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Abstract—Fossil evidence of photosynthesis, documented in the geological record by microbially laminated stromatolites,
microscopic fossils, and carbon isotopic data consistent with the presence of Rubisco-mediated CO,-fixation, extends to
~3500 million years ago. Such evidence, however, does not resolve the time of origin of oxygenic photosynthesis from its
anoxygenic photosynthetic evolutionary precursor. Though it is evident that cyanobacteria, the earliest-evolved O,-produc-
ing photoautotrophs, existed before ~2450 million years ago — the onset of the “Great Oxidation Event” (GOE) that for-
ever altered Earth’s environment — O,-producing photosynthesis seems certain to have originated hundreds of millions of
years earlier. How did Earth’s biota respond to the GOE? Four lines of evidence are here suggested to reflect this major envi-
ronmental transition: (1) rRNA phylogeny-correlated metabolic and biosynthetic pathways document evolution from an
anaerobic (pre-GOE) to a dominantly oxygen-requiring (post-GOE) biosphere; (2) consistent with the rRNA phylogeny of
cyanobacteria, their fossil record evidences the immediately post-GOE presence of cyanobacterial nostocaceans character-
ized by specialized cells that protect their oxygen-labile nitrogenase enzyme system; (3) the earliest known fossil eukaryotes,
obligately aerobic phytoplankton and putative algae, closely post-date the GOE; and (4) microbial sulfuretums are earliest
known from rocks deposited during and immediately after the GOE, their apparent proliferation evidently spurred by an
increase of environmental oxygen and a resulting upsurge of metabolically useable sulfate and nitrate. Though the biotic
response to the GOE is a question new to paleobiology that is yet largely unexplored, additional evidence of its impact seems

certain to be uncovered.
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As shown in Fig. 1, geological time is divided into
two major segments: the Phanerozoic Fon, the younger
segment that begins with the first appearance of shelly
invertebrate animals ~550 million years (Ma) ago and
includes the familiar evolutionary progressions from algae
to seed plants and invertebrates to terrestrial animals; and
the Precambrian Fon, the much longer of the segments
that spans the earlier seven-eighths of Earth history,
extending from the formation of the planet, ~4500 Ma
ago, to the beginning of the Phanerozoic. The
Precambrian, in turn, is divided into two exceedingly long
segments — each some 2000 Ma in duration — the
Archean, extending from the formation of the planet to

Abbreviations: ATP, adenosine triphosphate; GOE, Great
Oxidation Event; Ma, millions of years; PAL, present atmos-
pheric level.

2500 Ma ago, and the Proterozoic, spanning the time from
2500 Ma ago to the beginning of the Phanerozoic. The
oldest known fossils date from ~3500 Ma ago [1-5], with
hints of life having been reported from ~3830-Ma-old
rocks, among the oldest known on Earth [6, 7].

Though it is likely that the earliest forms of life were
microbe-like heterotrophs, originating within and meta-
bolically dependent for their foodstuffs on abiotically
produced “primordial soup” [8, 9], evidence from the
rock record (primarily, microbially produced stromato-
lites, cellular microscopic fossils, and the carbon isotopic
composition of preserved organic matter) establishes that
photoautotrophy has served as the foundation of the
world’s ecosystem for at least 3500 Ma. The principal
unsolved problem is not whether photosynthesis was an
exceedingly ancient evolutionary innovation, but, rather,
when did oxygen-producing photosynthesis originate, a
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Fig. 1. a) Geological time scale. b) Schematic representation of the increase of atmospheric oxygen over geological time and its relation to the

“Great Oxidation Event”.

metabolic process that arose as an evolutionary derivative
of a more primitive form of photoautotrophy, anoxygenic
photosynthesis, characteristic of non-cyanobacterial
photosynthetic bacteria [10, 11].

Among all evolutionary innovations, that having
foremost impact on the early ecosystem and subsequent
biotic history was the origin of O,-producing photosyn-
thetic cyanobacteria — dating from the earliest, Archean,
segment of geological time — the highly reactive O, pro-
duced having provided the biologically useable molecular

oxygen required for aerobic respiration, a decidedly more
efficient energy-generating process than its anaerobic
(fermentative) precursors [9].

The time of origin of this globally altering event can
be addressed by answering a single prime question:
“When did cyanobacteria originate?” Firm fossil evi-
dence of the existence of cyanobacteria — the earliest-
evolved “complete aerobes”, capable both of O,-produc-
ing photosynthesis and O,-consuming respiration —
would establish that the sequential evolution of metabol-
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ic innovations that led to their emergence had by that
time already occurred, giving rise to an ancient, but
metabolically fully modern, ecosystem [9, 12].

Evidence to answer this question should be expected
to be preserved in the Precambrian rock record. Indeed,
as is shown here, stromatolites, microbially layered
deposits dominated today by filamentous and coccoidal
cyanobacteria, are present throughout virtually all of the
known geological record; cellularly preserved fossils of
cyanobacteria dominate the documented history of
Precambrian life; and rock-derived carbon isotopic data
are consistent with the presence of photosynthetic
microorganisms back to ~3500 Ma ago and, possibly, to
>3800 Ma ago.

Nevertheless, as is also shown here, a firm answer to
the question of the time of origin of oxygen-producing
cyanobacteria is not available: the earliest known stroma-
tolites might have been formed by anoxygenic, rather
than O,-producing photosynthesizers; the cyanobacteri-
um-like fossils in rocks as old as ~3500 Ma might be rem-
nants of non-0O,-producing microbes; and though a vast
amount of carbon isotopic data is consistent with the
presence of photosynthesis as early as ~3500 Ma ago, they
do not rule out the possibility that the role of primary pro-
ducer in Earth’s most ancient ecosystems was played by
anaerobic, anoxygenic, photosynthetic bacteria rather
than by O,-producing cyanobacteria.

It is not surprising that the question of the time of
origin of cyanobacteria (and, thus, of O,-producing pho-
tosynthesis) is yet unresolved. In contrast with paleonto-
logical studies of the Phanerozoic history of life, the basic
outlines of which were already known in the mid-1800s
[13], successful investigation of the earlier, Precambrian,
fossil record dates only from the mid-1960s, more than a
100 years later [14-17]. Although much progress has been
made during the ensuing decades (see, for example
[18]) — showing that Precambrian microbes were abun-
dant, ubiquitous, metabolically diverse, and biotically
predominant — knowledge of the early fossil record
remains far from complete.

