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Previous calibrations of prokaryotic phylogenetic events were based on the vertebrate
fossil record because a detailed microbial fossil record does not exist. Recently, com-
pounds (2-methylhopanoids) that are found in cyanobacterial membranes were identified
among compounds extracted from late Archean sedimentary rocks. These lipids establish
a minimum time, 2.65 Ga (Billion Years Ago), in the geologic record for the existence
of cyanobacteria. We have used this new information to calibrate a Neighbor Joining
distance tree generated from SSU rRNA sequences of major prokaryotic lineages and to
estimate the dates for significant events in the history of life on Earth. The results sug-
gest that the Last Common Ancestor occurred at about 4.29 Ga and that the individual
Bacterial and Archaeal Domains began radiating about 3.46 Ga.
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Introduction

Fossils and the Phylogeny of Life in the Archean Era

The timing of events from the origin of life to the Last Common Ancestor (LCA) and to
the divergences of the major taxa in the phylogeny of life is of great interest to Earth and
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Life scientists alike. Most efforts at dating the significant events in the early history of life
focused on dating the origin and divergences of multicellular eukaryotes, which have amuch
more extensive fossil record than the prokaryotes (Doolittle et al. 1996; Wray et al. 1996;
Feng etal. 1997; Ayala et al. 1998; Wang et al. 1999). The lack of a well-defined microbial
fossil record has meant that previous calibrations of phylogenetic distance trees containing
microbial sequence data are based on the vertebrate fossil record (Doolittle et al. 1996;
Feng et al. 1997), or used a data set skewed towards a limited number of bacterial taxa and
calibration dates which are questionable (Ochman and Wilson 1987). The selective pressures
on single-celled prokaryotes are vastly different from those on reptiles and mammals,
possibly resulting in different rates of molecular evolution. Thus, an independent date
of phylogenetic divergence is an important test of the validity of using vertebrate data to
calibrate prokaryotic events. The compounds associated with cyanobacterial membranes in
rocks 2.65 Ga provide this independent marker for calibrating these events.

Bacteriohopanepolyols with a methyl carbon at position 2 are found in a wide dis-
tribution of cultured and environmental samples of cyanobacteria (Summons et al. 1999)
and although reported in other organisms, they are only found in significant quantities
in cyanobacteria (Summons et al. 1999). The geological forms of these compounds, 2-
methylhopanes, are formed following diagenesis and extended burial of bacterial remains
in sediments, and are considered definitive markers for the presence of cyanobacteria on the
ancient Earth (Summons et al. 1999). The occurrence of these compounds in Late Archean
shales (Brocks et al. 1999; Summons et al. 1999) within the Hamersley Basin of Western
Australia, place the oldest molecular evidence of cyanobacteria between 2.63 and 2.68 Ga
(Arndt et al. 1991; Trendall et al. 1998). This is consistent with widespread microfossil and
isotopic evidence for photosynthetic life at this time (Schidlowski et al. 1983; Schopf and
Packer 1987) and confirms an early presence of oxygenic photosynthesis (e.g., Knoll 1999;
Watanabe et al. 2000; Nisbet and Sleep 2001; Schidlowski 2001). Younger morphological
fossils are invaluable in estimating divergence events for multicellular eukaryotes; likewise,
this earliest occurrence of cyanobacterial biomarkers provides a unique and useful tool for
examining the divergence dates of prokaryotic phyla.

