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GOING BACK
IN GENES
A new analysis of the genes common to bacteria
and archaea offers strong evidence that the earliest
cells on Earth lived deep in hydrothermal vents,
explains William F Martin
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he last universal common
ancestor (LUCA) is the
name given to the most
recent common ancestor
of all existing life on Earth.
It is the population of cells
from roughly four billion
years ago from which all life found on
Earth today evolved.
We know LUCA must have had a DNAbased genetic code, because all descendant
life forms do. But how did LUCA harness
energy? The chemical reactions that
help cells harness energy from their
environments today seem almost as
diverse as life itself.
We looked at that question using data
from sequenced microbial genomes.1 We
concluded that LUCA probably lived from
gases – H2, CO2, CO, N2 – in a setting that
looked very much like a modern submarine
hydrothermal vent.
There have been many investigations of
LUCA using genomes, and the phylogenetic
framework for investigating the presence
of genes of LUCA has changed in the past
few years (see Fig. 1). The classical
approach is to look at a sample of genomes
and see what is universally present in all of
them. Genes that are present in all modern
forms of life, by inference, are said to be
present in LUCA, too (Fig. 2a, overleaf).
Applying this strictly, around 35 genes
trace to LUCA.2 However, if this criteria is
relaxed a bit to allow for a gene to have
been lost in some lineages, the list grows to
about 100 genes.3
Lists of universally (or almost universally)
conserved genes typically involve proteins
associated with the ribosome (translation)
and other aspects of information processing.
These genes tell us that LUCA harnessed
energy, as protein synthesis is the most
expensive function of a cell (around 75% of a
cell’s ATP synthesis is spent on protein
synthesis).4 However, these universal genes
do not tell us what we wanted to know –
namely, how the first cells harnessed energy.
A new approach to reconstructing LUCA
genes from genomes is to allow not just a
little bit of loss, but to allow loss quite freely.
This way of investigating genome data has it
that any gene that is present in bacteria and
archaea – the two primordial domains of life
– could also have been present in LUCA.5
The problem with that approach, however,
is that genes present in archaea and
bacteria could have come to their present
distribution in one of two ways. They
could have been present in LUCA and
differentially lost. Or they could have
evolved in a lineage that lived long after
LUCA and subsequently passed from
bacteria to archaea (or vice versa) via lateral
gene transfer (LGT) – that is, the movement

of genetic material between species of
unicellular and/or multicellular organisms
(Fig. 2b). LGT can occur through many
mechanisms, from the simple uptake of one
prokaryote’s genetic material by another to
the transmission of DNA from one species to
another via viruses.

Research has shown that thousands of
such ‘transdomain’ LGTs have occurred
during evolution.6 Evolutionarily late,
lineage-specific gene invention in bacteria
followed by LGT across the domain divide
separating bacteria from archaea mean
genes can end up in both domains.

Figure 1 Evolutionary trees:
three domains or two?
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However, eukaryotes are not just grown-up
archaea: the eukaryote ancestor possessed
mitochondria. If we take mitochondrialderived genes into account, the tree is no
longer a bifurcating graph.

The three domain tree

Based on rRNA phylogeny, the three
domains were of equal rank.

The two domain tree

Modern trees show eukaryote cytosolic
ribosomes branching within the diversity of
archaeal ribosomes.
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Many biologists are familiar
with the ‘three domain’ tree
of life, which was popular
from about 1990 onwards
and classifies all life forms
that have ribosomes into
archaea, bacteria and
eukaryotes.
As more advanced
phylogenetic data became
available, new trees
emerged in which the
eukaryotes branch within
the archaeal diversification,
not as sisters to them.13,14

If we also take plastids into account,
the tree becomes even less tree-like,
because eukaryotes also acquired many
genes from the plastid ancestor.

Environmental
sequencing technology is
also uncovering new
archaeal lineages that
appear to be much more
closely related to the host
cell that acquired the
mitochondrion from which
eukaryotes developed,15,16
further supporting the two
domain tree.
The new ‘two domain’
tree of life affects many
aspects of how we view
microbial evolution –

in particular, how we
view LUCA.
It means LUCA is the
common ancestor of
bacteria and archaea,
with eukaryotes
representing both bacterial
(mitochondrial) and
archaeal (host) genes
at eukaryote origin17
(panel iii), such that gene
presence or absence in
eukaryotes has no direct
bearing on gene presence
or absence in LUCA.
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Figure 2
Three ways to infer genes
present in LUCA
(Gene presence is indicated as a black dot)

a
As such, we took a different approach to
investigating LUCA with genome data.
Among six million proteins encoded in
2,000 genomes, we looked not for the
genes that are universal, and not for those
that are just present in archaea and
bacteria, but asked which genes are present
in bacteria and archaea, and not as the
result of LGT. Therefore, those genes
should have been present in LUCA and
vertically inherited within the domains
since LUCA’s time.
To do this, you must make phylogenetic
trees – lots of them. Make trees of every
gene that will produce a tree and filter
them by criteria that will separate the
vertical inheritance cases (the wheat) from
the LGT cases (the chaff). Our method for
distinguishing between vertical inheritance
and LGT was straightforward.
First, the tree needed to contain
sequences from both archaeal and bacterial
genomes with a common root. Second, it
needed to contain representatives from at
least two archaeal phyla (a higher-order
taxonomic group) and two bacterial
phyla (familiar bacterial phyla being
alphaproteobacteria, actinobacteria or
cyanobacteria, for example). Although it is
not impossible for LGT to produce a tree
that fulfils both criteria, it is definitely not
the null hypothesis.
Indeed, among 11,093 trees that contained
sequences from both archaea and bacteria,
only 355 trees satisfied both criteria. Of
course, high-powered computers do all the
Could Saturn’s
moon Enceladus
support LUCA-type
life forms?

