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Abstract—The paper delves into the main regularities of the distribution of fossil microorganismsin Precam-
brian rocks, beginning from the Archean Eon about 3.5 billion years ago and ending in the Cambrian Period
about 0.5 hillion years ago. The paper analyzes facial peculiaritiesin the lateral differentiation of microfossils
in Proterozoic basins and the main stages of temporal changesin fossil cyanobacterial communities, which are
based on theirreversible succession of physicochemical conditions on the Earth and the evolution of eukaryotic
microorganisms and their incorporation into prokaryotic ecosystems. To gain insight into Proterozoic fossil
record, modern stratified cyanobacterial mats built up from layers of prokaryotes are considered. The analysis
of phosphatization, carbonatization, and silification processes in modern algal-bacterial communities suggests
that anal ogous processes took place in Proterozoic microbiotas. A comparison of modern and Precambrian liv-
ing forms confirms the inference that cyanobacterial communities are very conservative and have changed
insignificantly both morphologically and physiologically during the past two billion years.
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INTRODUCTION

The development of the living world should be con-
sidered as an interaction of the biosphere with the geo-
sphere. Endogenous processes in the geosphere follow
certain laws, which are mainly determined by the ther-
mal history of Earth on atime scale of hundreds of mil-
lionsor billionsof years. A general trend in thisthermal
history is toward a loss of endogenous heat and a
decrease in the portion of igneous rocks in the Earth’s
cover. The primary igneous rock—weathering—sedimen-
tary rock cycletendsto involve an increasing portion of
sedimentary and metamorphic source rocks. Surface
sedimentary rocks, essential for biotas, are formed in
most climatic zones over tens of millenia, which is the
typical time of formation of the weathering crust and
the first meters of sediment deposits. Therefore, during
each geologically significant time period, abiotainter-
acts with the sedimentary cover, interrupted by regions
of igneous rocks, which are also colonized by the biota.
The biotalargely depends on the climate, which in turn
depends on the solar luminosity (on ascale of hundreds
of millions or billions of years), as well as on various
astronomical factors, the position of the Earth in space,
its endogenous activity, the gas composition of the
Earth’satmosphere, and the interaction of the biosphere
with the hydrosphere and the atmosphere. The Earth’s
climate is also determined by many regiona factors,
first of all by the distribution of terrestrial and oceanic
masses on the Earth. Therefore, the consideration of
evolution on the Earth on a scale of Ga, i.e. billions of
years (typicaly it is considered on a scale of 10° Mg,
i.e. hundreds of millions of years) implies a different

approach, in which prokaryotes appear as a primary
biotic force most closely related to the geosphere dueto
their ability to catalyze the geochemically significant
reactions of the solid-phase conversion and to affect the
composition of the atmosphere and the hydrosphere
(the latter depends on chemical weathering). Bio-
spheric reactions give impetus to the carbon cycle,
whose initial stage is the formation of organic carbon
(Corg) in the photoautotrophic assimilation of CO,. The
formation of C,, on Earth quantitatively depends on a
single type of p%otosynthesis, oxygenic photosynthe-
sis. Fortunately, it is the group of oxygenic photoau-
totrophic organisms (cyanobacteria) that have left the
most complete fossil record, which will be considered
in the next section.

The development of the biosphere-geosphere sys-
tem involves a powerful feedback relationship between
the biotas and geospheric processes of weathering and
sedimentogenesis, together with the associated pro-
cesses of formation of natural waters and the atmo-
sphere. This relationship is due to biotic reactions, the
carbon cycle above all. Until now, biologically medi-
ated reactions have received little attention in the liter-
ature. On alargetime scale, biologically mediated reac-
tions are related to the formation of an oxidative atmo-
sphere and the related subaerial transformations of al
the cycles (primarily, the sulfur and iron cycles), which
come into thermodynamic equilibrium under altered
geochemical conditionswith the involvement of micro-
organisms. Of great significance also is the modifica-
tion of the cycles of akaline earth metals and the entire
weathering process under the action of biotas. All these
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processes result in the so-called biogeochemical suc-
cession [1], which, until the appearance of vegetation
cover on the terrestrial surface about 300 million years
ago, amost completely depended on the activity of
microorganisms.

On a very large time scale, the history of geo-
spheric—biospheric biotas can be divided into the fol-
lowing stages (table):

The Archean Eon is characterized by the presum-
ably important role of hydrogenotrophic microbiota
(including microbiota able to utilize endogenous
sources) and by locally developed oxygenic photosyn-
thesis (in spite of the fact that Archean cyanobacterial
microfossils are scarce). Without recognizing the
important role of cyanobacteriain the transformation of
the Earth’s atmosphere due to the accumulation of
unoxidized organic matter in the incomplete C,, cycle,
it isimpossible to understand the so-called oxygen rev-
olution (which occurred about 2 billion years ago, after
the end of theiron cycle), the deposition of iron oxides,
and the development of the biogenic sulfur cycle with
sulfate reduction in the ocean.
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The Proterozoic Eon is characterized by the domi-
nance of cyanobacterial communities with a high
degree of coupling of various biogeochemical cycles
and by the transfer of the main mass of endogenous car-
bon dioxide from the carbon cycle to sedimentary car-
bonate rocks, including stromatolites, through weather-
ing processes highly modified by biotas. After this
period, since the Phanerozoic Eon, carbonates have
been recycled with the involvement of organisms pos-
sessing skeleton.

The course of terrestrial subaerial weathering during
this period remains largely unknown, while it is a key
issue for the proper understanding of the carbonate
cycle and the associated processes of clay formation
through the conversion of residual weathering prod-
ucts. Geochemists believe that the silicate—carbonate
weathering of subaerial continental rocks is the major
route of CO, removal from the Earth’satmosphere. Itis
accomplished via two biotic mechanisms: (1) the bio-
logically enhanced weathering of metal—aluminosili-
cate rocks and (2) the deposition of carbonates at the
alkaline geochemical barrier with the involvement of
cyanobacterial communities. Silicified microfossils are
considered to be related to the incorporation of silicates
into carbonates, while organic-walled microfossils are
referred to compacted clays. There is no certainty asto
whether the finding of a fossilized material can realy
serve as a universal characteristic of ancient biotas;
however, no other direct methods for the evaluation of
biopaleontological events are available.

