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Abstract

Background: Major transitions in biological evolution show the same pattern of sudden
emergence of diverse forms at a new level of complexity. The relationships between major groups
within an emergent new class of biological entities are hard to decipher and do not seem to fit the
tree pattern that, following Darwin's original proposal, remains the dominant description of
biological evolution. The cases in point include the origin of complex RNA molecules and protein
folds; major groups of viruses; archaea and bacteria, and the principal lineages within each of these
prokaryotic domains; eukaryotic supergroups; and animal phyla. In each of these pivotal nexuses in
life's history, the principal "types" seem to appear rapidly and fully equipped with the signature
features of the respective new level of biological organization. No intermediate "grades" or
intermediate forms between different types are detectable. Usually, this pattern is attributed to
cladogenesis compressed in time, combined with the inevitable erosion of the phylogenetic signal.

Hypothesis: | propose that most or all major evolutionary transitions that show the "explosive"
pattern of emergence of new types of biological entities correspond to a boundary between two
qualitatively distinct evolutionary phases. The first, inflationary phase is characterized by extremely
rapid evolution driven by various processes of genetic information exchange, such as horizontal
gene transfer, recombination, fusion, fission, and spread of mobile elements. These processes give
rise to a vast diversity of forms from which the main classes of entities at the new level of
complexity emerge independently, through a sampling process. In the second phase, evolution
dramatically slows down, the respective process of genetic information exchange tapers off, and
multiple lineages of the new type of entities emerge, each of them evolving in a tree-like fashion
from that point on. This biphasic model of evolution incorporates the previously developed
concepts of the emergence of protein folds by recombination of small structural units and origin of
viruses and cells from a pre-cellular compartmentalized pool of recombining genetic elements. The
model is extended to encompass other major transitions. It is proposed that bacterial and archaeal
phyla emerged independently from two distinct populations of primordial cells that, originally,
possessed leaky membranes, which made the cells prone to rampant gene exchange; and that the
eukaryotic supergroups emerged through distinct, secondary endosymbiotic events (as opposed to
the primary, mitochondrial endosymbiosis). This biphasic model of evolution is substantially
analogous to the scenario of the origin of universes in the eternal inflation version of modern
cosmology. Under this model, universes like ours emerge in the infinite multiverse when the
eternal process of exponential expansion, known as inflation, ceases in a particular region as a
result of false vacuum decay, a first order phase transition process. The result is the nucleation of
a new universe, which is traditionally denoted Big Bang, although this scenario is radically different
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from the Big Bang of the traditional model of an expanding universe. Hence | denote the phase
transitions at the end of each inflationary epoch in the history of life Biological Big Bangs (BBB).

Conclusion: A Biological Big Bang (BBB) model is proposed for the major transitions in life's
evolution. According to this model, each transition is a BBB such that new classes of biological
entities emerge at the end of a rapid phase of evolution (inflation) that is characterized by extensive
exchange of genetic information which takes distinct forms for different BBBs. The major types of
new forms emerge independently, via a sampling process, from the pool of recombining entities of
the preceding generation. This process is envisaged as being qualitatively different from tree-

pattern cladogenesis.

Reviewers: This article was reviewed by William Martin, Sergei Maslov, and Leonid Mirny.

Open peer review
This article was reviewed by William Martin, Sergei
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Background

The enigmatic nexuses

The famous single illustration of Darwin's "Origin of Spe-
cies" shows generalized binary trees. According to Darwin,
"The affinities of all the beings of the same class have
sometimes been represented by a great tree. I believe this
simile largely speaks the truth." [1] Darwin's notion of a
tree as a valid depiction of evolution became the founda-
tion of the grand metaphor of the tree of life (TOL) that
had been propounded as a generally adequate depiction
of the entire history of life, above all, by Haeckel who
expanded Darwin's schematic into an arborescent and
picturesque tree [2].

However, the evolution of life is, obviously, a non-uni-
form process as described, e.g., in Simpson's classic book
[3,4], and captured, more formally, in the punctuated
equilibrium concept of Gould and Eldredge [5,6]. Lengthy
intervals of gradualist modification are punctuated by
brief bursts of innovation that are often called transitions,
to emphasize the fact that they culminate in the emer-
gence of new levels of organizational and functional com-
plexity [7]. Although it is hardly feasible to compile a
definitive list of biological transitions, certain events, such
as the origin of the first cells, the origin of the eukaryotic
cell, or the origin of multicellular plants and animals, def-
initely qualify as major transitions. The term "transition"
might not be the most precise descriptor of the pivotal
events in life's evolution because the emerging new forms
do not necessarily (or, even, typically) replace pre-existing
ones (e.g., eukaryotes do not replace prokaryotes).
Instead, in these evolutionary (or, perhaps, more pre-
cisely, revolutionary) nexuses, forms with a new level of
organizational complexity emerge that, subsequently,
coexist with the older, simpler forms. Nevertheless, with
this understanding, I use the commonly accepted term
"transitions" through the rest of this article.

There seems to be a striking commonality between all
major transitions in the evolution of life. In each new class
of biological objects, the principal types emerge abruptly,
and intermediate grades (e.g., intermediates between the
precellular stage of evolution and prokaryotic cells or
between prokaryotic and eukaryotic cells), typically, can-
not be identified. The events that lead to the emergence of
anew level of complexity and, obviously, are crucial in the
evolution of life elude representation through a unique
tree topology and are notoriously hard to reconstruct.
Whatever trees have been constructed for these stages of
life's history, have extremely short, most often, unreliable
internal branches, and the tree topology tends to differ for
different genes [8] (Fig. 1). Below I list the most conspic-
uous instances of this pattern of discontinuity in the bio-
logical and pre-biological domains, and outline the
central aspects of the respective evolutionary transitions.

1. Origin of protein folds

There seem to exist ~1,000 or, by other estimates, a few
thousand distinct structural folds the relationships
between which (if existent) are unclear [9-11].

2. Origin of viruses

For several major classes of viruses, notably, positive-
strand RNA viruses [12] and nucleo-cytoplasmic large
DNA viruses (NCLDV) of eukaryotes [13,14], substantial
evidence of monophyletic origin has been obtained.
However, there is no evidence of a common ancestry for
all viruses [15].

3. Origin of cells

The two principal cell types (the two prokaryotic domains
of life), archaea and bacteria, have chemically distinct
membranes, largely, non-homologous enzymes of mem-
brane biogenesis[16,17], and also, non-homologous core
DNA replication enzymes [18]. This severely complicates
the reconstruction of a cellular ancestor of archaea and
bacteria and suggests alternative solutions [16,19].
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Figure |

A Bush of Life: a typical tree with unresolved deep branches.
The tree was generated from simulated data using the
TreeView program [114].

4. Origin of the major branches (phyla) of bacteria and archaea
Although both bacteria and archaea show a much greater
degree of molecular coherence within a domain than is
seen between the domains (in particular, the membranes
and the replication machineries are homologous through-
out each domain), the topology of the deep branches in
the archaeal and, especially, bacterial phylogenetic trees
remains elusive. The trees conspicuously lack robustness
with respect to the gene(s) analyzed and methods
employed, and despite the considerable effort to delineate
higher taxa of bacteria [20-23], a consensus is not even on
the horizon. The division of the archaea into two
branches, euryarchaeota and crenarchaeota is better estab-
lished but even this split is not necessarily reproduced in
trees, and further divisions in the archaeal domain remain
murky [23-25].

5. Origin of the major branches (supergroups) of eukaryotes
Despite many ingenious attempts to decipher the branch-
ing order near the root of the phylogenetic tree of eukary-
otes, there has been little progress, and an objective
depiction of the state of affairs seems to be a "star" phyl-
ogeny, with the 5 or 6 supergroups established with rea-
sonable confidence but the relationship between them
remaining unresolved [26-31].

http://www.biology-direct.com/content/2/1/21

6. Origin of the animal phyla

The Cambrian explosion in animal evolution during
which all the diverse body plans appear to have emerged
almost in a geological instant is a highly publicized
enigma [32-35]. Although molecular clock analysis has
been invoked to propose that the Cambrian explosion is
an artifact of the fossil record whereas the actual diver-
gence occurred much earlier [36,37], the reliability of
these estimates appears to be questionable [38]. In an
already familiar pattern, the relationship between the ani-
mal phyla remains controversial and elusive.

The bushes in the tree of life (TOL) recently have been
examined in some detail, and their appearance has been
attributed, primarily, to cladogenesis compressed in time
that appears to be characteristic of transitional epochs in
evolution. Also, the erosion of the phylogenetic signal
inevitably results in poor resolution of phylogenetic trees
for ancient divergence events like all those listed above.
Nevertheless, it is generally assumed that, in principle, the
TOL exists and is resolvable although, in practice, full res-
olution might never be attained and, furthermore, might
not even be particularly important for understanding the
actual events that transpired during the respective transi-
tional stages [8,39].

Here, I argue for a fundamentally different solution, i.e.,
that a single, uninterrupted TOL does not exist, although
the evolution of large divisions of life for extended time
intervals can be adequately described by trees. I suggest
that evolutionary transitions follow a general principle
that is distinct from the regular cladogenesis. I denote this
principle the Biological Big Bang (BBB) Model. Under this
model, each of the biological transitions is, indeed, a tran-
sition in a more specific, technical sense, i.e., a switch
between two phases of evolution, a phase of rapid evolu-
tion (inflation) characterized by rampant exchange and
recombination of genetic material, followed by congeal-
ing into a relatively slow phase governed by the tree pat-
tern. This principle shows substantial analogies with the
new model of universe nucleation (a radical re-interpreta-
tion of the classic Big Bang) that is part of the eternal infla-
tion cosmology.

Unconventional solutions

In a seminal 1998 paper, Carl Woese proposed that the
early stages of life's evolution including that of the Last
Universal Cellular Ancestor (LUCA), involved rampant
horizontal exchange of genetic material between primor-
dial life forms such that individual lineages could not
form [40,41]. As aphoristically formulated by Woese,
"This communal ancestor has a physical history but not a
genealogical one" [40]. The lineages were thought to
emerge as the "temperature" (used here as a physical met-
aphor describing the changing intensity of the genetic
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exchange) of the evolving mixture lowered and the func-
tional systems of cells "crystallized" (again, metaphori-
cally) one by one.

