
Encounters with greater bacteria

PRELUDE

Croatia is today proud of its National Parks, which cover about 7.5 %
of its territory. They are today superb tourist attractions and eco-

nomic assets. That development was not always understood or appreci-
ated. Within the economic recovery following World War 2 in what was
then Yugoslavia, the options to preserve carbonate depositing waterfall
of the river Krka in Dalmatia (today a National Park), or use them for
energy generation, were seriously and vigorously debated and – the
conservationists lost. It was then clear how little was known about the
processes of carbonate dissolution and precipitation in the karstic re-
gion, or globally as a part of the carbon cycle. A modest research pro-
gram was subsequently organized by Vale Vouk, professor at the Uni-
versity of Zagreb and member of the Yugoslav Academy of Sciences and
Arts, to study this unique phenomenon and, as students, we had a
chance to participate. The project to elevate the travertine barrier at
Skradinski Buk and increase the capacity of the reservoir lake behind it
for hydroelectric exploitation was later abandoned, probably after real-
ization about the hidden hazards because of the porous and cavernous
nature of the travertine deposit.

The organisms that most prominently contributed and modified
carbonate deposition, which made the Krka River famous were the
aquatic mosses as it has been documented earlier for the Plitvice lakes
and waterfalls (also a National Park and a UNESCO-registered World
Heritage site of Croatia) (1). However, the detailed work has been per-
formed by microorganisms associated with mosses but invisible to the
plain eye. Each of the aquatic mosses, Cratoneuron (Palustriella) com-
mutatum, Didymodon tophaceus, Cynclidotus aquaticus was covered by
cyanobacteria (2) and microscopic algae, especially stalked diatoms and
an unusual desmid Oocardium stratum (3, 4). Many of these microor-
ganisms contributed to the process of carbonate deposition in specific
ways and left imprints on the precipitate that has formed (5). However,
under the most severe environmental conditions, in places under the
impact of falling water, on sites of maximum carbonate precipitation or
in the shade of the surrounding caves, the dominant microorganisms
were always cyanobacteria (then called blue-green algae, cyanophy-
ceae, myxophyceae or schizophyceae). This was my first encounter
with blue-green algae that were not really algae and often not blue-
-green either. They were then considered a primitive group of photo-
trophic microorganisms marginal to cryptogamic botanists and com-
pletely ignored by bacteriologists, although their kinship to bacteria has
been noticed brilliantly by Ferdinand Cohn more than hundred years
earlier (6, 7).
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The search for the identity
of greater bacteria

Blue-green algae or cyanobacteria, a group known
generally as a nuisance causing waterblooms in eutro-
phic lakes, attracted early the attention of limnologists,
but were also known to a few specialists as inhabitants of
interesting littoral, terrestrial and marine habitats, espe-
cially by their prevalence in environments that are consi-
dered ecologically extreme. These organisms were known
to dominate in thermal springs, in hypersaline environ-
ments, on tidal flats, sporadically wetted cliffs and desert
soils. Although less conspicuous, they occur regularly in
»normal« freshwater and marine environments engaged
in a variety of ecological roles including formation and
consolidation of sediments, in destruction of rocks in the
process of bioerosion and, through these activities, in cy-
cling of nutrients: carbon, nitrogen, phosphorus and
trace elements (Figure 1). As prokaryotes, many of them
are able to reduce atmospheric nitrogen, thus tapping the
biologically least accessible pool of this often limiting nu-
trient. The distribution of natural populations of these
phototrophs, their identity and ecological role, and con-
versely, their value as environmental indicators was the
concern of those researchers. As primary producers of the

organic matter, able to fix carbon as well as nitrogen,
cyanobacteria support entire microbial communities and
are in that sense indeed the greater bacteria (Figure 2).

In 1959 at the 14th International Limnology Congress
(SIL, Societas Internationalis Limnologiae) was hosted
in Austria by Professor Franz Ruttner. During the post-
-congress excursion on the lake Traunsee, the Austrian
phycologist Edith Kann organized a separate boattrip.
On a raft constructed of two traditional dug-out boats,
equipped with outboard motors, she invited a group of
limnologists interested in the study of blue-green algae,
to visit the cliffs on the opposite shore of Traunsee she
studied at that time.

