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 23. Evolution
• unfolding of our world II

• origin of biomolecular machinery
• origin of life



we can neither understand our environment nor life 
without the respective other

• strong feedback on environment: evo → envo
‣ consumption of resources & production of waste → modifying global geochemical flows 
‣ restructuring physical components (soil formation, vegetation,…) 
‣ examples: oxygenation of system Earth, anthropocene

• result of first phase largely determined by environment: envo → evo
‣ available building blocks (modules) & initial catalysts

key features to realize
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• first phase of evolution invariably a community effort
‣ “first phase”: either primordial or after a major transition 
‣ examples: prebiotic autocatalytic sets, bacteria with horizontal gene transfer,…



origin of
biomolecular machinery



reference – modern biomolecular building blocks
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metabolism
• gain energy and building blocks 

from environment 
• build/maintain & operate organism, 

including DNA replication

information
• store & handle info to build & operate organism

proteins (peptides: short, unfolded) 
• key operators in metabolism
• long linear chains of amino acids, 

folded with complicated 3d structure 
• sequence & form determine function 
• DNA encodes the sequence with an 

alphabet of 20 amino acids
• amino acids are simple compounds: 

smallest ones found in meteorites, 
available on early Earth

• nucleotides with three 
chemically different 
and complicated parts 
do not emerge easily, 
were not present on 
early Earth

RNA, DNA 
• long chains of nucleotides, each with 
‣ backbone (phosphate group – C5-sugar) 
‣ information bit (nucleobase) 
single- (RNA) or double-stranded (DNA) 

• 4-letter alphabet (nucleobases) for genetic 
information

RNA: ribonucleic acid 
DNA: deoxyribonucleic acid



reference – modern biomolecular machinery
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DNA → RNA → protein
(central dogma of molecular biology)
•DNA: genetic information, collected in chromosomes, 
encoded in genes: “hereditary atoms” 
(“one-gene-one-protein hypothesis” is outdated) 

•RNA: transports genetic information from nucleus to 
ribosomes (“protein factories”) outside 

•protein: key operators to catalyze reactions (enzymes), 
replicate DNA, build structures, transport molecules, motion

DNA: deoxyribonucleic acid
RNA: ribonucleic acid (mRNA: messenger RNA)

[www.nobelprize.org/educational/
medicine/dna/index.html]

functioning (in eukaryotes)
• replication: DNA duplication before cells divide 
• transcription: upon “protein request” corresponding gene 
section is transcribed to RNA 

•processing: non-coding parts are removed → mRNA; 
mRNA then traverses nuclear membrane 

• translation: “manufacturing” of protein based on mRNA 
•post-translational modification,…

since ~3.6 Gya
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http://www.nobelprize.org/educational/medicine/dna/index.html
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reference – modern biomolecular machinery

6

TED talk: www.ted.com/talks/drew_berry_animations_of_unseeable_biology

excerpt: 
copy DNA  

DNA from left; splice into its two strands (one running forward, the 
other one backward); replicate accordingly to get two regular copies; 
speed: approx real time

may want to: 

• spend 10 min to watch entire talk 

(for methods & more processes) 

• explore more animations, e.g., from 

https://dnalc.cshl.edu/resources/animations/

how could such an intricate machinery emerge?



Furthermore, the reactions that interconvert metabolites in this core are relatively simple.
Notably, the only cofactor required is NADH. (In extant life, synthesis of iminoaspartate,
which is required for synthesis of NADH, requires a flavin-dependent enzyme. Under pre-
biotic conditions, it could have been made by attack of ammonia on oxaloacetate.)

4. Emergence of the RNA World through a series of simpler stages

The nucleotide synthesis module necessary to generate the precursors for RNA is sim-
pler that might be supposed. We now consider how a system of ever more complex cata-
lysts might have led to a situation in which certain components of the network—i.e., RNA
molecules—could have been replicated in a template-directed fashion. Fig. 4 illustrates a
series of stages leading from simple monomers to the macromolecular RNA World. The
characteristics of each stage will be discussed below.