Subsequently, the notion of a "communal ancestor" has
been developed into a specific scenario [16,19] that
derived from the comparative-genomic indications that
the enzymes of membrane biogenesis and the core DNA
replication machineries in archaea and bacteria were non-
homologous [18,42]. Under this scenario, LUCA was a
diverse population of genetic entities (initially, RNA, sub-
sequently, a mixture of RNA and DNA segments) that
inhabited networks of inorganic compartments at hydro-
thermal vents. Extensive exchange of genetic content
between compartments, the primordial analog of HGT, is
an inherent feature of this model. A transition from selec-
tion for individual genetic entities to the selection for
"selfish cooperatives” (in particular, compartment con-
tents) is thought to have occurred in this system, followed
by independent escape of the first membrane-bounded
cells [19]. There might have been numerous "attempted"
escapes but only two ultimately successful ones, leading
to archaea and bacteria.

The scenario of evolution of non-membrane-bounded
but compartmentalized populations of diverse genetic
elements has been extended and elaborated to include
viruses, and developed into the virus world concept [15].
The notion of the virus world stems, primarily, from the
fact that a set of genes encoding essential proteins
involved in viral genome replication, packaging, and vir-
ion formation (virus hallmark genes [15]), are shared by
numerous groups of dissimilar and, otherwise, appar-
ently, unrelated viruses. The early, "communal" stage of
evolution is envisaged as, essentially, virus-like where, ini-
tially, the progenitors of viral and cellular genomes were
indistinguishable but, gradually, the segregation of bona
fide parasites (the would be viruses) and selfish coopera-
tives (the would be cellular life forms) took hold. The
major classes of extant prokaryotic viruses are thought to
have emerged directly from the primordial pool of genetic
elements. In addition, it has been proposed that eukaryo-
genesis was "the second melting pot" of virus evolution
where the major groups of eukaryotic viruses emerged,
primarily, through recombination between various bacte-
riophage and cellular genomes.

In a striking parallel, Lupas et al. have proposed that mod-
ern protein folds evolved by recombination of ancient
peptide modules, such that the folds have independent
and polyphyletic origins although they all ultimately
derive from the same recombining pool of genetic ele-
ments encoding primordial peptides [43]. The recent
demonstration (in simulation studies) that high concen-
tration of RNA would have been readily attainable in net-
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works of inorganic compartments at hydrothermal vents
[44] has added credibility to the notion that that recombi-
nation and fusion of RNA molecules could have played a
major role even in pre-biological evolution [45,46].

The realization that HGT is extremely widespread among
prokaryotes [47-52], which was one of the principal early
discoveries of the genomic revolution [53], led to a reap-
praisal of the TOL concept [54-57]. As noticed by Ford
Doolittle, as long as the HGT is quantitatively substantial
and involves, to a lesser or greater extent, all categories of
genes, "Molecular phylogeneticists will have failed to find
the "true tree," not because their methods are inadequate
or because they have chosen the wrong genes, but because
the history of life cannot properly be represented as a
tree." [56]. It has been argued, however, that the TOL still
could be saved, even in the presence of extensive HGT, by
redefining the TOL as the consensus tree of the relatively
stable (refractory to HGT) core of highly conserved genes
[22].

In recent general, philosophically oriented treatises,
O'Malley and Boucher, and Doolittle and Bapteste
[58,59] further question the validity of the TOL paradigm.
Emphasizing the plurality of process in biological evolu-
tion, which includes both vertical, tree-like inheritance
and exchange of genetic material between diverse life
forms, traditionally viewed as HGT (although the chang-
ing paradigm of microbiology would blur the very distinc-
tion between the two processes [58]), Doolittle and
Bapteste call for replacing the tree-centered monism by a
plurality of pattern in evolutionary models [59]. The sce-
narios of early evolution outlined above fit that bill by
postulating that the early, pre-cellular evolution of life fol-
lowed a pattern that was qualitatively distinct from the
pattern of subsequent evolution. The principal feature of
the distinct, early phase of evolution is thought to be the
extensive exchange of genetic material that assumes differ-
ent forms, results in rapid evolutionary innovation, and
precludes the formation of distinct lineages. Here, I gener-
alize on this pattern by proposing that a phase of rapid,
promiscuous evolution might underlie many, if not most
of the major transitions in the history of life. I draw a fun-
damental analogy between these transitional stages of
biological evolution and the birth of universes from Big
Bang events as interpreted in the eternal inflation model
of cosmology.

Hypothesis: the Biological Big Bang model of
evolutionary transitions

The major transitions in biological evolution as Biological
Big Bang events

I hypothesize that each major biological transition is,
actually, a transition between two qualitatively different
phases of evolution, an initial rapid phase and the subse-

Page 4 of 17

(page number not for citation purposes)



Biology Direct 2007, 2:21

quent, slower phase during which the tree pattern emerges
(Fig. 2). The entire history of life, then, should be depicted
not as a TOL but as a succession of alternating rapid and
slow phases such that each new rapid phase emerges from
a pre-existing tree and, in turn, gives rise to a new tree
phase (Fig. 2). In modern cosmology, there is a striking
analogy to this pattern, namely, the transition from the
rapid, exponential expansion (inflation) of the multiverse

http://www.biology-direct.com/content/2/1/21

to the much slower expansion occurring during the nucle-
ation of an individual universe (see below). This transi-
tion corresponds to the Big Bang of the traditional model
of an expanding universe. Hence I denote the transitional
events in the evolution of life the Biological Big Bangs
(BBBs) and refer to the rapid stages of evolution as the
inflationary phase. I elaborate on this analogy in the next
section.

Figure 2

Tree-like phase

Biological inflation: rapid evolution by
genetic exchange/recombination

Biological Big Bangs and the emerging pattern of tree-like evolution: transitions between rapid and slow phases of evolution in
the history of life. The transition between the rapid, inflationary, and slow, tree-like, phases of evolution is shown by the red
line and denoted BBB. The similarity to the depiction of Big Bang events in the evolution of the multiverse in Fig. 3 is deliberate.
I. The pre-cellular BBBs. The squiggles of different colors denote genetic elements in the primordial gene pool, and arrows
denote recombination/fusion processes. The emerging trees are those of individual genes and virus-like agents. The emergence
of the proto-archaeal (A) and proto-bacterial (B) cells is shown as well. Il. Origin of the major bacterial lineages. The rounded
rectangles show proto-bacterial cells with leaky membranes (broken lines). The arrows denote extensive horizontal gene
transfer. The colored shapes denote emerging bacterial lineages (trees) with tighter membranes (solid lines). A similar sche-
matic for the origin of archaeal lineages is not shown. Ill. Origin of the eukaryotic supergroups. The irregular shapes show
proto-eukaryotic cells that already harbored mitochondria derived from a-proteobacteria (dark green shapes inside — shown
to derive from one of the bacterial trees supposed to correspond to the proteobacterial lineage) and have evolved nuclei (red
spheroids, so colored to emphasize the archaeal connection). The archaeal ancestry of eukaryotes is denoted by a broken
arrow (the intermediate, inflationary phase is omitted). Arrows show secondary symbioses with other bacteria or primitive
eukaryotes (colored shapes) that are postulated to give rise to the eukaryotic supergroups (trees).
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The principal underlying force of the inflationary phases
of evolution is extensive genetic exchange between the
respective biological entities, taking the forms of recombi-
nation, fusion, and fission; the specifics of these processes
differ for different inflationary stages. The process leading
to the emergence of a new generation of increasingly com-
plex entities at the end of each inflationary stage (i.e., the
BBBs) is best described as continuous sampling of numer-
ous combinations of genetic elements. Once, by chance, a
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stable, highly efficient combination emerges, a lineage of
the new generation is born (Fig. 2).

Table 1 lists the putative major BBB events in the history
of life on earth. The first four of the BBBs date back to the
pre-cellular era:

1. the emergence of complex RNA molecules, e.g., rRNA,
by fusion/recombination of smaller RNA segments;

Table I: Major transitions in the history of life and proposed Biological Big Bang events

Transition/BBB Nature of the inflationary phase Specifics/comments References
(dominant genetic exchange
processes)
Emergence of complex RNA Recombination/fusion/fission, in The first of the three (along with the origins of [43, 46, 115]
molecules and protein folds the primordial gene pool, between viruses and cells) original, great BBBs that might
genetic elements encoding short have shared a physical substrate, the primordial
peptides and/or unstructured gene pool, probably, abiogenically
proteins, or RNA structural compartmentalized. This BBB would give rise to
elements. the tree pattern of evolution (gene trees) for the
first time in the history of life.
Emergence of the major classes of ~Recombination and fusion, in the The second of the three great BBBs occurring in [15]

viruses primordial gene pool, of genetic
elements encoding hallmark viral
genes.

Recombination, fusion, and sorting
of diverse genetic elements in the
primordial gene pool.

Emergence of the two prokaryotic
cell types, archaea and bacteria

Emergence of the major lineages of
archaea and bacteria

Extensive gene exchange between
protoarchaeal and protobacterial
cells with leaky membranes within
primordial microbial mats,
possibly, in the vicinity of
hydrothermal vents.

the primordial gene pool.

The third and last of the three great BBBs
occurring in the primordial gene pool. Crucial
processes involve the formation of selfish
cooperatives, extensive transfer of genetic
material between compartments, and sampling of
genes into emerging protocells. Probably,
numerous trials on cell formation, with only two
types fixed.

Continued, albeit more constrained process of
gene sampling, with numerous trials on more
robust cells capable of departing the primordial
mats.

[15, 16, 19, 40, 41]

Emergence of the eukaryotic cell Extensive gene flow from The 5 eukaryotic supergroups are: [67,70]
and the supergroups of eukaryotes endosymbionts to the host |. Plantae (green plants, green algae, red algae)
chromosome(s) accompanied by 2. Chromalveolates (alveolates, including
massive invasion of introns and Apicomplexa, dinoflagellates, and ciliates, and
pervasive genome rearrangement.  stramenophiles including diatoms, oomycetes and
Distinct symbiotic events giving many other groups)
rise to the 5 supergroups of 3. Unikonts (Animals, fungi, Amoebozoa)
eukaryotes. 4. Rhizaria (Foraminifera and a variety of other,
poorlycharacterized groups)
5. Excavates (kinetoplastids, euglenids,
diplomonads, trichomonads, and other, poorly
characterized groups) [28].
The chloroplast symbiosis, obviously, gave rise to
Plantae, and a symbiosis between a primitive
unicellular eukaryote and a red alga led to the
emergence of the Chromalveolata. The remaining
endosymbiotic events that are postulated to
underlie the emergence of other supergroups
might not have left morphologically distinct
vestiges
Origin of the major lineages within  Invasion of mobile elements;
supergroups? rewiring of regulatory networks;
more?
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2. the emergence of protein folds by recombination and
fusion of RNA segments encoding primordial peptides
and/or non-globular primordial polypeptides containing
small structured units;

3. the emergence of the major classes of virus-like agents
(the progenitors of the prokaryotic viruses) via recombi-
nation and fusion of primordial genetic elements;

4. the emergence of archaeal and bacterial cells, via a gene
sampling process, from the same primordial pool of
genetic elements at a later stage.