The development of protists during the Neoprotero-
zoic revolution superimposed on the biogeochemical
system formed by bacteria. The development of the
protistan world was mainly governed by combinatory
principles. Of the great number of combinations, only
three combinatory variants led to the appearance of the
animal, fungal, and plant kingdoms. The biogeochemi-
cal conseguence of the Neoproterozoic revolution was
the incorporation of the concentrating function of
organisms having skeleton and thereby capable of
forming deposits of inert biogenic materials into the
bacteria-driven biogeochemical cycles. The fixation of
mobile sediments by cyanobacterial communities and
the formation of stromatolite belts with carbonate plat-
forms was then substituted by the development of the
reef-producing formations of colonia eukaryotes and
parazoan organisms. Both types of formations gaverise
to intense biogenic and diagenetic processes of sedi-
mentogenesisin transreef areas, which can be exempli-
fied by the accumulation of phosphate-bearing thick
deposits.

To gain better insight into the Preriphean or Neopro-
terozoic history of the Earth and the functioning of its
biogeochemical machinery, let us consider two topics:
(1) the paleontol ogy of cyanobacteriaand (2) the actuo-
pal eontology of cyanobacterial communities.
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PALEONTOLOGY OF CYANOBACTERIA

Cyanobacteria. Cyanobacteria, which are among
the most structurally organized and morphologically
differentiated prokaryotic organisms, possess a well-
documented paleontological history (Figs. 1, 2). Thisis
due to their large size, exceeding that of many other
microorganisms, and to the specific taphonomic condi-
tions of the fossilization of cyanobacterial communi-
ties, which provided for good conservation of fossilized
cyanobacteria.

There are several approaches to the systematics of
cyanobacteria The initial morphological approach,
which was developed in the 19th century, dominated
until the middle of the 20th century [2-5]. With the
development of modern microbiological methods
based on the biochemica and physiological study of
cultured microorganisms and the investigation of thin
sections, morphological criterialargely lost their posi-
tion in cyanobacteria systematics, although they can be
efficiently used to study cyanobacteria with a complex
morphology. A good example is the application of
sequencing of the 16S rRNA gene to the taxonomic
study of cyanobacterial strains[6, 7]. In the case of the
taxonomy of cyanobacteria producing heterocysts and
baeocytes, morphological and genetic criteria were
found to give close results [8]. However, the investiga-
tion of morphologically simple chroococcal cyanobac-
teria and hormogonial cyanobacteria revealed hetero-
geneity within major taxa at the generic level (for
instance, within the genus Synechococcus). At the same
time, the difference between chroococcal and hormog-
onial cyanobacteria proved to be insignificant. Closer
observations showed that simple hormogonia cyano-
bacteria can be formed during the monopolar growth of
chroococcal forms (see[9], Fig. 2).

The problem of applicability of the morphological
approach to the study of cyanobacteria is especially
important in the case of fossil cyanobacteria, which
cannot be studied by modern genetic methods. The
morphological approach makes it possible to investi-
gate fossil cyanobacteria that existed hundreds of mil-
lions of years ago and are preserved in lithified sedi-
ments, which conserve well the shape of microorgan-
isms but not their organic composition.

Organic-wall and chertified microfossils. The
remains of Precambrian microorganisms were mainly
fossilized as chertified pseudomorphoses through their
complete or partial chertification in chert—carbonate
rocks or asmummified remainsin shale deposits. These
two forms of remains, which are referred to as cherti-
fied and organic-wall microfossils, represent the
remains of biologicaly close but facialy different
groups of microorganisms. The microorganisms pre-
served in chert—carbonate rocks represent fossilized
cyanobacterial communities that inhabited shallow-
water, lagoon, and littoral environments, whereas
organic-wall microfossils are the remains of phy-
toplanktonic organisms that inhabited the open-sea
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shelf environments of ancient basins. Such a differenti-
ation of microfossils is arbitrary, since chert nodules
episodically formed in open-sea facies contain the
remains of phytoplanktonic organisms and, conversely,
terrigenous deposits were often formed in shallow-
water environments. The term faciesis used herein the
classical sensg, i.e., to designate the geochemically and
sedimentologically different regions of a sediment
layer or of suites of sublayers into which a given layer
or suite is divided within the limits of their horizontal
distribution. Actually, there are several tens of defini-
tions of facies, whose analysisand comparison could be
the subject of aseparate paper; however, wewill restrict
ourselves to the analysis of the difference between
facies and landscapes. Facies is a geological term
intended for the designation of horizontally adjacent
regions of sediment layers. In the case of modern envi-
ronments, this definition of faciesimplies adifferentia-
tion (in some parameters) of the lateral regions of non-
lithified sediments. As for landscape, it is a geographi-
cal term intended for the designation of terrestrial and
subaqueous regions of the Earth’'s surface that possess
geomorphically similar reliefs and are characterized by
identical natural conditions. As is evident from these
definitions, one landscape can embrace several geolog-
ical facies and, vice versa, one facies can embrace sev-
eral geographical landscapes.

In addition to microfossils, Precambrian rocks con-
tain carbonate stromatolites, i.e., organic sedimentary
structures that resulted from the growth and metabolic
activity of algal (first of al, cyanobacterial) communi-
ties and their interaction with the environment. This
interaction involves binding of carbonate particles by
algae and their subsequent cementation into a rock.
Stromatolites dominated throughout the Precambrian
period of the development of the biosphere. In the
Phanerozoic Eon, the number of stromatolites drasti-
cally decreased due to the appearance and expansion of
organisms possessing skeleton, such as archeocytes,
sponges, bryozoans, corals, and red lithothamnion
algae, which competitively displaced cyanobacteria to
unfavorable econiches [10, 11].

