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Palaeotemperature trend for Precambrian life
inferred from resurrected proteins
Eric A. Gaucher1, Sridhar Govindarajan2 & Omjoy K. Ganesh3

Biosignatures and structures in the geological record indicate that
microbial life has inhabited Earth for the past 3.5 billion years or
so1,2. Research in the physical sciences has been able to generate
statements about the ancient environment that hosted this life3–6.
These include the chemical compositions and temperatures of the
early ocean and atmosphere. Only recently have the natural
sciences been able to provide experimental results describing the
environments of ancient life. Our previous work with resurrected
proteins indicated that ancient life lived in a hot environment7,8.
Here we expand the timescale of resurrected proteins to provide a
palaeotemperature trend of the environments that hosted life
from 3.5 to 0.5 billion years ago. The thermostability of more than
25 phylogenetically dispersed ancestral elongation factors suggest
that the environment supporting ancient life cooled progressively
by 30 6C during that period. Here we show that our results are
robust to potential statistical bias associated with the posterior
distribution of inferred character states, phylogenetic ambiguity,
and uncertainties in the amino-acid equilibrium frequencies used
by evolutionary models. Our results are further supported by a
nearly identical cooling trend for the ancient ocean as inferred
from the deposition of oxygen isotopes. The convergence of results
from natural and physical sciences suggest that ancient life has
continually adapted to changes in environmental temperatures
throughout its evolutionary history.

Computational reconstruction and laboratory resurrection of
ancestral sequences provide an opportunity to rewind the ‘tape of
life’. This form of time travel has been exploited to improve our
understanding of the molecular adaptation of substrate specificity,
the response of organisms to external stimuli, and the environmental
temperatures of ancient organisms, among others (reviewed in ref. 9).

Ancestral sequence reconstruction uses standard statistical theory
to generate posterior probabilities of different reconstructions given
the data at a site from aligned sequences. For each site of the inferred
sequence at a phylogenetic node, posterior values for all 20 amino
acids are calculated and represent the probability that a particular
amino acid occupied a specific site in the protein during its evolu-
tionary history. This posterior probability distribution is calculated
from patterns of amino acids in modern sequences as described by a
phylogeny, a matrix of amino-acid replacement probabilities, amino-
acid equilibrium (stationary) frequencies, phylogenetic branch
lengths and site-specific replacement rates. The most probabilistic
ancestral sequence (M-PAS) uses the amino acid with the highest
posterior probability at each site within the distribution.

Despite insightful studies, the field of ancestral sequence recon-
struction is encumbered by its inability to know whether inferred
sequences truly recapitulate ancestral forms10. Practitioners in the
field acknowledge a certain degree of inaccuracy associated with
reconstructing ancestral sequences. The concern is not necessarily

whether the resurrected form has the exact composition (genotype)
of the true ancestral form, but rather that the resurrected form
displays the exact behaviour (phenotype). A reconstructed sequence
can be considered a consensus of a gene distributed throughout a
population before species divergence or before gene duplication.
Inaccuracies in a reconstructed sequence can result from sequence
variation in the gene itself within an ancient population. If one
assumes that the variants of a homologous gene within a population
had the same phenotype at a specific geological time, it does not
necessarily matter which individual genotype is reconstructed.

This assumption is invalid if recombination of individual geno-
types generates new phenotypes and if the reconstructed ancestral
gene itself is a consensus of those genotypes. Additional concerns
arise if the reconstruction process generates inaccurate sequences,
either because of bias in the evolutionary models used to infer ances-
tral states or because of phylogenetic conditions such as long
branches and incorrect branching patterns10–12.

Bias in the reconstruction process can, for example, lead to a
preponderance of hydrophobic amino acids in an ancestral sequence.
This bias results from long branches in a phylogeny combined with
the fact that hydrophobic residues have high equilibrium frequencies
in the amino-acid replacement matrices used to infer ancestral states.
An increased proportion of hydrophobic residues in an ancestral
protein has the potential effect of spuriously increasing thermostabi-
lity. A similar form of bias is produced when the equilibrium fre-
quencies themselves are incorrect. Equilibrium frequencies are
derived from amino-acid occurrence in modern proteins. It may
be incorrect to use these frequencies when reconstructing ancestral
sequences if amino-acid occurrence has evolved over time, resulting
in an inhomogeneous process13.