4.1. The monomer stage

Critical components at the earliest stage would have included a-keto acids such as pyru-
vate, simple amino acids, NADH, ribose, purines, and pyrimidines. We postulate that
these compounds were produced in or near hydrothermal vents as a result of catalysis
by mineral surfaces and other small molecules in the network. Mineral surfaces would
have helped concentrate and retain reactants. Furthermore, mineral surfaces might have
catalyzed reactions by polarizing carbonyl groups and enhancing their electrophilicity,
or by providing nucleophilic hydroxyl groups. General acid and general base catalysis
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Fig. 3. The nucleotide synthesis module in the ‘‘core of the core’’. Numbers by arrows indicate the number of
steps required to generate the product. Inputs for each reaction: (a) 2 ATP, NADH; (b) none; (c) 2 NAD+; (d)
variable amounts of ATP, CO2, NH3, formate, O2 or an alternative oxidant, and NAD+; (e) CO2; (f) NH3,
NADH; (g) 3 ATP, NH3, O2 or an alternative oxidant.
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The core necessary to launch the 
process of evolution toward the RNA 
World must have consisted of 
‣ a pathway for synthesis of organic 

compounds from CO2 and H2, and 
‣ pathways for synthesis of ribose, 

purines & pyrimidines (for nucleobases), 
and simple amino acids and cofactors.

from autocatalytic sets to the RNA world
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The chemical network required to 
generate nucleotides is fairly small.

available on early Earth

primitive forms

[Copley et al., 2007: The origin of the RNA world: Co-evolution of genes and metabolism]



envo → evo 
• geochemical environment 

determines what compounds and 
reactions are possible 

• several aspects conserved, 
e.g., metal ions in modern metabolisms

An initially highly diverse reaction network (ACS) 
in a soup of ions, minerals, and small organic molecules 
evolved through several hierarchical steps 
larger molecules → stronger catalysts → larger molecules → … 
(larger molecules thermodynamically disfavored, 
need ever stronger catalysts) 

eventually produced macromolecular RNA.
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from autocatalytic sets to the RNA world
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[Copley et al., 2007: The origin of the RNA world: Co-evolution of genes and metabolism]

The chemical network required to 
generate nucleotides is fairly small.



from autocatalytic sets to the RNA world
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RNA can play two roles  
‣ DNA: information & replicator mechanism (genetic) 
‣ proteins: metabolic machinery (catalysis) 
although with much lower accuracy and efficiency 
than today’s machinery → RNA world

comments: 
• community effort at all levels: 

interaction of all constituents leads to next higher level 
• key aspects conserved in deeper layers of modern machinery 
‣ biosynthetic pathways for simple metabolites 
‣ metal ions and organic cofactors 
‣ heritability of information carried by nucleic acids 
‣ …

Furthermore, the reactions that interconvert metabolites in this core are relatively simple.
Notably, the only cofactor required is NADH. (In extant life, synthesis of iminoaspartate,
which is required for synthesis of NADH, requires a flavin-dependent enzyme. Under pre-
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[Copley et al., 2007: The origin of the RNA world: Co-evolution of genes and metabolism]
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of translation [16,17]. Proteins are also required to charge
tRNA molecules with the appropriate amino acid [18]
and adjust their binding affinity to the ribosome [19].
Here we examine the early evolution of these proteins by
a survey of conserved structural architectures.

Modern proteins are composed of one or more archi-
tectural folds that can function and evolve independently
[20]. Protein and RNA fold modules are highly conserved
in evolution [21,22]. In contrast, the evolutionary conver-
gence of two unrelated lineages toward a common fold is
thought to be rare [23]. Convergent evolution attributable
to functional similarities has been observed at the level of
local structural motifs, but in these cases the original
overall fold architecture is maintained [24]. Thus, nonho-
mologous proteins that share a common structural topol-
ogy will most likely represent an ancient evolutionary
relationship that is too distant to be detected by sequence
similarity [25]. Recent work by Wang et al. [26] estab-
lished a phylogeny of protein fold architectures based on
the distribution of these folds across all completed
genomes. We apply ancestry values derived from this
phylogeny to the experimentally determined fold archi-
tectures present in translation proteins.