Taken together, paleontological data on organic-
wall and chertified microfossils give an adequate idea
of the evolution of microbial communities and their
paleoecologica structure [12]. For the most ancient
stages of the evolution of the biosphere in the Protero-
zoic and, especidly, in the Archean, a great body of
information came from chertified microfossils, whereas
pertinent information on organic-wall microfossils is
scarce. This can easily be explained by the fact that
ancient microorganisms became chertified soon after
they had occurred in acherty rock [13] and, hence, were
more protected from unfavorable environmental effects
than the mummified organic-wall microfossils formed
in silicoclastic rocks.

The Archean and Proterozoic. Between 1960 and
1980, researchers described a great number of cherti-
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fied microfossils found in Archean rocks from 2.5 to
3.8 hillion yearsin age, but almost all of them appeared
to be pseudofossils of mineral origin or compacted
clusters of the amorphous organic substance kerogen
[14-16]. Only thin nonseptate filaments found in the
Archean Onverwacht and Fig Tree Groups of southern
Africaand in the Warrawoon Series of western Austra-
lia(from 3.4 to 3.5 billion yearsin age), aswell as small
coccoid formsfound in the Onverwacht Group, wererec-
ognized as actual remains of ancient microorganisms
[17, 18].

Most microfossils have been found in Mesoarchean
and, especially, Late Archean (Neoarchean) rocks. Of
great interest are the Neoarchean microfossils found in
the Transvaal Supergroup of southern Africa, from
2520 to 2550 million years in age [19, 20]. These
microfossils contain thick (up to 35 umin diameter) fil-
amentous and small (from 1 to 5 pum in diameter) coc-
coid forms [16, 21], which are likely the remains of
cyanobacteria but may be the remains of heterotrophic
bacteria.

In the Proterozoic deposits (from 2.5 to 1.6 billion
yearsin age), the number and the diversity of chertified
microbiotas drastically increases, beginning with the
1.9- to 2.0-hbillion-year-old sediment layers. This
change in the paleontological fossil record is preceded
by one of the greatest positive isotopic carbon anoma
liesin the earth’s history, which reached avaue of 3C"3 =
+15%0 [22]. It is in these layers that the most ancient
indisputable fossil cyanobacteriawere found. We mean
first of al the colonial coccoid microfossils Eoento-
physalis belcherensis Hofmann from the shallow-water
(upper sublittoralittoral) carbonate formations of the
Belcher Supergroup of Canada[15, 23], which arefrom
1960 to 2000 million years old [24]. In its morphol ogy
and developmental stages, this fossil cyanobacterium
does not differ from the modern cyanobacterium Ento-
physalis major Ercegovic [25]. In addition, these for-
mations were found to contain small ellipsoidal, spher-
ical, and filamentous microfossils, which may also rep-
resent cyanobacteria. Similar chertified microbiotas
were found in somewhat younger rocks of Canada
[15, 16, 25, 26] and Austraia[15, 27, 28].

The deeper-water rocks of the L ate Proterozoic con-
tain taxonomically differing associations of microfos-
sils, known as the Gunflint-type microbiota. The two
most typical microfossil varieties were found in the
2-billion-year-old Gunflint and Bivabik formations, the
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Animikie Series, and in some other rocks in North
Americaand Australia[15, 16, 26]. One of these vari-
eties is composed of morphologicaly simple filamen-
tous and coccoid microfossils (Gunflintia, Animikia,
Huroniospora, and others) of hormogonial and chroo-
coccal cyanobacteria [15, 29] and, likely, iron-oxidiz-
ing bacteria[19]. The other variety iscomposed of mor-
phologically more complex fossil forms. Kakabekia,
Xenothrix, Archaeorstis, and others, including probable
remains of iron bacteria (Eoastrion) [19, 30] and, pos-
sibly, of lower unicellular eukaryotes (Eosphaera and
Eomicrohystridium).

Additional information on Proterozoic microbiotas
has come from the study of organic-wall microfossils,
which have been purposefully studied mainly in Russia
and China. The most ancient organic-wall microfossils,
which represent the remains of simple spherical micro-
organisms of the genera Leiominuscula and Myxococ-
coides, have been found in the 2.8- to 2.9-billion-year-
old Neoarchean series of Karelia[31]. Microfossils of
the same genera, as wel as of the genus
Leiosphaeridia, were found in the Proterozoic Baltic
Shield (2.06-2.3 hillion years old) [22], the Besovets
Suite (1.9-2.06 billion years old), and in the Pechenga
Series of the Kola Peninsula. The very simple morphol-
ogy of these fossils makes it difficult to unequivocally
determine whether or not their nature is biotic. For this
reason, they are classified into a conventional group of
acritarchs.

The 1.8- to 1.9-billion-year-old Chanchen system of
China contains replicas of large (up to several centime-
ters in diameter) spheroidal microfossils, which were
assigned to the genus Chuaria [32, 33]. Those fossils
are believed to be the remains of either primitive
eukaryotes or of empty envelopes of macrocolonies of
nostoc cyanobacteria[19, 26, 33-35, 37, 38]. The most
ancient known remains of probable eukaryotes were
found in the 1.9-billion-year-old Negaunee Iron Forma-
tion of North America; these are carbonaceous flat spi-
ra strips, from 0.7 to 1.5 mm in width. The specific
morphology and the relatively large size of thesefossils
suggest that they are the remains of ancient lower
eukaryotic algae, which have no modern analogues
[33, 39]. Alternatively, they may be the remains of
ancient bacteria. It should be noted that the discovery of
mats of giant bacteria (up to 1 mm in diameter), such as
Thioploca and Thiomarginate, depreciates the value of
cell size as acriterion of eukaryotic affinity.