We address these multiple concerns. First, we generate weighted
random sequences sampled from the posterior distribution of ances-
tral character states to address whether bias in the amino-acid equi-
librium frequencies affects the phenotypes of the inferred proteins.
Second, we calculate ancestral amino-acid equilibrium frequencies
and use these as an alternative to modern equilibrium frequencies to
determine potential effects on ancestral phenotypes. Third, we recon-
struct ancestral proteins across two competing bacterial phylogenies
to determine the effects of topology on the ancestral phenotypes. For
both phylogenies we assume the root of the tree to lie between bac-
teria and archaeans/eukaryotes, despite the suggestion that bacteria
may be paraphyletic14.

Elongation factor (EF) Tu (Bacteria)/1A (Archaea and Eukarya) is
a suitable protein family with which to address the above concerns.
The thermal stabilities of EFs are correlated with the growth temper-
ature of their host organisms. Thus, EFs are optimally stable at tem-
peratures of 20–45 uC, 45–80 uC and more than 80 uC when isolated
from mesophiles, thermophiles and hyperthermophiles, respectively.
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This relationship is consistent with a correlation coefficient of 0.91
between the melting temperatures (Tm values) of proteins and envir-
onmental temperatures of their host organisms15.

Reconstructions of ancestral EF sequences were computed across
two bacterial phylogenies selected from the literature16,17. Both phy-
logenies were constructed from the concatenation of numerous gene
families and are therefore less susceptible to systematic error than
phylogenies based on single genes. The two phylogenies capture the
main competing views for bacterial relationships. One model posits
that hyperthermophilic lineages occupy basal branches of the bac-
terial tree, whereas the other places these lineages in a more derived
portion of the tree. To accommodate the latter model, a phylogeny
was selected in which the Firmicute lineage (void of hyperthermo-
philes) was located at the base of the bacterial tree, although other
topologies have been suggested18.

The thermostability of modern and ancestral EF proteins was
monitored by means of circular dichroism spectroscopy. The Tm

values of two modern EFs, from Escherichia coli and Thermus thermo-
philus (HB8), were determined as 42.8 uC and 76.7 uC, respectively.
These values highlight the relationship between EF stability and the
optimal growth temperature of their respective hosts, about 40 uC
and about 74 uC (see Supplementary Information)19.

Tm values for ancestral EF proteins were determined across the two
phylogenies (Fig. 1). The thermostability profiles of the ancestral
proteins display the same general trend even though the two phylo-
genies represent competing hypotheses. Ancestral EF proteins
resurrected at basal nodes are compatible with thermophilic envir-
onments, whereas ancestral proteins from more derived nodes are
compatible with cooler environments. Consistent with this temper-
ature trend is the observation that the node representing the pre-
sumed last common ancestor of bacteria (and thus the oldest) had the
most thermostable protein within each phylogeny (64.8 uC and
73.3 uC). The similarity in thermostability (less than 9 uC difference)
between these two ancestral proteins is significant because the
sequences were identical across only 78% of the amino-acid sites
(see Supplementary Information).

Systematic bias in the reconstruction of ancestral character states
has the potential to generate incorrect inferences of ancient bio-
molecules10. As discussed above, we considered two potential sources
of bias: first, incorrect equilibrium frequencies in the amino-acid
replacement matrix, and second, selecting the M-PAS versus
weighted random samplings from the posterior distribution of
ancestral states. Ancestral amino-acid frequencies from a set of 31
protein families present in the last common ancestor of bacteria were
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Figure 1 | Cladograms of the trees
used to resurrect EF proteins. The
phylogeny on the left follows ref. 17,
whereas that on the right follows
ref. 16. Melting temperatures for
ancestral EF proteins are shown at
their corresponding nodes.
Temperatures in bold represent
identical sequences at analogous
nodes between the two trees. Errors
associated with measurements of
circular dichroism are negligible
(see Supplementary Information).
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estimated as described previously13. These 31 families were extracted
from 16 species (8 mesophiles and 8 thermophiles) whose optimal
growth temperatures ranged from 25 uC to 95 uC. The inferred ances-
tral frequencies then served as equilibrium frequencies in an amino-
acid replacement matrix, and an ancient EF was reconstructed at the
node representing the last common ancestor of bacteria from the
phylogeny from ref. 17 by using this matrix. The ancient protein
had a Tm of 61.4 uC, in contrast with Tm 5 64.8 uC for the analogous
ancient protein when standard frequencies were applied (Fig. 2).
These two proteins differed at 14 amino-acid sites.