Results and discussion
Structural evolution of translation proteins
We first observed and compared the structural evolution
of three functional categories of translation proteins:
translation regulatory proteins, ribosomal proteins, and
tRNA-related proteins. For a given functional category,
protein folds and their respective phylogenetic ancestries
were identified through a combination of data from the
Gene Ontology database (GO) [27], the ASTRAL data-
base [28], and the Molecular Ancestry Network database
(MANET) [29]. These data are available as additional
online material (Additional file 1).

We observed the structural evolution of each category
of translation proteins by calculating its fold expansion as
a function of ancestry value. Nonredundant sets of all
folds found in all proteins were created for each category.
The phylogenetic ancestry value of each fold was calcu-
lated by Wang et al. [26] as the number of nodes from
that fold to the root node divided by the number of nodes
from the most recent fold to the root node. The ancestry
value can be considered a proxy for relative age where 0%
is the most ancient value and 100% is the most recent
value. Fold expansion is calculated for a given functional

Figure 1 A popular model for the development of the genetic system. The RNA world hypothesis proposes that the first genetic system involved 
informational RNA molecules that encoded the synthesis of modestly functional RNA molecules [1]. Protein translation developed during this period 
leading to the RNA-protein world. Finally, protein enzymes produced deoxyribonucleotides through ribonucleotide reduction. The availability of de-
oxyribonucleotides led to the establishment of the DNA genome and the modern genetic system [5].
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oxyribonucleotides led to the establishment of the DNA genome and the modern genetic system [5].

modern DNA-RNA-P

Goldman et al. Biology Direct 2010, 5:15
http://www.biology-direct.com/content/5/1/15

Page 7 of 12

value is equal to the number of nodes from a given fold to
the root of the tree divided by the number of nodes from
the most recent fold to the root of the tree. For each func-
tional category, fold expansion was calculated as the
cumulative fraction of folds with respect to ancestry
value. That is, at a given ancestry value, the fold expan-
sion is equal to the number of folds with an ancestry
value less than or equal to the given ancestry value
divided by the total number of folds in the functional cat-
egory. Functional annotation of folds was performed by a
combination of NCBI Conserved Domains Database
(CDD) [31,42] searches and literature review.

List of abbreviations
ARS: Aminoacyl tRNA Synthetase; CDD: Conserved
Domains Database; GO: Gene Ontology; LUCA: Last

Universal Common Ancestor; MANET: Molecular
Ancestry NETworks database; PDB: Protein Data Bank.

Reviewer's report 1
Dr. Janet Siefert, Rice University, Department of Statis-
tics, Houston, TX USA

Reviewer's Comments
1. Is the question posed new and well defined?

The question is very well defined. The question itself is
not new, just unsolved.

2. Are the methods appropriate and well described, and
are sufficient details provided to replicate the work?

The methods used by the authors are what makes the
approach to an old question relevant for investigation.
After the methods of Wang et al, [26] they utilize a com-

Figure 5 A positive feedback loop mechanism for the early development of the translation system. At each evolutionary stage, the stability 
and fidelity of the translation system is enhanced by the peptides it produces. This new superior translation system is able to synthesize proteins of 
even greater functional capability that can, in turn, act on the translation system to further enhance its own functional capability. This mechanism may 
have been a central driving force in the transition from the RNA world to modern cellular life.
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Goldman et al., 2010: The evolution and functional 
repertoire of translation proteins following the origin of life
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nucleobases (or their ancestors) with a pre-existing linear poly-
mer (which became the first backbone).