The existence of an initial rapid phase of evolution, char-
acterized by extensive mixing and matching of genetic ele-
ments, has already been proposed for each of these
transitions in previous studies (see above and Table 1).
The recent demonstration that the primordial pool of
RNA molecules might have been highly concentrated
[44], creating favorable conditions for recombination and
fusion [46], lends further credibility to these scenarios.
Conceivably, the first trees ever to emerge during life's his-
tory were gene trees which consolidated at the first two
BBBs that gave rise to complex RNA molecules and major
protein folds.

The next two BBBs correspond to the emergence of the
major lineages of bacteria and archaea. As indicated
above, attempts to resolve the relationships between these
lineages through conventional phylogenetic tree building
or through analysis of rare characters (cladistics) yield
conflicting and hardly compelling results. I suggest that
the major lineages of bacteria and archaea are, actually,
not linked by trees. Instead, the emergence of archaea and
bacteria via the respective BBBs would have been followed
by new inflationary phases in which the archaeal and bac-
terial cells formed distinct communities of cells that
extensively exchanged genetic material. Conceivably, the
membranes of these earliest archaea and bacteria were
substantially more leaky than those of modern prokaryo-
tes [60], making the cells highly susceptible to DNA
uptake. The intensity of genetic exchange was high
enough to preclude the formation of individual lineages.
At this stage of evolution, archaeal and bacterial cells
existed as physical entities (and communities), but condi-
tions for the formation of cell lineages did not, and selec-
tion affected genes and gene complexes rather than cells.
Evolution would be rapid, fueled by the rampant gene
flow between cells, albeit not as rapid as the gene
exchange between inorganic compartments during the
pre-cellular inflationary epoch. In concrete, physical
terms, the proto-bacteria and proto-archaea might have
thrived as colonies at hydrothermal vents, outside the net-
works of inorganic compartments from which the first
cells have "hatched" [16,19]. The proto-bacteria and
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proto-archaea would form physically distinct communi-
ties, in principle, similar to the present-day microbial
mats|[61,62], with the intensity of the gene flow between
these being substantially lower than that within each of
the communities. Individual bacterial and archaeal cellu-
lar lineages would emerge when gene sampling yielded
selectively advantageous combinations with tighter mem-
branes, thus, curtailing HGT. Escapes of the emerging dis-
tinct cellular forms from the communities would result in
partial isolation of the lineages, and in dissemination of
distinct bacteria and archaea in a variety of habitats.

The origin of the eukaryotic cell and the emergence of
eukaryotic supergroups can be reasonably perceived as a
single BBB event. The debate around the origin of eukary-
otes continues to rage [63-65]. Nevertheless, the most par-
simonious scenario has the symbiosis between an
archaeon and an a-proteobacterium (the progenitor of
mitochondria) as the triggering event of eukaryogenesis
[65-67]. Conceivably, this event instigated a new wave of
inflation during which the archaeal host DNA was bom-
barded by the genes and selfish elements from the symbi-
ont, apparently, leading to dramatic rearrangements
within the hybrid cell, starting with the formation of the
endomembranes and the nucleus [67,68]. The existence
of an extremely eventful, even if temporally brief, "stem"
(i.e., preceding the divergence of the supergroups) phase
of eukaryotic evolution is clearly demonstrated by the
existence of numerous pan-eukaryotic sets of paralogous
genes that evolved at this stage [69]. During the stem
phase, the emerging eukaryotic cell, probably, evolved the
phagocytic capacity and would engulf additional bacteria,
typically, resulting in multiple, transient symbioses and
transfer of a varying number of the bacterial symbiont's
genes to the eukaryotic genome. Effectively, this is the
"you are what you eat" scenario proposed by Doolittle
[70], with the difference that the mitochondrial endosym-
biosis is perceived as the event that triggered all aspects of
eukaryogenesis, in particular, the evolution of the phago-
cytic capacity. A relatively stable symbiosis would result in
the termination of inflation for a host subpopulation and
the emergence of a new cellular lineage, one of the eukary-
otic supergroups.

Currently, the evolutionary tree of eukaryotes is best rep-
resented as a bush (polytomy) of 5 or, possibly, 6 super-
groups [28,31](Table 1). There is no consensus on the
relationship between the supergroups. It is considered cer-
tain that the Plantae supergroup, which includes glauco-
phytes, red algae, green algae, and green land plants
derived from the latter, emerged following the endosym-
biosis of a cyanobacterium (the future chloroplast) with
an ancestral eukaryotic eukaryotic cell (which, certainly,
already possessed the mitochondrion) [71-74]. Further-
more, under the so-called chromalveolate hypothesis
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[75,76], a secondary endosymbiosis, namely, the engulf-
ment of a red alga by a non-photosynthetic eukaryotic
cell, gave rise the to Chromalveolata supergroup
[74,77,78]. Several additional secondary symbioses that
involve the engulfment of a photosynthetic eukaryote by
a non-photosynthetic appear to have occurred at the base
of several major lineages belonging to different super-
groups, e.g., euglenids, diatoms, and dinoflagellates
[74,77,79]. Furthermore, a remarkable variety of transient
and stable bacterial symbionts have been detected in
numerous individual unicellular eukaryotes [80], indicat-
ing that establishment of a symbiosis is relatively com-
mon, although evolution of symbionts into bona fide
organelles appears to be much harder and rare. I propose
that each of the eukaryotic supergroups emerged from the
ancestral population of early eukaryotes through a distinct
symbiosis with bacteria, as in Plantae, or between primi-
tive eukaryotes themselves, as appears to be the case for
Chromalveolata. Other than in Plantae and Chromalveo-
lata, these postulated, ancient endosymbiotic events,
apparently, have not left vestiges in the form of morpho-
logically distinct organelles (at least, not widespread
ones); however, traces of such events in the form of genes
transferred to the nuclear genome could exist and can be
sought. It should be noticed that, under the chromalveo-
late hypothesis, secondary loss of endosymbionts is not
uncommon: apparently, it occurred independently in
multiple branches of Chromalveolata, such as the ciliates
and several lineages of heterkonts, dinoflagellates, and
apicomplexans [72,74,77]. Thus, losses of morphologi-
cally distinguishable endosymbionts in other supergroups
do not appear implausible either. The chromalveolate
hypothesis remains a subject of debate, and it cannot be
ruled out that it erroneously oversimplifies the history of
secondary endosymbiotic events that have occurred in
eukaryotic evolution [28,74,77]; this would not, however,
bear upon the generality of endosymbiosis coninciding
with BBB in the context of the present argument.

The cosmological connection: eternal inflation and the Big
Bang as a transition between two phases in the evolution

of the multiverse

In this section, I elaborate on the, apparently, deep analo-
gies between the BBB model and the cosmological model
of eternal inflation. First, however, the eternal inflation
model and they way it reinterprets the Big Bang need to be
briefly introduced. The dominant 20t century concept of
the origin and evolution of our universe, implicit in the
Friedmann's solutions of general relativity equations and
developed in the seminal work of Gamow and coworkers,
involved expansion of the spacetime and energy-matter
from an initial state characterized by values of curvature,
density, and temperature that tend to infinity (mathemat-
ically, a singularity) [81,82]. The primordial "explosion"
of the initial state has been dubbed (originally, sarcasti-
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cally, by the astrophysicist Fred Hoyle, a staunch oppo-
nent of the very idea of an expanding universe) the Big
Bang. The Big Bang model of the evolution of the universe
is considered to be, effectively, proved by the discovery of
the low-energy cosmic microwave background radiation
(CMB) [82]. However, the nature of the Big Bang event
had not received a coherent explanation before the
advent, in 1981, of a new generation of cosmological
models that stem from the concept of inflation. Inflation
is the exponentially fast initial expansion of a universe
[83-85]. Inflation is in an excellent agreement with several
crucial results of observational cosmology [85,86]. In the
most plausible, self-consistent inflationary models, infla-
tion is eternal, with an infinite number of island (pocket,
bubble) universes (hereinafter, simply, universes) emerg-
ing through the decay of small regions of the primordial
"sea" of false vacuum and comprising the infinite multi-
verse [87-89](Fig. 3A). Importantly, the "populated land-
scape" version of string theory independently yields a very
similar model of the multiverse [90-93]. Thus, although
the model of eternal inflation cannot be considered
proved, this is the strongly preferred current scenario of
the cosmic evolution.

In the eternal inflation cosmology, the Big Bang is radi-
cally reinterpreted. Instead of being the actual beginning
of time and history, a Big Bang becomes a local transition
between two phases of the multiverse's evolution,
namely, the rapid inflation, driven by the negative pres-
sure of the high energy (false) vacuum, and the relatively
slow expansion of an individual universe. The formation
of complex structures, such as galaxies, is possible only in

Eternally inflating multiverse

Eternal inflation

Standard
Big Bang
cosmology

Universe  time

Eternal inflation

Figure 3

The cosmological model of eternal inflation. A. Emergence of
universes as nucleating bubbles of low-energy vacuum in the
eternally inflating sea of false vacuum. B. A Big Bang event at
the origin of a universe: views from the inside of the emerg-
ing universe and from the outside.
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the second phase, but depends on quantum fluctuations
of the scalar field of the decaying false vacuum at the end
of inflation in the given region of the multiverse
(85,86,89].