Moreover, due to the “geologic cycle”, the repeated
sequence of mountain building, erosion, and deposition
of the eroded detritus into sedimentary basins that char-
acterizes Earth’s surface, the average “lifetime” of a geo-
logical unit is only some 200 Ma. For this reason, the rock
record that has survived to the present rapidly diminishes
with increasing geological age, a petering-out that severe-
ly limits the abundance of ancient potentially fossiliferous
terrains available for study. Thus, it is estimated that
about half of the potentially fossil-bearing sedimentary
rocks exposed at Earth’s surface date from the
Phanerozoic (the most recent one-eighth of geological
time); that the remaining ~50% are of Precambrian age,
spanning the earlier seven-eighths of Earth history; and
that Archean-age rocks — those older than 2500 Ma in
which evidence of the earliest oxygenic photosynthesizers

BIOCHEMISTRY (Moscow) Vol. 79 No. 3 2014

167

is expected to occur — represent only about 5% of the
surviving rock record [19]. Indeed, only two sets of such
especially ancient, Paleoarchean (~3200-3600-Ma-old;
Fig. 1) sedimentary rocks are known to have survived to
the present, those of the Western Australia Pilbara Craton
and the South African Barberton Mountain Land in and
near the Kingdom of Swaziland. Both contain microbial
fossils, the biohermal stromatolites they constructed, and
isotopically distinctive carbonaceous matter that evi-
dences the presence of photosynthesis. Life’s history and
the existence of a photoautotroph-dominated biosphere
extend to the very earliest stages of the continuous rock
record.

Nevertheless, and although the documented fossil
record extends deep into the Precambrian — throughout
all of the Proterozoic and much of the Archean — in units
older than ~2000 Ma it becomes increasingly sparse as
potentially fossil-bearing units become increasingly rare
and the fossils that are preserved become increasingly dif-
ficult to decipher, due to the geologic cycle-related meta-
morphic “pressure-cooking” of the surviving rock units.

THE GREAT OXIDATION EVENT (GOE)

Despite the problems posed by the petering-out of
the rock and fossil records over geological time, the evi-
dence that has survived is sufficient to establish the pres-
ence of appreciable amounts of environmental molecular
oxygen — and, by implication, of cyanobacterial oxygen-
producing photoautotrophs — at least as early as
~2500 Ma ago.

As discussed by Holland ([20] and references cited
therein), iron oxide-rich sedimentary rocks known as
banded iron formations (BIFs) are globally abundant dur-
ing and earlier, but not later than the earliest Proterozoic
2500-t0-2300-Ma-old Siderian (Fig. 1). These chemical-
ly precipitated sediments — having a distribution espe-
cially well known because of their economic importance
as the source of iron for the production of steel — are
interpreted as having formed from the upwelling of solu-
ble ferrous iron (Fe?*), derived from deep-sea fumaroles
over early Earth history, into relatively shallow waters
where it reacted with dissolved oxygen to produce insolu-
ble iron-oxides and hydroxides (e.g. Fe,O;, FeO[OH]).
Formation of BIFs thus “sponged-up” locally available
oxygen as the precipitated oxidized minerals rained onto
the ocean floor and, because such BIFs were globally
widespread, the abundance of molecular oxygen in the
Archean atmosphere and oceans remained vanishingly
low. Over time the abundance of BIFs diminished as
ocean waters were gradually swept free of ferrous iron, a
necessary precursor to the transition to a stable molecular
oxygen-containing environment.

The transition from an essentially anoxic to a more
oxygen-rich environment — the Great Oxidation Event
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(GOE) — occurred between ~2500 and ~2200 Ma ago
[20, 21]. Beginning near the end of this episode and con-
tinuing to the present, sandstones known as red beds have
been deposited on land surfaces by meandering rivers and
windblown dust. Such units are colored red by the pres-
ence of the oxidized iron mineral hematite (Fe,0;) that
by occurring as a thin veneer on individual quartz sand
gains shows that the atmosphere at the time was oxidiz-
ing. In contrast, in terrains older than about 2500 Ma,
such red beds are essentially unknown and conglomeratic
rocks deposited at the mouths of rivers in shallow-water
deltaic settings contain abraded sub-rounded grains of
pyrite (FeS,) and uraninite (UQ,). If there had been
appreciable molecular oxygen in the >2500-Ma atmos-
phere and near-surface environment, these river-carried
detrital grains would have been oxidized and dissolved
during transport and deposition. Studies of similarly aged
paleosols, preserved ancient soil horizons, confirm this
interpretation: paleosols younger than ~2200 Ma show
evidence of oxidative weathering whereas those older
than ~2500 Ma typically do not [20].

The Archean abundance of banded iron formations,
combined with the distinctly differing temporal distribu-
tions of red beds and pyritic uraniferous conglomerates
and of oxidized and unoxidized paleosols, indicates that
there was an increase in the amount of oxygen in Earth’s
atmosphere some 2500 to 2200 Ma ago. In recent years,
the onset of this transition has been more firmly defined
by studies of the ratios of sulfur isotopes preserved in min-
erals that evidence a rise in atmospheric O,-content at
~2450 Ma ago [22, 23]. Because O,-producing photosyn-
thesis generates more than 99% of the oxygen in Earth’s
atmosphere, and because no other large-scale source of
molecular oxygen is known, this increase of atmospheric
O, can be firmly attributed to the activities of microbial
oxygenic photosynthesizers.

Despite such progress, however, the timing of this
major environmental transition sets only a minimum age
of ~2450 Ma ago for the origin of O,-producing photo-
synthesis. In the pre-GOE world the molecular oxygen
generated by the earliest cyanobacteria would have been
rapidly removed from the environment by its reaction
with previously unoxidized substrates (e.g. volcanic
gases, unoxidized surface minerals, and BIF-producing
huge amounts of dissolved oceanic ferrous iron). And
although the development of the Archean atmosphere
was no doubt punctuated by sporadic and perhaps local-
ized short-lived “whiffs” of O, (Fig. 1), such oxygen
would have been soon sequestered in rock-forming min-
erals. Only after such substrates had been more or less
completely oxidized — after the “rusting of the Earth”
[9] — could the content of atmospheric oxygen have per-
manently increased, a time-lag from the origin of
cyanobacterial O,-producing photosynthesizers that
seems certain to have lasted for hundreds of millions of
years.