The vast phylogenetic diversity of prokaryotic organisms was revealed by Woese's
analysis of SSU rRNA (16S) gene sequences (Woese et al. 1990). The SSU rRNA gene
sequence tree indicated that the Gram-positive bacteria, Proteobacteria, and cyanobacteria
diverged at about the same time and that several other taxa were well established before this
divergence. The cyanobacteria-Proteobacteria-Gram-positive bacteria divergence was also
shown to have occurred well after the divergence of the Bacterial and Archaeal Domains.
The proposed dates of the Proteobacteria-Gram-positive bacteria split (and therefore also
the cyanobacterial divergence) ofl.5 Ga (Doolittle et al. 1996) and2.2 Ga (Feng
et al. 1997) are comparable to the age of rock4.0—2.0 Ga) in which Schopf (Schopf
1994) and others have found fossils that closely resemble modern cyanobacterial taxa.
However, Schopf (1993) has proposed that fossils found in rocks date®.® Ga are
also cyanobacteria. The existence of cyanobacteria as early as 3.5 Ga requires that life
originated and split into the two prokaryotic Domains which then underwent extensive
radiations within the relatively short time after the formation of the Earth and the cessation
of the bombardment phase. Acceptance of the Apex Chert fossils as cyanobacteria would
indicate that the rates of evolution in early prokaryotic taxa and later branching organisms
are so dissimilar that making molecular comparisons between most genera is meaningless.

The assignment of divergence dates requires well-dated earliest appearances of fos-
sils that are specific to certain metabolisms or taxa. The analysis of cyanobacteria-specific
molecular fossils such as 2-methylhopanoids allows calibration of distance trees and per-
mits estimates of the major prokaryotic divergences. Discrepancies between fossil record
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divergence dates and divergence dates based on the analysis of protein molecular data using
vertebrate fossil calibrations (Doolittle et al. 1996; Feng et al. 1997) have been acknowl-
edged for early prokaryotic evolutionary patterns. An estimation of a few divergence dates
for some of the well-known proteobacterial and Gram-positive species (Ochman and Wilson
1987) was hampered by the extremely limited SSU rRNA data set used, as well as by the
use of a mixture of eukaryotic and eubacterial fossil data. The report (Brocks et al. 1999;
Summons et al. 1999) of 2-methylhopanes in Late Archean shales dated to ages between
2.63 and 2.68 Ga (Arndt et al. 1991; Trendall et al. 1998) inspired a limited attempt (Knoll
1999) to place dates on a Woese's SSU rRNA phylogenetic tree (Woese et al. 1990). The
use of molecular fossils such as 2-methylhopanes and a data set that more accurately re-
flects the abundant phylogenetic diversity of prokaryotic organisms may help to resolve the
discrepancies in divergence dates previously reported.

Selection of SSU rRNA for Comparison

The distance measurements previously used to determine the timing of events in Earth’s
early biotic history were based on protein sequence data (Doolittle et al. 1996; Feng et al.
1997). We chose to analyze SSU rRNA sequences for our distance tree for the following
reasons. First, SSU rRNA provides much more extensive coverage of prokaryotic diversity
than the available protein sequences. For example, a recent release (version 8.0) from
the Ribosomal Database Project (RDP), at the Center for Microbial Ecology at Michigan
State University (Maidak et al. 2000) contained 16,277 prokaryotic SSU rRNA sequences.
Although there is some duplication among the 16S rRNA sequences, there is no other
molecule in any database with so many accumulated phylogenetically distinct sequences.
Likewise, the growing number of prokaryotic genomes being sequenced have concentrated
on a relatively few genera. Thus, the use of protein sequence data can overlook major
prokaryotic phylogenetic groups. Second, proteins are subjected to numerous selective
pressures that SSU rRNA sequences are not. The rRNA sequence is mainly under selective
pressures relating to structural interactions, as opposed to proteins that are also under more
direct functional, kinetic, physiological, and mechanistic constraints that can affect the rates
of change of the proteins in the individual taxa. Third, while the alignments of the SSU
rRNA data are based on secondary structural analysis, in most cases the alignments of
distantly related proteins are not. This may lead to misalignment of the protein sequences,
which will adversely affect sequence comparisons. Fourth, the phylogenies of proteins can
be confusing in cases where gene transfers (Nelson et al. 1999) and gene duplications
(Delwiche and Palmer 1996) have occurred. This could lead to the analysis of paralogous
genes (resulting from a duplication event in a shared ancestor) which are incorrectly believed
to be homologues (resulting from speciation events).