Amidst of a lively discussion that has developed on
board of the raft, about the difficulties in determining the
identities within that group of microscopic phototrophs,
and about the need for coordinated effort in dealing with
the ecology and taxonomy of the group, Professor Otto
Jaag of the EAWAG/ETH Institute in Zurich, Switzer-
land invited the group to meet the following year at the
then newly constructed Hydrobiological Laboratory in
Kastanienbaum on the lake Luzern to participants at an
»Arbeitssymposium« or Workshop-Symposium. Thus star-
ted the tradition of the IAC (International Association
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Figure 1. Environments formed and modified by cyanobacteria. A – Cascades of calcareous tufa, river Krka, Croatia. B – Crystalls of calcium car-
bonate precipitating on the sheath of the cyanobacterium Scytonema. C – Imprint of the filaments of the cyanobacterium Phormidium
incrustatum in carbonate precipitated around them. D – Coastal limestone colonized by zonally distributed microboring cyanobacteria. E – The
insight view of a carbonate sand grain with microborings of the cyanobacterium Hyella. Insert: The fossil, Neoproterozoic Eohyella, preserved in
chert. F – Silica – encrusted microbial reefs in thermal water pools of the Yellowstone National Park, USA. Each color and shape is build by a differ-
ent population of cyanobacteria (conophytons are marked by arrow). The picture covers ca 1m2 area.
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Figure 2. Light micrographs of cyanobacterial morphotypes from various habitats. Scale bars are 10ìm long. A – Chroococcus and Schizothrix,
Intertidal mats of Abu Dhabi UAE, B – Aphanocapsa, solar ponds, Eiat, Israel. C – Petalonema alatum, Skocjan cave, Slovenia. D –
Gomphospheria aponina, Salt marsh, Woods Hole MA, USA. E – Spirulina subsalsa and S. labyrinthiformis, Adriatic Sea. F – Scytonema sp.,
Bermuda. G – Schizothrix splendid, microbial mats Abu Dhabi, UAE. H – Oscillatoria bonnemaisonii,coral reef, La Reunion, Indian Ocean. I
– Chroococcus submarines, Rangiroa, French Polynesia. J – Solentia achromatica, Euendolith in coastal limestone, Dalmatia, Croatia. K –
Hyella balani, wave spray zone, Adriatic, Croatia. L – Solentia foveolarum, marine coastal pools, Mediterranean at Marseille. M – Hyella sp. bor-
ing in ooid sandgrains, Bahamas. N – Symploca hydnoides, coral reef, New Caledonia. O – Rivularia polyotis, lower intertidal zone, Adriatic,
Croatia. P – Marine benthic Anabaena sp. coral reef, Mayotte, Indian Ocean. Q – Mastigocoleus testarum, penetrating shells in shallow marine
waters, Safaga, Egypt.



for Cyanophyte Research) symposia, which since meet in
late July or August every three years, hosted by Institu-
tions in different countries.

The first six symposia took place in the Kastanien-
baum, Switzerland with a spectacular view of the Mount
Pilatus (1–1960; 2–1961; 3–1963; 4–1966; 5–1969; 6–1972);
then in the castle of Lednice, Czechoslovakia (7–1976);
again in Kastanienbaum (8–1979, 9–1983); then in Ath-
ens, Greece (10–1986), Plön, Germany (11–1989), Swe-
den (12–1992); Rome, Italy (13–1995), Lammi, Finn-
land (14–1998), Barcelona, Spain (15–2001), Luxem-
bourg (16–2004) and Merida, Mexico (17–2007). The
18th IAC Symposium takes place Aug. 16–20, 2010 in
^eské Budìjovice, Czech Republic.

The orientation of the IAC-meetings was predomi-
nantly ecological, dealing with recognition of cyano-
bacterial populations in aquatic and terrestrial environ-
ments. The history of the first 25 years of IAC, including
brief retrospect of the first 9 symposia with bibliography
was summarized by Kann and Golubic (8). The pro-
ceedings of IAC-symposia with peer-reviewed contribu-
tions were published initially in the journal Schwei-
zerische Zeitschrift für Hydrologie (Aquatic Sciences,
Basel) and later in Algological Studies, Supplementa of
Archive of Hydrobiology, (E. Schweizerbart Science Pub-
lishers, Stuttgart).

A different approach to deal with difficulties in sepa-
rating various kinds of blue-greens was taken in the
United States by Francis Drouet (9). It was based on ob-
servations that many bluegreens change their appear-
ance in response to ecological influences or pathology
and lead to conclusion that only very few properties of
these microorganisms are genetically stable and thus tax-
onomically useful while the differences in their appear-
ance are largely caused by their pliable ways to adjust to
environmental conditions forming »ecophenes«. Drouet
followed botanical traditions by using strict rules of pri-
ority in naming, but drastically reduced the number of
taxa, from 140 to 24 genera and from about 2000 to
merely 62 species, thus creating long lists of synonymes
(10). A desire to reduce complex problems to simple, thus
manageable levels is not new. More than a century earlier
Ferdinand Cohn (7) described his problems of recogniz-
ing, documenting and describing distinct bacteria against
the assumption of the physician Theodor Billroth who
placed all bacteria into a single species, an almost mythi-
cal omnipotent germ capable of infinite transformations
and causing all sorts of different diseases.

Cyanobacteria or Blue-green Algae

At its 6th Symposium in 1972, IAC welcomed Roger
Stanier with his team of the Institute Pasteur, Paris, who
brought the interest and expertise for the study of axenic
cyanobacterial strains in culture collections. Both ap-
proaches were accepted as useful and desirable, but not
mutually exclusive. Both groups accepted Geitler (11)
but not Drouet (9, 12), as a reasonable point of departure
in revising the system for identifying blue-greens. It was

about at that time that the term cyanobacteria, Stanier
preferred, entered the common use, which persisted sin-
ce then, because it so clearly expressed the prokaryotic
nature of the group. Stanier’s proposal, however, to sub-
mit blue-greens to the jurisdiction of the Bacteriological
rather than Botanical Code of Nomenclature (13), was
met with resistance by researchers who favored the tradi-
tional treatment (14, 15), and pointed to misunderstand-
ings concerning the interpretations of the two approa-
ches (16). The objections included the concern that the
requirement of axenic cultures for naming of cyano-
bacteria would discourage or exclude the study of their
diversity in nature, although such cultures represented
only a miniscule proportion of the total diversity of the
group (17). An ad hoc meeting was organized by Wol-
fgang Krumbein to discuss the acceptance of different
approaches and possible future developments in dealing
with cyanobacterial diversity (18) in which, among other
topics, the applications of the numerical taxonomy and
the Hutchinsonian niche concept in cyanobacterial tax-
onomy were discussed (19, 20).

