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Abstract:
In this article the author tries to sketch the most likely scenario of origin of life taken the facts
known today into account.
The main thesis is that early life already evolved during the time of disastrous meteorite
impacts which nearly sterilized the whole Earth by boiling and evaporating most of the liquid
water. This is in contrast to the usual unquestioned assumption that early life evolved after the
meteorite bombardment of early Earth calmed down and stable oceans were present. The main
reasons for this thesis are the unexpected uniformity of the genetic code, the two fundamentally
different forms of cell membranes, the high evolution speed needed, and the energy rich
molecules needed. Those reasons and the unlikelihood of other explanations (like extraterrestrial
or autotrophic origin) are discussed in detail.
The thesis presented here implies that life could only emerge during the meteorite
bombardment and not after it ended. Typically it is assumed that life emerges on all Earth-like
planets. However, the only reason for this assumption is that life emerged so early on Earth. This
is taken as prove that life emerges everywhere, if the environment is suitable. If we now have to
assume that life could only emerge very early on Earth and not later, this means, we cannot
deduct from early emergence of life that origin of life is a likely event. In contrast the more you
investigate the details of the biochemistry of metabolism, replication, transcription and
translation, the more you see stunning complexity, which cannot be reduced in a simple way.
Even the most primitive looking life forms are not primitive at all. With the current knowledge,
we have to assume that the emergence of life is an incredibly unlikely event.
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Introduction
Usually it is assumed that life originated (a few 100 million years) after the meteorite
bombardment of early Earth calmed down and stable oceans were present (see any good text
book of biology). Since only highly evolved life forms which already had hard cell walls might
leave traces still detectable today, there can be of course no direct evidence for the origin of life
forms consisting of RNA only, or even out of RNA, protein and membranes. In this publication a
scenario for the early origin of life is presented. This scenario also includes that early life was
RNA based and heterotrophic, which is in line with the most common current opinion [1].
Conflicting other theories for the origin of life are discussed in the chapters Details I-IV after the
conclusion chapter.

The proposed scenario of origin of life
The proposed scenario of origin of life [2] comprises the following steps:
1. Early Start. Evolution of life did not start started after the meteorite bombardment of early
Earth calmed done and stable oceans were present. In contrast it started right with the first
presence of liquid water. The typically called hostile environment of early Earth indeed
was not preventing the evolution of life but in contrast was absolutely necessary for
evolution of life.
2. Concentration. Heavy meteorite impact events literally boiled some of the oceans (on
global scale) or water reservoirs (on regional or local scale). Additionally strong volcanic
activities had the same effect on regional and local scale. Thereby all the organic precursor
molecules present where concentrated and condensed to energy rich bigger molecules.
Only very few life forms survived.
3. Dilution. After the impact event the surface of the Earth cooled down again and liquid
water again was present in big amounts. The remaining life forms benefit from an
enormous amount of high energy condensed molecules. So after each event an extremely
energy rich primal soup was available to the survivors.
4. Evolution. Those few survivors had nearly no competition and therefore could undergo
rapid evolution until the next event happens.
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Figure 1. The proposed scenario of origin of life. a) RNA-based life forms. b) The translation was
invented initially with a very small set of amino acids. c) More and more amino acids were introduced in
translation. d) In a catastrophic global event only very few life forms survived which had the genetic code
as known today. e) The few survivors with the homogeneous genetic code evolved cell membrane
biosynthesis independently for Bacteria and Archaea. LUCA = last universal common ancestor.

Steps 2 to 4 were repeated multiple times on local, regional and global scale. The following
evolutional phases were made across multiple of those cycles above as shown in Figure 1: a)
RNA-based life forms (bound on rocks). b) The translation was invented initially with a very
small set of amino acids. c) More and more amino acids were introduced in translation. There
were multiple life forms present at the same time with different numbers of amino acids actually
used. d) In a catastrophic global event only very few (preferentially thermophilic) life forms
survived which had the genetic code as known today. Other life forms with less amino acids (or
even more) or a different encoding did not survive. e) The few survivors with the homogeneous
genetic code evolved further. The first living cells emerged only after this catastrophic global
event by developing cell membrane biosynthesis as two independent ‘inventions’ [3] for Bacteria
[4] and Archaea [5].
There are several reasons which favor this thesis:
I. The unexpected uniformity of the genetic code.
II. The two fundamentally different forms of cell membranes.
III. The much bigger evolution speed needed to explain all the basic inventions [3] which
lead to the first living cells. Evolution always made great steps in short time when there
was a large environment open to conquer without competition by other life forms already
present.
IV. The need for high energy molecules to start life.
Those reasons are explained in detail in the chapters ‘Details I-IV’ below (after the conclusion
chapter). The detailed chapters also contain reasons why other explanations are unlikely.

Conclusions
The usual argumentation – especially in astronomy – for how likely you can find life outside
Earth goes as follows:
Contra existence of extraterrestrial life:
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A) If life has originated on every suitable planet in our galaxy, there should be some planets
which have evolved intelligent life for example 100 million years before humans and should
have colonized the galaxy already. So we either should already have had contact or we
should not exist at all.
This argument has been disputed: The evolution of complex higher life forms is unlikely and
that is the reason why we do not have seen any other intelligent life elsewhere [6]. The
evolution of complex multicellular life forms requires a constant temperature range over
some hundreds of millions years, which is more difficult to obtain than one might think.
Indeed it looks that not only the exact distance to the sun but also a stabilizing big moon and
a protecting big planet like Jupiter and roughly the right amount of mass-extinction events
are needed [6]. However, you can also argue that emergence of complex animal-like higher
life forms is no issue at all since this event mainly depends on oxygen level which was
reached only about 1000 million years ago. In addition the authors of Rare Earth [6] are
likely to underestimate the power of life in assuming that roughly 45°C is the upper limit for
complex life. The upper limit can easily be 60°C (or more) and the only reason for not
having complex life on Earth in this temperature range is that the habitats with this
temperature are rather small (center of hot springs) or dry. There are for example
multicellular fungi which can live in human-made piles of organic matter up to 60°C, which
show that Eukarya can actually survive such temperatures [7]. This makes it likely that
given the proper large and humid environment also more complex life forms could survive
temperatures much higher than 45 °C.
B) Even though the current knowledge in science of the biochemistry of life is already very
detailed it looks actually nearly impossible that a self-replicating system can appear
spontaneously (see chapter Details V below). The statement of Francis Crick ‘At present, the
gap from the primal „soup“ to the first RNA system capable of natural selection looks
forbiddingly wide’ [8] is still very true!
Pro existence extraterrestrial life:
C) Life originated very early on Earth [9], this means origin of life is simple and will happen
under every suitable environment.
In this article the author tries to show that emergence of life could only happen early or not at all.
This in turn means that there is no prove at all that emergence of life is something that happens
easily and this means also that argument C is not valid.
In contrast we have to take the biochemical evidence for argument B into account, even if the
result is not what we might wish. Therefore the author believes that:
 It is likely that Earth is the only planet with life in our galaxy.
 There will be no life found, neither on Jupiter’s moon Europa (which probably has a layer of
liquid water underneath ice) nor on Mars
 We will not find extraterrestrial planets with a spectrum indicating high oxygen (O2)
concentration in the atmosphere (which in turn indicates existence of life).
 We will not be able to re-produce the origin of life in vitro
We should consider seriously that we are alone and that Earth is the only planet where we can
live (without waiting some ten thousand to million years of terra-forming of another planet with
liquid water). Life is a very unique thing. We simply do not realize this, since we are so used to
it.
Of course those statements cannot be proven yet and cannot be deducted without doubt based
on current data. However, even under scientists it has become so common to state that there must
be life on every suitable planet, that the author feels a strong statement against this is necessary
to keep the focus on the currently known facts. We should do so even if we (including myself)
might which it were different.
Since it is quite possible that in our galaxy life is unique on Earth we should consider
investing more in protecting this heritage by any means (protecting habitats, seed banks, genetic
libraries, and taxonomy research projects of higher organisms and especially in microbiology).