In contrast, reports of the possible lateral transfer of SSU rRNA gene sequences between
prokaryotic genera are exceedingly rare (Wang et al. 1997; Dennis et al. 1998; Ueda et al.
1999; Yap etal. 1999) based on extensive study of sequences in awide diversity of organisms.
We suggest that SSU rRNA data rather than protein sequence data enable a more accurate
determination of the divergence times of the major prokaryotic lineages.

Materials and Methods

Generation and Calibration of the Distance Tree

All estimates of divergence times are subject to the difficulty that molecular data exhibit
“clock-like” behavior over a range of temporal scales (Ayala et al. 1996). The number of
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FIGURE 1 Unrooted phylogram of 98 representative prokaryotic organisms. The SSU
rRNA sequences of 98 representative prokaryotic organisms were downloaded from the
Ribosomal Database Project (RDP), version 7.0 at the Center for Microbial Ecology at
Michigan State University (Maidak et al. 2000). The sequence alignment used 1840 char-
acters, and was based on the RDP alignment, which incorporates secondary structural
(Continued)
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changes in a sequence versus time deviates from linearity due to multiple mutations at a
single site. Some of these mutations result in the reversion of a character state to the original
state (homoplasies), thus leading to an underestimate of differences and distance between
distantly related sequences. The need to correct for the effect of homoplasies is evident in
the multitude of algorithms designed for phylogenetic analysis, but attempts to correct for
such rate effects can introduce biases into the analyses. Recent work (Takahashi and Nei
2000), however, has shown that when the data set is large (48 sequences) relative to the
number of nucleotides (1,000 for low divergendenpx= 0.1] or 300 for high divergence

[dmax = 1.0]), less computationally intense analyses produce the correct phylogeny as
those incorporating various correction factors. To increase the likelihood that the estimated
distances we obtained were accurate, we used a large data set (an alignment of 1840 charac-
ters for each SSU rRNA gene sequence from 98 representative prokaryotic taxa). The major
prokaryotic branch point divergences (Figures 1 and 2) were established using the Neighbor
Joining algorithm and an uncorrected “p” distance measure generated by the PAUP (version
4.0b4a) program (Swofford 2000). To determine the effects of using various corrections on
these results, we compared our results with Neighbor Joining distance trees generated using
the Jukes-Cantor, Kimura 2-parameter, Kimura 3-parameter, Tamura-Nei, Tajima-Nei, and
HKY85 models with equal rates for variable sites. These trees were roughly equivalent to
the tree obtained using the uncorrected “p” distance (data not shown). Unequal rates for
variable sites were also examined for all six models using gamma parameters with shapes
of 0.5, 1.0, 2.0, and 5.0. Distance trees for gamma parameters of 1.0, 2.0, and 5.0 were
basically equivalent to the corresponding tree obtained with equal rates for variable sites
(data not shown).

The times of major divergences on our prokaryotic distance tree (Figure 2) were de-
termined using the average cyanobacterial distance and a minimum time estimate for the
origin of the cyanobacterial lineage obtained using 2-methylhopanoid molecular fossils. We
used the date of 2.65 Ga determined for sedimentary rocks bearing the 2-methylhopanes
(Summons et al. 1999) to calibrate the cyanobacterial distance. The average cyanobacterial
distance was calculated in two ways: as the average distance between the two chloroplast se-
guences and the common ancestor of all cyanobacteria, and as the average distance between
the three free-living cyanobacterial sequences and the common ancestor of all cyanobac-
teria. The results of these two calculations were averaged and this distance was used in
all subsequent calculations as the representative distance of the cyanobacterial lineage.
The use of this average should correct for sample bias from the selection of cyanobacte-
rial/chloroplast taxa which had either slower or faster generation times than the average
generation time, which would distort branch lengths on the tree.