The analogy between this new picture of the Big Bang (but
not the classical one) and the BBB model is apparent and
straightforward. The central feature of both processes is
the transition between a "hot" phase of rapid change and
a "cooler" phase of slower evolution during which the for-
mation of structures becomes possible. The emergence of
a new generation of biological entities as a result of "cool-
ing and condensation" of parts of the inflating pool of
previous-generation elements is analogous to the decay of
small regions of false vacuum in the inflating multiverse —
the multiple Big Bang events - giving rise to individual
(variously denoted as island, pocket, or bubble) uni-
verses. The decay of false vacuum can be formally
described as a first order phase transition (e.g., water boil-
ing) [94-96]. To quote the picturesque description given
by Guth, "...bubbles of the new phase materialize ran-
domly in space, just as bubbles of steam form randomly
in water heated on the stove...The rate at which the bub-
bles materialize depends very sensitively on the details of
the theory, so the decay of the false vacuum can be very
fast, or very slow, or something in between." [85] This
reads like a perfect coarse-grain description of a BBB; it
remains to be seen whether the corresponding mathemat-
ical theory can be developed.

Of course, the analogy between the rapid phases of bio-
logical evolution and cosmological inflation and the cor-
responding phase transitions is not a direct, physical one
but pertains to the common general characteristics of
these processes. Similarly to the exponential space expan-
sion during inflation, the brief stages of rapid evolution in
the history of life are characterized by a rapid expansion
of the biological informational space fueled, primarily, by
various forms of recombination, fusion, and fission of
genetic entities (Fig. 3). The evolutionary momentum cre-
ated by these processes is analogous to the repulsive (neg-
ative) pressure of the false vacuum.

Under the eternal inflation model, all the specifics of the
evolution of each universe are determined by quantum
fluctuations of the scalar field of the decaying false vac-
uum [89]. Hence the events occurring in a particular uni-
verse cannot be predicted from any events preceding the
respective Big Bang. This essential unpredictability is par-
alleled by the random emergence of lineages from the sea
of biological inflation although, in this case, the random-
ness involved is, of course, deterministic rather than
quantum.
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There are, certainly, substantial distinctions between the
BBB model and the eternal inflation cosmology. The enor-
mous differences in scales and energies involved are obvi-
ous. Besides, under the eternal inflation model, the
spacetime of the multiverse appears as an infinite sea of
eternally and continuously inflating false vacuum, speck-
led with nucleating bubbles of universes (Fig. 3A). By con-
trast, in biological evolution, inflation appears to be
recurring and discontinuous (Fig. 2).

To avoid confusion, it should be noted that inflationary
cosmology appears to be relevant to our understanding of
biological evolution at more than one level. In a recent
paper, I explored direct implications of eternal inflation
for the origin of replication, translation, and biological
evolution itself [97]. By contrast, here, the cosmological
models are used as an analogy; however, I believe that it is
a powerful analogy that can substantially inform our
understanding of the fundamentals of biological evolu-
tion.

Discussion and Conclusion

The essence of the Biological Big Bang model is that evo-
lution consists of two, fundamentally different, alternat-
ing phases which are underpinned by sharply distinct
processes:

i) the rapid, inflationary phase that is, typically, character-
ized by extensive fusion, fission, and recombination of
genetic entities

ii) the slower phase that takes over when inflation stops in
a part of a community of recombining genetic elements
and includes the emergent tree pattern of evolution (Fig.
2).

Herein lies the deep analogy with the eternal inflation
model of the evolution of the multiverse in which uni-
verses repeatedly emerge as a result of a local halt of infla-
tion caused by the decay of regions of false vacuum (Fig.
3A). The local termination of inflation is a phase transi-
tion (in the precise physical sense) that ushers in the sec-
ond, slower phase of expansion during which, in many
universes with the conducive values of the key parameters
(such as the cosmological constant and the amplitude of
the cosmic microwave background radiation), structures,
such as clusters of galaxies, emerge [98]. This process
appears analogous to the emergence of tree-like evolution
in BBBs. Of course, the analogy between BBBs events and
the cosmological Big Bangs leading to the birth of uni-
verses should not been construed in direct physical terms
but rather pertains to the general features of the corre-
sponding processes, in particular, the existence of a rapid
and slow phases of evolution separated by a phase transi-
tion.
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The major corollary of the BBB scenario of biological evo-
lution (Fig. 2) is that there is no TOL, even though the tree
pattern is a persistent and inevitable feature of life's evolu-
tion at numerous stages. The TOL concept is undermined
in the most fundamental, physical sense, i.e., under the
BBB model, the history of cellular life does not represent
a single, interrupted tree of dividing cells [59]. In a close
parallel, the evolution of viruses and related selfish ele-
ments is not, even in principle, a single tree of replicating
genomes [15]. The non-existence of TOL does not mean
that trees for individual genes do not exist either. These
trees, conceivably, were brought about by the first BBBs
that involved the nucleation of RNA and protein struc-
tures. However, the BBB model implies two crucial aspects
of these trees that are both compatible with empirical
data: i) the deep internal branches of gene trees are
strongly compressed as dictated by the rapidity of evolu-
tion during inflationary phases, and ii) in general, there is
no reason for the topologies of the trees for individual
genes to be the same in their deep parts, given the ram-
pant reassortment and recombination of genetic elements
during the inflationary phases (although, toward the end
of an inflationary stage, some gene combinations would
become relatively stable, rendering a degree of coherence
on some of the gene trees). An implication of these
notions is that concatenation of protein sequences in an
attempt to enhance the signal and resolve deep phyloge-
nies, a common approach in genome-wide phylogenetic
analysis [22,99,100], is a highly suspect practice at best.

The BBB scenario outlined here is linked to, and derived
from, directly or indirectly, several previously developed
models and concepts in evolutionary biology. Perhaps,
the most important one, conceptually, is Woese's idea of
a communal stage in the early evolution of life [40,41]
which, indeed, corresponds to one of the inflationary
phases of evolution postulated here (Table 1). It is
remarkable and more than a coincidence that Woese
described the emergence of the biological lineages as a
phase transition [40]. The model is also compatible, at
least, in the broad sense, with Gould's and Eldredge's
notion of punctuated equilibrium [5,6]. As concerns the
BBB event associated with the origin of eukaryotic super-
group, the present concept is, in general terms, in line
with the ideas of Margulis and coworkers on the pivotal
role of symbiosis in evolution [80,101,102]. However, the
symbioses hypothesized here and leading to the emer-
gence of the eukaryotic supergroups are not to be identi-
fied with the series of symbioses that led to the emergence
of the eukaryotic cell under the recent hypothesis of Mar-
gulis et al [103]; the latter do not seem to find support in
available comparative-genomic data.

Like the recent conceptual analysis of Doolittle and Bap-
teste [59], the BBB model defies the TOL paradigm. How-
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ever, there is also a notable difference between the two
concepts. Essentially, Doolittle and Bapteste submit that
the TOL paradigm is invalid inasmuch as there is substan-
tial HGT. This is, indeed, indisputable as long as the TOL
is uncompromisingly defined as a tree describing the evo-
lution of entire genomes. However, as suggested previ-
ously, the tree representation can be useful even when it
reflects the history of a substantial core of genes rather
than all genes [22]. It has been shown that such a core of
genes that do not appear to undergo frequent HGT exists
in major prokaryotic divisions, such as the proteobacteria
[104-106]. Accordingly, I propose here that, whereas the
tree pattern does not, in principle, apply to the inflation-
ary phase of evolution, trees, understood as the evolution-
ary scenarios for gene cores, are adequate descriptions of
the slower phase.

Recently, Cavalier-Smith developed the notion of "quan-
tum evolution" according to which major cellular innova-
tions in life's history occurred as quantum leaps followed
by periods of relative stasis [107]. The central idea of
"quantum evolution" might, at first sight, seem very sim-
ilar to the BBB. However, the fundamental difference is
that, according to Cavalier-Smith, quantum evolution
occurs solely via rapid accumulation of mutations not via
the qualitatively different mechanism of genetic exchange
postulated here.

The notion of Big Bang and the term itself have been
repeatedly applied in discussions of rapid cladogenesis in
biological evolution, in particular, with regard both to the
evolution of protein folds [108,109] and to the evolution
of various taxa [26,110,111]. I believe, however, that in
these studies, Big Bang served more as a general metaphor
than a fundamental analogy. Indeed, the traditional Big
Bang model does not seem to have any explanatory poten-
tial in this context inasmuch as the Big Bang presents The
crucial distinction is that the previous invocation of Big
Bang dealt with the description of such events in the tra-
ditional models of an expanding universe which allowed
only a metaphoric juxtaposition of biology and cosmol-
ogy. The analogy becomes much more precise and
informative when the interpretation of the Big Bang in
modern inflationary cosmology is invoked instead.

The BBB model, like most concepts at that level of gener-
alization, is hard to test in its entirety but concrete analy-
ses could help both to falsify aspects of the model and to
harness additional support. In particular, a definitive res-
olution of the deep branches in the phylogenetic trees of
bacteria, archaea, or eukaryotes would substantially
undermine the BBB concept. Conversely, the model sug-
gests that search for additional symbiosis events that
could have given rise to the eukaryotic supergroups other

Page 10 of 17

(page number not for citation purposes)



Biology Direct 2007, 2:21

than Plantae might have potential, and if successful,
would provide a boost to the model.

It remains an open and intriguing question to what extent
the BBB model applies to other transitions in biological
evolution beyond those discussed above, e.g., the emer-
gence of animal phyla during (or before) the Cambrian
explosion, and what would be the mechanisms underpin-
ning the inflationary phase for these transitions. It seems
tempting and potentially fruitful to examine such stages
of evolution for possible mechanisms of genetic exchange
to account for an inflationary phase; invasions of mobile
elements (including viruses) could be one such mecha-
nism. Additionally or alternatively, rewiring of the kernels
of regulatory networks that is thought to underlie the
divergence of animal phyla [112,113] could be a qualita-
tively distinct evolutionary force triggering a BBB. More
generally, understanding the inflationary phases and the
exact processes occurring during BBBs emerges as a major
goal of evolutionary biology.

Reviewers' comments

Reviewer I: William Martin (University of Duesseldorf)

If these ideas are drawn from cosmology, that could be
stated, but I don't think they are. Instead it seems that
these ideas emerge independently from cosmological con-
siderations and are founded in evolutionary thinking, not
in cosmological.

Author's response: The ideas, in large part, are, indeed,
drawn from cosmology — more precisely, from the juxtaposition
of specific models of modern cosmology and biological evolu-
tion. In the revised text, the cosmological connection is pre-
sented firmly and exclusively as an analogy, albeit a deep one.
I should emphasize (and this was made more explicit in the
revised manuscript) that 1 draw a fundamental analogy
between biological transitions and the interpretation of the Big
Bang in modern, inflationary cosmology. The analogy does not
work with the traditional notion of the Big Bang. Therefore,
without, at least, a general understanding of the distinction
between these two dramatically different notions of the Big
Bang, it is hard to understand the analogy and the paper as a
whole. Hence the discussion of cosmology here required a spe-
cial section, albeit a brief one.