Fig. 1. Fossil (a b, d, g, h, j, 1) and modern (c, €, f, i, k, m) chroococcal and hormogonia cyanobacteria: (a) Eogloeocapsa avzyanica
Sergeev, Middle Riphean, Avzyan Suite, southern Urals, ~1200 million years old; (b) Gloeodiniopsis uralicus Krylov et Sergeev,
Early Riphean, Satkin Suite, southern Urals, ~1400 million yearsold; (c) modern Gloeocapsa; (d) Eoentophysalis belcherensis Hof -
mann, Early—Middle Riphean boundary, Yusmastakh Suite, Anabar Uplift, Siberia, ~1200 million years old; (€) modern Entophys-
alis major Ercegovic, Shark Bay, Australia; (f) modern Entophysalis; (g) Eosynechococcus brevis Knoll, Early-Middle Riphean
boundary, Yusmastakh Suite, Anabar Uplift, Siberia, ~1200 million years old; (h) Eosynechococcus moorei Hofmann, Early Riph-
ean, Kotuikan Suite, Anabar Uplift, Siberia, ~1400 million yearsold; (i) modern Synechococcus; (j) Circumvaginalis elongatus Ser-
geev, Early Riphean, Kotuikan Suite, Anabar Uplift, Siberia, ~1400 million years old; (k) modern Scytonema myochrous (Dyllwyn)
Agardh, Bahamas; (1) Siphonophycus robustum (Schopf) empty sheaths, Late Riphean, Minyar Suite, southern Urals, ~800 million

years old; (m) modern empty sheaths. Scale bar represents 10 um.

MICROBIOLOGY Vol. 71  No.6 2002



SERGEEV et al.

628

No. 6 2002

Vol. 71

MICROBIOLOGY



THE PROTEROZOIC HISTORY AND PRESENT STATE

Thus, there are grounds to believe that basins in the
Late Archean contained diverse prokaryotes and, in the
Late Proterozoic, also probable eukaryotes. Since an
indisputable demonstration of the biotic origin of the
most ancient microfossils isimpossible, of great inter-
est is the application of molecular biological
approaches to the interpretation of the Early Precam-
brian fossil record. For instance, the fossil Gunflintia
trichomes contain bulges, which werefirst identified as
akinetes or heterocysts [29]. Recently, however, such
bulges have been interpreted as postmortem alterations
of the primarily homogeneous filaments of oscillatorian
algae [8, 40]. However, the younger Epworth Group
rocks of Canada (about 1.9 billion yearsin age) contain
ellipsoidal fossils classified as Brevitrichoides (Archae-
oellipsoides) [26] and referred with confidence to aki-
netes of nostoc and anabaena cyanobacteria[9, 41]. The
16S rRNA sequence analysis of modern cyanobacteria
suggests that the akinete-forming nostoc and stigonema
cyanobacteria are terminal groups on the cyanobacte-
rial phylogenetic tree [6, 8]. If thisis the case, the age
of the Epworth Group (1.9 billion years) isthe minimal
age of the main morphological groups of cyanobacte-
ria, whose radiation, according to molecular biological
data, occurred very rapidly.

In general, the most ancient microfossils are dated
asfollows: (a) the indisputable remains of cyanobacte-
ria found in the Belcher Supergroup are about 2.0 hil-
lion years old; (b) the possible microfossils of early
eukaryotes found in the Negaunee Iron Formation are
dlightly older than 1.9 billion years; (c) the very proba-
ble remains of cyanobacteria found in the Transvaal
Supergroup are 2.52—2.55 hillion yearsold; (d) possible
remains of cyanobacteriaand heterotrophic bacteriaare
2.69-2.76 hillion years old (the Fortescue Series) or
even 3.4-3.5 billion years old (the Onverwacht, Fig
Tree, and Warrawoon Series). The chronology of these
microfossils reflects not only evolutionary but aso
taphonomic factors.

The Early-Middle Riphean boundary. Further
changes in the associations of chertified and organic-
wall microfossils were detected at the Proterozoic—
Mesoproterozoic boundary. First, the Gunflint-type
microfossils do not occur in the rocks of this geological
time, probably dueto thefact that iron jaspilite deposits
were no longer formed. Second, the fossilized remains
of cyanobacteriaof thistime found in the shallow-water
deposits of thelittoral and upper littoral zones are dom-
inated by akinete-forming cyanobacteria (mainly their
fossilized sporeswere preserved) [9, 42, 43]. One of the
peculiar formswidespread at that time isthe genus Cir-
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cumvaginalis Sergeev, representing hollow sheaths
composed of funnel-like segments with terminal dark
bulges, enclosed into each other (Fig. 1j) [42, 43].
These are most likely hollow sheaths of blue-green
algae similar to the modern nostocacean cyanobacteria
of the genus Scytonema (Fig. 1K).

The prevailing Early—Middle Riphean associations
are dominated by ellipsoidal microfossils of the genus
Archaeoellipsoides (Figs. 1g, 1h); in spite of their sim-
ilarity to unicellular chroococcal cyanobacteria of the
genus Synechococcus (Fig. 1i), these are the remains of
the akinetes of nostoc or stigonema cyanobacteria
[42, 43]. Such microfossils were found in the Anabar
Shield in Siberia, Russia [42]; in the Doushantou For-
mation, southern China [44]; and in the Dismal Lake
Group, Arctic Canada [45]. In addition, all these rocks
contain short trichomes, described as akinetes of the
genus Archaeoellipsoides (Fig. 2k); many of them are
anal ogues of the akinetes of the modern cyanobacteria,
such as Entophysalis (Figs. 2|, 2m). It should be noted
that anabaena cyanobacteria and their spores are wide-
spread in modern bodies of fresh water and in desali-
nated shallow marine basins [46]. Consequently, the
abundance of the Archaeoellipsoides akinetes in the
Early-Middle Riphean deposits is due to geochemical
rather than evolutionary factors, e.g., to the conditions
of carbonate accumulation. This abundance may result
from the complete transformation of cyanobacterial fil-
aments into akinetes, a process that is frequently
observed in modern cyanobacteria under certain condi-
tions, particularly at a high concentration of calcium
glutamate in the medium [47].