Early Life – Lonely Life

5

Details I: The unexpected uniformity of the genetic code.
The genetic code [10] should differ in different life forms. There is no reason why a certain
order of three RNA bases should exactly code for a certain amino acid. The genetic code must
have evolved in a step by step fashion, introducing more and more amino acids. There should be
some life forms with a really different genetic code at least for a few of the latest introduced
amino acids.
There should be some life forms with more or less than the typical 20 amino acids. Note that
there are hundreds of other amino acids you could think of, which still have roughly the same
chemical properties and complexity as the used 20. For example you can think of a alanine (Ala),
threonine (Thr), arginine (Arg), glutamine (Gln), glutamic acid (Glu), leucine (Leu), isoleucine
(Ile), proline (Pro), phenylalanine (Phe), tyrosine (Tyr), histidine (His), tryptophan (Trp) with
one linear CH2 group more and a lysine (Lys), Arg, methionine (Met) with one (or two) less.
You can think of the opposite chirality for the amino acids with asymmetric side chains like Thr
and Ile. You can think of a Tyr with the OH group placed on one of the two other possible
positions at the aromatic ring. You can think of branching via introduction of a CH2 group at the
β position like to obtain Thr out of serine (Ser). This is possible for the amino acids cysteine
(Cys), asparagine (Asn), Gln, aspartic acid (Asp), Glu, Leu, Trp, His, Phe, Tyr, Pro Met, Lys,
and Arg. You can think of a CH3 group at the sulfur atom for Cys like there is in Met. You can
also think of many, many other side chains which have the same complexity as Pro, Tyr, His and
Trp, but which are different. In addition there are other common biochemical groups, which
actually occur as covalent protein modifications like all kinds of carbohydrates (in side chain of
Asn and hydroxyl-Lys), fatty acid groups (common membrane anchors in side chains of Cys and
Lys), acetyl groups, hydroxyl groups (in side chain of Pro and Lys), carboxyl groups (like in γcarboxyglutamate), methyl groups (in side chains of Ser, His, Glu, Lys), phospho groups (in side
chains of Ser, Thr, Tyr, His, Asp), phospho-pantetheine, covalent binding of heme, methionine
sulfoxide, iodotyrosine, tyrosine sulfate, diphthamide, biotin (Lys), pyridoxal phosphate (Lys),
retinal (Lys), lipoic acid (Lys). There is no reason why a life form with 19 amino acids should be
much less fit for survival and one with 21 in contrast not much more fit for survival than the
typical 20 amino acids. Out of the 20 amino acids you can consider the minimum set needed as
glycine (Gly) and Ala (smallest possible side chains), one with a hydroxyl-group (Ser, Thr), one
with a sulfide-group (Cys), one negative charged (Asp, Glu), one positive charged (Lys, Arg),
one aromatic (Tyr, Phe, Trp, His), one or two with a longer hydrophobic side chain for correct
protein folding (Val, Leu, Ile, Met), one with the capability of receiving and donating H+ at
roughly neutral pH (His), and one alpha-helix breaker (Pro). You can argue if the amid side
chain (Asn, Gln) needs to be there in a basic set, since transforming an acid (Asp, Glu) into the
corresponding amid is a rather simple biochemical step which could be done after creation of the
protein. So the basic set is about 10 to 12 amino acids needed. Removing one of those twelve
will dramatically reduce the chemical capabilities of the proteins which can be formed. But
having 19 or 21 will not do any dramatic changes. Note that anyhow the 20 amino acids are not
sufficient for all purposes so that a variety of special molecules (coenzymes) exist. So if there
existed a heme-like amino acid with a side chain directly forming a metal complex, we would
argue it is essential. Metal complexes (iron, cobalt, copper …) are used in plenty different
essential enzymes. Even though biochemistry of life is impossible without metal complexes and
they cannot be directly incorporated into proteins, this causes no issues. The same argumentation
holds for redox coenzymes NADH, NADPH, FAD and FMN.
The genetic code is the same for all life forms. There are only very limited differences in
different life forms. But all of those changes always effect codons (3 bases coding for one amino
acid) of minor importance (actually low usage). There is not a single form of life for which all
codons of at least one amino acid are different to the standard genetic code [11,12,13]. Even the
genetic code of the highly degenerated mitochondria and chloroplasts which only code for few
proteins is nearly identical to the standard genetic code. Most changes occur in start or stop
codons or affecting rarely used amino acids or codons. This means all those changes look exactly
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like changes that have occurred after evolution of the complete genetic code and not like
differences caused by evolution of the genetic code.
Selenocysteine: The selenocysteine coding mechanism [14] seems to be ancestral since it is
common to Archaea, Bacteria and eukaryotes. A special additional signal on the messenger RNA
is necessary to change the meaning of the stop codon UGA to selenocysteine. This means that
selenocysteine is part of the genetic code of LUCA (the last universal common ancestor) and not
a variant of it.
Pyrrolysine: [15,16]: In contrast to selenocysteine pyrrolysine (Pyl) is found primarily in
some methanogenic Archaea and only in very few anaerobic Bacteria. There is a claim [17] that
pyrrolysine is very ancient and before LUCA, based on a calculated phylogenetic tree (based on
high-quality sequence alignment obtained through 3D-stuctures). But the biological data indicates that it is a late change of the genetic code which happened in a branch of Archaea and then
was horizontally transferred to the few Bacteria living in same habitats for the following reasons:
 In those methanogenic Archaea the stop codon UAG has been reassigned to code for Pyl, in
contrast to the bacterium Desulfitobacterium hafniense in which UAG still has the meaning
of a stop codon in most proteins [18]. This is the exact behavior to be expected in case of a
horizontal gene transfer and not in the case of inheritance.
 ‘The high conservation of the Pyl gene cluster and the small number of organisms that
utilize Pyl suggest its relatively recent origin’ as stated by [18].
There is an analogous claim by O’Donoghue [19] that the charging of tRNACys via O-phosphoseryl-tRNACys (Sep-tRNACys) has been evolved before LUCA. Instead it is evident that the SeptRNACys pathway has evolved together with the first methanogens (and not before LUCA) for
the following reasons:
 The genes of this pathway occur only in a very restraint group of methanogenic Archaea and
not widespread in Archaea, Bacteria and Eucarya. The close evolutional relationship
between the methanogenic genes and the Sep-tRNACys pathway was already remarked by
O’Donoghue [19] himself.
 This pathway saves 2 ATP compared to the O-acetyl-serine pathway and at least 4 ATP
compared to the cystathionine pathway (see Figure 5). So it is not a relic of an old, suboptimal way to charge tRNAs but rather an energetic optimization introduced at time of the
first methanogenic Archaea.
 The price for this energy savings is that there are thermodynamic issues with the SeptRNACys pathway as soon as the H2S concentration is too low, because in all the other
pathways the reaction step incorporating H2S is based on an acetyl ester, which is more
energy rich than a phospho-ester. This means the Sep-tRNACys pathway is only suited for
environments with high sulfide concentrations. Methanogenic Archaea are actually living in
such environments and the only non-methanogenic archaeon (Archaeoglobus fulgidus) with
the Sep-tRNACys pathway is actually a sulfide producer (and still has most of the
methanogenic genes).
 This is perfectly in line with the fact that the O-acetyl-serine pathway has proven to be
inhibited by H2S [20] in the archaeon Methanosarcina thermophila, a fact was surprising
[20] and could not be explained so far. This means the O-acetyl-serine pathway is regulated
down under conditions in which the energetically more favorable Sep-tRNACys pathway can
work efficiently. This also explains why it makes perfect sense at least for some
methanogens to keep both pathways.
 Even though a difference of 2 ATP is huge (the whole methanogenesis of is just 1 ATP
better than acetogenesis), you might argue it is not much, since cysteine synthesis is not part
of primary energy metabolism. However, there is recent evidence that the methanogenic
Archaea using this new pathway have twice as much need for Cys as usual organisms [21],
pointing out the importance of sulfur metabolism for methanogens.
How can it be, that in both cases (Pyrrolysine and the Sep-tRNACys pathway) only the phylogenetic tree predictions do not fit into the picture? This is because all phylogenetic tree pre-
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diction methods are systematically biased to predict all splitting of paralogs before LUCA, even
and especially if there is no phylogenetic information left any more (see chapter Details VI).
Pyrrolysine and selenocysteine show that indeed it makes sense to have more than 20 amino
acids and those 20 are by no means a fixed number (as already suggested above by simple
analysis of their chemical structure and the biological usage of chemically modified amino
acids).
Coming back to the main thesis of this publication, the unexpected uniformity of the genetic
code and other features shared by all life forms can be explained by three hypotheses:
 Life did not originate from Earth, but was brought to Earth in the form of a spore-like cell
from another planet. This is not a very likely scenario (see chapter Details II below).
 The meteorite impact scenario as sketched above. In fact life most likely was not so much
different than today and evolved at reasonably warm – but not hot – temperatures. As today
only very few life forms adapted to extreme hot temperatures. But exactly those survived the
boiling events. This explains the uniformity of the genetic code.
 Horizontal gene transfer (HGT): Woese [22] suggests that the genetic code is uniform
because only those organisms survived which could take part of gene exchange because they
share the same genetic code. Organisms with a different genetic code could not make use of
foreign genes. However, this means that HGT was so important that it actually worked
globally across all different habitats and that one globally gene-exchanging community
suppressed all other only locally gene-exchanging communities with different genetic codes.
This is not very likely given all the different habitats. In addition there is the question how
the genetic code itself evolved, if only those organisms survived, which can take part in the
global HGT? The introduction of codons for any new amino acid replacing the meaning of
existing codons immediately stops the possibility to make use out of genes from the vast
majority of all other organisms which still use the simpler form of the genetic code. So at
least before the present genetic code had been established evolution must have worked
without HGT as the predominant driving force. Otherwise the set of amino acids should be
constraint to the absolute minimum to obtain the basic chemical features and all the rest
should be done by coenzymes.
To overcome these issues Woese more recently proposed [23] that the genetic code evolved
collectively supported by ambiguity of translation so that even genes from an organism with
a different code should be beneficial for the receptor. This is somehow saying that HGT first
was not present to allow for evolution of many different genetic codes with about 20 amino
acids initially and only then HGT was turned on (why not before?) to select the optimal one.
The issue is that you have to expect, that the evolution to a precise translation (which can be
done gradually by very small steps) should be much quicker than a global harmonization of
the genetic code of all organisms by receiving beneficial genes in the wrong code via HGT.
As soon as translation is precise, HGT will not be able to cause evolution of genetic code in
an organism but rather enforce freezing of the code.
There is definitely some order in the genetic code as first pointed out by Woese [24] and it is
valid that this fact should not be overlooked [23]. At least the strange fact that the 5 most
hydrophobic amino acids (Leu, Ile, Val, Phe, Met) are all coded by U in the central position
of the coding triplet and that all the negatively charged amino acids are coded by A in the
central position. However, this does not mean that the genetic code is a result of an
evolutional competition of different genetic codes driven by optimization to error tolerance
in HGT. This can also be explained by a functional necessity, if evolution simply started by
a one-base-code where U stands for hydrophobic amino acid forming a protein core, G for
RNA-backbone binding and condensing (today there are 6 Arg codons plus some hydrogenforming spacer amino acids Gly and Ser), A for RNA-backbone repelling but hydrophilic
(the negatively charged Glu and Asp and their derivates Asn and Gln) and C for small
uncharged (Ser, Thr, Ala, Pro). Arg is especially suited to bind to negatively charged RNA
because it has positive charge independent of any pH changes in a planar guanidinium
group, which in addition can well form hydrogen bonds to the RNA bases. Note that Arg
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with 6 codons has the lowest codon usage today (most likely simply because much fewer
proteins today need to bind to RNA than at the origin of the code).
Also today HGT is not the main driving force of evolution (for a critical view on HGT see
[25]). So it is not very likely that there had been an era in which HGT was the dominating
evolutional force and therefore the reason for the uniformity of the present genetic code. So
the conclusion is that even though HGT did definitely play an important role in the
development of life as proved by Woese [22,26], the uniformity of the genetic code cannot
be explained by it.
In addition Song Yang et al. [27] argue that the 49 (out of 1224) conserved protein folds at
superfamily level common to all 174 genomes (across Archaea, Bacteria, Eukarya) investigated indicate that there was a true last common ancestor, which shared more than proteins
involved in translation (for recent method see [28]). Recently also Lienau et al. [29] argue
that there has been a true last common ancestor based on a tree using much more of the
available sequence data than usual.
It is possible to disprove the thesis of this publication by finding an organism which has a
difference in the genetic code which does not look like a minor late change. This means for
example:
 19 or 21 amino acids primarily encoded (without using additional mRNA signals)
 Replacing one of the 20 amino acids by a new different one.
 Using the same 20 amino acids but using a completely different set of codons at least for one
amino acid

