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Fic. 7.—Rate comparisons of rjneage quartets. (a) A color-coded matrix showing the proportion of rjneage quartets in which the reference taxon
(left) evolves in higher evolutionary rate than the compared taxon (top) in a 100% (red) to 0% (blue) scale. (b) Proportion of rineage With elevated rates in
the reference species from the total rjineage quartets in which the taxon is represented.

About one fifth (19%) of the total t e« quartets uncover
significant lineage-specific rate increases (fineage; SUpple-
mentary table S4, Supplementary Material online); in these
cases, both paralogs from the same lineage have the same
degree of increased rate. Using these 10,728 fineage quar-
tets, we can compare the rates among lineages and rank
lineages into slow- versus fast-evolving categories. The fast-
est lineages in this ranking are the y-Proteobacteria, the
a-Proteobacteria, the Actinobacteria, and the Bacilli
(fig. 7). The splits of these four lineages within the splits net-
works are furthermore distinct across most protein similarity
thresholds (fig. 3), suggesting a slight bias in the eubacterial
clustering due to infraeubacterial evolutionary rate varia-
tion. But the two archaebacterial classes, euryarchaeota
and crenarchaeota, are found to have at best an average
rate in the lineage comparisons. They are slower than most
eubacterial classes in the pairwise comparison (fig. 7), with
only 4% (euryarchaeotes) and 10% (crenarchaeotes) of the
tvert quartets suggesting a higher rate in the respective arch-
aebacterial class. Hence, the weight of the rooted split be-
tween archaebacteria and eubacteria cannot be attributed
to faster archaebacterial evolutionary rates. Furthermore,
the argument that archaebacteria are only 850-1,000
MY old (Cavalier-Smith 2006a; de Duve 2007) is rejected be-
cause its corollary that their molecular distinctness can be
explained away by assuming an increased archaebacterial
evolutionary rate is shown here to be untrue. Our findings
are, however, fully consistent with the view that the arch-

aebacteria are a very ancient lineage of organisms, at least
as ancient as the eubacteria (Stetter 2006; Thauer 2007),
a view that is furthermore consistent with isotope data
for the antiquity of archaebacterial metabolism.

Life at the Root The debate about the position of the root
in the tree of life has focused mainly on its position and to
some extent on the biology of the first organisms. The issues
of microbial lifestyle (autotrophy vs. heterotrophy: Lane
et al. 2010) and cellularity, that is, the transition from rep-
licating molecules in inorganic compartments to genetically
specified replicating cells (Martin and Russell 2003; Koonin
and Martin 2005; Branciamore et al. 2009) have received
attention of late. However, by far the most heavily debated
aspect of life at the root concerns temperature.

The view of thermophilic origins attracted much atten-
tion following the suggestions by Karl Stetter (Stetter
et al. 1990) and Pace (1991) that prokaryotes inhabiting
many of the extreme kinds of environments we see today
are, to some extent, inhabiting environments that existed
in a fully “modern” form on early earth: anoxic volcanic set-
tings and hydrothermal vents, both which are often quite
hot (>80 °C). In trees rooted between the prokaryotic do-
mains, the hyperthermophiles branched first, suggesting
that maybe the first organisms were hyperthermophilic ar-
chaea and bacteria (Stetter et al. 1990; Pace 1991). That
view spawned the counterhypothesis of thermoreduction
(Forterre 1995, 1996), which positsthat the hyperthermophilic
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origins scenario is wrong by virtue of a misplaced root. In
that view, the eukaryotes are seen as the ancestral form of
life on earth, prokaryotes having evolved from them via
reductive evolution. Although thermoreduction in the orig-
inal sense can now be excluded because all eukaryotes ei-
ther have or had mitochondria (Cox et al. 2008; van der
Giezen 2009), meaning that eukaryotes as we know them
cannot be ancestral to prokaryotes, the issue of tempera-
ture at life’s root remains current.

Recently, gene trees have been used to infer the temper-
ature of early earth environments based on statistical argu-
ments (Gaucher et al. 2003, 2008). Boussau et al. (2008), for
example, suggested that the first organisms (the common
ancestor of archaeabacteria and eubacteria in their view)
arose and lived at about room temperature (~20 °C) based
on the estimated GC content of inferred ancestral sequen-
ces in maximum-likelihood trees. Is such a low temperature
for life at the root realistic? Amend and McCollom (2009)
recently calculated that in geochemically promising environ-
ments for the origin of life, the Gibbs energy of reaction
(AG,) toward the synthesis of total prokaryotic cell mass
was unfavorable (+500 Joules per gram of cells) at 25 °C
but exergonic at 50, 75, and 100 °C, with values of
-1,016, —873, and —628 Joules per gram of cells, respec-
tively, dropping sharply again at 125 °C (Amend and
McCollom 2009). Clearly, the synthesis of the first cells must
have entailed a fundamentally exergonic reaction, as life
cannot have arisen against the laws of thermodynamics.
If thermodynamics are favorable in the range of
50-100 °C but not at 25 °C, then this can be taken as a
constraint for phylogenetic models rather than a variable
for estimation, when it comes to considering temperature
at the root.

Part of the rational against the view of thermophilic ori-
gins was once founded in the circumstance that nucleoside
triphosphates are very unstable at temperatures around
100 °C (Forterre 1996), for which reason such temperatures
were deemed to be incompatible with the notion of an RNA
world. However, Constanzo et al. (2009) recently reported
that RNA chains dozens to over 100 nucleotides in length
arise spontaneously, in hot (>80 °C) water, and without cat-
alysts yet not from nucleoside triphosphates rather from the
ribonucleoside 3’,5’ cyclic monophosphates at concentra-
tions around 1 mM. Temperatures around 85 °C yielded
rapid polymerization, below 60 °C the reaction rates drop-
ped sharply (Constanzo et al. 2009). Thus, from the thermo-
dynamic and chemical perspective, life at the root might be
more likely in the range of 50-100 °C than at values
approaching room temperature. That view is consistent
with the recent discovery of a novel bifunctional fructose-
1,6-bisphosphate aldolase/phosphatase from thermophilic
eubacteria and archaebacteria that provides comparative
biochemical evidence in favor of chemolithoautotrophic ori-
gins (Say and Fuchs 2010).

Conclusions

Recent studies on the position of the root of prokaryotic life
have suggested that it lies within anoxygenic photosynthetic
eubacteria (Cavalier-Smith 2006b) or within the eubacteria
between the actinobacteria and the firmicutes (Lake et al.
2009). In such eubacterial root scenarios, the archaebacteria
are seen as derived from specific groups of the eubacteria, in
which case an elevated rate must be invoked for the arch-
aebacteria in order to account for their molecular diver-
gence. We have shown that no indication of such an
archeabacterial rate elevation exists in available genome se-
guence data. Our analyses indicate that the deepest divide
in the living world is that between archaebacteria and eu-
bacteria, as earlier studies indicated (Gogarten et al. 1989;
Iwabe et al. 1989) and as is compatible with much recent
genome data (Koonin 2009). Like supertree approaches
(Pisani et al. 2007), our method takes the signal of all
genes—including those that have undergone LGT—into
account rather than demanding that gene families harbor-
ing LGT events first be identified and purged from the data.
In contrast to supertree and supermatrix methods, however,
our procedure is independent of individual phylogenetic
trees and utilizes an approach entailing phylogenetic net-
works to the study of evolutionary genome comparisons.

Supplementary Material

Supplementary figure ST and tables S1-S5 are available
at Genome Biology and Evolution online (http://www
.oxfordjournals.org/our_journals/gbe/).
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