Third, organic-wall microfossils became numerous
and diverse in the Early Riphean rocks. The most
diverse organic-wall microfossils were found in the
Ust-1lim and Kotuikan Suites of the Anabar Shield [48]
and in the Roper Group of Australia[49], which contain
not only filamentous and coccoid microfossils, but also
the remains of thallomes and large spherical envelopes
of eukaryotic algae, as well as some other relatively
large and complex fossil forms.

The Neoproterozoic revolution. The Middle—
Late Riphean boundary is one of the most significant
biostratigraphic boundaries of the Precambrian, which
is clearly distinguished upon the anaysis of both
organic-wall and chertified microfossils. The major
event of this time, which was very important for the
development of the biosphere and was called the
Neoproterozoic revolution, was the diversification of
protists. As aresult, the Late Riphean deposits contain
fossil forms much more complex morphologically. This

Fig. 2. Fossil (a b, e, f, i, k) and modern (c, d, g, h, j, I, m) cyanobacteria: (a, b) Obruchevella parva Reitlinger, Early Cambrian,
Chulaktaus Suite, Karatau, southern Kazakhstan, ~520 million yearsold; (c, d) modern Spirulina; (€) Filiconstrictosus magnusYak-
schin; (f) F. cephalon Sergeev et Knoll, Early Riphean, Kotuikan Suite, Anabar Uplift, Siberia, ~1400 million years old; (g, h, j)
modern Nostoc; (i) Veteronostocale copiosus Ogurtsova et Sergeev, Late Riphean-Vendian boundary, Chichkan Suite, Karatau,
southern Kazakhstan, ~650 million years old; (k) akinetes of Archaeoellipsoides bactroformis Sergeev et Knoll, Early Riphean,
Kotuikan Suite, Anabar Uplift, Siberia, ~1400 million years old; (I, m) modern Entophysalis akinetes. Single-line and double-line

scale bars represent 10 and 50 pm, respectively.
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outbreak of biodiversity is confirmed by molecular bio-
logical data, which indicate the existence of agreat out-
burst in the evolution of eukaryotes [50] about one bil-
lion years ago [36]. Beginning from the Middle-Late
Riphean boundary, deposits contain fossil forms with
spikes, such as those of the genus Trachyhystrichos-
phaera Timofeev et Hermann [35, 51-54]. Spiked
microorganismswere found asfossilsin the lower hori-
zons of the Late Riphean deposits of the Lakhandin
Series (the Uchuro-Maiskii region), the Derevnin Suite
(the Turukhan region), their analogues [55], and many
other deposits. Some researchers consider the spiked
forms of the genus Trachyhystrichosphaerato beadis-
tinguishing feature of the Late Riphean microbiotas
[56]. Spiked microfossils are beyond doubt the remains
of protists, athough their exact biological identification
isasyet the subject of debate. The magjority of research-
ers identify such microfossils as remains of Prasino-
phyceae [55, 56]. Furthermore, Late Riphean sedi-
ments often contain some other complex fossil forms,
such as the branching thallomes of the ancient genera
Ulophyton Timofeev et Hermann and Proterocladus
Butterfield, which are analogous to certain modern
green algae [56], aswell asfossil bangiophytared algae
[57] and numerous fossil remains of unicellular phy-
toplankton algae [ 35, 53]. The upper layers of the Late
Riphean sediments, not older than 850 million years,
were found to contain spiked vaselike microfossils of
the genus Melanocyrillium Bloeser [43].

Fossil cyanobacteria also exhibited some new mor-
phological varieties at that time. For instance, Middle—
L ate Riphean sediments sometimes contain the remains
of the stalked cyanobacterium Polybessurus Fairchild
ex Green et a. and the spiral—cylindrical microfossils
of the genus Obruchevella Reitlinger (Figs. 2a, 2b),
which became more abundant in the Vendian and Early
Cambrian [35]. As was already mentioned, the evolu-
tion of cyanobacteria can be considered to have been
completed in the Early Proterozoic. However, Wilmotte
and Golubic believe that the modern Spirulina cyano-
bacterium (Figs. 2c, 2d) (the modern analogue of the
genus Obruchevella) differs from other hormogonial
cyanobacteria in nucleotide sequence and morphologi-
cal characteristics[8]. The differences can be explained
by the later appearance of thistaxon, although there are
aternative interpretations of this phenomenon.

Chertified microfossils of associations of conserva
tive cyanobacteria from shallow-water coastal deposits
also exhibited some changes in their composition at
that time. For instance, the akinetes of Nostoc—
Sigonema-like cyanophyta and Entophysalis cyano-
bacteria, which dominate in the Early Proterozoic and
Early—Middle Riphean sediments, are relatively rarein
the Late Riphean chertified biotas [35, 58]. This fact
may be due to the expansion of eukaryotic organisms
into prokaryotic ecosystems [43, 59, 60]. Taking into
account that unicellular lower eukaryotic microorgan-
isms are morphologically amost indistinguishable
from prokaryotic organisms, many microfossils found
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in Late Riphean sediments and commonly identified as
chroococcal cyanobacteria may appear to be lower
eukaryotic algae [54], which began to drive out cyano-
bacteria from favorable econiches in the Late Riphean
[42, 43, 58].