A random distribution of 10,000 sequences weighted in accor-
dance with the posterior distribution for the node presenting the last
common ancestor of bacteria from the phylogeny from ref. 17 was
generated computationally to determine whether the EF data set
and/or phylogenetic parameters led to bias when selecting the most
probable ancestral character states. Five of the 10,000 sequences were
then randomly selected and synthesized in the laboratory. The melt-
ing temperatures for these five sequences ranged from 60.0 uC to
66.3 uC, in contrast with Tm 5 64.8 uC for the M-PAS at this node
(Fig. 2). The number of amino-acid differences between any of the
five random sequences compared with the M-PAS ranged from 7 to
18 sites.

The environmental temperature of ancient bacteria inferred from
resurrected EF proteins can be connected to divergence times of
major bacterial lineages to gain a more detailed understanding of
temperature trends for Precambrian life16. Divergence estimates from
ref. 16 were applied to nodes in the current study. Figure 3 highlights
the progressive cooling trend of ancient EF proteins from about

3.5 Gyr ago to 500 Myr ago. This temperature trend is strikingly
similar to the temperature trend of the ancient ocean inferred from
the deposition of oxygen and silicon isotopes3–5.

Reconstruction of ancestral EF proteins throughout the bacterial
domain of life suggests that the organisms that hosted these extinct
biomolecules lived in environments that have cooled progressively
for about 3 Gyr. This evidence is predicated on multiple assumptions.
For instance, it assumes that the reconstruction of ancestral
sequences recapitulates ancient phenotypes and that phylogenies
and divergence dates capture the evolutionary relationships and tim-
ing of bacterial divergences.

The observation that five samples from the posterior distribution
had equivalent thermostability profiles to that of the M-PAS (Fig. 2)
suggests that ancestral resurrections are robust for phenotype even
when uncertainties exist in the ancestral sequences themselves.
Further, the observation that ancestral amino-acid equilibrium fre-
quencies produce an ancient protein with a phenotype equivalent to
that of an ancient protein derived from modern amino-acid frequen-
cies (Fig. 2) demonstrates that ancestral phenotypes can be robust
to violations of a priori parameters contained within evolutionary
models.

The inability (other than by time travel) to know the true relation-
ships of bacterial lineages and their divergence times should not
preclude attempts to understand Precambrian life. Rather, a coherent
description of ancient life can be generated when empirical evidence
from diverse studies converge on analogous conclusions. For
instance, the same palaeotemperature trend was observed for ances-
tral EF proteins regardless of the phylogeny. For the phylogeny with
divergence dates, this trend was substantiated when aligned with the
inferred palaeotemperature curve of the ancient ocean.

These descriptions are particularly useful when they have predic-
tive value. For instance, the last common ancestor of the mitochon-
drial bacterium is estimated to have lived 1.66–1.88 Gyr ago, on the
basis of the Tm values for ancestral EF proteins from the node
representing the origins of mitochondria (51.0–53.0 uC) (see Sup-
plementary Information). This is consistent with the origins of
mitochondria estimated at 1.8 Gyr ago on the basis of a molecular
clock20, despite the controversial nature of the clock21 and assuming
that the last common mitochondrial bacterium lived at a time close
to the endosymbiotic event between a-Proteobacteria and eukaryotic
cells.