The Five Components of RNA
A mononucleotide consists of a nucleobase (which we refer
to as a recognition unit [RU]), a ribose sugar (a trifunctional
connector [TC]), and a phosphate group (an ionized linker [IL])
(Figure 1A). Each mononucleotide can be considered an
assemblage of these three distinct molecular units. The view
presented here is that each of these units was brought into
contemporary RNA, quasi-independently, through the replace-
ment of ancestral RUs, TCs, and ILs during the earliest stages
of chemical or biological evolution (Figure 1A). Because nucleic
acids have one negative charge per phosphate group, the
folding and function of these polymers always requires associ-
ated cations to reduce electrostatic charge repulsion. Divalent

metals are especially important for complex folds and cata-
lytic activity. The availability of metals in the biosphere has
changed radically over long geological timescales, which
would have greatly affected life as it transitioned within epochs
(Anbar, 2008). Going one step further, water molecules have
long been viewed as integral to the stability of nucleic acid
secondary and tertiary structures. Thus, cations and solvent
molecules can be considered as the fourth and fifth compo-
nents of nucleic acid structure. We propose that it is important
to consider how all five components might have changed over
time, how their interdependence would have restricted some
changes and promoted others, and how the original constitu-
tional elements of nucleic acids (RU, TL, and IL), if different
from today, could have made the emergence of proto-RNA a
simple and robust outcome of the physical environments of
the early Earth.

Figure 1. A Proposed Evolutionary Pathway to Contemporary Nucleic Acids with Some Plausible Building Blocks of Pre-RNAs
(A) Schematic representation of a hypothetical evolutionary lineage of nucleic acids from proto-RNA to RNA and DNA. The three components of RNA are the
recognition units (RUs), trifunctional connector (TC), and ionized linker (IL). Intermediates between proto-RNA and RNA are shown for illustrative purposes only
and are not intended to imply that changes in RUs, TC, or IL proceeded in the particular order or number of steps shown.
(B) Examples of plausible pre-RNA components for RUs, TC, and ILs. Key to structures: 1, adenine; 2, uracil; 3, guanine; 4, cytosine; 5, ribose (furanose form); 6,
phosphate; 7, hypoxanthine; 8, 2,6-diaminopurine; 9, xanthine; 10, isoguanine; 11, 2,4,5-triaminopyrimidine; 12, 5-aminouracil; 13, 2,5-diaminopyrimidin-4(3H)-
one; 14, 4,5-diaminopyrimidin-2(1H)-one; 15, melamine; 16, 2,4,6-triaminopyrimidine; 17, cyanuric acid; 18, barbituric acid; 19, ribose (pyranose form); 20,
threose; 21, glutamine (a as TL; b as IL); 22, aspartate (a as TL; b as IL); 23, glyceric acid; 24, glyoxylate.
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would have not only destroyed organic molecules and ammo-
nia but also generated very low concentrations of oxygen and
ozone from water and carbon dioxide in the prebiotic atmos-
phere (Canuto et al. 1982; Des Marais 1994; and see Arrhenius
1987). But photolytic oxidation of Fe2+ to Fe(III) did provide
the ocean with its main oxidized species, constituting a major
potential electron acceptor (Braterman et al. 1984).

The initial conditions were all-important because ‘protolife’
could not have been inventive. Given the aqueous nature of the
living cell, it follows that life itself must have begun in water,
presumably in the Hadean ocean. This ocean condensed from
the early atmosphere as accretionary heating diminished
(Pollack 1990). The original supercritical H2O was probably
partly derived from icy asteroids (Chyba 1990; Hunten 1993)
and partly from a degassing Earth (Pollack 1990), as was
atmospheric CO2 and subsidiary CO (Oró 1961; Owen et al.
1992; Kasting et al. 1993). As a result of the high partial
pressure of CO2, the Hadean ocean was likely to have been
acidic (Grotzinger & Kasting 1993), although Kempe &
Kazmierczak (1994) have argued that it quickly became highly
alkaline in the Archaean. Such a high partial pressure of CO2

would also have induced a strong greenhouse eVect and high
ocean temperatures, between 85) and 110)C according to
Kasting & Ackerman (1986). Here we assume a temperature
for the ocean at c. 4.2 Ga of about 90)C. Hadean ocean water

was continually recycled, in part by black-smoker-like acidic
hot (¶400)C) springs (Corliss 1986a), in part by ‘acid rain’
(Pinto et al. 1980), but probably also by myriad hot (¶200)C)
alkaline seepages on the deep ocean floor (Fig. 1) (Anderson
et al. 1977; Fehn & Cathles 1986; Mottl 1992; Macleod et al.
1994). In the absence of continental masses, surface weathering
would have been restricted to ephemeral volcanic islands and
collision zones (Abbott & HoVman 1984; Macleod et al. 1994).