The problem that surfaced at that time referred to the
fact that all classifications were based on phenotypic ex-
pression of genetic properties of organisms, which were
not expressed the same way in axenic cultures as in the
wild. Identification of cyanobacteria in cultures used dif-
ferent criteria for characterizing taxa, potentially leading
to an emergence of a yet another system using the same
names to describe different organisms. This has been
largely avoided by the restrain in the use species names in
designation of cultured strains, or even using some joint
designations of genera, e.g. the LPP for Lyngbya-Phormi-
dium-Plectonema complex (21).

The common effort of different approaches was to
recognize genetically stable distinctions between taxa
that resulted from their evolution and thus were of phy-
logenetic significance from variants caused by environ-
mental influences within the accommodation capacity of
a given genome. However genotypic properties could
only be seen through the veil of their phenotypic expres-
sions. All these concerns proved exaggerated and unjus-
tified in view of the enormous progress that has occurred
since in the application of methods of molecular biology
to analyze directly the genetic basis of microbial diversity,
which by extension opened new avenues for the develop-
ments in microbial ecology.

Cyanobacteria, the Architects
of sedimentary structures

The most conspicuous property of biogenic mineral
deposits is their porosity. Early mineralization of these
deposits provides for instant preservation of the rock of-
ten preserving the traces of microbial behavior of organ-
isms that participated in its formation (22). Due to its po-
rous nature, relatively small amounts of mineral matter,
when guided by organisms, produce voluminous but
firm deposits, which are able to divert the river flow, build
travertine barriers with lakes forming behind them (23).
This light but strong rock material has been long recog-
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nized and used in architecture through centuries for
building the vaults of churches and cloisters. Biogenic
sedimentary structures known as stromatolites fossilized
and persisted through billions of years and are still form-
ing today (Figure 1).

In calcareous tufa deposits (ambient temperature tra-
vertine), it is the rheophile nature of the aquatic mosses
and their ability to anchor themselves preferentially in
the rapids that causes an ecological re-arrangement of
the sediment deposition (24, 25). Sediment particles, in-
cluding insipient carbonate precipitates become depos-
ited in flowing water, rather than being deposited in calm
portions of the river flow. Consequently, the flow is di-
vided and the water distributed evenly across the river
bed accompanied by the deposition and consolidation of
carbonate. The upward accumulation of the deposit bu-
ilds a series of dams with pools forming behind, ranging
from cm-size in thermal overflows to large barriers across
the river valleys to transform the river into a series of
lakes and waterfalls. In karstic rivers such as Krka, Mre-
`nica and Korana with the famous Plitvice lakes and wa-
terfalls, the porosity of the barrier is enhanced by en-
crusting of parabolic arches of falling water building
curtains, which enclose caves of different dimensions (1).
Instead of physical deposition in lentic portion of the
river flow, most carbonate is deposited around the organ-
isms in the rapids in form of calcareous tufa or cold water
travertine (26).

Ecologically significant consequence of this process is
in the formation of new habitats, each with its own set of
ecological niches, introducing new biological opportuni-
ties which are not part of an average river: Lakes with
planktonic, benthic and littoral communities, thermal
stratification and light transparency; caves with various
light and water supply regimes; waterfalls and rapids
with different chemical conditions, saturation levels and
dynamics (Figure 1AC).

There is a surprising effect along a relatively short dis-
tance of water passage through the travertine system:
The water improves significantly in transparence, its
color shifts from green to blue: The system acts like a nat-
ural water purification plant. The lakes collect the sedi-
ments like in the primary water treatment; the rapids and
waterfalls provide aeration, stimulating respiration like
in a secondary treatment and phosphorus co-precipitates
with calcium carbonate, thus removing the critical limit-
ing factor for algal growth.

In Carbonate depositing thermal springs, the mineral
deposition and the resulting forms of deposits are sma-
ller, the porosity is and the cyanobacteria are the main
and exclusive guides of deposition. Cyanobacteria escape
the burial in the precipitate by their gliding motility
while leaving their gelatinous exopolymer sheaths be-
hind, acting like structural re-enforcements of the resul-
tant structure. In that sense, they are stressed by the prod-
uct or their activity, but also adapted to the process which
selectively excludes most of their competitors (27).