Details II: The two fundamentally different forms of cell membranes
There have been some debates if life originated from Earth or came from another planet via
microorganisms bound to asteroids. Those asteroids could have been ejected into space when a
big asteroid collides with a planet which is covered with life. There has been recent evidence that
life forms can actually survive such conditions [30]. As indicated in chapter Details I the unexpected uniformity of the genetic code can also be seen as a hint for an extraterrestrial origin of
life.
There is one striking fact that does not fit into the extraterrestrial origin: The cellular
membrane of Archaea contains D-glycerol 3-phosphate (or sn-glycerol-1-phosphate) whereas the
Bacteria and eukaryotes use L-glycerol 3-phosphate (or sn-glycerol-3-phosphate). In addition the
chemical substances used for the water-insoluble part of the membrane molecules are
fundamentally different. Archaea use ether bonds instead of ester bonds to link the waterinsoluble part of the molecule to the glycerol part. Archaea use isoprene oligomers with a
branched carbon chain instead of the unbranched fatty acids used by the other life-forms [31,32].
D- and L-glycerol 3-phosphate have exactly the same chemical properties. They are only mirror
images of each other. As expected the corresponding enzymes which create D- and L-glycerol
share little sequence similarity, showing that they belong to different enzyme families [31]. This
means that the core parts of the membranes are about as different as they can be while still
sharing the same overall chemical properties. This is exactly the kind of differences you expect
as remaining proof for evolution of life on Earth (and not on another planet). It seems that
membranes or at least membrane biosynthesis have evolved twice independent from each other.
You have to assume that life forms that can survive the extreme conditions to travel through
space from one planet to another buried in a meteorite must already have evolved cellular forms
and even stable spore forms. This means it is very unlikely that cell membrane biosynthesis
could have evolved only after arrival of this first cell on Earth. This means for extraterrestrial
origin of life you have to assume that there had been at least two different kinds of cells (a
precursor for Archaea and one for Bacteria) bound on a meteorite and that those two different
kinds of cells share the same genetic code. This makes the story of extraterrestrial origin of life
even more unlikely und finally not convincing at all. Life without a membrane is much more
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dependent on energy rich molecules in the external environment and therefore much harder to
transfer from planet to planet. Only with introduction of the cell membrane life forms reduced
their external dependencies to a minimum. Membrane biosynthesis should also be seen as a
prerequisite for stable spore forms since membranes constructed out of random membrane
molecules taken from the environment very likely cannot be packed into a stable spore form.
How can it be, that evolution of membranes came only late? RNA is a hydrophilic molecule.
The few hydrophobic areas are the aromatic rings of the bases. Because of their aromatic nature
they are all flat and quite rigid. This feature is necessary to obtain proper base pairing and
possible replication (and hence life). But in turn this feature means also that RNA cannot make
arbitrary detailed hydrophobic three dimensional structures. This makes it very unlikely that
RNA-based enzymes could be able to synthesize at least the long chain hydrophobic molecules
which are part of the cell membranes. So RNA-based enzymes (ribozymes) might very well be
able to replicate RNA and probably also to synthesize the precursor molecules of RNA, but
never to synthesize the essential part of cell membranes. In fact natural and even synthetic
ribozymes do not seem to catalyze reactions of lipids [33] and riboswitches always bind to polar
small ligands [34]. Of course, this point is not crucial, if you assume that the first membranes
were not synthesized by the early life forms but taken from molecules of the environment.
However, even then a cell membrane should at least allow for uptake of energy rich molecules
from the environment. Ions like phosphate do not diffuse through present-day membranes at all
and sugar molecules like glucose diffuse at rates which are too slow to support life. Therefore in
life today there are trans-membrane proteins, which are hydrophilic at the inside of the protein
and hydrophobic at the outside towards the hydrophobic membrane parts. RNA just behaves the
other way round, because of the high concentration of negative charges in RNA, which repel
each other. At least it seems to be impossible to have trans-membrane RNA (without any
protein). So also with this respect it makes sense to assume, that invention of protein synthesis
(and the genetic code) happened before the invention of cell membranes. This also means that
most likely life did not originate in membrane vesicles but on surfaces between rock and water.
See Martin and Russel [35] for one option how this actually could look like.
An additional hint for this hypothesis is that the ribosomes, which seem to be the oldest parts
of the existing cells [22] are giant aggregates of RNA and protein. At a first glance it is
surprising that the oldest part of life is the most complex one. This complex formation actually
might not be a late optimization to increase the speed of the protein biosynthesis but rather a rest
of an ancient feature of life without membranes. Even if you assume that life has developed in
iron monosulfide precipitates [35] there must be some way to ‘infect’ more distant iron
monosulfide precipitates which have no direct connection to the ones already containing life.
Long before the evolution of translation and the complete genetic code was finished life must
already been able to colonize every suitable habitat in the world to have enough experimental
mass for the quick evolution which obviously took place. So at a very early stage it is reasonable
to assume that life was a giant RNA complex. In line with this is the argumentation from Poole
et al. [36] that the ribosome may actually started as a RNA replicase. Note that this giant RNA
complex could only survive in roughly the same environment it originated from, because it
depended on many small molecules present in the environment. Such a strongly environment
dependent life form could never ‘infect’ another planet.
You might claim that the special membrane of Archaea evolved as a special adaption to heat
resistance only late after cells with usual membranes already have been established. This seems
not to be the case for several reasons: There are both thermophilic Archaea and Bacteria and
there are Archaea and Bacteria which are not thermophilic. But there are no life-forms which
have a mixture of the different membrane molecules. Even though some Archaea ‘invented’ [3] a
very heat resistant lipid monolayer by introducing double-length biphytanyl molecules (caldarchaeol lipid) which span the complete membrane, this feature has not been transferred to any
Bacteria by horizontal gene transfer. Both the D- and L-glycerol parts of the membrane can
arrange themselves in a very ordered structure leading to a compact membrane. A mixture of Dand L-glycerol does not arrange that well. Even sphingomyelin (used in Bacteria and Eukarya)
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follows the membrane stereochemistry, even though it is not made out of glycerol at all. There is
no evolution path from a bacteria-like membrane to an Archaea-like membrane. Membranes or
at least membrane-biosynthesis have been introduced to life two times independent from each
other, while protein-biosynthesis (translation) has been introduced only once (see chapter Details
I).
Only the polar head groups are typically shared between Archaea and Bacteria as summarized
in a clear review by Koga and Morii [31]. The polar head groups are attached to the phosphate
group and therefore the reaction is quite far away from the asymmetric carbon atom in the
glycerol group. This means that an enzyme attaching a polar head group in Bacteria can very
well function also in Archaea, even though the glycerol group has different orientation and the
lipid groups are completely different. In vitro enzymes from Archaea can attach polar head
groups also to activated lipids from Bacteria [31] (e.g. to CDP-1,2-acyl-glycerol). Based on a
hypothesis of Wächtershäuser [37] Koga and Morii assume that common polar head group
attaching enzymes are to be derived from a common ancestor [31]. However, in the same review
[31] there is a reprinted phylogenetic tree of archaetidylinositol synthase and archaetidylglycerol
synthase from Daiyasu et al. [38]. This tree shows that all the bacterial phosphatidylinositol
synthases shown are more closely related to the homolog archaetidylinositol synthases from
some Archaea than those are related to the archaetidylinositol synthases from other Archaea.
This pattern is what you expect, if the enzyme evolved in Archaea first and then was transferred
to Bacteria via horizontal gene transfer and that it is not a feature of a common ancestor.
Otherwise all the phosphatidylinositol synthases from Archaea should be closer related to each
other than to the phosphatidylinositol synthases from Bacteria.
You might argue that the first life form with cell membranes had so much evolutionary
advantage over all the others that only this life form survived until today. However, since
membrane biosynthesis has been ‘invented’ [3] twice, this crucial progress can not be the
introduction of membrane biosynthesis. So you might argue that a feature in the RNA-protein
complex to collect membrane molecules (e.g. fatty acids) from the environment to form vesicles
around it was this crucial step forward. Even with this assumption the overall thesis of this article
holds, since the arguments of chapter Details III and IV are still valid and you still have to
assume that life could only evolve early or not at all. Anyhow, evolution does not work in the
way that a critical step forward in one species (be it microorganisms or complex multicellular
species, which cannot exchange information by HGT across species borders) leads to complete
extinction of the whole phylum by competition, even though this phylum had been successful so
far. Since the 20 amino acids definitely cannot have been introduced at once, life must have been
already quite successful at the stage of 20 amino acid translation. In addition it is also possible
(and typically assumed) that membranes had been used already before evolution of the genetic
code was finished, even if membrane biosynthesis was introduced a bit later.
There is also the hypothesis of Directed panspermia [39], which assumes that somebody (an
alien intelligent species) sent life to Earth. But why should somebody send two types of
microorganisms (Archaea and Bacteria) with the same set of amino acids but with different types
of membranes? If life on Earth is only an alien biological experiment, we had to assume two
different microorganisms which just differ in the membranes and have exactly the same
ribosomes and not different ribosomes as a variation of the same theme. The most important
argument against Directed Panspermia is that we have to expect photosynthetic microorganisms
as the earliest life forms. This is also what humans would do to bring life on another planet.
Photosynthesis makes life independent from chemical energy sources and sources of reducing
power by simply using water (H2O) and produce free oxygen (O2) out of it. Free oxygen is a
prerequisite for high-energy complex life-forms (like animals on Earth). But the first life forms
were not photosynthetic. Photosynthesis evolved on Earth. Directed Panspermia can be excluded
as the origin of life.
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Details III: Evolution Speed
Life originated very early on Earth [9]. However, there have been serious concerns about
biological origin of graphite in 3800 million year old rocks [40], while the biogenic origin of
graphite in a more than 3700 million year old sea-floor sediment [41] has not been challenged
[40]. Furthermore Rasmussen et al. [42] showed that there is no evidence for the advent of
oxygenic photosynthesis before the Great Oxidation Event between 2450 and 2320 million years
ago. So it might have taken longer for life to reach the complexity of cyanobacteria than thought
so far (but as expected from a biochemical and biological complexity point of view).
Nevertheless, from current speed of evolution we should expect that there have been at least
several billions of years (Gyr) time for evolution from molecules to the first living cells. This
evolution process is much more complex and needs much more basic changes (‘inventions’ [3])
than from the first living cells to all the life-forms we know today. If you study the biochemistry
of even the simplest currently living organisms (see any good text book about biochemistry or
microbiology), which have their energy sources directly from the environment and not from
other living beings, you see a very complex network. There are plenty of basic biochemical
pathways needed for energy production, synthesis of the amino acids and proteins, synthesis of
the DNA and RNA and all their components and synthesis of the cell membrane components.
All of those need special enzymes (today proteins) to execute (catalyze) those pathways. How
can it be that the evolution of the theme (life based on a DNA-RNA-protein system) should take
much less time than comparably simple (at least in a biochemical sense) variations of the theme
which have occurred after the first cells?
It seems to be that all the major biochemical inventions of life, which lead to the first cells,
have been made in a very short time frame. Compared to the origin of life at a biochemical level
evolution has been very slow after the first cells have been established. So in the beginning of
life a much higher speed of evolution is needed as indicated by Woese [22].
Again the same explanations are possible (as described in chapter Details I):
 Life did not originate from Earth, but was brought to Earth in the form of a spore-like cell
from another planet. This event leads to the false impression that evolution speed was much
higher in the beginning, because an already highly evolved cell started life on Earth. But as
explained already in chapter Details II this is not a likely scenario at all, and we can exclude
this scenario.
 Horizontal gene transfer (HGT): Horizontal gene transfer definitely speeds up evolution, but
it cannot be the predominant source of evolution speed in the phase of evolution of the
genetic code itself (see chapter Details I), since HGT relies on a static genetic code.
 The meteorite impact scenario as sketched above: Evolution does not take place at the same
pace at all. The biggest evolution speed you can always find, if organisms find and empty
environment which is perfectly suited for their survival. In fact, hard competition in not
changing environments typically leads to an evolution towards a local optimum. Once this
local optimum is reached dramatic steps forward are drastically reduced because they imply
a chain of multiple mutations. In this chain only the last mutation is really beneficial and all
the first mutations are actually disadvantageous. In a hard competition those intermediate
individuals are likely to not survive enough generations to actually make the last critical
step.
There are multiple examples of quick evolution into empty environments:
 After extinction of the dinosaurs the mammals diversified very much in a very short time
frame. They do not only occupied empty ecological niches but also developed new features.
Even though birds have been on Earth many millions of years before the bats, they never
developed echolocation comparable to that of bats (even if oilbirds possess crude
echolocation [43]).
 Of course the Darwin’s finches show the high evolutional diversity in absence of
competition even in a very small habitat.
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 As an example you can also see the exploration of the solid surface of Earth by vertebrates
starting in the Devonian. In a second phase (Permian) of this exploration there have been
multiple ‘inventions’. One of those ‘inventions’ was to change nitrogen metabolism from
urea to ureic acid. Ureic acid can be excreted in a solid form, so that the animal dramatically
reduces its water consumption, which is a major evolutionary advantage of course.
However, the animals without this capability did not disappear completely. Some of them
survived because they were adapted to live in burrows, which are colder and humid, so that
water consumption was not so critical. They survived for more than 100 million years like
this and lost most of their color vision in that time, too [44]. Mammals (like humans) are
descendants of those animals and most still have these handicaps (high water consumption
and bad color vision compared to birds for example).
 During the Cambrian explosion roughly 700 million years ago all the major phyla of animals
have been evolved. There multiple possible reasons for the Cambrian explosion under
discussion. It might have been caused by the raise of oxygen levels at that time frame, by
geochemical processes or by a global ice age, which led to frozen oceans even at the
equator. The author is in favor of the last explanation: As explained by Paul Hoffman [45]
the end of the global ice age was a dramatic event with a drastic raise of the temperature
within only several hundred years. At this point in time you have an ocean nearly empty of
life, and ideal environment for giant growth of all photosynthetic bacteria (much sunlight,
high temperatures, high carbon dioxide levels and high iron levels). This in turn means that
all predators also multiply. No matter what the reason actually was, the very first animals
actually found themselves in an ideal environment without much competition initially and
all the major phyla evolved (and few become extinct). Caused by the tough competition of
the existing animals, no other major phylum evolved later.
So you can say that the main driving force for big evolutional steps is not the selection pressure
caused by changing environment, but the temporary absence of high selection pressure, caused
by an empty environment to colonize. The most drastic form of this was the constant meteorite
bombardment of early Earth, which ensured plenty of cycles of empty environments to colonize.
Also today a very quick laboratory “evolution” method (called SELEX [46], for a review see
[47]) to produce RNA molecules binding to specific targets (aptamers [48]), first allows any
mutation by random sequence synthesis (complete absence of selection pressure during mutation
phase) and only afterwards selects and multiplies the best aptamers.