Placing more cyanobacterial and/or chloroplast sequences on the tree would distort the
tree in favor of the cyanobacterial lineage, artificially inflating its importance with respect
to the other taxa. The distances between the Last Common Ancestor and the Bacterial and
Archaeal roots were set to be equal, under the assumption that the rates of evolution were
similar in both domains. The distance between the Last Common Ancestor and the common
ancestor of all cyanobacteria was determined, and independently added to the representative
distance of the cyanobacterial lineage. The age of the Last Common Ancestor was calculated

FIGURE 1 (Continued) information. The data were analyzed using the PAUP package,
version 4.0b3a (Swofford 2000). A Neighbor Joining search was performed, using an uncor-
rected “p” distance measure, and the resulting tree was visualized as an unrooted phylogram.
Archaea are shown in red, Proteobacteria in purple, cyanobacteria and chloroplasts in green,
and Gram-positive organisms in brown.
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FIGURE 2 Major divergence dates in prokaryotic history. This is the rectangular phylo-
gram resulting from a Neighbor Joining search using an uncorrected “p” distance measure of
SSUrRNA sequence data from 98 representative prokaryotic organisms for 1840 characters.
We chose to root our tree with the LCA of the Bacteria and Arcl{@eatinued)
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TABLE 1 Divergence dates of major nodes in the history of the Archaeal Domain

Node Distance When node arose (Ga)
LCA 0 4.29
Euryarchaeota/Crenarchaeota split .037 3.46
Euryarchaeota group
Archaeoglobus/Thermoplasma split .043 3.33
Archaeoglobus/Haloferax split .047 3.24
Archaeoglobus/Methanococcus split .059 2.97
Archaeoglobus/Methanobacterium split .063 2.88
Thermoplasma/SBAR12 split .054 3.08
Thermoplasma/SBAR16 split .072 2.68
Methanosarcina/Haloferax split .069 2.74
Methanococcus split .084 2.41
Methanopyrus/Archaeoglobus split .070 2.72
Methanothermus/Methanobacterium split .080 2.50
Crenarchaeota group
Clone JP27/Thermofilum split .057 3.01
Clone JP89/Thermofilum split .073 2.65
Sulfolobus/Thermofilum split .080 2.50
Thermoproteus/Thermofilum split .094 2.18

based on this distance. The time from the divergence of the LCA to major prokaryotic
divergence events was calculated based on the distance between the LCA and the node in
guestion, using a simple ratio of the representative distance of the cyanobacterial lineage
and the 2.65 billion year cyanobacterial lineage calibration. This time was then subtracted
from the age of the LCA to give the date of the divergence of the node. Unfortunately, at this
time the PAUP program does not allow for the estimation of the error in the calculation of
internode distances. However, one should keep in mind that the divergence dates proposed
here are minimum estimates, and are not meant to signify specific biological events.

Results

Divergence Time Estimates for the LCA and the Major Prokaryotic Lineages

Our estimation of minimum divergence times for major events in early prokaryotic history
leads to several interesting observations and speculations. For example, the Last Common
Ancestor of the prokaryotic domains occurred 4.29 Ga, while the Last Common Ancestors
of the individual Bacterial and Archaeal domains occurred at least 3.46 Ga (Table 1). The
3.46 Ga date would also be when the Crenarchaeota and the Euryarchaeota split, with the

FIGURE 2 (Continued)occurring midway between the two domains, under the assumption
that the rates of evolution were similar in both domains. The LCA was placed on the tree
subsequent to the analysis. Estimated divergence times (in billions of years ago Ga) are
shown above the branches, while bootstrap values are shown below the branches. A 50%
majority rule consensus limit was in effect, and the number of bootstrap replicates was
10,000. Archaea are shown in red, Proteobacteria in purple, cyanobacteria and chloroplasts
in green, and Gram-positive organisms in brown.
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TABLE 2 Divergence dates of major nodes in the history of the Bacterial Domain