The most important constructive role of cyanobacte-
ria is in stabilization and consolidation of loose sedi-
ments, which goes a long way in preventing or reducing
the erosion of soil and beaches. Cyanobacteria are the
principal primary producers of coastal microbial mats
which are able to tolerate a wide range of hypo- to
hypersaline conditions across the intertidal ranges of
coasts with different climates (28, 29). At different stages
of sediment consolidation, these mats are subject to strat-
ification against a steep red-ox gradient in which the
anoxic sediment acts as an electron resource whereas the
cyanobacteria produce a layer of oxygen supersaturation
above. Their action converts the sediment-water inter-
face into a charged battery with energy used by various
chemo-lithotrophs, phototrophs and organotrophs alike.
In addition, there is a strong interaction in marine micro-
bial mats between carbon and sulfur cycles, so that the
lower strata in the mat are occupied by other mostly pur-
ple sulfur unoxygenic phototrophs, and sulfate-reducing
bacteria, forming a multicolor banded layered mud (»Far-
bstreifensandwatt«). There are enormous potential ener-
gies in the construction of microbial mats, in support of
microbial communities, which, in turn accelerate the
degradation of organic products and promote recycling
of nutrients. With the evolution of invertebrates, espe-
cially worms and crustaceans, this microbial system was
first exploited and then destroyed via bioturbation, an ac-
tion Dolf Seilacher termed the first »agricultural revolu-
tion« (30).

Changes of the Earth’s climate, especially in distribu-
tion of arid-humid seasons and regions often affected sa-
linity and mineral solubility while the mats that adjust to
these changes fossilized and preserved the historic re-
cord. More recent changes in microbial mats measured
in sediment cores on central Pacific islands Kiritibati and
Teraina documented a historic shift of the Intertropical
Convergence Zone, which governs the distribution of
tropical rains. That change did have a global impact co-
inciding with the »little ice age« periods in Europe be-
tween 15th and mid 19th centuries (31).

Desert crust is a microbial community comprised of
filamentous cyanobacteria, Microcoleus vaginatus that forms
filaments of bundled cellular trichomes interspersed be-
tween soil particles, supported by the nitrogen-fixing
heterocystous Scytonema species and a number of li-
chens. The crust is brittle when dry and easily crushed by
feet of vehicle tires, but when wet it turns instantly into a
coherent and elastic coating which protect the soil be-
neath it. In the Canyonlands National Park Utah, USA,
the desert crust is pioneer vegetation covering bare sand-
stone surfaces where it traps the wind-blown dust and
forms shallow soil patches. The seeds of grasses and
gradually shrubs and bushes are added to the crust, start-
ing a succession and expanding the vegetation cover. The
textbooks state that continents were occupied by plants
in the Silurian, maybe even earlier during Ordovician
(32), but they do not mention that they were welcomed
by long established cyanobacteria-dominated desert crust,
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which was responsible for the existence of mature Pro-
terozoic soils (33).

Microbial films coating the periodically wetted cliffs
are made of another ancient community based on cyano-
bacteria. In the Alps this epilithic coating follows the
snow-melting seeps and rain drainage with dark »Ink-
-streaks« (»Tintenstriche«) (34). Coccoid cyanobacteria,
mostly species of the genus Gloeocapsa encapsulated in
multiple gelatinous envelopes and filamentous Scytone-
ma and Tolypothrix are protected from UV by extrace-
llular pigments Gloeocapsin and Scytonemin (35); their
envelops retard the water loss while the cells switch to the
latent state during dry periods between rains. Croatian
oceanographer Ante Ercegovi} has started his scientific
career analyzing microbial world on the rocks: The li-
thophytic vegetation (36). He distinguished between mi-
croorganisms coating the rock surface from those that
penetrated in the interior of the rock. Later Ercegovi} ex-
tended the study to the cliffs of the Adriatic limestone
coast and described numerous previously unknown en-
dolithic genera and species of cyanobacteria (37).

Life in a grain of sand

Not all cyanobacteria are constructors and sculptors
of structures like biofilms, mats, stromatolite reefs and
travertin mounds. Some are equally active carvers that
excavate the rock to live inside it as endoliths. Discovery
of endolithic organisms in Dry Valleys of the Antarctica
were made famous by Imre Friedmann (38, 39), while
pursuing the survival of microorganisms in the harshest
conditions within the interest of NASA in exploration of
life on other planet. These microbes, again mostly cyano-
bacteria of the genus Chroococcopsis were hiding in the
intergranular spaces of sandstone in cold Dry Valleys as
well as in the hot desert of Negev. These community are
now called cryptoendoliths (cryptos = hidden), those
which colonize preexisting fissure in rocks are called
chasmoendoliths so to distinguish these passive dwellers
from those Ercegovi} described as actively penetrating
the rock, or euendoliths (40) (Figure 1D). Thus very dif-
ferent microbial communities live inside the hard car-
bonate substrates. The work of Jürgen Schneider and his
students added an important component to our under-
standing of bioerosion. They evaluated the impact of
snails, numerous tiny grazers equipped with magne-
tite-enforced radulas (»iron teeth«), which pursued the
euendolithic cyanobacteria for food and removed fine
layers of the rock in the process. As they did so, the light
penetrated deeper into the rock and the bioerosion con-
tinued, which would have otherwise stopped as soon as
the phototrophic cyanobacteria penetrated into the dark
interior of the rock. The combined action explained also
the origin of biokarst, the rugged razor-sharp coastal
stretch every swimmer on the Adriatic has to pass. The
dark rim over the white limestone along the coast is an
internal biofilm, wall-to-wall comprised of cyanobac-
teria that are wrapped into their sunglass-stained enve-
lopes (Figure 1D). Schneider and Torunski could follow
the meals of gastropods beyond their grazing action,

finding neatly perforated fragments as contributions to
fine grain sediment fraction, after it has passed through
snails (41). Similar interactions between cyanobacteria
and animals was intensified in tropical coral reefs where
the much larger grazers among sea urchins and parrot
fish have joined the action. Later research documented
fine zonation of euendoliths matched by similar zo-
nation of grazers across the gradient of tides, wave action
and water supply in the formation of coastal notch (42) a
feature that many years earlier Conrad Neumann used to
determine past sea-level changes (43).