Details IV: The need for high energy molecules to start life
The meteorite bombardment on early Earth was not only necessary to increase speed of
evolution (see chapter Details III) but also to produce the energy rich molecules which are
necessary to start life [2] and to provide energy to the first life forms. Big impacts literally boil
big parts of the ocean and hence induce polymerization by concentration and heat like in a giant
chemical laboratory using minerals as catalysts. This way formaldehyde (CH2O) can form
different monosaccharides like glucose (C6H12O6) and ribose (C5H10O5). Cyanic acid,
formaldehyde, carbon monoxide and other simple precursor molecules present in the oceans can
form the 4 bases used in RNA. And phosphates can polymerize to energy rich phosphoric acid
anhydride bonds (this is why pyrophosphate got its name). After (local) cooling and dilution
those molecules are far away from thermodynamic equilibrium, but still quite stable because of
the lower temperature. They are energy-rich. Of course combinations of bases, saccharides and
phosphates can also form spontaneously. So the meteorite bombardment can explain both the
creation of RNA and the existence of plenty energy rich molecules which can be used for
primitive metabolism of early life without the need to have a specific biological or chemical
pathway for synthesis for each and every molecule needed.
There are debates if life originated heterotrophic in a primordial soup (Miller at al.) or
autotrophic as an autocatalytic chemical cycle on a pyrite surface (Wächtershäuser
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[49,50,37,51,52,53]). De Duve and Miller [54] brought up the argument that oligonucleotides do
not form spontaneously since ΔG°’ is about +21 kJ/mol. The only explanation for spontaneous
formation could be the free energy produced by binding to the pyrite surface, and that this means
that this free energy has to be added per nucleotide. This means, that finally the produced
oligonucleotide will never dissociate from the pyrite surface any more. This is a serious
argument especially, if you take into account that the ΔG°’ standard is not very well adapted to
real concentrations in biochemistry, since it assumes 1 M (see Supporting Information 3). A
solution with a concentration of 1 M for the nucleotides as well as for the oligonucleotide is
indeed a very unrealistic environment. Realistic concentrations of the mononucleotides are more
in the area of 1 mM, which changes ΔG from +21 kJ/mol to +38 kJ/mol in this case. This means
ΔG is even more in favor of hydrolysis and not polymerization under usual biological
concentrations. However, as explained above in a soup being concentrated of course you can
have spontaneous polymerization. This could happen roughly at about a concentration of 5 M for
the nucleotides, which also means a strongly reduced water concentration of about 5 M instead
of 55 M (assuming that each nucleotide is replacing roughly 10 molecules of water in space). Of
course this is completely theoretical since nobody can assume a pure nucleotide solution in real
nature. In reality you have to assume a crude mixture of plenty of different molecules. In
addition you have to take into account, that the ΔG°’ values are determined at a different
temperature and the whole concentration-dependent calculation of actual ΔG values assumes that
solutes behave like ideal gases. This is of course definitely not the case at higher concentrations.
But what you can deduct out of it is that the equilibrium of forming phosphodiester bonds is
towards hydrolysis for the only reason of concentration. As soon as free water gets roughly in
about the same concentration as the phospho group you come close to equilibrium. The result of
the small calculation above therefore might be actually far from reality. However, it shows that
assuming a low concentration of free water molecules not bound to some charged solutes and a
suitable surface like the positively charged pyrite surface proposed by Wächtershäuser (even
though for another reaction), you can imagine spontaneous polynucleotide formation. The
surface plays an important role in both catalyzing the reaction and favoring certain condensed
molecules (maybe like the RNA) over others, because they fit well to the surface. This way you
can imagine RNA formation despite the high temperatures. It is plausible to imagine that the
RNA gets separated from the surface once the whole environment gets diluted again.
There are multiple issues with the autotrophic origin of life as proposed by Wächtershäuser:
 The unfavorable thermodynamics of polymer formation in a diluted environment as
discussed above.
 One has already brought up by de Duve and Miller [54]: Any environment which allows for
spontaneous polymerization near chemical equilibrium will simply randomize any sequence
information (and kill life). RNA molecules with randomized sequence cannot be the start of
life and further evolution.
 But main issue with Wächtershäuser’s theory is that autocatalytic small molecules cannot
evolve. Life begins where molecule or set of molecules is capable of making a copy of itself
and can undergo changes to evolve. If the active catalyst does not change, the produced
molecules will not change. But in the proposed theory the active catalyst is the pyrite surface
and not the ‘auto-catalytic’ small molecule which is part of a metabolic cycle. This means
after a very short time the system produces all the possible molecules and will not change
any more. Of course, if the small input molecule change, the same pyrite surface catalyst can
actually produce different output molecules. However, since the active catalyst does not
change, the chemical reaction always stays the same and will not evolve. The whole system
will reach the maximum of complexity very quick and not evolve further. To start evolution
(and life) you need a system in which the active catalyst makes an error prone copy of itself
and hence has the possibility to reach different three-dimensional forms and gain other
catalytic capabilities. Only exact three-dimensional folding allows stabilizing unfavorable
intermediate states to allow for specific catalysis. To overcome this issue Wächtershäuser
has introduced the concept of ligand feedback [51]. This concept postulates that some of the
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produced small substances bind to the surface as ligands and change the catalytic behavior
of the pyrite surface, which in turn produces more complex metabolic cycles and more
complex ligands. However, also with this assumption there is a fundamental issue: The
ligand will win which bind strongest no matter which autocatalytic features it has. And this
can and will happen at any point in time of the supposed evolution of the pilot metabolism.
This is especially true in an environment with constant flow of water (as the assumed
environment in Wächtershäuser’s theory). An autotrophic metabolic cycle in a constant flow
environment will not evolve to biological complexity but rather will quickly reach a local
optimum and not evolve further (if there is any evolution at all).
 Another issue is that the theory assumes initial evolution of life at very high temperatures.
To overcome this there was the assumption that initially there is another form of macromolecules which is more stable than RNA at high temperature. If there is really a form of
“RNA” which is more stable in heat and simpler than usual RNA and if life really originated
in hyperthermophilic environment, why are modern hyperthermophilic organisms not using
it anymore? In addition there are some special adaptations to heat especially the higher GC
content and reverse gyrase [55] which also indicate that hyperthermophily is not the default
environment of life. In contrast to usual topoisomerase I which is just relaxing negative
supercoils (without consuming ATP) caused by unwinding of the DNA during replication,
reverse gyrase is actively (by consuming ATP) introducing positive supercoils into DNA to
prevent unwinding of DNA at high temperatures. It is present both in hyperthermophilic
Archaea and hyperthermophilic Bacteria. If life really originated in an hyperthermophilic
environment, instead of changing GC content from the statistical distribution you rather
expect an original set of the bases which all form 3 hydrogen bonds (so for example 2,6diaminopurine instead of adenine).
 The final issue is explained by Orgel [56]: The existing and proposed autocatalytic
metabolic cycles for autothrophy can only work if every single step has only very few
irreversible side reactions talking material out of the cycle. This finally requires a high
specificity of the mineral surface catalysts, which is nearly impossible to expect.
However, since membranes (or at least membrane biosynthesis) seem to have appeared only late
(see chapter Details II), most likely life had its initial steps on rock surfaces. As explained the
author believes that RNA replication came before biological metabolism. But using existing nonbiological pathways like those proposed by Wächtershäuser, can explain very well the transition
from heterotrophic replicating RNA to more and more autotrophic forms of life. This way a
smooth evolution by replacing more and more steps of a pathway by biocatalysts or introducing
a new side chain into an existing chemical pathway can be explained, without the need of the
unlikely emergence of a complete multi-step chemical pathway at once. It is important to
investigate the field opened up by Wächtershäuser: Understand more about inorganically
catalyzed chemical pathways.
To the author it makes more sense to assume one self-replicating RNA-like molecule (maybe
with something else than the asymmetric ribose part) at the beginning of life (out of the myriad
of different macromolecules created during concentration (as mentioned above). After relative
cooling down and simultaneous dilution it was placed in an environment full of energy rich
metabolites of all kinds. This is a system which automatically thrives to more and more
complexity by the force to get less and less dependent on precursor molecules provided by the
environment. Extent RNA shows the enzymatic capability of rearranging RNA. So why not
assuming an RNA molecule, which is capable of rearranging oligonucleotides to produce a copy
of itself? In principle RNA can copy RNA. The exact sequence of the copied RNA does not
matter at all for copying but does matter for three-dimensional folding and hence for the
potential catalytic activity of that RNA. This is a system which can evolve, since there is an
endless potential amount of sequences and each copy step is error prone and can produce new
forms.
This means the author believes that life actually started ‘two-dimensionally’ on a rock surface
(as proposed by Wächtershäuser and disputed by Miller and De Duve [54]) but heterotrophic (as
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proposed by Miller and coworkers and in contrast to Wächtershäuser). Only afterwards life
became metabolically more and more independent from high energy molecules.