Abstract: "It is proposed that each major transition during
evolution that shows the "explosive" pattern of emergence
of new classes of biological entities corresponds to a
boundary between two qualitatively distinct evolutionary
processes (phases)" I think that some specification is
needed here, because different biologists have different
views as to what the major transitions are.
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Author's response: I have tried to explain what is meant by
transitions but also indicated that it is, indeed, hard to converge
on a complete, definitive list of these.

Abstract: "that the eukaryotic supergroups emerged
through distinct endosymbiotic events". What eukaryote
phylogeny buffs are now calling supergroups are things
like excavates, opisthokonts, archaeplastida, etc. These are
summarized in recent reviews, especially the one by Adl et
al cited in (44). They all have only one and the same
endosymbiont (the mitochondrion), so distinct symbi-
oses is not at all a clear term here. Plants had a second dis-
tinct symbiosis, some algae had distinct 2 ° symbioses, but
that's about it, it seems. So the passage needs clarification.

Author's response: Phrasing was less than precise in the orig-
inal abstract. Clarifications added, both in the abstract and in
the main text. Yes, I speculate on additional symbioses, even if
they are not discussed by "specialists", and I make it explicit in
the revision.

"identification of symbiotic events that would have led to
the emergence of eukaryotic kingdoms" comment as
above.

Author's response: See above.

In the first two paragraphs of "Background" we see that
the tree concept is being contrasted to a rate concept
(gradualism). That problem occurs throughout the paper.
One cannot easily present rates plus mechanisms (Bangs)
as alternatives to shapes (the tree). I don't really have a
suggestion as to how to fix this problem of the present
paper except for major recouching of the issues. But I do
think that it needs to be fixed.

Author's response: This is an important point, and I
attempted to make it explicit in several places in the revised
manuscript. What I mean is not just a major difference in rate
but a difference in mechanism. The underlying mechanism in
tree phases of evolution is vertical inheritance resulting in
cladogenesis. The underlying mechanism in inflationary stages
is exchange, recombination etc such that organismal lineages
do not exist. The paper is not just about the fallacy of gradual-
ism (something that, indeed, has been emphasized by Gould-
Eldredge, Cavalier-Smith and others). The distinction between
the two phases of evolution is not one of quantity but one of
kind. I agree that this was insufficiently stressed in the original
manuscript, and I attempted to rectify this in the revision.

Abstract: "In each major class of biological objects, the
principal types emerge "ready-made", and intermediate
grades cannot be identified." Ouch, that will be up on ID
websites faster than one can bat an eye.
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Author's response: Here I do not really understand the con-
cern. 1 changed "ready-made" to "abruptly", to avoid any ID
allusions and added clarifications but, beyond that, there is lit-
tle I can do because this is an important sentence that accu-
rately and clearly portrays a crucial and, to the very best of my
understanding, real feature of evolutionary transitions. Will
this be used by the ID camp? Perhaps — if they read that far into
the paper. However, I am afraid that, if our goal as evolutionary
biologists is to avoid providing any grist for the ID mill, we
should simply claim that Darwin, "in principle", solved all the
problems of the origin of biological complexity in his eye story,
and only minor details remain to be filled in. Actually, I think
the position of some ultra-darwinists is pretty close to that.
However, I believe that this is totally counter-productive and
such a notion is outright false. And, the ID folks are clever in
their own perverse way, they see through such false simplicity
and seize on it. I think we (students of evolution) should openly
admit that emergence of new levels of complexity is a complex
problem and should try to work out solutions some of which
could be distinctly non-orthodox; ID, however, does not happen
to be a viable solution to any problem. 1 think this is my
approach here and elsewhere.

Regarding the animal phyla, see two new papers on Can-
field oceans, where they say that the lineages just got
larger 580 MY ago.

Fike DA, Grotzinger JP, Pratt LM, Summons RE (2006)
Oxidation of the Ediacaran ocean. Nature 444:744-747

Canfield DE, Poulton SW, Narbonne GM (2007) Late-
Neoproterozoic deep-ocean oxygenation and the rise of
animal life. Science 315:92-95

Author's response: These particular papers seem only tangen-
tially relevant but several others that claim early divergence of
animal phyla and those that criticize that claim are cited in the
revision.

Background, the last paragraph of the 1st subsection:
"Here, I argue for a fundamentally different solution, i.e.,
that a single, uninterrupted TOL does not exist." I think
we are hitting a big snag here that needs a couple of para-
graphs of explanation. Ford Doolittle and others are say-
ing that too, but for very different reasons (for example
Doolittle and Bapteste, 2007, PNAS), so it is really neces-
sary to explain what the difference is. I really do think that
the essence of the present paper is a general assault on
gradualism. The people who most vociferously criticize
the ToL concept are saying that i) the ToL is not a tree
because lateral gene transfer is widespread and possibly
the predominating factor in the overall evolution of
prokaryotic gene combinations across chromosomes and
that endosymbiosis with endosymbiotic gene transfer is
important. They are saying that the ToL is not a tree
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because it is not, in the main, bifurcating. This paper is not
commenting on the topology or general shape of the ToL,
but is instead using the term "ToL" without further quali-
fication, hence accepting that a ToL exists in nature (see
here Doolittle and Baptest 2007 for the difference
between really existing ToLs in nature that one might dis-
cover and assumedly existing ToLs evidence for which one
might seek), and within a ToL framework is saying that
there are order of magnitude differences in the yearly rate
and nature at which at which growth occurs along the
branches. That comes to the fore with allusions to punctu-
ated equilibrium.

Author's response: Actually, I think herein lies the big mis-
understanding and/or the big disagreement. I do not see at all
how the concept presented in this paper is compatible with the
existence of a "single, uninterrupted" TOL. And, I do not see
how any other concept of TOL would be worth of that name. In
the revised version, I try to clarify this in several places.

The cosmology part of the paper would need to be toned
down because even if the cosmology parallels can be
drawn, the substance of the paper needs to stand or fall on
biological arguments, cosmology provides no help at all.

Author's response:It has been toned down in the revision (see
also above).

I think that the discussion of the proposed symbiotic
events needs to be contrasted and compared to what Lynn
Margulis is saying for example in Proc Natl Acad Sci USA.
103:13080-10385 (2006).

Author's response: Contrasted and compared in the Discus-
sion.

Section on Cosmology and Discussion: I do not agree that
any general similarities between biological process and
cosmological process can be drawn. If biologists first have
to read up on their cosmology to understand evolution,
then something must be wrong. Biologists have long lis-
tened to chemists and physicists when it comes to early
evolution and its principles. I am convinced that biology
and biochemistry are sufficiently rich as disciplines to
allow the problems to be cast in biological and biochem-
ical terms. That is a plea for a more down-to-Earth presen-
tation of the present text.

Author's response:The presentation was made somewhat
more down-to-Earth in the revision but only so much because I
am still convinced that there is a substantial and informative
(as I see it) analogy between transitional stages of biological
evolution and evolution of the multiverse. 1 actually think it
would be very, very useful to any evolutionary theorist to famil-
iarize her/himself with modern cosmology (I am tempted to
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suggest that is, indeed, necessary, but probably, I should not go
that far). In the very least, many fruitful ideas come out of jux-
taposing the two fields. By the way, cosmologists are well aware
of existing parallels and use them often (Lee Smolin with his
cosmic selection — regardless of the ultimate validity of his the-
ory, it is certainly respectable — is the best example). Of course,
any scientist is entitled to stay away from any such far-reaching
analogies but, in all fairness, those who are poised to pursue
them, should have the right to do so as well.

I think that this whole paper needs to be contrasted to pre-
viously published literature on LGT, on punctuated evolu-
tion, and on endosymbiotic theory in more detail. I think
that most readers will come away with the same feeling.
For topics as broad as this MS is cut out, anything short of
a book is probably too brief. The easy fix is to focus on a
specific point like gradualism.

Author's response: The point about the book is well taken,
too (I am, actually, working on one). However, I think that
anything that requires a book for a full presentation also can be
presented as an "extended abstract" (see Darwin, Charles).
This paper is just such an abstract. Nevertheless, some extra ref-
erences and a few extra words on each of the aforementioned
issues were added in revision.

Reviewer 2: Sergei Maslov (Brookhaven National
Laboratory)

The manuscript by Eugene Koonin describes a compelling
analogy between several major evolutionary transitions in
the history of life (referred to as Biological Big Bangs or
BBBs) and the inflationary model describing the early
dynamics of our Universe (or rather the multiverse) fol-
lowing the cosmological Big Bang. What conceptually
unifies these two rather disparate phenomena is that both
start with a chaotic phase in which a large number of new
entities is rapidly created. Following a sharp crossover this
phase is replaced with a much slower phase in which these
entities are being tested and gradually refined. I liked the
philosophical message of the manuscript that major inno-
vations usually start with a chaotic, messy, "evolutionary
brainstorming" phase in which freshly generated, still
imperfect elements are being freely exchanged and recom-
bined.

The present manuscript also nicely extends/compliments
the recently published anthropic principle manifesto by
the same author (Biology Direct 2, 15 (2007)).

One question I would like to see addressed in more detail
is to what extent the BBBs have to involve extensive
genetic recombination. In the introduction chapter of this
manuscript the Cambrian explosion is listed among the
greatest evolutionary transition (which it undoubtedly
was). However, this evolutionary transition is later omit-
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ted from the list of BBBs discussed in detail in this manu-
script. My guess this is because it does not easily fit the
scenario of a rampant genetic exchange. More primitive
multi-cellular organisms were in existence well before the
Cambrian era and it is hard to imagine a scenario in which
multi-cellular organisms would be involved in a large-
scale swap of genetic material. On the other hand, it is
becoming progressively more and more clear that during
(or immediately before) the Cambrian explosion Nature
experimented with different schemes of wiring the regula-
tory network for embryonic development (see e.g. the
concept of regulatory "kernels" responsible for different
animal body plans in E.H. Davidson, and D. H. Erwin,
Science 311, 796 (2006)). Thus a more traditional expla-
nation of the Cambrian explosion involves no rampant
horizontal gene transfer but just a very rapid burst of
innovation and diversification following the appearance
of a new scheme for information processing (in this case
represented by the regulatory network orchestrating the
embryonic development).