Euendoliths penetrate various carbonate substrates
from rocky limestone coasts (e.g. Croatian side of the
Adriatic, Mediterranean at Marseille); they are in shells
scattered on the seafloor, down to single grains of sand
along the shoaling ooid sands of the Bahamas and the
Arabian Gulf. Entire assemblages of cyanobacteria have
been encountered in grains half a mm across, and many
more species could be described in the shallow, illumi-
nated waters of tropical seas (44, 45) (Figure 1E). In their
study of ancient Neoproterozoic oolite rocks in Spitsber-
gen and Greenland, Andy Knoll and coworkers observed
well preserved fossil endoliths that penetrated ooid grains
800 Ma ago and remained preserved in translucent am-
ber-like chert (46) (Fig. 1E, insert). Geological impact of
microboring cyanobacteria is treated as a part of bio-
erosion (47).

Decifering the past: is the Present
a key for the Past?

Paleontologists have often invoked the metaphore for
the historic sedimentary record to be a book in which his-
tory is written layer by layer. There are few places in the
world where the pages of this book were not scrambled
by the past tectonic movement in the process of rear-
rangement of continents. However, long before the tech-
nology of radio-dating of rocks, the geologists have made
an amazingly accurate reconstruction of the sequence of
events over the past 550 millions of years. Five sixth of the
Earth’s history laid below that time mark usually re-
ferred to as the Precambrian. The sediments of that very
old age were preserved on the margins of continental
shields often featuring laminated structures assumed to
be lithified microbial mats or stromatolites (48). Stro-
matolites were the only structures of biological origin in
sediments of that age and such structures, also called
microbialites (49) were sought in modern environment
as models on which to learn the processes that were oper-
ating in distant past (50). The modern stromatolites in
Shark Bay, West Australia became among the first testing
grounds, which brought almost instantly two opposing
interpretations of ancient stromatolites: (a) that they
were an intertidal phenomenon (51), which might pro-
vide a measure of ancient tidal ranges or (b) that they
grew submerged and became stranded after local lower-
ing of the sea level (52). When the microbiota were stud-
ied a few years later, the model of Shark Bay actually sup-
ported both conclusions: Different microorganisms built
the structures in the subtidal ranges down to 4 m depth
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and different ones dominated intertidal stromatolites (53).
Further models to explain the Proterozoic stromatolites
have been located in different parts of the world and
some of them were especially exciting.

Geysers in the Yellowstone National Park deposit sil-
ica in and around microbial mats, which grow lithified
barriers around terraced pools of hot water, not unlike
miniature Plitvice lake systems, only that these become
encrusted with silica rather than carbonate. In some of
these pools, the microbial mats grow small, 5 to 10 cm tall
cones, which become hardened by the mineral. Among
the variety of laminated sedimentary structures depos-
ited during the vast Precambrian times, conical stro-
matolites called conophytons attracted special attention,
because these could not be explained by any non-biologi-
cal process. Conophytons did not extend into the Pha-
nerozoic, and finding modern conophytons was of par-
ticular interest. Malcolm Walter, a leading expert in an-
cient stromatolite from Australia and Tom Brock the
foremost American microbial ecologist described jointly
the microbial roles and the construction of the cones rel-
evant to understanding of their ancient counterparts (27).
They disagreed about how to name what they found, be-
cause both used the Linnean binary nomenclature to
name the organisms, thermophilic cyanobacteria and the
structures which they have produced. But their most
valuable contribution for the interpretation of the an-
cient structures was that there is a genetic basis to the mi-
crobial ability to build them. The little structures chan-
ged their conical shape when they reached the surface of
the pool; they widened and grew smooth rings around a
tiny depression, a miniature atoll, 1–2 cm in diameter.
Microscopic analysis revealed, however, a change in mi-
crobial composition at the point the morphology of the
stromatolite changed. Each microorganism was a spe-
cialist, one in building the cones, the other in growing
atolls. The entire setting was no more than 2 m wide, and
the similarity with a coral reef was not accidental, al-
though the work was performed by different architects
(Figure 1F).

Stromatolites of Shark Bay live in a hypersaline basin,
those in the Yellowstone geysers live in hot water so it was
concluded that these ancient stock cyanobacteria are to-
day able to grow mats and stromatolites only under so ex-
treme conditions that would keep animals from gazing
them away or churning their ground; that may have been
the reason why stromatolites declined as the animals
evolved (54). Research has continued in other hyper-
saline settings with elevated temperatures such as the
intertidal mats of Baja California and in environments
with unusual chemistry, like the Pososs of the Quatro
Cienegas basin, Mexico and elsewhere.

