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The dating of the dawn of life on Earth is a difficult task, requiring an accumulation of evidences from many different
research fields. Here we shall summarize findings from the molecular scale (proteins) to cells and photosynthesis-related-
fossils (stromatolites from the early and the late Archaean Eon), which indicate that life emerged on Earth 4.2-3.8 Ga
(i.e. 4.2-3.8 x 10° years) ago. Among the data supporting this age, the isotopic and palacontological fingerprints of
photosynthesis provide some of the strongest evidence. The reason for this is that photosynthesis, carried out in particular
by cyanobacteria, was responsible for massive changes to the Earth’s environment, i.e. the oxygenation of the Earth’s
atmosphere and seawater, and the fixation of carbon from atmospheric CO, in organic material. The possibility of a very
early (>3.8 Ga ago) appearance of complex autotrophic organisms, such as cyanobacteria, is a major change in our view of

life’s origins.
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Introduction

From philosophic and scientific points of view, the origin and
the development of life on Earth is certainly one of the most
exciting topics to investigate, but also one of the most difficult.
Indeed, it requires an effective and permanent multidisciplinary
approach involving: chemistry, physics, biology, geology, and
palaeontology.

From the start of a possible prebiotic chemistry >4 Ga
(4 x 10° years) ago, when the conditions on Earth allowed it
to the presence of cells already endowed with a very compli-
cated adenosine triphosphate (ATP)-producing metabolism, it
seems likely that not more than 300 to 400 million years have
passed. Whereas the earliest molecular steps leading to the dawn
of life are still much debated, the evidences for the overall time
frame for the evolution of life on Earth are becoming increas-
ingly well established.

In this review we do not aim to be exhaustive in the
description of the different prebiotic chemical steps that led to
the development of the first, pre-LUCA (Last Universal Com-
mon Ancestor) proto-cells carrying a complicated metabolism.
Instead, we shall take selected examples of molecular evolution
and present evidence for the time frames of the most likely
stages in the development of life on Earth. Among the support-
ing evidence, the isotopic and palacontological fingerprints of
photosynthesis are particularly convincing. We shall consider
fossil stromatolites from the early and late Archaean eon as well
as protein sequence comparisons between cyanobacteria and
more primitive photosynthetic bacteria.
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Since the work of Clair Patterson,! who used an absolute
dating method (based on U/Pb disintegration) to estimate the age
of a meteorite, it has been known that the Earth is ~4.55 Ga old.
However, although the age of the Earth is now known quite
precisely, the point at which life evolved is still in question and
how life evolved is even more controversial. After the theory of;
spontaneous generation of life was rejected in the mid- to late-@
19th century, scientific debate on the origin of life could begin.
A major breakthrough was achieved by A. Oparin,'* a Soviet
biochemist, who proposed that a prerequisite for the emergence
of complex life (cells) was the synthesis of organic compounds
in large amounts on primitive Earth. It was a huge achievement
of Oparin’s to have obtained biochemical demonstrations of cell
organization, metabolism, reproduction, and response to stimuli
that could be understood in terms of physical and chemical
mechanisms. He also had the great foresight to correlate the
yield of prebiotic chemistry to the reducing capability of Earth’s
initial atmosphere. Thinking that autotrophy (which uses CO,
as the only source of carbon) was too complicated for the initial
survival mode, he proposed fermentation and/or heterotrophy
(using several organic compounds as the source of carbon) as the
most likely first way of life for cells.

Possible Chronology of the Development of Life on Earth
Presence of Liquid Water

After a period of strong bombardment by comets and meteorites,
and intense volcanic activity, the temperature on Earth dropped
below 100°C, allowing the development of prebiotic chemistry.
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However, a prerequisite was the existence of liquid water, either
at or near the surface of Earth. According to evaluations of the
content of '%0 in ancient rocks (zircons) (which is indicative of
the water-rock interaction at low temperature and of the pre-
sence of liquid water), it has been proposed®* that liquid water
was present at ~4.3—4.2 Ga ago. This is significantly earlier than
suggested® from the evidence provided by basalt ‘pillows’
(~3.8-3.9 Ga ago). Whether liquid water was mainly produced
by volcanoes or brought from space by comets, its existence
allowed life to evolve.