Genes found universally in both
domains, regardless of their tree, trace
to LUCA. About 30 fulfil this criterion.
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Another way to trace genes to LUCA is
to say that any gene found in both
archaea and bacteria was present in
LUCA. However, thousands of these
genes will have been transferred
between bacteria and archaea by
lateral gene transfer (LGT), so weren’t
necessarily in LUCA.
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Genes present in only one bacterial or
archaeal phylum could easily be the
result of LGT and are removed. But
presence in two phyla per domain is
more difficult to achieve via LGT. Such
genes are good candidates to have
been present in LUCA and were used
in our analysis.

nitty-gritty work, which still takes many
months. When the results came in, though,
our list contained 355 genes that were not
ancient by virtue of simple distribution
criteria – present in archaea and bacteria –
they were ancient by phylogenetic criteria.
That was new (see Fig. 2c).
The number of genes we found was not
the surprise; the surprise was what the
genes encoded. They encoded enzymes
typical of modern cells that live in the strict
absence of oxygen and in the presence of
H2, CO2, CO, and N2, growth substrates
that existed on the early Earth.
There were also clear hints in the
data that LUCA was a thermophile.
Furthermore, LUCA’s enzymes were
replete with transition metal electron
carriers and catalysts – in particular,
ferrous sulfide and ferrous-nickel sulfide
centres. Taken together, that indicates that
the last common ancestor of all cells grew
from gases in a hot environment where
metals and metal sulfides were abundant.
The core of LUCA’s energy metabolism
looked very similar to what we see in
modern anaerobic, H2-dependent
chemolithoautotrophs. In a nutshell, we
found that LUCA had the genes for a
lifestyle very similar to some modern
prokaryotes – specifically, bacterial
acetogens (acetate-producing anaerobes)
and archaeal methanogens (methaneproducing anaerobes).
Methanogens and acetogens inhabit a
wide range of strictly anaerobic
environments where H2, their main chemical
fuel for CO2 reduction, is abundant. That can
be the digestive tract of animals, which is not
an ancient environment. It can be organic
sediment at the bottom of lakes and oceans,
also an environment dependent on other
biomass, and therefore not an ancient
environment. Or it can be the Earth’s crust,
which is an ancient environment. Both
methanogens and acetogens are found today
in the Earth’s crust,7,8 where they harness
energy by making methane and acetate out
of H2, CO2 and CO.
Around four billion years ago, when
LUCA lived,9 there was abundant CO2 –
perhaps 1,000 times more than in the
oceans today – but H2 was more restricted
in terms of supply outlets. So where did the
fuel for LUCA’s metabolism come from?
Today, there are two main sources of H2 in
the environment. It is produced by
microbes during the fermentation of
decaying biomass and it is made
geochemically in the Earth’s crust via a
process called serpentinisation, which
occurs when water is circulated through
the crust in hydrothermal systems (see
‘Rock of ages’, p23).
LUCA was a pioneer on a previously
uninhabited planet full of rocks, water

Rock of ages
During serpentinisation, H2
comes from interactions
between water and rock in
the Earth’s crust. Water is
drawn into cracks in the
Earth’s crust (by gravity) to a
depth of a few kilometres.
The iron in those rocks
four billion years ago (and for
the most part today) was all
in the oxidation state of Fe2+,
as in the mineral olivine,
which reacts with water
during serpentinisation to
become Fe3+, as in the
mineral magnetite.
This oxidisation leaves
Fe3+ with one less electron
than Fe2+, meaning that
something has to be
reduced. Where do the
electrons go during
serpentinisation? They

LUCA is likely to have
grown using gases in hot
environments, such as
hydrothermal vents in
the Earth’s crust
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There were clear hints
in the data that LUCA
was a thermophile

and CO2, which meant biological H2 was
not available. Geochemical H2 was
abundantly available, though: geochemists
tell us that hydrothermal vents have been
producing H2 in abundance since there was
water on Earth.10
If the first forms of life survived from
H2 and CO2, like LUCA’s data suggest,
then the first environment that was truly
colonised by life was not the ocean, but
the crust. That is an interesting thought
when it comes to looking for life on other
celestial bodies.
Interestingly, no traces of light utilisation
turned up in LUCA’s genome data – LUCA
lived from chemical energy. For it to
flourish, all that was required were rocks,
metals, H2, CO2, water and hydrothermal
activity. That finding means sunlight or

ultraviolet light was not required to get
LUCA going or to keep it alive. That, in
turn, means that in the search for life
elsewhere in our solar system, light need
not be a limiting factor.
That has implications in particular for
faraway moons such as Enceladus, which
orbits Saturn and which has a liquid water
ocean, a rocky, metal-rich core and
hydrothermal activity, possibly involving
serpentinisation,11 at its south pole.12 Such a
chemical environment could, in principle,
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