The next exciting discovery was when Bob Dill and
Eugene shinn found modern stromatolites in perfectly
normal sea water of the Bahamas (55). Again were the
cyanobacteria the responsible agents for the accretion of
the sand as building material, and in promotion of stro-
matolite consolidation. The binding of ooid sand grains
and forming the early micritic crust was carried out by a

cyanobacterium, a new species described as Schizothrix
gebeleinii in honor of Conrad Gebelein,who studied mi-
crobial mats and stromatolites especially on and around
Andros Island, Bahamas (56). However, the modern
members of the tropical marine ecosystems interacted in
the formation of these organosedimentary structures
modifying the stromatolites with additional constructive
and destructive elements that called thrombolytic struc-
tures (57). The action of microboring cyanobacteria has
also been recognized in the process of cementing stro-
matolitic laminae by alternating the dissolution and rep-
recipitation of carbonate (58, 59). Cyanobacteria have
apparently an edge over benthic algae, corals and other
settlers in these environments even under normal salin-
ity due to rapid sediment accretion and cementation in
stromatolites, just as in other marine and freshwater car-
bonate-depositing settings.

Ancient Microbes »frozen« in glass

Stromatolites were ample witnesses of enormous mi-
crobial activity for most of the Earth’s geological past, but
they retained hardly any remains of the organisms that
build them. Grains were sometimes organized and ori-
ented and layers of sediment folded and curled so as to
reflect a coherent arrangement of ancient mats. But the
details showed that the actual microorganisms were obli-
terated by recrystallizations during diagenesis of the
rocks. The inferences about them depended on studies in
modern environments, which were supposed to fill the
gaps in our understanding. This was in contrast to the
rich information that has been extracted from calcareous
and siliceous skeleton-bearing protists in the course of
the Phanerozoic. This situation has changed dramati-
cally with the discovery of microbial fossils preserved in
transparent subcrystalline cherts, frozen in glass like the
insects in Tertiary amber.

There were reports about the existence of microbial
fossils including bacteria in Precambrian rocks e.g. by
Charles D. Walcott (60, 61), which were not taken seri-
ously and studied further because, apparently, it was gen-
erally accepted that the Precambrian rocks are not fossi-
liferous. This view has been invalidated with the discov-
ery of the microbiota of the 2000 My old Gunflint Iron
Formation in Southern Canada by Stanley A. Tyler, who
published a short note with Elso Barghoorn of Harvard
University in 1954, but the acceptance of the significance
of this information was still sluggish until ten years later
when a well documented and illustrated contribution
was about to be published by Barghoorn and Tyler (62)
and practically at the same time by his main competitor
in the search for the ancient life, Preston Cloud of the
UCLA, a story very personally told by Barghoorn’s for-
mer student E. William (Bill) Schopf (63) in the context
of by then exploding international interest for Precam-
brian microbiata.

Major contributions in the subsequent intensified ex-
ploration of early life would need a separate review. It in-
volved the search of the earliest microbial fossils in 3500
Ma old deposits in Western Australia, South Africa and
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Greenland, early history of the Earth received sufficient
attention to divide the Precambrian time slot into Ha-
daean, Archaean and Proterozoic, with subdivisions. The
Oparin-Halden theory of the origin of life received an
experimental booster by Urey-Miller experiments and
the geochemical evidence supported the theories that
early Earth’s atmosphere must have been without free
oxygen (64). It was known from comparisons with the
neighboring terrestrial planets and theoretical consider-
ations that inorganic water photolysis could not possibly
account for the oxygen content of Earth’s atmosphere.
The evidence was also present in form of ancient rocks
considering mineral solubilities under anoxic vs. oxi-
dized conditions. These combined interdisciplinary re-
search assessments brought the inevitable conclusion
that the free oxygen in the Earth’s atmosphere has been a
byproduct of cyanobacterial oxygenic photosynthesis.

Cyanobacteria, like later algae and plants employed a
combination of two photosystems to tap the water as an
almost unexhaustible supply of electrons. Phototrophy
using single photosystems must have evolved earlier in
different bacterial phyla. Anoxygenic phototrophs em-
ployed an ingenious principle of recycling of electrons,
but the invention of using water as an abundant electron
source afforded the creation of wastes, in this case, the re-
lease of oxygen into the atmosphere. For the microbial
world evolved in an oxygen-free environment of the early
Earth, that event must have been a devastating blow. The
surviving anaerobes retreated into remaining anoxic en-
vironmental shelters and/or developed mechanisms to
detoxify oxygen. Evolution of aerobic bacteria ensued
with a lag, leaving an excess of buried organic matter in
the sediments and increasing oxygen content in the at-
mosphere.

Radiometric dating of historic occurrences of Banded
Iron Formations helped to determine the time span
when soluble ferrous iron resided in voluminous water
bodies, from where it precipitated together with silica fol-
lowing pulses of oxygen release. After 2000 Ma the trans-
port of Iron in the surface waters was mainly as insoluble
oxidixed particles and Fe was added to the list of limiting
nutrients.