I would very much like Eugene to share his thoughts on
whether he feels that a large-scale genetic recombination
is in his opinion a necessary condition for a Biological Big
Bang to occur?

Author's response: Certainly, I do not insist on a large-scale
swap of genetic information (i.e, HGT) being the underlying
cause of the emergence of the animal phyla. 1 suggest leaving
the causes of the acceleration of evolution in this and other late
transitions wide open. 1 would suspect that bursts of mobile ele-
ment dissemination could be important as briefly mentioned at
the end of the paper, and possibly, other forms of information
exchange. The issue of network rewiring is also touched upon in
the revision, with two papers of Eric Davidson cited, and in this
context, the possibility of causes of BBBs distinct from genetic
exchange is acknowledged. However, a truly detailed discussion
of animal evolution is outside the scope of this paper.

If it is not I could imagine extending the analogy even fur-
ther to describe rapid technological transitions such as
(most recently) the appearance of the Internet and the
World Wide Web. Here again the singular act of invention
of a new information processing tool was followed by a
burst of innovation utilizing it in every imaginable way.
As in any of the BBB described in the manuscript in this
case the initial rapid innovative phase will inevitably be
replaced by a much slower phase in which various "body
plans" for Internet-based services are tested and gradually
refined (or altogether discarded).

Author's response: Very interesting ideas, indeed...
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Reviewer 3: Leonid Mirny (Massachusetts Institute of
Technology)

This is a very provocative and thought-provoking paper:
provocative in putting forward a radical hypothesis of
early evolution, and thus provoking to think it over and
weight its feasibility. The hypothesis sounds reasonable
and very plausible to me. Below I sketch some directions
of the theoretical research that can further elaborate evo-
lution through BBBs.

Organization

1. I found the manuscript to be very well written but
somewhat redundant. I think it will benefit from shorten-
ing. E.g., problems that stimulated the development of the
model (new folds, viruses, bacteria and archaea, eukaryo-
tic cells and phyla) are listed in several sections of the
manuscript. This makes the introduction somewhat
lengthy. I wish a reader had a shorter road to the exciting
core of the paper (pages 13-16, in my opinion).

Author's response: I understand the sentiment but these are
highly non-orthodox ideas, so I believe the long introduction
should be helpful for most readers.

Questions/suggestions

1. The emergence of the new folds in attributed to the first
BBB. I would think that each BBB leads to the emergence
of new genes and folds, specifically the one that lead to
the emergence of the eukaryotic cell with its unique
eukaryotic genes and folds.

Author's response: There seems to be a bit of a misunder-
standing here. Certainly, there was some (though, limited)
emergence of new folds associated with different BBBs. How-
ever, the first BBB involved the emergence of the very first dis-
tinct protein (and RNA) folds.

2. The emergence of eukaryotic cell and eukaryotic line-
ages are put together into a single BBB. The emergence of
the bacteria and formation of bacteria lineages, in con-
trast, are split into two distinct BBBs. Perhaps eukaryotic
BBB can be thought of as a two-stage process: (i) the emer-
gence of the proto-eukaryotic cell through multiple sym-
biotic events and expansion of its population, followed by
(ii) the formation of the major eukaryotic lineages
through continued swallowing of other cells. The proto-
eukaryotic cell may contain the hallmark of the eukaryo-
tes (e.g. nucleus, chromatin etc), while missing some spe-
cific organelles that distinct the lineages (e.g.
chloroplasts). An alternative view would be that both
processes were happening independently and at the same
time. This possibility sounds questionable, as it may not
be able to explain the common features of all eukaryotic
cells. I think description of this BBB needs some clarifica-
tion.
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Author's response: Yes, I envisage this BBB more like a two-
stage process. A variety of amendments and clarifications were
made to the description, in part, also, in response to the criti-
cisms of Reviewer #1.

3. Emergence of the protein synthesis - one of the most
puzzling, to my mind, event in evolution, remains
untouched in this new picture of evolution leaving it to be
invented in the bubbling guts of the hydrothermal vents.
I wonder whether the BBB view of evolution can shed
light on this mystery.

Author's response: Of course, the origin of protein synthesis
(a great challenge, indeed!) is related to the first BBB. Beyond
that, however, I am not immediatel sure how the BBB model
could help. For two complementary perspectives, see my recent
papers: Wolf, Y. 1., Koonin, E. V. On the origin of the trans-
lation system and the genetic code in the RNA world by
means of natural selection, exaptation, and subfunction-
alization. Biology Direct 2007, 2:14, and Koonin, E. V. The
cosmological model of eternal inflation and the transition
from chance to biological evolution in the history of life.
Biology Direct 2007, 2:15, and

Some thoughts

1. Evolution with extensive HGT

An intriguing theoretical problem is to develop a mathe-
matical model of evolution in the population of cells
through extensive HGT (or, broadly, with "leaky" cell
walls and rapid exchange of genetic material). Intuitively,
evolutionary processes in such communities can be quite
different from the picture drawn by the classical popula-
tion genetics. Consider dynamics of an advantageous new
gene in such (HGT+ leaky cells) population. The spread of
this gene will be driven by two processes: growth of the
sub-population of cells carrying this gene (classical pic-
ture) and faster and faster spread of the gene through HGT
as the sub-population carrying the gene growth. Taken
together these processes can lead to more rapid (than in
the classical picture) fixation of an advantageous allele.
Thus it is not only the mere fact of extensive production of
the new genetic material through HGT, but also the
underlying dynamics that can make BBBs effective melt-
ing pots of evolution.

I would also expect such process (leaky cells+HGT) to be
more efficient than evolution in compartmentalized cell-
free communities of molecules in hydrothermal vents
(HGT only).

Author's response: Yes, I quite agree, hopefully, we will be
able to develop a mathematical model in a reasonable future.
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2. Mechanism and causes of "heating" and "cooling"

The next piece of the puzzle to be sought is the under-
standing of the mechanisms that lead to initiation and ter-
mination of BBBs. To my mind, the key question is
whether periods of BBB have been triggered by some envi-
ronmental events or by spontaneous nucleation (or
both).

Author's response: Yes, I think both factors were important.

One possibility is that a population model of BBBs (leaky
cells+HGT) may lead to a possible solution of the prob-
lem by suggesting mechanisms of spontaneous initiation
and termination of BBBs. For example, the winners in the
BBB evolution (i.e. cells that reached some local maxi-
mum of fitness) may benefit from sealing their cell walls
and thus leaving the community to (i) prevent further
recombination events that may ruin their local advantage;
(ii) stop sharing of the advantageous genomes with other
cells to secure their own advantage. It would be interesting
to see whether a model of BBB where cells may stochasti-
cally switch from an altruistic (open walls) to a selfish
(closed walls) behavior lead to spontaneous "sporula-
tion" of selfish wall-sealed cells that have reached locally
optimal fitness, thus leading to effective "cooling" of a
BBB.

Author's response: Again, I agree, it will be interesting and,
hopefully, feasible to develop such models.

As for the initiation of BBB, the author proposes that the
small population size may be lead to inventions due to
fixation of otherwise deleterious mutations. Perhaps,
more generally, one can think of numerous populations
that undergo Muller ratchet catastrophes, thus shrinking
and leading to this "last whisper" inventiveness. One of
which may end up inventing a mechanism for BBB (e.g.
swallowing other cells).

Authors' contributions
EVK developed the model and wrote the manuscript.

Acknowledgements

I thank Tania Senkevich for insightful and inspiring discussions, and Valerian
Dolja, Mikhail Matz, Tania Senkevich, Alex Varshavsky, Alex Vilenkin, and
Yuri Wolf for critical reading of the manuscript and constructive sugges-
tions. | am grateful to the three reviewers of this manuscript, most espe-
cially, to Bill Martin, for helpful comments and criticisms. This work was
supported by the Intramural Research Program of the National Institutes
of Health, National Library of Medicine.

References

I.  Darwin C: On the Origin of Species by Means of Natural
Selection or, The Preservation of Races in the Struggle for
Life. London, John Murray; 1859.

2.  Haeckel E: Generelle Morphologie der Organismen . Berlin,
Georg Reimer; 1866.

20.
21.

22.
23.

24.

25.

26.

27.

28.

http://www.biology-direct.com/content/2/1/21

Simpson GG: Tempo and Mode in Evolution. New York ,
Columbia Univ. Press; 1944.

Gould SJ: Tempo and mode in the macroevolutionary recon-
struction of Darwinism. Proc Natl Acad Sci U S A 1994,
91(15):6764-6771.

Eldredge N, Gould S): On punctuated equilibria. Science 1997,
276(5311):338-341.

Gould §), Eldredge N: Punctuated equilibrium comes of age.
Nature 1993, 366(6452):223-227.

Maynard Smith ], Szathmary E: The Major Transitions in Evolu-
tion. Oxford , Oxford University Press; 1997.

Rokas A, Carroll SB: Bushes in the tree of life. PLoS Biol 2006,
4(11):e352.

Zhang C, Delisi C: Estimating the number of protein folds. |
Mol Biol 1998, 284(5):1301-1305.

Wolf YI, Grishin NV, Koonin EV: Estimating the number of pro-
tein folds and families from complete genome data. | Mol Biol
2000, 299(4):897-905.

Coulson AF, Moult J: A unifold, mesofold, and superfold model
of protein fold use. Proteins 2002, 46(1):61-71.

Koonin EV, Dolja VV: Evolution and taxonomy of positive-
strand RNA viruses: implications of comparative analysis of
amino acid sequences. Crit Rev Biochem Mol Biol 1993,
28(5):375-430.

lyer LM, Aravind L, Koonin EV: Common origin of four diverse
families of large eukaryotic DNA viruses. | Virol 2001,
75(23):11720-11734.

lyer LM, Balaji S, Koonin EV, Aravind L: Evolutionary genomics of
nucleo-cytoplasmic large DNA viruses. Virus Res 2006,
117(1):156-184.

Koonin EV, Senkevich TG, Dolja VV: The ancient virus world and
evolution of cells. Biol Direct 2006, 1(1):29.

Martin W, Russell MJ: On the origins of cells: a hypothesis for
the evolutionary transitions from abiotic geochemistry to
chemoautotrophic prokaryotes, and from prokaryotes to
nucleated cells.  Philos Trans R Soc Lond B Biol Sci 2003,
358(1429):59-83; discussion 83-5.

