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A Nonhyperthermophilic
Common Ancestor to Extant
Life Forms

Nicolas Galtier,* Nicolas Tourasse, Manolo Gouy

The G+C nucleotide content of ribosomal RNA (rRNA) sequences is strongly
correlated with the optimal growth temperature of prokaryotes. This property
allows inference of the environmental temperature of the common ancestor to
all life forms from knowledge of the G+C content of its rRNA sequences. A
model of sequence evolution, assuming varying G+C content among lineages
and unequal substitution rates among sites, was devised to estimate ancestral
base compositions. This method was applied to rRNA sequences of various
species tepresenting the major lineages of life. The inferred G+C content of the
common ancestor to extant life forms appears incompatible with survival at
high temperature. This finding challenges a widely accepted hypothesis about

the origin of life.

A remarkable feature of genomic -sequences
is their ability to retain traces of extremely
ancient evolutionary events, including the
very first steps of life on Earth. By sequenc-
ing small-subunit (SSU) rRNA genes from
various eukaryotic and prokaryotic species in
the late 1970s, Woese and.colleagues could
construct for the first time a comprehensive
picture of the universal tree of life (/). This
work gave rise to conjectures about the nature
of the most recent common ancestor (MRCA)
of extant life forms: A hot, auxotrophic origin
of life was hypothesized (/). The information
contained in molecular data, however, has
been obscured by numerous base substitution
events that occurred during thousands of mil-
lions of years of diverging evolution. Realis-
tic modeling of the molecular evolutionary
processes is required to discriminate between
phylogenetic signal and noise (2). Here, we
devised a Markov model accounting for three
major forces governing DNA sequence evo-
lution: unequal transition/transversion rates,
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unequal evolutionary rates among sequence
sites, and varying G+C contents among lin-
eages. Maximum likelihood inference based
on this model applied to large-subunit (LSU)
and SSU rRNA sequences yields insights
about early molecular evolution. Our results
cast doubts on one commonly accepted hy-

0.1 substitutions per site

Giardia 65.4%
Entamoeba 41.7%

| EUGLENOZOA
51.7%
| FUNGI 48.6%

| PLANTA 50.4%

| METAZOA 52.4%

Sulfolobus 58.3%
Desulfurococcus 60.5%
Thermoproteus 60.1%
Thermophilum 59.6%

M. vannielii 55.3%
M. jannaschii 59.0%
' Natronobacterium 53.7%

pothesis, namely the thermophilic nature of
the MRCA.

The designed Markov model of DNA se-
quence evolution generalizes Galtier and
Gouy’s nonhomogeneous model (3) by ac-
counting for variable substitution rates among
sites. In this model,-the assumed substitution
process in a given branch of the tree (that is, the
probability of change from one nucleotide to
another) depends on two parameters, namely
transition/transversion ratio and equilibrium
G+C content, that is, the G+C content that
would be reached after infinitely long evolution
(4). The latter parameter is allowed to vary
between branches, so that G+C content can
diverge with time and among lineages. This
assumption appears necessary given the ob-
served range of G+C content (40 to 75%)
in actual TRNA sequences. The resulting
model is nonhomogeneous (variable substi-
tution process), nonstationary (equilibrium
is not reached), and irreversible (5), in
contrast to usual models of DNA sequence
evolution. Substitution rates are highly
variable among sites in rRNA molecules as
a consequence of unequal selective con-
straints (6). Neglecting this point may lead
to biased phylogenetic estimators (7). Fol-
lowing Yang (8), a discretized gamma dis-
tribution of rates was assumed to account
for among-site rate variability.

In usual homogeneous-stationary models,
the ancestral base composition of the compared
sequences is deduced from the assumed substi-
tution rate matrix. Here, ancestral G+C content
is a free parameter that can be estimated by
fitting the model to data. In a previous study,
surprisingly accurate estimates of ancestral
G+C contents were found from simulated data

Fig. 1. Maximum likelihood tree
reconstructed from 40 LSU rRNA
sequences (77). G+C contents
of (groups of) sequences are giv-
en next to taxon names. The in-
ferred ancestral G+C content
appears next to the root. Two
hundred topologies obtained by
rearranging an initial neighbor-
joining tree were evaluated. The

EUCARYA

] CRENARCHAE

monophyly of Bacteria, Eucarya,
Crenarchaea, Euryarchaea, Eu-
glenozoa, animals, green plants,
fungi, high-GC Gram-positive
bacteria, low-GC Gram-positive

H. marismortui 53.4% | EURYARCHAE bacteria, proteobacteria, and
- Helocaccus 59,8 chloroplasts was kept in all trees,
54.0% ' but the remaining branching or-
| LOW GC GRAM+ ders were randomly shuffled;
52.2% 1409 complete, unambiguously
CHLOROPLASTS aligned sites were used. The
50.6% names of thermophilic species
BACTERIA are in boldface. M, Methanococ-

PROTEOBACTERIA cus; H, Halobacterium.

52.1%
HIGH GC GRAM+ 54.0%
Thermus 58.5%
Thermotoga 57.6% _
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sets (3), suggesting that relevant information
about former base compositions can be extract-
ed from real data.