On reading the past in retrospect

In 1965 Emil Zuckerkandl and Linus Pauling (65)
discussed the possibilities to use the molecules as ar-
chives of evolutionary history. They stated that the cu-
mulative mutations over the evolutionary time change
the genomes of two related groups of organisms differ-
ently. This record could be read to estimate the time
when they separated from a common ancestor as well as
the distance to which they have departed. With other
words, the evolutionary history could be read in retro-
spect and the phylogenetic relations reconstructed from
analyzing the genes of extant representatives of the
groups compared. The ability to read the sequences of
nucleotides has become available soon thereafter, but the
selection of the appropriate genes took a little longer. The
molecular sequences to be selected for phylogenetic re-

construction needed to be universal, conservative, i.e. not
too variable and functionally unconstrained. It was the
work of Carl Woese (66) and Norman Pace (67), who in-
troduced 16S ribosomal RNA as such a molecule and
published the first microbial phylogenetic reconstruc-
tions. The method was instantly tested by comparing
known phenotypic properties of microorganisms which
were now correlated with their positioning on the 16S
rRNA tree (68). In addition, the methodology introduced
was equally suitable for analyzing axenic cultures as well
as natural populations of microorganisms, which opened
new avenue in the study of microbial ecology (69).

Several major surprises were soon to derive from the
introduction of microbial phylogenetics: (1) The deepest
distinctions revealed by the 16S rRNA gene sequences
separated the living world into three domains, in which
the positioning of the Domain Archaea in many respects
moved closer to the Eukarya than the rest of the pro-
karyotes, which were first called Eubacteria, and then
simply Bacteria (66). As a consequence, the concept of
the Bacterium as formulated by Stanier and van Niel
(70) as synonymous to Prokaryote, has obtained a nar-
rower meaning in the system as one of the two domains
of microorganisms with prokaryotic cellular organiza-
tion. (2) The Darwinian Tree of Life, introduced for the
first time with the backing of genetic information, re-
vealed several points of adaptive radiation that consti-
tuted bursts of diversity, especially among bacteria and
protists and appended the three of the former five king-
doms, i.e. plants, animals and fungi, at the tips of fairly
recent branches. (3) Most eukaryotic organisms, includ-
ing us turned out to be chimeras, composite functional
entities comprised of integrated eukarian and bacterial
components. Most fascinating, the engines that generate
the energy for protists, plants and animals are of bacterial
origin: the plastids in plants and phototrophic protists
and mitochondria in almost all eukaryotic organisms. (4)
The comparisons of obtained ribosomal gene sequences
showed how surprisingly rich and diverse is the world
around us. Within the last 15 years, the number of recog-
nized bacterial (divisions) grew from 12 that were known
for about a century, all represented in cultures to over 80
phyla, many of them known only by their genetic signa-
tures thus earning the status of phylum candidates until
the sources of those signatures are found and studied
(71). One of the bacterial phyla remained unique and
was now acknowledged as the sole monophyletic origin
of oxygenic photosynthesis: The Cyanobacteria (72, 73).

Principle of Cooperation

The early microscopists paid detailed attention to cel-
lular structures before the methods for chemical analy-
ses, isotope fractionation, molecular sequencing and other
quantitative measures were available. Ferdinand Cohn
(7) formally proposed that the phototrophic blue-greens
(Schizophyceae) and heterotrophic bacteria (Schizomy-
cetes) belong together as representative of prokaryotic
cellular organization, which he recognized by observing
their mode of cell division by fission, instead by the pro-
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cess of mitosis, which characterized all known eukaryo-
tic cells. This basic property of bacteria must have been
known much earlier, because the name Schizomycetes
was proposed first by Carl Wilhelm von Nägeli already
in 1857 (74). By 1883 Andreas F.W. Schimper (75) no-
ticed that the chloroplasts in plant cells divide independ-
ent from the division of the cell and wondered about the
nature of their independence.

Between 1905 and 1910 Constantin Sergeevich Mere-
zhkowsky (76, 77) developed a comprehensive theory of
symbiogenesis in which he proposed that the eukaryotic
cell originated by symbiosis of independent (prokaryo-
tic) organisms, which must have sounded incredible and
bizarre as it has not been seriously considered until the
very recent times. The organelles proposed to be derived
from once independent microorganisms included chlo-
roplasts and mitochondria, which in eukaryotic cells per-
form energy-generating functions: chloroplast using so-
lar energy in production of organic matter by oxygenic
photosynthesis, and mitochondria engaged in the release
of chemical energy from the organic matter as a part of
the oxidative respiration.

Lynn Margulis (78) was one of the few contemporary
researchers, who accepted the idea of endosymbiosis as a
major principle in evolution and systematically collected
the evidences as these emerged in the published record.
Chloroplasts just as mytochondria not only divided inde-
pendent of the cells they inhabit, they were surrounded
by double (and later found also triple) membrane, one
possibly belonging to the endosymbiont and the other to
the host. Phagocytosis has been known since early day as
the mean cells engulf food particles including bacteria,
and that same behavior in white blood cells has been
known as a part of our defense system against bacterial
invaders. It may have been the likely mechanism for
endosymbiotic relations. Both, chloroplasts and mito-
chondria contained smaller ribosome, like those of bacte-
ria and some DNA of their own. The fact, that a lot of the
genetic information has been transferred to the nucleus
as »central government« was a part of a tendency prac-
ticed by many parasites that enjoyed the products of the
host’s metabolism instead of producing them themsel-
ves. Different degrees of interdependence between hosts
and parasites have long been known. Even distinction
between the concepts of parasitism vs. symbiosis has
been semantically difficult, because the latter implied
moral judgment in establishing the benefit. Other exam-
ples came from intermediate stages of integration in mu-
tual interdependence, from Glaucophytes, protists that
contained almost intact cyanobacteria inside their cells,
to ectosymbioses with cyanobacteria and algae in lichens,
in aquatic fern Salvinia, in the Gymnosperm Cycas, to
foraminifera and corals with their zooxantellae, and mol-
lusks that delay the digestion of consumed algal chlo-
roplasts and continue to exploit their photosynthesis.

