culture if the transcript abundance was equal to or greater than the median transcript abundance for all Mimivirus genes. Conversely, genes were considered to be weakly expressed at the beginning of the laboratory culture if the transcript abundance was lower than the median value for all genes. Centiles were calculated for the values of transcript abundance for all genes, and the proportions of unchanged and inactivated genes were calculated per groups of 10 centiles. The proportion of Lamarckian evolution was inferred from the proportion of Mimivirus genes weakly expressed at the beginning of the culture relative to the proportion inactivated after 150 passages in allopatric laboratory culture. Finally, the proteins cited as showing an association with Mimivirus M1 are those previously identified from purified virions by capillary LC-MS/MS, 2D gel electrophoresis, and MALDI-TOF mass spectrometry (Renesto et al., 2006).

Comparison of the Transcription Profiles, Expression, and Variability of Mimivirus M1 Genes

We tested whether the transcription levels obtained for Mimivirus M1' genes at the baseline state of the laboratory culture predict the inactivation of these genes after 150 passages on germ-free amoebae (Figures 2 and 3). The proportions of highly and weakly transcribed genes, of the genes among the 25 most highly expressed or with transcript abundances above the 70th centile were compared between unchanged and variable or inactivated genes. In addition, the mean transcript abundance was compared among groups of genes defined on the basis of their variability during the allopatric laboratory culture. The correlations between the initial transcript abundance for each gene and the nucleotide variability or the number of nucleotide and amino acid positions that varied during the 150 passages were also studied. Moreover, both the transcript abundance and the number of differences between corresponding genes in Mimivirus M1 and M4 were plotted according to the location of the genes within the genome. For improved clarity, the mean values calculated for a sliding window of 10 genes and a step of 1 gene were presented with Microsoft Excel software. The number of A- or T-homopolymers with a stretch of ≥4 was determined for each Mimivirus gene. The occurrence of nucleotide differences between Mimivirus M4 and M1 flanking such a homopolymer was also assessed. In the statistical analysis of the data, proportions were compared with a corrected chi-square test or a Fisher exact test, and comparisons of means were performed with OpenEpi Epidemiologic Calculators v. 2.3.1 (www.OpenEpi.com). Linear regression was performed with MedCalc v. 11.6.1.0 (http://www.medcalc.org). P values <0.05 were considered to be statistically significant.

Results

Of the 960 genes present in Mimivirus M1, excluding those lost during the allopatric laboratory culture and representing large deletions, 606 (77%) were unchanged in the Mimivirus M4 genome (group A), and 185 (23%) were variable at the nucleotide level (group B) in the genome of Mimivirus M4. A total of 83 genes (10%) were considered to have been inactivated during the allopatric laboratory culture. The number of variable nucleotide positions between the same genes in Mimivirus M1 and M4 ranged between 0 and 7 (mean ± SD, 1.8 ± 1.3; Figure 4). The mean transcript abundance at baseline was significantly lower for inactivated genes than unchanged genes (165 ± 589 vs. 470 ± 1,625, respectively; p < 1e–3) and for variable genes than unchanged genes (141 ± 415 vs. 470 ± 1,625, respectively; p < 1e–3; Table 1; Figures A1 and 5). In addition, the mean transcript levels at different time points of the replication cycle of Mimivirus M1 were up to 8.5-fold lower for inactivated genes than unchanged genes (Figure 6). Moreover, the proportion of inactivated genes was significantly lower among the genes that were highly expressed at baseline than among those that were weakly expressed [7.7% (31/405) vs. 13.5% (52/386); p = 0.0077; relative risk (RR), 0.57 (95% confidence limits for RR (CI95), 0.37–0.87)] (Figure 3), and the proportion of variable genes was significantly lower among the genes that were highly expressed at baseline than among those that were weakly expressed [18.8% (76/405) vs. 28.2% (109/386); p = 0.0017; RR, 0.66 (CI95, 0.51–0.86)]. Otherwise, the proportion of genes with a transcript abundance greater than the 70th centile of the values for all genes (178) was significantly lower among the inactivated genes than among the unchanged genes [13.3 vs. 35.0%; p < 1e–3; RR, 0.38 (CI95, 0.22–0.66)]. This proportion was also significantly lower among the variable genes than among the unchanged genes [18.9 vs. 35.0%; p < 1e–3; RR, 0.29 (CI95, 0.19–0.46)]. The proportion of variable genes in the 25 genes most expressed at baseline tended to be significantly lower than the corresponding proportion of unchanged genes [0.5 vs. 3.5%; p = 0.034; RR, 6.4 (CI95, 0.87–47.34)]. The negative predictive value (NPV) of being inactivated was 92.3% for highly expressed genes. In addition, this NPV was 95.5 and 96.9% for genes with a transcript abundance greater than the 70th and 80th centile, respectively, of the values calculated for all genes. Furthermore, the proportion of genes encoding proteins identified from purified virions in their early life in allopatric laboratory culture tended to be lower in the variable than in the unchanged genes [9% (17/185) vs. 15% (88/606); p = 0.062; RR, 0.63 (CI95, 0.39–1.04)]; nine of the genes encoding proteins present in the virions were inactivated. Also, among the 23 class I–III core genes of the nucleocytoplasmic large DNA viruses (NCLDVs) that were not located within the large deletions observed in the Mimivirus M4 genome, 17 (74%) remained unchanged during the 150 passages on germ-free amoebae. Eleven (65%) of these 17 genes were highly expressed. In contrast, only one (4.3%) NCLDV core gene of classes I–III was inactivated; this latter gene was weakly expressed at baseline in the laboratory culture.
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Figure 4. The distribution of transcript abundance for Mimivirus M1 genes according to the number of differences between the nucleotide sequences of the Mimivirus M4 and M1 genes. A difference corresponds to the presence of different nucleotides at the same position within a pairwise alignment provided by BLAST for the nucleotide sequences of corresponding genes of Mimivirus M1 and Mimivirus M4.



Table 1. Comparative features for unchanged, variable, and inactivated Mimivirus genes after 150 passages in allopatric culture on amoebae.
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Figure 5. The distribution of transcript abundance in Mimivirus M1 for different groups/subgroups of genes defined based on their variability and evolution during 150 passages in allopatric laboratory culture on amoebae. The horizontal bars indicate the mean values for each group/subgroup.
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Figure 6. The ratio of the mean transcript abundance in Mimivirus M1 between unchanged and inactivated genes during allopatric laboratory culture on amoebae.



The proportion of inactivated genes was the lowest [2.4% (2/82)] for those with a transcript abundance between the 80th and 90th centiles (313–691). This proportion was < 5% above the 80th centile and >10% below the 80th centile (Figure 3). Moreover, the proportion of variable genes ranged from 6.3% (5/79) for those with a transcript abundance above the 90th centile to 38.0% (30/79) for those with a transcript abundance between the 10th and 20th centiles (Figure 3). Among the 79 Mimivirus M1 genes with a transcript abundance above the 90th centile, 5 (6%) were variable and 3 (4%) were inactivated. The three genes that were inactivated were two hypothetical proteins (R401, R750b) and an S/T protein kinase (R400). Conversely, among the 82 Mimivirus M1 genes with a transcript abundance below the 10th centile (<10), 17 (21%) were variable and 8 (10%) were inactivated. The distribution of genes according to their levels of transcript abundance showed very low proportions above the 80th centile for inactivated and variable genes, whereas the distribution of unchanged genes was homogeneous (Figure 7). Finally, the proportion of Lamarckian evolution, as defined by the proportion of genes weakly expressed at the beginning of the allopatric laboratory culture among those inactivated, was 63%.
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Figure 7. The distribution of unchanged, variable, and inactivated genes after 150 passages in allopatric laboratory culture on amoebae per each 10 centiles of transcript abundance, calculated for all Mimivirus M1 genes.



We sought to visually assess the relationship between gene transcription and nucleotide variability between the same genes in Mimivirus M1 and M4. For this purpose, we plotted the mean values for these two parameters along the genome according to a sliding window of 10 genes (step = 1) because representing the values for all genes did not allow sufficient legibility. As shown in Figure A2, this representation clearly indicates a strong inverse correlation between the initial transcript abundance and further gene variability. Thus, the regions of the genome composed of genes that were initially weakly expressed are those in which the genes showed the greatest variability. It might be hypothesized that mutations observed in the genome of Mimivirus M4 relative to Mimivirus M1 are the result of sequencing errors. Thus, the mean ± SD number of A- or T-homopolymers with a stretch of ≥4 per gene was 11.2 ± 9.1 (range, 0–79), and the mean ± SD number of nucleotide differences that flanked such homopolymers was 1.2 ± 1.0 (range, 0–6). Nevertheless, the mean number of homopolymers per 100 nucleotides was similar for the unchanged and variable genes, 1.0 ± 0.5 (range, 0–3) and 1.2 ± 0.3 (0–2), respectively.

This work is based on data obtained for Mimivirus at different stages of its early life under laboratory conditions (Figure 2). However, it is very unlikely that the genome sequences have been significantly affected by the initial number of subcultures on Acanthamoeba spp. Indeed, the genomes of Mimivirus M1, Mimivirus M1' and Acanthamoeba castellanii Mamavirus, another strain of Mimivirus, are highly similar although the viruses experienced different numbers of passages (from less than 10 to approximately 50) on Acanthamoeba spp. The comparison of the Mimivirus M1 genome with that recently recovered by ultra-deep sequencing of genomic DNA and total RNA on a SOLiD platform (Legendre et al., 2011), which we called Mimivirus M1', showed that the two sequences differ by only 196 substitutions, 29 deletions and 174 insertions. The comparison of the Mamavirus genome with the Mimivirus genome showed ≈99% nucleotide identity in their alignable regions, which represent nearly the entire length of these genomes. Moreover, the Mamavirus and Mimivirus pairs of genes with bidirectional best hits show a mean nucleotide identity of 98.8%, and the majority of the pairs have identity levels greater than 99%. Interestingly, among the 19 genes present in the Mimivirus genome and absent in Mamavirus that were considered in the present work (not located within the large deletions), 16 (84%) have been classified as weakly expressed, and 4 (25%) of these genes are among the inactivated genes. Moreover, among the 22 genes in which frameshifts were identified in a comparison of the Mimivirus and Mamavirus genomes, 15 (68%) were weakly expressed at baseline, and three (20%) were inactivated.

Discussion

Our work shows that the majority (63%) of the genes inactivated during Mimivirus evolution in the allopatric laboratory culture was initially weakly expressed and that low gene expression at the beginning of the culture is significantly positively correlated with gene inactivation and variability during the 150 passages. A possible bias exists and is related to the initial stages of culture. Thus, Mimivirus M1 might have been selected from the original pool of viruses recovered from their natural environment due to a growth advantage when it was first moved to the laboratory culture environment, as is the case for every artificial system of culture. This issue has not been studied in our laboratory or by other investigators. However, the comparison of the genomes of Mamavirus (considered to be another strain of Mimivirus), Mimivirus M1 and Mimivirus M1' revealed very few differences despite differences in the number of passages on amoebae. In addition, the aim of the present work was to assess the capacity to predict genes that will be inactivated under stable laboratory conditions based on their initial transcription profile. In this context, we observed that a high level of expression for a gene strongly predicted its absence of inactivation. This finding suggests that the adaptation of Mimivirus to the modification of its environment after infection of germ-free amoebae in vitro is associated with a down regulation of certain genes that tended to be degraded and not repaired because they had become useless. A mechanism of this type, in which adaptation to a new ecosystem determines a new phenotype and this new phenotype promotes genotype changes transmitted to future generations, is the form of evolution described by Lamarck. One could consider that genotypic changes in the Mimivirus M1 genome were actually transmitted to new generations, as gene losses are usually considered irreversible (Krylov et al., 2003).

It was previously emphasized that the evolutionary rate of a gene sequence was negatively correlated with its level of expression or the abundance of its product (Pal et al., 2001; Koonin, 2011). This relationship was previously assessed by estimating the number of substitutions per nucleotide site between orthologous sequences in several lineages or organisms, but it has not been assessed for the same organism during experimental evolution, as is the case in the present work. In the same context, a positive correlation was recently described between the propensity for gene loss and a sequence's evolutionary rate and gene dispensability (Krylov et al., 2003). Moreover, it was found that highly expressed proteins evolve slowly (Drummond et al., 2005). In addition, it is known that DNA repair and damage processing particularly targets actively transcribed genes, as in the case of transcription-coupled repair (Hanawalt and Spivak, 2008). A similar process may explain the finding that down-regulated Mimivirus genes are more variable; they are less likely to be repaired than highly transcribed genes.

Lamarckian evolution may be involved in bacterial speciation events associated with a reduction of the genome size (Merhej et al., 2009), a finding opposed to the dominant model that considers that speciation and fitness gain are associated with an increase in gene repertoires. Thus, the major route of speciation (through adaptation to a given ecological niche) is typically through allopatry (Georgiades and Raoult, 2010) and is associated with genome size reduction through the loss of useless genes according to the mode described by Moran: “use it or lose it” (Moran, 2002). It is probable that such modifications of the gene repertoire are associated with the radical impossibility of returning to a previous ecosystem. Thus, in a noncompetitive environment during the 150 passages in allopatric culture, Mimivirus experienced a rapid and dramatic modification of its gene content that may substantially compromise its biological fitness in more complex environments. This observation is consistent with Ernst Mayr's vision of cause and effect in biology, in which the effects of changes differ in the short term and in the long-term (Mayr, 1961). In this case, we found that Mimivirus can be selected for rapid growth in an environment without competition. However, these changes prevent the virus from attaining fitness in competition with other intraamoebal organisms (Boyer et al., 2011). Therefore, the conservation of unused genes in allopatry is only important as a long-term strategy. Together with previous data, our results suggest that the transcriptome of Mimivirus may predict the evolution of its genome in a stable laboratory culture system and that Lamarckian evolution may contribute to the evolution of the Mimivirus genome in this environment. These findings offer an incentive to study the correlation between transcription profiles and the evolution of gene sequences and repertoires in particular organisms.
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Figure A1. The distribution of transcript abundance of Mimivirus M1 genes for unchanged, variable, and inactivated genes after 150 passages in allopatric laboratory culture on amoebae.
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Figure A2. The distribution along the Mimivirus M1 genome of the transcript abundance of Mimivirus M1 genes and the nucleotide variability for the same genes in Mimivirus M1 and M4. For both parameters, the mean values for a sliding window of 10 genes and a step of 1 gene are represented. The variability was defined as the number of variable positions within genes. The yellow boxes toward the tips of the genome indicate large deletions encountered by the genome of Mimivirus during allopatric laboratory culture on amoebae, as previously reported (Boyer et al., 2011).
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The increase in huge number of genomic sequences in recent years has contributed to various genetic events such as horizontal gene transfer (HGT), gene duplication and hybridization of species. Among them HGT has played an important role in the genome evolution and was believed to occur only in Bacterial and Archaeal genomes. As a result, genomes were found to be chimeric and the evolution of life was represented in different forms such as forests, networks and species evolution was described more like a rhizome, rather than a tree. However, in the last few years, HGT has also been evidenced in other group such as metazoa (for example in root-knot nematodes, bdelloid rotifers and mammals). In addition to HGT, other genetic events such as transfer by retrotransposons and hybridization between more closely related lineages are also well established. Therefore, in the light of such genetic events, whether the evolution of metazoa exists in the form of a tree, network or rhizome is highly questionable and needs to be determined. In the current review, we will focus on the role of HGT, retrotransposons and hybridization in the metazoan evolution.
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Proposed Concepts for Tree of Life and Position of Metazoa

Understanding the relationships among all living organisms by phylogenetic tree reconstruction is one of the fundamental challenges in biology. For almost 200 years, Tree of Life (TOL) has been the most powerful metaphors for biologists in depicting the evolutionary history of organisms. One of the first and most explicit form of TOL was presented by German zoologist Ernst Haeckel (1866), but its exact shape has remained elusive. Indeed, several studies to deduce TOL using various methods were carried out (Fox et al., 1980; Doolittle, 1981; Fitz-Gibbon and House, 1999; Snel et al., 1999; Tekaia et al., 1999; Lin and Gerstein, 2000; Brown et al., 2001; Clarke et al., 2002; Korbel et al., 2002; Rokas et al., 2003; Kunin et al., 2005), but its principal existence is heavily debated.

The rapid increase in molecular and genomic data in recent years have contributed to genetic events such as horizontal gene transfer (HGT), that is often considered as a major constraint in the reconstruction of phylogenetic trees. HGT “the non-genealogical transmission of genetic material from one organism to another” (Goldenfeld and Woese, 2007) is an important driving force in genomic evolution. HGT has contributed to early evolution of life to a larger extent than is presently occurring in modern biota (Zillig et al., 1992; Kandler, 1994, 1998; Woese, 2002). Indeed, number of studies have been reported about the genes acquired by HGT in three domains of life, such as Bacteria (Saunders et al., 1999; Ochman et al., 2000), Archaea (Doolittle and Logsdon, 1998; Faguy and Doolittle, 1999) and Eukaryotes (Andersson, 2005) and also between domains, i.e., from Bacteria to Archaea (Gophna et al., 2004), from Archaea to Eukarya (Andersson et al., 2003), from Bacteria to Eukarya (Watkins and Gray, 2006), from Eukarya to Bacteria (Guljamow et al., 2007) and even within Eukarya (Nedelcu et al., 2008).

Conversely, it has been assumed that the role of HGT is not prevalent in other multicellular eukaryotic organisms like in kingdom Animalia or metazoa. However, the possibility of gene transfers among them have increased in recent years and were reported in various groups such as Porifera (Rot et al., 2006), Cnidaria (Chapman et al., 2010), Nematoda (Danchin et al., 2010), Arthropoda (Fenn et al., 2006; Hotopp et al., 2007), Rotifera (Gladyshev et al., 2008), and Craniata (Graham et al., 2008; Pace et al., 2008). In addition to HGT, other genetic events such as transfer by retrotransposons and hybridization (Seehausen, 2004) were also reported, which are proposed to play an important role in the evolution of metazoa.

The studies discussed above support that HGT has played a significant role in modulating the metazoan evolution including prokaryotes and eukaryotes. Consequently, the increase in the prevalence of HGT events in Bacteria, Archaea, and Eukaryotes have resulted in the chimeric nature of genomes, where different parts of the genome can have different evolutionary histories and its difficult to identify a single common ancestor for the gene repertoire of any organism. All these results have conferred to undermine the TOL concept, thereby giving rise to a new paradigm. As a result, many proposals have emerged for the tree-like pattern replacing it with more complex models such as the “reticulate evolution” (Sneath, 1975), “synthesis of life” (Bapteste et al., 2004), “web of life” (Doolittle, 1999), “ring of life” (Rivera and Lake, 2004), “network of life” (Ragan et al., 2009), the “forest” of evolutionary trees (Puigbo et al., 2009; Schliep et al., 2010), the genetic network (Puigbo et al., 2010; Popa et al., 2011). Moreover, the evolution of species was described more like a rhizome (Deleuze and Guattari, 1976; Raoult, 2010), reflecting various origins of genomic sequences in each species (Raoult, 2010).

The phylogenetic relationships among the major groups of animals was represented in the form of a tree (Bergstrom, 1985; Field et al., 1988; Valentine, 1997; Halanych, 2004; Giribet et al., 2007; Dunn et al., 2008). However, the increase in the extent of HGT, retrotransposons, and hybridization events in the metazoan lineage precludes the reconstruction of animal TOL. In addition to these, recent studies on whole genomic sequences from various metazoan phyla suggest a chimeric origin for its major groups due to the presence of HGT and hybridization (Syvanen and Ducore, 2010).

The results from these studies pose new questions about the evolution of metazoa, as whether it exists in the form of network or rhizome of life? Therefore, there is a need for a new pattern to be determined. In the current review, we will discuss the role of HGT, transfer by retrotransposons, hybridization and the challenges that it proposes for the current metazoan evolutionary paradigm.

Metazoa and its Classification

Metazoa (animals) represent a group of multicellular eukaryotes (Haeckel, 1874) and constitute a monophyletic clade with heterotrophic organisms. They are believed to have diversified around the beginning of the Cambrian period (∼543 million years ago). According to the recent reports, the metazoan group includes approximately 1.3 million described living species distributed in 35–40 phyla (subjected to the classification) (Edgecombe et al., 2011). This exponential growth in molecular sequence data in the metazoan group has increased the amount of phylogenetic information to study the animal relationships.

According to the Linnaeus (1758) system of classification, kingdom Animalia was classified into six classes: Amphibia, Aves, Mammalia, Pisces, Reptilia, Insecta, and Vermes, the latter divided into Intestina, Mollusca, Testacea, Lithophyta, and Zoophyta. Later on this classification has been revised constantly by biologists to study their evolutionary relationships. The early metazoan tree on animal phylogeny was based on 18S rRNA (Field et al., 1988) and Cnidaria, Ctenophora, Placozoa, Porifera, and Bilateria constituted the basal metazoan groups (Medina et al., 2001; Collins et al., 2005). However, the increase in molecular data has given rise to so-called “new animal phylogeny” (Adoutte et al., 2000; Halanych, 2004; Giribet et al., 2007) supporting the monophyly of Bilateria, which is again divided into two major lineages, Protostomia, and Deuterostomia. These two clades are well resolved by broad taxon sampling (Dunn et al., 2008; Hejnol et al., 2009; Philippe et al., 2009). The diversity within Protostomia led to division of two clades, Ecdysozoa (Aguinaldo et al., 1997; Schmidt-Rhaesa et al., 1998; Giribet, 2003; Telford et al., 2008), and Spiralia (Spiralia or Lophotrochozoa; Halanych et al., 1995; Giribet et al., 2000, 2009; Halanych, 2004; Giribet, 2008). Deuterostomia encompass two clades, Ambulacraria (Winchell et al., 2002; Brown et al., 2008), and Chordata (Delsuc et al., 2006; Mallatt and Winchell, 2007). The present consensus on metazoan phylogeny based on various hypotheses is represented in Figure 1. (Figure 1, Edgecombe et al., 2011) The relationships on deep metazoan groups have been extensively reviewed elsewhere (Edgecombe et al., 2011).
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Figure 1. The current phylogenetic relationships in Metazoa. This tree was generated by consensus based on various phylogenetic studies.



Horizontal Gene Transfer in Metazoa

HGT in animals has long been neglected and considered to be rare. However, the increase in molecular data in recent years has contributed to the possibility of gene transfers in various metazoan phyla such as Porifera, Cnidaria, Nematoda, Arthropoda, Rotifera, and Craniata, thereby creating the need to analyze more transfer events in other unidentified metazoan groups. Therefore, we will discuss the transfer events in each of them in the following sections respectively.

Transfer in Phylum Porifera (Sponge)

Poriferans represent the earliest diverging metazoans due to the presence of distinct cell types called choanocytes, which are similar to choanoflagellates, the closest unicellular relatives of metazoans (Medina et al., 2001; Nielsen, 2001; Muller, 2003). Other unique features include the lack of intestinal epithelium and digestive parenchyma (Ereskovsky and Dondua, 2006). The molecular analyses resolved sponges at the base of metazoa (Peterson and Butterfield, 2005).

The mitochondrial genome of Metazoa lacks introns, except in case of corals and sea anemones (Cnidaria), in which group I introns have been discovered in the cox1 and nad5 genes (Beagley et al., 1996; van Oppen et al., 2002). Infact, a recent cross-kingdom HGT of group I intron of cox 1 gene in sponge Tetilla sp. (Spirophorida) mitochondrial genome from fungal origin was reported, indicating the unexpected plasticity of the mitochondrial genomes of basal Metazoa (Rot et al., 2006).

A unique and first known case of HGT event of octocoral mtMuTS gene into animal mitochondrial genome has been reported (Bilewitch and Degnan, 2011), suggesting the need to reconsider the evolution of mitochondrial genome in metazoa.

Transfer in Phylum Cnidaria

The phylum Cnidaria constitutes a diverse monophyletic group (Collins, 2002). Cnidarians have many different cell types, including gametes and nematocytes, which originate in the adult form from an interstitial cell lineage. Many of them are characterized by a complex, metagenetic life cycle including a sexually produced planula larva that metamorphoses into a sessile polyp stage, which may in turn asexually produce morphologically distinct, free-swimming, sexual medusae (Hyman, 1940).

Few instances of HGT were also seen in Cnidarians. For example, a subunit of bacterial poly-γ-glutamate (PGA) synthase was transferred to metazoan ancestor, suggesting its significant role on the evolution of stinging cells (nematocytes) in cnidarians (sea anemones, jellyfish, corals, etc.) (Denker et al., 2008). Hydra is simple freshwater animal which reproduce asexually by budding. The genome of Hydra magnipapillata contains 71 candidates for HGT, that show closer relationship to bacterial genes than metazoan genes and 70% of these are supported by ESTs (Chapman et al., 2010).

Protostomia

Protostomes are defined as a group of animals in which blastopore typically becomes the future mouth in most of the groups (Nielsen, 2001). It consists of two clades, Ecdysozoa and Spiralia (Spiralia or Lophotrochozoa). Ecdysozoa includes the following phyla: Nematoda, Nematomorpha, Tardigrada, Onychophora, Arthropoda, Priapulida, Loricifera, and Kinorhyncha (Figure 1) and Spiralia include two clades Platyzoa (Cavalier Smith, 1998) and Trochozoa (Roule, 1891).

Ecdysozoa are called as moulting protostomes and two phyla that are included under Ecdysozoa with reported cases of HGT include Nematoda and Arthropoda (Aguinaldo et al., 1997; Schmidt-Rhaesa et al., 1998; Edgecombe et al., 2000; Garey, 2001; Peterson and Eernisse, 2001; Zrzavý, 2003, Figure 1).

Transfer in Phylum Nematoda

Nematodes represent the largest animal phylum, with an estimated number in the range of one to ten million species (Lambshead, 1993) and are found in virtually all habitats on earth. Many of them are parasites of plants and animals, including humans. The recent increase in nematode genomes has made attributions in comparative genomics to study the impact of HGT on their adaptation to new ecological niches. Although inter-kingdom HGT was initially controversial, it has been established with evidence of such recent events (Richards et al., 2011). Danchin et al. (2010) have studied the whole-genome sequences of root-knot nematodes and cyst-nematodes for the genes encoding proteins involved in the plant cell wall degradation and showed the incorporation of at least six distinct types of bacterial genes encoding proteins that can modify the plant cell wall into their genomes. These have subsequently undergone extensive gene duplication in the nematode lineages.

Furthermore, the cases of HGT from a diverse set of microorganisms into various nematode genomes have also been identified. The genome of Bursaphelenchus xylophilus (the pine wilt nematode) has incorporated six glycoside hydrolase family 16 (GH16) proteins from gammaproteobacteria, two hydrolases from Firmicutes and four aspartic-type endopeptidases and 11 GH45 cellulases from the Ascomycota of fungal origin (Kikuchi et al., 2011). The genome of Pristionchus pacificus (a necronemic nematode) suggests that it contains substantial amount of genes of insect origin (Rödelsperger and Sommer, 2011). The Meloidogyne incognita (the root-knot nematode) contains genes similar to those of actinobacteria, proteobacteria, and fungi (Abad et al., 2008). The plant-parasitic nematode Heterodera glycines contains a biosynthetic pathway for vitamin B6 of bacterial origin (Craig et al., 2008).

Transfer in Phylum Arthropoda

The members of the phylum Arthropoda are characterized by exoskeleton, segmented bodies and jointed appendages (Valentine, 2004). The appendages form part of an exoskeleton, which is mainly made of α-chitin, a derivative of glucose (Cutler, 1980). They are important members of marine, freshwater, land, and air ecosystems and are one of only two major animal groups that have adapted to life in dry environments (Ruppert et al., 2004). They include insects, arachnids, crustaceans, others and account for over 80% of all known living animal species (Anna, 2008).

The reported cases of HGT in insects include the acquisition of P elements by Drosophila melanogaster from Drosophila willistoni (Daniels et al., 1990; Engels, 1997), transfer of entire genes for carotenoid biosynthetic pathway from fungi (Moran and Jarvik, 2010) and 12 genes from bacteria (IAGC, 2010; Nikoh et al., 2010) to Acyrthosphion pisum. The largest HGT transfer such as the transfer of entire Wolbachia bacterial genome (∼1.4 Mb) into Drosophila ananassae Hawaii 2L chromosome (Hotopp et al., 2007) and also of Wolbachia to a wider range of insects such as pea aphid (Hemiptera), mosquitoes (Diptera), beetle (Coleoptera), fruit flies (Diptera), and parasitoid wasps (Hymenoptera) (Fenn et al., 2006; Hotopp et al., 2007) has been described. Recently, transfers have also been reported in Bombyx mori that has acquired 10 genes from plant and bacteria (Zhu et al., 2011) and 14 types of 22 transferred genes from entomopathogenic bacteria, of which 13 types shared homology with sequences of Lepidopteran insects (Li et al., 2011), thus providing novel insights on the biological significance of HGT in the evolution of metazoan recipients.