When node
Node Distance arose (Ga)
LCA 0 4.29
Aquifex .037 3.46
Thermotoga group .044 3.30
Thermotoga/Fervidobacterium split .078 2.54
Chloroflexus group .053 3.10
Chloroflexus/Thermomicrobium split .066 2.81
Deinococcus group .064 2.85
Deinococcus/Meiothermus split .085 2.38
Bifidobacterium/Arthrobacter/Streptomyces group .068 2.76
Bifidobacterium/Arthrobacter/Streptomyces radiation .108 1.87
Chlamydia/Pirellula group .071 2.70
Chlamydia/Pirellula split .074 2.63
Fibrobacter/Treponema group .074 2.63
Chlorobium/Cytophaga/Flexibacter group .080 2.50
Campylobacter/Helicobacter)(split .130 1.37
Cytophaga/Flexibacter split .110 1.82
Fusobacterium group .085 2.38
Mycoplasma group .099 2.07
Bacillus/Lactobacillus group 111 1.80
Clostridium group .087 2.34
Cyanobacteria/Chloroplast group .073 2.65
Proteobacteria .078 2.54
Desulfovibrio ¢) group .085 2.38
Escherichia/Allochromatiumy) group .107 1.89
Neisseria/Stenotrophomonas) @roup .105 1.94
Rickettsia/Rhizobiumd) group .102 2.00
Root for thewx, 8, andy groups .086 2.36

Crenarchaeota radiating at 3.01 Ga and the Euryarchaeota radiating earlier, at 3.33 Ga.
The halophiles diverged from the methanogens relatively recently (2.74 Ga), which is also
around the time the cyanobacterial, Gram-positive, and Proteobacterial lineages arose in
the Bacterial Domain (Table 2).

The Bacterial domain'’s first divergence occurred at least 3.46 Ga (Table 2), leading to
theAquifeineage. Another divergence at 3.30 Ga led tolthermotogaroup, whereas the
ChloroflexusndDeinococcugroups splitat 3.10 and 2.85 Ga, respectively. Atthrobac-
ter relatives diverged at 2.76 Ga, and fBklamydiaand Spirochetegroups split from the
rest of the Bacteria shortly after this, diverging from each other at 2.70 Ga. Interestingly,
a number of radiations occurred at about the time the cyanobacterial lineage diverged
(2.65 Ga), which would also be consistent with the onset of the rise of molecular oxygen
in the atmosphere (Canfield 1998; Rye and Holland 1998; Canfield and Raiswell 1999;
Farquhar et al. 2000). THehlorobiuniFlexibactefCytophagagroup diverged at about the
same time, while the divergences of the Proteobacteria (2.54 Ga) and the Fusobacterium
Group (2.38 Ga), which contains tBacillugClostridiumMycoplasmagroup, occurred a
few tens to hundreds of millions years later, which may be possibly correlated to further
increases in atmospherie Although thex, 8, y, ands Proteobacteria form a clade on our
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tree, thes Proteobacteria appear to be more closely relat€hiorobium limicola a green

sulfur bacterium. From our tree, we are unable to propose with confidence an identity for the
filamentous prokaryotic fossils found in the 3.5 Ga rocks (Schopf 1993). Filamentous mi-
crofossils believed to be the remnants of chemoautotrophic thermophilic prokaryotes that
lived in subseafloor hydrothermal vents 3.235 Ga (Rasmussen 2000) have recently been
reported. The discovery of these fossils in addition to the lack of evidence for oxygenic
photosynthesis before 3 Ga make it unlikely that the Schopf microfossils are cyanobacteria.
Although our proposed divergence dates are minimum estimates and actual divergences
probably took place earlier, it is unlikely that cyanobacteria diverged almost a billion years
before leaving any evidence in the geologic record. Additional geochemical analyses are
required to establish the first occurrence and geographic range of cyanobacterial biomarkers
during the Archean.