The Earth itself was, at that time, even more strongly
reduced than now (Arculus & Delano 1980). Because of
continual additions from meteorites, the crust would have been
heterogeneous, with nickel–iron asteroids rendering portions
of the crust very reduced indeed (Melosh 1989). But the
recycling of seawater through the upper oceanic crust began a
process of oxidation of iron in iron-bearing silicates, in reac-
tions that liberated hydrogen which eventually escaped the
Earth’s gravitational field as a gas (Neal & Stanger 1984;
Coveney et al. 1987; Corliss 1986a) (Fig. 1). This has been the
pattern ever since, with redox fronts or waves, expressed as
contrasts in mineralogical redox assemblages within exposed
sediments and rocks, revealing the ‘frozen’ pathway of mi-
gration of surface derived waters (e.g. Spooner et al. 1977;
Mohamad et al. 1992).

It has occurred to several researchers that life may have
originated in a hot spring (Copeland 1936 in Fox 1995; Fox

Fig. 1. Model environment for the emergence of life on the ocean floor at a submarine alkaline hot spring, 4.2 billion years ago. The Krebs
cycle is also known as the citric acid cycle or tricarboxylic acid cycle.
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across the membrane is unknown. One speculative possibility
is that cages in microporous sulphides may have acted as
such locales (cf., Bedard et al. 1989). Within zones of low
permeability in the hydrothermal system (where the water/rock
ratio was very low), it may be that carbon oxides, from the
degassing mantle or ocean, could have been exothermically

hydrogenated to a series of kinetically stable organic mol-
ecules, particularly formate, acetate, acetaldehyde and ethanol
(Shock 1992; and see Williams 1965). At the seepage site the
membrane could have encapsulated culture chambers in which
further organic syntheses took place, the prelude to life itself
(Russell et al. 1989) (Figs 1, 5). In particular, methane thiol

Fig. 5. Comparison of laboratory generated iron sulphide mound (Russell et al. 1989) comprising compartments, with iron sulphide structures
from the Irish orebodies (Boyce et al. 1983; Banks 1985). (a) Iron monosulphide edifice generated as a 0.5 molar solution of sodium sulphide
(representing alkaline seepage water) is injected into a 0.5 molar solution of ferrous chloride solution in a visijar (representing Hadean ocean; (b)
freeze dried section of (a) prepared and photographed by John Sherringham; this section reveals a complex of iron monosulphide compartments
oVering a potentially extensive catalytic surface for in vitro organic synthesis (cf. Shock 1996); (c) cross-section through the top of a sulphide
mound from the exhalative centre of the Tynagh orebody (Banks 1985); what appear to be bubbles of sulphide have been epitaxially overgrown
with pyrite; (d) magnification of the lower central portion of (c).
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would have not only destroyed organic molecules and ammo-
nia but also generated very low concentrations of oxygen and
ozone from water and carbon dioxide in the prebiotic atmos-
phere (Canuto et al. 1982; Des Marais 1994; and see Arrhenius
1987). But photolytic oxidation of Fe2+ to Fe(III) did provide
the ocean with its main oxidized species, constituting a major
potential electron acceptor (Braterman et al. 1984).

The initial conditions were all-important because ‘protolife’
could not have been inventive. Given the aqueous nature of the
living cell, it follows that life itself must have begun in water,
presumably in the Hadean ocean. This ocean condensed from
the early atmosphere as accretionary heating diminished
(Pollack 1990). The original supercritical H2O was probably
partly derived from icy asteroids (Chyba 1990; Hunten 1993)
and partly from a degassing Earth (Pollack 1990), as was
atmospheric CO2 and subsidiary CO (Oró 1961; Owen et al.
1992; Kasting et al. 1993). As a result of the high partial
pressure of CO2, the Hadean ocean was likely to have been
acidic (Grotzinger & Kasting 1993), although Kempe &
Kazmierczak (1994) have argued that it quickly became highly
alkaline in the Archaean. Such a high partial pressure of CO2