Transfer in Phylum Rotifera

The Rotifera (also called Rotatoria) is a group of aquatic micrometazoans that usually occur in freshwater and marine environments (Wallace, 1998; Wallace et al., 2006; Segers, 2007) and are classified under Gnathifera of Platyzoa (Figure 1). The word “rotifer” is derived from a Latin word meaning “wheel-bearer” (Pechenik, 2005) and commonly called wheel animals due to the presence of corona in the cephalic region that resembles a wheel, which is used for locomotion and food gathering. They form the largest metazoan asexual group where no sexual reproduction has ever been reported and represent an ancient origin of asexuality with great evolutionary success in the diversification of the species (Mark Welch and Meselson, 2000; Fontaneto et al., 2007).

The first evidence of HGT has been reported in bdelloid rotifers to contain many foreign genes from diverse bacterial and eukaryotic origin, which are strongly concentrated in the telomeric regions along with diverse transposable elements (TEs) (Gladyshev et al., 2008, Figure 2). The evidence of extensive HGT in these asexual animals might be due to repeated cycles of desiccation-induced membrane disruption and DNA breakage and repair that occur as part of their life style.
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Figure 2. Horizontal gene transfer in Bdelloid Rotifer. Bdelloid rotifer contain diverse array of foreign genes acquired by HGT from various origin (like bacteria, metazoa, retrovirus, etc.). They are strongly concentrated in the telomeric region. The names of the transferred genes are indicated above the arrows.



The HGT in the asexual organisms (i.e., Rotifera and Hydra), suggests that they might have accumulated mutations in an irreversible manner in the absence of recombination through sexual reproduction (Muller, 1932, 1964; Felsenstein, 1974).

Deuterostomia

Deuterostomes are a group of animals in which the blastopore becomes the anus in the adult, while the mouth develops as a new opening from the end of the archenteron (Nielsen, 2001). It includes two main clades, Ambulacraria and Chordata. Phylum Chordata is again classified into Cephalochordata, Urochordata, and Craniata (incl. Vertebrata, see Figure 1).

Craniata

The term “Craniata” was coupled with “Vertebrata” by Linnaeus (1758) to include lampreys, jawed fishes, and terrestrial vertebrates (tetrapods). The Craniata or craniates, are characterized by a skull (or cranium, hence their name). They comprise of all fishes including jawless fishes as hagfishes and lampreys, amphibians, reptiles, birds, and mammals, including Man. Now, the majority of the craniate species are represented by one group of fish, the actinopterygians, and the tetrapods (four-legged vertebrates) (Philippe, 1997).

Transfer in Class Teleostei (Fishes)

Teleostei (the ray-finned fishes) represent one of the three classes of actinopterygii and includes most of the living fishes (Miller and Harley, 2007).

Cases of HGT in fishes are very sparse which include the transfer of lectin-like antifreeze proteins between them (Graham et al., 2008). Although the transfer of retroposons from Schistosoma japonicum (blood fluke) to salmonoid fishes was identified (Matveev and Okada, 2009), it was refuted with no evidence of such transfer between the two clades based on cross-species and vector contamination and was declared as erroneous report of HGT (Grunau and Boissier, 2010).

Transfer in Class Mammalia

With the burgeoning database of eukaryotic genomic sequences, it is not surprising to see the increasing cases of HGT in mammals. For example, transfer of DNA SPIN trasposons in mammals and other tetrapods (Pace et al., 2008) and transfer in human germ cells (Hecht et al., 2010) were reported. Recent studies have shown that the human body contains more of bacterial cells than human cells (Gill et al., 2006; Lester et al., 2006; Hehemann et al., 2010; Robinson et al., 2010), and many of them are dominated by members of Bacteroidetes and Firmicutes (Eckburg et al., 2005; Xu et al., 2007). Most of these recent transfers were driven by ecology rather than geography or phylogeny (Smillie et al., 2011).

In summary, the currently reported cases of HGT in animal kingdom are relatively low. However, with the availability of many new whole genome sequences, we can expect more incidences of HGT that will enable to gain further knowledge in the metazoan evolution.

Fate of Transferred Genes in Metazoa

The identification of several HGT cases in animals has given rise to many questions such as the function of transferred genes, their evolutionary pathways and the forces governing the transferred genes. Indeed, efforts have been made recently to answer these questions. For example, in nematodes, recent work using 454-sequencing on cellulase functioning genes has shown that they have integrated into receptor genome by providing special functions, which indicates that genes continue to evolve with several gene duplications or deletions and DNA substitution rates after the HGT event (Mayer et al., 2011). Most of them encode enzymes for the cell wall degradation in plants and fungi and play vital role in the biology of the nematodes (Abad et al., 2008; Kikuchi et al., 2011; Mayer et al., 2011). The most recent progress has been made about the functional role of cell wall degrading enzymes of plant-parasitic nematode (Haegeman et al., 2012).

The acquisition of two enzymes for vitamin B6 biosynthesis in plant pathogenic nematode Heterodera glycines suggests host-parasite interactions (Craig et al., 2008). Incorporation of bacterial genes by specialized animal rumen parasites, i.e., Giardia lamblia (Morrison et al., 2007), Trichomonas vaginalis (Carlton et al., 2007) and Entamoeba histolytica (Loftus et al., 2005), that exist in anaerobic environments suggests that adaptation to parasitism might also favor the acquisition of new genes by HGT. Transfer of lectin-like antifreeze proteins in arctic fish might have favored them to survive in cold-conditions (Graham et al., 2008). The presence of PGA synthase genes in cnidarians might have contributed to the evolution of nematocytes, that help in prey capture (Denker et al., 2008). Recent studies on transfer in bdelloid rotifers, which has acquired genes from bacterial and eukaryotic origin, some of them are expressed suggests that they may possibly provide novel metabolic functions to these asexual animals (Gladyshev et al., 2008). The transfer of bacteria to human (Robinson et al., 2010) is interesting because it may be important to human health, have the potential to provide novel functions, there by affecting the evolution.

In summary, these results support that the transferred genes having a functional role are retained, while useless genes are eliminated. The studies outlined on the function of transferred genes in animals are still rudimentary. Hence, there is need to understand the function of transferred genes in new genomes by involving robust phylogenetic investigations and biological disciplines.

Besides HGT, other genetic events such as transfer by retrotransposons and hybridization (Seehausen, 2004) were also reported in metazoa, which may form additional limitations in the reconstruction of animal TOL.

Retrotransposons and their Classification

Retrotransposons (retroelements) belong to group of TEs. TEs (also known as “jumping genes”) include a diverse array of DNA sequences and possess the inherent capacity to self-reproduce and move within and between genomes. Ever since their discovery in maize DNA (McClintock, 1956), TEs have been found in genomes of almost all organisms. They constitute more than 50% of maize (Zea mays) genome (Kidwell and Lisch, 1997; Wessler, 1998), 22% of Drosophila genome (Kapitonov and Jurka, 2003) and half of our human genome with just 1.5% coding for protein region (Lander et al., 2001).

TEs are divided into two groups based on their transposition mechanism and sequence organization (Finnegan, 1989; Capy, 1998): 1. DNA transposons (move predominantly via a DNA-mediated mechanism of excision and insertion and constitute appx. 3% of human genome (Craig et al., 2002) and 2. Retroelements (move by reverse transcription of an RNA intermediate (Rogers, 1985) and include the retrotransposons, eukaryotic TEs, group II mitochondrial introns, bacterial retrointrons and retroviruses). The reverse transcriptase of the retroelements is usually encoded by the element itself. They are subdivided into two major groups based on the presence or the absence of long terminal repeats, which flank the body of the element: long terminal repeat (LTR)-containing elements (LTRs) and non-LTR retrotransposons (non-LTR). Again the non-LTRs are subdivided into two classes: LINEs or L1-element (long interspersed elements) and SINEs (short interspersed elements) (Weiner et al., 1986). LINEs, the autonomous elements are widely distributed in eukaryotes. For example, they occur in >500, 000 copies (∼17%) in human genome (Lander et al., 2001), out of which only ∼80–100 were found to be active (Brouha et al., 2003). They are also found in mouse genome (∼3000, Goodier et al., 2001) and Drosophila genome (Priimagi et al., 1988; Levis et al., 1993; Udomkit et al., 1995). Unlike LINEs, SINEs are non-autonomous and occupy about 12% of the human genome, out of which majority of them belong to Alu elements (Lander et al., 2001). The classification of TEs is shown in Figure 3.
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Figure 3. Classification of transposable elements. (A) Long terminal repeats, (B) Non-long terminal repeats, (C) Long interspersed elements, (D) Short interspersed elements.



Transfer by Retrotransposons

With the widespread distribution of intergenomic TEs in eukaryotic genomes, it is not surprising to envisage the intriguing feature of HGT among them, a process by which they cross-species boundaries to enter new genomes. In the past decade, substantial evidence of HGT has been reported for all types of TEs in invertebrates as well as vertebrates. Some of the reported cases of HGT involving TEs are summarized in Table 1 as shown below.

Table 1. Table showing some of the cases of horizontal gene transfer involving Transposable Elements (TEs) among Metazoa.
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In addition to these, the vertebrate genomes also contain numerous copies of retroviral sequences that were acquired over the course of evolution. The majority of them belong to endogenous viral elements, which integrate into the nuclear genome of the host germ line (Tristem, 2000; Lander et al., 2001). As it is exhaustive to provide all the reported cases of retroviral elements, we present few of them. They include the human endogenous retrovirus element HERV-L, that is related distantly by homology to foamy viruses (Cordonnier et al., 1995), and recently reported cases such as the presence of endogenous viral elements in animal genomes (Katzourakis and Gifford, 2010), integration of ancient bornavirus and ebolavirus/marburgvirus sequences in vertebrate genomes (Belyi et al., 2010), endogenous lentivirus in basal primates (Gifford et al., 2008; Gilbert et al., 2009) and endogenous foamy viruses in the sloth genome (Katzourakis et al., 2009).

All these results suggest that retrotransposons continue to play an active role in shaping the dynamics of metazoan evolution by forming new genes and thus contributing to the chimeric evolution of genomes. The representation of metazoan chimeric evolution of genomes is shown in Figure 4.
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Figure 4. Metazoan chimeric evolution. The figure represents chimeric nature of metazoan genomes with horizontal gene transfer, retrotransposons, and hybridization events. Horizontal gene transfer from (A) Bacteria, (B) Retrotransposons, (C) Fungi, (D) Plants and (E) Hybridization between closely related species (indicated by blue arrows).



Hybridization

Hybridization, the exchange of genes between closely related species by sexual reproduction is a natural evolutionary process. The frequency of hybridization among species is common although it is rare between species on a per-individual basis. About 10–30% of multicellular animal and plant species hybridize regularly (Mallet, 2005). Closely related species tend to hybridize more. Therefore, species-rich groups in rapidly diversifying adaptive radiations tend to be those that hybridize most (Price and Bouvier, 2002; Seehausen, 2004; Gourbière and Mallet, 2010). However, the success of large number of hybridizations that occur among closely related species depends on genetic and environmental factors (Arnold et al., 2012).

Although recent studies have highlighted the events of HGT, information about hybridization is limited and highly unexplored, especially in the case of animals. However, studies have reported the cases of hybridization between more closely related lineages such as fungi, plants, and even vertebrate lineages such as amphibians, fish, and birds (Arnold, 2006). Recently, studies on primates have detected hybridization in not only between species and subspecies but also between genera, including human lineage (Zinner et al., 2011).

Hybridization among species can thus act as a catalyst for the formation of new lineages.

Concluding Remarks

The relative amount of HGT events detected in metazoa merely represent just tip of an iceberg. Currently, the reported rate of HGT in animal kingdom is relatively low and still in the state of infancy. There are still many outstanding questions that need to be addressed like: What is the rate of gene transfer within the group? How important is gene transfer in other animal genomes, especially vertebrates? There are many lineages that need to be considered for HGT, such as Rotifers, Aves (birds), Reptiles and Mammals. Why are eukaryotic genes rare in prokaryotic genomes? What is the function of transferred genes in the new genome?

Although, there is substantial evidence on transfer of TEs (especially group I introns) in the mitochondrial genomes of metazoa (ex.sponges), we are unaware on the extent of these transfers in other groups (especially fishes, rotifers, and other vertebrates), which might serve as useful indicators, raising intriguing biological questions related to HGT. The recent evidence of octocoral mtMuTS gene into animal mitochondrial genome also support these findings, thus challenging the evolution of mitochondrial genome in metazoa.

Therefore, there is an emergent need for future HGT studies in Metazoa. Hopefully, with the recent improvements in new sequencing technologies and increased number of diverse vertebrate genomes, we anticipate to gain novel insights into the role played by HGT that will shed light in understanding the metazoan evolution.

Given the extent of gene transfer from different origins (bacteria, plants, fungi, and eukaryotes), transfer by retrotransposons and the fusion of lineages to from new lines of descent (interspecies hybridization) in animals, we believe that majority of the animal genomes exhibit mosaic structure and chimerism, thus replacing the concept of animal TOL with a new paradigm. Therefore, the question still remains unanswered about the evolution of metazoa, as whether it can be represented in the form of a network or rhizome and needs to be determined.
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It is now accepted that lateral gene transfers (LGT), have significantly contributed to the composition of bacterial genomes. The amplitude of the phenomenon is considered so high in prokaryotes that it challenges the traditional view of a binary hierarchical tree of life to correctly represent the evolutionary history of species. Given the plethora of transfers between prokaryotes, it is currently impossible to infer the last common ancestral gene set for any extant species. For this ensemble of reasons, it has been proposed that the Darwinian binary tree of life may be inappropriate to correctly reflect the actual relations between species, at least in prokaryotes. In contrast, the contribution of LGT to the composition of animal genomes is less documented. In the light of recent analyses that reported series of LGT events in nematodes, we discuss the importance of this phenomenon in the evolutionary history and in the current composition of an animal genome. Far from being neutral, it appears that besides having contributed to nematode genome contents, LGT have favored the emergence of important traits such as plant-parasitism.
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Introduction

Lateral gene transfer (LGT), the transmission of genetic material from one species to another by means other than direct inheritance from parents to the offspring is a prevalent phenomenon in prokaryotes. LGT contribution to the composition of today bacterial genomes is so high that it challenges the idea that genome evolution in these species follows a tree-like pattern. Besides contributing to the composition of their genomes LGT events also play significant role in the acquisition of important biological traits. For instance, antibiotic resistance is frequently acquired during the lifespan of a bacterium and transmitted to its offspring rather than inherited from an ancient ancestor. Whether LGT events have significantly contributed to the composition of metazoan genomes and whether they are involved in the acquisition of new traits remains poorly documented, in contrast. This is probably in part because LGT in these species appears conceptually and mechanistically less evident than for prokaryotes. Here, we discuss an ensemble of LGT cases reported in different nematode lineages with different lifestyles, including necromenic, plant-parasitic, and animal-parasitic species. Although it is currently difficult to evaluate the contribution of LGT to the composition of nematode genomes, in the lack of a comprehensive whole genome scan, we can already assume that LGT have probably played important role in the acquisition of some traits such as plant-parasitism.

LGT in Necromenic Nematodes

The necromenic nematode Pristionchus pacificus spends a considerable part of its life cycle associated with beetles and is supposed to feed on bacteria and fungi that decompose the insect once it is dead. The genome sequencing of P. pacificus revealed the presence of functional cellulase genes acquired via LGT of microbial origin (Dieterich et al., 2008). A more detailed analysis of these cellulase genes in the Pristionchus genus showed that the genes were probably acquired ancestrally as different Pristionchus species possessed these genes and their phylogeny matched the species phylogeny (Mayer et al., 2011). The same analysis also showed that these genes underwent high rates of duplications and losses suggesting that the number of cellulase genes in Pristionchus species is under selection. Interestingly, the genome of P. pacificus also revealed the presence of Diapausin genes otherwise absent from nematodes but present in beetles. A phylogenetic analysis coupled with multi-species comparison of codon usage bias, revealed that Diapausin genes as well as ca. 500 others in the P. pacificus genome might have been acquired via LGT of insect origin (Rodelsperger and Sommer, 2011). Most of the putatively transferred genes of insect origin were retrotransposons, and it is hypothesized that these mobile elements might have played themselves a role of vector in the transfer of other genes. These first clear examples of putative transfers between two metazoan animals indicate that our current view of the amplitude of the LGT phenomenon in animals might be underestimated because most analyzes have been so far restricted to transfers of non-metazoan origin.

LGT in Animal-Parasitic Nematodes

The mutualistic symbiosis between alpha-proteobacteria Wolbachia and Onchocercids has for long stimulated scientific interest due to the possibility to control these causing agents of severe human diseases, such as river blindness and elephantiasis by antibacterial treatments. The interdependence between the symbiont and its host seems to involve the supply by the nematode of amino acids required for Wolbachia growth and the ability of the symbiont to complete the synthesis of compounds crucial to the nematode such as heme, riboflavin and nucleotides (Foster et al., 2005; Ghedin et al., 2007). Several LGTs from endosymbiont to the nematode genome have been described (Fenn et al., 2006; Dunning Hotopp et al., 2007; McNulty et al., 2010) and may have been facilitated by the close association of the bacteria to germline cells in the female stage (Ferri et al., 2011; Fischer et al., 2011). Until recently, it was generally assumed that the presence of the bacterial symbiont in Onchocercids could result from a single colonization event in an ancestor of the lineage and that the bacteria was secondarily lost in a few nematode species able to proliferate free from bacteria. The presence of transcriptionally active bacterial genes in the genomes of two distantly related Wolbachia-free Onchocercids species indicates that these species might have acquired bacterial genes before symbiont loss (McNulty et al., 2010). However, evidence for a recent Wolbachia capture in an Onchocercid species associated with the Japanese black bear modifies the current appraisal on the co-evolution of the endosymbiont and its host (Ferri et al., 2011). In addition, a screen for the presence of the bacteria in yet unexplored genera and species identified 63% of Onchocercids devoid of Wolbachia, notably the ancestral Oswaldofilariinae (Ferri et al., 2011). It will be most interesting to screen the genomes of these bacteria-free nematodes to search for traces of LGT and assess whether they lost their symbiont after acquisition of bacterial genes.

LGT in Plant-Parasitic Nematodes

The ability to feed on plants arose at least three times independently in the phylum Nematoda (Blaxter et al., 1998). How nematodes evolved toward plant-parasitism is a fascinating question. All phytonematodes feed from the cytoplasm of living plant cells. Ectoparasites perforate plant tissues with a protrusible stylet that reaches the cell layers they feed on whereas endoparasites penetrate plant tissues. Both ecto- and endoparasites, therefore, require active degradation or softening of the physical barrier formed by plant cell walls. The endoparasitic cyst and root-knot nematodes are among the most notorious phytonematodes, causing major damages to crops worldwide. The identification in cyst nematodes of genes encoding cellulases most similar to bacterial enzymes paved the way for the assumption that LGT could have participated in adaptation to plant-parasitism (Smant et al., 1998). Since then, several nematode genes encoding cell wall-degrading or -modifying enzymes were presented as candidates for LGT (Davis et al., 2000). The analysis of root-knot nematode genomes revealed an unprecedented repertoire of cell wall-degrading and -modifying enzymes in an animal that covered six different protein families able to degrade all major polysaccharides of cell walls, i.e., cellulose, hemicellulose and pectin (Abad et al., 2008; Opperman et al., 2008). Homologs for these nematode cell wall-degrading enzymes were searched in public databases, checked for significance and used for systematic robust phylogenetic reconstruction (Danchin et al., 2010). Two noticeable findings from this analysis were that those genes most likely originated from several independent LGT events and that in most cases the closest relatives were found in bacteria from the rhizosphere. Indeed, LGT events have been traced back at different nodes of the nematoda phylogeny. Some LGT events appear so far lineage-specific, for instance, GH28 polygalacturonases were only found to date in root-knot nematodes. In contrast, other genes such as those encoding GH5 cellulases or PL3 pectate lyases are found in multiple plant-parasitic nematode lineages, suggesting a more ancient acquisition in a common ancestor. Interestingly, several different bacterial species appear as potential donors for the different families of plant cell wall-degrading enzymes. For example, the closest relatives of root-knot nematode GH28s are found in Ralstonia solanacearum, a plant-pathogenic soil bacterium that shares plant hosts with these nematodes. On the other hand, nematode PL3 pectate lyases cluster with PL3s of Clavibacter michiganensis, another plant pathogen evolutionary distant from Ralstonia solanacearum. Overall, this analysis suggests that the ecology of the donor is probably more important than its phylogenetic position for a gene transfer to occur. This is consistent with similar conclusions drawn from the analysis of LGT events between bacteria of the human microbiome (Smillie et al., 2011). Another interesting feature of genes encoding cell wall-degrading enzymes in nematodes is their frequent organization in large multigene families. As many as 30 pectate lyases, 21 cellulases and 20 expansin-like genes were identified in the genome of M. incognita (Abad et al., 2008) and similar gene family expansions were observed in the genome of M. hapla (Opperman et al., 2008). Gene abundance in these families suggest that gene duplications have been under positive selection during the evolution of these plant-parasites.

Several experimental data further indicate that LGT could have participated to adaptation to plant-parasitism. First, transcripts for all cell wall-degrading enzymes have been localized in the esophageal glands of the nematodes (Rosso et al., 2012). These oesophageal glands are specialized cells in which proteins secreted during infection are produced. In line with this finding, the systematic presence of a secretion signal peptide on the predicted protein sequences suggested a role for the enzymes outside the nematode during parasitism. Second, cellulases, pectate lyases, polygalacturonases, and expansin-like proteins were enzymatically active, although examples of potential pseudogenization were identified in migratory nematodes (Bera-Maillet et al., 2000; Popeijus et al., 2000; Jaubert et al., 2002; Qin et al., 2004; Mitreva-Dautova et al., 2006; Haegeman et al., 2010). Immunolocalization studies showed the secretion of cellulases and pectate lyases in planta during migration of the juveniles and comforted a role in cell wall degradation or cell wall softening during host invasion (Wang et al., 1999; Doyle and Lambert, 2002; Vieira et al., 2011). Moreover, immunolocalizations in root-knot nematode females provided a hint for an additional role of cellulases during egg laying at the surface of the root (Vieira et al., 2011). Finally, the reduced virulence of nematodes after knock-down of cellulase genes established the role of these enzymes in the success of infection (reviewed in Rehman et al., 2009; Rosso et al., 2009; Haegeman et al., 2009a).

Besides the clear examples of genes encoding cell wall-modifying enzymes, a series of other genes have been acquired by LGT in phytonematodes and also probably contributed to the emergence and success of plant-parasitism in these species (reviewed in Haegeman et al., 2011). The processes in which the gene products are putatively involved include crucial mechanisms of the parasitic interaction, such as establishment of the nematode's feeding structure, modulation of plant defense pathways and processing of nutrients absorbed from the plant. As for genes encoding cell wall-degrading enzymes, the principal putative donor species for these genes are soil bacteria but for a few other genes fungal species appear as the most likely donors.

Concluding Remarks

This bunch of indications for LGT occurrences in nematodes adds to other recent findings on LGT in eukaryotes and modifies our viewpoint on the prevalence of gene transfers in animals (for reviews see Keeling and Palmer, 2008; Dunning Hotopp, 2011). In plant parasitic nematodes, several LGT events occurred at different time points of their evolution. In addition, the transferred genes seem to originate from different donor organisms. However, any conclusion on the multiplicity of potential donors should be considered with caution as our view on gene transfers frequency between prokaryotes is evolving rapidly. Identification of the exact donor bacteria may be complicated by several aspects. The true donor bacteria might not exist anymore or might not have been characterized at the sequence level. In these cases the next bacteria sharing the highest similarity with the studied gene might be considered as donor by default. Also, due to the high frequency of transfers between bacteria, we cannot exclude that the gene transferred from a bacterium to a nematode had itself been already transferred before from another bacteria. Indeed, genes transferred multiple times have been described in proteobacteria (Kloesges et al., 2011). The observed transfer might thus be a secondary event.

How could foreign genes be integrated into the genome of nematodes is certainly the main black box here. Gene transfers from the endosymbiont Wolbachia in Onchocercids can be facilitated by the presence of the bacteria in germ cells, though the exact genetic mechanism of transfer is unknown.

Noticeably, no symbiont has been identified so far in the root-knot and cyst nematodes mentioned above. Still, ancestors of phytonematodes could have held bacterial symbionts, as suggested by the presence of an endosymbiotic bacterium from the Wolbachia supergroup within the reproductive tract of Radopholus similis females, plant-parasitic nematodes that share a common ancestor with cyst- and root-knot nematodes (Haegeman et al., 2009b). However, in the case of genes encoding plant cell wall-degrading enzymes, an origin from an ancient Wolbachia-like symbiont appears highly unlikely because in no phylogenetic analysis was a Wolbachia or Wolbachia-like sequence identified as an homolog (Danchin et al., 2010).

The two insect parasitic nematodes Steinernema and Heterorhabditis provide another example of close association between nematodes and bacteria. Gamma-proteobacteria dwell in the gut of infective juveniles of these two nematodes and in rectal glands of Heterorhabditis females (Ciche and Ensign, 2003). The genome of these nematodes is not yet available and if new cases of LGT of bacterial origin were identified here, they could indicate the possibility of transfer to the germline cells without direct contact with the bacteria.

An alternative hypothesis for the origin of LGT events is the “you are what you eat” hypothesis first formulated in (Doolittle, 1998). In root-knot nematodes, four different groups of bacteria can be viewed as potential donors of plant cell wall-degrading enzyme genes. Interestingly, three of these groups include notorious plant pathogens or symbionts having interactions within plant hosts and thereby sympatric with these nematodes (Danchin et al., 2010). One possibility is that an ancestor of plant-parasitic nematodes was initially bacterivorous and used to feed on soil bacteria, including plant-pathogenic bacteria (Figure 1). By mechanisms discussed later, genetic material from digested bacteria might have been transferred to the nuclear genome of nematodes. In the case of cell wall-degrading enzymes, the transferred genes likely provided the nematode the ability to penetrate plant tissue and in a first time to access root-dwelling bacteria otherwise inaccessible to other bacterivorous nematodes. This selective advantage might have favored individuals that possessed bacterial genes encoding cell wall-degrading enzymes and following a LGT ratchet mechanism, individuals with additional enzymes acquired via LGT might have been positively selected generation after generation and eventually developed a plant-parasitic lifestyle.


[image: image]

Figure 1. An hypothesis for lateral gene transfer from bacteria to plant-parasitic nematodes. LGT could have been favored in ancestral nematodes that shared their ecological niche with plant-associated bacteria in soil (a), in the rhizosphere (b) or in bacteria-infected plant tissues (c).



Whatever the origin, from ancient endosymbionts or from feeding, different potential mechanisms of transfer can be envisioned. They may involve bacterial secretion systems, bacteriophages, plasmids, or viruses as well as passive or active spread of DNA fragments from digested bacterial cells (Danchin, 2011). Transposable elements can also be considered as potential vectors, particularly in the case of Pristionchus in which retrostransposons have been found associated with transferred genes. In contrast, no evidence for a proximity of transposable elements in the vicinity of transferred genes in plant-parasitic nematodes has been described.

Overall, it appears that LGT, both from bacterial and fungal origins have not only contributed to the current composition of nematode gene repertoires but also had crucial importance in the emergence of new biological capabilities. Although several examples of LGT of non-metazoan origin in nematode genomes have been reported, the total contribution of LGT to the composition of a nematode genome is yet poorly described. To date, no comprehensive list of genes putatively acquired via LGT in a nematode genome has been published. It is also largely unknown whether transfers of animal or plant origin substantially contributed to the composition of nematode genomes. The recent example of transfers from insects to necromenic nematodes suggests this might actually be the case.