Bootstrap values determined from 10,000 replicates (Figure 2) indicate that most of the
major divergences reported here are well supported. The earliest diverging lineages in the
Bacterial Domain have high bootstrap values. Most of the major groupings (the cyanobac-
teria, the Proteobacterial subgroups, fghrobactergroup, theFlexibactergroup, the
Treponemagroup, and theBacillugClostridium group) are supported by high bootstrap
values, although the divergence points of these groups are not well supported. This may
be indicative of a massive radiation, which occurred around the time of the cyanobacterial
divergence, and may be associated with the appearance of significant amounts of molecular
oxygen in the environment. A similar case is seen in the Archaeal Domain, with support
for the major groupings (thArchaeoglobugroup, theMethanosarcinfHaloferaxgroup,
and theSulfolobusThermoproteugroup), but not for their divergence points. It is possible
that the radiation of the Archaea that also occu865 Ga may be due to the increasing
presence of oxygen due to cyanobacterial metabolism.

The original Tree of Life based on SSU rRNA data was unrooted (since all sequences
were related, there could be no outgroup to root the tree), and it was by using paralo-
gous genes (the result of gene duplication events which would have occurred before the
LCA split into separate lineages) that the LCA was placed between the Bacteria and the
Archaea (Gogarten et al. 1989; lwabe et al. 1989; Brown and Doolittle 1995). The overlay-
ing of phenotypic data onto Woese’s original phylogenetic tree indicated that the deepest
branching organisms were most likely prokaryotic, anaerobic, and thermophilic (Kandler
1994). Extrapolation of this phenotype to the Last Common Ancestor is consistent with the
evidence for high temperatures and high levels of, @0the early Archean atmosphere
(Kasting 1993; Kasting et al. 1993).

We wished to determine the timing of the LCA of the unrooted tree, using our origi-
nal data set merged with a data set of 28 representative Eukaryotic SSU rRNA sequences
(while keeping in mind the vast differences between the selective pressures operational
in the prokaryotic and eukaryotic domains). Our calculations give estimates for the LCA
of all three domains of 4.29 Ga when using the cyanobacterial calibration. By compari-
son, estimates for the LCA of all three domains based on the Reptile-Mammal split were
3.62 Ga, 3.77 Ga, and 5.02 Ga, using fossil record times for the synapsid-diapsid diver-
gence of 288 Ma, 300 Ma, and 400 Ma, respectively (data not shown). While most previous
calibrations have used a mammal-bird divergence time estimate from the fossil record of
300 Ma, recent criticism of this date (Lee 1999) has led to the proposal of 288 Ma as the
minimum unambiguous fossil record evidence for this divergence.

Our estimated times of divergence for the Bacterial-Archaeal LCA and the Bacterial-
Archaeal-Eukaryote LCA are quite similar (4.29 Ga). This very early date is consistent
with recent evidence for a habitable planet surface after 4.4 Ga (Nisbet and Sleep 2001,
Wilde et al. 2001). This ancestor may reflect a “primitive” (i.e., more prokaryotic-like)
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nature of the very early Eukaryotes, which were likely unicellular and thermophilic. The
genesis of the Eukaryotic lineage has long been problematic (Gupta 1998; Lopez-Garcia
and Moreira 1999; Vellai and Vida 1999). Competing theories run the gamut from the
Ur-Karyote’s formation due to fusion (Karlin et al. 1999), phagocytosis (Lake and Rivera
1994; Gupta and Golding 1996), or syntrophy (Martin and Muller 1998; Moreira and
Lopez-Garcia 1998) between members of the Bacterial and Archaeal domains after they
were well established to the simultaneous formation of the Eukaryotic domain along-
side the Bacterial and Archaeal domains (Kandler 1994; Woese 1998). The presence
of a complex distribution of steranes and methylated steranes are observed in the same
Late Archean shales in which the 2-methylhopanes were found (Eigenbrode et al., un-
published observations; Brocks et al. 1999). These compounds indicate that the biochem-
istry of the Eukaryotic domain was established at least by this date, although we note
that the presence of these outer membrane lipids does not require the presence of mito-
chondria at this time. The chimeric nature of the Eukaryotic genome can be explained by
an early symbiotic event, massive gene transfers after distinct domains had become es-
tablished, or promiscuous horizontal transfer of genetic material in an early community
consisting of all three domains before increasing cellular integrity decreased the frequency
of such events. Our time estimates of the LCAs do not allow us to reject any of these
hypotheses.