SCHOPF

PALEOBIOLOGIC EVIDENCE
OF PHOTOSYNTHESIS

Three principal lines of evidence can be used to
assess the fossil record of photosynthesis and, of particu-
lar interest here, the related question of the time of origin
of cyanobacterial oxygenic photosynthesis: stromatolites,
cellular microfossils, and the carbon-isotopic chemistry
of ancient organic matter. As discussed below, this evi-
dence indicates that O,-producing cyanobacteria were
extant earlier than 2450 Ma ago; that such microbes may
have been extant 2700 Ma ago; and that cyanobacteria
may have been present as early as, or even earlier than,
3500 Ma ago.

Microbial stromatolites. As preserved in the geolog-
ical record, stromatolites are finely layered rock struc-
tures, composed typically of carbonate minerals (e.g.
calcite, CaCO,), formed by the microbially mediated
accretion of laminae, layer upon layer, from the surface
of an ancient seafloor or lake bottom. Their mode of for-
mation has been documented by studies of modern stro-
matolites, deposits known to microbiologists as “micro-
bial mats”, in which their layered organization reflects
the photosynthetic metabolism of mat-building stroma-
tolite-forming microorganisms. Thin (mm-thick) mats
composed of such microbes form as the microorganisms
multiply and spread across surfaces that are typically
intermittently veneered by detrital or precipitated min-
eral grains that block sunlight. To maintain photosyn-
thesis, mobile members of such communities, such as
gliding oscillatoriacean cyanobacteria, move upward
through the accumulated mineral matter to establish a
new, overlying, microbial mat. The repeated accretion
and subsequent lithification of such mats, augmented by
other mat-forming microbes (such as colonial
chroococcacean and entophysalidacean cyanobacteria
and immediately underlying photosynthetic bacteria)
can result in the formation of geologically preservable
stromatolitic structures that range from small millimet-
ric pustular mounds and columns to large, decimetric,
bioherms.

In relatively rare instances, during diagenesis (the
series of changes that lead to the lithification and geolog-
ical preservation of such sedimentary structures), silica
dissolved in ground water or the surrounding ocean (con-
verted over time to the mineral quartz, SiO,) can replace
the initially precipitated carbonate minerals. If replace-
ment occurs early in the history of a deposit, before the
mat-building microorganisms decay and disintegrate,
cellularly intact microbes can be preserved. However, the
vast majority of fossil stromatolites, unaltered by such
replacement, are devoid of cellularly preserved microbes:
during diagenesis, carbonate grain-growth crushes and
obliterates the stromatolite-forming microorganisms
leaving only an amorphous thin coaly residuum of
microbe-derived carbonaceous matter.

BIOCHEMISTRY (Moscow) Vol. 79 No. 3 2014
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In the modern world, living stromatolites are known
best from refugia, such as hypersaline lagoons, in which
the slow-growing microbial mats are not disrupted by
grazing or burrowing metazoans. Stromatolites are there-
fore not especially common in sediments of the
Phanerozoic when such invertebrates were abundant.
Throughout virtually the entire Precambrian, however,
before the origin of metazoans, stromatolites were abun-
dant worldwide in photic-zone carbonate-depositing set-
tings. Known earliest from rock units ~3500 Ma in age,
the temporal distribution of stromatolites parallels the
surviving Precambrian rock record, stromatolite-bearing
units becoming decreasingly abundant as the rock record
gradually peters out (Fig. 2). Such structures establish the
presence of flourishing photosynthesis-based microbial
communities but only rarely do they preserve the cellular
fossils that might evidence whether the stromatolite-
building photoautotrophs were oxygenic, like cyanobac-
teria, or anoxygenic, like photosynthetic bacteria.

An impressive number of Archean-age geologic
units — of particular interest because of their potential
bearing on the time of origin of cyanobacteria — contain
microbially produced stromatolites. Shown in Fig. 3 (see
color insert) are representative examples: sediments of the
~2723-Ma-old Fortescue Group of Western Australia
contain domical, pseudocolumnar and branching stro-
matolites; those of the ~2985-Ma-old Insuzi Group of
South Africa include stratiform and conical forms; those
of the ~3388-Ma-old Strelley Pool Chert of Western
Australia contain domical, stratiform and close-packed
conical stromatolites patchily distributed over many tens
of square-kilometers; and those of the ~3490-Ma-old
Dresser Formation of Western Australia contain domical
and stratiform stromatolites. The presence of conical
stromatolites in such deposits, reported from 17 of the 48
stromatolitic Archean units now known [3, 24-26], is par-
ticularly noteworthy since this distinctive morphology
evidently requires the presence of “highly motile mat
builders” such as oscillatoriacean cyanobacteria ([27],
pp. 342-343).

Cellular fossils. Two principal processes preserve
organic-walled microbial fossils: compression and per-
mineralization. Compression-preserved microorganisms
occur in fine-grained detrital sediments such as siltstones
and shales, pressed and flattened along bedding planes as
the sediment lithified. Although Phanerozoic paleontolo-
gists, who focus chiefly on megascopic fossilized remains,
have largely neglected such carbonaceous compression-
preserved microbes they are appreciably better docu-
mented in the Precambrian [28].

The microbial fossil record is best known from
microorganisms preserved by permineralization. Of all
modes of fossil preservation, this process (known also as
petrification) provides the most faithful representation of
cellular three-dimensional life-like morphology.
Permineralization results from the pervasion of mineral-
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Fig. 2. Schematic representation of the increase of stromatolite-
containing geological rock units over Precambrian time and the
corresponding increase of rock units surviving to the present. The
late Proterozoic decrease in preserved stromatolitic units is
attributable to their disruption by the rise of burrowing and graz-
ing metazoans.

charged solutions into cells during the early stages of dia-
genesis, prior to their decay and disintegration. The per-
meating fluids infill microscopic voids — replacing the
watery milieu of the cellular components — to produce a
mineral-infused inorganic-organic mix that preserves
physically robust structures such as organic-rich cell walls
(and a process not unlike that used to epoxy-embed mod-
ern microorganisms for study by transmission electron
microscopy). As a result, both the organismal morpholo-
gy and cellular anatomy of such fossils can be preserved in
microscopic detail. The most common such permineral-
izing matrix is silica, fine-grained (cryptocrystalline)
quartz and the mineral that comprises the rock-type
known as chert. Such microbe-preserving cherts are
known from several hundred Precambrian geological
units when silica was abundant in the world’s oceans,
much earlier than the Phanerozoic appearance of silica-
biomineralized sponges, diatoms, and radiolarians that
today regulate the oceanic silica budget.