The idea that a Darwinian binary tree-like representation incorrectly reflects the evolutionary history of genes and genomes has been raised as soon as 1975 (Sneath, 1975). Based on the observation that LGT occur frequently in bacteria and that reticulate evolution, another phenomenon challenging binary tree-like representation is common in flowering plants, Sneath already proposed that a network-like representation might be more accurate. This idea has found echoes more recently in the light of whole genome analysis, suggesting that, at least in bacteria, evolution more resembles a rhizome than a bifurcating tree (Raoult, 2010). We cannot state at the moment to what extent could LGT events disturb a binary tree-like representation in the phylum nematoda. Regardless the potential contribution of LGT to the composition of nematode genomes, it appears clear, at least in the case of plant-parasitic nematodes that these events have contributed to adaptation to a new life style.
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The analyses of genome sequences have led to the proposal that lateral gene transfers (LGTs) among prokaryotes are so widespread that they disguise the interrelationships among these organisms. This has led to questioning of whether the Darwinian model of evolution is applicable to prokaryotic organisms. In this review, we discuss the usefulness of taxon-specific molecular markers such as conserved signature indels (CSIs) and conserved signature proteins (CSPs) for understanding the evolutionary relationships among prokaryotes and to assess the influence of LGTs on prokaryotic evolution. The analyses of genomic sequences have identified large numbers of CSIs and CSPs that are unique properties of different groups of prokaryotes ranging from phylum to genus levels. The species distribution patterns of these molecular signatures strongly support a tree-like vertical inheritance of the genes containing these molecular signatures that is consistent with phylogenetic trees. Recent detailed studies in this regard on the Thermotogae and Archaea, which are reviewed here, have identified large numbers of CSIs and CSPs that are specific for the species from these two taxa and a number of their major clades. The genetic changes responsible for these CSIs (and CSPs) initially likely occurred in the common ancestors of these taxa and then vertically transferred to various descendants. Although some CSIs and CSPs in unrelated groups of prokaryotes were identified, their small numbers and random occurrence has no apparent influence on the consistent tree-like branching pattern emerging from other markers. These results provide evidence that although LGT is an important evolutionary force, it does not mask the tree-like branching pattern of prokaryotes or understanding of their evolutionary relationships. The identified CSIs and CSPs also provide novel and highly specific means for identification of different groups of microbes and for taxonomical and biochemical studies.
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Introduction

The understanding of prokaryotic relationships is one of the most important goals of evolutionary sciences. These relationships have been difficult to understand due to the simplicity and antiquity of prokaryotic organisms and disagreements in viewpoints among evolutionary biologists regarding the importance of different factors when grouping prokaryotes. Although earlier studies in this regard were based on morphology or physiology (Cowan, 1965; Buchanan and Gibbons, 1974; Stanier et al., 1976), the field itself has evolved to account for new information brought about by technological or informational breakthroughs, viz. molecular data, DNA hybridization and 16S rRNA (Zuckerkandl and Pauling, 1965; Woese and Fox, 1977; Woese, 1987). The most recent breakthrough involves rapid and easily available sequencing of entire genomic sequences (Fleischmann et al., 1995; Iguchi et al., 2009; NCBI genomic database, 2012). This has allowed determination of evolutionary relationships among different organisms based upon large numbers of different gene/protein sequences using a variety of approaches (Gupta, 1998; Haggerty et al., 2009; Puigbo et al., 2009; Blair and Murphy, 2011).

The comparative genomic analyses have revealed that phylogenetic relationships deducted based upon different genes and protein sequences are not congruent and lateral gene transfer (LGT) among different taxa is indicated as the main factor responsible for this lack of concordance (Gogarten et al., 2002; Bapteste and Boucher, 2008; Dagan et al., 2008; Puigbo et al., 2009; Swithers et al., 2009; Andam and Gogarten, 2011). This has led to questioning of whether the Darwinian model of evolution involving vertical inheritance of genes from parents to progenies (Darwin, 1859) is applicable to the prokaryotes (Doolittle, 1999; Pennisi, 1999; Gogarten et al., 2002; Dagan and Martin, 2006; Doolittle and Bapteste, 2007; Dagan et al., 2008; Bapteste et al., 2009; Williams et al., 2011). Multiple mechanisms are known to contribute to the evolution of an organism's genomes including genes that are acquired vertically from the parent organism, evolution of new genes by gene duplication and divergence, gain of new genes by means of LGTs, as well as gene losses in various lineages (Bapteste et al., 2009; Ragan and Beiko, 2009; Treangen and Rocha, 2011; Williams et al., 2011). LGT, in particular, is being increasingly thought to have an overbearing influence on prokaryotic genome composition. Although rRNAs, ribosomal proteins and other genes involved in the information transfer processes are considered less prone to LGTs due to their involvement in complex gene networks (Jain et al., 1999; Sorek et al., 2007), recent studies indicate that no single gene/protein is completely immune to this process (Yap et al., 1999; Doolittle and Bapteste, 2007; Dagan et al., 2008). Some recent studies have estimated that over time most genes (81 ± 15%) have undergone at least one LGT event (Doolittle, 1999; Dagan and Martin, 2007; Doolittle and Bapteste, 2007; Dagan et al., 2008). These studies in large part form the basis of the hypothesis that LGTs have led to abolishment of all signals that can be used for determination of prokaryotic evolutionary relationships and a call for uprooting the tree of life (Martin, 1999; Pennisi, 1999; Doolittle, 2000; Gogarten et al., 2002; Delsuc et al., 2005; Bapteste et al., 2009).

Although the importance of LGTs in genome evolution is widely accepted, there is considerable disagreement concerning the prevalence of LGTs and their impact on prokaryotic evolutionary relationships. While some authors have indicated that LGT is so profuse that its influence disguises the Darwinian mode of evolution involving vertical inheritance of genes (Gogarten et al., 2002; Bapteste et al., 2005b, 2009; Doolittle and Bapteste, 2007; Koonin, 2007), others have inferred that the incidences of LGTs are either very minimal or limited and those genes that are laterally transferred have little impact on prokaryotic phylogeny (Wolf et al., 2002; Kurland et al., 2003; Dutilh et al., 2004; Beiko et al., 2005; Kunin et al., 2005; Kurland, 2005; Galtier, 2007; Puigbo et al., 2009; Gao and Gupta, 2012a). However, there are no standardized methods to assess LGTs and the methods used to infer LGTs are varied and based upon large numbers of often poorly supported assumptions (Koski and Golding, 2001; Koski et al., 2001; Ragan, 2001; Beiko et al., 2005; Boto, 2010). Thus, the prevalence of LGTs differ greatly among different studies and often similar datasets have led to dissimilar conclusions (Koski et al., 2001; Ragan, 2001; Wang, 2001; Lerat et al., 2003; Susko et al., 2006; Zhaxybayeva et al., 2007; Marri and Golding, 2008; Roettger et al., 2009). Therefore, prior to concluding that in view of LGTs the Darwinian mode of evolution is not a suitable model for prokaryotes, reliability of the incidences of LGTs and their overall impact on the evolutionary relationships should be critically examined.

Despite the prevalence of LGTs, phylogenetic trees based upon 16S rRNA as well as numerous single genes as well multi-gene analyses strongly support the existence of large numbers of distinct phyla of bacteria (Ludwig and Klenk, 2005). Additionally, these trees also clearly delineate many discrete taxonomic clades within these phyla (Woese, 1987; Ludwig and Klenk, 2005; Ciccarelli et al., 2006; Wu et al., 2009; Gao and Gupta, 2012a). In a recent detailed study Puigbo et al. (2009) reported construction of phylogenetic trees for 6901 prokaryotic genes. Although there were significant topological differences among these trees, a consistent phylogenetic signal was observed in most of these trees, indicating that the LGT events, which were of random nature, did not obscure the central trend resulting from the vertical transfer of genes. The fact that similar prokaryotic clades at different taxonomic levels (ranging from phyla to genera) are consistently identified in phylogenetic trees based upon different gene/protein sequences strongly indicates that the distinctness of the prokaryotic taxa and their evolutionary relationships are in large part discernible and they have not been obliterated by LGTs (Woese, 1987; Daubin et al., 2002; Kurland et al., 2003; Lerat et al., 2003; Beiko et al., 2005; Kurland, 2005; Ludwig and Klenk, 2005; Ciccarelli et al., 2006; Ragan and Beiko, 2009; Wu et al., 2009; Boto, 2010; Yarza et al., 2010; Gupta, 2010b; Gao and Gupta, 2012a). To account for the above observations and the occurrences of LGTs, it has been suggested that the prokaryotic evolution has both tree-like (at intermediate phylogenetic depths) and non-tree (or net-like) (at the base and tips) characteristics (Dagan et al., 2008; Puigbo et al., 2009, 2010; Swithers et al., 2009; Boto, 2010; Beiko, 2011; Dagan, 2011; Kloesges et al., 2011; Popa et al., 2011).

The availability of genome sequences is also enabling development of novel and independent sequence based approaches for determining the evolutionary relationships among organisms and to assess the impact of LGTs on these relationships. In this review, we provide a summary of our recent work in this area based upon two different types of molecular markers that we have used successfully for understanding the evolutionary relationships among prokaryotes. Based upon these markers it is now possible to identify different prokaryotic taxa ranging from phyla to genera in clear molecular terms and the evolutionary relationships among them can also be reliably deducted (Gupta and Griffiths, 2002; Gupta, 2009, 2010a; Gao and Gupta, 2012b). The relationships revealed by these new approaches strongly support a tree-like branching pattern among prokaryotes and the observed incidences of LGTs, which exhibit no specific pattern or statistical significance, apparently have no major impact on the derived relationships. It is contended that these molecular markers provide valuable means for developing a reliable phylogeny and taxonomy of the prokaryotic organisms.

Usefulness of Conserved Signature Indels (CSIs) and Conserved Signature Proteins (CSPs) for Understanding Evolutionary Relationships Among Prokaryotes

Of the two kinds of molecular markers that we are using for studying prokaryotic evolution, the conserved signature indels (inserts or deletions), or CSIs, in protein sequences comprises an important category (Gupta, 1998, 2010a; Griffiths and Gupta, 2001). The CSIs that provide useful molecular markers for evolutionary studies are generally of the same lengths and they are flanked on both sides by conserved regions to ensure that the observed changes are not caused by alignment artifacts (Gupta, 1998; Gupta and Griffiths, 2002; Jordan and Goldman, 2012). When such CSIs are present in the same position in a given protein in a group of related species, their presence is most parsimoniously explained by postulating that the genetic change leading to the CSI occurred in a common ancestor of this group and then this gene with the indel was vertically transmitted to its progeny (Rivera and Lake, 1992; Baldauf and Palmer, 1993; Gupta, 1998, 2000b; Rokas and Holland, 2000; Cutino-Jimenez et al., 2010). The CSIs that are uniquely shared by organisms of one taxa provide molecular tools for identifying the species from this taxa and consolidating the relationships among bacteria of that taxa by delimiting it in molecular terms (Gupta, 2004). Additionally, depending upon the presence or absence of a given CSI in the outgroup species, it can be determined whether the indel represents an insert or a deletion and based upon this a rooted relationship among the species of interest can be derived. Our earlier work in this regard has led to identification of large numbers of CSIs that are specific for different groups of microbes at various phylogenetic levels (Table 1; Gupta and Griffiths, 2006; Gupta, 2009; Gupta and Bhandari, 2011; Gupta and Shami, 2011; Gao and Gupta, 2012b).

Table 1. Overview of the CSIs and CSPs that have been identified for some major prokaryotic taxa.
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The second kind of molecular markers that we have usefully employed in our systematic and evolutionary studies are whole proteins that are uniquely found in particular groups or subgroups of bacteria (Gupta, 2006; Gupta and Griffiths, 2006; Gupta and Mok, 2007; Gao and Gupta, 2012b). Comparative analyses of genomic sequences have indicated that many conserved proteins are uniquely present in all species from particular groups, at different phylogenetic depths (Daubin and Ochman, 2004; Lerat et al., 2005; Gupta, 2006; Gupta and Griffiths, 2006; Gupta and Mok, 2007; Dutilh et al., 2008; Gao and Gupta, 2012b). Because of their unique presence in species from particular phylogenetic clades of species, it is likely that the genes for these CSPs originated once in a common ancestor of these groups and then vertically acquired by all its descendants. Because of their taxa specificity these CSPs again provide valuable molecular markers for identifying different groups of species in molecular terms and for evolutionary studies (Gao and Gupta, 2007; Gupta and Mathews, 2010; Gupta, 2010b). However, when a CSP (or CSI) is confined to certain species/strains, then based upon this information alone, it is often difficult to determine whether these species form a clade in the phylogenetic sense or not. Hence, to understand the evolutionary significance of these signatures, such studies are generally performed in conjunction with phylogenetic analysis, which provides a reference point for evaluating the significance of various CSIs and CSPs (Gao and Gupta, 2007; Gupta and Mathews, 2010; Gupta, 2010b).

Molecular markers in the form of CSIs and CSPs have proven useful for examining or consolidating prokaryotic relationships at domain, phylum as well as intra-phylum levels. Table 1 provides a summary of some bacterial and archaeal taxa for which CSIs and CSPs have been identified (Gupta, 2010a). Two recent detailed studies based upon CSIs and CSPs have focused upon understanding evolutionary relationships within the phylum Thermotogae and the domain Archaea (Gao and Gupta, 2007; Gupta and Bhandari, 2011; Gupta and Shami, 2011). To illustrate the usefulness of these molecular markers for elucidation of prokaryotic evolutionary relationships, and to assess the influence of LGTs on the derived inferences, results for these two taxonomic groups are reviewed here.

Molecular Markers for the Thermotogae

The species of the phylum Thermotogae are a group of hyperthermophilic, anaerobic, gram-negative bacteria recognized by a distinctive toga-like sheath structure and their ability to grow at high temperatures (Huber et al., 1986). The approximately 90 species of this phylum are currently divided into nine Genera within a single family termed the Thermotogaceae (Euzeby, 2011; NCBI Taxonomy, 2012). The Thermotogae species, prospectively, are important tools for industrial and biotechnological applications due to the ecological niche they inhabit and the thermo-stable proteins that they harbor (Conners et al., 2006). With the publication of the genome for T. maritima, the first species from this phylum (Nelson et al., 1999), the Thermotogae were brought to the forefront of LGT debate. This was due to the fact that based upon Blast searches it was determined that for about 25% of the genes from T. maritima genome, the closest blast hits were from archaeal species rather than any bacteria, leading to the inference that Thermotogae species have incurred high degree of LGTs with the archaeal organisms (Nelson et al., 1999). Upon revisiting this issue, Zhaxybayeva et al. (2009) found that for only about 11% of the Thermotogae proteins Archaea were the closest hits, but that the Thermotogae proteins exhibited maximal similarity (42–48% of genes) to the Firmicutes. Based upon these observations, the Thermotogae species genomes were proposed to be a chimera composed of different bacterial and archaeal sources (Zhaxybayeva et al., 2009). However, these estimates for LGTs have been questioned in other studies which indicate that much less (6–7%) of the Thermotogae genome has been laterally transferred (Garcia-Vallve et al., 2000; Ochman et al., 2000). Further, in view of the fact that Thermotogae species branch in proximity of the Firmicutes phylum (Gupta, 2001; Griffiths and Gupta, 2004b), the observation that a preponderance of the top hits for the Thermotogae species are from Firmicutes is an expected results, and it does not indicate that these genes have been laterally transferred (Zhaxybayeva et al., 2009; Andam and Gogarten, 2011).

Apart from their unique protein toga, the species of the phylum Thermotogae are assigned to this group and divided into its different genera primarily on the basis of their branching in the 16S rRNA trees (Reysenbach, 2001; Huber and Hannig, 2006; Zhaxybayeva et al., 2009; Yarza et al., 2010). Until recently, no unique molecular or biochemical characteristics were known that could distinguish the species of this phylum from other bacteria. For identification of molecular markers that could possibly define this phylum and its sub-taxa, a genome wide analysis was performed on protein sequences from 12 Thermotogae spp. whose genomes were available (Gupta and Bhandari, 2011). The protein sequences from these 12 species as well as species representing other bacteria phyla were aligned and examined for the presence of CSIs that were uniquely present in Thermotogae species or those that were commonly shared with some other bacteria. The analysis identified numerous CSIs specific for all Thermotogae. An example of a CSI consisting of a 3 aa long insert in the ribosomal protein L7 that is exclusively present in all sequenced Thermotogae species, including two recently sequenced species, is shown in Figure 1A. The unique presence of this CSI of the same length, at the same position in this universally distributed protein, in different species from the phylum Thermotogae indicates that the genetic change leading to this CSI occurred once in the common ancestor of the Thermotogae species. In addition to this CSI, this study also identified 17 other CSIs in other important proteins such as DNA recombination protein RecA, DNA polymerase I and tryptophanyl-tRNA synthetase that are also specific for the species from the phylum Thermotogae (Gupta and Bhandari, 2011).
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Figure 1. Evolutionary relationships among Thermotogae species based upon CSIs and a Phylogenetic Tree. (A) Partial sequence alignment for the ribosomal protein L7 showing a 3 aa CSI (boxed) that is specific for all detected species of the Thermotogae phylum. The dashes in the alignment (−) indicate amino acid identity with the corresponding residue in the top line; (B) A maximum likelihood tree for the 12 sequenced Thermotogae species based upon concatenated sequences for 12 conserved proteins. (C) A summary diagram showing the species specificities of different CSIs identified for the Thermotogae group of species. The left panel highlights the CSIs that are specific for the entire Thermotogae phylum or its sub-groups, whereas the right panel indicates the CSIs that were also present in some non-Thermotogae organisms. Figures 1A,B modified from Gupta and Bhandari (2011).



In addition to the large numbers of CSIs that were uniquely present in all Thermotogae species, this study also identified many CSIs that were specific for different sub-groups within the phylum Thermotogae (Gupta and Bhandari, 2011). These included 13 CSIs that were specific for the species of the genus Thermotoga and seven others that distinguished species of the genus Thermosipho from all others. However, it was observed that the species Thermotoga lettingae shared only 1 of 13 CSIs that were otherwise commonly present in other species of this genus. This suggests that T. lettingae, which is distantly related to all other Thermotoga species, should be assigned to a separate genus. Besides these CSIs that were specific for the species of these two genera, 13 CSIs supported a specific relationships among species of the Fervidobacterium and Thermosipho genera; 5 CSIs were shared by species from the genus Thermotoga and those from the Fervidobacterium-Thermosipho clade; and 4 CSIs supported a grouping of the Petrotoga and Kosmotoga genera along with the species Thermotogales bacterium MesG1.Ag.4.2 (Figure 1C, left panel; Gupta and Bhandari, 2011). Importantly, all of the relationships indicated by various CSIs were also independently observed in a phylogenetic tree for the Thermotogae species based upon concatenated sequences for 12 conserved proteins (Figure 1B).

The CSIs identified in the above study independently and strongly supported different nodes observed in the phylogenetic tree for Thermotogae species all the way from phylum to genus level. If the hypothesis that LGT events have abolished the ability to discern prokaryotic relationships was correct, then it should have been difficult to identify discrete molecular markers supporting distant relationships among these species. At the very least, the Thermotogae species would have shown relationships with species of other prokaryotic groups such as Firmicutes or Archaea as frequently as they did with one another. In this study, in addition to the CSIs that were specific for the Thermotogae species (Figure 1C, left panel), several CSIs were also identified that the Thermotogae shared with species from other prokaryotic or eukaryotic organisms (Figure 1C, right panel). However, such CSIs, suggesting possible LGT between Thermotogae and other taxa, were far outweighed by CSIs supporting the monophyletic, tree-like relationships among the species of the phylum (left panel) (Gupta and Bhandari, 2011). Assuming that all the CSIs that the Thermotogae shared with other groups are due to LGT, less than 20% (16 of 85) of all Thermotogae genes containing these CSIs have incurred LGTs (Gupta and Bhandari, 2011). Moreover, these presumed LGT events are of random nature and in no case do the Thermotogae species share more than a total of 3 CSIs with any particular phyla of species. Additionally, in most of these cases only a few species from these other taxa contained the indels that were present in most or all Thermotogae species (Gupta and Bhandari, 2011). Thus, these other CSIs, although they are present in a few isolated species from other taxa, are also largely specific for the Thermotogae species and they do not affect the ability of other CSIs to clearly discriminate Thermotogae species from all other bacteria or to deduce the evolutionary relationships amongst species from this phylum.

The shared presence of similar CSI in unrelated taxa can result from two different possibilities, either the gene with the CSI was laterally transferred among the two groups or that independent CSIs owing to two separate genetic events are responsible for these CSIs. After identification of such CSIs, tree-making approaches can be used to test if the presence of the indel in the two groups is due to LGT. Previously, in our work, a number of CSIs in the GlyA and MurA proteins that were commonly shared by the Chlamydiae and a subgroup of Actinobacteria were shown to be due to lateral transfer of genes from Actinobacteria to a common ancestor of the Chlamydiae (Griffiths and Gupta, 2006a). Recently, the shared presence of several CSIs in the bacterio-chlorophyll biosynthesis proteins by unrelated phyla of photosynthetic prokaryotes has also been shown to be due to LGTs (Raymond et al., 2002; Gupta, 2012). However, in many other instances phylogenetic analyses have not supported LGT as the possible reason for the presence of a related CSI in unrelated taxa. In these cases, similar CSIs have originated independently in these lineages due to their presumed similar functions in these particular taxa.

Molecular Markers for the Archaea and Its Sub-Groups

Archaea are widely recognized as the third domain of life. They generally inhabit extreme environments such as those of extreme temperature, pH or salinity, where little to no other life exists (Woese et al., 1990). However, recent studies indicate that archaeal species are widespread in the environment and they play a major role in the carbon and nitrogen cycles (Pace, 1997; Herndl et al., 2005; Leininger et al., 2006). Some archaeal species have been found to be commensal organisms residing in human colons (Oxley et al., 2010). The Archaea are generally divided into two main phyla, the Crenarchaeota and Euryarchaeota, based on 16S rRNA data and other phylogenetic data (Woese et al., 1990; Gribaldo and Brochier-Armanet, 2006). The Crenarchaeotes are described as thermophiles with sulfur-reducing capabilities while the Euryarchaeotes are metabolically and morphologically quite diverse (Gribaldo and Brochier-Armanet, 2006; Gupta and Shami, 2011). The mesophilic Crenarchaeota have been recently placed into a separate phylum called the Thaumarchaeota (Brochier-Armanet et al., 2008; Gupta and Shami, 2011).

Despite the importance of Archaea in different environments and in understanding of the evolutionary history of life on earth (Woese et al., 1990; Gupta, 2000a), until recently, very few molecular characteristics were known that are uniquely shared by all Archaea. Additionally, as the higher taxonomic groups within Archaea are described primarily based upon 16S rRNA trees, the characteristics that are unique to different phyla, classes, orders and families of the Archaea have scarcely been elucidated (Boone et al., 2001). The utilization of archaeal genomes for discovery of CSPs as well as CSIs has provided significant information in the form of molecular markers that are distinctive characteristics of Archaea and its taxonomic sub-groups. In 2007, a comprehensive analysis was performed on available archaeal genomes to search for CSPs that were unique to either all Archaea or many of its sub-groups (Gao and Gupta, 2007). Over 1400 such proteins distinctive of Archaea or its main taxa were discovered (Figure 2). In the analysis, sixteen proteins specific to all or most Archaea were identified that were not present in any bacterial or eukaryotic organism. Numerous proteins whose homologs were limited to the Crenarchaeota, Euryarchaeota and other sub-groups such as the Thermococci, Thermoplasmata, and Halobacteriales were also detected (Figure 2). Significantly, this study also identified 31 proteins that were commonly shared by all methanogenic bacteria (Gao and Gupta, 2007). In the 16S rRNA and other phylogenetic trees, the methanogenic Archaea do not form a monophyletic lineage, but instead are split into a number of distinct clusters separated by non-methanogenic Archaea (Burggraf et al., 1991; Brochier et al., 2004; Bapteste et al., 2005a; Gao and Gupta, 2007). Because most of the proteins that are commonly shared by various methanogens are generally involved in functions related to methanogenesis and their genes are clustered into a few large operons in genomes (Harms et al., 1995; Tersteegen and Hedderich, 1999; Grabarse et al., 2001; Gao and Gupta, 2007), it is likely that the genes for these proteins have been laterally acquired by different Archaea. This could provide a plausible explanation for the observed discrepancy in the branching of methanogenic Archaea in phylogenetic trees and their unique sharing of genes for these proteins (Gao and Gupta, 2007).
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Figure 2. A summary diagram showing the various molecular markers that have been identified for the Archaeal kingdom and its subgroups. The arrows indicate the suggested evolutionary stages where the proteins unique for a particular taxa are proposed to have been introduced. The numbers beside the arrows indicate the number of CSIs and CSPs specific for the various taxa (these numbers indicate CSPs unless otherwise noted). The branching pattern shown is based solely upon the distribution patterns of CSPs and CSIs. Modified from Gao and Gupta (2007) and Gupta and Shami (2011).



A recent analysis has further added to the catalogue of molecular signatures for the archaeal organisms (Gupta and Shami, 2011). The focus of this study was on identifying CSIs and CSPs that were specific for the Crenarchaeota and Thaumarchaeota phyla (Gupta and Shami, 2011). Six CSIs and 13 CSPs specific for all species of the phylum Crenarchaeota were identified along with numerous markers for its different orders: the Sulfolobales (151 CSPs, 3 CSIs), Thermoproteales (25 CSPs, 5 CSIs) and the Desulfurococcales (4 CSPs). The study also described the markers (18 CSPs and 2 CSIs) indicative of a close relationship among the Sulfolobales and the Desulfurococcales. The discriminative ability of CSPs is highlighted by the results of blast searches on some CSPs that are specific for the Crenarchaeota or its main groups (Sulfolobales, Thermoproteales, Desulfurococcales and Acidilobales) that are shown in Table 2. In these cases, BLASTP searches were carried out on these proteins and the results for all species for whom the observed E-values were significant are shown. From the results presented in Table 2, it is evident that the first 2 CSPs are specific for the Crenarchaeota phylum, the next two are uniquely found in various species belonging to the orders Desulfurococcales, Acidilobales and Sulfolobales, whereas the last 5 CSPs are distinctive characteristics of species belonging to either the Desulfurococcales (and Acidilobales), the Sulfolobales, or the Thermoproteales orders.

Table 2. A series of proteins specific for the Crenarchaeota and its sub-groups.
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In this study, more than 200 CSPs for various members of the newly defined Thaumarchaeota phylum were also identified (Gupta and Shami, 2011). The Thaumarchaeota are composed of several organisms previously included in the Crenarchaeota (Brochier-Armanet et al., 2008). The two phyla appear as sister groups in phylogenetic analysis and they also share 3 CSIs and 10 CSPs with each other (Gupta and Shami, 2011). Nevertheless, the two groups can be phylogenetically differentiated and numerous markers have been identified for each group that helps to define them molecularly as individual taxa (Gupta and Shami, 2011). A summary diagram depicting the various molecular markers specific for the archaeal species is shown in Figure 2. It should be noted that CSIs were only identified for the Thaumarchaeota and the Crenarchaeota and no detailed analysis to identify CSIs has thus far been carried out on the Euryarchaeota.

The two studies noted above have identified numerous CSIs and CSPs for the Archaea, its main phyla (Euryarchaeota, Crenarchaeota, Thaumarchaeota) and a number of its sub-phylum level taxa (Sulfolobales, Thermococcales, Halobacteriales, etc.; Gao and Gupta, 2007; Gupta and Shami, 2011). Except for the methanogens, the distribution patterns of the identified CSIs and CSPs are also strongly supported by the phylogenetic branching pattern of the archaeal organisms (Gribaldo and Brochier-Armanet, 2006; Gao and Gupta, 2007; Brochier-Armanet et al., 2008; Gupta and Shami, 2011). Considering the specificities of these molecular markers for either all Archaea or different clades of Archaea, these results strongly indicate that LGTs have not obliterated the phylogenetic signal necessary to delineate the evolutionary relationships among this domain of prokaryotes. The discovered CSIs and CSPs also provide novel tools for the identification of different groups of Archaea in various environments.