Our results suggest that early life lived at an environmental tem-
perature similar to those of today’s hot springs. Particular geological
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Figure 3 | Plot of ancestral EF melting temperatures against geological
time. Molecular clock estimates are shown with their confidence intervals
(horizontal bars) from ref. 16, using a 2.3-Ga minimum constraint for the
Great Oxidation Event. Solid lines are temperature curves of the ancient
ocean inferred from maximum d18O (light grey3,4, dark grey5). Although not
shown, an analogous trend is seen with d30Si isotopes5.
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theory and evidence suggest that the ancient ocean also had tempera-
tures similar to those of hot springs3,4,22. As the ocean cooled from 3.5
to 0.5 Gyr ago, life may have responded by adapting its range of
growth temperatures to correspond to its environment. This connec-
tion assumes that early life lived in the ancient ocean, which seems
practical on the basis of geological and biological constraints such as
ocean depth and circulation, land mass exposed to the atmosphere,
and susceptibility to desiccation and ultraviolet radiation. Alter-
natively, it is possible that the inferred trend in palaeotemperature
reflects an ecological trajectory as ancient bacteria made the trans-
ition from hot springs and thermal vents to the open ocean.

We note that correlating isotope ratios (d18O and d30Si) with
ancient ocean temperatures is contentious23,24. In particular, the cor-
relation could be invalid if isotope ratios were caused by variation in
seawater composition alone. This would translate into a more tem-
perate ancient ocean and would be consistent with ancient glaciation
events. However, the similarity in palaeotemperature trends inferred
from d18O, d30Si and ancient EF proteins is striking. Further, the
overall trend is compatible with biological evolution. For instance,
the thermostability of ancient EFs suggests that the origins of cyano-
bacteria occurred at an environmental temperature close to 63.7 uC
(Fig. 1). This is consistent with an upper temperature limit of typical
cyanobacterial mats in hot springs (about 65 uC)25.

Overall, the results demonstrate that ancient EF thermostability
profiles (phenotypes) are robust to uncertainties and potential biases
associated with inferring ancestral character states (genotypes). The
results also show how ancestral sequence reconstruction can connect
the physical and natural sciences. As an extension, we have deter-
mined that certain ancestral EFs are indeed able to participate in
peptide elongation when substituted for E. coli EFTu in a reconsti-
tuted in vitro translation system composed of E. coli components
(data not shown). We expect that this type of assay will allow us to
determine some of the underlying molecular mechanisms governing
EF proteins as they evolved adaptively along particular branches
during their evolutionary history.

METHODS SUMMARY
Bacterial EF homologues were retrieved from GenBank, phylogenetic analysis

was performed with MrBayes when necessary26, and ancestral sequence recon-

struction was calculated with PAML27. Ancestral amino-acid equilibrium fre-

quencies were calculated as described previously13.

Codon optimization and gene synthesis were conducted as described pre-

viously28,29. Ancestral and modern EF proteins were expressed by autoinduction

and were purified by affinity chromatography30. Thermostability curves of EF

proteins were determined by circular dichroism monitored at a wavelength of

222 nm. Data were analysed with MATLAB version 7.4.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Phylogenetic analysis. The NCBI genome BLAST server was used to identify 160

phylogenetically diverse bacterial EF homologues that consisted of 394 unam-

biguously aligned amino-acid positions. The phylogenetic relationships between

major bacterial lineages (phyla; and classes for proteobacteria) followed those of

previous multigene studies16,17. All other relationships, branching patterns and

phylogenetic parameters were determined with the parallel MPI version of

MrBayes version 3.1.2 (ref. 26). This analysis used the following: Jones–

Taylor–Thornton amino-acid replacement matrix, invariant-plus-gamma rates

with eight categories, 4,000,000 generations with sampling at 100 intervals, and
two runs with four chains per run. The first 1,000 trees were discarded as burn-in.

Optimal chain-swapping occurred at a temperature of 0.02.

Ancestral reconstructions. Ancestral amino-acid character states were recon-

structed computationally with PAML version 3.14 (ref. 27). Reconstructions of

the most probabilistic ancestral sequences were inferred as described previously8,

with some exceptions. Notably, the present study also estimated the ancestral

amino-acid frequencies derived from a set of 31 inferred proteins (from 8 meso-

philes and 8 thermophiles) at a node representing the last common ancestor of

bacteria as calculated from a multigene data set by using the EMAPI software13.