Pereto ], Lopez-Garcia P, Moreira D: Ancestral lipid biosynthesis
and early membrane evolution. Trends Biochem Sci 2004,
29(9):469-477.

Leipe DD, Aravind L, Koonin EV: Did DNA replication evolve
twice independently? Nucleic Acids Res 1999, 27(17):3389-3401.
Koonin EV, Martin W: On the origin of genomes and cells
within inorganic compartments. Trends Genet 2005,
21(12):647-654.

Bern M, Goldberg D: Automatic selection of representative
proteins for bacterial phylogeny. BMC Evol Biol 2005, 5(1):34.
lyer LM, Koonin EV, Aravind L: Evolution of bacterial RNA
polymerase: implications for large-scale bacterial phylogeny,
domain accretion, and horizontal gene transfer. Gene 2004,
335():73-88.

Wolf YI, Rogozin IB, Grishin NV, Koonin EV: Genome trees and
the tree of life. Trends Genet 2002, 18(9):472-479.

Wolf YI, Rogozin IB, Grishin NV, Tatusov RL, Koonin EV: Genome
trees constructed using five different approaches suggest
new major bacterial clades. BMC Evolutionary Biology 2001, 1(8):.
Brochier C, Forterre P, Gribaldo S: Archaeal phylogeny based on
proteins of the transcription and translation machineries:
tackling the Methanopyrus kandleri paradox. Genome Biol
2004, 5(3):R17.

Brochier C, Forterre P, Gribaldo S: An emerging phylogenetic
core of Archaea: phylogenies of transcription and translation
machineries converge following addition of new genome
sequences. BMC Evol Biol 2005, 5(1):36.

Philippe H, Germot A, Moreira D: The new phylogeny of eukary-
otes. Curr Opin Genet Dev 2000, 10(6):596-601.
Baldauf SL: The deep roots of eukaryotes.
300(5626):1703-1706.

Keeling P}, Burger G, Durnford DG, Lang BF, Lee RW, Pearlman RE,
Roger AJ, Gray MW: The tree of eukaryotes. Trends Ecol Evol
2005, 20(12):670-676.

Roger AJ, Hug LA: The origin and diversification of eukaryotes:
problems with molecular phylogenetics and molecular clock
estimation. Philos Trans R Soc Lond B Biol Sci 2006,
361(1470):1039-1054.

Science 2003,

Page 15 of 17

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8041695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8041695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9139351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8232582
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17105342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9878351
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10843846
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11746703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11746703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8269709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8269709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8269709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11689653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11689653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16494962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16494962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16984643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16984643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15337120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15337120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10446225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16223546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16223546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15927057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15927057
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15194191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15194191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15194191
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12175808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12175808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11734060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11734060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11734060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15003120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15003120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15003120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15932645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15932645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15932645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11088007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11088007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12805537
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16701456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754613
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754613

Biology Direct 2007, 2:21

30.

31

32.

33.

34.
35.
36.

37.
38.

39.

40.
41.
42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Parfrey LW, Barbero E, Lasser E, Dunthorn M, Bhattacharya D, Pat-
terson D), Katz LA: Evaluating Support for the Current Classi-
fication of Eukaryotic Diversity. PLoS Genet 2006, 2(12):e220.
AdI SM, Simpson AG, Farmer MA, Andersen RA, Anderson OR, Barta
JR, Bowser SS, Brugerolle G, Fensome RA, Fredericq S, James TY,
Karpov S, Kugrens P, Krug J, Lane CE, Lewis LA, Lodge |, Lynn DH,
Mann DG, McCourt RM, Mendoza L, Moestrup O, Mozley-Standridge
SE, Nerad TA, Shearer CA, Smirnov AV, Spiegel FW, Taylor MF: The
new higher level classification of eukaryotes with emphasis
on the taxonomy of protists. | Eukaryot Microbiol 2005,
52(5):399-451.

Conway Morris S: Darwin's dilemma: the realities of the Cam-
brian 'explosion’.  Philos Trans R Soc Lond B Biol Sci 2006,
361(1470):1069-1083.

Conway-Morris S: The Cambrian "explosion” of metazoans
and molecular biology: would Darwin be satisfied? Int | Dev Biol
2003, 47(7-8):505-515.

Fortey R: Evolution. The Cambrian explosion exploded? Sci-
ence 2001, 293(5529):438-439.

Kerr RA: Evolution. A trigger for the Cambrian explosion? Sci-
ence 2002, 298(5598):1547.

Wray GA, Levinton JS, Shapiro LH: Molecular evidence for deep
Precambrian divergences among metazoan phyla. Science
1996, 274:568-573.

Blair JE, Hedges SB: Molecular clocks do not support the Cam-
brian explosion. Mol Biol Evol 2005, 22(3):387-390.

Welch J), Fontanillas E, Bromham L: Molecular dates for the
"cambrian explosion™: the influence of prior assumptions.
Syst Biol 2005, 54(4):672-678.

Rokas A, Kruger D, Carroll SB: Animal evolution and the molec-
ular signature of radiations compressed in time. Science 2005,
310(5756):1933-1938.

Woese C: The universal ancestor. Proc Natl Acad Sci U S A 1998,
95(12):6854-6859.

Woese CR: On the evolution of cells.
2002, 99(13):8742-8747.

Edgell DR, Doolittle WF: Archaea and the origin(s) of DNA rep-
lication proteins. Cell 1997, 89(7):995-998.

Lupas AN, Ponting CP, Russell RB: On the evolution of protein
folds: are similar motifs in different protein folds the result
of convergence, insertion, or relics of an ancient peptide
world? | Struct Biol 2001, 134(2-3):191-203.

Baaske P, Weinert F, Duhr S, Lemke KH, Russell M), Braun D:
Extreme accumulation of nucleotides in simulated hydro-
thermal pore systems. Proc Natl Acad Sci U S A 2007,
104:9346-9351.

Darnell JE, Doolittle WF: Speculations on the early course of
evolution. Proc Natl Acad Sci U S A 1986, 83(5):1271-1275.

Koonin EV: An RNA-making reactor for the origin of life. Proc
Natl Acad Sci U S A 2007, 104:9105-9106.

Koonin EV, Mushegian AR, Galperin MY, Walker DR: Comparison
of archaeal and bacterial genomes: computer analysis of pro-
tein sequences predicts novel functions and suggests a chi-
meric origin for the archaea. Mol Microbiol 1997, 25(4):619-637.
Aravind L, Tatusov RL, Wolf YI, Walker DR, Koonin EV: Evidence
for massive gene exchange between archaeal and bacterial
hyperthermophiles. Trends Genet 1998, 14(11):442-444.

Nelson KE, Clayton RA, Gill SR, Gwinn ML, Dodson R], Haft DH,
Hickey EK, Peterson JD, Nelson WC, Ketchum KA, McDonald L,
Utterback TR, Malek JA, Linher KD, Garrett MM, Stewart AM, Cot-
ton MD, Pratt MS, Phillips CA, Richardson D, Heidelberg ], Sutton
GG, Fleischmann RD, Eisen JA, Fraser CM, et al.: Evidence for lat-
eral gene transfer between Archaea and bacteria from
genome sequence of Thermotoga maritima. Nature 1999,
399(6734):323-329.

Ochman H, Lawrence |G, Groisman EA: Lateral gene transfer and
the nature of bacterial innovation. Nature 2000,
405(6784):299-304.

Koonin EV, Makarova KS, Aravind L: Horizontal gene transfer in
prokaryotes: quantification and classification. Annu Rev Micro-
biol 2001, 55:709-742.

Lawrence MS, Bartel DP: Processivity of ribozyme-catalyzed
RNA polymerization. Biochemistry 2003, 42(29):8748-8755.
Koonin EV, Aravind L, Kondrashov AS: The impact of compara-
tive genomics on our understanding of evolution. Cell 2000,
101:573-576.

Proc Natl Acad Sci U S A

54.

55.
56.

57.
58.
59.
60.

6l.
62.

63.
64.
65.

66.
67.

68.

69.

70.

71.

72.

74.

75.

76.

77.

78.

79.

80.
8l.
82.

http://www.biology-direct.com/content/2/1/21

Doolittle WF: Uprooting the tree of life. Sci Am 2000,
282(2):90-95.

Doolittle WF: Lateral genomics. Trends Cell Biol 1999, 9(12):M5-8.
Doolittle WF: Phylogenetic classification and the universal
tree. Science 1999, 284(5423):2124-2129.

Pennisi E: Is it time to uproot the tree of life? [news]. Science
1999, 284(5418):1305-1307.

O'Malley MA, Boucher Y: Paradigm change in evolutionary
microbiology. Stud Hist Philos Biol Biomed Sci 2005, 36(1):183-208.
Doolittle WF, Bapteste E: Pattern pluralism and the Tree of Life
hypothesis. Proc Natl Acad Sci U S A 2007, 104(7):2043-2049.
Mulkidjanian AY, Makarova KS, Galperin MY, Koonin EV: Inventing
the dynamo machine: On the origin of the F-type and V-type
membrane ATPases from membrane RNA/protein translo-
cases. Nat Rev Microbiol 2007, in press:.

Des Marais DJ: Microbial mats and the early evolution of life.
Trends Ecol Evol 1990, 5(5):140-144.

Des Marais DJ: Biogeochemistry of hypersaline microbial mats
illustrates the dynamics of modern microbial ecosystems
and the early evolution of the biosphere. Biol Bull 2003,
204(2):160-167.

Embley TM, Martin W: Eukaryotic evolution, changes and chal-
lenges. Nature 2006, 440(7084):623-630.

Kurland CG, Collins L}, Penny D: Genomics and the irreducible
nature of eukaryote cells. Science 2006, 312(5776):1011-1014.
Martin W, Dagan T, Koonin EV, Dipippo JL, Gogarten JP, Lake JA:
The evolution of eukaryotes. Science 2007, 316(5824):542-3;
author reply 542-3.

Martin W, Muller M: The hydrogen hypothesis for the first
eukaryote. Nature 1998, 392(6671):37-41.

Martin W, Koonin EV: Introns and the origin of nucleus-cytosol
compartmentalization. Nature 2006, 440(7080):41-45.

Koonin EV: The origin of introns and their role in eukaryogen-
esis: a compromise solution to the introns-early versus
introns-late debate? Biol Direct 2006, 1:22.