The Usefulness of the CSIs for Understanding Bacterial Phylogeny and Taxonomy

In addition to the CSIs that are specific for particular prokaryotic taxa, several of the identified CSIs have also proven useful in clarifying the branching order and interrelationships amongst different bacterial phyla (Gupta, 2001, 2011; Gupta and Griffiths, 2002). One example of these kinds of CSIs, which are referred to as the main-line signatures in our work, is shown in Figure 3A. In this case, a large ~100 aa insert in the β subunit of RNA polymerase protein (RpoB) is commonly shared by all of the sequenced species belonging to the phyla Proteobacteria (different subclasses), Aquificae, Chlamydiae, Verrucomicrobiae, Bacteroidetes-Chlorobi, and Planctomycetes (Griffiths and Gupta, 2007b). This insert is present in all of the >1500 sequences that are available from species from these phyla. On the other hand, this CSI is not found in any of the >1500 sequences available from various species belonging to the phyla Firmicutes, Actinobacteria, Chloroflexi, Cyanobacteria, Deinococcus-Thermus, Synergistetes, Spirochaetes, etc. This insert is also not found in the archaeal RpoB homologs, thus providing evidence that this indel is an insert in the groups of species where it is found (Griffiths and Gupta, 2004b). Based upon its highly specific species distribution pattern, which argues strongly against the lateral transfer of this gene amongst various phyla, the genetic change responsible for this CSI most likely occurred in a common ancestor of the group of species that contain this CSI, after the divergence of other bacterial phyla that lack this indel as indicated in Figure 3A (right panel). A number of other main-line CSIs, which based upon their species distribution patterns have occurred at other important branch points in prokaryotic evolution, have been described in our earlier works (Griffiths and Gupta, 2001, 2004b; Gupta and Griffiths, 2002). Based upon these CSIs, it is possible to determine the branching order of most of the bacterial phyla (Gupta, 1998, 2001, 2003; Griffiths and Gupta, 2004b; see also www.bacterialphylogeny.info).
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Figure 3. Evolutionary significance of various identified CSIs in the RNA polymerase β subunit. (A) A portion of the RpoB sequence alignment showing a large insert (boxed) that is distinctive characteristic of all Proteobacteria and some Gram-negative phyla (Chlamydiae-Verrucomicrobiae, Aquificales, Planctomycetes, and Bacteroidetes-Chlorobi), but not found in other phyla of bacteria. Due to the large size of the insert, its entire sequence is not shown. Dashes (–) indicate identity with the amino acid on the top line. On the right is a linear representation of prokaryotic relationships based on the presence and absence of this CSI. The numbers in the brackets indicate the species of each phylum, which have been identified to contain the CSI. (B) A schematic representation of the sequence for E. coli RNA polymerase β subunit (RpoB) showing some functionally important regions and the positions of different lineage-specific inserts that have been identified within this protein. The large insert depicted in (A) (≈ 100 aa in E. coli) is shown in solid black. The positions of CSIs for different groups are roughly indicated using arrows. The values in the brackets identify the number of organisms in each respective group and the number of these species to harbour the indicated CSI. In all cases no organism outside of the indicated group was identified to contain the indel. The indicated CSIs have been described in earlier work (Griffiths and Gupta, 2004b, 2007b; Gupta and Mok, 2007; Gao et al., 2009; Gupta and Bhandari, 2011; Naushad and Gupta, 2012).



Within the highly conserved RpoB protein, in addition to the large CSI that is commonly shared by a number of bacterial phyla, several other CSIs have been identified that are specific for different groups/phyla of bacteria. The taxon specificities of these CSIs and their positions within in the RpoB polypeptide are shown in Figure 3B. These CSIs include a 4 aa deletion that is commonly and uniquely shared by a number of different orders of the γ-proteobacteria (399/399 species), a 3 aa insert that is specifically present in all of the Chlamydiae-Verrucomicrobiae species (47/47), another 3 aa insert that is a distinctive property of the Clade C cyanobacteria (50/50; Gupta, 2009), a 25 aa insert in various species from the order Rhodospirillales (103/103) and a 6 aa insert in all species from the genus Thermotoga except T. lettingae (Gupta and Griffiths, 2006; Gupta and Mok, 2007; Griffiths and Gupta, 2007b; Gao et al., 2009; Gupta and Bhandari, 2011). It is highly significant that within a single gene/protein multiple highly specific CSIs are present, each of which is specific for a different group of bacteria and help distinguish these groups from all other bacteria. These CSIs are not present in any species outside of the indicated taxa. The presence of these different taxa-specific characteristics in a single gene/protein strongly indicates that the genetic changes responsible for these CSIs occurred in the gene for this key protein at different stages in the evolution of bacterial domain and that no LGT of the gene for the RpoB protein has occurred among these taxa. Similar to the RpoB protein, multiple CSIs that are specific for different groups of prokaryotes have also been identified in many other important genes/proteins. These observations indicate that strong and consistent phylogenetic signals that are very likely not affected to any significant extent by the LGTs are still present in many conserved and universally distributed genes/proteins and these can be used to trace the evolutionary relationships among prokaryotes.

It is important to point out that virtually all of the higher taxonomic clades (above the Genus rank) within prokaryotes are currently identified solely on the basis of their branching in the 16S rRNA trees. Because the phylogenetic trees are a continuum, based upon them it has proven difficult to clearly define or delimit the boundaries of different taxonomic groups. Additionally, for virtually all of the higher prokaryotic taxa, no molecular, biochemical or physiological characteristics are known that are unique to them. Hence, a very important aspect of microbiology that needs to be understood is that in what respects do species from different main groups of bacteria differ from each other and what, if any, unique molecular, biochemical, structural or physiological characteristics are commonly shared by species from different groups? In this context, the large numbers of CSIs and CSPs for different taxonomic clades of bacteria that are being discovered by comparative genomic analyses provide novel and valuable tools for taxonomic, diagnostic, and biochemical studies (Gupta and Bhandari, 2011; Gao and Gupta, 2012b). In view of the specificities of the discovered CSIs and CSPs for different groups of prokaryotes and their retention by all species from these groups of prokaryotes, it is highly likely that these CSIs and CSPs are involved in functions that are essential for prokaryotes (Galperin and Koonin, 2004; Fang et al., 2005; Singh and Gupta, 2009; Schoeffler et al., 2010). Indeed, recent work on several CSIs have shown that they are essential for the group of organisms where they are found and the deletion or substantial changes in them led to failure of cell growth (Singh and Gupta, 2009; Schoeffler et al., 2010). Hence, further studies on understanding the cellular functions of the different taxa-specific CSIs and CSPs could lead to identification of novel biochemical and other functional characteristics that are specific for these groups of organisms.

It should also be noted that the identified CSIs and CSPs generally constitute robust molecular characteristics that exhibit high degree of predictive ability. Many of these CSIs and CSPs were discovered when the sequence information was available for very few prokaryotic species. However, despite the large increase in the number of sequenced genomes, most of these CSIs and CSPs are still specific for the originally indicated groups of prokaryotes (Gupta, 2009, 2011; Gao and Gupta, 2012b). Additionally, for several Chlamydiae-, Aquificae-, Deinococcus-Thermus- and Actinobacteria- specific degenerate primers based on conserved flanking sequences have been designed and they have been used to amplify the sequence regions predicted to contain the CSIs from large numbers of organisms for whom no sequences were available (Griffiths and Gupta, 2004a,b; Gao and Gupta, 2005; Griffiths et al., 2005). In these studies, in almost all cases the expected inserts or deletions were found to be present in previously un-sequenced organisms from the indicated groups, thus providing evidence that these CSIs and CSPs provide powerful new tools for identification of both known as well as novel species from different groups of prokaryotes.

Conclusions

There is considerable debate at present concerning the impact of LGTs on understanding prokaryotic phylogeny. While there is little dispute that LGT plays an important role in microbial evolution, the extreme view taken by some that LGTs are so rampant within the prokaryotes that it totally masks the evolutionary signal from vertical transfer of genes (Doolittle, 2000; Gogarten et al., 2002; Doolittle and Bapteste, 2007; Dagan et al., 2008; Bapteste et al., 2009) is not supported by available evidence. As reviewed here, in phylogenetic trees based upon most gene/protein sequences all of the major groups within prokaryotes (from phylum down to genus level) are generally clearly identified, thus indicating that a strong phylogenetic signal emanating from vertical transfer of genes is maintained throughout prokaryotic evolution (Gupta, 1998, 2000b; Dutilh et al., 2004; Ludwig and Klenk, 2005; Ciccarelli et al., 2006; Puigbo et al., 2009). Most of the differences seen amongst these trees are either at the tips (i.e., species/strains levels) or at the base, i.e., relationships among the higher taxonomic clades such as phyla, class, etc. A recent study indicates that the incidence of LGTs shows linear correlation with the genome sequence and the GC content similarities of the donor and recipient organisms (Kloesges et al., 2011). Hence, while many of the observed inconsistencies between different gene trees at the species/strain levels could be due to LGTs (Puigbo et al., 2009; Kloesges et al., 2011), the differences in branching pattern at the higher taxonomic levels are perhaps in large parts due to loss of the phylogenetic signal and the lack of resolving power of the tree-based phylogenetic approaches (Gupta, 1998; Ludwig and Klenk, 2005; Puigbo et al., 2009).

In this review we have discussed the usefulness of CSIs and CSPs, as novel and important class of molecular markers for understanding the evolutionary relationships among prokaryotes. We have presented compelling evidence that based upon the species distribution patterns of these molecular signatures different prokaryotic taxa from phylum down to the genus levels can be clearly identified. Additionally, based upon these markers it is also possible to reliably deduct the evolutionary relationships amongst different prokaryotic taxa, both within a phylum and among different phyla. The evolutionary relationships deduced based upon these molecular markers generally exhibit high degree of congruency with those indicated by 16S rRNA trees or other gene/protein sequences. The analyses based upon these markers have also been able to clarify some relationships that are not resolved in phylogenetic trees. The species distribution patterns of these markers thus provide strong evidence that different clades of bacteria have evolved in a tree-like manner and that the prokaryotic organisms are not an exception to the Darwinian model of evolution. The relatively small numbers of these CSIs where the indel is also present in some unrelated species, which could be due to LGTs, show no specific pattern or relationship, thus they have minimal or no impact on the strong and consistent tree-like branching pattern that is evident from all other identified CSIs. However, it should be acknowledged that all of the work using CSIs and CSPs on understanding the evolutionary relationships among prokaryotes has thus far been carried out at genus level or higher taxa. Hence, it remains to be seen whether this approach will prove equally useful in clarifying the evolutionary relationships at the species or strain levels or not, where the evolutionary flux and the incidences of LGTs are deemed to be the highest (Daubin et al., 2003; Lerat et al., 2003; Dagan et al., 2008; Puigbo et al., 2009; Kloesges et al., 2011).

The molecular markers such as those described here in addition to their usefulness for understanding prokaryotic phylogeny also provide valuable means to address/clarify a number of important aspects of microbiology. (1) Based upon these markers different prokaryotic taxa can now be identified in clear molecular terms rather than only as phylogenetic entities. (2) Based upon them the boundaries of different taxonomic clades can also be more clearly defined. (3) Due to their high degree of specificity and predictive ability, they provide important diagnostic tools for identifying both known and unknown species belonging to these groups of bacteria. (4) The shared presence of these CSIs by unrelated groups of bacteria provides potential means for identifying novel cases of LGTs. (5) Functional studies on these molecular markers should help in the discovery of novel biochemical or physiological properties that are distinctive characteristics of different groups of prokaryotes.

Lastly, it should be acknowledged that the number of genes which harbor rare genetic changes such as these CSIs is generally small in comparison to the total number of genes that are present in any genome. However, the genes containing these CSIs are involved in different essential functions and they are often are amongst the most conserved proteins found in various organisms. Although, the criticism could be levied that the inferences based upon small numbers of genes/proteins containing these CSIs are not representative of the entire genomes (Dagan and Martin, 2006; Bapteste and Boucher, 2008), it should be emphasized that in a number of studies such as those discussed here, the reported CSIs or CSPs represent analyses of the entire genomes. Based upon these CSIs and/or CSPs, no other significant or consistent relationships or patterns among these organisms, other than those indicated here, can be derived from consideration of all of the gene/protein sequences in these genomes using these approaches. In this context it is also helpful to remember that molecular sequences like all other fossils change and disintegrate over long evolutionary periods of time and they lose their information content at different rates. Hence, a well-preserved fossil is generally considered to be far more informative than hundreds or even thousands of disintegrated fossils. Following this analogy, it is expected that not all genes/proteins will prove equally useful for understanding the evolutionary history of prokaryotes, which spans >3.5 billion years. Thus, the best we can hope for is to find significant numbers of conserved genes/proteins, which contain consistent and reliable signals such as those described in the present work, whose inferences are generally consistent with all/most other available information.
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The acceptance of Darwin's theory of evolution by natural selection is not complete and it has been pointed out its limitation to explain the complex processes that constitute the transformation of species. It is necessary to discuss the explaining power of the dominant paradigm. It is common that new discoveries bring about contradictions that are intended to be overcome by adjusting results to the dominant reductionist paradigm using all sorts of gradations and combinations that are admitted for each case. In addition to the discussion on the validity of natural selection, modern findings represent a challenge to the interpretation of the observations with the Darwinian view of competition and struggle for life as theoretical basis. New holistic interpretations are emerging related to the Net of Life, in which the interconnection of ecosystems constitutes a dynamic and self-regulating biosphere: viruses are recognized as a macroorganism with a huge collection of genes, most unknown that constitute the major planet's gene pool. They play a fundamental role in evolution since their sequences are capable of integrating into the genomes in an “infective” way and become an essential part of multicellular organisms. They have content with “biological sense” i.e., they appear as part of normal life processes and have a serious role as carrier elements of complex genetic information. Antibiotics are cell signals with main effects on general metabolism and transcription on bacterial cells and communities. The hologenome theory considers an organism and all of its associated symbiotic microbes (parasites, mutualists, synergists, amensalists) as a result of symbiopoiesis. Microbes, helmints, that are normally understood as parasites are cohabitants and they have cohabited with their host and drive the evolution and existence of the partners. Each organism is the result of integration of complex systems. The eukaryotic organism is the result of combination of bacterial, virus, and eukaryotic DNA and it is the result of the interaction of its own genome with the genome of its microbiota, and their metabolism are intertwined (as a “superorganism”) along evolution. The darwinian paradigm had its origin in the free market theories and concepts of Malthus and Spencer. Then, nature was explained on the basis of market theories moving away from an accurate explanation of natural phenomena. It is necessary to acknowledge the limitations of the dominant dogma. These new interpretations about biological processes, molecules, roles of viruses in nature, and microbial interactions are remarkable points to be considered in order to construct a solid theory adjusted to the facts and with less speculations and tortuous semantic traps.

Keywords: Darwinism, natural selection, evolution, paradigm, virus, hologenome, autopoiesis





“I do not write for those who examine
new books quickly, often
with the intention of finding in them their ideas
preconceived, but for the few who read,
who meditate deeply, who love
study of nature and are capable of
even sacrificing their own interests,
for the knowledge of a new truth.”

J. B. Lamarck (1744–1829)



Introduction

While the Modern Synthetic Theory is the most widely accepted evolutionary theory, many authors consider that it is necessary to evaluate its explanatory power and a self-criticism of orthodoxy from the inability to explain the phenomena and discoveries daily observed (Ehrlich and Birch, 1967; Goldsmith, 1989; Margulis and Sagan, 1995; Kampis, 1997; Sandín, 1997; Abdalla, 2006).

This dominant paradigm based on a conception of the transmission of strictly Mendelian characters has as basic tenets: (1) Evolution is a gradual process of substitution of alleles within a population. The source of variability in these alleles would be the point mutations or micromutations. (2) The genetic material is only the raw material. What drives the evolutionary process is natural selection (Mayr, 1966; Dobzhansky et al., 1977; Sandín, 1997).

However, with the data provided by different areas of biology, this theoretical framework based on natural selection appears weak to explain the complex evolutionary processes. At least, it is necessary to discuss the explaining power of the dominant paradigm. It is common that new discoveries bring about contradictions that are intended to be overcome by adjusting results to the dominant reductionist paradigm using all sorts of gradations and combinations that are admitted for each case (Sandín, 1997; Forterre, 2010). Nowadays there are new interpretations about biological processes, new approaches and perspectives that are remarkable points to be considered in order to construct a solid theory more adjusted to the facts, and with less speculations and tortuous semantic traps.

The present work is a humble contribution to that discussion with the intention of enriching it by providing new perspectives in evolution related to complex systems.

The Kidnapping of Biology

Darwinism grew out of the Malthusian concepts and vision that disease and food shortages act as regulators of the population favoring the fittest in a continuous struggle for life. Darwin wrote his book “On the Origin of Species by Means of Natural Selection, or the maintenance of favored races in the struggle for existence” (1859) based on Malthus theory and then in the expressions of Herbert Spencer: “As more individuals are produced which may survive, there must be necessarily a struggle for existence (…) is the doctrine of Malthus applied with multiplied force to the nature” (Darwin, 1869). And elsewhere he writes: “I call this principle which preserves all small variation, it is useful, natural selection mark your faculty with man's selection. But the expression used by Herbert Spencer that the fittest survive is more accurate.” In words of Sandín: “The idea expressed more forcefully in the work of Darwin is the extrapolation of the activities of ranchers and farmers to the phenomena of nature” (Sandín, 1997).

It is not the purpose of this paper to review the historical injustice done to those scientists who built the evolutionary scientific basis and began the studies of evolutionary mechanisms. But, it is important to briefly remember some facts. Darwin was not the “inventor” of evolution, neither the idea of evolutionary process was in the “air” before him. On the contrary, it was in a much more solid basis.

Jean Baptiste Pierre-Antoine de Monet, Chevallier de Lamarck, published the more structured Theory of Evolution in 1809 in his book Philosophie Zoologique. He was a disciple of Georges-Louis Leclerc, comte de Buffon and Professor of the Natural History Museum. In 1800, he gave a lecture exposing a coherent theory on the transformation and laid the foundations of epigenesis and organism-environment interaction derived from the mechanism of adaptation. Buffon was the author of an encyclopedia on nature, in 44 volumes (only 36 of them were published in life), the “Histoire naturelle, générale et particulière,” where he mentioned that the species observed were transformed and links between organisms. Frederic Gerard in “Theorie de l'evolution des formes organiques,” (1841–1849) exhibited a clear distinction between micro and macroevolution based on thorough paleontological studies. To these works are added those from Agassiz, Geoffroy Saint Hilaire (stating “teratologies” abrupt morphological changes that occur during the development), von Zittel, von Baer, Tremaux, who developed the “allopatric speciation” and “punctuated equilibrium long before Darwin and Gould” (Wilkins and Nelson, 2008), and others. The idea of evolution was known and studied among naturalists. Later, after receiving a letter from Wallace set forth the concept of natural selection independently, Darwin published his famous book “From Origin of Species by Means of Natural Selection, or the conservation of Favoured Races in the Struggle for Life.”

The idea of natural selection was noted by many philosophers and scientists before Darwin, from the ancient Greek philosophers Empedocles and Aristóteles (third and fourth centuries BC) to Edward Blyth (1810–1873) and Wallace. From 1835 to 1837, Blyth published some articles in The British Magazine of Natural History (Vols. 8, 9, and 10) dealing with natural selection, adaptive radiation, and the struggle for life. It is known that Darwin recieved copies of this magazine while in Peru in 1835 during his voyage on the Beagle. In 1750, the concept of natural selection was noted by Pierre-Louis Moreau de Maupertuis in his “Essay on Cosmology.” Also, it was defined by Denis Diderot (1713–1784), William Charles Wells (in an essay from 1813, “Two Essays … with Some Observations on the Causes of the Differences of color and form Between the white and black races of men. By the Late WC Wells … with a Memoir of His Life, written by himself”), Patrick Matthew (1790–1874) as well as by James Cowles Prichard and William Lawrence.

In the midst of industrial revolution, Darwin observed the growth of misery and poverty. He was influenced and linked to laissez faire policies, propelled by Adam Smith, who proposed the lowest state intervention (it was postulated, among others things, to stop creating schools) so as to “naturally” remove the homeless through a free competition. Gertrude Himmelfarb noted that Darwinism was a biological justification of the status of the victorian society as the “fittest”: “The theory of natural selection, it is said, could only have originated in England, because only laissez faire England provided the atomistic, egotistic mentality necessary to its conception. Only there could Darwin have blandly assumed that the basic unit was the individual, the basic instinct selfinterest, and the basic activity struggle. Spengler, describing the Origin as: “the application of economics to biology,” said that it reeked of the atmosphere of the English factory … natural selection arose … in England because it was a perfect expression of Victorian “greed-philosophy” of the capitalist ethic and Manchester economics” (1962, p. 418). In that place and time, there was a social predisposition for that kind of evolution theory.

History often tells us that Darwin found rejection in society of the time and among the church hierarchy. However, Darwin found great support among the most influential scientists and their ideas were welcomed by the X-club. This elite society of the time consisted of a group made among others by Joseph Dalton Hooker, Thomas Henry Huxley, John Lubbock, Herbert Spencer, who propelled Darwinian ideas and had remarkable power to control the Royal Society (Barton, 1998).

It is well known the discussion between Huxley, defender of Darwin, and the Bishop of Oxford, Wilberforce. While the church defended the fixity, that species did not change, they also questioned the weaknesses of Darwinian proposal, which assumed the transformation of species as a fact but without proof that it occurs by the proposed mechanisms. Wilberforce was right on some points: the first question, in the course of human history there was no evidence of any new species development. Secondly, the selective pressures, although it is true that they have an effect, they do not cause a change of species. Finally, the phenomenon of hybrid sterility was a strong evidence in favor of the fixity of species. Thus, this well known dispute raises a dichotomy that is useful to both dogmas nowadays. It is stating that any challenge to the Darwinian “science” is a “creationist” attack and avoids a scientific discussion about the weaknesses of Darwinism and a recognition that this is also a dogma. The really important issue is not the creationist critics, because this is faith, but the scientific criticisms and what we can do to build a more scientific evolutionary theory.

Since the inception of darwinist natural selection (the cornerstone of the dominant theory), the acclamation was not a unanimous reaction. Among the scientific criticisms received, we can mention those of Charles Darwin1, Adam Sedgwick, Aldous Huxley, Karl von Baer, Louis Agassiz, Richard Owen, Cherles Lyell, Richard Lewontin, St. George Mivart, Albert von Kölliker, Clémence Royer, Robert Peters, etc. This was, not because there was a naive resistant to the science from creationists, but Darwin's theory had huge gaps in its “pure state” and did not explain the complexities observed in organisms and it did not fit the fossil record available at the time (and less to the present). Therefore, from the beginning, this was a theory scientifically problematic (Abdalla, 2006).

The Discussion about Natural Selection

In Darwin's work, natural selection takes many forms and nuances. Darwin postulates this “mechanism” generator of new species in a scenario of continued competition. It also takes other definitions as a determinant of character preservation, general process, survival of the fittest, agent, power, cause of extinction, strength. The definitions given for this invisible arm is also varied and their use to explain it all leads to acquire a stunning conceptual flexibility (Cervantes, 2011a).

In words of Futuyma: “Natural selection is the only mechanism known to cause the evolution of adaptations, so many biologists would simply define an adaptation as a characteristic that has evolved by natural selection” and “any consistent difference in fitness among phenotypically different classes of biological entities” (Futuyma, 2009). We cannot define it as a mechanism, given that in a mechanism there are elements known and arranged to ensure a predictable performance. Furthermore, as natural selection would be the generator of species and the insurer of the survival of the fittest, it must also generate morphological novelties (Cervantes, 2011a).

For Dawkins “there is of course no ‘architect.’ The DNA instructions have been assembled by natural selection.” However, “Natural selection is not an external force or agent, and certainly not a purposeful one. It is a name for statistical differences in reproductive success among genes, organisms, or populations, and nothing more.” (Dawkins, 1976). But, “natural selection, i.e., survival and differential reproduction of organisms, is the main controlling agent of evolutionary change (Dobzhansky et al., 1977).

Also, Natural selection is at one and the same time a blind and creative process (Dobzhansky, 1973). The idea of selection implies a teleological residue. Selection implies intention since this term refers to a deliberate action of men. If we consider that natural selection is a process, we are allowed to associate it with any natural phenomenon, and we would be allocated for this purpose or intentional phenomenon. The phenomenon (evolution) is confused with the concept that seeks to explain (the selection) (Cervantes, 2011a,b).

Schluter (2009), who did not define natural selection, writes: “The main question today is how selection leads to speciation (…) what are the mechanisms of natural selection (…).” It is assumed that mechanisms of natural selection (that is not a mechanism) are not known. Even though it is generally accepted that natural selection could not only generate all species but also “drive” the evolution, i.e., the generation of new structures, the cause of appearance of the existing body systems.

At the same time, natural selection is a statistical difference, cause of adaptations, process, mechanism, the assembler of DNA, the agent that acts over DNA, the result of the adaptations (reproductive success once adapted to the environment), the difference in fitness, the result of that difference, the differential survival of entities. For Cervantes, it is a semantic ghost. A concept that is many things at the same time is probably nothing (Cervantes, 2011a). We can agree that everybody understands natural selection as survival and differential reproduction of organisms. However, the term refers both the causes as the effects and takes lot of nuances along literature. This indefiniteness made everything seem to be explained but nothing is explained actually. Everything leads us to confirm the existence of pliable natural selection with the existence of living organisms (survivors) and that they are adapted to their environment. That leaves us still at the starting point of evolutionary research.

Linguistic traps of Darwinism began in Darwin's work but continued through time and spread more confusion. During 70 s there was a discussion about the tautological nature of natural selection. Initially, natural selection claimed that in nature not only a few survive, but also that the fittest survive. That is, those that survive are the fittest to survive, because survival means that not all of them do it, surviving means ability to survive and they survive precisely because they are the fittest. It's a circular reasoning that does not represent any advance in knowledge. What any evolutionary theory should prove is what the laws of evolution are and do not say that the fittest survive. Peters argues that given its inability to make predictions it cannot be called a scientific theory (Peters, 1976). Natural selection is currently used to explain relationships among organisms, without being used in the context of the evolutionary process, i.e., major organizational, morphological, physiological changes and the origin of species. The core of the problem is that, despite the defenses that can be done in favor of natural selection, it does not add any knowledge or information to contribute to the explanation of the process.

From the point of view of the renowned philosopher and epistemologist Karl Popper the criterion of demarcation, i.e., a rule that defines when a theory is scientific or not, is its falsifiability. If a proposition is not falsifiable it is not scientific, and his rebuttal is determined by experimentation, the scientific method. As a tautology, natural selection is not falsifiable, and then, with this criterion, it is not a scientific theory (Popper, 1963).

For Ehrlich and Birch, in agreement with Popper, Darwinism “cannot be refuted by any possible observations and it is thus outside empirical science” (…). It is “an evolutionary dogma accepted by most of us as part of our training” (Ehrlich and Birch, 1967). A concept that was very vague from the beginning, in a text with little scientific rigor and a lot of ambiguity, was sustained over time and forced to fit the new discoveries.

Taking natural selection as correct, it can also lead to inconsistencies in the theory (Bouchard and Rosenberg, 2004). With knowledge of the complexity of the microbial world (natural selection arises from the observation of domestic animals) and the complexity revealed by genetics until today, the excessive eagerness to believe in natural selection is striking.

New Findings, Old Paradigm

Besides the semantic problems, another questionable aspect of the dominant theory is the important place occupied by random mutation. Mutation is not a solid explanation neither at levels of generation of new structures that constitutes the evolution nor in the generation of new species (Bernhard, 1967; Schützemberger, 1967). In Bacteria, mutation rates are subject to complex regulation that we are now just beginning to understand (Wright, 2000). Furthermore, bacterial populations tend to have low mutation rates which give stability to their genomes and avoid lethal mutations (Martinez et al., 2009a).

Darwinian reductionism in which everything is reduced to the sum of the parts leads to determinism according to which if we know the parts we can understand the whole. In this regard, it is believed that the complexity of life can be explained by the mechanical interaction of the fundamental molecules, mainly nucleic acids (DNA and RNA). For Abdalla, one of the facets of the potential crisis of paradigm in biology is related to this reflection on the complexity. The neo-Darwinian paradigm eventually leads to a reductionist approach that believes life is a result of localized phenomena in the DNA molecule, subjected to random changes and natural selection (Abdalla, 2006).

Throughout these decades several mechanisms and biological processes have been described that are difficult to frame within the Synthetic Theory: the mobile elements, repeat DNA sequences, the homeotic genes, regulatory sequences, the implication of endogens virus in the regulation and control of embryonic development, morphogenetic fields with incredible precision in the spatial and temporal process of the formation (Harrison, 1937; Weiss, 1939; Child, 1941). A lot of processes control cell functioning and self-regulate each other conforming complex networks, molecular memory, gene-gene communication, and multitasking of eukaryotic genomes (Ball, 2001; Mattick and Gagen, 2001). The evidence provided by evolutionary ontogeny, those provided by the fossil record, the “Evo-Devo,” the morphological novelties, horizontal transfer, the integration of genomes, the presence of a high percentage of bacterial and viral genes in eukaryotic genomes, the response to the environment and epigenetic phenomena, self-organizing systems are some of the aspects that constitute a body of knowledge that points out the limitations of the theory of competition, natural selection, and random mutations.