The fossil record of the most abundantly preserved
cyanobacterial families (the Oscillatoriaceae, Nosto-
caceae, Chroococcaceae, and Entophysalidaceae) has
recently been reviewed [29], a summary showing that
although the cyanobacterial lineage extends deep into the
geological past — and that many members of these fami-
lies have evidently evolved little or not at all over thou-
sands of millions of years [30] — the time of origin of this
clade has yet to be established. Because of the continuity
of the Proterozoic microbial fossil record, cyanobacteria
of this age can be related with considerable certainty to
genera and even species of the modern biota. However,
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because of the incompleteness and fossil-altering meta-
morphism of the surviving Archean rock record, many
such especially ancient fossils have been classed as
Bacteria Incertae Sedis (fossil prokaryotes of the Bacterial
Domain that cannot be referred with certainty to a par-
ticular bacterial group). And though the known record of
Archean microbial fossils is sparse relative to that of the
Proterozoic, reported from ~50 rock units and compris-
ing only six broad bacterium-like morphotypes [3], 14 of
these units — containing many hundreds of documented
specimens — date from between 3200- and 3500-Ma-
ago, well-evidencing the presence of microbial life this
early in Earth history [5, 31-35] (Fig. 4; see color insert).

For virtually all Archean microbial fossils, the uncer-
tainty in their classification stems from their morpholog-
ical similarity both to cyanobacteria and to non-
cyanobacterial microorganisms. The problem in their
identification stems primarily from a lack of paleobiolog-
ically definitive techniques by which to establish their
physiology. Because of microbial mimicry — in this
instance, the morphological similarity of oxygenic and
non-oxygen-producing microbes [9, 36] — organismal
and/or cellular size and shape cannot, in and of them-
selves, provide firm evidence of physiology [2]. This
uncertainty could be resolved were the Archean fossil
record, like that of the Proterozoic, sufficiently continu-
ous and well-documented to unambiguously link younger
fossils of established affinities to their older and typically
less-well preserved evolutionary precursors.

Biomarkers and carbon isotopes. Extraction, isolation,
and identification by gas chromatography—mass spec-
troscopy of organic biomarkers, particularly of various
types of hydrocarbons, have provided useful insight into the
nature of Precambrian life. For example, identification of
the protozoan biomarker tetrahymenol in ~930-Ma-old
sediments of the Grand Canyon, Arizona [37], supported
by the presence of fossils of testate amoebae in the same
Proterozoic sedimentary sequence [38-41], has established
a minimum age for the origin of protozoan protists.

Coexisting Carbonate [c] and Organic Carbon [e]
(Precambrian Data From 100 Geologic Units)
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Fig. 5. Carbon isotopic record over geological time; data from [47].
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In general, however, such studies have not proven
useful to Archean-age deposits. The most promising
report is that of steranes (hydrogenated derivatives of
steroids, such as cholesterol) identified in extracts of
~2700-Ma-old carbonaceous shales of northwestern
Australia [42]. This finding is unexpected, since steroids
occur almost exclusively in eukaryotic cells [42-44], prin-
cipally as the platy components of intracellular mem-
branes, and assured fossil eukaryotes (relatively large-
celled spheroidal phytoplankton) are known earliest from
sediments ~1800 Ma in age [40] that are nearly a billion
years younger than the sterane-containing rocks.

However, if the reported steranes date from
~2700 Ma ago, their occurrence would seem to indicate
that biologically produced molecular oxygen must have
been present in the local environment: steroid biosynthe-
sis involves numerous O,-requiring enzyme-mediated
steps (as discussed below, beginning with the cyclization
of squalene [43, 44]). The presence of ~2700-Ma-old
steranes would therefore imply that O,-producing photo-
synthesizers must also have been extant since there is no
other plausible source for production of the concentra-
tions of free oxygen required for steroid synthesis.
Unfortunately, however, interpretation of these biomark-
ers is open to question. Although there is no doubt that
the sterane-containing shales have been dated correctly,
potential contamination from modern sources (e.g. from
drilling fluids or introduced during laboratory analyses) is
an ever-present problem in such studies. Moreover, virtu-
ally all organic compounds are soluble to some extent in
ground water and for this reason can be introduced into
rocks long after their deposition. Because there are no
techniques by which to directly date the organic com-
pounds extracted from ancient sediments, it is difficult to
show with certainty that such biomarkers are as old as the
rock in which they have been detected.

Initiated by the pioneering studies of Park and
Epstein [45] and Hoering [46], data have been amassed
from thousands of analyses of the carbon isotopic compo-
sitions of inorganic carbonate minerals and carbonaceous
kerogens coexisting in Precambrian sediments [47].
Based on the relative abundances in such materials of the
two stable isotopes of carbon, >C and *C, such data show
a consistent difference between the inorganic and organ-
ic carbon analyzed that extends from the present to
~3500 Ma ago (Fig. 5). The enrichment of the fossil
organic matter in the lighter isotope, '>C, relative to coex-
isting carbonate (a proxy for the seawater-dissolved CO,
required for its formation), and the magnitude of the iso-
topic difference (expressed as §'*Cppy values) between the
inorganic and organic carbon reservoirs that falls typical-
ly within a range of 25 + 10%o, are consistent with the
carbon isotopic fractionation that occurs as a result of
Rubisco (ribulose bisphosphate carboxylase/oxygenase)-
mediated CO,-fixation in O,-producing cyanobacteria
[48-51]. Such evidence of carbon isotopic fractionation is
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well documented in rocks ~3200 to ~3500 Ma in age, the
oldest microfossil- and stromatolite-bearing deposits
known (Fig. 5).

Despite this strong continuous carbon isotopic evi-
dence of photosynthesis dating to ~3500 Ma ago, it does
not necessarily reflect the Archean presence of cyanobac-
teria. Because of the mixing of carbonaceous matter from
diverse biologic sources that occurs during sediment dep-
osition and the alteration of carbon isotopic compositions
that can occur during geological metamorphism, the
83Cppp values of the analyzed kerogen range broadly
(£10%0) and, thus, are consistent not only with primary
production by cyanobacteria but, as well, by non-O,-pro-
ducing photosynthetic bacteria. Archean kerogens may
have been derived from either or both of these sources.
Interpretation of the data is further complicated by the
presence in Archean sediments of carbonaceous matter so
enriched in '2C as to be plausibly derived only from CH,-
metabolizing methanotrophs, indicating that methane-
producing Archaea played a significant role in Earth’s
early ecosystems [52, 53], and by the presence of C'2-rich
graphitic carbon in the Eoarchean Isua Supracrustal
rocks at Akilia Island off southwestern Greenland that
hints at the existence of photosynthesis ~3830 million
years ago [7] but that may be of younger metamorphic
origin.