These ancestral frequencies in turn served as equilibrium state frequencies in the

amino-acid replacement matrix used to infer ancestral EF sequences. The present

study also generated weighted random samplings derived from the posterior

probability distribution for an ancestral EF node from the phylogeny from

ref. 17. The distribution of posterior probabilities across all sites for all random

sequences was equal to the posterior distribution calculated by PAML for the

particular node of interest.

Gene synthesis, protein expression and purification. Genes were codon-

optimized for expression in E. coli by using Gene Designer29. Gene synthesis
was conducted as described previously28, and genes were cloned into pET-21a

vector (Novagen). E. coli Tuner (DE3) (Novagen) cells harbouring ancestral

genes were grown for 16 h in 50 ml of autoinduction medium (1 mM of each

soytone, yeast extract and 16 3 P-salts, 20 mM succinate, 2 mM MgSO4, 10 mM

FeCl3, 0.5% glycerol, 0.05% glucose, 0.02% lactose) with 100mg ml21 carbeni-

cillin. Cells were harvested and disrupted by using BugBuster with Benzonase

(Novagen) in accordance with the manufacturer’s protocol, and were supple-

mented with 1 mM phenylmethylsulphonyl fluoride (PMSF) and 5 mM imida-

zole. Ancestral proteins were isolated with Ni21 columns (Qiagen) in accordance

with the manufacturer’s protocol with the following exception: wash and elution

buffers contained 80 and 500 mM imidazole, respectively. Purified proteins were

dialysed twice against a 1,0003 buffer volume (20 mM Tris, 100 mM KCl,

10 mM MgCl2 and 5 mM guanosine diphosphate pH 7.5) and stored at 4 uC.

Removal of imidazole was crucial to prevent interference during spectropho-

tometer analysis.

Circular dichroism. Thermostability of modern and ancestral EF proteins were

characterized by using far-ultraviolet circular dichroism (CD) on an Aviv model

400 spectrometer. Protein samples were loaded into 1-mm pathlength cells for all

experiments. Temperature scans at 222 nm were typically taken from 25 uC to

95 uC in increments of 2 uC. Temperature was increased 0.5 uC min21 and sam-

ples were allowed to equilibrate for 1 min at each temperature step. Wavelength

scans were performed before and after all temperature scans to assess changes in

secondary structure. Wavelength scans were taken at 25 uC, from 250 nm to

190 nm in increments of 1 nm. All data points were collected and averaged over

5 s, at a rate of 10,000 data points per second. CD analyses were performed in

buffer void of stabilizers to ensure accurate melting profiles. Stabilizers, such as
glycerol, can increase thermostability beyond physiologically permissible tem-

peratures. For instance, CD analysis of E. coli EFTu in 33% glycerol increases

protein thermostability (Tm 5 52.2 uC with glycerol compared with

Tm 5 42.8 uC without glycerol; data not shown).

Data analysis. A single-exponential function was used to fit the data, assuming a

structured/unstructured transition as the EF proteins were heated. The relation-

ship between temperature and denaturation at 222 nm seems sigmoidal, allow-

ing a sigmoid curve to be fitted to the CD data (see Supplementary Information):

a 1 b(1 1 e2(x 2 c)/d)21

The four parameters a, b, c and d define the curve, with c being the midpoint of
the transition. CD data obtained for each protein were fitted by the curve to

obtain the melting profiles. A derivative of the sigmoid fit was used to represent a

resolution function, which was scaled and applied to each curve. This permitted

the calculation of full-width at half maximum, standard deviation and con-

fidence intervals. Tm values of ancestral and modern EFs are defined here as

the lower temperature bound of the 95% confidence interval derived from the

sigmoid curve and were unaffected by errors in CD measurement. These

temperatures correspond to the initiation of structural perturbations of EF

proteins and are correlated with the optimal growth temperatures of their host

organisms15.
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