By the end of the Late Riphean, many morphologi-
caly complex eukaryotic microorganisms became
minor or extinct [36, 61-63], so that most Riphean phy-
toplankton microorganisms with spikes and pins (the
genus Trachyhystrichosphaera and others) have never
been found in the Vendian. Prokaryotic organisms vir-
tually did not change, but some of them (e.g., the genus
Obruchevella) became larger in size [64]. The Early
Vendian period after the Lapland glaciation is marked
by the appearance of multicellular organisms without a
skeleton and the wide distribution of the so-called Per-
tatatak-type associations, dominated by large spiked
microfossils. Such associations, composed of large
spiked acritarchs, were found in the Pertatatak Forma-
tion of southern Australia, the Prince Karl Forland
Series of Spitsbergen, and in some other rocks, being
most abundant in the phosphate—chert sediments of the
Doushantou Formation of China [65]. These peculiar
and morphologicaly rather complex microfossils,
which are formally united into the groups of acantho-
morphous, hercomorphous, and other acritarchs, prob-
ably represent a heterogeneous group that includes
green algae, dinoflagellates, and other protists. It
should be noted that spiked forms, which appeared in
the Late Riphean and increased their population in the
Early Vendian, became dominant only in the Cambrian,
when the first organisms producing a skeleton came into
being. The expansion of spiked forms began in the Atda
banian time, when they became dominant among both
organic-wal and chertified microbiotas. The outbreak of
spiked forms reflects a transition from the Precambrian
biosphere, dominated by morphologically smple and
mostly prokaryotic microorganisms, to the Proterozoic
biosphere, dominated by eukaryotic organisms.

ACTUOPALEONTOLOGY
OF CYANOBACTERIAL COMMUNITIES

Modern cyanobacterial communities, or mats, in
which cyanobacteria are the main producers of organic
matter, are analogues of ancient stromatolites. Thus,
microbial communities with close metabolic relations
between their members turned out to be very stable
throughout the Earth’s history, although more orga-
nized competitors displaced them from propitious hab-
itats to extreme econiches, such as hypersaline lagoons
and vol canic environments.

Since the 1970s, cyanobacterial mats have become
the subject of extensive research. Best studied are the
thermophilic mats of Yellowstone National Park and
Iceland and the halophilic mats of the Sinai, Isradl,
Mexico, and Australia [66—70]. There are data on the
mats of the Bermudas and the Bahamas, as well as of
Japan [71]. The results of the investigation of the ther-
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mophilic mats of Kamchatka Peninsula and Kunashir
Island and the halophilic mats of the Sivash are sum-
marized in publications [72—75]. Studies of alka-
liphilic microbial communities, few until recently
[76-78], are of increasing interest due to the possible
role of these communitiesin the origin of continental
biota[79, 80].

When drawing an analogy between ancient stroma-
tolites and modern cyanobacterial communities,
researchers must take into account the great difference
between ancient and modern geochemical conditions
on the Earth. For this reason, experimental data on
modern communities growing under natural conditions
must be completed with the simulation of the devel op-
ment of these communities under laboratory conditions
[81]. As natural models, we chose the communities of
the relatively low-temperature thermal springs of the
Uzon caldera on Kamchatka, the Golovnin caldera on
Kunashir, the halophilic mats of the Sivash in the
Crimesa, and the akaliphilic mats of Buryatiaand Tuva.

The structure of cyanobacterial mats. Cyanobac-
terial mats have a multilayered structure and consist of
three main zones: (1) the upper aerobic zone of cyano-
bacterial growth; (2) the middle zone of the develop-
ment of purple or green phototrophic bacteria; and
(3) the bottom zone, distinguished by the growth of
strict anaerobes.

Modern mats are commonly dominated by filamen-
tous oscillatorian cyanobacteria, although there are
some exceptions. Thus, the high-temperature mats of
Yellowstone and the Kurils are dominated by Synecho-
coccus elongatus (Synechococcus lividus); the mats of
Kamchatka, by Mastigocladus laminosus; and Austra-
lian mats, by Entophysalis sp. Stratified mats composed
of many layers are only formed by filamentous cyano-
bacteria (communities with the involvement of unicel-
lular cyanobacteriaare structurally unstable). There are
severa reasons why cyanobacteria can ensure struc-
tural stability of mats. First, unlike eukaryotic algae,
cyanobacteria are capable of oxygenic photosynthesis
under extreme conditions. Second, they are able to fix
nitrogen. Third, oscillatoria cyanobacteria are motile,
which alows cyanobacterial filaments to interweave
with each other, forming a dense tissue.

The upper layers of mats, from 0.5to 1 mm in thick-
ness (in the case of halophilic mats, up to 2 mm thick),
contain actively photosynthesizing cyanobacteria:
Phormidium laminosum and Oscillatoria terebriformis
in relatively low-temperature thermophilic mats;
Microcoleus chthonoplastes in halophilic mats (this
cyanobacterium forms thick bundles to survive hyper-
saline conditions); and Microcoleus chthonoplastes and
Phormidium molle in akaliphilic mats. Apart from
these dominant cyanobacteria, the upper layers of mats
often contain other species of the genera Phormidium,
Oscillatoria, Lyngbya, and Spirulina.

The middle part of matsis the zone of development
of phototrophic bacteria, such as Chloroflexus auranti-
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acus in thermophilic mats, Thiocapsa in halophilic
mats, and Ectothiorhodospira in akaliphilic mats.
These phototrophic bacteria mainly grow organotroph-
icaly by oxidizing cyanobacteria metabolites,
although they are also able to oxidize hydrogen sulfide
and thus to participate in the sulfur cycle.

The bottom, anaeraobic, part of mats is the zone
where methanogens and sulfidogens devel op.

The development of different groups of organisms
in matsisaccompanied by the formation of ageochem-
ical barrier with abrupt gradients of redox potential
(300600 mV) and pH (2—4 units in magnitude). The
oxygen-producing capacity of mats can be estimated
from their content of chlorophyll, which reaches 1 g/m?
and exceedsthat of the green parts of higher plants[75].