Synopsis. As summarized above, the geological
record of stromatolites, microscopic fossils, and carbona-
ceous matter establish that Earth’s ecosystem has been
powered by photosynthesis — whether anoxygenic or
oxygenic — since at least 3500 Ma ago. It is equally clear,
however, that available data do not provide firm evidence
by which to determine when O,-producing cyanobacteria
originated from their anoxygenic photosynthetic bacteri-
al evolutionary precursors.

In short, the presence of stromatolites, cyanobacteri-
um-like microfossils, and the isotopic evidence preserved
in the carbonaceous matter of the especially ancient geo-
logical record are consistent with, but do not establish the
time of origin of O,-producing photosynthesis. The earli-
est, Archean, stromatolites might have been formed by
photoautotrophic phototaxic anoxygenic photosynthetic
bacteria, rather than by the cyanobacteria that dominate
the upper surfaces of such structures today; unlike the
demonstrably cyanobacterial fossils in younger,
Proterozoic, Precambrian sediments, the filamentous
and coccoidal microfossils of Archean terrains might rep-
resent remains of anoxygenic photoautotrophs; and the
carbon isotopic data available from Archean sediments
are consistent with the presence of oxygenic photoau-
totrophs, anoxygenic photoautotrophs, or both.

It is certain that O,-producing photosynthesis
evolved earlier, and evidently much earlier than the rise of
atmospheric oxygen that marks the onset of the Great
Oxidation Event ~2450 Ma ago [20-23, 54], but how
much earlier has yet to be established.

BIOCHEMISTRY (Moscow) Vol. 79 No. 3 2014

BIOTIC RESPONSE TO THE GOE

In the history of life, the single most important envi-
ronmental change over all of geological time was the
Great Oxidation Event (GOE) that by providing the bio-
logically useable oxygen required for aerobic respiration,
a much more efficient energy-generating process than its
anaerobic precursors set the stage for the evolutionary
development of an advanced, stable, obligately aerobic
eukaryote-dominated biosphere. As summarized above,
geologically based understanding of the occurrence and
timing of the GOE stems largely from the work of H. D.
Holland who over many years developed this concept and
coined its name [20].

Four lines of evidence are here suggested to reflect a
biotic response to this world-altering event.

1) The occurrence of anaerobic (rather than oxygen-
requiring) reactions in the earliest-evolved parts of wide-
spread metabolic and biosynthetic pathways that is inter-
preted to reflect an increase in the availability of molecu-
lar oxygen.

2) The rRNA phylogeny-correlated fossil evidence
of the evolution of cyanobacteria that documents the
immediately post-GOE presence of taxa having special-
ized cells that protect their oxygen-labile nitrogen fixing
enzyme system.

3) The earliest known fossil occurrences of obligate-
ly aerobic eukaryotes that closely post-date the GOE.

4) Recently discovered fossilized microbial sulfure-
tums cellularly preserved in rocks deposited during and
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+32 ATP
No 02 =) = +2 ATP
{krebs cycle
anaerobic)
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3 carbor_is 3 carbo::as
No O GRS~ A [leLycoLysis
0 (10 anaerobic reactions)
2 FRUCTOSE BisPHoSPHATE | INPUL: 2 ATP
(glycolysis 6 carbons Output: 4 ATP
anaerobic) (CHaO2POTD | Net Gain: +2 ATP
GLUCOSE SUGAR
CGH1202

Fig. 6. Metabolic pathway of aerobic respiration showing that the
early parts are anaerobic, use of molecular oxygen being a later
evolutionary development [9, 43].



172

18:3, 20:3, 20:4, 22:4, 24:4 | (18:4, 20:4, 20:5, 22:5, 24:5
FATTY ACIDS FATTY ACIDS
(3 and 4 C=C bonds) (4 and 5 C=C bonds)
18:4 FATTY ACID 2

«02 (4 C=C bonds)
___Ti<0,

18:3 a-LINOLENIC ACID
(3 C=C bonds)

18:2 LINOLEIC ACID

(2 €=C bonds) 0
Polyunsaturated )
— " Wonounsaturated |161OLECACD |
Monounsaturated 11 CoE- ) N
I eukaryotes 10:0 FATTY ACID o
) (10 carbons,

aerobic no C=C bonds) o
bacteria 2
anaerobic ACETYL COENZYME A]|_(anaerobic)
bacteria (C,H;0-CoA)

Fig. 7. Phylogeny-correlated biosynthetic pathways of fatty acids
showing that the early parts are anaerobic, use of molecular oxy-
gen being a later evolutionary development [43].

immediately after the GOE, their occurrence evidently
spurred by an increase of environmental oxygen and a
resulting upsurge of metabolically useable sulfate, nitrate,
and hydrogen sulfide.

The biotic response to the GOE is a question new to
paleobiology that can be expected to be addressed by
additional fossil evidence and data provided by molecular
biologic and genomic studies of modern microbes.

Metabolic and biosynthetic pathways. Of the many
such pathways that illustrate a transition from anaerobic
to O,-requiring, three examples are summarized here,
those of the metabolic process of acrobic respiration (Fig.
6) and the biosyntheses of fatty acids (Fig. 7) and of
steroid hormones and carotenoids/xanthophylls (Fig. 8).
In the absence of a reliable “molecular clock” such path-
ways do not provide firm evidence of the timing of the
global transition from anaerobic to aerobic conditions.
Nevertheless, they do provide convincing evidence of an
evolutionary response to a change in the availability of
biologically useable molecular oxygen.

Aerobic respiration, carried out in the mitochondria
of eukaryotes (but characteristic also of aerobic prokary-
otes such as cyanobacteria) is a three-part process: glycol-
ysis, followed by the Krebs citric acid cycle and then the
electron transport system of oxidative phosphorylation
(Fig. 6). Glycolysis, the first of the three parts, is an early-
evolved ten-step anaerobic metabolic pathway present in
all organisms — a biochemical relict of Earth’s earliest
biota that inhabited a pre-GOE anoxic world before the
origin of O,-generating photosynthesis — that produces
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minimal cellular energy, two molecules of adenosine
triphosphate (ATP) per molecule of glucose metabolized.
The second part, the citric acid cycle, similarly produces
only two energy-rich ATP molecules from each metabo-
lized glucose molecule. But by oxidizing the products of
the glycolysis-citric acid cycle to CO, and H,0, the third
part of the process, the later added-on oxygen-using elec-
tron transport system, yields 32 additional ATP molecules
(Fig. 6) with the total system yielding 36 ATP molecules
(Fig. 6).