Discussion

The Timing of Major Symbiotic Events

Our divergence time estimates allow certain speculations about the timing of important
symbiotic events. A major endosymbiosis was the capture of-Bnoteobacterium by an

early Eukaryotic cell, which led to an obligate symbiosis with the bacterium becoming the
organelle known as the mitochondrion. This event could not have taken place before the
split between thex-proteobacterial ancestor and tBdy -proteobacterial ancestor, which
occurred 2.36 Ga. As mitochondrial SSU rRNA gene sequences are most closely related to
those of thex-Proteobacteria, a more accurate date for the origin of mitochondria might be
the date of the radiation of the Proteobacteria~{2.00 Ga).

A second major endosymbiotic event was the capture of a cyanobacterium by a
Eukaryotic cell with the cyanobacterium eventually becoming the chloroplast. There is con-
siderable debate as to how many endosymbiotic events are necessary to explain the origins
of chloroplasts in plants, green algae, red algae, and brown and yellow algae. Chloroplasts
could not have originated earlier tharnl.90 Ga, if one uses the split between the free-
living cyanobacteria and the chloroplasts as a minimum age of the origin of chloroplasts.
The timing of endosymbiosis events between Eukaryotic cells andRroteobacterium
and a cyanobacterium has been subject to debate. Comparison of rRNA trees with those
generated frontcpn gene sequences led Sogin (1997) to propose a date for the origins of
mitochondria and chloroplasts &850 Ma, which is~1 billion years later than the 1.9 Ga
date from our calibration.

Although our results suggest the cyanobacterial lineage diverged before the
a-proteobacterial radiation, we propose that mitochondria arose in Eukaryotes before
chloroplasts. Most early Eukaryotes are believed to have been anaerobes. With the increas-
ing levels of toxic (to them) molecular oxygen resulting from the oxygenic photosynthesis
of cyanobacteria, they would have found themselves increasingly marginalized. However,
in a few tens of millions of years after the divergence of the cyanobacterial lineage, the
Proteobacteria emerged capable of using molecular oxygen as a terminal electron acceptor.
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The endosymbiotic capture of arProteobacterium by a Eukaryotic cell would then be
favored not only by selective pressures due to the increased energy yield from an electron
transport system able to use molecular oxygen, but also by its ability to remove molecular
oxygen that is toxic to its anaerobic processes. Having solved the problem of molecular
oxygen toxicity through endosymbiosis, and reaping the benefits of increased ATP from
their new endosymbionts, Eukaryotic cells could then incorporate oxygen-producing pho-
tosynthetic endosymbionts at their leisure. The timing (Figure 2) ofitReoteobacterial
radiation (~2.00 Ga) and the cyanobacterial-chloroplast divergence90 Ga) support

this hypothesis.