would also have induced a strong greenhouse eVect and high
ocean temperatures, between 85) and 110)C according to
Kasting & Ackerman (1986). Here we assume a temperature
for the ocean at c. 4.2 Ga of about 90)C. Hadean ocean water

was continually recycled, in part by black-smoker-like acidic
hot (¶400)C) springs (Corliss 1986a), in part by ‘acid rain’
(Pinto et al. 1980), but probably also by myriad hot (¶200)C)
alkaline seepages on the deep ocean floor (Fig. 1) (Anderson
et al. 1977; Fehn & Cathles 1986; Mottl 1992; Macleod et al.
1994). In the absence of continental masses, surface weathering
would have been restricted to ephemeral volcanic islands and
collision zones (Abbott & HoVman 1984; Macleod et al. 1994).

The Earth itself was, at that time, even more strongly
reduced than now (Arculus & Delano 1980). Because of
continual additions from meteorites, the crust would have been
heterogeneous, with nickel–iron asteroids rendering portions
of the crust very reduced indeed (Melosh 1989). But the
recycling of seawater through the upper oceanic crust began a
process of oxidation of iron in iron-bearing silicates, in reac-
tions that liberated hydrogen which eventually escaped the
Earth’s gravitational field as a gas (Neal & Stanger 1984;
Coveney et al. 1987; Corliss 1986a) (Fig. 1). This has been the
pattern ever since, with redox fronts or waves, expressed as
contrasts in mineralogical redox assemblages within exposed
sediments and rocks, revealing the ‘frozen’ pathway of mi-
gration of surface derived waters (e.g. Spooner et al. 1977;
Mohamad et al. 1992).

It has occurred to several researchers that life may have
originated in a hot spring (Copeland 1936 in Fox 1995; Fox

Fig. 1. Model environment for the emergence of life on the ocean floor at a submarine alkaline hot spring, 4.2 billion years ago. The Krebs
cycle is also known as the citric acid cycle or tricarboxylic acid cycle.
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(3) The UA was characterized by extremely high “genetic 
temperature,” i.e., high rate of change represented by both muta-
tional processes and horizontal gene transfer (HGT).

(4) Different functional systems “crystallized,” i.e., became 
largely refractory to HGT, asynchronously, with the translation 
system “crystallizing” first.

These seem to be the principal theses from which important 
corollaries follow:

 The UA was not an “organism” and not even, in the 
regular sense, a community of organisms. Here is Woese’s strik-
ing wording: “The universal ancestor is not an entity, not a thing. 
It is a process characteristic of a particular evolutionary stage...”

 The (ribosomal) Tree of Life was not an “organismal 
tree” at the time of the UA but subsequently became one, once 
the crystallization of the major cellular systems was (largely) 
complete. To use another quote: “…communal ancestor has a 
physical history but not a genealogical one.”4

Woese developed the themes of the “Universal Ancestor” 
article in the subsequent papers of the series. The next paper on 
“Interpreting the universal phylogenetic tree” capitalizes on the 
simple but non-trivial and powerful idea that emergence of bio-
logical complexity is contingent on vertical evolution, or more 
precisely, coordinated, coherent evolution of coevolving gene 
ensembles. Remarkably, this is in effect the complexity hypoth-
esis of Lake and colleagues9 in reverse: Lake and co-workers 
presented evidence of reduced HGT for genes encoding compo-
nents of multi-subunit complexes, whereas Woese postulated that 

curtailment of HGT itself was a condition 
of the evolution of complex cellular orga-
nization. The difference is not trivial, not 
only because reversals of true statements 
are generally not guaranteed to be true, nei-
ther in formal logic nor in real life, but for 
the more specific reason of causation rever-
sal. Under the complexity hypothesis, fine-
tuned complexes evolve, gradually making 
HGT of the genes encoding their compo-
nents increasingly deleterious. Conversely, 
Woese’s scenario holds that, for appreciable 
complexity to evolve, “genetic temperature” 
has to drop first, thus allowing coherent 
evolution of the componentry of complex 
systems. The two views can be reconciled 
by postulating concomitant complexifica-
tion and “genetic cooling” (Fig. 1).