Details V: Why is the Emergence of Life an Unlikely Event
This is best explained by trying to list some of the most important problems which life needed to
overcome (with some base of explanation):
 The self replicating RNA paradox: How to copy the active center?
– Maybe there were multiple RNAs replicating each other in a cycle, or an RNA forming a
palindrome.
 Where to get the mono nucleotides from initially?
 The membrane paradox: How to live without a membrane which prevents intermediate
metabolic molecules to diffuse away? But how to live with a membrane which prevents
energy rich molecules to enter the cell?
– The first membranes might only consist of fatty acids [57] and not of glycerol esters or
ethers. Those membranes still let pass hydrophilic molecules and even species with a single
electric charge. But they do not let pass energy rich polyphosphates or RNA, allowing for a
multi-molecule replicating cycle and keeping catalytic RNAs close to their genome [57].
However, the high Mg2+ concentrations needed for RNA polymerization lead to crystallization of the fatty acid magnesium salt [57]. So there must be something else than Mg2+.
 The ribosome paradox: How can it be that the most ancient system of life is the most
complex one?
– Maybe because big multi macromolecule complexes simply evolve slower than individual
macromolecules.
– Maybe it is a rest of an ancient feature of life without membranes.
 Spontaneous formation of RNA
 RNA based RNA polymerization
 Synthesis of all 20 amino acids. This requires about 60 different enzymes in the organisms
living today (without the enzymes of the basic metabolism shared with carbohydrates)
 Synthesis of the nucleotides. This requires about 20 enzymes in the organisms living today
(not counting the enzymes to create ribose or the amino acids used).
 Synthesis of the most basic membranes. This requires about 9 enzymes in Archaea and at
least 4 enzymes in Bacteria (without synthesis of the polar head groups and glycerol)
 A basic metabolism to obtain energy
The author does not claim that there is no way to overcome those obstacles and expect that
research will resolve those issues. But one should keep in mind that spontaneous emergence of
life is not obvious at all.
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Details VI: Phylogenetic Trees and Paralogs

Figure 2: Evolution of paralogous proteins different species. The different paralogous proteins are
indicated as A, B and Z. The different species are indicated by different color (black, blue, magenta and
green). Time flows from bottom to top. Horizontal distance means distance in similarity. Protein A and B
are functionally closely related, protein Z is functionally more distant. The filled black circle B indicates the
point in time in which a copy from A was created and evolved into closely related function B. The filled
blue circle Z indicates the point in time in which a copy from A was created and evolved into more distant
function Z. The open colored circles indicate the origin of the respective species. Lines are going back
and forth horizontally to indicate the more or less random sequence changes in the non-conserved areas
of the protein.