The World of RNA and Nucleotides

Before the appearance of the first proto-cells containing DNA,
RNA and proteins, it is quite likely that RNA or simpler forms
of RNAs (pre-RNAs) were selected to perform the roles now
played by DNA, i.e. keeping the genetic information, and by
proteins, i.e. acting as catalysts.[*"'"! This hypothesis, which is
now generally accepted, is based on much solid, but indirect,
evidence.!''® This evidence includes the fact that, in present
cells, DNA is used only to store genetic information, but RNA
is an unavoidable intermediate as a messenger (mRNA) and
directly involved as a catalyst"' 2% in the synthesis of proteins.
The experimental discovery of this catalytic role for RNA
(therefore called ribozymes) was made by T. Cech and
S. Altman, for which they received the Nobel Prize of Chemistry
in 1989. A final strong argument in favour of the RNA world
comes from genome analysis of many microorganisms and
some eukaryotes. When one searches for analogous proteins
encountered in the three domains of life (Bacteria, Archaea, and
Eukaryotes), and therefore present before the separation of the
three domains, i.e. present in the LUCA, only 60 proteins are
found.>'") Interestingly, none are involved in the replication
of DNA, i.e. they are neither helicases nor DNA polymerases.
This is in strong support of RNA doing ‘all’ the jobs (i.e. storage
of information and catalysis).

At the time of pre-cellular life (somewhere between ~4.2
and 3.8 Ga ago), nucleotide-like molecules like ATP and
nicotinamide adenine dinucleotide (NADH) were selected by
evolution as universal energy and electron donor molecules,
respectively. They are present in all three domains of life.
Interestingly, ATP and NADH both contain the adenine base,
which has been retained by evolution in the RNA and DNA of all
organisms.

Examples of Molecular Evolution
Complex Ill of the Respiratory Chain

All organisms on Earth share the need to produce ATP for use in
the metabolism of their cells. To achieve this, the three domains
oflife have retained since the LUCA period with the same kinds
of processes and to some extent the same molecular compounds.
Indeed, ATP synthase proteins, which are embedded in the
intra-cytoplasmic membranes of bacteria and archaea or in the
internal membrane of mitochondria from eukaryotes, use as a
driving force an electrochemical proton gradient established
across these membranes, most of the time coupled to an electron
transfer chain. This was described by Peter Mitchell in his
chemiosmotic theory, for which he received the Nobel Prize of
Chemistry in 1978.1°! This theory has been verified system-
atically in all types of organisms, and for whatever their type
of survival, i.e. whether it be a respiratory or a photosynthetic
electron transfer chain.
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Fig. 1. Superimposition of the two 3D structures of the Rieske subunit of
the cytochrome be; complex from Bos taurus (grey, pdb 1rie®”’) and from
R. capsulatus (blue, pdb 1zrt!*8)).

Let us take as examples the photosynthetic purple bacterium
Rhodobacter (R.) capsulatus and the eukaryotic (respiratory)
bovine Bos taurus. The electron transfer chain in the former is
triggered by light, whereas in the latter, it is initiated by NADH.
Despite their quite different appearances and distance at the
evolutionary level, a similarity (among others) between the two
organisms is that they both possess, as part of their electron
transfer chains, a cytochrome bc1 complex (also called complex
IIT of the respiratory chain), which acts as a coenzyme Q-
cytochrome ¢ oxidoreductase. This protein is quite big (MW
~250 x 10° gmol ' in mitochondria). Let us consider one of its
subunits, the so-called Rieske protein that contains a cluster of
Fe,S,. This subunit consists of 191 and 196 amino acids in the
bacterium and the cow, respectively. When these two sequences
are compared (aligned), it is found that ~40% of the amino acids
are the same (at the same position) in both protein sequences.
The probability that this has occurred by a fortuitous event,
i.e. by independent mutations, is ~1071% je. close to 0. It s,
therefore, much more likely that the Rieske protein evolved at
an early stage of life, and, because of its effectiveness, a large
proportion of its amino acid sequence has been maintained even
to species as apparently distantly related as a photosynthetic
bacterium and a cow, with some mutations occurring since their
common ancestor. As a consequence of this 40% sequence
identity, remarkably the two protein subunits can nearly be
superimposed. This is shown in Fig. 1 (using 1rie'*”! and 1zrt™*!
pdb code structures for Bos Taurus and R. capsulatus Fe-S
subunits, respectively).

Photosynthetic Reaction Centre

In photosynthetic organisms, the reaction centre (RC) protein
plays a central role in converting the light excitation energy
into chemical free energy through the establishment of a
transmembrane charge separation. It is of interest to compare
homologous subunits of the RC proteins from oxygen evolving
organisms (OEO) (which extract electrons from water) and from
more ancient organisms, which use various organic compounds
as electron donors. The former organisms (predominantly
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Fig. 2.

Alignment of the sequences of the D1 and L protein subunit sequences from the cyanobacterium 7. elongatus (Cyan) and from the bacterium

R. sphaeroides (Bact), respectively, using the pHMM constructed in ref. [29]. The amino acids displayed below the sequences are conserved between the two
proteins. The numbering refers to the 7. elongatus sequence.