Sulfur and Carbon Isotope Ratios

The period around 2.7 to 2 Ga is marked by a significant rise in atmospheric oxygen as
evidenced by a number of geochemical indicators, including sulfur isotopic data. These data
suggest the onset of the rise from near-zero levels at 2.7 Ga, with sufficient oxygenation
to support sulfate production (and subsequent activity of sulfate-reducing bacteria) by 2.3
to 2.2 Ga (Schidlowski et al. 1983; Thode and Goodwin 1983; Canfield and Raiswell
1999; Canfield et al. 2000). Consistent with this geochemical evidence, we note that our
tree indicates a dramatic radiation of organisms capable of sulfate reduction within the
3-Proteobacteria around 2.38 Ga. Interestingly, the sulfate redlibersnodesulfovibrio
Thermodesulfobacteriunbesulfothiovibrig and Desulfotomaculunwere present much
earlier, although we caution that this is not necessarily evidence for significant sulfate
reduction at 3 Ga, since this ability could have been acquired horizontally at a later time.
Detailed sequence comparisons of the enzymes involved in sulfate reduction from all these
organisms could identify the taxa in which this pathway originated. Although a recent report
(Shen et al. 2001) indicated evidence for sulfate reduction at 3.47 Ga, what was actually
measured was sulfide productioninthese samples. Genera able to produce sulfide from sulfur
anaerobically are widely distributed throughout the Crenarchaeotal and Euryarchaeotal
kingdoms of the Archaeal Domain. Therefore, it is not surprising to find evidence of sulfide
production at 3.47 Ga, and as this ability is found extensively in both Archaeal kingdoms,
it likely predates their divergence at 3.46 Ga.

An anomalous set of low-13C values for Archean sedimentary organic matter is
recorded at around 2.7 Ga. The widespread occurrence of this signature has led to the sug-
gestion that it records a global ecosystem that included significant recycling of methane
carbon into preserved organic matter (Hayes 1983, 1994). The signature potentially provides
the earliest record of aerobic metabolism because all identified methane-consuming bacte-
ria require Q. However, methanotrophic bacteria fall within ieandy -Proteobacteria,
which diverged from the-Proteobacteria by 2.54 Ga. Determining whether &nypr
B-Proteobacteria are capable of methane oxidation or contain cryptic copies of the genes
encoding this pathway will give a more precise date as to when this ability arose. Current
genome sequencing efforts will help in this regard. As the divergence date of the known
methane oxidizing bacteria (2.54 Ga) is significantly later than the date (2.7 Ga) deter-
mined by the isotopic record, we suggest another mechanism such as anaerobic methane
recycling by Archaea (Hinrich et al. 1999) may be responsible for the low isotopic sig-
nature. Organisms able to anaerobically utilize methane as yet have not been isolated,
although preliminary SSU rRNA results indicate they may be Archaea (Hinrich et al. 1999;
Thomsen et al. 2001). The unambiguous identification of these organisms may enable us
to resolve the discrepancy between the divergence dates and the isotopic signature dates.
The earliest date at which the 2.7 &a°C values can be due to aerobic methanotrophy is
the latest date at which the cyanobacteria diverged, due to the need for significant amounts
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of molecular oxygen. The discovery of cyanobacterial markers in rocks older than 2.7 Ga
will resolve the discrepancy as to the origin of these BWC values, and may neces-
sitate a slight recalibration of our tree. Biomarker compounds for aerobic methanotrophs
(3-methylhopanes) have not been found in late Archean sedimentary rocks (Brocks et al.
1999), although this may be due to limited sampling.

Conclusion

Although the poor microbial fossil record from the early Archean does not permit definitive
determination of either phylogeny or metabolism, geochemical methods enable minimum
dates of signature metabolic processes to be established. The presence of 2-methylhopanoids
in 2.65 Ga rock samples has enabled us to estimate divergence times for the major prokary-
otic phyla in the Bacterial and Archaeal domains using a large representative sample of SSU
rRNA sequences. We propose a date of 4.29 Ga for the Last Common Ancestor of the Bac-
terial and Archaeal Domains and a date of 3.46 Ga for the Bacterial and Archaeal Domain
individual radiations. These divergence times do not conflict with geological evidence but
call into question the interpretation of early ArcheaB(5 Ga) microfossils as evidence of
cyanobacterial lineages. These divergence time estimates are undoubtedly minimum times
for these events, and may be pushed backward as more molecular fossils are found in older
geological formations. In fact, we hope that our use of the metabolic fossil data to increase
our understanding of the interplay between life and the early Archean environment will lead
to increased attempts by microbiologists and geologists to discover additional molecular
fossils. Our distance tables could be useful for future calculations of events based on new
discoveries and time calibrations.
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