Phylogenetic tree prediction methods have to assume that differences in sequence occur
random, since they are simply using mathematics and ignore biological function. They also have
to assume that the amount of multiple mutations within the same branch at the same site can be
ignored, since they do not leave any trace in the existing data (at least unless the number of
surviving species used as input is much higher than the average number of mutations per site).
The first assumption means that phylogenetic tree prediction methods assume that evolution only
consists of mutation and ignore selection. The first assumption is false for proteins which share
the same origin but do not share the same functions any more (paralogous proteins). The second
assumption is false for proteins which appeared in the early diversification of Archaea, Bacteria
and Eukarya or even older. If proteins are ancient enough all the sites which are not under high
functional selection pressure get randomized by many mutations forward and back, so that you
cannot trace the sequence of mutations and hence the actual evolutional relation out of the
current sequences any more (see Figure 2). In contrast the sites which are under high functional
selection pressure still stay related. This might be enough for homologous proteins (those who
share origin and function) to still see rests of a phylogenetic relationship in those conserved
areas. However, for paralogous proteins those sites differ systematically because of the different
functional selection pressure. In the given example (see chapter Details I) this means that a copy
of Phe-tRNAPhe synthetase changed the function and adopted to bind Pyl instead of Phe and to
bind the tRNAPyl instead of the tRNAPhe. This means, if paralogous proteins are old enough (e.g.
at the point in time of origin of methanogenic Archaea) you risk to obtain no mutation-driven
phylogenetic tree any more but a selection-driven functional relationship tree (see Figure 3). This
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also explains the apparent paradox why it seems possible to obtain clear and highly resolved
phylogenetic information about an event “clearly” before LUCA, even though the much more
recent events of species forming within Archaea, Bacteria and Eukarya are often harder to
resolve.

Figure 3. Predicted functional tree versus actual evolution. Taken the exact same situation as in
Figure 2 the assumption is that all non-conserved regions are fully randomized by mutations back and
forth and that all the sequence of all conserved regions are fully determined by selection pressure (and do
also not contain any historical information any more). The orange tree shows what every tree calculation
method will produce. Even though there is zero phylogenetic information left, still a tree with high
confident branching points will be predicted. However, the tree only shows the functional relationship and
will always predict any branching of paralogous proteins before LUCA, no matter what actually happened.
Note that the order of time points of branching of B and Z is predicted completely wrong by the orange
tree and that the sequence between branching of Z and the occurrence of the different species is also
predicted completely wrong.

Of course the bias only works in direction to show paralog branching points systematically
deeper than they are (see Figure 4) and never to show them to be more recent. So it is possible to
deduct out of calculated trees that a paralog appeared more recently than a species branching
point, but not the inverse. Even trees of homologous proteins might be biased, because of hidden
functional differences like binding to different other proteins or RNAs or binding to different
regulatory molecules because of different metabolism. True homologous proteins do not only
share the main biological function but also need to share the same regulatory features (which are
very often not known or verified).
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Figure 4 : Selection-driven tree versus mutation-driven tree. In orange the same 100% selectiondriven tree is shown as in Figure 3. The black tree shows a 100% mutation-driven tree which indicates
how the tree looks if all the phylogenetic information is still left. However this only works perfectly, if only
the non-functional regions (which face random surviving mutations) are taken into account and the time
scale is short, so that mutations back to the same sequence can be ignored. In all other cases you will
obtain a tree which represents a combination of both trees.

To obtain trees which are more phylogenetic and less functional you should at least take all
the > 95% conserved amino acids in the paralog out of the comparison, since they are functional
driven and only compare the rest. If the branching point moves up in the tree in the reduced set,
this is a strong hint that the tree with the complete data set was functionally biased in a severe
way. If the reduced set is showing much more random behavior (e.g. species tree does fit much
less to the canonical tree than the complete set), this is a hint that actually there is only very little
phylogenetic information left and only high-conserved regions mutated slow enough to be still
traceable. However, but exactly those regions are functionally biased. This means it is
impossible to deduct any phylogenetic information about the paralog in this case.
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Cys

Figure 5: Known pathways for synthesis of Cys-charged tRNA . Green ovals indicate actually ATP
invested. Taking the regeneration steps to complete the cycle also into account it becomes visible that the
O-acetyl-L-serine pathway needs 2 ATP more than the O-phospho-serine-tRNA pathway. Pi = inorganic
phosphate, PPi = inorganic pyrophosphate, CoA = Coenzyme A residue (without the SH-group), HS-CoA
Cys
= Coenzyme A, tRNA
= cysteine-specific transfer ribonucleic acid. Yellow hexagons with black
numbers indicate the enzymes: 1 = phosphoserine aminotransferase, 2 = O-phospho-L-serine
phosphatase, 3 = serine acetyl transferase (also named serine transacetylase) , 4 = O-acetylserine
Cys
Cys
sulfhydrylase, 5 = cysteine tRNA
synthetase, 6 = O-phospho-serine tRNA
synthetase (short: Sep
tRNA synthetase), 7 = O-phospho-serine-tRNA:cysteine-tRNA synthase (short: Sep-tRNA:Cys-tRNA
synthase), 8 = cystathionine β-synthase, 9 = cystathionine γ-lyase , 10 = acetyl-CoA synthetase , 11 =
homoserine acetyl transferase (also named homoserine transacetylase [20]), 12 = homocysteine synthase [20], 13 = pyrophosphatase, 14 = glutamate synthase, 15 = glutamine synthetase , 16 = α-ketoacid
dehydrogenase. Comments: Step 7: This step works well in vitro with sulfide (Na 2S) and the purified
enzyme [58] exactly like steps 4 and 12. So it is fair to assume that sulfide is actually the sulfur source in
vivo, too. Step 14+15: This is the usual ammonia uptake pathway. There is a hypothetical alternative
pathway consuming no ATP directly by glutamate dehydrogenase, which is incorporating ammonia into αketoglutarate using NADH. At least in plants this pathway does only function in direction of glutamate
catabolism and not in direction of ammonia uptake [59] as expected for enzymes using NAD (note that
+
+
[NAD ] / [NADH] is in the range of 100 – 1000 and [NADP ] / [NADPH] in the range of 0.1 – 0.01) Step 9:
+
+
This step is releasing NH4 and therefore “wasting” another ATP, since capturing free NH 4 is done by
step 15 and consumes 1 ATP. Step 99: There is no direct pathway from α-ketobutyrate back to L-homoserine, instead α-ketobutyrate is further oxidized to propionyl-CoA (step 16). There is theoretically a
pathway via 11 steps (via S-methylmalonyl-S-CoA to L-aspartate-semialdehyde) to regenerate
homoserine. But this pathway consumes 2 additional ATP (consumes 3 and produces 1) and is a crude
mixture of catabolic steps producing NADH and FADH2 and synthesis steps consuming NADPH (which
means it does not equal out and consumes the equivalent of roughly another ATP of energy). So actually
the whole cystathionine pathway is very inefficient (and looks like a laboratory artifact) and does not seem
to have the primary target to produce cysteine but rather to synthesize methionine (step 11, 12 are part of
Met biosynthesis) and to degrade methionine (step 8, 9, 16 are part of Met catabolism).
The differences in energy consumption can also be seen directly, if you consider the amount of free
energy spend in each step. Brown boxes indicate as a rule of thumb the free energy equivalent of ATP
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spent. Spent ATP can be estimated directly (without completing the pathways to actually see how much
ATP was invested) by valuating hydrolysis of the energy-rich bonds in units of ATP in a rule of thumb: A
diphosphate bond (like in ATP) is worth 1 ATP, a thioester (like Acetyl-CoA) is worth 1.5 ATP, an ester
(like in O-acetylserine) is worth 1 ATP, a phosphoester (phosphate group bound to a hydroxyl group) like
in O-phospho-L-serine is worth 0.5 ATP, a thiol (like in Cys) is worth 0.5 ATP. In step 2 half an ATP is
“wasted” since the phosphoester is simply hydrolyzed. In step 3 half an ATP is spent since the very
energy rich thioester is converted to an energy-rich usual ester. In step 4 another half ATP is spend to
convert an ester into a thiol. Finally the regeneration step 10 is also spending half an ATP since 2 ATPs
are actually invested to produce the thioester (note that a conversion from ATP to AMP corresponds to
the equivalent of two ATP since the pyrophosphate is always hydrolyzed).