Such “anaerobic first-aerobic second” metabolic
organization is exhibited also by biosynthetic pathways.
Figure 7 summarizes the phylogenetic distribution of the
biosynthesis of fatty acids, principal components of cellu-
lar membranes. Modern anaerobic bacteria, extant exam-
ples of the types of microbes that inhabited the pre-GOE
Earth, carry the pathway to 18-carbon oleic acid, a fatty
acid that includes a single carbon-carbon double bond
(Fig. 7). In contrast, in later-evolved aerobic bacteria and
obligately aerobic eukaryotes this pathway has been
extended to produce polyunsaturated fatty acids that con-
tain 2-5 symmetrically distributed double bonds (Fig. 7),
their biosynthesis carried out by “oxidative desaturation”,
the enzyme-mediated formation of double bonds from
the addition of one atom of O, to two atoms of fatty acid-
derived hydrogen and the release of a molecule of H,O.

As shown in Fig. 8, the biosyntheses of steroids and
carotenoids/xanthophylls are much the same — anaero-
bic first, aerobic second. The biological significance of
steroids such as cholesterol, an essential structural com-
ponent of animal cell membranes and a precursor for the
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Fig. 8. Biosynthetic pathways of sterols (left) and carotenoids/
xanthophylls (right) showing that the early parts of both pathways
are anaerobic, use of molecular oxygen being a later evolutionary
development [43].
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biosynthesis of bile salts and steroid hormones (e.g. estro-
gen, testosterone) is well established as is the presence of
the accessory pigments carotenoids and xanthophylls in
cyanobacteria and in red, brown, and green algae [55-57].
In such microbial and algal photoautotrophs,
carotenoids, which protect chlorophyll from photo-oxi-
dation by reacting with nascent oxygen, are the biosyn-
thetic precursors of xanthophylls. In the biosyntheses of
steroids and carotenoids/xanthophylls, as in the examples
outlined above, use of molecular oxygen has been added
to an earlier evolved anaerobic pathway (Fig. 8).

The timing of the origin of the metabolic and biosyn-
thetic use of molecular oxygen has yet to be deciphered.
Although O,-requiring steroid synthesis (Fig. 8) may have
post-dated the Great Oxidation Event — in bacteria, the
earlier evolved anaerobic part of the pathway leading to
formation of hopanoids rather than steroids [44] — the
aerobic respiration characteristic of cyanobacteria and
other O,-using microbes must have pre-dated the GOE,
given that the increase of environmental oxygen was a
result of cyanobacterial photosynthesis. Similarly, O,-use
in the biosyntheses of polyunsaturated fatty acids and
xanthophylls, both of which are present in cyanobacteria,
presumably also originated earlier than the GOE. Indeed,
0,-using metabolic and biosynthetic pathways may have
been widespread among microbes prior to the Great
Oxidation Event — particularly, if facultative oxygen-
users clustered about cyanobacterium-dominated “oxy-
gen oases” where they could use oxygen when available
(e.g. during daylight hours) but in its absence could revert
to fermentation. The timing of the use of molecular oxy-
gen in such pathways, quite clearly an “add-on” to earli-
er-evolved anaerobic processes, may ultimately be
addressed by development of a reliable genome-based
molecular clock.

Cyanobacterial evolution. Of the four taxonomic
families of cyanobacteria most abundant in modern and
fossil stromatolitic assemblages, TRNA phylogenies indi-
cate that three (the Chroococcaceae, Oscillatoriaceae,
and Entophysalidaceae) originated early in Earth history
whereas the fourth, the Nostocaceae, was of later vintage
[58]. Unlike the other three families, later-evolved nosto-
caceans are characterized by the presence of heterocysts
(Fig. 9a; see color insert), specialized spheroidal thick-
walled cells that enclose the oxygen-labile N,-fixing
nitrogenase enzyme system that hydrogenates N, to NH;
for synthesis of amino acids.

Triple-bonded diatomic nitrogen, having a bond
energy of 226 kcal/mol, is reputed to exhibit among the
strongest bonds in nature (appreciably stronger, for exam-
ple, than the 111 kcal/mol required for breakage of the
H—O bond of H,O during oxygenic photosynthesis).
Indeed, because of the lack of reactivity conferred by its
exceptionally strong bonding, N, was named “azote”
(meaning “without life”) by the French chemist Antoine
Lavoisier, a property that explains its absence from com-

BIOCHEMISTRY (Moscow) Vol. 79 No. 3 2014

173

mon rock-forming minerals and its resulting accumula-
tion in Earth’s atmosphere. Breakage of the triple bond of
N, during biological nitrogen fixation therefore requires a
large input of cellular energy, 12 ATP molecules, and a
powerful electron-providing reductant, a need met in
nostocaceans, as in all N,-fixing microbes, by the
iron—sulfur protein ferredoxin:

ferredoxin
N, + 6e~ + 12 ATP + 12 H,O »>—»>—>—>— 2 NH} +

+ 12 ADP +4 H".

The nitrogenase enzyme complex is widely distrib-
uted among extant members of early evolved microbial
lineages, present not only in cyanobacteria but also in
their evolutionary precursors, anoxygenic photosynthet-
ic bacteria, as well as other anaerobic prokaryotes
including methanogenic Archaeans. This phylogenetic
distribution, together with the inactivation of the com-
plex by molecular oxygen and its absence in eukaryotes,
later-evolved obligate aerobes, evidences its early evolu-
tionary origin.

Significantly, and understandable given the energy
requirements of the system, fixation of atmospheric
nitrogen is used only as a last resort by nostocaceans and
other N,-fixing microbes. In all such organisms, ammo-
nia, NH;, hydrogenated to amino-grade, is the preferred
nitrogen-source and use of nitrate, NO3, ranks second,
breakage of its N—O bonds requiring 55 kcal/mol, much
less than that needed to break the triple bond of N,. On
the early Earth, however, neither ammonia nor nitrate
was plentiful, ammonia being rapidly photodissociated
in the upper atmosphere by the high UV-flux of the pri-
mordial Sun (with the hydrogen thus liberated being lost
from Earth’s gravitational field) and the production of
nitrate from electric discharge (lightning), a significant
nitrogen source for the modern biosphere, being prohib-
ited by the absence of O, from Earth’s anoxic early
atmosphere.