The evidence shows that genetic moving elements through changes in location and duplication, chromosomal rearrangements, cause changes in gene expression and regulation. These sequences also are a constituent part of the structures. For example, more than one gene sequence expressed in 37 human tissues have been identified as belonging to endogenous retroviruses (Johnson and Coffin, 1999; Mattick and Gagen, 2001; Vitali et al., 2003; Mallet et al., 2004; Hamilton, 2006). Furthermore, with the new discoveries, it is necessary to redefine gene, that is far away to be the gene in which it is sustained the Darwinist theory (Gerstein, 2007; Ledford, 2008; Buchanan et al., 2009). It is doubt the existance of the common ancestor (and the known domains Bacteria, Eukaria, and Archaea needs to be redefined Boyer et al., 2010).

The idea of natural selection is powerful because of being so simple. The embryological and genomic remodeling observed in evolution (Gilbert et al., 1996) seem not at all explained by the survival of the fittest (the less fit can also survive) and with that warlike scenario in which even the genes competes and where living beings are used by their own genes (Sandín, 1997).

Maybe, it is time “to resynthesize biology, put organism back into its environment; connect it again to its evolutionary past” (Woese, 2004).

Other Perspectives

Since there are basic facts of evolution that are the most difficult to “fit” in the framework of conventional theory, it is necesary to evaluate the explanatory power of the central dogma. The study of the dominant paradigm shortcomings in the light of the continuous discoveries involve sociological, biological, and epistemological aspects leading to a kind of Kuhnian revolution which other sciences such as physics have already experienced. On the contrary, in many reports the continuous discoveries are adjusted to the paradigm that the results contradict.

The Darwinian perspective does not take into account that reductionism leads to study living things, or partial aspects of them as if they were independent entities. Also it is common to refer that natural selection acts at “different levels,” and each character, molecule or process is explained (or assumed to be explained) by action of this strength/mechanism/differential reproduction/etc. Organisms clearly do not exist as isolated organisms but in terms of its environment consisting of living and non-living forms at different levels between which there are interconnections and interdependencies. Living organisms are in intense exchanges with their environment and are capable of self-organization forming a dynamic ecosystem. The interconnection of ecosystems constitutes a dynamic and self-regulating biosphere: the Net of Life (Sandín, 1997; Maturana and Varela, 1999). Even when these concepts appear to be well studied, it persists the intention to explain everything by a selfishness and warfare view (Nedelcu et al., 2011; Vannier-Santos and Lenzi, 2011) that does not take into account that organisms evolved intertwined and the coexistence is the result of what we are studying. As one example, Nedelcu et al. (2011) deal with the problem of altruism. The authors conclude that “active death in single-celled organisms is a maladaptive trait maintained as a byproduct of selection on pro-survival functions, but that could—under conditions in which kin/group selection can act—be co-opted into an altruistic trait” (Nedelcu et al., 2011). In this case, even when the authors are assuming that it is necessary a new paradigm, they just create new tortuous semantic traps and metaphors to explain by economical terms the phenomenon studied. A new theoretical basis is necessary a that takes into account the integrative and associative process that are observed in nature and the evolution of organism in association with their partners and the environment instead of maintaining economic prejudices and speculations that organisms live and exist thanks to cost-benefits and selfish transactions.

In the times of the origin of the theoretical basis of population genetics (basis of the “Theory Modern Synthetic”) the existing genetic knowledge about the processes and mechanisms were very limited. Although the concept of transmission characters according to Mendelian inheritance type was a simplification of some processes today we know that they are really much more complex (Buchanan et al., 2009). Evolution of life is a process of complex systems integrating to other systems, integrating higher levels (Kauffman, 1993; Margulis and Sagan, 1995; Johnson and Coffin, 1999; Doolittle, 2000; Gupta, 2000; Davidson and Erwin, 2006). The components of basic units of bacteria that would have all the processes and mechanisms of cellular life appear to have been preserved with very few changes along the evolutionary process. Viruses, by chromosomal integration mechanism, which would, either individually or through their combination, introduce new sequences responsible for controlling embryonic development of new tissues and organs, as well as regulating its operation. It seems that association and cooperation have been underrated in the biology that only sees a battle for life in nature.

Since the inception of natural selection and the Darwinian view of nature, the definition of life is skewed. Nowadays, the discover of giant viruses, mimivirus, the description of amoebae as genitors of new microorganisms, the attempt to understand the evolutionary history of eukaryotic Nucleocytoplasmic Large DNA Viruses (NCLDV), focuses the attention on the fundamental question of the definition of life (Raoult, 2010a).

The concept of autopoiesis was introduced by Humberto Maturana and Francisco Varela (Varela et al., 1974). It considers a living system as a dynamic composite entity, a unity as a closed network of productions of components in away through their interactions in composition and decomposition, the components: (1) recursively constituted the same network of production that produced them, and (2) specify the extension of the network and constitute operational boundaries that separate it as a dynamic unity in a space defined by elements of the kind of those that compose it. It is an autopoietic system (Maturana, 2002). The word autopoiesis connotes the organization of living systems as closed networks of molecular production. Living systems exist only as long as their autopoietic organization is conserved. “Autopoiesis is the actual manner of being as the organization that constitutes living systems as singular entities in the molecular space” (Maturana, 2002).

Structural changes in the living system are foreign to the characterization of an observer and external or internal, but they occur contingent on structural meeting with the environment. In forming a lineage of living beings, what defines the lineage is the maintenance of autopoiesis over generations. For Maturana, biodiversity is the result of the formation and transformation of lineages in a continuous phylogenetic coderiva. That is, during the continuity of a lineage of living beings, an ontogenic phenotype is conserved in a reproductive sequence. This occurs in a systemic dynamics and not in a genetic one. The systemic genotype may change but the lineage may be kept. The new lineage will emerge, depending on the conditions that are systemic to this effect, as a variant of the original whenever the new ontogenic phenotype is preserved systemically (Maturana and Mpodozis, 1999). A system, facing a profound environmental change, may respond with a structural quantum leap or collapsing (general theory of systems). Organisms arise due to a structural dynamics independent of them. Nothing happens during this diversification that can be called selective force or pressure. An observer may notice a differential survival of different kinds of organisms that constitute a population (we can remember the dubious experiment of the peppered moth), but the observer cannot affirm that what led to this survival differential was a selection. This historic result from the phylogenetic deriva is the consequence of a systemic process in which there is no “pressure.” To the extent that living beings are autopoietic systems that exist in ontogenic structural coderiva and breed in conditions of conservation of organization and adapt or die, producing lineages and ontogenetic phenotypic variations, are spontaneous and inevitable processes (Maturana and Mpodozis, 1999).

To this holistic new perspective, it is possible to enumerate different topics in which the results interpreted within the Darwinist preconceptions arise other interpretations that allow a better assessment of the facts observed.

Antibiotics

Antibiotics, which are the main molecules used by microorgamisms as weapons in the Darwinian view, are now re-studied as molecular signals (Linares et al., 2006; Fajardo and Martínez, 2008; Jayaraman, 2009).

It is known that subminimal inhibitory concentrations of antibiotics could produce subtle changes in bacterial physiology. The behavior of the bacterial population is an integrated response to different cell-to-cell signals (Martinez et al., 2009a). At concentrations found naturally in the environment where the organism lives as producer, the main effects are general metabolism, changing patterns of transcription in a dose-dependent (Tsui et al., 2004; Yim et al., 2006a,b; Fajardo and Martínez, 2008; Martinez et al., 2009a). Also, some of these changes are antibiotic-specific. Antibiotics that inhibit bacterial topoisomerases might, at low concentrations, trigger SOS response or enhance RNA stability and produce changes in DNA supercoiling (Linares et al., 2006), responses that are beneficial for the microorgamisms involved (Linares et al., 2006; Martinez et al., 2009a).

Under the traditional view, the generation of resistance to antibiotics used in clinical medicine would be an evolutionary strategy of pathogenic microorganisms, calling these resistance mechanisms as pathogenicity or virulence factors. The limited interpretation of antibiotics as weapons results in misinterpretation of resistance mechanisms as specific shields that confer the protection against the weapons. This is the implicit belief of many reports related to this topic but the mechanisms involved in this resistance are more complex and they are being elucidated.

Alternative functional roles for resistance elements are now being proposed. Firstly, the presence of an antibiotic resistance gene does not necessarily imply that its original role was to help resist the action of the antibiotic (Martinez et al., 2009a). Also, the incidence of bacteria carrying multidrug resistance (MDR) pumps is not limited to environments with a high antibiotic load. Pumps that extrude antibiotics instead of being “bacterial strategies” against humans appear to have the function of detoxification of intracellular antibiotics rather than resistance to external ones (Martinez et al., 2009b). Furthermore, it is necessary to remark that some of these MDR pumps can efflux signal compounds indicating that signaling networks may be important in triggering antibiotic resistance (Martinez et al., 2009a). In many cases, the expressions of MDR pumps are related in regulating Quorum Sensing homeostasis (Martinez et al., 2009b).

Microbial cell-signaling is a result of an integrated system, interrelated ecosystem that it is far away of be weapons against their neighbors. Horizontal gene tansfer (HGT) is related to developing of competence and these both processes could be triggered by agressive and stressing conditions. High (toxic and stressing) concentrations of antibiotics (that are rarely found in nature) are the consequence of human activity. This artificial selection results in the disseminationan of resistance by HGT (for example, the spread of integrons). This process (that the traditional dogma could called “exaptation”) is a result of the antropogenic activity and the complex mechanisms involved demonstrate that these interrelated process change against a stressful condition to restore the homeostasis of the whole system.

Antibiotics are produced in normal conditions in nature by microorganisms that are in a physiological state similar to what in the laboratory is called stationary phase. At these levels these molecules are signals that mantain the homeostasis. This state (so-called “stress”) triggers a signal and those genes related to resistance genes are activated, acting as extrusion of the signal molecules. In the case of other mechanism of resistence that involves enzymatic modification of antibiotics, implies the synthesis of enzymes that have a metabolic function primarily as precursors phosphorylate “antibiotic.”

Bacteriocins

Bacteriocins are defined as antimicrobial proteinaceous compounds synthesized ribosomally by bacteria (Diep and Nes, 2002). Even though authors report that the ecological function of these peptides is not yet fully understood, they decide that bacteriocins represent an important component of the warfare in nature (Riley, 1998; Gillor et al., 2008; Desriac et al., 2010). However, this is a limited interpretation since it is a directional result of an experiment that is searching for inhibition. And this function, in great amount, is assumed as the ecological function.

Bacteriocins are defined only by a partial and forced effect while their role in the microbial ecology context is forgotten. But, a look to the reports related to bacteriocins reflect their function as signals in a more complex context that the darwinian view of bacterial compounds as weapons in the fight between microbial competitors for colonizing of the same niche (Riley, 1998; Riley and Wertz, 2002; Desriac et al., 2010). The evaluation, and screening of bacteriocins is achieved in a “five stars restaurant” of a broth in lab, and we obtain great amount of bacteriocins that are used to inhibit the growth of another strain. Subclass IIa bacteriocins, for example, recognize mannose phosphotransferase system in the membrane of producer and “target” strains. Different strains display different expression levels of a man-PTS gene that corresponded to the variation in bacteriocin sensitivity (Kjos et al., 2009). These peptides act as signals among cells of a species and could interact with their environment, that is, abiotic and biotic factors around (Perry et al., 2009a,b). The bacteria and other organisms respond and send other signal to the bacteriocin producer. As with antibiotics, the search for bacteriocins were performed in order to obtain inhibitors, and many researchers tend to consider that microbes use them with the same function (Cotter et al., 2005; Papagianni and Anastasiadou, 2009). This is allegorical, because the obsessive behavior to produce profitability replaces the study of the phenomenon itself. As the essence of Darwinism was born in liberal trade and prejudices are so ingrained, it is easy to fall into confusion and move an ideology and human behavior to nature.

Viruses

A key aspect is the role of viruses in evolution (Rohwer et al., 2009). Viruses have acquired a new interpretation based on their capacity to insert genomes in cells and they are recognized as a macroorganism with a huge collection of genes, most unknown that constitute the major planet's gene pool. The continuing sequenciation of phages and virus is a way to the unknown (Rosario et al., 2009). Continued virus gene rearrangements derived from virus particles have formed a mosaic gene that underlies the creation of new structures and the generation of new species (Tristem et al., 1995; Johnson and Coffin, 1999; Tristem, 2000; Casjens, 2003; Johnson, 2008).

Genomes of all living organisms are mosaic of genes. Eukariotyc genome has genes from bacterial, archaeal and viral origins. Similarly, organelles like mitochondria do not have a single common ancestor but likely have numerous ancestors, including proto-Rickettsiales, proto-Rhizobiales, and proto-Alphaproteobacteria, as well as current alphaproteobacterial species (Georgiades and Raoult, 2011). Lateral Gene Transfer among intracellular bacteria allows the gene exchange between phylogenetically very different bacteria (Saisongkorh et al., 2010). The representation of the evolutionary pathway as a tree leading to a single common ancestor is incorrect and obsolete. Raoult suggests that the evolution of species looks much more like a rhizome (Raoult, 2010b). The evolutionary history of intracellular bacteria Rickettsia felis and mitochondria from Reclinomonas americana, Homo sapiens, Pediculus humanus, and Saccharomyces cerevisiae were represented in the form of a rhizome (Georgiades and Raoult, 2011; Merhej et al., 2011). It was also affirmed that “the tree of life is not sufficient to explain the chimeric structure of current genomes, and the theory of a single common ancestor and a top-down tree does not reflect our current state of knowledge” (Georgiades and Raoult, 2011). The integration of complex systems (von Bertalanffy, 1950) is an alternative to build a strong theoretical framework more adjust to facts and recent discoveries, since the recent comprehension of genome complexity it is not possible to be explained by a tautology of natural selection and random mutation.

Organisms arise from the integration of complex systems into one another. In these processes viruses play a fundamental role since their sequences are capable of integrating into the genomes in an “infective” way and become an essential part of multicellular organisms. There is evidence that viral sequences in the genome of complex organisms have content with “biological sense” i.e., appear as part of normal life processes, and have a serious role of carrier elements of complex genetic information (Sandín, 1997; Mattick and Gagen, 2001; Vitali et al., 2003; Mallet et al., 2004; Hamilton, 2006; Hunter, 2008; Forterre, 2010). The simultaneous sequence integration in several individuals (i.e., the integration of a complex system within another) changes radically not only the process and the identity of character-creating agent, but also the meaning of this process. These sequences are involved in regulating gene expression or codifying very similar proteins in different animal groups (Medstrand and Mag, 1998; Mi et al., 2000; Villareal and De Filippis, 2000; Jamain et al., 2001). In addition, there are clear differences between the endogenous retroviral populations (ERVs) of reptiles, birds, and mammals (Tristem et al., 1995) and between primate specific (Johnson and Coffin, 1999), which implies specificity in functional sequences.

A comparative study of virome, the viral community associated with human hosts, from cystic fibrosis and non-cystic fibrosis individuals host have revealed that disease and and non-diseased states are defined by metabolism and not by taxonomy. The non-diseased airway virome contains a set of shared core metabolic functions, which deviate strongly in the face of chronic disease (Willner et al., 2009). This represents that integration of viruses goes beyond the genetic record level but also at individual levels with great importance in metabolic processes and the adaptation of the host.

The presence of viral genome in a big percentage in prokaryotes and eukaryotes and their essential roles is a common phenomenon that highlights the great evolutionary importance. For instance, the action and expression of a gene derived from an ERV allows the formation of placenta in mammals (Mallet et al., 2004). The virus and ERVs are implicated in the most of the adaptative mutations in the last 500 millions of years. Retrotransposons have been identified involved in the regulation of genes related to the histocompatibility (McDonald, 1995), with expression in tissues of different tetra1-alphaglobulins human (Kim et al., 1989) as well as in other mammals and invertebrates (Dnig and Lipshitz, 1994).

In bacterial cells, viruses are related to the generation of microcompartiments (Yeates et al., 2007) where they have regulatory and structural functions. Organelles as carboxisoma consist of thousands of protein subunits assembled in a viral-like structure or scaffold (Kerfeld et al., 2005) and genes that codify it are present in both autotrophic and heterotrophic bacteria. They are also found in bacteria considered pathogenic. The insertive nature of virus fits these observations. These findings would not be so “mysterious” if one could think from another perspective. However, the only interest seems to be, again, developing a strategy to fight against bacteria (Yeates et al., 2007). Integrative capacities of the virus added to their great genetic diversity of this extraordinary gene pool (Bruüssow and Hendrix, 2002) (>1030 tailed phages in the biosphere) constitutes an opportunity to strengthen the observation of its role in the evolutionary process. The authors remark that “micro-compartments could have evolved by divergent evolution with bacteria ‘capturing’ a virus and using both its genes and structural features for its own ends.” Under this teleological explanation it seems that selfishness of nucleotide sequences and bacteria (which are sometimes selfish, sometimes exploited, sometimes exploitative) lead them in some remote past to capture and exploit virus. But scientific evidence can ensure that the demonstrated ability of the virus to insert itself into chromosomes (integrating complex systems) is what allowed the structural, morphological change, in this case is the appearance of a carboxisoma. The structural changes that imply evolution and the mechanisms are viral insertion that permits an evolutionary quantum leap.

Microbiome and Hologenome

Microbiome is the collective genome of our indigenous microbes (microbiota). The term also applies as a synonym of microbiota since “biome” refers to “ecosystems” in ecology (Lederberg and McCray, 2001; Dominguez-Bello and Blaser, 2008). Gut microbiome is taxonomically complex, it constitutes an ecologically dynamic community and it influences development, maturation, regulation (stimulation and suppression) of the immune system (Mazmanian et al., 2005; Smits et al., 2005; Hattori and Taylor, 2009; Mai and Draganov, 2009; Kau et al., 2011). Microorganisms have also been implicated in vitamin production, digestion, energy homeostasis, integrity of intestinal barrier, and angiogenesis in the human body (Dominguez-Bello and Blaser, 2008; Kau et al., 2011; Rosenberg and Zilber-Rosenberg, 2011; Slonczewski and Foster, 2011). Works with gnotobiotic mice (also known as germ-free mice, i.e., mice that are born in aseptic conditions and reared in a sterile or microbially controlled laboratory environment) demonstrate that the painstaking separation of a mammal from its associated microbiome results in an underdeveloped immune system, longer digestion times, and lower metabolic rates than those that have been normally colonized (Wostmann, 1981). Alterations of this microbiome could potentially affect human health and promote disease state or disbiosis (Rogler, 2010).

Either by cell number or by genome size the microbiota outnumbers their host. The hologenome theory considers that the holobiont, an organism and all of its associated symbiotic microbes, including parasites, mutualists, synergists, and amensalists as a result of symbiopoiesis, or codevelopment of the host and symbiont (Margulis and Fester, 1991; Rohwer et al., 2009; Gilbert et al., 2010; Rosenberg and Zilber-Rosenberg, 2011). This evolutionary approach that considers any organism as a result of integration with microorganisms has many implications and it is related to the Bioma Depletion Theory (also called “hygiene hypothesis”) that considers that humans (and all mammals) and their microbiome evolved as a “superorganism” (Kinross et al., 2008; Rook, 2009). The immune system can be seen as having evolved as an interface with symbiotic organisms more than as a defense against invading organisms. The widely appreciated medical care in combination with technology, increased the occurence of allergic disorders, autoimmune diseases, and left us an over-reactive immune response caused by a loss and separation of our partners, our microbiome that normally interact with our immune system (Figure 1) (Garn and Renz, 2007; Kau et al., 2011). These partners involve not only the commensal bacteria, but metazoans “parasites” and millions of virus. Bacteria comprising the microbiome have mobile elements that include plasmids, transposons, integrons, bacteriophages (Jones, 2010) that constitute the mobilome (Siefert, 2009). This genetic pool and the HGT within the microbiome is a key factor of the microbiome activity and constitute the dynamic response to the environment leading to the adaptation of the holobiont. It fuels the adaptive potential of the whole holobiont (Figure 1). The metabolism of microbiome and the host are intertwined constituting an integrated organism. In multicellular eukaryotes, transposition, genome reorganizations, retrovirus extrusion, or insertion, etc., must be taking place in the germ line to result in a structural or metabolic change. Somatic cells have an intragenomic dynamics in response to environmental conditions.
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Figure 1. The Integration of Complex Systems considers that any superorganism or holobiont is the result of integration of pre-existing systems. Mobile elements or “mobilome” respond to the environmental factors with dynamic movement between genomes that constitutes a key mechanism for metabolic and structural changes on microbiome. The metabolism of microbiome and the host are intertwined constituting an integrated organism. The medical care, use of antibiotics, technology, and western way of life, resulted in a change and lost of our microbiome and an increased occurence of autoimmune and metabolic diseases that are related with an immune disbalance.



Vannier-Santos and Lenzi (2011) explain that taking into account that organisms identified as “parasites” are almost the 80% of known species and considering that all the theoretical explanation obtained are based in just a little part of the total organisms that exist (Windsor, 1998), we can refer to parasites as cohabitants, since the association drives the evolution and existence of the organisms (Vannier-Santos and Lenzi, 2011). Microbes, helmints, that normally are understood as parasites have cohabited with their host and they are even greater than the host. If nature is a continuous battle, bacteria and parasites should have won a long time ago. Considering that Life exists as a net, as a process (Maturana and Varela, 1999) it is possible to say that no organism is a free-living specie in sensu stricto.

The host and its symbiotic microbiota with its hologenome, acts in cooperation (that becomes cooperation a priority instead of competition) and suggests that it should be considered a unit of selection in evolution (Zilber Rosenberg and Rosenberg, 2008). Even when the authors remark that the theory is in agreement with Darwinism, the hologenome theory represents a holistic approach that considers each specie or organism as a result of an integration and this is a mechanism that is observed at every level of nature: integration of virus, endosymbiotic relationships, and holobionts. This paradigm (like symbiogenesis from Merenchovzky and Margulis) contrasts the observable facts in nature against the individualistic, selfish, and economist conception of Darwinism.

The hologenome theory and these holistic approaches are in agreement with the autopoiesis concept of Maturana and Varela (Varela et al., 1974; Maturana and Varela, 1999; Maturana, 2002) and it could be interpreted as a continuity of the Lynn Margulis endosymbiotic theory (Margulis and Fester, 1991): the existence of each organism is the consequence of integration of pre-existing organisms. The genome of each organism is the result of combination of bacterial, virus, and eukaryotic DNA. Finally, the organism is the result of the interaction of their own genome with the genome of the microbiota (the hologenome), and their metabolism was and are intertwined (as a “superorganism”) along evolution (Zilber Rosenberg and Rosenberg, 2008; Gazla and Carracedo, 2009; Kau et al., 2011; Tilg and Kaser, 2011; Vannier-Santos and Lenzi, 2011) (Figure 1).

Conclusion

We cannot ignore that competition exists, but giving it a creative sense, as an evolutionary engine is an overestimation. Darwin based his theory on economic thoughts of liberal trade put forward by Adam Smith and also the theories of Malthus and Spencer (Weikart, 2009). To this, he added the projection of social and cultural values and worldview of their own time on Nature. Thus, an economic system (and an ideology) was projected on nature. Everything is understood according to cost-benefit and organisms are in a warfare where they are exploiting each other, they produce “weapons,” they have social dilemmas and cooperation is a consequence of a “mafia strategy” (Dawkins, 1976; Nogueira et al., 2009).

Natural selection is a linguistic trap. It has many definitions and nuances along the literature and just adds more confusion to the interpretations of facts. It appears that many biologists seem to be unaware that in their anti-creationism, they have replaced one dogma for another, the dogma of the all-powerful natural selection to which they cling with so much faith.

In order to fit the continuous discoveries innumerable metaphors were created, based mainly on economic relations of society (Ball, 2011). Nowadays, the abuse of “personification” (for example, speaking of selfish genes) and metaphors to explain the components and phenomena of nature are common (Ball, 2011). Many hypotheses, concepts and terms that were purely speculative became unquestioned concepts which were welded to the scientific language. They were used systematically to explain everything. The abuse of terms such as competition between proteins and between genes, the selection pressure, fitness, cost-benefit ratios, arsenal, weapons, war, exploitation, self-serving punishment, coercive strategies, mafia, policing (Boyd, 2006; Cant and Johnstone, 2006; Lehmann and Keller, 2006), the destruction of others, the “problem” of altruism, and many others expressions that attempt to explain the relationships between organisms, denote a continuation of a theory with an important ideological basis and a lot of subjective and moral categorizations. Even when a metaphor clearly based on market could be used to explain a relationship between organisms, it assumes as true that life follows the capitalism rules. They are antropocentric projections of dogmas and social economic models.

The data shows us that integration of complex systems into other complex systems as a result of a property of life: autopoiesis (Varela et al., 1974) is a priority instead of competition as the engine of evolution, stressing the importance of self-organization and symbiosis. Integration is a pattern that it is observed at every level: virus and phages “living” in an intracellular state, where they participate actively in the metabolism and in the plasticity of the genome, bacteria forming complex populations, bacteria living inside eucariotic hosts while existing metabolic and genomic exchanges, bacteria and “parasites” have cohabited for thousands of years with their host/cohabitant and co-evolving constituting an holobiont with deep and complex metabolic intertwined. Integration, partnership, symbiosis, viral insertion, etc., are mechanisms that cause evolutionary steps. A change in the approach and the appraisement of these processes will have no need for twisted excuses to explain the “strange phenomenon” of cooperation.

Viruses and bacteria share the double condition of pathogen and the basic unit of life. They have been fundamental in the origin of complex living beings. Their “negative” aspect would be the result of some factor breaking the natural balance of its activities (release of endogenous virus particles, expression of virulence genes) (Gabus et al., 2001; Kho et al., 2004; Seifarth et al., 2005).

Holistic perspectives are emerging strongly based on experimental data but a stride is still necessary to remove of our biological language, many metaphors and prejudices based on market theories that do not reflect what actually occurs in nature. Gaining a comprehensive understanding of the human being as an organism resulting from the integration of systems and understanding the processes of life within the framework of Systems Theory (von Bertalanffy, 1950) can make a better approach to the pathologies that result from the imbalance of our biome.

The presented new interpretations of different facts and discoveries are just a few examples that could be enumerated, but only a deeper interdisciplinary work can go further in the development of a new perspective on the theoretical foundations of evolutionary theory. Autopoiesis, symbiopoiesis, and evolution of biological systems by integration of complex systems are emergent theories that take into account facts and biological properties instead of economical transactions and are plausible explanations to understand biological diversity and evolutionary process. This could make possible more accurate interpretations of biological processes as well as a new perception and attitude toward nature. It is necessary that biology allow the emergence of other points of view and alternative analysis, otherwise it is a dogmatic discipline of unique thinking and with a great deal of faith.
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Footnotes

1“I admit … that in the earlier editions of my Origin of Species I probably attributed too much to the action of natural descent of the survival of the fittest.” —Charles Darwin, The Descent of Man, Vol. 1 (1871 1st ed.), p. 152.
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Knowledge in microbiology is reaching an extreme level of diversification and complexity, which paradoxically results in a strong reduction in the intelligibility of microbial life. In our days, the “score of life” metaphor is more accurate to express the complexity of living systems than the classic “book of life.” Music and life can be represented at lower hierarchical levels by music scores and genomic sequences, and such representations have a generational influence in the reproduction of music and life. If music can be considered as a representation of life, such representation remains as unthinkable as life itself. The analysis of scores and genomic sequences might provide mechanistic, phylogenetic, and evolutionary insights into music and life, but not about their real dynamics and nature, which is still maintained unthinkable, as was proposed by Wittgenstein. As complex systems, life or music is composed by thinkable and only showable parts, and a strategy of half-thinking, half-seeing is needed to expand knowledge. Complex models for complex systems, based on experiences on trans-hierarchical integrations, should be developed in order to provide a mixture of legibility and imageability of biological processes, which should lead to higher levels of intelligibility of microbial life.
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Introduction

Life is a highly complex system, including the most complex objects in the known universe (Bedau, 1996). The genomics revolution has catapulted molecular biology, and particularly microbiology (Westerhoff and Palsson, 2004), into the realms of systems biology approaches to complex systems. Such a trend was based on the growing compelling intuition of the need of scaling-up molecular biology, in a new age of synthesis requiring formal integrative tools (Baquero, 2004, 2009). Biochemistry and lately Molecular Biology have shown that certain distinctive carbon-based macromolecules play a crucial role in the vital processes of all known living entities, but life seems to be more in the nature of a process (Bedau, 1996). The epistemological problem is how to cross the gap transitions between successive levels of understanding that corresponds to the different hierarchical levels of the complex system of life. Microbiologists are the best positioned scientists to respond to such a challenge, as they are familiar with “multiple-levels biology,” dealing simultaneously with microbial collectives and collective genomes, as in metagenomics (Moya et al., 2012), cell-to-cell interactions (including pathogenesis, Desnues et al., 2010), the flowing biology of sub-cellular mobile genetic elements (Beiko et al., 2005) and finally with the wealth of gene-gene epistatic interactions (Babu et al., 2009).