Figure 6: Chemical structures of some of the substances shown in Figure 5.
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Amino Acid Usage Cannot Prove Hyperthermophile Origin
Supporting Information 2

There is a claim from Di Giulio [60] that the genetic code evolved under high temperature
(91°C ± 24°C). This contradicts the meteorite impact scenario given so far, since there should be
more diversity left today. Di Giulio claims that at a protein formed with even usage of all the
codons has the same thermophily index as the mean index of thermophile organisms. The
thermophily index was chosen as the mean of the thermophily rank of the individual amino
acids. The thermophily rank was taken as the mean of the rank of each amino acid defined by
two other sources [61,62]. However, looking at the actual data of both sources you see that there
is a very strong positive correlation to thermophily of Arg and a very strong negative correlation
to thermophily of Ser and that many amino acids are quite indifferent. So choosing a rank (this
means ordering the amino acids from 1 to 20) as basis does not take into account the strong
quantitative effects. So instead of choosing the somehow arbitrary rank, it makes much more
sense to simply take the % of usage change of each amino acid in the hyperthermophile species
compared to the mesophile species as done by Haney et al. [61]. For example Ser is 31.7% less
common in Methanococcus jannaschii than in mesophilic Methanococcus species (while 15
amino acids differ in less than 10%).
For each of the 5 weighting methods in Figure 7 you can calculate the thermophily index of
the genetic code. Although all of the weighting methods definitely correlate with thermophily
you obtain values from -1.8 to +1.4 where 0 stands for mesophile (30-40°C) and values around
+0.7 to +1.1 stand for hyperthermophile (~80-90°C). This means depending on the weighting
method you can claim the genetic code to be most compatible with grow temperatures from
below 0°C to above 140°C (see Table 1, Table 2, Table 3 for more detailed information).
Actually that is not surprising, if you simply go back to the initial data and compare the
differences in usage of amino acids as expected from number of codons per amino acid with the
actual usage in microorganisms. Those differences are much bigger than the differences between
hyperthermophiles and mesophiles. The two most important amino acids are Ser and Arg (see
Figure 7). Arg has the biggest thermophily value and Ser the smallest. Both Ser and Arg are
heavily under-represented as expected from the genetic code (see column X in Table 3 compared
to columns A, B in Table 1 and J, K in Table 2). So both Arg and Ser have an average usage of
4.7% and both should have a usage of 9.8%. But the average usage in mesophiles is 5.4% (Ser)
and 4.3% (Arg) and in hyperthermophiles 4.1% (Ser) and 5.2% (Arg). This means that the
genetic code is so far away from current amino acid usage that it is impossible to deduct
anything about thermophily.
The genetic code has 8 codons for positively charged amino acids and only 4 for negatively
charged amino acids. This means that a random protein has a positive charge, which fits to the
assumption that the first proteins where involved into RNA packaging or binding. In current
codon usage the negatively charged amino acids are strongly overrepresented and Arg is strongly
underrepresented, resulting in negatively charged proteins on average (see column X in Table 3).
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Figure 7: Change of amino acid usage in hyperthermophiles in % relative to mesophilic species.
First row: The thermophily rank of Di Giulio was scaled (subtract 10.302 as the average rank of
mesophiles [60] and multiply by 2.4 but otherwise unchanged) simply to allow for better comparison in the
graphical display (Data from Table 3 column T). Second row: The mean % change is calculated in
analogy to Di Giulio by first taking the mean of the two Archaea (Methanococcus) data sets and then
taking the mean of the result with the Bacteria (Bacillus) data set. The mean % change is the actually
relevant quantitative data (Data from Table 3 column V). The rank in the first row does not reflect the
actual situation shown in the second row (for more discussion see Supporting Information 2 and
explanation in Table 3). Third row: Data from column C in Table 1. Fourth row: Data from column U in
Table 3. Fifth row: Data from column L in Table 2.
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Table 1: Thermophily Values of mesophile and thermophile Bacillus (Data to Figure 7)

Amino
Acid

Bacillus
% Usage [62]

(A)
(B)
(C) %
Name
Meso. Therm. Change
Ser (S)
5.471 4.500 -17.75
Asn (N)
3.907 3.582
-8.32
Met (M)
2.688 2.568
-4.46
Gln (Q)
3.344 3.324
-0.60
Thr (T)
5.497 5.176
-5.84
Phe (F)
4.203 4.042
-3.83
Gly (G)
7.997 7.989
-0.10
Asp (D)
5.372 5.159
-3.97
Lys (K)
7.062 6.325 -10.44
His (H)
2.200 2.305
4.77
Leu (L)
8.861 9.121
2.93
Val (V)
7.528 7.926
5.29
Glu (E)
7.535 7.322
-2.83
Ala (A)
8.336 8.896
6.72
Tyr (Y)
3.347 3.467
3.59
Ile (I)
6.986 7.010
0.34
Cys (C)
0.650 0.717 10.31
Pro (P)
3.762 4.166 10.74
Trp (W)
0.928 1.031 11.10
Arg (R)
4.326 5.375 24.25
Sum
100.00 100.00
21.9
Thermophily Index

Thermophily Value
% Change
Method

Rank Method

Mean % Change
Method

(D)
(E)
Meso. Therm.
-97.1
-79.9
-32.5
-29.8
-12.0
-11.5
-2.0
-2.0
-32.1
-30.2
-16.1
-15.5
-0.8
-0.8
-21.3
-20.5
-73.7
-66.0
10.5
11.0
26.0
26.8
39.8
41.9
-21.3
-20.7
56.0
59.8
12.0
12.4
2.4
2.4
6.7
7.4
40.4
44.7
10.3
11.4
104.9 130.3
0.1
71.4
0.00
0.71

(F)
(G)
Meso. Therm.
-122.1 -100.5
-75.5
-69.2
-21.3
-20.4
-40.5
-40.3
-69.9
-65.9
-0.5
-0.5
-82.6
-82.5
-55.5
-53.3
-5.1
-4.6
-5.6
-5.8
73.3
75.5
48.7
51.3
17.1
16.7
14.0
14.9
35.7
37.0
87.2
87.5
5.4
5.9
62.7
69.5
17.7
19.7
95.5 118.7
-21.3
53.7
-0.21
0.54

(H)
(I)
Meso. Therm.
-131.9 -108.5
-46.3
-42.5
-22.2
-21.2
-25.7
-25.6
-40.4
-38.1
-9.4
-9.1
-15.0
-15.0
-9.8
-9.4
-8.1
-7.3
3.5
3.6
15.8
16.3
17.4
18.3
25.3
24.5
35.0
37.3
16.9
17.5
39.7
39.9
4.3
4.7
32.9
36.4
8.1
9.0
86.9 108.0
-23.2
39.1
-0.23
0.39

A = usage of amino acids (in %) in a mesophilic Bacillus taken from [62]
B = usage of amino acids (in %) in a thermophilic Bacillus (for homologous proteins) taken from [62]
C = 100 * (B – A)/A
Relative usage change in thermophilic Bacillus. A positive value is in favor for thermophily a negative
against it. See Figure 7.
D=A*C
weighted thermophily value per amino acid for mesophilic Bacillus.
E=B*C
weighted thermophily value per amino acid for thermophilic Bacillus.
F=A*T
weighted thermophily value per amino acid according to rank method from [60] for mesophilic Bacillus (for
column T see Table 3)
G=B*T
weighted thermophily value per amino acid according to rank method from [60] for thermophilic Bacillus
H=A*V
weighted thermophily value per amino acid for mesophilic Bacillus according to mean % change method
(see Table 3)
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I= B*V
weighted thermophily value per amino acid for mesophilic Bacillus according to mean % change method
(see Table 3)
The thermophily index is calculated as the sum of the thermophily values divided by 100. The thermophily
index in column D mathematically has to be 0 and is just given as control.

Table 2: Thermophily values of mesophile and thermophile Methanococcus (Data to Figure 7)

Amino
Acid

% Usage [62]

(J)
(K)
(L) %
Name
Meso. Therm. Change
Ser (S)
5.278
3.736 -29.22
Asn (N)
4.244
3.613 -14.87
Met (M)
2.694
2.348 -12.84
Gln (Q)
2.588
2.161 -16.50
Thr (T)
5.005
4.537
-9.35
Phe (F)
3.284
3.251
-1.00
Gly (G)
7.923
7.613
-3.91
Asp (D)
5.424
5.469
0.83
Lys (K)
8.269
8.928
7.97
His (H)
1.811
1.803
-0.44
Leu (L)
8.403
8.460
0.68
Val (V)
8.033
7.943
-1.12
Glu (E)
7.878
8.663
9.96
Ala (A)
7.381
7.422
0.56
Tyr (Y)
3.280
3.516
7.20
Ile (I)
7.963
8.964
12.57
Cys (C)
1.363
1.428
4.77
Pro (P)
4.273
4.549
6.46
Trp (W)
0.623
0.651
4.49
Arg (R)
4.285
4.944
15.38
Sum
100.00 100.00
-18.4
Thermophily Index