Makarova KS, Wolf YI, Mekhedov SL, Mirkin BG, Koonin EV: Ances-
tral paralogs and pseudoparalogs and their role in the emer-
gence of the eukaryotic cell.  Nucleic Acids Res 2005,
33(14):4626-4638.

Doolittle WF: You are what you eat: a gene transfer ratchet
could account for bacterial genes in eukaryotic nuclear
genomes. Trends Genet 1998, 14(8):307-311.

Delwiche CF: Tracing the Thread of Plastid Diversity through
the Tapestry of Life. Am Nat 1999, 154(S4):5164-S177.

Keeling P): Diversity and evolutionary history of plastids and
their hosts. Am | Bot 2004, 91:1481-1493.

McFadden GI, van Dooren GG: Evolution: red algal genome
affirms a common origin of all plastids. Curr Biol 2004,
14(13):R514-6.

Archibald JM: Jumping genes and shrinking genomes--probing
the evolution of eukaryotic photosynthesis with genomics.
IUBMB Life 2005, 57(8):539-547.

Cavalier-Smith T: Genomic reduction and evolution of novel
genetic membranes and protein-targeting machinery in
eukaryote-eukaryote chimaeras (meta-algae). Philos Trans R
Soc Lond B Biol Sci 2003, 358(1429):109-33; discussion 133-4.
Cavalier-Smith T: Principles of protein and lipid targeting in
secondary symbiogenesis: euglenoid, dinoflagellate, and
sprozoan plastid origins, and the eukaryote family tree. |
Eukaryot Microbiol 1999, 46:347-366.

Bhattacharya D, Yoon HS, Hackett JD: Photosynthetic eukaryo-
tes unite: endosymbiosis connects the dots. Bioessays 2004,
26(1):50-60.

Hackett JD, Yoon HS, Li S, Reyes-Prieto A, Rummele SE, Bhattacharya
D: Phylogenomic analysis supports the monophyly of crypto-
phytes and haptophytes and the association of rhizaria with
chromalveolates. Mol Biol Evol 2007, 24(8):1702-1713.

Yoon HS, Hackett JD, Van Dolah FM, Nosenko T, Lidie KL, Bhattach-
arya D: Tertiary endosymbiosis driven genome evolution in
dinoflagellate algae. Mol Biol Evol 2005, 22(5):1299-1308.
Margulis L: Symbiosis in Cell Evolution. 2nd edition. New York
W. H. freeman; 1993.

Gamow G: Expanding Universe and the Origin of Elements .
Phys Rev 1946, 70:572-573.

Weinberg S: The First Three Minutes: A Modern View of the
Origin of the Universe. New York , Basic Books; 1977.

Page 16 of 17

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17194223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17194223
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16248873
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16248873
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16248873
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754615
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14756326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14756326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11463899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12446888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15537810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15537810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16126662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16126662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16373569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16373569
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9618502
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12077305
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9215620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9215620
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11551179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11551179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11551179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17494767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17494767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17494767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2419905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2419905
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17519331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9379893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9379893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9379893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9825671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9825671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9825671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10360571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10360571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10360571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10830951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11544372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11544372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12873135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12873135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10892642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10892642
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10710791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10611671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10381871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10381871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10383313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120264
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17261804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17261804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11538863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12700147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12700147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12700147
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16572163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16572163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16709776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16709776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17463271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17463271
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9510246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9510246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16511485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16511485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16907971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16907971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16907971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16106042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16106042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16106042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9724962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16118111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16118111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14696040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14696040
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488740
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15746017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15746017

Biology Direct 2007, 2:21

83.
84.

85.

86.

87.
88.
89.
90.
9lI.

92.

93.
94.

95.

96.

97.

98.
99.

100.
101.
102.
103.

104.

105.

106.

107.

108.

109.

110.

Guth AH: The inflationary universe: A possible solution to the
horizon and flatness problems. Phys Rev D 1981, 23:347-356.
Linde AD: A new inflationary universe scenario: a possible
solution of the horizon, flatness, homogeneity, isotropy, and
primordial monopole problems. Phys Lett 1982, 108B:389-392.
Guth AH: The Inflationary Universe: The Quest for a New
Theory of Cosmic Origins. New York , Perseus Book Group;
1998.

Guth AH, Kaiser DI: Inflationary cosmology: exploring the uni-
verse from the smallest to the largest scales. Science 2005,
307(5711):884-890.

Vilenkin A: The birth of inflationary universes. Phys Rev D 1983,
27:2848.

Linde AD: Eternally existing self-reproducing chaotic infla-
tionary universe. Phys Lett B 1986, 175:395.

Vilenkin A: Many Worlds in One. The Search for Other Uni-
verses. New York , Hill and Wang; 2006.

Susskind L: The Anthropic Landscape of String Theory . arXiv:
hep-th/0302219 2003.

Bousso R, Polchinski J: The string theory landscape. Sci Am 2004,
291(3):78-87.

Susskind L: The cosmic landscape. String theory and the illu-
sion of intelligent design. New York-Boston , Little, Brown and
Company; 2006.

Bousso R: Holographic probabilities in eternal inflation. Phys
Rev Lett 2006, 97(19):191302.

Coleman S: The fate of the false vacuum, |: semiclassical the-
ory. Phys Rev D 1977, 15:2929-2936.

Guth AH, Tye SHH: Phase transitions and magnetic monopole
production in the very early universe. Phys Rev Lett 1980,
44:631-634.

Guth AH, Weinberg E: Could the universe have recovered from
a slow first order phase transition? Nuclear Phys 1983,
B212:321-364.

Koonin EV: The cosmological model of eternal inflation and
the transition from chance to biological evolution in the his-
tory of life. Biol Direct 2007, 2(1):15.

Livio M, Rees M): Cosmology. Anthropic reasoning. Science
2005, 309(5737):1022-1023.

Dutilh BE, van Noort V, van der Heijden RT, Boekhout T, Snel B,
Huynen MA: Assessment of phylogenomic and orthology
approaches for phylogenetic inference. Bioinformatics 2007,
23(7):815-824.

Snel B, Huynen MA, Dutilh BE: Genome trees and the nature of
genome evolution. Annu Rev Microbiol 2005, 59:191-209.
Bermudes D, Margulis L: Symbiont acquisition as neoseme: ori-
gin of species and higher taxa. Symbiosis 1987, 4:185-198.
Margulis L, Bermudes D: Symbiosis as a mechanism of evolu-
tion: status of cell symbiosis theory. Symbiosis 1985, 1:101-124.
Margulis L, Chapman M, Guerrero R, Hall J: The last eukaryotic
common ancestor (LECA): acquisition of cytoskeletal motil-
ity from aerotolerant spirochetes in the Proterozoic Eon.
Proc Natl Acad Sci U S A 2006, 103(35):13080-13085.

Novichkov PS, Omelchenko MV, Gelfand MS, Mironov AA, Wolf YI,
Koonin EV: Genome-wide molecular clock and horizontal
gene transfer in bacterial evolution. | Bacteriol 2004,
186(19):6575-6585.

Lerat E, Daubin V, Ochman H, Moran NA: Evolutionary origins of
genomic repertoires in bacteria. PLoS Biol 2005, 3(5):el30.
Ochman H, Lerat E, Daubin V: Examining bacterial species
under the specter of gene transfer and exchange. Proc Natl
Acad Sci U S A 2005, 102 Suppl 1:6595-6599.

Cavalier-Smith T: Cell evolution and Earth history: stasis and
revolution. Philos Trans R Soc Lond B Biol Sci 2006,
361(1470):969-1006.

Aravind L, Mazumder R, Vasudevan S, Koonin EV: Trends in pro-
tein evolution inferred from sequence and structure analysis.
Curr Opin Struct Biol 2002, 12(3):392-399.

Dokholyan NV, Shakhnovich B, Shakhnovich El: Expanding protein
universe and its origin from the biological Big Bang. Proc Nat/
Acad Sci U S A 2002, 99(22):14132-14136.

Cavalier-Smith T: The phagotrophic origin of eukaryotes and
phylogenetic classification of Protozoa. Int | Syst Evol Microbiol
2002, 52(Pt 2):297-354.

Smith NG, Knight R, Hurst LD: Vertebrate genome evolution: a
slow shuffle or a big bang? Bioessays 1999, 21(8):697-703.

112.

113.

114.

I15.

http://www.biology-direct.com/content/2/1/21

Davidson EH, Peterson KJ, Cameron RA: Origin of bilaterian body
plans: evolution of developmental regulatory mechanisms.
Science 1995, 270(5240):1319-1325.

Davidson EH, Erwin DH: Gene regulatory networks and the
evolution of animal body plans. Science 2006,
311(5762):796-800.

Page RD: TreeView: an application to display phylogenetic
trees on personal computers. Comput Appl Biosci 1996,
12(4):357-358.

Grishin NV: Fold change in evolution of protein structures. |
Struct Biol 2001, 134(2-3):167-185.

Submit your manuscript here:

http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 17 of 17

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15705842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15376755
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17155610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17540027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17540027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17540027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16099967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17237036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17237036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16153168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11542098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11542098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11543608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11543608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16938841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16938841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15375139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15375139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15799709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15799709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15851673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15851673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16754610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12127460
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12127460
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12384571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12384571
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11931142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10440866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10440866
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7481819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7481819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16469913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16469913
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8902363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8902363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11551177
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Hypothesis
	Conclusion
	Reviewers

	Open peer review
	Background
	The enigmatic nexuses
	1. Origin of protein folds
	2. Origin of viruses
	3. Origin of cells
	4. Origin of the major branches (phyla) of bacteria and archaea
	5. Origin of the major branches (supergroups) of eukaryotes
	6. Origin of the animal phyla

	Unconventional solutions

	Hypothesis: the Biological Big Bang model of evolutionary transitions
	The major transitions in biological evolution as Biological Big Bang events
	The cosmological connection: eternal inflation and the Big Bang as a transition between two phases in the evolution of the multiverse

	Discussion and Conclusion
	Reviewers' comments
	Reviewer 1: William Martin (University of Duesseldorf)
	Reviewer 2: Sergei Maslov (Brookhaven National Laboratory)
	Reviewer 3: Leonid Mirny (Massachusetts Institute of Technology)
	Organization
	Questions/suggestions
	Some thoughts
	1. Evolution with extensive HGT
	2. Mechanism and causes of "heating" and "cooling"



	Authors' contributions
	Acknowledgements
	References