Fig. 3. Superimposition of the L protein from R. sphaeroides (blue, pdb
2J8C, 1.87 A resolution!®’ 1) and of the D1 protein from 7. elongatus (grey,
pdb, 2AXT, 3 A resolution®™). Despite the low (~20%) sequence identity,
the secondary (and tertiary) structure is mainly conserved by evolution.

higher plants, algae, and cyanobacteria) possess two photo-
systems (PS1 and PS2) that act in series, and are mostly auto-
trophs. The latter (predominantly proteobacteria) are mostly
heterotrophic. It is documented that the molecular ancestors of
PS1 and PS2 are the RCs from green sulfur bacteria and purple
non-sulfur bacteria, respectively. We shall compare below the
sequence and the structure of one subunit of PS2-like RCs,
i.e. the Qp binding protein (where Qg is the ultimate quinone
electron acceptor bound to the protein), from OEOs and from
purple non-sulfur bacteria. This particular protein is referred to
asthe ‘D1 protein’ in OEOs and as the ‘L protein’ in purple non-
sulfur bacteria. As an example of an OEO, we have chosen

Thermosynechococcus (T.) elongatus, a cyanobacterium, and as
an example of a purple non-sulfur bacterium we have chosen
R. sphaeroides. Both organisms are prokaryotes.

Because cyanobacteria and purple non-sulfur bacteria are
widely separated from an evolutionary perspective, the D1
protein sequence from 7. elongatus only shares ~20% amino
acid sequence identity with the L protein from R. sphaeroides
(see Fig. 2). This is not high and only about twice what would be
expected (~10%) by comparing two random sequences from
non-related proteins. The alignment of these two proteins is
shown in Fig. 2.1*]

It is important to note that, because of the low percentage
of sequence identity, a simple alignment realized only by com-
paring the two sequences (as achieved with readily available
programs like CLUSTALW) was unreliable.”%>'! We, there-
fore, aligned the D1 and L proteins using a general profile
Hidden Markov Model (pHMM),**33! which relies not only
on a crude sequence alignment but also on a structural super-
position of the D1 and L subunit sequences.'****

The remarkable finding is that even with such a low per-
centage of sequence identity, the two proteins can almost be
structurally superimposed (see Fig. 3).

We used here the 2J8CP>! and 2AX TR pdb code structures
for the R. sphaeroides L and T. elongatus D1 RC proteins,
respectively. The reason for this structural similarity is the
conservation of particular amino acids in crucial parts of the
structure (see Fig. 2), leading to the same secondary structure
(i.e. five transmembrane o helixes). This is a good example of
where evolution has preserved a structural motif to maintain a
useful function (energy conversion).*”-%]

Crucial Importance of Cyanobacteria

As discussed above, the DI reaction centre protein of
T. elongatus, a modern cyanobacterium, displays a low
sequence identity with the functionally corresponding L protein
of'a photosynthetic purple bacterium. However, based on amino
acid sequences of the DI proteins, 7. elongatus appears to
show a much smaller evolutionary separation from higher
photosynthetic organisms. Indeed, the DI protein from
T. elongatus possesses 85% identity with that of lettuce.
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Cyanobacteria are key organisms at the origin of a main
turning point of the atmosphere and life on Earth, i.e. the
increase in the level of oxygen on Earth. Cyanobacteria were
the first organisms to extract electrons from water (abundant on
Earth since at least ~4.2—4.0 Ga ago), rather than from organic
compounds or H,S, as do green sulfur bacteria. The energy price
to pay for achieving this is very high since the redox potential
of the H,O/O, redox couple is very positive (~0.82 V). Cyano-
bacteria paved the way for their photosynthetic descendants,
thanks to the association of both PS2 and PS1, which work in
series to absorb enough energy (two photons) to split the water
molecule.

The consequence of the evolution of the water-splitting
ability of the cyanobacteria was dramatic for the future of Earth.
Indeed, progressively, the oxygen (actually a waste product
of H,O oxidation from the perspective of the cyanobacteria)
released by this reaction rose into the atmosphere, converting
its initial either inert or reducing environment into a strongly
oxygenated, oxidising one. Although it seems certain that the
level of free O, in the atmosphere was similar to that of today by
~2-1.5 Gaago (from dating the iron oxides of ancient oceans'’)
there is still much debate about when exactly cyanobacteria
started their ‘job’ of releasing oxygen.** %

Very recently, the appearance of cyanobacteria was sug-
gested™ not to have occurred before ~3 Ga or even later.
However, a more recent publication*® strongly suggests that
oxygen was already present in deep oceans 3.46Ga ago,
necessarily making the origin of cyanobacteria much earlier.
We shall see below that this is consistent with isotopic and
palaeontologic observations.