Microbial communities, species, clones, plasmids, transposons, integrons, and genes are evolutionary individuals tracing their evolutionary trajectories at different hierarchical levels (Baquero, 2011). Such trans-hierarchical network-like complexity simply eliminates the possibility of identification of simple causal structures, if they ever exist out of our ways of representation (Schrodinger, 1957). The hope of a simple answer to the classic Baconian question in science “What is the cause of … ” has no sense any more, and in fact the complex structure of biological processes constitute the major challenge for Biological Theory (Callebaut and Laubichler, 2007).

The challenge is not only to deal with quantitative integration of elements across these major hierarchical transitions in microbiology, or in biology at large (Maynard Smith and Szathmáry, 1997), but to eventually discover general principles of microbial life rather of just keep on descriptions (Westerhoff and Palsson, 2004). Such scaling-up process of understanding resembles the escalation from the forms of a language (as lexical or syntactic) toward its meaning (semantics) (Steels, 2004, 2010; Rosen, 2004). Interestingly, the trade-off between these hierarchical levels in a shared world has been defined as intelligibility in linguistic theory (Komarova and Niyogi, 2004). In his primary sense, the word intelligibility reflects the possibility of such a trans-hierarchical understanding. St. Thomas even derives the Latin word intelligere from intus legere, or “reading into”; even if the origin were inter legere, the term stresses the need of reading beyond the words and sentences, in another cognitive dimension, to reach the meaning. Accordingly to the Cato's classic sentence, “legere, et non intelligere, neglegere est,” that is, “as good not read, as not to understand.” In this work, we use the word “intelligibility” as the construction of meaningful (thinkable) models in response to the assimilation of knowledge (clear-and-distinct or fuzzy), and able to reflect to a certain extent the reality of complex natural systems, as those which are the objects of biological sciences. The conversion of data into knowledge constitutes a great challenge for future biological research (Brenner, 2010). In fact intelligibility is a prerequisite to developing modern biology grounded on a sound epistemology (Dougherty and Bittner, 2010). “Legere, et non intelligere, neglegere est”. Two thousand years after Cato, Albert Einstein formulated essentially the same idea: “Science without epistemology is—insofar as it is thinkable at all—primitive and muddled” (Einstein, 1949).

Metaphors are frequently used by scientists as “non-logic” epistemological aids to think about reality (De Man, 1978). Biologists have long made use of linguistic metaphors in describing and naming cellular processes, and in particular involving from DNA as language to genome as a “book of life.” The current questions are: (1) if these apparently immediate analogies might result in a deeper possibility of analysis of genetic-genomic structures using methods that have been developed in linguistic research; and (2) if such an analysis will enable to understand the general principles and processes of life, and even (not entering here again in the universal's problem) life itself as a intelligible entity.

The image of genome as a “book of life” has attracted popular imagination, but it is obvious that the knowledge of the entire genomic sequence of Haemophilus influenzae (Fleischmann et al., 1995) or Homo sapiens (McPherson et al., 2001; International Human Genome Sequencing Con-sortium, 2004) has not resulted in a much deeper understanding of the “life” clues of these organisms. This occurs not only because of our gaps in understanding the function of all genes and the complexities of regulatory and epigenetic interactions between genes and other meaningful sequences. Probably the human way of reading a text is simpler than the cell way of reading. Human language texts are read in one way only, sequentially and involving all characters. Genetic texts are “read” by cellular mechanisms in several different ways, each time using a different selection of the characters of the same text while skipping others. Indeed the “score of life” could be a better image of the genomic language. A score is a series of staves on which all the different instrumental and/or vocal parts of a musical work are written, one under the other in vertical alignment, so that the parts may be read simultaneously.

But in this report we consider there exist even bigger difficulties to predict how relevant is deciphering the language of genes, the “book of life.” One key epistemological problem is to discuss about our ability to clarify the possible relations between the structure of a possible language (genetic and genomic sequences) and the characteristics of life of particular organisms, which seem to be determined by this language. Obviously this is a problem of reductionism (Wimsatt, 1976)—might the understanding of life be reduced to the understanding of the genetic-genomic language?

In the way of thinking of Ludwig Wittgenstein, and even more sharply in his friend and commenter, Moritz Schlick (Schlick, 1936), the meaning of the word “life” can only be shown, not understood and consequently not clearly expressed in propositions. It might sound paradoxical to attach to this statement in the age of glory of genomics, proteomics, and metabolomics. Life is a fact that can be shown (but not defined by) as something like a moving and loosely integrated complex of contingent structures, each one of them (and the complex itself) tending to be sequentially replaced by similar forms, and displaying various degrees of changes in variability and complexity both during almost instantaneous and long-term periods of time. Note that because we are here only showing life, this description does not assure that we are not confronted with non-living structures with similar properties, and certainly that any notion of progress or purposiveness cannot be considered here. Nevertheless, as the human observers, we are not neutral in the process of selecting what we would like to show, as frequently we are confronted with a non-descriptible feeling of sharing a common quality (“animation?”) with what we tend to show as living things.

The “Score of Life” Metaphor

The Ludwig Wittgenstein's “Tractatus logico-philosophicus,” published in English in 1922 under the guidance of Bertrand Russell, is widely recognized as one of the main post-kantian approaches devoted to explore the possibilities of human knowledge of natural world (Wittgenstein, 1921). In its theorem 4.0141, Wittgenstein compares music scores and gramophone (DVDs, in our times) with music.

4.0141

                 In the fact that there is a general rule by which the musician is able
                 to read the symphony out of the score, and that there is a rule by which one
                 could reconstruct the symphony from the line on a gramophone record and from
                 this again—by means of the first rule—construct the score, herein lies
                 the internal similarity between these things which at first sight seem to be entirely
                 different. And the rule is the law of projection which projects the symphony into the
                 language of the musical score. It is the rule of translation of this language
                 into the language of the gramophone record.

The order and qualities of the musical notes in the score, the grooves' irregularities in the gramophone record, in summary, the “language” from which music might be reproduced, is not music, but has an internal similarity with music. Much longer before the discovery of the genetic code, the Wittgenstein's theorem 4.0141 recalls the main structural feature of living organisms. The process of reading the score (genetic language), produces music (life); conversely, music can be converted, translated, by a “law of projection” into a musical score, and from this again music might be reconstructed. Without internal similarities, these transitions between series of objects “that at first sight seem to be entirely different” should be simply impossible.

Interestingly in music, as in life, the description of “what is said” beyond the individual sounds is obscure. As the classic question of Erwin Schrodinger what is Life? The question: what is Music? refuses precise answers. No propositions are transmitted by music to describe clear and distinct facts, able to be thought (logically considered) by human mind. There is, as in genetics, a certain “arithmetic order” of notes that is required to produce obscure final effects. In Leibnitz words: “exercitium arithmeticae occultum nesciendis se numere animi” (Leibnitii epistolae, collectio Kortholdi, ep. 154), that is, music is as an unconscious arithmetic's exercise in which mind do not know what is being counted.

Maybe one of the difficulties of thinking life using linguistic structures is the fluid, dynamic nature of life. Languages, music score or genetic-genomic sequences, are essentially static. A book, or a musical score, or a genome sequence can be indefinitely stored without any alteration, and even more, without producing any effect (except covering a small parcel of physical space). On the contrary, speech, music, or life, are essentially dynamic; without movement they ceases existing. The fact that linguistic structures “contain” potential dynamicity does not make them dynamic at all; indeed they are practically nothing by themselves. The key-fact is that between languages and dynamic phenomena an interpretative intermediary should be interposed. The music score gives rise to music only if interpreters are available, musicians (four in a string quartet) able to read the language and converting it into sounds. Indeed a music score has an ordered internal structure, for instance following the rules of harmony, but, at first sight, we could conclude that in the absence of correct interpretation, a music score cannot be differentiated from a random sequence of notes.

Let us now imagine an out-of-Earth scientist examining a music score. He has no idea about notes, instruments, or sounds, even about the existence of music at all. Probably he will be able to differentiate a music score from a random sequence of notes. Some notations (notes) are preferentially linked to other ones, some conserved and iterated sequences are recognizable, the role of black and white notes seems not identical, some occur more frequently than others when accompanying the name a particular instrument (unknown). The note's frequency per decimeter of score apparently depends on some mysterious words at the margin as “Andante scherzoso quasi alegretto,” that nevertheless might provide a “living equivalent.” He could conclude that the musical score has a linguistic structure, potentially leading to an unknown type of dynamic behavior. If the out-of-Earth scientist could had access to a high number of different scores, he could even trace different schools, authors, influences, even a history of this unknown language—and probably he will not be much far from reality. In summary, an analytical “science” of this language could be built, and that in the total absence of knowledge about the nature of music.

Now note that the mirror process of analysis is also possible. In that case our second out-of-Earth scientist is observing the performance of a music group playing the Schubert's Piano Trio in B flat, D. 898. Unfortunately, he does not know about the existence of music, as he is unable to hear any sound, but he is able to distinguish the keys, bows, and strings of the different instruments and he can precisely record any movement of the player's arms and fingers on these structures. A representation of these movements during time should produce something similar to the musical score of the Piano Trio. Indeed the precise record of these movements might substitute the musical score, and when applied to the instruments should reproduce the music. As in the previous case, a collection of this type of records could lead to tracing schools or authors, or a history, or even a science of this language—without knowing what music is at all.

But we can also conceive a third out-of-Earth scientist, able to hear the sounds and to correlate them with the instruments and the movements of the players. It might well happen that the scientist could perceive the separate sounds, but he is either unable to link them in his mind as significant ensembles (melodies), or the sounds are so different in his brain than in ours, that our harmony is totally useless for his sensibility, and out of any esthetical possibility. As in the previous cases, this scientist could be able to study the history of music, without understanding at all what music is.

The essential is to discuss if a particular sequence of written musical notations, or sounds, or hands and finger movements, has only the meaning of “music” when understood by a particular type of sensibility. Even more: we can replace the “out-of-Earth” scientists by musicians, which will be able to reproduce the music without knowing anything about its nature, and without experimenting any of the effects that music might cause in the appropriate sensibility. They are in a “Chinese room” situation, in which the (considered to be intelligent) intermediate within the closed room receives below the door messages in an unknown language, but accordingly to a set of rules, he is able to produce responses in the same unknown language (Searle, 1984). It is obvious that the music score, or the genome sequence, is totally unaware of its function in the process of life, and the same is true for other possible intermediaries, for instance, involved in protein translation. In the words of Sydney Brenner, “genomes do not contain in any explicit form anything at a higher level than genes” (Brenner, 1999), or, paraphrasing Leibnitz when describing monads, “genomes do not have windows.”

Therefore, neither from the outside, in which life can only be shown (and even that, without certitude), nor from the inside (life is invisible for life-determining structures), life seems to be thinkable. “We feel that even if all possible scientific questions be answered, the problems of life have still not been touched at all. Of course there is then no question left and just this is the answer” (Theorem 6.52). In other words, the answer is that to ask ourselves for the meaning of life is a false question, that is, there is nothing to think about. “For an answer which cannot be expressed the question too cannot be expressed” (6.5). And, as stated in the last sentence of the Tractatus, “Where of one cannot speak, thereof one must be silent” (6.54). The main interest of the “score of life” metaphor is probably that both life and music can be shown (as something that seems to impose a reality), but not thought (we cannot say anything about its reality), as the genomic sequences or the musical scores are mere representations of these obscure realities.

Thinkability of Life

If life can be only shown, is Ludwig Wittgenstein right? Have the terms “Biology” and their derivatives, as “Microbiology,” intrinsic epistemological contradictions? Are they non-sense proposals? We arrive now to an apparent contradiction. On one hand, we could reach the notion that life is unthinkable. But, as stated in 3.02, “the though contains the possibility of the state of affairs which it thinks. What is thinkable is also possible.” On the other hand, life is perceived as a fact, therefore not only possible, but a realized entity. Obviously, if it exists, it should be thinkable. If life is not thinkable, either life does not exist, or has an unveiled, hidden reality. This antinomy is a clear variation of the Kantian ones, based on the confusion between the spheres of phenomena and noumena, and encapsulates the main problem that is discussed in this assay. Life is perceived, even experienced as a fact, but it is not a fact, it is not an entity. If that proposition were true, life should not be an object of natural science. Limiting the thinkable and thereby the unthinkable, philosophy limits the disputable sphere of natural science (Wittgenstein again, see 4.113–4.114).

Natural science should be thinkable and speakable. Everything that can be thought at all can be thought clearly. Everything that can be said can be said clearly (4.116). If life is unthinkable, but if it had a reality, we should think on “pictures of life” using articulated propositions, which are “models of reality as we think it is” (4.01). “The proposition constructs a world with the help of a logical scaffolding, and therefore one can actually see in the proposition all the logical features possessed by reality if it is true” (4.023). Wittgenstein's propositions could be considered as something derived from the combinatorial and ordered nature of structures as the musical score (3.141), or, in the life context genomes, again “representing” the (suspected) reality, but unable to represent what they have in common with reality (4.12). The gap is maintained between the unthinkable but presumed reality (life) and the thinkable picture of it (proposition).

Life is as thinkable as music is thinkable. In both cases, there is what Wittgenstein calls a certain “experience of meaning.” Understanding life and music is to perceive “fine shades” of meaning. Intuitively both music and life seems to be meaningful, but in both cases they seem to be resistant to any “semantic” treatment. It has always been difficult to see how “meaning” could be fruitfully ascribed to music, as this notion is applied to language (Bar-Elli, 2006). Obviously the understanding of music has nothing to do with the ability to recreate in mind a memorized melody, or to foresee in the concert hall the next variation of a musical theme. We can say the same for life. We can predict, with a certain confidence, what will happen in the next step, based on our experiences, but that is not to understand—and even not to think about life. Experiences might provide a flavor of causality, following Hume, regularities in structured observations leads to expectation (Dougherty and Bittner, 2010), but that is not real understanding. We are just following something that we can only show, in a sense, as the conductor of the orchestra is showing with its baton, a kind of mixture of performance and unthinkable matter.

This simultaneous experimentability and unthinkability of music was analyzed in detail by Arthur Schopenhauer, in one of the chapters of his seminal book “The World as Will and Representation” (Schopenhauer, 1958). He stated that the music, ignores the world of concrete phenomena, and therefore only resembles some original reality than cannot be copied. Schopenhauer believes that music resembles, represents, “is a copy of the will itself, the objectivity of which are the Ideas.” He will underline after some paragraphs his convergence with Leibniz. As stated before, “Musica est exercitium metaphysics occultum nesciendis se philosophari animi,” that is, music is an unconscious exercise of metaphysics where the mind does not know what is thinking about. Of course Schopenhauer is a vitalist, and biologists will immediately recognize here the relation between will and the obscure dynamics of life, and might immediately reach the intuition that the will of music might be a copy, a representation of the will of life. The effects of music on humans could be derived from the recognition (let us accept here this platonic term!) of something common between our obscure perception of life and the music itself. Reinterpreting Schopenhauer, the will represented in music is a representation of the will of life, that is, a common will is independently perceived (can be shown) in both the music and life. In principle, we cannot speak about representations between two entities of the same hierarchical order, in our case, two equally unthinkable entities. It could be suggested that, even among unthinkable entities, there may also exist a hierarchy, so that entities that are lower in the hierarchy (music) might be able to represent higher ones (life).

Major Transitions: A Trans-Hierarchical Cycle of Representations and Represented Entities

Between the groove pattern and the music there is a “major transition,” essentially a qualitative transition. Similarly, between the genes and the life of a bacterial cell, or between cells and the complex living expressions of an ecologically-integrated community of cells, there are major transitions, as those identified by Maynard Smith and Szathmàry in evolutionary processes (Maynard Smith and Szathmáry, 1997). In both cases, there is a collection of “small” parts that assemble to produce qualitative different larger wholes. It is obviously tempting to propose that the lower levels of the hierarchy blindly “represent” the higher levels, as the way they are assembled (its order) has something formal, a correspondence, with the higher level activities. Evolutionary biologists will be prone to accept that there are “levels of life” as the development of life seems to occur from single replicating molecules, which provided the bases for reproduction at higher levels, as cells or organisms, in a successive series of “major evolutionary transitions.” But it will be difficult to accept that “lower levels” will be able to “represent” the higher levels. That occurs because, if there is an general evolutionary flow from the lower to the higher hierarchical levels, the different entities at the higher levels of life categorically imposes particular organizations of lower levels. Indeed processes as speciation depends on the imperatives of higher over lower hierarchical levels.

The continuous interplay between hierarchical levels is a trade-mark of life (Campbell, 1974). Some kind of unity based on reciprocal trans-hierarchical effects occurs there between what is represented and the representation itself. Indeed it is easy to imagine that the life of a particular bacterial organism is to a certain extent represented in the organization of ifs genome, as the music of a particular Mozart's string-quartet is represented in the organization of its musical score. But note that in both cases the representation is a “generational representation” for the represented entity, that is, the re-production of a particular bacterial organism or string quartet is entirely dependent from the representation, the genome, or the score, respectively. On the other hand, the score is meaningless in producing music in the absence of an instrument. In modern times (the origin of life might be another case), the genetic sequences (the representation) are only meaningful if a specific living system (what is represented) is present. The meaning of the representation should be perceived by the living system, which produces a biological scaffold (an instrument) at its turn generates its own representation, what is required for reproduction. The higher hierarchical level (the living system) has the lead in the process, as there is no representation without anything to be represented. That fits with the common wisdom in biology: the content and order of sequences in the genome corresponds to what has been selected by life itself, the complex and dynamic living interplay between the cell and its environment. For instance, speciation requires the dominance of “what it is represented,” the adapted phenotype, over a particular genome. Essentially genetic plasticity and modularity expresses such subordination. We found here an interesting trans-hierarchical cyclic correlation between representation and reproduction, a correlation that is produced blindly in both senses, as in the metaphor of the messages crossing a Chinese room (see above). Indeed we suspect that in ancient evolutionary times there was no difference between what was represented and the representation itself, the evolution of life consisting in digging a “major hierarchical transition” between both entities.

How that model applies for the music score? We should admit that the score, being the representation of music, produces music only if there is an instrument that converts notes into sounds, and only if there is somebody with an “experiment, in a sense, to understand (even in an unthinkable way) the meaning of the music. Because of its experiential capacity, and the derived effects of such kind of understanding, the human being listening music (higher in the hierarchy) is able to produce suitable instruments for reproducing again something from himself, perhaps the obscure will of Schopenhauer. The metaphor resists: the music score represents something unthinkable, this will, and the subject of the will (life in general, or a human mind) produces representations to perpetuate the re-presence of the effects associated with the will.

Thinking on Representations

The major task of science is to explore and expand the limits of intelligibility. The main current task of biology is to understand the correspondences between genomes and life. (Lewontin, 1974; Ferrada and Wagner, 2012; Wagner, 2012a,b). A representation is based on correspondences between what is represented and the representation itself. The representation cannot be at the same hierarchical level than that what is being represented. What might be the correspondences between life or music, and the artifactual representation of these presumed realities, as genomic sequences or musical scores? Let us go back to the Tractatus. “It is clear that, however, different from the real one an imagined world may be, it must have something—a form—in common with the real world” (2.022). What it is common are the forms. “We make (our logic, our language) to ourselves pictures of facts” (2.1). This picture is a representation of the facts, in which the elements of the picture correspond to the objects (2.13), linked in a definite way accordingly to what it is imposed by their forms (2.14), and logically indicates the possible non-existence of some facts (2.11). The picture, the representation of the reality, is in itself a fact (2.141), “as the elements of the picture are combined with another in a definite way, representing that real things are so combined with another” (2.15; 2.15.14). These co-ordinations are as it were the feelers of its elements with which the picture touches reality (2.1515). “What the picture must have in common with reality in order to be able to represent it after is manner—rightly or falsely—is its form of representation” (2.17). In summary, “the picture has the logical form of representation in common what it pictures” (2.2). All that certainly has a certain platonic flavor, as the picture, the representation, can be something made by drawing the shadow of the reality on our mind's screen. Biology is the art and science of finding the forms able to represent life.

As any other type of knowledge, biology should be based on propositions. Only propositions have sense; only in the context of a proposition has a name meaning (3.3). Propositions do not have meaning, but sense, reflecting all possible situations they represent. Only the relations, the order matter, not the things, not the objects themselves. A proposition is the description of a fact (4.023), a fact that involves objects. The possibility of representation of the reality (the task of sciences) is based, accordingly to Wittgenstein, in the theorem (1.1) of the Tractatus: the world is constituted by the totality of facts, not of things (Theorem 1.1). The fact, if it is the case, exist as an elementary (atomic) fact (1.21-2), resulting from a (minimal) particular combination of objects (2.01). Objects are simple (2.02), elementary, fixed (2.026) entities. But the objects by themselves, outside facts, are only possibilities of facts, nothing in reality (2.011) except their forms, qualities to be part of facts (2.0141). These qualities determine the possibility of facts (2.012): “objects contain the possibility of all states of affairs” (2.014). The object is the fixed, the existent; the configuration is the changing, the variable (2.0271). In the elementary fact objects hang one in another, like the links of a chain (2.03), combined in a definite way (2.031). The way in which objects hang together in the fact is the structure of the fact (2.032). And finally: the form (of objects) is the possibility of the structure (2.033).

Examining these Wittgenstein's theorems, a microbiologist will immediately be attracted and even moved by the idea that the philosopher is speaking about life, with all its unveiled evolutionary possibilities, based on alternative molecular configurations that give rise to different facts, a game in which molecules themselves are nothing: the objects by themselves, outside facts, are only possibilities of facts. If Biology is the art and science of representing life, such representation should be sufficiently faithful to reflect the complexity and the dynamics of facts in the unthinkable real life, and, understanding the links in the representation (the model) we should assume that something “similar” should occur, at least in part, in the true life.

The Effects of Representations from Zeuxis to Schubert

In the fifth century BC, Zeuxis depicted the grapes so realistically that birds flew down to peck them: Ars simiae Naturae. In this example, grapes are considered by birds to be alive, so that the representation not only faithfully corresponds to life, but produces the same effects. Modifying in the model (the picture) the shape or color of the grapes, the birds will not be attracted anymore, so that we could presume which is the attractive properties of real grapes. Of course the result of the experiment can be wrong. For instance, birds could be attracted in the picture by the odor of oil or egg used as a solvent of a particular dry used to paint the grapes, and not by its realistic color. But the experiment might also be true, and the birds could effectively be attracted by the painted grapes. The representation has an effect, which might be similar, or even identical, to the effect caused by what is represented. Now let us birds to examine for a little longer the famous Zeuxis's grapes. Certainly they will be soon disappointed, and if challenged again by the image, they will not be attracted any more. As in the famous Türing metaphor, life will recognize life, provided a certain period of examination.

The idea of “music of life” has been developed recently by the famous physiologist Dennis Noble (Noble, 2006). The authors of the present essay were simultaneously disappointed and flattered when he found that Noble used in his book “The Music of Life” almost exactly the same example that we also used in the first version of our manuscript, produced years ago, namely the Schubert's Piano Trio in E flat major, D.929; the author's choice was its ancestor, the Piano Trio in B flat, D.898. Noble even considered the space travelers metaphor, even though not entirely in our way. The important thing is that all of us were impressed emotionally by that piece of music. “As the music entered into the slow movement,” “I cried” confess Noble. Beyond any possible doubt, music produces experiences and effects. If music were an unthinkable representation of life, we are experiencing effects because this representation provides an obscure perception of the will of life, in the Schopenhauer sense. But note that if this perception will be very difficult or impossible to obtain just looking at the score, or the irregularities of the grooves of a gramophone record.

Half-Thinking, Half-Seeing

Ludwig Wittgenstein evolved in his posthumously published book “Philosophical Investigations” (Wittgenstein, 1953; McGuinn, 1997) to the proposal of some possible ways for understanding the realities that can be shown, but not thought, or at least, not entirely thought. The experience of seeing something is converted in a perceptual experience, and thus regarded as indistinguishable from a thought (Bar-Elli, 2006). As Wittgenstein says, “-is it a case of seeing and thinking? Or an amalgam of the two, as I should almost like to say?” (PI 197). Let us imagine a complex feature that can be only shown, as a human face. The image of the face depends of a huge network of anatomical interactions involving the shape of bones, the volume of the muscles, the amount and distribution of subcutaneous fat, and many other factors. But also these features reflect the age, the sex, ethnicity, the diet, or even the character of the underlying human being, so that the looking at this face might produce effects. A full description of the dynamic network of elements giving rise to a particular recognizable face will be almost impossible. Of course, rough approximations might be attempted, as anthropologists trying to reconstruct from the bones and the presumed diet the face of Lucy, our hominid ancestor. But the example that we are discussing here is that the aspect of the face that we see is “condensed information” of a complex network of elementary facts. Even more, without need of knowing almost anything of the generational network of interactions giving rise to the face, the face can be remembered and compared with other faces at an extremely specific level of discrimination. The person recognizing a face has an “experience of meaning.” As the face might reveal family resemblances, Wittgenstein suggests a kinship between seeing an aspect and the experience of meaning. The experience of meaning is half-thinking (Bar-Elli, 2006).

Of course the musical metaphor is exploited by the later Wittgenstein of “Last writings on the Philosophy of Psychology” in an identical sense (Wittgenstein, 1949–1951; Worth, 1997). Music results from a complex dynamic interplay of elements, has not a clear semantic structure and, as the face, produces effects, an experience of meaning that enable connections and comparisons. For instance, he says about a musical theme: “I could compare it with something else which has the same rhythm (I mean the same pattern)” (I.382). The understanding of a musical theme is based on the experience of what he defines as “internal relations” occurring in the otherwise “unthinkable” musical stuff. Bar-Elli has pointed out the critical importance of the concept of the experience of meaning in Wittgenstein as a part of a synoptic view (übersicht) of understanding (Bar-Elli, 2006). Music is an excellent equivalent of life in terms of exploring intelligibility of complex systems, probably superior to language, precisely because we seem to lack here any grip on an idea of semantic units, which is so often conceived as the basis of linguistic analogy. As the book of music cannot be reduced to the music score, and then music is music, “my central argument is that the book of life is life itself” says Dennis Noble (Noble, 2006). In conclusion, our understanding of complex systems as life or music depends both on: (1) the understanding of their representations (as genomes or scores), and (2) the understanding (under the form of experience of meaning) of something that can be only seen or show, but still compared or connected. Half-thinking, half-seeing: the HT-HS strategy.

Implementing the HT-HS Strategy: Complex Models of Complex Systems

How the HT-HS, half-thinking, half-seeing strategy could be applied to increase the intelligibility of complex biological systems, and life in general? For the half-thinking part, it is obvious that we should maintain a high-level descriptive research as it is being done in genomics, proteomics, metabolomics, or transcriptomics of particular organisms, complemented by the dynamic approach provided by fluxomics, all within the frame of more and more computationally advanced systems biology. All that is research on the composition of Wittgensteinian atomic facts and propositions; of course that includes certain level of synthesis, what one of us (Moya et al., 2009) proposed to call synthetic view one. This level is the level of anatomy and physiology, or, in linguistic terms, legibility. All these approaches essentially would serve to provide material (organized material) to feed complex models, able to move into the synthetic view two (Moya et al., 2009). Possibly the advances in Systems Biology will provide useful integrative models, but they will be insufficient to provide by themselves full intelligibility of functional processes. Brenner contend that this approach is insufficient, as deducing models of function from the behavior of a complex system is an inverse problem that is impossible to solve (Tarantola, 2006; Brenner, 2010).