Methanococcus
Thermophily Value
% Change
Mean % Change
Method
Rank Method
Method
(M)
(N)
(O)
(P)
(Q)
(R)
Meso. Therm. Meso. Therm. Meso. Therm.
-154.2 -109.1 -117.8
-83.4 -127.2
-90.0
-63.1
-53.7
-82.0
-69.8
-50.3
-42.8
-34.6
-30.2
-21.3
-18.6
-22.3
-19.4
-42.7
-35.7
-31.4
-26.2
-19.9
-16.6
-46.8
-42.4
-63.7
-57.7
-36.8
-33.4
-3.3
-3.3
-0.4
-0.4
-7.4
-7.3
-31.0
-29.8
-81.8
-78.6
-14.9
-14.3
4.5
4.5
-56.0
-56.5
-9.9
-10.0
65.9
71.2
-6.0
-6.5
-9.5
-10.3
-0.8
-0.8
-4.6
-4.6
2.9
2.8
5.7
5.7
69.5
70.0
15.0
15.1
-9.0
-8.9
52.0
51.4
18.6
18.4
78.5
86.3
17.9
19.7
26.4
29.0
4.1
4.1
12.4
12.4
31.0
31.2
23.6
25.3
35.0
37.5
16.5
17.7
100.1
112.7
99.3
111.8
45.3
51.0
6.5
6.8
11.3
11.8
9.0
9.4
27.6
29.4
71.3
75.9
37.3
39.7
2.8
2.9
11.9
12.4
5.5
5.7
65.9
76.0
94.6
109.1
86.1
99.3
-0.3
111.2
10.2
109.9
-4.7
75.3
0.00
1.11
0.10
1.10
-0.05
0.75

J = usage of amino acids (in %) in a mesophilic Methanococcus taken from [62]
K = usage of amino acids (in %) in a thermophilic Methanococcus (for homologous proteins) taken from
[62]
For columns L to R the same explanations apply as in Table 1.
L = 100 * (B – A)/A
M=J*L
N=K*L
O=J*T
P=K*T
Q=J*V
R=K*V
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Table 3: Methods and thermophily values of the genetic code (Data to Figure 7)

(S)
Amino
Acid
Name
Ser (S)
Asn (N)
Met (M)
Gln (Q)
Thr (T)
Phe (F)
Gly (G)
Asp (D)
Lys (K)
His (H)
Leu (L)
Val (V)
Glu (E)
Ala (A)
Tyr (Y)
Ile (I)
Cys (C)
Pro (P)
Trp (W)
Arg (R)

Ther.
Rank
DiGiul
1.00
2.25
7.00
5.25
5.00
10.25
6.00
6.00
10.00
9.25
13.75
13.00
11.25
11.00
14.75
15.50
13.75
17.25
18.25
19.50

(T)

(U)

(V)

(W)

(X)

Scaled
%
Mean
Usage
Therm. Chang
%
Rank
e
Chang Codo
DiGiul Meth.
e
ns
%
-22.32 -31.7 -24.10
6
9.84
-19.32 -15.9 -11.85
2
3.28
-7.92 -11.3 -8.27
1
1.64
-12.12 -13.1 -7.70
2
3.28
-12.72
-8.4 -7.36
4
6.56
-0.12
-0.3 -2.24
2
3.28
-10.32
-3.4 -1.88
4
6.56
-10.32
-0.2 -1.83
2
3.28
-0.72
8.3 -1.15
2
3.28
-2.52
-2.8
1.58
2
3.28
8.28
0.6
1.79
6
9.84
6.48
-0.2
2.31
4
6.56
2.28
9.1
3.35
2
3.28
1.68
2.8
4.20
4
6.56
10.68
5.8
5.04
2
3.28
12.48
9.5
5.69
3
4.92
8.28
0.9
6.57
2
3.28
16.68
7.0
8.73
4
6.56
19.08
8.3
8.75
1
1.64
22.08 16.5 20.09
6
9.84

Sum
Thermophily Index

61

(Y)
(Z) (AA)
Genetic Code
% Change

(AB)

(AC)

Bacil. Meth Meth Mean
-174.6 -287.4 -311.8 -237.1
-27.3 -48.7 -52.1 -38.9
-7.3 -21.1 -18.5 -13.6
-2.0 -54.1 -43.0 -25.2
-38.3 -61.3 -55.1 -48.2
-12.6
-3.3
-1.0
-7.3
-0.7 -25.7 -22.3 -12.3
-13.0
2.7
-0.7
-6.0
-34.2 26.1 27.2
-3.8
15.6
-1.4
-9.2
5.2
28.9
6.7
5.9 17.6
34.7
-7.3
-1.3 15.2
-9.3 32.7 29.8 11.0
44.1
3.6 18.4 27.5
11.8 23.6 19.0 16.5
1.7 61.8 46.7 28.0
33.8 15.6
3.0 21.5
70.4 42.4 45.9 57.3
18.2
7.4 13.6 14.3
238.5 151.3 162.3 197.6

Rank
Sc
DiGiu
-219.6
-63.4
-13.0
-39.8
-83.4
-0.4
-67.7
-33.9
-2.4
-8.3
81.4
42.5
7.5
11.0
35.0
61.4
27.1
109.3
31.3
217.1

100
1.78

-1.36

-1.43

0.19

0.92

S = Thermophily rank directly taken from di Giulio [60]
T = (S – 10.302) * 2.4
The value 10.302 is directly taken from [60] as the average rank of mesophiles. This does not change
anything in the outcome. It is simply to ensure that the index 0.00 means mesophile. The result is
multiplied by 2.4 only to have comparable results (see Figure 7).
U = % change in thermophilic Methanococcus directly taken from [61]
V = (((U + L) / 2) + C) / 2
Calculation of the mean % change. You first take the mean value for the two input data sets of
Methanococcus and then take the mean of the result with the input data set from Bacillus. This is the
same way the thermophily rank from [60] was calculated. However, it is actually not clear if this mean %
change method is better than the Methanococcus % change alone, since the two Bacillus species used in
[62] heavily differ in GC content, which of course changes the usage of amino acids. For example higher
GC content can be achieved by replacing a positively charged side chain K (Lys, GC codons AAA and
AAG resulting in GC content of 0.17) with R (Arg, GC content 0.72). This explains some of the changes of
absolute and relative positions of amino acids in Figure 7. The two Methanococcus species do not differ
in GC content.
W = Number of codons per amino acid
X = 100 * W / 61
expected usage in %, if each codon has the same usage
Y=X*C
thermophily value of the genetic code ranked by the % change method obtained from bacillus data
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Z=X*L
thermophily value of the genetic code ranked by the % change method obtained from Methanococcus
data from [62]
AA = X * U
thermophily value of the genetic code ranked by the % change method obtained from Methanococcus
data from [61]
AB = X * V
thermophily value of the genetic code ranked by the mean % change method taken all 3 data sets into
account
AC = X * T
thermophily value of the genetic code ranked by the rank method from [60]
The thermophily index in columns Y to AC is again (like in Table 1 and Table 2) calculated as the sum of
the thermophily values divided by 100. As you can see in the bottom line of Table 3, depending on the
method used you obtain completely different thermophily indices for the genetic code, even though all of
the methods clearly correlate with thermophily. Especially the Methanococcus methods, which are not
biased by GC content, do not show any thermophily at all for the genetic code.

The Biochemical Standard of ΔG°’ Should Assume 1 mM
Supporting Information 3

In fact the biochemical standard of ΔG°’ is poorly chosen, since it assumes 1 M
concentrations (at pH 7.0 and constant water concentration), which is far away from biological
concentrations. This does not matter for reactions in which you have the same amount of
molecules consumed and produced (not counting water as a reactant!). However it does make a
difference as soon as this is not the case. This is typically the case for all hydrolysis reactions. 1
M concentrations are chemical concentrations but not biological ones. Assuming 1 mM instead
of 1 M changes the free energy of every hydrolysis reaction by –17.1 kJ/mol, which is RT ln
(1/1000). The apparent lack of correlation between ΔG°’ value and irreversible steps in
metabolic pathways can be removed by simply assuming 1 mM instead of 1 M. (R = 8.314 J
/(mol K), T°’ = 298.15 K)
Example A: In the extreme example of methanogenesis ( 4 H2 + CO2 => CH4 + 2 H2O ) this
means there are 4 molecules more on the left side as on the right side (water is not to be
counted). ΔG°’ = –131 kJ/mol is changed to ΔG = –63 kJ/mol, simply by assuming the
concentration of H2, CO2 and CH4 at 1 mM.
Example B: Hydrolysis of ATP ( ATP + H2O => ADP + Pi ) the change is from ΔG°’ = –31
kJ/mol to ΔG = –48 kJ/mol simply by assuming 1 mM. If the biochemical standard were 1 mM,
you could directly see, that methanogenesis could provide 1-2 ATP and not 4 ATP per methane
as you might guess from the official ΔG°’ values. Actually [Pi] is typically higher than 1 mM,
but [ATP]/[ATP] is about 5, so that as rule of thumb a ΔG = –50 kJ/mol can be assumed for
hydrolysis of ATP.

Abbreviations
ATP
CDP
DNA
FAD
FMN
GC content
HGT

adenosine triphosphate
cytidine diphosphate
deoxyribonucleic acid
flavin adenine dinucleotide
flavin mononucleotide
guanine cytosine content
horizontal gene transfer
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mRNA
NADH
NADPH
Phe-tRNAPhe
Pyl
RNA
Sep-tRNACys
tRNA
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last universal common ancestor
messenger ribonucleic acid
reduced nicotinamide adenine dinucleotide
reduced nicotinamide adenine dinucleotide phosphate
phenylalanine specific tRNA charged with phenylalanine
Pyrrolysine
ribonucleic acid
cysteine specific tRNA charged with O-phosphoserine
transfer ribonucleic acid
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