Evidence for the Existence of Cells >3.5 Ga Ago
Isotopic Data

Carbon possesses two stable isotopes, '>C and '*C, and conse-
quently atmospheric CO, is composed of '?CO, and '*CO.,.
2C0, and *CO, are trapped to different degrees in photo-
synthetic organisms and in limestone. This provides a very solid
and useful tool to probe for the presence of photosynthesis by
revealing its fingerprint in ancient rocks.

Photosynthesis is the process by which vegetal organisms
synthesize carbohydrate using the energy they gain from the
absorption of light. In oxygenic photosynthesis, water is used as
an electron donor, according to Eqn (1):

6CO, + 12H,0 — 6(CH,0) + 60, + 6H,0 (1)

In anoxygenic photosynthesis, water is replaced by reduced
compounds such as H,S, H,, malate, succinate, butyrate, or
reduced metal ions as Fe**. For example, when H,S is used,
sulfur is released, as shown in Eqn (2):

6CO, + 12H,S — 6(CH,0) + 6H,0 + 125 (2)

In both cases, CO, is captured by an enzyme called RubisCO
(ribulose bisphosphate carboxylase) which also catalyzes the
first reactions associated with CO, reduction. Because it is
lighter than '*CO,, '>CO, is captured slightly more efficiently
(by a diffusion process), i.e. it collides slightly more frequently
with RubisCO and is therefore more often trapped. The sugars
produced by photosynthetic organisms (oxygenic and anoxy-
genic) will thus contain a slightly higher (~1.8%) '*C content
than that present in the CO, of the atmosphere.[47]
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In the case of the isotopic contents of carbon in limestone the
situation is opposite. Indeed, when CO, dissolves in sea water,
it is initially converted into bicarbonate (HCO5 '), which then
associates with dissolved calcium ions to produce calcium
carbonate (CaCOs3), which forms the limestone deposited in
oceans. In this case, the heavier '*CO, is preferentially captured
because it sediments more rapidly and the limestone is enriched
in *C by ~0.7%.171 Thus, the carbon isotopic enrichments
of photosynthetic organisms and limestone are the reverse of
one another. The relative ratios of '*C and '>C in limestone and
organic carbon in rocks dated from the same period will hence
be a signature of the existence of photosynthesis at that time.
This is generally quantified using the value of 8'°C, which is
defined as the difference in the percentage ratios '*C/'2C for
organic carbon and limestone (both measured mass spectro-
metry techniques). Based on the values of the percentage
enrichments '°C in photosynthetic organisms (—1.8%) and
limestone (40.7%) given above, one would expect a value of
3'2C of approximately —2.5% (i.e. —1.8—(+0.7)). This 8'*C
value is observed in present or recent rocks, therefore validating
this method. But what is remarkable is that when more and more
ancient rocks are dated and screened, the presence of photo-
synthesis (and therefore of cells endowed of complex metabo-
lism able to produce ATP) is established at >3.5 Ga ago. As we
see below, geological and palaeontological investigations are
fully consistent with and reinforce these observations.

Data from Stromatolites

Stromatolites (from greek stroma, carpet, and lithos, stone) are
either fossilized or living mats of limestones arranged in layers
of cyanobacteria and filamentous bacteria (see Fig. 4). CO,,
which is trapped in the surrounding water, leads to CaCOj;
precipitation that settles and hardens to form characteristic
structures, most of the time in ‘domes’ or ‘cones’. CaCOs can
sometimes be replaced by other minerals near saturation.

For this reason hot spring stromatolites tend to consist of
silica. Living stromatolites can be observed in different places,
among them Yellowstone National Park (USA) and Shark Bay
(Western Australia) (see Fig. 5).

Interestingly, ancient (Archaean) stromatolite-like fossils
(SLF) can also be observed; the best preserved being in Western
Australia, in the Pilbara region (see Fig. 6).

We shall consider the stromatolite-like fossils, dated at
2.72 Ga ago (Fortescue Group)*®! and ~3.5Ga ago (‘North
Pole’ and ‘Dawn of Life”).1*”! Examples that can be observed in
the Fortescue Group (dome-like) and in the Dawn of Life trail
(cone-like) are shown in Fig. 7.

Two main non-biological processes may mimic or contribute
to similar geological structures: the chemical precipitation of
sedimentary rocks and/or the physical deformation of the rocks.
Therefore, a crucial question that arises from these observations
is: are these structures of biogenic origin?