We estimated the G+C content in SSU and
LSU rRNA of the MRCA by comparing se-
quences from 40 eukaryotic, bacterial, and ar-
chaebacterial species. For both molecules, a
phylogenetic tree was reconstructed according
to the distance-based neighbor-joining method
(9) and rooted on the bacterial branch, as sug-
gested by analyses of paralogous genes (/0).
The resulting tree topology was used to esti-
mate the parameters of the above-described
substitution model, including the ancestral
G+C content. The estimated G+C content of
the MRCA was 54.0% [95% confidence inter-
val (c.i.) = (51.4, 56.5)] for LSU sequences and
56.1% [95% c.i. = (50.5, 60.4)] for SSU se-
quences. Confidence intervals were computed
by parametric bootstrapping (/7). These values
are moderate: GC content varied from 47.2% to
65.4% (LSU) and from 43.7% to 70.4% (SSU)
in the analyzed portion of compared sequences.

Additional analyses were performed on
LSU data to assess the reliability of these esti-
mates. First, sensitivity to the assumed topology
was checked by reconducting the estimation
procedure after modifying the model tree (Fig.
1). The ancestral LSU G+C content estimated
from modified trees varied from 53.5% to
54.3%. Second, the ancestral LSU G+C con-
tent estimate was found to be robust to species
sampling; it varied from 51.9% to 54.3%, de-
pending on the set of species used (/2). Third,
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Fig. 2. Correlation between optimal growth tem-
- perature and rRNA G+C content in prokaryotes.
Optimal growth temperatures (T _,) were collect-
ed by Galtier and Lobry (73). G+C content was
computed from those sites used in the present
analysis. Top, LSU rRNA (41 species); bottom, SSU
rRNA (177 species). Solid line, ancestral G+C
content estimated from 40 sequences; dashed
line, ancestral G+C content estimated from eight
G+C-rich species. The shape parameter of the
assumed gamma distribution (SSU, 0.60; LSU,
0.66) and the transition/transversion ratio (SSU,
3.25; LSU, 2.83) were estimated from the 40-
species data sets and kept for the analysis of the
eight-species subsets.
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a moderate (52.0%) ancestral LSU G+C con-
tent was still obtained after moving the root
from the bacterial to the eukaryotic branch.

The rRNA ancestral G+C contents as es-
timated above are close to the average G+C
contents in the compared sequences (LSU,
53.2%; SSU, 55.3%). We conducted an ad-
ditional analysis by restricting the sampling
to G+C-rich rRNA sequences. The G+C-
richest two sequences of four domains
(namely Eucarya, Bacteria, Crenarchaea, and
Euryarchaea) were picked up, averaging to
60.2% G+C (LSU) and 66.1% (SSU). The
ancestral G+C contents estimated from these
extreme data sets were 55.5% [LSU, 95% c.i.
= (53.4, 58.3)] and 57.3% [SSU, 95% c.i. =
(51.9, 62.6)]—that is, less than the lowest
G+C content in the compared eight sequenc-
es (57.4% and 62.4%, respectively). These
striking results could hardly occur by chance.
They strongly support the notion that the
moderate ancestral G+C contents estimated
from large data sets are not artifacts, but
reflect actual information extracted from the
data by the maximum likelihood method.

Prokaryotic rRNAs, together with tRNAs,
are unique among nucleic acid sequences in
that their G+C content is correlated with opti-
mal growth temperature (T,,): G-C pairs are
more stable than A-U pairs at high temperatures
because of an additional hydrogen bond (13). In
contrast, the genomic G+C content of pro-
karyotes is not correlated to T, ;: The closed,
double-stranded bacterial genome is not sensi-
tive to high temperature. The correlation be-
tween tRNA G+C content and T, was re-
examined by restricting the sequences to those
sites used in the present analysis. The TRNA
G+C content is significantly higher in hyper-
thermophilic prokaryotic species (T, > 70)
than in mesophilic species (Fig. 2). The esti-
mates of ancestral G+C contents (vertical
lines) appear incompatible with a thermophilic
life-style of the MRCA.

Thermophily is a widespread character
found in many bacterial and archaeal phyla.
Furthermore, the most deeply branching pro-
karyotes are thermophilic, and the branches
leading to extant thermophilic species are
generally short (Fig. 1). Woese (/) concluded
from these observations that life had probably
originated in a warm environment, consistent
with what was commonly conjectured about
the former temperature on Earth. This scenar-
io was later endorsed by numerous authors
(I14) and reached the status of a working
hypothesis for the early evolution of life.
Forterre, however, has repeatedly criticized
this view (I5), arguing that present-day hy-
perthermophily may be a derived state.

Our maximum likelihood method yielded

“moderate estimates of the ancestral rRNA

G+C contents, even from G+C-rich present-
day sequences, although high G+C content in
RNA is a necessary condition for survival in hot

conditions. Following Forterre, we favor the
notion that extant hyperthermophilic species
evolved from mesophilic organisms via adap-
tation to high temperature. We argue that the
short branches leading to thermophilic lin-
eages do not reflect any affinity with the
ancestor, but are the consequence of increased
selective pressure acting on rRNA molecules of
thermophilic species. The hypothesis of a hot
origin of life cannot be ruled out (it may have
preceded the MRCA), but no support from
rRNA sequences can be claimed for it. Our
results may be useful for dating the divergence
between extant life forms if reliable knowledge
about former temperatures on Earth becomes
available.
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