Given these constraints and the need by early
microbes for enzyme-comprising amino acids, fixation
of atmospheric nitrogen — despite its high energetic
requirements — was of selective advantage. This situa-
tion changed at the GOE when atmospheric oxygen
became relatively abundant resulting in formation of a
UV-absorbing ozone (O;) layer in the upper atmosphere
that shielded ammonia from photodissociation and
enabled production of nitrate by lightning discharge.
The fossil record shows that the biota then responded,
for cyanobacteria by the origin of heterocystous nosto-
caceans. Because such heterocysts lack photosystem 11
and thus do not generate oxygen, have thick walls that
inhibit inflow of oxygen from adjacent photosynthesiz-
ing cells, and rapidly remove nascent oxygen by carrying
out aerobic respiration at a rate four-to-five-times
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greater than the O,-producing cells, they comprise a
specialized micro-anaerobic environment within aero-
bic O,-producing microorganisms [29, 43]. Of paleonto-
logical importance, nostocaceans (unlike members of
the earlier evolved cyanobacterial families) also produce
abundant stress-resistant spores, akinetes (Fig. 9, a and
b; see color insert), relatively large robust elongate cells
that are preservable in the fossil record. As shown in Fig.
9 (c-f) [59, 60], fossilized akinetes are known as early as,
but not earlier than 2100 Ma ago, suggesting that the
evolutionary development of akinete-producing hetero-
cystous nostocaceans was a response to the immediately
preceding GOE.

Earliest eucaryotes. All eukaryotes are obligately aer-
obic (or, for anaerobic cellular endosymbionts such as
Giardia and mammalian gut-inhabiting chytrid-related
fungi, are evolutionary derivatives of obligate aerobes).
Thus, the timing of the origin of eukaryotic cells from
their earlier-evolved prokaryotic ancestors might be
expected to correlate temporally with the Great
Oxidation Event, eukaryotes occurring after but not
before the GOE.

Given the vagaries of fossil preservation, however,
identification of early-evolved eukaryotes is difficult and
their most telling attribute, their cell nucleus, is almost
never preserved, having been degraded and leached away
together with other cytoplasmic components during fos-

NUTRIENT-

RICH
WATER

'| . micro-
aerophilic
“mega-
3| bacteria”
(Thioploca)

s0
ELEMENTAL|

anaerobic
<10 pm-

diameter sulfate reducing
bacteria

HYDROGEN
SULFIDE,

sulfate

Fig. 11. Modern surfuretums. a) Ecological setting and (b) a core
sample of a modern sulfuretum off the west coast of Chile (modi-
fied after [67, 68]). ¢) The metabolic sulfur cycle in the anoxic
(sub-sediment) part of sulfuretums.

SCHOPF

silization. At present, therefore, the earliest occurrence of
eukaryotes can be dated most reliably by fossils having
relatively large eukaryote-sized cells and eukaryote-like
organismal morphology. With regard to cell size, an
exhaustive comparison of extant unicellular coccoid
prokaryotes and eukaryotes has documented a distinct
difference between the groups, the average diameter of
such prokaryotes being <3 um, appreciably smaller than
the >10 um diameter characteristic of coccoid eukaryotes
[36]. Thus, the presence of large-celled (60-to-220-pum-
diameter) spheroidal phytoplanktonic fossils in ~1800-
Ma-old siltstones of northern China (Fig. 10a; see color
insert) [61] provides convincing evidence of eukaryotes,
as does the occurrence of larger, spirally coiled “alga-
like” cellular filaments (Grypania) in ~1600-Ma-old
shales of central India (Fig. 10b) [62] and is suggested —
albeit less convincingly, because of their lack of preserved
cells — by coiled carbonaceous strands in ~1875 (or
~2100-Ma-)-old sediments of northern Michigan, USA
(Fig. 10d) [63].

These earliest known occurrences of fossil eukary-
otes, closely post-dating the Great Oxidation Event, are
consistent with and plausibly interpreted as evidence of
an evolutionary opportunistic biotic response to the
GOE.

Mid-Precambrian sulfuretums. The recent discovery
of mid-Precambrian anaerobic sulfur-cycling microbial
assemblages is similarly consistent with a biological
response to an increase of oxygen at the Great Oxidation
Event. These sulfuretums, preserved in ~2300-Ma- [64]
and ~1800-Ma-old ([65], photo 14-3) carbonaceous
cherts of Western Australia, are associated with and close-
ly follow the 2450-2200-Ma ago GOE. Geological stud-
ies show that the cellularly preserved biotas of both units
occur in marine, anoxic, deep water sub-surface sedi-
ments, distant from the then-extant shoreline and evi-
dently well below the photic zone [66]. This regional
geology-based interpretation, requiring the assemblages
to be anaerobic and non-photosynthetic, is confirmed by
the cobweb-like organization of their randomly interwov-
en, hundreds of micron-long microbial filaments, a fabric
that differs greatly from the well-layered structure of pho-
toautotroph-dominated stromatolites in which the pre-
served microbes are invariably much shorter, having been
disrupted by wave action in their relatively shallow-water
photic zone setting.

The puzzle originally presented by the off-shore
deep-water anaerobic setting and cobweb-like organiza-
tion of these mid-Precambrian microbial communities —
decidedly different from any of the hundreds of
Precambrian microbial assemblages previously reported —
has been resolved. Their modern analogue, first reported
in 2007 [67, 68], is the anoxic sediment-enclosed sub-sur-
face part of extant microbial sulfuretums documented off
the western coast of South America from Chile to Panama
(Fig. 11a).
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Modern sulfuretums, globally widespread in modern
seafloor settings, are composed of an anaerobic, anoxic
mud-inhabiting microbial community that is commonly
overlain near and above the sediment surface by inter-
laced microaerophilic larger-celled “megabacteria” such
as Beggiatoa and Thioploca (Fig. 11b). Because of their
large (>100-um-diameter) cell size, highly unusual for
prokaryotic microbes, the megabacteria of such assem-
blages are relatively well known. However, the mid-
Precambrian fossil assemblages, composed of <10-um-
diameter filamentous microbes essentially identical to
those of the lower anoxic parts of the modern communi-
ties, do not contain fossilized megabacteria — perhaps
because such large-celled microbes were of later evolu-
tionary origin.

As shown in Fig. 11c, the anaerobic sub-sediment
components of such sulfur-cycling communities require
sulfate, to be biologically reduced to hydrogen sulfide,
and nitrate, to oxidize the resultant H,S to elemental sul-
fur and, subsequently, from S° to SO,. Before the GOE,
neither sulfate nor nitrate was plentiful, the photochemi-
cal formation of both being inhibited a lack of atmos-
pheric oxygen. With the increase of environmental oxy-
gen at the GOE, however, these nutrients and H,S, pro-
duced by an increase in the abundance of sulfate reducing
bacteria spurred by the GOE-promoted increased avail-
ability of sulfate, would have provided the reactants need-
ed to power the proliferation of sulfuretums.