The similar architectonics of mats from different
econichesis likely determined by the similar functions
of component organisms and the same organization of
trophic chains in the mats. Oxygenic photosynthesis
occurs in the upper 1- to 2-mm-thick layer of mats,
which almost completely absorbs the incident sunlight.
An important role in the degradative part of mats is
played by the sulfur cycle.

The degree to which the component organisms of
mats can exist individually is unknown, although pre-
sumably they are strongly dependent on each other,
forming an integral system [73]. It is the close cooper-
ation of the organisms of mats that predetermined the
extreme conservatism of both the mats and the compo-
nent organisms, which has not changed for at least
2-2.5 billion years. It should be noted that fossilized
were only undegraded cyanobacteria from the upper
layer of mats, which were either silicified or mummi-
fied at the early stages of diagenesis and had no timeto
undergo considerabl e postmortem alterations.

Gas transformations by cyanobacterial commu-
nities. In natural habitats, mats often produce gas bub-
bles, which occur either beneath the mats or between
their layers and may be as large as 50 cm in diameter.
In the case of mats occurring in relatively low-temper-
ature thermal springs, the gas composition of the bub-
bles produced by the mats is considerably different
from that of the atmosphere and the gas of the springs.
The latter usually contains 70-90% of CO, and virtu-
aly no O,, whereas the gas produced by the mats con-
tainsless CO, and H, and more O, and CH, [73]. These
changes in the gas composition were additionally stud-
iedin detail in laboratory experiments.

The mat obtained in the laboratory corresponded to
natural mats in the structure and species composition
[82] and represented an integral community that
included cyanobacteria and other microorganisms. It
had astratified structure, in which cyanobacterial layers
aternated with mineral streaks. Therefore, the multi-
layered structure of matsis an inherent property and is
not related to the conditions of their diurna illumina
tion [83, 84].
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Both the mat and its component cyanobacteria iso-
lated in pure cultures were able not only to take up CO,
and evolve O,, but also to consume H,S (with the for-
mation of sulfur) [85] and H, [86]. Both H,S and H,
cause manifold stimulation of the growth of cyanobac-
teria. Thus, cyanobacteriatransform the composition of
the gases emerging with the hot spring water. Oxygen
exerts a detrimental effect on the growth of cyanobac-
teria, but it is easily discharged into the atmosphere
from the hot water. CH, dlightly stimulates the growth
of cyanobacteria[81]. H, is utilized in the hydrogenase
reaction [86]. When placed in an atmosphere similar to
the gas mixture emanated by thermal springs or in an
atmosphere similar to the presumable primary atmo-
sphere of the Earth, cyanobacteria change the gas com-
position so that the content of O, increases to a value
dlightly above 20% and the content of reduced gases,
except for CH,, decreases to zero [75]. Most probably,
oxygen at aconcentration of 20% hinders the growth of
cyanobacteria. This does not, however, imply that it is
the accumulation of O, in the ancient atmosphere that
was responsible for the termination of the supremacy of
cyanobacteria. Indeed, under the conditions of active
photosynthesis, O, bubbles are retained in mats, and
cyanobacteria and their satellites reside under 100%
oxygen saturation.

Thus, laboratory and field studies show that cyanobac-
terial matstransform the gas composition and, hence, they
could decrease the concentration of CO, and provide the
ancient Earth’s atmosphere with oxygen.

Mineralization of cyanobacterial communities.
Thermal springs often contain mineral structures with
travertine or siliceous deposits resembling stromato-
lites. This makes it possible to study mineralization
under both field and laboratory conditions in order to
gain insight into the activity of cyanobacteria in the
geological past.

By comparing the fossilized remains of microorgan-
isms found in the aforementioned structures, Krylov
et al. [87] succeeded in conceiving the process of cher-
tification of microbial cells. Silica present in a solution
first penetratesinto the cell and precipitates in the form
of globules on the cell walls and septa. Separate sili-
ceous globules merge into a continuous shell surround-
ing the cell. The outer surface of the shell is smooth and
has the shape of the cell, whereas the inner surface is
globular. Then, opa particles fill the empty space
between filaments and inside them until complete cher-
tification has occurred and a solid chertified rock has
been formed. Laboratory experiments showed that sil-
ica penetrates the walls and septa of only such cyano-
bacterial filamentsthat are at certain stages of postmor-
tem degradation. Therefore, only dead cells can be
chertified. Living cells have thick slimy sheaths, which
protect them from high silicon concentrations. Further-
more, silicon can penetrate into a cell only after its
death, when the barrier function of the cell membrane
isimpaired.
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Thefinding of modern fossilized microorganismsin
chertified and limed cyanobacterial mats morphologi-
cally similar to ancient microfossils gave impetusto the
study of postmortem changes in cyanobacteria occur-
ring in different parts of colonies and mats. The exper-
iments of Gerasimenko and Krylov showed that the
diversity of the chertified microfossils of Uzon is deter-
mined by not only the species diversity of cyanobacte-
ria, but also the morphological diversity of cells
(e.g., within the species Mastigocladus laminosus) and
by the different degree of postmortem alterations in
cells and filaments [40].

When considering the problem of mineralization of
cyanobacteria, one cannot escape the consideration of
the problem of phosphatization of cyanobacteria, apro-
cessthat isdirectly related to the accumulation of phos-
phate deposits. The indisputable similarity of the
organic remains found in ancient phosphorites to mod-
ern remains of microorganisms (first of all, cyanobacte-
rial) and the similar structure of ancient stratified phos-
phorites and modern cyanobacterial mats suggest the
crucial role of cyanobacteriain the formation of phos-
phate deposits. Experiments with an M. chthonoplastes
culture showed that, at a certain concentration of phos-
phorus in the medium, the culture gives rise to micro-
fossils similar to those found in ancient phosphorites
[88, 89].