The half-seeing part might start when we could be able of developing more powerful model tools to run simultaneously all data and processes generated by these—omics, in a comprehensive and integrated way. For that a purpose we need “Big Science,” based on the convergent interactions among scientists of many disciplines, and not only from biology (Nurse, 2008). If we were able to represent the holistic result of such synthetic approach, we will be near something as a complex image of a living structure, able to be seen or to be showed. And more importantly, able to be “physiognomically” compared and related with other images obtained from other organisms. At this stage we should reach imageability. The more advanced part of the half-seeing part should be based on multi-hierarchical understanding of life, and the expected appearance of emergent qualities, particularly if communication strategies between levels are assured.

Modeling trans-hierarchical complex levels is certainly one of the biggest challenges we have (Campbell, 1974; Martínez and Moya, 2011). These models would eventually provide different levels of predictability. Indeed predictability is the best touchstone to validate the reality of complex models for complex systems (Martínez et al., 2007). Maybe even complex models might be able to predict just the next steps of biological processes, and only in close space and time compartments, just as meteorological predictions based on cumulative empirical observations. Also, and as we mentioned before (at least for non-atonal music) the experience allows to predict the evolution of a melody, at least for a few compasses. In any case, complex models will serve to continuously provide material to be tested and rejected when not mating with reality (Brenner, 2010). We should in any case be aware that to validate models by comparing them with “reality” might be a circular problem, as the “reality” could be only defined by models. That is why we should be able to “see” the reality, even in an obscure, fuzzy way. Paraphrasing Albert Einstein (Einstein, 1944; Dougherty and Bittner, 2011) the propositions, the rationality of the models (half-thinking) should be “firmly connected with sensory experiences” (half-seeing).

As Denis Noble says, life should be considered in a variety of levels; life is “a kind of music, a symphonic interplay between genes, cells, organs, body, and environment,” what can be only examined under the views of synthetic biology (Noble, 2006). Microbiologists are among the best placed scientists to mature these concepts, as they have daily experience of the complex interplay of genetic sequences and domains, operons, genes, proteins, macromolecular complexes, signaling networks, adaptive and regulatory functions, different classes of nested mobile genetic elements, clones, species, communities, integrated microbiotic ensembles, and microbial ecology at large. We have to deal with huge diversity of facts or pieces, constantly offering in a trans-hierarchical way new complex patterns to evolutionary processes (Baquero, 2004, 2009, 2011; Wagner, 2012a,b). In short, we hope that the future will allow scientists to cover the three phases of this epistemological process will be: legibility, imageability, and intelligibility of complex biological systems. Mixing half-thinking and half-seeing, the scientific method that might be we should apply to understand the complexities of microbial life.
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The scientific contribution of Darwin, still agonized in many religious circles, has now been recognized and celebrated by scientists from various disciplines. However, in recent years, several evolutionists have criticized Darwin as outdated, arguing that “Darwinism,” assimilated to the “tree of life,” cannot explain microbial evolution, or else was not operating in early life evolution. These critics either confuse “Darwinism” and old versions of “neo-Darwinism” or misunderstand the role of gene transfers in evolution. The core of Darwin explanation of evolution (variation/selection) remains necessary and sufficient to decipher the history of life. The enormous diversity of mechanisms underlying variations has been successfully interpreted by evolutionists in this framework and has considerably enriched the corpus of evolutionary biology without the necessity to kill the father. However, it remains for evolutionists to acknowledge interactions between cells and viruses (unknown for Darwin) as a major driving force in life evolution.
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Introduction

Darwin had to be defended in the XIX century against those who wished to maintain the concept of our innate highness: the universe had been created for us. The sin of Darwin was to force us to consider ourselves as a “normal” part of the biosphere, and worst, of the animal kingdom. Although Darwin himself, still influenced by biblical thinking, sometimes viewed human beings as the best product of evolution and “natural selection” as a kind of cosmic force (Richards, 2009), his ideas were “dangerous,” because of the powerful explanatory power of the dyad variation plus natural selection and because a descend with modification does not imply progressive evolution (Gould, 1996). Darwin's ideas thus ruined the creationist credo, opening the living world to scientific exploration in the framework of a materialist agenda. Darwin's dangerous idea was defended and he was finally recognized and celebrated in the scientific community. In the last century, the original ideas of Darwin were completed (sometimes corrected) by the development of genetics (the evolutionary synthesis or modern synthesis) and later on by molecular biology. Recently, Addy Pross proposed a general theory of evolution, extending Darwin's theory to inanimate matter (Pross, 2011). He discusses how Darwin's principles can be deduced from more fundamental chemical principles that govern the evolution of complex chemical systems through imperfect replication and kinetic selection.

Darwin's ideas seem therefore to be alive and well. However, in recent years, whereas still being a devil for religious fanatics, Darwin became the target of heavy criticisms coming from part of the scientific community itself. Several genomists and molecular evolutionists have argued that genomic data have challenged Darwin's view of life (Bapteste et al., 2009; Dagan and Martin, 2009; Doolittle, 2009; Koonin, 2009a,b; Raoult, 2010). Notably, they have suggested that “Darwinism” is only valid for eukaryotes not for prokaryotes (assimilated to microbes) and proposed to replace the “Tree of life” (TOL, supposed to be the hallmark of Darwinism, but see Penny, 2011) by networks (or rhizome) to take into account gene flows between organisms (Bapteste et al., 2009; Dagan and Martin, 2009; Raoult, 2010). In a review title, Ford Doolittle wondered what “the demise of Charles Darwin's tree of life hypothesis means for classification and the theory of evolution” (Doolittle, 2009). Lamarck has been (once more) awoken to confront Darwin, as illustrated for instance by the title of another recent review paper: “Is evolution Darwinian or/and Lamarckian?” (Koonin and Wolf, 2009).

Carl Woese himself, one of the greatest biologists of the last century, has suggested replacing “Darwininan” evolution (driven by competition between individuals) by communal evolution (driven by exchange of experiences between individuals, via lateral gene transfers) for the early steps of life history, i.e., from the origin of life up to the formation of the three modern cellular domains (Archaea, Bacteria, and Eukarya) (Woese, 2002). He wrote: “the time has come for biology to go beyond the doctrine of common descent” and proposed the term “Darwininan threshold” to name the transition between communal and “Darwininan” evolution (Woese, 2002). Finally, gradualism and uniformitarianism, considered to be essential pillars of Darwin's view of life, are also (again) strongly attacked (Koonin, 2009a,b).

These views are the bedrock of this special issue with its provocative title “Microbial genomics challenges Darwin.” This is a sensitive topic, considering the renewal of creationist thinking in fundamentalist religious circles and the wide publicity given to these “non-orthodox views.” This was best illustrated by the cover of the “New Scientists” issue published in January 2009 showing a tree of life superimposed with the sentence: “Darwin was wrong.” Although the existence of anti-Darwinists in the political arena is certainly not a reason to hide fierce debates between evolutionists over mechanisms and representations of evolution, one can regret to see the name of Darwin used as a foil in these debates. After all, nobody said: “Mendel was wrong” because his concept of the gene was quite different from what we know today (personal quote from Eduardo Rocha).

Darwin and/or Darwinism

The debate around Darwin and Darwinism is important for the future of our discipline since, as pointed out a few years ago by Bos (1999): “progress in science is not only a matter of mere technology but of philosophy as well,” “progress therefore is reflected in terminology and in the definition of terms.” In our case, the definition of terms has always been a complex and evolving story. Darwin was not Darwinist. Indeed, although we are biologists, there is no such thing as “biologism.” Scientists are not born to produce doctrines but rational explanations supported by experiments (when possible) and open to criticisms, refutation, and/or modifications. To be consistent with this view, this assay will not be a defense of Darwinism, but of Darwin's core ideas, the couple variation/selection, because Darwinism, as a doctrine, evolved into many different ways, and it is all too easy to select or forge one of them, either to prove it right or wrong. For a recent comprehensive presentation of Darwin's conceptions (beyond the core ideas discussed here), I refer the reader to a recent review by David Penny (2010).

My aim of course is not to argue that Darwin himself was always right, or that we should come back to Darwin's initial views, since, living two centuries ago, he was by necessity ignorant of today biology and he was thinking in another intellectual framework (Richards, 2009). Darwin, originally born Christian and once student in theology, progressively changed his own credo in being confronted to geological and biological facts that could not be explained by the creation theory. Darwin thus finally adopted a materialistic view of the world, putting back human beings into Mother Nature. However, he was still influenced by the Scala natura concept of Aristotle (as many modern biologists still are) and his theory initially preserved nature's moral purpose (Richards, 2009). In fact, he thought that “man is the one great object of nature” (Darwin, 1987). However, whatsoever Darwin's limitations, I will argue that we have still more to gain standing on his shoulders than tripping him, especially when he cannot reply.

Selection, Yes, But Variations First

It is well known that Darwin was not the first to introduce the idea of evolution in biology (beside Lamarck, one of his predecessors was his own grandfather Erasmus) but it's Darwin and Wallace, who were the first to propose a mechanism for the origin of new species: variation followed by natural selection, leading (in Darwin's term) to: “descend with modifications,” an expression much more important for Darwin himself than its tree depiction. Although selection does not make sense without variations, “Darwinism” is often reduced to “natural selection” (struggle for life, survival of the fittest) without reference to his emphasis on variation. This is of course because the nature of biological variations remained a complete mystery for Darwin and his contemporaries. In contrast, much was already known on the efficiency of processes such as artificial selection in agriculture and “breeding” and this was determinant for Darwin to formulate his ideas.

Importantly, focusing on natural selection helped the development of evolution as a new branch of biological sciences, the mechanism of natural selection being open to experiments in situ (in the fields) as well as in the laboratories, so that evolution became part of the mainstream biological research agenda. From the focus on selection emerged terms such as fitness, genetic drift, the introduction of statistics to “measure” evolution (making it a “true” science) and the creation of new disciplines, such as population genetics.

However, the contribution of Darwin cannot be rightly summarized by natural selection. Darwin also realized the importance of variations, as a prerequisite for evolution. The chapter 2 in “On the origin of species” entirely deals with variation, discussing varieties and sub varieties within species, whereas natural selection is discussed in chapters 3 and 4. This is not trivial. At the time of Darwin, biologists were still strongly influenced by current philosophical theories that focus on the essence of things (reminiscent of Plato's ideas). When considering a particular “species,” zoologists or botanists were not fascinated, but rather annoyed, by the diversity of the individual members of this specie. They were looking for the ideal “type species” to describe species without having to mention all possible varieties. For religious scientists, they probably hoped in this way to reconstruct the first member of this species, the one directly created by god (varieties being less perfect by-products).

The great merit of Darwin was to change this perspective upside down. Instead to be confused by the diversity within species, he realized that this diversity is the essence of life, variations providing substrates for selection. As pointed out by Brüssow (2009) “diversity is not an evolutionary accident, but the organizing principle in biology, without which evolution would not occur.” The four years of Darwin exploration with the Beagle, far from academic life, were certainly critical in opening his eyes on this issue. In fact, there is no such thing as a species in the real world, except as concepts in our mind (and in books) but organisms and populations. There are myriads of individuals that are all different, even between members of the same “species” defined by any criteria. Darwin was the first to realize that this diversity was the key parameter allowing selection.

The historical focus of most evolutionists on selection, instead of variations, produces some confusion on the nature of selection. Darwin himself used to think of selection somehow as a kind of metaphysical force (Richards, 2009), and similarly, some evolutionists used to consider natural selection as the cause of evolution. As a consequence, each time a new mechanism of variation or any constraint in the mode of existence of organisms is discovered, it is claimed that natural selection has been weakened (see for instance Table 1 in Pigliucci, 2009 in which natural selection is supposed to be altered or its efficacy decreased by phenomena such as contingency, biological emergence or phenotypic plasticity in macroevolution). However, in my opinion, this is quite misleading. Natural selection is not an “evolutionary force” but the necessary outcome of variation and multiplication. In particular, natural selection cannot be weakened by mechanisms that promote variations (such as epigenetic mechanisms or symbiogenesis), because these processes provide more substrates for selection.

Importantly, Darwin realized that natural selection is the inevitable consequence of the extraordinary multiplication power of living organisms. In that sense, microbial evolution does not challenge but vindicates Darwin, since the multiplication power of life is higher by several orders of magnitude in the microbial (and viral) world, making natural selection even more drastic in these realms. Despite the limited knowledge of his time, Darwin himself was in fact the first to consider that microbial evolution also involves natural selection (O'Malley, 2009).

Originally, Darwin mainly (but not exclusively) used to consider what we call now positive selection, we known today that variants can be also selected by chance (genetic drift) or strongly counter selected if they do not fit the basic life requirement of the organism (purifying or negative selection). This has been clearly observed by molecular biologists at the sequence level, as in the case of neutral evolution (Kimura, 1977). It is important to insist once more that any type of selection only makes sense because of variation. If conditions change, the successful variants will not be the same, but in any case, selection will operate as soon as variation exists.

The Nature of Variations

The chapter five of “On the origin of species” is entirely devoted to the nature of variation (a tour de force, considering the state of the art in biology at his time). In contrast to a widely held assumption, Darwin did not think that variations occurred mainly by random processes (although he recognizes the existence of random variation). He was not opposed to the “inheritance of acquired characters” and agreed with the idea that “use or disuse” of a character led to its progressive gain (fixation) or loss. Two notions that are today associated to “Lamarckism” (see below). His most original idea was that important variations were slight changes induced (mysteriously) by the environment in the reproduction apparatus. Darwin was therefore “Lamarckian,” although his focus on the reproduction apparatus can be interpreted as a premonition of the distinction made later on by Weissman between the soma and the germen. The traditional opposition between “Darwinism” and “Lamarckism,” based on the idea that Darwin would favor random variations whereas Lamarck favored the inheritance of acquired characters is clearly wrong. The major difference between Lamarck and Darwin is that, for Lamarck, evolution came from concerted modifications triggered by an internal “vitalistic” forces (le pouvoir de vie), so that all individuals in the population experience similar changes to become more adapted to their environment. In that case, natural selection has no more raison d'être. For Darwin, acquired characters (even if triggered by the environment) were, first of all, individual acquisitions that should have survived the screen of selection.

The identification of DNA as the carrier of genetic information in the middle of the last century was a decisive blow for neo-Lamarckism. It was difficult to imagine how environmental changes could modify on purpose the sequence of DNA. Early molecular biologists assimilated variations to random mutations and assumed that environmental modifications cannot produce oriented-mutations. For them, selection (instead of variation) became the Deus ex machina who sorts out from the chaos of random mutations those making sense for the organism. The book “Chance and Necessity” by Jacques Monod perfectly illustrates the best achievement of this thinking (Monod, 1971). In this book, the dyad variation/selection is replaced by the dyad “chance/necessity” which is supposed to be more or less equivalent. It emphasizes that variations were assumed to be entirely the result of random processes, whereas the result of selection provides THE supposedly unique answer “necessary” to make the organism efficient in a given context.

We know today that molecular mechanisms of variations are much more diverse and complex than simple random punctual mutations. Molecular biologists have expended our concept of variations by revealing the importance of epigenetic systems, whereas cellular biologists have continues to reveal the importance of symbioses as a major form of variation. We also know that many answers are possible for a given situation, providing a much more complex history for life, introducing chance in the process (contingency). But none of these considerations challenge Darwin himself, even if they challenge successive historically dated versions of “Darwinism.”

The great achievement of molecular biology has been to answer (still partially) to one of the most important question in biology: what are the mechanisms of variations? All discoveries of molecular biologists have vindicated Darwin by revealing the molecular mechanisms behind the multiplication and variations of living organisms. With genetic engineering, molecular biologists have finally got the possibility to produce by themselves artificial variations in the genetic material of organisms, making evolution a fully experimental discipline.

The False Come Back of Lamarck

Molecular biologists are now out of fashion and spotlights focus on genomists and synthetic biologists. Possibly because Darwin's contribution was clearly recognized by the pioneers of molecular biology (now often accused of reductionism) it seems that genomists and some modern evolutionists look for another hero apparently fitting better with “holistic views” and “systemic biology.” Lamarck (more precisely neo-Lamarckism) is again recruited in this crusade. Recently, when a novel mechanism of genome variation apparently triggered by the environment is discovered, it is often claimed that Lamarck was right and Darwin wrong. For example, it has been recently argued that the discovery of the clustered regularly interspaced short palindromic repeats (CRISPR) system in Bacteria and Archaea is Lamarckian, because these microbes can acquire in their genomes viral sequences that immunize them against future viral infections (Koonin and Wolf, 2009). This is interpreted as a hereditary trait acquired from an environmental modification (the presence of a virus) and oriented by this modification (providing future resistance to THIS particular virus). The inserted viral sequence in the CRISPR locus will be maintained by positive selection if the virus is present (use) but will be lost after some time if the virus is no more encountered (disuses).

However, this interpretation is misleading. Indeed, the addition of new sequences to CRISPR loci would have been considered simply as another form of variation by Darwin. The CRISPR system itself emerged and has evolved through random variations and selection and still works that way. When a bacterial population encounters a particular virus, only part of the population is infected (randomly selected among non-lysogenic bacteria with the proper receptor for this virus). Most infected bacteria are killed, whereas some of them (again randomly selected) survive the infection either because of point mutations affecting host virus interactions or because they have successfully activated a CRISPR defense system. At the end, only a handful of survivors would have acquired new CRISPR sequences from the virus. Finally, these new sequences remain present in the genomes of the survivors only if these descendants are selected (versus those losing these sequences) by the continuous presence of this particular virus in the environment. The Lamarckian component of the CRISP system appears dependent of our subjectivity. We forget all selection steps that have modeled random variations into a mechanism that seems to have a purpose because it corresponds to an adaptation of Bacteria (or Achaea) to their environment (the presence of viruses).

It is also often argued that horizontal gene transfers (HGT) are Lamarckian because transferred genes are provided by the environment (contact with another organisms) and lead to a better adaptation to this environment (Koonin and Wolf, 2009). However, evolution is not working that way. Let's consider a schematic scenario (too simplistic but just for the demonstration) of adaptation to different temperatures. Our scenario starts with a species of thermophilic organisms living in a hot environment (70°C) whose temperature corresponds to their optimal growth temperature (OGT). In that environment, these thermophiles should coexist with hyperthermophilic (OGT of 80°C) and moderate thermophiles (OGT of 60°C), because their growth curves in function of temperature would overlap. As a consequence, some thermophiles can gain randomly by HGT either advantageous features to live at lower temperature from moderate thermophiles, or advantageous features to live at higher temperature from hyperthermophiles. If the temperature of the environment changes, different members of the thermophilic species will be selected, depending if the climate is cooling or warming. There is nothing “Lamarckian” in this sketch, but it can be interpreted a posteriori as such, because it gives the false impression that HGT have facilitated a priori the adaptation of former thermophiles to their new biotope. In fact, HGT are no more “Lamarckian” than “Darwinian.” For a given organism (either a virus or a cell) any type of HGT is simply a particular type of variation (Forterre, 2011b). The same can be said from the acquisition of an organelle via endosymbiosis, even if long term changes introduced by this particular variation can be tremendous (Maynard-Smith, 1991). On a theoretical ground, this type of variation does not differ from a single point mutation. Darwin would have been delighted to learn of HGT and endosymbiosis as powerful tricks for variation providing adaptation to the environment.

Darwin and the Tree of Life

In recent years, Darwinism has often been associated to the Tree of life (amazingly written in capital letters by its detractors, TOL). For that reason, I will use the abbreviation Tol thereafter (also to prevent any post-biblical interpretation, see Penny, 2011). However, the supposed love affair between Darwin and trees is restricted to the single figure of his book in “On the origin of species.” In fact, Darwin preferred the coral metaphor, in order to emphasize the existence of extinct lineages (unsuccessful variants). For Darwin, the usefulness of the tree metaphor was to illustrate the concept of descend with modification. Each node in his tree exhibits multiple small branches symbolizing variations, one of them producing further bifurcations, all others being dead-ends, symbolizing variations that were counter-selected in the evolutionary game. However, all evolutionists are aware that the actual connections are more complex than those depicted by such simple schematic tree. Some lineages can fuse (sexual eukaryotes in fact evolve through successive fusions of individuals) and several robust branches can emerge from a single node. In fact, the same occurs in actual trees in natural forests (with lianas connecting different branches of the same or different trees). The tree metaphor is thus quite good if one refers to real trees and not simplified versions, although simplified versions are still useful to depict graphically the process of evolution on paper or on computer screens!

It is often claimed that HGT fundamentally contradicts the tree concept (Dagan and Martin, 2006; Doolittle and Bapteste, 2007; Doolittle, 2009; Koonin, 2009a,b). Several authors thus have suggested to replace trees by webs (and TOL by WOL!), in which all genes/organisms are connected by links forming networks in the three dimensional space (Halary et al., 2010). It is also argued that organisms cannot be placed on a tree because they are essentially chimera, produced by fusion of different evolutionary lineages, much like a rhizome (Raoult, 2010). However, as already discussed by several authors, these views confuse species and gene (or genome) trees (Galtier and Daubin, 2008; Gribaldo and Brochier, 2009; Valas and Bourne, 2010). For instance Koonin correctly noticed in his paper entitled “Darwininan evolution in the light of genomics” that: The genomes of all life forms are collections of genes with diverse evolutionary histories.” Then he conclude surprisingly that: “a corollary of this generalization is that the TOL concept must be substantially revised or abandoned because a single tree topology or even congruent topologies of trees for several highly conserved genes cannot possibly represent the history of all or even the majority of the genes” (Koonin, 2009a,b). This clearly demonstrates that in this conclusion, Koonin assimilates the TOL to a tree of genes (or genomes). But for most evolutionists, any “trees of life,” including the Tol should be trees of organisms (either mono or pluricellular), depicting the history of their relationships, from cell to cell or from individual to individual. The histories of genes, genomes and replicons are fascinating (especially for genomists and molecular biologists) but they only make sense if we have access to the history of organisms (otherwise, this would mean that we reduce living organisms to their genomes). Fortunately, the history of any gene, with its duplication and HGT, is constrained by the history of organisms, explaining why accurate analyses of gene trees can sometimes reconstitute efficiently trees of organisms.

The cover of the New Scientist, with a tree superimposed by the sentence, “Darwin was wrong,” has perfectly illustrated the violence of the attack against Darwin, based on the critic of the tree metaphor. For instance, Dagan and Martin (2006) derided the Tol based on universally conserved proteins as the tree of 1%, because it is based on the analysis of about 1% of genes (around 100) in average bacterial or archaeal genomes (Dagan and Martin, 2006). On the contrary, the fact that this tree, reconstructed from so few data, confirmed the tripartite division of cellular life, originally deduced from rRNA sequences comparison (the tree of a single gene, 0.01%!), is for me a triumph of reductionism in studying the history of life. It illustrates the power of comparative sequence analysis (and “tree-thinking”) to reconstruct ancient history (despite all well-known difficulties in resolving ancient nodes, see discussion in Forterre and Philippe, 1999; Forterre, 2010b; Gribaldo et al., 2010).

Interestingly, using holistic approaches, Koonin and colleagues also confirmed the tree of 0.01%, since they conclude that a tree-like signal confirming the tripartite division of life can be recovered from the “phylogenetic forest” of gene trees (Puigbò et al., 2009, 2010). Many authors have indeed noticed that phylogenies based on universal proteins and those based on whole genome trees produced more or less congruent global history of life on our planet (at least recovering the three domains). This observation suggests in particular that HGTs have not been so extensive between domains (Wolf et al., 2002; Ciccarelli et al., 2006; Puigbò et al., 2009, 2010). HGT have been indeed extremely rare between domains and between lineages of the same domain for informational proteins such as ribosomal proteins or RNA polymerase subunits (for a case study, see Brochier et al., 2005). Careful phylogenetic analyses of these proteins produce well resolved trees of the archaeal domain that most likely reflect quite accurately the history of this lineage (Brochier et al., 2005; Brochier-Armanet et al., 2011). This means that tentative trees of organisms can be indeed recovered from the forest of gene trees.

The tree metaphor is not only valid for organisms, but it also works for cells, genes and genomes (or more precisely replicons). In other word, the “net component of prokaryotic evolution” (Puigbò et al., 2010) is also tree-like. As soon as an object divides by duplication, the history of that object has a tree-like structure. However, there is no reason why trees of organisms and trees of genes, genomes or replicons should be congruent. The Figure 1 compares a tree of organism (A) and the underlying tree of a particular gene (with one loss and two HGT) (B). Combining the organism and gene trees produces a network (C and D). Importantly, the tree-like structures depicting the history of the organism (A) and the history of the gene (B) is not changed by the HGT (see also Poole, 2009). The structures of organismal trees are not even changed by more drastic variations such as endosymbiosis. The acquisition and enslaving of a cyanobacterium by ancestors of modern plants has not changed the tree-like structure of the eukaryotic domain, viridiplantae emerged as one branch within the eukaryotic tree. Similarly, the endosymbiosis of mitochondria has not changed the tree-like structure of the eukaryotic lineage, defined by the continuity of the cell membrane of the engulfing species (either an archaeon or a proto-eukaryote, depending of your favorite hypothesis, see Gribaldo et al., 2010).


[image: image]

Figure 1. From trees to webs and back. (A) an organism tree corresponding to its vertically inherited genes (blue), (B) an underlying gene tree [dotted lines in (A)] with one loss and two horizontal gene transfers [indicated by dotted arrows in (A)], (C) the network obtained by combining (A) and (B) (gray arrows), (D) the web corresponding to the unrooted network. Brown arrows indicate the path unveiling the organism and gene trees from the web.



Trees of organisms, genes, and replicons can be of course much more complicated than those depicted by Figure 1, to accomodate hybridation or symbiosis (especially in the case of eukaryotic species), or splitting, fusion, or recombination in the case of genes and replicons. These complications make difficult to represent all evolutionary processes by simple tree-like diagrams, except if one focuses on a particular type of biological or molecular entity, but they can always be interpreted as combination of trees. However, combining all organismal, genomic and replicon trees to get an exhaustive view of life history would produce a monstrous network (the WOL!) that would make sense only if we are able to deconstruct this network to identify the underlying trees and their evolutionary relationships (brown arrows in Figure 1).

At smaller scale, a useful example can be provided by the situation of an amoeba hosting endosymbiotic bacteria, which is infected by a mamavirus, itself infected by a sputnik (satellite virus) (Forterre, 2011b). In that case, we have four organisms living in the same cell. These organisms exchange genes and the cell can be viewed as a melting pot of different organisms (a holobiont). However, each organism maintains its individuality during evolution, the Amoeba remains a eukaryote, the bacterium a bacterium, and the two viruses remain viruses. We have four distinct evolutionary lineages (four putative trees) that need to be sorted out from each other to reflect the reality of organismal evolution. The co-evolution of these organisms in the same cells will of course provide the possibility of more variations induced by interactions between these organisms (such as HGT) and these variations will be selected both at the level of individual organisms and at the level of integrated cell.

Doolittle would possibly argue that views defended here are watered down versions of “Darwinism” (Doolittle, 2009). He suggests indeed that Darwin used fact tree metaphor as a major hypothesis to explain “the hierarchical structure of tree-like classification.” In such tree like classification, “the characters which naturalists consider as showing true affinity between two or more species are those which have been inherited from a common parent.” According to Doolittle, this hypothesis is incompatible with HGT. It is true that homologous characters common to two or more species may have been acquired by HGT (from an ancestral common parent anyway!) confusing the structure of phylogenetic classification if they are not recognized as such. But we also know from Henning that characters should not be used for natural classification based on the evolutionary history if they are not true synapomorphies, because they do not reflect true affinity (Hennig, 1966). The question is to identify HGT to purge phylogenomic data from sequences that were not vertically inherited and/or to use them as synapomorphies to confirm or identify monophyletic groups (Brochier et al., 2005; Huang and Gogarten, 2006).

The Web-Like Structure of Microbial Evolution: An Old and Wrong Idea in New Clothes

One of the greatest achievements of biology in the last century has been the inclusion of microbes in the tree of life, thanks to the rRNA tree and the dramatic discoveries of biochemists and molecular biologists, using Escherichia coli and its viruses as model systems. For a long time, it was unclear, both for microbiologists and for evolutionists working on animals and plants, if microbes and macrobes (organisms visible by naked eyes, see Forterre, 2008) could be unified into a single tree (although it was already clear for Darwin that microbes were subjected to variation and selection, see O'Malley, 2009). The discovery, in the middle of the last century, that bacteria and their viruses share with the rest of the biosphere the same macromolecules, the same genetic material, and the same genetic code, was a major breakthrough. However, it was not immediately obvious if microbial evolution could be studied in a meaningful way. The existence of HGT through transformation, transduction, or conjugation was recognized early on by pioneers of molecular biology (well before genomists) and it was widely believed that bacteria should be able to share their genes to such an extend that it was pointless to try reconstructing microbial evolution (for an historical account, see Sapp, 2005). Some authors even argued that bacterial “species” should be considered as “cell types” of a gigantic bacterial organism covering the planet (Sonea, 1971; Sonea and Paniset, 1976).