When the sequences of the 16S rRNA gene were com-
pared, the chloroplasts clustered together with their an-
censtral relatives, the cyanobacteria. The endosymbiotic
origin of eukaryotic energy generating organelles was

confirmed, as was the principle of the progress in the
course of evolution by cooperative combining of proper-
ties, while the often misunderstood concept of »struggle
for survival« moved in the background. In analyzing
protists, the most diverse group of eukaryotes, several
events of endosymbiosis could now be documented: from
the original incorporation(s) of an ancient proteobacte-
rium that started the line of mitochondria, which are
now maternally inherited intracellular organelles, fol-
lowed later by various events of incorporation(s) of cyano-
bacteria, which continued their destiny as chloroplasts.
Green and red algae obtained their plastids from cyano-
bacteria directly; other phototrophic protists, e.g eugle-
noids and dinoflagellates contain chloroplasts that have
been incorporated repeatedly into another and yet an-
other eukaryan host (79).

Long standing dilemmas, for example, whether to
classify euglenoids or dinoflagellates as algae or as proto-
zoa, because they featured both phototrophic and or-
ganotrophic members, found a simple explanation: they
had at least two lines of heritage with separate phy-
logenies and each was legitimate to support a »natural
system«, based, as required, on evolutionary history and
phylogeny. The other old dilemma around the question
whether the blue-greens are algae or bacteria (7, 70) has
experienced an inversion: It is now clear that algae as
well as all green plants are by their principle function, in
fact, cyanobacteria. Even the use of the term »Prokar-
yote« has recently been questioned (80). The new and re-
vised treatment of Prokaryote-Eukaryote relation and
the meaning of the word bacterium was recently summa-
rized by Sapp (81).

Sex in greater bacteria

Like sexual reproduction, the endosymbiosis consti-
tutes a lateral transfer of genetic information; unlike sex-
ual reproduction, it is not intraspecific, i.e. limited to
closely related organisms, in fact, in most known exam-
ples it involves evolutionary very distant partners. The
free bacteria have sex, i.e. the lateral transfer of genetic
information through the known mechanisms of transfor-
mation, viral transduction and conjugation has an inter-
mediate position regarding the inter-relatedness of the
partners. A similar picture is expected to occur in cyano-
bacteria, where most of the evidence is in support of
likely transduction by viruses, which in large numbers
accompany cyanobacterial blooms, some of these viruses
carrying fragments of genes used in cyanobacterial pho-
tosynthesis (82).

The existence of lateral transfer of genetic informa-
tion places new question marks on our hopes to con-
struct natural systems, based by definition on the tree of
life that transferred that information along ever diverg-
ing forks. Inconsistencies in using the 16S rRNA yard-
stick to reconstruct phylogenies do continue. In the case
of cyanobacteria there is evidence of speciation into finer
and specialized niches that this molecule does not see
(83). It looks more like the life flowed more like a braded
stream, never quite deciding whether to diverge or fuse,
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and as Doolittle stated, we could at best follow the lin-
eages of genes which may have visited and then departed
from many organisms thus contributed to the interrelat-
edness of organisms beyond the contribution of their an-
cestral inheritance (84, 85).

CONCLUSIONS

In a lecture presented in 2006, explaining why we
need 16S rRNA gene sequences (and other genetic tools)
Roberto Kolter at Harvard University illustrated Dar-
win’s finches with their varied beaks, that signified the
speciation of the group as fostered by of natural selection,
favoring specialized food exploitation. In contrast, he
stated, the bacteria do not have beaks and thus require
genetic markers to distinguish among them. This may be
true for simple sphere16 and rod-shaped bacteria, but
there is sufficient phenotypic distinction in cyanobac-
teria to approach them polyphasically, i.e including their
phenotypic, morphological gene expression (Figure 2).
True, cyanobacteria do not have beaks, but their shapes,
pigments, exopolymers and their behavior are all evi-
dent, more like plumage rather than beaks of finches.
These expressions of their genetic information, wherever
the latter came from, whether transferred vertically or
horizontally, are the warrant for their continued exis-
tence. These are the properties that matter for the selec-
tive pressures to act on, and that action takes place in na-
ture. We are now waiting for more information of a
myriad of transfers at the stages of genomics, transcrip-
tomics and proteomics to learn about the secrets of their
success. In the meantime it is rewarding to approach
them the other way around, starting from the niches they
successfully occupy and answer to the environmental
challenges. So far the greater bacteria have done surpris-
ingly well and are likely here to stay some of them to our
chagrin and discomfort, others to earn our appreciation
while we consume the product of their invention and
breathe the oxygen, they first have learned to sequester,
and last not least, to enjoy them esthetically. It is amazing
what cyanobacteria have accomplished by joining the
world of Eukaria. They made corals grow like plants, jel-
lyfish to turn upside down, and every shrub and tree to
behave as candle holders with innumerable variations of
design – just to achieve the most satisfactory position for
their now domesticated cyanobacteria harvesting sun-
light.
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