Phosphorus penetrates into the cell via active trans-
port across the cell membrane [90], which can occur
against the phosphorus concentration gradient, and is
accumulated in the cell at concentrations higher than in
the surrounding medium. This phenomenon is of great
biological significance: phosphorus reserves in cells
allow them to survive for along time without external
phosphorus sources. In M. chthonoplastes, active trans-
port of phosphorus occurs at a maximum rate over the
first 3 min, decreasing by two orders of magnitude over
the next 3 days. Experiments showed that not al the
phosphorus consumed from the medium penetratesinto
the cell: part of it (which is the greater the higher the
concentration of phosphorus in the medium) is
adsorbed on the cell surface.

The phosphorus adsorbed on the cell surface as cal-
cium phosphate forms mineral tubes around cyanobac-
teria filaments. Phosphate mineralizes only the slimy
sheath, leaving trichomes unchanged. During such
mineralization, the trichomes remain viable and may
even leave the mineralized sheath, which in this case
looks like a hollow tube. Sufficiently high concentra-
tions of phosphorus in the medium cause the death of
cyanobacteria, followed by mineraization of the tri-
chomes themselves.

X-ray studies of the mineralized shesths formed
around cyanobacteria filaments showed that they are
composed of dlightly crystalline phosphate minerals of
the apatite type, with the magjor diffraction maximum
close to that of francolite [89]. In the presence of NaF
in the medium, mineralized sheaths consist of micro-
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tubes made up of micron-size particles of fluorocarbon-
ate—apatite [91].

A comparative study of phosphorites from different
deposits unambiguously showed that cyanobacteria
matsaretypical of the biocenosesin which these depos-
its were formed [92]. These mats are carbonatized,
including the component cyanobacteria; the carbonate
minerals are represented by aragonite and calcite.

A strong correlation between the concentrations of
calcium carbonate and cyanobacterial chlorophyll in
mats [ 73] suggeststhat one of the causes of mat carbon-
atization is akalinization of the medium due to active
photosynthesis in cyanobacteria. Experiments showed
that the precipitation of calcium carbonate is maximum
under the conditions optimal for photosynthesis [93].
Increased concentrations of calcium carbonate in the
medium led to morphological changes in cyanobacte-
ria, namely, the formation of aslimy sheath and the pre-
cipitation of carbonate particles on it. Then, the entire
trichome became mineralized.

The ability of cyanobacteriato precipitate carbonate
has been studied by many researchers[94, 95]. Thefun-
damental property of cyanobacteriaresponsiblefor this
ability is that at a low concentration of CO, they are

able to utilize HCOj ions in the course of oxygenic

photosynthesis. In cells, HCO; ions transform into
CO,. Cacium carbonate crystals are deposited either
on the cyanobacterial cell walls or on the slimy sheaths
surrounding the cells. The capacity for calcium precip-
itation varies among species, and some species exhibit
individual shape of the crystals formed [96-99]. Most
often, calcium carbonate is deposited on the sheaths,
forming tubes, but it may also be deposited between
cyanobacterial filaments or cells. It should be noted
that, in saturated calcium carbonate solutions, carbon-
ate can be deposited not only biogenically but also
chemogenically. For this reason, the type of genesis of
calcium carbonate is difficult to establish. The presence
of other compounds in the medium affects the metabo-
lism of cyanobacterial communities. For instance,
increased concentrations of phosphorus compounds in
the medium inhibit the deposition of carbonates[100].

Carbonatization of cyanobacterial communities is
of great geological significance. Modern stromatolites
and algae with calcified sheaths are scarce. Presently,
carbonates are deposited by cyanobacteria primarily in
freshwater environments, including thermal springs,
where carbonate muds and travertines are formed [99,
101, 102]. In marine basins with a normal salinity of
waters, the deposition of carbonates by cyanobacteriais
insignificant. Calcified alga—bacterial communities
and stromatolites mainly occur in hypersaline bodies of
water with anincreased content of carbonates, in which
it is difficult to distinguish the biogenic and abiogenic
types of carbonate sedimentation [103].

In the Precambrian, the time of the supremacy of
cyanobacteria, calcareous cyanobacteria were scarce
No. 6
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[104-106]. Calcareous cyanobacteria and eukaryotic
algae became abundant at the Precambrian—Cambrian
boundary, in the Paleozoic, and in the Mesozoic [94].
The reasons for this are unlikely to be related to the
metabolism of cyanobacteriathemselves, but rather are
determined by the evolution of the environment and the
appearance of organisms with skeletons, which radi-
cally changed all biogeochemical cycles in the bio-
sphere and hydrosphere [105]. In the Paleogene and
Neogene, the occurrence of stromatolites and algae
with calcified sheaths in marine (but not lacustrine)
lime sediments drastically decreased. This may be due
to the appearance in the Cretaceous Period of
lithothamnion algae, which almost completely forced
cyanobacteria out of shallow-water marine environ-
ments with normal-salinity waters[13].

CONCLUSION

Thus, the available fossil records of Precambrian
organisms are sufficiently representative and give an
idea of the evolution of life at its early stages. The very
term “ Cryptozoic” (“cryptic life”) now makes no sense
because there is already amore or |less adequate knowl-
edge of ancient organisms and their evolution. During
the first nearly three billion years of life on the Earth,
dominant were prokaryotic, including cyanobacterial,
communities and lower eukaryotic organisms. Cyano-
bacteria, which are well preserved in ancient deposits
and have virtually not changed evolutionarily over the
last two billion years owing to their remarkable conser-
vatism, provide a unigue opportunity to understand the
pal eobiological features of the ancient biosphere and to
retrieve the geochemical and biogeochemical processes
that occurred in the Precambrian. This can be done by
studying a wide range of modern cyanobacterial com-
munities dwelling in diverse environments and allow-
ing usto gain insight into the processesthat occurred on
the Earth in the distant past and that have left their
traces in ancient deposits.
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