In this second paper, Woese also, to 
my knowledge, for the first time, links 
HGT and the universality of the genetic 
code, a long-standing, fundamental evolu-
tionary enigma and the first major direc-
tion of Woese’s research on evolution10: 
“Horizontal gene transfer selectively main-
tains the universality of the genetic code 
(regardless of how it became established 
in the first place) because the code is an 
evolutionary lingua franca required for an 

essential “genetic commerce” among lineages”.6 This theme was 
further developed in the later, joint work of Woese with Vetsigian 
and Goldenfeld, in which the feasibility of selection for a univer-
sal genetic code as an “innovation-sharing protocol” is supported 
by detailed mathematical modeling.11 The principle of sharing 
novelty as the mainstream route of evolution is likely to be quite 
general. As elegantly formulated by Woese, “only global inven-
tion arising in a diverse collection of primitive entities is capable 
of providing the requisite novelty.”6

The principal message of Woese’s second tract seems to be 
that “the universal phylogenetic tree based on rRNA is a valid 
representation of organismal genealogy.”6 Moreover, this tree is 
perceived as a major evolutionary trend that “transcends the era 
of modern cells; its deepest branchings extend back in time to an 
era when cellular entities were considerably more primitive than 
cells are today.” According to Woese, the initial bifurcation of the 
universal, three-domain tree of life, at which the bacterial domain 
diverged from the common ancestor of archaea and eukaryotes, 
corresponds to the stage of “genetic cooling” when the cohesive-
ness between the evolution of different components becomes suf-
ficient for the existence of defined organismal lineages.

The third treatise in the series directly addresses the problem 
of cellular evolution, arguably the paramount problem of evolu-
tionary biology (“the greatest of evolutionary problems” accord-
ing to Woese), and the central theme of the “millennial series” of 
treatises.5 Woese’s key proposition is that the root of the universal 
tree, i.e., the Last Universal Common Ancestor (LUCA; specified 

Figure! 1. Scenario of cellular evolution according to Woese, with additions and modifications. 
A, archaea; B, bacteria; E, eukaryotes; es, endosymbiosis that is considered to have occurred by 
engulfment of an α-proteobacterium by an archaeon of the TACK superphylum (see text); N, 
nucleus, M, mitochondrion; T, “temperature” (sensu Woese, i.e., intensity of genetic exchanges); 
LUCA, Last Universal Common (Cellular) Ancestor that is envisaged as a pre-cellular life form with 
a primitive, possibly porous membrane.

modified from Koonin [2014]
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extent of which is still extremely controversial
(2, 3, 7). In addition to these difficulties, dif-
ferent data sets have been used with a variety of
methods and parameter settings, making it al-
most impossible to quantitatively compare the
proposed results. Hence, there exists the chal-
lenge and requirement for a reproducible and
updatable pipeline to reconstruct the tree of life
bymeans of a commonly available data set, such
as completely sequenced genomes. Here, we
demonstrate the feasibility of the tree con-
struction and present a phylogeny based on an

alignment of sufficient length and resolution to
accurately calculate comparable branch lengths
across all three domains of life. We have created
for this purpose a supermatrix of 31 concatenated,
universally occurring genes with indisputable
orthology in 191 species with completely an-
notated genomes (Fig. 1 and table S1). Although
initial identification and analysis of these genes
required considerable manual effort (8), the
inclusion of additional species with completely
annotated genomes has pipeline character (Fig.
1). Because the 31 universal genes are all

involved in translation, we applied the same
tree-building procedure to independent sets of
domain-specific nontranslational genes (8).