Thus, these earliest known GOE-related fossil sulfur-
cycling communities provide strong support of an evolu-
tionary response to the mid-Precambrian increase of bio-
logically useable molecular oxygen. Their evolutionary
significance, however, is greater. As shown in Fig. 12 (see
color insert), each of the four major microbial compo-
nents of the two fossil assemblages exhibits a one-to-one
morphological correspondence to those of the sub-surface
anoxic part of modern sulfuretums. In other words, these
fossils indicate that not only did the microbes of the
~2300-Ma-old deposit evolve little or not at all during the
five hundred million years before preservation of the
~1800-Ma-old assemblage but that such sulfuretum-com-
prising microbes remained essentially unchanged over the
more than two thousand million years between their mid-
Precambrian preservation and the present. Inhabitants of
a cold quiescent, anoxic, sub-seafloor deep-water envi-
ronment that has persisted since early stages of Earth his-
tory, the colorless sulfur bacteria of such communities
have evidently evolved little over geological time.

As surprising as this fossil-documented absence of
evolutionary change may seem, its occurrence for
Precambrian microbes is well established [30], in this
instance illustrating the “null” hypothesis required of
Darwinian evolution: if there is no change in the physical-
biological environment of a well-adapted ecosystem there
will be no evolution of the form, function and metabolic
requirements of its components.
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SUMMARY AND CONCLUSIONS

The time of origin of oxygen-producing photosyn-
thesis is not resolved. Although the presence of stromato-
lites, cyanobacterium-like microfossils, and '>C-enriched
organic matter in the earliest rock record are consistent
with the presence of O,-producing photoautrophs, they
are insufficient to establish its existence. It is certain that
oxygen-producing photosynthesis evolved earlier (and
perhaps much earlier) than the increase of atmospheric
oxygen marked by the onset of the Great Oxidation Event
~2450 Ma ago, but how much earlier has yet to be deter-
mined.

Nevertheless, the biological response to the global
increase of oxygen at the GOE — an event that forever
altered the history of life — is beginning to come into
focus, here illustrated by four examples: (1) the anaerobic
to aerobic transition of metabolic and biosynthetic path-
ways; (2) rRNA phylogeny-correlated fossil evidence of
O,-protection in immediately post-GOE-preserved
cyanobacteria; (3) the earliest fossil occurrences of oblig-
ately aerobic eukaryotes; and (4) recent discoveries of
mid-Precambrian anaerobic microbial sulfuretums
dependent on the GOE-promoted increase of required
nutrients.

The biotic response to the GOE is a question ripe for
further exploration. Progress toward this goal can be
expected to accrue from more detailed studies of the fos-
sil record, as yet insufficiently mined, but also from
molecular biologic and genomic studies of modern
microbes — a particularly promising source of additional
data. An important problem in the history of life, addi-
tional evidence of the biological impact of the GOE
seems certain to be uncovered.
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Fig. 3. (J. W. Schopf) Archean (>2500 million year old) stromatolites. Domical, pseudocolumnar, and branching stromatolites overlain by rip-
pled sediments (al), and a domical stromatolite (a2), from the ~2700-Ma-old Fortescue Group of Western Australia. Stratiform and pseudo-
columnar stromatolites (b1) and a conical stromatolite (b2) from the ~3000-Ma-old Insuzi Group of South Africa. Conical stromatolites (cl
and c2) from the ~3430-Ma-old Strelley Pool Chert of Western Australia. Domical (d1) and stratiform (d2) stromatolites from the ~3490-Ma-
old Dresser Formation of Western Australia.
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Fig. 4. (J. W. Schopf) Archean (>2500 million year old) microfossils. a) Cylindrical microbial sheaths from the ~2516-Ma-old Gamohaan
Formation of South Africa [31]. b) Microbial single cells and dyads from the ~2600-Ma-old Monte Cristo Formation of South Africa [32]. c¢)
Microbial single cells exhibiting, in (c3) through (c6) a preserved cell-division sequence, from the ~3260-Ma-old Swartkoppie Formation of
South Africa [33]. d) Colonial coccoidal microbes from the ~3200-Ma-old Farrel Quartzite of Western Australia [34]. ¢) Colonial coccoidal
microbes from the ~3388-Ma-old Strelley Pool Chert of Western Australia [35]. f) Cellular filamentous microbes from the ~3465-Ma-old Apex
chert of Western Australia [5].
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Fig. 9. (J. W. Schopf) Modern nostocacacean cyanobacteria and modern and fossil akinetes. a) Modern spirally coiled Anabaena exhibiting
heterocysts and akinetes. b) Modern akinetes (stress-resistant resting cells) produced after disintegration of their parent trichomes. c) Fossil
akinete (Archaeoellipsoides) from the ~750-Ma-old Chichkan Formation of Kazakhstan, in (c2) and (c3) shown in confocal laser scanning
micrographs [59]. Fossil akinetes from the ~1500-Ma-old Billyakh Group of Siberia (d), the ~1650-Ma-old McArthur Group of Western
Australia (e), and the ~2100-Ma-old Franceville Group of Gabon (f) [60].

Fig. 10. (J. W. Schopf) Early eukaryotes. a) Large-celled (60-to-220-um-diameter) phytoplanktonic acritarchs from the ~1800-Ma-old
Changzhougou Formation of North China [61]. b) Sinuous alga (Grypania) from the ~1600-Ma-old Rohtas Formation of India [62] and (c)
a model of its coiled morphology. d) Grypania-like fossils from the >1875-Ma-old Negaunee Iron Formation of Michigan, USA [63].
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Fig. 12. (J. W. Schopf) Comparison of microbes of modern sulfuretums off the west coast of Chile (a, d, g, j) [67, 68] with those of fossilized
sulfuretums of the ~2300-Ma-old Kazput Formation (Turee Creek Group) (b, e, h, k) and ~1800-Ma-old Duck Creek Formation (c, f, h, 1)
of Western Australia. a-c) Broad (~8-um-diameter) microbes having elongate cells. d-f) Medium-diameter (~4-um-wide) microbes having
bead-shaped cells. g-i) Narrow (~2-pum-diameter) microbes composed of ball-shaped cells. j-1) Very narrow (~1-um-diameter) long microbes.
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