In one of their two seminal 1977 papers, Woese and co-workers remained us that “the scattered classification” of methanogenic bacteria in the seventh edition of Bergey's Manual (some being Gram positive, other Gram negative bacteria, some bacilliform, others coccoidal or filamentous) was “rationalized in terms of reticulate evolution involving an appropriate plasmids” (i.e., HGT of genes involved in methanogenesis) (Fox et al., 1977). Woese and co-workers however demonstrated experimentally, using the tools of molecular biology, that (1) methanogens form a coherent group of organisms very distant to other prokaryotes known at that time, and (2) they are not Bacteria but Archaea (formerly Archaebacteria) (Woese and Fox, 1977). These landmark papers opened the door to a comprehensive history of microorganisms. More recently, phylogenetic analyses have shown that genes involved in methanogenesis, although “operational,” have not even been transferred between different archaea (Bapteste et al., 2005). These analyses have unveiled a complex history, with a single origin for methanogenesis, but several subsequent losses, leading to the formation of two paraphyletic groups of methanogens.

The example of methanogens again shows that it is possible to get meaningful information about the early history of life in our planet, thanks to tree thinking. By refuting the validity of this approach for studying microbial evolution, scientists who called themselves “microbalists” and derided those who refuse to criticize Darwin as “positivists” (Dagan and Martin, 2009) propose in fact to bring us back to the pre-Woesian era, when studying the history of microorganisms was considered to be a futile exercise. Let me consider that the recent proposal of a third major archaeal phylum, the Thaumarchaeota, by “positivist” is another positive outcome of “tree thinking” (Brochier-Armanet et al., 2008). This proposal, now accepted by the community of microbiologists (Spang et al., 2010) has opened new avenues in focusing the attention of evolutionists on this fascinating archaeal phylum. The discovery in this phylum of eukaryotic traits previously unknown in other archaea has raised new questions on their relationship with eukaryotes (Brochier-Armanet et al., 2011, 2012). Such questions can be only addressed meaningfully in a “tree-thinking” framework; they would vanish unfortunately in “web thinking.”

Finally, recent post-genomic works on archaeal or bacterial speciation have emphasized that microbial speciation occur by mechanisms very similar to those occurring in macrobes, despite differences in HGT and sex (Cadillo-Quiroz et al., 2012; Shapiro et al., 2012). Amazingly, whereas Shapiro and co-workers illustrate their experimental work by a simple bifurcation tree showing the divergence of two populations (with progressive reduction of HGT between them), Papke and Gogarten (2012), in an accompanying comment, illustrate the same story by a reticulate diagram (Web thinking) to emphasize these HGT. Surprisingly, they spoke of a “startling anti-Darwninan outcome” because extensive gene flow within the original population prevents to define a unique common ancestor containing all genes present in the two diverging populations! However, Darwin, who ignored the existence of genes, never discussed the genetic composition of ancestors of two populations. One again, there is here a clear confusion between genes and organisms.

The Darwinian Threshold and the Veil of Communal Evolution

In the post-genomic era, positivists themselves are not immune to the influence of microbialists. Hence, whereas Woese's brilliant work has experimentally demonstrated that it was possible to decipher the history of microorganisms despite HGT, he reinstated himself later on HGT at the center of the universal tree, hiding the root itself under the veil of communal evolution (Woese, 2000, 2002). Carl Woese introduced the term “Darwinian threshold” to characterize the transition between the first period in life history, during which evolution has supposedly occurred mainly through HGT, and the second epoch (we are still living in) characterized by “Darwinian evolution” (formation and diversification of species) (Woese, 2002).

In the communal scenario proposed by Woese, primitive organisms (progenotes) living before the Darwinian threshold exchanged genes (thus characters) freely (and extensively) because they exhibited a loose modular fabric. As a consequence, different genetically encoded modules could be exchanged without damage for the organisms. Innovations occurred nearly simultaneously in the whole biosphere, without the possibility to form stable evolutionary lineages (species). Progenotes could not really compete and be selected since they were all quite similar at all stages of early evolution. Three distinct types of molecular biology finally “crystallized” to form the ancestor of each modern domain (the beginning of speciation) reducing dramatically the possibility of HGT between domains (at least for basic cellular informational processes). In a paper exploring the importance of HGT in the evolution of the genetic code toward universality and optimality, Woese and co-workers wrote that: “evolution of the genetic code; translation, and cellular organization itself follows a dynamic whose mode is, if anything, Lamarckian” Vetsigian et al., 2006).

Notably, the question of the root of the universal tree (a fundamental problem in biology) becomes futile in the communal scenario. Carl Woese wrote “the universal tree has no root in the classical sense, the root is actually a Darwinian threshold” (Woese, 2002). He simply suggested that Bacteria crossed first the Darwinian threshold, followed by Archaea and Eukarya (in that order) to fit with the traditional rooting in the bacterial branch (Woese, 2002) (ladder thinking, see Forterre, 2010b). A fundamental scientific question is thus abandoned (as in the case of fusion scenarios that roots a priori the tree between Archaea and Bacteria). We should renounce, for instance, to determine if traits shared by two of the three domains are ancestral or derived. In fact, we cannot anymore apply cladistic principles of evolutionary phylogenetic (Hennig, 1966) that have been so successful in deciphering the history of macrobes.

In fact, the concept of Darwinian threshold supposes that we abandon the powerful evolutionary mechanism discovered by Darwin (variations plus selection) as an explanation for the most difficult problem of all, how life originated and evolved from inanimate matter to the modern biosphere? This idea is at odd with the principle of continuity, a powerful weapon against creationism, as important now as it was at the time of Darwin (see below). In fact, in the communal scenario, we watered down the extraordinary multiplicative power of life (disruptive of communities), a phenomenon crucial for natural selection, to introduce instead a mysterious progressive force, reminiscent of the pouvoir de vie of Lamarck. Hence, Carl Woese wrote: “a stage inevitably will be reached (during communal evolution) were some cellular entities become complex enough that their cell design start to be unique” (Woese, 2000). This suggests indeed that life evolves inevitably toward complexity, but we do not know how and why.

The communal scenario also supposes that life originated and evolved up to the last common ancestors of the three domains in a very limited spatial environment to allow all cells in the evolving communal population to acquire rapidly any beneficial novelty by HGT. Koonin and Martin (2005) have indeed propose a scenario in which life evolved up to the emergence of Archaea and Bacteria in the confined environment of a single hydrothermal chimney. I think that such scenario is very unlikely. My guess is that (again considering the extraordinary multiplicative power of life) the whole planet was already covered by a biosphere at the time of the Last Universal Common Ancestor (LUCA) of modern cells. LUCA and its contemporaries were indeed already quite complex cellular organisms (Forterre, 2010b) with an already optimized genetic code (Vetsigian et al., 2006). However, there is no experimental data showing that extensive HGT would prevent speciation, even in a confined space. On the contrary, a recent study of archaeal populations living in a single hot terrestrial pool have shown that, even in such confined environment, microbial populations can diverge and form new species despite extensive HGT by acquiring specific traits that allow them to adapt to specific metabolic niches (Cadillo-Quiroz et al., 2012). The same should have occurred for ancient (pre-LUCA) microbial populations, except if we assume that no ecological differentiation take place at the time of LUCA, something very unlikely.

Fortunately, there is no reason to abandon Darwin's vision when we think of primordial evolution, even if HGTs were more prevalent during this period of life history (something a priori not obvious since HGT involves presently complex molecular mechanisms for DNA transfer from one cell to another). As previously mentioned, HGT cannot per se modify the nature of the evolutionary process (Forterre, 2012). Novelties can be transmitted by HGT but only fixed via the selection of individual. One could argue that HGT were so frequent before LUCA that a beneficial gene was rapidly transferred to the whole population, but the same would have been true for deleterious HGT! Parasites would have also invaded and disrupted such communal population (Poole, 2009). Again, only selection between a myriad of individuals could have make sense of these variations.

Positive selection was certainly at work, as a result of competition between parasites, predators, and preys (Forterre, 2005). Beside, neutral and purifying selection can have also play a major role in building cellular complexity (Lukeš et al., 2011). In all cases, variation and selection were certainly the two pillars of life evolution in the pre-LUCA era as they are now. The formation of stable species might have indeed been prevented, but Darwinism cannot be assimilated to the formation of stable species, especially since, as previously discussed, the great merit of Darwin had been to focus on the variability of organisms and the lack of natural barrier between species, varieties and sub-varieties.

Even in the absence of “speciation,” evolution of individual living entities before LUCA should be viewed in a tree-thinking framework. The evolution of replicators, protocells, and RNA-based cells produced myriads of trees in our distant past, and the best (or the lucky) replicators, protocells, and RNA-based cells were selected at each turning point of life history (the first organism with genomic RNA distinct from ribozyme RNA, the first organism with ribosomes producing encoded peptides, and the first organism with the modern genetic code, the first organism with DNA genomes). The winners were selected whereas many other types of organisms that once existed were eliminated (for instance organisms producing proteins—with possibly D amino-acids—using RNA-based machineries distinct from the ancestors of the ribosome). These selections were meaningful, thanks to variations that occurred in RNA replicons. Back in time, these complex chemical processes based on variation and selection probably originated from chemical kinetics selection that can favor the emergence of more complex replicators through imperfect replication (variation) and kinetic selection (Pross, 2011).

Why did Carl Woese propose the concepts of Darwininan threshold and communal evolution? One of his aims was probably to explain why the tempo of evolution was much higher at the time of LUCA (and before) than it became later on recently (Woese, 1998 and references therein). More precisely, he wonders why three different versions of universal proteins emerged in the relatively short period between the origin of proteins and LUCA, whereas they remained relatively similar within each domain until now, i.e., during a much longer period? This is an important question that Carl Woese raised early on, promoting the progenote concept (weak coupling between genotypes and phenotypes) as one possible explanation for the difference in evolutionary tempo before and after LUCA (Woese, 1998 and references therein). By introducing the Darwininan threshold concept, Woese now suggests that the tempo of evolution was faster before this threshold because the spread of characters by HGT accelerated the path of evolution. In his new model, three different versions of universal protein were established because the three domains crossed the “Darwininan threshold” at different times.

Explaining the change in evolutionary tempo that take place after the formation of the three domains is indeed an important issue. Hervé Phillipe and myself talked of: “three dramatic evolutionary events” that reduced this tempo at the onset of the three domains (Forterre and Philippe, 1999). I once suggested that these events were coupled to three independent transitions from RNA to DNA genomes that reduced the rate of genome evolution at the origin of each domain (Forterre, 2006a). Other hypotheses can be certainly put forward. However, I do not think that such events could be simply explained by a decrease in HGT frequency. In fact, we have no idea of the variation of HGT frequency during the history of life. Considering that HGT require today complex molecular machines for DNA transfer, it might be even possible that HGT were less frequent in ancient time than they are now. In fact, one could for instance argue that HGT were very rare at the time of LUCA, explaining why the three domains could indeed diverged so much, whereas more extensive HGT later on within domains homogenized molecular biology within but not between domains.

Uniformitarianism and Gradualism

Darwin has insisted on gradualism (natura non facit saltum) because he had to fight against creation theories. He promoted the idea that evolution proceeds via the gradual accumulation of tiny modifications. This view is now another angle of attack against “Darwinism.” In particular, genomics would have teached us that “Natura facit saltum” (see below) and that Darwin was wrong to insist on gradualism and uniformitarism in the biosphere (Koonin, 2009a,b). However, the history of science tells us that it does not make sense to claim that Darwin was wrong each time we discover a variation that is not so “gradual” after all. At the beginning of the XX century, “mutationism” was opposed to “Darwinism” because mutations were discrete, not gradual, modifications (a red eye becoming white) until population geneticists finally reconciled mutationism and Darwinism, showing that “multiple Mendelian factors combined with random environmental effect to give apparently continuous variations” (Barton et al., 2007). Today, it is claimed that HGT (once more), endosymbiosis, gene or genome duplications are not gradual too, introducing discontinuities in life history. For instance, Koonin (2009a,b) noticed that “genome duplication is far from being an infinitesimal change.” However, Darwin, who has no idea of the nature of variation, was speaking of « tiny modifications » at the phenotypic level. This debate in some way brings us back to the pre-modern synthesis era, instead of opening post-modernist avenues! Once again, if we look closely at the evolutionary process, I do not think that we need to forget gradualism so easily.

Let's take one example, mitochondrial endosymbiosis, a priori a dramatic discontinuity in the history of eukaryotes (and often viewed as such). The story started with a proto-eukaryote engulfing an alpha-proteobacterium. Interestingly, some modern eukaryotic cells still harbor endosymbiotic alpha-proteobacteria (Beninati et al., 2004; Park et al., 2009). Amazingly, in the tick Ixodes ricinus, the alpha-proteobacterium endosymbionts even parasitize mitochondria themselves (Beninati et al., 2004). The infected eukaryotic cells are not visibly different from their close relatives lacking endosymbionts. Similarly, the entrance of the alpha proteobacterium ancestor of mitochondria into an ancestor of modern eukaryotes most likely produced initially only minor phenotypic variations in the engulfing host. It's only the gradual accumulation of many (naturally selected) variations that transformed progressively the proto-eukaryote into the last common ancestor of modern eukaryotes. This evolutionary process was probably not cataclysmic but more likely take some time since, for instance, 19 eukaryotic specific proteins were added to the ancestral alpha-proteobacterium ribosome (and one bacterial protein lost) between the initial endosymbiosis at the origin of the mitochondrion and the diversification of present-day eukaryotic supergroups (Desmond et al., 2011). There are also many examples of drastic genome reduction in modern endosymbionts (e.g., Rickettsiae) that can be analyzed as the gradual accumulation of gene loss (variation), starting from an ancestor that was a free-living organisms and whose endosymbiotic descendants were gradually selected in a succession of discrete genome reductions steps (Andersson and Andersson, 1999; Renesto et al., 2005).

We should retain from Darwin's gradualist and uniformitarianist views that the basic mechanism explaining descent with modification (variation and selection) have been operating all along life history and, for instance, should serve as framework for origin of life scenarios (Chen et al., 2004). More generally, Darwin adopted the view of those geologists who realize that one should “explain past changes to the earth in terms of mechanisms that could be studied in the present” (Penny, 2011). It is essential to preserve this notion of continuity, even if life history went through phases involving very different types of organisms (RNA/peptide cells, RNA/protein cells, RNA/DNA/protein cells, RNA, and DNA viruses). We should imagine scenarios that explain the transition between these forms based on known biological mechanisms, connecting all these forms into convincing evolutionary stories and imagine how one form could have been transformed to another through small or large variations and fixed by selection (either neutral or positive).

Evolutionary Synthesis Extended to …. Viruses

A recurrent theme in the evolutionary literature is that the “evolutionary synthesis” proposed in the middle of the last century should be completed or replaced by an “extended evolutionary synthesis” including in particular recent data obtained by studying metazoan development. The origin and evolution of multicellular metazoa is indeed an important aspect of life history, especially from a human perspective. However, macrobes concerned by these processes only represent a tiny fraction of the biosphere (Forterre, 2008). In my opinion, an updated evolutionary synthesis should in priority focus on including viruses in the history of life (Brüssow, 2009).

All cellular organisms from the three domains are infected by a plethora of viruses that co-evolved with their hosts and have dramatically altered their history (Prangishvili et al., 2006; Brüssow, 2009; Forterre and Prangishvili, 2009a). However, in the recent excellent textbook for students “Evolution” that exposes in parallel molecular biology and evolutionary biology (Barton et al., 2007) viruses are covered in 12 out of 782 pages! This is because viruses have been considered by most biologists to be simple by-products of cellular evolution. Hopefully, this situation is changing (Claverie, 2006; Forterre, 2006b; Brüssow, 2009; Forterre and Prangishvili, 2009b; Villarreal and Witzany, 2010). The qualitative and qualitative importance of viruses in all environments (from the Ocean to the human gut) has been recently realized, thanks to the development of viral ecology and to systematic studies of “viromes” (Rohwer and Thurber, 2009; Kristensen et al., 2010; Rohwer and Youle, 2011). Genomic studies have shown that cellular genomes are full of viral sequences or sequences evolutionary related to viral ones (probably derived from viruses) (Cortez et al., 2009; Feschotte and Clement, 2012). The study of viruses of microbes has made tremendous advances, as testified by the first international meeting devoted to them at the Institut Pasteur in 2010 (Koonin, 2010) and by the recent creation of the international society for the study of viruses of microbes. Viruses have been known for a long time as vehicles of cellular genes. However, viruses are first of all cradles of new genes (selected in viral genomes) and thus providers of new functions. The analysis of viromes has indeed revealed that viruses are the most important source of new genetic information in the biosphere (Rohwer and Youle, 2011 and references therein). This information is directly created during replication/recombination of viral genomes by gene duplication, recombination, insertion, frameshift, gene overlapping, retrotranscription, and so.

I recently introduced the concept of virocell (the infected cell producing virion and no more capable of classical cell division) to emphasize the intracellular creative phase of the virus life cycle (Forterre, 2010a,2011b, 2012). Indeed, many evolutionists have difficulties to recognize the existence of bona fide viral genes. They reason as if all genes present in viral genome should have first originated in either archaeal, bacterial or eukaryotic genomes, before being transferred to viruses. Also, once a viral gene is integrated into a cellular genome, it is considered as a bona fide cellular gene in phylogenomic analyses, on the same footing as those inherited from cellular ancestors. For instance, genes present in “prophages” are often confused with “bacterial genes” in phylogenomic or metagenomic analyses. This has important consequences. In particular, introduction of foreign DNA coming from another cellular lineage (by transformation, conjugation or transduction) (true HGT) is not distinguished from introduction of foreign DNA via integration of viral DNA. However, these two types of HGT are completely different. In the first one (true HGT), viruses are not involved, or else eventually play the role of vehicles for cellular gene exchange (transduction), whereas in the second, they provide new genetic material of viral origin to the recipient cell. A prerequisite to understand so-called webs of life (recognizing underlying trees) would be to distinguish between these two types of HGT.

Since viruses and derived elements (plasmids, transposons and retrotransposons) mainly co-evolved with their hosts, HGT corresponding to viral integration does not usually blur the global phylogenetic signal present in cellular genomes (for cases studies, see Krupovic et al., 2010a,b; Soler et al., 2010) although they can produce a patchy distribution of characters that is difficult to interpret (Figure 2B). However, in some case, different viruses can introduce independently homologous viral proteins in different cellular lineages, a situation which will be usually interpreted wrongly as a real HGT between cells (Figure 2B). For instance, since the genomes of head and tailed viruses (Caudovirales) of Archaea and Bacteria sometimes encode homologous proteins (Krupovic et al., 2010a,b), a bacterial-like gene present in an archaeal genome might not testify for the transfer of a bacterial gene into this archaeon, but to the integration into the genome of this archaeon of an archaeovirus encoding a protein homologous to a protein encoded by a related bacteriovirus integrated into a bacterial genome. These confusing effects of integrated viral genes into cellular genomes should not be underestimated, considering that viral genes and evolutionary related elements (plasmids) represent a significant proportion of genomes in the three domains of life (Cortez et al., 2009; Feschotte and Clement, 2012 and references therein).


[image: image]

Figure 2. How integration of viruses or related elements can confuse phylogenetic analyses? (A) Patchy phylogenetic distribution of viral genes in cellular genomes. A tree of organisms (blue lines) and a co-evolving viral (plasmid) lineages (dotted red lines). A viral (plasmid) gene is sometimes integrated (red arrow) sometimes loss (black arrows) from cellular genomes. The encoded viral proteins will appear as characters present (red ovals) or absent (black ovals) in cellular proteomes. Their use in whole genome tree construction will be misleading, grouping artificially organisms with common integrated viral (plasmid) genes. (B) Independent integration of viral genes encoding homologous proteins (small thick red arrows) mimicking horizontal gene transfer (thin red arrow) between two species.



Viral integration can also mimic gene duplication. For instance many genes supposed to be paralogues (having originated by gene duplication in cellular genomes) might be homologous viral genes that have been introduced several times independently in the same cellular genome (for a case study, see the multiple integration of viral/plasmidic MCM helicases in Methanococcales, Krupovic et al., 2010a,b). Hence, it is unclear if multiple RNA polymerases, DNA polymerases, or MCM subunits in modern eukaryotic genomes originated by gene duplications (the common view) or multiple integrations of viral proteins (Forterre, 2006a).

I will argue here that confusion between cellular and viral genes partly explain the difficulties that many molecular evolutionists have to understand that the “web component” of gene trees (especially microbial ones), does not challenge Darwin but challenges the traditional view that confuse genes of viral and cellular origin.

Viruses as Mediators of Biological Evolution

Molecular biologists have now shown that viruses and related elements have played a major role in the origin of variations. Their integration into cellular genomes can inactivate cellular genes or promote various forms of genome recombination. Besides, when a viral genome becomes inserted into a cellular genome in regulatory regions, it can promote either activation or inactivation of neighboring genes, modifying the pattern of gene expression (de Parseval and Heidmann, 2005; Feschotte and Clement, 2012). These modifications can be drastic, especially if they touch genes controlling complex regulatory networks. Beside integration, viruses can live in symbiosis (carrier state) with cellular organisms (Ryan, 2007; Villarreal, 2007) providing another major route for the creation of diversity.

Importantly, the integration of viral genomes or the presence of viral symbionts brings at once new genes (hence, possibly new functions) into the cell. Many viral proteins encoded by these genes have been previously selected to interact with cellular proteins and manipulate cellular functions for the virus benefit. These proteins can now be recruited by the cells for their own purpose (exaptation) and help the cells to adapt to viruses but also to many other aspects of their environment (for instance when a bacteria recruited viral toxins to fight their eukaryotic predators). Since viral genomes replicate more often and are quantitatively more abundant than cellular genomes, it is possible that in fine, most cellular proteins originated first in the viral world (more precisely in virocells, see Forterre, 2010a,2011b, 2012) and were only transferred later on into cellular lineages. One can conclude from all these considerations that interaction between viruses and cells has been probably (and still is) a (the) major source of variation (and novelties) in life history.

Darwin wondered about the multiplicative power of life, he would have been fascinated by the incredible multiplicative power of viruses. The huge number of infectious viral particles present in the biosphere has imposed a dramatic selection pressure (natural selection in grand scale) to natural populations all along life history. This has now been clearly established for modern marine viruses that fundamentally “manipulate” their environment, controlling the structure of microbial populations (Rohwer and Thurber, 2009 and references therein). Similarly, retroviruses and derived genetic elements have imposed a dramatic selection pressure all along eukaryotic evolution, as testified by the huge number of endogenous retroviruses and derived elements now integrated into animals or plant genomes (Brosius, 2003; de Parseval and Heidmann, 2005; Feschotte and Clement, 2012). In fact, the major problem faced by any cellular population is how to adapt to their viral environment.

Considering the impact of viruses on both selection and variation, the two pillars of Darwin's core idea, the conflict between viruses and cells has been (and still is) probably the main engine of biological evolution (Forterre and Prangishvili, 2009b). In particular, the arm race between viruses and cells could partly explain the apparent tendency of life evolution toward complexity. This arm race has been probably a major source of novelties in the living world, much like arm races between tribes, cities and states have been a major factor of novelties in human history. More generally, the existence of parasites has been certainly a constant of life history (in agreement with uniformitarianism). As theoretically shown by Penny and co-workers in the case of the conflict between phagotrophs and their preys, “there was no garden of Eden” at the time of LUCA or before (De Nooijer et al., 2009), i.e., a “communal” word without parasites has never existed. The conflict between proto-viruses and RNA cells and later on between viruses and cells was probably a major evolutionary force at several critical steps in the history of life. This possibility has been explored to explain for instance the origin of DNA (Forterre, 2002) the origin of cell wall (Jalasvuori and Bamford, 2008), or else the emergence of unique eukaryotic features, such as the nuclear membrane, the telomere or else the odd mRNA capping structures (Forterre, 2011a and references therein).

It has been often claimed by anti-Darwinists, that the simple process of random mutations is not powerful enough to have produced the complexity and diversity of modern life forms. This is probably partly because they never consider in their reasoning the role that viruses have played in shaping cellular evolution. Unfortunately, Darwin was unaware of the existence of viruses, he would have been thrilled by the powerful tools for biological evolution hidden before our eyes, all these myriad of tiny “Darwinists” working days and nights to slowly but constantly change the face of the planet by promoting variation and selection.

Conclusion

At the dawn of the XXI century, some biologists apparently dream to bypass Darwin. For me, this is hopeless, except if we reduce Darwin to some ad hoc version of « Darwinism » or if we consider Darwin as one of our contemporaries, and not a scientist of the XIX century. With the dyad variation/selection, Darwin has provided us with key concepts that are necessary and sufficient to understand the logic of evolution, a goldmine that is still open. All the striking discoveries made in biology during the last 150 years have been extensions of these concepts and recent discoveries in microbial evolution and post-genomic studies are not different. We cannot bypass Darwin, but we can go beyond Darwin by the continuous exploration of the biosphere and the many particular mechanisms of life evolution. These mechanisms are much more diverse and sometimes complex than those imagined at the turn of the last century and new unexpected mechanisms certainly remained to be discovered. Of course, if we plan to reconstruct the history of life itself, especially those of ancient life, we are face to immense difficulties. However, we should not try to escape these difficulties by replacing trees by networks. In the meantime, we should go back to the fields to complete our inventory of microbes and their viruses, and be grateful to Darwin, who teaches us to look nature with open eyes beyond the veil of ideologies.
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Classification Microorganism Genome Host References.
Actinobacteria Mycobacterium avium 4.83Mb Acanthamoeba Lietal, 2005
Mycobacterium marinum 6.64Mb Acanthamoeba Stinear et al, 2008
Mycobacterium smegmatis 6.99Mb Acanthamoeba Fleischmann et al 2006
Mycobacterium tuberculosis 441Mp Acanthamoeba Cole etal., 1998
Bacteroidetes Amoebophilus asiaticus 188Mb Acanthamoeba Schmitz-Esser etal., 2010
Porphyromonas gingivalis 23aMb A castellanii® Nelson et al., 2003
Flavobacterium johnsoniae 6.10Mb A polyphagz® McBride et al,, 2009
Chilamydieles Parachlamydia acanthamoebae 3.07Mb A castellani Colingro et al. 2011
Protochiamydia amoebophia 241Mb A castellanii Horn etal., 2004
Simkania negevensis 250Mb A castellanii® Collingro et al, 2011
Waddia chondrophila 2.12Mb A castellanii Bertelii et al, 2010
a-proteabacteria Rickettsia belli 152Mb A. polyphaga Ogata et al., 2006
Odyssella thessalonicensis 2.85Mp° Acanthamoeba Georgiades etal, 2011
y-Proteobacteria Legionella drancourti 416Mb® A polyphaga Gimenez etal, 2011
Legionella longbeachae 4.08Mb Acanthamosba Kozak et al., 2010
Legionella pneumophila 350Mb Acanthamoeba Cazalet et al., 2004; Chien et al., 2004

*Shown to grow in amoebae, but maybe not the natural host.
bUnfinished genome sequence.
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Family Microorganism Genome Host References
Mimiviridae Mimivirus 118Mb Acanthamoeba Raoult et al., 2004
Mimiviridae Megavirus chilensis 126 Mb Acanthamoeba Arslan etal., 2011
Mimiviridae* Cafeteria roenbergensis virus 0.730Mb. C. roenbergensis Fischer et al, 2010
- Sputnik 0.018Mb Acanthamoeba La Scola et al, 2008
Marseilleviridae Marseillevirus 0.368Mb. Acanthamoeba Boyer et al, 2009
Marseilleviridae Lausannevirus 0.346Mb. Acanthamoeba Thomas et al, 2011

«Classification proposed by Colson et al. (2011).
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Microorganism Viruses® Host Eukaryota Bacteria Archaea

B P B 3 B 3 B 3 B
Mimivirus. a5 4 5 12-13 30 60 % 29 na.
Marseillevirus 59 51 na. 2 70 85 57 49 2
Lausannevirus, 2 na. 1 na. 2 na. 7 na. -

The table present the number of genes potentially laterally transferred as retrieved by BLASTbased (B) and by phylogeny-based () methods.
21n Megavirus, 44 genes were reported to match against non-viral sequences in the nr database, but no information on taxonomic classification is available.

na.
na.
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