In the case of the 2.72 Ga SLF (see Fig. 7), it seems very
likely to be the case. Two main arguments support this conclu-
sion. The first one is morphological, based on the very similar
appearance of the domes in the Fortescue Group and the living
ones (see Fig. 5). The second definitive argument has recently
been provided by the analysis of the microstructures of the
rocks of the SLF in the Fortescue Group. They clearly show
formations of ‘organic globules’ associated with microcrystals
of CaCQOj;, a combination that is remarkably similar to the
organo-mineral building blocks of modern stromatolites.[*"’
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Now let us consider the SLF dated as ~3.5 Ga ago (see Fig. 7,
right). Although at present there is no absolute proof of their
biological origin, the combination of all available evidence
produces an overwhelming probability that they have not been
produced by physical processes, or simply by abiogenic chemi-
cal precipitation. The first line of evidence comes from mor-
phological analysis. The cone shape of SLF in Fig. 7 cannot be
due to chemical precipitations since they would produce regular
forms and not, as observed here, thicker layers on the top and
thinner layers on the sides. Furthermore, sediment depositions
would neither produce sharp sides nor cones, but rather crests.
One of the most convincing morphological arguments is given

[ 8

' Great Sandy
. Desert

Bamboo
Creek

Fortescue Group

\
o
Marble Bar .

2.72 Ga

Nullagine

Fig. 6. Pilbara region (Western Australia), where Archean fossil stromatolites are situated.
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by the presence of cones arranged in an ‘egg-carton’ pattern®'!

and branching columns (see Fig. 8).

These shapes are characteristic of bacterial growth, and
very likely rule out formation by means such as soft-sediment
folding. Moreover, the shapes of the cones of the SLF found
in the Strelley Pool Formation at the Dawn of Life trail and at
many other localities in the east Pilbara region demonstrate a
limited range of variation, a feature consistent with biologically
produced structures.

Allwood et al.®?! have recently shown that a chemical
precipitation would produce a much broader variety of shapes.
These authors have also suggested that there is a close correla-
tion between the shapes of the SLF and the sedimentary
environment where they are found in the Pilbara. This also
strongly favours a biological origin. In addition, is the fact that
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some of the 3.5Ga SLF have identical shapes to those of
2.72 Ga, that are accepted by palaeontologists as being of
biological origin. Last but not least, there are no known
examples of non-biogenic internally complex domes, steep-
sided cones and branching columns in Nature, particularly in
the Phanerozoic sedimentary record. All these arguments are
fully consistent with the isotopic evidence of the presence of
photosynthetic organisms at 3.5 Ga ago or even before.

Conclusions

Until very recently, the presence of molecular oxygen on Earth
(produced by cyanobacteria) was considered to be notable only
at 2Ga ago or later.’>% The recent finding of haematite
crystals in 3.46 Ga marine sedimentary rocks has modified this

Fig. 7. Fossil stromatolites found in the Pilbara region (Western Australia); left: fossil stromatolites ‘dome” shape found in the Fortescue
Group and dated at ~2.72 Ga ago; right: cone shaped stromatolites observed at the Dawn of Life trail, Pilbara (Western Australia) dated at

~3.46 Ga ago.

Fig.8 (Leftpanel) ‘Egg-carton’ and (right panel) ‘branching columns’ stromatolites discovered in carbonate rocks in the Strelley Pool Chert
of the Kelly Group at the Trendall locality in the eastern Pilbara (1997). They provide the most convincing evidence to date that these
structures (3.42 Ga ago) are of biogenic origin. Image provided with the courtesy of the Geological Survey of Western Australia (GSWA).
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view.**! These authors have proposed that this finding reflects
the presence of large volumes of oxygenated seawater at 3.46 Ga
ago. Since it is difficult to imagine any production of molecular
oxygen without photosynthesis, and probably without cyano-
bacteria, this pushes back the start of Earth’s oxygenation to the
early Archaean and probably the appearance of cyanobacteria-
inhabiting stromatolites well before <3.5 Ga ago. Taken toge-
ther with the recent suggestion that liquid water (and therefore
prebiotic chemistry) would have been present at 4.3—4.2 Ga ago,
the rise of life on Earth is likely to have occurred 4.2-3.8 Ga ago,
earlier than previously thought. It is remarkable that complex
autotrophic life must have existed at a time where until very
recently only heterotrophic life forms were considered to have
been able to be present on Earth. The extremely fast apparition
of a complex life being produced by random chemical processes
governed by natural selection as proposed by Darwin, is one of
the most fascinating thing that Nature displays to humankind’s
eyes.
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