For the tree reconstruction, we mostly used
standard approaches (Fig. 1) with the exception
of a procedure for detection and selective exclu-
sion of HGTs, which turned out to be essential for
obtaining a highly resolved tree. We started with
36 genes universally present in all 191 species for
which orthologs could be unambiguously identi-
fied (8) and eliminated five of them from the
analysis (mostly tRNA synthetases) because they

Fig. 2. Global phylogeny of fully sequenced organisms. The phyloge-
netic tree has its basis in a cleaned and concatenated alignment of 31
universal protein families and covers 191 species whose genomes
have been fully sequenced (14). Green section, Archaea; red, Eukaryota;

blue, Bacteria. Labels and color shadings indicate various frequently
used subdivisions. The branch separating Eukaryota and Archaea
from Bacteria in this unrooted tree has been shortened for display
purposes.
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‣ 31 universal genes in 
‣ 191 species with sequenced 

genomes 

• all genes involved in 
translation, hence 
old & highly conserved
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extent of which is still extremely controversial
(2, 3, 7). In addition to these difficulties, dif-
ferent data sets have been used with a variety of
methods and parameter settings, making it al-
most impossible to quantitatively compare the
proposed results. Hence, there exists the chal-
lenge and requirement for a reproducible and
updatable pipeline to reconstruct the tree of life
bymeans of a commonly available data set, such
as completely sequenced genomes. Here, we
demonstrate the feasibility of the tree con-
struction and present a phylogeny based on an

alignment of sufficient length and resolution to
accurately calculate comparable branch lengths
across all three domains of life. We have created
for this purpose a supermatrix of 31 concatenated,
universally occurring genes with indisputable
orthology in 191 species with completely an-
notated genomes (Fig. 1 and table S1). Although
initial identification and analysis of these genes
required considerable manual effort (8), the
inclusion of additional species with completely
annotated genomes has pipeline character (Fig.
1). Because the 31 universal genes are all

involved in translation, we applied the same
tree-building procedure to independent sets of
domain-specific nontranslational genes (8).

For the tree reconstruction, we mostly used
standard approaches (Fig. 1) with the exception
of a procedure for detection and selective exclu-
sion of HGTs, which turned out to be essential for
obtaining a highly resolved tree. We started with
36 genes universally present in all 191 species for
which orthologs could be unambiguously identi-
fied (8) and eliminated five of them from the
analysis (mostly tRNA synthetases) because they

Fig. 2. Global phylogeny of fully sequenced organisms. The phyloge-
netic tree has its basis in a cleaned and concatenated alignment of 31
universal protein families and covers 191 species whose genomes
have been fully sequenced (14). Green section, Archaea; red, Eukaryota;

blue, Bacteria. Labels and color shadings indicate various frequently
used subdivisions. The branch separating Eukaryota and Archaea
from Bacteria in this unrooted tree has been shortened for display
purposes.
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Figure 1 | A current view of the tree of life, encompassing the total diversity represented by sequenced genomes. The tree includes 92 named bacterial
phyla, 26 archaeal phyla and all !ve of the Eukaryotic supergroups. Major lineages are assigned arbitrary colours and named, with well-characterized lineage
names, in italics. Lineages lacking an isolated representative are highlighted with non-italicized names and red dots. For details on taxon sampling and tree
inference, see Methods. The names Tenericutes and Thermodesulfobacteria are bracketed to indicate that these lineages branch within the Firmicutes and
the Deltaproteobacteria, respectively. Eukaryotic supergroups are noted, but not otherwise delineated due to the low resolution of these lineages. The CPR
phyla are assigned a single colour as they are composed entirely of organisms without isolated representatives, and are still in the process of de!nition at
lower taxonomic levels. The complete ribosomal protein tree is available in rectangular format with full bootstrap values as Supplementary Fig. 1 and in
Newick format in Supplementary Dataset 2.
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eukaryota

archaea

bacteria

• based on 16 ribosomal protein 
sequences of 3083 organisms 

• genome-based (metagenomics), 
with unisolated organisms (●)

fungi-metazoa 
group

• eukaryota 
‣ include animalia…primates…homo 

line in Opisthokonta supergroup 
‣ low diversity due to more recent 

emergence 
‣ nearer to archaea because viewed 

through ribosomal proteins

• CPR (candidate phyla radiation) 
largely unknown organisms with small 
genomes, limited metabolic capabilities, no 
complete citric acid cycles (respiration), and 
most lack ability to synthesize nucleotides 
and amino acids, possibly all obligate 
fermentative symbionts

arbitrary colors assigned 
to major lineages


